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Abstract

The first measurement of the e+e− pair production at midrapidity and low invariant mass in central
Pb–Pb collisions at

√
sNN = 5.02 TeV at the LHC is presented. The yield of e+e− pairs is com-

pared with a cocktail of expected hadronic decay contributions in the invariant mass (mee) and pair
transverse momentum (pT,ee) ranges mee < 3.5 GeV/c2 and pT,ee < 8 GeV/c. For 0.18 < mee <
0.5 GeV/c2 the ratio of data to the cocktail of hadronic contributions without ρ mesons amounts to
1.42±0.12 (stat.)±0.17 (syst.)±0.12 (cocktail) and 1.44±0.12 (stat.)±0.17 (syst.)+0.17

−0.21 (cocktail),
including or not including medium effects in the estimation of the heavy-flavor background, re-
spectively. It is consistent with predictions from two different models for an additional contribu-
tion of thermal e+e− pairs from the hadronic and partonic phases. In the intermediate-mass range
(1.2<mee < 2.6 GeV/c2), the pair transverse impact parameter of the e+e− pairs (DCAee) is used for
the first time in Pb–Pb collisions to separate displaced dielectrons from heavy-flavor hadron decays
from a possible (thermal) contribution produced at the interaction point. The data are consistent with
a suppression of e+e− pairs from cc and an additional prompt component. Finally, the first direct-
photon measurement in the 10% most central Pb–Pb collisions at

√
sNN = 5.02 TeV is reported via

the study of virtual direct photons in the transverse momentum range 1 < pT < 5 GeV/c. A model
including prompt photons, as well as photons from the pre-equilibrium and fluid-dynamic phases,
can reproduce the result, while being at the upper edge of the data uncertainties.

*See Appendix A for the list of collaboration members
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1 Introduction

Ultra-relativistic heavy-ion collisions at the Large Hadron Collider (LHC) allow the study of strongly
interacting matter at high temperature and small net-baryon density [1]. Under these conditions, the
theory of the strong interaction, quantum chromodynamics (QCD), predicts a transition from ordinary
matter made of hadrons to a quark–gluon plasma (QGP) in which quarks and gluons are deconfined [2–
5]. In this QGP phase, chiral symmetry is also expected to be restored [6, 7]. Photons and dileptons,
i.e. lepton–antilepton pairs originating from the internal conversion of virtual photons, are produced at
all stages of the heavy-ion collision with negligible final-state interactions, unlike hadrons. Therefore,
they carry undistorted information about the whole space–time evolution of the medium created in such
collisions.

Direct photons are photons not originating from hadronic decays. They are emitted by various sources
as discussed in Ref. [8]. Prompt direct photons are produced in the initial hard parton–parton scatterings.
Additional photons, still generated before the system reaches sufficient equilibrium to be described by
relativistic viscous hydrodynamics, are called pre-equilibrium photons. Thermal photons are emitted
from the deconfined QGP and hot hadronic matter and are characterized by the thermal distributions of
partons and hadrons, respectively. Other direct photon production mechanisms are not excluded, like the
interaction of hard-scattered partons from jets with the plasma [9, 10]. Each source of direct photons pop-
ulates different transverse momentum (pT) regions. Prompt direct photons follow a power-law spectrum
and dominate at high pT (pT ≳ 5 GeV/c). At lower pT (pT ≲ 2 GeV/c), thermal photons are expected
to contribute significantly with an approximately exponential pT spectrum containing information on the
initial temperature and space–time evolution of the medium [11, 12]. Pre-equilibrium photons may play
a role in the intermediate pT range [13].

The first measurement of a direct photon signal in relativistic heavy-ion collisions was reported by
the WA98 collaboration [14] in central Pb–Pb collisions at the center-of-mass energy per nucleon pair√

sNN = 17.3 GeV. The spectrum is consistent with calculations for thermal photon radiation from a
quark–gluon plasma and a hot hadronic phase, as well as with predictions including multiple soft scat-
terings of the incoming partons without the formation of a QGP [12]. At the Relativistic Heavy Ion
Collider (RHIC), the first pT-differential yield of direct photons was measured by the PHENIX col-
laboration in Au–Au collisions at

√
sNN = 0.2 TeV [15], followed by subsequent results at the same

center-of-mass energy per nucleon pair [16–20] as well as at lower energies [21, 22]. On the one hand,
the measured direct-photon yields are well described by the expected yields of prompt direct photons at
high pT (pT ≳ 5 GeV/c), showing that the high-pT direct photons are predominantly from initial hard-
scattering processes. The prompt component is estimated either from measurements in pp and d–Au
collisions at the same collision energy [23–25] or perturbative QCD calculations [26], both scaled with
the number of binary nucleon–nucleon collisions (Ncoll). On the other hand, a large excess of direct
photons is observed at low pT (pT < 2 GeV/c) with respect to the expected prompt direct photon yields.
The STAR collaboration also reported an enhancement of direct photons at low pT in Au–Au collisions
at

√
sNN = 0.2 TeV [27], which appears to be about a factor three smaller than the one measured by

PHENIX. The large yield of direct photons is accompanied by a large azimuthal anisotropy (elliptic
flow) with respect to the reaction plane [17, 20], similar in magnitude to the one of charged hadrons,
suggesting a large contribution from the late stages of the collision. A simultaneous description of the
pT-differential yields and elliptic flow results remains challenging for models [13, 28–31]. At the LHC,
direct photon yield [32] and elliptic flow [33] measurements in Pb–Pb collisions at

√
sNN = 2.76 TeV

by the ALICE collaboration show similar trends as those from PHENIX within the experimental un-
certainties. Recent results by the PHENIX collaboration, obtained with a factor ten larger dataset of
Au–Au collisions at

√
sNN = 0.2 TeV, reduce the tension between the measured direct-photon yield in

central Au–Au collisions [19] and the predictions from a state-of-the-art model [13] including prompt,
pre-equilibrium, and thermal photons. The observed direct-photon yields in more peripheral Au–Au col-
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lisions remain nevertheless a factor two to three larger than the calculations. Effective temperatures (Teff)
were extracted from the measured pT spectra at low pT in Au–Au collisions at

√
sNN = 0.2 TeV [19]

and in Pb–Pb collisions at
√

sNN = 2.76 TeV [32] by the PHENIX and ALICE collaborations, respec-
tively. The measured Teff values are significantly larger than the critical temperature for chiral symmetry
restoration and color deconfinement. This does not prove that the radiation is emitted from a QGP, since
radiation from the late stages of the collision with strong radial flow could lead to a significant blue shift.
Detailed studies of the direct-photon yield as a function of the collision system size by PHENIX show
a power-law dependence on the charged-particle multiplicity at midrapidity ( dNch

dη
|η=0) at low pT. The

measured power α seems to have a weak dependence on centrality or collision energy [21, 22] and no
apparent dependence on pT, in particular in Au–Au collisions at

√
sNN = 0.2 TeV [19]. However, model

calculations predict different α for radiation from different phases [34].

In contrast to real photons, virtual photons, i.e. dileptons, carry a mass, the invariant mass of the lepton
and antilepton pair (ml+l−). This provides an additional means to disentangle the different sources of
electromagnetic radiation. For ml+l− > 1.2 GeV/c2, virtual direct photons are foreseen to originate from
the partonic phase of the heavy-ion collision [35]. In the mass region 1.2 < ml+l− < 2.6 GeV/c2 thermal
radiation from the QGP is expected to contribute significantly to the virtual direct-photon yield [36].
The slope of their ml+l− distribution is predicted to carry information about the early temperature in
the medium without distortion due to blueshift effect [35]. Nevertheless, correlated background from
semileptonic decays of open heavy-flavor hadrons has to be subtracted or rejected first. Moreover,
initial hard parton–parton scatterings generate also direct dileptons via the Drell-Yan process. While
this process contributes significantly to the measured dilepton spectra down to small invariant masses
(ml+l− ≈ 1.5 GeV/c2) at SPS energies, it is estimated to be negligible for masses up to about 3 GeV/c2

at the LHC. On the other hand, recent theoretical calculations for Pb–Pb collisions at
√

sNN = 5.02 TeV
show that additional l+l− pairs, still produced before the system reaches local thermal equilibrium, may
play a role for ml+l− > 1.5 GeV/c2 [37, 38]. At lower ml+l− (ml+l− < 1.2 GeV/c2), the dilepton invariant
mass can be used to study the decay of massive particles, such as the in-medium modified spectral shape
of vector mesons. Dileptons produced in the medium in the vicinity of the transition temperatures are
sensitive to effects related to chiral symmetry restoration [39, 40]. Due to its strong coupling to the π+π−

channel and its life time of only 1.3 fm/c, much smaller than that of the fireball at the LHC (≈ 10 fm/c),
the ρ meson is expected to be the most sensitive to such medium effects. Finally, in the zero mass limit,
the fraction of virtual direct photons over inclusive virtual photons is expected to be identical to that of
real photons [41]. Therefore the measured dilepton yield in the quasi-real virtual-photon region, where
the pair transverse momenta pT,ll is much larger than ml+l− , can be used to measure the pT-differential
yield of direct photons.

Precision measurements of virtual photons were performed at the CERN SPS by the CERES [42–44]
and NA60 [45–48] collaborations in the dielectron and dimuon channels, respectively. An average tem-
perature of about 200 MeV, significantly above the transition temperatures, was extracted from the mass
spectrum in 1.2 < ml+l− < 2 GeV/c2 in 158A GeV In–In collisions by the NA60 collaboration [48]. The
capability of the NA60 experiment to disentangle prompt muons, originating from the primary vertex,
and non-prompt muons from displaced open-charm hadron decays, allowed them to explicitly attribute
the observed dimuon signal in this mass range to a prompt source. Together with studies of the effective
temperature Teff from the dimuon pT spectrum as a function of mass [47], this temperature value sug-
gested that dilepton radiation in the intermediate-mass region originates from the partonic phase [49, 50].
For increasing

√
sNN, the correlated background from heavy-flavor hadron decays becomes very large

with respect to the QGP radiation, preventing the PHENIX [51], STAR [52], and ALICE [53] collabo-
rations at RHIC and the LHC from extracting an unambiguous dilepton signal in the intermediate-mass
range without the use of high-precision vertex detectors. At lower mass, the ρ properties in the hot
medium created in heavy-ion collisions were measured by the CERES and NA60 collaboration at SPS
energies. The dilepton excess, obtained after subtraction of the expected contribution of other light-flavor
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meson decays happening at a later stage in the collision, was found to be well described by the calcu-
lations of a microscopic many-body model [54, 55]. This model predicted a very strong broadening of
the ρ spectral function with essentially no mass shift, consistent with chiral symmetry restoration [40].
At the top RHIC energy, an enhancement of dileptons in the low-mass region was reported by both the
STAR [52] and the PHENIX [51] collaborations in central Au–Au collisions at

√
sNN = 0.2 TeV. Models

reproducing the SPS data and involving the broadening of the ρ meson [56, 57] were shown to describe
the RHIC data as well. The first low-mass dilepton results at the LHC, published by the ALICE collabo-
ration in central Pb–Pb collisions at

√
sNN = 2.76 TeV [53], are in line with the expectations from these

models, although no significant excess was observed within the limited precision of the data.

Measurements of direct photons and dileptons at LHC energies could shed light on the remaining dis-
crepancy between those results and theory predictions. Heavy-ion collisions at the LHC provide nowa-
days the highest-temperature and longest-lived experimentally accessible QGP. Therefore, the thermal
radiation yield is expected to be the largest with respect to measurements at other accelerator facilities.
Moreover, the in-medium modifications of vector mesons can be probed under conditions that are most
closely related to the regime accessible by lattice QCD (vanishing net-baryon density). However, the
large combinatorial and heavy-flavor backgrounds pose a serious challenge.

In this article, the first dielectron and resulting direct-photon measurements in the 10% most central
Pb–Pb collisions at

√
sNN = 5.02 TeV are presented and compared to measurements at lower energies

(RHIC and LHC) and with model predictions. The uncertainties could be reduced compared to the
previous publication in central Pb–Pb collisions at lower energy [53] due to the three times larger data
sample. While direct photons have already been measured in central collisions at

√
sNN = 2.76 TeV

as part of a real-photon analysis [32, 33], a direct-photon measurement is now available for the first
time at the highest collision energy. Finally, the larger data sample allows for the first studies in Pb–Pb
collisions of a topological separation of prompt dielectrons and dielectrons originating from displaced
correlated heavy-flavor hadron decays. The article is organized as follows. Section 2 contains a brief
description of the ALICE apparatus and the used data sample. Section 3 illustrates the data analysis
techniques. Section 4 explains how the expected dielectron yields from known hadronic sources are
calculated. The results are presented and discussed in Sec. 5 for the inclusive dielectron production,
Sec. 6 for the topological separation of e+e− sources, and Sec. 7 for the direct-photon measurement.
Finally, they are summarized in Sec. 8.

2 Detector and data sample

A detailed description of the ALICE apparatus and its performance can be found in Refs. [58, 59]. The
main detectors used for the track reconstruction and electron identification at midrapidity (|η |< 0.9) are
the Inner Tracking System (ITS) [60], the Time Projection Chamber (TPC) [61], and the Time-Of-Flight
(TOF) detector [62]. They are located inside a large solenoidal magnet, providing a uniform magnetic
field of 0.5 T parallel to the LHC beam direction. Charged-particle trajectories are reconstructed from
their signals in the ITS and the TPC. The ITS consists of a six-layer silicon detector with the innermost
layer installed at a radius of 3.9 cm from the beam axis. It is used for tracking, for the reconstruction
of the main vertex of the collision, and for the measurement of the distance-of-closest-approach (DCA)
of the track to this primary vertex. Moreover, the four outer layers, made of silicon drift detectors and
silicon strip detectors, provide charged-particle identification (PID) via the measurement of their specific
energy loss (dE/dx) in the detector material. The TPC, a 500 cm long gas filled cylinder providing up
to 159 three-dimensional space points per track, is the main tracking detector. The measured dE/dx
of the charged particles in the gas allows electron identification over a large momentum range (up to a
momentum of 10 GeV/c). The TOF detector extends at intermediate momenta (0.4 < p < 1.3 GeV/c)
the PID capabilities of the TPC and ITS via the measurement of the time-of-flight of charged particles
from the interaction point to the detector.
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The data used in this article were collected by ALICE in 2018 during Pb–Pb runs at
√

sNN = 5.02 TeV.
A minimum bias interaction trigger was provided by the V0 detector [63]. Simultaneous signals in the
two scintillator arrays covering the pseudorapidity intervals −3.7 < η < −1.7 (V0C) and 2.8 < η <
5.1 (V0A) were required. In addition, events were selected online based on the signal amplitude in
these detectors in order to enrich the sample of central Pb–Pb collisions. Further selection criteria were
applied later offline. Events due to the interaction of the beams with residual gas in the beam pipe were
rejected using the V0 and the Zero Degree Calorimeter (ZDC) [64] timing information. Pileup collisions
occurring during the TPC readout time were removed using the correlation between the number of tracks
reconstructed in the TPC and in the ITS, which grants a faster readout. Only events with a primary
vertex reconstructed within ±10 cm from the center of the detector along the beam axis were considered.
Finally, the 10% most central Pb–Pb collisions were defined in terms of percentiles of the hadronic
Pb–Pb cross section using the sum of the V0 signal amplitudes as described in detail in Ref. [65]. The
corresponding average value of the nuclear overlap function, ⟨TAA⟩, is (23.26± 0.17) mb−1 [65]. The
total number of selected events (Nevents) is about 65× 106 corresponding to an integrated luminosity of
85 µb−1 [66].

3 Data analysis

3.1 Dielectron raw yields

Electron candidates are selected in the transverse momentum range 0.2 < pT,e < 10 GeV/c and at midra-
pidity (|ηe| < 0.8). For the analysis using the DCA information to separate dielectrons from different
sources, the tracks must have a pT > 0.4 GeV/c to assure a sufficient separation between prompt e+e−

pairs originating from the primary vertex and non-prompt ones arising from displaced open heavy-flavor
hadron decays. The DCA resolution worsens at low pT. For tracks reconstructed in the ITS and TPC
with a transverse momentum smaller than 0.35 GeV/c the DCA resolution in the plane perpendicular to
the beam axis is larger than 150 µm [67] and thus comparable to the decay length of the D0 and D±

s
mesons. The same tracking selection criteria as those described in Ref. [68] are applied. In particular, a
hit in the first ITS layer is required to be attached to the reconstructed track and a maximum of one ITS
cluster, not placed in the first ITS layer, may be shared with any other track candidate. These require-
ments reduce the amount of electron tracks originating from photon conversion in the detector material
by 98.8%, keeping 93.7% of the signal electrons.

The electron identification is based on the complementary information provided by the ITS, TPC, and
TOF. The detector PID signals, n(σDET

i ), are expressed in terms of the deviation between the measured
and expected value of the specific ionization energy loss in the ITS (TPC) or time-of-flight in the TOF for
a given particle hypothesis i and momentum, normalized to the respective detector resolution. Electrons
are identified in a similar way as described in Ref. [68]. To increase the electron purity, an asymmetric
electron selection criterium is applied in the TPC, i.e. −2 < n(σTPC

e )< 3. Kaons, protons and pions are
rejected with the requirements |n(σTPC

K )|> 3, |n(σTPC
p )|> 3 and n(σTPC

π )> 3.5, respectively. To increase
the PID efficiency (εPID) and avoid a strong momentum dependence of εPID, the ITS and TOF are used to
recover electrons with an energy loss in the TPC in the range where the charged kaon and proton bands
cross the one of electrons. It exploits the fact that kaons (protons) and electrons are still separated in
the energy loss measurements in the ITS or the measured time-of-flight in the TOF, at momenta where
they have a very similar energy loss in the TPC. Tracks which fulfill only the TPC electron selection and
pion rejection but have an associated TOF signal with −3 < n(σTOF

e ) < 3 or an associated ITS signal
with n(σ ITS

e ) < 2 not consistent with the kaon (|n(σ ITS
K )| < 2) or proton (|n(σ ITS

p )| < 2) hypothesis are
accepted. The final hadron contamination in the single-electron candidate sample is estimated to be less
than 3.3% integrated over pT.

A statistical approach is applied to extract the yield of correlated signal pairs (S). To this end, all electron
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and positron candidates from the same event are combined into opposite-sign pairs (Nsame
+− ), characterised

by their invariant mass mee, pair transverse momentum pT,ee and pair DCAee, similarly to the approach
followed by the NA60 collaboration [69]. The latter is calculated from the single-electron DCAs as

DCAee =

√
(DCAxy,1/σxy,1)2 +(DCAxy,2/σxy,2)2

2
, (1)

where DCAxy,i is the DCA of the electron i in the transverse plane and σxy,i is its resolution estimated from
the covariance matrix of the track reconstruction parameters obtained with the Kalman filter technique,
similarly as in Ref. [70]. The combinatorial background (B) is estimated via the geometric mean of
same-sign pairs from the same event

√
Nsame
++ Nsame

−− , corrected for the different acceptance for opposite-
sign and same-sign pairs [53, 70]. The correction factor R is calculated using uncorrelated opposite-
(Nmix

+− ) and same-sign (Nmix
++ and Nmix

−− ) pairs from mixed events with similar global properties as R =

Nmix
+−/(2

√
Nmix
++Nmix

−− ) and is found to deviate significantly from unity only at low mee (mee < 0.2 GeV/c2).

The raw dielectron yield is then obtained as S = Nsame
+− −2R

√
Nsame
++ Nsame

−− . Additional photon conversion
rejection is achieved at low mee (mee < 0.1 GeV/c2) by removing pairs based on their characteristic
orientation relative to the magnetic field quantified by the so-called ϕV angle defined in Ref. [53]. The
remaining contribution of dielectrons from photon conversions is found to be negligible, below 1%. The
opposite-sign pair spectrum, the combinatorial background and the extracted raw dielectron yield are
shown on the left panel of Fig. 1 as a function of mee in the 10% most central Pb–Pb collisions, together
with the S/B ratio on the right panel.
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Figure 1: Raw yield (S) overlaid with the opposite-sign pair distribution and the combinatorial background
(left panel), as well as signal-over-background ratio (right panel), in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV.

3.2 Yield corrections

The corrected yield of e+e− pairs in the ALICE acceptance (0.2 or 0.4< pT,e < 10 GeV/c and |ηe|< 0.8)
before integration over one or the other variables is expressed as

d3Ne+e−

dmeedpT,eedDCAee
=

1
∆pT,ee

1
∆mee

1
∆DCAee

S(mee, pT,ee,DCAee)

εee
rec(mee, pT,ee)×Nevents

, (2)
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where ∆pT,ee, ∆mee and ∆DCAee are the width of the pT,ee, mee and DCAee intervals, respectively. The
pair efficiency εee

rec(mee, pT,ee), including all tracking and PID selection criteria, is calculated using de-
tailed MC simulations. A realistic detector response is modelled using GEANT 3 [71] with the same
detector configurations as in data and the DCA detector resolution is corrected a posteriori to reproduce
the one measured in the data. To estimate εee

rec(mee, pT,ee) with a high statistical precision, samples of di-
electron sources are embedded into hadronic collisions simulated with the HIJING event generator [72].
Light-flavor hadrons (π0,η ,η ′,ρ ,ω , and φ ) and J/ψ mesons, forced to decay into dielectrons with a
phenomenological generator [70] and PHOTOS [73], respectively, are used together with an enriched
sample of heavy-flavor hadron sources with enforced semileptonic decay channels generated with the
Perugia 2011 tune [74] of PYTHIA 6.4 [75]. The pair efficiency is computed as explained in Ref. [68].
Since the reconstruction efficiency for single electron tracks does not show any significant dependence
on the electron DCA, for which loose selection criteria are applied, εee

rec(mee, pT,ee) is applied to the data
as a function of mee and pT,ee. The average reconstruction efficiency of a signal e+e− pair ranges from
15% to 25%.

3.3 Systematic uncertainties of measured dielectron spectra

The systematic uncertainties on the measured pT,ee- and mee-differential yields originate from tracking,
electron identification and purity, and background subtraction. They are evaluated by simultaneous vari-
ations of the tracking and PID selection criteria, as described in Ref. [70], implying relative changes
of the pair efficiencies and S/B ratio by up to 30% and 40%, respectively. In particular, modifying the
requirements on the ITS, TPC and TOF PID signals allows for probing possible biases due to differences
in the detector responses in data and MC and remaining hadron contamination in the electron sample.
The systematic uncertainty is calculated as the root mean square of the variation of the data points. It is
found to be larger at low pT,ee, up to about 10% for pT,ee < 2 GeV/c where the S/B is smaller. Similar
to Ref. [68], additional uncertainties related to the conversion rejection criterion (ϕV), the criteria on the
number of shared ITS clusters, and the requirement of a hit in the first ITS layer, as well as to the TPC–
ITS and TPC–TOF matching efficiencies, are added in quadrature. The first two sources of systematic
uncertainties are estimated by varying the selection criteria, whereas the others are determined for single
electrons and propagated to the e+e− pairs using a MC method. The resulting systematic uncertainties
are listed in Table 1.

An additional source of systematic uncertainty is considered for the DCAee-differential analysis. To take
into account possible systematic effects related to the correlation between pT,ee and DCAee, the latter is
studied in each mass region under interest. The difference of the pair efficiency at the maximum and
minimum mean pT,ee, seen as a function of DCAee, in a given mass region is used to assign a systematic
uncertainty [70]. It is found to be of the order of 3%. The total systematic uncertainty is given in Table 1
for the pT,ee and mee analysis, as well as the DCAee analysis.

4 Estimation of hadronic sources

The dielectron measurement is compared with the sum of expected contributions from light- and heavy-
flavor hadron decays within the kinematic range under study, i.e. the hadronic cocktail. They are esti-
mated with simulations including the angular, momentum and DCA resolution of the detector for the
given data-taking period, as well as bremsstrahlung effects, which are not corrected for in the data anal-
ysis [70, 76].
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Table 1: Summary of the total systematic uncertainties of the measured dielectron yields in the 10% most central
Pb–Pb collisions at

√
sNN = 5.02 TeV. The values presented as a range correspond to the smallest and largest

observed systematic uncertainties.

Analysis (mee,pT,ee) DCAee
/sources
Tracking and PID selection 5–11% 4–11%
Conversion rejection 2–4% N/A
Number of shared ITS clusters 4–12% 4–12%
Hit in the first ITS layer 3% 3%
TPC–ITS matching 8–12% 8–12%
TPC–TOF matching 0–3% 0–3%
DCAee–pT,ee correlation N/A 3%
Total 12–20% 15–21%

4.1 Dielectron yield from hadronic decays as a function of mee and pT,ee

4.1.1 Decays of light-flavor hadrons and J/ψ mesons

The expected dielectron yield from the decays of known light-flavor (π0, η , η ′, ω , ρ , φ ) and J/ψ

hadrons is calculated as described in Ref. [68]. Parameterizations of the pT-differential yields of the
different hadrons are taken as input to a fast Monte Carlo simulation, that performs the decays and
allows retrieving the corresponding expected dielectron yields [70]. Since the π± measurement extends
down to pT = 0.1 GeV/c and exhibits small uncertainties [77], charged pions are used to approximate
neutral pions. An additional 10% systematic uncertainty is considered to take into account differences
due to isospin-violating decays as described in Refs. [68, 78]. The pT spectrum of η is computed using
the same approach as in Ref. [79]. First, the η/π0 ratios measured as a function of pT in hadronic
collisions by ALICE [80–83] and CERES/TAPS [84] at different energies are parameterized to obtain a
pp reference. Second, radial flow effects in Pb–Pb collisions are evaluated with the double ratio of the
K±/π± pT spectra measured at midrapidity (|y|< 0.5) in the 10% most central Pb–Pb collisions and in
pp collisions [77]. Due to their similar masses, K± and η are expected to be affected by radial flow in a
similar way. The corresponding η/π0 ratio in central Pb–Pb collisions is computed as

(
η

π0

)
PbPb

=
(

η

π0

)
pp
×Rflow =

(
η

π0

)
pp
×

(
K±

π±

)∗
PbPb(

K±

π±

)∗
pp

, (3)

where ∗ means that the value is not taken at pT but mη/mK± × pT to take into account the small difference
in mass between η and K± of about 10%. In the left panel of Fig. 2, the correction factor Rflow is presented
for the 0–5% and 5–10% centrality intervals based on the K± and π± measurements [77], considering
the systematic uncertainties of the published K±/π± ratios as uncorrelated between the Pb–Pb and pp
colliding systems. For pT < 9 GeV/c Rflow is consistent with unity and an universal constant behavior
in hadronic and heavy-ion collisions is assumed. The resulting η/π0 ratio in central Pb–Pb collisions
is parameterized as a function of pT for the two centrality classes separately, as shown in the right
panel of Fig. 2 together with the measured η/π0 ratios in hadronic collisions [80–84]. A similar trend
is observed in central Pb–Pb collisions at

√
sNN = 2.76 TeV, where the η/π0 ratio was measured by

the ALICE collaboration [85] at midrapidity. The corresponding calculated dielectron yields in both
centrality classes are combined together to obtain the expected e+e− yield in the 10% most central
Pb–Pb collisions assuming fully correlated systematic uncertainties of the η/π0 ratios. The η ′, ω , and
ρ pT distributions are generated assuming mT-scaling, implying that the spectra of all light mesons as a

function of mT =
√

m2 + p2
T follow a universal form and differ only by a normalization factor. Finally,
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the measured φ [86] and J/ψ [87] pT-differential yields in central Pb–Pb collisions are fitted and in case
of the φ extrapolated down to low pT (pT < 0.4 GeV/c) using mT-scaling.
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Figure 2: Left panel: double ratio of the measured K±/π± pT spectra in central Pb–Pb collisions and in pp
collisions at

√
sNN = 5.02 TeV [77] dilated as a function of pT by the ratio of the η and K± meson mass (see text).

Right panel: measured [80–84] and parameterized η

π0 ratios in hadronic collisions and central Pb–Pb collisions,
respectively.

4.1.2 Open-charm and open-beauty hadron decays

Two different calculations for the contributions of correlated semileptonic heavy-flavor hadron decays
are considered. One is based on the dielectron measurements in pp collisions at the same center-of-mass
energy per nucleon pair [90] scaled with the average number of binary nucleon–nucleon collisions ⟨Ncoll⟩.
The resulting cocktail is called in the following Ncoll-scaled HF cocktail. For this purpose, the expected
e+e− yields of correlated semileptonic heavy-flavor hadron decays, estimated with the POWHEG event
generator [91–94] using PYTHIA 6 [75] as parton shower, are first fitted to the measured e+e− spectra
in pp collisions to extract dσcc/dy|y=0 and dσbb/dy|y=0, as explained in Ref. [90]. The calculations are
then scaled with the average nuclear overlap function in the 0–10% centrality interval. The uncertainties
originating from the branching ratio of the semileptonic decays of the open heavy-flavor hadrons and
the fragmentation functions of charm and beauty quarks are omitted assuming that these do not change
from pp to central Pb–Pb collisions. This approach ignores shadowing and suppression effects due to
the interactions of charm and beauty quarks with other partons in the medium, as well as any modifica-
tion of the hadronization processes. Measurements of the nuclear modification factor Rc,b→e±

AA of single
electrons from charm and beauty hadron decays, however, do show significant modifications of the pT
spectra in Pb–Pb collisions compared to pp collisions [88]. These modifications are due to initial cold
nuclear matter (CNM) effects as well as final hot nuclear matter (HNM) effects like partonic energy loss
and collective flow. Both affect differently the e+e− pairs. Whereas the former alters the initial produc-
tion of heavy-quark pairs and per consequence of dielectrons, the latter acts on the e+ and e− mostly
independently with the exception of flow.

In a second approach, a simple model is considered to include the single heavy-flavor decay electron
measurements in the cocktail inputs. First, CNM and HNM effects are disentangled assuming

Rc,b→e±
AA = Rc,b→e±

AA,CNM ×Rc,b→e±
AA,HNM, (4)
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Figure 3: Left panel: measured nuclear modification factor of single electrons from heavy-flavor hadron de-
cays [88], as well as its parameterization and the estimated nuclear modification factor caused by pure cold-nuclear
matter effects with EPS09 nPDFs [89], in the 10% most central Pb–Pb collisions at

√
sNN = 5.02 TeV. Right panel:

resulting nuclear modification factor of e+e− pairs from correlated open heavy-flavor hadron decays computed
with a toy MC (see text) for two different pT,ee.

where Rc,b→e±
AA is the parameterized single-electron measurement and Rc,b→e±

AA,CNM is computed using the
EPS09 nuclear parton distribution function (nPDF) [89]. Both are shown as a function of pT on the left
panel of Fig. 3, together with the measured nuclear modification factor of heavy-flavor decay electrons
in the 10% most central Pb–Pb collisions at

√
sNN = 5.02 TeV. The modifications are then propagated to

e+e− pairs using Monte Carlo simulations and a weighting procedure. The HNM effects are assumed to
fully factorize between the e+ and e−:

Rc,b→e+e−
AA,HNM = Rc,b→e±

AA,HNM(pT,e+)×Rc,b→e±
AA,HNM(pT,e−), (5)

where Rc,b→e+e−
AA,HNM is the dielectron nuclear modification factor due to HNM effects. Similarly, the CNM

effects are estimated on the e+e− pair with the dielectron nuclear modification factor due to CNM effects
(Rc,b→e+e−

AA,CNM ) by taking the mean of the single electron Rc,b→e±
AA,CNM

Rc,b→e+e−
AA,CNM =

Rc,b→e±
AA,CNM(pT,e+)+Rc,b→e±

AA,CNM(pT,e−)

2
. (6)

The resulting dielectron nuclear modification factor (Rc,b→e+e−
AA ),

Rc,b→e+e−
AA = Rc,b→e+e−

AA,CNM ×Rc,b→e+e−
AA,HNM , (7)

is reported on the right panel of Fig. 3 for two different pT,ee values as a function of mee. Dielectrons with
a large mee and/or pT,ee originate on average from heavy-flavor hadrons with higher pT than e+e− pairs at
smaller mee or pT,ee and are therefore more affected by HNM effects. In this approach, CNM and HNM
effects seem to cancel out within large uncertainties at low mee and pT,ee (Rc,b→e+e−

AA,CNM ×Rc,b→e+e−
AA,HNM ≈ 1).

The dielectron Rc,b→e+e−
AA is then applied to the contributions of correlated semileptonic open-charm and

open-beauty hadron decays estimated from pp collisions at the same
√

sNN, as explained above. The
resulting cocktail is called Rc,b→e±

AA -modified HF cocktail.
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4.1.3 Systematic uncertainties

The systematic uncertainties of the hadronic cocktail originate from the following sources: the π±, φ ,
and J/ψ parameterizations as a function of pT, the η /π0 ratio, the mT-scaling parameters used for ρ , ω ,
η ′ and φ , the branching ratios of the different light-flavor hadron decay channels, and the heavy-flavor
cross sections in pp collisions. In case of the Ncoll-scaled HF cocktail, the nuclear overlap function is
also considered as a source of uncertainty, whereas for the Rc,b→e±

AA -modified HF cocktail the uncertain-
ties of the measured Rc,b→e±

AA and the EPS09 nPDF are propagated to the final expected dielectron yield
resulting in two uncorrelated uncertainties of similar magnitude depending on mee and pT,ee. The differ-
ent contributions added in quadrature amount to a total systematic uncertainty between 10% and 20%
depending on mee and pT,ee for the Ncoll-scaled HF cocktail. The Rc,b→e±

AA -modified HF cocktail has sig-
nificantly larger uncertainties, where the heavy-flavor contributions are dominant, i.e. up to about 40%
in the intermediate-mass range (1.2 < mee < 2.6 GeV/c2).

4.2 DCAee template distributions

The DCAee distributions of the different dielectron sources are determined by the convolution of the
DCA detector resolution, the decay length of the mother particles, and the decay kinematics. Dielectrons
produced at the primary vertex are expected to have smaller DCAee than e+e− pairs originating from the
decays of correlated open-charm and open-beauty hadrons with finite decay lengths (cτD ≈ 150 µm and
cτB ≈ 470 µm). A full GEANT 3 [71] simulation of the ALICE central barrel, tuned to describe the
performance of each detector subsystem, in particular the ITS, is utilized. The same analysis selection
criteria as in data are applied to extract the DCAee spectra of e+e− pairs originating from the decays of
prompt and non-prompt J/ψ mesons, as well as open-beauty and open-charm hadrons. Contrary to open-
beauty hadrons, the various open-charm hadrons have significantly different decay lengths (e.g. 59.9 µm
for Λ±

c and 311.8 µm for D± mesons [95]). Therefore their relative yields are particularly relevant.
The measured production ratios of prompt open-charm hadrons in pp [96, 97] and Pb–Pb collisions [98],
together with their semileptonic decay branching ratios [95], are used to obtain the cc DCAee distribution
calculated as the combination of semi-leptonic decays of the different open-charm hadrons. The D±/D0

ratio is found to be similar in pp and Pb–Pb collisions, whereas possible enhancements of the D±
s /D0

and Λc/D0 ratios in Pb–Pb compared to pp collisions are taken into account. Finally, the fraction of
non-prompt J/ψ , fB, as a function of pT measured by ALICE [87] in central Pb–Pb collisions is taken as
input to build the inclusive DCAee template of the J/ψ . Each contribution is normalized to its expected
yield from the hadronic cocktail in the same mee and pT,ee range after the same fiducial selection criteria
(|ηe|< 0.8 and pT,e > 0.4 GeV/c).

Three sources of systematic uncertainties additional to those mentioned in Section 4.1.3, depending on
DCAee, are considered and added in quadrature. First, the DCA single-track resolution is not perfectly
reproduced in the simulation. The DCA templates obtained with MC simulations using a post-correction
of the DCA resolution in order to reproduce the one in data are compared to those estimated without.
As a conservative estimate, half of the difference between the two spectra is attributed to the systematic
uncertainty. This leads to a systematic uncertainty between 10 and 25% varying with the DCAee value
for prompt e+e− pairs, while for non-prompt dielectrons (cc and bb) a maximum of 10% systematic
uncertainty is observed at small DCAee, i.e. for DCAee values smaller than one. Second, the uncertainties
of the charm and beauty-hadron production ratios, of their semileptonic decay branching ratios, and
of fB are propagated to the corresponding DCAee distributions and amount to about 10%. Third, the
uncertainty related to the pT spectra of the open-charm and open-beauty mother hadrons is found to be
of the order of 5% at large DCAee.
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5 Inclusive dielectron production

5.1 Dielectron invariant-mass spectra

The yield of e+e− pairs in the ALICE acceptance (|ηe|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

√
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the Rc,b→e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the π0 (mee < 0.135 GeV/c2) and J/ψ (2.7 < mee < 3.3 GeV/c2)
mass regions, where dielectrons from π0-Dalitz and J/ψ decays are expected to dominate the yield of
e+e− pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV, compared with the expected e+e− contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c2), the ratios are systematically above one, although
consistent with unity within 1.7σ (1.5σ ) for the Ncoll-scaled (Rc,b→e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from ρ mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mρ . However, a significant contribution of
e+e− pairs originating from ρ mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the π+π− channel, the
ρ meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the Rc,b→e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the ρ meson. In addition, expectations from two theoretical models
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for thermal dielectrons from the partonic and hadronic phase, referred to as QGP and in-medium ρ , are
shown. As for the hadronic cocktail, detector resolution effects were applied to the predictions [68, 76].
In both calculations, ρ mesons produced in the hot hadronic phase are a relevant source of thermal radia-
tion for mee < 0.8 GeV/c2. The model from R. Rapp [36] is an expanding fireball model, where the ther-
mal emission rate of dielectrons from the hadronic phase is calculated based on a hadronic many-body
theory with in-medium modified ρ , whereas a lattice-QCD inspired approach is used for the equation
of state in the QGP. The Parton-Hadron-String Dynamics (PHSD) model is a transport model [99] with
in-medium modified electromagnetic spectral functions of low-mass vector mesons. The predictions
were added to the hadronic cocktails to obtain the total expected yield of dielectrons. In the bottom and
middle right panels of Fig. 4, the ratio between the data and the different hadronic cocktails excluding
the ρ meson contribution are shown together with the ratio of the total expected dielectron yield to the
hadronic cocktails. The data-to-cocktail ratio integrated in the mee range 0.18 < mee < 0.5 GeV/c2 is
found to be R = 1.42± 0.12 (stat.)± 0.17 (syst.)± 0.12 (cocktail) for the Ncoll-scaled HF cocktail and
R = 1.44± 0.12 (stat.)± 0.17 (syst.)+0.17

−0.21 (cocktail) for the Rc,b→e±
AA -modified HF cocktail, where the

systematic uncertainty related to the cocktail is reported separately to those originating from the data.
Both are consistent with the predicted ratios using the model calculations for thermal contributions and
the hadronic cocktails. Both models can reproduce the data for 0 < mee < 0.5 GeV/c2, but tend to
overestimate them for 0.5 < mee < 0.7 GeV/c2. In the IMR, the QGP is the main source of predicted
thermal radiation. The expected thermal contribution to the total dielectron yield is small, i.e. around
15% integrated over this mass range, which is below the sensitivity of the data and much smaller than
the uncertainties of the heavy-flavor modified cocktail.

To better investigate the hint for an excess of e+e− pairs at low mee, the expected dielectron yield from
known hadronic sources is subtracted from the data to obtain a so-called excess spectrum. The excess
spectra computed with the two different cocktails (Rc,b→e±

AA -modified and Ncoll-scaled HF cocktails) are
shown in Fig. 5 for 0.14 < mee < 1.1 GeV/c2. Upper limits at 90% C.L. using the Feldman and Cousins
method [100] are reported for the values which are found to be statistically consistent with zero within
one standard deviation. In the mee range 0.18 < mee < 0.5 GeV/c2, where the significance of the excess
reaches 1.53σ and 1.79σ using the Rc,b→e±

AA -modified and Ncoll-scaled HF cocktails, respectively, the
result is not very sensitive to the different implementations of the heavy-flavor background. The excess
spectra are compared with the same models [36, 99] as above. The computed contributions from ρ

mesons produced thermally in the hot hadronic matter and thermal radiation from the QGP are shown
separately. In the case of the PHSD model (right panel of Fig. 5), the dielectron production in the QGP
is calculated by implementing the off-shell cross sections of qq → e+e−, qq → e+e−g and qg → qe+e−

(qg→ qe+e−) reactions from the dynamical quasiparticle model [101] into the PHSD transport approach.
The yield of thermal radiation from the hadronic phase (in-medium ρ) predicted by PHSD is smaller than
the one estimated by the model of R. Rapp (right panel of Fig. 5) [36]. Both calculations are nevertheless
compatible with the data within their statistical and systematic uncertainties.

5.2 Dielectron pT,ee spectra

The yield of e+e− pairs in the mee range where a hint for an excess is observed and the heavy-flavor
contribution is expected to be still relatively small (0.18 < mee < 0.34 GeV/c2) is shown as a function
of pT,ee in the left panel of Fig. 6. The data are compared with the two different cocktails discussed
in Sec. 4. In this mee range, η Dalitz decays (η → γe+e−) are expected to contribute significantly at
low pT,ee, whereas correlated open-beauty hadron decays play a role at high pT,ee. The data-to-cocktail
ratios, shown on the bottom and middle left panels of Fig. 6, are consistent with unity, while being
systematically above but still within 1.53σ (1.45σ ) in the pT,ee range 0.9< pT,ee < 2 GeV/c for the Ncoll-
(Rc,b→e±

AA )-modified HF cocktail. The ratios are compared with the expected inclusive dielectron yield-
to-cocktail ratio estimated with the two different calculations for thermal radiation from the partonic and
hadronic phase [36, 99] presented in Sec. 5.1. Both models predict thermal contributions relevant only
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Figure 5: Excess yield of dielectrons in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV with respect
to the expected e+e− contributions from known hadronic sources, including or not including medium effects for
the heavy-flavor contributions, and compared with predictions from the model of R. Rapp [36] (left) and from the
PHSD transport approach [99] (right).

at low pT,ee (pT,ee < 4 GeV/c) and are compatible with the data within uncertainties.

The IMR is dominated by correlated e+e− pairs from semileptonic decays of charm and beauty hadrons.
The pT,ee-differential yield of e+e− pairs measured in this mee region is shown in comparison with the
two different hadronic cocktails, as well as predictions for thermal radiation [36, 99] in the data-to-
cocktail ratios, in the right panel of Fig. 6. The contribution of e+e− pairs from cc is expected to be
the dominant dielectron source for pT,ee < 2 GeV/c, whereas most of the e+e− pairs originate from
bb for pT,ee > 4 GeV/c. The data are systematically below the Ncoll-scaled HF cocktail, particularly
at high pT,ee where the difference reaches 2σ in the last pT,ee interval (6 < pT,ee < 8 GeV/c). This
is in agreement with a heavy-flavor suppression, increasing with pT,ee, with respect to pp collisions at
the same center-of-mass energy per nucleon pair. The trend is reproduced by the Rc,b→e±

AA -modified HF
cocktail based on the measured single heavy-flavor decay electron RAA [88], although this cocktail has
large uncertainties. The contribution of thermal radiation from the QGP is predicted to be at most 15%
of the inclusive dielectrons for pT,ee < 2 GeV/c, as can be seen on the bottom and middle right panels
of Fig. 6. It is much smaller than the uncertainties of the heavy-flavor modified cocktail. Therefore a
different approach is mandatory to address the production of e+e− pairs in the partonic phase.

6 Topological separation of e+e− sources

Dielectron measurements in the IMR provide a handle to disentangle the contributions of hadronic and
QGP thermal radiation. However, dielectrons from correlated heavy-flavor hadron decays dominate
the e+e− pair production in this phase space and make the extraction of the thermal QGP signal very
challenging. The pair DCAee variable offers experimental means to disentangle displaced dielectrons
produced in the decays of heavy-flavor hadrons from a prompt thermal contribution.
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Figure 6: Upper panels: dielectron pT,ee-differential yields in two different mee ranges, 0.18 < mee < 0.34 GeV/c2

(left) and 1.2 < mee < 2.6 GeV/c2 (right), in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV, com-
pared with the expected e+e− contributions from known hadronic decays, including two different estimations for
dielectrons from correlated heavy-flavor hadron decays (see text). Bottom panels: ratios data to cocktails, exclud-
ing the contribution from vacuum ρ , together with two predictions for thermal radiation from the medium [36, 99].
The error bars and boxes represent the statistical and systematic uncertainties of the data, respectively, whereas the
bands show the uncertainties of the hadronic cocktails.

6.1 J/ψ invariant-mass region

The contributions from prompt and non-prompt J/ψ are well constrained by independent ALICE mea-
surements which combine the inclusive yield with the fraction of J/ψ originating from beauty hadron
decays [87]. These components are dominant for 2.6 < mee < 3.1 GeV/c2, making this mass range well
suited to test the understanding of the detector DCAee resolution. The measured DCAee-differential yield
in this mass range is compared with the different expected hadronic components, i.e. dielectrons from
prompt and non-prompt J/ψ decays, as well as from open heavy-flavor hadron decays in Fig. 7. The
Rc,b→e±

AA -modified heavy-flavor calculations are used to estimate the heavy-flavor yields, which are found
to be a subleading contribution at all DCAee. The data are described by the sum of the DCAee templates,
validating the description of the DCAee resolution in the simulations.

6.2 Intermediate-mass range and QGP thermal radiation

The DCAee-differential yield measured in the mass range 1.2 < mee < 2.6 GeV/c2 is shown in Fig. 8
together with the expected contributions of known hadronic decays, including or not including medium
effects for dielectrons from heavy-flavor hadron decays (Ncoll-scaled and Rc,b→e±

AA -modified HF cocktails,
respectively). The J/ψ contribution in this mass range originates principally from electrons affected by
bremsstrahlung in the detector material and reconstructed with a smaller pT compared to their true one,
shifting the measured dielectron invariant mass towards smaller values. The upper boundary of the mee
range (2.6 GeV/c2) was chosen such that the J/ψ contribution is one order of magnitude smaller than
the measured dielectron yield. On the contrary, the bb → ee contribution, with the large decay length
of open-beauty hadrons (cτB ≈ 470 µm), dominates the spectrum at high DCAee, while the cc → ee
component defines the spectrum at low DCAee values (cτD ≈ 150 µm). Overall, the data are below
the Ncoll-scaled HF cocktail, indicating a heavy-flavor suppression in Pb–Pb collisions compared to pp
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Figure 7: Upper panel: inclusive e+e− yield in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV as
a function of DCAee in the mass range 2.6 < mee < 3.1 GeV/c2, compared with a cocktail of expected sources,
including medium effects for the heavy-flavor contributions. Bottom panel: corresponding data to cocktail ratio.
Statistical and systematic uncertainties on the data are shown as vertical bars and boxes, respectively. The total
uncertainty of the cocktail is represented as a grey band.

collisions. A better agreement is observed with the Rc,b→e±
AA -modified HF cocktail. The data-to-cocktail

ratios are compared with the ratio of the total expected dielectron yield and the hadronic cocktail, using
predictions for thermal radiation from the two different models [36, 99] discussed in Sec. 5.1. For this
purpose, the DCAee template for prompt e+e− pairs is normalized to the expected thermal radiation yield
from the models. The contribution of thermal radiation is expected to be between 10 and 40% around
DCAee values of 1.5σ according to these calculations and the DCAee detector resolution. It is consistent
with the data using the Rc,b→e±

AA -modified HF cocktail to describe the heavy-flavor background.

The description of the data can be improved by fitting the DCAee templates of the different expected
contributions to the data as shown in Fig. 9 (left) and explained below. The J/ψ DCAee template(

f fixed
DCA(J/ψ → e+e−)

)
is given by the cocktail. The beauty contribution

(
f fixed
DCA(bb → e+e−)

)
is fixed to

reproduce the data at high pT,ee (pT,ee > 3 GeV/c). In this pT,ee region, the beauty contribution dominates
the spectra, while other components (charm, J/ψ , and thermal) are expected to contribute less than 26%
to the dielectron yield. This approach leads to a suppression by a factor 0.74±0.24 (stat.)±0.12 (syst.)
for beauty compared to Ncoll-scaling. Finally, the data points are fitted with a four-component function

fDCA = a× fDCA(prompt)+b× fDCA(cc → e+e−)+ f fixed
DCA(bb → e+e−)+ f fixed

DCA(J/ψ → e+e−), (8)

where a and b are the two fit parameters, whereas fDCA(prompt) and fDCA(cc → e+e−) are the thermal
and open charm contributions, whose yields are given by the model of R. Rapp [36] and the Ncoll-scaled
HF cocktail, respectively. The data are found to be consistent with a charm suppression by a factor 0.43±
0.4 (stat.)±0.22 (syst.) with respect to Ncoll-scaling and an additional prompt component that is a factor
3.17±3.81 (stat.)±0.35 (syst.) larger than the predictions from R. Rapp [36] and 1.15±1.38 (stat.)±
0.13 (syst.) times the expected yield from the PHSD model [99]. The χ2 of the DCAee fit is reported as
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Figure 8: Upper panel: inclusive e+e− yield in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV as a
function of DCAee in the mass range 1.2<mee < 2.6 GeV/c2, compared with the expected e+e− contributions from
known hadronic decays, including two different estimations for dielectrons from correlated heavy-flavor hadron
decays (see text). Bottom panels: ratios data to cocktail, together with two predictions for thermal radiation from
the medium [36, 99]. Statistical and systematic uncertainties on the data are shown as vertical bars and boxes,
respectively. The total uncertainty of the cocktails are represented as band.

a function of the ratio of the yield of e+e− pairs originating from a prompt source and from correlated
open-charm hadron decays to the total measured dielectron yield on the right-hand panel of Fig. 9. The
full line shows the systematic uncertainties originating from those of the data, determined by moving the
data points coherently upward and downward by their systematic uncertainties. The smallest source of
uncertainty is related to the systematic uncertainties of the DCAee templates, represented as a dashed line.
The fit procedure is repeated after changing the DCAee resolution in the simulations used to build the
templates, as well as after varying the semileptonic decay branching ratios and fragmentation functions
of the charm hadrons according to their uncertainties. The former source of systematic uncertainty
dominates the latter one. Finally, the statistical uncertainties of the fit, directly related to those of the
data, are displayed by an ellipse. They are by far the biggest uncertainty and limit the interpretation of
the results, since the data are consistent with no as well as a 65% prompt contribution in the measured
dielectron yield. The larger expected data sample of Pb–Pb collisions during the LHC Run 3 and 4
periods, up to a factor 100, will allow a significant reduction of the statistical uncertainties [102–106].
At the same time, the better single-track DCA resolution of the detector, by a factor 3 and 6 in the
transverse plane and in the direction of the beam axis, respectively, for Run 3 [107] and even more for
Run 4 [108], will further improve the separation of prompt and non-prompt dielectron sources [109].
According to the present pioneer analysis of DCAee, a significant extraction of QGP radiation in the
IMR should be then possible in Run 3 and 4 [110].
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Figure 9: Left panel: fit of the inclusive e+e− yield in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV
as a function of DCAee in the mass range 1.2 < mee < 2.6 GeV/c2. Right panel: corresponding χ2 as a function of
the two fit parameters, i.e. the ratio of the yield of e+e− pairs originating from a prompt source or from open-charm
hadron decays to the measured e+e− yield. See text for more details.

7 Direct-photon production

7.1 Inclusive to decay photon ratio

In the quasi-real virtual-photon region where the pT,ee of the dilepton pair is much larger than its mass
(p2

T,ee ≫ m2
ee), the fraction of virtual direct photons over inclusive photons can be extracted from the

measured dielectron yield. To this end, the mee spectra in different pT,ee intervals are fitted in the range
0.12 < mee < 0.34 GeV/c2 with a three-component function

f (mee) = r fdir(mee)+(1−r) fLF(mee)+ fHF(mee). (9)

In the above equation, fdir(mee) is the expected invariant-mass distribution of virtual direct photons,
described by the Kroll–Wada equation [111], and fLF(mee) and fHF(mee) are the mass distributions of
the light-flavor contributions without ρ and the heavy-flavor components of the hadronic cocktail, re-
spectively. The Rc,b→e±

AA -modified HF cocktail is used for this purpose. Both fLF(mee) and fdir(mee) are
independently normalized to the data in the mass range 0<mee < 0.03 GeV/c2, whereas fHF(mee) is nor-
malized accordingly to the hadronic cocktail. The only fit parameter r represents the fraction of virtual
direct photons at vanishing mass, directly related to the one of real direct photons:

r =
(

γ∗dir
γ∗inclusive

)
mee→0

=

(
γdir

γinclusive

)
. (10)

This approach has the advantage that the background of photons originating from hadronic decays, dom-
inated by π0 decays, can be suppressed by selecting e+e− pairs with sufficiently large mee (mee > mπ0).
However, the internal conversion probability is small (≈ 10−2) and the dielectron yield decreases rapidly
as a function of mee (∝ 1/mee). The fit of the measured mee-differential dielectron yield in the pT,ee range
1 < pT,ee < 2 GeV/c is shown in the left panel of Fig. 10, together with its individual contributions.

Systematic uncertainties arise from the data, the hadronic cocktail components and the choice of the
normalization and fit ranges. They are estimated in a similar way as in Refs. [53, 70, 112]. On the one
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Figure 10: Left panel: fit of the dielectron yield with the three-component function defined by Eq. 10 in the 10%
most central Pb–Pb collisions at

√
sNN = 5.02 TeV as a function of mee in the pT,ee range 1 < pT,ee < 2 GeV/c.

Right panel: ratio of direct to inclusive photon yields extracted from the dielectron spectra as a function of pT

in central Pb–Pb collisions at
√

sNN = 5.02 TeV. Statistical and systematic uncertainties on the data are shown
separately as vertical bars and boxes, respectively.

hand, the uncertainties from the data are evaluated by shifting all data points coherently to their upper
and lower systematic uncertainties and by repeating the fit procedure. On the other hand, the different
contributions of the cocktail are shifted separately according to their respective uncertainties. The limited
knowledge of the η/π0 ratio dominates the systematic uncertainties for the first pT,ee interval, whereas
the choice of the fit range becomes relevant with increasing pT,ee. The latter is estimated by varying
the lower bound of the fit, keeping the upper one fixed to assure the p2

T,ee ≫ m2
ee condition and avoid a

significant contribution from ρ hadron decays. The total systematic uncertainties on r are obtained by
summing in quadrature all individual contributions and are ranging from 77% to 60% from low to high
pT.

The ratio of direct to inclusive photons (r) measured in the 10% most central Pb–Pb collisions is shown
as a function of pT (= pT,ee) in the right panel of Fig. 10. The data differ from zero suggesting a source
of photons that is not originating from hadronic decays. The significance of a direct photon signal is
ranging from 1.07 to 1.2σ from the low to high pT interval for virtual photons.

7.2 Direct-photon pT spectrum

The pT-differential invariant yield of direct photons can be obtained from r and the inclusive photon yield

(
dNincl

γ

dpT
). The latter is determined for each pT interval from the yield of low mass e+e− pairs in the range

mee < 30 MeV/c2 ( dNdata
ee

dpT
) following the approach used by the PHENIX collaboration [41]. The relation

between real photon production and the associated e+e− production becomes process independent for
very low mee (within a few percent for mee < 30 MeV/c2). The ratio of the expected yield of real

photons from known hadronic decays (
dNcocktail

γ

dpT
) to the one of dielectrons from the same hadronic sources

for mee < 30 MeV/c2 ( dNcocktail
ee
dpT

) can be then used to estimate the inclusive real photon yield from the
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Figure 11: Direct-photon invariant yield in the 10% most central Pb–Pb collisions at
√

sNN = 5.02 TeV, compared
with the predictions from a state-of-the-art model [13]. The error bars and boxes represent the statistical and
systematic uncertainties of the data, respectively.

dielectron yield at low mee, i.e.

dNincl
γ

dpT
=

dNdata
ee

dpT
×

(
dNcocktail

γ

dpT

/
dNcocktail

ee

dpT

)
. (11)

Most of the uncertainties related to the parameterized pT spectra used as input for the cocktail calcu-
lations cancel in the cocktail ratio. The resulting direct-photon pT-differential spectrum in the 10%
most central Pb–Pb collisions at

√
sNN = 5.02 TeV is shown in Fig. 11. Within each pT bin, the mean

pT is calculated with an iterative procedure using an exponential function to interpolate the pT spec-
trum [113]. The data are compared to a hybrid model that describes all stages of the heavy-ion col-
lisions [13]. The calculations include the contribution from prompt photons computed with next-to-
leading-order perturbative QCD using INCNLO [114], nCTEQ15 parton distribution functions corrected
for nuclear matter effects [115], and BFG-II fragmentation functions [116]. The measured direct-photon
invariant yield is consistent with the prompt photon contribution alone, but the central values of the data
points are systematically higher. The model predicts additional contributions from the pre-equilibrium,
as well as fluid-dynamical, phases. The very early nuclear medium is described using the IP-Glasma
model [117, 118] with a time-evolution determined by Yang–Mills equations. It is followed by an out-of-
equilibrium phase where the energy-momentum tensor is evolved with non-equilibrium linear response
functions [119, 120]. This pre-hydrodynamical K∅MP∅ST [120] phase feeds into a fluid-dynamical
evolution, modelled with MUSIC [121]. The contribution of thermal photons is obtained by integrat-
ing photon emission rates over the entire space-time volume occupied by the fluid-dynamical phase.
Thermal photons are the largest source of direct photons at pT < 3 GeV/c, whereas the pre-equilibrium
contribution never dominates, but exceeds the thermal contribution for pT > 3.5 GeV/c. The predicted
invariant yield of all direct-photon contributions together can describe the measurement, although it tends
to overestimate the data by about 1σ .
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7.3 Charged-particle multiplicity dependence of direct-photon production

1 10 210 310
 = 0η

|η/dchNd

4−10

3−10

2−10

1−10

1

10di
re

ct
γ

 o
f 

y
/d

Nd

c < 5.0 GeV/
T

pALICE, 1.0 < 
 = 5020 GeVNNsPb, −Pb
 = 2760 GeV (PLB 754, 235)NNsPb, −Pb

c < 3.0 GeV/
T

pSTAR, 1.0 < 

 = 200 GeV (PLB 770, 451)NNsAu, −Au
c < 5.0 GeV/

T
pPHENIX, 1.0 < 
 = 200 GeV (arXiv:2203.17187)NNsAu, −Au

 = 200 GeV (PRC 91, 064904)spp, 
 = 200 GeVs, AAT ×pp fit 

FF: BFG2, nPDF: nCTEQ15-np
C.Gale et al., PRC 105, 014909

 = 5020 GeVNNsPb, −Pb

 = 2760 GeVNNsPb, −Pb

 = 200 GeVNNsAu, −Au

Figure 12: Integrated direct-photon yield in the pT range 1 < pT < 5 GeV/c (or 1 < pT < 3 GeV/c) in Pb–Pb
collisions at

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV [32], in Au–Au collisions at

√
sNN = 0.2 TeV as measured

by the PHENIX [19] and STAR [27] collaborations, and in pp collisions at
√

s = 0.2 TeV [18]. The data are
compared to predictions from a state-of-the-art model [13]. The error bars and boxes represent the statistical and
systematic uncertainties of the data along the y-axis, respectively. The horizontal width of the boxes shows the
total uncertainty of the measured dNch

dη
|η=0 [122].

The pT-integrated direct-photon yields are shown in Fig. 12 as a function of the measured charged-
particle multiplicity at midrapidity [122] for Pb–Pb collisions at

√
sNN = 5.02 (this analysis) and 2.76 TeV [32],

for Au–Au collisions at
√

sNN = 0.2 TeV [19, 27], as well as for pp collisions at
√

s = 0.2 TeV [18]. The
yields are integrated over the pT range 1 < pT < 5 GeV/c, except for the STAR data where the range is
1 < pT < 3 GeV/c. The systematic uncertainties are assumed fully correlated as a function of pT for the
results at

√
sNN = 5.02 TeV. The magenta band gives the integrated direct-photon yield in pp collisions at√

s = 0.2 TeV, scaled by the number of binary nucleon–nucleon collisions to the corresponding dNch
dη

|η=0
for Au–Au collisions at

√
sNN = 0.2 TeV. The data are compared with predictions from the same model as

the one used for the pT-differential invariant yield discussed above [13]. The calculations can reproduce
the measured direct-photon yields at the LHC and in central Au–Au collisions at RHIC, although they
tend to slightly overestimate the observed yield at the highest charged-particle multiplicity reported here.
At lower dNch

dη
|η=0 ( dNch

dη
|η=0 < 300), the predicted direct-photon yields are smaller than the measured

values by the PHENIX collaboration, with a difference increasing when moving to lower multiplicity.
However, the comparison between the calculations and the data reported by the STAR collaboration for
the same colliding system shows a better agreement. The discrepancy between the PHENIX and STAR
results remains unresolved to this day.

The PHENIX collaboration reported an approximate power-law dependence on dNch
dη

|η=0 of the direct-
photon yields at low pT, with a power α independent of centrality or collision energy and similar to what
would correspond to a scaling with the number of binary nucleon–nucleon collisions (α = 1.25±0.02)
shown with the magenta band in Fig. 12. However, the extracted value of α from the latest PHENIX
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Au–Au data presented here is smaller than 1.25, i.e. α = 1.11 ± 0.02 (stat.)+0.09
−0.08 (syst.) [19]. For

comparison, the calculations predict α values of 1.25, 1.32 and 1.34 for Au–Au collisions at
√

sNN =
0.2 TeV and for Pb–Pb collisions at

√
sNN = 2.76 and 5.02 TeV, respectively. The results at LHC energies

are not yet sensitive to the difference between the different predicted or measured α values.

8 Summary and outlook

The first measurement at the LHC of low-mass dielectrons (0 < mee < 3.5 GeV/c2) in the 10% most
central Pb–Pb collisions at

√
sNN = 5.02 TeV is presented. The e+e− pair production is measured with

the ALICE detector at midrapidity (|ηe| < 0.8) and compared with a cocktail of expected contribu-
tions from decays of known hadrons, excluding the ρ meson. The data to cocktail ratio for 0.18 <
mee < 0.5 GeV/c2 amounts to 1.42± 0.12 (stat.)± 0.17 (syst.)± 0.12 (cocktail) for a cocktail where
the background from open heavy-flavor hadron decays is taken from dielectron measurements in pp
collisions at the same center-of-mass energy per nucleon pair [90] and scaled with Ncoll, and 1.44±
0.12 (stat.)± 0.17 (syst.)+0.17

−0.21 (cocktail) for a cocktail including a modification of the heavy-flavor
background based on the measured single electrons from heavy-flavor hadron decays [88] and the EPS09
nPDF [89]. The latter approach suffers from large uncertainties. The excess spectra, obtained after sub-
tracting the hadronic cocktails, are consistent with predictions from two models that include thermal
radiation from the partonic and hadronic phases [36, 99], the latter being dominant in the mee range
considered (0.2 < mee < 0.7 GeV/c2). The uncertainties of the data do not allow the extraction of a
significant thermal signal. A different method, based on the pair transverse impact parameter of the
e+e− pairs, is used for the first time in Pb–Pb collisions to disentangle displaced dielectrons from heavy-
flavor hadron decays from a prompt thermal contribution. The data are found to be consistent with a
large suppression of e+e− pairs from cc, larger than for e+e− pairs from bb, and an additional prompt
component in the intermediate-mass range (1.2 < mee < 2.6 GeV/c2), where thermal radiation from the
QGP is predicted [36, 99]. The small systematic uncertainties of the results, limited by the statistical
precision of the data, show the potential of such an approach for future ALICE dielectron studies with
the upgraded LHC and ALICE detector, for which a significant increase of the pointing detector resolu-
tion, as well as of the size of the data sample, are expected [110]. In the quasi-real virtual-photon region
(mee < 0.34 GeV/c2 and 1 < pT,ee < 5 GeV/c), the fraction of direct photons over inclusive photons is
obtained from a fit of the mee spectra above the π0 mass. Combined with the inclusive real-photon yield
estimated from the inclusive dielectron yield at very low mee, the first direct-photon measurement in the
10% most central Pb–Pb collisions at

√
sNN = 5.02 TeV is reported. A model [13] including prompt

photons, as well as photons from the pre-equilibrium and fluid-dynamical (thermal photons) phases can
reproduce the results, while being at the upper edge of the data uncertainties.
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