
Heavy	
  flavour	
  in	
  heavy	
  ion	
  
collisions	
  



•  Heavy	
  quarks	
  produced	
  in	
  the	
  ini6al	
  stage	
  of	
  
the	
  collisions.	
  	
  

•  Light	
  quarks	
  and	
  gluons	
  can	
  be	
  produced	
  or	
  
annihilated	
  during	
  the	
  en6re	
  partonic	
  phase	
  
of	
  the	
  medium.	
  

•  Heavy	
  quarks	
  preserve	
  their	
  flavour	
  and	
  mass	
  
iden6ty	
  while	
  traversing	
  the	
  medium.	
  	
  



What	
  are	
  the	
  observables?	
  
•  The	
  proper6es	
  of	
  the	
  QGP	
  are	
  studied	
  by	
  
measuring	
  various	
  final	
  state	
  observables	
  such	
  as	
  
mul6plicity,	
  par6cle	
  yields	
  and	
  transverse	
  
momentum	
  distribu6on	
  of	
  par6cles.	
  	
  

•  Nuclear	
  modifica6on	
  factor.	
  

•  Jets.	
  

•  Azimuthal	
  anisotropy.	
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FIGURE 1.4: Elliptic flow of heavy-flavour decay electrons measured in 20�40%
central Pb-Pb collisions at

p
sNN = 2.76 TeV [14].

v2 values can be described by the combination of two mechanisms [15–19], one
due to the build-up of a collective expansion through interactions among the
medium constituents for low ( pT < 3 GeV/c) and intermediate pT (3�6 GeV/c).
The second mechanism is the path-length dependence of in-medium parton
energy loss, due to medium-induced gluon radiation and elastic collisions. This
is predicted to give rise to a positive v2 for particles up to large pT [18–20].

1.5 Nuclear modification factor

A standard experimental method to quantify the effects of the QCD medium
created in the nucleus-nucleus (A-A) collisions on the production of a given
particle (P) is the measurement of the nuclear modification factor (RP

AA) defined
as [5]:

RP
AA =

YP
AA

hNcolliYP
pp

, (1.2)

<Ncoll>	
  average	
  number	
  of	
  binary	
  nucleon-­‐nucleon	
  collisions.	
  
	
  
YP	
  is	
  the	
  invariant	
  yield	
  of	
  the	
  par6cle,	
  P,	
  in	
  A-­‐A	
  (pp)	
  collisions	
  at	
  a	
  AA	
  pp	
  	
  
given	
  (same)	
  center-­‐of-­‐mass	
  energy.	
  	
  

<Ncoll>	
  es6mated	
  by	
  the	
  product	
  of	
  the	
  average	
  nuclear	
  overlap	
  func6on	
  of	
  the	
  
nucleus-­‐nucleus	
  collision,	
  calculated	
  with	
  the	
  Glauber	
  model,	
  and	
  the	
  inelas6c	
  
proton-­‐proton	
  cross	
  sec6on	
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FIGURE 1.4: Elliptic flow of heavy-flavour decay electrons measured in 20�40%
central Pb-Pb collisions at

p
sNN = 2.76 TeV [14].

v2 values can be described by the combination of two mechanisms [15–19], one
due to the build-up of a collective expansion through interactions among the
medium constituents for low ( pT < 3 GeV/c) and intermediate pT (3�6 GeV/c).
The second mechanism is the path-length dependence of in-medium parton
energy loss, due to medium-induced gluon radiation and elastic collisions. This
is predicted to give rise to a positive v2 for particles up to large pT [18–20].

1.5 Nuclear modification factor

A standard experimental method to quantify the effects of the QCD medium
created in the nucleus-nucleus (A-A) collisions on the production of a given
particle (P) is the measurement of the nuclear modification factor (RP

AA) defined
as [5]:

RP
AA =

YP
AA

hNcolliYP
pp

, (1.2)

<Ncoll>	
  average	
  number	
  of	
  binary	
  nucleon-­‐nucleon	
  collisions.	
  
	
  
YP	
  is	
  the	
  invariant	
  yield	
  of	
  the	
  par6cle,	
  P,	
  in	
  A-­‐A	
  (pp)	
  collisions	
  at	
  a	
  AA	
  pp	
  	
  
given	
  (same)	
  center-­‐of-­‐mass	
  energy.	
  	
  

<Ncoll>	
  es6mated	
  by	
  the	
  product	
  of	
  the	
  average	
  nuclear	
  overlap	
  func6on	
  of	
  the	
  
nucleus-­‐nucleus	
  collision,	
  calculated	
  with	
  the	
  Glauber	
  model,	
  and	
  the	
  inelas6c	
  
proton-­‐proton	
  cross	
  sec6on	
  	
  
	
  
•  No	
  QGP,	
  RAA	
  =	
  1	
  
•  Energy	
  loss	
  RAA	
  <	
  1	
  (suppression	
  of	
  yield)	
  

•  can	
  be	
  explained	
  using	
  the	
  mechanism	
  of	
  partonic	
  energy	
  loss	
  via	
  elas6c	
  
and	
  inelas6c	
  collisions	
  in	
  the	
  QCD	
  medium	
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Figure 1. Open heavy-flavour production in Au–Au collisions at top RHIC energy,
p
sNN =

200 GeV. Left: R
AA

(top) and v

2

(bottom) of electrons from heavy-flavour decay, measured by
PHENIX and compared with the same quantities for pions and with model calculations [13].
Right: R

AA

of D0 mesons in central and minimum-bias collisions, measured by STAR [15] and
compared with model calculations.

A significant J/ suppression beyond the estimated cold nuclear matter e↵ects was first
observed at the SPS [9]. At the higher centre-of-mass energies of RHIC and LHC, the most
interesting items in the quarkonia sector are: (a) understanding the interplay between colour-
screening-induced suppression and statistical regeneration for charmonium production in a
medium containing a large number of cc pairs [10]; (b) measuring medium e↵ects on the
bottomonium states. On this point, the predicted suppression pattern as a function of the
medium temperature is particularly interesting: the ⌥ would melt at T ⇡ 2Tc (where Tc is
the critical temperature of the QGP phase transition), a temperature that would be reached
only at the LHC, while the ⌥0 would melt at the same temperature as the J/ , T ⇡ 1.2Tc (see
e.g. [11, 12]). It is thus important to measure also the ⌥0, because, at variance with the J/ , it
is expected to have a small regeneration probability and it would be very useful to disentangle
J/ suppression and regeneration. Measuring the in-medium dissociation probability of the
di↵erent quarkonium states at RHIC and LHC would provide an estimate of the initial medium
temperature. Hence, the idea of “quarkonium thermometer”.

3. Open heavy-flavour production in nucleus–nucleus collisions at RHIC and LHC
In central Au–Au collisions at centre-of-mass energy

p
sNN = 200 GeV the PHENIX and STAR

Collaborations measured a suppression of a factor up to 3–5 (R
AA

⇡ 0.2–0.3) at p
T

' 5 GeV/c

for electrons from heavy-flavour hadron decays [13, 14]. This suppression is compatible with
that of pions of similar transverse momentum. Figure 1 (left) shows in the upper panel the R

AA

measured by PHENIX. The STAR Collaboration has recently presented also preliminary results
for reconstructed D0 ! K�

⇡

+ decays [15]. The R

AA

is shown in the right-hand panel of Fig. 1
for the central and minimum-bias collisions. For p

T

> 3 GeV/c the suppression of D mesons is
consisted with that of pions. At p

T

⇡ 1–2 GeV/c, R
AA

exhibits an enhancement above unity. A
model calculation implementing charm quark transport [16] in the medium captures the main
features of the data.

At the LHC, the much larger production cross sections (of about a factor 10 for charm and a
factor 30 beauty) and the presence of dedicated silicon vertex detectors in the ALICE, ATLAS

3
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FIGURE 1.5: Comparison of nuclear modification factor for D mesons and
charged pions and hadrons in central Pb-Pb collisions at

p
sNN = 2.76 TeV [25].

1.6 Modification of jet-like two particle correlation

yield

Energetic partons originate in the hard scatterings of partons from the incoming
nuclei, which lead to back-to-back parton configurations. They evolve as parton
showers and hadronize, which is then experimentally observed as back-to-back
jet events. A jet is defined as a group of particles (mostly hadrons) emitted in
a narrow cone, which is expected to originate from the fragmentation of a par-
ton. But prior to fragmentation, partons loose energy in the high-colour-density
medium due to gluon radiation and multiple collisions. This phenomenon is
known as jet quenching [26]. The direct measurement of these jets is difficult
in nuclear collisions since the background fluctuations due to the underlying
event dominate especially at lower transverse momenta (pjetT < 50 GeV/c). The
azimuthal angular correlations of high pT particles are an alternative probe for
these back-to-back jet events. Particles from a single jet will generate an en-
hanced correlation at �� ⇡ 0 (near-side) and the particles originating from

12 1.6. Modification of jet-like two particle correlation yield
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FIGURE 1.6: Comparison of nuclear modification factor for D mesons and
heavy-flavour decay electrons in central Pb-Pb collisions at

p
sNN = 2.76 TeV

[14].

back-to-back dijets will generate an enhanced correlation at �� ⇡ ⇡ (away-
side).

The STAR experiment measured the azimuthal correlations of hadrons with pT

> 2 GeV/c relative to a trigger hadron with ptrigT > 4 GeV/c in pp, Au-Au and
d-Au collisions at

p
sNN = 200 GeV as shown in FIGURE 1.7. This result shows

that the correlation strength for pp, d-Au and Au-Au are similar on the near-
side. However the away-side correlation is absent in central Au-Au collisions,
while no suppression of correlation strength is observed for d-Au collisions
compared to pp [13]. One interpretation of these results is that, the jets ob-
served on the near-side are those created from partons produced near the sur-
face of the QCD medium and directed outwards, while the away side parton
traverse a significant length through the medium loosing more energy as de-
picted in the FIGURE 1.8 [27]. To obtain quantitative values for the suppression
factor, the particle yield associated with a jet is extracted. The ratios of yields in
nucleus-nucleus collisions compared to pp collisions (IAA) are obtained. Sim-
ilar to RAA, IAA probes parton energy loss, but has different sensitivity to the
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Figure 5. Comparison of the centrality dependence of the RAA

of D mesons in 6<pT<12 GeV/c and secondary J/ from b-
hadron decays in 6.5<pT<30 GeV/c, measured by ALICE [42]
and CMS [33] respectively.

partonic energy loss, with R

B
AA>R

D
AA. However, a firm and

quantitative conclusion is prevented by the fact that the
kinematic ranges of the measurements, if considered with
respect to the parent quarks, are not the same.

In the top right panel figure 6 the first measurement
of D meson elliptic flow in heavy-ion collisions is shown.
The measurement, performed by ALICE in the 30-50%
centrality range [49], exploits the event plane method, in
which the correlation of the particle azimuthal angle (�)
to the reaction plane  RP is analyzed. The reaction plane
is estimated via the event plane  2, by the so-called Q2-
vector, which is obtained from the azimuthal distribution
of a (sub-)sample of tracks in the event [50]. Although the
uncertainties are sizable, a significantly non-zero v2 is ob-
served in 2<pT<6 GeV/c, with an average of the measured
values in this range around 0.2. A positive v2 is also ob-
served for pT>6 GeV/c, which most likely originates from
the path-length dependence of the partonic energy loss, al-
though the large uncertainties do not allow a firm conclu-
sion. The measured D meson v2 is comparable in magni-
tude to that of charged particles, which is dominated by
light-flavour hadrons [51]. This suggests that low momen-
tum charm quarks take part in the collective motion of the
system. A further indication in this direction is provided
by the v2 of electrons from heavy-flavour decay (same fig-
ure, bottom right panel), measured by ALICE with the
event plane method in the 20-40% centrality range. The
measured D meson and electron v2 tend to favour mod-
els like BAMPS [9], UrQMD [10] and Coll+LPM radia-
tive [11] that predict a larger anisotropy at low pT. How-
ever, as shown on the left of the same figure, the same
models have di�culties in reproducing also the D meson
and heavy-flavour electron nuclear modification factors
in the whole measurement momentum ranges, whereas
models like POWLANG [12], WHDG rad+coll [13] and
TAMU (Rapp et al.) [14] are more challenged by the de-
scription of heavy-flavour elliptic flow.

4 Conclusions
The smaller J/ suppression measured in central heavy-
ion collisions at LHC with respect to RHIC and the ob-
served centrality and pT trends favour a scenario with a
significant contribution to J/ production at low pT from
recombination of deconfined c quarks, vanishing at higher
pT where Debye screening determines the production fea-
tures. The observation of a larger suppression of ⌥(2S)
and ⌥(3S) than ⌥(1S) supports the Debye-screening pic-
ture of a sequential suppression of states following the hi-
erarchy of binding energies. However, any firm conclusion
is still prevented by the lack of information on the suppres-
sion of higher states, where, especially in the charmonia
case, the measurements are characterized by a poor preci-
sion (for  (2s)) or are absent (for �

c

and �
b

), by the the-
oretical prediction uncertainties, mostly dominated by the
uncertainty on the total charm production cross-section in
Pb–Pb collisions, and by the uncertainties related to cold-
nuclear matter e↵ects, the nature of which should be clari-
fied by the ongoing analysis of p–Pb data. More data from
future runs at the LHC should allow for a more precise
measurement of J/ v2, that, beside addressing recombi-
nation, could also help to assess the degree of charm quark
thermalization in the medium. An indication of charm
thermalization is provided by the measurement of a non-
zero D meson v2 at low pT, with values similar to those
of charged hadron v2. Despite the large uncertainties, this
observation complements the measurement of a large sup-
pression of D meson production at high pT (about a fac-
tor 5 at pT⇠10 GeV/c) in central Pb–Pb collisions, which
constitutes an evidence of in-medium charm energy loss
and points to a strong interaction of charm with the QGP.
The comparison of the RAA of D mesons and of secondary
J/ from b-hadron decays suggests that beauty loses less
energy than charm, corroborating the prediction of a de-
pendence of energy loss from the quark mass induced by
the dead-cone e↵ect. However, a satisfactory description
of the interaction of charm and beauty quarks with the
medium is still missing as highlighted by the absence of
a model able to reproduce simultaneously the RAA and v2
of D mesons and electrons from heavy-flavour hadron de-
cay. Although the results obtained at the LHC after the
first 3 years of data taking can be casted into a qualita-
tively understood frame, more precise and “di↵erential”
measurements are needed to focus the emerging picture of
heavy-flavour production and interaction in the QGP. The
data collected in the next runs and, even more, the upgrade
of the detectors, during the long shut down in 2018, should
allow to reach this target and bring experimental heavy-ion
physics into the charm and beauty era of QGP.
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Proton	
  ion	
  collisions	
  

•  To	
  understand	
  the	
  measurements	
  in	
  Pb-­‐Pb	
  collisions,	
  we	
  
need	
  to	
  understand	
  cold	
  nuclear	
  maZer	
  effects	
  
–  Effects	
  because	
  of	
  the	
  presence	
  of	
  mul6ple	
  nucleons.	
  
	
  

•  The	
  parton	
  distribu6on	
  func6on	
  of	
  quarks	
  and	
  gluons	
  
might	
  be	
  different.	
  

	
  
•  Partons	
  can	
  loose	
  energy	
  by	
  radia6on	
  in	
  the	
  ini6al	
  state.	
  

•  Partons	
  can	
  undergo	
  mul6ple	
  so\	
  scaZering	
  –	
  kT	
  
broadening.	
  

	
  
•  Use	
  proton-­‐ion	
  collisions	
  to	
  study	
  these	
  effects.	
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Proton - proton results
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RAA	
  is	
  not	
  due	
  to	
  cold	
  nuclear	
  ma5er	
  effects	
  at	
  high	
  pT	
  



Jets	
  

•  Energe6c	
  partons	
  originate	
  in	
  the	
  hard	
  
scaZering	
  
– Back-­‐to-­‐back	
  configura6ons.	
  

•  They	
  evolve	
  as	
  parton	
  showers	
  and	
  hadronize.	
  
– Experimentally	
  observed	
  as	
  back-­‐to-­‐back	
  jets.	
  

•  What	
  is	
  a	
  jet??	
  
– Group	
  of	
  par6cles	
  emiZed	
  in	
  a	
  narrow	
  cone,	
  
expected	
  to	
  be	
  origina6ng	
  from	
  the	
  fragmenta6on	
  
of	
  a	
  parton.	
  	
  



Jet	
  quenching	
  

•  In	
  QGP,	
  before	
  fragmenta6on,	
  the	
  partons	
  loose	
  energy	
  in	
  the	
  medium	
  
due	
  to	
  gluon	
  radia6on	
  and	
  mul6ple	
  scaZering.	
  
–  Jet	
  queching	
  
	
  

•  Direct	
  measurement	
  of	
  jets	
  is	
  difficult	
  in	
  nuclear	
  collisions	
  due	
  to	
  large	
  
background	
  especially	
  for	
  low	
  pT	
  jets.	
  	
  	
  

•  Azimuthal	
  angular	
  correla6ons	
  of	
  high	
  pT	
  par6cles	
  are	
  an	
  alterna6ve	
  probe	
  
for	
  these	
  back-­‐to-­‐back	
  jets.	
  

•  Par6cles	
  from	
  a	
  single	
  jet	
  generate	
  an	
  enhances	
  correla6on	
  at	
  Δϕ	
  ~	
  0	
  
(near-­‐side).	
  	
  

•  Par6cles	
  origina6ng	
  from	
  back-­‐to-­‐back	
  jet	
  will	
  jet	
  generate	
  an	
  enhances	
  
correla6on	
  at	
  Δϕ	
  ~	
  π	
  (away-­‐side).	
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FIGURE 1.7: Di-hadron azimuthal correlations with passoT > 2 GeV/c relative to
a trigger hadron with ptrigT > 4 GeV/c in pp, central d-Au and central Au-Au
collisions at

p
sNN = 200 GeV measured by the STAR experiment [13].

FIGURE 1.8: Schematic diagram of back-to-back jets traversing the hot QCD me-
dium. Image: LBNL.

interplay between the parton production spectrum, the relative importance of
quark-quark, gluon-gluon and quark-gluon final states, and the energy loss
in the medium. The particle yield on the near-side can also be compared for
nucleus-nucleus and pp collisions to provide information about the fragment-
ing jet leaving the medium. On the away side it additionally reflects the prob-
ability that the recoiling parton survives while passing through the medium.
The ALICE detector measured the correlations for di-hadrons with transverse
momentum of the trigger particle between 8 and 15 GeV/c and for associated

•  STAR	
  experiment	
  at	
  RHIC	
  measured	
  the	
  
Δϕ	
  correla6on	
  of	
  high	
  pT	
  	
  hadrons.	
  
pTTrig	
  >	
  4	
  GeV/c	
  
pTAsso	
  >	
  2	
  GeV/c	
  
	
  

•  Away	
  side	
  suppressed	
  for	
  central	
  Au+Au	
  
collisions.	
  	
  	
  

•  Interpreta6on	
  of	
  the	
  results	
  
•  Near	
  side	
  :	
  created	
  from	
  partons	
  

produced	
  near	
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  surface	
  of	
  
medium.	
  

•  Away	
  side	
  :	
  parton	
  has	
  to	
  travel	
  a	
  
significant	
  distant,	
  loosing	
  more	
  
energy.	
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particle with passoT > 3 GeV/c in Pb-Pb collisions at
p
sNN = 2.76 TeV and the

results are compared with pp collisions. A typical �� distribution, per-trigger
particle at LHC energies is shown in FIGURE 1.9 [26]. The bottom plot shows
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FIGURE 1.9: Corrected di-hadron �� distribution per-trigger hadrons for 8 <
ptrigT < 15 GeV/c and 4 < passoT < 6 GeV/c for central and peripheral Pb-Pb
events and pp events measured by the ALICE detector. a) azimuthal correla-
tion; c) background-subtracted distributions using the flat pedestal [26].

the pedestal-subtracted distributions of central and peripheral Pb-Pb collisions
compared to that from pp collisions. The integral over these distributions on
the near-side (�0.7 < �� < 0.7 rad) and away-side (⇡�0.7 < �� < ⇡+0.7 rad)
gives the yield (Y) per trigger particle. By measuring the yield in Pb-Pb and pp
collisions, their ratios are computed to obtain the near-side and away-side IAA,
IAA = YPb�Pb/Ypp. FIGURE 1.10 shows the yield ratio, IAA, for central (0 � 5%)

and peripheral (60� 90%) Pb-Pb collisions.

In	
  ALICE:	
  
8	
  <	
  pTTrig	
  <	
  15	
  GeV/c	
  
4	
  <	
  pTAsso	
  <	
  6	
  GeV/c	
  
	
  

•  Quan6ta6ve	
  analysis	
  done	
  by	
  measuring	
  
the	
  yield	
  on	
  near	
  side	
  and	
  away	
  side	
  
(IAA).	
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  YPb-­‐Pb	
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  Ypp	
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FIGURE 1.10: IAA for near-side (left panel) and away side (right panel) for cent-
ral (0-5% PbPb/pp) and peripheral (60-90% PbPb/pp) collisions measured by
the ALICE detector [26].

In central collisions, an away-side suppression (IAA ⇡ 0.6) is observed, which
gives evidence for in-medium energy loss. Moreover, the near-side IAA shows
an enhancement of about 20 � 30% above unity, which has not been observed
with any significance at RHIC experiments at these momenta. The near-side en-
hancement suggests that the near-side parton is also subject to medium effects.
This could be because of various factors, like a change in the fragmentation
function, a possible change of the quark/gluon jet ratio in the final state due to
their different coupling to the medium or a bias on the parton pT spectrum after
energy loss due to the trigger particle spectrum [26]. The sensitivity of IAA and
RAA to different properties of the medium makes the combination particularly
effective in constraining jet quenching models.

Information on how heavy-quarks loose energy and interact with the medium
can be obtained by studying the correlations of heavy-flavour hadrons. One
of the experimental probes to study heavy quarks are the electrons from their
decays. In order to measure cc̄ and bb̄ correlations, the heavy quark should
be identified in both the trigger and away side jets. This would mean either
identifying heavy-flavour decay electrons on both sides or identifying a HFE
on one side and selecting all hadrons from heavy-flavour decays on the other
side. It is experimentally difficult to unambiguously select hadrons from heavy-
flavour, and requiring electrons on both side increases the statistical uncer-
tainty. Hence as a first step, the correlations can be obtained for heavy-flavour

Away	
  side	
  50%	
  suppressed.	
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FIGURE 7.21: �� distribution between HFE and charged hadrons after subtract-
ing uncorrelated background for 4 < phT < 6 GeV/c in two peT bins for 0 � 8%
and 20�50% most central Pb-Pb collisions at

p
sNN = 2.76 TeV. The distribution

in Pb-Pb collisions is compared with the distribution in pp collisions at
p
s = 7

TeV. The elliptic flow contributions to the �� distribution has not been subtrac-
ted for 20� 50% most central Pb-Pb collisions.

collisions at
p
sNN = 2.76 TeV, respectively. By taking the integral of the Gaus-

sian distribution of the fit function, the per-trigger near-side yield is obtained.
This yield is mainly attributed to the jet fragmentation of heavy quarks. By
studying the near-side yield, information on the possible modification of the
fragmentation function of heavy quarks in Pb-Pb collisions can be obtained. To
measure the change in the fragmentation function due to interaction of heavy
quarks with the QGP, the near-side yield in pp collisions is used as a baseline,
where no medium effects are expected.

The near-side yield for pp collisions at
p
s = 7 TeV is used as a reference meas-

urement instead of the measurement in pp collisions at
p
s = 2.76 TeV due to

limited statistics available. The difference in the per trigger near-side yield for
the two center of mass energies is expected to be small [71]. The uncertainty in
this assumption is found to be less than 10% as shown in chapter 6.This justifies
the use of the data sample from pp collisions at

p
s = 7 TeV as the reference

measurement. The yield from the three datasets, two centrality intervals of Pb-
Pb collisions and pp collisions at

p
s = 7 TeV, for 2 < phT < 4 and 4 < phT < 6

GeV/c are shown in FIGURE 7.22. The yield from semi-central Pb-Pb event is

Trigger	
  :	
  Electrons	
  from	
  
	
   	
  B/D	
  decay	
  

Associated	
  :	
  Hadrons.	
  

StaAsAcs	
  is	
  too	
  poor	
  to	
  understand	
  anything	
  L	
  
	
  
Next	
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