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Outline

• EM probes are unique

• dielectrons are particularly unique

• the boon and bane of dielectrons at the LHC

• dielectron results in pp, p-Pb, Pb-Pb from ALICE

• let there be light: ALICE 2 and ALICE 3
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Photons and dileptons
• are produced at all stages of the collison
• leave the system without strong FSI

Ø messengers of QGP bulk properties and in-medium
       properties of hadrons
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Photons or dileptons
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 (cf. direct photon puzzle)
• Dielectrons do as well but carry mass which can serve as a clock
• every process that produces a real photon can also produce a virtual photon 
• the opposite is not true
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R. Rapp Acta Phys.Polon. B42 (2011) 
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Tc

hadronic

QGP

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

• mass dependence allows separation of 
collision stages

• QGP radiation dominates at 𝒎𝒆𝒆 ≳ 𝟏	GeV
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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
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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
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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 
(IMR) (1—2.5 GeV/c2):

Ø  ⁄𝑆 𝐵 ≤ 10% 
Ø heavy-flavor contribution 

must be known within ≤ 𝟏% QGPhadronic

R. Rapp and J. Wambach, Eur. Phys. J. A 6 (1999)



Heavy-flavour cross sections in pp
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Heavy-flavour cross sections in pp
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pp pp

IMR

IMR

ALICE, Phys. Rev. C102 055204 (2020)

• Charm and beauty contribution can be determined from a template fit to the IMR
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Heavy-flavour cross sections in pp
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pp pp pp

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

IMR

ALICE, Phys. Rev. C102 055204 (2020)



Dielectron production in pp
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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
• HF fit provides good description of pp dielectron results
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Dielectrons in Pb-Pb
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Dielectrons in Pb-Pb
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Pb-Pb results from Run 1:
• Large statistical and systematic 

uncertainties
• No conclusion about thermal radiation can 

be drawn

ALICE, PRC99, 024002 (2019)
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Dielectrons in Pb-Pb
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

Pb-Pb@5.02 TeV

ALICE, arXiv:2308.16704

Cocktail 1



Dielectrons in Pb-Pb
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• But: HF is modified in the final state in Pb-Pb
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Dielectrons in Pb-Pb
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• Cocktail 2: based on EPS09 and HFE RAA

Ø Description improved, but additional 
uncertainties introduced

ALICE, arXiv:2308.16704
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Dielectrons in Pb-Pb - models
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• Cocktail 2: based on EPS09 and HFE RAA

Ø Description improved, but additional 
uncertainties introduced

Ø Possible QGP contribution in the IMR not 
resolvable within systematic (and 
statistical) unertainties

Ø Comparison to models reveals slight 
tension in the 𝜌/𝜔 region

ALICE, arXiv:2308.16704
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• Cocktail 2: based on EPS09 and HFE RAA

Ø Description improved, but additional 
uncertainties introduced

Ø Possible QGP contribution in the IMR not 
resolvable within systematic (and 
statistical) unertainties

Ø Comparison to models reveals slight 
tension in the 𝜌/𝜔 region

ALICE, arXiv:2308.16704
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• Cocktail 2: based on EPS09 and HFE RAA

Ø Description improved, but additional 
uncertainties introduced

Ø Possible QGP contribution in the IMR not 
resolvable within systematic (and 
statistical) unertainties

Ø Comparison to models reveals slight 
tension in the 𝜌/𝜔 region

ALICE, arXiv:2308.16704



Dielectron excess in Pb-Pb
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Pb-Pb results from Run 2:
• Cocktail 1: 𝑁"#$$ - scaled HF measurement in pp

Ø at the edge of systematic uncertainty in 
the IMR

• Cocktail 2: based on EPS09 and HFE RAA

Ø Description improved, but additional 
uncertainties introduced

Ø Possible QGP contribution in the IMR  not 
resolvable within systematic (and 
statistical) unertainties

Ø Comparison to models reveals slight 
tension in the 𝜌/𝜔 region

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

Pb-Pb

ALICE, arXiv:2308.16704
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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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Topological separation of 
dielectron sources
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• Cross check: DCAee distributions in the J/𝜓 region are well described by cocktail  

ALICE, arXiv:2308.16704 ALICE, arXiv:2308.16704
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Topological separation of 
dielectron sources
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ALICE, arXiv:2308.16704 ALICE, arXiv:2308.16704

• In the IMR, cocktail uncertainties are too large to draw conclusions on thermal radiation
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Topological separation of 
dielectron sources
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ALICE, arXiv:2308.16704 ALICE, arXiv:2308.16704

• Simultaneous fit of charm and prompt contribution gives hint for thermal dielectrons:
 𝒄4𝒄:          𝟎. 𝟒𝟑 ± 𝟎. 𝟒𝟎(stat. ) ± 𝟎. 𝟐𝟐(syst. ) ×	𝑁'()) scaling

prompt: 𝟐. 𝟔𝟒 ± 𝟑. 𝟏𝟖 stat. ± 𝟎. 𝟐𝟗 syst. 	× Rapp
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Future dielectron measurements require:

• much more statistics
• significant improvement of vertex resolution
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Future dielectron measurements require:

• much more statistics
• significant improvement of vertex resolution

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

3109.11.2023 Harald Appelshäuser, WPCF 2023, Catania, Italy

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
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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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ALICE 2 in Run 3: 
• 47 kHz achieved in Pb-Pb and continuous readout
• factor 20 more Pb-Pb events collected in 2023 than in Run 1+2 
• factor ~1000 more pp data than in Run 1+2



Dielectron mass spectrum in Run 3
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• High-statistics dielectron measurement
• Improved impact parameter resolution 
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• High-statistics dielectron measurement
• Improved impact parameter resolution 

from ITS2
Run 3
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• ALICE 2 in Run 3+4 will allow systematic studies of prompt thermal dielectron radiation

prompt

non-prompt

• High-statistics dielectron measurement
• Improved impact parameter resolution 

from ITS2
Run 3



• 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
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arXiv:2211.02491

Starting 2034



• 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
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Starting 2034
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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
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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 new 
generation of 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



Backup
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Dileptons

43

• 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

• also HADES, STAR

09.11.2023 Harald Appelshäuser, WPCF 2023, Catania, Italy

dNee
d 4xd 4q

= −
α 2

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

588 R. Rapp, H. van Hees / Physics Letters B 753 (2016) 586–590

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 
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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
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NA60

• DCAee allows separation of prompt from delayed dielectron sources
• Pioneered by NA60 at the SPS 

Ø first experimental evidence for thermal dielectrons in the IMR

Topological separation of 
dielectron sources


