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Outline
● Thermal radiation and dileptons

○ (Low-mass) dilepton sources and physics objectives
○ Experimental results (with focus on recent results from ALICE at the LHC)

● Upgrades and future heavy-ion experiments (at the LHC)
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Heavy-ion collisions and dileptons

Ultra-relativistic Heavy-Ion Collisions: test QCD at high temperatures/densities
● Phase transitions / Quark-Gluon Plasma (QGP)
● Deconfinement
● (Partial) restoration of chiral symmetry

3

HADES, Nature Phys. 15 (2019), 1040-1045

The black symbols are the experimentally 
deduced chemical freeze-out points 
describing the final-state hadron abundances 
in a statistical hadronization model1. Stars, 
squares, circles and triangles depict results 
from the various implementations (related to 
canonical suppression of strangeness or the 
hadron spectrum). The horizontal and vertical 
bars are the s.d. due to experimental 
uncertainties. The expectation values of the 
chiral condensate relative to the vacuum as 
constrained by QCD (ref. 2) are depicted as 
blue curves. The yellow band is the crossover 
region3. The dotted–dashed purple curve 
shows the conjectured first-order phase 
transition, which terminates in a second-order 
QCD critical point (open purple circle). The 
red upright triangle displays the temperature 
deduced from the dimuon invariant-mass 
spectrum measured by the NA60 
Collaboration14, while the red inverted triangle 
is the result of the HADES Collaboration, 
reported here. The two black dashed curves 
indicate the corresponding predicted 
evolution of the fireball parameters43,44,45. The 
solid green curve marks the first-order 
liquid–gas phase transition in nuclear matter, 
terminating in the critical end point (green 
circle)46.

https://www.nature.com/articles/s41567-019-0583-8
https://www.nature.com/articles/s41567-019-0583-8#ref-CR1
https://www.nature.com/articles/s41567-019-0583-8#ref-CR2
https://www.nature.com/articles/s41567-019-0583-8#ref-CR3
https://www.nature.com/articles/s41567-019-0583-8#ref-CR14
https://www.nature.com/articles/s41567-019-0583-8#ref-CR43
https://www.nature.com/articles/s41567-019-0583-8#ref-CR44
https://www.nature.com/articles/s41567-019-0583-8#ref-CR45
https://www.nature.com/articles/s41567-019-0583-8#ref-CR46
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Heavy-ion collisions and dileptons

4

R. Rapp, Nature Phys. 15 (2019), 990–991

Measure photons or dileptons (e+e- or μ+μ- pairs)
● Couple to EM current throughout the full collision history
● Very low interaction with QCD medium (no strong interaction)

https://www.nature.com/articles/s41567-019-0614-5
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Heavy-ion collisions and dileptons
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R. Rapp, Nature Phys. 15 (2019), 990–991

Measure photons or dileptons (e+e- or μ+μ- pairs)
● Couple to EM current throughout the full collision history
● Very low interaction with QCD medium (no strong interaction)
● Virtual photons: invariant mass, no blue-shift of rapidly expanding system
● Sensitive to thermal radiation, vector meson spectral shape, production of heavy flavour (charm and 

beauty) hadrons, beyond SM particles with JPC=1-- (e.g. dark photons)

https://www.nature.com/articles/s41567-019-0614-5
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Dilepton sources - light flavour
● Dominating low mass region 

mee < 1.1 GeV/c2

● Populated with light neutral mesons                
(π0, η, η’, ρ, ω and ɸ)

○ Decaying via Dalitz, or two body decays
● Connection to QCD chiral symmetry restoration 

expected at temperatures reached in UrHICs
○ In-medium modification of vector 

mesons: “ρ broadening” (see later slides)

6

For dimuons only m > 0.2 GeV/c2 accessible
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Dilepton sources - heavy flavour
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● Dominating intermediate mass region
1.1 GeV/c2 < mee < 2.7 GeV/c2

● In pp collisions: measurement of σcc,bb
○ Complementary to hadron measurements
○ Strongly increasing contribution with √sNN

● In p-Pb collisions: cold nuclear matter effects
○ Nuclear PDFs

● Other “hard” sources (not discussed here): Prompt, 
Drell-Yan, and pre-equilibrium virtual photons 
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Dilepton sources - thermal

8

Thermal dilepton emission rate:

 
hadrons partons
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Dilepton sources - thermal

● Vacuum: EM spectral function well known from the e+e− annihilation cross section into hadrons / μ+μ-

● Medium: 
○ Below 1.5 GeV/c2: modification of vector meson spectral function                                         

→ signals (approach to) deconfinement and the restoration of chiral symmetry? 
○ Above 1.5 GeV/c2: extraction of temperature (and space-time evolution of thermal source)

9

Thermal dilepton emission rate:

 
hadrons partons

Landolt-Bornstein 23 (2010) 134

http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_6
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Temperature evolution

10

● System evolution in the QCD phase diagram

HADES, Nature Phys. 15 (2019), 1040-1045

https://www.nature.com/articles/s41567-019-0583-8
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Temperature evolution

11

R. Rapp, Acta Phys. Pol. B 42, 2823 (2011)

● System evolution in the QCD phase diagram
● Temperature-differential dielectron emission:

● Dilepton mass sensitive to system temperature (evolution) 

HADES, Nature Phys. 15 (2019), 1040-1045

https://www.actaphys.uj.edu.pl/R/42/12/2823/pdf
https://www.nature.com/articles/s41567-019-0583-8
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Partial restoration of chiral symmetry  

12

Chiral symmetry of QCD Lagrangian: 
● Ground state breaks symmetry spontaneously

V. Koch, Int.J.Mod.Phys. E6 (1997) 203-250

https://www.worldscientific.com/doi/abs/10.1142/S0218301397000147
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Partial restoration of chiral symmetry  
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Chiral symmetry of QCD Lagrangian: 
● Ground state breaks symmetry spontaneously
● Parity partners not degenerate

V. Koch, Int.J.Mod.Phys. E6 (1997) 203-250S. Leupold, Physics@FAIR, 2011

https://www.worldscientific.com/doi/abs/10.1142/S0218301397000147
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwitkLvynevrAhUtIcUKHZejC8EQFjAOegQIBRAB&url=http%3A%2F%2Frafael.ujf.cas.cz%2Fschool11%2Fpresentations%2Fleupold1%2B2%2B3.pdf&usg=AOvVaw0vr1Kh1i1ypc8TsJRNsG83
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Partial restoration of chiral symmetry  

14

Order parameter: 
chiral condensate

Based on M. Lutz et al., Nucl.Phys.A 542 (1992) 521-558

S. Leupold, Physics@FAIR, 2011

https://www.sciencedirect.com/science/article/abs/pii/037594749290256J?via%3Dihub
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwitkLvynevrAhUtIcUKHZejC8EQFjAOegQIBRAB&url=http%3A%2F%2Frafael.ujf.cas.cz%2Fschool11%2Fpresentations%2Fleupold1%2B2%2B3.pdf&usg=AOvVaw0vr1Kh1i1ypc8TsJRNsG83
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QCD sum rule:

→ measurable in-medium modification of vector (and axial-vector) spectral function?

Partial restoration of chiral symmetry  

15

Order parameter: 
chiral condensate

Based on M. Lutz et al., Nucl.Phys.A 542 (1992) 521-558

https://www.sciencedirect.com/science/article/abs/pii/037594749290256J?via%3Dihub
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Partial restoration of chiral symmetry  
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P.M. Hohler, R. Rapp, Phys.Lett.B731 (2014) 103-109

● ⍴-meson melting/broadening
● Merging of vector and axial-vector spectral functions
● “Direct connection between dileptons and chiral restoration”

https://www.sciencedirect.com/science/article/pii/S0370269314001129?via%3Dihub
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Summary: dileptons as thermometer and chronometer

17

● Low-mass thermal radiation (“excess spectra”) in mee = 0.3-0.7 GeV/c2 ~ fireball lifetime
● Inverse slope parameter (1.5-2.5 GeV/c2) ~ initial temperature

R. Rapp, H. van Hees, Phys.Lett. B 753, 586 (2016)

https://www.sciencedirect.com/science/article/pii/S0370269315010138?via%3Dihub
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Dilepton sources - photoproduction 

● EM field surrounding the fast moving nuclei can be treated as a quasi-real photon flux 
● high cross section for photon-photon interactions (and photon-nucleus) 

18
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Dilepton sources - photoproduction 

● EM field surrounding the fast moving nuclei can be treated as a quasi-real photon flux 
● high cross section for photon-photon interactions (and photon-nucleus) 

○ Dileptons with low pair transverse momentum 
○ Different scaling with collision energy and centrality w.r.t. hadronic and thermal production

19

M. Klusek-Gawenda et al., Phys.Lett.B 790 (2019) 339-344

b<R1+R2

https://www.sciencedirect.com/science/article/pii/S0370269319300516?via%3Dihub
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Experimental approach and challenges
Example: dielectrons

● Identify electrons/positrons
○ Minimize hadron contamination

● Pair electrons and positrons in one event
○ Major contribution from photon conversion in 

detector material

20



Heavy Ion Meeting, 17 Sep 2020 Michael Weber (SMI)

Experimental approach and challenges
Example: dielectrons

● Identify electrons/positrons
○ Minimize hadron contamination

● Pair electrons and positrons in one event
○ Major contribution from photon conversion in 

detector material

● Subtract combinatorial background B
○ S = ULS - B = R*LS
○ S/B ~ 10-3 in central Pb-Pb collisions

21
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Experimental approach and challenges
Example: dielectrons

● Identify electrons/positrons
○ Minimize hadron contamination

● Pair electrons and positrons in one event
○ Major contribution from photon conversion in 

detector material

● Subtract combinatorial background B
○ S = ULS - B = R*LS
○ S/B ~ 10-3 in central Pb-Pb collisions

● Subtract “known” long-lived light- and heavy-flavour 
sources (“cocktail”)

○ Systematic uncertainties

22
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Example at LHC - ALICE 

23

Detector:
Length: 26 meters
Height: 16 meters
Weight: 10,000 ton

Central barrel:
Event characterization,
Vertex, Tracking, PID
|η| < 0.9
→ Dielectrons

Muon Spectrometer:
Trigger and Tracking
-2.5 > η > -4
→ Dimuons

ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044
ALICE, JINST, 3 (2008), S08002

Time-Of-Flight
Time Projection Chamber

Inner Tracking System
V0, T0

https://www.worldscientific.com/doi/abs/10.1142/S0217751X14300440
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002/meta
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Light and heavy flavour - ALICE pp

● Proper reference: Data well described by “cocktail” of known hadronic sources within uncertainties

24

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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Light and heavy flavour - ALICE pp

● Proper reference: Data well described by “cocktail” of known hadronic sources within uncertainties
● Heavy flavour cross section: extracted with 2D fit (mee, pT,ee)

○ Compatible with hadron measurements
○ Model dependence: sensitivity to production mechanisms 

25

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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Light and heavy flavour - ALICE p-Pb

● Proper reference: Data well described by “cocktail” of known hadronic sources within uncertainties
○ Scaling of heavy-flavour sources with A or number of binary collisions Ncoll                           

26

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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Light and heavy flavour - ALICE p-Pb

● Proper reference: Data well described by “cocktail” of known hadronic sources within uncertainties
○ Scaling of heavy-flavour sources with A or number of binary collisions Ncoll                           

27

Nuclear modification factor:

RpPb = 1, if p-Pb simple superposition of pp/pn collisions
pp results

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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Light and heavy flavour - ALICE p-Pb

● Proper reference: Data well described by “cocktail” of known hadronic sources within uncertainties
● Current precision doesn’t allow for conclusions on potential cold nuclear matter effects (EPS09 

nPDF) or thermal radiation (Rapp)

28

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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Thermal dilepton production 

29
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Thermal dilepton production - SPS

30

NA60, Eur.Phys.J.C 61 (2009) 711-720

● Most precise heavy-ion dilepton results so far

https://link.springer.com/article/10.1140/epjc/s10052-009-0878-5
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Thermal dilepton production - SPS

31

● Most precise heavy-ion dilepton results so far
● Consistent with an in-medium ρ spectral function that, driven by the coupling to baryons, 

melts and approaches the one from qq annihilation in the vicinity of the phase transition 

Excess (after subtraction of long-lived light-
and [keep ρ] heavy-flavour sources)

NA60, Eur.Phys.J.C 61 (2009) 711-720

https://link.springer.com/article/10.1140/epjc/s10052-009-0878-5
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Thermal dilepton production - SPS

32

This paper, supplementing [14], 
contains the most com-
prehensive data set on excess 
dileptons above the known
sources which has so far become 
available through NA60.
We have concentrated here more than 
before on interpreta-
tional aspects, in particular on the way, 
“parton–hadron du-
ality” in the yields can be overcome by 
a careful study of
M–p T correlations. The data mediate a 
clear conclusion on
the dominance of partonic processes 
for M > 1 GeV. A sys-
tematic comparison with theoretical 
models reveals remain-
ing ambiguities in the modeling, but the 
overall agreement
with the data tends by now to support 
the same conclusi

Contrary to transverse-mass 
spectra of the dimuon
continuum at lower masses, this 
excess shows no increase of the 
exponential inverse slope with 
mass,
i.e., blue shift, that is typical for 
radial flow. This suggests that the 
source of this enhancement is from 
the
earliest phase of the collision, 
before significant radial flow has 
built up. This supports the idea that 
the
inverse slope of the invariant mass 
spectrum is insensitive to the 
expansion of the medium and 
therefore
a true measure of the average 
temperature. NA60 measured a 
value of T = 205 ± 12 MeV [527], 
which
significantly exceeds the 
temperature of 154 ± 9 MeV, above 
which the formation of a QGP has 
been
predicted [50, 135].

● Fit to mT spectra of excess yield (acceptance corrected) in different mass regions

NA60, Eur.Phys.J.C 61 (2009) 711-720

https://link.springer.com/article/10.1140/epjc/s10052-009-0878-5
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Thermal dilepton production - SPS

33

This paper, supplementing [14], 
contains the most com-
prehensive data set on excess 
dileptons above the known
sources which has so far become 
available through NA60.
We have concentrated here more than 
before on interpreta-
tional aspects, in particular on the way, 
“parton–hadron du-
ality” in the yields can be overcome by 
a careful study of
M–p T correlations. The data mediate a 
clear conclusion on
the dominance of partonic processes 
for M > 1 GeV. A sys-
tematic comparison with theoretical 
models reveals remain-
ing ambiguities in the modeling, but the 
overall agreement
with the data tends by now to support 
the same conclusi

Contrary to transverse-mass 
spectra of the dimuon
continuum at lower masses, this 
excess shows no increase of the 
exponential inverse slope with 
mass,
i.e., blue shift, that is typical for 
radial flow. This suggests that the 
source of this enhancement is from 
the
earliest phase of the collision, 
before significant radial flow has 
built up. This supports the idea that 
the
inverse slope of the invariant mass 
spectrum is insensitive to the 
expansion of the medium and 
therefore
a true measure of the average 
temperature. NA60 measured a 
value of T = 205 ± 12 MeV [527], 
which
significantly exceeds the 
temperature of 154 ± 9 MeV, above 
which the formation of a QGP has 
been
predicted [50, 135].

● Fit to mT spectra of excess yield (acceptance corrected) in different mass regions
● No increase of the exponential inverse slope with mass

→ Insensitive to the expansion of the medium 
→ true measure of the average temperature (Teff = 205 ± 12 MeV )

NA60, Eur.Phys.J.C 61 (2009) 711-720

https://link.springer.com/article/10.1140/epjc/s10052-009-0878-5
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Thermal dilepton production - RHIC

34

STAR, Phys.Lett.B 750 (2015) 64-71

● Excess in the low mass region 

https://www.sciencedirect.com/science/article/pii/S0370269315006450?via%3Dihub#fg0040
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Thermal dilepton production - RHIC

35

PHENIX, Phys.Rev.C 93 (2016) 1, 014904STAR, Phys.Lett.B 750 (2015) 64-71

● Excess in the low mass region in the full RHIC beam energy range (19.6 - 200 GeV)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.014904
https://www.sciencedirect.com/science/article/pii/S0370269315006450?via%3Dihub#fg0040


Heavy Ion Meeting, 17 Sep 2020 Michael Weber (SMI)

Thermal dilepton production - RHIC

36

PHENIX, Phys.Rev.C 93 (2016) 1, 014904STAR, Phys.Lett.B 750 (2015) 64-71

● Excess in the low mass region in the full RHIC beam energy range (19.6 - 200 GeV)
● Compatible with ⍴ broadening + QGP thermal radiation

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.014904
https://www.sciencedirect.com/science/article/pii/S0370269315006450?via%3Dihub#fg0040
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Thermal dilepton production - SIS

37

HADES, Nature Phys. 15 (2019), 1040-1045

Here, we report the observation of 
virtual photon emission from 
baryon-rich QCD matter. The 
spectral distribution of the 
electron–positron pairs is nearly 
exponential, providing evidence for 
a source of temperature in excess 
of 70 MeV with constituents whose 
properties have been modified, thus 
reflecting peculiarities of 
strong-interaction QCD matter. Its 
bulk properties are similar to the 
dense matter formed in the final 
state of a neutron star merger, as 
apparent from recent 
multimessenger observation.

● Excess in the low mass region also in the AGS/SIS energy range (~2 GeV)

https://www.nature.com/articles/s41567-019-0583-8
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Thermal dilepton production - SIS

38

Here, we report the observation of 
virtual photon emission from 
baryon-rich QCD matter. The 
spectral distribution of the 
electron–positron pairs is nearly 
exponential, providing evidence for 
a source of temperature in excess 
of 70 MeV with constituents whose 
properties have been modified, thus 
reflecting peculiarities of 
strong-interaction QCD matter. Its 
bulk properties are similar to the 
dense matter formed in the final 
state of a neutron star merger, as 
apparent from recent 
multimessenger observation.

● Excess in the low mass region also in the AGS/SIS energy range (~2 GeV)
● Compatible with ⍴ broadening (+ Bremsstrahlung)
● “evidence for a source of temperature in excess of 70 MeV” 

HADES, Nature Phys. 15 (2019), 1040-1045

https://www.nature.com/articles/s41567-019-0583-8
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Thermal dilepton production - excitation function

39

● Excess in the low mass region as a function of collision energy (chronometer)

Existing measurements
Projections (RHIC)
Projections (FAIR, SPS, NICA, J-PARC) 

F. Seck, QM 2019

https://indico.cern.ch/event/792436/contributions/3535850/attachments/1939716/3215719/qm2019_fseck.pdf
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Thermal dilepton production - excitation function

40

HADES, Nature Phys. 15 (2019), 1040-1045

● Excess in the low mass region as a function of collision energy (chronometer)
● Extraction of effective temperature (thermometer)

F. Seck, QM 2019

https://www.nature.com/articles/s41567-019-0583-8
https://indico.cern.ch/event/792436/contributions/3535850/attachments/1939716/3215719/qm2019_fseck.pdf
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Thermal dilepton production - excitation function

41

?

LHC

● Excess in the low mass region as a function of collision energy (chronometer)
● Extraction of effective temperature (thermometer)
● Large uncharted territory on the QCD phase diagram

 ?

HADES, Nature Phys. 15 (2019), 1040-1045

F. Seck, QM 2019

https://www.nature.com/articles/s41567-019-0583-8
https://indico.cern.ch/event/792436/contributions/3535850/attachments/1939716/3215719/qm2019_fseck.pdf
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ALICE measurements - Dielectrons LHC Run 2 

42

● Central Pb-Pb collisions (2015 data only)
● Still large uncertainties (analysis of 2018 data with ~10 times larger sample ongoing)
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ALICE measurements - Dielectrons LHC Run 2 

43

● Central Pb-Pb collisions (2015 data only)
● Still large uncertainties (analysis of 2018 data with ~10 times larger sample ongoing)
● Comparisons to pure hadronic cocktail, nPDFs, and thermal scenarios inconclusive so far

(similar conclusion from Run 1 data)
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ALICE measurements - Dimuons 

44

● Limited background rejection at low pT in LHC Run 1 and 2 
● Focus on vector meson production in pp and Pb-Pb collisions → nuclear modification factor  

ALICE, Eur. Phys. J. C 78 (2018) 559

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6034-3
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Photoproduction

45

b<R1+R2



Heavy Ion Meeting, 17 Sep 2020 Michael Weber (SMI)

Photoproduction - STAR

● Excess e+e- pair pT distribution concentrates below pT~0.15 GeV/c
○ Evidence of photon interactions in hadronic heavy ion collisions

46

STAR, Phys.Rev.Lett. 121 (2018) 13, 132301

b<R1+R2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.132301
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Photoproduction - STAR

● Excess e+e- pair pT distribution concentrates below pT~0.15 GeV/c
○ Evidence of photon interactions in hadronic heavy ion collisions

● pT broadening w.r.t. UPC (StarLight): 
○ Importance of impact parameter dependence of initial electromagnetic field
○ Additional effects? See S. Klein et al., arXiv:2003.02947 [hep-ph] for a recent summary

47

STAR, Phys.Rev.Lett. 121 (2018) 13, 132301

W. Zha et al., Phys.Lett.B 800 (2020) 135089

https://arxiv.org/pdf/2003.02947.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.132301
https://www.sciencedirect.com/science/article/pii/S0370269319308111#fg0010
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Photoproduction - ALICE

48

● Excess w.r.t. cocktail and thermal sources at pT,ee < 0.1 GeV/c
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Photoproduction - ALICE

49

● Excess w.r.t. cocktail and thermal sources at pT,ee < 0.1 GeV/c
● Compatible with photo-production models (caveat: no resolution effects taken into account here)
● Next steps: increase statistics by factor of two by including 2018 data, event-plane dependence,...
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The next decade

50
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The next decade

51

At the LHC (changes due to Covid not included here):
HL-LHC WG5 yellow report

ALICE:
13 nb-1 Pb-Pb 
0.6 pb-1 p-Pb

+          pp
(ALICE-PUBLIC-2020-005)

https://arxiv.org/abs/1812.06772
https://cds.cern.ch/record/2724925
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The next decade

52
O Vazquez Doce, LHCC open session Sep 2020

https://indico.cern.ch/event/939299/contributions/3946685/attachments/2094976/3521106/ALICE_report_LHC_Sept2020.pdf
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The next decade

53A. Rossi, ICHEP 2020

FoCal and ITS3:

https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf
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The next decade

54

A next generation heavy-ion experiment:

arXiv:1902.01211 [physics.ins-det]

https://arxiv.org/abs/1902.01211
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ALICE upgrades (Run 3 and 4) and dileptons

55

CERN-LHCC-2019-018

A. Rossi, ICHEP 2020

● Dimuons:
○ Vertexing by Muon Forward Tracker
○ Better mass resolution and reduced 

background 

● Dielectrons:
○ Improved vertex resolution (ITS2, ITS3)
○ Reduced material budget (conversions)
○ Higher data acquisition rate (50 kHz)
○ Dedicated low B field run(s): improved 

efficiency at low pT, better conversion 
rejection

MFT

ITS

https://cds.cern.ch/record/2703140
https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf
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ALICE - Dimuons (Run 3)

56

Not optimized to reduce contribution of
heavy-flavour sources

HL-LHC WG5 yellow report

https://arxiv.org/abs/1812.06772
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ALICE - Dimuons (Run 3)

57

Not optimized to reduce contribution of
heavy-flavour sources

After subtraction of long-lived light-
and (keep ρ) heavy-flavour sources
→ measurement of ρ spectral shape 

HL-LHC WG5 yellow report

https://arxiv.org/abs/1812.06772
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ALICE - Dielectrons (Run 3)

58

HL-LHC WG5 yellow report

Applying cuts on the pair DCA to reduce
contribution of heavy-flavour sources

After subtraction of long-lived light-
and (keep ρ) heavy-flavour sources
→ measurement of ρ spectral shape 

https://arxiv.org/abs/1812.06772
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ALICE - Dielectrons (Run 4)

59

CERN-LHCC-2019-018

Applying cuts on the pair DCA to reduce
contribution of heavy-flavour sources

After subtraction of long-lived light-
and (keep ρ) heavy-flavour sources
→ reduction of stat./syst. uncertainties 

https://cds.cern.ch/record/2703140


Heavy Ion Meeting, 17 Sep 2020 Michael Weber (SMI)

ALICE - Temperature extraction

60

● Temperature measurement at the LHC
○ Heavy flavour uncertainties can be improved 

● Large statistics will allow for more differential measurements (pT dependence, flow, polarization)

CERN-LHCC-2019-018

Fit to excess spectrum: 
1.1 < Mee (GeV/c2) < 2.0

https://cds.cern.ch/record/2703140
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Beyond 2030: ALICE 3

61

A next-generation LHC heavy-ion experiment

https://arxiv.org/abs/1902.01211
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Beyond 2030: ALICE 3

62

ALICE 3 workshop: 13.-15. Oct 2020

A next-generation LHC heavy-ion experiment

and electric conductivity

https://indico.cern.ch/event/953710/overview
https://arxiv.org/abs/1902.01211
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Other future opportunities: beam energy scan

63

● Many new experiments covering a very wide μB region
○ NA60+, HADES/CBM, J-PARC, NICA, ... 

● Reaching very high interaction rates → precision physics
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Other future opportunities: beam energy scan

64

F. Seck, QM 2019

CERN-SPSC-2019-017

● Many new experiments covering a very wide μB region
○ NA60+, HADES/CBM, J-PARC, NICA, ... 

● Reaching very high interaction rates → precision physics
● Goal: Caloric curve from thermal dileptons

https://indico.cern.ch/event/792436/contributions/3535850/attachments/1939716/3215719/qm2019_fseck.pdf
https://cds.cern.ch/record/2673280
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Other future opportunities: beam energy scan

65

F. Seck, QM 2019

CERN-SPSC-2019-017

● Many new experiments covering a very wide μB region
○ NA60+, HADES/CBM, J-PARC, NICA, ... 

● Reaching very high interaction rates → precision physics
● Goal: Caloric curve from thermal dileptons
● At LHC: opportunities with LHCb after upgrades

LH
C

https://indico.cern.ch/event/792436/contributions/3535850/attachments/1939716/3215719/qm2019_fseck.pdf
https://cds.cern.ch/record/2673280
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● Study QCD phase diagram with dileptons:
○ Temperature, space-time evolution, chiral 

symmetry

Summary

66
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● Study QCD phase diagram with dileptons:
○ Temperature, space-time evolution, chiral 

symmetry
● ALICE: first results available, no conclusion yet 

on thermal dilepton production at the LHC
● Great future ahead of us:

○ LHC Run 3+
○ and more dilepton experiments/possibilities 

Summary

67
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Thank you!
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Backup

69
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Real photons?

70

C. Shen et al., Phys. Rev. C 89, 044910 (2014)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.044910
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Temperature evolution and extraction

71

R. Rapp, Acta Phys. Pol. B 42, 2823 (2011)

● Isentropic trajectories that the medium follows in the QCD phase diagram
● Temperature-differential dielectron emission: 

https://www.actaphys.uj.edu.pl/R/42/12/2823/pdf
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Partial restoration of chiral symmetry  

72

● Space-time integral over the dilepton rate via relativistic hydrodynamics
● Switch between partonic and hadronic description at T = 170 MeV

○ “Rho melting”: hadronic emission rate similar to QGP rate at T = 170 MeV (not by 
construction), importance of baryon density (coupling to baryonic resonances)  

Ralf Rapp, arXiv:1304.2309 [hep-ph]

https://arxiv.org/abs/1304.2309
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Partial restoration of chiral symmetry  

73

P.M. Hohler, R. Rapp, Phys.Lett.B731 (2014) 103-109

Rho spectral function (constrained by low-energy measurements) + Ansatz for a1
+ QCD and Weinberg sum rules 
+ Condensates from hadron resonance gas constrained by lattice QCD
+ Chiral mixing

quantitatively compatible 
with (approach to) chiral 
symmetry restoration

https://www.sciencedirect.com/science/article/pii/S0370269314001129?via%3Dihub
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R. Rapp, ECT* 2018

https://indico.ectstar.eu/event/28/contributions/706/attachments/557/757/Rapp.pdf
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LHC predictions

75

Ralf Rapp, arXiv:1304.2309 [hep-ph]

https://arxiv.org/abs/1304.2309
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Chiral mixing

76

● Chiral partners: ⍴ and a1
○ In vacuum symmetry broken, 

no coupling a1 of to dileptons
○ In medium with T >> TC 

symmetry restored and 
partners mix

● Maximum effect at the LHC by 
comparing  no mixing vs. maximum 
mixing (no temperature 
dependence of chiral restoration)

○ Above 1 GeV/c2 large 
background from thermal 
QGP radiation

○ ~20% effect

● enhance the signal from the 
hadronic phase, e.g. by cutting on 
larger pair momenta

○ Larger transverse flow
 

Ralf Rapp, arXiv:1304.2309 [hep-ph]

https://arxiv.org/abs/1304.2309
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Differential measurments - transverse momentum

77

● Interesting features in mass spectra in different pT bins, e.g. vanishing medium effects with increasing 
momentum

● Effective temperature (from transverse momentum spectra) as function of mass  Sensitive to radial flow 
(barometer)

● Run 3/4:  Teff with a stat. precision of σ(Teff)/Teff = 1% ALICE, J. Phys. G 41 (2014) 087001

R. Rapp, J. Wambach, H. van Hees, Landolt-Bornstein 23 (2010) 134
R. Rapp, Acta Phys. Pol. B 42, 2823 (2011)

https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087001
http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_6
https://www.actaphys.uj.edu.pl/R/42/12/2823/pdf
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Differential measurments - (elliptic) flow

78

● Direct and clean access the medium properties and dynamics of early stage of the collisions (mass as 
proxy for temperature ) → resolve “photon puzzle”?

● Sensitivity to shear and bulk viscosity (together with hadronic observables) 

● Run 3/4 ALICE: 1% absolute stat. uncertainty ALICE, J. Phys. G 41 (2014) 087001

G. Vujanovic et al., Phys. Rev. C 101, 044904 (2020)

https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087001
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.044904
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Differential measurments - polarization

79

● Angular distribution of continuum dilepton pairs:

● Sensitive to photon source polarization (thermalization, gluon anisotropy, Drell-Yan,…)
● No estimate for Run 3/4 yet (NA60 used ~50k excess pairs) 

NA60, Phys.Rev.Lett. 102 (2009) 222301

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.222301
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Electric conductivity 

80

R. Rapp, ECT* 2018

● Large spread and interest in literature 
● Connected to dilepton production via spectral function

https://indico.ectstar.eu/event/28/contributions/706/attachments/557/757/Rapp.pdf
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Electric conductivity 

81

● Connected to dilepton production via spectral function

S. Flörchinger, arXiv:1812.08122
and Slides ALICE-LMee workshop 2019

G. D. Moore and J.-M. Robert, arXiv:hep-ph/0607172

Need sensitivity 
down to very low pT and mass

𝝈el

https://arxiv.org/pdf/1812.08122.pdf
https://indico.cern.ch/event/835224/contributions/3500493/attachments/1903416/3142801/Floerchinger.pdf
https://arxiv.org/abs/hep-ph/0607172
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How low is low?
● Need quantitative theory input (discussions started)
● Efficiency at low invariant mass and pair pT (see slides later)  
● Background? Cocktail sources not important, but what about photoproduction?

                                                                                                             → StarLight?                                   

82

R. Rapp, ECT* 2018

https://indico.ectstar.eu/event/28/contributions/706/attachments/557/757/Rapp.pdf
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Thermal dilepton production - RHIC

83

● Excess in the low mass region in the full RHIC beam energy range (19.6 - 200 GeV)
● Compatible with ⍴ broadening + QGP thermal radiation
● Centrality dependent excess yield (thermal lifetime) in agreement with measurements

PHENIX, Phys.Rev.C 93 (2016) 1, 014904STAR, Phys.Lett.B 750 (2015) 64-71

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.014904
https://www.sciencedirect.com/science/article/pii/S0370269315006450?via%3Dihub#fg0040
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pp and p-Pb - ALICE

● Heavy flavour cross section: extracted with 2D fit (mee, pT,ee)
○ Compatible with hadron measurements
○ Model dependence: sensitivity to production mechanisms 

84

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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pp and p-Pb  - ALICE

85

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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pp and p-Pb  - ALICE

86

ALICE, arXiv:2005.11995 [nucl-ex]

https://arxiv.org/abs/2005.11995
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ALICE measurements - Dielectrons Run 2 

87

● Central Pb-Pb collisions (2015 data only)
● Still large uncertainties (analysis of 2018 data with ~10 times larger sample ongoing)
● Comparisons to pure hadronic cocktail, nPDFs, and thermal scenarios inconclusive so far
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Distinguish prompt and non-prompt sources

88

● Heavy-flavour hadrons have a delayed decay
○ D-meson cτ = 150-300 μm, B-meson cτ = 450 μm

● Can be used to separate prompt and heavy flavour sources 
→ work in progress for p-Pb and Pb-Pb collisions

S. Scheid, HP2020

ALICE, JHEP 1809 (2018) 064

https://alice-conferences.web.cern.ch/node/32784
https://link.springer.com/article/10.1007%2FJHEP09%282018%29064
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ALICE measurements - Dielectrons Run 1

89

ALICE, Phys. Rev. C 99, 024002 (2019)

● First low-mass/pT dielectron measurement at the LHC 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024002
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Photoproduction - ALICE

90

● Excess w.r.t. cocktail and thermal sources at pT,ee < 0.1 GeV/c
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Photoproduction - ALICE

91

● Excess w.r.t. cocktail and thermal sources at pT,ee < 0.1 GeV/c
● Compatible with photo-production models (caveat: no resolution effects taken into account here)
● Next steps: increase statistics by factor of two by including 2018 data, event-plane dependence,...
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Thermal radiation in small systems (p-Pb)? 

92

HL-LHC WG5 yellow reportALICE, arXiv:2005.11995 [nucl-ex]

Lint = 300μb-1

● Within uncertainties compatible with hadronic cocktail 
● Need more statistics (Run 3 and beyond)
● Study multiplicity dependence (ongoing for Run 2)

https://arxiv.org/abs/1812.06772
https://arxiv.org/abs/2005.11995
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Thermal radiation in small systems (pp)? 

● Within uncertainties compatible with hadronic cocktail 
● Need more statistics and reduce systematic uncertainties 
● Extended pp programme in preparation: ALICE-PUBLIC-2020-005

93

ALICE, Phys. Lett. B 788 (2019) 505

https://cds.cern.ch/record/2724925
https://www.sciencedirect.com/science/article/pii/S0370269318308475?via%3Dihub


Heavy Ion Meeting, 17 Sep 2020 Michael Weber (SMI)

Future high-energy pp programme with ALICE

94
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The next decade

95

C. Loizides, arXiv:2007.00710 [nucl-ex]

At the LHC (changes due to Covid not included here):

HL-LHC WG5 yellow report

ALICE:
13 nb-1 Pb-Pb 
0.6 pb-1 p-Pb

+          pp
(ALICE-PUBLIC-2020-005)

https://arxiv.org/abs/2007.00710
https://arxiv.org/abs/1812.06772
https://cds.cern.ch/record/2724925
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ALICE - Dielectrons (Run 3)

96

HL-LHC WG5 yellow report

Applying cuts on the pair DCA to reduce
contribution of heavy-flavour sources

S. Scheid, HP2020

https://arxiv.org/abs/1812.06772
https://alice-conferences.web.cern.ch/node/32784
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ALICE - Dielectrons (Run 3)

97

HL-LHC WG5 yellow report

Applying cuts on the pair DCA to reduce
contribution of heavy-flavour sources

After subtraction of long-lived light-
and (keep ρ) heavy-flavour sources

https://arxiv.org/abs/1812.06772
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Other collision systems - luminosities and dileptons

98

HL-LHC WG5 yellow report
Optimistic scenario

https://arxiv.org/abs/1812.06772
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Other future opportunities: LHCb

99
C. da Silva, Epiphany 2020

● PID and resolution limitations in momentum to be 
explored in detail

● Low multiplicity collisions only (no central heavy-ion 
collisions at the moment)

LHCb, Phys. Rev. Lett. 120, 061801 (2018)

Planned magnet station for low 
momentum electron tracking

https://indico.cern.ch/event/819524/contributions/3680711/attachments/1966310/3269666/Epiphany-Cesar.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801

