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The chiral magnetic effect (CME) in relativistic heavy-ion collisions originates from a chirality imbalance
among quarks within metastable QCD vacuum domains and may be linked to charge-parity violation, which
is believed to play a crucial role in the matter-antimatter asymmetry of the universe. Over the past two
decades, extensive experimental efforts at the BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider have been devoted to the search for evidence of the CME. Recent advances have
greatly improved our understanding of background contributions that can mimic CME-like signals. In particular,
analyses utilizing techniques designed to suppress flow-related backgrounds indicate that the CME signal at the
RHIC, if present, is small. To further investigate potential background sources, particularly those associated with
strong electromagnetic fields, we estimate the contribution from coherent photon-nuclear interactions. These
interactions are driven by intense electromagnetic fields produced in ultrarelativistic heavy-ion collisions, with
cross sections that scale with the field strength. Notably, the polarization of the incident photons is aligned with
the electric field, which is oriented along the impact parameter direction and perpendicular to the magnetic field.
Consequently, such processes can generate charge-dependent correlations that mimic key features of the CME
signal, yet originate from different physics mechanisms and are distinct from flow-induced backgrounds. In
this study, we quantitatively assess the influence of these coherent photon-nuclear interactions on the precision
measurement of the CME, aiming to improve the separation of the genuine CME signal from these background
contributions.
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I. INTRODUCTION

Metastable domains of fluctuating topological charges can
alter quark chirality, leading to local parity (P) violation and
charge-parity (CP) violation in quantum chromodynamics
[1–3]. This would lead to electric charge separation in the
presence of a strong magnetic field, a phenomenon known as
the chiral magnetic effect (CME) [2–5]. Such a magnetic field,
reaching up to 1018 G, may arise in noncentral relativistic
heavy-ion collisions due to fast-moving spectator protons at
early times [4–11]. Although a finite CME signal is generally
expected [3,4], precise quantitative predictions remain elu-
sive [12], going beyond mere order-of-magnitude estimates,
despite extensive theoretical efforts over the last decade (see
recent reviews [13–16]). On the experimental side, extensive
efforts have been devoted to searching for charge separation
induced by CME at the BNL Relativistic Heavy Ion Collider
(RHIC) [17–25] and the CERN Large Hadron Collider (LHC)
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[26–29] (also see reviews [30–36]), including a dedicated
isobar collision program at the RHIC [37–39].

The primary observable for measuring the charge sep-
aration induced by the CME is the three-point correlator
[40], defined as γ ≡ 〈cos(φα + φβ − 2ψ )〉, where φα and φβ

are the azimuthal angles of the particles α and β, respec-
tively, and ψ denotes the azimuthal angle of the spectator
or the participant plane, determined by the beam direction
and the average transverse positions of the spectator or par-
ticipant nucleons. To reduce charge-independent background
contributions (e.g., those arising from global momentum con-
servation), the difference between opposite-sign (OS) and
same-sign (SS) correlations is often used: �γ ≡ γOS − γSS,

where “OS” (“SS”) denotes particle pairs with electric charges
of opposite sign (same sign). A possible CME signal can
be quantified by the first-order sine modulation coefficient,
a1, in the final-state azimuthal distributions of positive (+)
and negative (−) charged hadrons: dN±

dφ±
∝ 1 ± 2a1 sin(φ± −

ψ ) + 2v2 cos 2(φ± − ψ ) + . . . , which leads to a contribution
of �γ = 2a2

1 [40].
However, several background sources can also contribute

to the observed �γ [41]. The most significant among them is
the flow-induced background, which arises from the coupling
between elliptic flow and the decay of resonances or clusters,
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as described in Refs. [40,42,43]:

�γ flow
bkgd = 〈cos(φα + φβ − 2ψ )〉,

= 〈cos(φα + φβ − 2φres)〉v2,res, (1)

where φα and φβ are the azimuthal angle of the decay daugh-
ters, φres is the azimuthal angle of the resonance/cluster, and
v2,res is its elliptic flow coefficient. The elliptic flow anisotropy
is generated from strong interactions that convert the initial
geometric anisotropy of the overlapping participant zone into
momentum-space anisotropy of final-state hadrons [44]. The
geometry of the participant region is correlated with that of the
spectators, which in turn generates the electromagnetic field.
Therefore, flow-induced backgrounds are inherently corre-
lated with the CME signal, making them particularly difficult
to disentangle. In recent years, most experimental efforts have
focused on suppressing flow-induced backgrounds [22–25].
New results from RHIC Au + Au collisions indicate that, after
subtracting flow backgrounds, a possible CME signal remains
at the level of ≈5–10%, with a significance of 2σ or 3σ com-
pared to inclusive measurements [20,21].

To further understand possible backgrounds, a natural
question arises: Is there any background that is directly cor-
related with the electromagnetic field and mimics the CME
signal? Coherent photon-nuclear interactions that produce
pairs of particles represent such a source, as they are strongly
aligned with the electromagnetic field. In this study, we
estimate the impact of this background on precision measure-
ments of the CME signal. Specifically, we first calculate the
coherent ρ0 cross section in semicentral heavy-ion collisions,
then estimate its contribution to �γbkgd, and compare it with
the inclusive �γ measurements.

II. COHERENT ρ0 PRODUCTION

In relativistic heavy-ion collisions, the fast-moving nu-
clei are accompanied by intense photon fluxes because of
their large electric charge and Lorentz-contracted electromag-
netic fields. These fields are strong enough to induce both
photon-photon and photon-nuclear interactions [45–47]. In
photon-nuclear interactions, virtual photons emitted by one
nucleus can fluctuate into a quark-antiquark (qq̄) pair, scatter
off the other nucleus (via two gluon exchange, the low-order
Pomeron exchange), and emerge as vector mesons (e.g., ρ,
ω, φ, J/ψ , etc.). These processes are typically studied in
ultraperipheral collisions (UPCs), where the impact parameter
b is larger than twice the nuclear radius (RA) and no hadronic
interactions occur. Numerous interesting results on particle
productions such as e+ + e−, π+ + π−, and vector mesons
ρ, ω, and J/ψ have been reported in UPCs [48–56].

The photon-nuclear interaction can also occur in hadronic
heavy-ion collisions (where b < 2RA). Significant excess
yields of J/ψ and dielectrons at very low transverse momen-
tum (pT < 100 MeV/c) have been observed by the ALICE
Collaboration [57] and the STAR Collaboration [58]. These
excesses cannot be fully explained by conventional hadronic
production mechanisms. Interestingly, they exhibit features
consistent with coherent photon-nuclear interactions. Theo-
retical calculations of coherent photon-nuclear processes in

hadronic heavy-ion collisions show good agreement with
experimental measurements [59–61], indicating that photon-
nuclear contributions in such collisions are non-negligible.
Here, “coherent” refers to interactions in which the photon
couples to the entire nucleus as a whole, while “incoher-
ent” interactions involve coupling to individual nucleons. In
this study, we focus exclusively on the coherent ρ0 com-
ponent. The other processes, such as ω, φ, J/ψ, etc., are
negligible compared to ρ0. The incoherent contribution is
expected to be less than 50% of the coherent one. Experi-
mental data show that it has a negligible impact on azimuthal
correlations [53,54].

The detailed calculation of the total cross section for co-
herent photon-nuclear production of a vector meson has been
developed in Refs. [46,48] and can be expressed as an integral
over the photon energy spectrum [46,48]:

σ (AA → AAV ) = 2
∫

dk
dNγ (k)

dk
σ (γ A → VA), (2)

where the photon flux dNγ (k)
dk can be calculated using

the Weizscker-Williams approach, and σ (γ A → VA) is the
photon-nuclear interaction cross section. This approach has
been widely used in the calculation of coherent vector meson
production in UPCs. To extend the calculation to hadronic
heavy-ion collisions, the photon flux needs to be modified by
taking into account the collision geometry [59–61].

The electromagnetic field of a relativistic nucleus can be
approximated as a flux of quasireal virtual photons. The pho-
ton flux can be described by the general expression [60]

d3N (ω, b)

dωd2b
= Z2α

π2ω

∣∣∣∣
∫ ∞

0
dk⊥k2

⊥
F (k)

k2
J1(bk⊥)

∣∣∣∣
2

,

k2 = ω

γ

2 + k2
⊥, γ = √

sNN/(2mp), (3)

where α ≈ 1/137 is the fine-structure constant, Z is the nu-
clear charge, ω is the photon energy, k and k⊥ are the photon
momentum and transverse momentum, and γ is the Lorentz
factor. The form factor F (k2) is the Fourier transform of the
nucleus charge distribution. In the calculation of the photon
flux in the UPC, where the impact parameter is large, the
nucleus is often treated as a pointlike charge distribution, with
the form factor taken as F (k2) = 1. Under this approximation,
the photon flux can be given by the simple formula

dN3(ω, b)

dωd2b
= Z2αx2

π2kb2
K2

1 (x), (4)

with x = ωb/γ . In hadronic heavy-ion collisions, a more
realistic nuclear form factor must be considered. Although
the Woods-Saxon distribution accurately describes the nuclear
charge density, it does not yield an analytic expression for
the form factor. A commonly used approximation involves a
hard-sphere nuclear density convoluted with a Yukawa poten-
tial of range a = 0.7 fm. In this case, the form factor can be
expressed as [48]

F (k) = 4πρ0

Ak3
[sin(kRA) − kRA cos(kRA)]

1

1 + a2k2
, (5)

where A is the mass number and ρ0 is the nuclear density.
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FIG. 1. Comparison of the photon flux as a function of impact
parameter b with the pointlike and realistic form factor at photon
energies of ω = 0.01 and 1 GeV in Au + Au collisions.

Figure 1 shows a comparison of the photon flux computed
using pointlike and realistic Woods-Saxon form factors. At
large impact parameter, photon fluxes with pointlike and re-
alistic Woods-Saxon form factors are consistent with each
other. In the small-b region, which is the relevant range of
the hadronic heavy-ion collisions, the pointlike charge distri-
bution is no longer a reasonable description. Therefore, in the
present calculation the realistic Woods-Saxon form factor is
used.

To account for the collision geometry in hadronic heavy-
ion collisions, the effective photon flux is calculated following
Refs. [59,60] as

Neff (ω, b) =
∫

d2b1N (ω, b1)
θ (RA − b2) × θ (b1 − RA)

πR2
A

,

(6)

where b1 and b2 are the transverse distances from the pro-
duction point to the centers of the photon emitter and target
nuclei, respectively. The θ (RA − b2) ensures that only the
photons reach the nuclei target and contribute. Similarly, the
θ (b1 − RA) condition to ensure that the photons reach the
nuclei overlap region was not included. There are different
considerations of the collision geometry, for example, weather
or not consider the overlap region. Based on Ref. [59], the
calculation with Eq. (6) can well reproduce the experimental
data. Therefore, this method is used in our estimation.

The next step is to evaluate the coherent photon-nuclear
cross section [σ (γ A → VA)], the second part of Eq. (2). The
coherent photon-nuclear cross section was calculated by [48]

σ (γ A → VA) = dσ (γ A → VA)

dt

∣∣∣∣
t=0

∫
dt |F (t )|2,

dσ (γ A → VA)

dt

∣∣∣∣
t=0

= ασ 2
tot (VA)

4 fπ
, (7)

where dσ
dt |t=0 is the differential cross section at zero mo-

mentum transfer and F (t ) is the nuclear form factor. This
expression is derived under the vector meson dominance
(VMD) model, the optical theorem, and the assumption of
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FIG. 2. The dashed line shows the total coherent ρ0 photon-
production cross section as function of the impact parameter b in
the hadronic heavy-ion collisions. For comparison, the total hadronic
cross section from the MC Glauber calculation is shown as a solid
line.

coherent scattering. The integral over |F (t )|2 accounts for the
suppression of large momentum transfers due to the finite
nuclear size. Here, the nuclear form factor F (t ) uses the
same function derived from the charge distribution to obtain
a good approximation. The total vector meson–nuclear scat-
tering cross section can be obtained via the Glauber model
as [48]

σtot (VA) =
∫

d2�r(1 − e−σtot (V p)TAA(�r) ),

σ 2
tot (V p) = 16π

dσ (V p → V p)

dt

∣∣∣∣
t=0

,

dσ (V p → V p)

dt

∣∣∣∣
t=0

= f 2
v

4πα

dσ (γ p → V p)

dt

∣∣∣∣
t=0

, (8)

where the nuclear thickness function TAA can be calcu-
lated using the classical Glauber model. Quantum-mechanical
Glauber calculations, which resum multiple scatterings and
incorporate interference and nuclear shadowing effects, typ-
ically yield cross sections about 15% larger than those from
classical Glauber models. Following Ref. [59], we adopt the
classical Glauber formalism in this study. fv is the vector
meson–photon coupling constant. The γ p → V p cross sec-
tion can be extracted from the experimental data; we used the
parametrization from Refs. [46,48].

Figure 2 shows the estimated total coherent ρ0 photon-
production cross section as a function of the impact parameter
b in the hadronic heavy-ion collisions. In semicentral Au +
Au collisions at

√
sNN = 200 GeV, the coherent cross section

σ (Au + Au → Au + Au + ρ0) is about 10% of the total
hadronic cross section from the Monte-Carlo (MC) Glauber
calculation. The rapidity distribution of the produced vector
mesons is determined by the photon energy via the relation
y = ln 2k

mV
, where k is the photon energy and mV is the vector

meson mass. The extracted yield of coherent ρ0 in the midra-
pidity (|y| < 1) is Ncoherent ρ0 = 0.03 for 20–50% centrality
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Au + Au collisions at
√

sNN = 200 GeV, corresponding to
approximately ≈0.1% of the total hadronic ρ0 yield [62].
This contribution is typically negligible in hadronic heavy-
ion collisions. However, given that the CME signal is also
expected to be a very small effect [21], we evaluated the
potential impact of coherent ρ0 production as a background
for CME-related observables.

The photon polarization is aligned with the electric field
vector, which points along the impact parameter direction and
is perpendicular to the magnetic field [20,21,63,64]. Under
the assumption of helicity conservation (no-helicity flip) [65],
the vector meson produced retains the linear polarization of
the incident photon. The decay of the vector meson into
two spinless daughter particles is described by the angular
distribution [64,65]:

d2N

d cos θdφ
= 3

8π
sin2 θ [1 + cos(2φ)], (9)

where the decay angles θ and φ are the polar and azimuthal
angles, respectively. This distribution implies a preferen-
tial emission of the decay products along the direction of
polarization, hence to the impact parameter direction and
perpendicular to the magnetic field direction. Taking into
account the finite nuclear size and realistic density distri-
bution, Ref. [64] estimated that, for coherent ρ → π+ +
π− decays, the average correlation between the decay pion
with the impact parameter direction is 〈cos(2φ − 2ψ )〉 =
0.38 in the 20–50% centrality of Au + Au collisions at√

sNN = 200 GeV. This preferential orientation of decay an-
gles induces charge-dependent background correlations in the
�γ observable that resemble the CME signal but are distinct
from flow-induced effects. Specifically,

�γ
coherent ρ0

bkgd = 〈cos(φα + φβ − 2ψ )〉,
= 〈cos(φα − φβ ) cos(2φβ − 2ψ )〉, (10)

where φα and φβ are the azimuthal angles of the decay
daughters. In the rest frame of the ρ0 meson, the two
decay pions are emitted back-to-back. For coherent ρ0 me-
son production, the transverse momentum is limited to pT

� h̄/RA ≈ 100 MeV, and π± cos(φα − φβ ) is still ≈ − 1. As
mentioned above, cos(2φβ − 2ψ ) = 0.38 was used in this es-
timation. Therefore, the estimated contribution from coherent
ρ0 photon production is �γ = −0.38, which is roughly an
order of magnitude larger (in absolute value) than the con-
tribution from hadronic ρ0 decays [43]. This negative value
implies that the experimentally measured �γ is smaller than
its true value when coherent ρ0 production is taken into ac-
count.

The total contribution of coherent ρ0 production to inclu-
sive �γ can be estimated as

〈
�γ

coherent ρ0

bkgd

〉
=

〈
Ncoherent ρ0

N+N−

〉
〈cos(φα + φβ − 2ψ )〉

× 〈cos 2(ψ − ψ2)〉, (11)

where 〈Ncoherent ρ0

N+N− 〉 denotes the multiplicity dilution factor.
ψ2 is the experimentally measured second-order event-plane

angle. The factor 〈cos 2(ψ − ψ2)〉 accounts for event-by-
event fluctuations that affect the azimuthal orientation of the
electromagnetic fields, which is approximately 0.65 for
20–50% centrality Au + Au collisions at

√
sNN = 200 GeV

according to Ref. [66]. From MC Glauber simulation, the
total multiplicity of charge particles is Nch ≈ 150 in the pseu-
dorapidity range of |η| < 0.5 for the 20–50% centrality of
Au + Au collisions at

√
sNN = 200 GeV. Here we use N+ =

N− = 150 in the pseudorapidity range of |η| < 1 [43]. The
estimated contribution from coherent ρ0 photon production is〈

�γ
coherent ρ0

bkgd

〉
= 0.03

150 × 150
× (−0.38) × 0.65

≈ −0.33 × 10−6. (12)

Compared with the inclusive measurement of �γ = 1.89 ×
10−4 and the potential CME fraction of fCME = 14.7 ± 5%
[21], the coherent contribution of ρ0 is around −0.2% com-
pared to the inclusive �γ . Therefore, current experimental
measurements of the possible CME fraction may be under-
estimated by about 0.2%.

III. DISCUSSION AND SUMMARY

Recent experimental analyses at the RHIC have signifi-
cantly reduced flow-induced backgrounds in the search for the
CME, revealing a small but finite residual signal. To improve
the precision of such measurements, it is essential to evaluate
other potential backgrounds, especially those correlated with
strong electromagnetic fields. In this study, we estimate the
contribution to the three-point correlator �γ from coherent ρ0

production via photon-nuclear interactions. These processes,
characterized by strong alignment with the electric field, lead
to charge-dependent azimuthal correlations that mimic the
CME signature but are distinct from backgrounds tied to el-
liptic flow.

Our calculations indicate that the net contribution from co-
herent ρ0 photon production is negative, with a magnitude of
〈�γ coherent ρ0〉 ≈ −0.33 × 10−6. This corresponds to approx-
imately −0.2% of the inclusive �γ measurement reported in
semicentral Au + Au collisions at

√
sNN = 200 GeV. Conse-

quently, the current experimental measurement of the possible
CME signal is underestimated by 0.2% in fCME.

Fortunately, this background can be effectively isolated
from the signal due to its distinct kinematic signature: an
extremely low transverse momentum (pT < 100 MeV/c),
determined by the nuclear size scale. We therefore recom-
mend the application of a lower cut on the pair transverse
momentum, e.g., pair pT > 100 MeV/c, in future analyses.
This strategy can significantly mitigate the coherent ρ0 back-
ground and improve the robustness of CME measurements,
such as the new high statistics of Au + Au collisions at√

sNN = 200 GeV at the RHIC.
The key idea of the RHIC isobar program (Ru + Ru and

Zr + Zr collisions) is to create systems with different mag-
netic field strengths by colliding nuclei with different proton
numbers Z but the same mass number, which is expected
to result in different CME signals [22,67]. Meanwhile, the
photonuclear process is also directly related to the nuclear
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charge Z , but it contributes as a background. Since the ρ0

mesons produced from photoproduction introduce a negative
contribution to the �γ observable, this background would
lead to a larger negative contribution in Ru + Ru than in
Zr + Zr collisions. This would correspond to a smaller �γ in
Ru + Ru than in Zr + Zr, consistent with the experimental ob-
servations qualitatively. More quantitatively, the photon flux
approximately scales with Z2, leading to a ≈20% difference
in the ρ0 contribution between the two isobar species. At√

sNN = 200 GeV, the ρ0 contribution to �γ in the isobar
system would be comparable to that in Au + Au collisions.
The resulting �γ difference from photoproduction is there-
fore estimated to be ≈0.04% in the isobar collisons, while the
experimentally observed �γ difference is ≈3%.

When considering the beam-energy dependence, the pho-
ton flux density approximately scales with ln(γ ), where the
Lorentz factor γ = Ebeam/mN . In addition, the σ (γ A → VA)
cross section for ρ-meson production [48] shows only a weak
energy dependence. Therefore, at

√
sNN ≈ 20 GeV, the total ρ

photonuclear cross section is expected to be roughly a factor
of ≈2 smaller than that at 200 GeV. After accounting for
the multiplicity dilution factor, where the π yield roughly
scaled with ln(Ebeam ) [35], the 〈�γ

coherent ρ0

bkgd 〉 is estimated to
be ≈2 times larger than that at 200 GeV. Experimentally, the
inclusive �γ is observed to be ≈1.4 times larger at 20 GeV
than at 200 GeV [19,24,25]. This suggests that the relative

contribution from ρ0 photoproduction to fCME could be of
similar magnitude at the two energies, where the experimental
data indicate fCME ≈ 15.9% around 20 GeV [25].

As discussed in Ref. [68], the strong electric fields gener-
ated in asymmetric Cu + Au collisions can induce nontrivial
effects, where the in-plane electric field would drive a siz-
able in-plane charge dipole. If the electric field persists long
enough, a similar mechanism could influence the photo-
production process considered here. Since the ρ0 mesons
produced from photoproduction already introduce a nega-
tive contribution to the �γ observable, the presence of the
in-plane electric field in Cu + Au collisions could further
enhance the magnitude of this contribution.
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