
Properties of the medium formed in 
heavy-ion collisions at LHC 

Bedanga Mohanty
(National Institute of Science Education and Research, India

&
CERN, Switzerland)

Based on 

Outline
q Introduction
q ALICE experiment
q Measurements and 
    properties of medium
q Future upgrades
q Summary

Windows on Universe, Rencontres du Vietnam, 30th Anniversary, Quy Nhon, 2023 1

arXiv:2211.04384 

328 pages, 123 captioned figures, 3 tables, 
submitted to EPJC.

Also see talk on  Hadronisation in dense (and not-so-dense) 
environments by Jan Fiete Grosse-Oetringhaus (CERN, Geneva) 



b
g g

c

Initial state QGP formation
Hadronisation

Freeze-out

!

Pre-equilibrium Viscous hydrodynamics Hadronic rescattering

Time:        0 fm/c < 1 fm/c ~10 fm/c ~1015 fm/c

π

D

K
d

��� ��� ��	

��&,$���"���!�%$(�#(��!���������
�

���

���

	��

��
"
%�

&�
()
&�
���

��
�

������� �$+�&��#�&�,��$!!�'�$#'

�)�& �!)$#�!�'"�

���&$#'

�&�(���!��$�#(

�'(�$&��&


��&!,��#�*�&'�

�&$''$*�&����((������
�

�)�!��&���((�&

Relativistic heavy-ion collisions at LHC
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Time evolution of heavy-ion collisions Phase diagram of QCD
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ALICE detector

Uniform acceptance at 
midrapidity and excellent 
particle identification 
capability 

Part of 
PDG

(Particle Data Group), 
Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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https://pdg.lbl.gov/2022/html/authors_2022.html
https://academic.oup.com/ptep/article/2022/8/083C01/6651666


4

Dataset collected
System Year Centre of mass energy (TeV) Integrated luminosity

Pb-Pb 2010, 2011

2015, 2018

2.76

5.02

75 mb-1

800 mb-1

Xe-Xe 2017 5.44 0.3 mb-1

p-Pb 2013

2016

5.02

5.02, 8.16

15 nb-1

3 nb-1 , 25 nb-1

p-p 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

136 pb-1

Run 3 – 700 billion pp events at 13.6 TeV collected.
Target for 2023 – 30 pb-1

2023: 4-5 weeks of Pb-Pb run expected
Target for 2023 – 3.25 nb-1
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Basic measurements

Transverse momentum distributions
dN/dy, <pT>, radial flow, effective temperature 

Angular distributions

Pseudorapidity distributions
Azimuthal angle distributions
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Collectivity and hydrodynamics 

Low transverse momentum – mass 
ordering - Hydrodynamic like.

Intermediate transverse momentum – baryon – meson differences
Consistent with parton recommendation to form hadrons.
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Charm quark carrying hadrons also 
exhibit collectivity
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Macroscopic properties 

•  Energy density
•  Size and lifetime of the system
•  Temperature 
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Multiplicity
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Stronger energy 
dependence than pp. 
Heavy-ion collisions are 
more efficient in 
transferring the initial 
beam energy into particle 
production.
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Energy density

Assuming formation 
time ~ 1 fm/c, 
ε = 12.3 ± 1.0 

GeV/fm3 in 0–5% 
Pb–Pb collisions at 
√sNN = 2.76 TeV. 
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Source size & decoupling time 
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RHIC to the LHC - homogeneity region ~ twice larger. The 
decoupling time for midrapidity pions is ~ 40% larger.
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Temperatures measured in ALICE at LHC

Nature Physics 16, 615–619 (2020)

Phys.Rev.D 85 (2012) 054503

Lattice QCD – transition temperature, Tc=156.5 ± 1.5 MeV

11

Phys. Lett. B 795 (2019) 15–21

Windows on Universe, Rencontres du Vietnam, 30th Anniversary, Quy Nhon, 2023



Temperatures from direct photons at ALICE
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Effective temperature 
~ 300-400 MeV.
Much larger than Tc 
from LQCD (156 MeV).

QGP formation at 
LHC.

Photon spectra are 
blue shifted by radial 
flow and in future we 
will measure it with 
dileptons (pT int.) 
invariant mass 
spectra.
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Temperature from particle yields – chemical freeze-out
+π -π +K -K 0

SK φ p p Λ -Ξ
+

Ξ -Ω
+

Ω d d He3 He3 HΛ
3 H

Λ
3 He4 He4 

7−10

5−10

3−10

1−10

10

310y
/d

Nd

Model T (MeV) )3V (fm /NDF2χ

THERMUS 3.0  2 ±155  411 ±5825 45.5/19
SHARE 3           3 ±156  696 ±4476 27.6/19 
Thermal-FIST (energy dep. BW)  2 ±155  363 ±4962 22.1/19 
GSI-Heidelberg (S-Matrix)  2  ±157  380 ±4175 17.1/19

midrapidity
 = 2.76 TeVNNsALICE, 0-10% Pb-Pb, 

BR = 25%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
4−
2−
0
2
4

da
ta

σ
(m

od
.-d

at
a) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

0.5−

0

0.5

m
od

.
(m

od
.-d

at
a)

2

0
D+

0
D

2

−
+D

+
D

2

−
+D*

+
D*

2

−

s+D+
sD

2

−

cΛ++
cΛ

30×ψJ/

2

4

6

8

10

12y
/d

Nd  = 5.02 TeV
NN

sPb, −10% Pb−ALICE midrapidity 0

GSI-Heidelberg SHMc, JHEP 07 (2021) 035
3 = 4997 fmV = 156.5 MeV, T

, PDG)0b (normalised to Dµ 87 ± = 579 y/d
cc

σd

, enh. c-baryons)0b (normalised to Dµ = 680 y/d
cc

σd

prompt

inclusive

data sys

extrap sys

2−

1−

0

1

2

(m
o

d
.-

d
a
ta

)/
m

o
d

.

13

Inelastic collisions cease at ~ 156 MeV.
Chemical freeze-out and quark-hadron transition around similar temperatures.
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The temperatures ranges probed by central heavy-ion 
collisions at the LHC derived from ALICE measurements
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q Thermal direct photons Teff

q Temperatures needed to describe the 
relative bottomonia Υ(2S) and Υ(1S) 
yields.

q The effective charged-hadron 
temperature obtained using a 
hydrodynamic model to describe 
ALICE spectra measurements.

q The chemical freeze-out temperature 
from a statistical model fit to particle 
yields.

q Kinetic freeze-out temperature from 
blast-wave fits to spectra and 
identified particle vn measurements.

Earliest times, which correspond to
the highest temperatures of the QGP, 
the temperatures obtained in Pb–Pb 
collisions are ∼ 0.8 GeV, that is 
roughly five times higher than the 
pseudocritical QGP transition 
temperature predicted by lattice QCD,
Tpc ≈ 0.155 GeV
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Transport properties of QGP
(using ALICE data)

qShear viscosity

qBulk viscosity

qDiffusion coefficient

qJet transport coefficient 

158th International Conference on. Physics and Astrophysics of Quark Gluon Plasma (ICPAQGP-2023)



Theory vs. ALICE data
Phys. Rev. C 98, 064901 (2018)

Nature Physics 15, pages 1113–1117 
(2019)

Phys. Rev. C 93, 024907 (2016)

Physics Letters B 816, 136251 (2021) 
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Transport 
properties
- Viscosity 
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Using measurements 
of anisotropic flow 
and spectra by 
ALICE 
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The ranges on the right of the plots represent 90% 
posterior intervals from the Bayesian analyses.
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Transport 
properties
- Diffusion 
coefficient
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Using the D-
meson v2 and RAA
measurements
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The ranges on the right of the plots represent 90% 
posterior intervals from the Bayesian analyses.
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Transport 
properties
- Jet transport 
coefficient
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Using RAA and vn
for light and 
charmed hadrons 
at high-pT.
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The ranges on the right of the plots represent 90% 
posterior intervals from the Bayesian analyses.
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Transport properties
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Using measurements of 
anisotropic flow and spectra 
by ALICE 
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Using the D-meson v2
and RAA measurements
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Using RAA and vn for light and 
charmed hadrons at high-pT.

Strongly coupled 
perfect fluid
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The ranges on the right of the plots represent 90% 
posterior intervals from the Bayesian analyses.
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ALICE@RUN-5 & 6
High-precision beauty measurements - to 
establish a firm connection between parton
transport, collective flow and hadronization

DD correlations - to discriminate between 
the different regimes of in-medium energy 
loss and reveal the onset of charm 
isotropisation

Multi-charm baryons, P-wave quarkonia, 
exotic hadrons – Hadron formation

Azimuthal asymmetry of electromagnetic 
radiation.

Chiral symmetry restoration.

Collectivity in small systems Letter of intent for ALICE 3: A next-generation heavy-ion experiment at the 
LHC, arXiv:2211.02491v1 [physics.ins-det]

The programme aims to collect an integrated 
luminosity of about 35 nb−1 with Pb–Pb collisions 
and 18 fb−1 with pp collisions at top LHC energy. 
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ALICE 3 - Run 5 and 6
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Summary (selected)

23

What are the thermodynamic and 
global properties of the QGP at the 
LHC ?

1. LHC create conditions that very 
much exceed those needed to 
form the QGP.

2. The initial QGP temperature ~ 5 
times higher than deconfinement 
temperature Tpc = 155–158 MeV.

3. Largest QGP energy densities ∼
12 GeV/fm3 at the early time of 1 
fm/c. 

4. Volume at freeze-out is about 
7000 fm3 and about twice higher 
than at top RHIC energy. 

What are the hydrodynamic and 
transport properties of the QGP?

1. System is strongly-coupled 
at the scale of the QGP 
temperatures

2. Extracted shear viscosity 
over entropy density (η/s) 
values in the range 1/4π < 
η/s < 0.3.

3. The charm spatial-diffusion 
coefficient Ds in the range 
1.5 < 2πDs(T )T < 4.5 at Tpc. 
Evidence that charm quarks 
couple strongly with the 
QGP at low momenta.

How does the QGP affect the formation of 
hadrons?

1. Statistical hadronization models 
describe the yields of various light-
flavour and heavy-flavour hadron over 
many orders of magnitude. 

2. The chemical freeze-out temperature of 
about 156 MeV ~ deconfinement 
temperature, suggesting chemical 
equilibrium cannot be maintained 
easily after the QGP hadronizes.

3. Measurements of resonance yields and 
femtoscopic radii show that hadronic 
phase is prolonged, and the decoupling 
of particles is likely to be a continuous 
process, rather than a sudden kinetic 
freeze-out of all particle species at the 
same temperature. 

Exciting set of upgrades in place and planned  - stay tuned to 
exciting results from ALICE.
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