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• EM probes are unique
• Photons versus dielectrons
• Experimental status at the LHC: pp, p-Pb, Pb-Pb from ALICE
• Outlook: ALICE 2 and ALICE 3
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Photons and dileptons
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• leave the system without strong FSI
• are produced at all stages of the collison

à messengers of QGP bulk properties and in-medium properties of hadrons
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Photons or dileptons
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Technical:

• Photon measurements are limited by systematics: large background from 𝝅𝟎 and 𝜼 decays
• Dielectrons suffer from statistics (additional factor 𝛼"#), systematics dominated by physical

background from hadron decays

Physics:
• Photons integrate over space-time evolution, different collision stages cannot be distinguished

(aka direct photon puzzle)
• Dielectrons do as well but carry mass which can serve as a clock

10.02.2023 Harald Appelshäuser, WWND 2023



• Dilepton yield: space-time integral over thermal 
emission rate:

• mass dependence allows separation of collision
stages
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Dileptons
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R. Rapp Acta Phys.Polon. B42 (2011)
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Dileptons
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• Dilepton yield: space-time integral over thermal 
emission rate:

• mass dependence allows separation of collision
stages

• QGP radiation dominates at 𝒎𝒆𝒆 ≳ 𝟏 GeV

• structureless spectral function allows most direct
temperature determination from exponential in 
mee, no blue shift

10.02.2023 Harald Appelshäuser, WWND 2023
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Dileptons
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• Dilepton yield: space-time integral over thermal 
emission rate:

• mass dependence allows separation of collision
stages

• QGP radiation dominates at 𝒎𝒆𝒆 ≳ 𝟏 GeV

• NA60: Exponential fit yields T=205±12 MeV, i.e. 
>Tc (no blue shift!)

• Thermal radiation dominated by QGP
• Consistent with initial temperature Ti=235 MeV

10.02.2023 Harald Appelshäuser, WWND 2023
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Table 1
Excitation function of fireball parameters for its initial longitudinal size (z0) and 
temperature (T0), equation of state (Tpc), and chemical/kinetic freeze-out (Tch, µch

B , 
Tkin) conditions.

√
s (GeV) 6.3 8.8 19.6 62.4 200

z0 (fm/c) 2.1 1.87 1.41 0.94 0.63
T0 (MeV) 185 198 238 291 363
Tpc (MeV) 161 163 170 170 170
Tch (MeV) 134 148 160 160 160
µch

B (MeV) 460 390 197 62 22
Tkin (MeV) 114 113 111 108 104

Fig. 1. (Color online.) Excess dimuon invariant-mass spectra in In–In(
√

sNN =
17.3 GeV) collisions at the SPS. Theoretical calculations (solid line), composed of 
hadronic radiation (using in-medium ρ and ω spectral functions and multi-pion an-
nihilation with chiral mixing, dashed line) and QGP radiation (using a lattice-QCD 
inspired rate, dotted line) are compared to NA60 data [49,12].

(1/2) at 200 (62.4) GeV. At top SPS energy (
√

sNN " 20 GeV) we 
use τ0 " 0.8 fm/c which is slightly smaller than the “standard” 
value of 1 fm/c employed in Ref. [19], mainly to better describe 
the NA60 IMR spectra while staying above the nuclear overlap 
time of R A/γ = 0.7 fm/c (which may be considered a lower limit 
for thermalization). We then extrapolated these values to lower 
energies with a power-law fit z0 = 4(

√
sNN)−0.35, resulting in the 

quoted values for √sNN = 8.77 GeV and 6.27 GeV. At these ener-
gies, a relation between τ0 and z0 is no longer meaningful. Rather, 
one can compare the initial energy densities obtained from our z0
values to transport calculations, cf., e.g., Fig. 6.2 in part III of “The 
CBM physics book” [26] (page 638). For example, for E lab = 20 GeV
(corresponding to √

sNN = 6.27 GeV) various dynamical models 
produce a maximal excitation energy density (in the center of 
the collision) of ε∗

max = 1.6–2.4 GeV/fm3, compared to an average 
ε0 = 1.6 GeV/fm3 in our fireball for z0 = 2.1 fm. This appears to 
be a reasonable match, but we will consider a range of a factor of 
∼ 2 by varying z0 by ±30%.

We first test our updated approach with the most precise dilep-
ton data to date, the acceptance-corrected NA60 excess dimuons in 
In–In(

√
sNN = 17.3 GeV) collisions [49,12], cf. Fig. 1. Good agree-

ment with the invariant-mass spectrum is found, which also holds 
for the qt dependence, as well as for CERES data [50] (not shown). 
This confirms our earlier conclusions that the ρ-meson melts 
around Tpc [19], while the IMR is dominated by radiation from 
above Tpc [51–54], mostly as a consequence of a non-perturbative 
EoS [55]. Our predictions for low-mass and qt spectra of the RHIC 
BES-I program [23] also agree well with STAR [20–22] and the 
revised PHENIX [56] dielectron data. This framework therefore pro-
vides a robust interpretation of dilepton production in URHICs in 
terms of thermal radiation. In the following we utilize this set-up 
to extract the excitation function of two key fireball properties, i.e., 
its total lifetime and an average (early) temperature, directly from 

Fig. 2. (Color online.) Excitation function of the inverse-slope parameter, Ts, from 
intermediate-mass dilepton spectra (M = 1.5–2.5 GeV, diamonds connected with 
dashed line) and initial temperature T0 (triangles connected with solid line) in cen-
tral heavy-ion collisions (A " 200). The error bars on Ts and T0 correspond to a 
variation in the initial longitudinal fireball size, z0, by ±30% around the central val-
ues quoted in Table 1. The hatched area schematically indicates the pseudo-critical 
temperature regime at vanishing (and small) chemical potential as extracted from 
various quantities computed in lattice QCD [15].

suitably chosen invariant-mass spectra. This should not merely be 
viewed as a prediction, but rather serve as a baseline to possibly 
discover effects indicative of new physics.

For the temperature determination we utilize the IMR, where 
medium effects on the EM spectral function are parametrically 
small, of order T 2/M2, providing a stable thermometer. With 
Im&EM ∝ M2, and in nonrelativistic approximation, one obtains

dRll/dM ∝ (MT )3/2 exp(−M/T ) , (3)

which is independent of the medium’s collective flow, i.e., there are 
no blue-shift effects. The observed spectra necessarily involve an 
average over the fireball evolution, but the choice of mass win-
dow, 1.5 GeV ≤ M ≤ 2.5 GeV, implies T ( M and therefore much 
enhances the sensitivity to the early high-T phases of the evolu-
tion. Since primordial (and pre-equilibrium) contributions are not 
expected to be of exponential shape (e.g., power law for Drell–
Yan), their “contamination” may be judged by the fit quality of 
the exponential ansatz. The inverse slopes, Ts, extracted from the 
thermal radiation as computed above are displayed in Fig. 2 for 
collision energies of √sNN = 6–200 GeV. We find a smooth depen-
dence ranging from T " 160 MeV to 260 MeV. The latter value un-
ambiguously indicates that a thermalized QGP with temperatures 
well above the pseudo-critical one has been produced. Our results 
furthermore quantify that the “measured” average temperature at 
top RHIC energy is about 30% below the corresponding initial one 
(T0). This gap significantly decreases when lowering the collision 
energy, to less than 15% at √sNN = 6 GeV. This is in large part a 
consequence of the (pseudo-) latent heat in the transition which 
needs to be burned off in the expansion/cooling. The collision en-
ergy range below √sNN = 10 GeV thus appears to be well suited to 
map out this transition regime and possibly discover a plateau in 
the IMR dilepton slopes akin to a “caloric curve”. Another benefit 
at these energies is the smallness of the open-charm contribution 
(not included here), so that its subtraction does not create a large 
systematic error in the thermal-slope measurement (at higher en-
ergies, especially at RHIC and LHC, the open-charm and -bottom 
contributions to the IMR dilepton spectra become large and need 
to be carefully assessed to extract the thermal signal, ideally by 
both theoretical modeling of heavy-flavor diffusion/energy loss and 
experimental techniques such as displaced vertices or electron–

Rapp, v.Hees PLB 753 (2016) 586 



Dielectrons at the LHC

8

• Pb-Pb at the LHC produces the largest, 
hottest and longest-lived QGP

10.02.2023 Harald Appelshäuser, WWND 2023
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Dielectrons at the LHC
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• Pb-Pb at the LHC produces the largest, 
hottest and longest-lived QGP

• Large combinatorial and physical
backgrounds

• In the Intermediate Mass Region (1-2.5 
GeV/c2) ⁄𝑆 𝐵 ≤ 10%
à heavy-flavor contribution must be

known within ≤ 𝟏%

10.02.2023 Harald Appelshäuser, WWND 2023
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Heavy-flavour cross sections in pp
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Heavy-flavour cross sections in pp
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ALICE, Phys. Rev. C102 055204 (2020)
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• Charm and beauty contribution can be
determined from a template fit to the IMR

• Extraction of cross sections possible but
additional uncertainties introduced
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• Charm and beauty contribution can be
determined from a template fit to the IMR

• Extraction of cross sections possible but
additional uncertainties introduced

ALICE, Phys. Rev. C102 055204 (2020)
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Heavy-flavour cross sections in pp and p-Pb
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Heavy-flavour cross sections in pp and p-Pb
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Dielectrons in Pb-Pb
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Jerome Jung, QM22

Pb-Pb results from Run 2:
• Cocktail: 𝑁%&'' − scaled HF measurement in pp
• At the edge of systematic uncertainty in the IMR

Pb-Pb



Dielectrons in Pb-Pb
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Dielectrons in Pb-Pb

1710.02.2023 Harald Appelshäuser, WWND 2023

Jerome Jung, QM22

Pb-Pb results from Run 2:
• Cocktail: 𝑁%&'' − scaled HF measurement in pp
• At the edge of systematic uncertainty in the IMR

• HF is known to be modified in Pb-Pb
à Construct modified HF cocktail based on HFE 𝑅((

ALICE, PLB804 (2020) 135377 

Pb-Pb



Dielectrons in Pb-Pb – modified HF cocktail
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Jerome Jung, QM22

Pb-Pb results from Run 2:
• Cocktail: 𝑁%&'' − scaled HF measurement in pp
• At the edge of systematic uncertainty in the IMR

• HF is known to be modified in Pb-Pb
à Construct modified HF cocktail based on HFE 𝑅((

• Description improved, but additional 
uncertainties introduced

• Possible QGP contribution not resolvable within
systematic (and statistical) unertainties

Pb-Pb



Dielectron excess in Pb-Pb
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Jerome Jung, QM22

Pb-Pb results from Run 2:
• Cocktail: 𝑁%&'' − scaled HF measurement in pp
• At the edge of systematic uncertainty in the IMR

• HF is known to be modified in Pb-Pb
à Construct modified HF cocktail based on HFE 𝑅((

• Description improved, but additional 
uncertainties introduced

• Possible QGP contribution not resolvable within
systematic (and statistical) unertainties

• Measurement of dielectron excess requires a 
cocktail-independent approach!



Topological separation of dielectron sources
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Topological separation of dielectron sources
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• DCAee allows separation of prompt from delayed dielectron sources



Topological separation of dielectron sources
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NA60 Collaboration: Evidence for thermal-like IMR dimuon production in In-In collisions. 9
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Fig. 13. Signal dimuon mass distribution measured from the
4000 A (top) and 6500 A (bottom) data samples, compared
to the superposition of Drell-Yan dimuons (dashed line) and
muon pairs from open charm decays (dotted line), scaled up
with respect to the expected yields.

4.2 Data versus expectations in dimuon mass and
o↵set

Figure 13 compares the signal dimuon mass distributions
obtained from the 4000 A and 6500 A data samples, inte-
grated over collision centrality, with the sum of the Drell-
Yan and open charm contributions. With respect to the
expected normalizations, described in the previous para-
graphs, these contributions must be scaled up (by the val-
ues quoted in the figure) so as to provide the best descrip-
tion of the measured signal spectrum in the dimuon mass
window 1.16 < M < 2.56 GeV/c2. Within errors, the two
data samples give perfectly compatible results. A global
fit gives scaling factors of 1.26 ± 0.09 for Drell-Yan and
2.61± 0.20 for open charm, with �2/ndf = 1.02. Further-
more, essentially the same numerical values are obtained if
the analysis is redone only selecting events with a match-
ing �2 below 1.5 (instead of 3). As previously observed
by NA38 [2] and NA50 [4], a significant excess of IMR
muon pairs is observed, which can be well accounted for
by increasing the charm normalization.

The big advantage of NA60, with respect to the dimuon
measurements made by all other heavy-ion experiments,
is the availability of the dimuon weighted o↵set variable,
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Fig. 14. Same as previous figure but for the dimuon
weighted o↵set distributions of the dimuons in the mass range
1.16–2.56 GeV/c2.

which provides complementary information ideally suited
to distinguish prompt dimuons from muon pairs stemming
from displaced decay vertices. Figure 14 shows the dimuon
weighted o↵set distribution for the signal dimuons in the
mass range 1.16–2.56 GeV/c2, for the 4000 A and 6500 A
data samples, compared to the sum of the two contribu-
tions: prompt dimuons and open charm decays, scaled to
provide the best fit to data.

The shape of the prompt dimuon distribution was built
using the measured dimuons in the J/ and � peaks,
where the non-prompt signal contributions are less than
1 %. The shape of the open charm distribution was de-
fined using the muon pairs from the overlay Monte Carlo
simulation, including the additional smearing needed to
reproduce the measured J/ and � distributions (see [16],
section 8.4.1 for details).

The excess dimuons are clearly concentrated in the
region of small dimuon o↵sets, excluding the possibility
that they are due to open charm decays. The best de-
scription of the measured distribution is obtained when
the prompts contribution is scaled up by more than a fac-
tor of two with respect to the expected Drell-Yan yield,
while the open charm contribution is compatible with the
yield assumed by NA50 to reproduce the IMR spectra in
p-A collisions [4]). Fig. 14 underlines the fact that the

NA60 EPJ C59 (2009) 607

NA60

• DCAee allows separation of prompt from delayed dielectron sources
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Topological separation of dielectron sources
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N.B.:
does not work for photons!



Topological separation of dielectron sources – pp
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𝜂, 𝜌, 𝜔, 𝜙 mass region
ALICE, JHEP 1809 (2018) 064 
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• DCAee allows separation of prompt from delayed dielectron sources



Topological separation of dielectron sources – Pb-Pb
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Jerome Jung, QM22

IMR

IMR



Topological separation of dielectron sources – Pb-Pb
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Jerome Jung, QM22 Jerome Jung, QM22

• Reduction of HF and inclusion of a prompt source improves description of the data

IMR IMR



Topological separation of dielectron sources - Pb-Pb

2810.02.2023 Harald Appelshäuser, WWND 2023

Jerome Jung, QM22

Extraction of prompt thermal signal via template fits:

• Beauty contribution fixed via separate fit at high DCAee
𝒃8𝒃:      𝟎. 𝟕𝟒 ± 𝟎. 𝟐𝟒 stat. ± 𝟎. 𝟏𝟐 syst. × 𝑁coll scaling

• Simultaneous fit of charm and prompt contribution 
𝒄2𝒄:       𝟎. 𝟒𝟑 ± 𝟎. 𝟒𝟎(stat. ) ± 𝟎. 𝟐𝟐(syst. ) × 𝑁coll scaling
prompt: 𝟐. 𝟔𝟒 ± 𝟑. 𝟏𝟖 stat. ± 𝟎. 𝟐𝟗 syst. × Rapp

Results in agreement with:
• HF suppression
• Thermal contribution in the order of Rapp



The future
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Future dielectron measurements require:

• much more statistics
• significant improvement of vertex resolution

ALICE 2 in Run 3 and 4
ALICE 3 in Run 5 and 6



ALICE 2 in Run 3
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ALICE 2 in Run 3
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New TPC readout system

• GEM-based readout chambers
• new electronics, continuous readout



ALICE 2 in Run 3
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New TPC readout system

• GEM-based readout chambers
• new electronics, continuous readout

New Inner Tracking System (ITS2)

• CMOS MAPS technology
• better resolution, less material, faster readout



ALICE 2 in Run 3
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New TPC readout system

• GEM-based readout chambers
• new electronics, continuous readout

New Inner Tracking System (ITS2)

• CMOS MAPS technology
• better resolution, less material, faster readout

Integrated online-offline system O2

• online reconstruction Pb-Pb at 50 kHz
• highly selective data reduction



ALICE 2 in Run 3
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7004109 pp events at 13.6 TeV recorded in 2022
à factor ~400 more pp data than in Run 1 and 2



ALICE 2 in Run 3
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New TPC readout system

• GEM-based readout chambers
• new electronics, continuous readout

New Inner Tracking System (ITS2)

• CMOS MAPS technology
• better resolution, less material, faster readout

Integrated online-offline system O2

• online reconstruction Pb-Pb at 50 kHz
• highly selective data reduction

à ALICE 2 will be a game changer in the field



Dielectron mass spectrum in Run 3
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Dielectron mass spectrum in Run 3
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• Multiply heavy-flavored hadrons: Ξcc, Ωcc, Ωccc

• X,Y,Z charmonium-like states (e.g. X(3872))
• Light exotic nuclei with charm baryons and multiple hyperons up to A=6
• Thermal EM radiation, chiral symmetry restoration
• Soft theorems

Dielectrons with ALICE 3

3810.02.2023 Harald Appelshäuser, WWND 2023

arXiv:2211.02491



Dielectrons with ALICE 3

3910.02.2023 Harald Appelshäuser, WWND 2023



Dielectrons with ALICE 3
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Summary
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• EM probes provide unique access to the hot and dense phase of the system

• Dielectrons are challenging but have a large potential with future experiments

• ALICE 2 and ALICE 3 will be ideally suited for detailed precision studies:

• Pre-equilibrium dynamics
• QGP temperature
• Early (initial) flow
• Chiral mixing
• Electric conductivity
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Tom Cormier 1947-2022



Backup
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Low mass: chiral symmetry restoration

44

LQCD: chiral transition region (T = 130-170 MeV) in confined phase
à observable via in-medium properties of hadrons, i.e. the ρ-meson:

JP = 1-, cτ = 1.3 fm
à thermal radiation in the low mass region (mee < 1 GeV/c2)
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Excess mass spectrum and QGP temperature

45

Fit to the IMR makes precise determination of Teff possible
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Flow of QGP radiation
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Statistical precision of v2 measurement: 0.01-0.02
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• Transverse momentum spectra contain information on collective radial and elliptic
flow (Teff and v2)

• Mass dependence gives access to EoS of QGP 

Space-time evolution

47

Chatterjee, Srivastava, Heinz, Gale PRC 2008
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EM spectral function
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• Dilepton yield: space-time integral over thermal emission rate:

• V and A spectral function in vacuum: 
chiral symmetry breaking

• Spectral functions change in medium:
key to chiral symmetry restoration

• The messenger: ρ-meson modification
cτρ = 1.3 fm

dNee
d 4xd 4q

= −
α 2

π 3mee
2
f BE (q0 ,T ) ImEM (mee ,q,µB ,T )

10.02.2023 Harald Appelshäuser, WWND 2023

ALEPH, EPJ C4 (1998) 409



CSR ßà vector-axialvector degeneracy (ρ-a1)
Axial-vector experimentally inaccessible (a1àπγ)

Vector spectral function in medium exhibits ρ – melting
Towards CSR: connection to axial vector requires constraints from theory (LQCD, sum rules) 

à Possible at μB=0

Chiral symmetry restoration

49
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FIG. 3: Finite-temperature vector (black curve) and axialvector (red curve) spectral functions.

referred to as a d-value. The same procedure and Borel
window criteria as for the vacuum analysis in Ref. [21]
are adopted. A d-value of below 1% has been argued to
reasonably bracket remaining uncertainties in the match-
ing procedure [39]; we adopt this as our figure of merit
in both A and V channels below.
To evaluate the WSRs, we define a similar measure of

deviation between the two sides as

dWSR =
LHS− RHS

RHS
. (25)

This measure is much simpler than the QCDSR analog
because it does not involve any Borel window. However,
it also has its subtleties. The integrands of the LHS of
each WSR are oscillatory functions with appreciable can-
celations to yield the RHS (cf. Fig. 2 in Ref. [21]), espe-
cially for the higher moments. Since we only use a finite
number of moments (3), this could, in principle, lead to
“fine-tuned solutions” to the WSRs where the oscilla-
tions are still large, and thus ρV (s) "= ρA(s) even close
to restoration. To probe this behavior (and thus the sen-

T [MeV] 0 100 140 150 160 170

dV (%) 0.59 0.43 0.44 0.49 0.57 0.67

dA(%) 0.49 0.48 0.56 0.59 0.55 0.56

dWSR1(%) ∼ 0 0.003 0.04 0.04 -0.004 0.004

dWSR2(%) ∼ 0 -0.0002 -0.0008 -0.002 -0.0003 -0.005

dWSR3(%) 200 181 258 372 585 11600

r−1 1 0.96 0.72 0.57 0.37 0.14

r0 1 0.93 0.66 0.50 0.31 0.12

r1 1 0.91 0.64 0.50 0.32 0.15

TABLE II: Summary of deviation measures for QCDSRs (up-
per 2 lines) and WSRs (lower 6 lines) at finite temperature.

sitivity to any “artificial” fine tuning), we introduce an
“absolute-value” version of the LHS by

w̃n(T ) ≡
∫ ∞

0
ds sn |∆ρ(s;T )| . (26)

Though these moments are not directly related to chiral
order parameters, they should diminish toward restora-
tion. We define pertinent ratios rn = w̃n(T )/w̃n(T = 0).
Our analysis proceeds as follows. We first evaluate the

QCDSR for the vector channel. With a small reduction
in the vector dominance coupling, we find acceptable dV
values ranging from 0.43% to 0.67% for all T=0-170MeV
(cf. Tab II). This is a nontrivial result by itself. For
the axialvector channel, the QCDSRs and two WSRs are
used simultaneously to search for in-medium a1 parame-
ters which minimize

f = d2WSR1 + d2WSR2 + d2A , (27)

while requiring a smooth T dependence. The thus ob-
tained finite-T axialvector spectral functions are shown
in Fig. 3. For all cases, the percentage deviation of WSR-
1 and WSR-2 is below 0.1%, and dA remains below 0.6%.
Deviations of WSR-3 are much larger, but comparable to
the vacuum up to T$150MeV. At T=160 and especially
170MeV, the magnitude of the RHSs is small and enters
into the denominator of dWSR, thus greatly magnifying
residual deviations. The rn measures decrease monoton-
ically with T suggesting acceptable deviations even for
WSR-3. We therefore conclude that our spectral func-
tions are compatible with both QCDSRs and WSRs.
To probe the uncertainties in our method, we depict

in Fig. 4 ranges of axialvector spectral functions with
relaxed constraints, at an intermediate temperature of
T=150MeV. The dashed lines border a regime of spectral
functions which are obtained by only requiring dA=1%
for the axialvector QCDSR (the band could be larger if all

P. Hohler, R. Rapp, Phys. Lett. B731 (2014) 103
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SPS – ρ-melting
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FIG. 2: a: Invariant e+e− mass spectrum compared to the expectation from hadronic decays. b:

The same data compared to calculations including a dropping ρ mass (dashed) and a broadened

ρ-spectral function (long-dashed). Systematic errors are indicated by horizontal ticks.

arises from the systematic uncertainty in the cocktail calculation. The enhancement is most

pronounced in the mass region 0.2 < mee < 0.6 GeV/c2, in agreement with earlier findings.

In contrast to previous CERES results, the improved mass resolution of the upgraded spec-

trometer provides access to the resonance structure in the ρ/ω and φ region. A quantitative

study of φ meson production in the e+e− and K+K− channels can be found in [22].

In Fig. 2 (b) the data are compared with a model approach implying enhanced di-lepton

production via thermal pion annihilation and a realistic space-time evolution [24]. The calcu-

lated di-lepton yield was filtered by the CERES acceptance and folded with the experimental

resolution. Temperature and baryon-density dependent modifications of the ρ-spectral func-

tion have been taken into account: the dropping mass scenario which assumes a shift of the

in-medium ρ mass [7, 14], and the broadening scenario where the ρ-spectral function is

smeared due to coupling to the hadronic medium [13, 16]. The calculations include as well

contributions from QGP, the Drell-Yan process, and 4-pion annihilation with chiral mixing.

The calculations for both spectral functions describe the enhancement reasonably well for

masses below 0.7 GeV/c2. In the resonance region, however, there is a notable difference

between the calculations. In particular in the mass region between the ω and the φ, the

8

• Dielectron yield in A-A shows significant low-mass excess over hadronic decays

10.02.2023 Harald Appelshäuser, WWND 2023

CERES, PLB  666 (2008) 425

CERES
0-7% Pb-Au √sNN=17.6 GeV



SPS – ρ-melting
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FIG. 2: a: Invariant e+e− mass spectrum compared to the expectation from hadronic decays. b:

The same data compared to calculations including a dropping ρ mass (dashed) and a broadened
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arises from the systematic uncertainty in the cocktail calculation. The enhancement is most

pronounced in the mass region 0.2 < mee < 0.6 GeV/c2, in agreement with earlier findings.

In contrast to previous CERES results, the improved mass resolution of the upgraded spec-

trometer provides access to the resonance structure in the ρ/ω and φ region. A quantitative

study of φ meson production in the e+e− and K+K− channels can be found in [22].

In Fig. 2 (b) the data are compared with a model approach implying enhanced di-lepton

production via thermal pion annihilation and a realistic space-time evolution [24]. The calcu-

lated di-lepton yield was filtered by the CERES acceptance and folded with the experimental

resolution. Temperature and baryon-density dependent modifications of the ρ-spectral func-

tion have been taken into account: the dropping mass scenario which assumes a shift of the

in-medium ρ mass [7, 14], and the broadening scenario where the ρ-spectral function is

smeared due to coupling to the hadronic medium [13, 16]. The calculations include as well

contributions from QGP, the Drell-Yan process, and 4-pion annihilation with chiral mixing.

The calculations for both spectral functions describe the enhancement reasonably well for

masses below 0.7 GeV/c2. In the resonance region, however, there is a notable difference

between the calculations. In particular in the mass region between the ω and the φ, the
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
-610×-1 )2

>(
10

0 
M

eV
/c

ch
>/

<N
ee

/d
m

ee
<d

N

)2 (GeV/ceem

(a)

ρcocktail 
 massρdropping 

in-medium hadronic

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
-610×-1 )2

>(
10

0 
M

eV
/c

ch
>/

<N
ee

/d
m

ee
<d

N

)2 (GeV/ceem

(b)

ρcocktail 
 spectral function w/ baryon effectρ

 spectral function w/o baryon effectρ

FIG. 3: e+e− pair yield after subtraction of the hadronic cocktail. In addition to the statistical

error bars, systematic errors of the data (horizontal ticks) and the systematic uncertainty of the

subtracted cocktail (shaded boxes) are indicated. The broadening scenario (long-dashed line) is

compared to a calculation assuming a density dependent dropping ρ mass (dotted line in (a)) and

to a broadening scenario excluding baryon effects (dotted line in (b).

data clearly favor the broadening scenario over the dropping mass scenario.

In order to exhibit the shape of the in-medium contribution, we subtract the hadronic

cocktail (excluding the ρ meson) from the data (Fig. 3). The vacuum ρ-decay contribution

to the data (“cocktail ρ”, solid line in Fig. 3) is completely negligible compared to the

measurements. The excess data exhibit a very broad structure reaching very low masses

and exceed the vacuum ρ contribution by a factor 10.6 ± 1.3. The data are compared to

model calculations of the in-medium di-electron production. These are normalized, like

the measured yield, to the number of charged particles. Note that the model calculations

give absolute pair yields (in terms of charged particle numbers) and there is no freedom of

adjustment. Yield and spectral shape are well described by the broadening scenario but are

not consistent2 with a dropping ρ mass (Fig. 3 (a)). While the dropping mass calculation

yields a rather narrow distribution with a peak around 0.5 GeV/c2 the measured excess is

spread over a significantly wider mass range. Below 0.2 GeV/c2, the large errors arising

2 Recently, Brown et al. [26] have advocated a different view in which their scaling is not directly related

anymore to the shape of the low mass di-lepton spectrum.
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In contrast to previous CERES results, the improved mass resolution of the upgraded spec-

trometer provides access to the resonance structure in the ρ/ω and φ region. A quantitative

study of φ meson production in the e+e− and K+K− channels can be found in [22].
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production via thermal pion annihilation and a realistic space-time evolution [24]. The calcu-

lated di-lepton yield was filtered by the CERES acceptance and folded with the experimental

resolution. Temperature and baryon-density dependent modifications of the ρ-spectral func-

tion have been taken into account: the dropping mass scenario which assumes a shift of the

in-medium ρ mass [7, 14], and the broadening scenario where the ρ-spectral function is

smeared due to coupling to the hadronic medium [13, 16]. The calculations include as well

contributions from QGP, the Drell-Yan process, and 4-pion annihilation with chiral mixing.

The calculations for both spectral functions describe the enhancement reasonably well for

masses below 0.7 GeV/c2. In the resonance region, however, there is a notable difference

between the calculations. In particular in the mass region between the ω and the φ, the
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In order to exhibit the shape of the in-medium contribution, we subtract the hadronic

cocktail (excluding the ρ meson) from the data (Fig. 3). The vacuum ρ-decay contribution

to the data (“cocktail ρ”, solid line in Fig. 3) is completely negligible compared to the

measurements. The excess data exhibit a very broad structure reaching very low masses

and exceed the vacuum ρ contribution by a factor 10.6 ± 1.3. The data are compared to

model calculations of the in-medium di-electron production. These are normalized, like

the measured yield, to the number of charged particles. Note that the model calculations

give absolute pair yields (in terms of charged particle numbers) and there is no freedom of

adjustment. Yield and spectral shape are well described by the broadening scenario but are

not consistent2 with a dropping ρ mass (Fig. 3 (a)). While the dropping mass calculation

yields a rather narrow distribution with a peak around 0.5 GeV/c2 the measured excess is

spread over a significantly wider mass range. Below 0.2 GeV/c2, the large errors arising

2 Recently, Brown et al. [26] have advocated a different view in which their scaling is not directly related

anymore to the shape of the low mass di-lepton spectrum.
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Fig. 3. Excess dimuons for semicentral collisions compared to the theoretical model results by Hees/Rapp [18] (left) and
Renk/Ruppert et al. [19] (right). No acceptance correction applied.

ment between modeling and data would imply agreement
both in shape and yield, the model results are normal-
ized to the data in the mass interval M< 0.9 GeV, just
to be independent of the uncertainties of the fireball evo-
lution. The unmodified ρ, also shown in Fig. 2 (vacuum
ρ), is clearly ruled out. The broadening scenario indeed
gets close, while the dropping mass scenario in the version
which described the CERES data reasonably well [2,3,6]
completely fails for the much more precise NA60 data.
A strong reduction of in-medium VMD as proposed by
the vector manifestation of chiral symmetry [17] would
make hadron spectral functions in hot and dense mat-
ter altogether unobservable, but central aspects of this
scenario are totally unclear, and quantitative predictions
which could be confronted with data have not become
available up to today.

A comparison of the same excess mass spectrum to
two more recent theoretical developments, covering now
both the LMR and the initial part of the IMR region, is
contained in Fig. 3. In contrast to Fig. 2, the theoretical re-
sults are not renormalized here, but shown on an absolute
scale. In the ρ-like region with π+π− → ρ → µ+µ− as the
dominant source, Hees/Rapp [18] use the original many-
body scenario with a ρ spectral function strongly broad-
ened by baryonic interactions [2], while Renk/Ruppert’s
results [19] are based on the spectral function of Eletsky
et al. [20] where the broadening effects from baryons are
somewhat weaker; that difference is directly visible in the
low-mass tails of the theoretical mass spectra. The overall
agreement between the data and the two theoretical sce-
narios is quite satisfactory in this region, also in absolute
terms.

3 Mass spectra and parton-hadron duality

Moving up into the IMR region M>1 GeV, 2π processes
become negligible, and other hadronic processes like 4π

(including vector-axialvector mixing in case of [18]) and
partonic processes like quark-antiquark annihilation qq̄ →

µ+µ− take over. The two theoretical scenarios in Fig. 3
also describe this part. However, there is a very interesting
and instructive difference between them. While the total
yield of the data for M>1 GeV is described about equally
well, the fraction of partonic processes relative to the total
is small in [18] where a first-order phase transition is used,
and dominant in [19] which uses a cross-over phase tran-
sition. This feature is often referred to as “parton-hadron
duality” and formed the basis of the successful descrip-
tion of the NA50 dimuon enhancement in the IMR region
in terms of thermal radiation [21]. Here, the individual
sources were not even specified.

Caution should, however, be expressed as to the use
of the term “duality” in this context. Parton-hadron du-
ality is a statement on dilepton emission rates, dating
back to the time-reversed process of hadron production
in e+e− collisions. It implies that the emission rates us-
ing either partonic (pQCD) or hadronic degrees of free-
dom merge together, i.e. become “dual”, if the system
approaches deconfinement and chiral restoration. The va-
lidity of duality down to masses of 1 GeV, mainly due
to vector-axialvector mixing, was first shown by Li and
Gale [22] (see also [2]). However, experiments measure
yields, i.e. rates integrated over space-time. Duality in
the yields is not obvious and becomes questionable, if the
space-time trajectories are different for genuine partonic
and hadronic processes. Such a difference automatically
appears through the elementary assumption that partonic
processes only act “early”, i.e. from Ti until Tc, while
hadronic processes (like nπ) only act “late”, i.e. from Tc to
thermal freeze-out Tf . If theoretical scenarios are different
in their trajectories (both as to partonic and to hadronic
processes), the integrated total yields will, in general, be
different. Since the scenarios of [18] and [19] in Fig. 3 are
indeed very different (see above), the seemingly equiva-
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√
sNN = 19.6, 27,

39, 62.4, and 200 GeV 0−80% most-central Au+Au collisions.
Errors bars and open boxes represent the statistical and sys-
tematic uncertainties in the measurements. The black solid
curves represent the hadronic cocktail with the gray bands
representing the cocktail uncertainties. The curves under-
neath the

√
sNN = 62.4 GeV hadronic cocktail curve and gray

band represent the cocktail components at 62.4 GeV. For bet-
ter presentation, the measurements and cocktail predictions
are not listed in order by energy but have been scaled by fac-
tors 2.5× 10

5, 3× 10
4, 2.5 × 10

2, 1, and 6× 10
−3 for results

at
√
sNN = 200, 19.6, 27, 39, and 62.4 GeV, respectively.

certainties from the measurements and the cocktail are
shown in the figure as the open and filled boxes, respec-
tively. The 6% uncertainty from STAR’s acceptance cor-
rection and the uncertainty of dNch/dy are not shown in
the figure. Model calculations [13–15] in Fig. 3 include
contributions from broadening of the ρ spectral function
in a hadron gas (Rapp Rho), and from QGP radiation
(Rapp QGP). The PHSD model calculations in Fig. 3 in-
clude contributions from the ρ meson (PHSD Rho), QGP
(PHSD QGP), Dalitz decays of the a1 (PHSD a1), and ∆
resonances (PHSD Delta). The sums (Rapp Sum, PHSD
Sum) are compared with the excess yield at each energy.
Calculations by Rapp et al. have an uncertainty on the
order of 15% [13], and PHSD model calculations have an
uncertainty on the order of 30% [33]. Within uncertain-
ties, the model calculations are found to reproduce the
acceptance-corrected excess in Au+Au collisions at each
of the collision energies.

To allow for a direct comparison of our measurements
with previously published results and model calculations,
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we integrated the acceptance-corrected dielectron excess
spectra in the mass region from 0.40 to 0.75 GeV/c2. Fig-
ure 4 shows the integrated excess yields normalized by
dNch/dy from the 0−80% most-central Au+Au collisions
at

√
sNN = 27, 39, and 62.4 GeV, together with our pre-

viously published results [10] for the 0−80% most-central
Au+Au collisions at

√
sNN = 19.6 and 200 GeV. In ad-

dition, we compare to the NA60 µ+µ− measurement at√
sNN = 17.3 GeV for dNch/dη > 30 [34][35]. For the

measurements at
√
sNN = 27, 39, and 62.4 GeV, the

systematic uncertainties from the data and cocktail are
shown as the open and filled boxes, respectively. For
the measurements at

√
sNN = 19.6 and 200 GeV, the

total (cocktail+data) systematic uncertainties are shown
as the open boxes. The normalized, integral yields from
model calculations, shown in Fig. 4, are in agreement
with the measurements. Note that the result for Au+Au
at

√
sNN = 19.6 GeV [10] is consistent within uncertain-

ties with the µ+µ− measurement from NA60 in In+In
collision at

√
sNN = 17.3 GeV [7, 34, 35].

The normalized integrated excess yields show no sta-
tistically significant collision-energy dependence for the
0-80% most-central Au+Au collisions. This may be be-
cause dilepton production in the medium is expected to
be mainly determined by the strong coupling of the ρ-
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meson to baryons, rather than to mesons [4]. We know
that the total baryon density remains approximately un-
changed for minimum-bias Au+Au collisions with col-
lision energies above

√
sNN = 20 GeV [18]. However,

the models and our data are statistically consistent even
though the model predictions display modest energy de-
pendence.

In summary, we have reported dielectron yields for
the 0−80% most-central Au+Au collisions at

√
sNN =

27, 39, and 62.4 GeV. The data were collected with the
STAR detector at RHIC. The new measurements com-
plement the previously published results [8–10, 12] and
the combined datasets now cover an order-of-magnitude
range in collision energies over which the total baryon
density and freeze-out temperatures are remarkably con-
stant [18]. Across the collision energies, we have observed
statistically significant excesses in the LMR when com-
paring the data to hadronic cocktails that do not include
vacuum ρ decay contributions. The excess yields have
been corrected for acceptance, normalized by dNch/dy,
integrated from 0.40 to 0.75 GeV/c2, and reported as a
function of

√
sNN . The measured yields show no signif-

icant energy dependence, and are statistically consistent
with model calculations.

Our findings, while restricted to the ρ-meson mass
range and limited by statistical and systematic uncertain-
ties, are consistent with models that include ρ broaden-
ing in the approach to chiral symmetry restoration [36].
Further experimental tests of the models discussed in this
paper are warranted.

As part of the Beam Energy Scan Phase II project,
the STAR Collaboration plans to collect over an order-of-
magnitude more data than previously acquired in the en-
ergy range from 7.7 to 19.6 GeV, where the total baryon
density changes substantially [18]. Future studies may
therefore allow us to better understand the competing
factors that play a role in the LMR dielectron excess pro-
duction [29] and to further clarify the connection between
ρ-meson broadening and chiral symmetry restoration.
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• STAR measures Au-Au in fixed-target and
collider mode in 3.5 < √sNN < 200 GeV

• Results from BES1 available
• BES2 ongoing
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accelerators, SIS100 and SIS300. The space for this second accelerator is already foreseen in the ring
tunnel building [20]. Addition of a higher rigidity synchrotron (500 Tm) would greatly enhance the physics
potential of CBM experiment and would also enhance parallel operation.

The Compressed Baryonic Matter (CBM) experiment is a fixed-target multi-purpose detector, designed to
identify hadrons, electrons and muons in elementary and heavy-ion collisions over the full FAIR beam
energy range [21]. Variation of e.g. z-position of the sub-systems and the magnetic rigidity of the dipole
field enable mid-rapidity coverage for relevant observables down to

√
sNN = 3 GeV. The measurements will

be performed at event rates of 100 kHz up to 10 MHz. To accomplish this ambitious goal, the complex
interplay of the detector systems with their free-streaming read-out electronics and the fast online event
reconstruction and selection under realistic experiment conditions at interaction rates of 10 MHz has to be
commissioned and tested. The demonstrator (mini-CBM [33]) for the full CBM data taking and analysis
chain is currently being installed at SIS18. Furthermore, important tests of newly developed CBM detector
components and data analysis tools will be realized in running experiments (HADES [34], STAR [35],
BM@N, NA61/SHINE). These are also known as FAIR Phase-0 activities, marking the beginning of the
FAIR era. Installation and commissioning of the CBM at SIS100 without beam is planned during 2021 −
2024. Production beam is anticipated for 2025.

The High Acceptance Di-Electron Spectrometer (HADES) [36] is installed at GSI Darmstadt and provides
high-quality data to establish a thorough understanding of the dielectron and strangeness production in
elementary and heavy-ion collisions at the SIS18 energy range. Further experiments on baryon rich matter
will be realized at SIS18 during FAIR Phase-0. To enhance the performance of the spectrometer, an upgrade
program has been conducted. In cooperation with CBM, the multi-anode PMT-based RICH UV-detector was
installed and will provide substantially improved e± detection efficiency. An electromagnetic calorimeter
was added and will enable photon measurements, as well as improving the e± identification. The 2018−202x
experiment campaign [34] will start with medium-heavy collision system at the maximum energy of SIS18
(Ag+Ag at

√
sNN = 2.6 GeV) and pion induced reactions (π−+N/A at various pion beam momenta). HADES

can serve as ideal spectrometer to provide an important reference measurements (p+p and p+A) at SIS100.

2.2. BM@N and MPD at NICA
The Nuclotron-based Ion Collider fAcility (NICA) is now under construction at JINR (Dubna, Ru-

ssia) [37]. NICA comprises an injector complex, superconducting synchrotrons (Booster and Nuclotron)
and a Collider composed of two superconducting rings with two beam intersection points for heavy-ions
and spin physics. The new heavy-ion injector Linac is in operation since 2016. The assembling of Booster
synchrotron started in 2018. Ions accelerated in the Booster are extracted and transported to the Nuclotron
in a superconducting beam transport system. The Nuclotron is in operation since 1993 and has been recently
upgraded. Beams from the Nuclotron are extracted to a fixed-target station or injected and post-accelerated
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target mode. Solid curve show running facili-
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accelerators, SIS100 and SIS300. The space for this second accelerator is already foreseen in the ring
tunnel building [20]. Addition of a higher rigidity synchrotron (500 Tm) would greatly enhance the physics
potential of CBM experiment and would also enhance parallel operation.

The Compressed Baryonic Matter (CBM) experiment is a fixed-target multi-purpose detector, designed to
identify hadrons, electrons and muons in elementary and heavy-ion collisions over the full FAIR beam
energy range [21]. Variation of e.g. z-position of the sub-systems and the magnetic rigidity of the dipole
field enable mid-rapidity coverage for relevant observables down to

√
sNN = 3 GeV. The measurements will

be performed at event rates of 100 kHz up to 10 MHz. To accomplish this ambitious goal, the complex
interplay of the detector systems with their free-streaming read-out electronics and the fast online event
reconstruction and selection under realistic experiment conditions at interaction rates of 10 MHz has to be
commissioned and tested. The demonstrator (mini-CBM [33]) for the full CBM data taking and analysis
chain is currently being installed at SIS18. Furthermore, important tests of newly developed CBM detector
components and data analysis tools will be realized in running experiments (HADES [34], STAR [35],
BM@N, NA61/SHINE). These are also known as FAIR Phase-0 activities, marking the beginning of the
FAIR era. Installation and commissioning of the CBM at SIS100 without beam is planned during 2021 −
2024. Production beam is anticipated for 2025.

The High Acceptance Di-Electron Spectrometer (HADES) [36] is installed at GSI Darmstadt and provides
high-quality data to establish a thorough understanding of the dielectron and strangeness production in
elementary and heavy-ion collisions at the SIS18 energy range. Further experiments on baryon rich matter
will be realized at SIS18 during FAIR Phase-0. To enhance the performance of the spectrometer, an upgrade
program has been conducted. In cooperation with CBM, the multi-anode PMT-based RICH UV-detector was
installed and will provide substantially improved e± detection efficiency. An electromagnetic calorimeter
was added and will enable photon measurements, as well as improving the e± identification. The 2018−202x
experiment campaign [34] will start with medium-heavy collision system at the maximum energy of SIS18
(Ag+Ag at

√
sNN = 2.6 GeV) and pion induced reactions (π−+N/A at various pion beam momenta). HADES

can serve as ideal spectrometer to provide an important reference measurements (p+p and p+A) at SIS100.

2.2. BM@N and MPD at NICA
The Nuclotron-based Ion Collider fAcility (NICA) is now under construction at JINR (Dubna, Ru-

ssia) [37]. NICA comprises an injector complex, superconducting synchrotrons (Booster and Nuclotron)
and a Collider composed of two superconducting rings with two beam intersection points for heavy-ions
and spin physics. The new heavy-ion injector Linac is in operation since 2016. The assembling of Booster
synchrotron started in 2018. Ions accelerated in the Booster are extracted and transported to the Nuclotron
in a superconducting beam transport system. The Nuclotron is in operation since 1993 and has been recently
upgraded. Beams from the Nuclotron are extracted to a fixed-target station or injected and post-accelerated
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Heavy-flavour cross sections in pp
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• PYTHIA and POWHEG give systematically different results
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Photons puzzle
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• Early and late emission times of photons are not separable
• Worst case: Early QGP radiation could be outshined by late hadronic processes

Direct photons (at RHIC) show:
• large yields (indicative of early emission) 
• large collectivity (i.e. v2, indicative of late emission)
• Hard to reconcile in models
• „Direct-photon puzzle“

10.02.2023 Harald Appelshäuser, WWND 2023
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Hadronic radiation - HADES
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• Large enhancement in Au-Au at √sNN = 2.42 GeV
• Excess compatible with hadronic thermal radiation and a strong medium modification of the ρ
• Exponential fit yields T = 71.8 ± 2 MeV
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in the range of fit (0.2 ≤ Mee (GeV c–2) ≤ 0.7) and the spectrum is 
thus dominated by fBE (compare equation (1)).

The integrated excess yield in the window 0.3 ≤ Mee (GeV c–2) ≤ 0.7  
is found to be N4π

excess ¼ ð1:07 ± 0:06stat ± 0:2systÞ ´ 10$4

I
. The excess 

surpasses the conventional sources by an average factor of 5.7 ± 0.3stat 
and reaches a factor of about 12 if the 10% most central events  
are selected. This rise reflects the increasing number of ρ gene-
rations in the case of a larger fireball volume and 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 gigaelectronvolts per nucleon have successfully been addressed 
by microscopic transport models34–36. However, for the descrip-
tion of dilepton emission, these calculations usually do not treat 
modifications of the ρ meson explicitly on the level of in-medium 
spectral functions. As can indeed be seen in Fig. 3, transport calcula-
tions assuming a free ρ spectral function (Hadron String Dynamics 
(HSD), SMASH)34,36 feature a clear bump around Mee = 0.7 GeV c–2, 
which is obviously not observed in the experimental data. The agree-
ment between transport model calculations and data can, however, 
be improved by assuming a strong collisional broadening of the ρ 
spectral function as demonstrated in the case of the HSD transport 
model. Furthermore, in HSD, most of the yield at the lower invariant 
masses is saturated by the contribution from an incoherent summa-
tion over Δ, NN and πN bremsstrahlung processes.

On the other hand, the excess radiation can be satisfacto-
rily described by assuming thermal emission rates folded with a  

spacetime evolution of the fireball derived from the coarse-grained 
respective transport calculations (UrQMD, SMASH)36–38 (compare 
Thermal dilepton radiation). The structureless excess yield indicates 
a strong medium modification of the ρ meson, probably induced by 
the high baryon density. This is a remarkable observation, as model 
calculations, based on the same in-medium spectral function, pre-
cisely reproduce the excess radiation measured at much higher col-
lision energies. Despite earlier concerns39 about the applicability of 
this approach at low beam energies, the calculations agree well with 
data in the region Mee > 0.3 GeV c–2 although they systematically 
overshoot the measurement for small invariant masses, an observa-
tion that needs to be further investigated.

Further evidence for the existence of thermal radiation is 
obtained from studying the system-size dependence of the dilep-
ton radiation. In Fig. 4 we present yields of signal pairs obtained 
in A + A collisions divided by the respective expectation from con-
ventional sources for three different collision systems according to

RAA ¼ 1
hAAA

parti
dNAA

dMee

dNNN

dMee

! ""1

ð3Þ

The excess is observable for invariant masses beyond the π0 Dalitz 
region. While for the C + C collisions the ratio is still consistent with 
unity within systematic uncertainties, the radiation is enhanced by 
an average factor of three in the case of Ar + KCl collisions. The 
strongest excess is observed for Au + Au collisions. A comparison 
of coarse-grained transport model calculations with data in the 
moderately heavy Ar + KCl collision system, 〈Apart〉 = 38.5, also 
demonstrates the limitations of using vacuum properties for the 
hadrons: agreement with data is indeed achieved only with explicit 
in-medium spectral functions36,38,40.

Our results demonstrate that, although at the beam energies con-
sidered here only about 10% of the charged particles in the final 
state are mesons (chiefly pions), we nevertheless observe a strong 
excess of dileptons. Its yield exceeds the one expected from known 
sources by factors and reveals a spectral distribution well described 
by assuming decays of in-medium ρ mesons. The data support the 
assumption of a strong broadening, which can be connected to par-
tial restoration of the dynamically broken chiral symmetry.
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Fig. 3 | Acceptance-corrected dilepton excess yield. Black squares:  
excess yield extracted by subtracting η, ω contributions as well as the  
NN reference normalized to the number of neutral pions. Red curve:  
dN/dMee!∝!(Mee)3/2!exp(−Mee/T) fit. Dashed curves: ρ (‘free’ spectral 
function) contribution from HSD34 and from SMASH36 transport model 
calculations normalized to the respective number of neutral pions. The 
meaning of the errors is as in Fig. 2. Solid green curve: incoherent sum 
of Δ!→!Ne+e−, NN and πN bremsstrahlung and ρ (collisional broadening 
scenario) contributions from HSD (multiple Δ regenerations are assumed 
in the model). The dark-blue36, blue37 and pink38 curves show the results of 
three versions of coarse-grained calculations using different concepts to 
obtain the local thermal parameters.
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previously been observed in Super Proton Synchrotron/CERN 
(European Centre for Particle Physics)18–20 and Relativistic Heavy-Ion  
Collider/Brookhaven National Laboratory21–23 experiments. With 
the high-precision μ+μ− data taken by the NA60 Collaboration in 
In + In collisions20 it could be shown that thermal medium radia-
tion, with invariant masses below 1 GeV c–2, can be understood as 
radiation originating from strongly modified ρ-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 ρ meson to baryons9,24–26. The good sta-
tistics of the NA60 data, even for invariant masses beyond the low-
mass vector-meson pole region (Mee > 1.2 GeV c–2), enabled us to 
extract an average source temperature of kT = 205 ± 12 MeV (ref. 14),  
pointing to a mostly partonic medium as the source of this radiation 
(compare Fig. 1).

Low-mass dilepton emission at beam energies around 1 GeV 
per nucleon in elementary and in light heavy-ion collision sys-
tems has so far been studied by the DLS27,28 and High Acceptance 
Dielectron Spectrometer (HADES)29–33 experiments. The common 
striking feature observed at these energies is an enhanced yield of 
e+e− pairs above the contribution from η Dalitz decays and a strong 
isospin dependence in both η production and nucleon–nucleon 
(NN) bremsstrahlung29,30. Emission of e+e− from the internal 
charged pion exchange line—contributing only in n + p colli-
sions—has been proposed to be responsible for the isospin effect29. 
In the following, we will call these contributions ‘conventional 
sources’. First indications for radiation beyond the conventional 
sources described above were found for the 48% most central 
Ar + KCl collisions with a mean number of participating nucleons 
〈Apart〉 = 38.5 (ref. 33).

The HADES experiment
The experiment was performed with HADES at GSI using a beam of 
accelerated Au ions impinging on a stack of Au foils. A photograph and 
a cross-sectional view of the set-up are exhibited in Supplementary 
Figs. 1 and 2, respectively. A description of the relevant components 
(mini drift chamber, ring-imaging Cherenkov (RICH), time of flight 
and resistive plate chamber) can be found in Methods.

Using the measured momenta of electrons and positrons  
forming correlated e+e− pairs, various pair observables such as 
invariant mass, rapidity and transverse momentum were con-
structed and investigated. To obtain the signal-pair yield, the con-
tribution of uncorrelated pairs was subtracted from the spectra  
of total pair yield. The signal spectrum was furthermore cor-
rected for detector inefficiencies. Details of the analysis procedures  
are explained in Methods.

The resulting invariant-mass distribution of signal dielectrons, 
derived for the 40% most central Au + Au collisions, is shown in  
Fig. 2. The precision of the measurement is demonstrated by  
quoting the 1σ statistical uncertainty (s.d.) and our estimator for  
the systematic uncertainty (see Methods for details). The signal  
yield is normalized to the number of produced neutral pions to 
remove a trivial system-size dependence of the signal-pair yield. 
The pion multiplicities are found to scale linearly with 〈Apart〉. For  
the centrality class presented here 〈Apart〉 amounts to 173. At low 
invariant masses a contribution from three-body π0 Dalitz decays  
is visible. Above Mee ≃ 0.15 GeV c–2, the spectrum drops nearly  
exponentially over almost four orders of magnitude until it runs  
out of statistics around 1 GeV c–2. Also shown are the expected  
yields attributed to mesons (π0, η, ω, ρ0, ϕ) decaying after they 
have decoupled from the fireball. Although dileptons radiated  
from this stage are not considered part of the thermal emission  
from the fireball, they still contribute to the total reconstructed  
signal-pair yield. Likewise, non-equilibrium contributions from 
baryonic sources (NN bremsstrahlung, Δ Dalitz decay), which  
contribute significantly at SIS18 energies33, are also accounted for. 

This yield is approximated by the NN reference spectrum (open 
dark-blue squares) derived from measured p + p and n + p data29 as

dNNN
ref

dMee
¼ 0:54

dNpp

dMee
þ 0:46

dNnp

dMee

! "
hAparti ð2Þ

with prefactors reflecting the isospin composition of the Au + Au 
collision system. Note that the η contribution has already been 
removed from the NN reference, since this contribution is taken 
care of by the mesonic cocktail. While the Au + Au signal-pair yield 
and NN reference agree in the π0 Dalitz region (Mee < 0.15 GeV c–2)  
as expected, they differ strikingly for masses Mee > 0.15 GeV c–2.  
In this region, the yield from Au + Au collisions exceeds the  
NN reference and mesonic cocktail substantially, clearly indi-
cating 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 (compare equation (2) and Fig. 2). We 
further apply a mass-dependent acceptance correction factor in 
analogy to the efficiency correction explained in Methods. The 
resulting dilepton excess radiation is presented in Fig. 3. It exhibits 
a near-exponential fall-off. A fit of dN/dMee ∝ (Mee)3/2 exp(−Mee/T) 
(black-body spectral distribution) to the data gives a satisfac-
tory overall description of the distribution and yields an inverse 
slope parameter of kT = 71.8 ± 2.1 MeV (reduced chi-square  
χ2/ndf = 13.2/17). This fit is justified because Im Πem/M2 is constant 
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Fig. 2 | Reconstructed e+e− mass distribution from Au!+!Au collisions. 
Signal-pair invariant-mass distributions obtained from two different 
analysis strategies explained in the Methods: back tracking and ring-
finder. The data are efficiency corrected and normalized to the number 
of neutral pions produced. Statistical (s.d.) and systematic uncertainties 
of the measurements are shown as vertical bars and boxes, respectively. 
The systematic uncertainties include uncertainties from subtraction of 
the CB, efficiency corrections, normalization to the number of π0 and 
uncertainties of the cocktail components. Curves represent the π0, η and 
ω Dalitz components, as well as ω and ϕ direct decays after decoupling 
from the fireball. Blue open squares show the NN reference spectrum. 
The sum of the two is the conventional sources contributing to the total 
signal yield.
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• Large enhancement in Au-Au at √sNN = 2.42 GeV
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in the range of fit (0.2 ≤ Mee (GeV c–2) ≤ 0.7) and the spectrum is 
thus dominated by fBE (compare equation (1)).

The integrated excess yield in the window 0.3 ≤ Mee (GeV c–2) ≤ 0.7  
is found to be N4π

excess ¼ ð1:07 ± 0:06stat ± 0:2systÞ ´ 10$4

I
. The excess 

surpasses the conventional sources by an average factor of 5.7 ± 0.3stat 
and reaches a factor of about 12 if the 10% most central events  
are selected. This rise reflects the increasing number of ρ gene-
rations in the case of a larger fireball volume and 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 gigaelectronvolts per nucleon have successfully been addressed 
by microscopic transport models34–36. However, for the descrip-
tion of dilepton emission, these calculations usually do not treat 
modifications of the ρ meson explicitly on the level of in-medium 
spectral functions. As can indeed be seen in Fig. 3, transport calcula-
tions assuming a free ρ spectral function (Hadron String Dynamics 
(HSD), SMASH)34,36 feature a clear bump around Mee = 0.7 GeV c–2, 
which is obviously not observed in the experimental data. The agree-
ment between transport model calculations and data can, however, 
be improved by assuming a strong collisional broadening of the ρ 
spectral function as demonstrated in the case of the HSD transport 
model. Furthermore, in HSD, most of the yield at the lower invariant 
masses is saturated by the contribution from an incoherent summa-
tion over Δ, NN and πN bremsstrahlung processes.

On the other hand, the excess radiation can be satisfacto-
rily described by assuming thermal emission rates folded with a  

spacetime evolution of the fireball derived from the coarse-grained 
respective transport calculations (UrQMD, SMASH)36–38 (compare 
Thermal dilepton radiation). The structureless excess yield indicates 
a strong medium modification of the ρ meson, probably induced by 
the high baryon density. This is a remarkable observation, as model 
calculations, based on the same in-medium spectral function, pre-
cisely reproduce the excess radiation measured at much higher col-
lision energies. Despite earlier concerns39 about the applicability of 
this approach at low beam energies, the calculations agree well with 
data in the region Mee > 0.3 GeV c–2 although they systematically 
overshoot the measurement for small invariant masses, an observa-
tion that needs to be further investigated.

Further evidence for the existence of thermal radiation is 
obtained from studying the system-size dependence of the dilep-
ton radiation. In Fig. 4 we present yields of signal pairs obtained 
in A + A collisions divided by the respective expectation from con-
ventional sources for three different collision systems according to

RAA ¼ 1
hAAA

parti
dNAA

dMee

dNNN

dMee

! ""1

ð3Þ

The excess is observable for invariant masses beyond the π0 Dalitz 
region. While for the C + C collisions the ratio is still consistent with 
unity within systematic uncertainties, the radiation is enhanced by 
an average factor of three in the case of Ar + KCl collisions. The 
strongest excess is observed for Au + Au collisions. A comparison 
of coarse-grained transport model calculations with data in the 
moderately heavy Ar + KCl collision system, 〈Apart〉 = 38.5, also 
demonstrates the limitations of using vacuum properties for the 
hadrons: agreement with data is indeed achieved only with explicit 
in-medium spectral functions36,38,40.

Our results demonstrate that, although at the beam energies con-
sidered here only about 10% of the charged particles in the final 
state are mesons (chiefly pions), we nevertheless observe a strong 
excess of dileptons. Its yield exceeds the one expected from known 
sources by factors and reveals a spectral distribution well described 
by assuming decays of in-medium ρ mesons. The data support the 
assumption of a strong broadening, which can be connected to par-
tial restoration of the dynamically broken chiral symmetry.
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Fig. 3 | Acceptance-corrected dilepton excess yield. Black squares:  
excess yield extracted by subtracting η, ω contributions as well as the  
NN reference normalized to the number of neutral pions. Red curve:  
dN/dMee!∝!(Mee)3/2!exp(−Mee/T) fit. Dashed curves: ρ (‘free’ spectral 
function) contribution from HSD34 and from SMASH36 transport model 
calculations normalized to the respective number of neutral pions. The 
meaning of the errors is as in Fig. 2. Solid green curve: incoherent sum 
of Δ!→!Ne+e−, NN and πN bremsstrahlung and ρ (collisional broadening 
scenario) contributions from HSD (multiple Δ regenerations are assumed 
in the model). The dark-blue36, blue37 and pink38 curves show the results of 
three versions of coarse-grained calculations using different concepts to 
obtain the local thermal parameters.
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Fig. 4 | Systematics of the e+e− pair yield in A!+!A collisions attributed to 
excess radiation. The ratios (RAA) depicted as symbols show the invariant-
mass yield for various collision systems A!+!A (refs. 31,32), per 〈Apart〉 of the 
respective heavy-ion centrality class, and normalized to the reference NN 
yield obtained from elementary NN collisions. Open black circles RC+C 1!A GeV,  
open black squares RC+C 2!A GeV, blue circles RAr+KCl and black squares RAu+Au. 
Statistical (s.d.) uncertainties are shown as vertical bars. The yellow 
band corresponds to the systematic uncertainties (meaning as in Fig. 2). 
Horizontal lines mark the corresponding average excess factors (see ref. 33 
for details).
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previously been observed in Super Proton Synchrotron/CERN 
(European Centre for Particle Physics)18–20 and Relativistic Heavy-Ion  
Collider/Brookhaven National Laboratory21–23 experiments. With 
the high-precision μ+μ− data taken by the NA60 Collaboration in 
In + In collisions20 it could be shown that thermal medium radia-
tion, with invariant masses below 1 GeV c–2, can be understood as 
radiation originating from strongly modified ρ-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 ρ meson to baryons9,24–26. The good sta-
tistics of the NA60 data, even for invariant masses beyond the low-
mass vector-meson pole region (Mee > 1.2 GeV c–2), enabled us to 
extract an average source temperature of kT = 205 ± 12 MeV (ref. 14),  
pointing to a mostly partonic medium as the source of this radiation 
(compare Fig. 1).

Low-mass dilepton emission at beam energies around 1 GeV 
per nucleon in elementary and in light heavy-ion collision sys-
tems has so far been studied by the DLS27,28 and High Acceptance 
Dielectron Spectrometer (HADES)29–33 experiments. The common 
striking feature observed at these energies is an enhanced yield of 
e+e− pairs above the contribution from η Dalitz decays and a strong 
isospin dependence in both η production and nucleon–nucleon 
(NN) bremsstrahlung29,30. Emission of e+e− from the internal 
charged pion exchange line—contributing only in n + p colli-
sions—has been proposed to be responsible for the isospin effect29. 
In the following, we will call these contributions ‘conventional 
sources’. First indications for radiation beyond the conventional 
sources described above were found for the 48% most central 
Ar + KCl collisions with a mean number of participating nucleons 
〈Apart〉 = 38.5 (ref. 33).

The HADES experiment
The experiment was performed with HADES at GSI using a beam of 
accelerated Au ions impinging on a stack of Au foils. A photograph and 
a cross-sectional view of the set-up are exhibited in Supplementary 
Figs. 1 and 2, respectively. A description of the relevant components 
(mini drift chamber, ring-imaging Cherenkov (RICH), time of flight 
and resistive plate chamber) can be found in Methods.

Using the measured momenta of electrons and positrons  
forming correlated e+e− pairs, various pair observables such as 
invariant mass, rapidity and transverse momentum were con-
structed and investigated. To obtain the signal-pair yield, the con-
tribution of uncorrelated pairs was subtracted from the spectra  
of total pair yield. The signal spectrum was furthermore cor-
rected for detector inefficiencies. Details of the analysis procedures  
are explained in Methods.

The resulting invariant-mass distribution of signal dielectrons, 
derived for the 40% most central Au + Au collisions, is shown in  
Fig. 2. The precision of the measurement is demonstrated by  
quoting the 1σ statistical uncertainty (s.d.) and our estimator for  
the systematic uncertainty (see Methods for details). The signal  
yield is normalized to the number of produced neutral pions to 
remove a trivial system-size dependence of the signal-pair yield. 
The pion multiplicities are found to scale linearly with 〈Apart〉. For  
the centrality class presented here 〈Apart〉 amounts to 173. At low 
invariant masses a contribution from three-body π0 Dalitz decays  
is visible. Above Mee ≃ 0.15 GeV c–2, the spectrum drops nearly  
exponentially over almost four orders of magnitude until it runs  
out of statistics around 1 GeV c–2. Also shown are the expected  
yields attributed to mesons (π0, η, ω, ρ0, ϕ) decaying after they 
have decoupled from the fireball. Although dileptons radiated  
from this stage are not considered part of the thermal emission  
from the fireball, they still contribute to the total reconstructed  
signal-pair yield. Likewise, non-equilibrium contributions from 
baryonic sources (NN bremsstrahlung, Δ Dalitz decay), which  
contribute significantly at SIS18 energies33, are also accounted for. 

This yield is approximated by the NN reference spectrum (open 
dark-blue squares) derived from measured p + p and n + p data29 as

dNNN
ref

dMee
¼ 0:54

dNpp

dMee
þ 0:46

dNnp

dMee

! "
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with prefactors reflecting the isospin composition of the Au + Au 
collision system. Note that the η contribution has already been 
removed from the NN reference, since this contribution is taken 
care of by the mesonic cocktail. While the Au + Au signal-pair yield 
and NN reference agree in the π0 Dalitz region (Mee < 0.15 GeV c–2)  
as expected, they differ strikingly for masses Mee > 0.15 GeV c–2.  
In this region, the yield from Au + Au collisions exceeds the  
NN reference and mesonic cocktail substantially, clearly indi-
cating 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 (compare equation (2) and Fig. 2). We 
further apply a mass-dependent acceptance correction factor in 
analogy to the efficiency correction explained in Methods. The 
resulting dilepton excess radiation is presented in Fig. 3. It exhibits 
a near-exponential fall-off. A fit of dN/dMee ∝ (Mee)3/2 exp(−Mee/T) 
(black-body spectral distribution) to the data gives a satisfac-
tory overall description of the distribution and yields an inverse 
slope parameter of kT = 71.8 ± 2.1 MeV (reduced chi-square  
χ2/ndf = 13.2/17). This fit is justified because Im Πem/M2 is constant 
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Fig. 2 | Reconstructed e+e− mass distribution from Au!+!Au collisions. 
Signal-pair invariant-mass distributions obtained from two different 
analysis strategies explained in the Methods: back tracking and ring-
finder. The data are efficiency corrected and normalized to the number 
of neutral pions produced. Statistical (s.d.) and systematic uncertainties 
of the measurements are shown as vertical bars and boxes, respectively. 
The systematic uncertainties include uncertainties from subtraction of 
the CB, efficiency corrections, normalization to the number of π0 and 
uncertainties of the cocktail components. Curves represent the π0, η and 
ω Dalitz components, as well as ω and ϕ direct decays after decoupling 
from the fireball. Blue open squares show the NN reference spectrum. 
The sum of the two is the conventional sources contributing to the total 
signal yield.
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Photons or dileptons

61

• Photon measurements are limited by systematics: large background from 𝜋) and 𝜂 decays
• Dielectrons suffer from statistics (additional factor 𝛼"#), systematics dominated by

combinatorial background and hadron decays

• Photons integrate over space-time evolution, different collision stages cannot be distinguished
(aka direct photon puzzle)

• Dielectrons do as well but carry mass which can serve as a clock
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