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Abstract. We study thermal dilepton production and anisotropic flow in
Pb+Pb collisions at +/syy = 5.02 TeV using next-to-leading-order (NLO) ther-
mal QCD dilepton emission rates. A hybrid model (IP-Glasma+KgMPgST
+MUSIC+UrQMD) simulates the collision evolution. The role of the pre-
equilibrium stage in dilepton observables is examined. We also explore how
chemical equilibrium in QCD matter affect dilepton observables.

1 Introduction

Dilepton production is one of the clean probes for studying the properties of quark-gluon
plasma (QGP) formed in relativistic heavy-ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) and at the Large Hadron Collider (LHC). Since dileptons are emitted from all
stages of the heavy-ion collision, and can escape the QGP without further interactions, they
complement final-state soft hadrons. While hadrons generally carry information about the
QGP near the freeze-out temperature, dileptons can directly probe the early stage of the QGP,
where the typical temperature (7' ~ 155-500 MeV) is higher than the freeze-out temperature
(T ~ 155 MeV). In addition, because dileptons possess an additional degree of freedom,
the invariant mass, which is not influenced by the radial flow of the QGP, they are often
considered a good thermometer for the QGP [1].

As a common strategy, heavy-ion collision modeling begins with an initial state, fol-
lowed by hydrodynamic evolution, and a hadronic scattering stage. This multistage modeling
approach has achieved significant success in describing collective flow phenomena and in
extracting key transport properties of QGP, such as shear and bulk viscosities [2]. Recently,
in addition to this widely adopted standard multi-stage model, attention has been paid to
the dynamical evolution prior to the hydrodynamic stage, namely the pre-equilibrium stage.
It has been found that the strongly anisotropic momentum distribution of quarks [4-6] and
the initially gluon-dominated medium in the pre-equilibrium stage can affect the results in
the soft sector and for electromagnetic (EM) probes (dilepton and photon). In addition, EM
probes provide an excellent opportunity to investigate chemical equilibrium process in the
early stages of heavy-ion collisions [3, 8]. This is because the production of dileptons and
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photons is highly sensitive to the net quark content within a given space-time cell, which
gradually evolves during the pre-equilibrium stage.

In this work, we investigate the impact of the pre-equilibrium stage dynamics and chem-
ical equilibration on thermal dilepton production and anisotropic flow in Pb+Pb collisions at
LHC an energy (+/syy = 5.02 TeV) by combining the multi-stage hydrodynamic framework
[9-13] with the NLO thermal QCD dilepton emission rates [14].

2 Multi-stage hydrodynamic framework

We simulate the dynamical evolution of the QGP using the state-of-the-art iEBE-MUSIC hy-
brid framework [9-11]. The initial conditions are generated with (2+1)-D IP-Glasma [16],
which describes the collision of two color glass condensates. The classical Yang-Mills equa-
tions are solved to obtain the non-equilibrium gluon-dominated initial state. Then, during
the pre-equilibrium stage, the system’s evolution is simulated with the KgMPgST frame-
work [12, 13]. Here, the energy-momentum tensor 7+” is decomposed into two components:
(1) alocally homogeneous background obeying universal scaling laws from the kinetic theory
and (2) perturbations calculated via non-equilibrium linear response theory. This approach
bridges the gap between the initial IP-Glasma states and the onset of hydrodynamic behav-
ior. The subsequent hydrodynamic evolution solves energy-momentum conservation equa-
tions with second-order Israel-Stewart diffusion equations, including shear viscosity (17/s =
0.12) and temperature-dependent bulk viscosity ({(7)). The equation of state (EoS) is based
on the lattice QCD calculation of the HotQCD collaboration [20]. When the local energy
density drops below e, = 0.18 GeV/fm?, we apply the Cooper-Frye prescription to sample
hadrons, followed by hadronic rescattering and decay processes simulated using the UrQMD
transport model. For model calibration, we used experimental data from the ALICE col-
laboration [21, 22], including multiplicity f’i—N, mean transverse momentum (pr) of identi-
fied hadrons and anisotropic flow coefficients v,{2}. The comparison of model with data
is good in central and semi-central collisions, but discrepancies emerge in peripheral colli-
sions [3, 7, 8]. These deviations stem from the vanishing bulk viscosity in the IP-Glasma and
K#MPg@ST models, due to the assumed conformal symmetry. For further details on the model
and hadron results, see Ref. [3].

3 Dilepton emission rate and chemical equilibrium

The fully differential thermal dilepton emission rate I',, in the local fluid rest frame is ex-
pressed as

‘P 9mM?: T \M?
where P* = (E, P) denotes the four-momentum of lepton pairs, fz(E) is the Bose-Einstein
distribution function and M = VE2 — P? represents the invariant mass. The number of quark
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e
denotes the vector spectral function. The NLO corrections in py(E, P) include contributions
from two-loop diagrams and the Landau-Pomeranchuk-Migdal (LPM) effect. This dilepton
rate can also be extended to finite chemical potential regions [14]. Once the differential ther-
mal dilepton rate is determined, the total thermal dilepton spectra are obtained by integrating
over all space-time cells with local temperature 7" and flow velocity #*. The anisotropic flow
coeflicients of thermal dileptons are estimated using the scalar product method via a correla-
tion with the hadronic reference flow [8, 17, 18].

flavors is taken here as 3. The function B( ) represents a kinematic factor, while py(E, P)
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In this work, thermal dilepton production is attributed to two distinct sources: one from
the hydrodynamic phase and the other from the pre-equilibrium phase. Since the current
KgMP@ST model describes a gluon-dominated system, we introduce an effective suppres-
sion factor SF(7, 1) to dynamically model fermion production during the pre-equilibrium
stage, corresponding to the gradual establishment of chemical equilibrium [8, 19]. Finally,
we also consider Drell-Yan (pQCD) dileptons calculated using the DYturbo package [15],
which provides NLO pQCD predictions, given nuclear parton distribution functions.

4 Results
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Figure 1. Dilepton production yield (left panel) in the 0-5% centrality bin and dilepton elliptic flow
v5°{SP} (right panel) in the 20-40% centrality bin as functions of invariant mass in Pb+Pb collisions
at 4/syy = 5.02 TeV. Results are shown for different suppression factors. The Drell-Yan dilepton
contribution is also presented in the left panel as a reference.

The left panel of Fig. 1 shows dilepton production as a function of the invariant mass in
Pb+Pb collisions at +/syy = 5.02 TeV within the 0-5% centrality bin. The dilepton yield in-
cludes contributions from different collision stages, including pre-equilibrium, hydrodynamic
(labeled thermal), and the Drell-Yan process. Here, the band in the DY dilepton calculations
arises from scale uncertainties in factorization and renormalization, evaluated by varying the
scales from 0.5pr to 2.0p7. At lower invariant masses (LMR - below 1 GeV), dilepton pro-
duction is primarily dominated by thermal dileptons from the hydrodynamic phase. This
dominance arises because lower invariant mass dileptons are emitted during all stages of the
collision. In the intermediate invariant mass region (IMR - from 2 GeV to 3 GeV), the con-
tribution from pre-equilibrium dileptons surpasses thermal dileptons, becoming the primary
source of dilepton production. At the same time, dilepton production from the Drell-Yan
process remains consistently lower than that from the pre-equilibrium stage throughout this
intermediate mass region. This suggests that dilepton signals from the pre-equilibrium stage
have a potential to be observed in this range. Also shown is the influence of chemical com-
position on the dilepton production from the pre-equilibrium stage. Notably, suppressing
quark population leads to the suppression of the dilepton yield, particularly at higher invari-
ant masses. This is because higher invariant mass dileptons mostly come from the earlier
stages of collision, where fewer g and g are present in the system. Higher-order suppression
factors further reduce pre-equilibrium dilepton yields, suggesting that the collision system at
the pre-equilibrium stage contains relatively few fermions and requires a longer time to build
up chemical equilibrium.

https://doi.org/10.1051/epjcont/202533905006
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The right panel of Fig. 1 shows dilepton elliptic flow v5°{SP} as a function of invariant
mass. The elliptic flow calculation excludes contributions from the Drell-Yan process and
considers only thermal and pre-equilibrium dileptons. The flow exhibits a single-peak struc-
ture around M = 1 GeV, decreasing with invariant mass moving away from this peak region.
For M < 1 GeV, thermal dileptons mostly originate from the later stages of the collision and
exhibit a sizeable elliptic flow. In the region of M > 1GeV, elliptic flow diminishes with
increasing invariant mass due to smaller momentum anisotropy at the earlier collision stages.
Additionally, considering the pre-equilibrium stage leads to further suppression in the total
dilepton flow, owing to the same reasons of dilepton production causing suppression at higher
invariant masses. However, stronger suppression factors enhance the final dilepton flow, as
dileptons produced at later times make a relatively greater contribution since they carry more
developed flow.
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Figure 2. Thermal and pre-equilibrium dilepton production with different suppression factors as a
function of transverse momentum (pz) in the (a) LMR: 0.0 < M < 1.0GeV and (b) IMR: 2.0 < M <
3.0GeV for 0-5% centrality Pb+Pb collisions at /syy = 5.02TeV. DY dilepton contributions are
included in the IMR panel.

In Fig. 2, we present the pr-dependent dilepton production in the low invariant mass range
and intermediate invariant mass range. In the LMR, thermal dileptons dominate the low-pr
region, as dileptons produced here originate primarily from the lower-temperature region of
the medium evolution. Interestingly, pre-equilibrium dileptons become the dominant source
at intermediate pr. This indicates that dilepton production in the LMR and intermediate
pr region offers an opportunity to probe the properties of the pre-equilibrium stage as well.
However, it must be noted that this is an ideal scenario. In the LMR, hadronic dilepton
contributions are significant and must be carefully disentangled. Until this is achieved, any
interpretation of the LMR in terms of non-hadronic matter remains inconclusive.

In the IMR (panel b), because of the invariant mass range corresponding to higher-
temperature regions and thus earlier stages, dilepton production exhibits a flatter slope, es-
pecially for pre-equilibrium dileptons. This behavior implies that pr-dependent dilepton
spectra are influenced by radial flow. Therefore, utilizing pr-dependent dilepton spectra to
probe radial flow at different stages of evolution is a promising area for future study. Further-
more, the pre-equilibrium dilepton yield is comparable to the thermal dilepton yield at low
pr, becoming the dominant source and consistently exceeding the Drell-Yan contribution
when pr > 1 GeV. This result aligns with observations from M-dependent dilepton produc-
tion. Hence, dileptons from the IMR provide a valuable tool for investigating pre-equilibrium
dynamics, with pr-dependent spectra offering further insights, particularly into radial flow.
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Figure 3 presents the pr-dependent elliptic flow v5°{SP} of thermal and total dileptons in
both the LMR and IMR. The elliptic flow of thermal dileptons exhibits a magnitude similar
to that of hadrons. However, the inclusion of pre-equilibrium dileptons significantly reduces
the total elliptic flow in both invariant mass regions. Furthermore, chemical equilibrium
effects play a key role in the total dilepton elliptic flow. Future careful comparisons with
experimental data could quantitatively constrain the chemical equilibrium during the pre-
equilibrium stage.
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Figure 3. Thermal and total dilepton elliptic flow with different suppression factors as a function of
transverse momentum (pz) in the (a) LMR: 0.0 < M < 1.0GeV and (b) IMR: 2.0 < M < 3.0GeV for
20 —40% centrality Pb+Pb collisions at +/syy = 5.02 TeV.

5 Summary

Using a framework which combines the iEBE-MUSIC hydrodynamic simulations with NLO
thermal QCD dilepton emission rates, we investigate thermal dilepton production and dilep-
ton anisotropic flow in Pb+Pb collisions at /syy = 5.02TeV at the LHC. Our findings
demonstrate that pre-equilibrium dileptons dominate the IMR, exceeding both thermal and
Drell-Yan contributions. By introducing an effective suppression factor, we have performed a
detailed analysis of the impact of partial chemical equilibrium on dilepton production and el-
liptic flow. Partial chemical equilibrium suppresses dilepton yields and enhances elliptic flow,
particularly affecting flow observables. Hence, dilepton elliptic flow represents a promising
observable for constraining the degree of chemical equilibrium in the pre-equilibrium stage
in future studies.
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