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Electromagnetic probes as signatures for a first-order QCD phase transition
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We investigate dimuon production in the context of a first-order phase transition in QCD matter using a
chiral fluid dynamics model. This approach incorporates nonequilibrium effects such as entropy production and
reheating, which emerge during the dynamical evolution through a first-order phase transition. By comparing
equilibrium and nonequilibrium scenarios across a range of beam energies (

√
sNN = 2.2–6.2 GeV), we analyze

the resulting invariant mass spectra. Our results reveal a substantial enhancement of dilepton yields in the
nonequilibrium scenario, particularly pronounced at lower beam energies, where reheating leads to a prolonged
lifetime of the fireball and increased emission. The enhancement persists even after normalizing to pion
multiplicities, indicating sensitivity beyond effects of entropy production.

DOI: 10.1103/9qvy-f1gf

I. INTRODUCTION

The quark-gluon plasma (QGP), a state of matter com-
posed of deconfined quarks and gluons, is believed to have
existed in the early universe between approximately 10−10 to
10−6 s after the Big Bang. Understanding the properties of this
exotic phase is central to the study of the quantum chromody-
namics (QCD) phase diagram and is experimentally probed
through ultrarelativistic heavy-ion collisions at facilities such
as the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) [1,2].

One of the most pressing questions in heavy-ion physics
concerns the nature of the phase transition between hadronic
matter and the QGP. Lattice QCD simulations at vanishing
baryochemical potential μB have established that the transi-
tion is a smooth crossover [3–6]. However, at higher baryon
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densities, phenomenological models and functional methods,
such as those based on Dyson-Schwinger equations and the
functional renormalization group, suggest the existence of a
first-order phase transition (FOPT) and a critical end point
(CEP) in the QCD phase diagram [7–9].

The Beam Energy Scan (BES) program at RHIC has been
instrumental in searching for signatures of the CEP and the
nature of the phase transition. Measurements of fluctuations
and cumulants of conserved charges (such as baryon number)
up to the sixth order are being used to search for critical
phenomena [1,10,11]. However, extracting these signals is
challenging, as it requires high event statistics. Due to the
sensitivity of these cumulants to the correlation length, it is not
fully understood how much of the signal survives the nonequi-
librium dynamics of the expanding medium, finite-size, and
time effects [12], or hadronic rescattering, as explored by a
multitude of dynamical models in recent years [13–24].

Dileptons offer a complementary and penetrating probe of
the strongly interacting medium created in heavy-ion colli-
sions as they are created through virtual photons throughout
the evolution of the medium. Unlike hadrons, dileptons do
not undergo strong final-state interactions and therefore carry
undistorted information from all stages of the fireball evolu-
tion [25]. Importantly, dilepton spectra have been proposed to
be sensitive to the presence of a FOPT by modifying emission

2469-9985/2026/113(1)/014915(7) 014915-1 Published by the American Physical Society

https://orcid.org/0009-0001-5035-9746
https://orcid.org/0000-0002-6883-0874
https://orcid.org/0000-0001-5034-1215
https://ror.org/00rzspn62
https://orcid.org/0000-0003-2565-7503
https://ror.org/05vmv8m79
https://orcid.org/0000-0003-2926-642X
https://ror.org/04cvxnb49
https://ror.org/02k8cbn47
https://orcid.org/0000-0003-2550-4080
https://orcid.org/0000-0001-8915-0061
https://orcid.org/0000-0002-0315-6823
https://ror.org/05sgb8g78
https://crossmark.crossref.org/dialog/?doi=10.1103/9qvy-f1gf&domain=pdf&date_stamp=2026-01-29
https://doi.org/10.1103/9qvy-f1gf
https://creativecommons.org/licenses/by/4.0/


MOHAMAD LUKMAN AIDID MOHD YUSOFF et al. PHYSICAL REVIEW C 113, 014915 (2026)

rates, especially in regions of low to intermediate invariant
mass [26].

Nonequilibrium effects, such as the delay in phase con-
version due to supercooling in a FOPT scenario, can prolong
the lifetime of the system and increase dilepton production.
Previous studies have demonstrated that entropy production
and long-lived metastable states can leave observable im-
prints on dilepton spectra. These features make dileptons a
promising observable to distinguish between different types
of phase transitions in QCD matter. While previous studies
have also found an enhancement of dilepton production due to
a nonequilibrium phase transition [26,27], the nonequilibrium
effects were never studied as explicitly as in this work. Here,
we explore dilepton production in a chiral fluid dynamics
model incorporating a FOPT [28,29]. By comparing equilib-
rium and nonequilibrium evolution scenarios across a range
of collision energies, we aim to identify potential signatures
of a nonequilibrium FOPT in the dilepton spectra. Our goal
is to understand the various contributions of typical effects of
a nonequilibrium FOPT, such as entropy production, lifetime
extension, and reheating.

II. MODEL DESCRIPTION

A. Chiral fluid dynamics

The spontaneous chiral symmetry breaking in vacuum as
well as the restoration of chiral symmetry at large T or μB are
described by the quark-meson model with Lagrangian

L = q(iγ μ∂μ − gσ )q + 1

2
∂μσ∂μσ − U (σ ), (1)

U (σ ) = λ2

4

(
σ 2 − fπ

2
)2 − Hσ. (2)

Here, q represents the light quark doublet q = (u, d ). The
other parameters of this model are set to their standard values
fπ = 93 MeV, mπ = 138 MeV, and H = fπm2

π . The grand
potential given in the mean-field approximation becomes

�(T, μ) = U (σ ) + �qq̄. (3)

In this equation, the contribution of the quarks and antiquarks
is given by

�q̄q = −2NcNf T
∫

d3 p

(2π )3

× {
ln

[
1 + e( E−μ

T )
] + ln

[
1 + e( E+μ

T )
]}

, (4)

which resembles the negative pressure of a fermionic gas
of quarks and antiquarks with quasiparticle energies E =√

p2 + M2. The effective mass of (constituent) quarks is
M(σ ) = gσ with the coupling constant g fixed so that M in
vacuum equals one third of the nucleon mass. Note that in this
equation, μ is the quark chemical potential, μ = μB/3.

The nonequilibrium chiral fluid propagates the chiral order
parameter σ with the Langevin equation of motion [28],

σ̈ +
(

D

τ
+ η

)
σ̇ + δ�

δσ
= ξ . (5)

Here, the dots refer to derivatives with respect to proper time
τ and D = 1 in the Hubble term for a one-dimensional expan-
sion in direction of the beam axis as assumed by the Bjorken
model. Note that here the term “nonequilibrium” describes
the Langevin evolution of σ , while the quark-antiquark fluid
itself remains locally thermalized and follows hydrodynamic
equations. This is different from the kinetic nonequilibrium
in transport or Boltzmann approaches, where particle mo-
mentum distributions deviate from equilibrium. For studies
involving dilepton production in these types of models, see
Refs. [30–32]. The relevance of dileptons in state-of-the art
hydrodynamic models has also been shown in Refs. [33–35].

The damping coefficient η has been calculated as [15]

η = 12g2

π

[
1 − 2nF

(mσ

2

)] 1

m2
σ

(
m2

σ

4
− M2

)3/2

, (6)

with the Fermi-Dirac distribution nF (E ) = 1
e(E−μ)/T +1 . The

white and Gaussian noise ξ (τ ) in Eq. (5) satisfies the
fluctuation-dissipation relation,

〈ξ (τ )ξ (τ ′)〉ξ = δ(τ − τ ′)
mσ η

V
coth

(mσ

2T

)
. (7)

Here, the volume V is assumed to grow linearly with proper
time, V (τ ) = πR2τ , with an initial τ0 of 1 fm and a radius
R = 7 fm, resembling a gold nucleus. This transverse extend
is constant throughout the evolution of the system.

The mass of the field σ is given by the curvature of the
thermodynamic potential at the equilibrium value 〈σ 〉, which
is equal to the second derivative of the grand potential (3) at
its minimum,

m2
σ = ∂2�

∂σ 2

∣∣∣∣
σ=〈σ 〉

, (8)

making mσ effectively dependent on T and μ.
Assuming that the rapidity distribution of the charged parti-

cles is boost invariant within the Bjorken model, we obtain the
hydrodynamic equations for the energy density e and baryon
number density n,

ė = −e + p

τ
+

[
δ�q̄q

δσ
+

(
D

τ
+ η

)
σ̇

]
σ̇ , (9)

ṅ = −n

τ
. (10)

B. Dimuon production

For the calculation of dimuon rates, we follow the explicit
formulas given in Ref. [36] since we are merely interested
in the modification of the overall spectra from an extended
lifetime and different trajectories in the QCD phase diagram
and the main contribution during the evolution is expected
to stem from the QGP phase. A more realistic and rigorous
description using hadronic rates based on the in-medium ρ

and ω meson spectral functions [37] and the impact of a phase
transition on peak positions and widths will be presented in a
future work.
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1. Rate in the QGP phase

The production rate of the dimuon number Nq in the QGP
in phase space element d4xd4 p is obtained from the analytic
expression

dNQGP

d4x d4 p
=

∫
d3q

(2π )3

d3q̄

(2π )3
vqq̄ σqq̄→μ+μ−

× nq(q) nq̄(q̄) δ(p − q − q̄), (11)

where the integral is performed over the momenta of quark,
q, and antiquark, q̄, with vqq̄ being their relative velocity, and
σqq̄→μ+μ− denoting the electromagnetic cross section for the
annihilation of a quark-antiquark pair into a dimuon,

vqq̄σqq̄→μ+μ− = 8πα2

9M

∑
q

e2
q

(
1 + 2m2

μ

M2

)(
1 − 4m2

μ

M2

)1/2

.

(12)

In this expression, the sum runs over the two light quark
flavors with electric charge eq = −1/2,+2/3, α is the elec-
tromagnetic coupling constant, M the invariant mass of the
dimuon, and mμ the muon mass. The factors nq and nq̄ are
the Fermi-Dirac distribution functions of the quarks and anti-
quarks. After evaluating the momentum space integration, one
obtains

dNQGP

d4x d4 p
= α2

4π2

∑
q

e2
q

(
1 + 2m2

μ

M2

)(
1 − 4m2

μ

M2

)1/2

× exp(−E/T )Kq(p, T, μ). (13)

Here, the function Kq is defined by

Kq = T

p

1

1 − exp(−E/T )

× ln
[x2 + exp(−(E + μ)/T )][x1 + exp(−μ/T )]

[x1 + exp(−(E + μ)/T )][x2 + exp(−μ/T )]
, (14)

x1 = exp(−Emax/T ), x2 = exp(−Emin/T ), (15)

Emax = 1

2
(E + p), Emin = 1

2
(E − p). (16)

2. Rate in the hadronic phase

The production rate for dimuons in the hadronic or pionic
phase is treated analogously to the one in the QGP, applying
an explicit analytic formula. In the Breit-Wigner approxima-
tion, the form factor of the pion is given by a sum of ρ-like
resonances, leading to the following approximate result for
the pion form factor:

|Fπ (q2)|2 =
∑

ρ

m4
ρ(

m2
ρ − q2

)2 + m2
ρ�

2
ρ

. (17)

For the decay rates in the hadronic phase, for consistency
reasons, we use the values quoted from the same reference as

TABLE I. Initial conditions using temperature T and quark
chemical potential μ from the Taub adiabat.

√
sNN (GeV) T (MeV) μ (MeV)

2.20 51 353
2.40 69 363
2.62 86 367
3.03 114 367
3.50 142 360
4.51 189 345
6.20 247 329

the dimuon production rates [36]:

�(ρ → e+e−) ≈ 7.5 keV,

�(ρ → π+π−) ≈ 60 MeV,

�(ρ → all) ≈ 260 MeV, (18)

we will approximate the pion form factor as:

|Fπ (q2)|2 ≈ m4
ρ(

m2
ρ − q2

)2 + m2
ρ�

2
ρ

. (19)

Proceeding as in the case of quark-antiquark annihilation in
the QGP phase, one obtains the production rate in the hadronic
phase using Bose-Einstein distributions for the pions,

dNH

d4x d4 p
= α2

48π2

(
1 + 2m2

π

M2

)(
1 − 4m2

π

M2

)3/2

× |Fπ (M2)|2 exp(−E/T )KH (p, T ). (20)

Here, KH is adjusted from its definition for the QGP case, by
changing Eq. (16) to

Emax = 1

2

[
E

(
1 + m2

π

M2

)
+ p

(
1 − m2

π

M2

)]
, (21)

Emin = 1

2

[
E

(
1 + m2

π

M2

)
− p

(
1 − m2

π

M2

)]
. (22)

The leading-order (LO) expressions for quark-antiquark
annihilation are kinematically supressed in the small-M limit
and next-to-leading order (NLO) corrections become relevant
around M < 1 GeV. For recent progress on NLO and lattice
rate calculations, we refer the reader to Refs. [38–42].

III. RESULTS

We aim to compare the integrated dilepton rates for evolu-
tions with a FOPT in equilibrium with the full nonequilibrium
dynamics of the FOPT. We initialize the medium for each
value of

√
sNN at the corresponding point on the Rankine-

Hugoniot-Taub adiabat [43,44]. The set of initial conditions
(
√

sNN, T, μ) is shown in Table I. Since the quark-meson
model does not include a description of nuclear and hadronic
matter, the beam energy at which the phase transition is
reached is comparatively low. Here, we focus on a qualitative
understanding of the processes upon reaching the nonequilib-
rium phase transition, for a quantitatively correct beam energy
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FIG. 1. Temperature as function proper time for nonequilibrium
(solid lines) and equilibrium (dashed lines) evolutions. The two
lowest center-of-mass energies show clear reheating and lifetime
extension.

dependence one would require a much more sophisticated
model for the EoS.

For the equilibrium evolution, we evolve the fluid using
ideal hydrodynamics and impose that σ = 〈σ 〉 at all times.
In contrast to that, we use the coupled equations (5) and (9)
for the nonequilibrium evolution. In both cases the dynam-
ics stops as soon as the freezeout condition d2σ/dτ 2 = 0 is
met, which is adopted from a previous work [45]. Figure 1
shows for each center-of-mass energy the evolution of the
temperature vs. proper time for nonequilibrium and equilib-
rium evolutions as solid and dashed lines, respectively. We
notice two striking features: first, while the temperature of
the nonequilibrium curves is generally above the equilibrium
ones, a notable reheating effect occurs for the lowest two
energies, i.e., 2.2 and 2.4 GeV, due to the sudden decay of the
metastable phase resulting in a significant transfer of energy
from the chiral field to the fluid. Second, for the same two
energies, we find an enhanced lifetime, which is a well-known
feature of a FOPT in both in equilibrium and in nonequi-
librium, the latter case extending the lifetime even further.
The relative differences here amount to around 15–30 % for
the nonequilibrium compared to the equilibrium case. For the
other energies, the lifetimes of both scenarios are relatively
similar.We now turn to our central goal of calculating the
dimuon rates in the presence of a FOPT for various ener-
gies. To describe the dynamical transition from the QGP to
the hadronic phase, we use the following description for the

FIG. 2. Comparison of QGP, hadronic, and mixed production
rate of dileptons for

√
s = 2.2 (left) and 4.51 GeV (right).

production rate:

dN

dM
=

[
1 − σ

fπ

](
dN

dM

)
QGP

+ σ

fπ

(
dN

dM

)
HG

, (23)

which effectively serves to suppress the hadron gas rate in the
QGP phase, where σ ≈ 0, and the QGP rate in the hadronic
phase, where σ ≈ fπ . This mixed rate is then integrated over
the evolution until the freezeout time.

We compare the QGP, hadronic, and mixed rate according
to Eq. (23) in Fig. 2, for the two energies of

√
sNN = 2.2 and

4.51 GeV and a nonequilibrium evolution. The integration
over space d3x is hereby done over the respective expan-
sion volume πR2τ at each proper time step. We see that for
both energies, the main component of the mixed evolution
stems from the QGP part, the impact of the hadronic phase,
which shows the implemented peak of the ρ meson, becomes
stronger at the lower energy and is practically negligible for
higher ones.

We show the dilepton production rates in nonequilibrium
for all center-of-mass energies at fixed transverse momenta
pT of 0.3 and 1.0 GeV in Fig. 3 on the left. On the right, we
compare the pT -integrated dilepton rates for nonequilibrium
and equilibrium transitions using solid and dashed lines,
respectively, for all investigated energies. We immediately see
that the rates in nonequilibrium are higher than in equilibrium
over the whole invariant mass range. The plot on the right
quantifies the relative enhancement; we see that it generally
increases with higher M, for the lowest energies also towards
lower values of M. Most striking is the effect at 2.2 GeV,
where the rates at the nonequilibrium phase transition are
roughly 15–20 times stronger compared to the equilibrium
case. In this case, we have already observed a sizable
extension of the medium lifetime, thus adding more weight to
contributions from the hadronic phase, as visible in the clear
peak around M close to the rho-meson mass for an energy of
2.2 GeV. Still, it remains to be investigated how such a strong
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FIG. 3. (left) Dilepton production rate for fixed transverse momenta of pT = 0.3, and 1.0 GeV for the nonequilibrium calculation. (right)
Comparison of dilepton production rates for nonequilibrium (solid lines) and equilibrium (dashed lines) scenarios with a FOPT, relative
enhancement of the nonequilibrium to equilibrium scenario.

enhancement over all masses can occur when the lifetime is
extended by at most 30%. For 2.4 GeV, we observe a smaller
and much less distinct structure around the rho-meson mass.

Before continuing, let us emphasize and distinguish three
effects that potentially impact the production of virtual pho-
tons during the evolution with a FOPT in nonequilibrium
compared to an equilibrium scenario:

(i) the production of entropy as observed and investi-
gated in Ref. [45];

(ii) the extended lifetime which effectively extends the
time for dilepton production;

(iii) the reheating effect and increase in temperature, also
dominant at the lowest two energies.

We aim to understand the contribution of each of these and
start by disentangling the entropy production by studying the
production rates relative to the pion multiplicities. Similar to
our previous work [45], we base this on the assumption that
the pion number Nπ at freezeout can be used as a proxy for
the total entropy S. This allows us to replace

dN/dM

S
→ dN/dM

Nπ

. (24)

Figure 4 (left) shows the corresponding double ratio nonequi-
librium to equilibrium as a function of the invariant mass and
also for three fixed values of M as function of

√
sNN. We

see that the contribution of the hadronic phase persists for√
sNN = 2.2 GeV, now, however, much lower and within the

same range as the ratios of all other energies. For M > 1.0
GeV, it is surpassed by the ratios at higher center-of-mass
energies of 3.5 GeV and above. On the right-hand side of the
same figure, we investigate the case of equal freezeout times
for

√
sNN = 2.2 and 2.4 GeV, where we end both nonequi-

librium and equilibrium evolutions at the earlier of the two

freezeout times, τ = 5 and 6 fm, respectively, see Fig. 1.
Through this, we are able to mostly remove the effect of the
extended lifetime in a nonequilibrium FOPT. As a result, the
peak from the hadronic phase at the lowest energy has now
completely disappeared, although the increase toward lower
values of M is still stronger than for other energies.

We note that the pronounced enhancement observed at 2.2
GeV should be interpreted with caution. While our model
assumes an initial state in the chirally restored phase, STAR
data at

√
sNN = 3 GeV indicate a breakdown of partonic flow

and support a baryon-dominated equation of state [46], raising
questions about the validity of QGP-based descriptions be-
low this threshold. Therefore, our low-energy results are best
regarded as an exploratory probe of nonequilibrium FOPT
dynamics in a quark-based system, highlighting qualitative
features that may inform future modeling or experiments at
higher energies where QGP formation is more firmly estab-
lished.

We emphasize that while our calculations use fixed stan-
dard values for model parameters such as the coupling
constant g, the damping coefficient η, and the thermalization
time τ0, the qualitative features of the nonequilibrium en-
hancement such as reheating, lifetime extension, and entropy
production are robust. Variations of g (which controls the
strength of chiral symmetry breaking) or η can modulate the
rate at which the system relaxes and hence alter the precise
freezeout time or temperature evolution. Although our pre-
vious studies [28,29,45] did not include dilepton production,
they have shown that the dynamical features underpinning
these enhancements persist across a broad range of physically
motivated parameters and model variations. We therefore in-
terpret the observed enhancement factors as robust qualitative
trends, while acknowledging that their precise numerical val-
ues are subject to theoretical uncertainties.
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FIG. 4. Enhancement of dileptons relative to enhancement of pion production for the full evolution (left) and the scenario with equal
lifetimes (right). The right-hand side of each plot shows the enhancement at fixed values of M as function of the energy

√
sNN.

IV. CONCLUSIONS

We have explored the impact of a first-order QCD phase
transition on dilepton emission using a nonequilibrium chiral
fluid dynamics framework. Our model captures critical dy-
namical effects such as delayed phase conversion, enhanced
entropy production, and—at the lowest energy—reheating,
which are characteristic of a strong FOPT.

By analyzing the invariant mass spectra of dileptons across
a range of low to intermediate beam energies, we have demon-
strated that a full nonequilibrium FOPT leads to a significant
enhancement of dilepton yields compared to an equilibrium
or crossoverlike scenario. This enhancement is especially
pronounced at lower collision energies, at 2.2 GeV. Here,
an overall enhancement by a factor of 3–4 compared to all
other energies over the whole invariant mass range can be
attributed to the entropy production in the nonequilibrium
evolution through the FOPT. For lower values of M < 1.0
GeV, the reheating and extended lifetime of the medium play
a significant role, leading to enhanced production of dimuons
in the hadronic phase.
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