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ABSTRACT

This document was prepared by the community that is active in Italy, within INFN (Istituto Nazionale di
Fisica Nucleare), in the field of ultra-relativistic heavy-ion collisions. The experimental study of the phase
diagram of strongly-interacting matter and of the Quark—Gluon Plasma (QGP) deconfined state will proceed,
in the next 10-15 years, along two directions: the high-energy regime at RHIC and at the LHC, and the
low-energy regime at FAIR, NICA, SPS and RHIC. The Italian community is strongly involved in the present
and future programme of the ALICE experiment, the upgrade of which will open, in the 2020s, a new phase
of high-precision characterisation of the QGP properties at the LHC. As a complement of this main activity,
there is a growing interest in a possible future experiment at the SPS, which would target the search for
the onset of deconfinement using dimuon measurements. On a longer timescale, the community looks with
interest at the ongoing studies and discussions on a possible fixed-target programme using the LHC ion
beams and on the Future Circular Collider.
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1 INTRODUCTION

In 2014 INFN (Istituto Nazionale di Fisica Nucleare) started a broad internal discussion (INFN What Next)
on future physics programmes, organised around a series of plenary meetings and a number of working
groups devoted to specific topics [1]. The mandate was the investigation of the various possible directions
for the development of our research fields, and the identification of the most promising projects for the next
decade. In the frame of this discussion, the working group on “Standard Model precision measurements” has
addressed, among various topics, the status and future directions for precision studies of the phase diagram
of strongly-interacting matter (also denoted QCD phase diagram).

This research field employs collisions of heavy ions at ultra-relativistic energies (energy per nucleon—nucleon
collision in the centre-of-mass \/syy > 1 GeV) and it has by now a long tradition. Starting in the 1980s with
exploratory studies at fixed-target facilities at BNL and CERN, then brought to maturity in the following
decade, it has reached high-precision levels with experiments at the RHIC collider and, more recently, at
the LHC. Evidence for the creation of the Quark—Gluon Plasma (QGP), a state of matter where quarks and
gluons are deconfined has by now been firmly reached [2-8]. In particular, the results from Pb-Pb collisions
in the LHC Run-1 show that a system with an initial temperature that exceeds by more than a factor of
two the critical temperature T, ~ 155 MeV for the phase transition from hadronic matter to QGP has been
created. It has also been shown that such a system is opaque to hard probes (jets, heavy quarks) traversing
it, and that quarkonium states are dissociated due to the screening of the colour charge in the QGP.

In this situation, advances in this field can be pursued by moving towards two well defined directions.

e First, in high-energy studies at the LHC —which provide a QGP with the highest initial temperature,
longest lifetime and largest volume— higher-precision data and the investigation of new observables
are clearly needed for a complete characterisation of the deconfined state.

e Second, the phase diagram of strongly-interacting matter is still largely unexplored in the domain of
high baryonic densities, which can be studied via experiments at lower collision energies. Among the
highlights of these studies, the identification of the critical point of the QCD phase diagram plays a
prominent role.

A strong and motivated Italian community, devoted to these studies, exists since the very beginning of the
field. Experimental physicists have played a key role both in the fixed-target experiments with Pb beams at
the CERN SPS (WA97, NA50, NA57, NA60) and later on in the design, construction and operation of the
ALICE experiment at the LHC. In parallel, a theory community, significantly growing in the past decade, is
providing the field with high-level fundamental and phenomenological studies. With the present document,
we want to convey to high-energy nuclear and particle physicists, in the frame of the INFN What Next
discussions, our view of the field and the prospects for our activities in the next years. We follow the two
directions outlined above: high-energy, in the frame of the ALICE experiment, and high baryonic density, in
the frame of the proposal of a new fixed-target experiment at the CERN SPS.

The document is structured as follows. In Chapter 2, starting from a short discussion of the phase diagram
of strongly-interacting matter, we show how ultra-relativistic heavy-ion collisions can lead to the creation of
a system with the characteristics of a Quark-Gluon Plasma. Adopting a theory-driven perspective, it is then
shown that the study of the spectra of soft particles produced in the collision and of their collective motions
is an important tool for the determination of the global QGP properties. The use of hard probes, as jets or
particles carrying heavy quarks, is also discussed, as a way to investigate the temperature of the deconfined
system and the transport coefficients of the created medium. Then, electromagnetic probes, such as photons
and dileptons, are reviewed. They are not sensitive to the strong interaction and represent a powerful tool to
extract information about the first stages of the collision. Finally, the use of lattice calculation techniques as
a theoretical tool to study the thermodynamics, phase diagram and spectral functions of QCD is discussed.

In Chapter 3, we turn to an experimental perspective and we shortly introduce the main observables
and results obtained at the RHIC and LHC machines in the study of nuclear collisions. We also outline
the landscape of the experimental facilities for heavy-ion studies that are presently in operation or under
construction.

Chapter 4 brings us into a discussion of the ALICE experiment, with an emphasis on the immediate
prospects for the freshly started LHC Run-2, and in particular on physics plans for the next decade, during
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Run-3 and Run-4, when the upgraded detectors will be in operation. Areas where the contribution of Italian
groups will be stronger are then discussed in detail. We start by reviewing the status of open heavy flavour
studies, and we then turn to heavy quarkonia and jets. These three areas represent the “core” of the physics
effort of the ALICE Italian community. Significant results will also be obtained on soft observables, including
in particular the study of collective flow and the analysis of high-multiplicity pp and p—Pb collisions, where
intriguing effects were observed in Run-1. Finally, high-energy nuclear collisions represent a copious source
of nuclei and anti-nuclei, that can be used for studies of rare processes such as hypernuclei production and
tests of fundamental symmetries, as CPT.

Chapter 5 presents the first feasibility studies for a future fixed-target experiment, NA60+, devoted to the
investigation of electromagnetic probes and heavy quarkonia with nuclear collisions at the CERN SPS. The
experiment aims at an energy scan from low to high SPS energy (\/sxn from a few GeV to about 20 GeV),
studying muon pair production. We start by describing the relation of this observable with key concepts in
the study of the QCD phase diagram, as the restoration of chiral symmetry, the onset of deconfinement, the
order of the phase transition from hadronic matter to QGP and the evaluation of the QGP temperature. We
then move to a first conceptual study for such an experiment, describing a possible set-up, and we analyse the
foreseeable running conditions and the performance of the experiment. On the latter point, we show results
of simulation studies on the detection of low-mass hadronic resonances (p, w, ¢) and charmonia (J/v), and
on the characterisation of the dimuon invariant-mass continuum and pt spectra.

Chapter 6 briefly presents further future projects, such as studies for fixed-target experiments using the
LHC beams and prospects for measurements with heavy-ions at the Future Circular Collider (FCC), the
developments of which are also followed with interest by the community. Finally, Chapter 7 summarises our
view on the future involvement of the Italian heavy-ion community in the studies discussed in the document.
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2 THE QCD PHASE DIAGRAM AND HEAVY-ION COLLISIONS:
THEORY

Quantum Chromo-Dynamics (QCD), the theory of strong interactions, is characterised by a rich phase
diagram, which is schematically shown in the left panel of Fig. 1 as a function of temperature T" and baryon
chemical potential up. The elementary coloured degrees of freedom of the theory, quarks and gluons, under
ordinary conditions are confined in colour-neutral composed objects, mesons and baryons, and get free to
propagate over distances larger than the typical size of a hadron (~1 fm) only in an extremely hot or
dense environment, like the one present in the early Universe or, possibly, in the core of compact stars.
From the theory point of view, information on the QCD phase diagram comes from lattice-QCD simulations
(discussed in the following) and from chiral effective Lagrangians. These calculations predict a cross-over
between hadronic matter and a Quark-Gluon Plasma (QGP) phase in the high temperature and low baryon
chemical potential region. They suggest that the transition may become of first order moving towards higher
values of the baryon chemical potential. QCD calculations on the lattice provide nowadays reliable and
accurate results for the thermodynamic properties of a hot strongly-interacting system, as we will discuss in
more detail in Sec 2.4. The right-hand panel of Fig. 1 shows the Equation of State (EoS) that relates the
pressure P and the temperature T in terms of P(T")/ T*, in the up =0 case. This quantity is characterised
by a smooth rise in the effective number of active degrees of freedom as the temperature increases. Numerical
results, in nice agreement with a Hadron-Resonance Gas at low T, in the deconfined phase slowly approach,
due to asymptotic freedom, the limit of an ideal gas of quarks and gluons (Stefan-Boltzmann limit). The
cross-over between the hadronic and QGP phase occurs around the critical temperature T, ~155 MeV. The
transition from QGP to confined hadrons is also associated with the breaking of chiral symmetry. During the
thermal evolution of the Universe, the chiral condensate acquired a non-vanishing expectation value {qg) # 0
and the baryons got most of their mass (see left panel of Fig. 2 [9]): most of the present baryonic mass in
our Universe actually arises from the QCD rather than from the electro-weak phase transition.
Experimentally the deconfinement transition is studied using ultra-relativistic heavy-ion collisions. Dif-
ferent regions of the phase diagram can be covered by changing the centre-of-mass energy of the collision:
indeed, as the energy increases, the initial temperature of the system increases and its baryo-chemical po-
tential decreases (because the baryon number carried by the two incident nuclei has a large separation in
rapidity from the central region where the hot system forms). The experiments at the LHC and at the high-
est RHIC energies are suited to reproduce the conditions of high-energy and low baryon-density present in
the early Universe with a cross-over connecting the QGP and hadron-gas phase. Instead, the search for the
Critical End-Point, where the transition is expected to become of first order, is the main motivation of the
Beam-Energy Scan (BES) at RHIC and of the fixed-target experiments running at the SPS and planned at
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Figure 1: The QCD phase diagram (left panel) and the equation of state P(T)/T4 in the limit of vanishing baryon
density [10] measured on the lattice (right panel): the latter is characterised by a rise in the effective number
of active degrees of freedom, indicating the cross-over transition to a QGP.
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Figure 2: Left: the contributions to the quark masses from the electro-weak symmetry breaking (bare quark mass,
indicated as Higgs mass) and chiral symmetry breaking (constituent quark mass, indicated as QCD mass) [9].
Right: schematic evolution of ultra-relativistic heavy-ion collisions.

NICA and FAIR. A schematic cartoon of the evolution of the matter formed in these collisions is displayed
in the right panel of Fig. 2, where the various stages (pre-equilibrium, QGP, hadron gas, decoupling) of its
dynamics are shown: they will be discussed in the following sections, together with the probes used to get
information on the properties of the QGP. An overview of experimental measurements will be provided in
Chapter 3.

2.1 Space-time evolution of heavy-ion collisions

The only way to get experimental access to the QCD phase diagram in the region of deconfinement under
controlled conditions is represented by ultra-relativistic heavy-ion collisions. The initial state of the two
nuclei as well as the the very first instants following the collision can be described by Classical Yang-Mills
(CYM) equations: [Dy,, F*”] = —J". The colour-current J” of the fast (i.e. carrying a sizeable fraction of
longitudinal momentum) valence partons of the incoming nucleons acts as a source of the gauge field F*
describing the small-z gluons [11-13]. These fields turn out to be strong and the corresponding gluon states
are characterised by large occupation numbers ~ 1/ag, so that a description in terms of classical fields
results a posteriori justified. The effective theory to describe the small-z gluons in the wave-function of the
colliding nuclei is known as Color Glass Condensate (CGC): gluons are in fact coloured particles, their fields
arise from sources which, in the relevant time-scales for the collision, appear as frozen (like a glass) and they
form a dense system of bosons. As a result, the transverse-momentum distribution of small-z gluons turns
out to be peaked around a saturation momentum g, which introduces a typical inverse-length scale into
the system. For high energy and heavy nuclei the latter can reach values Qg > Aqcp ~200 MeV for which
the running coupling as(Qg) is sufficiently small to make perturbative calculations possible.

CYM equations can be also used to study the field configuration after the collision [14,15]. The evolution
of the system is usually described in terms of the longitudinal proper-time T = v/t? — 22 and the space-time
rapidity ns = 1in % In the high-energy limit the initial conditions and the evolution of the medium do not
depend on rapidity. At the very beginning, the system arising from the collision is characterised by purely
longitudinal electric and magnetic colour fields, which then evolve (for some fractions of fm/c) according
to the CYM equations, developing also transverse components. Such a state of matter, which interpolates
between the initial CGC and the thermalised Quark-Gluon Plasma (QGP), is referred to in the literature
as Glasma [16]. One of the most striking peculiarities of the Glasma is given by the strong event-by-event
spatial fluctuations of its initial energy density profile.

Experimental data strongly support a picture in which, after this pre-equilibrium stage, the matter pro-
duced in the collision reaches a state close to local thermal equilibrium, thus allowing a hydrodynamic
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description, with the evolution of the system driven by pressure gradients. Due to the strong interactions
acting in the medium, the initial anisotropy and fluctuations are then mapped into the final hadron spectra,
which will be affected by the collective flow of the fireball.

The first evidence for an early development (79<1 fm/c¢) of an hydrodynamic expansion of the system
formed in heavy-ion collisions came from the observation of the elliptic flow vy = (cos[2(¢ — ¥grp)]) char-
acterising the distribution of the azimuthal angle ¢ of the produced hadrons with respect to the direction
of the reaction plane yrp (the plane defined by the collision impact parameter). The elliptic flow arises
from the elongated shape of the overlap region of the two nuclei in non-central collisions: the larger pressure
gradients along the reaction plane give rise to a stronger flow in this direction [17]. In particular, since the
expansion of the system would tend to dilute the initial spatial asymmetry, this observation provided strong
support to the hypothesis of an early thermalization of the matter produced in the collision.

The main theoretical tool to map the initial geometrical anisotropy into the final spectra of the hadrons
is given by relativistic hydrodynamics (both the speed of sound ¢ and the velocity of the fluid are in fact
quite close to ¢) [18]. Hydrodynamics is an effective theory to describe the propagation of long-wavelength
excitations in a medium at local thermodynamical equilibrium with a microscopic interaction length (mean
free path Ang,) much smaller than the size of the system (L of the order of the nucleus radius) and the
length of variation of the thermodynamic fields, that is temperature, velocity and chemical potentials. The
small values of the Knudsen number K, = Ayg,/L led people to describe the plasma produced at the
temperatures accessible at RHIC and at the LHC as a strongly-coupled system. In the ideal hydrodynamic
limit the evolution of the hot QCD matter is completely described by the conservation law for the energy-
momentum tensor (e and P are the energy density and the pressure, respectively)

ouTl =0, with Tl = (e+ P)uu” — Pg"” and u? =1. (1)

The Equation-of-State (EoS) P = P(e) closes the system and is the only place where the information on
the microscopic degrees of freedom enters. The symmetries of the underlying Lagrangian also identify the
conserved charges of the system and the corresponding continuity equations.

Ideal hydrodynamics provides the strongest possible response of the medium to the initial-state anisotropy.
However, more systematic studies pointed out the necessity to introduce dissipative corrections in the hy-
drodynamic evolution of the medium, accounting for deviations from full thermal equilibrium and arising
(within a kinetic description) from the finite mean-free-path of the constituents. The energy momentum
tensor receives then viscous corrections (with bulk IT and shear m*¥ components):

T =TH + 11" = eutut — (P +ID)AM + 7, with AM =g —ufu” and  w,m =7, = 0. (2)

One is left with the problem of providing a rigorous definition of the viscous stress-tensor IT*”. A first
possible approach consists in imposing the second law of thermodynamics 9,,s* > 0, with the entropy current
given by its equilibrium expression s# = su#. This leads to (V# = AH*9,,)

1 1
IT=—((0uu") and " =2npV<Fu’> =2 i(V“u”—l—V”u“)—gAW(@Mu“) ) (3)

where ¢ is the bulk viscosity and n the shear viscosity. Equation 3 represents the relativistic extension
of the Navier-Stokes (NS) theory and fully accounts for all first-order terms in a gradient expansion. The
latter, however, poses conceptual problems due to its breaking of causality arising from the superluminal
propagation of short-wavelength modes (found for instance in the study of shear perturbations). Including
in the entropy current corrections proportional to IT? and m#¥ v is sufficient to recover a causal behaviour.
In this case the viscous components of the stress tensor are no longer simply defined in terms of the velocity
field as in the NS theory, but require the solution of evolution equations of the form

. 1 : 1
M = [T C(0h)), g % [ — 20V <atps ], )

where 17 and 7, play the role of relazation times necessary for the viscous tensor to approach its NS limit.
The above formalism goes under the name of Israel-Stewart theory [19]. It was developed by the authors in
the ’70s, with the purpose of applying it to astrophysical problems, but it was essentially ignored by the
scientific community for many years until when it was rediscovered in the contest of the study of heavy-ion
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Figure 3: Flow harmonics in Pb-Pb collisions at ,/sNyn. Theory predictions with an initial “Glasma” dynamics inter-
faced with a subsequent viscous hydrodynamic evolution [21] are compared to experimental data. Different
choices of the “Glasma”-hydro switching time are explored. In the right panel the viscosity-to-entropy ratio
1/ s estimated for the QGP is compared to the one measured for other fluids around their liquid-gas phase
transition [22].

collisions. Now its conceptual importance for the consistent inclusion of dissipative effects in a relativistic
framework is finally appreciated by a broad community, going beyond heavy-ion studies and representing
a nice example of cross-fertilisation between different fields. In this regard, part of the Italian community
recently developed a relativistic viscous hydrodynamic code by adapting to heavy-ion collisions an existing
code for astrophysical applications. As a result, a first version of the ECHO-QGP code [20] was released,
representing the first public numerical tool to perform (3+1)D hydrodynamic calculations with dissipative
effects.

It is then necessary to go from a fluid to a particle description. A common assumption is that this transition
occurs when the rate of elastic interactions of the particles becomes comparable with the expansion rate of
the fluid or when the mean-free-path becomes of the same order of the system size. For simplicity one usually
assumes that the decoupling happens suddenly, i.e. when, locally, the temperature of the fluid cell goes below
the kinetic freeze-out value Tpo. The condition T'(x) = Tro defines a three-dimensional kinetic freeze-out
hyper-surface from which hadrons are emitted according to the Cooper-Frye spectrum [23]

dN

5 = ptd¥, f(x,p), where f(z,p) = feq(p-u(z))+df(z,p). (5)
P Xro

In the above f(z,p) is given by the sum of an equilibrium (Bose or Fermi) distribution in the local fluid rest-
frame plus an off-equilibrium correction arising from presence of dissipation. The final hadrons (at variance
with the case of proton-proton collisions) are then affected by the collective flow of the medium, which carries
the fingerprints of the initial anisotropy and pressure gradients of the system via the Euler equation (here
given in the absence of viscosity)

(e+ P)ut = VHP. (6)

Particles are accelerated outward, i.e. in the direction opposite to the pressure gradient. In particular, the
collective radial flow of the system leads to harder distributions of transverse momentum (pr) of the final-
state hadrons. Several analyses are devoted to the study of more refined features of particle distributions
like the observation of higher harmonics in the azimuthal distribution of produced particles. These are
quantified by the coefficients v, of the Fourier expansion of the azimuthal distribution with respect to the
estimated reaction plane y¥rp. The second harmonic coefficient vy is the elliptic flow. It characterises non-
central collisions, because of the larger pressure gradient along the reaction plane. Higher harmonics (n > 2)
arise from event-by-event fluctuations in the energy-density transverse profile in the initial state. Within
the Glasma picture initial conditions can be very bumpy, with longitudinal colour fields (fluz-tubes) with a
very short (even shorter than the nucleon size) correlation-length ~ Q;l in the transverse plane. Results of
viscous hydrodynamic simulations with such initial conditions [21] are displayed in Fig. 3.
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A systematic comparison of theory calculations with experimental results for the various flow-harmonics
v, [24-28] (see Fig. 3 as an example) provides information on the initial state of the system and on important
properties of the produced medium, like in particular the n/s ratio between shear viscosity and entropy
density. The above ratio turns out to be quite close to the universal lower-bound n/s = 1/4m predicted
by the AdS/CFT correspondence for any gauge theory with a gravity dual [29], making the QGP produced
at RHIC and LHC, when compared to other substances, the “most perfect” fluid [22]. Although QCD in
the region close the deconfinement phase-transition is far from being conformal, recently such an approach
was widely employed in the literature, since it is perhaps the only one able to provide predictions for
real-time quantities (like for instance transport coefficients) in a strong-coupling non-perturbative regime.
First-principle lattice-QCD calculations are in fact formulated in imaginary-time and provide direct results
only for equilibrium thermodynamic quantities.

2.2 Hard probes of the QGP properties

The term hard probes indicates particles (hadrons or partons) that a) are chacterized by a hard scale (mass or
momentum) and are therefore produced in the first instants of the nucleus—nucleus collision in hard partonic
scatterings, and b) are affected by the presence of the strongly-interacting QGP, which they cross after their
production. Hard probes include: quarkonia (charmonia and bottomonia); heavy quarks, which are detected
in the final-state as open heavy flavour hadrons or their decay products; high-momentum light quarks and
gluons, which are detected in the final-state as high-momentum hadrons and jets. The measurement of the
modification of the yield and kinematic properties of hard probes is regarded as a rich source of information on
their interaction with the QGP and on the QGP properties. In the following, we outline the main theoretical
ideas on the description of the medium-induced modification of hard probes. More details will be given in
Sections 4.3, 4.4 and 4.5.

The suppression of J/v production in heavy-ion collisions was one of the first proposed signatures of
the onset of deconfinement [30]. The argument was based on the Debye-screening of the Q — @Q potential
—a/r — —a/rexp(—r/rp) due to the large density n ~ T3 of free colour charges in the plasma. The
initially-produced J/’s have to cross a medium characterised by a Debye screening radius smaller than
the size of the state rp < 7/, so that the potential is no longer able to support bound states. Clearly,
the smaller the binding energy (the larger the radius), the earlier the state will dissociate: a sequential
suppression scenario of the different charmonium and bottomonium states as a function of the centrality of
the collisions was then proposed, with the purpose of using quarkonia as a thermometer of the produced
medium. Current measurements at the LHC allow one to test this scenario using a systematic comparison
of the suppression of J/, ¢’ (for charm) and Y(1S), Y(2S), Y(3S) (for bottom) states [31,32]. From the
theory point of view, the challenge is to make the above picture more quantitative. The first possibility is to
take advantage of the numerical results of lattice-QCD simulations (described in Section 2.4): one can get
information on the free-energy of static (infinitely heavy) Q@ pairs in the QGP [33] and on the in-medium
quarkonium spectral functions in the different channels, looking for the survival/disappearance of bound-
state peaks as the temperature increases. Analytic approaches, although facing the difficulties arising from
the strongly-coupled nature of the medium at the experimentally-accessible conditions, have the advantage of
providing a cleaner physical insight on the involved processes. Modern approaches, combining Effective Field
Theory (EFT) techniques and thermal field-theory calculations [34-36], have displayed the complex nature
of the effective potential describing the evolution of Q@ pairs in the QGP, with a real part accounting for
the screening of the interaction and an imaginary part arising from the collisions with the QGP constituents.

The role of open heavy-flavour observables (D and B mesons and their decay products) to characterize the
QGP will be discussed in detail in Section 4.3. Here we summarize the theoretical framework (for a review
see for instance Refs. [37,38]). Due to their large mass ¢ and b quarks are produced in initial hard processes,
which can be calculated within pQCD [39]. At variance with the proton-proton case, in heavy-ion collisions
the heavy quarks emerging from the hard interaction have to propagate in a hot deconfined medium. One
expects then that their spectra and correlations get modified with respect to proton-proton events. In the
limit in which the interaction with the medium is very strong, heavy quarks could reach thermal equilibrium
with the rest of the system and the final observables like D-meson spectra might even display common
features with light hadrons, like signatures of radial and elliptic flow. The standard tool to study heavy-
flavour particles in a hot medium is represented by transport calculations based on the Boltzmann equation.
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Figure 4: Left panel: estimates for the value of the jet-quenching parameter § obtained from the comparison of various
model calculations with RHIC ({/sxy = 0.2 TeV) and LHC (/s = 2.76 TeV) data [40]. The dashed
boxes indicate expected values at /syn = 0.063, 0.130 and 5.5 TeV. Right panel: the nuclear modification
factor of jet pr spectra in central Pb—Pb collisions at the LHC. Theory predictions [41,42] are compared
to experimental results from the ALICE experiment [43].

The latter is very often replaced by its soft momentum-exchange limit, the Fokker-Planck or Langevin
equation, which has easier numerical implementation. The comparison of experimental measurements with
the results of these calculations provides information on the transport coefficients of the QGP and on the
degree of thermalization of heavy quarks in the system. In the high-pt regime, heavy quarks become a tool
to study the mass and colour-charge dependence of parton energy-loss, which will be discussed in the next
paragraph and in Section 4.5.

High-pr particles are produced in hard processes occurring in the initial stage during the crossing of the
two nuclei and described by pQCD. High-energy partons cross a few fm of QGP before hadronizing. In such
an environment, rich of coloured gluons with softer momenta, the hard quarks and gluons lose part of their
energy via elastic and inelastic processes. At very high energy the main role is played by medium-induced
gluon radiation [44,45]: hard partons interact with quarks and gluons of the medium, exchanging with them
momentum and colour, becoming radiators of, mostly, soft and collinear gluons (for a comprehensive review
see e.g. [46]). The transport coefficient § quantifies the average squared transverse-momentum exchange per
unit length and is one of the parameters one aims at extracting from the data: results are shown in the left
panel of Fig. 4. The development of a parton shower, in the vacuum simply driven by virtuality degradation,
is thus modified in the presence of a medium, because the interaction increases the probability of gluon
radiation. This picture has been recently implemented in numerical codes (see e.g. Ref. [41]). As a result of
in-medium parton energy loss and of the colour-decoherence of the radiated gluons [47,48] the production of
high-pt hadrons and jets in heavy-ion collisions is suppressed with respect to the proton-proton case. The
suppression is quantified using the nuclear modification factor Ry = NAA/ (Neon)NPP_ which is the ratio
of the yields (usually differential in pr and/or y) in the A-A and pp case, rescaled by the average number of
nucleon-nucleon collisions. This phenomenon is usually referred to as jet quenching. The right panel of Fig. 4
shows the comparison of a jet nuclear modification factor measurement at the LHC [43] with the predictions
of jet quenching simulations [41] and of an analytical calculation of parton energy loss [42].

2.3 Electromagnetic probes: initial state and thermal dilepton radiation

In contrast to hadrons, photons and lepton pairs (dileptons) directly probe the entire space-time evolution
of the expanding fireball formed in high energy nucleus-nucleus collisions, escaping freely without final-state
interactions.

Before thermalization, dileptons might be produced from Drell-Yan, open-charm and charmonia. After
thermalization, further processes contribute:
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Figure 5: Ratio R of the ete™ —hadrons to ete™ — pu cross-sections [56], related to the electromagnetic spectral
function in vacuum.

e in the QGP phase, lepton pairs can be produced by thermal ¢gg annihilation;

o after hadronization, the resulting strongly-interacting hadronic medium has still thermal properties
and continues to expand while cooling down. In this phase, the main sources of thermal lepton pairs
are the p(770) meson and multi-pion processes related to p — ay chiral-mixing.

It was suggested that dileptons and photons might provide a benchmark for the initial stage before
thermalization [49-52]. Generally speaking, both photons and dileptons are sensitive to the distribution
functions of quarks in the medium. In the early stages of the collision, these distribution functions bring
informations on the anisotropy of the system; as a natural consequence, particle production will be affected
by anisotropy, which is quite large in the early stage. Moreover, one has to consider that in addition to
the particle production due to quantum inelastic processes, there is also the dynamics of the classical fields,
whose evolution is determined by the expectation value of quark currents. These currents act as sources for
the electromagnetic field [52], hence giving a further early stage contribution to the photon spectrum, which
has to be added in the theoretical computation to the single particle production due to scattering processes.

Results presented in [49-52] show first estimates of initial stage production of photons and dileptons,
which has to be added to the better understood production in the quark-gluon plasma and hadron phases.
It would be desirable to complete the aforementioned studies using a single theoretical framework which
encodes production of particles both from the classical fields and from the quantum scattering processes,
which consistently follows the dynamical evolution of the system from the early stage up to the final stage
of hadronization. While this requires a considerable amount of work, eventually it would lead to a firm
quantitative understanding of the role of the initial stage dynamics on empirical observables.

The thermal dilepton rate per unit space-time and 4-momentum volume can be expressed by [53-55]

Tindts = ~ o5 2@ D) I (M, .1, T), (7

where fB(q°, T) is a Boltzmann factor and ImITe,, (M, q, up,T) is the electromagnetic spectral function.
In the vacuum, the electromagnetic spectral function is proportional to the ratio R of the ete™ —hadrons
to ete™ — putpu~ cross-sections (Fig. 5), with R = —IQT”ImHem.

For M < 1 GreV/c2 (Low Mass Region), the self-energy is dominated by the vector mesons p, w and
¢. For M>1.5 GeV, several overlapping resonances lead to a continuum with a flattened spectral density
corresponding to a simpler description in terms of quarks and gluons (hadron-parton duality). Thus one has
a non-perturbative regime for M < 1 GeV/c? with

ImIem ~ ImD,, 4, (8)
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where I'mD, ,, 4 are the light vector meson spectral functions. For M > 1.5 GeV/c? the ¢g continuum
leads to

%Nconst-(l—FO[Tg/Mﬂ). (9)

As said above, the broad p(770) is by far the most important among the vector mesons, due to its strong
coupling to the 777~ channel and its life-time of only 1.3 fm /¢, making it subject to regeneration in the much
longer-lived fireball. Indeed, for a long time the p has been considered as the test particle for “in-medium
modifications” of hadron properties close to the QCD phase boundary.

In the hot hadronic matter, the vector meson propagators are calculated using many-body models [57-60].
The calculations show that the p spectral function strongly broadens due to the coupling of the p to several
baryonic resonances. This is shown in Fig. 6 - around the phase transition region the width diverges (p
'melting’). The mass range 1 < M < 1.5 GeV/c? is dominated by multi-pion annihilation (see Chap. 5 for
more details) where the process a17 — pt ™ plays a very important role [61,62]. Here, medium effects are
related to the p — a; chiral mixing and thus may be sensitive to chiral symmetry restoration.

Finally, theoretical rates from the QGP have been estimated based on lattice QCD or hard thermal loops
calculations [64-66] or hard thermal loops [67].

The resulting thermal dilepton spectrum in heavy ion collisions is obtained by integrating Eq. 7 over
emission volume and momenta along the fireball evolution. For M < 1.5 GeV this leads to

N
j—M o M3/ ?(exp(—M /T))(spectral function(M)) (10)

while for M > 1.5 GeV one has

dnN
TV M3/2(exp(—M /T)). (11)

The shape of the dilepton spectrum in this mass region, directly related to the medium temperature,
provides a thermometer to distinguish the partonic and hadronic origin (see Chap. 5 for more details).

The theoretical thermal dilepton yields from the QGP and hadronic phases estimated for Indium-Indium
collisions at 160 GeV /nucleon in the lab system are shown in Fig. 7. In the low mass region (M < 1 GeV)
the yield is dominated by the p, while the QGP is dominant for M > 1 GeV/c?. At these energies the yield
from the a;7 — ™ process is small in comparison to the QGP. The theoretical estimate for the total
thermal yield is in quantitative agreement with the measurements performed by the NA60 experiment [63].
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Figure 7: Theoretical calculations for the thermal radiation based on the in-medium p (dotted-dashed red line), omega
spectral functions, multi-pion annihilation with chiral mixing (dashed blue line), and QGP radiation (dotted
orange line). The total yield is compared to the NA60 data [63].

2.4 Lattice calculations: a tool to study QCD thermodynamics, phase diagram and spectral functions

Numerical simulations of QCD discretised on an Euclidean space-time lattice represent the best available
first-principle tool to explore the thermal properties of strongly-interacting matter in the non-perturbative
regime. One rewrites the QCD thermal partition function in terms of an Euclidean path integral, which is then
discretised on a space-time lattice and evaluated numerically by Monte-Carlo methods. In this way we can
obtain information about basic equilibrium thermodynamics (e.g., pressure and energy density), equilibrium
particle and conserved charge distributions, and other quantities which are relevant to a description of the
phases of strongly-interacting matter.

The liberation of colour degrees of freedom is clearly visible from the rapid change of various thermody-
namic quantities and roughly coincides with the restoration of chiral symmetry. By now, it is well estab-
lished that, for null baryon chemical potential up = 0, such a rapid change takes place at a temperature
T, ~ 155 MeV (with an uncertainty of about 8 MeV [68, 69])and does not correspond to a true phase
transition [70-74], but instead to a cross-over with no associated critical behaviour. Our present knowledge
becomes less well defined as we consider the extension of the QCD phase diagram to ppg > 0: this is due to a
technical problem, the complex nature of the path integral measure (the so-called sign problem), which hin-
ders the application of standard Monte-Carlo sampling techniques. Various methods exist to circumvent the
problem in the regime of small chemical potentials, while other methods to completely solve it are currently
under study.

Two issues of primary importance, related to the introduction of a non-null baryon chemical potential pp,
regard a) how the critical temperature changes as a function of upg (pseudo-critical line) and b) whether
the cross-over turns into a first-order transition at some critical value of upg, corresponding to a critical
endpoint. The first issue is interesting for a comparison with the line of chemical freeze-out, as deduced from
heavy-ion experiments, while the second would represent a key point in the QCD phase diagram, with clear
experimental signatures.

In the regime of small chemical potentials, the pseudo-critical line can be approximated by:

2
Llpp) _y _, (’f) +O0(u) (12)
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stout action, and those of Ref. [116], obtained with the HISQ action. Right: equation of state of QCD for
small values of the chemical potential [78].

where the coeflicient x defines the curvature of the line T.(up) (see, for illustration, Fig 1-left). Information
about k can be obtained, in lattice simulations, in various ways: by suitable combinations of expectation
values computed at up = 0 (Taylor expansion method [75-78]), by determining 7. (up) for purely imaginary
values of pup — for which numerical simulations are feasible — and then inferring the behaviour for small
and real pup by analytic continuation [68,69,79-88], by re-weighting techniques [89,90] and, finally, by a
reconstruction of the canonical partition function [91,92].

Lattice results obtained for x have been usually smaller than those obtained for the curvature of the
freeze-out curve [93-100], however recent numerical investigations, adopting the method of analytic contin-
uation with improved discretisations at or close to the physical point of (2+1)-flavours QCD, have provided
larger results, compared to previous estimates obtained by the Taylor expansion technique [76-78]. Such a
tendency has been confirmed by very recent updates, aiming at obtaining a full control over the continuum
extrapolation [101,102]: a value x & 0.014 is compatible with all these studies.

Regarding the location, and even the existence, of the critical endpoint, the situation is currently less well
defined. Present studies are based on re-weighting techniques, on the determination of the canonical partition
function or on estimates of the radius of convergence of the Taylor series in ug; however, various limitations
still do not permit a complete control over systematic errors. A conclusion that can be drawn at the moment
is that the critical endpoint, if any, is not to be found in the small pp region. This reduces the chances to
accurately predict its position before a complete solution to the sign problem is reached. Various efforts are
being pursued in this direction, including Langevin simulations for generic complex actions [103,104], lattice
simulations on a Lefschetz thimble [105], density of states methods [106,107], formulation in terms of dual
variables [108], tensor Renormalization Group techniques [109] and effective Polyakov loop models [110,111].

The equation of state of QCD, as well as the fluctuations of conserved charges, are the most prominent
example of observables which allow to directly relate fundamental theory and heavy-ion collision experi-
ments. The experimental results available so far show that the hot QCD matter produced experimentally
exhibits robust collective flow phenomena, which are well and consistently described by near-ideal relativis-
tic hydrodynamics [112-114]. These hydrodynamical models need as an input an Equation of State (EoS)
which relates the local thermodynamic quantities. Therefore, an accurate determination of the QCD EoS is
an essential ingredient to understand the nature of the matter created in heavy ion collisions, as well as to
model the behaviour of hot matter in the early Universe. The EoS of QCD is now available, in the continuum
limit, for zero and small values of the chemical potential [10,78,115,116] and is displayed in Fig. 8; one of the
challenges for the future is to extend these results to the entire phase diagram. This will be of fundamental
importance, in view of the second Beam Energy Scan at RHIC, of the continuation of the SPS programme
and of the future projects at NICA and FAIR, but it will only be achieved once the sign problem is solved.

Event-by-event fluctuations of the net-electric charge and net-baryon number, which are conserved charges
of QCD, are expected to become large near a critical point [117,118]: for this reason, they have been proposed
as ideal observables to verify its existence and to determine its position in the QCD phase diagram [119,120].
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freeze-out chemical potential through the same procedure [126]. The experimental measurements are from
Ref. [121].

Experimental results for these measures were recently reported for several collision energies [121,122]. In
addition, as a consequence of the increasing precision achieved in the numerical simulations, it is becoming
possible to extract the chemical freeze-out parameters (i.e. freeze-out temperature T, and corresponding
baryo-chemical potential g .p,) from first principles, by comparing the measured fluctuation observables to
corresponding susceptibility ratios calculated in lattice QCD [123-126]. An example of these calculations
is shown in Fig. 9: the present limitations in lattice results allow at the moment to extract only an upper
limit for the freeze-out temperature; also, the values of the freeze-out chemical potentials are limited to
the higher collision energies. Future improvements in the lattice precision, as well as extension to larger
chemical potentials, will allow to extract the freeze-out parameters in the entire range of energies addressed
by the experiments. This will also test whether the non-monotonic behaviour observed in the net-proton
fluctuations [121] is a signal of the vicinity to the critical point.

Spectral functions play an important role in the study of real-time quantities, for instance in under-
standing how heavy hadrons are modified in a thermal medium [127]: here we will focus on the issue of
quarkonium dissociation in the QGP. In a relativistic field theory approach the temperature T is realised
through (anti)periodic boundary conditions in the Euclidean time direction and the spectral decomposition
of an Euclidean propagator G(7) at finite temperature is given by

G(r) = /0 T YR wpe), st < 1 (13)

where p(w) is the spectral function and the kernel K (in the case of a bosonic operator) is given by

e—wT 1 g—w(1/T—7)
( )

K(r,w) = T, : (14)

The 7 dependence of the kernel reflects the periodicity of the relativistic propagator in imaginary time,
as well as its T symmetry. The Bose-Einstein distribution, intuitively, describes the wrapping around the
periodic box which becomes increasingly important at higher temperatures. When the significant w range
greatly exceeds the temperature, K (7,w) ~ (6_“” 4 e—w(l/ T_T)), backward and forward propagations are

decoupled and the spectral relation reduces to

6= [ T ()W), (15)

027r

Note that this approximation holds true at zero temperature, and also in non-relativistic QCD (NRQCD):
the interesting physics takes place around the two-quark threshold, w ~ 2M ~ 8 GeV for b quarks, which is
still much larger than our temperatures 7' < 0.5 GeV.
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Figure 10: Examples of real-time quantities extracted from lattice Euclidean correlators. Left panel: the Y spectral
function at different temperatures, obtained using the maximum entropy method [135]. Right panel: the
charge diffusion coefficient [136].

Turning to the actual computational methodology, the calculation of the spectral functions using Euclidean
propagators as an input is a difficult, ill-defined problem. For several years it has been tackled by using the
Maximum Entropy Method (MEM) [128]. Recently, an alternative Bayesian reconstruction of the spectral
functions has been proposed in ref. [129,130], and applied to the analysis of HotQCD configurations [131].
The spectral functions of the charmonium states have been studied as a function of both temperature
and momentum, using as input relativistic propagators with two light quarks [132,133] and, more recently,
including the strange quark. Bottomonium mesons have been studied using the non-relativistic approximation
for the bottom quark [134]. The results [135] for the Y, shown in Fig. 10, demonstrate the persistence of the
fundamental state Y(1S) above T, as well as the suppression of the excited states, in qualitative agreement
with the experimental results that will be presented in Section 4.4.

Spectral functions play an important role also in the extraction of transport coefficients from lattice-
QCD simulations of euclidean correlators. Transport coefficients describe the long real-time evolution of the
medium. In principle, one can conceive a direct analytic continuation from imaginary to real time. In practice,
since both real and imaginary time correlators are related by the same spectral functions, transport-coefficient
calculations are done by exploiting appropriate Green-Kubo relations.

The first relevant example of calculations of transport coefficients on the lattice was the estimate of the
n/ s ratio [137,138]. The results, within large errors, were supportive of the observation of a very small value
for this ratio, close to the conjectured lower limit expected for a strongly interacting gauge theory. Further
analyses still support this observation, although errors are still large. Recently, calculations of other transport
coefficients have been carried out, namely the heavy-quark trasport coefficients, the electrical conductivity
and the charge diffusion coefficient D. An example of the latter is shown in the right panel of Fig. 10 [136].

Future work will focus on robust quantitative checks of these results. Moreover these studies can equally
benefit from the methodological advances in the calculations of the spectral functions —indeed a controlled
reconstruction of the low frequency sector is particularly subtle and work is in progress in this direction. From
a more theoretical viewpoint, analytically tractable conformal and quasi-conformal models will continue
providing a useful guidance [139-141].

As a final note, we mention an interesting connection between lattice QCD and the theoretical studies
on axions, which are plausible dark matter candidates [142]. The axion mass m, is linked to the QCD
topological susceptibility x by the relation m?2(T)f? = x(T), where T is the temperare and f, is the
axion decay constant. The value of x(7') can be computed on the lattice as the second moment of the
distribution of the topological charge. From the behavior of x(7') some features of the axion evolution can
be inferred, for instance the fact that the axion becomes heavier while the Universe cools down, till the
QCD transition temperature T, ~ 155 MeV, then its mass “freezes”. Because of this relation with x(7") the
cosmological evolution of axions is different from other dark matter candidates: they become more and more
massive when approaching the temperature of the QCD transition from above. Higher momenta of the same
topological charge distribution are needed to compute the full cosmological equation of motion of the axion.
Because of the interest of these questions several groups are involved in these calculations [143-146].
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3.1 Experimental observables: a short summary of RHIC and LHC achievements

The experimental observation of signals related to the occurrence of deconfinement in heavy-ion collisions and
sensitive to the properties of the QGP represents a fundamental and necessary step for the advancement of our
knowledge of high-temperature QCD and, more generally, for the comprehension of the features of the phase
diagram of strongly-interacting matter [147, 148]. Over the years, various observables have been proposed,
which often require complex detector systems and sophisticated analysis procedures. When colliding heavy
ions, typically two main kinds of difficulties arise: (i) the very high charged hadron multiplicity dNey/dn,
which exceeds 10 at mid-rapidity at the LHC [149] and imposes the use of high resolution detectors for the
measurement of inclusive observables; (ii) the background levels for low-cross section processes, which can
be very large due to combinatorial effects related to the large number of produced particles and have to be
tackled with complex topological selections and with the help of particle identification techniques. Such issues
were first met, and solved, at fixed target experiments at the BNL AGS [150] and CERN SPS [151] (collision
energy per nucleon pair up to y/syn ~ 20 GeV) and then at collider experiments, currently in progress, at
RHIC [2-5] and LHC [6-8], where energies up to \/syny = 0.2 TeV and 5 TeV are reached, respectively.

An exhaustive description of all the experimental observables studied in heavy-ion collisions is clearly
beyond the scope of this document. We will therefore limit ourselves to a discussion of the main classes
of signals and of the related physics aspects. Typically, one distinguishes between soft (IOW—QQ) and hard
(high-Q?) observables. The first correspond to the bulk of the particle production processes occurring in the
collision. Soft particles are mainly sensitive to what happens at hadronization, being produced when the
created system cools down and crosses the confinement temperature from above. Still, a connection with the
early deconfined state is in some cases possible, as some of the initial features of the medium survive along
the history of the collision. Hard processes are connected with the study of the properties of the hot medium
in a different way. Hard parton production occurs on a timescale (< 1fm/c) shorter than the formation
time of the QGP and represents therefore a probe of the deconfined phase. The modifications of the yields
of hard processes with respect to elementary proton-proton collisions are a sensitive tool for quantitatively
establishing many of the properties of the medium.

Soft observables, and in particular the inclusive distribution of the produced charged hadrons, are usually
among the first measurements to be carried out for the characterisation of nucleus-nucleus collisions at
the various energies. First of all, the charged particle multiplicity is directly related to the geometry of
the interaction. For a given collision system (e.g., Pb-Pb) a larger multiplicity is connected with head-on
(or central) collisions, where the impact parameter b, corresponding to the distance between the centers of
the nuclei when their superposition is maximum, reaches the smallest value (b ~ 0). In such conditions,
the number of nucleons participating in the collisions (Npart) and the total number of nucleon-nucleon
collisions (Ngoy) is maximum. The latter quantities can be connected to b via standard approaches as the
Glauber model [152]. It is customary to sub-divide the event sample in so-called centrality classes, denoted
as percentage ranges of the total hadronic nucleus-nucleus cross section (for example 0-10%, 10-20% and so
on, with the lower percentages corresponding to more central events) and to study the dependence of various
observables on the centrality of the collision.

Some of the observables connected with soft particle production are important for the determination of
various physics quantities. In particular, under rather general conditions, the charged-hadron multiplicity at
mid-rapidity has a direct relation with the energy density reached at the formation time of the partons in
the collision, via the Bjorken formula

(mr) - dNg, /dy

- 1
€Bj Tf‘A ( 6)

where (mr) is the average transverse mass of the particles, dN/dy is the number of (charged) hadrons
at central rapidity, 7t the parton formation time and A the transverse area of the interaction zone. With
reasonable assumptions on 7¢ (from ~ 1 fm/c at fixed target energies down to about one order of magnitude
less at collider energies), one obtains from the measured hadronic multiplicities an estimate of the energy
density reaching epj ~ 14 GeV /fm? at the LHC [153]. Also at fixed target energies [154] the values were found
to exceed 1 GeV/fm?, the order of magnitude of the energy density needed to reach deconfinement [155].
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On a more general level, the measurement of the charged-hadron pseudorapidity and multiplicity distri-
butions represent a crucial tests for the theoretical models. The main feature from the data is a power-law
increase of the multiplicity at mid-rapidity with \/sxxy [156]. Such an increase is larger than in the cor-
responding pp interactions, indicating clearly that nucleus-nucleus collisions cannot be represented as a
superposition of elementary nucleon-nucleon collisions. The charged particle production per participant nu-
cleon, (dNeh/dn|y=0)/ (Npart/2), shows, at both LHC [156-159], and RHIC [160-164], an increase by about
50% from peripheral to central events, which is reasonably reproduced by theoretical models.

Another important class of observables connected with the global properties of the event is the study of the
anisotropy of the angular distributions of the produced particles, produced particles, which can be quantified
by the coefficients of its Fourier expansion. Large values of the 2"d harmonic coefficient, vo, known as elliptic
flow [17], for relatively low pr (up to a few GeV/c) imply that collective effects develop very early in the
history of the collision, when the system is in a deconfined phase, and point to a fast thermalization of such
system. Experiments at RHIC [165] and LHC [166-168] have measured va values that are well described by
hydrodynamical calculations for an almost ideal fluid (i.e., with very small viscosity), while pure hadronic
models do not reproduce the data, implying that indeed the contribution of the QGP phase to the elliptic
flow is important. The coefficients of higher-order harmonics, as well as event-by-event flow distributions
have been measured at LHC energies, thanks to the large hadronic multiplicity [26-28]. The results are
very sensitive to fluctuations in the initial conditions of the collision and represent a very stringent test to
theoretical model of the collision dynamics.

Collective effects are also studied using long-range correlations between pairs of produced particles. By
correlating “trigger” particles in a given pr range with the remaining charged particles with similar or lower
pr, the correlation Ay vs An can be studied [169]. It shows a distinct peak at (Ap, An) ~ 0, related to
pairs of particles originating from jets, and an elongated structure at Ay ~ m, from back-to-back correlated
particles. More interestingly, a ridge-like structure emerges at Ay ~ 0, over a wide An region. Theoretical
models relate such a structure to jet-medium interactions or to a collective behaviour of the medium itself,
i.e., to a common correlation of all the particles with the reaction plane. It has been studied in detail at
both RHIC [170,171] and LHC [172-174] energies in nucleus-nucleus collisions. Interestingly, at the LHC,
the same structure has been observed also in central p—Pb [175-178] and even in pp collisions with large
hadron multiplicity [179-181], opening a lively discussion on the possibility of sizeable collective effects also
in collisions of smaller systems.

Still in the domain of soft observables, interesting information can be derived from the study of the yields
of identified hadrons. In particular, from the chemical composition of the system, i.e. the fraction of various
particle species, one can, in the frame of statistical models [182,183] that assume thermalization of the
QGP, derive the temperature Ty, at the chemical freeze-out, the moment when the particle abundances are
fixed. These models also give the value of the baryochemical potential g, proportional to the net baryon
density of the system. The results [184] show that, increasing /sxx from SPS to RHIC to LHC, energy Tgp
increases and then saturates, already at RHIC energy, at T, &~ 155 MeV, a value significantly close to theory
predictions for the deconfinement temperature. As a function of /sy, pp decreases steadily and becomes
zero at LHC energy, indicating a situation of nuclear transparency, where the net baryonic number of the
QGP region becomes negligible.

Further information from identified particle production studies can be obtained by comparing their pr
distributions and/or various particle ratios vs p. Here, a significant hardening of the spectra can be observed
when considering particles of increasing mass. This effect is visible at all energies and it has been connected
with the occurrence of a radial flow of particles, superimposed to the thermal motion in the expanding
fireball [185]. A quantitative study in the frame of blast-wave models gives information on the flow velocity,
which increases with /sy, reaching 8 ~ 0.7 and on the temperature of the system when the interactions
stop (kinetic freeze-out), which is of the order of 100 MeV at both RHIC [186] and LHC [187] for central
collisions.

Moving to hard probes of the medium, several observables have been investigated. A non-exhaustive list
includes the study of high-pt hadrons, of jet production, and of particles containing heavy quarks. The
modification of their yields in the QGP is quantified through the nuclear modification factor R s, defined
as the ratio between the measured yields in A—A and pp collisions, normalised to Nco. This quantity is
usually studied as a function of pr, and values smaller than 1 at high pt are attr