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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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Heavy Ion Collisions at the LHC

4

• 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

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

(∗) 𝑠!! = 0.9, 2.76, 5.02, 7, 8, 13 𝑇𝑒𝑉
(∗) 𝑠!! = 5.02, 8.16 𝑇𝑒𝑉

(∗) 𝑠!! = 5.44 𝑇𝑒𝑉
(∗) 𝑠!! = 2.76, 5.02 𝑇𝑒𝑉

(*) collisions energy in Run 1 and 2
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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)
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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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Quark-gluon plasma physics: QCD thermodynamics

Hadron gas ~1012 K Quark-gluon plasma
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Contact with first-principles 
calculations (lattice QCD)

Tc

Hadron 
gas

Quark Gluon Plasma

Where is the phase 
transition?

à Lattice QCD

~10!" 𝐾
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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

ALICE and the Little Bang
Explore the deconfined phase of QCD matter  

6L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021



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)

7L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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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

8L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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ALICE plans for Run 3 and 4

9L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

Run 3 luminosity targets

Long-term LHC schedule 

ℒ!"# 𝑃𝑏 − 𝑃𝑏 ≈ 1𝑛𝑏$% ℒ!"# 𝑃𝑏 − 𝑃𝑏 ≈ 13 𝑛𝑏$%
Run 1 + Run 2

Pb-Pb (13 nb-1):  x 10 increase wrt Run 1 + Run2 (max interaction rate 50 kHz)

a ALICE continous detector readout (no trigger) and recording 

a x 50 increase in statistics for most observables (minimum-bias rate limited to 1 kHz in Runs 1 and 2)

pp (200/pb), p-Pb (~0.6/pb) and O-O (~1/nb)not only Pb-Pb, but also 
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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 and 4)

10L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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PHOS / CPV | Photon Spectrometer 

8 

HMPID | High Momentum Particle
                     Identification Detector 

9 

MFT| Muon Forward Tracker

10 Muon Spectrometer

11 

FIT | Fast Interaction Trigger 

ZDC | Zero Degree Calorimeter

7

1 ITS | Inner Tracking System

 2 TPC | Time Projection Chamber

 3 

TOF | Time Of Flight 4 

TRD | Transition Radiation Detector

55 EMCal | Electromagnetic Calorimeter 

6 

9

9

3

5 6

101010
1010
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A Large Ion Collider Experiment

ALICE Detector Version 2.0 (Upgrades for Runs 3 and 4)

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

11L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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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+)

12L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021



A Large Ion Collider Experiment

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 

13L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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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

14L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Perspectives: upgrades for Run 4

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

ITS3: ultra-thin, truly cylindrical layers
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

15L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

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

ITS3

13

Wafer-scale, ultra-thin, bent MAPS: lowest possible material budget
“sensors maintain their excellent performance after bending”,  
ALICE ITS team, arXiv:2105.13000

Significant improvement in the measurement of low momentum 
charm and beauty hadrons and low-mass dielectrons

 r = 18, 24, 30 mm 

 l =
 28 cm 
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ALICE in Runs 3-4: Main Physics Goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

Vertexing
Low pT

Hadron/e/µ ID
High rate

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Thermal radiation – direct photons 
A Large Ion Collider Experiment

Direct photons carry information on the medium’s temeprature space-time evolution

Prompt photons (pT > 5 GeV/c) 
• described by NLO pQCD 
• Test initial conditions: Ncoll scaling, PDF modification

Thermal photons (pT < 3 GeV/c)
• Influenced by flow evolution
• Spectrum, collective flow (comparison to hydrodynamic models) 

Decay photons
• Large background from neutral meson decays (p0, h, w, …)

7:(17,(7+�/20212629�&21)(5(1&(�21�(/(0(17$5<�3$57,&/(�3+<6,&6 ����$XJXVW�����
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Ǧ ���������������

� ����������������Ǧ�������������������������������
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�����������������������������������������������
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Jet-medium interaction 
• Scattering of hard partons with thermalized partons 

g detection in ALICE  
• Photon conversion in detector material X/X0 = (11.4 ± 0.5)%
• Calorimetry : PHOS and EMCal

direct photons 
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Direct photons carry information on the medium’s temeprature space-time evolution

Prompt photons (pT > 5 GeV/c) 
• described by NLO pQCD 
• Test initial conditions: Ncoll scaling, PDF modification

Thermal photons (pT < 3 GeV/c)
• Influenced by flow evolution
• Spectrum, collective flow (comparison to hydrodynamic models) 

Decay photons
• Large background from neutral meson decays (p0, h, w, …)

Jet-medium interaction 
• Scattering of hard partons with thermalized partons 

g detection in ALICE  
• Photon conversion in detector material X/X0 = (11.4 ± 0.5)%
• Calorimetry : PHOS and EMCal

direct photons 
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Consistent with thermal radiation
Tslope = 304 ± 40 MeV

LHC results consistent with RHIC, but uncertainties are very large

Run 3 data should clarify if also at the LHC there is a “photon puzzle”

Direct photons in Run 1



Direct photons – projections for Run 3

• stat. error:  ÷ 10
• syst. error:  ÷ ~2 

• x 100  statistics 
• better calibration of the detector material thickness 

tungsten wire to calibrate 
detector material thickness

A Large Ion Collider Experiment

Main objective for Run 3: reduction of systematic uncertainties 
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Fig. 55: Rg measured [544] (left) and Rg projected [1] keeping the measured values of Rg and recalcu-
lating the uncertainties as explained in the text.

the low pT excess is of the order of 10–15%, while the total uncertainty of the order of 6%. A signal of
direct photons is found in central collisions, but on the level of ⇠ 2�, while in mid-central and especially
in peripheral the significance is even smaller. On the other hand, peripheral collisions are important since
there one can estimate and restrict the contribution from prompt direct photons.

For Run 3 the PCM measurement will be influenced by the ALICE Inner Tracking System (ITS)
and Time Projection Chamber (TPC) upgrades, while PHOS and the Electromagnetic Calorimeter (EM-
Cal) will be kept unchanged. The new ITS shows an improved low pT tracking efficiency, that will
partially compensate the efficiency loss due to the ⇠ 30% reduction of its material thickness. Two 1 mm
tungsten wires with well known thickness will be installed parallel to the beam direction for precise cal-
ibration of the material thickness as described later. The TPC continuous readout mode together with
large pile-up may prevent the use of photon conversions beyond a radius of 35 cm. This restriction will
translate into a ⇠ 35% lower photon efficiency. On the other hand, the PCM measurement will also
profit from the dedicated heavy-ion run with reduced magnetic field of the ALICE solenoid, which will
considerably increase the low pT reconstruction efficiency. To estimate how one can improve the accu-
racy of the measurement, the uncertainties are split into three classes: those which can be improved with
increase of statistics (statistical uncertainties, uncertainties related to p0 spectrum extraction, h/p0 ratio);
uncertainties which can be reduced using new techniques and some special methods (material budget es-
timate - with calibrated material analysis, energy scale in calorimeters with new hybrid p0 methods); and
uncertainties related to the properties of the detector which can not be improved (hadron contamination
in calorimeters, electron identification in conversion method etc.). To estimate the improvement of the
uncertainties it is assumed that the integrated luminosity will reach Lint = 3.1 nb�1 per Pb–Pb run and
in total Lint = 13 nb�1 at the end of Run 4, which is more than a factor of 100 larger the than integrated
luminosity Lint = 10 µb�1 used in the published analysis [544]. The major improvement foreseen for
Run 3 is the use of calibrated tungsten wires inserted into the ITS to determine the product of the pho-
ton flux times the g reconstruction efficiency. This product would then be used to precisely determine
the material thickness in the rest of the ITS (assuming '-independent photon flux and taking the radial
dependence of the reconstruction efficiency from simulation). The proposed calibration method is based
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Fig. 56: Direct photon flow in mid-central collisions. Left: direct photon collective flow measured in
Pb–Pb collisions compared to decay photon flow and several theoretical predictions. Right: expected
accuracy in Run 3 keeping the measured values of Rg and vg

2
and recalculating the uncertainties as

explained in the text. Figure from Ref. [1].

on weights calculated as the double ratio:
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(28)

where N rec

g (ri) and N rec

g (rwire) are the number of reconstructed g ’s in data or in MC simulations in a
given radial bin and the calibrated wire, respectively. For the Run 3 projections a systematic uncertainty
of 1% on the ITS thickness is taken. The uncorrelated systematic uncertainties on the p0 and h measure-
ments will be reduced by a factor 10 due to the increased luminosity as they are defined mostly by the
raw yield extraction uncertainties which scale proportional to statistical uncertainties. The systematic
uncertainties on the photon selection and particle identification are expected to be reduced by 50%. Fig-
ure 55 (right) shows the projection of the Rg measurement for Run 3 calculated with these assumptions:
the measured values of Rg are kept but the uncertainties are recalculated. The total errors are reduced by
⇠ 50%. In addition to the reduction of the uncertainties, the large data set foreseen for Run 3 will allow
exploration of the 0–1% centrality range.

The ALICE Collaboration carried out measurements of the direct photon elliptic flow [545] in
Pb–Pb collisions at psNN = 2.76 TeV for the two centrality classes, 0–20% and 20–40%, see Fig. 56,
left plot for 20–40% centrality. The measured direct photon elliptic flow vg ,dir

2
is compared to the esti-

mated decay photon elliptic flow vg ,dec
2

, marked as cocktail, and to the predictions of several theoretical
models. Similar to RHIC measurements, the direct and decay photon elliptic flow are very close and
systematically higher than theoretical predictions of hydrodynamic [571, 572] and the transport [573]
models. However, because of the large uncertainties one can not presently exclude either of theoretical
calculations. Using the same assumption concerning photon and neutral measurements in Run 3 as for
Rg , the expected accuracy of vg ,dir

2
measurements in Run 3 is estimated, see Fig. 56 (right). The mean

97

Run 3+4Run 3+4
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Precise measurement of low-mass 
dielectron continuum

ALICE 3 dielectrons and photons , 31.08.2021                                                                                                 Raphaelle Bailhache

Motivations for dilepton measurements

2

Dileptons produced at all stages of the heavy-ion collision with negligible final-state interactions

    Carry information from the whole space-time evolution of the system


• Pre-equilibrium phase: radiations from the medium not yet thermalised

• Quark-Gluon-Plasma: thermal radiations from the thermalised QGP

• Chiral-symmetry restoration: modification of the  meson/thermal radiation from the hadron gas


Beyond 2030 at LHC energies with an unique low material budget and low-pT coverage detector:

• Access to (very) soft dielectron production (low mee and pT,ee)

• Measure dielectron spectrum with unprecedented precision 

      Reject very efficiently background from correlated heavy-flavour hadron decays and from conversion in the detector material


→

ρ

e-

e+

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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6 Outlook: strangeness tracking

6.1 Wc baryons

- plots shown at forum: impact parameter and product

6.2 Mini-Kinks

We investigate the possibility of reconstructing the S± baryons with ITS3 and compare the performance
of the upgraded detector with the ITS2 configuration. S± baryons have not yet being reconstructed in
ALICE, first because of their small ct , 2.404 cm for S+ and 4.434 cm for S�, but also due to their
decay topology. Both baryons decay to a charged and a neutral daughter. As the neutral particle escapes
detection, the invariant mass analysis method cannot be applied for particle identification.

On the other hand, the new detector ITS3 (and possibly the ITS2) which is composed of eight (seven)
silicon pixel layers, can provide enough space points in order to reconstruct both the mother and the
charged daughter. The well-established kink topology method for particle identification can be used
in this case. It has been successfully used for the identification of kaons and pions with very high
purity. This method is based on the two body decay kinematics, shown schematically in Figure 19,
left. There are two variables of interest: the angle between the mother and the charged daughter in the
laboratory frame (called simply decay angle in the following) and the qT, the transverse component of the
daughter momentum with respect to the mother momentum. By using these two variables, it is possible
to distinguish the decay topologies of different particles following this pattern.

X� has the same decay topology with S� and very similar ct , therefore its decays can easily be attributed
to the S�. This is also true for W� in case the kaon is wrongly identified as pion. In order to disentangle
the kink decays belonging to S� or S+ from those belonging to the other particles, we search for variables

Improvements with ITS3
• better charm rejection (vertexing)
• reduced contribution from conversion (low material budget)

Thermal radiation: dileptons

ITS3

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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ALICE in Runs 3-4: Main Physics Goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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dNpp/dpT

Increasing suppression of D yields for pT > 3 GeV/c in more central collisions 
➡ in-medium energy loss shifts pT distribution to lower pT

5 10 15 20 25 30 35 40 45 50
) c (GeV/

T
p 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

AA
R ALICE Preliminary

 = 5.02 TeVNNsPb, −Pb

|<0.5y, |+, D*+, D0Average D
10%−0

50%−30
 10 (2018) 174JHEP80% −60

ALI−PREL−320119

JHEP 10 (2018) 174binary nucleon-
nucleon collisions

production yield in pp collisions

0 5 10 15 20 25 30 35 40 45 50
)c (GeV/

T
p

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

)c
-1

 (G
eV

|<
0.

5
y ||  Tp

/d
Nd

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb, 

 meson0D
|<0.5y|

10%−0

50%−30

10%−0

50%−30

 1.0% BR systematic uncertainty not shown±

ALICE Preliminary
 = 5.02 TeVNNsPb-Pb, 

 meson0D
|<0.5y|

ALI−PREL−320063

For hard processes 
expected equal unity if no 
modifications induced by 
the nuclear environment 
(Ncoll scaling) 

production yield in heavy-ion collisions 

A Large Ion Collider Experiment

L. Musa (CERN) – ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 25

Heavy-quark interaction wiht the QGP
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Prompt vs non-prompt  RAA consistent with D0 ΔEb < ΔEc
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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)

ΔEb < ΔEc

charm and beauty quarks interact strongly with the QGP
at low pT may thermalize and participate in the collective expansion

High-precision data needed to get more insight on the microscopic mechanisms of heavy-
flavour interaction and diffusion in the QGP
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Heavy-flavour: nuclear modification factor and collective flow  
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Fig. 14: Nuclear modification factors of charged particles, D0, B+ and non-prompt J/y in CMS [8]
(left). RAA of D0, non-prompt J/y and non-prompt D0 in ALICE in central Pb–Pb collisions for Lint =
10 nb�1 [1, 263] (right).
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Fig. 15: v2 of charged particles and D0 in CMS [8] (left), charm hadrons (D0, Ds, Lc) in ALICE (right)
in Pb–Pb collisions with Lint = 10 nb�1 [1, 263].

5.3.2 Constraining the heavy-quark diffusion coefficient 2⇡TDs

Many theoretical efforts have been recently undertaken to understand the properties of the QGP medium
and the interaction between heavy quarks and the medium constituents, see Refs. [258–260] for recent
reviews. Although the interaction mechanism can widely vary among different theoretical models, the
reduction to a few transport coefficients allows one to compare these models and evaluate different mi-
croscopic pictures. Most of the present theoretical models explain the interactions of heavy quarks as
dominated by collisional (elastic) processes in the low transverse momentum region (up to about 5–
10 GeV/c) and by radiative energy loss (inelastic process with gluon radiation off the heavy quark) at
higher pT.

The extraction of the heavy-quark spatial diffusion coefficient, which is one of the main QGP

52

Precise measurements of RAA provide insights on 
momentum dependence of heavy quark energy loss 

• low pT: sensitive to elastic energy loss and 
recombination with light quarks 

• high pT: sensitive to radiative energy loss
a mass and flavour dependence of energy loss 

Determining the transport coefficients of the QGP 
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RAA (prompt D) < RAA (non-prompt D) 
➡ parton-mass dependence of energy loss 

‣ dead cone effect: gluon radiation suppressed for 
small angles (! < m/E) 

‣ direct observation of dead cone effect with D0-tagged 
jets → Laura Havener CERN-EP seminar today 11h30

RAA(pT) = 1
⟨Ncoll⟩

dNAA/dpT
dNpp/dpT

charm hadrons and beauty hadrons can be 
clearly separated in a wide kinematic range 
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Heavy-flavour: collective flow  

Precise measurements of flow v2 (and RAA) a insights on interaction of HQ with medium

• low pT: HQ expected to take positive v2 from interaction with LQ and coalescence at hadronization 

• high pT: sensitive to the path-length dependence of energy loss 

Thermalization, coalescence hadronization, energy loss
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Fig. 14: Nuclear modification factors of charged particles, D0, B+ and non-prompt J/y in CMS [8]
(left). RAA of D0, non-prompt J/y and non-prompt D0 in ALICE in central Pb–Pb collisions for Lint =
10 nb�1 [1, 263] (right).
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Fig. 15: v2 of charged particles and D0 in CMS [8] (left), charm hadrons (D0, Ds, Lc) in ALICE (right)
in Pb–Pb collisions with Lint = 10 nb�1 [1, 263].

5.3.2 Constraining the heavy-quark diffusion coefficient 2⇡TDs

Many theoretical efforts have been recently undertaken to understand the properties of the QGP medium
and the interaction between heavy quarks and the medium constituents, see Refs. [258–260] for recent
reviews. Although the interaction mechanism can widely vary among different theoretical models, the
reduction to a few transport coefficients allows one to compare these models and evaluate different mi-
croscopic pictures. Most of the present theoretical models explain the interactions of heavy quarks as
dominated by collisional (elastic) processes in the low transverse momentum region (up to about 5–
10 GeV/c) and by radiative energy loss (inelastic process with gluon radiation off the heavy quark) at
higher pT.

The extraction of the heavy-quark spatial diffusion coefficient, which is one of the main QGP
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range (90% credibility region) for 2⇡TDs as a function of T/Tc for different experimental precision
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properties regulating the strength of collisional processes, is considered here to illustrate the impact of
the high-precision measurements in Run 3 and Run 4. In particular, the pT-dependence of this coefficient
provides important constraints on the weakening of the interaction strength with increasing pT. For il-
lustration, the extracted values of Ds is considered at a fixed pT value. The heavy-quark spatial diffusion
coefficient Ds in the QGP is related to the relaxation (equilibration) time of heavy quarks ⌧Q =

mQ

T Ds,
where mQ is the quark mass and T is the medium temperature [272].

Figure 17 shows the constraining power of future experimental measurements of RAA and v2 on
the heavy quark diffusion coefficient (2⇡TDs) using two different transport models: Catania model with
Fokker-Plank equation [273, 274] on the left and a modified Langevin framework on the right [275].
The left figure presents a normalized �2 as a function of spatial diffusion coefficient by comparing the
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Heavy-flavour: collective flow  

Precise measurements of flow v2 (and RAA) a insights on interaction of HQ with medium

• low pT: HQ expected to take positive v2 from interaction with LQ and coalescence at hadronization 

• high pT: sensitive to the path-length dependence of energy loss 

Thermalization, coalescence hadronization, energy loss
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Fig. 14: Nuclear modification factors of charged particles, D0, B+ and non-prompt J/y in CMS [8]
(left). RAA of D0, non-prompt J/y and non-prompt D0 in ALICE in central Pb–Pb collisions for Lint =
10 nb�1 [1, 263] (right).
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Fig. 15: v2 of charged particles and D0 in CMS [8] (left), charm hadrons (D0, Ds, Lc) in ALICE (right)
in Pb–Pb collisions with Lint = 10 nb�1 [1, 263].

5.3.2 Constraining the heavy-quark diffusion coefficient 2⇡TDs

Many theoretical efforts have been recently undertaken to understand the properties of the QGP medium
and the interaction between heavy quarks and the medium constituents, see Refs. [258–260] for recent
reviews. Although the interaction mechanism can widely vary among different theoretical models, the
reduction to a few transport coefficients allows one to compare these models and evaluate different mi-
croscopic pictures. Most of the present theoretical models explain the interactions of heavy quarks as
dominated by collisional (elastic) processes in the low transverse momentum region (up to about 5–
10 GeV/c) and by radiative energy loss (inelastic process with gluon radiation off the heavy quark) at
higher pT.

The extraction of the heavy-quark spatial diffusion coefficient, which is one of the main QGP
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Fig. 18: Left: projection of the expected ratio of D0-meson v2 in the 10% events with larger (smaller) q2
with respect to the unbiased one as a function of pT for the 30–50% centrality class. The modification of
the D0-meson v2 was assumed to be equal to that measured for the charged particles in Pb–Pb collisions
at psNN = 2.76 TeV in the the 30–40% centrality class (superimposed for comparison) [276]. Right:
projection of the expected ratio of D0-meson pT-differential yield in the 10% events with larger q2
with respect to the unbiased one, estimated considering the prediction provided by the POWLANG
model [277]. Figure from Ref. [1].

model calculation [273, 274] of D-meson RAA in Pb–Pb collisions at 5.02 TeV in a single centrality
class (0–10%). The cases of the present experimental uncertainties (2015 Pb–Pb sample) and of these
uncertainties reduced factors of two or five are considered for illustration. In the projections for Lint =
10 nb�1 shown in the previous section, the D-meson RAA uncertainties are reduced by a factor between
two and five, depending on pT, with respect to the present measurements. Considering the 2⇡TDs range
with �2

RAA
/n.d.f < 1.5 (corresponding to 85% confidence), it is found that by reducing the present

experimental uncertainty by a factor two or five, the uncertainty on the estimation 2⇡TDs would be
also reduced almost to 50% or 20%, respectively. The right panel presents the diffusion coefficient as a
function of temperature, which is estimated using a Bayesian calibration on D-meson RAA and v2 in Pb–
Pb collisions at 5.02 TeV for different centralities. The 2⇡TDs shows a positive temperature dependence
with the minimum value around Tc. Such behaviour is consistent with the Bayesian estimation for shear
viscosity ⌘/s. The potential improvement with Run 3 and Run 4 measurements is estimated using the
RAA and v2 projections by ALICE and CMS shown in the previous section and it is shown by the
red band. With these future experimental measurements, the diffusion coefficient around Tc could be
constrained with an uncertainty of about 30–50% of the present one.

5.3.3 D-meson analyses with Event Shape Engineering
Further insight into the dynamics of heavy quarks in the medium can be obtained from measurements
of the yield and elliptic flow of heavy-flavour particles with the Event Shape Engineering (ESE) tech-
nique [255]. This technique consists of selecting events with the same centrality but different magnitude
of the average bulk elliptic flow and therefore initial-state geometry eccentricity. The analyses with ESE
will allow us to investigate the correlation between the flow coefficients of heavy-flavour hadrons and soft
hadrons, to study the interplay between elliptic and radial flow, and to further constrain the path-length
dependence of the energy loss suffered by the heavy quarks in the QGP. A first analysis was published
by ALICE using 2015 Pb–Pb data [278]. In the left-hand panel of Fig. 18, the prospects for the measure-
ment of the D0-meson v2 with the ESE technique in the 30–50% centrality class with Lint = 10 nb�1 are
shown. In particular, the ratio between the v2 of D mesons in the 10% of the events with larger (smaller)
elliptic flow of the bulk (quantified through the magnitude of the so-called reduced flow vector q2) and
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quarks, the measurement of strange beauty particles is an important probe for studying beauty hadroni-
sation mechanisms in heavy-ion collisions. Hadronisation via coalescence in the strangeness-rich QGP
is predicted to lead to a large enhancement of strange heavy-flavour hadrons, like D+

s and B0
s [18, 19, 20].

The B0
s -meson production in Pb–Pb collisions was measured by the CMS Collaboration [21]. However,

the precision of this measurement was not large enough to make any strong conclusions.

Simulation studies for the measurement of the B0
s -meson production with the ITS2 and ITS3 geom-

etry were carried out. The analysed decay channel, B0
s ! D�

s p+ (BR = (3.00± 0.23)⇥ 10�3) with
D+

s ! fp+ ! K�K+p+ (BR = (2.24± 0.08)⇥ 10�2) [22], strongly benefits from the improved track
spatial resolution of the Inner Tracking System upgrades because of the small mean proper decay length
and large combinatorial background. As the decay branching ratio is very small, this analysis requires
large integrated luminosities. Another interesting possibility would therefore be to study the B0

s mesons
via non-prompt D+

s mesons, which is discussed in detail in Sec. 3.4. The B0
s -candidate selection was

performed using multivariate techniques based on the Boosted Decision Tree (BDT) algorithm provided
by the XGBoost package [23]. The selection features considered are related to the decay-vertex topology

Lc/D0 for pT > 4GeV/c described by model with  
charm hadronization via fragmentation + coalescence

Improved tracking precision of new ITS 
(and ITS 3 in Run 4) will enable precise 
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Heavy-quark hadronization in the QGP

Lc/D0 for pT > 4GeV/c described by model with  
charm hadronization via fragmentation + coalescence
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𝐵'( meson 𝐵)& → 𝐷)!𝜋' → 𝜙𝜋!𝜋' → 𝐾'Κ!𝜋!𝜋'

Study beauty-quark hadronization mechanism

𝐵)& production expected to be enhanced
Hadronization of beauty quarks via recombination + enhanced strange-quark production in the QGP

12 The ALICE Collaboration
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Fig. 6: Left: The expected significance of the B0
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s p+ decay for a luminosity of Lint = 10 nb�1 of 0–10%
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a significance of three, which is ALICE’s limit to make an observation. Right: The ratio of the expected B0
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significances of the ITS3 and ITS2 setups.
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Fig. 7: Expected nuclear modification factor of B0
s mesons, compared to the predictions for strange and non-strange

B mesons from the TAMU model [19].

were assumed to be equal to the prediction of the TAMU model [19], which is shown with a red-dashed
line. In blue, the TAMU prediction for non-strange B mesons is shown. Assuming a better precision
due to the larger statistical sample for non-strange B mesons, it is expected that the precision on the B0

s
measurement with ITS3 is sufficient to discriminate between the predicted modification of non-strange
and strange B mesons. With the expected performance of the ITS3, the measurement of the B0

s meson
will complement and extend to lower pT, the existing measurement of the CMS Collaboration [21] and
their projection for the High Luminosity LHC Era [27].
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due to the larger statistical sample for non-strange B mesons, it is expected that the precision on the B0
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measurement with ITS3 is sufficient to discriminate between the predicted modification of non-strange
and strange B mesons. With the expected performance of the ITS3, the measurement of the B0

s meson
will complement and extend to lower pT, the existing measurement of the CMS Collaboration [21] and
their projection for the High Luminosity LHC Era [27].
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Non-prompt 𝐷')

𝐷&' → 𝜙𝜋' → 𝐾'Κ$𝜋'
Non-prompt 𝑫𝒔' from B decays (50% from B0

s)
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to the prediction of the TAMU model [19]. The statistical uncertainty on the v2 was estimated considering
the in-plane and out-of-plane formula for the elliptic flow calculation [30] as

s(v2) =
p

4R2
· 1� (4R2v

TAMU
2 /p)2

p
1� (vTAMU

2 )2
· s(N)

N
, (2)

where R2 is the correction factor for the resolution in the estimation of the reaction plane assumed to
be equal to 0.75 and sstat(N)

N
is the statistical uncertainty on the yields, assumed to be equal for the in-

plane and out-of plane yields. For the systematic uncertainty on the RAA in the ML-based analyses, the
contribution of the single track efficiency was set to 0.025 while for the ITS2 (ITS3) setup the systematic
on the non-prompt D+

s fraction estimation and on the raw yield extraction were evaluated to be around
0.025 (0.020) and 0.010 (0.005) in the full pT range, respectively.

The results were compared to the predictions of the nuclear modification factor of the non-prompt D0

and non-prompt D+
s and the elliptic flow of prompt and non-prompt D+

s mesons provided by the TAMU
model. The precision on the measurement is expected to be sufficient to discriminate between the pre-
dicted modification of the non-prompt D0 mesons, which are sensitive to non-strange B mesons only,
and the one predicted for the non-prompt D+

s mesons, which are instead also sensitive to the B0
s -meson

production. For the elliptic flow, the expected precision in case of ITS2 detector allow for a discrimina-
tion between the expected v2 of prompt and non-prompt D+

s mesons. However, in case of ITS3 detector
the precision would be enough not only to observe this difference, especially in the 1 < pT < 4 GeV/c

interval, but also to deeply reduce the uncertainty on the measurements.
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on the non-prompt D+

s fraction estimation and on the raw yield extraction were evaluated to be around
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The results were compared to the predictions of the nuclear modification factor of the non-prompt D0
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model. The precision on the measurement is expected to be sufficient to discriminate between the pre-
dicted modification of the non-prompt D0 mesons, which are sensitive to non-strange B mesons only,
and the one predicted for the non-prompt D+

s mesons, which are instead also sensitive to the B0
s -meson

production. For the elliptic flow, the expected precision in case of ITS2 detector allow for a discrimina-
tion between the expected v2 of prompt and non-prompt D+

s mesons. However, in case of ITS3 detector
the precision would be enough not only to observe this difference, especially in the 1 < pT < 4 GeV/c
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Larger statistical precision than exclusive 𝑩𝒔𝟎

sensitivity to discriminate azimuthal anisotopy for 
prompt and non-prompt 𝑫𝒔' (charm vs. beauty) 

sensitive to beauty-quark hadronization 
and strangeness enhancement 
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Strange heavy-flavour baryons
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is revised considering also the FWHM/2.355, where FWHM is the ”Full Width Half Maximum”, and
the two estimates are demonstrated to be compatible. According to this study, the ITS 3 layout permits
a gain of a factor ⇠ 2 on the spacial resolution with respect to the ITS 2 one. Similar conclusions are
valid also for candidates with transverse momenta up to 12 GeV/c. +++ In this section the usage of the
improver task to smear impact parameter resolutions of ITS2 detector to ITS3 layout is not explained. Is
it something that is going to be reported in a previous section of the note? +++
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Fig. 14: Expected significance as a function of pT for the reconstruction of X+
c ! pK�p+ signal in Pb–Pb colli-

sions at
p

sNN = 5.5 TeV with ITS3, given an integrated luminosity of Lint = 10nb�1. The gain with respect to the
estimate performed with ITS2 is shown with the ratio in the bottom panel.

Another way to appreciate the improvement of the ALICE performances with the ITS3 for the mea-
surement of the X+

c ! pKp channel is to compare the experimental significance of the measured signal
with the two configurations. The expected significance (S/

p
S+B) is estimated assumed an integrated

luminosity of L Pb–Pb
int = 10 nb�1. The amounts of signal and background are calculated within 3s with

respect to the signal mean. The background candidates are built as combinations of three HIJING tracks,
avoiding to include X+

c daughters in the combinatorics. The amount of background per event is estimated
using the dedicated simulations implementing the upgraded ITS performances, counting it from the in-
variant mass distribution fitted with a 3rd order polynomial. This “MC-based” background per event is
scaled to a “data-like” one, assuming that the ratio between the background per event in data and in MC
for the Run 3,4 case is the same of the one observed for Run 2 periods. Finally, the absolute quantity of
background is properly scaled according to the expected luminosity. The expected amount of X+

c ! pKp
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arXiv:1812.06772, section 5.4.3

Pinning down hadronization mechanisms is also crucial to measure QGP diffusion coefficient

Determining transport coefficients  
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Fig. 21: Illustration of charm diffusion coefficient 2⇡TDs(T ) estimate from D meson RAA data using
different hadronisation assumptions in the Catania model [273, 274] as a function of temperature. The
blue band refers to fit with fragmentation only, the red band to the fit with coalescence plus fragmentation.
In the left panel the Ds estimation obtained with the current experimental uncertainties is shown, while
in the right panel the estimation considering the case with more precise measurements as expected with
Lint = 10 nb�1 is shown.

play a dominant role in describing simultaneously both D meson RAA and v2 [280,303–305]. Moreover,
as discussed in Section 5.4.1, the charm baryon-to-meson ratio Lc/D0 measured at RHIC and LHC is
not consistent with a fragmentation only scenario [290,292]. Therefore, a combined study including also
the heavy baryon-to-meson ratio provides further information to solve the ambiguity on the recombina-
tion fraction. In the following, the sensitivity of the QGP characterisation to the recombination fractions
described in Section 5.4.1 is illustrated. To estimate how different model implementations of the hadro-
nisation mechanisms can affect the extraction of the charm quark diffusion coefficient 2⇡TDs, a global
quantitative �2 analysis was carried out by comparing experimental data on the D meson RAA with
theoretical results obtained using the Fokker-Planck equation under a standard bulk medium evolving
hydrodynamically with ⌘/s = 0.1 [306, 307]. The model developed in [273, 274] with diffusion and
drag coefficients related by the fluctuation-dissipation theorem was used, considering two different im-
plementations of the hadronisation process: one using only fragmentation of charm quarks to D mesons
(with the Peterson function) and another one including a hybrid hadronisation by coalescence plus frag-
mentation [280, 292]. For the estimate of the temperature dependence of 2⇡TDs, a schematic model in
which the drag coefficient is parametrized as � = �0(T/Tc)

� was used. The two parameters �0 and �
were determined by minimizing the �2/n.d.f. of the model with respect to the measured D meson RAA.
The exercise could in principle be repeated using both RAA and v2. The spatial diffusion coefficient
is directly related to the drag coefficient by Ds = T/(M · �(p = 0)), where M is the charm quark
mass. The left panel of Fig. 21 shows the spatial diffusion coefficient 2⇡TDs(T ) estimated from the fit
to the present data with �2/n.d.f < 2.5. The blue band corresponds to the fragmentation only results
and the red band to the coalescence plus fragmentation result. The right panel shows the same calcu-
lations obtained with experimental data with smaller error bars on the D-meson RAA as expected with
Lint = 10 nb�1. The comparison between the two cases highlights the difference in the estimation of the
Ds coefficient obtained with the two different hadronisation mechanism. Clearly, an optimal estimate of
the diffusion coefficient requires an accurate description of the hadronisation mechanisms in the model.

58

Measuring RAA and v2 to determine transport coefficients

Current state Using Run 3-4 data



A Large Ion Collider Experiment

35

ALICE in Runs 3-4: Main Physics Goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021



A Large Ion Collider Experiment

36

ALI-DER-346483

screening / 
energy loss

regeneration

J/y suppression reduced at low pT

a 𝑐 ̅𝑐 regeneration balancing the screening in the QGP

J/y Run 2

Quarkonium interaction with the hot medium 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
J/y dissociation and (re)generation at the LHC

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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J/y suppression reduced at low pT

a cc regeneration balancing the screening in the QGP

J/y Run 2

Quarkonium interaction with the hot medium 
J/y dissociation and (re)generation at the LHC

b g e: arXiv: 2005.11130
p: JHEP 1809(2018)006 J/y: arXiv:2005.14518D: arXiv: 2005.11131

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

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

T
p

0

0.1

0.2

0.3

 2v  = 5.02 TeVNNsPb -ALICE             Pb
50%-30 | < 0.5y, |±p

| < 0.8yPrompt D, |
 < 4y, 2.5 < yInclusive J/

| < 0.9y, |yInclusive J/
| < 0.8y e, |®b 

 < 4y60%, 2.5 < -(1S) 5¡

Significant elliptic flow of heavy-flavour

screening / 
energy loss

regeneration

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021



A Large Ion Collider Experiment

38

Quarkonium interaction with the hot medium 
J/y elliptic flow

J/y v2 and v3 in Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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TAMU (X. Du et al.)
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Figure 5: (Color online) Inclusive J/y v2 as function of pT at forward rapidity for semi-central (20–40%) Pb–Pb
collisions at

p
sNN = 5.02 TeV. Calculations from a transport model [39, 40] are also shown.

becoming the dominant source of the anisotropic flow for pT larger than 8 GeV/c. Path length dependent
energy loss, widely seen as a major source of anisotropy at large pT, is not implemented for J/y mesons
in this calculation. It is worth noting that this model provides a qualitative good description of the
centrality and transverse momentum of the J/y nuclear modification factor [37, 76].

Figure 6 shows the centrality dependence of the inclusive J/y v2 (top panels) and v3 (bottom panels) for
a low-pT interval (0 < pT < 5 GeV/c) on the left, and a high-pT one (5 < pT < 20 GeV/c) on the right.
Here, due to the large integrated pT range, the vn coefficients are corrected for the J/y acceptance and
efficiency A⇥ e . Each dimuon pair is weighted using the inverse of the pT and y dependent A⇥ e factor
before filling the invariant mass and vn(mµµ) distributions. The pT and y dependent A⇥ e map was
obtained from the embedded simulations discussed in Section 4. Any possible systematic uncertainty
related to the A⇥ e corrections is already included in the systematic uncertainty due to the dependence
of the reconstruction efficiency on the local detector occupancy. The J/y results are compared with the
flow coefficients of charged pions for a pT value similar to the corrected J/y hpTi, published by ALICE
in Ref. [17]. In addition, the ratio v

p
2/v

J/y
2 is computed and shown in the bottom sub-panels. Both at

low pT (1.75 < pT < 2 GeV/c) and high pT (6 < pT < 7 GeV/c), the v2 of p± increases from central to
semi-central collisions, reaching a maximum at 40–50% centrality, and then decreases towards periph-
eral collisions. For the J/y at low pT, while the centrality trend is qualitatively similar, the maximum (or
even saturation) of v2 seems to be reached for more central collisions than for the pions. This is more
clearly emphasized by the increasing trend of the ratio v

p
2/v

J/y
2 , from central to peripheral collisions,

which deviates from unity by a significance of 8.5s . In the framework of transport models, this could be
understood by the increasing fraction of regenerated J/y at low pT when moving from peripheral to cen-
tral collisions. Alternatively, and independently of the regeneration scenario, the increase of the v

p
2/v

J/y
2

from central to peripheral collisions, could also be understood in terms of partial or later thermalization
of the charm quarks compared to light quarks. The decrease in energy density and lifetime of the system
is counterbalanced by the increase of the initial spatial anisotropy towards peripheral collisions. The v2
of the J/y will therefore reach its maximum at more central collisions compared to light particles because
charm quarks require larger energy densities to develop flow [33, 77–79]. At high pT, J/y mesons and
charged pions seem to exhibit the same centrality dependence, although the v2 coefficients are systemat-
ically lower for the J/y mesons than for the pions. Such a similar centrality dependence could indicate a
similar mechanism at the origin of the flow for both J/y mesons and pions at high pT.

12

Transport model underestimate data for pT > 5 Gev/c 

y(2S) Run 3-4

y(2S) / J/y sensitive to binding mechanism 
of deconfined c quarks
a Small model uncertainties

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

a Important to separate prompt and non-prompt J/ψ 
and consider path-dependent energy loss  
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Suppression of bottomonium

arXiv:2011.05758

• Centrality dependence consistent with progressive suppression in a hotter and longer-lived medium

• U(2S) suppression stronger wrt U(1S) consistent with lower binding energy

• 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

39L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

https://arxiv.org/abs/2011.05758
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Suppression of bottomonium
RAA of Y(1S) and Y(2s)  

Hint of a decrease of the RAA at large 
rapidity not described by models 
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Fig. 49: Projected RAA for U(1S) and U(2S) expected from the ALICE [1] (left) and CMS [9] (center)
experiments, as a function of pT, with 10 nb�1 of Pb–Pb data. The expected pT reach for U(1S) from the
CMS experiment is also shown [9], as the position of the last pT bin of the measurement, with constant
number of observed U(1S), as a function of integrated luminosity.
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experiments, as a function of rapidity, with 10 nb�1 of Pb–Pb data.

Figure 48 shows that the projected uncertainty on the RAA of U with 10 nb�1 will be much smaller than
the current model uncertainties. Bottomonia may bring information complementary to other probes,
using the sensitivity of the suppression to the medium shear viscosity or to the initial temperature of the
fireball.

A precise measurement of the pT dependence of the U(1S) RAA will be possible using LHC data
from Runs 3 & 4. At low and medium pT, the measurement is sensitive to the possible regeneration
component in U meson production [429]. Projections for the expected precision of U measurements
from the ALICE and CMS detectors using an integrated luminosity of 10 nb�1 after the Runs 3 & 4
are shown as a function of pT in Fig. 49 and y in Fig. 50, and compared to the expectations from
two models [429, 430]. In the Kent state model calculations [430] (not shown), where U mesons are
originating only from the primordial production, with no regeneration component, the RAA is rather flat
in the low and medium pT range. Only at higher pT (above 10–15 GeV/c) is a small rise predicted, which
can be looked for in Runs 3 & 4 data: as can be seen in Fig. 49, it is expected that a measurement up
to a pT of about 50 GeV/c can be performed with the ATLAS and CMS detectors with 10 nb�1 of data.
In the TAMU model [429] however, a regeneration component is considered, and several assumptions
are explored, especially on the degree of thermalisation of the bottom quarks. It predicts a maximum in
the U(1S) RAA at a pT around 10 GeV/c. The current data is not precise enough to confirm or disfavour

87

Better test of rapidity dependence 
predicted by hydrodynamic model

Run 3 and 4Run 2

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Quarkonium interaction with the medium

polynomial. In addition, the signal CB2 tail parameters and
background fit functions are varied [35]. The systematic
uncertainty is then derived as the standard deviation with
respect to the default choice of fitting functions. The
absolute uncertainty increases from 0.004 to 0.016 with
increasing collision centrality and decreasing pT , which is
due to the decreasing signal-to-background ratio. The
dimuon trigger and reconstruction efficiency depends on
the detector occupancy. This, coupled to the muon flow,
could lead to a bias in the measured v2. The corresponding
systematic uncertainty is obtained by embedding simu-
lated ϒð1SÞ decays into real Pb-Pb events [24]. It is found
to be at most 0.0015 and is conservatively assumed to be
the same in all transverse momentum and centrality
intervals. The variations of the fit range and invariant-
mass binning do not lead to deviations beyond the
expected statistical fluctuations. The uncertainty related
to the magnitude of the QSPD

2 flow vector is found to be
negligible. Furthermore, the absence of any residual
nonuniform detector acceptance and efficiency in the
SPD flow vector determination after applying the recen-
tering procedure is verified via the imaginary part of the
scalar product [see Eq. (1)] [50].
Figure 2 shows the ϒð1SÞ v2 coefficient as a function of

transverse momentum in the 5%–60% centrality interval.
The central (0%–5%) and peripheral (60%–100%) colli-
sions are not considered as the eccentricity of the initial
collision geometry is small for the former and the signal
yield is low in the latter. The pT intervals are 0–3, 3–6,
and 6–15 GeV=c and the points are located at the average
transverse momentum of the reconstructed ϒð1SÞ

uncorrected for detector acceptance and efficiency. The
results are compatible with 0 and with the small positive
values predicted by the available theoretical models within
uncertainties. The BBJS model calculations consider only
the path-length dependent dissociation of initially created
bottomonia inside the QGP medium [52]. The TAMU
model incorporates in addition a regeneration component
originating from the recombination of (partially) thermal-
ized bottom quarks [36]. Given that the regeneration
component gives practically negligible contribution to
the total ϒð1SÞ v2, the differences between the two models
are marginal. It is worth noting that although the quoted
model predictions are for midrapidity, they remain valid
also for the rapidity range of the measurement within the
theoretical uncertainties. Indeed the fractions of regener-
ated and initially produced ϒð1SÞ are very close at mid and
forward rapidities [36]. In addition, the QGP medium
evolution is also similar between mid and forward rap-
idities, given the weak rapidity dependence of the charged-
particle multiplicity density [53]. The presented ϒð1SÞ v2
result is coherent with the measured ϒð1SÞ suppression in
Pb-Pb collisions [35], as the level of suppression is also
fairly well reproduced by the BBJS model and the TAMU
model including or excluding a regeneration component.
Therefore, the result is in agreement with a scenario in
which the predominant mechanism affecting ϒð1SÞ pro-
duction in Pb-Pb collisions at the LHC energies is the
dissociation limited to the early stage of the collision. It is
interesting to note that the presented ϒð1SÞ v2 results are
reminiscent of the corresponding charmonia measurements
in Au-Au collisions at RHIC [54], where so far non-
observation of significant v2 is commonly interpreted as a
sign of a small regeneration component from recombina-
tion of thermalized charm quarks at lower RHIC energies.
The ϒð1SÞ v2 values in the three pT intervals shown in

Fig. 2 are found to be lower, albeit with large uncertainties,
compared to those of the inclusive J=ψ measured in the
same centrality and pT intervals using the data sample and
analysis procedure described in Ref. [24]. Given that any v2
originating either from recombination or from path-length
dependent dissociation vanishes at zero pT , the observed
difference between ϒð1SÞ and J=ψv2 is quantified by
performing the pT -integrated measurement excluding
the low pT range. Figure 3 presents the ϒð1SÞ v2
coefficient integrated over the transverse momentum range
2 < pT < 15 GeV=c for three centrality intervals com-
pared with that of the inclusive J=ψ . The ϒð1SÞ v2 is found
to be −0.003# 0.030ðstatÞ # 0.006ðsystÞ in the 2 < pT <
15 GeV=c and 5%–60% centrality interval. This value is
lower than the corresponding J=ψv2 by 2.6σ. This obser-
vation, coupled to the different measured centrality and pT
dependence of the ϒð1SÞ and J=ψ suppression in Pb-Pb
collisions at the LHC [17,35], can be interpreted within the
models used for comparison as a sign that unlike ϒð1SÞ,
J=ψ production has a significant regeneration component.
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FIG. 2. The ϒð1SÞ v2 coefficient as a function of pT in the 5%–
60% centrality interval compared to that of inclusive J=ψ . The
cyan dashed line represents the BBJS model calculations [52],
while the magenta band denotes the TAMU model calculations
[36]. Error bars (open boxes) represent the statistical (systematic)
uncertainties.
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Fig. 51: v2 projections for the CMS [9] (left and centre) and ALICE [1] (right) experiments for the U(1S)
and U(2) mesons, assuming the predictions from a transport model [429].

such a local maximum in the RAA, but Runs 3 & 4 data will allow to conclude.
Almost no rapidity dependence is expected at the LHC for the nuclear modification factor of U

mesons within the acceptance of ATLAS and CMS (|⌘| . 2.5 � 3), which can be better tested using
Runs 3 & 4 data. This will be further made significant considering the ALICE acceptance (2.5 < y < 4),
allowing to confirm or disprove the prediction of the hydrodynamic model, see Fig. 50.

Coming back to the matter of regeneration, much can be learnt about it by a measurement of
the elliptic flow of U(1S) mesons [482], unmeasured to date in any collision system. A parallel can
be drawn with that of J/ , which is still not properly described by models. This observable requires
a more detailed implementation of the dynamics of the interactions between the quarkonium and the
medium: thermalisation of the heavy quarks, time dependence of regeneration, path length dependence
of energy loss, as well as initial geometry fluctuations and elastic rescattering of the quarkonia in the
medium. Thus, collective flow brings complementary information to the RAA, and its measurement can
help disentangle some effects. In the case of U(1S) mesons, a small v2 (order of 1–2%) is expected [429,
483, 484], as can be seen in Fig. 51. The elliptic flow of U(2S) could be significantly higher [429,
484], both from the regenerated and primordial components. For both states, projections show that
experimental precision may not be enough for a significant v2 measurement, assuming v2 values as
in Ref. [429]. For this reason, combining results between the different LHC experiments would be
beneficial to reach a better sensitivity.

While we have focused on the RAA and v2 in this section, bottomonium production can be studied
using other observables. For instance, fully corrected yields or cross sections in Pb–Pb can be studied,
without making the ratio to a pp measurement in a RAA. Such a measurement, already reported in some
of the available experimental results [477], can directly be compared to production models.

7.4 Quarkonia in p–Pb and pp collisions
7.4.1 p–Pb collisions
Quarkonium-production studies in high-energy p–Pb collisions are usually carried out to measure how
much specific nuclear effects, those which do not result from the creation of a deconfined state of matter,
can alter the quarkonium yields. They should indeed be accounted for in the interpretation of Pb–
Pb results. They are also interesting on their own as they provide means to probe the modification of
the gluon densities in the nuclei, the interaction between such pure heavy-quark bound states and light
hadrons, or phenomena such as the coherent medium-induced energy loss of these quark-antiquark pairs.
The measurements as a function of event activity brought several surprises, hotly discussed presently.

Usually, a separation into initial-state and final-state effects is done (coherent energy loss effects
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Projections for Run 3 and 4

Uncertainties too large to unravel a small v2 Experimental precision may not be enough

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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ALICE in Run 3-4: main physics goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Fig. 1: Left: Extrapolated multiplicity distribution in pp collisions within |h |< 1.5 [3]. The multiplicity distribu-
tion of Pb–Pb and p–Pb collisions is also shown. Right: Energy density, averaged over the transverse area, as a
function of dNch/dy calculated by IP-Glasma (solid lines) and with MC Glauber and the Bjorken formula (dashed
lines); for details see Ref. [3, Section 9.4.2]. Compared are pp (

p
s = 7TeV), p–Pb (

p
sNN = 5.02TeV) and Pb–Pb

(
p

sNN = 5.02TeV) collisions at t = 0.2fm/c. The horizontal line indicates the energy density reached in central
Pb–Pb collisions (dNch/dy ⇡ 2000).

We propose to advance in addressing these questions by inspecting with the upgraded ALICE experiment
in Run 3 a sample of high-multiplicity pp collisions with an integrated luminosity of 200 pb�1. On the
one hand, this will allow us to extend to higher multiplicity and to make more comprehensive the studies
that were started in previous LHC runs. On the other hand, this large sample will enable an extension
of the searches for yet-unobserved effects, like jet quenching. This proposal also builds on the studies
carried out by the working group on high-density QCD (WG5), with participation from the four large
LHC experiments and the theory community, of the 2017–18 HL-LHC workshop [3, Chapter 9].

For the projections in this document a distribution of the number of charged particles extrapolated to
very high multiplicity for 14 TeV pp collisions is used which is based on measurements from ALICE
data (given that it is an extrapolation, it should only be seen as an educated guess, as discussed in Ref. [3,
Section 9.4.1]). Figure 1 (left panel) shows this distribution compared to p–Pb and Pb–Pb collisions.
For an integrated luminosity of 200 pb�1, 2.8⇥ 104 events are expected with a multiplicity of 14–16
times the average charged particle multiplicity of a pp event (hNchi), i.e. dNch/dh ⇡ 100, which is the
same as measured in Pb–Pb collisions with centrality of about 65%. The right panel of Fig. 1 shows an
estimate for the energy density that is reached in the different systems, based on the Bjorken estimate
(dashed lines) and IP-Glasma (solid lines) [9]. These estimates clearly depend on the assumptions made,
in particular for pp and p–Pb collisions, but are used here to illustrate that the energy density depends on
the system at a fixed multiplicity, and can reach large values in pp and p–Pb collisions, of the order of
the density in central Pb–Pb collisions. In addition, for a given multiplicity, the energy density could be
significantly larger in pp with respect to p–Pb collisions, because the transverse overlap area is estimated
to be somewhat larger in p–Pb than pp, as confirmed by femtoscopic measurements [10]. The extended
multiplicity coverage will also enable more systematic studies of event shapes, already started by AL-
ICE with Run 1 and Run 2 data samples [11, 12]. It has been extensively documented that sphericity,
spherocity, as well as other event-shape classification variables, open interesting possibilities to under-
stand the interplay between the production of jets and the underlying events. Recent phenomenological
studies have emphasised the importance of studying high-multiplicity events to possibly identify fea-
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Fig. 1: Left: Extrapolated multiplicity distribution in pp collisions within |h |< 1.5 [3]. The multiplicity distribu-
tion of Pb–Pb and p–Pb collisions is also shown. Right: Energy density, averaged over the transverse area, as a
function of dNch/dy calculated by IP-Glasma (solid lines) and with MC Glauber and the Bjorken formula (dashed
lines); for details see Ref. [3, Section 9.4.2]. Compared are pp (

p
s = 7TeV), p–Pb (
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sNN = 5.02TeV) and Pb–Pb

(
p

sNN = 5.02TeV) collisions at t = 0.2fm/c. The horizontal line indicates the energy density reached in central
Pb–Pb collisions (dNch/dy ⇡ 2000).

We propose to advance in addressing these questions by inspecting with the upgraded ALICE experiment
in Run 3 a sample of high-multiplicity pp collisions with an integrated luminosity of 200 pb�1. On the
one hand, this will allow us to extend to higher multiplicity and to make more comprehensive the studies
that were started in previous LHC runs. On the other hand, this large sample will enable an extension
of the searches for yet-unobserved effects, like jet quenching. This proposal also builds on the studies
carried out by the working group on high-density QCD (WG5), with participation from the four large
LHC experiments and the theory community, of the 2017–18 HL-LHC workshop [3, Chapter 9].

For the projections in this document a distribution of the number of charged particles extrapolated to
very high multiplicity for 14 TeV pp collisions is used which is based on measurements from ALICE
data (given that it is an extrapolation, it should only be seen as an educated guess, as discussed in Ref. [3,
Section 9.4.1]). Figure 1 (left panel) shows this distribution compared to p–Pb and Pb–Pb collisions.
For an integrated luminosity of 200 pb�1, 2.8⇥ 104 events are expected with a multiplicity of 14–16
times the average charged particle multiplicity of a pp event (hNchi), i.e. dNch/dh ⇡ 100, which is the
same as measured in Pb–Pb collisions with centrality of about 65%. The right panel of Fig. 1 shows an
estimate for the energy density that is reached in the different systems, based on the Bjorken estimate
(dashed lines) and IP-Glasma (solid lines) [9]. These estimates clearly depend on the assumptions made,
in particular for pp and p–Pb collisions, but are used here to illustrate that the energy density depends on
the system at a fixed multiplicity, and can reach large values in pp and p–Pb collisions, of the order of
the density in central Pb–Pb collisions. In addition, for a given multiplicity, the energy density could be
significantly larger in pp with respect to p–Pb collisions, because the transverse overlap area is estimated
to be somewhat larger in p–Pb than pp, as confirmed by femtoscopic measurements [10]. The extended
multiplicity coverage will also enable more systematic studies of event shapes, already started by AL-
ICE with Run 1 and Run 2 data samples [11, 12]. It has been extensively documented that sphericity,
spherocity, as well as other event-shape classification variables, open interesting possibilities to under-
stand the interplay between the production of jets and the underlying events. Recent phenomenological
studies have emphasised the importance of studying high-multiplicity events to possibly identify fea-

pp data sample of 200 pb-1: access to multiplicities ~15x the average, similar to Pb-Pb 65% centrality, 
and estimated energy density similar to central Pb-Pb

High-rate pp programme: high-multiplicity  
Is QGP formed in pp or p-Pb collisions? 

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Fig. 2: Left: W/p ratio as a function of dNch/dh for pp, p–Pb, and Pb–Pb collisions. The existing data (from
Ref. [15]) is shown in open black symbols (pp), grey diamonds (p–Pb) and grey squares (Pb–Pb), while the ex-
trapolation for pp collision is shown in blue filled circles. Two scenarios are shown: a) assuming that the ratio
continues increasing following the measured trend, and b) assuming that the value saturates at the largest mea-
sured dNch/dh . Figure from Ref. [2]. Right: W/p ratio as a function of the event multiplicity at central rapidity (in
event classes based on a forward rapidity estimator). Blue points correspond to inclusive production, purple points
to out-of-jet production and green points to in-jet production. The lighter shaded bands correspond to ±1sstat

projections using the full Run 2 minimum bias and forward-multiplicity-triggered data samples (the narrowing of
the band for multiplicity above 20 is due to the presence of the high-multiplicity-triggered sample). The darker
shaded bands correspond to projections for Lint = 200 pb�1. Systematic uncertainties are shown as boxes and
provisionally assumed to be the same for the two projections.

tures connected to parameters of a high-density QCD medium, like the degrees of freedom and the sound
velocity [13, 14].

In the following, we report the expected multiplicity reach and performance for three representative mea-
surements that would provide insight on three crucial aspects related to the aforementioned questions: a)
extending and understanding the strangeness enhancement as a function of multiplicity; b) extending and
understanding the dynamics of collective flow using identified hadrons; c) searching for jet-quenching.

Strangeness production. The unexpected increase of the strange-particle yield normalized by the pion
yield as a function of Nch is one of the key findings in small systems. In pp collisions these ratios
are measured up to dNch/dh ⇡ 17 with 7 TeV data [15] and recently extended to ⇡ 22 with 13 TeV
data [16], with some overlap with p–Pb collisions. The most peripheral Pb–Pb collisions measured have
a dNch/dh ⇡ 96, nearly 4.5 times larger. In the following, the W baryon is considered for the performance
projections because it contains three strange quarks and, thus, it is the most sensitive to the strangeness
production and hadronization dynamics. Figure 2 (left) presents the expected reach of the W/p ratio
measurement in pp collisions which will bridge the present gap between pp and Pb–Pb collisions. If
strangeness production reaches the thermal limit in high-multiplicity pp collisions, the W/p ratio would
level off as a function of multiplicity smoothly connecting with the Pb–Pb results. In another possible
scenario in which, for instance, the strangeness enhancement scales with the energy density of the system,
it should indeed be possible to see that the high-multiplicity pp results exceed the low multiplicity Pb–Pb
results. With the multiplicity reach indicated in Fig. 2 (left), based on a sample of 200 pb�1 pp collisions,
the two qualitatively different scenarios can be distinguished by the experimental data.

6 ALICE Collaboration 4

|< 0.5η|
〉η/d

ch
Nd〈

10 210 310

)-
π

+
+

π
 /

 (
+

Ω
+-

Ω

-410

-310

 = 7 TeV  Nat. Phys. 13 (2017) 535spp, 
-1Projection for 14 TeV pp, 200 pb

 = 5.02 TeV  PLB 728 (2014) 25
NN

sp-Pb, 
 = 5.02 TeV

NN
sPreliminary Pb-Pb, 

PYTHIA8
DIPSY 
EPOS LHC

ALICE Upgrade projection

Multiplicity slicing with mid-rapidity estimator

ALI−SIMUL−160917

|<0.5η|〉η/dchNd〈
0 5 10 15 20 25 30 35

π/
Ω

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

3−10×

)-1 stat. (200 pbσ1±ALICE Upgrade projection 

in-jet out-jet in+out jet

 HM)-1 MB + 13 pb-1 stat. (0.1 pbσ1±ALICE Projection Run2 

in-jet out-jet in+out jet

Fig. 2: Left: W/p ratio as a function of dNch/dh for pp, p–Pb, and Pb–Pb collisions. The existing data (from
Ref. [15]) is shown in open black symbols (pp), grey diamonds (p–Pb) and grey squares (Pb–Pb), while the ex-
trapolation for pp collision is shown in blue filled circles. Two scenarios are shown: a) assuming that the ratio
continues increasing following the measured trend, and b) assuming that the value saturates at the largest mea-
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event classes based on a forward rapidity estimator). Blue points correspond to inclusive production, purple points
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projections using the full Run 2 minimum bias and forward-multiplicity-triggered data samples (the narrowing of
the band for multiplicity above 20 is due to the presence of the high-multiplicity-triggered sample). The darker
shaded bands correspond to projections for Lint = 200 pb�1. Systematic uncertainties are shown as boxes and
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tures connected to parameters of a high-density QCD medium, like the degrees of freedom and the sound
velocity [13, 14].

In the following, we report the expected multiplicity reach and performance for three representative mea-
surements that would provide insight on three crucial aspects related to the aforementioned questions: a)
extending and understanding the strangeness enhancement as a function of multiplicity; b) extending and
understanding the dynamics of collective flow using identified hadrons; c) searching for jet-quenching.

Strangeness production. The unexpected increase of the strange-particle yield normalized by the pion
yield as a function of Nch is one of the key findings in small systems. In pp collisions these ratios
are measured up to dNch/dh ⇡ 17 with 7 TeV data [15] and recently extended to ⇡ 22 with 13 TeV
data [16], with some overlap with p–Pb collisions. The most peripheral Pb–Pb collisions measured have
a dNch/dh ⇡ 96, nearly 4.5 times larger. In the following, the W baryon is considered for the performance
projections because it contains three strange quarks and, thus, it is the most sensitive to the strangeness
production and hadronization dynamics. Figure 2 (left) presents the expected reach of the W/p ratio
measurement in pp collisions which will bridge the present gap between pp and Pb–Pb collisions. If
strangeness production reaches the thermal limit in high-multiplicity pp collisions, the W/p ratio would
level off as a function of multiplicity smoothly connecting with the Pb–Pb results. In another possible
scenario in which, for instance, the strangeness enhancement scales with the energy density of the system,
it should indeed be possible to see that the high-multiplicity pp results exceed the low multiplicity Pb–Pb
results. With the multiplicity reach indicated in Fig. 2 (left), based on a sample of 200 pb�1 pp collisions,
the two qualitatively different scenarios can be distinguished by the experimental data.

• Multistrange baryon (/pion) increase within pp: a major finding and surprise
• Need much higher reach/statistics to understand the underlying physics

• Extend W/p measurment in pp well within Pb-Pb multiplicity range 
• Multi-differential measurement of W/p in jets and “underlaying event” 

High-rate pp programme: strangeness 

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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Motivation: high multiplicity – why flow? no energy loss?

• Is pp flow driven by hydrodynamic 
expansion?

• Use with 4-particle cumulants to 
measure flow (v2) of identified 
hadrons (unique at ALICE) in pp at 
multiplicities for which mass ordering 
is seen in Pb-Pb

LHCC meeting 01.09.2020 9

• If a QGP is formed, would we see energy loss?
• Energy loss not observed to date in pp and p-Pb
• Strong extension of current limits with future high 

multiplicity samples
• pp and p-Pb complementary: independently vary energy 

density and system size

h-jet	recoil	analysis	
à limit	on	jet	energy	shift	DE
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h-jet recoil analysis
a limit on jet energy shift DE 

• Is pp flow driven by hydrodynamic expansion? 
• Use 4-particle cumulants to measure flow (v2) of 

identified hadrons in pp at multiplicities for which 
mass ordering is seen in Pb-Pb

• If a QGP is formed, would we see energy loss? 
Energy loss not observed to date in pp and p-Pb!

• Strong extension of current limits with future high 
multiplicity samples 

• pp and p-Pb complementary: independently vary 
energy density and system size

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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ALICE in Run 3-4: main physics goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021
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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
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Strong interaction among any pair of hadrons from 
momentum correlations at femtometer distances 
o First assessment for p-X- and p-W-

o Accessible even for W-W in Run 3
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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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Strong interaction between hadrons
ALICE measurements on topic
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Strong interaction among any pair of hadrons from 
momentum correlations at femtometer distances 
o First assessment for p-X- and p-W-

o Accessible even for W--W- in Run 3
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ALICE in Run 3-4: main physics goals 

Heavy-quarks interaction in the QGP
a Thermalization and diffusion coefficient of heavy quarks 
(RAA, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
a Charmonia down to zero pT

QGP radiation
a Thermal di-leptons, photons

Emergence of QCD collectivity from pp to AA
a Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics 
a High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

and much more  
a e.g. fluctuation of conserved charges, vorticity and polarization, CME, jet internal structure, UPC, nPDF, … 
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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

50L. Musa (CERN) – ALICE Programme for Run 3 and beyond, 14 September 2021

https://arxiv.org/abs/1902.01211
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Conclusions

A wealth of results based on full Run 2 samples offered
• detailed insights into QGP properties
• advances in high-density QCD

Run 3 and 4
• Tenfold increase of statistics and strong enhancement of vertexing and tracking at low pT
a more precision on QGP global properties
a gain better insight into the QGP microscopic properties and dynamics
a gain insight into HI-like phenomena observed in small systems? 

Plans for next generation dedicated HI detecor for Run 5 and beyond (ALICE v. 3.0)
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