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Quantum chromodynamics (QCD) supports the existence of a novel state of strongly interacting
matter with temperatures above k7T = 50 MeV and densities several times higher than those in nuclei.
Such matter can be created in the laboratory as a transient state by colliding heavy ions at relativistic
energies. The thermal electromagnetic radiation emitted from the dense stage of these collisions
has been used to probe microscopic properties of the produced medium. The spectral distribution
of virtual photons — manifesting themselves as di-electron pairs — shows a nearly exponential shape
which indeed points to an emitting source of temperature in excess of 70 MeV /k and to a strong
modification of the properties of its constituents. Regarding bulk properties, this medium is similar
to the dense matter formed in the final state of a neutron star merger, as apparent from its recent
multi-messenger observation.



The motivation to study the properties of transient
states of QCD matter (that is strong-interaction matter
consisting of hadrons, or quarks and gluons) under
extreme conditions of temperature and density has
many facets. For instance, the states of QCD matter
that filled the universe around 10pus after its birth,
when quarks and gluons were bound into nucleons, also
make up the interior of compact star remnants after
core collapse, the neutron stars. The formation of such
cosmic matter in heavy-ion collisions provides access to
studies of the microscopic structure of QCD matter at
the femtoscale.

The different phases in which QCD matter may ex-
ist depend, as for any other known substance, on state
variables like temperature, pressure or chemical poten-
tials. The phase diagram of QCD matter, indicating
the conjectured phase boundaries in a graph correlat-
ing temperature and baryochemical potential (ug), is
shown in Fig. 1. The situation for symmetric matter
(up = 0), were matter is balanced by antimatter, has
recently been elaborated in [1]. It is characterized by a
crossover between ordinary hadronic matter and a new
phase of strongly interacting matter — the quark gluon
plasma (QGP). By evaluating QCD with high precision
on a lattice it has been found that the crossover occurs
at temperatures around 155 MeV/k [2, 3], indicated in
Fig. 1 by a yellow band. The crossover is quantified by
the expectation value of a quantity called scalar quark-
antiquark or chiral condensate ((gq)), the order param-
eter of dynamically broken chiral symmetry, as shown
in the figure by blue lines normalized to the expectation
value in vacuum. This phenomenon is of fundamental
interest since it furnishes a description of chiral symme-
try restoration, a symmetry conserving handedness in the
strong interaction in the limit of massless quarks. The
chiral symmetry is spontaneously broken in vacuum, and,
together with the occurrence of a trace anomaly in QCD,
responsible for the dynamical generation of mass of all
light hadrons and the occurrence of mesons with signif-
icantly lower masses representing the Nambu-Goldstone
bosons [4].

The conditions for deconfinement in baryon dominated
matter (i.e. up > 0) are not (yet) accessible by first-
principle QCD calculations and are hence not well known.
It is currently believed that collisions of heavy ions at
energies of a few GeV per nucleon do not produce mat-
ter under conditions which suffice to free the constituent
quarks. Yet, a (partial) restoration of the chiral symme-
try is predicted for baryon-rich matter already at mod-
erate temperatures (T' < 100 MeV/k) as the chiral con-
densate is substantially reduced in the fraction of volume
occupied by baryons. Hence, a significant modification
of the dispersive properties of hadronic states in such a
medium is expected.

The experimental approach to explore the QCD matter
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FIG. 1: The conjectured QCD phase diagram of
strongly interacting matter. The black symbols are the
experimentally deduced chemical freeze-out points describing
the final state hadron abundances in a statistical hadroniza-
tion model [1].The expectation value of the chiral condensate
relative to the vacuum as constrained by lattice QCD [2] is
depicted as blue contours. The yellow band is the crossover
line [3]. The dashed magenta curve shows the conjectured
first order phase transition which terminates in a second order
QCD critical point, open magenta circle. The red triangle rep-
resents the location deduced from the dimuon invariant-mass
spectrum measured by the NA60 collaboration [6], while the
red inverse triangle is the result of the HADES collaboration,
reported here. The black dashed curves indicate the corre-
sponding predicted time evolution of the fireball parameters
[7-9]. The solid green curve marks the first order liquid — gas
phase transition of nuclear matter [5].

phase diagram is to probe different regions with heavy-
ion collisions by varying the collision energy and geom-
etry. As an example, so-called freeze-out conditions (T,
up), extracted from statistical model fits to the final
hadron abundances, have been measured from LHC down
to SIS18 energies, as depicted in Fig. 1 (black symbols).
They locate the position in the phase diagram were the
matter formed in a collision is sufficiently dilute to release
its constituent hadrons, which then stream freely to the
detectors. These points line up along a narrow band that
spans throughout the phase diagram and terminates at
vanishing baryochemical potential in the limiting tem-
perature characteristic of the crossover from hadrons to
deconfined matter. However, many observational chal-
lenges remain like the search for the onset of QGP at
high pp, the location of the QCD critical point, or the
study of microscopic properties of matter.

Among all observables dileptons have the distinctive
feature of being emitted throughout the whole evolu-
tion of the collision zone thus probing the hot and dense
phases in a way that no other known observable in heavy-
ion collisions can do. They emerge from intermediary
virtual photons, immediately decouple from the strong



interaction, and carry additional spectroscopic informa-
tion encoded in the invariant mass of the virtual photon.
The two locations indicated by red triangles in Fig. 1,
which were obtained from the spectral distribution of vir-
tual photons, clearly demonstrate the penetrating nature
of this radiation. Therefore, dileptons are ideal messen-
gers to probe possible modifications of hadron proper-
ties or their disappearance in the medium and thus pro-
vide valuable information about the microscopic proper-
ties of QCD matter under extreme conditions. In this
contribution we report the first observation of dilepton
emission from QCD matter at high net-baryon density,
which resembles in its properties the matter expected to
be formed in binary neutron star mergers.

Thermal dilepton radiation

Dileptons (eTe™, or u*tpu~) emerge from intermediary
virtual photons which directly couple to the electromag-
netic current of hadrons. It has been argued that the
spectral distribution of dileptons emitted during the early
stage of a heavy-ion reaction at ultra-relativistic colli-
sion energies should reveal the thermal properties of the
medium due to their production in frequent annihilations
of quarks and antiquarks [10]. The eight-fold differen-
tial emission probability of dileptons from a thermalized
source (emissivity) per unit volume and time d*z, and
in a four-momentum interval dq, is derived from the
thermal expectation value of the electromagnetic current-
current-correlation function ey, (M, q; T, up):

dpP
d*qd*z

2
(0%
= —7T3 M2 fBE(QOaT) ImHem(quvTa /.Lb) .
(1)

Here, M = M., is the invariant mass of the lepton pair
with four-momentum ¢ = (qo,q), f%¥(qo,T) the ther-
mal Bose-Einstein distribution function characterizing
the thermalized medium and « the fine structure con-
stant. The microscopic properties of the medium are
encoded in the imaginary part of the correlator which
in turn depends on the baryochemical potential up and
temperature T. The dilepton yield observed in an ex-
periment is then given by the space-time integral over
the full evolution of the radiating fireball. The strong
temperature dependence of the emissivity, nevertheless,
favors emission out of the hot and dense stage of the col-
lision. Hence, the yield of radiated thermal dileptons is
directly related to the volume and lifetime of the system.

The correlator is well known in the vacuum and observ-
able through the time-reversed process, i.e. the annihila-
tion of ete™ into hadronic final states. Its structure sug-
gests a decomposition into a non-perturbative low-mass
regime saturated by hadronic resonances with the short-
lived p meson playing the dominant role (in accordance
with Vector Meson Dominance [11]) and a high-mass
regime, where perturbative (partonic) processes start to
dominate. By selecting different regions in invariant mass
the sensitivity of the experiment can be adjusted to the

hadronic or partonic stage of the fireball evolution.

To evaluate the emissivity of QGP, Il,,, one has to in-
clude any Feynman-graph where N partons annihilate
to a single virtual photon [12]. In case the emitting
source has hadronic constituents, the dominant channel
producing dileptons is the annihilation of two oppositely
charged pions [13] and the imaginary part of the electro-
magnetic current-current correlator can be represented
by the propagator (self-energy) of the p meson [14].

The direct link between the spectral properties of the
p meson and dilepton emission qualifies dilepton spec-
troscopy as ideal tool to probe the in-medium properties
of hadrons. According to Eq. 1, modifications of the in-
medium p spectral function should be imprinted in the
spectral distribution of the dileptons at invariant masses
around the vector meson’s pole mass. It has been found
in [14] that p mesons undergo significant broadening in
a hadronic medium giving rise to abundant emission of
dileptons in the mass region even below the light vector
meson pole mass [15]. The reason for this broadening are
contributions to the p meson self-energy arising from the
dressing of the pion loop and — most importantly — from
its direct coupling to baryons.

The strong modification of the p might be a signal
for the onset of chiral symmetry restoration. The (par-
tial) restoration of the dynamically broken chiral sym-
metry can be demonstrated by calculating the QCD par-
tition function at high temperatures on a lattice for a
matter-antimatter symmetric (up = 0) medium [16].
The restoration is governed by the melting of the chi-
ral condensate (gg). This finding is consistent with the
conclusion of the Weinberg sum-rules, which state that
the spectral properties of the vector meson p and its par-
ity partner the axial-vector a; should become degenerate
in case of a vanishing (gq) expectation value. Such a
trend has been demonstrated in [17] based on QCD and
Weinberg sum rules and is also supported by a calcu-
lation in the Functional Renormalization Group frame-
work [18]. In both cases the degeneracy is realized via
strong broadening of the chiral partners. This is a fun-
damental property derived from current algebra and is
therefore expected to hold true also in case of baryonic
matter, characterized by a dominance of matter over an-
timatter (up > 0), not directly accessible by lattice QCD
calculations.

According to Eq. 1, in case of weighted correlator
(ImI,,,/M?) is approximately constant, the dilepton
emission rates are determined mostly by the thermal dis-
tribution function and ideally suit to extract the temper-
ature of the emitting medium (thermometer) [6, 19]. The
fact that invariant mass is a Lorentz-invariant quantity
removes any bias from this measurement due to Doppler
effects caused by the rapid expansion of the fireball.

Due to the penetrating nature of dileptons, their yield
in the low-mass (0.2 < M,./GeV/c* < 0.7) region de-
pends on both the volume V and the lifetime 7 of the



fireball. Since the volume is accessible through hadronic
observables as well, dileptons are in particular sensitive
to the lifetime of the fireball (clock). This sensitivity has
been been demonstrated by model calculations [19-21].
The spectral distribution of the dileptons in the region
around the low-mass vector mesons depends on the in-
medium spectral function of the p and hence opens a
window to the observation of chiral symmetry restora-
tion (spectrometer).

In the following we will show, that the acceptance-
corrected excess dilepton yield, from the heavy col-
lision system Au+Au at a center-of-mass energy of
VSNN = 2.42 GeV, is in accordance with emission out
of thermalized hadronic matter and with the assumption
of a strong modification of hadronic states in a hot and
dense medium.

Previous experiments
Significant excess radiation of dileptons in high-energy
nuclear collisions, beyond contributions from final-
state hadron decays, has previously been observed in
SPS/CERN [22-24] and RHIC/BNL [25-27] experi-
ments. With the high-precision p*p~ data taken by
the NAGO collaboration in In+In collisions [24] it could
be shown that thermal medium radiation, with invariant
masses below 1 GeV/c?, can be understood as radia-
tion originating from strongly modified p-meson states
formed and propagating in a hot hadronic environment.
Such a strong modification had been conjectured before
and explained as being due to the coupling of the p me-
son to baryons [14, 28-30]. The good statistics of the
NAGO data, even for invariant masses beyond the low-
mass vector meson pole region (M. > 1.2 GeV/c?),
enabled to extract an average source temperature of
kT = 205 + 12 MeV [6], pointing to a mostly partonic
medium as source of the radiation (see Fig. 1).
Low-mass dilepton emission at beam energies around
1A GeV in elementary and in light heavy-ion collisions
systems has so far been studied by the DLS [31, 32] and
HADES [33-37] experiments. The common striking fea-
ture observed at these energies is an enhanced yield of
ete™ pairs above the contribution from 7 Dalitz decays
and a strong isospin dependence in both 7 production and
nucleon-nucleon (NN) bremsstrahlung [33, 34]. Emission
of eTe™ from the internal charged pion exchange line
— contributing only in n+p collisions — has been pro-
posed to be responsable for the isospin effect [33]. In the
following, we will call these contributions “conventional
sources”. First indications for radiation beyond the con-
ventional sources described above were found for the 48%
most central Ar+KCl collisions with a mean number of
participating nucleons (Apar) = 38.5 [37].

The HADES experiment

The experiment was performed with the High Acceptance
DiElectron Spectrometer (HADES) at GSI, Darmstadt,
using a beam of accelerated gold ions impinging on a
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FIG. 2: Reconstructed e*e™ mass distribution from
Au+Au collisions and expected contributions from
mesonic decays. Signal-pair invariant mass distributions
obtained from two different analysis strategies explained in
the Method Section: back tracking (black squares) and ring-
finder (red circles). The data is efficiency-corrected and nor-
malized to the number of produced neutral pions. Statistical
(s.d.) and systematic errors of the measurements are shown
as vertical bars and boxes, respectively. The systematic er-
rors include uncertainties from subtraction of the combinato-
rial background, efficiency corrections, normalization to the
number of 7°, and uncertainties of the cocktail components.
Curves represent the 7%, 1 and w Dalitz components, as well
as w and ¢ direct decays after decoupling from the fireball.
Blue open squares show the NN reference spectrum. The sum
of both are the conventional sources contributing to the total
signal yield.

stack of gold target foils. A photograph and a cross-
sectional view of the set-up are exhibited in supplemen-
tary Figs. 1 and 2, respectively. A description of the
relevant components (MDC, RICH, ToF and RPC ect.)
can be found in the Methods Section.

Using the measured momenta of electrons and
positrons forming correlated ete™ pairs, various pair ob-
servables like invariant mass, rapidity and transverse mo-
mentum were constructed and investigated. In order to
obtain the signal pair yield, the contribution of uncor-
related pairs was first subtracted from the spectra of all
ete™ reconstructed pairs. This so-called combinatorial
background was obtained by combining an event-mixing
technique with an analysis of like-sign pairs, the latter
needed for normalization and also to account for resid-
ual correlations in the background yield. The pair spec-
tra were furthermore corrected for detector inefficiencies.
Details of the analysis procedures are explained in the
Methods Section.
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FIG. 3: Acceptance corrected dilepton excess yield
(black squares) extracted by subtracting 7, w contributions
as well as the NN reference normalized to the number of
neutral pions. Dashed curves: p ("free” spectral function)
contribution from HSD [38] (green) and from SMASH [40]
(dark blue) transport model calculations normalized to the
respective number of neutral pions. Meaning of the errors
as in Fig. 2. Only statistical errors (s.d.) are shown. Solid
green curve: incoherent sum of A — NeTe™, NN- and 7N-
bremsstrahlung and p (collisional broadening scenario) con-
tributions from HSD (multiple A regeneration is assumed in
the model). The dark blue [40], blue [41] and pink [42] curves
show the results of three versions of coarse-grained calcula-
tions using different concepts for obtaining the local thermal
parameters.

The resulting invariant-mass distribution of signal di-
electrons, derived for the 40% most central Au+Au colli-
sions, are shown in Fig. 2. The signal yield is normalized
to the average number of produced charged pions to re-
move a trivial system-size dependence of the signal-pair
yield. The pion multiplicities are found to scale linearly
with (Apart), the mean number of nucleons participating
in the formation of the nuclear fireball, for a given colli-
sion energy per nucleon. At low invariant masses a clear
indication of contribution from three-body 7° Dalitz de-
cays is visible. Above M., =~ 0.15 GeV/c?, the spec-
trum drops nearly exponentially over almost four orders
of magnitude until it runs out of statistics in the vector
meson mass region around 1 GeV/c2. Also shown are
the expected yields attributed to mesons (7%, n,w, p°, ¢)
decaying after they have decoupled from the fireball. Al-
though dileptons radiated from this stage are not con-
sidered part of the thermal emission from the fireball,
they still contribute to the total reconstructed signal pair
yield. Likewise, contributions from baryonic sources (NN
bremsstrahlung, A Dalitz decay) emitted before the fire-

8} n comp‘. subtractea * {
= Au+Au ]
(T *___*__*__1__¥__+ ________ g
o 4 + * } f
I S e
T T T R
% 01 02 03 04 05

FIG. 4: Systematics of the eTe™ pair yield in A+A col-
lisions attributed to excess radiation. The ratios (Rax)
depicted as symbols show the invariant-mass yield for various
collision systems A+A [35, 36], per mean number of partici-
pating nucleons (Apart) of the respective heavy-ion centrality
class, and normalized to the reference yield NN obtained from
elementary NN collisions. Horizontal lines mark the corre-
sponding average excess factors (see [37] for details).

ball has formed, which contribute significantly at SIS18
energies [37], are also accounted for. This yield is approx-
imated by the NN reference spectrum (open dark-blue
squares) derived from measured p+p and n+p data [33]
as

dNNN d./NPP dN©™P
d]w'ird — <054 M + 0.46 d.ZW) <Apart> ) (2)

with pre-factors reflecting the isospin composition of the
Au+Au collision system. Note that the 1 contributions
has already been removed from the N+N reference since
this contribution is taken care of by the mesonic cock-
tail, i.e. conventional sources. While the Au+Au signal-
pair yield and NN reference agree in the m°-Dalitz re-
gion (M., < 0.15 GeV/c?) as expected, they differ strik-
ingly for masses M., > 0.15 GeV/c?. In this region, the
yield from Au+Au collisions exceeds the NN reference
and mesonic cocktail substantially, clearly indicating the
presence of excess radiation originating from the dense
hadronic medium.

Excess radiation

To isolate this excess radiation we first subtract the
contributions from conventional sources (cf. Eq. (2) and
Fig. 2). We further apply a mass dependent acceptance
correction factor in analogy to the efficiency correction
explained in the Methods Section, but this time relating
simulated pairs in the acceptance to all simulated pairs.
The resulting dilepton excess radiation is presented in
Fig. 3 and exhibits a near-exponential fall-off. A fit of
AN/dM,. o (M)%/? x exp(—M../T) (black-body spec-
tral distribution) to the data gives a satisfactory overall
description of the distribution and yields an inverse slope
parameter of kT = 71.8 £ 2.1 MeV (x?/ndf = 13.2/17).
This fit is justified, because to a good approximation
(Im I,,,/M?) is constant and the spectrum dominated



by the thermal Bose-Einstein distribution function (c.f.
Eq. (1)). The integrated excess yield in the invariant-
mass window 0.3 < M,./GeV/c? < 0.7 is found to be
Nir o« = (1.07 £0.065t2 £ 0.25¥5) x 10~* for the 40%
most central events. For the Au+Au collisions class pre-
sented in Fig. 2 with (Apare) = 193.3, the excess out-
shines the conventional sources by an average factor of
5.7 £ 0.3%*3t, This excess reaches a factor of ~ 12 if the
10% most central events are selected, reflecting the num-
ber of virtual p generations during the fireball evolution.
This clearly signals a qualitative change in the nature of
radiating sources, immanent to heavier collision systems.

The dynamics of heavy-ion collisions at bombarding
energies of a few GeV per nucleon have successfully
been addressed by microscopic transport models [38-
40]. However, for the description of dilepton emission,
these calculations usually do not treat modifications of
the p meson explicitly on the level of in-medium spec-
tral functions. As can indeed be seen in Fig. 3, trans-
port calculations assuming a “free” p spectral function
(HSD, SMASH) [38, 40] feature a clear bump around
M., = 0.7 GeV/c? which is obviously not observed in the
experimental data. Note also that the vacuum spectral
function used in HSD differs from the one in SMASH due
to a different implementation of the p production mech-
anism. The agreement between transport model calcu-
lations and data can, however, be improved assuming a
strong collisional broadening of the p spectral function
as demonstrated in case of the Hadron String Dynamics
transport model (HSD). Furthermore, in HSD, most of
the yield at the lower invariant masses is saturated by
the contribution from an incoherent summation over A,
7N- and NN bremsstrahlung processes.

On the other hand, the excess radiation can be sat-
isfactorily described assuming thermal emission rates
folded with a space-time evolution of the fireball de-
rived from coarse-grained microscopic transport calcu-
lations (UrQMD, SMASH) [40-42] (c.f. section about
thermal radiation). The structureless excess yield in-
dicates a strong medium modification of the p meson
likely induced by the high baryon density in the envi-
ronment. This is a remarkable observation as model cal-
culation, based on the same in-medium spectral func-
tion, precisely reproduce the excess radiation measured
at much higher collision energies. Despite of earlier con-
cerns [43] about the applicability of this approach at low
beam energies, the calculation agrees well with data in
the region M., > 0.3 GeV/c? but systematically over-
shoots the measurement for small invariant masses, an
observation which needs to be further investigated.

Further evidence for the existence of thermal radiation
is obtained from studying the system size dependence
of the dilepton radiation. In Fig. 4 we present yields of
signal-pairs obtained in A+A collisions divided by the re-
spective expectation from conventional sources for three

different collision systems according to

1 dNAA (dNNN)l )

R =
AT AAA N AM,, \ dM..

part

The excess is observable once the invariant mass exceeds
the 70 Dalitz region. While for C+C collision system, the
ratio is still consistent with unity within systematic un-
certainties, the radiation is enhanced by an average factor
of three in case of Ar+KCI collisions. The strongest ex-
cess is observed for Au+Au collisions. A comparison of
coarse-grained transport model calculations with data in
the moderately heavy Ar+KCI collision system, (Apare)
= 38.5, also demonstrates the limitations of using vac-
uum properties for the hadrons: agreement with data
is indeed achieved only with explicit in-medium spectral
functions [40, 42, 44].

These results demonstrate that although at the beam
energies considered here only about 10% of the charged
particles in the final state are mesons (chiefly pions),
we nevertheless observe a strong excess of the dileptons.
This yield is way beyond what is expected from known
sources and its spectral distribution is well described by
assuming decays of in-medium p mesons. The data sup-
ports the assumption of a strong broadening which can
be connected to partial restoration of the dynamically
broken chiral symmetry.

Prospects
The recently observed gravitational wave signals of a
binary neutron star merger event opened a new era
in multi-messenger astronomy and possibly also a new
avenue to connect stellar structures to the properties
of the elementary building blocks of matter. Sophisti-
cated model calculations show that post-merger neutron
star configurations can develop a heated shell around
the dense remnant core. In particular, they suggest
that temperatures of 50 — 80 MeV and densities of
around two times nuclear ground state densities might
be reached [45, 46]. To recall, the average temperature
of the radiating fireball formed in Au+Au collision at
snv= 2.42 GeV was found to be 71.8 + 2.1 MeV,
with densities of up to three times normal nuclear mat-
ter density reached in the central region of the fireball.
In Fig. 5 (bottom row) shows results from a simulation
based on microscopic transport theory of the reaction in-
vestigated in this paper. The panels show snapshots of
the density evolution in the equatorial plane for charac-
teristic stages of the reaction. They are conjoined with
respective snapshots obtained from a simulation of a bi-
nary neutron star merger (top row). While the space and
time scales differ by typically twenty orders of magnitude,
yet the matter properties in each system show striking
similarities w.r.t. density and temperature. The rela-
tion pressure — energy density — temperature — density,
condensed in the equation-of-state, is of paramount im-
portance for modeling merger/collision events. However,
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FIG. 5: Simulations of nuclear matter in collisions yielding extreme conditions of densities (see color code
bars) and temperatures: Two merging neutron stars (top row) and two colliding gold nuclei (bottom row). While the same
densities and temperatures are achieved, the displayed space and time scales are vastly different: kilometer for the neutron
star merger simulation and femtometer in case of the heavy-ion collision. Likewise, the collision events differ in duration by 20
orders of magnitude. Top row: Simulation of a binary neutron star encounter of two neutron stars of equal masses with 1.35 M,
each finally merging into a single compact object [46] (size of about 10 km in diameter, densities of up to 5 times saturation
density and temperatures reaching as high as 20 MeV). The matter is heated in the overlap zone and a super heated region
surrounding the dense core is created about 20 ms after first contact with densities of about 2 times saturation density and
temperatures of up to 75 MeV. The two neutron stars revolve (clockwise) around a common center-of-mass. The green triangle
marks the maximum value of the temperature while the magenta diamond indicates the maximum of the density. Bottom
row: Time evolution of the energy density achieved in a non-central collision of two gold nuclei at an energy of 2.42 GeV per
colliding nucleon pair. The z-axis corresponds to the beam axis of the Au+Au collision. Densities reach up to 3 times normal
matter density and temperatures of up to 80 MeV. The simulation is based on [9]. Arrows depict local fluid flow velocities.

not much is known about the equation-of-state of such
forms of matter. Among further quantities of high rele-
vance are viscosities and conductivities, which are linked
to real and virtual photon emissivities through a common
theoretical basis. Therefore, the observation of thermal
(virtual) photon emission off dense baryon matter in rel-
ativistic heavy-ion collisions serves as a benchmark for
accessing other bulk properties.

To advance our understanding of the emissivity of
strong-interaction matter under extreme conditions of
temperature and density it is important to extend such
measurements to different collision energies. HADES will
continue the investigations with measurements by em-
ploying the upgraded installation of the detector provid-
ing substantially increased statistics then enabling access
to the continuum radiation around M., > 1 GeV/c? al-
ready at SIS energies. Experiments at RHIC and the
LHC with improved setups will scrutinize the condi-
tions of matter at small baryon chemical potential. Fu-

ture dilepton measurements at FAIR, SPS, NICA and
J-PARC-HI facilities will operate at interaction rates a
factor 100 higher than present facilities. They will enable
multi-differential analyses with precision on the percent
level and thus help to scrutinize our knowledge of the chi-
ral symmetry restoration in hot and dense matter and the
QCD phase structure at high baryon chemical potential.
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Methods
The HADES apparatus

As shown in the supplementary Figs. S1 and S2, the
HADES detector [50] features a six-coil super-conducting
toroidal magnet providing very good acceptance for
charged particles emitted from the collision zone mostly
at polar angles between 18° and 85°. Each sector of
the resulting hexagonal detector volume is equipped with
four planes of Mini-Drift Chambers (MDC), two in front
of and two behind the magnetic field region. The tracking
section is followed by a time-of-flight (TOF) system, com-
posed of plastic scintillator strips covering angles above
45° and a resistive plate detector (RPC), followed by an
electromagnetic pre-shower detector (Shower), covering
the region below.

The field-free region surrounding the target holds
a Ring-Imaging Cherenkov (RICH) detector designed
to selectively detect electrons and positrons by their
Cherenkov emission (yellow lines).  Ultra-thin and
radiation-hard segmented diamond detectors are in-
stalled in the beam line up-stream of the target to provide
precise time-zero information and to synchronize the re-
action trigger. The setup is complemented with a large-
area scintillator hodoscope, placed 7 m down-stream,
which is used to provide additional event characteriza-
tion, like centrality and reaction plane of each registered
collision.

Event selection

Au+Au collisions investigated in this analysis were
recorded by requiring a trigger of at least 20 hits in the
TOF detector system. This condition selects the class of
the 40% most central Au+Au collisions, corresponding
to reaction impact parameters b < 9.3 fm. The central-
ity classes are extracted from a detailed comparison of
the observed charged-particle multiplicity distribution in
HADES with both a Glauber Monte Carlo model and
microscopic transport model calculations of the collision
system [51]. The event sample used in the dilepton anal-
ysis amounts in total to 2.6 x 109 Au-+Au collisions.
Electron and positron track candidates were searched for
and isolated by first matching (in space and time) high-
quality particle tracks reconstructed in the MDC planes
with a corresponding unique hit in the time-of-flight de-
tectors. Next, e~ and et were identified by requiring a
matching ring pattern in the hadron-blind RICH detec-
tor. Finally all possible pair combinations were formed,
opposite-sign and like-sign, and the corresponding lepton
pair 4-momenta were calculated.

Reconstruction of pure electron/positron samples
To further improve the purity of e* and e~ candidates,
alternative approaches were adopted, each of them trad-
ing efficiency vs. purity in different ways. In the stan-
dard approach, a series of independent conditions on the
correlation of the particle velocity and momentum, the
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magnitude of the Shower signal and a refined declination
of the RICH ring was required, as described in [37, 50].
The second approach (ring-finder) combined these ob-
servables and further parameters defining the ring qual-
ity into an input vector of an artificial neural network
(implemented in the Root toolkit for multivariate data
analysis [52]). Signal and background samples were de-
fined either by selecting high-purity samples from data or
based entirely on full Monte Carlo simulations employing
dedicated digitizers to model the true detector response.
A third procedure also used a neural network but did not
require an identified ring in the RICH detector. Rather,
the region of interest on the RICH photo detector plane
was searched for signatures of a ring (back tracking). The
intersection of the track with the mirror was determined
and the location of the expected ring center on the photo
detector plane was then calculated making use of the op-
tical properties of the RICH. The latter procedure has in
particular advantages in case of touching or overlapping
rings, typical for pairs with opening angles ae. < 4°. In
the final step of data processing, all identified e~ and et
candidates of a given event were combined to “neutral”
(unlike-sign) pairs. Most of these pairs, however, repre-
sent random combinations (i.e. they do not stem from the
same virtual photon) and form the combinatorial back-
ground (CB).

Extraction of the pair signal

The dilepton spectrum was finally extracted by sub-
tracting from the differential unlike-sign pair yield
(N*7) the distribution of the CB. To estimate the
CB we employed the same-event like-sign method as
NCB = 25 (Nt x N77)%% where the factor x
accounts for a charge asymmetry of the spectrometer
acceptance and reconstruction. The k factor was
computed with the help of the event-mixing method

using the relation x = N}/ (Nt x N)"". The
event-mixed distributions generated from data and
Monte Carlo simulation coincide, which benchmarks the
correctness of efficiency modeling in the HADES Monte
Carlo. For invariant masses M., > 0.3 GeV/c?, where
the statistics of the like-sign same-event background
is limited, the mixed-event unlike-sign yield, scaled
to the integral of the like-sign yield, was used. For
invariant masses below 0.3 GeV/c?, the same-event
method was taken to properly account for correlated
background. The finally obtained invariant mass distri-
butions for all pairs (N*T7) and background pairs (CB)
are shown in the supplementary Fig. S3 for the back
tracking analysis procedure. The raw signal emerges
after subtracting N“B from the Nt—. Also depicted
is the signal-to-background ratio (S/B), which reaches
a minimum of 10% around M., ~ 0.25 GeV/c?. The
signal spectrum contains 190,000 and 20,000 e*e™ in the
mass region below and above 0.15 GeV/c?, respectively.



Correction for detector inefficiency

The signal distribution was further corrected for ineffi-
ciencies due to the detector response and inactive regions
within the acceptance of the spectrometer (coil region,
fiducial areas). For that, individually simulated e~ and
e’ tracks were generated in the acceptance and embed-
ded into real events on an event-by-event basis. They
were then reconstructed using the full analysis and recon-
struction chain. For each three-dimensional phase space
bin d3pias o< dpdfde the ratio of the number of recon-
structed leptons over those accepted within the HADES
geometry was derived (single-lepton efficiency matrix).
The pair invariant-mass signal was then corrected based
on the single-lepton efficiency €* (p,6, ) by deriving a
correction vector as Nf°' (M) = N;(M)/¢é; with

ST e d (M = M,,) dM

n nn )

& =e(M;) =M

Jap RS 8(M — My) dM

where the sum is running over several sets (n) of simu-
lated eTe™ using various cocktail generators realized in
the Pluto simulation package [56], ¢ = €t (py, 0, dn),
M, is the invariant mass of the simulated pair, and M;
and A; = M; 1 — M; are the position and width of the
ith mass bin, respectively. The used source cocktail con-
tained 7%, n and w-Dalitz decays, as well as a thermal
p contribution. The systematic uncertainty in the effi-
ciency determination due to our particular choice of cock-
tail was evaluated by alternatively taking dileptons from
the microscopic transport code HSD. Differences in pair
efficiency were found to be below 7% and smooth as func-
tion of invariant mass (c.f. the discussion of systematic
errors below).

Hadron decay cocktail

The different meson multiplicities were determined as fol-
lows: (i) for the 7° the charged pion multiplicities were
used, i.e. Nyo = 2(Ny- + Np+) = 8.65 £ 0.39%" +
0.35°%tTaP_ (ii) the 5 multiplicity was obtained by an anal-
ysis of the same data set using the photon conversion
method as N, = 0.11 £ 0.01%5" & 0.03%5" £ 0.01%tr2P;
this value is consistent with the interpolated TAPS mea-
surement [57], (iii) the ¢ multiplicity was reconstructed
via the KTK™ decay channel as N, = (9.9 £ 2.4%5" +
1.0%5t £ 0.5%xtaP) x 10~° [58], and (iv) the w multiplic-
ity N, = (9.9 £ 3.5) x 1072 was determined by fitting
the acceptance corrected invariant mass spectrum itself
in the region M., = 0.4 — 1 GeV/c? with the sum of a
Gaussian and an exponential.

Estimation of systematic errors

Systematic uncertainties are shown as boxes and are gen-
erally larger than statistical ones. They are due to vari-
ations observed in various analysis steps, namely:

e Subtraction of the combinatorial background
brings an uncertainty of 0.02 x B/S. This is the
largest contribution to the systematic error.
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e Calculating the single lepton efficiency by embed-
ding simulated electrons and positrons either into
UrQMD events or into real events. This contribu-
tion was estimated bin-by-bin in pair observables
and is smaller than 2%.

e Using different models to calculate one-dimensional
efficiency and acceptance corrections. This contri-
bution is calculated bin-by-bin in pair observables
and brings 4% at maximum in the case of efficiency
correction and 7% at maximum in the case of effi-
ciency and acceptance correction combined.

e Self-consistency check of the efficiency correction
allows to estimate the uncertainty of the correction
procedure to < 10%. It reflects the difference be-
tween the reconstructed distributions after apply-
ing all corrections and the simulated original spec-
tra.

e Normalization to the number of 7° contributes with
10% uncertainty.

e The uncertainty of the 7 yield, calculated bin-by-
bin, is 5% at maximum. This uncertainty is in-
cluded only for those spectral bins where the 1 was
actually subtracted.

e Uncertainty of the measured NN reference spectra.
This contribution, calculated bin-by-bin, is 20% in
the 7° region and besides that has a maximum
of 10% at an invariant mass around 0.5 GeV/c?
where the difference between the reference and the
Au+Au spectra is smallest. This uncertainty is in-
cluded only for those spectra where the reference
was actually subtracted.

All systematic uncertainties were finally added in quadra-
ture to obtain the total systematic uncertainty as a func-
tion of M,..

Data availability
All data shown in figures are (will be) publicly available
from HEPdata (https://hepdata.net/).

Code availability

The HADES raw data has been analyzed with the
ROOT-based customized reconstruction software HY-
DRA and stored in data summary files.

Role of individual authors in the project

All authors have contributed to the publication, being
variously involved in the design and the construction
of the detectors, in writing software, calibrating subsys-
tems, operating the detectors and acquiring data, and
finally analyzing the processed data. The HADES Col-
laboration members discussed and approved the scientific
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Supplementary information

FIG. 1: Photograph of the HADES detector system.
The configuration is optimized to dig out e™e™ pairs from a
huge back-ground generated by other charged particles.

TOF  RPC  Shower

Beam

FIG. 2: Cross sectional view of the detector system.
See Methods for an explanation of the components. The cyan
and magenta curves depict trajectories of an electron (cyan)
and a positron (magenta) stemming from a virtual photon.
In Supplementary Fig. 1, only the rear sides of the TOF and
RPC components are visible and an electromagnetic calorime-
ter is visible meant to replace the Shower detector in future
measurement campaigns.
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FIG. 3: Raw (before efficiency correction) dielectron
invariant-mass distributions obtained from the 40% most
central Au+Au collisions at /syy = 2.42 GeV. Red circles:
all same-event unlike-sign combinations (N17), blue trian-
gles: the calculated combinatorial background (CB), black
squares: the raw signal (Nt~ - N°B). Statistical errors (s.d.)
of the measured yields are shown as vertical bars. Insert shows
the signal-over-CB ratio versus invariant mass.
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