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Introduction 2

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)
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Introduction 3

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


• Radiative energy loss: color charge (Casimir factor) and mass (dead cone 
effect) dependence

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT• RAA = 1, if no medium modification

QCD medium

QCD vacuum

7

Study in-medium energy loss

–  Production of hard probes (heavy quarks, jets...) in A-A collisions 
     is expected to scale with the number of 
     nucleon-nucleon collisions Ncoll  (binary scaling)

–  Observable: nuclear modification factor

–  If no nuclear effects are present → RAA = 1  (binary scaling)
–  In-medium parton energy loss via radiative (gluon emission)
    and collisional processes depending on:
    → color charge 
    → quark mass (dead cone effect)
    → path length and medium density   

Dokshitzer and Kharzeev, PLB 519 (2001) 199
Wicks, Gyulassy,  J.Phys. G35 (2008) 054001

      → RAA H 1

A. Dubla QM 2015; Utrecht University 

?

ΔEg >ΔEq >ΔEc>ΔEb


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

Medium modification of heavy-flavour hadron formation 

• Hadronization via quark coalescence which may modify 
the Ds+ /non-strange D ratio
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Elliptic Flow of Muons From Heavy Flavour Decays
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Azimuthal anisotropy: Fourier decomposition of particle azimuthal distribution 
relative to the reaction plane (ΨRP)

• Elliptic flow (v2): coefficient of second order harmonic

➡ Low and intermediate pT: collective motion and possible heavy-quark 
thermalization in the QCD medium

➡ High pT: path-length dependence of heavy-quark in-medium energy loss

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)
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ALICE apparatus 5

TOF

MUON

V0, T0

EMCal

TPC

ITS

Mid-rapidity (|η|<0.9) 

• ITS, TPC, TOF: vertexing, tracking, PID 

• EMCal: high-pT electron trigger, PID

Forward MUON (-4<η<-2.5) 

• Muon trigger, tracking, PID
Smaller detectors: V0, T0, ZDC 

• Event trigger, characterization

• D0→K-π+


• D+→K-π+π+


• D*+→D0π+


• D+s→φπ+→K-K+π+

Hadronic decays:

Semi-leptonic decays:
• D, B→e+X

• D, B→μ+X
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RAA of D mesons 6

• Suppression of D-meson RAA in  
Pb–Pb collisions at 5.02 TeV 
exhibits a strong increase towards 
more central collisions


➡ Strong suppression reaching a 
factor of about five in the 10% 
most central collisions

ALICE-PUBLIC-2017-003

New: 0–10%, 60–80%
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RAA of D mesons 7

• The measurements are compatible 
in Pb–Pb collisions at 5.02 TeV and 
2.76 TeV


➡ Predicted by models considering 
the variation of the medium 
density and the charm quark pT 
distribution at the two energies

√sNN = 5.02 TeV 
√sNN = 2.76 TeV

• Suppression of D-meson RAA in  
Pb–Pb collisions at 5.02 TeV 
exhibits a strong increase towards 
more central collisions


➡ Strong suppression reaching a 
factor of about five in the 10% 
most central collisions

M. Djordjevic 
Phys. Rev. Lett. 112 (2014) 042302 
Phys. Rev. C92 (2015) 024918

ALICE-PUBLIC-2017-003
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 c,b (|y|<0.6)←e 

 c,b (2.5<y<4)← µ

 = 5.02 TeV
NN

s0-10% Pb-Pb, 
ALICE Preliminary
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RAA of heavy-flavour decay leptons8

• Suppression of heavy-flavour decay muons is compatible with heavy-flavour 
decay electrons within uncertainties


➡ Indication that heavy quarks suffered strong interactions in the QCD 
medium in a wide rapidity range

• Strong suppression in most 
10% central collisions for 
heavy-flavour decay 
electrons at mid-rapidity     
(|y|<0.6) and heavy-flavour 
decay muons at forward 
rapidity (2.5<y<4)


• pT > 5–6 GeV/c: dominated 
by beauty decay leptons

μ←c, b (2.5<y<4)

e←c, b (|y|<0.6)

New: RAA of e←c, b (|y|<0.6)

0–10%
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RAA: color-charge and mass dependence 9
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• Hint of RAA(e←b)>RAA(e←b, c) in central Pb–Pb collisions at √sNN = 2.76 TeV


• RAA of D mesons systematically smaller than non-prompt J/ψ at high pT


➡ Indication of mass-dependent suppression for charm and beauty


• RAA(D) ~ RAA(π) — different parton pT distribution and fragmentation

ALICE: arXiv:1609.03898

e←c, b (|y|<0.6)
e←(c←)b (|y|<0.8) ALICE: JHEP 11 (2015) 205 

CMS: EPJC 77 (2017) 252

π
D

Non-prompt J/ψ
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Ds production in Pb–Pb collisions10

• Hint of RAA(Ds) > RAA(D) in central Pb–Pb collisions at √sNN = 5.02 TeV (still 
large uncertainty to draw conclusion)


• Hint for a higher Ds / D0 ratio in Pb–Pb collisions compared to pp collisions, 
no centrality dependence with current uncertainties


• More statistics needed to draw conclusions on contribution from 
coalescence on Ds hadronization

ALICE-PUBLIC-2017-003 ALICE-PUBLIC-2017-003
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Elliptic Flow of Open Heavy Flavours11

• Positive v2 of open heavy flavours at intermediate pT in semi-central Pb–Pb 
collisions — indication of collective motion of low-pT charm quarks in the 
QCD medium


• v2 of D mesons: compatible with π± at high pT — constraint on path-length 
dependence of parton in-medium energy loss


• v2 of open heavy flavours — no energy dependence

√sNN = 5.02 TeV 
√sNN = 2.76 TeV

D

π

ALICE: arXiv:1707.01005
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RAA vs. v2: model comparisons 12

• Experimental results with improved precision compared to RUN-I


➡ Set constraints to models able to predict simultaneously quenching (RAA) 
and collectivity (v2) of heavy quarks in the QCD medium

ALICE-PUBLIC-2017-003

ALICE: arXiv:1707.01005
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Event-shape engineering 13

QM17A. Barbano
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27

• q2 measured with TPC tracks:
• 20% of the events with large q2 
• 60% of the events with small q2 

• v2 measured with event plane method (with V0)

q2 vs centralityEvent-shape engineering analysis
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• Event eccentricity quantified by q2:

➡ <(q2)2> ≈ 1 + <M-1> <(v2)2>

• Opportunity to study the charm-quark coupling 
to the light-hadron bulk by measuring v2 at 
different q2 values

Large eccentricity

Small eccentricity

• Significant separation of D-meson v2 in 
events with large and small q2

➡ Charm quarks sensitive to the light-
hadron bulk collectivity and event-by-
event initial condition fluctuations

Autocorrelation and non-flow effects between q2 
determination and D-meson reconstruction are 
present
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Conclusion 14

• RAA of D mesons and heavy-flavour decay leptons in Pb–Pb collisions at 
√sNN = 5.02 TeV — significant suppression for 10% most central collisions

➡ No energy and rapidity dependence

➡ Indication of mass dependence suppression for charm and beauty

➡ More statistics needed to draw conclusion on coalescence contributions

• Significant elliptic flow of open heavy flavours in semi-central Pb–Pb 
collisions at √sNN = 5.02 TeV

➡ Strong interaction of heavy quarks with the QCD medium

➡ Set constraints to models able to calculate both quenching (RAA) and 
collectivity (v2) of open heavy flavours


• D0 and D+ v2 with event-shape engineering technique


➡ Charm quark may be sensitive to the light-hadron bulk collectivity and 
event-by-event initial fluctuations
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RAA of Heavy-flavour decay Leptons16

• Strong suppression is observed in central Pb–Pb collisions for heavy-flavour 
decay electrons at mid-rapidity (|y|<0.6) and heavy-flavour decay muons at 
forward rapidity (2.5<y<4)


• Uncertainties are reduced at 5.02 TeV w. r. t. 2.76 TeV, measurements are 
expended to higher pT in semi-electronic channel


• Results are consistent within errors in two energies

μ←c,b (2.5<y<4) e←c,b (|y|<0.6)
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Open heavy flavours in Pb–Pb Collisions17Open	heavy	flavours	in	Pb-Pb	collisions	

31/03/2017	 Philippe	Pillot		-		Rencontres	de	Moriond	(QCD)	2017	 53	

Overview	of	models	for	HQ	energy	loss	or	transport	in	the	medium	(J.	Phys.	G	9	43	(2016)	093002)	


