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Electromagnetic Radiation
Photons

• prompt (pQCD) photons
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Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ
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Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

�3Torsten Dahms – WWND 2019

q
_

q

g

γ

g

q γ

q

LO: ~αemαs



Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

• observables: pT, azimuthal anisotropy
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Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

• observables: pT, azimuthal anisotropy

Lepton Pairs: e+e−, µ+µ−, (τ+τ−)

• prompt (e.g. Drell-Yan)
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Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

• observables: pT, azimuthal anisotropy

Lepton Pairs: e+e−, µ+µ−, (τ+τ−)

• prompt (e.g. Drell-Yan)

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π+ π− → ρ → l+ l−
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Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

• observables: pT, azimuthal anisotropy

Lepton Pairs: e+e−, µ+µ−, (τ+τ−)

• prompt (e.g. Drell-Yan)

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π+ π− → ρ → l+ l−

• hadron decays
‣ resonances: ρ, ω, φ → e+e−

‣ Dalitz: π0 → γ e+e−, η → γ l+l−, …
‣ semileptonic heavy-flavour meson decays

�3Torsten Dahms – WWND 2019

q
_

q

g

γ

g

q γ

q g

q

q

γ*

l+
l−

q

l+

l−

q
_

γ*
LO: ~αemαs LO: ~αem2



Electromagnetic Radiation
Photons

• prompt (pQCD) photons

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π ρ → π γ

• hadron decays (>90% of all γ)
‣ π0, η → γ γ
‣ ω → π0 γ, … 

• observables: pT, azimuthal anisotropy

Lepton Pairs: e+e−, µ+µ−, (τ+τ−)

• prompt (e.g. Drell-Yan)

• thermal radiation
‣ QGP (scattering of thermalised partons)
‣ hadron gas, e.g. π+ π− → ρ → l+ l−

• hadron decays
‣ resonances: ρ, ω, φ → e+e−

‣ Dalitz: π0 → γ e+e−, η → γ l+l−, …
‣ semileptonic heavy-flavour meson decays

• observables: pT, azimuthal anisotropy, 
mass, polarisation
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Chiral Symmetry and Hadron Masses

• Mass splitting of chiral partners generated by spontaneous chiral symmetry breaking


• Chiral symmetry restoration at high T: spectral functions of chiral partners degenerate 
‣ experimentally accessible only via short-lived ρ → e+e− decays inside the hot medium
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Fig. 3. Finite-temperature vector (black curve) and axial-vector (red curve) spectral functions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Regions of axial-vector spectral functions at T = 150 MeV when requiring
agreement with the QCDSR only at dA = 1% (dashed lines), and additionally with
WSR-1 at |dWSR1| ! 1% (dotted lines). The solid line corresponds to a minimal f
value from Eq. (27).

merges into the ρ while the excited states degenerate somewhat
earlier through chiral mixing. The ρ–a1 merging is largely dictated
by the WSRs, but the concrete shape close to chiral restoration is
more sensitive to the QCDSRs. Note that our analysis not only com-
plies with a “trivial” degeneracy at the restoration point, but rather
provides a systematic temperature evolution, starting from the vac-
uum, compatible with current best estimates for the T dependent
chiral order parameters and condensates (at T = 170 MeV, our
condensates are close to zero, undershooting the lQCD data for
the 2-quark condensate; our axial-vector spectral function at this
temperature is thus more of an illustration of the expected de-
generacy at higher T where ⟨q̄q⟩T ≃ 0). The in-medium a1 mass
shift is consistent with a leading T 4 behavior, in line with model-
independent constraints from the chiral Lagrangian. Our analysis
also suggests that the approach toward restoration “burns off” the
chiral mass splitting between the ρ and a1, while “bare” masses of
m0 ≃ 0.8 GeV essentially persist, similar to Ref. [7].

6. Conclusion

The objective of this work was to test whether in-medium vec-
tor spectral functions which describe dilepton data in heavy-ion
collisions are compatible with chiral symmetry restoration. To-

ward this end, we deployed QCD and Weinberg sum rules in a
combined analysis of vector and axial-vector spectral functions,
using lattice-QCD and the hadron resonance gas to estimate the
in-medium condensates and chiral order parameters, and chiral
mixing to treat the T dependence of excited states. We first found
that the QCDSR in the vector channel is satisfied with a small (or-
der 5%) amendment of vector dominance. We then introduced a
4-parameter ansatz for the in-medium a1 spectral function and
found that a smooth reduction of its mass (approaching the ρ
mass) and large increase in width (accompanied by a low-mass
shoulder) can satisfy the axial-vector QCDSR and 3 WSRs over the
entire temperature range from T = 0–170 MeV, ultimately merg-
ing with the vector channel. This establishes a direct connection
between dileptons and chiral restoration, and thus the answer to
the originally raised question is positive. Our findings remain to be
scrutinized by microscopic calculations of the a1 spectral function.
Work in this direction is ongoing.
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• Intermediate mass range 
(1.1 < mee < 2.7 GeV/c2): 
contributions from correlated semi- 
leptonic decays of charm and 
beauty hadrons
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Theintroduction
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not
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to

split
into

virtual
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but
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as
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to

an
im

p
ortant

di�
erence

from
the
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of the
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NA60: Thermal Dilepton Spectrum
• Acceptance corrected mass spectrum

• Hadron contributions subtracted

‣ except the ρ

• M<1 GeV/c2:

‣ dominated by broadened ρ 

from scattering with baryons

• M>1 GeV/c2:

‣ Planck-like exponential shape

‣ fit yields T ~ 205–230 MeV 
‣ above Tc → partonic production

‣ Mass spectrum unaffected by radial flow 

(Lorenz invariant)
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NA60: Thermal Dilepton Spectrum
• Acceptance corrected mass spectrum

• Hadron contributions subtracted

‣ except the ρ

• M<1 GeV/c2:

‣ dominated by broadened ρ 

from scattering with baryons

• M>1 GeV/c2:

‣ Planck-like exponential shape

‣ fit yields T ~ 205–230 MeV 
‣ above Tc → partonic production

‣ Mass spectrum unaffected by radial flow 

(Lorenz invariant)

• SPS energies: non-vanishing net-baryon density

• LHC energies: zero net baryon density 
→ lattice QCD applicable, test EOS
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• Inner Tracking System: 
‣ Tracking, vertex, PID (dE/dx)


• Time Projection Chamber 
‣ Tracking, PID (dE/dx)


• Time Of Flight detector 
‣ PID (TOF measurement)


• V0 scintillators 
‣ Trigger, centrality estimation

A Large Ion Collider Experiment
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Collision system Year N of events, ℒint Trigger

Pb−Pb at √sNN = 2.76 TeV 2011 ~20 M (ℒint ~ 23 μb−1) 0−10% centrality

Pb−Pb at √sNN = 5.02 TeV 2015 ~80 M minimum bias (0–80%)

pp at √s = 7 TeV 2010 ~370 M  (ℒint ~ 6 nb−1) minimum bias

pp at √s = 13 TeV 2016 ~440 M (ℒint ~ 7.8 nb−1) minimum bias

pp at √s = 13 TeV 2016 ~80 M (ℒint ~ 2.7 pb−1) high multiplicity (0−0.05% V0M)

pp at √s = 13 TeV 2016/17 ~150 M (with low B-field) minimum bias
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Dielectron Signal Extraction in ALICE
• Physics signal:


• Combinatorial background:  
geometric mean of same-sign pairs


• Pair acceptance correction factor 
(from mixed events)
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Dielectron Signal Extraction in ALICE
• Physics signal:


• Combinatorial background:  
geometric mean of same-sign pairs


• Pair acceptance correction factor 
(from mixed events)
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Dielectron Signal Extraction in ALICE
• Physics signal:


• Combinatorial background:  
geometric mean of same-sign pairs


• Pair acceptance correction factor 
(from mixed events)
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Results in Pb-Pb Collisions
ALICE, arXiv:1807.00923 (accepted by PRC)



ALI-PUB-162281

Pb–Pb at √sNN = 2.76 TeV
• Data compared to hadronic cocktail + models

‣ apply detector acceptance (pT,e > 0.4 GeV/c, |ηe| < 0.8) 

and resolution effects to cocktail


• Light-flavour sources:

‣ Measured π0, η/π and K/π

‣ mT scaling for other hadrons


• Heavy-flavour:

‣ PYTHIA for pp at 2.76 TeV × Ncoll from Glauber MC

‣ No sensitivity to medium / shadowing effects


• Thermal radiation and modified ρ:

‣ Expanding fireball model 
‣ PHSD: transport approach  

• Data/cocktail (excluding vacuum ρ) in  
0.15 < mee < 0.7 GeV/c2:


‣ Consistent with models of enhancement

‣ More data needed �10Torsten Dahms – WWND 2019

R = 1.38± 0.28 (stat.)± 0.08 (syst.)± 0.27 (cocktail)
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ALICE, arXiv:1807.00923 (accepted by PRC)



ALI-PREL-306889

Pb–Pb at √sNN = 5.02 TeV
• Data compared to hadronic cocktail + models
‣ apply detector acceptance (pT,e > 0.2 GeV/c, |ηe| < 0.8) 

and resolution effects to cocktail

• Light-flavour sources:
‣ Measured π0, η/π and K/π
‣ mT scaling for other hadrons

• Heavy flavours:
‣ PYTHIA for pp at 5.02 TeV × Ncoll from Glauber MC
‣ Overestimates yield in intermediate mass region

�11Torsten Dahms – WWND 2019



ALI-PREL-306894

Pb–Pb at √sNN = 5.02 TeV
• Data compared to hadronic cocktail + models
‣ apply detector acceptance (pT,e > 0.2 GeV/c, |ηe| < 0.8) 

and resolution effects to cocktail

• Light-flavour sources:
‣ Measured π0, η/π and K/π
‣ mT scaling for other hadrons

• Heavy flavours:
‣ PYTHIA for pp at 5.02 TeV × Ncoll from Glauber MC
‣ Overestimates yield in intermediate mass region
‣ improved description when adding shadowing (EPPS16)

�11Torsten Dahms – WWND 2019



ALI-PREL-306894

Pb–Pb at √sNN = 5.02 TeV
• Data compared to hadronic cocktail + models
‣ apply detector acceptance (pT,e > 0.2 GeV/c, |ηe| < 0.8) 

and resolution effects to cocktail

• Light-flavour sources:
‣ Measured π0, η/π and K/π
‣ mT scaling for other hadrons

• Heavy flavours:
‣ PYTHIA for pp at 5.02 TeV × Ncoll from Glauber MC
‣ Overestimates yield in intermediate mass region
‣ improved description when adding shadowing (EPPS16)

• Data consistent with low mass enhancement
‣ More data needed

�11Torsten Dahms – WWND 2019



Results in pp collisions
√s = 7 TeV: ALICE, JHEP 09 (2018) 064 

√s = 13 TeV: ALICE, PLB 788 (2019) 505



 (GeV)s
10 210 310 410

b
)

µ
 ( cc

σ

10

210

310

410

ALICE (total unc.)

ALICE extr. unc.

ATLAS (total unc.)

ATLAS extr. unc.

LHCb (total unc.)

STAR

PHENIX

NLO (MNR)

HERA-B (pA)

E653 (pA)

E743 (pA)

NA27 (pA)

NA16 (pA)

E769 (pA)

ALI−PUB−106053

• Large quark masses, produced only in initial 
hard processes

‣ Production cross-sections calculable with pQCD


• Single hadron measurements in agreement 
with NLO

‣ data on the upper edge of (large) theoretical 
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exchange
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for
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annihilation
and

quark-gluon
scattering.
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to

split
into

virtual
quark-antiquark

pairs,
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also
to

split
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pairs
of
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as

show
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1.7.
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to
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the
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interaction.
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coupling

strength
of
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ith
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distance
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coupling
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=
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necessity
of color

charges
arises

experim
entally

from
the

existence
of baryons
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ith

three
quarks of identical flavor, e. g.

the
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+

consists of three
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Pauli exclusion

principle
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an

extra
quantum
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to
allow
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a

configuration,
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ferm
ions
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not
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introduction
of color

charges “red”, “blue”
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“green”
lifts the

degeneracy
of the

three

quarks.
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cτ ~ 470 μm for B mesons
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Invariant Mass Spectrum in pp at √s = 7 TeV
• Cocktail of known hadronic sources:

‣ Resonance / Dalitz decays of light-flavour hadrons, correlated heavy-flavour semi-leptonic decays

‣ Apply detector acceptance (pT,e > 0.2 GeV/c, |ηe| < 0.8) and resolution effects

�14Torsten Dahms – WWND 2019

mee spectrum

Data in agreement with cocktail calculations within uncertainties

ALI-PUB-150252

ALICE, JHEP 09 (2018) 064 



Invariant Mass, pT,ee and DCAee at low mass
• Mixture of prompt and non-prompt sources
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Invariant Mass, pT,ee and DCAee at low mass
• Mixture of prompt and non-prompt sources

• mee and pT,ee cannot distinguish between prompt and non-prompt sources
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Invariant Mass, pT,ee and DCAee at low mass
• Mixture of prompt and non-prompt sources

• mee and pT,ee cannot distinguish between prompt and non-prompt sources

• But DCAee can! Important for precise studies of ρ meson and thermal dileptons
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• Dominated by heavy-flavour decays

Invariant Mass, pT,ee and DCAee at intermediate mass
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• Dominated by heavy-flavour decays

• Leave the normalisation free for cc and bb contributions

• Fit dielectron spectra in 2D (mee vs pT,ee) or in 1D (DCAee) with MC templates (PYTHIA, POWHEG) to 
extract σcc and σbb

Invariant Mass, pT,ee and DCAee at intermediate mass
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• Dominated by heavy-flavour decays

• Leave the normalisation free for cc and bb contributions

• Fit dielectron spectra in 2D (mee vs pT,ee) or in 1D (DCAee) with MC templates (PYTHIA, POWHEG) to 
extract σcc and σbb

Invariant Mass, pT,ee and DCAee at intermediate mass
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• Dominated by heavy-flavour decays

• Leave the normalisation free for cc and bb contributions

• Fit dielectron spectra in 2D (mee vs pT,ee) or in 1D (DCAee) with MC templates (PYTHIA, POWHEG) to 
extract σcc and σbb

Invariant Mass, pT,ee and DCAee at intermediate mass
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ALI-PUB-150309

Heavy Flavour Cross Section in pp at √s = 7 TeV
• Results agree between two methods

• Sensitive to predicted acceptance and mee/pT,ee spectra

• In good agreement with previous independent measurements of single HF hadrons
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ALI-PUB-150305ALI-PUB-150309

Heavy Flavour Cross Section in pp at √s = 7 TeV
• Results agree between two methods

• Sensitive to predicted acceptance and mee/pT,ee spectra

• In good agreement with previous independent measurements of single HF hadrons

• Sizeable difference between PYTHIA and POWHEG! → sensitive to rapidity correlations

�17Torsten Dahms – WWND 2019ALICE, JHEP 09 (2018) 064 



Dielectron Spectra in pp at √s = 13 TeV

• Data well described with cocktail of known hadron decays in mass and pT,ee

‣ also measured in pp at √s = 7 TeV: JHEP 09 (2018) 064


• Intermediate mass region dominated by charm and beauty: fit data to extract cross sections

�18Torsten Dahms – WWND 2019
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Dielectron Spectra in pp at √s = 13 TeV

• Data well described with cocktail of known hadron decays in mass and pT,ee

‣ also measured in pp at √s = 7 TeV: JHEP 09 (2018) 064


• Intermediate mass region dominated by charm and beauty: fit data to extract cross sections
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Dielectron Spectra in pp at √s = 13 TeV

• Data well described with cocktail of known hadron decays in mass and pT,ee

‣ also measured in pp at √s = 7 TeV: JHEP 09 (2018) 064


• Intermediate mass region dominated by charm and beauty: fit data to extract cross sections
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Dielectron Spectra in pp at √s = 13 TeV

• Data well described with cocktail of known hadron decays in mass and pT,ee

‣ also measured in pp at √s = 7 TeV: JHEP 09 (2018) 064


• Intermediate mass region dominated by charm and beauty: fit data to extract cross sections
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Heavy Flavour Cross Section in pp at √s = 13 TeV
• Fit dielectron spectra in 2D (mee vs pT,ee) at intermediate mass
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Heavy Flavour Cross Section in pp at √s = 13 TeV
• Fit dielectron spectra in 2D (mee vs pT,ee) at intermediate mass

• First charm and beauty cross sections at midrapidity at 13 TeV

�19Torsten Dahms – WWND 2019
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Heavy Flavour Cross Section in pp at √s = 13 TeV
• Fit dielectron spectra in 2D (mee vs pT,ee) at intermediate mass

• First charm and beauty cross sections at midrapidity at 13 TeV

• Sizeable difference between 
PYTHIA and POWHEG! 
→ sensitive to rapidity correlations 
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• Idea: study different charm production processes 
using PYTHIA 6 simulations

‣ Gluon splitting (GSP) (default fraction 55%)

‣ Flavour excitation (FEX) (20%)

‣ Flavour creation (FCR) (10%)

‣ e+e− from bb (15%)

4.3. Templates of dielectrons from charm quarks 29

)2c (GeV/eem
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
ou

nt
s

3−10

2−10

1−10

PYTHIA 6.4

GSP
FEX
FCR

GSP
FEX
FCR

(A) mee

)c (GeV/
Tee
p

0 1 2 3 4 5 6 7 8 9 10

C
ou

nt
s

3−10

2−10

1−10

1

PYTHIA 6.4

GSP
FEX
FCR

(B) pTee

FIGURE 4.6: Invariant mass and pair pT distributions of dielectrons
from cc pairs produced with the three different production mechan-

isms.

e+e− pairs coming from cc produced in LO, i.e. through flavour creation, show
harder invariant mass spectra and a softer pair pT distribution when compared to
those coming from cc pairs produced through higher order production mechan-
isms. Furthermore, when comparing the two NLO production mechanisms, one
can see that gluon splitting leads to dielectron pairs with softer invariant mass dis-
tribution and a slightly softer pTee distribution than flavour excitation.

To obtain the template of dielectrons originating from cc pairs which will be
used to extract the cc production cross-section from data using PYTHIA templates
in the first half of Chapter 6, all dielectron pairs coming from charm quarks are con-
sidered, without distinguishing among the production mechanisms, i.e. the sum
of the three distributions that were just described is taken.As it will be seen, PY-
THIA and POWHEG event generators give two different results since they produce
heavy flavour differently, which leads to different acceptances for dielectrons at
mid-rapidity. This will be discussed in the following for PYTHIA and in section 4.6
for POWHEG.

4.3.1 Acceptance

In the second half of Chapter 6, the three dielectron distributions from charm pairs
produced with three different production mechanisms will be considered separ-
ately again, in order to disentangle their contributions to the measured dielectron
yield and to extract the charm cross-section based on the refitted production mech-
anisms. In fact, they differ in the acceptance, and this can lead to a different result-
ing cross-section when compared to the extraction performed using their sum.

The relative contributions of the different production mechanisms to the total
cc production of PYTHIA are 12.4% FCR, 28.5% FEX and 59.1% GSP. In table 4.2
the relative number of cc pairs at mid-rapidity, i.e. with pair-rapidity �ycc� < 0.5,
and the relative number of dielectron pairs in ALICE acceptance (�⌘� < 0.8 and pT >

28 Chapter 4. Monte Carlo Analysis
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FIGURE 4.5: Angular correlation of cc pairs produced with the
three different production mechanisms in �y� < 0.5: pairs produced
through the NLO production mechanism of gluon splitting (GSP)
are centered at �' ≈ 0○, pairs produced in LO through flavour
creation (FCR) show peaks at ±⇡ since they are produced back-to-
back, while the NLO mechanism of flavour excitation (FEX) pro-

duces pairs with no preferred angular correlation.

4.3 Templates of dielectrons from charm quarks

In PYTHIA the information of the production mechanism that generates the heavy
quark pair is available in the form of a unique ISUB code assigned to each QCD
hard process, as mentioned in Chapter 3: processes nr. 11 and nr. 53 correspond to
flavour creation, nr. 28 to flavour excitation and nr. 68 to gluon splitting. Hence,
it can be studied how the production mechanism of the cc pairs affects the dielec-
trons. However, only one ISUB code is given for each event, i.e. in events with two
cc pairs it is not clear how the second pair was produced. Therefore, only events
with one charm pair are analyzed, in order to have clean samples of dielectrons
originating from a cc pair created with a certain production mechanism.

The production mechanism influences the angular correlation of the cc pair, as
it can be seen in figure 4.5, where the �' of cc pairs produced with the three differ-
ent production mechanisms FCR, FEX and GSP at midrapidity (�y� < 0.5) is shown.
As expected, pairs coming from gluon splitting are centered at �' ≈ 0○ since they
go roughly in the same direction as their mother particle, pairs originating from fla-
vour creation show peaks at �' ≈ ±⇡ since they are produced back-to-back, while
pairs produced through flavour excitation do not show any preferred direction.

The invariant mass and pair pT distributions of dielectrons coming from cc pairs
produced with the three different production mechanisms are shown in figure 4.6.
As it can be seen, the dielectron spectra are sensitive to the production mechanisms
of the cc pairs. The distributions show a qualitatively similar behaviour as in fig-
ure 4.3, where the dielectrons were subdivided according to the �' of the cc pairs:

Heavy Flavour Production Mechanisms
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• Idea: study different charm production processes 
using PYTHIA 6 simulations

‣ Gluon splitting (GSP) (default fraction 55%)

‣ Flavour excitation (FEX) (20%)

‣ Flavour creation (FCR) (10%)

‣ e+e− from bb (15%)

• Fit the data in 2D (mee vs pT,ee) allowing each 
fractional contribution to be between 0 and 1

• Fit results:

‣ GSP: (0.00 ± 0.67)

‣ FEX: (0.68 ± 0.06) 

‣ FCR: (0.00 ± 0.99) 

‣ e+e− from bb: (0.32 ± 0.06)

• Poor constraint on FCR and GSP contributions

‣ More data or better S/B needed

‣ Run-3: analysis in 3D (mee vs pT,ee vs DCAee)

‣ Angular correlations, …

Heavy Flavour Production Mechanisms
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pT,ee < 6 GeV/c

• Production of ρ? Thermal radiation? Role of Multiple Parton Interactions?


• Idea: produce a ratio of dielectron spectra scaled by multiplicity


• Cocktail calculations take into account expected modifications:

‣ Measured hardening of h± pT spectrum (jets) → assume same multiplicity scaling for LF hadrons at the same mT

‣ Measured D and J/ψ production vs multiplicity → assume same enhancement for beauty as for open charm


• Increase of dielectron production in good agreement with cocktail (light + heavy flavour)

First Look at High-Multiplicity pp Collisions

�21Torsten Dahms – WWND 2019
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pT,ee < 6 GeV/c

• Production of ρ? Thermal radiation? Role of Multiple Parton Interactions?


• Idea: produce a ratio of dielectron spectra scaled by multiplicity


• Cocktail calculations take into account expected modifications:

‣ Measured hardening of h± pT spectrum (jets) → assume same multiplicity scaling for LF hadrons at the same mT

‣ Measured D and J/ψ production vs multiplicity → assume same enhancement for beauty as for open charm


• Increase of dielectron production in good agreement with cocktail (light + heavy flavour)
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3 < pT,ee < 6 GeV/c

First Look at High-Multiplicity pp Collisions
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‣ Measured hardening of h± pT spectrum (jets) → assume same multiplicity scaling for LF hadrons at the same mT

‣ Measured D and J/ψ production vs multiplicity → assume same enhancement for beauty as for open charm


• Increase of dielectron production in good agreement with cocktail (light + heavy flavour)
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Perspectives for LHC Run-3
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• Reduced magnetic field in central barrel (0.5 T → 0.2 T)

• Increased charged-particle acceptance (pT > 0.2 GeV/c → pT > 0.075 GeV/c) 
→ access to very low-pT / low-mee pairs

Low B-field studies in pp √s = 13 TeV
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• Reduced magnetic field in central barrel (0.5 T → 0.2 T)

• Increased charged-particle acceptance (pT > 0.2 GeV/c → pT > 0.075 GeV/c) 
→ access to very low-pT / low-mee pairs

• Results from pilot runs in 2016 and 2017: data on the upper edge of the cocktail uncertainties

‣ Need more data and η meson measurements at very low pT

‣ Will help to understand the excess of dielectrons observed by the AFS experiment at the ISR 

(V. Hedberg, PhD thesis, Lund (1987))
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ALICE Upgrade for LHC Run-3
• Major upgrades of main tracking systems

• Completely new 7-layer ITS detector 
‣ Precise information about vertex and heavy-flavour production

‣ Less radiation length: smaller conversion probability
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Outline 

• LHC schedule for heavy ion running 
• ALICE goals and upgrade strategy for the 

LHC Run 3 and Run 4 
• Upgrade plans 
• Expected physics performance 
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• Major upgrades of main tracking systems

• Completely new 7-layer ITS detector 
‣ Precise information about vertex and heavy-flavour production

‣ Less radiation length: smaller conversion probability


• New TPC GEM-based readout chambers 
‣ Continuous readout at IR in Pb−Pb up to 50 kHz 

(~50× compared to Run-2)
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ALICE Upgrade for LHC Run-3
• Major upgrades of main tracking systems

• Completely new 7-layer ITS detector 
‣ Precise information about vertex and heavy-flavour production

‣ Less radiation length: smaller conversion probability


• New TPC GEM-based readout chambers 
‣ Continuous readout at IR in Pb−Pb up to 50 kHz 

(~50× compared to Run-2)

• One of the main objectives of the physics program: 
low-mass dielectron measurements in Pb−Pb 
collisions 
‣ Dedicated run with reduced magnetic field
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• TPC and ITS upgrades:

‣ allow high data rates

‣ reduce charm background with impact parameter cut


• Dedicated low B-field run (B = 0.2 T)
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Low Mass Dileptons in ALICE: Future
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CERN-LPCC-2018-07 
(arXiv:1812.06772)



ALI-DER-311979

Summary
• Published results in pp at √s = 7 and 13 TeV and 

Pb–Pb at √sNN = 2.76 TeV


• Preliminary results in Pb–Pb at √sNN = 5.02 TeV


• pp baseline consistent with cocktail 
expectation 
‣ hadron decay background understood

‣ complementary information on heavy-flavour production

‣ first look at high-multiplicity pp collisions 


• Pb–Pb data not yet sensitive to quantify the 
presence of any enhancement

‣ challenging analysis, limited sensitivity for detailed 

studies

‣ active studies of MVA methods to improve S/B


• Ready for Run-3 when precise measurement 
will be possible thanks to ALICE Upgrade 
‣ ~100× more central Pb−Pb events, access to Tinit
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ALICE, JHEP 09 (2018) 64 
ALICE, PLB 788 (2019) 505

ALICE, arXiv:1807.00923 (accepted by PRC)
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Phases of QCD Matter

• Cross over from hadron gas to quark-gluon plasma at Tc = 154±9 MeV

‣ 1 MeV ~ 1010 K → Tc = 2×1012 K


• Centre of the sun: T = 2×107 K


• The QGP is more than 100 000 times hotter than the centre of the sun
�28Torsten Dahms – WWND 2019

Wuppertal-Budapest, JHEP 09 (2010) 073

HotQCD, PRD 90 (2014) 094503 

and thus the values of the temperature T used in the fits.
Based on the uncertainty analyses in the determination of
the lattice scale a (∼1.3%) and tuning of the ms to stay on
the LCP presented in Appendixes B and C, we assigned an
overall conservative 2% uncertainty in T, which we add
linearly to the error estimates already assigned by the
bootstrap process. In practice, at each T and for each
observable, we picked the minimum and maximum values
of the 1σ bootstrap envelope in the region T ! 2%. This
new envelope is then used as the final uncertainty band for
all the continuum results shown in the figures and
discussed below.
Our continuum extrapolated results for the trace anomaly

and other thermodynamic observables are shown in Fig. 5
and the data are given in Table I. For T < 150 MeV, the
trace anomaly is well approximated by the HRG estimate
shown by the solid line in Fig. 5 (left). For T > 150 MeV,
the Nτ ≥ 8lattice results are systematically higher than the
HRG estimate as shown in Fig. 3, and the slopes of the
HRG and continuum extrapolated curves start to differ as
shown in Fig. 5. In the peak region, ðϵ − 3pÞ=T4 has a
maximum of about 4.05(15) at T ∼ 204 MeV. This maxi-
mal value from simulations with the HISQ/tree action is
significantly smaller than our previous results with the p4
and asqtad actions which were incorporated in the HotQCD
parametrization [23] of the EoS, as well as in the s95p
parametrization of the EoS that is frequently used in
hydrodynamic models [45].
The final continuum extrapolated estimates of the

pressure, energy density and entropy density are shown
in Fig. 5 (right) and compared with HRG predictions for
T < 170 MeV. Again, there is reasonable agreement for
T < 150 MeV. Above T ¼ 150 MeV, HRG estimates
lie along the lower edge of the error-band of the lattice
estimates.

We can now compare our results with the results
obtained by the Wuppertal-Budapest Collaboration using
the stout action [26]. This comparison is shown in Fig. 6 for
the trace anomaly, the pressure and the entropy density. We
find good agreement in the trace anomaly with the stout
results over the full temperature range (130–400) MeV.
Note, however, that above the peak the central values
with the stout action lie systematically below ours. As a
result, our estimates of the pressure become systematically
larger for T > 200 MeV. By T ¼ 400 MeV, the difference
between the central values in the two calculations increases
to about 6%. The two results, however, still agree within
errors. The difference in the entropy density reaches about
7% by T ¼ 400 MeV, and in this case the two estimates
differ by about 2σ. These differences suggest that more
detailed calculations of the trace anomaly at higher temper-
atures are needed. In particular, it would be important to see
if the differences persist at higher temperatures where a
comparison with resummed perturbative calculations
should be possible (see Sec. V C).

A. Parametrization of the EoS

We close this section by providing an analytical para-
metrization of the pressure of (2 þ 1)-flavor QCD, sum-
marized in Table I, that can be used in phenomenological
applications and hydrodynamic modeling of strong inter-
action matter. We choose an ansatz that incorporates basic
features of the low and high temperature limits, i.e., it
ensures that the pressure becomes exponentially small at
low temperatures and approaches the ideal gas limit at high
temperatures. We find that the following parametrization
provides an excellent description of all bulk thermody-
namic observables discussed in the previous sections,
including the specific heat and speed of sound that require

FIG. 5 (color online). Spline fits to the trace anomaly for several values of the lattice spacing aT ¼ 1=Nτ and the result of our
continuum extrapolation (left). Note that the error bands shown here do not include the 2% scale error. The right-hand panel shows
suitably normalized pressure, energy density, and entropy density as a function of the temperature. In this case the 2% scale error is
included in the error bands. The dark lines show the prediction of the HRG model. The horizontal line at 95π2=60 in the right panel
corresponds to the ideal gas limit for the energy density and the vertical band marks the crossover region, Tc ¼ ð154! 9Þ MeV.

A. BAZAVOV et al. PHYSICAL REVIEW D 90, 094503 (2014)

094503-8



QCD Phase Transitions

• Lattice QCD calculation

‣ Predict (partial) chiral symmetry restoration already at T lower than deconfinement phase transition

�29Torsten Dahms – WWND 2019
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Figure 2.45: Low-mass dimuon excess spectrum in In-In measured by NA60, compared to a calculation assuming
strong ⇥-meson broading in a hot and dense hadronic medium (from [94]).
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Figure 2.46: Lattice QCD calculations of the order parameters of the deconfinement (left) and the chiral (right)
phase transition as a function of temperature [2].

paramount importance for the understanding of excited QCD matter. Conceptually, a measurement at
the LHC is most favorable because a rigorous theoretical evaluation is substantially enhanced by the
applicability of lattice QCD at µB = 0.

2.3.1.2 Early Temperature

At masses Mee > 1 GeV/c2 the description of the spectral function becomes ’dual’ in the sense that
hadronic and partonic degrees of freedom lead to the same structureless spectral function. Moreover,
the thermal Bose-Einstein weight suppresses contributions from late stages, such that the invariant mass
dependence of the thermal dilepton yield is very sensitive to the early temperature of the system (see
also Figure 2.44). However, a precise measurement of the thermal yield in this mass window (Mee >
1 GeV/c2) requires a good understanding of the contribution from correlated semi-leptonic open charm
decays (see below).

The spectrum of real direct photons (M = 0) has long been considered a most sensitive probe for

Wuppertal-Budapest Collaboration, 
JHEP 09 (2010) 073 

Order parameter of deconfinement Order parameter of chiral symmetry



Summary: Dilepton Production
• Emission rate of dileptons per volume:
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Summary: Dilepton Production
• Emission rate of dileptons per volume:
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Summary: Dilepton Production
• Emission rate of dileptons per volume:

• From emission rate of dileptons one can decode:
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in-medium EM correlator: 
chiral symmetryM < 1.5GeV/c2 :

dNll

dM
= M3/2 ⇥ hexp(�M/T )⇥ Im⇧em(M)i

Planck-like: thermometer distinguishes 
hadrons from partonsM > 1.5GeV/c2 :

dNll

dM
= M3/2 ⇥ hexp(�M/T )i



State of the Art: NA60 at the SPS
• Measured excess of low mass dimuons in In-In collisions at √sNN = 17.3 GeV


• Subtracted hadronic cocktail w/o: access ρ spectral function

‣ favours broadening scenario (Rapp-Wambach)

‣ no mass shift needed (Brown-Rho)
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NA60, EPJ C61 (2009) 711

http://inspirehep.net/record/805434

