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Structure of research at IPhT

A- Mathematical physics

R —

B- Cosmology, particle
and nuclear physics

e —

S

C- Statistical and condensed
matter physics

| —

T ——

A recurring question: Does it make sense to have such a broad range
of topics in a single institute and building?
For me, a nuclear/particle physicist, the input from statistical

physics and mathematical physics was crucial throughout my
career, as | will explain in this talk.
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High-energy experiments with nuclei

High-energy physics is traditionally the field of physics which is
concerned about fundamental laws (e.g., discovering new
elementary particles, such as the Higgs boson), rather than
complexity.

Method: accelerate simple particles (electrons, protons) to the
highest possible energies.

Accelerators are also used to accelerate atomic nuclei (atoms
from which all electrons have been stripped) and collide them
with other nuclei. Nuclei are made of a large number of protons
and neutrons. Up to 35000 particles are created: Complexity is

back.



History of ultrarelativistic
nucleus-nucleus collisions

20th century: nuclei accelerated on fixed (heavy) target nuclei

Late 1980s: light nuclei ('O, 325)
- Brookhaven National Laboratory (New York): AGS accelerator
- CERN: SPS accelerator



History of ultrarelativistic
nucleus-nucleus collisions

20th century: nuclei accelerated on fixed (heavy) target nuclei
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1 990s: heavy nuclei ('%7Au, 208Pb)
- Brookhaven National Laboratory (New York): AGS accelerator
- CERN: SPS accelerator



History of ultrarelativistic
nucleus-nucleus collisions

21th century: Nuclei accelerated in both directions
—_— — '

2000-present
* Brookhaven National Laboratory
RHIC = Relativistic Heavy lon Collider
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History of ultrarelativistic
nucleus-nucleus collisions

21th century: Nuclei accelerated in both directions
—_— — ‘

201 0-present
» CERN: LHC = Large Hadron Collider (energy = 25xRHIC)
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The Brookhaven complex

sPHENIX

NSRL
EBIS

BOOSTER AGS




The CERN complex

ALICE is dedicated to nucleus-nucleus collisions, but they are also
studied by the three other collaborations ATLAS, CMS and LHCb,
even though there were designed for proton-proton collisions.
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Nucleus-nucleus collisions at IPhT

Mannque Rho

Jean-Paul Blaizot  Robi Peschanski

Madeleine Soyeur
(moved to IRFU)
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Nucleus-nucleus collisions at IPhT

i

Edmond lancu

Francois Gelis Grégory Soyez

Current postdocs : Sigtryggur (Siggi) Hauksson
Nora Weickgennant
Visitor : Mubarak Algahtani
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The starting point

Back in the 1980s it was thought that the equation of state of
strong interactions (QCD) had a first-order phase transition to a
quark-gluon plasma. This later proved wrong.

Leon van Hove, known for his contributions in condensed matter
physics, and who had been director general of CERN, argued that
one could measure this equation of state in nucleus-nucleus
collisions if the produced matter thermalizes, and that the
transverse momentum per particle <pt> would be proportional
to the temperature T (proved right ~35 years later).

If the matter thermalizes, it expands as a fluid. My first assignment
as a PhD student was to write a hydrodynamic code to compute
this expansion and check the correspondence postulated by Van

Hove.
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The thermalization hypothesis

First experimental data from AGS and SPS soon arrived. There
was not a single hint that a nucleus-nucleus collision was

anything else than a superposition of independent collisions
between the protons and neutrons forming the nuclei.

But data could also be accounted for by « thermal » models.

| had a hard time believing that thermalization could be reached
in such small systems, despite the optimism of Jean-Paul Blaizot.
| tried to devise an analysis that could falsify the hydrodynamic
description of, equivalently, the thermalization hypothesis.
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Central coII|S|ons

—»4—‘ (> <—.->

First hydrodynamic calculations were done for central coII|S|ons i.e., 0
impact parameter, for two reasons:

|. The system is larger and more likely to thermalize

2. Hydrodynamic expansion has circular (azimuthal) symmetry which
simplifies the calculation (|+1d: computers were slow back then).

However, experimental data were mostly about how observables
depended on impact parameter. It was important to model this.
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Non-central collisions

s
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In 1992, 1 predicted that if thermalization occurs, then pressure
gradients break isotropy in non-central collisions due to the almond
shape of the interaction region. Emission of particles is larger along

the direction of impact parameter. This phenomenon was later called
elliptic flow.
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VOLUME 86, NUMBER 3 PHYSICAL REVIEW LETTERS 15 JANUARY 2001

Elliptic Flow in Au + Au Collisions at ./syy = 130 GeV
(STAR Collaboration)

Elliptic flow from nuclear collisions 1s a hadronic observable sensitive to the early stages of system
evolution. We report first results on elliptic flow of charged particles at midrapidity in Au + Au col-
lisions at /syny = 130 GeV using the STAR Time Projection Chamber at the Relativistic Heavy Ion
Collider. The elliptic flow signal, v,, averaged over transverse momentum, reaches values of about 6%
for relatively peripheral collisions and decreases for the more central collisions. This can be interpreted
as the observation of a higher degree of thermalization than at lower collision energies. Pseudorapidity
and transverse momentum dependence of elliptic flow are also presented.

The discovery of elliptic flow was the first important physics result

from the RHIC collider, obtained with the data collected on the very
first day, in June 2000.

This discovery showed that some thermalization was achieved in
nucleus-nucleus collisions.As a consequence, hydrodynamics soon
became the standard tool for modeling the expansion of matter
produced in nucleus-nucleus collisions.
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Elliptic flow at the LHC

Elliptic flow is now easily seen « by eye » on event displays of non-
central collisions: collective motion of particles parallel to the
direction of impact parameter, tentatively indicated as an arrow.
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Where statistical physics was needed

STAR discovered elliptic flow in 2000 by measuring correlations
between pairs of particles.With several hundreds (thousands at the
LHC) of particles seen in every collision, and expecting collective
motion of these particles, it seemed a shame to use only 2 particles
to characterize this collectivity.

In the MSc course | had been following prior to starting the PhD, my
favourite course was statistical physics, taught by the late Jacques
des Cloizeaux and Bertrand Duplantier, both from IPhT. One
lecture was about the kinetic theory of gases and the use of

cumulants to characterize genuine correlations between an arbitrary
number of particles.

Inspired by this knowledge, | set up a general analysis framework to
analyze cumulants in nucleus-nucleus collisions.
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Flow analysis from multiparticle azimuthal correlations

Nicolas Borghini,! Phuong Mai Dinh,> and Jean-Yves Ollitrault*”

'Service de Physique Théorique, CP225, Université Libre de Bruxelles, B-1050 Brussels, Belgium
2Service de Physique Théorique, CEA-Saclay, F-91191 Gif-sur-Yvette cedex, France
SL.PN.H.E., Université Pierre et Marie Curie, 4 place Jussieu, F-75252 Paris cedex 05, France
(Received 21 May 2001; published 25 September 2001)

We present a new method for analyzing directed and elliptic flow in heavy-ion collisions. Unlike standard
methods, it separates the contribution of flow to azimuthal correlations from contributions due to other effects.
The separation relies on a cumulant expansion of multiparticle azimuthal correlations, and includes corrections
for detector inefficiencies. This new method allows the measurement of the flow of identified particles in
narrow phase-space regions, and can be used in every regime, from intermediate to ultrarelativistic energies.

s oG

cumulant

This method is now routinely used by all experiments at the LHC.
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|&d Selected for a Viewpoint in Physics week ending
PRL 105, 252302 (2010) PHYSICAL REVIEW LETTERS 17 DECEMBER 2010

>

Elliptic Flow of Charged Particles in Pb-Pb Collisions at ./syy = 2.76 TeV

K. Aamodt et al.*

(ALICE Collaboration)
(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at ,/syy =
2.76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement is performed in
the central pseudorapidity region (|n| < 0.8) and transverse momentum range 0.2 < p, < 5.0 GeV/c.
The elliptic flow signal v,, measured using the 4-particle correlation method, averaged over transverse
momentum and pseudorapidity is 0.087 £ 0.002(stat) = 0.003(syst) in the 40%—50% centrality class. The
differential elliptic flow v,(p,) reaches a maximum of 0.2 near p, = 3 GeV/c. Compared to RHIC Au-Au
collisions at ,/syy = 200 GeV, the elliptic flow increases by about 30%. Some hydrodynamic model
predictions which include viscous corrections are in agreement with the observed increase.

(first observation of elliptic flow at the LHC, again with first day of data)

20



Non-Gaussian elliptic-flow fluctuations in PbPb collisions at )

JSNN = 5.02TeV
The CMS Collaboration*

CERN, Switzerland

Check for
updates
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ABSTRACT

Event-by-event fluctuations in the elliptic-flow coefficient v, are studied in PbPb collisions at /sy =
5.02TeV using the CMS detector at the CERN LHC. Elliptic-flow probability distributions p(v3) for charged
particles with transverse momentum 0.3 < pr < 3.0GeV/c and pseudorapidity |n| < 1.0 are determined
for different collision centrality classes. The moments of the p(v2) distributions are used to calculate the
vy coefficients based on cumulant orders 2, 4, 6, and 8. A rank ordering of the higher-order cumulant
results and nonzero standardized skewness values obtained for the p(vy) distributions indicate non-
Gaussian initial-state fluctuations. Bessel-Gaussian and elliptic power fits to the flow distributions are
studied to characterize the initial-state spatial anisotropy.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Measurement of multi-particle azimuthal correlations in pp,
p + Pb and low-multiplicity Pb + Pb collisions with the ATLAS

detector

ATLAS Collaboration*
CERN, 1211 Geneva 23, Switzerland

PHYSICAL REVIEW C 90, 054901 (2014)

Multiparticle azimuthal correlations in p-Pb and Pb-Pb collisions at the
CERN Large Hadron Collider

B. Abelev et al.*
(ALICE Collaboration)
(Received 11 June 2014; revised manuscript received 16 September 2014; published 3 November 2014)



Lee-Yang theory of phase transitions

When | started my PhD, my office mate was a
more senior PhD student, Thierry Jolicoeur,
who was then working on lattice gauge
theories, and later turned into a condensed
matter physicist. He taught me more physics
than | had learned in the MSc course, in
particular this theory.

= A theory of the liquid-gas transition, which is discontinuous.

For systems with a small number of particles, the thermodynamics is
always continuous. Lee and Yang wanted to show how a
discontinuity emerges as the number of particles increases.

An elegant, but mathematical solution: look for the first zero of the
partition function in the complex plane
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Genuine collective flow from Lee—Yang zeroes

R.S. Bhalerao®, N. Borghini®, J.-Y. Ollitrault®

4 Department of Theoretical Physics, Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India
b Service de Physique Théorique, CEA-Saclay, F-91191 Gif-sur-Yvette cedex, France

Received 31 October 2003; accepted 25 November 2003
Editor: P.V. Landshoff

Abstract

We propose to use Lee—Yang theory of phase transitions as a practical tool to analyze experimentally anisotropic flow in
nucleus—nucleus collisions. We argue that this method is more reliable than any other method, and that it is the natural way to

| rediscovered Lee-Yang theory when trying to evaluate the
asymptotic behaviour of cumulants for a large number of particles.

| reformulated it as a theory of collective effects, and applied it to
the analysis of experimental data from nucleus-nucleus collisions. It
is also routinely used at RHIC and LHC.
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|2 Selected for a Viewpoint in Physics week ending
PRL 115, 012301 (2015) PHYSICAL REVIEW LETTERS 3 JULY 2015

S

Evidence for Collective Multiparticle Correlations in p-Pb Collisions

V. Khachatryan et al.”

(CMS Collaboration)
(Received 18 February 2015; revised manuscript received 19 April 2015; published 29 June 2015)

The second-order azimuthal anisotropy Fourier harmonics, »,, are obtained in p-Pb and PbPb collisions
over a wide pseudorapidity () range based on correlations among six or more charged particles. The p-Pb
data, corresponding to an integrated luminosity of 35 nb~!, were collected during the 2013 LHC p-Pb run
at a nucleon-nucleon center-of-mass energy of 5.02 TeV by the CMS experiment. A sample of
semiperipheral PbPb collision data at /sy = 2.76 TeV, corresponding to an integrated luminosity of

2.5 ub~! and covering a similar range of particle multiplicities as the p-Pb data, is also analyzed for
comparison. The six- and eight-particle cumulant and the Lee- Yang zeros methods are used to extract the v,
coefficients, extending previous studies of two- and four-particle correlations. For both the p-Pb and PbPb
systems, the v, values obtained with correlations among more than four particles are consistent with
previously published four-particle results. These data support the interpretation of a collective origin for the
previously observed long-range (large An) correlations in both systems. The ratios of w», values
corresponding to correlations including different numbers of particles are compared to theoretical
predictions that assume a hydrodynamic behavior of a p-Pb system dominated by fluctuations in the
positions of participant nucleons. These results provide new insights into the multiparticle dynamics of
collision systems with a very small overlapping region.
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Where mathematical physics was needed

In nucleus-nucleus collisions, cumulants are typically evaluated for
the whole set of particles seen in the detector.

Around 2014, hints of collective effects were seen in smaller
systems: proton-nucleus, and even proton-proton collisions. For
technical reasons (in order to separate several sources of
correlations in these small systems) it became important to adapt
the method so as to correlate different subsets of particles,
possibly overlapping, but never correlating a particle with itself.

This posed non-trivial (for me)
problems of combinatorics, for
which | needed the help of
Philippe Di Francesco, who
belongs to the Mathematical
Physics group of IPhT.
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PHYSICAL REVIEW C 95, 044911 (2017)

Systematic procedure for analyzing cumulants at any order

Philippe Di Francesco,"> Maxime Guilbaud,’ Matthew Luzum,* and Jean-Y ves Ollitrault’
'Institut de physique théorique, Université Paris Saclay, CNRS, CEA, F-91191 Gif-sur-Yvette, France
2Department of Mathematics, University of Illinois MC-382, Urbana, Illinois 61821, USA
3Rice University, Houston, Texas 77005, USA
*Instituto de Fisica, Universidade de Sdo Paulo, C.P. 66318, 05315-970 Sao Paulo, Sdo Paulo, Brazil
(Received 21 December 2016; revised manuscript received 15 February 2017; published 24 April 2017)

Q(A1,A2,A3,A4) = - + +2 —6

(01020304) = — — + 2 — 6

Philippe elegantly solved the problem using Young tableaux and
Mobius inversions.
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Back to thermodynamics!

We now know that hydrodynamics is a valid description of nucleus-
nucleus collisions. The equation of state (EoS) is the main ingredient
of hydro equations. Go back to the old question from the |1980s:
Can we measure the EoS of strong interactions (QCD) using
experimental data from nucleus-nucleus collisions!?

A non-trivial question because in a hydrodynamic description, the
temperature depends on space and time, and the fluid moves.

We define an effective temperature Te and an effective volume from
the total energy and entropy of the fluid.

We observe in numerical calculations that the transverse
momentum per particle <pt>=3Tes . [his confirms the old
prediction by Leon Van Hove, 35 years later.
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Seeing quarks and gluons

You cannot observe just one quark or one gluon because of the
phenomenon called confinement.

But you can see quarks and gluons indirectly with thermodynamics.

Density n of a given species of massless particle is proportional to T3
(3=number of space dimensions). Quarks and gluons exist in many
species, in particular because they exist in different colours.

The particle density n is proportional to the entropy density s
(entropy per particle~4=number of space-time dimensions) which is
a well-defined thermodynamic quantity.

Colour therefore results in an increase of s/ T3 at high temperature,
where quarks and gluons behave similarly to free massless particles.
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Equation of state of QCD

| ' |
20| o .
— T liberation of color
4
= /T
1or / k-eluon plasma |
| crossover quark-gluon plasma
ol l _
5 _
44— colorless hadrons
| ! | ! | |
0 200 300 400 500
T[MeV]

Borsanyi et al,1309.5258
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Accurate results
from first principles
calculations now
available from lattice
gauge theory, a field
which used to be
represented at IPhT

(Andre Morel).


https://arxiv.org/abs/1309.5258
https://arxiv.org/abs/1309.5258

LHC data meet theory (QCD)

qardim, Giacalone, Luzum, JYO

Nature Physics 16 (2020) &, 615-619

200 300 400
T[MeV]

500
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We evaluate the
temperature using the
transverse momentum per
particle <pt>,and the
entropy density using the
particle multiplicity Nc¢» and
a theoretical estimate of the
(effective) volume.

LHC data are compatible
with QCD. They confirm
large s/ T3, implying that
color is liberated:
deconfinement observed!



Recent progress on thermodynamics

In 2019, we predicted that <pt> would increase in ultracentral
collisions, defined as collisions with the highest multiplicities, which
are all at zero impact parameter, i.e., same collision voliume.

Simple argument : If one increases the multiplicity at constant
volume, the density increases, therefore, the temperature also
Increases.

The relative increase of temperature (or, equivalently, <p7t>) as a
function of the multiplicity gives a direct measure of the
compressibility, which is the speed of sound (squared).

This prediction was confirmed in Sept.2023 by CMS.
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Preliminary CMS results

Speed of Sound in QGP

Simple but elegant analysis _CMS Preliminary __________PbPb (0.607 nb™) 5.02
qp dinT  din(p,) 1 025 _ p>0 GeV (extrapolated), Inl<0.5
2= — = — : . Data 4
de dlns  dInNg, 1.02f- — - Fit to extract (c /c)® — '
_ 5 - ---- Trajectum ;
Focus on ultra-central events - avoid N S Gardim et. al. :
. o ]
geometry fluctuations X101, (¢ f0)? = 0.241:0.002 (stat) £0.016 sysh | / .
f\:,"|_1 _0053_ at Togs = (p7)°/3 =219 +8 (syst)MeV I O ]
] :_o..-_:?.‘_‘._'. Phesne. ._.,’:‘__.__‘_;;_;.;—“ p :
w QO TO

0.8 085 09 0.95 1 1.05 11 115 1.2
0-5%
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(from summary talk of the Quark Matter 2023 conf. in Houston)
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The speed of sound of QCD measured!

Speed of Sound in QGP

Simple but elegant analysis _CMS Preliminary_______ __PbPb (0.607nb) 5.02_ ¢
dp dinT  dln(p,) 1,025 _ p >0 GeV (extrapolated) Inl<0.5
C%: — — o i e Data .
de dlns  dInNg, 1.02f- — - Fit to extract (cS/c)2 e ,'/
_ & - ---- Trajectum b~0
Focus on ultra-central events - avoid N Gardim et. al. ;
Q. i i
geometry fluctuations . X101, (¢ f0)? = 0.241:0.002 (stat) £0.016 (syst l / .
CMS Preliminary Pbe (O 607 nb b 5 02 TeV aoF - I O
T 1 ] V 1.005F at Togs = (p7)°/3 =219 +8 (syst)MeV ]
non-interacting limit 1 1%_'..‘_!.'_'.'.‘._'._".:f‘_.!.'.':.’:.!.3@_-1-.-.—c'. """""" e .
0.3_— —- - O-9-¢o 9@ ]
i P —— ] 0.995| O Q O 3
o 0.25[ B et ot
g i ‘ e €S c c\: Nc h/NghS/
(O \ \\aL\ N ‘:Q Tl
0.2 ' 'h: 5 :'ﬁ c . .
: NS ,.‘_"L :;”’ : Impressive agreement with Lattice
X @ CMS Ultra-Central Data 1 . . .
0.15 Lattice Quantum Chromodynamics Up to the field to run with this
I Trajectum Hydrodynamic Simulation - . :
: Nat. Phys. 16 (2020) 615 | ALICE: Less pt extrapolation
T L i Does particle species matter?
T (MeV) What about other systems?
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Thank you!



