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In this paper we study azimuthal asymmetries of the muon pair production in ultraperipheral heavy-ion
collisions within the joint impact parameter and transverse momentum-dependent framework. The final
state QED radiation effects are resummed to all orders in perturbation theory, where the complete muon
mass corrections are also taken into account. We further make numerical estimations for azimuthal
asymmetries in the different kinematic regions accessible at RHIC and LHC with the derived resummation
formula. We find that the lepton mass effects can give sizable corrections to the asymmetries at relatively
large pair transverse momentum at RHIC energy.
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I. INTRODUCTION

The study of pure electromagnetic (EM) dilepton pro-
duction in ultraperipheral heavy-ion collisions (UPCs) has
a long history [1–14]. At low pair transverse momentum,
dilepton production through the coherent photon fusion
process in UPCs is enhanced by the factor Z2 where Z is the
nuclear charge number. Due to the high luminosity and the
clean background, dilepton production in UPCs offers a
unique opportunity to search for the physics beyond the
standard model [15–20]. It has also proven to be the golden
channel to address the novel aspects of QED under extreme
conditions [21–26] in high-energy scatterings. More impor-
tantly, the measurements of dilepton production in UPCs
provide a precise calibration necessary for the photons as
sources for the photonuclear processes and set a baseline
for the EM probe of the quark-gluon plasma as well.
The photons participating in UPC events are predomi-

nately coherent ones with transverse momentum k⊥ ≲ 1=R
(30 MeV) where R is the nuclear radius. The equivalent

photon approximation (EPA) [7–10] is commonly applied
to describe k⊥ distribution of coherent photons. However,
to account for the impact parameter (the transverse distance
of the two colliding nuclei) dependent transverse momen-
tum distribution of the lepton pair observed in peripheral
collisions and UPCs at RHIC and LHC, one has to go
beyond this naive EPA method and employ a more
sophisticated formalism [27,28] incorporating b⊥ depend-
ence of photon distribution. Theoretical efforts [13,29–34]
made along this line turn out to give a rather satisfactory
description of the measured b⊥ dependent mean value of
the total transverse momentum of lepton pair.
On the other hand, the lepton pair can acquire transverse-

momentum transfer due to the recoil effect caused by the
final-state soft-photon radiation. Such soft-photon contribu-
tions to the transverse momentum distribution can be
computed in the perturbation theory and has been resummed
to all orders up to the leading logarithmic accuracy in
Refs. [30,35]. At low k⊥, the lepton pair transverse momen-
tum distribution is dominated by the primordial coherent
photon distribution, while the soft photon contribution yields
the perturbative tail at high k⊥. Especially for the muon pair
production, the finite mass corrections would be sizeable in
the large k⊥ regionwhere the invariantmass of themuon pair
is of the same order of the lepton mass. A similar effect was
studied in the transverse-momentum resummation for heavy-
quark pairs production [36–39].
It was recently realized that the coherent photons are

highly linearly polarized with the polarization vector being
parallel to its transverse momentum direction [40–43].
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A sizable cos 4ϕ azimuthal asymmetry in dielectron pro-
duction induced by linearly polarized coherent photons was
observed in a STAR measurement [44]. A remarkable
agreement between the computed asymmetry (16.5%)
[40,41] and the measured asymmetry (16.8%� 2.5%) in
UPCs has been reached. With it being experimentally
confirmed [44,45], the linearly-polarized photon beam in
UPCs provides us a new tool to explore novel QCD
phenomenology [46–51]. For example, the linearly-
polarized photons can give rise to the significant cos 2ϕ
and cos 4ϕmodulations in diffractive ρ0 and J=ψ production
[47,49,52,53]. A recent analysis showed that the distinctive
diffractive pattern exhibited in the transverse momentum
dependent (TMD) cos 2ϕ asymmetry is sensitive to the
nuclear geometry, the quantum interference effect [47,54–
56], and the production mechanism (coherent/incoherent).
Moreover, the cos 4ϕ asymmetry in diffractive ρ0 production
in UPCs could give access to the elusive gluon elliptic
Wigner distribution [48].
In this work, we investigate the cos 2ϕ and cos 4ϕ

azimuthal asymmetries in di-muon production, for which
case the leptonmass effect can not be neglected. In particular,
the cos 2ϕ asymmetry is proportional to leptonmass. Though
the observed cos 2ϕ asymmetry in dielectron production at
RHIC is consistent with zero at low pair transverse momen-
tum, it is expected to be sizable in dimuon production. In
addition to the contribution from the linearly-polarized
coherent photons, such azimuthal asymmetries also can be
generated perturbatively as the final-state soft photons tend
to be emitted aligning with the lepton direction. We take
into account this pure perturbative origin of the asymme-
tries by employing the resummation established in
Refs. [36–38,57–59]. We further argue that the azimuthal
asymmetry in the large k⊥ region could provide a new
opportunity to test our understanding of the resummation
formalism beyond the double-logarithmic approximation.
The paper is structured as follows. We derive the

azimuthal-dependent dimuon production cross section in
the next section. The soft photon contribution is resummed
to all orders up to the next to leading logarithmic accuracy.
We present the numerical result in Sec. III. The paper is
summarized in Sec. IV.

II. THEORETICAL SETUP

To calculate observables we consider the production of
muon pairs via the photon-photon fusion process in UPCs.
We specify the kinematics by writing,

γðx1Pþ k1⊥Þ þ γðx2P̄þ k2⊥Þ → lþðp1Þ þ l−ðp2Þ;

where the leptons are produced nearly back-to-back with
total transverse momentum q⊥ ≡ p1⊥ þ p2⊥ being much
smaller than P⊥ ≡ ðp1⊥ − p2⊥Þ=2. In this work, we con-
centrate on the low q⊥ region where muon pairs are
dominantly produced by the coherent photons. As pointed

out in Refs. [40–42], the polarizationvectors of the incoming
photons are parallel to their transverse momenta when the
longitudinal momentum fractions carried by photons are
small. The corresponding photon distributions can be para-
metrized in terms of the unpolarized photon TMD and
linearly polarized photon TMD in the conventional TMD
factorization. However, once we introduce the impact
parameter dependence in the cross section calculation which
is essential to account for the measured b⊥ dependent
behavior of the dilepton-pair transverse momentum, the
transverse momentum carried by the incoming photon
appears in the amplitude is no longer identical to that in
the conjugate amplitude.One then has to gobeyond theTMD
factorization to accommodate such b⊥ dependence. Notice
that the timelike DVCS process also contributes the dilepton
production [60], but in the kinematics under consideration,
one can neglect the contribution from this channel.
Following the formalism developed in Refs. [27,28], we

compute the joint b⊥ and q⊥ dependent dimuon production
cross section at the lowest order of QED. The cross section
can be cast into the form,

dσ0
d2q⊥d2P⊥dy1dy2d2b⊥

¼ A0 þ A2 cos 2ϕþ A4 cos 4ϕ;

ð1Þ
where ϕ is the angle between transverse momentum q⊥
and P⊥. y1 and y2 are muon and antimuon’s rapidities,
respectively. These cos 2ϕ and cos 4ϕ azimuthal modula-
tions are induced by the linearly-polarized coherent pho-
tons as mentioned earlier.
The coefficients A0, A2, and A4 contain the convolutions

of various photon distribution amplitudes. In order to show
their expressions in a concise way, we introduce the
following shorthand notation,

Z
½dK⊥�≡

Z
d2k1⊥d2k2⊥d2k01⊥d2k02⊥eiðk1⊥−k

0
1⊥Þ·b⊥

× δ2ðk1⊥ þ k2⊥ − q⊥Þδ2ðk01⊥ þ k02⊥ − q⊥Þ
× F ðx1; k21⊥ÞF ðx2; k22⊥ÞF ðx1; k021⊥ÞF ðx2; k022⊥Þ;

ð2Þ

where k1⊥ and k2⊥ are the photons’ transverse momenta in
the amplitude, while k01⊥ and k02⊥ are the ones in the
conjugate amplitude. The longitudinal momentum fractions
are fixed according to the external kinematics, x1≃ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP2⊥þm2Þ=s

p
ðey1þey2Þ, x2≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP2⊥þm2Þ=s

p
ðe−y1þe−y2Þ,

with s, m being the center-of-mass energy and the muon
mass, respectively. The function F ðk21⊥; x1Þ describes the
probability amplitude for a photon carrying a given momen-
tum. It can be related to the normal photon TMD;
jF ðk21⊥; x1Þj2 ¼ x1fðx1; k21⊥Þ. One notices that the b⊥
dependence enters the cross section via the phase
eiðk1⊥−k01⊥Þ·b⊥ .
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The coefficients A0, A2, and A4 can then be expressed as

A0 ¼
Z

½dK⊥�
1

ðP2⊥ þm2Þ2 ½−2m
4 cos ðϕk1⊥ þ ϕk0

1⊥ − ϕk2⊥ − ϕk0
2⊥Þ þm2ðM2 − 2m2Þ cos ðϕk1⊥ − ϕk0

1⊥ − ϕk2⊥ þ ϕk0
2⊥Þ

þ P2⊥ðM2 − 2P2⊥Þ cos ðϕk1⊥ − ϕk0
1⊥ þ ϕk2⊥ − ϕk0

2⊥Þ�; ð3Þ

A2 ¼
Z

½dK⊥�
8m2P2⊥

ðP2⊥ þm2Þ2 cos ðϕk1⊥ − ϕk2⊥Þ cos ðϕk0
1⊥ þ ϕk0

2⊥ − 2ϕÞ; ð4Þ

A4 ¼
Z

½dK⊥�
−2P4⊥

ðP2⊥ þm2Þ2 cos ðϕk1⊥ þ ϕk0
1⊥ þ ϕk2⊥ þ ϕk0

2⊥ − 4ϕÞ; ð5Þ

where M is the invariant mass of the muon pair and ϕk1⊥ is
the azimuthal angel between P⊥ and k1⊥. Other azimuthal
angles are defined in a similar way. As compared to the
previous results obtained in Ref. [41], we keep the full
lepton mass dependence in the hard coefficients in this
work. One sees that the cos 2ϕ azimuthal asymmetry is
proportional to the lepton mass. This asymmetry is neg-
ligibly small in dielectron production at low q⊥, while it is
sizable in dimuon production at RHIC energy, as shown
below. If one carries out the b⊥ integration from 0 to∞, the
above results reduce to that computed in TMD factoriza-
tion [40].
At the tree level, the lepton-pair transverse momentum is

equal to q⊥ ¼ k1⊥ þ k2⊥ due to momentum conservation.
However, the soft photon radiation effect can significantly
modify the lepton-pair transverse momentum distribution at
higher order. Let us now turn to the discussion about the
final-state soft-photon radiation effect. Since the emitted
soft photon tends to be aligned with the outgoing leptons,
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 2ϕ and cos 4ϕ asymmetries of purely
perturbative origin. The corresponding physics from such

final state photon radiation is captured by the soft factor
that enters the cross section formula via,

dσðq⊥Þ
dP:S:

¼
Z

d2l⊥
dσ0ðq⊥ − l⊥Þ

dP:S:
Sðl⊥Þ; ð6Þ

where σ0 is the leading-order Born cross section given in
Eq. (1) and dP:S: stands for the phase space factor.
In the small lepton mass m ≪ M limit, the soft factor at

the leading order can be expanded as [58,59]

Sðl⊥Þ¼ δðl⊥Þþ
αe
π2l2⊥

fc0þ2c2 cos2ϕlþ2c4 cos4ϕlþ�� �g;

ð7Þ

where ϕl is the angle between P⊥ and the soft photon
transverse momentum −l⊥. When y1 ¼ y2, one has
c0 ≈ lnM2

m2 , c2 ≈ lnM2

m2 − 4 ln 2 and c4 ≈ lnM2

m2 − 4.
Following the standard procedure, the soft factor in

Eq. (7) 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 [38,57–59],

dσðq⊥Þ
dP:S:

¼
Z

d2r⊥
ð2πÞ2

�
1 −

2αec2
π

cos 2ϕr þ
αec4
π

cos 4ϕr

�
eir⊥·q⊥e−Sudðr⊥Þ

Z
d2q0⊥eir⊥·q

0⊥
dσ0ðq0⊥Þ
dP:S:

: ð8Þ

Here ϕr is the angle between r⊥ and P⊥. The Sudakov
factor at one loop is given by [58,59]

Sudðr⊥Þ ¼
αe
π
ln
M2

m2
ln
P2⊥
μ2r

ð9Þ

with μr ¼ 2e−γE=jr⊥j. We can use Eq. (8) to compute the
azimuthal asymmetries in dimuon production at LHC since

the contributions suppressed by the power ofm2=M2 can be
safely neglected. This resummation formalism has been
applied to study the lepton-jet correlation at the EIC [61]
as well.
However, at RHIC energy, where the lepton mass m is

roughly the same order of M, the soft factor receives the
sizable finite lepton mass correction. In the soft photon limit
Eγ ≪ m ∼M, we consider the outgoing leptonwithmomen-
tum pμ

i ¼ mvμi . By taking the eikonal approximation, for

AZIMUTHAL ASYMMETRIES OF MUON PAIR PRODUCTION IN … PHYS. REV. D 107, 036020 (2023)

036020-3



each attachment of a photon to a lepton with velocity vi, we
have a factor vμi =vi · k. By contracting the pair of eikonal
factors with the cut photon propagator and the transverse
momentum measurement function, we have the one-loop
soft factor in the Feynman gauge as

Sðl⊥; m;MÞ ¼
X
i;j

Z
ddk

ð2πÞd−1 δðk
2Þθðk0Þ e

2vi · vjΠij

vi · kvj · k

× δð2Þðl⊥ − k⊥Þ; ð10Þ

where i, j ¼ 1, 2, and the sign factorΠ is given byΠij ¼ þ1

if, i ≠ j, whileΠij ¼ −1, if i ¼ j. It is obviously symmetric
in the indices i and j. Thisd-dimensionalmomentum integral
can be evaluated in the transverse position space. Explicitly,
one has the resumed formula as

e−Sudðr⊥Þ
�
1þ αe

4π
ðs11 þ s22 þ 2s12Þ

�
; ð11Þ

where the one-loop Sudakov factor is given by

Sudðr⊥Þ ¼
αe
π
ln
P2⊥
μ2r

�
−1 −

1þ β2

2β
ln
1 − β

1þ β

�
; ð12Þ

and sij are related to products of different eikonal factors, and
they are given by

s11 ¼ s22 ¼
4crffiffiffiffiffiffiffiffiffiffiffiffiffi
c2r þ 1

p ln

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
c2r þ 1

q
þ cr

�
; ð13Þ

s12 ¼ −
1þ β2

2β
signðcrÞ½Lζ½ζðcr; αrÞ; αr�

− Lζ½ζð−cr; αrÞ; αr��; ð14Þ

with

cr¼ cosϕrP⊥=m; β¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4m2=M2

q
;

αr¼
2P2⊥cos2ϕr

−m2þP2⊥þðm2þP2⊥Þcoshðy1−y2Þ
;

ζða;bÞ¼ðaþ
ffiffiffiffiffiffiffiffiffiffiffiffi
1þa2

p
Þðaþ

ffiffiffiffiffiffiffiffiffiffiffiffi
a2þb

p
Þ;

Lζða;bÞ¼2

�
−Li2

�
aþb
b−1

�
þLi2ð−aÞþ lnðaþbÞ lnð1−bÞ

�

− ln2
�

a
aþb

�
þ1

2
ln2

�
aðaþ1Þ
aþb

�
:

To obtain the above finite results, we have applied the MS
subtraction scheme to remove all UV poles in the dimen-
sional regularization and choose the renormalization scale as

P⊥.Wenote that the above soft integralwas first calculated in
[36–38] when the authors studied the transverse momentum
resummation for heavy-quark pairs production at hadron
colliders. Besides, we also check that Eq. (7) has included all
logarithmic terms of lnm2=M2; e.g., in the small leptonmass
m ≪ M limit, the soft integral s12 given in (11) does indeed
reduce to the expression in Eq. (7). In Fig. 1, we present the
numerical results for the coefficient c2 and c4, where the
dashed lines are obtained from the approximated expression
in Eq. (7), and the solid lines are the full results in Eq. (11).
We can see that in the small m ≪ M limit, the solid and
dashed lines agree with each other, and as the increase of
mass ratio, the power corrections become more and more
important. Therefore, at the RHIC energy, we will apply the
new resummation formula, including power corrections of
m2=M2 at the one-loop order.

III. NUMERICAL RESULTS

The azimuthal asymmetries, i.e., the average value of
cosðnϕÞ that we are going to estimate numerically are
defined as

hcosðnϕÞi ¼
R

dσ
dP:S: cosðnϕÞdP:S:R

dσ
dP:S: dP:S

: ð15Þ

Wecompute the asymmetries for 60%–80%centrality region
aswell as for the unrestrictedUPCevents. The corresponding
impact parameter range for a given centrality class is
determined by using the Glauber model [62]. For the UPC
case, we simply carry out b⊥ integration over the range
½2RWS;∞Þ, with the nucleus radiusRWS being 6.4 fm for Au
and 6.68 fm for Pb. For theAu-Au 60%–80% centrality case,
the b⊥ integration range is [11.4 fm, 13.2 fm].
At low transverse momentum, the photon distribution is

dominated by the coherent ones that couple with the
colliding nuclei as a whole. The coherent photon distribu-
tion is commonly computed with the equivalent photon

FIG. 1. The coefficients of c0 (black lines), c2 (blue lines) and
c4 (red lines) in the soft factor, where the dashed lines are
approximated results in Eq. (7), and the solid lines are obtained
from the full expression in Eq. (11). Here we choose Δy ¼ 0.
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approximation (also often referred to as the Weizsäcker-
Williams method), which has been widely used to compute
UPC observables. In the equivalent photon approximation,
F ðx; k⊥Þ reads,

F ðx; k2⊥Þ ¼
Z

ffiffiffiffiffi
αe

p
π

jk⊥j
Fðk2⊥ þ x2M2

pÞ
ðk2⊥ þ x2M2

pÞ
; ð16Þ

where Mp is the proton mass. The nuclear-charge density
distribution in momentum space is taken from the
STARlight generator,

Fðk⃗2Þ ¼ 3½sinðjk⃗jRAÞ − jk⃗jRA cosðjk⃗jRAÞ�
ðjk⃗jRAÞ3ða2k⃗2 þ 1Þ

; ð17Þ

with a ¼ 0.7 fm and RA ¼ 1.1A1=3 fm. Such a parametri-
zation is very close to the Fourier transform of the Woods-
Saxon distribution numerically.
The numerical results for the unpolarized cross section

of dimuon production as well as the cos 2ϕ and cos 4ϕ
azimuthal asymmetries for the 60%–80% centrality region
at RHIC energy are presented in Fig. 2. Note that when
computing the asymmetries with/without soft photon con-
tributions, the denominator is always the complete
resummed unpolarized cross section. The predictions for
the unrestricted UPC events at RHIC are shown in Fig. 3.

The asymmetries at low transverse momentum are mainly
induced by the primordial linearly polarized photon dis-
tribution, while they are dominated by the final state soft
photon radiation effect at relatively high pair transverse
momentum (q⊥ > 100 MeV). One can clearly see that the
contribution to the asymmetries from the muon mass effect
incorporated in the resummation formalism is rather sizable
at high pair transverse momentum. To be more specific, at
RHIC energy the mass-correction effect tends to reduce
cos 2ϕ and cos 4ϕ asymmetries at large q⊥ as compared to
the resummed results obtained without considering the
mass effect. This is expected because the soft-photon
emissions are more mildly peaked around the outgoing
charged particle direction for a massive emitter. It would be
interesting to test this theory predication against the future
measurement at the RHIC. The computed asymmetries at
RHIC energy are also shown as the function of the invariant
mass in Fig. 5 for 60%–80% centrality and Fig. 6 for the
UPC case.
We display the unpolarized cross section of dimuon

production at LHC together with the computed asymme-
tries in Fig. 4. As we know, the cos 2ϕ azimuthal modu-
lation arises from the linearly-polarized photon distribution
is proportional to m2=P2⊥ [40], which is negligibly small at
LHC energy. Therefore the cos 2ϕ asymmetry is entirely
generated from the final-state soft photon radiation effect.
One also observes that the muon mass effect entering the

FIG. 2. Di-muon production for 60%–80% centrality in Au-Au collisions at the RHIC. The following kinematic cuts are imposed;
the muons’ rapidities jy1;2j < 0.8, transverse momentum P⊥ > 200 MeV, and the invariant mass of the dimuon 400 MeV < M <
640 MeV.

FIG. 3. Dimuon production in unrestricted UPCs in Au-Au collisions at the RHIC. The kinematic cuts are the same as given in
Fig. 2.
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resummation formalism leads to very mild corrections to
the asymmetries at LHC energy as it is suppressed by the
power of m2=M2.

IV. CONCLUSION

In this work, we study the azimuthal asymmetries in
dimuon production via the photon-fusion process in UPCs.
At the low pair transverse momentum, the asymmetries are
mainly induced by the linearly-polarized coherent photons.
Compared to the previous calculation [40], we improved
the analysis by taking into account the impact parameter
dependence. The primordial coherent photon distribution
decreases exponentially at large q⊥, where the perturbative
tail generated by the final-state soft-photon radiation
dominates the distribution. As soft photons are most likely

emitted along the produced muon direction, they naturally
lead to the sizable cos 2ϕ and cos 4ϕ azimuthal asymme-
tries as well. Such soft-photon radiations are resummed to
all orders following the approach [36–38] initially devel-
oped for computing heavy-quark pair production in hadron
collisions. Compared to the previous study [59], the
resummation scheme employed in the current calculation
allows us to take into account the full finite lepton-mass
correction. Though its correction to the unpolarized cross
section is tiny, our numerical results indicate that the
contribution from the muon mass effect to the asymmetries
is quite sizable at large q⊥ at RHIC energy. At LHC energy,
such effect is negligible due to its power correction nature.
The azimuthal asymmetries in dimuon production at RHIC
thus provide us a unique opportunity to test our under-
standing of the resummation technique beyond the leading

FIG. 6. Dimuon production in unrestricted UPCs in Au-Au collisions at the RHIC, as the function of the invariant mass.

FIG. 4. Dimuon production in unrestricted UPCs in Pb-Pb collisions at the LHC. The following kinematic cuts are imposed; the
muons’ rapidities jy1;2j < 1, transverse momentum P⊥ > 4 GeV, and the invariant mass of the dimuon 10 GeV < M < 45 GeV.

FIG. 5. Dimuon production for 60%–80% centrality in Au-Au collisions at the RHIC, as the function of the invariant mass.
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power and the leading logarithm contributions in a very
clean way.
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