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Abstract
The initial collision geometry, including the reaction plane, is crucial for inter-
preting collective phenomena in relativistic heavy-ion collisions, yet it remains
experimentally inaccessible through conventional measurements. Recent studies
propose utilizing photon-induced processes as a direct probe, leveraging the com-
plete linear polarization of emitted photons whose orientation strongly correlates
with the collision geometry. In this work, we employ a QED-based approach
to systematically investigate dilepton production via two-photon processes in
heavy-ion collisions at RHIC and LHC energies and detector acceptances. Our
calculations reveal that dilepton emission exhibits significant sensitivity to the
initial collision geometry through both the azimuthal angles of their emission
(defined by the relative momentum vector of the two leptons) and the overall
momentum orientation of the dilepton pairs. These findings highlight the poten-
tial of two-photon-generated dileptons as a novel, polarization-driven probe to
quantify the initial collision geometry and reduce uncertainties in characterizing
quark-gluon plasma properties.

Full Text
Preamble
Probing the Collision Geometry via Two-Photon Processes in Heavy-
Ion Collisions

Jiaxuan Luo1, Xinbai Li1, Zebo Tang1, Xin Wu1, Shuai Yang2, Wangmei Zha1,†,
and Zhan Zhang1

1State Key Laboratory of Particle Detection and Electronics, University of Sci-
ence and Technology of China, Hefei 230026, China
2State Key Laboratory of Nuclear Physics and Technology, Institute of Quan-
tum Matter, South China Normal University, Guangzhou 510006, China

chinarxiv.org/items/chinaxiv-202505.00199 Machine Translation

https://chinarxiv.org/items/chinaxiv-202505.00199
https://chinarxiv.org/items/chinaxiv-202505.00199


The initial collision geometry, including the reaction plane, is crucial for inter-
preting collective phenomena in relativistic heavy-ion collisions, yet it remains
experimentally inaccessible through conventional measurements. Recent studies
propose utilizing photon-induced processes as a direct probe, leveraging the com-
plete linear polarization of emitted photons whose orientation strongly correlates
with the collision geometry. In this work, we employ a QED-based approach
to systematically investigate dilepton production via two-photon processes in
heavy-ion collisions at RHIC and LHC energies and detector acceptances. Our
calculations reveal that dilepton emission exhibits significant sensitivity to the
initial collision geometry through both the azimuthal angles of their emission
(defined by the relative momentum vector of the two leptons) and the overall
momentum orientation of the dilepton pairs. These findings highlight the poten-
tial of two-photon-generated dileptons as a novel, polarization-driven probe to
quantify the initial collision geometry and reduce uncertainties in characterizing
quark-gluon plasma properties.
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Collective motion

INTRODUCTION
The primary objective of relativistic heavy-ion collisions is to create and study
quark-gluon plasma (QGP), the deconfined state of strongly interacting matter
believed to exist microseconds after the Big Bang [1–3]. Over decades of exper-
imental and theoretical efforts, the formation of QGP in laboratory conditions
has been firmly established, marking a pivotal achievement in high-energy nu-
clear physics. Current research focuses on characterizing QGP properties—such
as its transport coefficients, equation of state, and response to extreme electro-
magnetic fields—and mapping the phase diagram of quantum chromodynamics
(QCD) matter [4–7].

Central to these investigations are probes of collective phenomena in heavy-ion
collisions, including anisotropic flow, global spin polarization, and chiral mag-
netic effects [8–13]. These observables, measured extensively across collision
energies and systems (e.g., by STAR, ALICE, and CMS collaborations), reveal
that QGP behaves as a near-perfect fluid with remarkable vorticity, intense
electromagnetic fields, and signatures of chiral symmetry restoration [14,15].
However, a critical challenge persists: the initial collision geometry (e.g., the
reaction plane and participant eccentricity) cannot be directly accessed in ex-
periments [16]. Current methods infer geometry indirectly via final-state mo-
mentum anisotropies, inherently conflating initial-state properties with medium-
induced effects, non-flow correlations, and event-by-event fluctuations [17–19].
This introduces systematic biases that obscure quantitative links between QGP
properties and initial conditions, underscoring the need for direct probes of col-
lision geometry.

Recent advances propose photon-induced processes in hadronic heavy-ion colli-
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sions (HHICs) as a novel pathway to access initial geometry [20]. When relativis-
tic nuclei collide, their strong electromagnetic fields generate quasireal photons,
with polarization vectors oriented perpendicular to the motion of the colliding
nucleus [21–23]. These polarized photons initiate coherent processes through
both QED and QCD mechanisms:

• QED-dominated channels: Photon-photon fusion into dilepton pairs
(e.g., e+e− via 𝛾𝛾 → e+e−), where the photon’s linear polarization dictates
angular correlations in the decay products [24–27].

• QCD-assisted processes: Coherent photoproduction of vector mesons
(e.g., J/�) through photon-Pomeron interactions, where the polarization
transfers to the produced meson [28–31].

The photon polarization direction is geometrically encoded by the initial col-
lision configuration, enabling polarization-based probes of the reaction plane.
Pioneering studies have validated this concept: Xiao et al. [32] first predicted
a quadrupole modulation in the azimuthal angle of dileptons (defined by the
relative momentum direction p�1 - p�2) from 𝛾𝛾 processes, directly reflecting the
photon polarization anisotropy. Subsequently, Wu et al. [20] proposed lever-
aging vector meson photoproduction to reconstruct the reaction plane through
polarization-induced decay asymmetries. Recently, STAR measurements of co-
herently photoproduced J/� mesons [33] in HHICs confirmed alignment between
the J/� decay anisotropy and the reaction plane, cementing photon polarization
as a direct probe of initial geometry.

In this work, we employ our established QED framework [34–36] to quantify
dilepton production in HHICs, focusing on their dual sensitivity to both az-
imuthal emission angles (Δ� � p�1 - p�2) and momentum orientation (Φ_{pair} �
p�1 + p�2) relative to the reaction plane. Unlike prior studies primarily utilizing
Δ�-dependent observables, we demonstrate for the first time that the dilepton
pair’s total momentum orientation (Φ_{pair}) exhibits significantly enhanced
sensitivity to geometric information. Our calculations at RHIC and LHC en-
ergies reveal that the geometric constraints from Φ_{pair} exceed those of Δ�-
based analyses in precision, while both observables provide orthogonal perspec-
tives on the reaction plane, bypassing systematic uncertainties inherent to tradi-
tional flow analyses. This establishes the QED-calibrated dilepton framework—
simultaneously leveraging Δ� and Φ_{pair}—as a multi-dimensional probe for
model-independent extraction of initial geometry.

II. METHODOLOGICAL FRAMEWORK
The Equivalent Photon Approximation (EPA) provides a computationally ef-
ficient framework for calculating total cross sections in heavy-ion collisions
through the convolution of photon fluxes with the elementary 𝛾𝛾 → �+�− Breit-
Wheeler process [21,37]:

𝜎{�+�−} = � d𝜔1 n(𝜔1) n(𝜔2) 𝜎{𝛾𝛾}(𝜔1, 𝜔2)
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where n(𝜔) represents the photon flux density and 𝜎_{𝛾𝛾} is the elementary
Breit-Wheeler cross-section. While EPA accurately describes integrated cross
sections, it becomes progressively inadequate for differential observables due to
its inherent neglect of photon transverse momentum correlations and polariza-
tion interference effects between scalar (𝜎s) and pseudoscalar (𝜎{ps}) interac-
tion channels.

To overcome these limitations, we employ a lowest-order QED formulation based
on external field approximation. Following Ref. [38], the electromagnetic poten-
tials of colliding nuclei in Lorentz gauge are:

A1
(�)(q1, b) = -2𝜋(Z1e) e^{iq1・b} 𝛿(q1・u1) F1(-q1

2)
A2

(�)(q2, 0) = -2𝜋(Z2e) 𝛿(q2・u2) F2(-q2
2)

where q1,2 are the equivalent photon four-momenta, u1,2 = 𝛾(1, 0, 0, ±v) are
four-velocities in the collider frame, b is the impact parameter of collision, and
F(-q2) denotes the nuclear charge form factor obtained via Fourier transform of
the charge density distribution. The charge density for a symmetrical nucleus
is characterized by the Woods-Saxon profile:

�(r) = �0 / (1 + exp[(r - R_{WS})/d])

where R_{WS} represents the nuclear radius and d denotes the surface diffuse-
ness parameter, both determined from electron scattering measurements [39,40].
The normalization constant �0 ensures �0^∞ �(r) 4𝜋r2 dr = A.

With the direct and cross Feynman diagrams of the lowest-order two-photon
interaction for lepton pair creation, the matrix element can be expressed as
[41]:

M = ū(p�) M̂ v(p�)

where M̂ = -ie2 � d4q1/(2𝜋)4 [A�1(q1) (A�2(q2) (p� - q1 + m) A�1(q1) (q1 - p� +
m) A�2(q2))] / [((p� - q1)2 - m2)((q1 - p�)2 - m2)]

with q2 � p� + p� - q1. The four-momenta of the produced leptons are denoted
by p� and p�, while the longitudinal components of the quasi-real photon four-
momenta q1 are constrained through the relations:

q1
0 = (�� + �� + 𝛽(p_z+ + p_z−))/2

where �± are the lepton energies, m is the lepton mass, and 𝛽 represents the
relativistic collider velocity factor. The probability of the lowest order pair
production can then be straightforwardly expressed as:

P(p�, p�; b) = � d2q1� d2Δq� e^{iΔq�・b} [F(N0)F(N1)F(N3)F(N4)] ×
[N2D−1N5D−1 + N2X−1N5X−1]

where Δq is the four-momentum difference between q1 and q1’ (Δq � q1 - q1’),
with propagator assignments organized as:

• i = 0, 3 terms: originate from nucleus 1 (direct/conjugate photons q1 and
q1’)
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• i = 1, 4 terms: sourced from nucleus 2 (direct/conjugate photons q2 and
q2’)

The N terms are defined as: N0 = -q1
2

N1 = -[q1 - (p� + p�)]2
N3 = -(q1 + Δq)2

N4 = -[Δq + (q1 - p� - p�)]2
N2D = -(q1 - p�)2 + m2

N2X = -(q1 - p�)2 + m2

N5D = -(q1 + Δq - p�)2 + m2

N5X = -(q1 + Δq - p�)2 + m2

We construct angular correlations through: Φ_{pair} � �_{p��+p��} - �_b
Δ� � �_{p��-p��} - �_b

where �_b denotes the azimuthal angle of impact parameter b�.

The differential distribution dN/dΦ_{pair}(dΔ�) is obtained by integrating
over:

� 𝛿(Φ_{pair}(Δ�) - f[p�±, b�]) P(p�, p�; b) J dΩ_{reduce}

where f[p�±, b�] maps momentum combinations to angular differences, J contains
Jacobian factors from coordinate transformations, and dΩ_{reduce} denotes
integration over non-angular momentum components. The high-dimensional
phase space integration is performed using the VEGAS adaptive Monte Carlo
algorithm [44] within the ROOT framework [45].

Although the QED formulation provides precise calculations of angular corre-
lations, the dynamical mechanism through which photon polarization induces
angular asymmetry (with respect to impact parameter) remains implicit. To
unveil the physical origins of this connection, we trace how the field geometry
(governing polarization directions) dynamically “locks” onto momentum-space
characteristics of the produced particles. Consider the electromagnetic field con-
figuration in peripheral heavy-ion collisions: the quasi-real photons carry linear
polarization determined by the classical electromagnetic fields. Specifically, the
electric field vector �� at a transverse position r�� (defined with respect to the
nucleus center as the origin) satisfies the radial constraint: ��(r��) � r��, indicating
that the electric field direction is radially oriented away from the nucleus center,
as illustrated by the field line distribution in Fig. 1. This spatial polarization
pattern becomes imprinted on the photon momentum distribution through the
Fourier relation k�� � r��, leading to the momentum-polarization locking ��(k��) � k��.

In the dilepton production process 𝛾𝛾 → �+�−, the scattering amplitude depends
critically on the relative orientation of the photon polarizations:

M � (��1 ・��2) × lepton current

The polarization overlap |��1 ・��2| reaches maximum when the two photons’ trans-
verse momenta are collinear (k��1 � k��2). As illustrated in Fig. 1, this collinear
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condition forces the pair orientation Φ_{pair} to align with the impact param-
eter. The observed Δ� asymmetry stems from the geometric suppression of
polarization correlations due to angular misalignment. Specifically, as demon-
strated in Fig. 1, when the transverse momenta k��1 and k��2 acquire non-collinear
components (induced by a finite impact parameter b�), their polarization vectors
��1 and ��2 become mismatched. These misalignments introduce a characteristic
modulation in the angular distribution, dominated by cos(2Δ�) and cos(4Δ�)
terms with respect to the impact parameter axis—direct consequences of the
spin-1 nature of photons and spin-1/2 nature of leptons in the 𝛾𝛾 → dilepton
production process [23].

III. RESULTS
Figure 2 illustrates the azimuthal modulations of dilepton pairs with respect
to the reaction plane in peripheral Au+Au collisions at √s_{NN} = 200 GeV
(RHIC) with impact parameter b = 11 fm. The detailed fiducial cuts applied in
the calculation are presented in Table 1. The Δ� distribution exhibits a domi-
nant cos(4Δ�) pattern due to the spin of the interacting photons. A secondary
cos(2Δ�) modulation, originating from lepton mass effects, becomes visible as
the finite muon mass breaks helicity conservation. In contrast, the Φ_{pair}
distribution shows a pronounced cos(2Φ_{pair}) modulation, directly reflecting
the alignment of the dilepton total momentum with the reaction plane. This
alignment arises from the momentum-polarization locking effect discussed in
Section II, where the global polarization geometry encoded in the electromag-
netic fields is imprinted onto the angular correlation of dilepton pairs.

The invariant mass dependence of anisotropic coefficients �cos(4Δ�)� and
�cos(2Φ_{pair})� is shown in Fig. 3. At low mass (M_�� < 0.8 GeV/c2), the
�cos(2Δ�)� component is visible due to the violation of helicity conservation.
This coefficient diminishes as M_�� increases beyond 0.8 GeV/c2, suppressed
by restoration of helicity conservation. The �cos(4Δ�)� coefficient displays a
non-monotonic trend, initially decreasing to a local minimum at M_�� � 0.8
GeV/c2 before rising again at higher mass. This behavior reflects competing
contributions from two physical mechanisms: geometric depolarization effects
dominate at intermediate mass, while polarization coherence strengthens at
larger M_�� as dileptons are preferentially produced near the nuclear periphery.
In contrast, the �cos(2Φ_{pair})� coefficient retains a consistently positive
non-zero value and increases monotonically with dimuon invariant mass.
This distinct mass dependence highlights its enhanced sensitivity as a global
geometric observable to local kinematic configurations compared to �cos(4Δ�)�.

Figure 4 explores the rapidity dependence of these coefficients for 0.4 < M_�� <
2.6 GeV/c2. The magnitude of �cos(4Δ�)� increases with |y|, driven by enhanced
polarization alignment in forward/backward regions where photoproduction oc-
curs closer to the nuclear surfaces. This spatial localization amplifies the correla-
tion between photon polarization vectors and the impact parameter orientation.
However, within the rapidity range |y| < 0.8, the �cos(2Φ_{pair})� coefficient
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remains approximately constant and exhibits negligible rapidity dependence.
This distinct behavior arises because the total momentum orientation of dilep-
ton pairs depends primarily on the vector sum of photon momenta—a global
property governed by the reaction plane geometry rather than local rapidity-
dependent dynamics.

The impact parameter dependence of the modulation coefficients, calculated for
both RHIC and LHC collision systems, is presented in Fig. 5. Central collisions
(b → 0) yield vanishing anisotropies as the polarization geometry becomes az-
imuthally symmetric. The magnitudes of the coefficients grow with increasing b,
reaching maxima near b � 2R_A (R_A being the nuclear radius). Beyond this
point, �cos(4Δ�)� and �cos(2Φ_{pair})� stabilize and slightly decrease due to the
depletion of photon flux coherence at ultra-peripheral separations. Remarkably,
the �cos(2Φ_{pair})� values consistently exceed those of �cos(4Δ�)� across the
entire b range, demonstrating the superior sensitivity of pair momentum orien-
tation to collision geometry. This systematic trend persists in Pb+Pb collisions
at √s_{NN} = 5.02 TeV (LHC), confirming the universality of QED-dominated
polarization effects across collision energies.

Collectively, these results establish Φ_{pair} correlations as a precision tool for
initial geometry determination. The distinct dependence of �cos(2Φ_{pair})�
on mass and rapidity can effectively mitigate systematic bias induced by
final-state interactions, while its strong b-dependence enables direct mapping
between observable angular modulations and collision geometry. Complemen-
tary information from Δ� harmonics provides cross-checks on polarization
purity—crucial for separating two-photon processes from competing hadronic
backgrounds. The combined analysis of both observables opens a new pathway
for model-independent extraction of the reaction plane in heavy-ion collisions,
free from assumptions about medium evolution or hadronization dynamics.

IV. SUMMARY
In summary, we have employed a QED-based approach to systematically inves-
tigate how photon-induced processes can constrain initial collision geometry in
heavy-ion collisions at RHIC and LHC energies. This work introduces a novel
observable, the total momentum orientation of dilepton pair Φ_{pair}, which
demonstrates significantly enhanced sensitivity to geometric features, exceeding
Δ�-based analyses in precision. By combining the complementary sensitivities
of photo-produced dilepton to primordial geometry via both Δ� and Φ_{pair},
our calculations establish the QED-calibrated dilepton framework as a robust,
multi-dimensional probe that enables model-independent reconstruction of col-
lision geometry, offers orthogonal constraints on reaction plane determination,
and bypasses systematic uncertainties inherent to traditional flow methods. Fu-
ture measurements of these observables are expected to provide direct and un-
ambiguous experimental constraints on the primordial geometry in relativistic
heavy-ion collisions.
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