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Abstract: Azimuthal modulations in lepton and heavy-quark pair production in ultrape-
ripheral collisions (UPCs) of highly charged ions are investigated. The modulations in the
azimuthal angles of the sum and difference of the transverse momenta of the pair of particles
in the final state, as well as of the transverse impact parameter, arise from the collisions
of unpolarized and polarized photons. A full description of the cross section in terms of
Generalized Transverse Momentum Dependent parton distributions (GTMDs) for photons is
given including a careful consideration of the Fourier transform to impact parameter space.
In particular, this leads to a feed-in mechanism among harmonics of different orders, which
in principle generates harmonics of all (even) orders. Wherever comparable, our analytical
results for the azimuthal modulations agree with those presented in other papers on this topic.
Compared to these other works, we separate effects that arise from the anisotropies of the
GTMDs from those that do not and retain terms proportional to the mass of the produced
particles, as they are relevant for muon, charm and bottom quark production. We show that
the normalized differential cross section changes considerably with the produced particle
mass, which should be discernible in UPCs at RHIC and LHC. For the numerical results we
adopt several models for the photon GTMD correlator, and find that all of them are in fairly
good agreement with each other and with UPC data from STAR. We also present results for
various azimuthal modulations for RHIC kinematics, where we compare e+e− production with
the production of heavier particles, and for LHC kinematics, focusing on µ+µ− production.
These results exhibit interesting mass-dependent features in the asymmetries that may help
study the anisotropies arising from the underlying photon GTMD description.
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1 Introduction

Exclusive lepton-pair production in ultra-peripheral collisions (UPCs) of heavy ions was
considered in a number of theoretical studies over the years [1–10] with increased recent
attention due to the RHIC data for this process [11]. The process serves as a probe of the
unpolarized and polarized photon distributions generated by a highly charged ion and allows
to investigate in a rather clean way photon-photon interactions, similarly to the light-by-light
scattering process first studied in UPCs by ATLAS [12].

Exclusive lepton-pair production in UPCs of heavy ions proceeds predominantly via the
photon-photon fusion process γγ → ℓ+ℓ−. The photon distribution of an ultra-relativistic
charged ion (with atomic number A and charge Z) is commonly described in the Equivalent
Photon Approximation (EPA), first considered by Fermi, von Weizsäcker and Williams [13–15].
The distribution fγ/A(x) of photons with energy ω (ℏ = 1) carrying a fraction x = ω/E

of the momentum of a charged nucleon inside a nucleus is in this approximation given by
the well-known result [16, 17]:1

fγ/A(x) = Z2α

2π

(
1 + (1 − x)2

x

)
ln E2

m2 , (1.1)

where m and E denote the mass and energy of the charged nucleon. In the following m will
be denoted by MN to distinguish it from the mass MA of the nucleus. Supposing that the
nucleus is moving (approximately) along the “+” direction, we have that the nucleon energy
corresponds to E = P +

N /
√

2. In the present case of UPCs of two heavy ions E = √
sNN /2,

where √
sNN is the center-of-mass (c.m.) energy per nucleon-nucleon collision. Note that the

1There is an extensive literature about the adequacy of the approximation and various modifications have
been put forward, see e.g. refs. [18–21]. For a recent discussion of this topic, see ref. [22].

– 1 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

distribution of photons does not depend on the number of neutrons in this approximation,
so in that sense fγ/A(x) = fγ/Z(x).

The photon distribution of a nucleus in terms of its operator definition is given by

fγ/A(x) = 1
x

1
(P+)2

∫ dλ

2π
eixλ⟨P| F +µ(0) F +

µ(λ) |P⟩ . (1.2)

Here P is the momentum of the nucleus, but x is the fraction of momentum of a nucleon
in the nucleus (where to good approximation PN = P/A and x = A xA), such that without
bound state effects fγ/A(x) = Zfγ/p(x) + (A − Z)fγ/n(x), which for fγ/n(x) = 0 agrees
with fγ/A(x) = Zfγ/p(x) = fγ/Z(x). The nucleus-nucleus cross section is given in terms
of the photon-photon cross section

σAA =
∫

dx1 dx2 fγ/A(x1) fγ/A(x2) σγγ . (1.3)

However, this expression implicitly involves integration over the impact parameter bT ≡ |bT |,
which is the distance between the colliding nuclei transverse to the beam axis. Hence one
rather wants to describe dσAA/dbT in terms of the impact parameter dependent generalized
photon distribution fγ/A(x, bT ), which is related to a Generalized Parton Distribution (GPD)
with zero skewness, where only formally fγ/A(x) =

∫
d2bT fγ/A(x, bT ). In UPCs, i.e. at large

bT , with Lorentz factor γ = ω/(x m), one has [1, 16]:

fγ/A(x, bT ) = Z2α

2π

m

bT

e−2xmbT , (1.4)

but at smaller bT one will start to notice that the nucleus is not a point charge, such that
one expects fγ/A(x, bT ) to depend on the number of nucleons (including neutrons) through
the nuclear radius, and at some point (for more central collisions) the quarks and gluons
inside the nucleus will play the dominant role.

The description of dσAA/dbT in terms of fγ/A(x, bT ), or rather the density n(ω, bT ) that
is related to the photon distribution through ω n(ω, bT ) = x fγ/A(x, bT ), was considered in
several studies [1–3], but recently the further extension with transverse momentum dependence
has received quite some attention [4–10]. If one also measures the transverse momentum
distribution of the lepton pair, the cross section becomes an expression in terms of the
generalized photon distribution fγ/A(x, kT , bT ) which is a Wigner distribution related by
Fourier transform to a Generalized Transverse Momentum Dependent parton distribution
(GTMD) (with zero skewness), i.e. a five-dimensional distribution, where even in the case of
unpolarized scattering one has to take into account the directions of the transverse momentum
and the impact parameter with respect to each other. This directional dependence has
attracted much recent attention in large part due to the RHIC data for this process [11],
which shows a large cos 4ϕ angular modulation in the distribution of produced lepton pairs,
where ϕ is the azimuthal angle between the transverse momentum of the lepton pair and of
one of the leptons. This angular modulation is governed by the linear polarization of the
photons, which arises analogously to the case of an ultrarelativistic electron that has an
(equivalent) photon distribution that is highly, even maximally, linearly polarized, but now
for charged ions (in case of the RHIC data Au ions). While the RHIC study focuses on one

– 2 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

type of modulation, there will also be dependences on the azimuthal angles with respect to
the impact parameter direction [4, 5, 10] or the event plane orientation, which are often taken
to be equivalent. The most complete study to date is presented in ref. [10], which considers
the cross section differential in all three transverse vectors: the sum qT and difference KT of
the transverse momenta of the pair of particles in the final state and the transverse impact
parameter bT . This we will also consider here, finding agreement with previous studies,
but we will present various new results as well. What we show in this paper is a GTMD
description of the process including all unsuppressed angular modulations that appear in
lepton and heavy-quark pair production, taking into account relevant mass terms, to obtain
predictions that may help to further test the underlying formalism, e.g. in τ production [23].

The paper is organized as follows: in section 2 we discuss the photon-photon GTMD
correlator and its parameterization. In section 3 the process of dilepton production in
UPCs is examined, with a discussion of why this process can be expressed in terms of just
two photon-photon GTMD correlators and why the skewness is (approximately) zero. In
subsection 3.2 we present the expressions for the differential cross section in ∆T space, which
is most directly expressed in terms of GTMDs. However, as UPC experiments are unable to
provide ∆T distributions, in contrast to its Fourier conjugate variable bT , in subsection 3.3
we elaborate on the intricacies of Fourier transforming to bT space with emphasis on how
to project out the various azimuthal asymmetries that are most relevant for experimental
studies of UPCs. In section 4 we consider several models for the photon GTMDs in terms of
form factors and compare them to RHIC data. We also present a host of predictions for the
azimuthal modulations that are expected to arise and study their dependence on the mass of
the produced lepton or heavy quark pair. We point out the most promising observables for
experimental studies of this mass dependence. Section 5 contains our conclusions. Finally, in
appendix A we compare some of our results to those already presented in the literature.

2 The photon-photon GTMD correlator

The photon-photon GTMD correlator describes the nucleus-to-photon transition and is
defined, in analogy to the gluon-gluon correlator [24, 25], as the Fourier transform of a
nonlocal, off-forward nuclear matrix element of two electromagnetic field strength tensors
between two nuclear states with mass MA, momenta P and P ′ (P2 = P ′2 = M2

A), and average
momentum P ≡ (P +P ′)/2. Between the two states a momentum ∆ = P ′ −P is transferred,
exchanged by the emission and absorption of a photon. We define the momenta of these
two photons as κ and κ′, with

k = (κ + κ′)/2 (2.1)

being their average and

κ′ − κ = ∆ (2.2)

their difference. Among the momentum assignments that satisfy eqs. (2.1) and (2.2), we
choose the symmetric one, for which

κ = k − ∆
2 , κ′ = k + ∆

2 . (2.3)
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The corresponding pictorial representation of the correlator according to this choice is given
in figure 1.

A Sudakov decomposition of the momenta of the photons and nucleus can be performed
by means of two light-like vectors n and n, satisfying n2 = n2 = 0 and n · n = 1. The
light-cone components of every vector v are defined as v+ ≡ v · n and v− ≡ v · n, while
perpendicular vectors vT always refer to the components of v orthogonal to both n and n,
with v2

T = −v2
T . Therefore, we have that

P = (P +, P−, 0T ) ,

k = (xP +
N , k−, kT ) ,

∆ = (−2ξP +, 2ξP−, ∆T ) ,

(2.4)

where PN is the nucleon momentum and the skewness parameter ξ is defined as 2ξ =
−∆+/P + = −∆+/(AP +

N ). Note that although we consider the momentum fraction x w.r.t. a
nucleon in the nucleus, the off-forward momentum “kick” ∆, and hence the skewness, applies
to the nucleus as a whole. We do not consider the kick per nucleon, as it is not necessarily
evenly distributed (also not to good approximation, since for instance ∆T may be of the order
of the average nucleon transverse momentum and may be taken by a single nucleon or by
several or all of them, in contrast to ∆+ which is generally negligible w.r.t. P +

N ). Furthermore,
from the relations ∆2 = −4ξ2P 2 − ∆2

T and ∆2 = 4(M2
A − P 2), one obtains

P 2 = 2P +P− =
M2

A + 1
4 ∆2

T

1 − ξ2 . (2.5)

Hence, for a photon emitted with average momentum k, we utilize the following definition
of the correlator

Gµν
γ (x, kT , ξ, ∆T )

= 1
x2

1
P+

∫ dζ− d2ζT

(2π)3 eik·ζ
〈
P ′
∣∣∣∣ Tr

[
F +µ

(
−ζ

2

)
U[− ζ

2 , ζ
2 ]F

+ν
(

ζ

2

)
U ′

[ ζ
2 ,− ζ

2 ]

] ∣∣∣∣P〉
⌋

LF

,
(2.6)

where the nonlocality is restricted to the light-front LF: ζ · n ≡ ζ+ = 0. Note that we adopt
a symmetric interval along the plus direction [− ζ

2 , ζ
2 ], which for the general off-forward case

is not the same as [0, ζ], because of the absence of translation invariance, but in the zero
skewness case these are, in fact, the same. In contrast to the gluon case, the photon correlator
does not need any gauge link to render it gauge invariant, which however does not mean they
are not present or relevant. The gauge links sum up multiple photon exchange contributions
that are in principle present. Although they are expected to play only a minor role in QED,
because their effects are suppressed by powers of the small electromagnetic coupling α, this
suppression can be overcome in large field situations, like in heavy ion collisions where the
coupling is enhanced by a high charge Z (see also the discussion in ref. [7]). The photon
rescattering contributions can lead to e.g. the Landau-Pomeranchuk-Migdal effect [26–30],
pT -broadening, and process dependence (see e.g. ref. [31] and references therein), but in
the remainder of this paper we will simply leave them implicit, like in eq. (1.2), as they
will play no further role here.
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P = P − ∆
2

κ = k − ∆
2

P ′ = P + ∆
2

κ′ = k + ∆
2

Gγ

Figure 1. The off-forward photon-photon correlator Gµν
γ (x, kT , ξ, ∆T ). The momentum through the

middle is P − k.

For a (heavy) nucleus that will generally not be polarized in a collider, the correlator
can be parametrized in terms of the complex-valued GTMDs Fγ

i , with i = 1, . . . , 4,2

Gµν
γ (x, kT , ξ, ∆T ) = 1

2x

{
− gµν

T Fγ
1 (x, k2

T , ξ, ∆2
T , kT · ∆T ) + kµν

T

M2
N

Fγ
2 (x, k2

T , ξ, ∆2
T , kT · ∆T )

+ ∆µν
T

M2
N

Fγ
3 (x, k2

T , ξ, ∆2
T , kT · ∆T ) + k

[µ
T ∆ν]

T

M2
N

Fγ
4 (x, k2

T , ξ, ∆2
T , kT · ∆T )

}
,

(2.7)

where the symmetric transverse projector is given by

gµν
T = gµν − nµnν − nνnµ . (2.8)

Moreover, the symmetric traceless tensors ∆µν
T and kµν

T are defined as aµν
T = aµ

T aν
T + 1

2 a2
T gµν

T ,
and the square brackets denote antisymmetrization of the indices. On dimensional grounds, the
tensor structures are divided by a mass squared. Since they indicate the photon polarization
state that arises from the charged nucleons in the nucleus, we have chosen MN instead of MA,
as the latter might be interpreted as giving a suppression for large A. The adopted mass is just
a matter of definition though, since the GTMDs in eq. (2.7) are expected to scale as MN too.

The GTMDs Fγ
i are related to the leading-twist GPDs and TMDs for unpolarized

hadrons by integrating over kT and by setting ∆ = 0, respectively. Upon neglecting gauge
links the GTMDs will be strictly real and for zero skewness can only depend on even powers
of kT · ∆T (see e.g. [32, 34]), as will be important later on.

3 Dilepton production in nucleus-nucleus collisions

3.1 Theoretical framework

We consider the reaction

N (P1) + N (P2) → ℓ+(K1) + ℓ−(K2) + X , (3.1)

where the four momenta of the particles are given within brackets, and the lepton pair in
the final state is produced in an ultraperipheral collision of two highly charged nuclei. We

2We note that Fγ
4 is the analogue of the quark GTMD distribution G1,1 of refs. [32, 33], rather than F1,4.

The latter function is related to orbital angular momentum, whereas the former corresponds to a spin-orbit
correlation. Fγ

4 corresponds to circular photon polarization inside an unpolarized hadron, while Fγ
2 and Fγ

3
correspond to linear photon polarization.
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P2 = P2 +
∆T
2

P ′
2 = P2 − ∆T

2

κ2 = k2 +
∆T
2

κ′
2 = k2 − ∆T

2

κ1 = k1 − ∆T
2

κ′
1 = k1 +

∆T
2

P1 = P1 − ∆T
2

P ′
1 = P1 +

∆T
2

P2 = P2 +
∆T
2

P ′
2 = P2 − ∆T

2

κ2 = k2 +
∆T
2

κ′
2 = k2 − ∆T

2

κ1 = k1 − ∆T
2

κ′
1 = k1 +

∆T
2

P1 = P1 − ∆T
2

P ′
1 = P1 +

∆T
2

Figure 2. Representative cut diagrams for the process NN → ℓ+ℓ−X. The other two diagrams, in
which the directions of the arrows in the fermionic lines are reversed, are not shown. Momentum
conservation implies ∆T ≡ ∆1T = −∆2T .

focus on the specific kinematic configuration where the leptons are almost back to back in the
plane perpendicular to the direction of the initial nuclei. The final state X consists mostly
of the same two nuclei, as the energy carried away by the photons is small. It is however
possible for the nuclei to mutually excite each other through photon exchange, leading to
subsequent emission of one or more neutrons along both beam directions. The cross sections
for emission of one or more neutrons (labeled XnXn)3 and exactly one neutron on each
side (labeled 1n1n) are respectively about 10 and 100 times smaller than the untagged cross
section which is thus mostly 0n0n [35].

The dominant lepton-pair production channel is the photon-photon fusion subprocess

γ(κ1) + γ(κ2) → ℓ+(K1) + ℓ−(K2) , (3.2)

as described by the relevant Feynman diagrams in figure 2. The photons can have different
momenta in the amplitude (κ1, κ2) compared to its complex conjugated (κ′

1, κ′
2), with the

differences determined by (∆1, ∆2), respectively. However, the total momentum of the
final state does not vary between the amplitude and its complex conjugate, which leads
to the constraint

κ′
1 + κ′

2 = κ1 + κ2 = K1 + K2 , (3.3)

and

∆ ≡ ∆1 = −∆2 . (3.4)

Moreover, due to momentum conservation, the momentum transfer is restricted to the
transverse plane. To see this, we can perform the Sudakov decomposition of the different
momenta using the same light-like vectors n and n introduced in the previous section. Hence,
according to eq. (2.4), we have that the average nuclear momenta are

P µ
1 = P +

1 nµ + P 2
1

2P +
1

nµ , P µ
2 = P 2

2
2P−

2
nµ + P−

2 nµ , (3.5)

3In the literature, Xn usually indicates all the other neutron emission channels. Hence, if an experiment
does not measure specific neutron channels, Xn refers to one or more emissions, if 1n is measured Xn refers
to two or more, etc. However, in this paper we only compare to STAR data [11], where Xn corresponds to
the “one or more neutrons” case.
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and the photon momenta can be expressed as

κµ
1 = (x1 + Aξ)P +

1N nµ + κ2
1T

2(x1 + Aξ)P +
1N

nµ + κµ
1T ≈ (x1 + Aξ)P +

1N nµ + κµ
1T , (3.6)

κµ
2 = κ2

2T

2(x2 − Aξ)P−
2N

nµ + (x2 − Aξ)P−
2N nµ + κµ

2T ≈ (x2 − Aξ)P−
2N nµ + κµ

2T , (3.7)

where PiN , with i = 1, 2, is the momentum of a nucleon N inside the nucleus N (Pi).
Similarly, one can decompose κ′

1 and κ′
2 to obtain that

∆µ
1 ≈ −2ξP +

1 nµ + ∆µ
T , ∆µ

2 ≈ 2ξP−
1 nµ − ∆µ

T , (3.8)

which can only satisfy eq. (3.4) for ξ = 0. In other words, ξ is as suppressed as the “−”
components of κ1 and κ′

1 and the “+” components of κ2 and κ′
2. Therefore, as already

anticipated, in this approximation the momentum is transferred solely along the transverse
direction with ∆ = ∆T , justifying the momentum assignments in figure 2.

Next we consider the momenta of the leptons in the final state for which

Kµ
1 = M1T√

2
(
ey1 nµ + e−y1 nµ)+ Kµ

1T , Kµ
2 = M2T√

2
(
ey2 nµ + e−y2 nµ)+ Kµ

2T , (3.9)

with y1 and y2 being their rapidities. Here we introduced the transverse masses
MiT =

√
M2

ℓ + K2
iT

, with i = 1, 2 and where Mℓ is the lepton mass. Besides, we define
the sum and difference of the outgoing particle transverse momenta as qT = K1T + K2T

and KT = (K1T − K2T )/2, respectively, with |qT | ≪ |KT |. In this specific configuration,
called the correlation limit, the approximations K1T ≈ KT and K2T ≈ −KT hold, and
consequently MT ≈ M1T ≈ M2T . Specifying the different light-cone components of eq. (3.3),
and using that ξ ≈ 0, we find

x1 P +
1N ≈ K+

1 + K+
2 ,

x2 P−
2N ≈ K−

1 + K−
2 ,

κ′
1T + κ′

2T = κ1T + κ2T = k1T + k2T = qT .

As a result, the photon momentum fractions in the nucleon-nucleon c.m. frame are simply
given by

x1 = M1T ey1 + M2T ey2

√
sNN

≈ MT√
sNN

(ey1 + ey2) ,

x2 = M1T e−y1 + M2T e−y2

√
sNN

≈ MT√
sNN

(
e−y1 + e−y2

)
.

(3.10)

Furthermore, the final results can be expressed in terms of the following energy fractions
of the final leptons

z1 ≡ K1 · κ1
κ1 · κ2

= 1
1 + ey1−y2

, z2 ≡ K2 · κ1
κ1 · κ2

= 1
1 + ey2−y1

. (3.11)

– 7 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

Due to the momentum conservation in eq. (3.3), one has z1 + z2 = 1, and we therefore
define z ≡ z1, such that z2 = 1 − z. Thus, the partonic Mandelstam variables are written
in terms of z, Mℓ and KT according to

ŝ = (κ1 + κ2)2 ≈ M2
T

z (1 − z) ,

t̂ = (κ1 − K1)2 ≈ M2
ℓ − M2

T

1 − z
,

û = (κ1 − K2)2 ≈ M2
ℓ − M2

T

z
.

(3.12)

The cross section in ∆T -space is expressed in terms of GTMDs at zero skewness ac-
cording to

dσ

dPSd2∆T

= 1
16π2s2

NN

∫
d2k1T d2k2T Gµν

γ (x1,k1T ,∆T )Gρσ
γ (x2,k2T ,−∆T )MµρM∗

νσ δ2(k1T +k2T −qT ) ,

(3.13)

where dPS = dy1 dy2 d2KT d2qT and M is the hard scattering amplitude for the process
γγ → ℓ+ℓ−, which is derived from the cut diagrams given in figure 2. One may wonder whether
these are actual cut diagrams, since the amplitudes on the right of the cut are not simple
conjugates of the ones on the left. However, the photons in the nucleus (in the equivalent
photon approximation as in ref. [1]) are considered not to be in a momentum eigenstate. In this
way there can be incoming photons with different momenta in the amplitude compared to the
complex conjugated one, and, actually, the nonzero contributions to the cross section are only
given by such interference terms. By not considering momentum eigenstates, the cross section
is already nonzero at the level of two GTMDs, rather than four (i.e. one for each nucleus in
both amplitude and conjugate amplitude), and figure 2 refers indeed to cut diagrams.

Before elaborating more on this important point, we would like to emphasize another,
equally important, observation: the variable ∆T is not directly observable in UPC experiments
(unless one would measure the momenta of the recoiling nuclei precisely), whereas its Fourier
conjugate variable, the impact parameter bT , can be determined, although not event by event.
In particular, the angle of bT can be approximated with the event plane orientation, whilst
its length is estimated by means of Monte Carlo or Machine Learning simulations [36, 37]
which evaluate the correlations between bT and other observables, like the multiplicity of
charged particles. The events with different impact parameters are usually binned in ranges
of centrality, necessitating the integration over the corresponding bT range. The cross section
in bT -space can formally be obtained from eq. (3.13) via the Fourier transform

dσ

dPS d2bT

=
∫ d2∆T

(2π)2 eibT ·∆T
dσ

dPS d2∆T

. (3.14)

The Fourier transform turns a product of ∆T -dependent expressions into a convolution of

– 8 –
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bT -dependent terms:∫ d2∆T

(2π)2 eibT ·∆T Fγ
i (x1, k1T , ∆T )Fγ

j (x2, k2T ,−∆T ) · · ·

=
∫

d2b1T d2b2T δ2(bT − b1T + b2T ) f i
γ/A(x1, k1T , b1T )f j

γ/A(x2, k2T , b2T ) · · · , (3.15)

where the dots indicate all the terms that coincide on the left- and right-hand sides of
eq. (3.15). Although these expressions apply formally, in practice one has to deal with
some subtleties. One of them concerns the required lower limits on the biT integration
regions [7] set by the radii of the nuclei, which excludes contributions of photons inside the
nucleus. In section 4 we will explicitly deal with bmin. Another subtlety with eq. (3.15) has
to do with the center of the nuclei with respect to which one defines the impact parameter.
For this, one has to carefully consider wave packets in the same way as done for impact
parameter dependent GPDs q(x, bT ) [38–41], which are diagonal matrix elements of the
form ⟨P +, RT = 0|O(bT )|P +, RT = 0⟩, with bT being the impact parameter measured with
respect to the transverse center of longitudinal momentum RT ≡

∑
i xirT i [38, 42]. Since the

states |P +, RT = 0⟩ are not momentum eigenstates, q(x, bT ) and consequently its Fourier
conjugate which is the standard GPD [38–41] correspond to off-forward matrix elements of
the form ⟨P ′|O(bT )|P ⟩ (for more details see e.g. ref. [43]). This applies to the GTMDs in
precisely the same way, meaning that the off-forwardness implies that one is not dealing
with momentum eigenstates.

More explicitly, eq. (3.15) can be seen as connecting the photon distributions in bT -space
to the GTMDs introduced in eq. (3.13). If we (temporarily) ignore the kT dependence, the
photon distribution as a function of the impact parameter bT in a nucleus localized around
its transverse center of longitudinal momentum RT is given by

fγ/A(x, bT ) = 1
x(P +)2

∫ dλ

2π
eixλ ⟨P +, RT = 0| F +µ(−λ

2 n + bT )F +
µ(λ

2 n + bT ) |P +, RT = 0⟩.

(3.16)

Here |P +, RT = 0⟩ denotes the normalized nuclear state localized in the transverse spatial
direction [40, 41]:

|P +, RT = 0⟩ = N
∫ d2PT

(2π)2 Φ(PT )|P +, PT ⟩, (3.17)

for some wave packet Φ(PT ). If this wave packet is sufficiently localized in the transverse
spatial direction, i.e. Φ(PT + ∆T ) ≈ Φ(PT ), one can relate the number of photons to an
off-forward distribution Fγ

1 :
fγ/A(x,bT )

=|N |2
∫ dλeixλ

2πx(P +)2

∫ d2PT

(2π)2
d2P ′

T

(2π)2 Φ∗(P ′
T )Φ(PT )⟨P +,P ′

T |F +µ

(
−λ

2 n+bT

)
F +

µ

(
λ

2 n+bT

)
|P +,PT ⟩

=|N |2
∫ dλeixλ

2πx(P +)2

∫ d2PT

(2π)2
d2P ′

T

(2π)2 Φ∗(P ′
T )Φ(PT )e−ibT ·∆T ⟨P +,P ′

T |F +µ

(
−λ

2 n

)
F +

µ

(
λ

2 n

)
|P +,PT ⟩

≈|N |2
∫ d2PT

(2π)2 |Φ(PT )|2 d2∆T

(2π)2 e−ibT ·∆T Fγ
1 (x,∆2

T )

=
∫ d2∆T

(2π)2 e−ibT ·∆T Fγ
1 (x,∆2

T ). (3.18)
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This can be generalized to the transverse momentum dependent distribution Fγ
1 (x, kT , ∆),

which is the GTMD of eq. (2.7) for zero skewness. In this way one generalizes the cross
section expression σAA in eq. (1.3) by going from integrals over the one-dimensional PDFs
fγ/A(x) to GPDs and GTMDs. A full derivation of the impact parameter dependent cross
section in terms of wave packets and off-forward matrix elements, as well as the connection
to the TMD description of the bT -integrated cross section was presented in ref. [6].

3.2 Expressions in ∆T -space

By employing the correlator in eq. (2.6), we can express eq. (3.13) in the following form

dσ

dPS d2∆T

= α2

sNN M2
T

[
F 0 + F cos 2ϕq∆ cos 2ϕq∆ + F sin 2ϕq∆ sin 2ϕq∆

+ F cos 2ϕqK cos 2ϕqK + F sin 2ϕqK sin 2ϕqK + F cos 2ϕ∆K cos 2ϕ∆K

+ F cos 4ϕqK cos 4ϕqK + F sin 4ϕqK sin 4ϕqK + F cos 4ϕ∆K cos 4ϕ∆K

+ F cos 2(ϕqK+ϕ∆K) cos 2(ϕqK + ϕ∆K) + F sin 2(ϕqK+ϕ∆K) sin 2(ϕqK + ϕ∆K)
]

,

(3.19)

where we have introduced the notation ϕab = ϕa − ϕb, and where

F 0 = 2
[
z2 + (1 − z)2 + 4z (1 − z) M2

ℓ

M2
T

(
1 − M2

ℓ

M2
T

)]
C[Fγ

1 Fγ
1 ]

− z (1 − z)M4
ℓ

M4
T

(
C[w22

0 Fγ
2 Fγ

2 ] + ∆4
T

M4
N

C[Fγ
3 Fγ

3 ]
)

+
[
z2 + (1 − z)2

](
1 − 2M2

ℓ

M2
T

)
∆2

T

M2
N

C[w44
0 Fγ

4 Fγ
4 ] ,

F cos 2ϕq∆ = − ∆2
T

M2
N

{[
z2 + (1 − z)2

](
1 − 2M2

ℓ

M2
T

)
C[w44

c2F
γ
4 F

γ
4 ]

+ z (1 − z) M4
ℓ

M4
T

C[w23
c2 Fγ

2 Fγ
3 + w32

c2 Fγ
3 Fγ

2 ]
}

,

F sin 2ϕq∆ = − ∆2
T

M2
N

{[
z2 + (1 − z)2

](
1 − 2M2

ℓ

M2
T

)
C[w44

s2F
γ
4 F

γ
4 ]

+ z (1 − z) M4
ℓ

M4
T

C[w23
s2 F

γ
2 Fγ

3 + w32
s2 F

γ
3 Fγ

2 ]
}

,

(3.20a)

F cos 2ϕqK = 4 z (1 − z) M2
ℓ

M2
T

(
1 − M2

ℓ

M2
T

)
C[w12

c2 Fγ
1 Fγ

2 + w21
c2 Fγ

2 Fγ
1 ] ,

F sin 2ϕqK = 4 z (1 − z) M2
ℓ

M2
T

(
1 − M2

ℓ

M2
T

)
C[w12

s2 F
γ
1 Fγ

2 + w21
s2 F

γ
2 Fγ

1 ] ,

F cos 2ϕ∆K = 4 z (1 − z) M2
ℓ

M2
T

(
1 − M2

ℓ

M2
T

)
∆2

T

M2
N

C[Fγ
1 Fγ

3 + Fγ
3 Fγ

1 ] ,

(3.20b)
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F cos 4ϕqK = −z (1 − z)
(

1 − M2
ℓ

M2
T

)2
C[w22

c4 Fγ
2 Fγ

2 ] ,

F sin 4ϕqK = −z (1 − z)
(

1 − M2
ℓ

M2
T

)2
C[w22

s4 F
γ
2 Fγ

2 ] ,

F cos 4ϕ∆K = −z (1 − z)
(

1 − M2
ℓ

M2
T

)2 ∆4
T

M4
N

C[Fγ
3 Fγ

3 ] ,

F cos 2(ϕqK+ϕ∆K) = −z (1 − z)
(

1 − M2
ℓ

M2
T

)2 ∆2
T

M2
N

C[w23
c2 Fγ

2 Fγ
3 + w32

c2 Fγ
3 Fγ

2 ] ,

F sin 2(ϕqK+ϕ∆K) = −z (1 − z)
(

1 − M2
ℓ

M2
T

)2 ∆2
T

M2
N

C[w23
s2 F

γ
2 Fγ

3 + w32
s2 F

γ
3 Fγ

2 ] .

(3.20c)

In the above equations we have introduced the convolutions of two GTMDs,

C[wFi Fj ](q2
T , ∆2

T , ∆T · qT ) ≡
∫

d2k1T d2k2T δ2(k1T + k2T − qT ) w(k1T , k2T , ∆T )

Fi(x1, k2
1T , ∆2

T , k1T · ∆T )Fj(x2, k2
2T , ∆2

T ,−k2T · ∆T ) , (3.21)

where x1 and x2 are given in eq. (3.10) and w is a transverse momentum dependent weight
function. In order to provide compact expressions for the weight functions, we introduce the
following two orthogonal unit vectors spanning the transverse plane [44]

ĥ = qT

|qT |
= (cos ϕq, sin ϕq) , ĝ = (sin ϕq, − cos ϕq) , (3.22)

with the latter defined as

ĝi = ϵij
T hj ≡ ϵ−+ijhj = ϵ0ij3 hj , (3.23)

such that for any three-vector a, ĝ · a = (a × ĥ)z. Hence, if â = (cos ϕa, sin ϕa) then
ĥ · â = cos(ϕq − ϕa) and ĝ · â = sin(ϕq − ϕa). The weight functions in eqs. (3.20a)–(3.20c)
can be therefore written as

w22
0 = 1

M4
N

[
2 (k1T · k2T )2 − k2

1T k2
2T

]
= k2

1T k2
2T

M4
N

cos 2ϕ12 ,

w44
0 = k1T · k2T

M2
N

= |k1T ||k2T |
M2

N

cos ϕ12 ,

(3.24a)

w44
c2 = 1

M2
N

[
2 (ĥ · k1T )(ĥ · k2T ) − (k1T · k2T )

]
= |k1T ||k2T |

M2
N

cos(ϕq1 + ϕq2) ,

w44
s2 = (ĥ · k1T ) (ĝ · k2T ) + (ĥ · k2T ) (ĝ · k1T )

M2
N

= |k1T ||k2T |
M2

N

sin(ϕq1 + ϕq2) ,

w23
c2 = 1

M2
N

[
2 (ĥ · k1T )2 − k2

1T

]
= k2

1T

M2
N

cos 2ϕq1 ,

w23
s2 = 2

M2
N

(ĥ · k1T ) (ĝ · k1T ) = k2
1T

M2
N

sin 2ϕq1 ,

w32
c2 = 1

M2
N

[
2 (ĥ · k2T )2 − k2

2T

]
= k2

2T

M2
N

cos 2ϕq2 ,

w32
s2 = 2

M2
N

(ĥ · k2T ) (ĝ · k2T ) = k2
2T

M2
N

sin 2ϕq2 ,

(3.24b)
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w22
c4 = 1

M4
N

{
2
[
2 (ĥ · k1T ) (ĥ · k2T ) − (k1T · k2T )

]2
− k2

1T k2
2T

}
= k2

1T k2
2T

M4
N

cos 2(ϕq1 + ϕq2) ,

w22
s4 = 2

M4
N

[
2 (ĥ · k1T ) (ĥ · k2T ) − (k1T · k2T )

] [
(ĥ · k1T ) (ĝ · k2T ) + (ĥ · k2T ) (ĝ · k1T )

]
= k2

1T k2
2T

M4
N

sin 2(ϕq1 + ϕq2) , (3.24c)

and with the following relations holding

w12
c2 = w32

c2 , w21
c2 = w23

c2 , w12
s2 = w32

s2 , w21
s2 = w23

s2 . (3.24d)

In eqs. (3.20a)–(3.20c) we have included the dependence on the final lepton masses.
Although they can be dropped for e+e− production at sufficiently high energies (as in RHIC),
we point out that the same structure also holds for heavier lepton and open heavy-quark pair
(upon replacement of Mℓ → MQ) production, for which masses cannot be neglected.

To verify the validity of our cross-section expressions we have compared them to results
given in the literature. We generally find agreement up to mass terms that we keep. In
appendix A the comparison with expressions in refs. [1, 4, 45] is discussed for Mℓ ≪ MT ,
where a minus sign difference is found with respect to ref. [1]. In addition, we have verified
that eq. (3.20a) agrees with ref. [46] in the forward limit (∆ → 0), in which the photon
GTMDs in eq. (2.7) are related to photon TMDs.4

We note specifically the sin ϕ dependences that are present in eq. (3.19), which are absent
in the forward (TMD) limit. Although nonzero in the off-forward case, one cannot select
them using the corresponding sine-weight. This may seem counterintuitive, but is caused by
the dependences on the azimuthal angles in the weights given in eq. (3.24). Hence, to single
out a structure function that involves a sine, a cosine (or sum of cosines) weight is instead
required. Such operation may not isolate a single structure function however, but rather a
combination of them due to the dependence of the GTMDs on kT · ∆T , which in the absence
of gauge links and for zero skewness will only involve even powers5 of kT · ∆T . Therefore, in
this paper we will assume that the GTMDs only depend on even powers of kT · ∆T , namely

Fγ
i (x, k2

T , ∆2
T , kT · ∆T ) =

∞∑
m=0

F
γ (2m)
i cos2m ϕk∆ . (3.25)

If anisotropies are not suppressed, all orders in m need to be kept, leading to a feed-in
mechanism of harmonics in ϕ∆ of a certain order into harmonics in ϕb of different orders. This
we will discuss in detail in the next section, where we will explore the consequence of eq. (3.25).

4Although the forward limit is not accessible in UPCs, it could be accessed in inclusive lepton pair
production [46]. However, it will require event selection and kinematic cuts to reduce possible QCD backgrounds.

5This is in contrast to the case of dihadron fragmentation functions discussed in ref. [44], where sin ϕ terms
appear in the cross section due to dependence of the functions on odd powers of kT · RT . In that case RT is
the difference in transverse momentum of the two final state hadrons (not to be confused with the transverse
center of longitudinal momentum that we introduced previously). The odd powers do not require the inclusion
of gauge links in that case.
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3.3 Expressions in bT -space

In this section we present the dependence of the differential cross section on the impact
parameter. To obtain it, we need to perform the Fourier transformation in eq. (3.15), which is
a non-trivial operation because of the dependence of the GTMDs on kT · ∆T . Schematically,
if one assumes there is no kT · ∆T dependence, or equivalently no qT · ∆T dependence in
the convolutions, one needs to consider integrals of the form:∫ d2∆T

(2π)2 eibT ·∆T cos(2nϕ∆a) C(q2
T , ∆2

T )

=
∫ ∞

0

d∆2
T

8π2 C(q2
T , ∆2

T )
∫ 2π

0
dϕ∆ eibT ∆T cos ϕ∆b cos(2nϕ∆a)

= (−1)n

4π
cos(2nϕba)

∫ ∞

0
d∆2

T J2n(bT ∆T ) C(q2
T , ∆2

T ) , (3.26)

where ϕa is an unspecified azimuthal angle that could be ϕq or ϕK or a combination of
them. The same conclusion also applies to the terms involving sin(2nϕ∆a). Thus, under
this assumption, any isolated ϕ∆ dependence in dσ/d2∆T is translated into an analogous ϕb

dependent term in dσ/d2bT by employing the following one-to-one relations:∫ 2π

0
dϕ∆ ei bT ·∆T cos(2nϕ∆) = (−1)n2π J2n(bT ∆T ) cos(2nϕb) ,∫ 2π

0
dϕ∆ ei bT ·∆T sin(2nϕ∆) = (−1)n2π J2n(bT ∆T ) sin(2nϕb) .

(3.27)

On the other hand, if there is a qT · ∆T dependence in the convolutions due to the internal
angular dependence of the GTMDs, this one-to-one correspondence between cos(2nϕ∆a) and
cos(2nϕba) terms is no longer present and an arbitrary number of trigonometric functions
will appear:∫ d2∆T

(2π)2 eibT ·∆T cos(2nϕ∆a) C(q2
T , ∆2

T , qT · ∆T )

=
∞∑

m=0

∫ ∞

0

d∆2
T

8π2 Cm(q2
T , ∆2

T ) ×
∫ 2π

0
dϕ∆ eibT ∆T cos ϕ∆b cos(2nϕ∆a) cos2m ϕ∆q , (3.28)

in analogy to the expansion in eq. (3.25). For example, for n = m = 1 and ϕa = 2ϕq the
integral in the last expression yields:∫ 2π

0
dϕ∆ eibT ∆T cos ϕ∆b cos 2ϕ∆q cos2 ϕ∆q

= π

(1
2 J0(bT ∆T ) − J2(bT ∆T ) cos 2ϕbq + 1

2 J4(bT ∆T ) cos 4ϕbq

)
. (3.29)

Thus, any modulation in 2nϕ∆ will “feed into” 2n′ϕb modulations where n′ can be smaller,
equal or larger than n, including the isotropic one (n′ = 0). One might expect such feed-in
to be strongly suppressed, because anisotropies seem to be small for small-x gluons in a
nucleus [47–49], however, as we will see this is not the case for the photon GTMD. If not
suppressed, then all orders in m will have to be taken into account. In principle this feed-in, or

– 13 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

the suppression of it, could be tested in experiments, and the available data already supports
the unsuppressed feed-in as will be discussed in section 4.

For clarity we will first consider the terms in bT -space that do have a one-to-one cor-
respondence in ∆T -space. This means we first only consider m = 0, such that Fγ

i = F
γ (0)
i

and for which the differential cross section in bT -space will read

dσ

dPS d2bT

≈ α2

sNN M2
T

∫ d∆2
T

4π

{
J0(bT ∆T )

[
F 0 + F cos 2ϕqK cos 2ϕqK + F cos 4ϕqK cos 4ϕqK

]
− J2(bT ∆T )

[
F cos 2ϕ∆K cos 2ϕbK + F cos 2ϕq∆ cos 2ϕqb

+ F cos 2(ϕqK+ϕ∆K) cos 2(ϕqK + ϕbK)
]

+ J4(bT ∆T ) F cos 4ϕ∆K cos 4ϕbK

}
. (3.30)

Note that, in contrast with eq. (3.19), eq. (3.30) does not contain any sin ϕ term. It turns out
that, in absence of feed-in, the integral over the azimuthal angles of the partonic transverse
momenta, k1T and k2T , removes all sines in bT -space. The sines remain absent also when
feed-in contributions are included, as we will explain at the end of this section.

We first compare eq. (3.30) with the result obtained in ref. [10], which is the only other
paper thus far that considers the cross section differential in all three transverse vectors KT , qT

and bT . Although that paper only considers the GTMDs Fγ
1 and Fγ

2 in the parameterization
of the GTMD correlator instead of all four, the employed model for the GTMD correlator
does lead to nonzero Fγ

3 and Fγ
4 , even if not identified explicitly. ref. [10] does not list the

cos 2ϕqK and cos 2ϕbK asymmetries, but has an additional cos 4ϕqb term. As can be seen
from eq. (3.20b), the cos 2ϕqK and cos 2ϕbK terms are proportional to the square of the
produced particle mass and therefore are negligible for electrons, but not necessarily for
muons, charm and bottom quarks, hence we keep them. From eq. (3.20) one sees that when
Fγ

3 and Fγ
4 are dropped the cos 2ϕbK , cos 4ϕbK , cos 2ϕqb and cos 2(ϕqK + ϕbK) asymmetries

should not be present, but using the adopted model which leads to nonzero Fγ
3 and Fγ

4 , such
asymmetries do appear. Concerning the cos 4ϕqb modulation of ref. [10], it does not appear in
eq. (3.30) as it comes from (qT · ∆T )2 terms. If one includes such terms, further asymmetries
would be generated as well, and indeed, in ref. [10] higher harmonics like cos(6ϕqK − 2ϕbK)
and cos(6ϕbK − 2ϕqK) are considered. These asymmetries arise from the feed-in mechanism
we discussed above, but ever higher harmonics will be generated as well, of course. Other
previous works have also studied certain specific asymmetries in this process, like the cos 2ϕqK

and cos 4ϕqK in ref. [4] and the cos 4ϕbK in ref. [5].
If one includes next order terms (m ≥ 1) in eq. (3.25), the expression in eq. (3.30) will

obtain additional cosine asymmetries due to the feed-in, see e.g. eq. (3.29). Note that the
feed-in does not affect ϕK and, consequently, we can organize the cross section into three
groups. They are identified by the number of ϕK factors involved, with the feed-in causing
the interference among the different structure functions within the same group. Moreover, as
we have emphasized above eq. (3.25) one can only observe cosine asymmetries in bT -space,
because the sin ϕ terms present in eq. (3.19) only contribute via feed-in to cosine asymmetries
in bT -space (recall that the angle ϕ∆ is not directly observable in UPCs, while ϕb is). To
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illustrate this, we consider as an example the distribution of the cross section with respect
to the azimuthal angle difference ϕqK :

dσ

dϕqK
≈ α2

sNN M2
T

(
F̃ 0 + F̃ cos 4ϕqK cos 4ϕqK + F̃ sin 4ϕqK sin 4ϕqK

)
, (3.31)

where the approximation comes from neglecting the lepton masses. A priori, one might
conclude from eq. (3.31) that a sin 4ϕqK term should be present alongside cos 4ϕqK . However,
it turns out that F̃ sin 4ϕqK is zero upon integration over ϕq. The structure functions F̃ (in
which the feed-in contributions are hidden) are explicitly given by

F̃ 0 =
∫ d2∆T

8π

d2bT

2π
dPSe−ibT ·∆T

[
F 0+F cos2ϕq∆ cos2ϕq∆+F sin2ϕq∆ sin2ϕq∆

]
,

F̃ cos4ϕqK =
∫ d2∆T

8π

d2bT

2π
dPSe−ibT ·∆T

[
F cos4ϕqK +F cos4ϕq∆ cos4ϕq∆+F cos2(ϕqK+ϕ∆K)cos2ϕq∆

−F sin2(ϕqK+ϕ∆K)sin2ϕq∆
]
,

F̃ sin4ϕqK =
∫ d2∆T

8π

d2bT

2π
dPSe−ibT ·∆T

[
F sin4ϕqK +F cos4ϕq∆ sin4ϕq∆+F cos2(ϕqK+ϕ∆K)sin2ϕq∆

+F sin2(ϕqK+ϕ∆K)cos2ϕq∆
]
,

(3.32)
where dPS = dy1 dy2 dK2

T dq2
T dϕq. All terms on the right-hand side of F̃ sin 4ϕqK involve an

odd number of sine functions. Therefore, they are zero upon integration over ϕq, namely∫ 2π

0
dϕq

[
F sin4ϕqK +F cos4ϕq∆ sin4ϕq∆+F cos2(ϕqK+ϕ∆K)sin2ϕq∆+F sin2(ϕqK+ϕ∆K)cos2ϕq∆

]
=0,

(3.33)
where we recall that the structure functions include convolutions and hence integrals over
the azimuthal angles of internal transverse momenta. The result in eq. (3.33) implies that
F̃ sin 4ϕqK is zero, independently of the integration over ∆T and bT (including their azimuthal
angles). On the other hand, F̃ 0 and F̃ cos 4ϕqK contain an even number of sine functions and
are therefore nonzero upon the same integration. The same argument applies to the other
sin ϕ asymmetries, leaving the cos ϕ modulations as the only observable ones.

4 Model studies and predictions

Based on the results of refs. [1, 4], obtained within the EPA, we can express the correlator
for the photon GTMD of an unpolarized nucleus as follows,6

Gµν
γ (x, kT , 0, ∆T ) = κµ

T κ′ν
T

κT · κ′
T

fγ/A(x, kT , ∆T )
x

, (4.1)

6To see the correspondence with eq. (38) of ref. [1], one can take k⊥ → κT and k⊥ → κ′
T in the complex

conjugate, and keep κT and κ′
T as independent variables, to rewrite eq. (38) of ref. [1] as

f(x, bT ) = (2π)2
∫

d2κT

(2π)2

∫
d2κ′

T

(2π)2 fγ/A(x, kT , ∆T ) e−ibT ·(κT −κ′
T ) .
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with κµ
T = kµ

T − ∆µ
T

2 and κ′µ
T = kµ

T + ∆µ
T

2 . Noting that

κµ
T κ′ν

T = −1
2

(
k2

T − 1
4∆2

T

)
gµν

T + kµν
T − 1

4∆µν
T + 1

2k
[µ
T ∆ν]

T , (4.2)

and comparing to eq. (2.7), one finds within this approximation simple relations among the
GTMDs Fγ

i through the expressions

Fγ
1 (x, kT , ∆T ) = fγ/A(x, kT , ∆T ) ,

Fγ
2 (x, kT , ∆T ) = 2M2

N

κT · κ′
T

fγ/A(x, kT , ∆T ) ,

Fγ
3 (x, kT , ∆T ) = −1

2
M2

N

κT · κ′
T

fγ/A(x, kT , ∆T ) ,

Fγ
4 (x, kT , ∆T ) = M2

N

κT · κ′
T

fγ/A(x, kT , ∆T ) ,

(4.3)

implying

Fγ
1 =

k2
T − 1

4∆2
T

2M2
N

Fγ
2 = −2

k2
T − 1

4∆2
T

M2
N

Fγ
3 =

k2
T − 1

4∆2
T

M2
N

Fγ
4 , (4.4)

in analogy to what has been found for gluons (the dipole gluon GTMDs to be specific) in the
small-x limit [34]. The correlator in eq. (4.1) is in agreement with the one used in ref. [10].
The sign of ∆T is not relevant since reversing it causes only a change of sign for Fγ

4 , without
consequence on the cross section level since Fγ

4 exclusively appears “squared”, as it is the
only one that selects contributions antisymmetric in ∆T and kT .

The model in eq. (4.1) incorporates unsuppressed kT · ∆T dependencies to all orders,
which will necessarily generate higher harmonics due to the feed-in we discussed before. In
order to assess the importance of this feed-in, we will introduce a parameter ε in the GTMD
model that can be used to suppress the kT ·∆T dependence. Specifically, following the relation
between the photon distribution and the nuclear form factor (FF) FA(k2) [45], we take

xfγ/A(x, kT , ∆T ) = Z2α

π2
κT · κ′

T

M(x, κT , ε)M(x, κ′
T , ε)FA

(
κ2

T + x2M2
N

)
F ∗

A

(
κ′

T

2 + x2M2
N

)
, (4.5)

where M(x, κT , ε) is a normalization factor defined as

M(x, κT , ε) = κ2
T + (1 − ε) kT · ∆T + x2M2

N , (4.6)

with |ε| ≤ 1 and where the GTMDs adopted in refs. [10, 45] are retrieved for |ε| = 1. We
point out that for κ′

T the sign of ∆T is reversed. While the product κT · κ′
T does not depend

on the scalar product kT · ∆T for the symmetric choice that we made in eq. (2.3), the FF
does. However, in the model adopted in eq. (4.5) most of the feed-in contributions come
from the prefactor and not from the FF. Consequently, the parameter ε correctly suppresses
kT · ∆T dependences, and regulates the strength of the feed-in; in particular, we have found
that ε = 0.5 is already sufficient to strongly suppress it. Accordingly, in the following we
will show numerical results employing two values of this parameter: ε = 1 and ε = 0.5. We
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also point out that the definition in eq. (4.5) forces the GTMD to zero if either κT or κ′
T

is zero, or if they are perpendicular to each other.
Although the FFs of nuclei are in general not very well-known, a reasonable assumption

is to consider the charge of a nucleus to be distributed according to the Woods-Saxon
potential [50], which leads to [51]

FA(k) = 4πρ0
A

∫ ∞

0
dr

r2

1 + exp
[
(r − RA)/d

] sin(|k|r)
|k|r

, (4.7)

where k is a two-dimensional vector that belongs to the transverse plane, ρ0 is the density of
the nucleus, RA its radius, while d describes the diffuseness of the nuclear surface. Considering
gold nuclei, we take RA ≈ 6.4 fm and d = 0.535 fm. A numerical approximation to the Woods-
Saxon potential that is extensively adopted in the literature corresponds to the FF expression
used by STARlight [52], which reads

FA(k) = 4πρ0
A |k|3

1
(a |k|)2 + 1 [sin(|k|RA) − |k|RA cos(|k|RA)] , (4.8)

with a = 0.7 fm. Besides parameterizing the FF, one can also parameterize the photon GTMD
directly, thus ignoring eq. (4.5). In particular, we propose the following parameterization

x fγ/A(x, kT , ∆T ) = Z2α

π2
1 + (1 − x)2

2
κT · κ′

T

M(x, κT , ε) M(x, κ′
T , ε) exp

[
−D(x)

Q2
0

(
k2

T + ∆2
T

4

)]
,

(4.9)
where the normalization factor M is given in eq. (4.6) and we take Q0 = 0.06 GeV. In addition
D(x) is a profile function that accommodates the possibility that the width of the Gaussian
varies with the photon energy; for simplicity, we take D(x) = 1.

Independently of the GTMD model employed, for sufficiently high bT (at least greater
than the radius of the nucleus), the photon distribution must become the same as that of
a point-like source of charge Ze in eq. (1.4), which is retrieved by taking F pl

A (k) ≈ 1 in
eq. (4.5).7 A comparison among the various GTMDs introduced above and the point-like
distribution is given in figure 3. In panel (a) we show the kT -integrated bT -dependence of
the distributions normalized by their value at bT = 2RA, whereas panel (b) presents the
kT -dependence in the forward limit of the same distributions normalized by their peak values;
in both panels we have taken x = 0.01. Although the size of the distributions varies, their
general behavior does not change between the ε = 1 and ε = 0.5 choices. All GTMD models
considered here have the expected fall-off at high-bT values, which follows the point-like
distribution. However, effects due to the nuclear structure can be observed also for bT > RA.
For gold nuclei, we have that the GTMD models differ from each other and deviate from the
point-like ansatz for bT ≲ 10 (12) fm for ε = 1 (0.5). In kT -space, the GTMD models are
in accordance with the point-like distribution only at low kT , with all distributions peaking
at the same value of kT . Beyond this peak, all GTMD models deviate from the point-like
distribution, yet staying in good agreement with each other. This deviation arises from the
presence of the photon momentum fraction in eqs. (4.5) and (4.9), which implies that for
lower values of x this difference greatly reduces.

7More precisely, we should have |F pl
A (k)|2 = 1+(1−x)2

2 to match exactly with eq. (1.1), but for x ≪ 1 this is
approximately 1.
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Figure 3. (a) The impact parameter dependence of the kT -integrated GTMD; (b) the kT dependence
for ∆T → 0. The orange solid line is obtained by employing the Woods-Saxon FF in eq. (4.7),
whereas the blue dashed line corresponds to the STARlight FF in eq. (4.8) with a = 0.7 fm. The red
dash-dotted line refers to the model in eq. (4.9). Thicker lines are obtained with ε = 1, and thinner
ones with ε = 0.5. The black solid thin line corresponds to the point-like curve (see eq. (1.4)).

Irrespective of the GTMD model employed, we can analytically integrate over the impact
parameter bT when focusing exclusively on UPCs. In particular, for terms independent of
ϕb, which include the isotropic one [45], we have that

dσ

dPS =
∫

d2bT

dσ

dPS d2bT

=
∫

d2∆T

[
δ(2)(∆T ) − bmin

2π∆T

J1(bmin ∆T )
] dσ

dPS d2∆T

, (4.10)

with bmin = 2RA and where the first term in brackets corresponds to the forward limit. Besides,
if we integrate the cross section with a ϕb-dependent weight W (ϕba), we will have analogous
formulae involving different Bessel functions. In more details, for W (ϕba) = cos 2ϕba we obtain∫

d2bT

dσ

dPSd2bT

cos2ϕba =−
∫ d2∆T

2π∆T

[
bminJ1(bmin∆T )+ 2

∆T

J0(bmin∆T )
] dσ

dPSd2∆T

cos2ϕ∆a ,

(4.11)

whereas for W (ϕba) = cos 4ϕba∫
d2bT

dσ

dPS d2bT

cos 4ϕba

=
∫ d2∆T

2π∆T

[ 4
∆T

(
3 J2(bmin ∆T ) + J0(bmin ∆T )

)
− bmin J1(bmin ∆T )

] dσ

dPS d2∆T

cos 4ϕ∆a .

(4.12)

Note that eqs. (4.11) and (4.12) involve asymmetries solely observable in the off-forward
case, and are therefore unique to UPCs (or more precisely to non-central collisions). The
same logic will also apply to modulations of higher orders in ϕba. The formulae above can
be exploited to isolate asymmetries in bT space that have no analogous term in ∆T space,
but that arise due to the anisotropy of the GTMDs (see e.g. eq. (3.29)). As we will show
later, a striking example is the cos 4ϕbq asymmetry: a (sizable) cos 4ϕbq term is generated by
integrating the differential cross section in eq. (3.19) (that itself has no cos 4ϕ∆q term) with
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Figure 4. (a) Normalized differential cross section as a function of qT for e+e− production in Au - Au
UPC XnXn at √sNN = 200 GeV for different models of the GTMDs and compared to STAR data [11].
Kinematical constraints are given in the legend. (b) Variation of the normalized cross section with
respect to ε for the full UPC and the XnXn channel. Curves are obtained using the STARlight FF
and considering the same kinematical cuts used in (a). The STAR datasets are also included for
comparison.

the weight cos 4ϕ∆q. In general, the above expressions show that for these weighted integrals
there is a one-to-one correspondence between the weight in bT and that in ∆T space.

To estimate the impact of the feed-in effect and test the accuracy of the GTMD models
employed, in figures 4 and 5 we compare model predictions with STAR data [11] for the
differential cross section with respect to qT and ϕqK ≡ ϕq − ϕK , respectively. The experiment
observed the production of e+e− pairs in UPCs of two gold nuclei with a c.m. energy per
nucleon-nucleon collision √

sNN = 200 GeV. The leptons are produced at central rapidity
(−1 < ye < 1). Moreover, kinematical cuts are applied for the individual transverse momenta
of the final leptons, such that KT > 0.2 GeV and qT < 0.1, which is in line with the correlation
limit, and for the invariant mass of the lepton pair: 40 < Mee < 760 MeV for dσ/dqT and
45 < Mee < 760 MeV for dσ/dϕqK . The STAR collaboration provides two datasets for the
differential cross section with respect to qT . For the first one (set 1 in the following), it is
specified that data are collected with one or more neutrons detected in the beam directions,
whereas this information is lacking for the other one (set 2). However, since the two datasets
are compatible with each other, we present in figure 4 both. To focus on the contribution of
the GTMD tails rather than their overall normalization, we normalize the data with respect
to the (discrete) integrated cross section, which is evaluated by summing the central points
of experimental data weighted by the width of the corresponding qT bins. On the other hand,
only one dataset is given for the dσ/dϕqK , for which the information regarding the number of
emitted neutrons measured is again missing. From the discussion below it seems reasonable
to assume that the unspecified datasets are also for the XnXn case.

To account for the number of neutrons emitted by each nucleus along the beam direction
in the theoretical calculations, one has to weigh the differential cross section with a distribution
PNnNn(bT ) that evaluates the probability of emitting a number n of neutrons from the nucleus.
The distribution depends on the impact parameter bT , as one would expect fewer neutrons
the more the two nuclei are separated. In particular, the probability of emitting at least
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Figure 5. Normalized cross section for e+e− production in Au - Au UPCs at √
sNN = 200 GeV with

respect to ϕqK = ϕq − ϕK , for ε = 1 (solid blue lines) and ε = 0.5 (dashed pink lines). The overall
ϕqK modulation is compared with STAR data [11].

one neutron per nucleus, which is based on the Poisson distribution (see also ref. [35]), is
given by [10] (there called PMnMn):

PXnXn(bT ) =
(
1 − e−Ps(bT )

)2
, (4.13)

where Ps(bT ) = 94 fm2/b2
T is the probability of emitting one neutron from a gold nucleus.

Note that the normalization of Ps is not unique, and we followed the prescription provided
in ref. [53]. With this, the differential cross section when at least one neutron per nucleus
is emitted is given by

dσ

dPS =
∫ ∞

bmin
dbT bT

∫ 2π

0
dϕb

dσ

dPS d2bT

PXnXn(bT ) . (4.14)

Note that eq. (4.10) is recovered upon inclusion of all the neutron emission channels.
From figure 4(a), we see that the predictions for the normalized cross section employing

the three aforementioned GTMD models with ε = 1 are very comparable to each other and
in reasonable but not full agreement with STAR data, but we consider this sufficiently close
for our purposes. We remark that the curves are obtained by means of eq. (4.14) (XnXn

channel in UPCs) and without the inclusion of photons directly emitted by up and down
quarks in the nucleons, a contribution that is negligible for UPCs. In figure 4(b) we examine
the impact of the parameter ε by considering the full feed-in case of ε = 1 and reducing it by a
factor 2, which we have found to be already enough to strongly suppress feed-in contributions
from the GTMDs. We will see that the former choice is closest to both STAR datasets
overall. This suggests that feed-in contributions, which are generated from F cos 2ϕq∆ and
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F sin 2ϕq∆ , are not negligible. The former is the primary source of this effect, while the latter
is required to ensure positive cross sections at all bT values. The difference between the two ε

choices becomes somewhat less pronounced for the full UPC result (i.e. the one including
the 0n0n and 0n1n channels) that is more peaked. The difference between the full UPC and
XnXn distributions, and in particular their peak positions, might suggest the possibility
of using the latter to fix Ps. However, this involves two complications. The first one is the
requirement of a very precise resolution in qT , namely at the MeV order. Hence, we expect
that experiments such as those at the LHC, which typically have a resolution of 50-100 MeV,
are not able to determine the peak position with sufficient precision. The second issue regards
the uncertainties related to bmin. In fact, changes in bmin and Ps cause comparable deviations
of the peak position and distribution shape. Thus, this will hamper the extraction of Ps.

In figure 5 we show the dependence of the UPC cross section on the azimuthal angle
difference ϕqK . Since the various models yield highly similar results, from now on we will
employ only the STARlight FF. The prediction curves for both ε = 1 and ε = 0.5 are
compatible with STAR data, but their precision is insufficient to discriminate among them.
We point out that our result for ε = 1 with the inclusion of all neutron emission channels
is slightly different from the theoretical curve reported in ref. [11] which makes use of the
expressions in ref. [4]. We identified the source of such difference with the feed-in contribution
from F sin 2(ϕqK+ϕ∆K) that has to be taken into account but does not seem to have been
included in that reference.

In figure 6 we explore the dependence of the normalized differential cross section on
the masses of the final particles. We consider two dilepton systems, e+e− and µ+µ−, and
two heavy-quark pair productions, cc̄ and bb̄, in Au-Au UPCs at RHIC energies, namely
√

sNN = 200 GeV, and central rapidity of final particles, |yf | < 1. We do not impose
constraints on the invariant mass of the produced pair and from now on we only take ε = 1.
We also consider a different KT integration between the dilepton systems (KT > 0.2 GeV)
and the open heavy-quark production (KT > 1 GeV), since the reconstruction of D0 mesons
from kaon-pion pairs with a transverse momentum difference of KT = O(0.1 GeV) between
the two D0-mesons might be too experimentally challenging (if they are also close in rapidity
and azimuthal angles). Nevertheless, we have checked that including lower values of KT

(down to 0.2 GeV) does not significantly modify the shape of the normalized cross section
of heavy quark production. Due to the higher masses, we present the cross sections of the
open quark pair production up to qT = 0.2 GeV, after which they become negligible. On
the other hand, for these choices of the kinematical cuts we cannot trust the factorization
in the case of the lighter states beyond qT = 0.1 GeV, as indicated by the vertical gray
line in the figure. Consequently, the cross sections for quarks and leptons are normalized
taking qT up to 0.2 GeV for the former and 0.1 GeV for the latter. We observe that the
normalized cross section is not very sensitive to the difference between the muon and electron
masses and the two distributions become indistinguishable from each other with higher cuts
(e.g. KT > 0.4 GeV). Therefore one could consider adding the e+e− and µ+µ− data to
increase statistics, but as we will see this is not the case for the azimuthal modulations. For
heavy-quark production the cross-section becomes more sensitive to the heavier masses and
the distribution becomes wider, with its peak shifting towards higher qT values. Another
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Figure 6. Mass dependence of the normalized differential cross section obtained using the STARlight
FF. The green dotted line corresponds to e+e− production, blue solid to µ+µ−, orange dashed to cc̄,
and the red dash-dotted one to bb̄. For the leptons we integrate KℓT > 0.2 GeV, whereas we take
KqT > 1 GeV for heavy quarks. The vertical line corresponds to the point after which we cannot trust
the factorization for the lighter states. The zoom-in inset shows the tail of dilepton distributions.

difference between the dilepton and heavy-quark pair cases is the role of the off-forward
contribution in eq. (4.10). Indeed, while the UPC and forward limit distributions for dilepton
productions are peaked at similar qT , for heavy quarks the peak of the UPC distribution
is shifted to lower qT compared to the forward limit. A final remark concerns the tail of
the dilepton distributions in qT . The zoomed figure highlights the presence of an oscillating
behavior that is dependent on the bmin in the bT integration. Therefore, the same also occurs
in the production of heavier states, as can be noticed in the tail of the charm distribution.
However, the oscillations are also enhanced by the fact that the dilepton distributions are
more peaked; since the mass-dependent terms of the cross section cause the broadening of the
distribution, the oscillations are smoothed out for heavy quark production. We will elaborate
more on this effect below since this oscillatory behavior in some cases strongly affects the
asymmetries as well. It should be pointed out that the inclusion of Sudakov resummation
may suppress the oscillations and thus have a significant effect on the asymmetries too, as
was discussed for di-muon production in refs. [8, 9]. Therefore, future UPC data may show
the importance of such Sudakov effects through the absence or presence of the oscillations
and related features in the various asymmetries that we will discuss below.

Now we turn to the azimuthal asymmetries expected in this process. The normalized
asymmetry in a certain azimuthal angle ϕ is defined as

⟨cos ϕ⟩ = 2
∫

dϕ dPS′ dσ cos ϕ∫
dϕ dPS′ dσ

, (4.15)
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Figure 7. Asymmetries for e+e− production in Au - Au UPCs at RHIC.

where dσ ≡ dσ/dPS d2bT , dPS′ is a short-hand notation that indicates the presence of other
integration variables, and we have multiply the fraction by a factor 2 such that |⟨cos ϕ⟩| ≤ 1.

In figure 7 we present for e+e− production at RHIC kinematics all the dominant asym-
metries of eq. (3.30) together with ⟨cos 4ϕqb⟩, which can be sizable upon inclusion of feed-in
contributions. The ⟨cos 4ϕqK⟩ is the only asymmetry that survives in the forward limit. It
behaves like q4

T at small qT , while at high qT off-forward contributions significantly suppress
this asymmetry compared to its forward limit, with the suppression enhanced by the feed-in.
All other asymmetries (including those not presented here) involve the azimuthal angle ϕb.
The ⟨cos 2ϕqb⟩ and ⟨cos 2(ϕqK + ϕbK)⟩ (dashed lines) are obtained using eq. (4.11), while
⟨cos 4ϕbK⟩ and ⟨cos 4ϕqb⟩ (dash-dotted lines) are derived using eq. (4.12). Among these,
⟨cos 4ϕbK⟩ is the only asymmetry that is nonzero at qT = 0 since the angle ϕbK is still
definable for that qT value. In contrast, all other asymmetries go to zero as qn

T , with n being
the number of ϕq in the asymmetry (or equivalently the order of the harmonic). For larger
values of qT the most sizable asymmetry is ⟨cos 2(ϕqK + ϕbK)⟩. Despite the absence of a
corresponding term in ∆T space, the ⟨cos 4ϕqb⟩ asymmetry turns out to be sizable (up to 25%)
solely from feed-in contributions. A final observation on figure 7 concerns the comparison
with the findings of [10]. Although the authors provide similar figures to figure 7, they only
considered fixed bT , while our results are obtained by integrating separately the numerator
and denominator over the impact parameter for bT ≥ bmin = 2RA. Hence, a direct comparison
between the figures should not be made. We have however evaluated at fixed bT the same
asymmetries discussed here, and find full agreement with the results of [10].

In figure 8 we present the mass dependence of the asymmetries. For clarity, we show each
asymmetry in a separate panel. Moreover, we changed the sign of ⟨cos 2ϕqb⟩ compared to the
previous figure (as also indicated in the y-labels) to ensure that all results are predominantly
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Figure 8. Mass dependence of the various asymmetries using the STARlight FF. For all panels, the
green dotted line corresponds to e+e− production, blue solid to µ+µ−, orange dashed to cc̄, and the
red dash-dotted one to bb̄. The vertical lines correspond to the points after which we cannot trust the
factorization for the lighter states.

positive. As before, for the kinematics considered which are the same as for figure 6, we trust
the factorization up to qT = 0.1 GeV for the production of the light particles, whereas the qT

range may be broader for the heavy quarks. However, we have verified that all asymmetries
respect the physical bounds also beyond the qT ranges shown in the figures. In addition
to those discussed in figure 7 for the e+e− production, we have two asymmetries that are
significantly nonzero when the produced particles are massive: ⟨cos 2ϕqK⟩ and ⟨cos 2ϕbK⟩,
which are respectively given in figures 8(b) and 8(e). We have found that already the
muon mass, at least at the energies considered here, is sufficient to make these asymmetries
observable. In general, we can see that the expectations of all asymmetries between the
two dilepton systems presented in this work, although similar, differ more than those of the
normalized cross sections, motivating experimental studies that investigate such differences
specifically. Besides, the heavier states, given by the cc̄ and bb̄ systems, lead to remarkably
distinct results from those of the dilepton ones. Among them, we have that ⟨cos 4ϕqK⟩ is
strongly suppressed in open heavy-quark production, with the dominant ϕqK dependence
thus being the cos 2ϕqK . Note that for muons both terms are rather sizable. Furthermore,

– 24 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
qT [GeV]

0

10

20

30

40

50

1 σ
d
σ

d
q T

[G
eV
−

1
]

Pb - Pb UPC at
√
sNN = 5.02 TeV

photon GTMD model : STARlight

ε = 1

KT > 2 GeV
|yµ| < 0.9

4 < Mµµ < 8 GeV

UPC XnXn

UPC

0.12 0.14 0.16 0.18 0.20
0.00

0.02

0.04

0.06

0.08

(a)

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
qT [GeV]

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

〈c
os
φ
〉

Pb - Pb UPC at
√
sNN = 5.02 TeV

photon GTMD model : STARlight

KT > 2 GeV
|yµ| < 0.9

4 < Mµµ < 8 GeV

ε = 1

−〈cos 4φqK〉
〈cos 2φqb〉
−〈cos 4φbK〉
−〈cos 4φqb〉

−〈cos 2(φqK + φbK)〉
−〈cos 2(2φqK + φqb)〉
−〈cos 2(2φbK − φqb)〉

(b)

Figure 9. (a) Normalized differential cross section as a function of qT for µ+µ− production in Pb - Pb
UPCs at √

sNN = 5.02 TeV. (b) Several asymmetries for µ+µ− production in Pb - Pb UPCs at LHC.
Kinematical constraints (same for both panels) are given in the legend.

⟨cos 2(ϕqK +ϕbK)⟩ is negligible for heavy quarks, while it is significantly nonzero in the dilepton
case. It is important to highlight that the asymmetries in open-heavy quark production present
other general features that might be observed in experiments. In particular, we have that
⟨cos 2ϕqb⟩ and ⟨cos 4ϕqb⟩ (the latter only driven by feed-in contributions as already mentioned)
have opposite signs between dilepton and heavy-quark productions for qT < 0.1 GeV, while
⟨cos 2ϕqK⟩ is positive for heavy-quark production, and comparable (except for qT = 0) to the
µ+µ− one. Hence, even if the measurement of heavy quarks is less clean, we believe that
the results shown here are worth experimental investigation.

As a final comment on the various asymmetries, we address the bumps and dips that some
of the curves display around qT ∼ 0.125 - 0.15 that have the same origin as the oscillation
pointed out in figure 6 for the cross section. The effects grow or shrink depending on which
value is chosen for bmin (see eqs. (4.10)–(4.12)). Their positions also shift somewhat with bmin,
but they remain located roughly around the same values of qT . While for the cross section
the oscillation is significant mostly in the (light) dilepton production, for the asymmetries
the same effect is enhanced enough to be observable in the (heavy) quark-pair production as
well. For instance, ⟨cos 2ϕqb⟩ and ⟨cos 4ϕqb⟩ show a sign change within the qT range specified
above which can be tested in experiments, e.g. at LHC.

In figure 9 we present the normalized cross section and various asymmetries relevant for
LHC kinematics. In particular, these predictions are obtained for dimuon production at mid
rapidity, with an invariant mass of the dilepton system of 4 < Mµµ < 8 GeV, which excludes
quarkonium resonances. The general behavior of the dimuon production at mid-rapidity at
LHC is analogous to that of dielectron production at RHIC discussed above. In particular, we
have that the bulk of the cross section, figure 9(a), for both full UPC (all neutron emissions
channels included) and XnXn (one or more neutrons emitted) is found at qT < 100 MeV, with
the first oscillation expected at qT ≈ 150 MeV. We point out that the principal peak of the
distribution is also found at qT < 100 MeV for other kinematical selections, e.g. in a forward
detector. Regarding the asymmetries, in figure 9(b) we have included all the asymmetries that
can be generated by the feed-in mechanism at the first order and are greater than 10%. Due
to the higher KT selection, mass effects in dimuon production are negligible, which causes the

– 25 –



J
H
E
P
0
1
(
2
0
2
5
)
0
7
6

suppression of asymmetries of the ⟨cos 2ϕaK⟩ type at the LHC. Again, we observe the presence
of bumps and dips in the asymmetries around qT ∼ 125 - 150 MeV. However, in contrast
with the cross section where the rapidity region does not significantly affect our predictions,
for the asymmetries we have found that the mid-rapidity region is a better choice to measure
the asymmetries. Indeed, in the forward rapidity region most of these asymmetries become
negligible, with solely ⟨cos 2(ϕqK + ϕbK)⟩, ⟨cos 4ϕbK⟩ and ⟨cos 2ϕbq⟩ remaining above 10%.

5 Conclusions

In this paper we have investigated the differential cross sections for lepton and heavy-quark
pair production in UPCs, as well as their azimuthal modulations arising from the collisions of
unpolarized and polarized photons emitted by highly charged ions. This has been the subject
of many earlier investigations, but thus far only ref. [10] considered the azimuthal modulations
in the cross section differential in both the sum and difference of the transverse momenta of
the final state particle pair, i.e. in KT and qT , as well as in the transverse impact parameter
bT . Wherever we could compare we find agreement between our results for the azimuthal
modulations in the relative angles between these three vectors and those given in ref. [10]
and in other papers on this topic [1–9], differing only in mass terms and feed-in contributions
(and one sign that we discuss in appendix A). More specifically, compared to these other
works we have systematically included mass terms that are of relevance in the production
of heavier leptons and quarks, we have separated effects that arise from the anisotropies
of the GTMDs from those that do not, and rather than presenting asymmetries at a fixed
impact parameter bT (which can not be determined exactly anyway) we have chosen to show
asymmetries integrated over all bT ≥ bmin = 2RA. We have pointed out that if one includes
the terms that arise from the kT · ∆T dependence of the GTMDs (or equivalently the qT · ∆T

dependence of the convolutions of two GTMDs), one loses the one-to-one relation between
the angular modulations in ϕ∆ and ϕb, leading to a feed-in mechanism among harmonics
of different order, complicating model predictions and generating ever higher harmonics.
In this way one finds that despite the absence of a corresponding term in ∆T space, the
⟨cos 4ϕqb⟩ asymmetry turns out to be sizable (in the model study up to 25%) solely from
feed-in contributions. We have also found that although the cross section differential in the
off-forwardness contains sine modulations, the Fourier transformed cross section in impact
parameter space does not (ignoring possible effects from gauge links). The former terms
do need to be included, however, as they feed into cosine modulations and without them
positivity of some of these asymmetries is found to be violated. We emphasize that the
off-forwardness ∆T which on average will be small for UPCs is not directly observable in the
UPC processes, unless the recoil momenta of the nuclei are measured precisely, hence, the
complications from the Fourier transform to impact parameter space are unavoidable.

We have included terms proportional to the mass of the produced particles because
they are relevant for muon, charm and bottom quark production. We have shown that the
normalized differential cross section changes considerably with the produced particle mass
when comparing the open-quark to dilepton productions, whereas the difference between
muons and electrons is small enough that one might increase statistics by combining the
two data. The same does not apply to the angular modulations, where we can observe
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significant differences for all the final states considered in this work. In particular, we point
out that the cos 2ϕqK asymmetry is the dominant ϕqK dependence for charm and bottom
and not the cos 4ϕqK observed for electrons. Furthermore, we observe that the cos 2ϕqb and
cos 4ϕqb asymmetries change sign if one goes from light-leptons to heavy-quarks production,
while cos 2(ϕqK + ϕbK) is suppressed. Such mass effects should be discernible in the UPC
data because the differences are expected to be larger than the experimental errors (at
least those of the electron data of RHIC). For the numerical study we have considered
several models for the photon GTMD correlator, but they all lead to comparable results
for UPCs with impact parameters for which the two nuclei do not overlap. For peripheral
and more central collisions these results will not be applicable and different models may
lead to very distinct results. Finally, since the models all lead to anisotropic terms in the
GTMDs, which one can reduce by hand, we found that RHIC data slightly favor models
that do not suppress feed-in contributions. Hopefully all these observations can be explored
with UPC data from LHC as well.
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A Comparison to cross section expressions in the literature

In this appendix, we compare our expressions given in eq. (3.20a) for Mℓ ≪ MT with the
equivalent ones in refs. [1, 4, 45]. We first consider the formula in eq. (31) of ref. [1], which
depends on

AVGBS = (κ1T · κ2T ) (κ′
1T · κ′

2T ) σ + (κ1T × κ2T ) · (κ′
1T × κ′

2T ) σ⊥

= (κ1T · κ2T ) (κ′
1T · κ′

2T ) σ +
[
(κ1T · κ′

1T ) (κ2T · κ′
2T ) − (κ1T · κ′

2T ) (κ2T · κ′
1T )
]
σ⊥ ,

(A.1)

with σ and σ⊥ being the scalar and pseudoscalar components of the unpolarized cross section
for the process γγ → ℓ+ℓ−, in which the polarizations of the two initial photons are taken
to be parallel and perpendicular to each other, respectively. If one neglects the final lepton
masses, we have that σ = σ⊥ ≡ σ0/2. Thus, by employing eq. (2.3), we have that

2σ−1
0 AVGBS =

(
κ1T · κ′

1T

) (
κ2T · κ′

2T

)
+

(k1T · k2T − ∆2
T

4

)2

− 1
4
(
∆T · k1T − ∆T · k2T

)2
−

(k1T · k2T + ∆2
T

4

)2

− 1
4
(
∆T · k1T + ∆T · k2T

)2
=
(
κ1T · κ′

1T

) (
κ2T · κ′

2T

)
− ∆2

T |k1T | |k2T |
2

(
cos ϕ12 − cos(ϕ∆1 + ϕ∆2)

)
. (A.2)

On the other hand, from eq. (3.19) and employing eq. (4.3), we have that

2σ−1
0 A =

(
κ1T · κ′

1T

) (
κ2T · κ′

2T

)
+ ∆2

T |k1T | |k2T |
2

(
cos ϕ12 − cos(ϕ∆1 + ϕ∆2)

)
, (A.3)
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with σ0 = 2 α2

sNN M2
T

[z2 + (1 − z)2]. The first term comes from the convolution C[Fγ
1 F

γ
1 ],

whereas the other terms are related to the convolutions involving Fγ
4 . We observe that there

is a discrepancy between the result in eq. (A.3) and that of ref. [1]. The difference is not
related to differences in the definition of ∆T nor Fγ

4 since both appear squared. Nevertheless,
eq. (A.3) agrees with the more recent works, namely eq. (3) of [4] and eq. (26) of [45].
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