
Astronomische Nachrichten

PROCEEDING OPEN ACCESS

Exploring Dark Photon Production and Kinetic Mixing
Constraints in Heavy-Ion Collisions
Adrian William Romero Jorge1, 2, 3 | Elena Bratkovskaya2, 3, 4 | Taesoo Song4 | Laura Sagunski2

1Frankfurt Institute for Advanced Studies, Frankfurt, Germany | 2Institute for Theoretical Physics, Johann Wolfgang Goethe University, Frankfurt am Main,
Germany | 3Helmholtz Research Academy Hessen for FAIR (HFHF), GSI Helmholtz Center for Heavy Ion Physics, Campus Frankfurt, Frankfurt, Germany |
4GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany

Correspondence: Adrian William Romero Jorge (e.bratkovskaya@gsi.de)

Received: 4 December 2024 | Accepted: 4 December 2024

Funding: This study was supported by the Deutsche Forschungsgemeinschaft (DFG) through the grant CRC-TR 211 “Strong-interaction matter under extreme
conditions” (Project number 315477589—TRR 211) and the CNRS Helmholtz Dark Matter Lab (DMLab).

Keywords: dark photons | heavy-ion collisions | kinetic mixing parameter | Parton–Hadron–String dynamics

ABSTRACT
Vector U-bosons, often referred to as “dark photons,” are potential candidates for mediating dark matter interactions. In this
study, we outline a procedure to derive theoretical constraints on the upper bound of the kinetic mixing parameter ϵ2(𝑀𝑈) using
dilepton data from heavy-ion from SIS to RHIC energies. The analysis is based on the microscopic Parton–Hadron–String Dynam-
ics (PHSD) transport model, which successfully reproduces the measured dilepton spectra in 𝑝 + 𝑝, 𝑝 + 𝐴, and 𝐴 + 𝐴 collisions.
Besides the dilepton channels resulting from interactions and decays of Standard Model particles (such as mesons and baryons),
we extend the PHSD approach to include the decay of hypothetical U-bosons into dileptons, 𝑈 → 𝑒+𝑒−. The production of these
U-bosons occurs via Dalitz decays of pions, η-mesons,ω-mesons, Delta resonances, as well as from the decays of vector mesons and
𝐾+ mesons. This analysis provides an upper limit on ϵ2(𝑀𝑈) and offers insights into the accuracy required for future experimental
searches for dark photons through dilepton experiments.

1 | Introduction

The existence of dark matter (DM) is strongly supported by astro-
physical and cosmological observations, one of the most com-
pelling being the rotation curves of galaxies. These curves, which
plot the total orbital velocities as a function of their distance from
the galactic center, remain flat at large radii, defying expectations
based on the visible distribution of matter. This discrepancy sug-
gests the presence of an unseen mass providing direct evidence
for a DM halo enveloping galaxies (Bertone and Hooper 2018;
Tulin and Yu 2018). Gravitational lensing also provides evidence,
where light from distant objects is bent by massive foreground
structures, indicating the presence of DM. These phenomena
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emphasize the importance of DM in shaping the Universe’s struc-
ture, from the smaller scales to the large-scale structure although
its fundamental properties remain unknown.

It has been proposed that mediators of DM can interact with
standard model (SM) particles through four potential “portals”—
vector, Higgs, neutrino, and axion portals (see Agrawal et al. 2021;
Alexander et al. 2016; Battaglieri et al. 2017 for reviews and
references).

The vector portal suggests the existence of a gauge symmetry
group mixing between 𝑈 (1) and 𝑈 (1)′ (Holdom 1986), where
the Lagrangian includes the hypercharge field-strength tensor of
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the SM photon field and that of the DM vector boson field:  ∼
ϵ2∕2, 𝐹𝜇𝜈𝐹 𝜇𝜈

′ . Mediators in this framework are vector bosons,
often referred to as U-bosons, “dark photons,” “hidden photons,”
or 𝐴′. The mass of these U-bosons,𝑀𝑈 , remains unknown. The
kinetic mixing parameter ϵ2 quantifies the interaction strength
between SM and DM particles (Batell, Pospelov, and Ritz 2009a,
2009b; Boehm and Fayet 2004; Fayet 1980, 2004; Pospelov, Ritz,
and Voloshin 2008). This mixing allows U-bosons to decay into
lepton pairs such as 𝑒+𝑒− or 𝜇+𝜇−.

U-bosons can be produced via the Dalitz decay of SM particles,
such as pseudoscalar mesons (𝜋0 and 𝜂), baryonic resonances like
Δ’s, and other possible decay channels. These processes enable
the potential detection of dark photons in dilepton experiments,
a prospect that has spurred significant experimental and theoreti-
cal interest (Alexander et al. 2016; Battaglieri et al. 2017; Beacham
et al. 2020; Billard et al. 2022). For instance, the excess electronic
recoil events observed by the XENON1T Collaboration could be
interpreted as evidence of DM sources including dark photons as
plausible candidates (Aprile et al. 2020).

Key experimental constraints on dark photons come from beam
dump experiments, fixed-target setups, collider searches, and
rare meson decays, complemented by cosmological and astro-
physical bounds related to the cosmic microwave background
and stellar cooling (Fabbrichesi, Gabrielli, and Lanfranchi 2021).
Searches for dark photons have systematically tightened the
exclusion limits on the kinetic mixing parameter ϵ2, achiev-
ing sensitivities around 10−6 for masses between 20 MeV and a
few GeV. Key contributions have come from fixed-target experi-
ments like A1 (Merkel et al. 2014), NA48/2 (Batley et al. 2015),
and APEX (Abrahamyan et al. 2011), as well as collider-based
searches such as BaBar (Aubert et al. 2009; Lees et al. 2014)
and LHCb, which explored higher mass ranges with remarkable
precision. These results, complemented by limits from experi-
ments like KLOE (Babusci et al. 2014) and CMS (Hayrapetyan
et al. 2023), collectively map the parameter space, providing strin-
gent constraints on the existence of dark photons.

This study builds upon previous works (cf. Bratkovskaya
et al. 2023; Schmidt et al. 2021) that investigated the upper limit of
the kinetic mixing parameter ϵ2(𝑀𝑈) for hypothetical U-bosons
with a mass𝑀𝑈 ≤ 0.6 GeV, extending the analysis to cover a mass
range up to 2 GeV. Beyond the previously examined Dalitz decays
of 𝜋0, 𝜂, and Δ particles, this study introduces additional dark
photon production channels, including the Dalitz decay of the 𝜔,
direct decays of vector mesons such as the 𝜌, 𝜔, and 𝜙, as well as
decays from 𝐾+ mesons.

2 | Standard Matter Production in the PHSD
Approach

The Parton–Hadron–String dynamics (PHSD) approach is a
microscopic transport model that operates in a non-equilibrium
regime, incorporating both hadronic and partonic degrees of free-
dom. It describes the full evolution of relativistic heavy-ion col-
lisions from the initial hard nucleon–nucleon (NN) collisions
to the formation of the quark-gluon plasma (QGP), its subse-
quent partonic interactions, and the final hadronization and

hadronic interactions of the produced particles. The dynami-
cal evolution of the system is governed by the Cassing–Juchem
off-shell transport equations in the test-particle representation,
derived from the Kadanoff–Baym equations, which provide a
robust description of strongly interacting systems in nonequilib-
rium states. These transport equations are used to model both
the partonic and hadronic phases of the collision dynamics,
allowing for a seamless transition between them (Bratkovskaya
et al. 2011; Cassing 2009; Cassing and Bratkovskaya 2008, 2009;
Konchakovski et al. 2012).

The hadronic sector of PHSD builds upon the Hadron–String
dynamics (HSD) approach, incorporating a wide range of
hadronic states such as baryons, mesons, and higher resonances.
Multiparticle production is modeled via the Lund string model,
adjusted for intermediate-energy reactions and medium effects.
Strings, formed in primary and secondary interactions, decay into
hadrons or pre-hadrons, which follow formation time dynamics.

Hadronization occurs at an energy density of ϵ𝐶 ∼ 0.5 GeV∕fm3,
consistent with lattice QCD. In the QGP phase, partons evolve
according to the DQPM, using temperature- and density-
dependent quasi-particles. The QGP transitions to hadrons as it
nears the hadronization temperature, with final hadronic inter-
actions modeled by off-shell HSD dynamics, including optional
self-energies.

The PHSD approach has been successfully applied to collisions
from SIS18 to RHIC energies, accurately reproducing many
experimental observables. This success underscores its versa-
tility and reliability in describing a wide range of phenomena
in high-energy nuclear physics (Bratkovskaya et al. 2011; Cass-
ing 2009; Cassing and Bratkovskaya 2008, 2009; Konchakovski
et al. 2012; Linnyk, Bratkovskaya, and Cassing 2016; Moreau
et al. 2019; Song et al. 2018).

2.1 | Dilepton Production From the SM Sources
in the PHSD

Dileptons (𝑒+𝑒−, 𝜇+𝜇− pairs) produced from virtual photon decay
can be emitted from all stages of heavy-ion reactions, originating
from both hadronic and partonic sources (Linnyk, Bratkovskaya,
and Cassing 2016; Rapp 2013). At low invariant masses (𝑀 <
1 GeV), hadronic sources include Dalitz decays of mesons and
baryons (e.g., 𝜋0, 𝜂, Δ) and direct decays of vector mesons (𝜌, 𝜔,
𝜙), as well as hadronic bremsstrahlung. For intermediate masses
(1 GeV < 𝑀 < 3 GeV), dileptons arise from semileptonic decays
of 𝐷 +𝐷 pairs and multi-meson reactions (e.g., 𝜋 + 𝜋, 𝜋 + 𝜌,
𝜋 + 𝜔). At high masses (𝑀 > 3 GeV), sources include the direct
decay of heavy vector mesons like 𝐽∕Ψ, Ψ′, and hard Drell–Yan
annihilation. Partonic sources involve QGP dileptons, primar-
ily from thermal 𝑞𝑞 annihilation and Compton scattering in the
QGP phase, which are most significant in the intermediate mass
regime.

This study focuses on low-energy heavy-ion collisions, thus only
hadronic sources are relevant. For QGP-related dilepton produc-
tion the reader is referred to Linnyk, Bratkovskaya, and Cass-
ing (2016) and Song et al. (2018).
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Dilepton production from baryonic or mesonic resonance decays
is described by the following processes:

BB → RX, mB → RX, mm → RX (1)

𝑅 → 𝑒+𝑒−, 𝑅 → 𝑒+𝑒−𝑋 (2)

𝑅→ mX, 𝑚 → 𝑒+𝑒−𝑋, 𝑅→ 𝑅′𝑋, 𝑅′ → 𝑒+𝑒−𝑋 (3)

Resonances 𝑅 can be produced in baryon–baryon,
meson–baryon, or meson–meson collisions, or at high energies
during the hadronization process. These resonances can decay
directly to dileptons or via Dalitz decay. Some resonances may
decay to other resonances, which then decay into dileptons. The
electromagnetic contributions of conventional dilepton sources
(e.g., 𝜋0, 𝜂,𝜔, Δ Dalitz decays and direct decays of vector mesons)
are calculated based on previous work (Bratkovskaya, Cassing,
and Mosel 2001).

3 | Dark Photon Production and Dilepton
Decay Channels in the PHSD

In this study we adopt the methodology developed in prior
research (Schmidt et al. 2021). Alongside the previously consid-
ered Dalitz decays of 𝜋0, 𝜂, and Δ-resonances,

𝜋0, 𝜂 → 𝛾U, Δ → NU (4)

Additionally, we consider further production channels for dark
photons: direct decays of vector mesons, specifically 𝑉 = 𝜌, 𝜙, 𝜔
as well as the Dalitz decay of 𝜔 and the kaon decay,

𝜌, 𝜙, 𝜔→ 𝑈, 𝜔 → 𝜋0𝑈, 𝐾+ → 𝜋+𝑈 (5)

The dilepton yield from a U-boson decay of mass𝑀𝑈 can be eval-
uated as the sum of all possible contributions for a given mass
𝑀𝑈 :

𝑁𝑈→𝑒
+𝑒− =

∑
ℎ

𝑁𝑈→𝑒
+𝑒−

ℎ
= Br𝑈→𝑒+𝑒−

∑
ℎ

𝑁ℎ→UX (6)

where Br𝑈→𝑒+𝑒− is the branching ratio for the decay of U-bosons
to 𝑒+𝑒− and, 𝑋 = 𝛾 for ℎ = 𝜋, 𝜂, 𝜔, 𝑋 = 𝑁 for ℎ = Δ, and 𝑋 = 𝜋
for ℎ = 𝜔,𝐾+. We assume that the width of the U-boson is zero
(or very small), that is, it contributes only to a single dM bin of
dilepton spectra from SM sources. On the other hand, the yield
of U-bosons of mass 𝑀𝑈 themselves can be estimated from the
coupling to the virtual photons (Agakishiev et al. 2014):

𝑁ℎ→UX = 𝑁ℎBrℎ→𝛾X ⋅
Γℎ→UX

Γℎ→𝛾X
(7)

where 𝑋 = 𝜋, 𝜂 for ℎ = 𝛾 and 𝑋 = Δ for ℎ = 𝑁 . The ratio of
the partial widths for the Dalitz decays of 𝜋0 and 𝜂 mesons
into U-bosons and real photons can be evaluated, as taken from
Refs. (Batell, Pospelov, and Ritz 2009a, 2009b). For the evalu-
ation of the partial decay widths of a broad Δ resonance, one
has to take into account the Δ spectral function 𝐴

(
𝑀Δ

)
as

used also in the HADES study (Agakishiev et al. 2014). For
other dark photon decays with ℎ = 𝑉 , 𝜔, and 𝐾+, the partial
widths are taken from the models developed in references Batell,

Pospelov, and Ritz (2009a), Gorbunov and Kalashnikov (2024),
and Pospelov (2009), respectively,

Br(𝑃 → 𝛾U) = 𝜀2Br(𝑃 → 𝛾𝛾)

(
1 −
𝑀2
𝑈

𝑚2
𝑃

)3

, 𝑃 = 𝜋, 𝜂 (8)

Br(Δ → NU) = 𝜀2Br(Δ → N𝛾)∫ 𝐴
(
𝑚Δ

)
×
𝜆3∕2(𝑚Δ, 𝑚𝑁,𝑀𝑈

)
𝜆3∕2

(
𝑚Δ, 𝑚𝑁 , 0

) (9)

Br
(
𝜔 → 𝜋0𝑈

)
= 𝜀2Br

(
𝜔 → 𝜋0𝛾

)
×
[(
𝑚2
𝜔
−
(
𝑀𝑈 + 𝑚𝜋

))(
𝑚2
𝜔
−
(
𝑀𝑈 − 𝑚𝜋

))]3∕2(
𝑚2
𝜔
− 𝑚2

𝜋

)3

(10)

Br
(
𝐾+ → 𝜋+𝑈

)
= 𝛼𝜀2

210𝜋2Γ𝑇 (𝐾)
𝑀𝑈

𝑚𝐾
𝑊

(
𝑀𝑈,𝑚𝐾

)
× 𝜆1∕2(𝑀𝑈,𝑚𝐾,𝑚𝜋) (11)

Br(𝑉 → 𝑈 ) =
𝛼𝜀2𝑀𝑈

3Γ𝑇 (𝑉 )
, 𝑉 = 𝜌, 𝜙, 𝜔 (12)

where 𝑚𝑖 corresponds to the mass of the particle 𝑖, 𝜆 is the tri-
angle function (𝜆(𝑥, 𝑦, 𝑧) = (𝑥 − 𝑦 − 𝑧)2 − 4yz) from the expres-
sion of particle 3-momentum, 𝐴

(
𝑚Δ

)
is the Δ spectral func-

tion, 𝛼 is the fine structure constant, Γ𝑇 is the total width and
𝑊 = 10−12(3 + 6𝑀2

𝑈
∕𝑚2
𝐾

)
. The branching ratio for the decay of

U-bosons to 𝑒+𝑒− entering Equation (6) is adopted from refer-
ences Batell, Pospelov, and Ritz (2009b) and used also in refer-
ences Agakishiev et al. (2014):

Br𝑈→ee = 1

1 +
√

1 −
4𝑚2
𝜇

𝑀2
𝑈

(
1 +

2𝑚2
𝜇

𝑀𝑈

)(
1 + 𝑅

(
𝑀𝑈

)) (13)

where 𝑚𝜇 is the muon mass. The total decay width of a U-boson
is the sum of the partial decay widths to hadrons, 𝑒+𝑒−, and
𝜇+𝜇− pairs, Γ𝑈tot = Γ𝑈→hadr + Γ𝑈→𝑒+𝑒− + Γ𝑈→𝜇+𝜇− . The expression
(13) has been evaluated using that Γ𝑈→𝜇+𝜇− = Γ𝑈→𝑒+𝑒− due to lep-
ton universality for 𝑀𝑈 ≫ 2𝑚𝜇 . The hadronic decay width of
U-bosons is chosen such that Γ𝑈→hadr = 𝑅

(√
𝑠 =𝑀𝑈

)
Γ𝑈→𝜇+𝜇− ,

where the factor𝑅(
√
𝑠) = 𝜎𝑒+𝑒−→hadrons∕𝜎𝑒+𝑒−→𝜇+𝜇− . Equation (13)

is only valid for𝑀𝑈 < 0.6 GeV, and an extension of the branch-
ing ratio Br𝑈→ee up to𝑀𝑈 < 2 GeV is taken from Liu, Weiner, and
Xue (2015).

4 | Results for the Dilepton Spectra From
U-Boson Decays and Constraints on 𝜺

2(
𝑴

𝑼

)

Given that both the kinetic mixing parameter, ϵ2, and the mass
of the U-boson are not yet determined, we utilize the following
approach to impose constraints on ϵ2(𝑀𝑈). For each dilepton
mass bin dM, chosen as 10 MeV in our simulations, we compute
the integrated dilepton yield from U-bosons with masses within
the range

[
𝑀𝑈,𝑀𝑈 + dM

]
using Equation (6) and normalize it

by the bin width dM. The resulting dilepton yield per mass bin dM
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is denoted as dNsumU∕dM, representing the sum of all kinemati-
cally accessible dilepton contributions from U-bosons produced
via the dark photon production channel ℎ → 𝛾X.

Assuming that ϵ2 remains constant across dM, we express
the dilepton yield as dNsumU∕dM = 𝜀2 ⋅ dNsumU

𝜀=1 ∕dM, where
dNsumU
𝜀=1 ∕dM represents the dilepton yield computed with 𝜀 = 1.

The total yield from all possible dilepton sources, including both
SM channels and U-boson decays, can then be written as:

dN
dM

total
= dN

dM

sumSM
+ dN

dM

sumU
= dN

dM

sumSM
+ 𝜀2 dNsumU

𝜀=1

dM
(14)

We can set constraints on ϵ2(𝑀𝑈) by requiring that the total
dilepton yield, dNtotal∕dM, does not exceed the SM contribution
by more than a specified fraction 𝐶𝑈 for each mass bin dM.
The parameter 𝐶𝑈 defines the maximum permissible increase in
dilepton yield from dark photons compared with the SM yield
(for instance, setting 𝐶𝑈 = 0.1 means that dark photons can con-
tribute up to an additional 10% to the yield observed from SM
processes). This condition can be formulated as dNtotal∕dM =(
1 + 𝐶𝑈

)
dNsumSM∕dM. By combining the previous equation with

Equation (14), it is possible to express the kinetic mixing param-
eter ϵ2 for a given𝑀𝑈 as:

ϵ2(𝑀𝑈) = 𝐶𝑈 ⋅
(

dN
dM

sumSM)
∕

(
dNsumU

ϵ=1

dM

)
(15)

Equation (15) offers a method to calculate ϵ2 for each mass
interval

[
𝑀𝑈,𝑀𝑈 + dM

]
, which represents the weighted dilep-

ton yield from dark photons in comparison to the contributions
from SM processes. This approach also accounts for the exper-
imental acceptance of 𝑒+𝑒− pairs produced by U-boson decays,
treating them similarly to the contributions from SM channels,
ensuring compatibility with experimental data. Through a com-
parison of theoretical predictions with experimental measure-
ments, the possible values for 𝐶𝑈 , which regulates the extra yield
from dark photons, can be determined. Given that dark photons
have not been observed in dilepton experiments, any additional
yield from these particles must remain within the uncertainties of
the experimental data, under the assumption that SM predictions
are in agreement with the measurements.

In Figure 1, we display the PHSD results for the differential cross
section d𝜎∕dM corresponding to 𝑒+𝑒− production in 𝑝 + 𝑝 (top
left) and 𝑝 + Nb reactions (top right) at a beam energy of 3.5 GeV.
Additionally, we present the dilepton mass spectra dN∕dM, nor-
malized to the 𝜋0 multiplicity, for Ar + KCl collisions at 1.76 A
GeV (bottom left) and for Au + Au collisions at 1.23 A GeV (bot-
tom right), alongside experimental data obtained by the HADES
Collaboration. The contributions from different SM channels of
dilepton production, as calculated within the PHSD framework,
are depicted as a gray line background while the blue solid lines
indicate the sum of all SM contributions, labeled as “Sum SM” in
the legend.

As illustrated in Figure 1, the PHSD calculations for SM chan-
nels exhibit strong agreement with HADES experimental data
across all four systems under investigation. This alignment is con-
sistent with earlier results reported using the PHSD approach in
Bratkovskaya et al. (2013).

The contributions from U-boson decays to dileptons are repre-
sented in Figure 1 using various symbols. Specifically, the dilep-
tons resulting from 𝑈 → 𝑒+𝑒− decays following Dalitz decays
of 𝜋0 (red), 𝜂 (black), Δ resonances (orange), 𝜔 (olive), and
direct vector meson decays 𝜌, 𝜔, 𝜙 (magenta, dark yellow, pur-
ple) respectively. The total contribution from all kinematically
allowed DM channels within a specific mass bin 𝑀 =𝑀𝑈 is
illustrated using a dashed blue line, labeled as “Sum U” in the
legend. Additionally, the combined yield from all SM channels
and U-boson decays is represented by cyan dots, marked as “Sum
SM+U” in the legend.

The dilepton yields from U-boson decays have been computed
by applying a surplus factor 𝐶𝑈 = 0.1, corresponding to an
allowance of a 10% surplus over the theoretical predictions from
the sum of all SM channels. This factor quantifies the additional
contribution permitted from U-bosons relative to the SM sources.

The production of dark photons at masses> 1 GeV is also of inter-
est. Therefore, we extended our calculations to the Au+Au sys-
tem at RHIC energies, where dark photon production increases
with rising energy.

In Figure 2, we display the dilepton mass spectra dN∕dM for
Au + Au collisions at 19 GeV (left panel) and 200 GeV (right
panel) in comparison with the experimental data obtained by
the STAR Collaboration. The light gray lines represent the SM
channels included in the PHSD calculations. The dark photon
contributions are the same as in the before Figure 1, including
the kaon decay 𝐾+ → 𝜋+𝑈 (dark yellow), which for RHIC ener-
gies takes a non-neglectable contribution. Furthermore, the solid
lines account for the inclusion of 𝑈 → 𝑒+𝑒− decays, which allow
for a 10% surplus over the total SM yield. The combined contri-
bution from these decays is shown as a dashed blue line, while
the total dilepton yield—considering both SM and U-boson
contributions—is represented by cyan dots. The experimental
data from STAR are shown as solid black dots. For compari-
son, the theoretical calculations are adjusted to match the STAR
acceptance, incorporating the corresponding mass and momen-
tum resolution.

As shown in Figure 2, the PHSD calculations for both the SM and
U-boson channels are in excellent agreement with the STAR mea-
surements. Notably, for high invariant mass 𝑀 > 1.2 GeV, the
dominant contributions to dark photon production come from
vector mesons (𝜌, 𝜙, 𝜔), and Δ resonances.

As observed in Figures 1 and 2, the overall contributions from
DM sources closely follow the shape of the corresponding SM dis-
tributions. This behavior arises from the constraints on ϵ2(𝑀𝑈)
imposed by Equation (15), which effectively scales the DM yield
by the same factor 𝐶𝑈 across all bins of𝑀𝑈 .

The significance of vector mesons in dilepton production
becomes increasingly pronounced at higher beam energies, par-
ticularly for masses exceeding 𝑀 > 0.6 GeV, as highlighted in
Batell, Pospelov, and Ritz (2009a, 2009b). U-bosons generated via
vector meson conversion processes play a crucial role in accu-
rately determining the kinetic mixing parameter.
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FIGURE 1 | The PHSD simulations predict the differential cross section d𝜎∕dM for 𝑒+𝑒− production in 𝑝 + 𝑝 (top-left panel) and 𝑝 + Nb collisions
(top-right panel) at a beam energy of 3.5 GeV. Additionally, the calculations provide the mass differential dilepton spectra dN∕dM, normalized to the 𝜋0

multiplicity, for Ar + KCl collisions at 1.76 A GeV (bottom-left panel) and for Au + Au collisions at 1.23 A GeV (bottom-right panel). These results are
compared with experimental data from the HADES Collaboration. The light gray lines denote the SM channels included in the PHSD calculations. The
HADES measurements are represented by solid dots: 𝑝 + 𝑝 data are taken from Agakishiev et al. (2012b), 𝑝 + Nb results from Agakishiev et al. (2012a);
Weber et al. (2011), Ar + KCl data from Agakishiev et al. (2011), and Au + Au data from Adamczewski-Musch et al. (2019). The various SM contributions
to dilepton production in PHSD are illustrated by individual colored lines, with the specific channels indicated in the legend. Dileptons arising from
𝑈 → 𝑒+𝑒− processes, allowing for a 10% surplus over the total SM yield, are included. Dark photon contributions are categorized by their sources: Dalitz
decays of 𝜋0 (red), 𝜂 (black), Δ resonances (orange), 𝜔 (olive), and direct vector meson decays 𝜌, 𝜔, 𝜙 (magenta, dark yellow, purple), respectively. The
combined yield from these decays is shown as a dashed blue line, while the total dilepton yield—including both SM and U-boson contributions—is
represented by cyan dots. We used the HADES acceptance criteria, incorporating its mass and momentum resolution.

In Figure 3, we show the (preliminary) results for the kinetic mix-
ing parameter 𝜀2 versus 𝑀𝑈 extracted from the PHSD dilepton
spectra for 𝑝 + 𝑝 at 3.5 A GeV (blue line), Au + Au at 1.23 A GeV
(olive line), 𝑝 + Nb at 3.5 A GeV (blue line), Ar + KCl at 1.76 A
GeV (red line), Au + Au at 27 GeV (red line) and 200 GeV (brown
line) in comparison with the world data compilation (gray back-
ground) (Battaglieri et al. 2017).

The PHSD results are shown with a 10% allowed surplus of the
U-boson contributions over the total SM yield in the left panel of
Figure 3 for the systems mentioned previously. We present our
calculations for larger 𝑀𝑈 values to illustrate that our theoreti-
cal approach can yield valuable constraints on ϵ2 across a range

of𝑀𝑈 . It is important to note that the shape of the theoretically
derived ϵ2(𝑀𝑈) curve remains unaffected by the experimental
detector acceptance, as this factor influences both SM and DM
contributions equally at a given mass𝑀 =𝑀𝑈 . For smaller𝑀𝑈
values (i.e., 𝑀𝑈 < 𝑚𝜋0 ), the extracted ϵ2 shows minimal depen-
dence on the collision system size and energy, primarily because
the Dalitz decay of 𝜋0 is the dominant decay channel. However,
as 𝑀𝑈 increases, additional decay channels become accessible,
and the resulting constraints on ϵ2 are influenced by the propor-
tion of U-boson production channels relative to all other dilepton
production channels. We found that the extracted upper limit
of ϵ2(𝑀𝑈) for 𝑝 + 𝑝 at 3.5 A GeV is consistent with the results
of the BaBar 2009 experiment between 0.2 < MU < 1 GeV with
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Au + Au, = 19 GeV, 0-80%
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FIGURE 2 | The invariant mass spectra of dileptons produced in Au+Au collisions at
√
𝑠NN = 19.6 GeV (left panel) and 200 GeV (right panel) are

calculated using PHSD and compared with STAR experimental data (Han 2024; Adamczyk et al. 2015), respectively. The total dilepton yields predicted
by the PHSD model are represented by blue lines, while the individual contributions from different production channels are detailed in the legends. The
light gray lines denote the SM channels included in the PHSD calculations. Dark photon contributions are categorized by their sources: Dalitz decays
of 𝜋0 (red), 𝜂 (black), Δ resonances (orange), 𝜔 (olive), and direct vector meson decays 𝜌, 𝜔, 𝜙 (magenta, dark yellow, purple), respectively. In addition,
the solid lines reflect the inclusion of 𝑈 → 𝑒+𝑒− decays, allowing for a 10% surplus over the total SM yield. The combined yield from these decays is
shown as a dashed blue line, while the total dilepton yield—including both SM and U-boson contributions—is represented by cyan dots. The STAR
experimental data points are depicted as solid black dots. To facilitate a direct comparison, the theoretical calculations are adjusted to align with the
STAR acceptance criteria, incorporating its mass and momentum resolution.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

KLOE13

BaBar14 BaBar14

Au + Au, min.bias. C
U

= 10%

200 GeV
19 GeV

1.23 A GeV

A1

BaBar14

CU = 10%
Ar + KCl, 1.76 A GeV
p + Nb, 3.5 A GeV
p + p, 3.5 A GeV
p + p, 3.5 A GeV, old

CMS

KLOE14

BaBar09

APEX

HADESε�

MU (GeV/c2)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

ε� = 10-5

ε� = 10-6

ε� = 3 × 10-7

KLOE13

BaBar14

BaBar14

Ar + KCl, 1.76 A GeV
CU = 10%
CU = 0.3%

A1

BaBar14

p + Nb, 3.5 A GeV
CU = 10%
CU = 0.3%

CMS

KLOE14

BaBar09

APEX

HADESε�

MU (GeV/c2)

FIGURE 3 | Left panel: The kinetic mixing parameter ϵ2 extracted from the PHSD dilepton spectra for 𝑝 + 𝑝 at 3.5 A GeV (blue line), Au + Au
at 1.23 A GeV (olive line), 𝑝 + Nb at 3.5 A GeV (blue line), Ar + KCl at 1.76 A GeV (red line), Au + Au at 27 GeV (red line) and 200 GeV (brown
line). We also display experimental data for comparison with the existing exclusion limits at 90% CL from HADES Agakishiev et al. (2014), APEX
Abrahamyan et al. (2011), A1 at MAMI Merkel et al. (2014), KLOE Babusci et al. (2014), BaBar Aubert et al. (2009); Lees et al. (2014), and CMS
Hayrapetyan et al. (2023). The preliminary PHSD results are shown with 10% allowed surplus of the U-boson contributions over the total SM. We
include our previous result in Bratkovskaya et al. (2023) and Schmidt et al. (2021) for 𝑝 + 𝑝 collisions at 3.5 GeV (dotted black line) for comparison with
the current results. Right panel: The kinetic mixing parameter ϵ2 extracted from the PHSD dilepton spectra for Ar + KCl at 1.76 A GeV (blue) and 𝑝 + Nb
at 3.5 A GeV (olive) calculated for different ϵ2 scenarios. The PHSD results are shown with 0.3% (dashed line) and 10% (solid line) allowed surplus of the
U-boson contributions over the total SM yield. The dashed, dotdashed, and dotted red lines shows, the constant ϵ2 = 10−5, ϵ2 = 10−6, and ϵ2 = 3 × 10−7,
respectively.
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𝐶𝑈 = 10%. Furthermore, for 𝑝 + Nb at 3.5 A GeV, the kinetic mix-
ing parameter is even better in agreement with the BaBar 2009
experiment for 0.2 < 𝑀𝑈 < 1.5 GeV.

For invariant mass regions exceeding𝑀 > 1 GeV, the results for
Au + Au collisions at 19 and 200 GeV deviate from the expected
values due to the influence of the quark-gluon plasma (QGP)
and charm production in the left panel of Figure 3. Since our
model does not account for the production of dark photons
at high invariant masses, the contributions from the QGP and
charm production dominate in this region. It is worth highlight-
ing that, as suggested in Alexander et al. (2016) and Fabbrich-
esi, Gabrielli, and Lanfranchi (2021), U-bosons can also be pro-
duced via Drell–Yan processes (𝑞𝑞 → 𝑈 ) and Bremsstrahlung
mechanisms (𝑒−𝑍 → 𝑒−ZU). These production channels are not
included in the current study, but represent an important avenue
for future research. In contrast, for low-energy systems (SIS18),
where QGP and charm contributions are negligible, the model
yields significantly better agreement, as illustrated in the graph
for 𝑝 + 𝑝, Ar + KCL, and 𝑝 + Nb.

In the right panel of Figure 3, the kinetic mixing parame-
ter 𝜀2 extracted from the PHSD dilepton spectra is displayed.
The results are presented for various surplus values of the
U-boson contributions relative to the total SM yield, as denoted
by the color coding in the legend. Additionally, the dashed,
dot-dashed, and dotted red lines represent constant values of
ϵ2 = 10−5, ϵ2 = 10−6, and ϵ2 = 3 × 10−7, respectively. The lat-
ter value approximately corresponds to the current upper limit
established by the compilation of global experimental data
Agrawal et al. (2021).

However, with the increasing precision of experimental data over
the years, the upper limit of ϵ2(𝑀𝑈) has evolved, as evidenced
by the BaBar 2014 results. By adjusting the dark photon surplus,
we can refine our estimation to align with the experimental data,
concluding that a dark photon surplus of 𝐶𝑈 = 0.3% is neces-
sary for consistency with the BaBar 2014 experimental data for
𝑝 + Nb at 3.5 A GeV and Ar + KCL at 1.76 A GeV, which cor-
respond approximately in the current upper limit of a constant
ϵ2 = 3 × 10−7 (dotted red line) from 0.2 <MU < 1.2 GeV.

5 | Summary

This work presents a microscopic transport study employing the
PHSD framework to evaluate the dilepton yields originating from
hypothetical dark photons (or U-bosons) decaying into 𝑒+𝑒− pairs
in 𝑝 + 𝑝 and 𝐴 + 𝐴 collisions at relativistic energies. It builds
upon the previous analysis in Bratkovskaya et al. (2023) and
Schmidt et al. (2021), which focused on dark photon produc-
tion through 𝜋0 → 𝛾 + 𝑈 , 𝜂 → 𝛾 + 𝑈 , and Δ → 𝑁 + 𝑈 channels,
by incorporating additional processes. These include the direct
decay of vector mesons (𝑉 → 𝑈 , where 𝑉 = 𝜌, 𝜙, 𝜔), the 𝜔Dalitz
decay (𝜔 → 𝜋0 + 𝑈 ), and the kaon decay (𝐾+ → 𝜋+ + 𝑈 ).

To establish theoretical limits on the kinetic mixing parameter
ϵ2(𝑀𝑈), we adopt the methodology outlined in Bratkovskaya
et al. (2023) and Schmidt et al. (2021). Given that dark photons
have not been detected in dilepton measurements to date, the
approach enforces a constraint whereby their contribution must

not exceed a predefined surplus level (𝐶𝑈 ), which would render
them detectable in the experimental data.

The extracted upper limit of ϵ2(𝑀𝑈) for 𝑝 + 𝑝 collisions at 3.5 A
GeV aligns well with the experimental results from the BaBar09
experiment in the mass range 0.2 < 𝑀𝑈 < 1 GeV with a sur-
plus factor of 𝐶𝑈 = 10%. Additionally, for 𝑝 + Nb collisions at
3.5 A GeV, the kinetic mixing parameter demonstrates even
closer agreement with the BaBar09 data, extending over the range
0.2 < 𝑀𝑈 < 1.5 GeV. Similarly, the results are consistent with
the BaBar14 experiment for the range 0.2 < 𝑀𝑈 < 1.5 GeV when
𝐶𝑈 = 0.3%, suggesting a possible dark photons contribution of
0.3% of the SM yield. These outcomes also agree with the global
compilation of experimental constraints on ϵ2(𝑀𝑈).
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