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Quark Gluon Plasma in Heavy-Ion collisions 

 QCD predicts a novel state of nuclear 
matter: a strongly interacting,  
deconfined medium (QGP).  

Nucleus-nucleus collisions"
!  How can we compress/heat matter to such high energy 

densities?  

!  By colliding two heavy nuclei at ultra-relativistic energies we 
recreate, for a short time span (about 10-23 s, or a few fm/c) 
the conditions for deconfinement 

!  As the system expands and cools down it will undergo a 
phase transition from QGP to hadrons again, like at the 
beginning of the life of the Universe: we end up with 
confined matter again 
 
 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 33"

 At the LHC: 

 precise characterization of QGP 
parameters, 

 investigation of novel QCD 
related effects (QCD chiral 
imbalance, collectivity in small 
systems, strongest magnetic field )  

 High energy heavy-ion collisions allow 
a large energy in a small volume and 
produce a “fireball” of hot matter 

 Evidence of QGP already at CERN-
SPS and BNL-RHIC experiments. 
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HEAVY-ION PHYSICS

+

Heavy-Ion Physics: exploring QCD at high temperatures and/or densities

arXiv:1510.04200

Lattice QCD, μB=0

Quark-Gluon Plasma: T>150 MeV, ε>0.2 GeV/fm3



How to investigate the QGP at LHC? 

 Precise characterization of the macroscopic QGP properties  

 QGP “source” with global quantities and collective behaviour 

 Temperature, viscosity, diffusion coefficients, …  
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How to investigate the QGP at LHC? 

 How QGP properties emerge from microscopic partons dynamics? 

 Which are the effective constituents of QGP? 

 QCD processes affected by the medium? QCD splitting, hadrons formation 
are modified? 
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 Precise characterization of the macroscopic QGP properties  

 QGP “source” with global quantities and collective behaviour 

 Temperature, viscosity, diffusion coefficients, …  



How to investigate the QGP at LHC? 

Nikhef Jamboree, Utrecht 17/12/18                              Review of ALICE results                              D. CAFFARRI (Nikhef)  - 3                                                                      

 Probing partonic content in the nuclei 

 Saturation effects, nuclear-PDF 
modifications?

 How QGP properties emerge from microscopic partons dynamics? 

 Which are the effective constituents of QGP? 

 QCD processes affected by the medium? QCD splitting, hadrons formation 
are modified? 

 Precise characterization of the macroscopic QGP properties   
 QGP “source” with global quantities and collective behaviour 

 Temperature, viscosity, diffusion coefficients, …  



How to investigate the QGP at LHC? 

“Pb-Pb like collective” effects in small 
collisions systems (pp, p-Pb)?  
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today’s focus 



Heavy-ion collisions evolution 

Before the collisions 
Nuclear PDF modified due to the high quarks and gluons density?

Heavy ions  
𝝉 ~ 0
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Heavy-ion collisions evolution 

Hard scatterings  
Partons with high energy and virtuality are produced 
Production can be studied using pQCD approach 


QGP formation 
Hot and dense matter made of deconfined and interacting partons

Heavy ions  
𝝉 ~ 0

QGP 
𝝉 ~ 1 fm/c
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Heavy-ion collisions evolution 

QGP behaves like a perfect liquid  
Approximated with hydrodynamical calculations of an 
expanding fluid  
System can be described with global variables: 

- η/s,𝜁/s (shear and bulk viscosity over entropy density) 
- temperature of the source

Heavy ions  
𝝉 ~ 0

QGP 
𝝉 ~ 1 fm/c

QGP  
𝝉 ~ 5 fm/c
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Heavy-ion collisions evolution 

Transition from QGP phase to hadron gas.  
Hadronization and hadronic phase interactions to 
be taken into account. 


Heavy ions  
𝝉 ~ 0

QGP 
𝝉 ~ 1 fm/c

QGP  
𝝉 ~ 5 fm/c

Hadrons  
𝝉 > 10 fm/c
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Heavy-ion collisions evolution 
Heavy ions  
𝝉 ~ 0

Evolution of a heavy-ion collision and its probes

4F.Bellini - ALICE Physics Highlights - CERN Team Meeting, 6th December 2018

Heavy-nuclei
! ~0

Pb Pb

QGP
! ~ 1 fm/c

QGP
! ~ 5 fm/c

Hadrons
! > 10 fm/c

Detection
! > 10 pm/c

ALICECredits: MADAI project. 

No direct observation of the QGP is possible à rely on emerging particles as “probes”

HARD PROBES: produced in the early stages of the HI collision in processes with large momentum 
transfer, traverse the QGP interacting with its constituents 
à High-pT particles, jets, hadrons with heavy-flavor (HF) quarks (c,b)

SOFT PROBES: produced during the evolution of the strongly-interacting, thermalized QGP 
à Low-pT particles, hadrons with light-flavor (LF) quarks (u,d,s)

QGP 
𝝉 ~ 1 fm/c

QGP  
𝝉 ~ 5 fm/c

Hadrons  
𝝉 > 10 fm/c

Detection 
𝝉 > 10 pm/c

No direct observation of the QGP is possible  
Rely on detected particles as “probes”  
Study the event-by-event properties, fluctuations 
and correlations between all particles. 
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Centrality, 
Related particle multiplicity produced in the collisions,

Number of participants nucleons in the collisions. b 

collision geometry,  

… and it’s fluctuations. 

e.g., Ref. [27]). Setting the local viscosity to zero when
finite viscosity causes negative pressure in the cell as
advocated in [27] and reducing the ideal part by 5% works
well to stabilize the calculations without introducing
spurious effects.

While in standard hydrodynamic simulations with aver-
aged initial conditions all odd flow coefficients vanish by
definition, fluctuations generate triangular flow v3 as a
response to the finite initial triangularity. We follow [17]
and define an event plane through the angle

c n ¼ 1

n
arctan

hpT sinðn!Þi
hpT cosðn!Þi ; (8)

where the weight pT is chosen for best accuracy [28].
Then, the flow coefficients can be computed using

vn ¼ hcos½nð!% c nÞ&i: (9)

The initialization of the energy density is done using a
Glauber Monte Carlo model (see [29]): Before the colli-
sion the density distribution of the two nuclei is described
by a Woods-Saxon parametrization, which we sample to
determine the positions of individual nucleons. The impact
parameter is sampled from the distribution PðbÞdb ¼
2bdb=ðb2max % b2minÞ, where bmin and bmax depend on the
given centrality class. Two nucleons are assumed to collide

if their relative transverse distance is less than D ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"NN=#

p
, where "NN is the inelastic nucleon-nucleon

cross section, which at top RHIC energy of
ffiffiffi
s

p ¼
200 AGeV is "NN ¼ 42 mb. The energy density is distrib-
uted proportionally to the wounded nucleon distribution.
For every wounded nucleon we add a contribution to the
energy density with Gaussian shape (in x and y) and width
"0 ¼ 0:4 fm. Using "0 ¼ 0:8 fm reduces both v2 and v3

on average by '8% and produces steeper transverse mo-
mentum spectra for pT > 2 GeV (also see [15]). We will
study a finite contribution from binary collision scaling,
which can increase the average initial eccentricity, in a
future work. In the rapidity direction, we assume the
energy density to be constant on a central plateau and
fall like half-Gaussians at large j$sj (see [18]). This pro-
cedure generates flux-tube-like structures compatible with
measured long-range rapidity correlations [30–32]. The
absolute normalization is determined by demanding that

the obtained total multiplicity distribution reproduces the
experimental data. We will present a more detailed study
of particle spectra and dependencies on different parame-
ters in a forthcoming work. See [18] for details on parame-
ter sets and obtained particle spectra in the ideal case
with average initial conditions. As equation of state we
employ the parametrization ‘‘s95p-v1’’ from [33], ob-
tained from interpolating between lattice data and a
hadron resonance gas.
In Fig. 1 we show the energy density distribution in

the transverse plane for an event with impact parameter
b ¼ 2:4 fm at the initial time %0 ¼ 0:4 fm=c and at time
% ¼ 6 fm=c for $=s ¼ 0 and $=s ¼ 0:16. This clearly
shows the effect of dissipation.
We perform a Cooper-Frye freeze-out using

E
dN

d3p
¼ dN

dypTdpTd!p
¼ gi

Z
!
fðu&p&Þp&d3!&; (10)

where gi is the degeneracy of particle species i, and ! the
freeze-out hypersurface. In the ideal case the distribution
function is given by

fðu&p&Þ¼f0ðu&p&Þ¼
1

ð2#Þ3
1

exp½ðu&p&%&iÞ=TFO&(1
;

(11)

where&i is the chemical potential for particle species i and
TFO is the freeze-out temperature. In the finite viscosity
case we include viscous corrections to the distribution
function, f ¼ f0 þ 'f, with

'f ¼ f0ð1( f0Þp(p)W()
1

2ð*þ P ÞT2 ; (12)

where W is the viscous correction introduced in Eq. (4).
Note that the choice 'f' p2 is not unique [34]. We use
fixed freeze-out energy densities of 0:12 GeV=fm3 and
0:16 GeV=fm3, corresponding to TFO ¼ 136 MeV and
142 MeV for ideal and viscous calculations, respectively.
The algorithm used to determine the freeze-out surface

! [18] is very efficient in determining the freeze-out

τ=0.4 fm/c
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FIG. 1 (color online). Energy density distribution in the trans-
verse plane for one event with b ¼ 2:4 fm at the initial time
(left), and after % ¼ 6 fm=c for the ideal case (middle) and with
$=s ¼ 0:16 (right).
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FIG. 2 (color online). Freeze-out surfaces for two different
events (red [dark gray] and yellow [medium gray]) compared
to that for the averaged initial condition (light gray).
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B. Schenke et al., PRL 106 (2011) 042301



How to investigate the QGP at LHC? 

Nikhef Jamboree, Utrecht 17/12/18                              Review of ALICE results                              D. CAFFARRI (Nikhef)  - 5                                                                      

 Precise characterization of the macroscopic QGP properties  

 QGP “source” with global quantities and collective behaviour 

 Temperature, viscosity, diffusion coefficients, …  



Azimuthal Anisotropies

13/11/18 A. Dobrin - CERN seminar 25

Quantifying anisotropic flow

E
d
3
N

d
3
p
= 1

2π

d
2
N

p
T
dp
T
dy

(1+∑n=1
∞ 2 vncos(n (φ−Ψn))

vn=⟨cos(n(φ−Ψn))⟩

● Particle azimuthal distribution measured with respect to the symmetry 
plane is not isotropic → Fourier series

● vn quantify the event anisotropy

● v1 directed flow, v2 elliptic flow, v3 triangular flow, ... 

M. Luzum, J. Phys. G: Nucl. Part. Phys. 38 (2011) 124026 

S. Voloshin and Y. Zhang, Z. Phys. C 70, (1996) 665

 Spatial anisotropies 
induce pressure 
gradients that push 
particles with different 
velocities

 More and faster particles are seen in the symmetry planes (ψn) directions.

 Particle azimuthal distributions measured wrt symmetry planes → Fourier series 
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vn = hcos(n('� n))i
Flow coefficients 
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PHYSICAL REVIEW C 79, 039903(E) (2009)

Erratum: Conformal relativistic viscous hydrodynamics: Applications to RHIC results at√
sN N = 200 GeV [Phys. Rev. C 78, 034915 (2008)]

Matthew Luzum and Paul Romatschke
(Received 16 February 2009; published 30 March 2009)

DOI: 10.1103/PhysRevC.79.039903 PACS number(s): 12.38.Mh, 25.75.Ld, 47.75.+f, 99.10.Cd

An error was found in the numerical hydrodynamical calculation used to generate data for Ref. [1]. Specifically affected was
the freeze-out routine. Matching to experimental data was redone with the corrected routine, and the following table and figures
(Table I and Figs. 6, 7, 8, and 9) have been corrected and updated, while all others are unaffected. The only difference is a
change in the hydrodynamic initialization parameter values, with a slightly better fit to experimental data. All conclusions are
unchanged.

TABLE I. Summary of parameters used for the viscous hydrodynamics simulations.

Initial condition η/s Ti [GeV] Tf [GeV] τ0 [fm/c] a [GeV−1]

Glauber 10−4 0.340 0.14 1 2
Glauber 0.08 0.333 0.14 1 2
Glauber 0.16 0.327 0.14 1 2
CGC 10−4 0.310 0.14 1 2
CGC 0.08 0.304 0.14 1 2
CGC 0.16 0.299 0.14 1 2
CGC 0.24 0.293 0.14 1 2
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pT [GeV]
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FIG. 6. (Color online) Charged hadron elliptic flow for the Glauber model at b = 7 fm with Ti = 0.353 GeV, τ0 = 1 fm/c and various
viscosities.

0556-2813/2009/79(3)/039903(4) 039903-1 ©2009 The American Physical Society

M. Luzum, P. Romatschke PRC 78 (2008) 034915  
Erratum PRC 79 (2009) 039903

 Investigation of QGP shear viscosity over 
entropy density (η/s) 


 Friction effects of fluid elements

 Perfect liquid → η/s ~ 0 

 Investigation of the η/s (T)
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Charge particles flow coefficients

 Centrality dependence of flow 
coefficients for charged hadrons               
in 0.2 <pT < 3.0 GeV/c


 Up to v6 > 0 coefficients measured 

 Very high precision reached 


 

 Strong increase of v2 harmonic 
contribution in semi-central collisions.

 Collective effects coming from  
different contributions of different 
harmonics to different centralities 
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Collective effects arise from the 
non-trivial interplay of different 
collision geometries and initial 

state fluctuations.  



Determining QGP properties with measurements
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 ALICE results used as input 
for a Bayesian model-to-data 
analysis to constrain QGP 
parameters


 Simulation of experimental 
observables with a sub-set of 
significant parameters 
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S. Bass et al. Nucl.Phys A, 967 (2017) 67-73, J. S. Moreland et al 1808.02106



0 10 20 30 40 50 60 70 80
100

101

102

103

104

dN
Fh

/d
η,
dN

/d
y

NFh

π s

K s

p ̄p

YielGV

0 10 20 30 40 50 60 70 80
0.0

0.5

1.0

1.5

2.0

p T
 [G

eV
]

π s

K s

p ̄p

0ean pT

0 10 20 30 40 50 60 70 80
0.00

0.04

0.08

0.12

v n
{2

}

v2

v3
v4

3b+
3b 2.76 7eV

Flow FuPulantV

0 10 20 30 40 50 60 70 80
Centrality %

100

101

102

103

104

dN
Fh

/d
η,
dN

/d
y

NFh

π s

K s

p ̄p

0 10 20 30 40 50 60 70 80
Centrality %

0.0

0.5

1.0

1.5

2.0

p T
 [G

eV
]

π s

K s

p ̄p

0 10 20 30 40 50 60 70 80
Centrality %

0.00

0.04

0.08

0.12

v n
{2

} v2

v3
v4

3b+
3b 5.02 7eV

0 10 20 30 40 50 60 70 80
100

101

102

103

104

dN
Fh

/d
η,
dN

/d
y

NFh

π s

K s

p ̄p

YielGV

0 10 20 30 40 50 60 70 80
0.0

0.5

1.0

1.5

2.0

p T
 [G

eV
]

π s

K s

p ̄p

0ean pT

0 10 20 30 40 50 60 70 80
0.00

0.04

0.08

0.12

v n
{2

}

v2

v3
v4

3b+
3b 2.76 7eV

Flow FuPulantV

0 10 20 30 40 50 60 70 80
Centrality %

100

101

102

103

104

dN
Fh

/d
η,
dN

/d
y

NFh

π s

K s

p ̄p

0 10 20 30 40 50 60 70 80
Centrality %

0.0

0.5

1.0

1.5

2.0

p T
 [G

eV
]

π s

K s

p ̄p

0 10 20 30 40 50 60 70 80
Centrality %

0.00

0.04

0.08

0.12

v n
{2

} v2

v3
v4

3b+
3b 5.02 7eV

 ALICE results used as input 
for a Bayesian model-to-data 
analysis to constrain QGP 
parameters


 Simulation of experimental 
observables with a sub-set of 
significant parameters 


 Posterior distribution when 
“calibrate” using data from 
ALICE in Pb-Pb
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Determining QGP properties with measurements

S. Bass et al. Nucl.Phys A, 967 (2017) 67-73
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Constraining initial conditions and 
extraction of η/s(T) using this multi-
observable statistical method with 

high precision ALICE data 

Nikhef Jamboree, Utrecht 17/12/18                              Review of ALICE results                              D. CAFFARRI (Nikhef)  - 8                                                                      

Determining QGP properties with measurements

 ALICE results used as input 
for a Bayesian model-to-data 
analysis to constrain QGP 
parameters


 Simulation of experimental 
observables with a sub-set of 
significant parameters 


 Posterior distribution when 
“calibrate” using data from 
ALICE in Pb-Pb.

Fig. 4. Posterior distribution of the TRENTo entropy deposition parameter p. Approximate p-values are annotated for the KLN
(p ≈ 0.67 ± 0.01), EKRT (p ≈ 0.0 ± 0.1), and wounded nucleon (p = 1) models.

smallest at temperatures less than T ≈ 225 MeV. We hypothesize that this is the most important temperature
range for the present observables at LHC energies – perhaps it is where the system spends most of its time
and hence where most anisotropic flow develops, for instance – and thus the data provide a “handle” for η/s
around 200 MeV. Data at other beam energies and other, more sensitive observables could provide additional
handles at different temperatures, enabling a more precise estimate of the temperature dependence of η/s
and possibly constrain the curvature in addition to the minimum and slope.

Fig. 5. Estimated temperature dependence of the shear viscosity (η/s)(T ) for T > Tc = 0.154 GeV. The gray shaded region indicates
the prior range for the (η/s)(T ) parametrization, the blue line is the median from the posterior distribution, and the blue band is a 90%
credible region. The horizontal gray line indicates the KSS bound η/s ≥ 1/4π [25, 26, 27].

4. Other Applications and Outlook

Bayesian model-to-data comparisons have been well established and powerful tools in many different
areas of science, e.g. in cosmology, particle physics and climate sciences. In relativistic heavy-ion physics
they are fairly novel, having been pioneered by the MADAI collaboration [28, 20, 22, 8]. One application
of particular note is the extraction of the QCD equation of state probed in relativistic heavy-ion collisions
using these techniques [21]. While the outcome of the analysis – being compatible with Lattice field theory

S.A. Bass et al. / Nuclear Physics A 967 (2017) 67–7372
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2. Model

Heavy-ion collision events are simulated using a modern multi-stage model with Monte Carlo event-by-
event initial conditions, a pre-equilibrium free-streaming stage, viscous relativistic hydrodynamics, and a
hadronic afterburner.

Initial conditions are generated by the parametric model TRENTo [2, 3]. After sampling nucleon po-
sitions from a Woods-Saxon distribution and computing the participant nuclear thickness functions T

A

,T
B

,
TRENTo deposits entropy according to the ansatz

s /
 

T

p

A

+ T

p

B

2

!1/p

, (1)

where p is a continuous tunable parameter that e↵ectively interpolates among di↵erent entropy deposition
schemes. When p = 1, the ansatz reduces to a wounded nucleon model (s / T

A

+ T

B

), while p = 0 implies
entropy deposition proportional to the geometric mean of thickness functions (s / pT

A

T

B

), which mimics
successful saturation-based models such as IP-Glasma [4] and EKRT [5].

Initial conditions are then free-streamed [6] for a tunable time ⌧fs; the energy density, flow velocity, and
viscous pressures after free streaming serve as the complete initial condition for hydrodynamic evolution.

The hot and dense QGP medium is modeled by VISH2+1 [2, 7], an implementation of boost-invariant
viscous relativistic hydrodynamics including temperature-dependent shear and bulk viscosities. For the
specific shear viscosity ⌘/s, we use the modified linear ansatz

(⌘/s)(T ) = (⌘/s)min + (⌘/s)slope(T � T

c

) ⇥ (T/T
c

)(⌘/s)curvature , (2)

where ⌘/s min, slope, and curvature are tunable parameters and T

c

= 0.154 GeV is the equation of state
transition temperature. We parametrize the specific bulk viscosity ⇣/s as a Cauchy distribution with tunable
maximum and width, and peak location fixed at T

c

:

(⇣/s)(T ) =
(⇣/s)max

1 +
⇥
(T � T

c

)/(⇣/s)width
⇤2 . (3)

The hydrodynamic equation of state (EOS) consists of a hadron resonance gas EOS at low temperature
connected to the HOTQCD lattice EOS [8] at high temperature.

As the hydrodynamic medium expands and cools, it is converted to an ensemble of hadrons on an
isothermal spacetime hypersurface defined by a tunable temperature Tswitch. Particle species and momenta
are sampled from a thermal hadron resonance gas, including random Breit-Wigner masses for unstable
resonances. Shear and bulk viscous corrections are applied based on the relaxation-time approximation
[9, 10].

Finally, after the conversion to particles, the UrQMD model simulates the non-equilibrium expansion
and breakup of the hadronic system.

3. Parameter estimation

The goal is now to calibrate the model to optimally describe experimental data and thereby extract
a Bayesian posterior probability distribution for the true values of each model parameter. Markov chain
Monte Carlo (MCMC) methods can systematically explore the parameter space and produce the desired
posterior distribution, but require millions of model evaluations. In this case, a single model evaluation re-
quires thousands of individual event simulations and hence thousands of computing hours, so direct MCMC
sampling is intractable. To circumvent this limitation, we utilize a modern Bayesian method for estimating
the parameters of computationally expensive models [1, 2], briefly summarized here.

We first evaluate the model at 500 parameter points chosen by Latin-hypercube sampling. Each model
evaluation consists of O(104) minimum-bias events which are sorted into centrality bins and used to com-
pute observables in analogy with experimental methods. We compare to charged-particle yields, identified

S. Bass et al. Nucl.Phys A, 967 (2017) 67-73



Direct ɣ v2

 Direct ɣ: 

 emitted in hard scatterings and by the QGP 
during its evolution 

 not interacting with the medium constituents 

 spectrum depends on medium properties       
(T, expansion velocity) 

Nikhef Jamboree, Utrecht 17/12/18                              Review of ALICE results                              D. CAFFARRI (Nikhef)  - 9                                                                      



Direct ɣ v2

 Direct ɣ: 

 emitted in hard scatterings and by the QGP 
during its evolution 

 not interacting with the medium constituents 

 spectrum depends on medium properties       
(T, expansion velocity) 

 Direct ɣ anisotropies related to microscopic 
evolution of collective effects  

Nikhef Jamboree, Utrecht 17/12/18                              Review of ALICE results                              D. CAFFARRI (Nikhef)  - 9                                                                      

Why direct photons?

Extracting the direct photon yield:
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Direct photon measurements give access to the
temperature and space-time evolution of the produced
medium!

Early emission of photons: high yield $ low v2

Late emission of photons: low yield $ high v2

Mike Sas (Utrecht University & NIKHEF) Direct photon flow arXiv:1805.04403 May 19, 2018 2 / 7Later emitted photons develop larger v2 
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ALICE Collab. Phys. Lett. B 754 (2016) 235-248
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 Final results obtained by employing a Baysian 
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 Non - zero direct ɣ flow (significance 1.4-1.0 σ) 

 Results tend to be higher than the model 
predictions 

 Similar values as observed at PHENIX.
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Probing the strongest magnetic field 

 Constraint the properties of high magnetic field 
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 Two competing effects: 

 Faraday effect - Electric field induced by 
decreasing magnetic field vs time 
(spectators)

 Hall effect - Lorentz force induced by 
moving charges (QGP expansion)

7.1. INTRODUCTION

Figure 7.1: Charged currents in heavy-ion collisions, due to Faraday’s law (left) and
Lorentz force (right). Purple lines represent the QCD system (dashed: contours in the
x-z plane, continuous: velocity), red ones its EM response.

of anisotropic flow, this corresponds to charge- and rapidity-odd directed flow

v1(+, η) = −v1(+,−η) = v1(−,−η) = −v1(−, η), (7.1)

where ± refers to electric charge. This directed flow would develop perpendicularily to
the magnetic field plane ΨB. Such observable is, in principle, experimentally accessible
and has the important advantage of having clear qualitative features that distinguish it
from known background. An order-of-magnitude estimate of the phenomenon was also
given in [211]: for Pb–Pb collisions at

√
sNN = 2.76 TeV a charge difference ∆v1(η) =

v1(+, η)−v1(−, η) ofO(10−5) is expected for a pT-integrated measurement and ⟨pT⟩ ∼ 0.73
GeV/c (Fig. 4.13). The signal was predicted to strongly depend on pT (Fig. 7.2, left),
because of variations in the relative strength of the two effects, Faraday’s law and Lorentz
force, which have opposite sign (Fig. 7.2, right), and on particle species, not only in terms
of magnitude but also of sign.

This charge-dependent directed flow will manifest itself on top of the known, charge-
independent one, whose origin and characteristics will be discussed in the following. Di-
rected flow in heavy-ion collisions is thought to be driven by several mechanisms, whose
relative importance strongly depend on the collision energy and rapidity range [213, 119].
We will limit the discussion to what is relevant at LHC and top RHIC energies, in the
mid-rapidity range (|η| ≤ 1). Here, the origin of directed flow is thought to be twofold.
The first one is connected to the geometry of the collision and can be ascribed to a tilt
of the initial state in the x-z plane [215], combined with the collective radial expansion
of the system. Hydrodynamical calculations employing this prescription [215] have been
shown to quantitatively describe RHIC measurements in Au–Au and Cu–Cu collisions at√
sNN = 62.4 and 200 GeV [216, 217] and to correctly predict the decrease of vodd1 at LHC

energies [218], contrary to other calculations [219, 220]. The second source of directed
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• where does it come from? 

• electric field induced by 
decreasing B (Faraday effect) 

• Lorentz force on moving charges 
(Hall effect)
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• the proposal (Gursoy, Kharzeev and Rajagopal; arXiv:1401.3805): 

• measure a simpler observable (i.e. no quantum anomalies),  
use it to calibrate the strength and lifetime of the magnetic field

competing effects!

Faraday only
Faraday + Hall

adapted from arXiv:1401.3805
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Fig. 1. (Color online.) Time dependence of B y and Ex fields for σel = 0.023 fm−1 in 
Pb + Pb collisions at √sNN = 2.76 TeV for b = 9.5 fm at x⊥ = 0. Upper panel: eB y
for different space rapidities η; Lower panel: time evolution of both the magnetic 
field eB y (black) and the electric field eEx (red) at forward rapidity η = 1.0.

η = 1.0. We note that for t < 1 fm/c there is a large difference be-
tween the B y and Ex , although they become equal at later time. 
We will see that this plays an important role in determining the 
sign and the size of v1.

The dynamics of the CQs, with charge q and momentum p, is 
governed by the Langevin equation in the presence of electromag-
netic field, given by

ẋ (t) = p
E

(7)

ṗ (t) = −#p (t) + F (t) + Fext (t) , (8)

where the first term represents the dissipative force and the sec-
ond term represents the fluctuating force F (t) regulated by the 
diffusion coefficient D . The third term in Eq. (8) represents the ex-
ternal Lorentz force due to the electric and magnetic fields. We 
study the evolution with a standard white noise ansatz for F (t), 
i.e ⟨F (t)⟩ = 0 and ⟨F (t) Ḟ

(
t′)⟩ = Dδ

(
t − t′). The ensemble ⟨...⟩ de-

notes the averaging of many trajectories for p each consisting of 
different realizations of F at each time step. To solve the Langevin 
equation for an expanding system one needs to move to the local 
rest frame of the background fluid [3,5], where an element moving 
with velocity v with respect to the laboratory frame will be sub-
jected to both E′ and B′ as determined by Lorentz transformations. 
The Fext in the fluid rest frame will be

Fext = qE′ + q
E p

(
p × B′) (9)

where E p =
√

p2 + M2 is the energy of the heavy quark with mo-
mentum p.

In Fig. 2 we show the resulting directed flow v1 as a function 
of the rapidity of charm black (solid line) and anti-charm quarks 

Fig. 2. (Color online.) Directed flow v1 as a function of the rapidity in Pb + Pb
collision at √sNN = 2.76 TeV for b = 9.5 fm for D meson [cq] at pT > 1 GeV black 
(solid) and anti-D meson [cq] (dashed) line at t = t f .o. (see text). Red dash–dot 
(blue dash–dot–dot) line indicates v1 of D meson at t = 2 fm/c (t = 5 fm/c).

(dashed line). We can see that there is a substantial v1 at finite 
rapidity with a peak at y ≃ 1.75. The flow is negative for positive 
charged particle (charm) at forward rapidity which means that the 
Hall drift induced by the magnetic field dominates over the dis-
placement caused by the Faraday current associated with the time 
dependence of the magnetic field. This is a non-trivial result and it 
is partially due to the fact that the formation time of CQs is very 
close to the time at which the magnetic field attains its maximum, 
causing a large drift due to Hall effect.

We have followed the dynamics up to t = 12 fm/c, but ob-
served that the directed flow saturates already at t ≃ 1–2 fm/c for 
|y| < 0.5–1, and at t ≃ 5 fm/c for |y| < 1.5 (Fig. 2). Therefore, the 
slope dv1/dy|y=0 ≃ −1.75 · 10−2 is determined in the very early 
stage of the collision t ! 1–2 fm/c. The time scale of the satura-
tion of v1 as a function of y follows the persistence of the B y and 
Ex fields with increasing η shown in Fig. 1 (upper panel). There-
fore, the v1, in particular its slope dv1/dy, is mostly formed in 
the very early stage and its sign and magnitude is essentially con-
trolled by the large value of B y for t ! 1.0 fm/c. The predicted 
value of v1(y) for D meson [cq] is quite large and the odd behav-
ior of D/D doubles the effect that can be measured. Also it would 
be a distinctive signal of the electromagnetic field, distinguishable 
from the v1(y) that can be generated by angular momentum con-
servation as studied in [55].

It is important to stress that a main feature of the CQs that 
turns out to favor the formation of a sizable directed flow is the 
relative large equilibration time w.r.t. light quarks. In fact, the re-
laxation time of CQs can be estimated as τ eq

c ≃ 1/# ≈ 5–8 fm/c
which is much larger than the light quark and gluon equilibration 
time, τ eq

Q G P ≈ 0.5–1 fm/c.
In Fig. 3 we show a study of the strong dependence of the 

transverse flow on the interaction strength given by the drag coef-
ficient # and plotted in term of the equilibration time defined as 
τeq = 1/#.

The strong dependence of v1 on # is evident from the vari-
ation of |dv1c/dy| with τeq as displayed in Fig. 3. The quantity, 
|dv1c/dy| for CQ with τ eq

c ≃ 1/# ≈ 5–8 fm/c is at least two orders 
of magnitude larger than the corresponding value for light quarks 
with τeq ∼ 0.6 fm/c [51]. This is due to the fact that the transverse 
kick exerted by the electromagnetic field during the time interval, 
τe.m. on the thermalized light quarks (unlike CQ which is out-of-
equilibrium) is damped by its random interaction in the medium 
with similar durability. However, the lowest points in Fig. 3 may 
not be taken as a realistic estimate for v1 of light quarks, because 
for that we have to keep in mind at least three other aspects: the 
dynamics of light quarks cannot be appropriately studied by us-

K. Das et al, PLB 768 (2017) 260-264
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 Hint (2.6σ) of non-zero slope for          
Δv1odd = v1odd (+) - v1odd (-)

 Hint of non-zero slope (2.7σ) for                 
Δv1odd = v1odd(D0) - v1odd(D0)                                
in 3 < pT < 6 Gev/c

First indications of charge 
separations induced by magnetic 

field in heavy-ion collisions.



How to investigate the QGP at LHC? 
(aka: the outline of my talk)

 Precise characterization of the macroscopic QGP properties  

 QGP “source” characterized by global quantities and collective behaviors 

 Temperature, viscosity, diffusion coefficients, …  
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 How microscopic parton dynamics build the QGP properties  
 Investigate effective constituents of QGP 

 Study how QCD processes are affected by the medium: QCD splitting, 
color coherence, hadron formation 



Parton energy loss 

 High-pT and virtuality partons are produced in initial hard scatterings:

 virtuality evolution through parton shower, 

 hadronisation at ΛQCD scale.    
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Parton energy loss 

 Hard partons traverse the QGP and lose energy while 
passing through it: “Gluon bremsstrahlung effect”


 Decoherence effect of gluon wave function due to 
multiple inelastic scatterings

 High-pT and virtuality partons are produced in initial hard scatterings:

 virtuality evolution through parton shower, 

 hadronisation at ΛQCD scale.    

kT
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 Decoherence effect of gluon wave function due to 
multiple inelastic scatterings

 High-pT and virtuality partons are produced in initial hard scatterings:

 virtuality evolution through parton shower, 

 hadronisation at ΛQCD scale.    

kT

A Large Ion Collider Experiment 

Jet shape studies�
e.g.: declustering: “peel apart” the shower 

 (Soft Drop) 

 
 
 
 
sensitive to coherence of energy loss�

F Antinori - LHCP - 4 June 2018 14	

gluon

medium
parton

medium
parton

medium
parton

incoherent� coherent�

à  suppression of symmetric splittings at large ΔR 

 Energy radiated related to QCD effects 
and medium properties: 


 Casimir factor

 Mass of the high-pT parton (charm 
and beauty quarks loose less energy?)

 Medium characteristics (density of 
scattering centers, interaction 
strength) 

 Colour coherence effects? 
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Jet shapes measurements 

 Jet shapes are observables built combining different information coming from 
the properties of the jet  

 Shape built as a jet-by-jet function of the jet constituents 4-momenta 
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 Measures the momentum re-
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ALICE Collab. JHEP 10 (2018) 139

J.	Gallicchio,	M.D.	Schwartz,	PRL	107	(2011)	172001



Jet shapes measurements 

 Jet shapes are observables built combining different information coming from 
the properties of the jet  

 Shape built as a jet-by-jet function of the jet constituents 4-momenta 
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 Radial moment (g):  
 Measures the momentum re-
distribution of jet constituents 
weighted by their distance from the 
jet axis

g =
X

i2jet

piT
pjetT

|ri|

Jet shapes favour more collimated 
and harder fragmentation in Pb-Pb 

than pp collisions.

ALICE Collab. JHEP 10 (2018) 139

J.	Gallicchio,	M.D.	Schwartz,	PRL	107	(2011)	172001



Heavy-flavour in Pb-Pb collisions 

 Heavy-flavor quarks (charm and beauty) 

 mainly produced in hard scattering, 

 can probe the entire evolution of the QGP,

tprod ~ ℏ/4mc(b) ~ 0.05 (0.01) fm/c vs  tQGP ~ 0.1-1 fm/c 

 interact with medium constituents via 


 elastic scatterings, 

 gluon radiations E

E- E!

!E

X
(medium)

E E- E!

!E
CC
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 Energy radiated related to QCD effects 
and medium properties: 


 Casimir factor

 Mass of the high-pT parton (charm 
and beauty quarks loose less energy?) 
 Medium characteristics (density of 
scattering centers, interaction strength) 

 Colour coherence effects? 

22
QQ

2 ])/([
1
Em+

∝
θ

Gluonsstrahlung probability 

Q 

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602. 
Dokshitzer and Kharzeev, PLB 519 (2001) 199. 



Heavy-flavour hadrons 

 High precision measurements obtained with 2015 Pb-Pb data.

 Strong suppression observed for D mesons in central collisions
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ALICE Collab. arXiv:1804.09083 submitted to JHEP
ALICE Collab. arXiv:1804.09083 submitted to JHEP
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Heavy-flavour hadrons 
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ALICE Collab. arXiv:1804.09083 submitted to JHEP

 New more precise results will be achieved with 2018 Pb-Pb data and new pp 
reference measured with special pp run in 2017 at the same energy

 High precision measurements obtained with 2015 Pb-Pb data.

 Strong suppression observed for D mesons in central collisions



Heavy-flavour jets 

 Complementary to heavy-flavour hadron measurements to investigate:

 Flavour dependence of jet quenching / splitting effects. 

 Modification of heavy-quark fragmentation 

 Heavy-flavour jet properties  
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 D meson tagging technique: 

 charged jets with D meson (pT > 3 
GeV/c) as one of the constituents

 Charged jets, anti-kT with R=0.3, 0.4 
with pT > 5 GeV/c.

 Cross section and jet momentum 
fraction in agreement with NLO pQCD 
POWHEG + PYTHIA6 calculations for 
both pp and p-Pb collisions
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 charged jets with D meson (pT > 3 
GeV/c) as one of the constituents

 Charged jets, anti-kT with R=0.3, 0.4 
with pT > 5 GeV/c.

 Cross section and jet momentum 
fraction in agreement with NLO pQCD 
POWHEG + PYTHIA6 calculations for 
both pp and p-Pb collisions

Production of charm jets tagged with D0 mesons with ALICE ALICE Collaboration

1 Introduction22

The study of heavy-flavour production in high-energy interactions provides important tests for Quantum-23

Chromodynamics (QCD) calculations. The transverse-momentum (pT)-di�erential production cross24

sections of D mesons from charm-quark fragmentation (referred to as “prompt” D mesons) has been25

measured in proton–proton (pp) and pp̄ collisions at several center-of-mass energies, from
p

s = 0.2 TeV26

at RHIC up to
p

s = 13 TeV at the LHC [1–9]. The data are described reasonably well by calculations based27

on perturbative QCD (pQCD) that rely either on the collinear-factorisation approach, like FONLL [10–28

12] and GM-VFNS [13], or on the kT-factorisation approach [14]. In comparison to single-particle29

measurements, the reconstruction of jets containing charm hadrons allows for more di�erential studies30

to characterise the heavy quark production and fragmentation. A particularly relevant observable is the31

fraction (z | |) of jet momentum ( Æpjet) carried by the D meson along the jet axis direction:32

z | | =
Æpjet · ÆpD

Æpjet · Æpjet
. (1)

The STAR experiment at RHIC measured the D⇤±-meson production in jets in pp collisions at
p

s =33

200 GeV [15]. The jets were measured in the interval 8 < pT,jet < 20 GeV/c. The data exhibit a rate at low34

z | | values that is higher than that obtained with a Monte Carlo simulation performed with PYTHIA 6 [16]35

using only the direct charm flavor creation processes, gg ! cc̄ and qq̄ ! cc̄, suggesting that higher order36

processes (gluon splitting, flavor excitation) are not negligible in charm production at RHIC energies.37

In a more recent analysis, the PHENIX collaboration has measured azimuthal correlations of charm38

and bottom hadrons in their semi-leptonic decays using unlike- and like-sign muon pairs [17]. Overall39

they found a good agreement with a PYTHIA 6 [16] simulation. Through a Bayesian analysis based on40

PYTHIA 6 templates they found that while leading order pair creation is dominant for bottom, higher41

order processes dominate for charm production. At the LHC, the analysis of the angular correlations of b-42

hadron decay vertices, measured by CMS [18], indicated that the collinear region, where the contributions43

of gluon splitting processes are expected to be large, is not adequately described by PYTHIA 6 as well44

as by predictions based on Next-To-Leading (NLO) order QCD calculations. The ATLAS experiment45

measured the D⇤±-meson production in jets in pp collisions at
p

s = 7 TeV [19] finding that the z | |46

distribution di�ers from expectations of PYTHIA 6, HERWIG 6 [20, 21] and POWHEG [22–25] event47

generators, both in overall normalization and shape, with data displaying a higher probability for low z | |48

values and a steeper decrease towards z | | = 1. The discrepancy between data and generator expectations49

is maximum in the lowest jet pT interval, 25 < pT < 30 GeV/c. ATLAS data are well described in a50

recent global QCD analysis of fragmentation functions based on the ZM-VFNS [26] scheme, in which51

the in-jet fragmentation data were combined with previous D-meson measurements in a global fit [27].52

The authors highlight the importance of this type of data in order to pin down the otherwise largely53

unconstrained momentum fraction dependence of the gluon fragmentation function.54

In this paper, we report the first ALICE measurements of the D0-meson tagged track-based jet pT-55

di�erential cross section in pp collisions at
p

s = 7 TeV and of the D0-meson z

ch
| | distribution, where z

ch
| | is56

defined as in Eq. 1 but using the momenta of the track-based jet Æpchjet. With track-based jets we indicate jets57

reconstructed with only their charged-particle constituents [28]. As described in Section 2, the excellent58

low- and intermediate-momentum tracking capabilities of the ALICE apparatus allow the measurement59

of jets at very low pT, particularly in the charged jet transverse momentum range 5 < p

ch
T,jet < 30 GeV/c60

considered in this paper. This kinematic region is still largely unconstrained by previous measurements.61

The measurement reported in this paper is also important to define a pp reference baseline in view62

of future measurements in Pb–Pb and p–Pb collisions at the LHC. Charm quarks, interacting with the63

constituents of the Quark-Gluon Plasma formed in these collisions, lose energy via both radiative and64

collisional processes, as evidenced by the strong suppression of high-pT D-meson production measured65

by ALICE [29–31] and CMS [32]. Contrary to single particles, jets allow one to capture more details of66

2



Heavy-flavour jets in Pb-Pb collisions 

 Strong suppression observed for D0 
tagged jets in central Pb-Pb collisions  

 Lowest pT measurement for jet 
physics in Pb-Pb collisions achieved so 
far 

 Stronger suppression than inclusive 
jets? 
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jets? 

 Similar suppression observed 
for D mesons 



Heavy-flavour jets in Pb-Pb collisions 
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 Strong suppression observed for D0 
tagged jets in central Pb-Pb collisions 


 Lowest pT measurement for jet physics in 
Pb-Pb collisions achieved so far 

 Stronger suppression than inclusive 
jets? 

 Similar suppression observed 
for D mesons 

 First promising measurement 
that will be repeated with Pb-Pb 
2018 data and Run3 and 4 data. 

 More complex and differential measurements 
in order to investigate microscopic properties of QGP 

Projections for yellow report 

High density QCD at LHC WG5



Conclusions

 High precision data starts to constraint 
global QGP properties  
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Conclusions
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global QGP properties  


 New and more differential observables 
are being used to understand the 
microscopic dynamics of the QGP
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allow new and more precise 
measurements

 Run3 and Run4 will bring x100 larger 
statistics than Run2 and upgraded detector.
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Back up slides
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Heavy-ion collisions evolution 
Heavy ions  
𝝉 ~ 0

Evolution of a heavy-ion collision and its probes

4F.Bellini - ALICE Physics Highlights - CERN Team Meeting, 6th December 2018

Heavy-nuclei
! ~0

Pb Pb

QGP
! ~ 1 fm/c

QGP
! ~ 5 fm/c

Hadrons
! > 10 fm/c

Detection
! > 10 pm/c

ALICECredits: MADAI project. 

No direct observation of the QGP is possible à rely on emerging particles as “probes”

HARD PROBES: produced in the early stages of the HI collision in processes with large momentum 
transfer, traverse the QGP interacting with its constituents 
à High-pT particles, jets, hadrons with heavy-flavor (HF) quarks (c,b)

SOFT PROBES: produced during the evolution of the strongly-interacting, thermalized QGP 
à Low-pT particles, hadrons with light-flavor (LF) quarks (u,d,s)

QGP 
𝝉 ~ 1 fm/c

QGP  
𝝉 ~ 5 fm/c

Hadrons 
𝝉 > 10 fm/c

Detection 
𝝉 > 10 pm/c
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Azimuthal Anisotropies

13/11/18 A. Dobrin - CERN seminar 25

Quantifying anisotropic flow

E
d
3
N

d
3
p
= 1

2π

d
2
N

p
T
dp
T
dy

(1+∑n=1
∞ 2 vncos(n (φ−Ψn))

vn=⟨cos(n(φ−Ψn))⟩

● Particle azimuthal distribution measured with respect to the symmetry 
plane is not isotropic → Fourier series

● vn quantify the event anisotropy

● v1 directed flow, v2 elliptic flow, v3 triangular flow, ... 

M. Luzum, J. Phys. G: Nucl. Part. Phys. 38 (2011) 124026 

S. Voloshin and Y. Zhang, Z. Phys. C 70, (1996) 665

 Spatial anisotropies 
induce pressure 
gradients that push 
particles with different 
velocities

 More and faster particles are seen in the symmetry planes (ψn) directions.

 Particle azimuthal distributions measured wrt symmetry planes → Fourier series 

vn = hcos(n('� n))i
Flow coefficients 
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 Investigation of QGP shear viscosity (η/s) 

 Friction effects of fluid elements

 Perfect liquid → η/s = 0 

 Investigation of the η/s (T)

H. Niemi et al  Phys. Rev C 93, 014912



ALICE Pb-Pb
c < 3 GeV/

T
p0.2 < 

| < 0.8η|

Phys. Rev. C 93, 014912
Niemi et al.
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Charge particles flow coefficients
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ALICE Coll. JHEP 1807 (2018) 103

 Centrality dependence of flow 
coefficients for charged hadrons               
in 0.2 <pT < 3.0 GeV/c


 Up to v6 > 0 coefficients measured 

 Strong increase of v2 harmonic 
contribution in semi-central collisions.

 Collective effects coming from     
different contributions v2 ~ v3 in        
central collisions.


 2-10% higher flow found at higher 
collision energy ( √sNN = 2.76 to 5.02 TeV)

 Ratio of the two energies sensitive to 
different trend of η/s (T)

 Similar p-values for the two favorite η/s(T) 
scenarios 
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Direct ɣ v2

 Measurement of Rɣ factor in Pb-Pb 
collisions at √sNN = 2.76 TeV

Why direct photons?

Extracting the direct photon yield:

�direct = �incl � �decay =

✓
1� 1

R�

◆
· �incl

R� =

�incl
�decay

Direct photon flow calculation:

v�,dir
2 =

R� v�,inc
2 � v�,dec

2

R� � 1

Direct photon measurements give access to the
temperature and space-time evolution of the produced
medium!

Early emission of photons: high yield $ low v2

Late emission of photons: low yield $ high v2

Mike Sas (Utrecht University & NIKHEF) Direct photon flow arXiv:1805.04403 May 19, 2018 2 / 7

 Only ~ 10% of inclusive ɣ are direct 
ones.
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Direct ɣ v2

 Measurement of Rɣ factor in Pb-Pb 
collisions at √sNN = 2.76 TeV for three 
centrality classes

Why direct photons?

Extracting the direct photon yield:

�direct = �incl � �decay =
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�incl
�decay

Direct photon flow calculation:

v�,dir
2 =

R� v�,inc
2 � v�,dec

2

R� � 1

Direct photon measurements give access to the
temperature and space-time evolution of the produced
medium!

Early emission of photons: high yield $ low v2

Late emission of photons: low yield $ high v2

Mike Sas (Utrecht University & NIKHEF) Direct photon flow arXiv:1805.04403 May 19, 2018 2 / 7

 Only ~ 10% of inclusive ɣ are direct 
ones.
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Direct ɣ v2

 Final results obtained by employing a Baysian 
approach given the small fraction of direct ɣ. 

 Non - zero direct ɣ flow (significance 1.4-1.0 σ) 

 Similar values as observed at PHENIX.
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Direct ɣ v2

 Final results obtained by employing a Baysian 
approach given the small fraction of direct ɣ. 

 Non - zero direct ɣ flow (significance 1.4-1.0 σ) 

 Similar values as observed at PHENIX.
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 Heavy-flavor quarks (charm and beauty) 

 mainly produced in hard scattering, 

 can probe the entire evolution of the QGP,

tprod ~ ℏ/4mc(b) ~ 0.05 (0.01) fm/c vs  tQGP ~ 0.1-1 fm/c 

 interact with medium constituents via 


 elastic scatterings, 

 gluon radiations E

E- E!

!E

X
(medium)

E E- E!

!E

 Anisotropic flow coefficients for charmed mesons 
used to study:


 charm quark thermalization → participation in 
the collective medium expansion ?

 charm diffusion coefficient 

path dependence of the energy loss in the 
QGP ? 

 magnetic field produced in heavy-ion 
collisions ? 

CC

Heavy quarks flow coefficients
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Heavy-flavour v2

 Difference in the yields of D mesons produced   
in-plane and out-of-plane 

 v2 (D)  ≈ v2 (π) for         
pT > 4 GeV/c for both 
centrality classes

Reaction plane Ψ2

 v2 (D)  < v2(π)  for          
pT < 4 GeV/c ?

2 4 6 8 10 12 14 16 18 20 22 24
)c (GeV/

T
p

0.1−

0

0.1

0.2

0.3

0.4

2v ALICE  = 5.02 TeVNNsPb, −Pb

30%−Centrality 10Syst. from data
Syst. from B feed-down

|>0.9}η∆{EP, |2v
|<0.8y average |+, D*+, D0Prompt D

|<0.8y |+
sPrompt D

|>2}η∆{2, |2v
|<0.5, arXiv:1805.04390y |±π

2 4 6 8 10 12 14 16 18 20 22 24
)c (GeV/

T
p

0.1

0

0.1

0.2

0.3

0.4

50%−Centrality 30

ALI−DER−307259

Is the light-flavor quark 
responsible for v2 (D)? 

ALICE Coll, arXiv:1809.09371, submitted to JHEP 
ALICE Coll. PRL 120 (2018) 102301
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Comparison with models

 Comparison with theoretical 
calculations that include 
hydrodynamical model for the 
QGP expansion. 


 Models implement 

 recombination effects

 collisional energy loss 

 radiative energy loss 

)c (GeV/
T

p

0 2 4 6 8 10 12 14 16 18 20 22 24
|>

0
.9

}
η

∆
{E

P
, 
|

2
v

0

0.1

0.2

0.3

 average
+

, D*
+

, D
0

D

Syst. from data

Syst. from B feed-down

LBT
BAMPS el.+rad.
BAMPS el.

TAMU
PHSD
POWLANG HTL
MC@sHQ+EPOS2

 = 5.02 TeV
NN

sPb, −50% Pb−30

|<0.8y| ALICE

ALI−PUB−132101

ALICE Coll. PRL 120 (2018) 102301

 Non-trivial interplay of 
these effects needed to 
fairly reproduce the 
results.

 Heavy-flavor spatial diffusion coefficient 
evaluated from χ2 test in 2< pT< 8 GeV/c 
given the improved precision of the 
measurement.

 For models with χ2/NDF < 1:             
at Tc ≈ 155 MeV 

1.5 < 2⇡TcDs < 7

⌧charm =
mcharm

T
Ds(T ) ⇠ 3� 14 fm/c
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Direct ɣ v2

 The small significance of the direct 
photon excess in Rɣ  impact the v2ɣ,dir 

significance 


 A bayesian method is used to extract 
the probability distribution to observe 
a certain set of measured values 
given the true valu
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Charge-dependent v1
 First measurement performed with 
charged hadrons pT > 0.2 GeV/c for 
10-40% centrality class.
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v1
odd: energy dependence

JACOPO MARGUTTI - HIC NUCLEAR PHYSICS COLLOQUIUMJACOPO MARGUTTI - HIC NUCLEAR PHYSICS COLLOQUIUMJACOPO MARGUTTI - ALICE PHYSICS WEEK (MAR 2016)JACOPO MARGUTTI - WPCF 14-JUN-2017

• dv1odd/dη decreases by a 
factor ~1.3 between 2.76 and 
5.02 TeV 

• qualitatively consistent with 
energy dependence observed 
from RHIC to LHC: 

• decreased rotation (in x-z 
plane) of initial system 

• different centrality ranges: no 
significant centrality 
dependence observed

PbPb@2.76 TeV from ALICE, PRL 111 (2013) 232302, arXiv:1306.4145

η
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10×
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sPb-Pb 

ALICE, PRL 111 (2013) 232302
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T

p

 =  2.76 TeV, 10-60%
NN

sPb-Pb 

ALICE Preliminary

boxes (filled/empty): syst. err. (corr./uncorr.)
bars: stat. err.

ALI-PREL-130184



Charge-dependent directed flow 

 Directed flow measured with the scalar-product 
method. 

 Spectator plane reconstructed 


 with Zero Degree Calorimeter |η| > 8.8 

 for two rapidity sides A, C


 D-meson v1 measured with a simultaneous fit of 
v1 and invariant mass (considering background 
and signal regions) separately for D0 and D0 

ALI-PREL-307051

(     )-meson v1 measurement

Directed flow measured with the scalar-product 
method

Computed rapidity-odd component, 
for       and       separatelyD0 D0

➡ spectator plane reconstructed with 
ZDC (|!| >8.8) 

➡ A, C denotes the ZDC side 
A: ! > 8.8 
C: ! < -8.8

v1{A, C} =
⟨ ⃗u 1 ⋅ ⃗QA,C

1 ⟩

⟨ ⃗QA
1 ⋅ ⃗QC

1 ⟩

vodd
1 = 1

2 (v1{A} − v1{C})

➡ related to the asymmetry induced by 
the magnetic field

D0 D0

02/10/2018 Hard Probes - Fabrizio Grosa 16/19

See Poster by A. Dubla

New!

vodd
1

=
1

2
(v

1

{A}� v
1

{C})
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Charge-dependent directed flow 

 Directed flow measured with the scalar-product 
method. 

 Spectator plane reconstructed 


 with Zero Degree Calorimeter |η| > 8.8 

 for two rapidity sides A, C


 D-meson v1 measured with a simultaneous fit of 
v1 and invariant mass (considering background 
and signal regions) separately for D0 and D0 

ALI-PREL-307051

(     )-meson v1 measurement

Directed flow measured with the scalar-product 
method

Computed rapidity-odd component, 
for       and       separatelyD0 D0

➡ spectator plane reconstructed with 
ZDC (|!| >8.8) 

➡ A, C denotes the ZDC side 
A: ! > 8.8 
C: ! < -8.8

v1{A, C} =
⟨ ⃗u 1 ⋅ ⃗QA,C

1 ⟩

⟨ ⃗QA
1 ⋅ ⃗QC

1 ⟩

vodd
1 = 1

2 (v1{A} − v1{C})

➡ related to the asymmetry induced by 
the magnetic field

D0 D0

02/10/2018 Hard Probes - Fabrizio Grosa 16/19

See Poster by A. Dubla

New!

vodd
1

=
1

2
(v

1

{A}� v
1

{C})

 Hint of opposite trend for v1odd vs η for D0 
and D0 with 3 < pT < 6 GeV/c in the 10-40% 
centrality class

ALI-PREL-307087
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Charge-dependent directed flow 

 Directed flow measured with the scalar-product 
method. 

 Spectator plane reconstructed 


 with Zero Degree Calorimeter |η| > 8.8 

 for two rapidity sides A, C


 D-meson v1 measured with a simultaneous fit of 
v1 and invariant mass (considering background 
and signal regions) separately for D0 and D0 

ALI-PREL-307051

(     )-meson v1 measurement

Directed flow measured with the scalar-product 
method

Computed rapidity-odd component, 
for       and       separatelyD0 D0

➡ spectator plane reconstructed with 
ZDC (|!| >8.8) 

➡ A, C denotes the ZDC side 
A: ! > 8.8 
C: ! < -8.8

v1{A, C} =
⟨ ⃗u 1 ⋅ ⃗QA,C

1 ⟩

⟨ ⃗QA
1 ⋅ ⃗QC

1 ⟩

vodd
1 = 1

2 (v1{A} − v1{C})

➡ related to the asymmetry induced by 
the magnetic field

D0 D0

02/10/2018 Hard Probes - Fabrizio Grosa 16/19

See Poster by A. Dubla

New!

vodd
1

=
1

2
(v

1

{A}� v
1

{C})

 Hint of positive slope (2.7σ)  for                 
Δv1odd = v1odd(D0) - v1odd(D0) 


   in 3 < pT < 6 GeV/c  
 Similar effects observed for v1odd (had), 
smaller effect expected

 Hint of opposite trend for v1odd vs η for D0 
and D0 with 3 < pT < 6 GeV/c in the 10-40% 
centrality class
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Jet shapes measurements 

 Jet shapes are observables built combining different information coming from 
the properties of the jet  

 Shape defined considering the jet clustering history in order to reconstruct the 
different splittings 

Angle between prongs

‘hardness/virtuality of splitting’ 
pperp w

rt to jet m
om

entum
 

 Soft drop subjet momentum balance (zg) 
 Momentum balance of the two hard 
sub-jets. 

 Correlated with distance between the 
two sub-jets (ϑ)

2 ALICE Analysis Note 2017

LHC13d and LHC13e. In the TRIG sample, only the high-threshold (J1) subsample is used. As dis-
cussed in [JetMassinPbPb], it is fully safe (in terms of a possible trigger bias) to use the J1 sample for
p

ch

T, jet

> 80 GeV/c. This statement is based on a detailed study of the triggered data sample performed
in [DijetpPb].

Runs used in the analysis are listed below. AOD files set 154 were used for all periods.

2.1.1 LHC13b runs

195344 195346 195351 195389 195390 195391 195478 195479 195480 195481 195482 195483

2.1.2 LHC13c runs

195529 195531 195566 195567 195568 195592 195593 195596 195633 195635 195644 195673 195675
195677

2.1.3 LHC13d runs

195681 195682 195721 195724 195725 195726 195727 195760 195761 195765 195767 195783 195787
195829 195830 195831 195867 195869 195871 195872 195873

2.1.4 LHC13e runs

195935 195949 195950 195954 195955 195958 195989 195994 196000 196006 196085 196089 196090
196091 196099 196105 196107 196185 196187 196194 196197 196199 196200 196201 196203 196208
196214 196308 196309 196310

2.2 Event selection

Event selections used are AliVEvent::kINT7 and AliVEvent::kEMCEJE for the MINB and TRIG data
samples, respectively.

A cut on the reconstructed vertex |z
vtx

|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton p

T

bins)
anchored to LHC13bcde is used for the analysis.

3 Jet reconstruction

So far, only charged jets were considered in the analysis. Jets are reconstructed with the anti-k
T

algo-
rithm implemented in the FastJet package [REF] clustering charged tracks with the momentum above
150 MeV/c via the E-scheme. The jet cone radius of R = 0.4 is used. Acceptance cut |h

jet

| < 0.5 is
applied. A jet area cut A > 0.6pR

2 is applied, and the jet area is calculated used ghosts with the cell area
of 0.005.

The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and z

cut

= 0.1 were used.

Main observable of interest is z

g

defined as

z

g

=
min(p

T,1, p

T,2)

p

T,1 + p

T,2
, (1)

where p

T,1 and p

T,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
z

cut

= 0.1 and by construction, z

g

is defined in the range (0.1, 0.5). In case the hard splitting was not

Map of	Splittings	in	Medium

vLund	diagrams	represent	phase	space	of	splittings	
using	momentum	fraction	and	opening	angle	

v Allow	to	differentiate	regions	where	different	
medium	induced	signal	can	dominate

vRelevant	medium	scales	shown	on	axes
Tywoniuk et	al.	5th	Heavy	Ion	Jet	Workshop/CERN	TH	institute

!

"#,% = 1 − ) 	"#

"#,+ = )	"#

1Harry	Andrews	|	Quark	Matter	2018,	Venice,	Italy|	13-19	May	2018	|	ALICE
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Jet shapes measurements 

 Jet shapes are observables built combining different information coming from 
the properties of the jet  

 Shape defined considering the jet clustering history in order to reconstruct the 
different splittings 

)R∆
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ALICE Preliminary (Data - Embedded)

TeV = 2.76 NNsPbPb - PYTHIA Embedded 
 = 0.4R Tk, anti-c < 120 GeV/ch,rec

T,jet
p80 < 

 = 0β = 0.1, cutzSoftDrop 
Cambridge-Aachen Reclustering
1st SD Splitting

ALI-PREL-148246

large angle collinear

z > 0.1

 suppression at large angle  
 enhancement for collinear splitting 
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Extraction of qhat
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FIG. 1. (Color online) CUJET results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at

p
s = 200 GeV/n (upper panel)

and for charged hadrons in Pb+Pb collisions at
p
s = 2.76

TeV/n (lower panel) with a range of values of frozen strong
coupling constant ↵max, as compared to PHENIX data [77, 78]
at RHIC and ALICE [27] and CMS data [26] at LHC.

electric and magnetic screening mass deformations pa-
rameters (f

E

, f
M

). We have found e.g., that the default
HTL model (1, 0) has lower �2 than the (2, 0) deformed
HTL model. We will search in the future for the global
minimum �2(↵

max

, f
E

, f
M

) that best fits the combined
RHIC and LHC data on the centrality dependence of
R

AA

(p
T

, b,
p
s) and especially the jet elliptic moments

v2(pT ) which remain especially challenging at this time.
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FIG. 2. (Color online) The �2/d.o.f as a function of the
model parameter ↵max from fitting to the PHENIX data
[77, 78] (combined 2008 and 2012 data set) at RHIC and com-
bined ALICE [27] and CMS [26] data at LHC by the CUJET
model calculation of the nuclear suppression factor RAA(pT )
as shown in Fig. 1.

III. HIGHER-TWIST-BERKELEY-WUHAN
(HT-BW) MODEL

Within a high-twist approach (HT) [12, 13], medium-
modified quark fragmentation functions are given by
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which take a form very similar to the vacuum
bremsstrahlung corrections that lead to the evolution
equations in pQCD for fragmentation functions, ex-
cept that the medium modified splitting functions,
��

q!qg
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) and ��
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q!qg
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depend on the properties of the medium via the jet trans-
port parameter q̂ in Eq. (4), the average squared trans-
verse momentum broadening per unit length. In the HT
approach the jet transport parameter for a quark is re-
lated to the gluon distribution density of the medium
[6, 80], function
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where, hOi = (2⇡)�3
R
d3p/2p+f(p)hp|O|pi denotes the

ensemble average of an operator O in the medium com-
posed of states |pi with occupation probability f(p),
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FIG. 1. (Color online) CUJET results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at
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s = 200 GeV/n (upper panel)

and for charged hadrons in Pb+Pb collisions at
p
s = 2.76

TeV/n (lower panel) with a range of values of frozen strong
coupling constant ↵max, as compared to PHENIX data [77, 78]
at RHIC and ALICE [27] and CMS data [26] at LHC.
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FIG. 2. (Color online) The �2/d.o.f as a function of the
model parameter ↵max from fitting to the PHENIX data
[77, 78] (combined 2008 and 2012 data set) at RHIC and com-
bined ALICE [27] and CMS [26] data at LHC by the CUJET
model calculation of the nuclear suppression factor RAA(pT )
as shown in Fig. 1.

III. HIGHER-TWIST-BERKELEY-WUHAN
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Within a high-twist approach (HT) [12, 13], medium-
modified quark fragmentation functions are given by
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which take a form very similar to the vacuum
bremsstrahlung corrections that lead to the evolution
equations in pQCD for fragmentation functions, ex-
cept that the medium modified splitting functions,
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depend on the properties of the medium via the jet trans-
port parameter q̂ in Eq. (4), the average squared trans-
verse momentum broadening per unit length. In the HT
approach the jet transport parameter for a quark is re-
lated to the gluon distribution density of the medium
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where, hOi = (2⇡)�3
R
d3p/2p+f(p)hp|O|pi denotes the

ensemble average of an operator O in the medium com-
posed of states |pi with occupation probability f(p),
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denotes the density of scattering centers in the matter.
The corresponding quark energy loss can be expressed
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in terms of the jet transport parameter for a quark jet.
Note that an extra factor of 1 � (1 � z)/2 is included
here as compared to that used in Refs. [80, 81] due to
corrections beyond the helicity amplitude approximation
[79].

According to the definition of jet transport parame-
ter, we can assume it to be proportional to local parton
density in a QGP and hadron density in a hadronic gas.
Therefore, in a dynamical evolving medium, one can ex-
press it in general as [50, 57, 80]
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where ⇢
QGP

is the parton (quarks and gluon) density in
an ideal gas at a given temperature, f(⌧, r) is the fraction
of the hadronic phase at any given space and time, q̂0
denotes the jet transport parameter for a quark at the
center of the bulk medium in the QGP phase at the initial
time ⌧0, pµ is the four momentum of the jet and uµ is
the four flow velocity in the collision frame. The hadronic
phase of the medium is assumed to be a hadron resonance
gas, in which the jet transport parameter is approximated
as,
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where ⇢
M

and ⇢
B

are the meson and baryon density in
the hadronic resonance gas at a given temperature, re-
spectively, ⇢

N

= n0 ⇡ 0.17 fm�3 is the nucleon density in
the center of a large nucleus and the factor 2/3 accounts
for the ratio of constituent quark numbers in mesons and
baryons. The jet transport parameter for a quark at the
center of a large nucleus q̂

N

has been studied in deeply
inelastic scattering (DIS) [82, 83]. A recently extracted
value [81] q̂

N

⇡ 0.02 GeV2/fm from the HERMES [84]
experimental data is used here. All hadron resonances
with mass below 1 GeV are considered for the calcula-
tion of the hadron density at a given temperature T and
zero chemical potential. A full 3+1D ideal hydrodynam-
ics [64, 65] is used to provide the space-time evolution
of the local temperature and flow velocity in the bulk
medium along the jet propagation path in heavy-ion col-
lisions. The initial highest temperatures T0 in the center
of the most central heavy-ion collisions are set to repro-
duce the measured charged hadron rapidity density. The
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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at

p
s = 200 GeV/n (upper panel)

and Pb+Pb collisions at
p
s = 2.76 TeV/n (lower panel) with

a range of values of initial quark jet transport parameter q̂0
at ⌧0 = 0.6 fm/c in the center of the most central collisions,
as compared to PHENIX data [77, 78] at RHIC and ALICE
[27] and CMS data [26] at LHC.

initial spatial energy density distribution follows that of
a Glauber model with Wood-Saxon nuclear distribution.
At the initial time ⌧0 = 0.6 fm/c, T0 = 373 and 473 MeV
for Au+Au collisions at RHIC and Pb+Pb collisions at
LHC, respective.

With the above medium modified fragmentation func-
tions and temperature dependence of the jet transport
coe�cient, one can calculate the nuclear modification fac-
tors and compare to the experimental data as shown in
Fig. 3. From �2 fits to experimental data at RHIC and
LHC as shown in Fig. 4, one can extract values of quark
jet transport parameter q̂0 at the center of the most cen-
tral A+A collisions at a given initial time ⌧0. Best fits
to the combined PHENIX data on neutral pion spectra
[77, 78] in 0-5% central Au + Au collisions at

p
s = 0.2

TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at ⌧0 = 0.6
fm/c). Similarly, best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0-5%
central Pb+Pb collisions at

p
s = 2.76 TeV/n leads to

q̂0 = 2.2± 0.5 GeV2/fm (at ⌧0 = 0.6 fm/c).
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for the ratio of constituent quark numbers in mesons and
baryons. The jet transport parameter for a quark at the
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has been studied in deeply
inelastic scattering (DIS) [82, 83]. A recently extracted
value [81] q̂
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⇡ 0.02 GeV2/fm from the HERMES [84]
experimental data is used here. All hadron resonances
with mass below 1 GeV are considered for the calcula-
tion of the hadron density at a given temperature T and
zero chemical potential. A full 3+1D ideal hydrodynam-
ics [64, 65] is used to provide the space-time evolution
of the local temperature and flow velocity in the bulk
medium along the jet propagation path in heavy-ion col-
lisions. The initial highest temperatures T0 in the center
of the most central heavy-ion collisions are set to repro-
duce the measured charged hadron rapidity density. The
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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at

p
s = 200 GeV/n (upper panel)

and Pb+Pb collisions at
p
s = 2.76 TeV/n (lower panel) with

a range of values of initial quark jet transport parameter q̂0
at ⌧0 = 0.6 fm/c in the center of the most central collisions,
as compared to PHENIX data [77, 78] at RHIC and ALICE
[27] and CMS data [26] at LHC.

initial spatial energy density distribution follows that of
a Glauber model with Wood-Saxon nuclear distribution.
At the initial time ⌧0 = 0.6 fm/c, T0 = 373 and 473 MeV
for Au+Au collisions at RHIC and Pb+Pb collisions at
LHC, respective.

With the above medium modified fragmentation func-
tions and temperature dependence of the jet transport
coe�cient, one can calculate the nuclear modification fac-
tors and compare to the experimental data as shown in
Fig. 3. From �2 fits to experimental data at RHIC and
LHC as shown in Fig. 4, one can extract values of quark
jet transport parameter q̂0 at the center of the most cen-
tral A+A collisions at a given initial time ⌧0. Best fits
to the combined PHENIX data on neutral pion spectra
[77, 78] in 0-5% central Au + Au collisions at

p
s = 0.2

TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at ⌧0 = 0.6
fm/c). Similarly, best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0-5%
central Pb+Pb collisions at

p
s = 2.76 TeV/n leads to

q̂0 = 2.2± 0.5 GeV2/fm (at ⌧0 = 0.6 fm/c).
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Extraction of qhat
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

- qhat extracted for 5 different models  
- Range of different parameters considered as theoretical uncertainties  
- Only the RAA of charged hadrons at both energies is used to fit the data 
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

for a 10 GeV quark jet at 𝜏0 = 0.6 fm/c  
assuming a gas of quarks and gluons 
(partonic degrees of freedom) 
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How to investigate the QGP at LHC? 

 Probing partonic content in the nuclei 

 Study of saturation effects, nPDF 
modifications

 How microscopic parton dynamics build the QGP properties 

 Investigate effective constituents of QGP 

 Study how QCD processes are affected by the medium: QCD splitting, 
color coherence, hadron formation 

 Precise characterization of the macroscopic QGP properties  

 QGP “source” characterized by global quantities and collective behaviors 

 Temperature, viscosity, diffusion coefficients, …  

 Investigations of “Pb-Pb like” effects 
in small collisions systems.   
 Collectivity? Initial state fluctuations? 
Other QCD effects? 
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“Flow-like” effects in small systems? 

 In high-multiplicity p-Pb and pp collisions 
observed:  

 Collective structures in 2-particle correlations 
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 QGP droplets in high-multiplicity events?  
Other QCD effects? 
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HF-e v2 with two particles correlations 

 “Flow-like" effects in the heavy flavor sector investigated with HF electron - hadron 
correlations
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 Modification observed in both 
near and away side structures 

 Analysis performed in two bins of 
multiplicity : 0-20% and 60-100%
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HF-e v2 with two particles correlations 

 Heavy-flavour electron-hadron correlation to study flow-like effects in p-Pb collisions. 

 Focus on the low-momenta and Δφ projection of the correlation function
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 Modification observed in both 
near and away side structures 

 Analysis performed in two bins of 
multiplicity : 0-20% and 60-100%
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 Modulation effect present ! 
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HF-e v2 with two particles correlations 

 Heavy-flavour electron-hadron correlation to study flow-like effects in p-Pb collisions. 

 Focus on the low-momenta and Δφ projection of the correlation function

 Modification observed in both 
near and away side structures 

 Analysis performed in two bins of 
multiplicity : 0-20% and 60-100%

 Modulation effect present ! 

 v2hfe ~ 0.07  

 5.1σ effects in 1.5 < pT < 4 GeV/c  
 smaller than charged particles 
 

 Collective effects? Initial or final 
cold nuclear matter effects? 

 Many options still on the market, 
one of main discussion in HI and 
pp community 
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