
A Large Ion Collider Experiment

ALICE physics highlights and perspectives
Luciano Musa (CERN)

Workshop on Standard Model and Beyond
Corfu 2021, September 5

1



① Introduction

② Physics highlights

③ Preparations for Run 3  

④ Future perspectives

Outline

A Large Ion Collider Experiment

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 2



A Large Ion Collider Experiment

42 Countries, 173 Institutes
1946 Members
about 1000 signing authors 

The ALICE Collaboration

Main stages
• 1992: Expression of interest 
• 1997: ALICE approval
• 2000 – 2007: construction
• 2002 – early 2008: Installation
• 2009 – 2018: physics campaign
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A Large Ion Collider Experiment

The ALICE Scientific Mission

Characterize the physical properties of the Quark-Gluon Plasma (QGP), a state of strongly-interacting
(colored) matter formed at extremely high energy densities

a in the collisions of heavy ions at the LHC, temperature O(10!" K): 105 x T at centre of Sun 

a in the Universe O(1-10 µs) after the Big Bang

Access to all stages of the evolution 

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 4

1 fm/c = 3x10-24 s, 1 MeV ~ 1010 K

Charm and beauty quarks (→ open HF, quarkonia), high-pT partons (→ jets)
produced in the early stages in hard processes,
traverse the QGP interacting with its constituents 
→ rare, calibrated probes, pQCD
→ in-medium interaction (energy loss) and transport properties
→ in-medium modification of the strong force and of fragmentation

The mini Big Bang: a hot fireball generated by nuclear collision at the LHC
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A Large Ion Collider Experiment

Heavy Ion Collisions at the LHC
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• The LHC collides most of the time protons on protons
• Approximately one month of running time is dedicated to heavy-ions each year (primarily Pb ions)

Pb-Pb

pp
p-Pb

Xe-Xe



A Large Ion Collider Experiment

Pb-Pb collisions at the LHC

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 6

Energy per nucleon in a 208
82Pb-Pb collision at the LHC (Run 2)

– beam energy in pp: Ebeam = 6.5 TeV

– pp collision energy √s = 13 TeV

– Beam energy per nucleon in a Pb nucleus 
Ebeam,PbPb = 82/208 * 6.37 TeV = 2.51 TeV

– Collision energy per nucleon in 
Pb-Pb: √sNN = 5.02 TeV

– Total collision energy in Pb-Pb:
√s = 1.04 PeV

a What can we learn from these massive interactions?
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J.M. Jowett, M. Schaumann⇤, R. Versteegen, CERN, Geneva, Switzerland

Abstract
The nuclear collision programme of the LHC will con-

tinue with Pb-Pb and p-Pb collisions in Run 2 and be-
yond. Extrapolating from the performance at lower en-
ergies in Run 1, it is already clear that Run 2 will sub-
stantially exceed design performance. Beyond that, future
high-luminosity heavy ion operation of LHC depends on a
somewhat different set of (more modest) upgrades to the
collider and its injectors from p-p. The high-luminosity
phase will start sooner, in Run 3, when necessary upgrades
to detectors should be completed. It follows that the up-
grades for heavy-ion operation need high priority in LS2.

INTRODUCTION
The LHC started colliding beams of lead nuclei,

208Pb82+, in 2010 [2], achieving a significant luminosity
within a few days of commissioning. The second one-
month run in 2011 was even more successful [3] with a lu-
minosity corresponding to twice the design value [4] (tak-
ing account of the natural scaling with energy-squared), as
summarised in Table 1.

In 2012, a completely new mode of operation with hy-
brid proton-lead beams [5] was commissioned in a single
pilot fill [6, 7], leading to an immediate harvest of unex-
pected physics results, and a substantial integrated lumi-
nosity was delivered in the LHC’s third heavy-ion running
period in early 2013 [7]. Allowing again for the natural
energy-scaling, the peak luminosity reached 3 times the
(unofficial)1 design value [5, 1], within the first week of
the 2013 run.

Unfortunately, because of time-pressure during the short
runs and a variety of unlucky circumstances on other occa-
sions, there has been little dedicated machine development
(MD) time for the heavy-ion programme. Nevertheless, our
understanding of the performance limits is now much better
than it was before the start of operation. Broadly speaking
the nature of the predicted limitations have been confirmed
but they set in at higher levels than was expected on the ba-
sis of past, conservative, estimates of the energy deposition
that might cause superconducting magnets to quench.

FUTURE RUNS AND SPECIES
Within colliding nuclei, with charges Z1, Z2 and mass

numbers A1, A2, in rings with magnetic field set for pro-
tons of momentum pp2, the colliding nucleon pairs will

⇤Also at RWTH Aachen University, D-52056 Aachen
1There is no mention of the p-Pb collision mode in [4]
2Conditions imposed by the two-in-one magnet design of the LHC.

Figure 1: Survey of collision energies (1), and species in
past and (some) future LHC runs as a function of the equiv-
alent proton momentum pp, for p-p, p-Pb and Pb-Pb colli-
sions.
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Figure 1 shows
p
sNN according to (1) for past and expected

future runs of the LHC. In a typical year the p-p operation
will be followed by a month of heavy-ion operation, mainly
Pb-Pb interspersed with p-Pb roughly every 3rd year [8].

Generally it will be more efficient to minimise commis-
sioning and optics set-up time by running Pb-Pb or p-Pb
at the same equivalent proton momentum, pp, ie, the same
magnetic field, as the preceding p-p run. However the need
for comparison data at equivalent

p
sNN may require lower

energy p-Pb runs or special calibration p-p runs from time
to time. Reference data taken in such runs should ideally
track the integrated Pb-Pb luminosity [8].

Published by CERN in the Proceedings of RLIUP: Review of LHC and Injector Upgrade Plans, Centre de Convention, Archamps,
France, 29–31 October 2013, edited by B. Goddard and F. Zimmermann, CERN–2014–006 (CERN, Geneva, 2014)

978-92-9083-407-6, 0007-8328 – c� CERN, 2014. Published under the Creative Common Attribution CC BY 4.0 Licence.
http://dx.doi.org/10.5170/CERN–2014–006.167
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A Large Ion Collider Experiment

The ALICE detector (version 1: Run 1 + Run 2)

Central Barrel |h| < 0.9
• Tracking 
• PID 
• EM-Calorimeters

Muon Spectrometer 
-4 < h < -2.5

ITS

TPC

TRD
TOF

EMCAl

EMCAl + PHOS 

HMPID

ACORDE (cosmics)
Forward detectors:
• AD (diffraction selection)
• V0 (trigger, centrality)
• V0 (timing, luminosity)
• ZDC (centrality, ev. sel.)
• FMD (Nch)
• PMD (Ng, Nch)
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A Large Ion Collider Experiment

ALICE data taking and publications

System Year(s) √sNN (TeV) Lint

Pb-Pb 2010, 2011
2015, 2018

2.76
5.02

~75 µb-1

~800 µb-1

Xe-Xe 2017 5.44 ~0.3 µb-1

p-Pb 2013
2016

5.02
5.02, 8.16

~15 nb-1

~3 nb-1, ~25 nb-1

pp

2009-2013

2015, 2017
2015-2018

0.9, 2.76,
7, 8
5.02
13

~200 mb-1, ~100 nb-1

~1.5 pb-1, ~2.5 pb-1

~1.3 pb-1

~36 pb-1

Run 1 Run 2

Run 1 (2009 – 2013) Run 2 (2015 – 2018) Run 3 (2022 – 2024) Run 4 (2027 – 2029) LS1 LS2 LS3

ALICE I ALICE 2

352 ALICE papers on arXiv so far

http://alice-publications.web.cern.ch/submitted
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A Large Ion Collider Experiment

Strongly interacting (colored) matter
… a brief introduction
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[PRD 90 094503 (2014)]

QGP: asymptotic state of QCD 
Quark Gluon Plasma (QGP): at extreme temperatures and densities quarks and gluons behave 
quasi-free and are not localized to individual hadrons anymore

The QGP is a state of strongly-interacting matter
The Quark-Gluon Plasma is a state of strongly-interacting (colored) matter resulting from the phase 
transition of hadronic (color-neutral) matter under extreme conditions of pressure or temperature
→ e.g. in the Universe O(1-10µs) after the Big Bang
→ the properties of the QGP emerge from the fundamental properties of the strong interaction

and of QCD as its theory

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 2

Confinement: ordinary matter at room temperature, no 
isolated quarks ever found!

Asymptotic freedom: effective strength of the interaction 
becomes smaller at small distances (large temperatures)

Hadron mass: a consequence of the breaking of chiral 
symmetry in QCD with non-zero quark masses

Confinement Asymptotic freedom

NB: free regime is 
reached only 
asymptotically!

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Exploring QCD with ALICE (2)

3

Quark-gluon plasma physics: QCD thermodynamics

Hadron gas ~1012 K Quark-gluon plasma

Kharzeev, Liao, Nature Reviews Physics volume 3, 55 (2021)

Borsany et al, Phys. Lett. B 730, 99–104 (2014) 
Bazavov et al., Phys. Rev. D 90, 094503 (2014)

Contact with first-principles 
calculations (lattice QCD)

Tc
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Where is the phase 
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A Large Ion Collider Experiment

QGP in the laboratory: Pb-Pb collisions at the LHC

According to LQCD, the 
QGP is formed when 

𝜀# = 0.42 ± 0.06 ⁄𝐺𝑒𝑉 𝑓𝑚$

𝑇# = 156.5 ± 1.5 𝑀𝑒𝑉

critical energy

critical temperature

QGP can be formed by compressing large energy in a small volume 

a Collide heavy nuclei (multiple, ~simulataneous, nucleon-nucleon collisions)

a Control/vary the energy deposited in the collision region by varying the collision system 
• Impact parameter/centrality, nuclear species, p-Pb, pp
• Classify events based on final-state charged particle multiplicity

a No direct observation of the QGP is possible a rely on emerging particles as probes

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 11

For comparison
T=156 MeV ≙ 1.8·1012 K
Sun core: 1.5 · 107 K
Sun surface: 5778 K



A Large Ion Collider Experiment

Geometry of heavy-ion collisions 

QCD in extreme conditions in the laboratory

A QGP can be formed by compressing large energy in a small volume 
→ collide heavy nuclei (multiple, ~simultaneous nucleon-nucleon collisions)
→ control/vary the energy deposited in the collision region by varying the collision system 

• impact parameter/centrality, nuclear species, p-Pb, pp
• Classify events based on final-state charged particle multiplicity (good scaling observable? YES!)

→ no direct observation of the QGP is possible → rely on emerging particles as probes

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 3

Peripheral collisions (e.g. 70-80%)
à Large impact parameter
à Few binary collisions 
à Low particle multiplicity

Central collisions (e.g. 0-10%)
à Small impact parameter
à Many binary collisions 
à High particle multiplicity

In the “lab frame”  each incident nucleus is 
a Lorentz-contracted disc

For large nuclei (e.g. Pb)
• disc diameter ~ 15 fm
• thickness ~ 15/g fm
• g = ~ 2500 @LHC (beam rapidity y=8.5)

QCD in extreme conditions in the laboratory

A QGP can be formed by compressing large energy in a small volume 
→ collide heavy nuclei (multiple, ~simultaneous nucleon-nucleon collisions)
→ control/vary the energy deposited in the collision region by varying the collision system 

• impact parameter/centrality, nuclear species, p-Pb, pp
• Classify events based on final-state charged particle multiplicity (good scaling observable? YES!)

→ no direct observation of the QGP is possible → rely on emerging particles as probes
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QCD in extreme conditions in the laboratory

A QGP can be formed by compressing large energy in a small volume 
→ collide heavy nuclei (multiple, ~simultaneous nucleon-nucleon collisions)
→ control/vary the energy deposited in the collision region by varying the collision system 

• impact parameter/centrality, nuclear species, p-Pb, pp
• Classify events based on final-state charged particle multiplicity (good scaling observable? YES!)

→ no direct observation of the QGP is possible → rely on emerging particles as probes

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 3

Peripheral collisions (e.g. 70-80%)
à Large impact parameter
à Few binary collisions 
à Low particle multiplicity

Central collisions (e.g. 0-10%)
à Small impact parameter
à Many binary collisions 
à High particle multiplicity

Central collisions (e.g. 0-10%)
g small impact parameter 
g many binary collisions 
g high particle multiplicity

Peripheral collisions (e.g. 70-80%)
g large impact parameter 
g few binary collisions 
g low particle multiplicity

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 12

Impact parameter b not directly measurable

Centrality expressed in percentiles of total nucleus-nucleus cross-section
corresponding to a particle multiplicity, or energy deposited, measured in ALICE 
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Centrality of heavy-ion collision 

QCD in extreme conditions in the laboratory

A QGP can be formed by compressing large energy in a small volume 
→ collide heavy nuclei (multiple, ~simultaneous nucleon-nucleon collisions)
→ control/vary the energy deposited in the collision region by varying the collision system 

• impact parameter/centrality, nuclear species, p-Pb, pp
• Classify events based on final-state charged particle multiplicity (good scaling observable? YES!)

→ no direct observation of the QGP is possible → rely on emerging particles as probes

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 3

Peripheral collisions (e.g. 70-80%)
à Large impact parameter
à Few binary collisions 
à Low particle multiplicity

Central collisions (e.g. 0-10%)
à Small impact parameter
à Many binary collisions 
à High particle multiplicity

b

𝜎!"!" = 7.67 ± 0.16#$#% 𝑏

for Pb-Pb @ 𝑆&& = 5.02 𝑇𝑒𝑉

For example: sum of the amplitudes in the 
ALICE V0 scintillators

Reproduced by Glauber model fit (red)
• Random relative position of nuclei in 

transverse plane
• Woods-Saxon distribution inside nucleus 
• Simple particle production model (NBD)

6 ALICE Collaboration
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Fig. 2: Distribution of the sum of amplitudes in the V0 scintillators for Pb–Pb collisions at
p

sNN5̄.02 TeV. The
distribution is fitted with the NBD-Glauber fit shown as a line. The inset shows a zoom of the most peripheral
region.
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2 ALICE Collaboration

1 Introduction

The centrality is defined as the percentile of the hadronic cross section corresponding to a particle mul-
tiplicity, or an energy deposited, measured in ALICE, above a given threshold (NT HR

ch
)

c ⇡ 1
�AA

Z 1

N
T HR

ch

d�
dN
0
ch

dN
0
ch ⇡

1
�AA

Z
E

T HR

ZDC

0

d�
dE
0
ZDC

dE
0
ZDC
. (1)

The Glauber model is widely used to describe the dependence of Npart and Ncoll on b in p–A, d–A and
A–A collisions [3–6]. The purpose of Monte Carlo implementations of the Glauber model [7, 8] is to
compose two nuclei out of nucleons and simulate their collision process event-by-event. Geometrical
quantities are calculated by simulating many nucleus-nucleus collisions. Coupling the Glauber MC to a
model of particle production, one can calculate the produced particle multiplicity distribution that can be
compared to the experimentally measured one. Mean values of geometrical quantities are then calculated
for centrality classes defined by classifying the events according to their multiplicity.

This documents presents the ALICE methods for the centrality determination, focussing to the changes
introduced with respect to the past [1], i.e. a modification of the definition of the centrality classes, now
defined according to the simulated multiplicity distribution, an update of the cross-section values used
for the Glauber-MC calculations, as well as a modification in the parameterization of the nuclear density
charge which uses a weigthed sum of individual 2pF distributions for the proton and for the neutron, and
a uniform three-dimensional lattice to parameterize the minimum nodal separation between nucleons.
Finally the total systematic uncertainty obtained by adding in quadrature the maximum/average of the up
and downward variations from all sources. Section 2 summarizes the methods for the Glauber-MC and
the NBD-Glauber fot to the multiplicity distribution. Section 4 and Section 3 provide tables with calcu-
lated quantities for Pb–Pb collisions at

p
sNN = 2.76 and 5.02 TeV, and the di↵erences with previously

used values. Section 5 provides the values for the Xe–Xe collisions at
p

sNN = 5.44 TeV.

2 The Glauber Monte Carlo

2.1 The nucelar charge distribution

Following [9], the first step in the Glauber Monte Carlo is to prepare a model of the two nuclei by defining
stochastically the position of the nucleons in each nucleus. The nucleon position in the 208Pb nucleus is
determined by the nuclear density function, modeled by the functional form (modified Woods-Saxon or
2-parameter Fermi distribution):

⇢(r) = ⇢0
1+w(r/R)2

1+ exp
⇣

r�R

a

⌘ (2)

The parameters are based on data from low energy electron-nucleus scattering experiments [10]. Protons
and neutrons are assumed to have the same nuclear profile. The parameter ⇢0 is the nucleon density,
which provides the overall normalization, not relevant for the Monte Carlo simulation, R is the radius
parameter of the 208

Pb nucleus and a is the skin thickness of the nucleus, which indicates how quickly the
nuclear density falls o↵ near the edge of the nucleus. The additional parameter w is needed to describe
nuclei whose maximum density is reached at radii r > 0 (w = 0 for Pb). According to [11] we used a
weigthed sum of individual 2pF distributions for the proton and for the neutron with Rp = 6.68± 0.02
and ap = 0.447± 0.01, Rn = 6.69± 0.03 and an = 0.560± 0.03. In the Monte Carlo procedure the radial
coordinate of a nucleon is randomly drawn from the distribution 4⇡r2⇢(r) and ⇢0 is determined by the
overall normalization condition

R
⇢(r)d3

r = A. Instead of the hard-sphere exclusion distance previously
used (dmin = (0.4 ± 0.4) fm), we employ a uniform three-dimensional lattice with a minimum nodal
separation (dnode) equivalent to dmin. It is equivalently treated with a variation of 100%, dnode = (0.4±
0.4) fm.

𝑁#$%% , 𝑁&'()a for each centrality class 
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Energy density in the collision

The volume-averaged energy density can be estimated from the total produced transverse momentum 

[Friday4 thJune,2021,19:40
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Figure 12: 2
hNparti

hdNch/dhi in Pb–Pb collisions [152], p–Pb collisions [165] and pp collisions [paper in prepa-

ration] at
p

sNN= 5.02 TeV, Xe–Xe collisions at
p

sNN = 5.44 TeV [153] scaled by a factor of 0.98, Au-Au and
Cu-Cu collisions at

p
sNN= 0.2 TeV [161] scaled by 2.55 as a function of hNparti. PYTHIA calculations [172] for

Nch�selection are shown as black lines, dotted lines are Npart�selected calculations.

2.1.3 Determination of the initial energy density1162

The energy density and temperature of the early collision stages are key physical quantities, since they1163

determine whether the QCD phase transition is crossed in the collision. In nuclear collisions, both can be1164

in principle controlled by selecting events based on their centrality. The energy density in the collision1165

can be estimated from the total produced transverse momentum using the ’Bjorken-estimate’ [173]:1166

eBj(t) =
1

STt
dET

dy
, (5)

where dET
dy is the total produced transverse energy ET =

p
p2

T +m2 per unit of rapidity, and ST is the1167

transverse size of the interaction region at time t . This estimate is valid for a free-streaming system that1168

undergoes boost-invariant longitudinal expansion.1169

From the measurements of the charged-particle pseudorapidity density and assuming that the rapidity1170

of the charged particles produced in the collisions is normal distributed [151, 174], we extract a lower1171

bound estimate of the energy density in the collisions [175]1172

eLBt =
1
ST

1
ftotal

p
1+a2hmidNch

dy
, (6)

where
p

1+a2hmi is the effective transverse mass, and ftotal = 0.55±0.01 is the fraction of charged out1173

all particles [176]. Here, a is the effective pT/m ratio extracted as part of the estimate. The transverse1174

area ST is calculated using a Glauber model [177] in which the full area of participating nucleons is1175

taken into account. The resulting lower-bound estimate of the energy density times the formation time1176

t is shown in Fig. 13 for pp, p–Pb, and Pb–Pb collisions at
p

sNN = 5.02 TeV. We see an increase of1177

roughly an order of magnitude from pp and most peripheral p–Pb collisions to the most central Pb–Pb1178

collisions. A fit of a power-law (AN p
part) to the data indicates a non-trivial increase in the energy density1179

with increasing transverse area of the initial overlap between the colliding nuclei.1180

33

J. D. Bjorken
Phys. Rev. D 27, 140
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2.1.3 Determination of the initial energy density1162

The energy density and temperature of the early collision stages are key physical quantities, since they1163

determine whether the QCD phase transition is crossed in the collision. In nuclear collisions, both can be1164

in principle controlled by selecting events based on their centrality. The energy density in the collision1165

can be estimated from the total produced transverse momentum using the ’Bjorken-estimate’ [173]:1166

eBj(t) =
1

STt
dET

dy
, (5)

where dET
dy is the total produced transverse energy ET =

p
p2

T +m2 per unit of rapidity, and ST is the1167

transverse size of the interaction region at time t . This estimate is valid for a free-streaming system that1168

undergoes boost-invariant longitudinal expansion.1169

From the measurements of the charged-particle pseudorapidity density and assuming that the rapidity1170

of the charged particles produced in the collisions is normal distributed [151, 174], we extract a lower1171

bound estimate of the energy density in the collisions [175]1172

eLBt =
1
ST

1
ftotal

p
1+a2hmidNch

dy
, (6)

where
p

1+a2hmi is the effective transverse mass, and ftotal = 0.55±0.01 is the fraction of charged out1173

all particles [176]. Here, a is the effective pT/m ratio extracted as part of the estimate. The transverse1174

area ST is calculated using a Glauber model [177] in which the full area of participating nucleons is1175

taken into account. The resulting lower-bound estimate of the energy density times the formation time1176

t is shown in Fig. 13 for pp, p–Pb, and Pb–Pb collisions at
p

sNN = 5.02 TeV. We see an increase of1177

roughly an order of magnitude from pp and most peripheral p–Pb collisions to the most central Pb–Pb1178

collisions. A fit of a power-law (AN p
part) to the data indicates a non-trivial increase in the energy density1179

with increasing transverse area of the initial overlap between the colliding nuclei.1180
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ST: transverse size of the interaction region at time t

Lower bound for “energy density” x “formation time” 

O(10) increase from peripheral to central Pb-Pb

Transverse energy at midrapidity in Pb–Pb collisions ALICE Collaboration
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Fig. 14: ετ0 versus !Npart" estimated using Eq. 8, R= 7.17 fm, and the measured !dET/dη". The boxes
indicate the systematic uncertainties.

The volume-averaged energy density ε can be estimated from !dET/dη" using the following expres-
sion [18]

ε =
1

Acτ0
J
!dET
dη

"

(8)

where A is the effective transverse collision area, c is the speed of light, J is the Jacobian for the trans-
formation between !dET/dη" and !dET/dy", and τ0 is the formation time. The Jacobian is calculated
from the measured particle spectra [46, 50]. While J has a slight centrality dependence, it is smaller than
the systematic uncertainty so a constant Jacobian of J = 1.12 ± 0.06 is used. The formation time of the
system τ0 is highly model dependent and we therefore report ετ0.

The transverse overlap area corresponding to the measured !dET/dη" was determined by a calculation
using a Glauber Monte Carlo method. Using the Glauber parameters from [59] and assuming each
participating nucleon has an effective transverse radius of R = (σ inelNN /4π)1/2 = 0.71 fm results in A =
162.5 fm2 for central collisions (b = 0 fm). This is equivalent to a transverse overlap radius of R= 7.19
fm, which is close to the value of 7.17 fm often used in estimates of energy densities using a Woods-
Saxon distribution to determine the effective area [28, 65]. The centrality dependence of A is obtained by
assuming it scales as (σ 2xσ 2y #σ 2xy)

1/2 [72], where σ 2x and σ 2y are the variances and σ 2xy is the covariance
of the spatial distribution of the participating nucleons in the transverse plane in the Glauber Monte Carlo
calculation. For 0–5% central collisions this leads to a reduction of A by 3% resulting in ετ0 = 12.5 ±
1.0 GeV/fm2/c. For comparison using R= 7.17 fm gives ετ0 = 12.3± 1.0 GeV/fm2/c, roughly 2.3 times
that observed in 0–5% central Au–Au collisions at $sNN = 200 GeV. Some of this increase comes from
the higher !Npart" in central Pb–Pb collisions relative to central Au–Au collisions The energy density
times the formation time ετ0 is shown in Fig. 14 for R = 7.17 fm, the same value of R used by PHENIX
at RHIC energies [28, 65].

In addition to estimating the volume averaged energy density it is also interesting to estimate the energy
density attained at the core of the collision area. This can be done by rewriting the Bjorken Eq. 8 as

εcτ0 =
J
c

!

dET
dη

"

c
Ac

=
J
c

!

dET
dη

"

!Npart"
σc (9)

where Ac is the area of the transverse core,
!

dET
dη

"

c
is
!

dET
dη

"

produced in the core, and σc= !Npart"c/Ac is
the transverse area density of nucleon participants at the core. The area Ac was chosen arbitrarily to be a
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𝜀 ≡ 𝑣𝑜𝑙𝑢𝑚𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝜏* ≡ 𝑠𝑦𝑠𝑡𝑒𝑚 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑚𝑜𝑑𝑒𝑙 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡)

Assuming 𝜏* = 1𝑓𝑚/𝑐 𝜺 = 12.3 ± 𝟏 𝑮𝒆𝑽/𝒇𝒎𝟑
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Harder photon spectra 
at LHC compared to RHIC

Increase temperature Teff
from RHIC to LHC

Intial temeprature 
a model calculations that 
incorporate evolution of the 
QGP medium and radial flow 
effects (blue-shift)

Not yet attempted

A Large Ion Collider Experiment

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 15

PLB 754 (2016) 235



A Large Ion Collider Experiment

Characterization of the time evolution of the collision
LHC Pb-Pb a large energy density (initial e > 15 GeV/fm3) & large volume (~5000 fm3)

Study the time evolution of the collision • Light flavour (including light-nuclei) production
• Heavy flavour production 
• Quarkonia 
• Photons, low-mass dileptons 
• Jets
• Ultra Peripheral Collisions

• Initial stage
• Macroscopic properties
• Colour deconfinement

• Parton interactions
• Expansion dynamics
• Hadronic phase
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A Large Ion Collider Experiment

Coherent J/𝛙 photoproduction in Pb-Pb ultra peripheral collisionsCoherent J/ψ photoproduction in Pb-Pb UPC

• Probing low-x gluon PDFs in the nucleus

• Comparison with the impulse approximation (no nuclear effects) allows 
for extraction of the gluon shadowing factor: Rg ~ 0.65 at x∼10-3

• t-dependence is sensitive to transverse gluon distribution

5

arXiv:2101.04577

Pb Pb

arXiv:2101.04623

For more details see LHC Seminar by Michal Broz on March 2
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New measurment probing low-x gluon nuclear PDFs

• Comparison with the impulse approximation (no nuclear effects) allows for 
extraction of the gluon shadowing factor: Rg ~ 0.65 at x ~ 10-3

• First measurement of t-dependence: sensitive to transverse                           
gluon distribution

arXiv:2101.04577 arXiv:2101.04623

|t| ≈ pT
2

n
u

cl
ea

r 
ef

fe
ct

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 17

https://arxiv.org/abs/2101.04577
https://arxiv.org/abs/2101.04623


A Large Ion Collider Experiment

Spin alignment of vector mesons in rotating QGP 

• Large angular momentum L in non-central collisions à
rotating QGP (~ 1021 revolutions per second) 

• spin-orbit interactions expected to polarize quarks
• If quarks recombine to produce vector mesons (spin=1), 

spin alignment could appear 

• Measurement using K*0 à Kp decays shows a 3s effect
at low momentum (Run 1 data)

• Confirmed with higher significance with preliminary 
measurement with Run 2 data

A Large Ion Collider Experiment

Spin alignment of vector mesons in spinning QGP

• Large angular momentum L in non-central collisions 
à rotating QGP (~1021 revolutions per second)

• Spin-orbit interactions expected to polarise quarks
• If quarks recombine to produce vector mesons 

(spin=1), spin alignment could appear
• Measurement using K*0 à Kp decays shows a  

3s effect at low momentum
• Confirmed with higher significance with preliminary 

measurement on Run 2 data

LHCP2020, 25.05.2020                                                                               Andrea Dainese 7

arXiv:1910.14408

K*0

à L BianchiPRL 125 (2020) 012301

A Large Ion Collider Experiment

Spin alignment of vector mesons in spinning QGP

• Large angular momentum L in non-central collisions 
à rotating QGP (~1021 revolutions per second)

• Spin-orbit interactions expected to polarise quarks
• If quarks recombine to produce vector mesons 

(spin=1), spin alignment could appear
• Measurement using K*0 à Kp decays shows a  

3s effect at low momentum
• Confirmed with higher significance with preliminary 

measurement on Run 2 data

LHCP2020, 25.05.2020                                                                               Andrea Dainese 7

arXiv:1910.14408

K*0

à L Bianchi

Impact parameter 
direction

beam direction

Angular momentum
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The nuclear modification factor RAA

A Large Ion Collider Experiment

AA collision (e.g. Pb-Pb): many NN (binary) collisions 9𝑑𝑁**
𝑑𝑝& = 𝑁#+,, × ⁄𝑑𝑁)) 𝑑𝑝&

RAA = 1 at high pT

g the medium is transparent to the passage of partons 𝑅JJ 𝑝K =
1

𝑁LMNN

⁄𝑑𝑁JJ 𝑑𝑝K
⁄𝑑𝑁OO 𝑑𝑝K

If RAA < 1 at high pT 
g The medium is opaque to the passage of partons 
g parton-medium final state interaction 
g Energy loss, modification of FFs in the strongly 

interacting QGP
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Without nuclear effects (interaction with the QCD medium), AA collision  would be just the 
superposition of independent NN collisions with incoherent fragmentation

Pb
Pb

NB: at lower pT, soft, non perturbative regime  RAA not a good observable 



A Large Ion Collider Experiment

Quarkonia at the LHC 

events will scale as A4/3. Individual collisions between protons are thought 
to occur independently of each other, and their number can be computed 
from the distributions of the nuclear densities, the nuclear overlap for a 
given impact and the inelastic proton–proton cross-section.

Collisions of nuclei differ from collisions between protons in that the 
hard scattered partons may traverse the quark–gluon plasma before or 
during their hadronization into a jet. Jets are characteristic of collisions 
between protons in which two constituent partons scatter and recede 
from each other with a significant fraction of the initial beam momen-
tum. In the plane transverse to the beams, the momenta are large and 
opposite in direction. The two scattered partons hadronize mainly into 
mesons that are emitted in a cone — the jet — around the direction of 
parton momentum. It was realized very early31 that the quark–gluon 
plasma could modify jets resulting from collisions between nuclei. 
Calculations showed that a parton traversing a hot and dense medium 
consisting of other partons — that is, a quark–gluon plasma — should 
lose substantially more energy than one traversing cold nuclear mat-
ter32–34. This prediction appears to be borne out by data from all four 
experiments at RHIC.

A jet is much more difficult to see in a heavy-ion collision than after a 
collision between protons. The reason is the sheer number of particles 
produced: a single central (head-on) gold–gold collision generates about 
5,000 charged particles, and unless the jet has very high (transverse) 
momentum, it will not stand out in the crowd. But the presence of jets 
will affect the overall transverse momentum distribution. At low trans-
verse momenta, the spectrum in a heavy-ion collision is complex, as it is 
a superposition of hydrodynamic expansion effects and random thermal 
motion. Nevertheless, for particles of a particular species with transverse 
momenta that are significantly larger than their mass, the resulting spec-
trum is nearly exponential. The contribution of jets with high transverse 
momentum leads to a distinct power-law behaviour typically visible for 
values of transverse momentum of a few GeV or more.

To judge a possible modification of the shape of the spectrum in a 
high-energy nuclear collision, the transverse-momentum distribution 
of ! mesons produced in central gold–gold collisions at RHIC can be 
compared with that measured in proton–proton collisions. To quantify 
this comparison, the ratio of the gold–gold-collision spectrum to the 
proton–proton-collision spectrum is scaled to the total number of ine-
lastic collisions in the nuclear case, providing the suppression factor RAA. 
For larger transverse momenta, this factor settles at about 0.2 (Fig. 4); 

that is, the production of high-momentum ! mesons is suppressed by a 
factor of five in gold–gold collisions.

What is the origin of this suppression? The transverse-momentum 
spectrum for collisions between protons agrees well35 with theoretical 
calculations that use next-to-leading-order quantum chromodynamic 
perturbation theory. When the spectra of deuteron–gold collisions of 
varying centrality are compared with the proton–proton spectrum, RAA 
is 1 or larger (for more central collisions, values larger than 1 are even 
expected — a phenomenon known as the Cronin effect, caused by the 
scattering of partons before the hard collision). For peripheral gold–gold 
collisions, the values of RAA also correspond well to the expectation from 
collisions between protons. The clear implication is that something 
special and new happens in central gold–gold collisions: the precursor 
parton of the jet produced must lose a lot of energy, causing the trans-
verse-momentum spectrum of the mesons in the jet to fall off steeply.

Several researchers have shown that only calculations including large 
energy loss in the medium can account for these data. The clear implica-
tion is that the medium present in the collision fireball is hot and dense, 
and when partons pass through it, they lose energy. Both radiation of 
gluons and elastic scattering seem to be important here. In deuteron–
gold collisions, by contrast, the jet sees at most cold nuclear matter (or 
a vacuum), and does not seem to be perturbed.

Calculating the energy loss of a fast parton in a quantum chromody-
namic liquid, as suggested by the data discussed in the previous section, 
is beyond the current theoretical state-of-the-art. To gain insight into the 
underlying physics of energy loss, it is helpful to resort to another aspect 
of the medium: that it contains many gluons. Indeed, the RHIC data on 
parton energy loss are well explained by modelling the medium formed 
by the collision as an ultra-dense gluon gas with a density of the number 
of gluons (Ng) per rapidity interval of dNg /dy = 1,100. Here, the rapidity y 
is a logarithmic measure of the gluon’s longitudinal velocity, v. With the 
simple assumption that v = z/t (z is the longitudinal space coordinate), 
Bjorken36 showed how to map rapidity densities to spatial densities. The 
spatial gluon density in turn is linked directly to entropy density. Using 
relations from statistical mechanics for a relativistic gas of bosons (and 
fermions if quarks are included), the temperature and energy density 
can be obtained from these gluon densities. The high gluon densities 
needed to reproduce the observed gold–gold RAA correspond to an initial 
temperature of about twice the critical temperature for the formation of a 
quark–gluon plasma. The initial energy densities of 14–20 GeV fm–3 are 
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Figure 6 | Charmonium suppression. a, At low energies, the quark–gluon 
plasma screens interaction between the only pair of charm quark and 
antiquark produced (red dots) and any other two quarks (up, down, 
strange) will find themselves paired with the charm quark/antiquark in 
D mesons at hadronization (purple circles). At high energies, by contrast, 
many charm–anticharm pairs are produced in every collision and at 
hadronization, charm and anticharm quarks from different original pairs 
may combine to form a charmonium J/! particle. Grey dots indicate 

light partons produced in the collision. b, Theory and experiment 
compared quantitatively. Model predictions55 for the charmonium 
suppression factor agree well with recent RHIC data from the PHENIX 
collaboration66. Owing to the increased level of statistical recombination 
expected, enhancement rather than suppression is predicted for LHC 
conditions. What the experiments deliver will be a further crucial test of 
theories of the quark–gluon plasma. Part b reproduced, with permission, 
from ref. 55.
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Fragmentation fractions and charm production cross section ALICE Collaboration
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Figure 2: Left: Charm-quark fragmentation fractions into charm hadrons measured in pp collisions at
p

s =
5.02 TeV in comparison with experimental measurements performed in e+e� collisions at LEP and at B factories,
and in ep collisions at HERA [60]. The D⇤+ meson is depicted separately since its contribution is also included
in the ground-state charm mesons. Right: Charm production cross section at midrapidity per unit of rapidity as a
function of the collision energy. STAR [11] and PHENIX [63] results, slightly displaced in horizontal direction
for better visibility, are reported. Comparisons with FONLL [13–15] (red band) and NNLO [64–66] (violet band)
pQCD calculations are also shown.

e+e� and ep collisions, and a concomitant decrease of about a factor 1.4–1.2 for the D mesons, is
observed. The significance of the difference considering the uncertainties of both measurements, is
about 5s for L+

c baryons. This in turn decreases the fragmentation into D0 mesons at midrapidity by
6s with respect to the measurements in e+e� and ep collisions. In previous measurements in e+e� and
ep collisions no value for the X0

c was obtained and the yield was estimated according to the assumption
f (c ! X+

c )/ f (c ! L+
c ) = f (s ! X�)/ f (s ! L0) ⇠ 0.004 [60]. The fraction f (c ! X0

c) was measured
for the first time and f (c ! X0

c)/ f (c ! L+
c ) = 0.39 ± 0.07(stat)+0.08

�0.07(syst) was found [28]. A first
attempt to compute the fragmentation fractions in pp collisions at LHC was performed in [60] assuming
universal fragmentation, since at that time the measurements of charm baryons at midrapidity were not
yet available. The measurements reported here challenge that assumption.

The updated fragmentation fractions obtained for the first time taking into account the measurements of
D0, D+, D+

s , L+
c , and X0

c at midrapidity in pp collisions at
p

s = 5.02 TeV, allowed the recomputation of
the charm production cross sections per unit of rapidity at midrapidity in pp collisions at

p
s = 2.76 and

7 TeV. The L+
c /D0 ratios measured in pp at different collision energies, as well as the X0

c/D0 ratio, are
compatible [25, 28, 56]. The charm cross sections were obtained by scaling the pT-integrated D0-meson
cross section [1, 3] for the relative fragmentation fraction of a charm quark into a D0 meson measured
in pp collisions at

p
s = 5.02 TeV and applying the two correction factors for the different shapes of the

rapidity distributions of charm hadrons and cc̄ pairs. The pT-integrated D0-meson cross section was used
because at the other energies not all charm hadrons were measured and the D0 measurements are the
most precise. The uncertainties of the fragmentation fraction (FF) were taken into account in calculating
the cc production cross section as was the uncertainty introduced by the rapidity correction factors. The
BR of the D0 ! K�p+ decay channel was also updated, considering the latest value reported in the
PDG [47].

6

RHIC

LHC

charm cross-section
g 𝑞Q𝑞 pairs are suppressed due to color screening in the QGP 
g lattice QCD predicts the effective 𝑞Q𝑞 coupling to decrease in 
medium with increasing T

𝑐 ̅𝑐 cross-section increase with 𝑠:
~100 𝑐 ̅𝑐 per central Pb-Pb event at the LHC vs ~10 𝑐 ̅𝑐 at RHIC
g (re)generation of charmonium and charmed hadron 
production takes place at the phase boundary or in QGP

Suppression of quarkonium as QGP signature 
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A Large Ion Collider Experiment

J/y dissociation and (re)generation at the LHC

RAA(LHC) > RAA (RHIC)
• cc regeneration counterbalances the suppression by screening in the QGP

RAA(mid-rapidity) > RAA(forward rapidity)
• At low pT , modification decreases from forward to central rapidity 

• reflects rapidity dependence of the cc cross-section (a regeneration probability) 
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Figure 7. Inclusive J/! RAA as a function of the number of participant nucleons measured in
Pb–Pb collisions at

!
sNN = 2.76TeV [27], compared to the PHENIX measurement in Au–Au

collisions at
!
sNN = 0.2TeV [21] (left) and to theoretical models [13, 60, 62, 63], which all include

a J/! regeneration component (right). The brackets shown in the three most peripheral centrality
classes on the right figure quantify the possible range of variation of the hadronic J/! RAA for two
extreme hypotheses on the photo-production contamination in the inclusive measurement, see text
for details.

collisions, i.e. Rnon-prompt
AA = 1, the RAA of prompt J/! would be about 6% smaller in

central collisions and about 1% smaller in peripheral collisions. The excess in the inclusive

J/! yield observed at very low pt [40] also influences the RAA in the most peripheral

collisions. A large fraction of this contribution (about 75% as explained in section 4) can

be removed by selecting J/! with a pt higher than 0.3GeV/c. Assuming that the hadronic

J/! RAA in the ranges 0 < pt < 0.3GeV/c and 0.3 < pt < 8GeV/c are the same, it

becomes possible to estimate the impact of the J/! photo-production on the inclusive

RAA. In the centrality classes 60–70%, 70–80% and 80–90%, the hadronic J/! RAA would

be about 5%, 11% and 25% lower, respectively. Extreme hypotheses were made to define

upper and lower limits, represented with brackets on the figures 7, 8 and 9. The upper

limit calculation assumes no J/! from photo-production thus the inclusive measurement

only contains hadronic production. The lower limit assumes that i) all J/! produced with

a pt smaller than 0.3GeV/c originate from photo-production and ii) the e!ciency of the

0.3GeV/c pt selection is reduced from 75% to 60% (corresponding to an increase by a

factor two of the J/! photo-production above 0.3GeV/c).

The comparison with theoretical models, shown on the right-hand side of figure 7,

helps in the interpretation of the large di"erence observed between the PHENIX and the

ALICE results.

The Statistical Hadronization Model (SHM) [62] assumes deconfinement and thermal

equilibration of the bulk of the cc̄ pairs. Charmonium production occurs at the phase

boundary via the statistical hadronization of charm quarks. The prediction is given

for two values of the charm cross section d"cc̄/dy = 0.15 and 0.25 mb at forward

rapidity. These values are derived from the measured charm cross section in pp collisions

at
!
s = 2.76 and 7TeV [15] bracketing the expectation for gluon shadowing in the

Pb-nucleus between 0.6 and 1.0. Production of non-prompt J/! from decays of B-mesons

is not considered.

– 22 –

JHEP 05 (2016) 179 ALI-PREL-358983

J/ψ at forward rapidity J/ψ at mid rapidity 

RHIC, 𝒔𝑵𝑵 = 0.2 TeV

LHC, 𝒔𝑵𝑵 = 2.76 TeV

RHIC

LHC

recombination picture confimred by LHC data a signature of de-confinement  
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A Large Ion Collider Experiment

Suppression of bottomonia in Pb-Pb collisions

arXiv:2011.05758

• Centrality dependence consistent with progressive suppression in a hotter medium

• U(2S) at forward rapidity - a suppression stronger wrt U(1S) consistent with lower binding energy

• Screening induces a strong suppression of U production, flat vs pT a recombination effects small 

Varying the binding energy: y(2S) < Y(2S) < J/y < Y(1S)
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Sequential suppression of bottomonium states

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 19

Sequential suppression of excited bottomonium states observed
→ Centrality dependence consistent with progressive suppression in a hotter medium
→ Quarkonium as a thermometer for QGP

Increased suppression with increased collision energy → no recombination at hadronisation

arXiv:2011.05758PLB 790 (2019) 270

Y(1S)

Y(2S)
Y(3S)

Figure: A. Mocsy
arxiv:0811.0337
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https://arxiv.org/abs/2011.05758


The nuclear modification factor RAA

A Large Ion Collider Experiment

High precision measurements in a broad pT range and vs centrality 
Strong suppression observed in central heavy-ion collisions up to very high pT

a suppression due to parton energy loss

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 23

with area-based background subtraction
PRC 101 (2020) 3, 034911

R=0.2

Large reduction of jet yields 
down to 40 GeV/c

Lost energy not recovered 
within the jet “cone” (similar 
suppression for R = 04) 

à large angle QGP-induced 
gluon emission

p-Pb

Periph. Pb-Pb

Central Pb-Pb

Evidence of parton energy loss in QGP in central Pb-Pb
High precision measurements in a broad pT range and vs centrality
Strong suppression observed in central heavy-ion collisions up to very high pT

No suppression for colorless Z bosons and photons, nor in p-Pb collisions
→ suppression due to parton energy loss

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 11

PLB 790 (2019) 108

Charged particles

Inclusive jets
Z bosons

arXiv:2103.14089JHEP 11 (2018) 013

Run 2 data

Tpp

TAA
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A Large Ion Collider Experiment

Exploring the QGP with jets

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Exploring the QGP with jets

20

Groomed jet radius narrower in Pb-Pb than in pp

The cores of jets are narrower in Pb-Pb 
compared to pp collisions

First direct experimental evidence for the 
modification of the angular scale of groomed 
jets in heavy-ion collisions 

CERN-EP-2021-151

 new 

talk James Mulligan

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Exploring the QGP with jets

20

Groomed jet radius narrower in Pb-Pb than in pp

The cores of jets are narrower in Pb-Pb 
compared to pp collisions

First direct experimental evidence for the 
modification of the angular scale of groomed 
jets in heavy-ion collisions 

CERN-EP-2021-151

 new 

talk James Mulligan

Study medium-modified parton shower  

a Jet core is more collimated in Pb-Pb than in pp

CERN-EP-2021-151
L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 24

Cartoon: “pp”                           “Pb-Pb”

e.g.: grooming: find first hard splitting (Soft Drop)



A Large Ion Collider Experiment

Follow a heavy quark through the primary Lund Plane  & 
suppress hadronization effects/non pert. (at small KT)

Cunqueiro, Ploskon, Phys.Rev.D 99 (2019) 7, 074027 

Eradiator=energy of the splitting  
prong at each declustering step

•Iteratively decluster jets with a fully reconstructed D0 among  
its constituents 

•Follow always the prong containing the D0 
•Register the splitting energy Eradiator and the splitting kT at 
each step 

Define: 

The deepest levels of the jet tree are splittings 
 at small angles/lower energies 
 ->most sensitive to mass and the dead cone effect

The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

9
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The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

• Suppression of emissions at low angles for D0 jets as compared to inclusive jets 
• Smaller effects for higher splitting energy 
• Pink areas: parametric dead-cone areas as given by mC/<Eradiator>

Old prel. figure if new not in arXiv
10

arXiv: 2106.05713 [nucl-ex]

by measuring D0-meson tagged jets in hadronic collisions 
(pp 13 TeV)

Ratio of the splitting angle (θ) distributions for D0-
meson tagged jets and inclusive jets, in bins of Eradiator

Radiation suppressed in the 
expected angular region (shaded)

Suppression lifted as 
massQ << Eradiator

A Large Ion Collider Experiment ALICE: status, physics, and future @ HEP 2021

Measuring the dead-cone in radiation off a heavy quark

17

Follow heavy-quark through the primary Lund Plane & suppress hadronization effects/non-pert. (at small kT)

Cunqueiro, Ploskon, Phys.Rev.D 99 (2019) 7, 074027 

Eradiator=energy of the splitting  
prong at each declustering step

•Iteratively decluster jets with a fully reconstructed D0 among  
its constituents 

•Follow always the prong containing the D0 
•Register the splitting energy Eradiator and the splitting kT at 
each step 

Define: 

The deepest levels of the jet tree are splittings 
 at small angles/lower energies 
 ->most sensitive to mass and the dead cone effect

The Lund plane of heavy-quark jets: exposing a 
fundamental prediction of QCD, the dead cone

9

Principle outlined in PhysRevD.99.074027

Radiator: quark lead prong

Outlook: b-jets

Expectation: radiation suppressed for qc < mQ/E arXiv:2106.05713 [nucl-ex]

Direct observation of the dead-cone effect in QCD ALICE Collaboration

Figure 1: A sketch detailing the reconstruction of the showering charm quark, using iterative declustering, is
presented. The top panels show the initial reclustering procedure with the C/A algorithm, where the particles
separated by the smallest angles are brought together first. Once the reclustering is complete, the declustering
procedure is carried out by unwinding the reclustering history. Each splitting node is numbered according to the
declustering step in which it is reconstructed. With each splitting, the charm quark energy, ERadiator,n, is reduced and
the gluon is emitted at a smaller angle, qn, with respect to previous emissions. At each splitting, gluon emissions
are suppressed in the dead-cone region (shown by a red cone for the last splitting), which increases in angle as the
quark energy decreases throughout the shower.

more than 99% of the cases the prong containing the D0-meson candidate at each splitting coincided
with the leading prong. This means that following the D0-meson candidate or leading prong at each step
is equivalent and therefore a complementary measurement for an inclusive jet sample, where no flavour
tagging is available, can be made by following the leading prong through the reclustering history. Since
the inclusive sample is dominated by massless gluon and nearly massless light quark-initiated jets, it acts
as a reference to highlight the mass effects present in the charm-tagged sample.

4 Extracting the true charm splittings

The selected sample of splittings has contributions from jets tagged with combinatorial K⌥p± pairs,
which are not rejected by the applied topological and particle identification selections. The measured
invariant mass of real D0 mesons, which corresponds to the rest mass, is distributed in a Gaussian (due to
uncertainties in the measurement of the momenta of the K⌥p± pairs) with a peak at the true D0-meson
mass. This allows for the implementation of a statistical 2D side-band subtraction procedure, which
characterises the background distribution of splittings by sampling the background-dominated regions
of the D0-meson candidate invariant mass distributions, far away from the signal peak. In this way the
combinatorial contribution can be accounted for and removed. Furthermore, the selections on the D0-
meson candidates also select a fraction of D0 mesons originating as a product of beauty-hadron decays.
These were studied using Monte-Carlo (MC) PYTHIA 6 [22] simulations (this generator was used for
all MC based corrections in this work) and found to contribute 10–15% of the reconstructed splittings.
Their impact on the results is small and will be discussed later. The finite efficiency of selecting real D0-
meson tagged jets, through the chosen selection criteria on the D0-meson candidates, as well as kinematic
selections on the jets, was studied and accounted for through MC simulations. This efficiency was found
to be strongly p

D0

T dependent and different for D0 mesons originating from the hadronisation of charm

5
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QCD interlude: dead-cone effect now ‘seen’ in pp

https://arxiv.org/abs/2106.05713
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Energy loss and hadronization of c and b quarks in Pb-Pb (3)

18

Prompt vs non-prompt  RAA consistent with D0 !Eb < !Ec
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non-prompt D0 D0 from B less suppressed than prompt D0 

First measurement of D meson production  
down to zero pT in Pb-Pb

More precise measurement with new ITS in Run 3

prompt D0

talk Stefano Trogolo

Consistent with   

(dead-cone effect)

!Eb < !Ec

A Large Ion Collider Experiment

Energy loss of c and b quarks in the QGP 

• Quarks and gluons lose energy while traversing the 
QGP (RAA < 1)

• Energy loss predicted to depend on QGP density, 
but also on quark mass

• “Dead cone effect” reduces gluon radiation for 
high-mass quarks

• Also note: first measurement of D meson production 
down to zero pT in Pb-Pb

• More precise measurement with new ITS in Run 3

radiation suppressed for 𝜽C < mQ/E

Less suppression for (non-prompt) D mesons from B decays than prompt D mesons

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 26



A Large Ion Collider Experiment

Hydrodynamic expansion - flow

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 27

A collective motion of particles superimposed to the 
thermal motion à the system as a medium

Radial flow
radial expansion of a medium in the vacuum under a 
common velocity field
• Affects transverse momentum distribution of hadrons,

particle ratios, …

Anisotropic flow
pressure gradients convert spatial anisotropy into 
observable momentum anisotropies
• anisotropy in azimuthal angle described by a Fourier series
• stronger in non-central collisions
• %n describe how initial fluctuations propagate in a viscous 

fluid

Hydrodynamics at play: flow

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 24

Isotropic Radial Flow 

Isotropic Radial flow is a natural consequence of any 
interacting system expanding into the vacuum under a 
common velocity field
• Affects transverse momentum distributions of hadrons, 

particle rations, …

Anisotropic flow:
Pressure gradients convert spatial anisotropy into 
observable momentum anisotropies
• Anisotropy in azimuthal angle described by 

Fourier series 
• Stronger in non-central collisions 
• vn describes how initial fluctuations propagate in 

a viscous fluid

Flow picture: a collective motion of particles superimposed to 
the thermal motion A collective motion of particles superimposed to the 

thermal motion à the system as a medium

Radial flow
radial expansion of a medium in the vacuum under a 
common velocity field
• Affects transverse momentum distribution of hadrons,

particle ratios, …

Anisotropic flow
pressure gradients convert spatial anisotropy into 
observable momentum anisotropies
• anisotropy in azimuthal angle described by a Fourier series
• stronger in non-central collisions
• %n describe how initial fluctuations propagate in a viscous 

fluid

Hydrodynamics at play: flow

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 24

Anisotropic flow



A Large Ion Collider Experiment

Radial flow in AA collisions

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 28

Radial hydrodynamic expansion leads to a 
modification of the spectral shape a mass 
dependent boost

• pT-spectra harden with centrality

• more pronounced for heavier particles 
(e.g.: p > K > π) as velocities become 
equalized in the flow field (p = βγ·m)

• Hydrodynamic models show a good 
agreement with the data.



A Large Ion Collider Experiment

Elliptic flow of hadrons … and also light nuclei  

A Large Ion Collider Experiment

Elliptic flow in Pb-Pb
• Non-central collisions: flow maps the geometrical elliptical shape into an azimuthal modulation in 

momentum distributions

• Mass ordering at low pT à hydrodynamic flow, very small viscosity
• Even A=2 and A+3 light nuclei pushed by the flow
• Baryon vs. meson grouping at higher pT

à quark-level flow + recombination?
LHCP2020, 25.05.2020                                                                               Andrea Dainese 17

higher harmonics (v3, v4, …)

Pb-Pb, 5.02 TeV, JHEP1809(2018)006
PLB805(2020)135414

à L Bianchi

Elliptic and triangular flow of (anti)deuterons ALICE Collaboration
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Figure 5: (Color online) Comparison of the elliptic flow of pions, kaons, protons, deuterons and (anti)3He in
different centrality intervals for Pb–Pb collisions at

!
sNN = 5.02 TeV. (Anti)3He v2 is measured using the Event

Plane method [19]. Vertical bars and boxes represent the statistical and systematic uncertainties, respectively.

ordering is observed for pT < 5 GeV/c.
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Figure 6: (Color online) Triangular flow (v3) of deuterons, pions, kaons, and protons [44] as a function of pT

for the centrality intervals 0–20% and 20–40%. Vertical bars and boxes represent the statistical and systematic
uncertainties, respectively.

4.1 Comparison with the blast-wave model predictions

The elliptic flow of deuterons is compared with the expectations of the blast-wave model [22, 48, 49],
which is based on the assumption that the system produced in heavy-ion collisions is locally thermal-
ized and expands collectively with a common velocity field. The system is assumed to undergo an
instantaneous kinetic freeze-out at the temperature Tkin and to be characterized by a common transverse
radial flow velocity at the freeze-out surface. A simultaneous fit of the v2 and the pT spectra of pions,
kaons, and protons [8, 44] with the blast-wave model is performed in the transverse-momentum ranges
0.5 " p!

T < 1 GeV/c, 0.7 " pK
T < 2 GeV/c, and 0.7 " p

p
T < 2.5 GeV/c. The four free parameters of the

blast-wave function are the kinetic freeze-out temperature (Tkin), the variation in the azimuthal density of
the source (s2), the mean transverse expansion rapidity ("0), and the amplitude of its azimuthal variation
("a), as described in [48]. The values of these parameters extracted from the fits are reported in Table 2
for each centrality interval. These values are employed to predict the elliptic flow of deuterons under the
assumption that the same kinetic freeze-out conditions apply for all particles produced in the collision.
The deuteron mass is taken from [30].
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Flow for all and spin alignment for some

ALICE Highlights - ICHEP 2020 - D.D. Chinellato 4
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• Nearly all particle species participate in collective flow:
quantified via a Fourier decomposition [1]

• Light flavor: mass ordering (π, K, p, d, 3He)
• Heavy flavor: progressively lower flow for D0, J/ψ, b → e
–No flow for ϒ(1S)

[1] Constraining the transport properties of QGP with latest flow measurements / V. Vislavicius

NEW

NEWarXiv:2005.14639
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Flow for all and spin alignment for some
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• Nearly all particle species participate in collective flow:
quantified via a Fourier decomposition [1]

• Light flavor: mass ordering (π, K, p, d, 3He)
• Heavy flavor: progressively lower flow for D0, J/ψ, b → e
–No flow for ϒ(1S)

[1] Constraining the transport properties of QGP with latest flow measurements / V. Vislavicius

NEW

NEWarXiv:2005.14639
x

arXiv: 2005.14639

Mass ordering at low pT (p, K, p, d, 3He) a hydrodynamic flow, very small viscosity

Baryon vs. meson grouping at higher pT a quark-level flow + recombination?

Nearly all particles species partcipate in collective flow, even A=2 and A-3 light nuclei

pT < 2-3 GeV/c - from collective dynamics during hydro expansion (heavier hadrons shifted to higher pT by radial flow 

3 < pT < 8-10 GeV/c - baryons flow more than mesons consistent with hadronisation by coalescence 
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A Large Ion Collider Experiment

Going heavy (flavour): charm and beauty also flow

b g e: arXiv: 2005.11130
p: JHEP 1809(2018)006 J/y: CERN-EP-2020-094D: arXiv: 2005.11131

Y(1S): PRL 123(2019)192301

D mesons and J/y exhibit large flow

• At intermidiate pT, J/y < D < pions 
a consistent with contribution of recombination
Model description indicates c quark thermalisation 
time ~3-8 fm/c < QGP lifetime 

B mesons also flow

• Model description indicates smaller flow for b 
than for c

No indication of Y(1S) flow

• Consistent with large Y mass and small bb 
recombination

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 30
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RAA(non-prompt D+
s ) > RAA(non-prompt D0) consistent with coalescence picture 

Energy loss and hadronization of c and b quarks in the QGP

• non-prompt D+
S less suppressed than non-prompt 

D0 at low pT

• enhanced production of B0
s from beauty 

hadronization via coalescence (50% of D+
s from B0

s)
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Energy loss and hadronization of c and b quarks in Pb-Pb (4)
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From hadrons to light nuclei
Smooth evolution of production of rare light nuclei as a function of the system size

Coalescence
• cluster forms when nucleons are close in phase 

space
• dependence on the source size
• dependence on the nucleus internal structure 

a test with hypertriton (Lpn):                                  
loosely bound (BL ~ 130 keV) and large (r ~ 10-14 fm)

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 32

a puzzle of the survuval of loosely bound states (EB ~ 2MeV) in the hot hadron gas (T ~ 150-100 MeV) produced in 
heavy-ion collisions 

a constrain models of nucleosynthesis in hadronic collisions: statistical hadronization vs coalescence



A Large Ion Collider Experiment

From hadrons to light nuclei
Smooth evolution of production of rare light nuclei as a function of the system size
a puzzle of the survuval of loosely bound states (EB ~ 2MeV) in the hot hadron gas (T ~ 150-100 MeV) produced in 

heavy-ion collisions 
a constrain models of nucleosynthesis in hadronic collisions: statistical hadronization vs coalescence
a demonstrated by first measurment of hypertriton in small system (favours coalescence)Hypertriton production in p–Pb collisions at the

p
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Figure 2: 3
LH/L (on the left) and S3 (on the right) measurements in p–Pb (in red) and Pb–Pb collisions [45] (in blue)

as a function of mean charged-particle multiplicity. The vertical lines and boxes are the statistical and systematic
uncertainties (including the uncertainty on the B.R.), respectively. The expectations for the canonical statistical
hadronization [25] and coalescence models are shown [23].

The result is compared with the expectations from the canonical SHM [25], which assumes exact conser-
vation of baryon number, strangeness and electric charge across a correlation volume Vc. The predictions
are computed using a fixed chemical freeze-out temperature of Tchem = 155 MeV and two correlation
volumes extending across one unit (Vc = dV/dy) and three units (Vc = 3dV/dy) of rapidity [25]. The
size of the correlation volume governs the influence of exact quantum number conservation, with smaller
values leading to a stronger suppression of conserved charges and Vc ! • leading to the grand canonical
ensemble. Assuming B.R. = 0.25, the measured 3

LH pT integrated yield is 2.0s and 6.5s lower than the
expectations with Vc = dV/dy and Vc = 3dV/dy, respectively. The dN/dy predictions by the model were
obtained using the code released together with the publication [56].

As explained above, in the case of the coalescence model it is not possible to directly compare the
measured yield to the model prediction. Hence, this comparison is attained by computing the 3

LH /L ratio
and the strangeness population factor S3 = (3

LH/3He)/(L/p) [57] using previous ALICE measurements
of p, L and 3He yields [5, 54], as shown in Fig. 2. While in central Pb–Pb collisions both coalescence
and SHM calculations, also reported in Fig. 2, predict similar values for these quantities and the data
are consistent with both model predictions, in p–Pb collisions the two models are very well separated.
Taking into account the uncertainties of the measurement as well as the model uncertainty, the measured
3
LH /L and S3 ratios are compatible with the 2-body (deuteron-L) coalescence within 1.2s and 1.5s ,
respectively. The 3-body (proton-neutron-L) coalescence is 2s away from both measured 3

LH /L and S3
ratios. It has to be noted that recent measurements of the 3

LH mass [34] suggest a larger binding energy,
hence a smaller wave function, of the 3

LH. This would further shift upward the coalescence predictions.

The value of B.R. = 0.25 for the 3
LH ! 3He+p decay reported in this analysis was computed theoretically

in Ref. [52]. To investigate the effect of this assumption, Fig. 3 shows the measured 3
LH/L ⇥ B.R. for

different theoretical model calculations [23, 25] assuming a possible variation of the B.R. value. The
variation range is chosen by evaluating the relative deviation between the theoretical R3 and the world
average of all the R3 measurements including the most recent measurement in heavy-ion collisions [58],
where R3 is defined as:

R3 =
G(3

LH ! 3He+p�)

G(3
LH ! all p� decay channels)

.

5
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Hypertriton in pp and p-Pb

34

 yield ratio consistent with formation through coalescence3
!H/!

talk Janik DitzelarXiv:2107.10627

 new 

Formation mechanism provides insight into 
hypertriton structure  
(in addition to lifetime and Λ separation energy)

r ~ 10-14 fm

Systematic and precise 
measurements as function 
of system size and 
momentum in Runs 3 and 4
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Beyond QGP physics 
… a few examples
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Charm baryon/meson measurements in pp collisions 
Charm hadronization differs at the LHC

• unique measurements (at low-momenta) of Lc (also Xc and Wc)
• cross section (fragmentation fraction) larger than expected (ee and ep)

1 10
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PYTHIA 8.243, Monash 2013
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Catania
QCM

BR uncertainty

arXiv:2011.06078

e+e– collisions

arXiv:2105.05187arXiv:2106.08278 arXiv:2105.06335
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Charm baryon/meson measurements in pp collisions 
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Charm hadronization differs at the LHC

• unique measurements (at low-momenta) of Lc (also Xc and Wc)
• cross section (fragmentation fraction) larger than expected (ee and ep)
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Strong interaction between hadrons
Correlation function sensitive to interaction potential

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Strong interaction between hadrons (1)

35

Correlation function sensitive to interaction potential

1. Fix source geometry  
2. Measure correlation fct. C(k*)  
→ study the strong interaction

talk Bhawani Singh EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Strong interaction between hadrons (1)

35

Correlation function sensitive to interaction potential

1. Fix source geometry  
2. Measure correlation fct. C(k*)  
→ study the strong interaction

talk Bhawani Singh
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Strong interaction between hadrons
ALICE measurements on topic

Phys. Rev. C 99 (2019) 024001 p-p, p-L, L-L (pp)

Phys. Lett. B 797 (2019) 134822 L-L (p-Pb)

Phys. Rev. Lett. 123 (2019) 112002 p-X- (p-Pb)

Phys. Rev. Lett. 124 (2020) 092301 p-K (pp)

Phys. Letters B 805 (2020) 135419 p-S (pp)

Phys. Lett. B 811 (2020) 135849 source size in pp

Nature 588 (2020) 232-238 p-W (pp)

arXiv:2104.04427 NL – NS (pp)

arXiv: 2105.05578 p-f (pp)

arXiv:2105.05683 K-p (Pb-Pb)

arXiv:2105.05190 p-/p, p-/L, L-/L (pp)

Proton-hyperon (p-Y) strong interaction poorly known
precise measurement of strong interaction for p-X- and p-W-

o direct comparison to lattice QCD
o p-X- important for the EoS of neutron stars (which contain 

hyperon-rich matter)
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“Unveiling the strong interaction among stable and unstable” 

Nature 588 (2020) 232-238

Accessing the strong potential among hadrons
Two-particle femtoscopic correlations provide information about 
⟶ final-state interactions among hadrons 

• direct comparison to ab initio QCD calculations
⟶ source (continuum) size and lifetime
⟶ coalescence (discrete bound state solutions)

A new and comprehensive programme of measurements in pp, p-A, 
AA at the LHC to study of the residual strong interaction among 
(strange) hadrons and Y-N interaction (relevant for neutron stars 
EoS)

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 23
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A new and comprehensive programme of measurements in pp, p-A, 
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ALICE Upgrades 
ongoing activties and future plans 
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A Large Ion Collider Experiment

NOV 2015DEC 2013

DEC 2012 SEP 2013

NOV 2013 MAY 2015MAR 2014

- From LoI to last TDR: 2013 – 2015 ✓
- Construction: 2016 – 2019 ✓
- Installation: 2020 – 2021 ✓
- Global commissioning: ongoing

ALICE Detector Version 2.0 (Upgrades for Run 3+)
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A Large Ion Collider Experiment

ALICE Detector Version 2.0 (Upgrades for Run 3+)

Runs 1 and 2: 1 nb-1 of Pb-Pb collisions 
Interaction rate ~8 kHz
readout rate ≈ 1 kHz

Run 3+Run 4: 13 nb-1 of Pb-Pb collisions
readout rate ≈ 50 kHz (Pb-Pb),  ≈ 1 MHz (pp)  
online reconstruction : all events to storage!

LS2 upgrade
• New TPC R/O planes
• New silicon tracker (ITS & MFT)
• New Fast Interaction Trigger (FIT)
• New Online/Offline system (O2)
• Upgrade readout of all other detectors

x50 statistics increase 
for most observables

> Improve tracking 
resolution at low pT
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A Large Ion Collider Experiment

GEM-based TPC readout

Pixel Muon Forward Tracker (MFT)

Monolithic-pixel - ITS2

New Online/Offline (O2)

TOP

BOT

Fast Interaction Trigger FIT New Central Trigger Processor (CTP)
Upgrade of R/O for EMCal, PHOS, 
TRD, HMPID, ZDC

Muon Spectrometer

ALICE Detector Version 2.0 (Upgrades for Run 3+)
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TPC Upgrade for continuous readout  

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

ALICE 2 TPC

9

High rates with GEMs (replacing MWPCs)
Continuous readout at 50 kHz 
Pb-Pb interaction rate possible 
due to GEMs 

Fully installed in August 2020

Goal: TPC continuous readout (a no gating grid) Solution: Replace MWPC with 4-GEMs

a GEM provides ion backflow suppression to < 1%

a 524 000 pads readout continuously a 3.4 TByte/sec  

Read Out Chamber 

100 m2 single-mask foils GEM production 
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New Inner Tracking System and Muon Froward Tracker

Inner Tracking System upgrade (ITS2) 
• Closer to the IP: first layer at ≈22 mm
• Smaller pixels: 28 x 29 µm2

• Lower material budget: 0.35% X0

a improved pointing resolution (x 3)
a Improved tracking efficieny at low pT

New Muon Forward Tracker (MFT) 
• New forward vertex detector upstream muon 

absorber 

a improved muon pointing resolution

CERNCOURIER
July/August 2021  cerncourier.com Reporting on international high-energy physics

PIXEL  
PERFECT 
Exploring the Hubble tension

A CERN for climate change 

Medical technologies 

Based on MAPS technology (ALPIDE)

• 10 m2 active silicon area 

• 12.5 G-pixels

• 50 𝝁𝒎 thin sensor

• Spatial resolution ~5µm 

• Max particle rate ~ 100 MHz /cm2

ITS2

MFT
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Perspectives: upgrades for Run 4, ALICE 3 for Run 5
LS2

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

LS3 Run 4 LS4 Run 5
Commissioning

Physics run

Run 3

EPS-HEP 2021 | Highlights from the ALICE Experiment | K. Reygers

ALICE upgrades in LS3 & LS4

12

FoCal ITS3 ALICE 3

talks Filip Krizek, Gian Michele Innocenti

ITS3 FoCal ALICE 3

ITS3: wafer-scale, ultra-thin, bent MAPS
improvement in the measurement of low pT charm 
and beauty hadrons and low-mass dielectrons
LoI: CERN-LHCC-2019-018

FoCal: forward EM calo with Si readout 
for isolated γ measurement in 3.4 < η < 5.8 in p-Pb
LoI ALICE-PUBLIC-2019-005
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ALICE 3: a new dedicated heavy-ion detector for Run 5+ (> 2030)

LS2

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

LS3 Run 4 LS4 Run 5
Commissioning

Physics run

Run 3

Novel measurements of electromagnetic and hadronic probes of the QGP at very low momenta 
a mechanism of hadron formation in the QGP, QGP transport properties, QGP electrical conductivity, QGP 
radiation and access to the pre-hydrodynamization phase, Chiral Symmetry restoration, …

arXiv:1902.01211Expression of Interest

Timeline
- Conceptual studies ongoing 2019-2021
- Public workshop in October 2021
- Submit a LoI to the LHCC by 2021
- Construction and installation by LS4

Also submitted as input to the European Strategy 
for Particle Physics Update (Granada, May 2019) 

Referee review, 31 August 2021 , Heavy-flavor and quarkonia measurements in ALICE 3

3

2

Outline of the presentation

* Run3 O2 framework for simulation, reconstruction and analysis!

• Introduction to ALICE 3

• Selected physics topics and impact on design:
• HF correlations
• multicharm states
• exotic hadrons

• Performances* and benchmarks 
• Tracking and vertexing
•  Λc as a benchmark for detector design

• Physics performance studies and prospects
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Conclusions 

A wealth of results based on full Run 2 samples offer:
• Detailed insights into QGP workings and properties
• plus a broader and rich QCD programme: 

- pQCD, hadron structure, formation of hadrons and nuclei

Underway and coming up: 
• Major upgrade for Run 3 on track (ALICE v. 2.0)
• In preparation: ITS3, FoCal for Run 4 (ALICE v. 2.1)
• Plans for next generation dedicated HI experiment for Run 5+ (ALICE v. 3.0)

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 47
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Radial flow in AA collisions 
Transverse expansion of the QGP 
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PRODUCTION OF CHARGED PIONS, KAONS, AND … PHYSICAL REVIEW C 101, 044907 (2020)

FIG. 8. Centrality dependence of the K/! (top) and p/! (bottom) ratios as a function of transverse momentum, measured in Pb-Pb
collisions at

!
sNN = 5.02 and 2.76 TeV [28]. The ratios in pp collisions at

!
s = 5.02 TeV is also shown. The statistical and systematic

uncertainties are shown as error bars and boxes around the data points, respectively.

couples viscous hydrodynamics to a hadronic cascade model.
The model uses multiplicity, transverse momentum, and flow
data from Pb-Pb collisions at

!
sNN = 2.76 TeV to con-

strain the parametrized initial conditions and the temperature-
dependent transport coefficients of the QGP. Based on
this set of parameters, predictions for Pb-Pb collisions at!

sNN = 5.02 TeV are provided. The average transverse
momentum and integrated yields in Pb-Pb collisions at!

sNN = 2.76 TeV are used as input to extract predictions at!
sNN = 5.02 TeV. The predictions from the multiparameter

Bayesian analysis are compared with data in Figs. 6 and 7.
The average transverse momentum as a function of "dNch/d"#
is quite well reproduced by the model. The model predicts
that the kaon-to-pion ratio should decrease with increasing
charged particle multiplicity density while data show an in-
crease with "dNch/d"#. Within uncertainties, the model agrees
with the data for the most central Pb-Pb collisions. The trend
of the proton-to-pion ratio is qualitatively well captured by
the model but the values of the centrality-dependent ratios are
overestimated.

B. Intermediate transverse momentum

Figure 8 shows the K/! and p/! ratios as a function
of pT for Pb-Pb collisions at

!
sNN = 2.76 and 5.02 TeV.

The results are also compared with inelastic pp collisions at!
s = 5.02 TeV. Within uncertainties, in the K/! ratio, no sig-

nificant energy dependence is observed in heavy-ion data over
the full pT interval. The ratios measured in 60–80% Pb-Pb
collisions at both

!
sNN agree within systematic uncertainties

with that for inelastic pp collisions over the full pT range.
Given that in pp collisions at LHC energies the ratio as a
function of pT does not change with

!
s [66], and given the

similarity between pp and peripheral Pb-Pb collisions, the
large difference observed is likely a systematic effect of the
measurement and not a physics effect.

In general, the particle ratios exhibit a steep increase
with pT going from 0 to 3 GeV/c while for pT larger than

10 GeV/c little or no pT dependence is observed. Going from
peripheral to the most central Pb-Pb collisions, the ratios in
the region around pT $ 3 GeV/c are continuously growing. A
hint of an enhancement with respect to inelastic pp collisions
is observed at pT $ 3 GeV/c. As pointed out in previous
publications [14,28], the effect could be a consequence of
radial flow which affects kaons more than pions.

The p/! ratios measured in heavy-ion collisions exhibit a
pronounced enhancement with respect to inelastic pp colli-
sions, reaching a value of about 0.8 at pT = 3 GeV/c. This
is reminiscent of the increase in the baryon-to-meson ratio
observed at RHIC in the intermediate pT region [45,91]. Such
an increase with pT is due to the mass ordering induced by
the radial flow (heavier particles are boosted to higher pT
by the collective motion) and it is an intrinsic feature of
hydrodynamical models. It should be noted that this is also
suggestive of the interplay of the hydrodynamic expansion
of the system with the recombination picture as discussed
in the introduction. However, since recombination mainly
affects baryon-to-meson ratios, it would not explain the bump
which is also observed in the kaon-to-pion ratio. The shift
of the peak towards higher pT in the proton-to-pion ratio is
consistent with the larger radial flow measured in Pb-Pb at!

sNN = 5.02 TeV compared to the one measured at!
sNN = 2.76 TeV. The mass dependence of the radial flow

explains also the observation that the maximum of the p/!
ratio is located at a larger pT as compared to the K/! ratio.
The radial flow is expected to be stronger in the most central
collisions, this explains the slight shift in the location of the
maximum when central and peripheral data are compared.
Finally, particle ratios at high pT in Pb-Pb collisions at both
energies become similar to those in pp collisions, suggesting
that vacuumlike fragmentation processes dominate there [35].

C. Particle production at high transverse momentum

Figure 9 shows the centrality dependence of RAA as a
function of pT for charged pions, kaons and (anti-)protons.

044907-13

• Light flavour hadron spectra and baryon/meson ratios reveal the presence of a strong radial flow
• Radial flow increases with centrality pushing heavier particles to higher pT

• Agreement with expectations based on hydrodynamic expansion of QGP

PRC 101, 044907 (2020) 



Radial and elliptic flow in AA collisions

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 26

EPJC 81 (2021) 7, 584

Radial flow

Elliptic flow

Peripheral to central collision

Mid pT

Low pT

The presence of a strong radial flow is observed measuring 
light flavour hadron spectra and baryon/meson ratios
→ gets stronger with increasing centrality and pushes heavier 
particles to higher pT

→ behaviour follows hydrodynamics expectations

Radial flow depends only on the final-state charged 
particle multiplicity (system size)

Elliptic flow depends on multiplicity and on the eccentricity 
(initial geometry) 
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Radial flow depends only on the final-state 
charged particle multiplicity (system size)

Elliptic flow depends on multiplicity and on the 
eccentricity (intial geometry)

Xe-XePb-Pb
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