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Abstract: We studied the photoproduction of dileptons from strong electromagnetic fields generated

by the nucleus in relativistic heavy-ion collisions. The production of dileptons is calculated based

on the Equivalent Photon Approximation (EPA) method, which depends on the strength of the

electromagnetic fields and the density of protons in the nucleus. With the EPA method, we construct

the connections between dilepton photoproduction and the electromagnetic form factors in the

nucleus. Finally, the nuclear proton densities can be determined with the dilepton photoproduction,

which is employed to extract the neutron skin in the nucleus. Our calculations indicate that the

dilepton photoproduction varies evidently with different proton densities in the nucleus, suggesting

a deeper symmetry underlying the connections between proton density (or the neutron skin) and the

dilepton photoproduction. This offers a new way to study the neutron skin in the nucleus.

Keywords: relativistic heavy-ion collisions; photoproduction; dilepton; neutron skin; equivalent

photon approximation

1. Introduction

In relativistic heavy-ion collisions, a new form of deconfined nuclear matter composed
of quarks and gluons is expected to emerge in the early stages [1]. This quark–gluon plasma
(QGP) resembles the state of the early universe shortly after the Big Bang. Identifying
signals and studying the properties of this deconfined matter have become crucial topics
in high-energy physics [2,3]. At the Relativistic Heavy-Ion Collider (RHIC) and the Large
Hadron Collider (LHC), nuclear matter undergoes a crossover phase transition [4–7], with
a violent expansion. Heavy quarkonium, produced in initial parton hard scatterings,
experiences dissociation in the QGP. The thermal partons with color charges can reduce
the binding energies of quarkonium, a phenomenon known as the color screening effect.
Additionally, inelastic scatterings of partons can lead to the dissociation of quarkonium
bound states. These processes result in the suppression of heavy quarkonium yields, which
can serve as a signal of the hot, deconfined matter in heavy-ion collisions [8–11]. Light
hadrons are also used to probe the properties of this deconfined matter. The observed
quark-number-scaling behavior in the collective flows of light hadrons [12] suggests that
the hot medium is predominantly composed of light quarks rather than hadrons during the
violent expansion. Moreover, the large collective flows are well described by hydrodynamic
models [13,14]. The deconfined medium is found to behave as a nearly perfect fluid with
low viscosity [15,16].

When nuclei are accelerated to nearly the speed of light, strong electromagnetic fields
are generated by the protons [17–21]. In the direction of nuclear motion, these electromag-
netic fields undergo Lorentz contraction. The transverse electromagnetic fields can reach
eB ∼ 5m2

π in Au+Au collisions at the RHIC (
√

sNN = 200 GeV) [22], and approximately
∼ 70m2

π in semi-central Pb+Pb collisions at the LHC [18]. These strong electromagnetic
fields influence the motion of light quarks and induce phenomena such as the Chiral
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Magnetic Effect [23], the Chiral Vortical Effect [24], and Magnetic Catalysis [25,26]. Addi-
tionally, the elliptic flows of charged particles are modified by in-medium electromagnetic
fields [27,28]. Heavy quarks and quarkonia are also affected by these strong electro-
magnetic fields [29–31]. Magnetic fields can induce direct flows in D mesons [32] and
charmonium [33], and they can generate spin polarization of light hadrons [34] and heavy
quarks [35] in relativistic heavy-ion collisions.

Electromagnetic fields can also produce vector mesons [36] or dileptons [37–39], a
process known as photoproduction. This mechanism is predominant in ultra-peripheral
nuclear collisions, where hadronic interactions are negligible [40–43]. To study photo-
production, electromagnetic fields can be quantized as quasi-real photons using Equiv-
alent Photon Approximation (EPA) [44], a method further extended by Weizsäcker and
Williams [45]. The energy density of these photons is derived from the energy density of
electromagnetic fields. In coherent photoproduction, the wavelength of the equivalent
photon exceeds the nuclear radius, resulting in photon interactions with the entire nu-
cleus [46–48]. Consequently, the typical transverse momentum of photoproduced vector
mesons can be estimated as pT ∼ 1/RA, where RA is the nuclear radius. Conversely, in in-
coherent photoproduction, where the wavelength of the equivalent photon is short enough
to resolve individual nucleons, the process is termed incoherent photoproduction [49,50].
In this regime, photoproduced vector mesons typically exhibit very low transverse mo-
mentum. Photoproduction remains observable in peripheral collisions at RHIC [51] and
LHC [52] energies.

Photoproduction serves as a sensitive probe for assessing both the strength of these
fields and the proton distribution within the nucleus. In heavy nuclei, some neutrons may
reside on the surface, forming a neutron skin. The neutron skin can be quantified as the
difference between the root mean square (RMS) radii of protons and neutron distributions,
with experimental evidence supporting its existence [53]. The neutron skin is related to
proton density and photoproduction of dileptons.

This paper is organized as follows. Section 2 outlines the proton and neutron distri-
butions within Pb nuclei, along with the corresponding form factor calculations used for
quasi-real photon calculations. Section 3 gives the densities of photons. In Section 4, we
compute the photoproduction of dileptons in ultra-peripheral and peripheral collisions.
Finally, Section 5 provides a summary.

2. Nuclear Structure

The nucleus comprises protons and neutrons. Recent studies indicate that these
particles may not be uniformly distributed within the nucleus. Specifically, a neutron skin
covers the nucleus, while protons, carrying positive charges, are distributed internally. To
investigate the electric charge distribution, we propose calculating the photoproduction of
dileptons, which can be measured in experiments [54–56]. Assuming isotropic densities
of protons and neutrons within the nucleus, the spatial distribution of nucleons has been
effectively parameterized using the Woods–Saxon distribution [57], as follows:

ρ(r) =
ρ0

1 + exp( r−r0
a )

, (1)

where r0 = 6.624 fm represents the Pb nuclear radius. a = 0.549 fm describes the edge
of the nucleus. ρ0 is the normalization factor ensuring

∫

dr ρ(r) = A. For the Pb nucleus,

we adopt ρ0 = 0.1604/A fm−3 with A = 208. To determine the neutron skin and proton
density within the nucleus, we assume that both proton and neutron densities follow the
Woods–Saxon distribution, but with different parameter values. Specifically, we consider
two types of proton densities based on the Woods–Saxon distribution. One set of parameters
is r0 = 6.624 fm and a = 0.549 fm, while the other corresponds to r0 = 6.924 fm and
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a = 0.549 fm. Using these proton densities, one can calculate the root-mean-square radii of
protons and neutrons, Ri =

√

⟨r2⟩, as follows:

⟨r2⟩ =
∫

ρ(r)r2d3r
/

∫

ρ(r)d3r. (2)

where ρ(r) represents the distribution of either protons or neutrons. When the densities
of protons and neutrons are the same, the value of Rp and Rn are 5.74 fm, calculated with
the first kind of proton density. The neutron skin of the nucleus is expected to be around
0.2 fm. Therefore, the parameters of the second proton density are taken to be Rp = 5.52 fm.
The two types of proton densities and the neutron density are depicted in Figure 1. In the
scenario without a neutron skin, where protons and neutrons are uniformly distributed
within the nucleus, the root-mean-square radius of protons (and neutrons) is Rp = 5.74 fm,
as shown in Figure 1.
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Figure 1. The densities of the protons and the neutrons in the nucleus Pb. When without the neutron

skin, the root-mean-square radii of the proton and neutron distributions are the same, Rp = 5.74 and

Rn = 5.74. If a neutron skin is introduced, the value of Rp is Rp = 5.52 fm.

After considering different distributions for the protons and neutrons, the difference
between Rp and Rn, referred to as the neutron skin Rskin, is defined as

Rskin ≡ Rn − Rp. (3)

We will employ two different proton density distributions to calculate dilepton pho-
toproduction in relativistic heavy-ion collisions. Given that dilepton photoproduction
is sensitive to proton densities within the nucleus, it can serve to quantify the neutron
skin. To compute dilepton photoproduction arising from the interaction of two transverse
electromagnetic fields generated by two nuclei, we approximate these electromagnetic
fields as swarms of quasi-real photons. The strength of these fields correlates with the den-
sities of these quasi-real photons, which depend on the electromagnetic form factors. The
form factor F(q) is connected with the charge distribution via the Fourier transformation,
as follows:

F(⃗q) =
∫

ρnorm(r)ei⃗q·⃗rd3r⃗. (4)

where ρ(r) represents the proton densities normalized by the atomic mass number A.
Averaging over angles yields the form factor F(q) = 1

4π

∫

sin(θ) dθ dφ F(⃗q), as depicted
in Figure 2. With normalized proton densities, the form factor approaches unity as q
approaches 0. The magnitude of the form factor varies with q due to the Fourier trans-
formation and the finite volume of electric charge densities. There is an oscillation and
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decrease in the |F(q)| in Figure 2. The behavior of the oscillation comes from the integration
of an exponential function in Equation (4), which can be regarded as a sum of sin and cos
functions with different weights ρnorm(r). If the charge density is a delta function, then
|F(q)| = 1 is uniform at all q. On the other hand, if the protons are uniformly distributed
over an extremely large volume, then the form factor |F(q)| approaches a delta function
located at q=0. Therefore, the form factor |F(q)| at a large q value corresponds to the charge
distribution ρ(r) at a small r value. In Figure 2, the two form factors significantly differ
at a large q value. This discrepancy arises because the two proton densities differ notably
at a small r value. However, despite the substantial difference in the form factors of the
two proton densities at a large q value, the dilepton photoproduction calculated using these
densities shows a smaller difference. This is because photoproduction is determined by
integrating the form factors over the entire q range. Consequently, the neutron skin has a
less pronounced effect on the mass spectrum of dilepton photoproduction compared to the
form factor.
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10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

q (GeV)

|F
(q
)|

Pb Rp=5.52 fm

Rp=5.74 fm

Figure 2. The form factors of the nucleus Pb as a function of the momentum q. Two kinds of proton

distributions are taken to calculate the form factors. The radii characterizing the proton distribution

are taken as Rp = 5.52 fm and 5.74 fm, respectively).

3. Quasi-Real Photon Density

In relativistic heavy-ion collisions, the electromagnetic fields generated by the moving
nucleus are Lorentz-contracted in the longitudinal direction, defined as the nuclear moving
direction. These transverse electromagnetic fields can be quantized as photons. The spatial
and energy density of photons is determined by the energy flux of the electromagnetic
fields. EPA methods have derived the formula of photon density, which depends on the
electromagnetic form factor F(q). Therefore, in the transverse plane, the photon density at
the position x⃗T is [37,54]

n(ω, x⃗⊥) =

4Z2α

ω

∣

∣

∣

∣

∣

∣

∫

d2k⊥
(2π)2

k⊥
F(

√

k2
⊥ + ω2/γ2

L)

k2
⊥ + ω2/γ2

L

ei⃗x⊥ ·⃗k⊥

∣

∣

∣

∣

∣

∣

2

, (5)

where α = 1/137 is the fine structure constant. Photon transverse momentum and energy

are denoted as k⃗T and w, respectively. As there is a significant Lorentz contraction in the
electromagnetic fields, this effect is considered with the Lorentz factor γL =

√
sNN/(2mN)

in the formula, where mN is the mass of protons. As F(q) represents the form factor of
normalized electric charge density, the square of the electric charges or the protons Z2 is
multiplied in the photon density.

The photon densities as a function of distance are depicted in Figure 3. Different lines
correspond to two kinds of proton densities, as previously described. A noticeable distinc-
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tion between the two types of photon densities is evident within the nuclear radius range.
As photon energy increases, the photon density decreases. Consequently, photoproduction
significantly diminishes in regions of larger transverse momentum where particles are
generated by high-energy photons.

0 5 10 15 20
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(ω,x)

×
1
0
3
(G
e
V
)

Solid: ω=1.0GeV

Dashed:ω=2.0GeV

Pb+Pb, 5.02TeV

Figure 3. The densities of quasi-real photons as a function of the distance x in Pb+Pb collisions

at the energy
√

sNN = 5.02 TeV. Solid and dashed lines represent the photon spatial distribution

with the energy w = 1 and 2 GeV, respectively. Red and black lines correspond to the case with the

root-mean-square radius of the proton distribution of Rp = 5.52 and 5.74 fm, respectively.

4. Photoproduction

In the framework of the Equivalent Photon Approximation, dileptons arise from col-
lisions involving two quasi-real photons emitted by two nuclei [58]. The distribution of
photoproduced dileptons is connected with photon energy densities and proton distribu-
tions. Consequently, dilepton photoproduction, measurable in experiments, serves as a
way to investigate the strength of electromagnetic fields and the proton density within
the nucleus, which finally helps to constrain the neutron skin of the nucleus. The energy
densities of photons were computed in previous sections. To describe the photoproduced
dilepton, we introduce the invariant mass M of a dilepton and rapidity y. Their connections
with the energies of two photons (w1, w2) are

M =
√

4ω1ω2, (6)

y =
1

2
ln(

ω1

ω2
). (7)

The production probability of dileptons depends on a two-photon scattering cross-
section and two-photon densities. It is written as a function of the invariant mass M and
rapidity y of dilepton pair, as follows:

P(M, y, b) = M
2

∫

d2rn1(ω1, r1⊥)n2(ω2, r2⊥)

×σ(γγ → l+l−), (8)

where r1⊥ =
√

r2 + b2/4 − br cos(θ) and r2⊥ =
√

r2 + b2/4 + br cos(θ) are the distance
between the scattering position of two photons and the center of nuclei 1 and 2, respectively.
b is the impact parameter of two colliding nuclei. ni(ωi, ri) is the photon density given
by Equation (5). The dilepton production cross-section in the reaction γ + γ → l+ + l− is
given by the Breit–Wheeler formula [59],
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σ(γγ → l+l−) =
4πα2

M2
[(2 +

8m2

M2
− 16m4

M4
)

× ln(
M +

√
M2 − 4m2

2m
)

−
√

1 − 4m2

M2
(1 +

4m2

M2
)]. (9)

By utilizing the photon–photon scattering cross-section and approximating photon
densities that reflect the strength of electromagnetic fields, one can compute the production
of dileptons via photoproduction. In ultra-peripheral collisions, these calculations are
straightforward, as there are no hadronic collisions; instead, the entire nucleus contributes
to the electromagnetic fields and subsequent photoproduction. Conversely, for impact
parameters b < 2RA, hadronic collisions occur within the overlapping region of two nuclei.
Nucleons involved in these collisions do not generate significant electromagnetic fields
nor contribute to photoproduction. This distinction is crucial in semi-central heavy-ion
collisions. To address this, we introduce the probability of hadronic collisions PH(b).

PH(b) =

1 − exp

[

−σinel
NN

∫

drTA(r −
b

2
)TB(r +

b

2
)

]

, (10)

where σinel
NN denotes the inelastic cross-sections of nucleon–nucleon collisions, TA/B repre-

sents the nuclear thickness function of nuclei A and B, defined as the integration of the
nucleon density over the longitudinal direction, Ti(r) =

∫

ρ(r⊥, z) dz, where ρ denotes the
nucleon distribution. The probability PH(b) approaches zero at ultra-peripheral collisions.

The photoproduction of dileptons can be suppressed by hadronic collisions. These
collisions diminish the intensity of electromagnetic fields and reduce the density of

quasi-real photons. Accounting for this adjustment, dilepton photoproduction
d2 Nl+ l−

dMdy in

peripheral and semi-central collisions with fixed centrality is accordingly corrected as
d2 Nl+ l−

dMdy =
∫ bmax

bmin
dbP(W, y, b)PH(b)/

∫ bmax

bmin
dbPH(b) [60], where the impact parameters bmin

and bmax represent the minimum and maximum values in a specific collision centrality.
The differential mass spectrum of dielectrons, d2N/dMdy, in

√
sNN = 5.02 TeV Pb+Pb

collisions is illustrated in Figure 4. Photoproduction is computed for different collision
centralities: 0–10%, 20–40%, and 30–50%. Two different proton density distributions are
utilized to calculate electromagnetic form factors and photon densities in photoproduction.
The discrepancy between these two scenarios is approximately 10% in central collisions,
reducing in more peripheral collisions due to the similar electromagnetic fields further
from the nucleus under the differing proton distributions. This inspires us to determine
the proton density and neutron skin through dilepton photoproduction in low invariant
mass regions. Note that experimental data were obtained before regarding dilepton pro-
duction in ultra-peripheral heavy-ion collisions and peripheral hadronic collisions at RHIC
Au+Au [61] and LHC Pb+Pb [62] collisions. Theoretical studies on dielectron photopro-
duction in peripheral collisions are also available in [63,64], where the invariant mass
spectrum of dielectrons has been calculated. To effectively compare our calculations with
experimental data, particularly for dielectrons in peripheral and semi-central collisions, it
is essential to account for additional contributions from the quark–gluon plasma (QGP) in
dilepton production. This aspect will be addressed in our future work.
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Figure 4. The differential dielectron mass spectrum d2N/dMdy in
√

sNN = 5.02 TeV Pb+Pb collisions

with different centrality bins. The red lines correspond to the proton distribution with Rp = 5.52 fm,

while the black lines correspond to the proton distribution with Rp = 5.74 fm.

5. Summary

In summary, strong electromagnetic fields can induce the photoproduction of vector
mesons and dileptons in relativistic heavy-ion collisions.Electromagnetic fields can be
approximated by quasi-real photons based on the Equivalent Photon Approximation
method. The final invariant mass distribution of dileptons depends on the electromagnetic
form factors of the nucleus and photon densities, which carry the information of the proton
distribution in the nucleus. This study connects dielectron photoproduction with varying
proton densities in the nucleus, which can help extract the neutron skin of the nucleus. Our
findings demonstrate a direct relationship between the neutron skin of the nucleus and
the yield of photoproduced dielectrons. The dependence of dielectron photoproduction
on proton density is sensitive in semi-central collisions but still evident in ultra-peripheral
collisions (UPCs), offering a novel approach to quantifying the neutron skin of the nucleus.
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