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ory) can be massive. In 1967 and 1968, S. Weinberg and A. Salam used it and unified
the Electroweak Model [14, 15]. During 1972-1974, the Standard Model (mod-
ern form [16] of Quantum Chromodynamics) which is the theory describing
electromagnetic, weak and strong interactions is developed.

1.1.3 Standard Model

Figure 1.1: Elementary particles in the Standard Model (left) and the fundamental
interactions between them (right) [17].

In the Standard Model, the elementary fermions are classified in three families of
leptons and three families of quarks, as shown in left side of Fig. 1.1. The i-th family
of left-hand fermions is merged in SU(2) doublets, and the right-hand fermions are
merged in SU(2) singlets. If one uses the Yang-Mills theory and one requires the
Lagrangian invariance under SU(2)⌦U(1), a three-component weak-isospin vector
~Wµ and a weak-isospin scalar Bµ need to be introduced. The first two components
of ~Wµ are charged W±

µ , while W3
µ and Bµ are neutral. They are related to the

intermediate vector boson Zµ and photon Aµ,
✓
Aµ

Zµ

◆
=

✓
cos ✓W � sin ✓W
sin ✓W cos ✓W

◆
·

✓
Bµ

W3
µ

◆
, (1.1)

where ✓W is the Weinberg angle (angle by which spontaneous symmetry beaking
rotates W0).

After spontaneous symmetry breaking via the Higgs mechanism with the appro-
priate ✓W angle, W± and Z0 become massive by keeping the photon massless. The
fermions (quarks and leptons) obtain their masses via the Yukawa coupling with
the Higgs scalar field. Parity is conserved for the electromagnetic interaction, while
for the weak interaction, the non-conservation of parity is satisfied automatically.
Photons, W± and Z0 plus gluons, the gauge bosons in the Standard Model, carry
the electromagnetic, weak and strong interactions by exchanging charge, flavour
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Properties of the strong interaction !3

and color between the quarks and leptons (right panel of Fig. 1.1). Gluons have the
self-interactions due to the non-abelian nature of QCD.

In 1973, neutral weak currents due to Z0 exchange were discovered at CERN
(European Organization for Nuclear Research 2) [18, 19, 20]. Glashow, Salam,
and Weinberg shared the 1979 Nobel Prize in Physics after these discoveries. In
1983, W± and Z0 were discovered experimentally according to the masses predicted
by the Standard Model. An other model predicts the Higgs particle (neutral scalar
boson). Recently, the ATLAS and CMS collaborations presented a clear evidence for
the production of neutral boson with a measured mass of 125�126 GeV/c2 [21, 22].
This observation is compatible with the production and decay of the standard model
Higgs boson.

The fundamental interactions in microscopic world, introduced by the Yang-Mills
theory, are described by the electro-weak model and QCD (Quantum ChromoDy-
namics). The Standard Model includes all these interactions 3. What an harmony
world! It looks like our story about the origin of mass could end here· · · But all of
the wonderful stories are full with twists and turns. We just played the overture,
the bigger dark clouds are waiting for us· · ·

1.2 Quantum ChromoDynamics

Quantum ChromoDynamics (QCD) is the gauge field theory of
SU(3)⌦SU(2)⌦U(1). It describes the strong interaction between colored quarks
and gluons which constitute the hadrons according to the Standard Model. To
continue our story about the origin of mass, let us start with the introduction on
the general properties of QCD. Then we will find that this story overlaps with an
other story about the phase transition between hadronic matter and a new matter
phase.

1.2.1 QCD Lagrangian

The Lagrangian in QCD is [23],

L =
X

q

 q,a(i�
µ@µ�ab � gs�

µtC
ab
A

C

µ �ma�ab) q,b �
1

4
FA

µ⌫F
A,µ⌫ . (1.2)

In Eq. (1.2), �µ are Dirac �-matrices;  q,b are quark field spinors, where, q and a are
the quark flavour and color indexes, a runs between a = 1 ! Nc = 3; AC

µ are gluon
fields with C running between C = 1 ! N2

c �1 = 8; mq are quark masses generated
via the Higgs mechanism and gs (or ↵s = gs/4⇡) is the QCD coupling constant;
mq and gs (or ↵s) are two fundamental parameters in QCD; tC

ab
are 8 generators of

SU(3) group. The field tensor FA
µ⌫ is given by,

FA

µ⌫ = @µA
A

⌫ � @⌫A
A

µ � gsfABCA
B

µA
C

⌫ , (1.3)
2the abbreviation "CERN" is according to its old name in French, Conseil Européen pour

la Recherche Nucléaire.
3There still are questions beyond the Standard Model like quantization of gravitation, dark

matter and dark energy, but they concern grand macro physics.
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and gluons which constitute the hadrons according to the Standard Model. To
continue our story about the origin of mass, let us start with the introduction on
the general properties of QCD. Then we will find that this story overlaps with an
other story about the phase transition between hadronic matter and a new matter
phase.

1.2.1 QCD Lagrangian

The Lagrangian in QCD is [23],

L =
X

q

 q,a(i�
µ@µ�ab � gs�

µtC
ab
A

C

µ �ma�ab) q,b �
1

4
FA

µ⌫F
A,µ⌫ . (1.2)

In Eq. (1.2), �µ are Dirac �-matrices;  q,b are quark field spinors, where, q and a are
the quark flavour and color indexes, a runs between a = 1 ! Nc = 3; AC

µ are gluon
fields with C running between C = 1 ! N2

c �1 = 8; mq are quark masses generated
via the Higgs mechanism and gs (or ↵s = gs/4⇡) is the QCD coupling constant;
mq and gs (or ↵s) are two fundamental parameters in QCD; tC

ab
are 8 generators of

SU(3) group. The field tensor FA
µ⌫ is given by,

FA

µ⌫ = @µA
A

⌫ � @⌫A
A

µ � gsfABCA
B

µA
C

⌫ , (1.3)
2the abbreviation "CERN" is according to its old name in French, Conseil Européen pour

la Recherche Nucléaire.
3There still are questions beyond the Standard Model like quantization of gravitation, dark

matter and dark energy, but they concern grand macro physics.
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History of the universe !9

A few μs after the “big bang” 
• Extremely high energy density and temperature 
• Deconfined quarks and gluons — Quark-Gluon Plasma (QGP)
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History of the universe !10
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Ultra-relativistic heavy-ion collisions !11



Ultra-relativistic heavy-ion collisions !12

“Small bang” — study of the QGP 
• History of the early universe 
• Properties of the strongly 

interacting force under extreme 
conditions of temperature and 
energy density 

• Deep layer structure of matter 
in the current universe



strangeness 
enhancement!

suppression 
of high-mass 
resonances!

photon 
production!

jet 
quenching!

modification of low-
mass resonances !

flow 
profile!

..etc!

hard 
probes     

based on particles 
produced in the early 

stage!

soft 
probes  

based on particles 
produced in the late 

stage!

?
?
?

“direct” info from the medium! “non-direct” info from the medium!

QGP signatures !13
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QCD phase diagram !14
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QGP factories !16

From the study of QGP signatures 
to that of the QCD phase diagram
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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη

Charged particle multiplicity !17
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sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,
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•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη

ALI-PUB-104920

ALICE Pb–Pb 
at 5.02 TeV

• Central Pb–Pb collisions at 5.02 TeV dN/dη ~ 2000

➡Energy density ε ~18 GeV/fm3


➡Above deconfinement transition  (~1 GeV/fm3)

• ALICE: Pb–Pb at 5.02 TeV — highest energy so far

➡For 0–5% most central collisions, confirms trend from lower energies

ALICE Phys. Rev. Lett. 116 (2016) 222302



Temperature of the QGP !18
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ALICE Phys. Lett. B754 (2016) 235

• Low-pT: 2.6σ excess w. r. t. models in 0–20% central — thermal contribution


• Teff = 304 ± 11(stat.) ± 40 (syst.) MeV in central collisions — way above Tc ~ 170 MeV


• 30% higher than at RHIC (Au–Au at √sNN=200 GeV)



Particle production !19
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Blast-wave model: simplified hydrodynamic model 
with 3 parameters


• βT: radial expansion velocity


• Tkin: kinetic freeze-out temperature


• n: velocity profile

ALICE Phys. Rev. C93 (2015) 024917
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Azimuthal anisotropy !21Elliptic Flow of Muons From Heavy Flavour Decays

v2 =< cos 2(�� R) >

Reaction plane ΨR
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• Quantify anisotropy: Fourier decomposition of particle azimuthal distribution relative 
to the reaction plane (ΨRP) — coefficients v2, v3, v4… vn


• Elliptic flow (v2): spatial anisotropy — pressure gradients leads to momentum 
anisotropy — hydrodynamics


• Higher order flow: bring additional constraints on the initial conditions, η/s, EoS, 
freeze-out conditions…
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Azimuthal anisotropy !22
ALICE Phys. Rev. Lett. 116 (2016) 132302

Measurements support a low value for η/s ~0.2

Collective expansion: Anisotropic flow

Luciano Ramello Physics in Collisions 2016 – Quy Nhon, Vietnam 19

• Basic idea: space anisotropy of initial fireball
Ömomentum anisotropy in final hadron
distributions

Figures courtesy F. Prino

Reaction plane xz

directed flow 
coeff. v1

elliptic flow 
coeff. v2

Several methods to extract vn: event plane, cumulants…
… each with different systematics from ‘non-flow’

vn =< cosn('� RP) >

Azimuthal Anisotropy 
•  Reaction plane: plane containing beam direction and centers of nuclei 
•  Anisotropy of particle emission 
•  Quantify anisotropy: Fourier decomposition of azimuthal distribution (w.r.t 

reaction plane): coefficients v2, v3, v4,…,vn 

•  Hydrodynamic description: spatial anisotropy ! momentum anisotropy 
–  Larger pressure gradients ! more particles emitted in plane (“elliptic flow”) 
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• Basic idea: space anisotropy of initial fireball
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Hard probes: medium tomography !23
• Produced in the early stage of heavy-ion collisions

➡Experience the full evolution of the QCD medium, and interact with particles in 

the medium and loss energy


• Efficient probes for understanding the transport properties of the medium

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT

• RAA = 1, if there is no medium modification

QCD vacuum

QCD medium

Shopping list 

• High pT particles, jets


• Open heavy flavours, quarkonia (J/ψ, ψ’… Υ…)

Nuclear modification factor: RAA — sensitive to the presence of the medium



RAA of charged particles and jets !24
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22

Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Qualitatively two scenarios: 
1) In-cone radiation: RAA = 1, change of fragmentation 
2) Out-of-cone radiation: RAA < 1

• Jet: a spray of particles from hard parton fragmentation

➡Get closer access to parton energy

• Agreement between ALICE and ATLAS
➡Contribution of low momentum jet 

fragments to jet energy is small

• RCP of jets and single hadrons are 
compatible

➡ Indication that the momentum is 
redistributed to larger angles

ALICE JHEP 03 (2014) 013



RAA of charged particles and jets !25
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Differential jet measurements !26
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Heavy flavours in the QCD Medium !27

Heavy flavours 
Heavy quarks (charm and beauty) are produced in initial 
hard-scattering processes at the early stage of collisions  

3 D. Moreira de Godoy  Quark Matter 2017 

In Pb-Pb collisions: 
•  Experience the full evolution of the system 
•  Interact with the hot and dense QCD matter 
•  Sensitivity to the medium properties	

Leptons from heavy-flavour decays: 
•  BR of heavy-flavor hadrons to 

electrons � 10% 
•  Measurement in a wide pT range 

(from 0.5 to 20 GeV/c) 
•  Contributions of charm and beauty-

hadron decays can be disentangled 
in the electron yield (cτ ≈ 500 µm for 
beauty hadrons) 

•Produced in initial hard scatterings (high Q2) at the early stage of heavy-ion collisions: 
τc/b ~0.01 — 0.1 fm/c < τQGP (~0.3 fm/c)


•Production cross section calculable with pQCD (mc, mb ≫ ΛQCD)


•Experience the entire evolution of the QCD medium — probe transport properties of 
the deconfined medium

Pb

Pb

Heavy quarks (charm and beauty): powerful probes of the Quark-Gluon Plasma (QGP)

15

• Total charm cross-section is estimated from the various charm hadron 
measurements 

• D0 yields are measured 
down to zero pT

• For D+/-, and Ds, Levy 
(power law) fits to 
measured spectra are 
used for extrapolation 
(systematics).

• For /\c, three model fits 
to data are used and 
differences are  
included in systematics

• Total charm cross-section is consistent with p+p value within uncertainties.

Sooraj Radhakrishnan

Total Charm Cross-section

Au+Au 200 GeV

p+p 200 GeV

(10-40%)

Total charm cross section in HIC is expected to scale w. r. t. 
the number of binary collisions in pp-like collisions



Heavy flavours in the QCD Medium !28

Heavy flavours 
Heavy quarks (charm and beauty) are produced in initial 
hard-scattering processes at the early stage of collisions  

3 D. Moreira de Godoy  Quark Matter 2017 

In Pb-Pb collisions: 
•  Experience the full evolution of the system 
•  Interact with the hot and dense QCD matter 
•  Sensitivity to the medium properties	

Leptons from heavy-flavour decays: 
•  BR of heavy-flavor hadrons to 

electrons � 10% 
•  Measurement in a wide pT range 

(from 0.5 to 20 GeV/c) 
•  Contributions of charm and beauty-

hadron decays can be disentangled 
in the electron yield (cτ ≈ 500 µm for 
beauty hadrons) 

Pb

Pb

Heavy quarks (charm and beauty): powerful probes of the Quark-Gluon Plasma (QGP)

Nuclear modification factor (RAA): heavy quark in-medium energy loss


•Elastic (radiative) vs. inelastic (collisional) processes


•Color charge (Casimir factor) and mass (eg dead-cone effect) dependence

Medium modification of heavy-flavour hadron production 

•Hadronization via coalescence may modify the Ds+ / non-strange D and Λc / D ratios

ΔEg > ΔEq > ΔEc > ΔEb

➡ RAA(light hadron) < RAA(D) < RAA(B) ?

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT QCD vacuum

QCD medium
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Heavy quark energy loss !29

Dπ± J/ψ←B
•RAA of open heavy-flavour particles at the 

RHIC — hint of RAA(D) < RAA(B)


➡Indication of mass dependence of heavy-
quark energy loss: ΔEc > ΔEb

• Indication of RAA(D) < RAA(J/ψ←B) at the LHC
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Heavy quark transport properties !30

RHIC
LHC
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Heavy quark transport properties !31

FromHeavy quark diffusion coefficient 

•RHIC: (4 – 6) / 2πT for 0.2 < T < 0.4 GeV


•LHC: (1.5 – 7) / 2πT for T = Tc

RHIC
LHC



Charmed baryon production !32

• New Λc RAA in 2018 Pb–Pb data, similar suppression as Ds+


• Hint of higher Λc / D0 ratio in Pb–Pb collisions than small systems

➡Described by model including both coalescence and fragmentation



Direct flow of open charm !33

ALI-PREL-307073
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Directed flow with open heavy flavours

E. Bruna (INFN To) 10

Varying magnetic field will influence moving charges à charge-dependent directed 
flow, asymmetric in rapidity

HF particles expected to have larger v1 wrt light flavours because they are 
produced when magnetic field is maximum, while light quarks might be produced later

à Very promising sensitivity to the effect of the early time magnetic field 
in heavy-ion collisions, can help constrain QGP properties

Assumption: 
arXiv:1608.02231

Das, Greco et al., arXiv:1608.02231• Sensitive to the early time EM fields in the collisions

➡Provide constraint for CME related physics


• Charm dragged by tilted bulk

➡ Larger v1 for D mesons, probe the longitudinal 

profile of the initial matter

Hint of positive slope with a 
significance of 2.7σ at low pT

Similar trend observed 
for charged particles, but 
different magnitude



J/ψ production in Pb–Pb collisions !34

• Suppression is insensitive on centrality 
in central and semi-central collisions

• Recombination plays important roles 
on J/ψ production on top of the Debye 
screening at the LHC energies
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The “pre-LHC” paradigm !35
Heavy-ion collisions 

• Probe in details the properties of high density 
and temperature nuclear matter

➡Hot nuclear matter effects — the QGP

Control experiment 

• p–Pb collisions: investigation of cold nuclear 
matter (CNM) effects

➡ nPDF, Saturation, Color Glass Condensate…

• pp collisions

➡ Important baseline to compare other systems

➡Test pQCD calculations at TeV domain, parton hadronization in vacuum



The “Pandora box” !36

ALI-PUB-106878

ALICE Nature Physics 13 (2017) 535

• Smooth evolution of particle production from small to 
large systems vs charge multiplicity

➡Strangeness enhancement considered defining feature 

of heavy-ions — now seen in high-multiplicity pp / p–Pb!

• Where all this comes from?

➡ Initial stages effects?

➡Better understanding of the observables we 

use in heavy-ion for small systems?

➡Common mechanism of particle production?

➡Final state effects?



Collective motion

10

Particle production in small systems !37
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•Test of CPT invariance of residual nuclear force by measuring mass difference in the 
nuclei sector (3He and deuterons)

Mass Difference of (Anti-)nuclei !38

•Improved by one to two orders of 
magnitude compared to earlier 
measurements

•First measurement of binding-energy for 
(anti-)3He

•Confirms CPT invariance for light nuclei
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More rare probes… !39
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Beauty with non-prompt D0 mesons 

6 

•  Novel analysis based on 
•  two-step machine learning (BDT) cut optimisation to single out non-prompt D-

meson component from prompt one and combinatorial background 
•  Data-driven determination of prompt D-meson contamination  

•  Cross section described by FONLL 

“Raw” non-prompt fraction 

Charm and beauty production in pp collisions 
described reasonably by pQCD calculations 

E. Gauger, 
M. Cai poster 

Strangeness in Quark Matter, 10-15 June 2019, Bari 

• Study of rare probes, non-prompt D mesons, Σc, Ξc… are on the road 

• Exploring new techniques, such as machine learning…
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Backup



QCD phase diagram !41



QGP factories !42
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Flow harmonics correlations !43



Flow harmonics correlations !44
ALICE Phys. Rev. Lett. 107 (2011) 032301



Flow harmonics correlations !45
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Heavy quark energy loss !46

Dπ± J/ψ←B
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Particle production in small systems !47
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•         of J/ψ at forward y increases with the event 
multiplicity measured at mid rapidity  

•  Similar trend at √s = 5.02 and 13 TeV   
•  Complementary information to study of charmonium 

and bottomonium yields vs. multiplicity  

W. Shaikh 

Forward 
J/ψ

Event activity 
in |η|<1 

Strangeness in Quark Matter, 10-15 June 2019, Bari 
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