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Abstract The ALICE experiment was proposed in 1993, to
study strongly-interacting matter at extreme energy densities
and temperatures. This proposal entailed a comprehensive
investigation of nuclear collisions at the LHC. Its physics pro-
gramme initially focused on the determination of the prop-
erties of the quark—gluon plasma (QGP), a deconfined state
of quarks and gluons, created in such collisions. The ALICE
physics programme has been extended to cover a broader
ensemble of observables related to Quantum Chromodynam-
ics (QCD), the theory of strong interactions. The experiment
has studied Pb—Pb, Xe—Xe, p—Pb and pp collisions in the
multi-TeV centre of mass energy range, during the Run 1-
2 data-taking periods at the LHC (2009-2018). The aim of
this review is to summarise the key ALICE physics results in
this endeavor, and to discuss their implications on the current
understanding of the macroscopic and microscopic proper-
ties of strongly-interacting matter at the highest temperatures
reached in the laboratory. It will review the latest findings
on the properties of the QGP created by heavy-ion colli-
sions at LHC energies, and describe the surprising QGP-like
effects in pp and p—Pb collisions. Measurements of few-body
QCD interactions, and their impact in unraveling the struc-
ture of hadrons and hadronic interactions, will be discussed.
ALICE results relevant for physics topics outside the realm
of QCD will also be touched upon. Finally, prospects for
future measurements with the ALICE detector in the context
of its planned upgrades will also be briefly described.

The authors of this review are members of the ALICE Collaboration at
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inate from 40 countries and 173 institutes - making it the largest-ever
experimental collaboration dedicated to studying relativistic heavy-ion
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entists, and engineers, united in a global effort to move beyond the fron-
tiers of science. They have, and continue to be, dedicated to unlocking
nature’s secrets of nuclear matter - with the ultimate goal of developing
a profound understanding of the formation of the observable mass in
the cosmos.
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Preface

Relativistic heavy-ion collisions at the LHC create the quark—
gluon plasma (QGP): the hottest and densest fluid ever stud-
ied in the laboratory on Earth. In contrast to normal nuclear
matter, the QGP is a state where quarks and gluons are not
confined inside hadrons. It is speculated that the early Uni-
verse existed in such a state around ~ 107 s after the Big
Bang. The strong force, which principally governs behaviour
of the quarks and gluons in such a plasma, and all nuclear
matter, is responsible for the vast majority of the visible mass
in the Universe. The ALICE detector (Fig. 1) was specifically
designed to study the QGP created at LHC energies, and this
review is dedicated to summarising what has been learnt in

the last decade. In particular, we will address the following
questions. What does the Standard Model have to say about
the plausibility of the existence of the QGP? Are there emer-
gent phenomena that arise from high density QCD? Does the
QGP behave as a gas or aliquid? How quickly does it expand?
What happens to the QGP when it is excited by the presence
of large momentum/mass quarks or gluons? How do QGP
constituents react to the enormous electromagnetic fields cre-
ated by heavy-ion collisions? Are the extremely high ener-
gies at the LHC sufficient for the formation of the QGP in
proton—proton collisions? How do the hadrons that emerge
in the dense medium after the transition from QGP to normal
matter interact between themselves? And what can we learn
from these studies regarding the properties of the extremi-
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ties in the Universe, such as the core of neutron stars? This
review intends to answer these questions in the context of the
ALICE measurements performed in the last decade. We will
begin by an introduction discussing the theoretical ground-
ings in Quantum Chromodynamics (QCD) for the existence
of the QGP, and what heavy-ion collisions can teach us (and
have already taught us) about QGP properties. At the end of
the introduction, the above questions will be reformulated
in the context of what we can learn about QGP formation
at LHC energies, and what advantages the ALICE detec-
tor brings to this endeavour. We will then discuss how our
experimentally based conclusions constrain QGP properties
from heavy-ion collisions, and after that we will review mea-
surements of QGP-like signatures in proton—proton (pp) and
proton—lead (p—Pb) collisions. We will also discuss the con-
tributions of ALICE measurements in pushing QCD to its
limits in the context of few-body interactions. We will finish
by discussing connections to other fields of physics from our
studies, and conclude by summarising what we have learnt
so far, and what we look forward to for the future phases of
ALICE in the 2020s and 2030s.

1 Introduction
1.1 Emergent phenomena in QCD: the quark—gluon plasma

Understanding nature is one of the main goals of science.
In the reductionist approach, one tries to infer all mani-
festations of reality using a compact set of relations [1,2].
Such an approach has proved to be very fruitful in pinning
down fundamental interactions, and discovering the basic
building blocks of the universe. It has led to a framework,
the Standard Model of particle physics [3-6], that describes
the electromagnetic, weak and strong forces. It also allows
for quantitative predictions of phenomena involving elemen-
tary particles, using the mathematical language of quantum
field theory [7]. The strong interaction, the major topic of
ALICE’s research, is responsible for the very existence of
atomic nuclei. Broadly speaking, it is also responsible for
~ 95% of the visible mass of the Universe.

Quantum Chromodynamics (QCD) is one of the pillars of
the Standard Model of particle physics. It is a gauge field the-
ory describing the strong interaction [8]. One of its distinctive
features is asymptotic freedom, a consequence of the non-
Abelian nature of the SU(3) group on which QCD is based.
Asymptotic freedom results in the interaction between quarks
and gluons (partons), the elementary particles that experience
strong interaction, becoming weaker when their momentum
exchange increases. Therefore, the coupling constant ag of
the strong interaction depends on the momentum scale of
the interaction. Processes corresponding to large momentum
transfers between partons [9], where s is small, can be inves-
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tigated via a perturbative approach (pQCD). This involves
an expansion to higher orders in ag [10], with only lower
orders contributing significantly. For calculations concern-
ing low-momentum processes, the perturbative approach of
QCD breaks down, as higher orders become dominant [11].
Such a non-perturbative regime, where the coupling constant
becomes large, is of the utmost interest for the description
of several essential features of the strong interaction. In par-
ticular, in this regime confinement is observed [12]. This
leads to the fact that quarks and gluons, the elementary par-
ticles carrying the “charge” of the strong interaction, known
as colour, cannot be isolated, and therefore not directly
observed. Only composite objects, hadrons, which do not
possess a net colour charge, can be detected. Another key fea-
ture of strong interaction in the non-perturbative regime is the
spontaneous breaking of chiral symmetry [13—15]. This gives
rise to the predominant fraction of the mass of hadrons, for
example protons and neutrons. Theoretical approaches such
as Lattice QCD [16~-18] and Effective Field Theories [19—
21] represent viable solutions for the description of the non-
perturbative regime of strong interactions. In this domain,
guidance provided by experimental findings considerably
helps the progress of the theory.

The behaviour of extended systems subject to the strong
interaction provides a unique avenue to understand the strong
interaction further. For the electromagnetic interaction, con-
densed matter physics [22] studies phenomena as magnetism
and superconductivity. These are prime examples of emer-
gent behaviour [23], in the sense that their manifestations
do not directly arise from the laws governing microscopic
interactions. The study of “QCD condensed matter” can be
performed by producing a many body system of quarks and
gluons, under the conditions of large energy density. Heating
such a system, with zero (or very small) net baryon den-
sity, to a temperature exceeding 150-160 MeV (equivalent
to more than 102 K), leads to the creation of the quark—
gluon plasma (QGP). This is a state of matter where two of
the basic features of low-temperature QCD, confinement and
chiral symmetry breaking, are no longer present [24-26].

A primary role for the study of the QGP is played by Lat-
tice QCD. Lattice QCD uses continuous space-time discre-
tised on a lattice of finite size, with quarks defined at lattice
sites, and gluons for the links connecting those sites. This
approach can be used for QCD regarding static problems in
the non-perturbative domain. Therefore, it is well suited for
the study of the thermodynamic properties of a partonic sys-
tem, such as the QGP. The thermodynamic properties can
be estimated more precisely with increasing computational
power. In this respect, reliable estimates of the properties
of strongly interacting matter via Lattice QCD calculations
require a number of important aspects. These include the use
of realistic masses [27] for the dominant quark flavours (the
so-called (2+1)-flavour QCD, corresponding to up, down and
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Fig. 1 An ALICE event display of detected particles created in a Pb—Pb /sy = 5.02 TeV collision

strange quarks), and a controlled extrapolation to the contin-
uum limit [28]. Indeed the charm, bottom and top quarks are
too heavy to significantly add to the dynamics of the sys-
tem, and it is the dynamics of the strange and, most impor-
tantly, of the light up and down quarks to determine the rich
phase structure of QCD. Once the equation of state of QCD
matter is evaluated with this technique, it is then possible
to extract the temperature dependence of various thermody-
namic quantities, such as the pressure, the energy and entropy
density. The main results of such calculations demonstrate
that a strongly interacting system with zero net baryon den-
sity evolves smoothly from a confined (hadronic) towards
a deconfined (quarks and gluons) state, when its tempera-
ture is increased up to T ~ 155 MeV [26,28]. Since there
is no discontinuity in thermodynamic variables, a crossover
transition occurs, where de-confined and confined hadronic
matter can co-exist and no latent heat is involved. The cor-
responding temperature is commonly indicated as “pseudo-
critical temperature” T,.. Moreover, it is found that such a
cross-over occurs is in coincidence with the restoration of the
chiral symmetry. The liberation of many new degrees of free-
dom is indicated by a strong increase in the energy density
(¢) normalised to the fourth power of temperature (Stefan—
Boltzmann law) around the deconfinement temperature. This
can be clearly seen in Fig. 2, where the extrapolation to the
continuum of lattice simulations of (2+1)-flavour QCD is
shown [26]. The temperature dependence of other thermo-
dynamical quantities as pressure (p) and entropy density (s)
are also reported.

Figure 2 also shows thateven at 7 ~ 400 MeV, the energy
density is still ~ 20% lower than the non-interacting ideal-
gas limit. It is expected that this limit will be reached at very
large T, due to the asymptotic freedom of QCD [9], i.e. the
vanishing strength of the strong interaction for increasingly
large momentum transfers. This residual difference has pro-
found consequences on the properties of the QGP, with the
remaining coupling responsible for various QGP features.
In particular, below the ideal gas limit, the QGP manifests
itself as a strongly interacting system of quarks and gluons.
It behaves as an almost perfect liquid [29], with the pres-
ence of bound states of quasi-particles (qq, gg, qg) [30].
These properties have furnished in the literature to the defi-
nition of sQGP, with the letter ““s” underlining its strong cou-
pling [31]. Strongly coupled systems like the QGP also occur
in the domain of electromagnetic interactions. For example,
ultracold atomic Fermi gases in the extremely small pico-
eV temperature range are the subject of an intense research
activity [32].

It is worth stressing that the result shown in Fig. 2 is
obtained for a QCD medium with zero net baryon number.
This is a particularly relevant configuration as it corresponds
to that of the early universe, where deconfined quarks and
gluons also hadronised around 7. A complementary situa-
tion, corresponding to large baryon density and relatively low
temperature, may also lead to the creation of the QGP. This
could be present in the core of neutron stars [33]. In the labo-
ratory, a situation corresponding to that of the early universe
can be obtained by colliding heavy ions in the energy range
accessible to hadron colliders. The CERN Large Hadron Col-
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Fig. 2 Pressure, energy density and entropy density normalised to the
4th (3rd for the latter) power of the temperature, from the Lattice QCD
calculations of the HotQCD Collaboration, see Ref. [26]. The dark lines
show the prediction of the Hadron Resonance Gas model, the horizontal
line corresponds to the ideal gas limit for the energy density. The vertical
band indicates the cross-over transition region. Corresponding results
from the Wuppertal-Budapest Collaboration can be found in Ref. [28]

lider (LHC) [34] is currently the facility where, starting from
2010, the highest collision energies are attained. The values
of the center-of-mass energies per nucleon pair have reached
A/SNN ~ 5 TeV. The main scope of this review is to anal-
yse and discuss the results obtained by ALICE (A Large Ion
Collider Experiment) [35] in order to study QGP properties.

In the following sections of this Introduction, a discus-
sion of the general aspects of experimental and theoretical
investigations of high temperature and energy QCD using the
ALICE detector will occur (Sect. 1.2). Then, a brief review of
the history and the main results obtained from lower energy
facilities regarding QGP formation will be given (Sect. 1.3).
A concise introduction of the ALICE detector, with key
details on its design, realisation and performances will follow
(Sect. 1.4). Finally, an overview of the key scientific ques-
tions addressed by ALICE, in light of QGP studies, but also
exploring other areas of QCD, will be described (Sect. 1.5).
In that last Section the organisation of the following chapters
will also be discussed.

1.2 Experimental investigations of the QGP and QCD

The purpose of this section is three-fold. It will start by
summarising the conceptual framework that has arisen in
the field of heavy-ion physics over a number of decades. It
will then introduce commonly measured observables, which
will be shown and elaborated on in subsequent chapters. It
will then finish by a brief description of the main theoreti-
cal approaches that attempt to use such observables to fur-
ther investigate the QGP, and more generally QCD. Addi-
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tional theoretical approaches in the context of comparisons
to ALICE data will also be explored in subsequent chapters.

1.2.1 The evolution of a heavy-ion collision

Collisions of heavy ions with ultra-relativistic energies are
used to create the QGP in the laboratory. The evolution of
a heavy-ion collision is commonly described in terms of a
series of stages, which can in principle be factorised. They
include: (i) an initial state, defined by the wave-functions
of the projectiles, which are universal and independent of
any specific scattering process; (ii) large- Q2 interactions of
partons drawn from the projectiles'; (iii) smaller- O interac-
tions generating a pre-equilibrated parton gas; (iv) equilibra-
tion and expansion of the QGP; (v) hadron formation; (vi)
chemical freeze-out of hadrons; (vii) hadronic interactions
that subsequently freeze-out kinetically; (viii) free-streaming
of stable particles to the detector.” This evolution is illus-
trated schematically in Fig. 3.3 As the heavy ions collide,
an extremely dense region of partons is excited and deposits
energy and entropy in the overlap region of the collision.
Before they interact, the nuclei at the LHC will be highly
Lorentz contracted, as indicated in Fig. 3. The impact param-
eter b is the distance between the centres of the colliding
nuclei. It very closely related to the number of nucleons in
the nuclei that participate in an inelastic interaction (at least
once), referred to as Npare. It also controls the volume of
the collision region. The total number of inelastic nucleon—
nucleon collisions is referred to as Ncoji. When b is small,
Npart and Neoyy will be large, and vice-versa. The largest num-
ber Npa can reach is 2A (if each colliding nuclei have the
same number A of nucleons) and for N the respective
number is ~ A%/3 (which can reach values of ~ 2000 for
Pb—Pb at LHC energies). Nucleons not participating in the
collision are defined as spectators, and continue travelling
approximately along the beam direction after the collision. In
the inelastic nucleon—nucleon interactions, a variety of QCD
processes occur, which, as mentioned, involve a range of Q2
momentum transfers, and each range plays a distinct role.
The partons within the nuclei that are involved in the
smaller- 0 interactions determine the overall energy density
and entropy deposition in the initial state, and their interac-
tion rate is largely driven by Npat. Such parton interactions
lead to a “lumpiness” of the initial density profile, which is
the result of fluctuations in the distribution of nuclear mat-
ter, and is depicted in Fig. 3. Immediately after the collision,
the smaller- O interactions occur in the context of a weakly
coupled pre-equilibrium phase. This is followed by the cre-

' 0 being the 4 momentum transfer squared.

2 For a more detailed conceptual description of heavy-ion collisions,
see Ref. [36].

3 This figure was inspired by illustrations from Chun Shen.
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ation of even softer partons in these processes, which enable
the formation of a strongly coupled QGP phase. The hard
processes from large- Q2 interactions, with their rate driven
by Ncoll, enable the creation of high momentum gluons and
high momentum/mass quarks, as indicated in Fig. 3 via the
gluon and charm quark trajectories. As they have short wave-
lengths, they will interact with other quarks and gluons on a
microscopic level, leading to energy loss effects (the energy
being transferred to the medium), and therefore they offer
information on the opaqueness of the QGP. The interactions
of high-momentum partons with the QGP can be radiative as
indicated in Fig. 3 for a gluon, as well as elastic, as indicated
by the change in direction of the charm quark. The amount
of energy loss will depend on the colour charge, momentum,
mass, type of process (inelastic or elastic), the distance tra-
versed (path length) of the hard scattered parton, and is sub-
ject to stochastic processes. The heavy quarks produced via
hard processes can also form quarkonia (bound heavy quark-
antiquark states), with their production rate being suppressed
because the binding force between the quark and anti-quark
is weakened (screened) by the presence of the colour charge
of quarks and gluons. That suppression is closely related to
the temperature of the QGP, and can be counterbalanced by
a regeneration process that recombines heavy quarks partic-
ipating in the medium interactions, depending on the abun-
dance of heavy quarks. In addition, the parton fragmentation
processes (indicated by the yellow cone) lead to jets, partonic
showers that arise from these high energy partons, and that
fragment into experimentally observable hadrons once the
shower components reach low virtuality. That fragmentation
pattern in the medium can be altered compared to vacuum-
like conditions, e.g. e*e™ collisions.

The evolution of the QGP for most processes involved in
soft interactions after ~ 1 fm/c can be understood as follows.
Since the mean free path of the vast majority of QGP con-
stituents is expected to be much smaller than the size of the
QGP formed (assuming these constituents are strongly cou-
pled), multiple interactions drive the expansion. This expan-
sion is highly influenced by the non-uniform energy distribu-
tion in the initial state as a function of space, which creates
pressure gradients in the QGP stage, that act to cool the sys-
tem and to smooth out the lumps as time progresses. If the
length scales of these gradients are larger than the mean free
path, such an evolution exhibits long-wavelength behaviour,
which can be described as a liquid in the context of hydrody-
namics. A radial flow occurs due to a greater pressure at the
centre of the QGP compared to the outskirts, and this leads to
a common velocity field outwards. The rate of the hydrody-
namic expansion is influenced by the QGP’s bulk viscosity,
which is its resistance to volume growth. Anisotropic flow is
the result of a directional dependence to these pressure gra-
dients. This occurs due to spatial anisotropies in the initial
state. These arise if the collision zone is almond shaped (at

b > 0), or due to the lumpiness of the initial state. Such spa-
tial anisotropies are converted to momentum anisotropies via
the hydrodynamic response. This is influenced by the QGP’s
shear viscosity, which quantifies the resistance to fluid defor-
mation.

Since the nuclei are charged, the movement of the incom-
ing beams sets up a very large magnetic field (from the pro-
tons in the nuclei with relativistic energies), which can also
have an influence on motion of quarks during the QGP stage.
The Chiral Magnetic Effect (CME), which is purported to
result from strong parity violation, could lead to a splitting
among positive and negative quarks in the QGP along the
direction of the extremely large magnetic fields produced
from the colliding ions. The decaying magnetic field will
also induce an electric field, which can move the electri-
cally charged quarks accordingly. Such an effect prolongs
the decay time of the magnetic field (Lenz’s law). The high-
temperature QGP also produces thermal radiation, in the
form of both photons and lepton—antilepton pairs. The elec-
tromagnetic radiation does not interact via the strong force in
the QGP, and can therefore be used to gain information about
the temperature from early to late times in the collision pro-
cesses. In addition, strange quarks, which have masses below
the deconfinement temperature (therefore the QGP tempera-
ture) can also be produced easily in the QGP stage, with the
dominant mechanism coming from gluon interactions.

During the evolution, the parts of the QGP that cool below
the transition temperature 7p,c will hadronise. Since itis likely
that the temperature and energy density of the medium will
diminish with increasing distance from the collision cen-
tre, and, as indicated by Lattice QCD, the transition to nor-
mal nuclear matter is a smooth cross-over, it is possible
that hadronisation will happen at different times at differ-
ent places in the phase-space. Nonetheless, the formation of
hadrons from the QGP can proceed as follows. Hard partons
inajet will fragment and hadronise in the similar manner as in
elementary collisions. For partons at lower momenta, if they
share a similar space and momenta as other partons, they
can combine into hadrons via coalescence. Heavy (charm
or beauty) quarks can also combine with heavy antiquarks,
thus forming quarkonia and give rise to an additional pro-
duction mechanism for closed heavy-flavour hadrons, which
can compensate the deficit due to melting in the QGP.

After the hadrons materialise out of quarks and gluons,
primarily pions (), kaons (K) or protons (p), the energy den-
sity may be large enough to allow for inelastic interactions,
with a consequent evolution of their “chemical” composi-
tion, in terms of particle species. A loosely bound state such
as the deuteron (d) shown in Fig. 3 is particularly sensitive
to such interactions, as it can be easily formed or destroyed.
Such interactions cease at the chemical freeze-out tempera-
ture Tchem, fixing the particle composition. Elastic interac-
tions can still continue, demonstrated by the 7—K interaction
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Fig. 3 The evolution of a heavy-ion collision at LHC energies

in Fig. 3, and halt at the kinetic freeze-out temperature Tiy,
which is achieved at the time of ~ 10 fm/c. At this point, the
particle momenta are fixed. These particles travel towards the
ALICE detector, where they will be measured ~ 10'3 fm/c
after the initial collision. The high-energy beams of the LHC
provide an unprecedented opportunity to study the QGP in
the laboratory. The highest centre of mass energy per nucleon
pair (/snn) achieved at the LHC in Pb—Pb collisions has
been 5.02 TeV, which is ~ 25 times higher than the top energy
available at the Relativistic Heavy-Ion Collider (which began
taking data in 2000). This in principle allows for the hottest,
densest, and longest ever lived QGP formed in the laboratory
to be probed using the ALICE detector.

1.2.2 Observables in heavy-ion collisions

There are various experimental probes used to investigate
all phases of heavy-ion collisions: the initial state, the QGP
phase, and the final hadronic phase. Each of these probes has
varying sensitivities to each phase. To start, a fundamental
quantity for many of these probes is the Lorentz-invariant
differential yield of final state particles, given by:

B d*N
2 pr dprdy’

d’N 1
dp3

ey

which is the number density of the particle three-momentum
scaled by the particle energy (E). This will depend on the
measured particle species in question, the transverse momen-
tum, pr, and rapidity, y. When the particle species is not
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~10'5 fm/c

known, pseudorapidity 7 is used instead,* and both are equiv-
alent when the particle energy is much greater than its mass.
Different pt ranges will probe different physical processes,
and for clarity in this review, one can define low-pT as
pr S 2GeV/c, intermediate-pr as2 < pr S 8GeV/c, and
high-pt as pr = 8 GeV/c. This classification is not intended
to provide a rigid distinction regarding these processes, but
to aid the reader regarding references to momentum ranges.

Initial state. Regarding the initial state, for a given collision,
the multiplicity can be determined, which is an addition of
the number of charged hadrons in a broad momentum range.
It plays a critical role in providing a selection on a range
of impact parameters, b, for heavy-ion collisions. It will be
large when b is small, which leads to large numbers of Npax
that will correspondingly produce large numbers of particles.
Such small-b collisions are referred to as central i.e. head-on,
whereas collisions with large impact parameters and small
numbers of Np, (and fewer produced particles) are referred
to as peripheral. The multiplicity therefore provides an exper-
imental handle on the centrality of a collision. Such a handle
is extremely useful, as many of the system properties such
as the energy density or lifetime depend upon the central-
ity. The multiplicity can also provide a measure of the initial
state entropy. If the system hydrodynamically evolves with-
out internal resistance i.e. viscous effects are minimal, the
multiplicity in the final state can be used to determine the

4 Defined as n = — In[tan (§/2)], 6 being the polar emission angle of
the particle. A more complete description of kinematic variables can be
found in a Review of Particle Physics by the Particle Data Group [37].
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initial state entropy, as entropy is conserved in this case. If
viscous effects become appreciable, entropy is created dur-
ing the evolution, and the multiplicity then serves as an upper
limit to the initial state entropy directly.

Ultra peripheral collisions (UPCs) provide another han-
dle on the initial state. These are heavy-ion collisions that
typically have very large b values (greater than the nuclear
diameter e.g. ~ 15 fm for Pb). The nuclei in these colli-
sions are sufficiently separated such that short-range strong
interactions are highly suppressed (and therefore no QGP
formation), yet the huge electromagnetic fields generated in
the vicinity of the colliding nuclei lead to photon mediated
interactions. Measurements of the differential cross sections
of light (e.g. p°) and heavy (e.g. J/¥) vector mesons from
these collisions are especially sensitive to the momentum
distribution of partons (i.e. quarks and gluons) inside the
nucleus, parameterised as nuclear parton distribution func-
tions (nPDFs). These distributions are modified compared
with proton—proton collisions parton distribution functions
(PDFs), and nPDFs play a critical role for understanding
the production rate of hard processes in the initial stages of
heavy-ion collisions.

OGP phase. The amount of the hydrodynamic collective
motion developed in the QGP phase can be explored using
measurements sensitive to radial and anisotropic flow [38],
which develop transverse to the beam direction. In the low-
pr region, radial flow causes an increase in the transverse
momentum (pr) of higher-mass hadrons. Measurements of
the mean transverse momentum (pr) of identified particles
can therefore be used to extract information on the amount
of radial flow that has developed. In order to investigate
anisotropic flow, Eq. 1 can be expanded into the azimuthal
angular dependence of the transverse momentum vector
direction. The most widely used decomposition expresses the
¢ (the angular component of this vector) dependence of the
produced particle density as a Fourier series as follows [39]:

dN -

— 1 +2Zvn cos[n(p — Wy)l. )
de
n=1

The v, terms, which can be determined experimentally, are
referred to as anisotropic flow coefficients. They depend on
the particle species, pt and y. The term n corresponds to
the order of anisotropic flow, and W, is the correspond-
ing symmetry plane angle, which is the angular direction
of anisotropic flow for the order n of interest. For the vast
majority of produced hadrons, non-zero v, coefficients arise
mainly from the QGPs hydrodynamic response (with a rel-
atively small contribution from the hadronic state). Regard-
ing the coupling of the created electromagnetic fields with
quarks, the CME effect introduces charge-dependent sine
terms in Eq. 2 for the produced hadrons with corresponding

coefficients. These are small relative to the v, coefficients,
but can also be explored experimentally. Any motion due to
an electric field in the QGP will lead to charge-dependent vy
coefficients.

Hard probes, as mentioned, are produced in the earliest
times of the collision. One of the ways they can be explored
is by extracting their nuclear modification factor Raa. This
observable is constructed to be sensitive to changes of the
dynamics of hard processes in heavy-ion collisions with
respect to expectations from elementary pp collisions. Within
ay or ninterval, Raa as a function of transverse momentum
is defined as follows:

1 dNaa(pr)/dpr
R = . 3
AN = 170 o () )

The average nuclear overlap function (Taa) is obtained
from the average number of No divided by the inelastic
nucleon—nucleon cross section for the centrality range of
interest, and its estimation is discussed in Sect. 1.2.4. For hard
processes, the yield Naa in heavy-ion collisions is expected
to scale with the average nuclear overlap function (Tan)
when compared to the production cross section opp in pp
collisions, in the absence of any QGP or initial state nuclear
effects. That being the case, if Raa(pT) = 1, production
from heavy-ion collisions can be considered as a superposi-
tion of nucleon—nucleon collisions. Any departure from unity
reveals how these processes are modified in heavy-ion colli-
sions. In particular, Ra is expected to be below unity at high-
pr forinclusive hadrons from partons undergoing in-medium
energy loss. Jet-finding algorithms can also be applied in
heavy-ion collisions. The internal structure of jet showers is
governed by quantum interference effects, resulting in the
phenomenon of “angle-ordering”, whereby the highest pt
hadrons in the shower are on average most closely aligned
with the nominal jet axis. A key parameter in jet measure-
ments is the “jet radius” or “resolution parameter” R, which
is effectively the size of the aperture through which the jet
shower is viewed. The measured jet yields can be used to
determine Raa, while the jet radius dependence of the Raa
or jet substructure measurements provide information about
the medium modifications of the quark and gluon radiation
patterns. The heavy-ion jets can be compared to jets in pp col-
lisions, where no such modifications are expected. Finally,
measurements of v,, at high-pt can be used to explore the
path length dependence of energy loss. Rather than resulting
from the hydrodynamic response, finite values can arise as
large momentum partons lose less energy in the W, direction
as the path length is smaller, compared to the perpendicular
direction where this is larger, within the elongated nuclear
overlap region. This leads to a larger abundance of high-pt
hadrons in the W, direction, which, in turn, results in an
observed non-zero v,,.
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A specific class of hard probes, heavy quarks, gives access
to several QGP features that can be accessed via differential
measurements of Raa and v,. A key difference is that the
corresponding hadrons are associated with early-stage probes
across their entire pt range. D mesons, which carry the vast
majority of the charm quarks produced, can be investigated
differentially as function of pt via measurements of v, and
Raa. Measurements of v, at low-pr are sensitive to degree
to which heavy quarks take part in the collective expansion
of the QGP and approach thermalisation. Measurements of
Raaat high- pt provide insights on the energy loss processes
of heavy quarks, which maybe smaller than for light quarks
or gluons, due to the dead cone effect [40]. Measurements
of quarkonia (e.g.J/y or Y(1S)) Raaand v, are also carried
out as a function of pt. The Raastudies allow the investi-
gation of the aforementioned suppression and regeneration
processes, with the latter expected to be dominant in the
low-pr region due to larger heavy quark multiplicity in that
kinematic range. Anisotropic flow measurements give com-
plementary information to those from open heavy flavours,
with the observed effect not involving the contribution of the
flow of light quarks.

Electroweak probes, e.g. photons, leptons or Z/W bosons,
provide another class of measurements. If they arise from
hard processes in the initial stages, measurements of Raa at
high- pt are expected to be unity, and any deviations from this
reveal the influences of non-QGP processes that affect this
measurement e.g. isospin effects or differences in nPDFs and
PDFs. On the other hand, measurements of direct photon (i.e.
not from hadron decays) spectra at low-pr are expected to
arise mainly from the softer processes in the QGP involving
charged quarks, and their slope can be related to the tem-
perature when they are created. Direct photons can also be
produced from hadronic interactions, so that the observed
yield is a convolution of their emission along the whole col-
lision history. Since photons are produced in an expanding
QGP medium, they will be blue-shifted, which has to be taken
into account regarding their connection to the temperature of
the QGP.

Hadronic phase. A variety of methods are available to inves-
tigate the hadronic phase of the heavy-ion collisions, and
will be outlined in the following. Measurements of identi-
fied hadron spectra and v, at intermediate-pT are sensitive
to the coalescence of quarks upon hadronisation from the
QGP phase, which will compete with hadronisation from the
well known fragmentation processes observed in QCD inter-
actions. Such a coalescence mechanism enhances baryon
production rates and v, values compared to mesons in this
pr range. The chemical freeze-out temperature 7Tchen can
be explored by measuring the total yields of specific par-
ticles (dN/dy) via an integration over pt in Eq. 1 — for
hadrons that do not decay quickly via the strong or elec-
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tromagnetic interactions (e.g. protons, kaons, charged pions,
hyperons etc.). Measurements of the production of strongly
decaying resonances can offer insight into the duration of
the hadronic phase. Their decay products for temperatures
both above and below Tchem are subject to elastic scattering.
If these effects are strong enough, they will lead to a deple-
tion in the resonance yields, as the kinematics of the parti-
cles resulting from a resonance decay are altered in such a
way that the resonance cannot be reconstructed anymore. On
the other hand, regeneration processes from hadron-hadron
interactions may form resonances during this phase. Final
state hadron—hadron interactions can also be studied via the
pair-wise femtoscopic correlation function, which can be
extracted experimentally as:

Ck) = Npairs (same event)

Npairs (background)’ @
where k* is the invariant momentum difference between the
pairs. The numerator is extracted from pairs produced in the
same collision, and the denominator is obtained from a back-
ground hypothesis that assumes no correlated pairs, and is
normalised such that C (k*) = 1 in the absence of same-event
correlations. Femtoscopic correlations arise from quantum
correlations which are sensitive to the size of the system at
freeze-out, or final state hadron—hadron interactions, both of
which predominately occur at low- pt. Finally, the slope of
hadron spectra can be used to infer the kinetic freeze-out
temperature Tiip. Such an approach relies on modelling to
disentangle the contribution from radial flow, and will be
discussed in the next chapter.

1.2.3 Small systems and searches for thresholds of QGP
formation

Proton—proton collisions, where initial state nuclear effects
are not relevant, were envisioned to provide a crucial ref-
erence to ultrarelativistic heavy-ion collisions. Collisions of
p—Pb also have a further complementary role, by provid-
ing a reference where cold nuclear matter (CNM) effects
are expected, but in principle, no QGP effects. CNM effects
include modifications of the parton distribution functions in
the nucleus compared to the proton, multiple scatterings in
nucleons that collide with more than one other nucleon, the
Cronin Effect [41], parton energy loss in cold nuclear matter,
and absorption of the produced hadrons by the nucleus. One
way to study CNM effects independently of the formation
of the QGP (in principle), is by measuring R,pp, Which is
an analogous application of Eq. 3 for p—Pb collisions. As
CNM effects are also expected to occur in heavy-ion colli-
sions, such measurements are very important for disentan-
gling CNM effects from QGP effects, and are of interest in
their own right. Proton—proton collisions, and to some extent
proton—nucleus collisions, have provided opportunities for
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studying QCD interactions in few-body systems. For exam-
ple, inclusive and heavy-flavour jet cross sections provide
stringent tests on perturbative QCD (pQCD), while mea-
surements of the production of identified hadrons can be
used to test the universality (collision-system independence)
of parton-to-hadron fragmentation functions (FFs). The use
of femtoscopic measurements to study final state hadron—
hadron interactions, which occur for any collision system
producing hadrons, is another example.

All things considered, pp and p—Pb collisions therefore
provide an opportunity to study QCD at the LHC in a more
dilute environment. Studying the multiplicity dependence of
observables described in the previous section for pp and p—
Pb collisions provides a means to explore the thresholds for
QGP formation. Unlike the case for heavy-ion collisions,
high multiplicity events in pp and p—Pb collisions are not
expected to result from a trivial increase in the amount of
colliding matter: this is obviously the case for pp collisions
as Npyr is always 2. Rather, given the initial system volume
is somewhat fixed, high multiplicity events may be associ-
ated with collisions that have energy densities exceeding the
values required for QGP formation. Indeed, the highest num-
ber of particles produced in such collisions are comparable
to peripheral heavy-ion collisions at lower energies, where
QGP formation is established. Even if the energy densities in
pp and p—Pb collisions reach values needed for QGP forma-
tion, it is not clear a priori if and which typical QGP effects
can be observed in their study. A detailed investigation in
this sense, using measurements developed in heavy-ion col-
lisions to explore QGP-like behaviour - such as anisotropic
flow coefficients, the production rate of hadrons from hard
processes, or changes in hadronisation mechanisms as a func-
tion of multiplicity, represents a fascinating avenue of study.

1.2.4 Theoretical tools

A wide variety of theoretical tools are employed to investigate
the aforementioned processes in heavy-ion and light system
collisions. They range from fundamental QCD calculations
to effective theories and phenomenological models. Some
of the main goals of comparing the output of theory to the
previously described measurements are as follows:

(i) Map the spatial and momentum distributions of the ini-
tial state.

(ii) Provide quantitative constraints on QGP properties and
probe QGP behaviour.

(iii) Understand the contribution of hadronic interactions to
final state measurements and explore the global prop-
erties of the hadronic phase.

(iv) Assess the degree QGP effects or few body QCD inter-
actions describe the data in heavy and small systems.

Initial state. The use of initial state modeling is an essential
prerequisite to determine QGP properties, and is of vast inter-
est in and of itself. The Monte Carlo (MC) Glauber approach
can be used to infer (Npar), (Ncont), and (Taa) within a par-
ticular centrality/multiplicity range for Pb—Pb and p—Pb col-
lisions [42,43]. This approach assumes the nucleons in the
nucleus are positioned according to the Woods—Saxon den-
sity distribution. The nucleons travel in an unperturbed tra-
jectory irrespective of whether they interact with other nucle-
ons. The criterion for an inelastic nucleon—nucleon inter-
action then depends on the cross section of a single inter-
action, which can be inferred from experimental measures
in pp collisions. These assumptions are particularly relevant
for heavy-ion collisions at the LHC that are in transparency
regime, which implies the nuclear remnants after a collision
travel in a straight line.

Another output of such an approach is the initial state
spatial eccentricity, &y, in the (transverse) xy plane. This
depends on how the matter in the initial state is distributed.
It is an essential input for the hydrodynamic model chains
(which will be described shortly), as non zero values of e,
generate anisotropic flow. Other initial state models go fur-
ther. For example, the IP-Glasma model uses MC Glauber
assumptions [44], but then determines the spatial gluon dis-
tributions in a nucleon using the QCD based Colour Glass
Condensate ansatz [45]. It attempts to model these distribu-
tions and how they overlap in a heavy-ion collision in the
context of nuclear saturation effects, which control the high
number of low-x gluons populating the transverse extent of
nucleons in a high-energy collision. Saturation effects dic-
tate the population of the vast majority of partons at low-x,
and their corresponding spatial distributions. This additional
feature influences the value ¢, compared to the MC Glauber
approach, and IP-Glasma generally predicts higher values
of & in a particular centrality range. A comparison of the
energy densities from MC-Glauber (derived from nucleons)
and IP-Glasma (gluons) is shown in Fig. 4 in the x y plane. For
the study of hard processes in both elementary and nuclear
collisions, knowledge of the initial momentum distributions
of partons also is an essential prerequisite. These distribu-
tions can be constrained using measurements from UPC col-
lisions with the appropriate theoretical comparisons. Param-
eterisations of PDFs in protons, expressed as a function of
the fractional momentum x of the parton and the momentum
transfer Q2 are modeled generally starting from the results
of deep inelastic scattering experiments. In the nucleus, typ-
ical depletion effects (i.e. a reduction in the nPDF) such as
shadowing are prominent at low-x (< 0.1), and can have
notable consequences on the production of hard processes.
Anti-shadowing effects lead to parton excesses relative to
pp collisions at high-x (~ 0.1). Recent parameterisations
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Fig. 4 The xy distributions of
the initial energy density
(arbitrary units) from the
MC-Glauber and IP-Glasma
models for a heavy-ion
collision [44]

of nPDFs including these effects via fits the data have been
investigated elsewhere [46,47].

QOGP properties and behaviour. Viscous hydrodynamic the-
ory is one of the main methods employed to investigate the
dynamical evolution of the QGP. Lattice QCD, being a static
theory in space and time, cannot be used for this purpose.
Viscous hydrodynamic theory is used in the context of a
hydrodynamic model chain e.g. IP-Glasma+MUSIC [48] or
TrRENTo-VISHNU [49], with components that attempt to
describe each stage of a collision. These components include
the energy/entropy density from an initial state model at
the moment of the collision, a pre-equilibrium phase that
describes the weakly coupled dynamics prior to the hydrody-
namic phase, an implementation of the viscous hydrodynam-
ics to describe the evolution of the QGP when it is formed, a
particlisation scheme to create hadrons when the deconfine-
ment temperature is reached, and finally a model to describe
hadronic interactions. The models used for hadronic interac-
tions, often called hadronic afterburners, will be described
later in this subsection. The viscous hydrodynamic stage
itself uses a Lattice QCD equation of state to evolve a strongly
interacting system via energy and momentum conservation
equations. As the final output of these hydrodynamic model
chains are the momentum distributions of hadrons, this facil-
itates direct comparisons to data; in particular measurements
sensitive to radial and anisotropic flow. An example of an
intermediate output of such of a model is shown in Fig. 5,
which demonstrates the evolution of the energy density as
function of space (in the transverse plane) and time.

For anisotropic flow orders of n = 2, or 3, hydrodynamic
models exhibit the following factorisation relation:

Vn X Kp En (5)

where the variable «, encodes the efficiency of the QGP
in converting the spatial anisotropy &, to a momentum
anisotropy v,. That efficiency is dictated by two prominent
QGP transport properties, which are needed as inputs to
hydrodynamic models, and are n/s and ¢ /s. The terms 1 and
¢ are the shear and bulk viscosities respectively, and as men-
tioned, they influence the amount of anisotropic and radial
flow respectively, while s is the entropy density. The n/s and
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¢ /s terms can be deduced from different coupling regimes
that can be explored for the QGP, and are ultimately con-
strained by measurements sensitive to radial and anisotropic
flow. These regimes range from beyond Standard Model
approaches that include infinite coupling regimes from string
theory techniques (AdS), to Standard Model QCD descrip-
tions in the strong and weak coupling limits [50-54].

The production of hard probes and their interactions with
the QGP offers distinct information regarding QGP prop-
erties. The description of the hadron production from these
processes relies on the application of the QCD Collinear Fac-
torisation theorem [55] to heavy-ion collisions. As an exam-
ple, it can be applied as follows to determine the differential
hadron (&) production cross section [56]:

doap—nx & Z Jaja(xa) ® fpyB(xp) ® doaps ja
abjj'd
Q®Pjjr @ Dyyjr(z). (6)

The A and B terms correspond to the colliding nuclei. The
S terms represent the parton distribution functions of those
nuclei at longitudinal momentum fractions x,, x; for incom-
ing partons a and b. The term doyp— j4 is the cross sec-
tion of a hard scattered parton j, while P;_, ;» describes the
effect of the parton j interacting with the coloured medium
before fragmenting into hadrons. The term D is the frag-
mentation function in terms of the fractional momentum z
of the hadron from the modified parton j'. As mentioned,
the hard-scattered partons interact with the colour-charged
constituents of the QGP through elastic collisions [57] and
inelastic scatterings, with the latter giving rise to medium-
induced gluon radiation [58,59]. Such interactions cause a
modification of the parton shower, usually denoted as “jet
quenching” [60]. The simplest manifestation of jet quenching
is a reduction of the energy/momentum of the jet (and of the
leading hadron emerging from the jet fragmentation) due to
the transport of the initial parton energy to large angles from
the jet direction (“energy loss” [61]). In the high-momentum
regime, the influence and the effects of the QGP, mainly the
collisional and radiative energy loss, can be calculated in
the context of pQCD utilising either (semi)analytical calcu-
lations of in-medium energy loss [62,63] or Monte Carlo
simulations of the microscopic interactions that occur in an
expanding QGP [64,65]. The main energy loss mechanism
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Fig. 5 A mapping of the 1s
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for high momentum partons is expected to be radiative gluon
emission [66]. In the framework of the Factorisation theo-
rem, the medium-induced energy degradation of the leading
parton can be described through medium-modified parton
fragmentation functions [67]. These models for QGP interac-
tions explore the energy loss of gluons (which are the major-
ity of hard partons produced at LHC energies), light quarks,
and heavy quarks, which are influenced differently in the
QGP due to the different colour charges and masses [40]. The
parameter that is typically used to characterise the medium-
induced energy loss in such models is the transport coefficient
g, which can be considered a quantification of the opacity
of the QGP. It is defined as the average of the squared trans-
verse momentum transfer per mean free path of a parton due
to energy loss in the QGP, and like /s, is directly linked
to the coupling regime of the QGP. Amongst other things,
these models provide as an output Ra A, which can be directly
compared to experimental measurements of jets, or hadrons
at high-pr. They can also be compared to v, for hadrons
from hard processes, in order to test the assumptions of the
path-length dependent energy loss used in these approaches.
In addition, Monte Carlo based models provide predictions
for medium induced modifications of jet properties (such
as radial energy profile, jet substructure, and fragmentation
functions) in heavy-ion collisions compared to pp interac-
tions.

The study of the transport of heavy quarks (charm and
bottom) represents another key topic for the characterisa-
tion of QGP properties [68]. In this respect transport models,
which attempt to model the heavy quark-parton interactions
on a microscopic level as a function of space and time, pro-
vide valuable information. The production and transport of
heavy quarks themselves in heavy-ion collisions can be mod-
eled under a couple of advantageous assumptions. Firstly,
the heavy quark production rates in the initial stages can
also be inferred from pQCD calculations, or direct measure-
ments from pp collisions, and secondly, since the heavy-
quark masses are considerably higher than the expected QGP
temperatures at the LHC, further production of heavy quarks
is expected to be small in the QGP stage. In addition, as the
temperature of the medium is smaller than the heavy quark
mass, the typical momentum exchanges of heavy quarks with
the medium are small. The propagation of heavy quarks in

" n n " n L L . . . . 3
10 15-15 -10 -5 O 5 10 15-15 -10 -5 O 5 10 15 Gev/fm
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the QGP can therefore be described as a “Brownian motion”
with many small-momentum kicks. A key variable to char-
acterise how heavy quarks interact in the QGP is the heavy-
quark spatial diffusion coefficient, Dy, which is related to the
relaxation time of heavy quarks in the QGP [69]. This time
defines the rate at which the initial momentum distribution
of the heavy quarks (which are produced far out of equilib-
rium with the QGP) approaches a thermal spectrum. If this
is small in relation to the medium lifetime and the expansion
rate of the system, heavy quarks participate in the collective
motion of the QGP. It can also be determined for the infi-
nite, strong, and weak coupling regimes [70], like g and /s
. Measurements of heavy quark hadron v, and Raa at low
and intermediate-pt provides constraints for the values of
Dyg used in these approaches. Heavy quark transport mod-
els can also investigate the production of heavy quarkonium
states in the QGP, which is strongly affected by a medium
with free colour charges. Typically, one solves a rate equation
including suppression and regeneration effects. The former
are evaluated starting from the modifications of the quarko-
nium spectral functions in the QGP, constrained by potential
models validated by Lattice QCD inputs, while the latter are
tuned from the measured heavy quark multiplicity, which is
very large (> 10?) for charm quarks in central Pb—Pb colli-
sions at LHC energies.

Hadronic interactions and the hadronic phase. Hadronic
transport and statistical models play a crucial role for the
description of this phase. Regarding the transport models
(e.g. UrQMD [71]), they attempt to describe microscopic
hadron-hadron interactions in space and time. They require
hadronic cross sections as inputs, and as mentioned are
employed as a hadronic afterburner for hydrodynamic model
chains, in order to account for final state interactions. The
cross sections required for various hadron species interac-
tions are subject to experimental uncertainties, and in some
cases, in particular for rarely produced hadrons, have no
experimental constraints and therefore require a theoretical
input. The application of statistical models on the other hand
assumes that the system is thermalised at the hadronic stage,
which allows for macroscopic thermodynamic properties to
be determined based on fits to measurements of hadron abun-
dances [72]. The chemical freeze-out temperature is a prime
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example, as these hadron abundances are fixed at this tem-
perature. The baryochemical potential ug, which is related
to the net baryon density i.e. the matter-antimatter asym-
metry of the system, is another example. Statistical models
are also particularly useful as Lattice QCD calculations pre-
dict the deconfinement temperature, therefore the chemical
freeze-out temperature obtained from statistical models pro-
vides a lower limit for such a prediction. Lattice QCD or chi-
ral effective theories can also be used to explore the strong
potential between produced hadrons that undergo low Q2
interactions, in both heavy-ion and light system collisions.
It can prescribe potentials between the copiously produced
short-lived hadrons (such as A or E) and protons, which can
be tested via femtoscopic measurements.

OGP effects and few body QCD interactions in heavy and
small systems. A number of event generators are used in
the modelling of heavy-ion or light system collisions, which
incorporate QGP effects to a varying degree. The AMPT
model uses phenomenological strings to determine the QCD
fields created in the initial collision [73]. These strings break
to form quarks, which subsequently interact in accordance
with transport equations, and then hadronise to produce parti-
cle momentum distributions, which can be compared to data.
It has an afterburner, similar to UrQMD, called ART, that
operates in a similar way. The EPOS model also attempts to
model QGP behaviour [74], and like AMPT it utilises QCD
strings, but differs in its use of a core-corona approach. In
the core, the energy density of the strings is sufficient to
invoke the QGP description, which is subject to a hydrody-
namic evolution. In the corona nucleon—nucleon collisions
are treated as independent entities regarding hadron produc-
tion from such collisions. The HIJING model is somewhat
simpler [75]: it assumes nucleon—nucleon interactions pro-
duce hadrons independently, and is therefore used as a non-
QGP reference with respect to comparisons to heavy-ion data
(although it has a jet-quenching option). As mentioned, QCD
can be tested directly in the more dilute environment of pp,
p—Pb and ultra peripheral Pb—Pb collisions. Such tests take
advantage of the more standard tools used in high energy
physics. An event generator that does so is PYTHIA [76],
which provides a well established model for pp collisions.
PYTHIA, like HIJING, AMPT and EPOS, describes the
QCD field using phenomenological strings which break to
produce low-pr hadrons, and also incorporates hard scatter-
ings coupled with event by event parton showers and hadroni-
sation models to describe the production of high- pt hadrons.
Other Monte Carlo generators such as MC@NLO [77,78]
and POWHEG [79] are available to study heavy flavour pro-
duction. They couple the modeling of the hadronic final state
with a perturbative description of the hard scattering pro-
cess, and are useful to model complex observables involving
correlations or heavy-flavour jets. PYTHIA has also been
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recently extended in the PYTHIA/Angantyr format to model
heavy-ion collisions [80], without including a hydrodynamic
evolution.

1.3 Evolution of the field: from first studies to ALICE and
beyond

Before the LHC start-up, the search for the existence of the
quark—gluon plasma and the study of its properties were
already the quintessential reason for the existence of a broad
community of physicists, with a background ranging from
traditional nuclear physics to high-energy particle physics.
Such acommunity had a relevant fraction of its roots in exper-
iments performed with ion beams in the few GeV energy
range, starting at BEVALAC in the 1970s [81], with strong
theory groups devoted to the study of nuclear matter under
extreme conditions being also formed in those years [82,83].
A decisive boost for the field occurred with the availability
of nuclear collisions at the BNL AGS (,/sxn ~ 5 GeV) [84]
and CERN SPS (/snn ~ 20 GeV) [85], both starting in
1986. On the theory side a whole series of observables that
could be considered as signatures of the formation of the QGP
were proposed. Prime examples of these signals included the
suppression of the J/v yield induced by colour screening in
the QGP [86] and the enhancement of strangeness production
due to the reduction from constituent to current quark mass
in a chirally symmetric and deconfined medium [87], lead-
ing to a strong excess of multi-strange baryons relative to pp
collisions. Enhancements of the dilepton spectrum due to the
modification of the p spectral function [88,89] and the pro-
duction of a thermal signal from the deconfined state [90,91]
were also among the predicted signatures. All of these sig-
nals were observed to various extents in Pb—Pb collision
studies performed by several experiments at the SPS in the
1990s [92-96]. Although alternative explanations not involv-
ing deconfinement could be formulated for some of them, the
multiple simultaneous observations of the various proposed
signatures was considered by the community as a compelling
evidence for the production of a new state of matter with the
characteristics of the QGP and a press release in that sense
was issued by CERN in 2000 [85].

A few months later (June 2000) the first heavy-ion collider,
RHIC, entered operation at Brookhaven National Laboratory,
increasing the available collision energy by about one order
of magnitude. With this step, the study of the production of
hard probes of the QGP received an extraordinary boost and
only a few months later some new discoveries came to light
in this sector, with the first observation of the suppression
in Au—Au collisions at ./syn = 130 GeV of high- pt parti-
cle production [97,98]. This signal, much awaited for, was
immediately connected to the energy loss of hard partons in
the QGP [99, 100] and initiated an entire field of investigation,
extended through the years to the study of the modification of
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jetproperties in the medium [101-103]. At the same time, the
increase of the hadron multiplicity up to pseudorapidity den-
sities dNch/dn ~ 650 for central Au—Au collisions [104]
made accurate studies of the global characteristics of the
events possible. It was shown, from the measurements of vy
atlow-pt and R4 4 at high- pt from charged hadrons that the
medium created in nuclear collisions at RHIC behaves like
a nearly ideal fluid [105]. Such a medium implies a thermal
equilibration at early times and with constituent interactions
that have a very short mean free path, somewhat superseding
the early notion of a weakly-coupled, gas-like QGP [106].
The values of n/s implied from these measurements were
close to those expected from the creation of an infinitely
coupled fluid prescribed from AdS/CFT: 1/4x [107]. In the
later RHIC years (circa 2009), a claim of the observation of
a CME-like signal was announced [108].

The first round of RHIC results [109—112] was an impor-
tant input for the shaping of the physics program for heavy-
ion collisions at the LHC. Studies were carried out mainly
in the environment of the ALICE Collaboration, but also by
groups participating in the ATLAS and CMS experiments.
The further jump in energy by a factor > 20 (\/snn =
5.5 TeV for Pb—Pb collisions for the nominal LHC running
conditions) creates ideal conditions for the study of hard pro-
cesses, thanks to the increase in the corresponding produc-
tion cross sections, both in the strong (charm, beauty) and
electroweak (W, Z) sector. At the same time, the further log-
arithmic but significant increase in the hadronic multiplicity
created an obvious interest in the possibility of precise stud-
ies of the chemical composition and of collective effects of
the medium, also addressing such quantities and their fluc-
tuations on an event-by-event basis. In this situation, and
considering the fact that the lifetime of the QGP was now
expected to be much larger than that of the hadronic phase,
the LHC was clearly considered as the ultimate machine for
the quantitative study of the deconfined phase [113,114]. The
ALICE experiment and its physics program were designed to
address the study of particle production in the widest possible
momentum range, from the soft to the hard sector, and to have
the capability of answering a number of fundamental ques-
tions on the behaviour of the QGP [115,116]. Correspond-
ing physics programs for the ATLAS [117] and CMS [118]
experiments were also developed in a later phase, with a
stronger emphasis on the detection of high- pt probes, due to
the specific design of those experiments, mainly conceived
for the study of high-luminosity pp collisions. During the
first decade of LHC operation, also the LHCb experiment
developed a program to study proton—nucleus and periph-
eral nucleus—nucleus collisions.

As mentioned in Sect. 1.1, the QGP created at LHC ener-
gies is expected to have a vanishing net baryon-number den-
sity. Indeed, when the collision energy becomes very high
a “transparency” regime sets in, with the baryon number
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Fig. 6 A schematic representation of the QCD phase diagram. The
green line and band shows the up region accessible to Lattice QCD cal-
culations [119]. The line shows the pseudocritical temperature, whereas
the band represents the half-width of the crossover transition i.e. the
temperatures where the QGP and hadrons can co-exist. The open points
show experimental results for the determination of the chemical freeze-
out parameters [120—123]. The location of atomic nuclei is also shown,
as well as conjectured regions for the presence of a first order phase
transition and of a critical point

carried out by the colliding nuclei being located outside
the centre-of-mass rapidity region (ycom = 0). The latter
is the hottest region, where particle production is maximal
and the highest temperatures are reached [124,125]. In these
kinematic conditions the transition between deconfined and
hadronic phase is characterised by a rapid cross-over at the
pseudocritical temperature Tp [26,28].

In a wider perspective, by studying heavy-ion collisions
over extended energy ranges, it is possible to obtain infor-
mation on the QCD phase diagram, usually shown in terms
of temperature and baryochemical potential ug. The latter
quantity corresponds to the energy needed to increase the
baryon number by one unit at fixed volume and entropy of
the system and is proportional to the net baryon density of
the system. A conceptual representation of the QCD phase
diagram is illustrated in Fig. 6, where the region explored by
LHC experiments is approximately shown. Moving towards
lower collision energies implies a lower initial temperature of
the QGP phase and an increase in the net baryon density of the
system due to an increased “stopping” of the baryonic num-
ber in a region closer to ycm = 0. The open points depicted
in Fig. 6 show the values T¢pem and up cn corresponding to
the chemical freeze-out of the system at LHC energy (blue)
and for lower collision energies (red). In the region where
reliable Lattice QCD calculations exist, indicated as a green
band, the confinement temperature coincides, within uncer-
tainties, with T¢hem, showing that the chemical equilibration
of the system occurs at, or shortly after, hadronisation. At
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large up, a well known technical issue of Lattice QCD calcu-
lations, the sign problem [126], forces to rely on approximate
methods for the calculation of the thermodynamical quan-
tities [127,128]. These methods predict a first-order phase
transition at large baryon density that should end in a critical
point when decreasing pp [129,130]. Studies of this region
of the QCD phase diagram are extremely relevant also for
our understanding of astrophysical objects as compact neu-
tron stars [131]. They represent a field of investigation which
is being developed in these years with experiments at exist-
ing (RHIC low beam-energy scans, SPS) and forthcoming
(FAIR, NICA) facilities [132—137]. It is clearly complemen-
tary to the one accessible at top RHIC and LHC collider
energies where, as already discussed in Sect. 1.1, a hot and
long-lived QGP phase, similar to that of the early Universe,
is produced. The program at the highest collider energies
will continue at RHIC in the 2020s with the sSPHENIX [138]
detector and at the LHC in the 2020s and 2030s with the
participation of all four large experiments [139].

1.4 ALICE: design considerations, implementation,
operation

ALICE (A Large Ion Collider Experiment) was proposed in
March 1993 as “a dedicated heavy-ion experiment” aimed at
studying nuclear collisions at the LHC, in order to analyse the
existence of QCD bulk matter and the QGP [140, 141]. Being
the only detector specifically devoted to QGP studies, it was
designed to access a large number of specific observables in
a wide transverse momentum range, in order to shed light on
the various stages of the evolution of the heavy-ion collisions,
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from the initial state to the QGP phase and to the transition
to hadronic matter. At the same time, specific aspects of pp
physics were part of the ALICE program from the beginning,
and gained progressively more importance.

The ALICE detector is situated at the interaction point IP2
of the LHC. The apparatus that was operated in the LHC Runs
1 and 2 (‘ALICE I’, shown in Fig. 7) is described in detail in
Ref. [35] and its performance is discussed in Ref. [142] and
will be shortly reported hereafter. The detector is based on a
central barrel, covering full azimuth and the pseudorapidity
region |n| < 0.9. It provides a robust particle identification
up to ptr ~ 20 GeV/c, together with a very low momen-
tum cut-off (pt ~ 0.15 GeV/c, and even lower for specific
reconstruction settings and collision systems) and excellent
capabilities for primary and secondary vertex reconstruc-
tion (i.e. ~ 100 wm resolution for the study of the 2- and
3-prong decays of D mesons). The main charged-particle
tracking detectors of ALICE are the Inner Tracking System
(ITS) [143], composed of six tracking layers, two Silicon
Pixel Detectors (SPD), two Silicon Drift Detectors (SDD),
and two Silicon Strip Detectors (SSD), and a large Time Pro-
jection Chamber (TPC) [144]. The latter, together with the
SSD and SDD, provide charged-particle identification via
measurement of the specific ionisation energy loss dE /dx.
External to the TPC, the tracking is complemented by a
Transition Radiation Detector (TRD) [145] and a Time Of
Flight system (TOF) [146]. These two detectors also provide
electron identification and charged particle identification at
intermediate-momenta, respectively. Outside the TOF, the
azimuthal region is shared by two electromagnetic calorime-
ters, with a thickness of about 20 radiation lengths: (i) the
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high-resolution PHOton Spectrometer (PHOS) [147], based
on PbWOy crystals, (ii) the EMCal [ 148, 149], based on a lay-
ered Pb-scintillator sampling technique. The former is used
for photon and neutral meson detection, while the latter due
to its significantly larger acceptances is also employed for
electron and (di)jet measurements. Finally a High Momen-
tum Particle Identification Detector (HMPID) [150], pro-
vides, thanks to the RICH technique, further PID capability
at intermediate- pt. The central barrel detectors are embed-
ded in the L3 solenoid magnet which delivers a magnetic
field up to B = 0.5 T. Figure 8 illustrates, as an example,
the PID performance of the TPC which allows excellent sep-
aration for various hadrons and light nuclei at low-pt. A
good separation between protons, kaons and pions is also
achieved in the region of the relativistic rise of d£ /dx, up to
pt ~ 20 GeV/c. The PID performance of the TOF sys-
tem is shown in Fig. 8. Furthermore, an overview of the
ALICE capabilities for the measurement of various hadrons
is shown in both Figs. 8 and 9, where the approximate cov-
erage, extending to very low-pr, for different meson and
baryon species is shown, together with the corresponding
detection techniques.

The ALICE coverage extends outside the midrapidity
region by means of a muon spectrometer and of various sets
of smaller forward detectors. The muon spectrometer [151]
covers the pseudorapidity region —4 < n < —2.5, it detects
charmonia and bottomonia, via their dimuon decay, with a
mass resolution of ~ 70 and ~ 150 MeV /c?, respectively, Z
bosons and low-mass hadrons (, ¢). It also measures single-
muon production from decays of heavy-flavour hadrons and
W= bosons. It is based on a dipole magnet with a 3 Tm
bending power, and on sets of tracking (Cathode Pad Cham-
bers, CPC) and triggering (Resistive Plate Chambers, RPC)
detectors. A hadron absorber, with a thickness of 10 interac-
tion lengths (A;) separates the muon spectrometer from the
interaction point (IP), and a second absorber (7.2 A;-thick)
is positioned between the tracking and the trigger chambers.
The other forward detectors include a silicon-strip Forward
Multiplicity Detector [152] (FMD, on both sides of the IP at
—34 <n < —17and 1.7 < n < 5) and a preshower/gas
counter Photon Multiplicity Detector [153] (PMD, at 2.3 <
n < 3.9) for the measurement of charged particles and pho-
tons. Furthermore, the VO [154], composed of two sets of
scintillator detectors covering —3.7 < n < —1.7 (VOC) and
2.8 <1 < 5.1 (VOA), defines the trigger for minimum-bias
collisions and is also used to classify events based on mul-
tiplicity or centrality. The TO [152], two quartz Cerenkov
detectors (—3.3 < n < —3 and 4.6 < n < 4.9), are used to
determine the timing and longitudinal position of the inter-
action. Finally two sets of Zero-Degree Calorimeters [155]
(ZDC) detect spectator neutrons and protons emitted at very
small angle and are used mainly for the determination of the
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are also shown, with the inset panel showing the TOF mass mea-
surement providing additional separation for helium isotopes when
p/Z > 2.3 GeV/c. (Bottom) The Time-of-Flight measured in the TOF
system as a function of the particle momentum. Tracks are selected with
standard cuts inside the pseudorapidity region |n| < 0.5

centrality of the collisions and to reject out-of-bunch inter-
actions.

For alarge experiment as ALICE, the triggering scheme is
based on various decision levels [156,157]. The Level O trig-
ger decision (LO) is made ~ 0.9 ws after the collision using
V0, TO, EMCal, PHOS, and the muon spectrometer trigger
chambers. The events accepted at LO are further evaluated by
the Level 1 (L1) trigger algorithm, which also involves TRD
and ZDC, and the corresponding decision is made ~ 6.5 ps
after LO. The Level 2 (L2) decision, taken after about 100 s
corresponding to the drift time of the TPC, triggers the send-
ing of the event data to DAQ and, in parallel, to the High
Level Trigger system (HLT), which also plays an important
role in data compression. In physics data taking a mixture
of so-called “minimum bias” and rare triggers is used. In
Pb-Pb collisions, a typical definition of the minimum bias
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trigger is a coincidence of signals on the two VO detectors,
that can be complemented by the requirement of signals in
both sets of ZDCs, to suppress electromagnetic interactions.
Additional selections on the centrality of the event, based on
the VO signal, can also be included at the trigger level. Several
rare triggers, designed to enhance the statistical significance
for specific physics processes, are also implemented. As an
example, the experiment can trigger on the production of sin-
gle muon and muon pairs in the forward spectrometer [158],
with a programmable pt threshold which can be as low as
0.5 GeV/c, and on the deposition of a certain amount of
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energy in a number of adjacent cells in the EMCal and/or
PHOS. Similar trigger conditions are implemented for the
pp data taking, with the addition of a specific set of triggers
involving the detection of one or more electrons in the TRD,
and with the definition of a high-multiplicity trigger based
on appropriate thresholds on the VO signals or on the number
of hits on the SPD. Details on the triggering scheme of the
experiment can be found in Ref. [142].

ALICE has started physics data taking in 2009 with the
first LHC pp collisions at 4/s = 0.9 TeV, and since then
has collected data with all the collision systems and energies
that became available during Run 1 (2009-2013) and Run
2 (2015-2018). In particular, Pb—Pb data taking occurred in
2010 and 2011 at \/syy = 2.76 TeV, and in 2015 and 2018
at /snn = 5.02 TeV. A short run with Xe—Xe collisions
at \/snn = 5.44 TeV was also performed in 2017. Proton—
proton data taking at the same energies as Pb—Pb, serving as a
reference for nucleus—nucleus reactions but also for specific
QCD studies, were also performed along the years. For the
study of cold nuclear matter effects, after a short pilot run
in 2012, p—Pb collisions were studied in 2013 and 2016, at
A/SNN = 5.02 and 8.16 TeV. In addition to these combina-
tions of collision system and energy, ALICE has taken pp
data at all the other collision energies that became available
along the years, up to /s = 13 TeV.

The data samples collected by ALICE can be characterised
by two quantities. The first is the number of recorded min-
imum bias events Ny, which is relevant for all the mea-
surements which involve low-pr particle production. The
minimum-bias event rate is limited essentially by the read-
out time of the detectors and their occupancy, and when nec-
essary, in particular for pp and p—Pb collisions, was tuned
by acting on the beam optics (up to values of ~ 200 kHz
for pp data taking at /s = 13 TeV). A typical feature
of ALICE data taking is the possibility of operating with
a low pile-up rate in pp collisions, allowing as an exam-
ple a detailed study of the dependence of particle produc-
tion on the charged hadron multiplicity. Typical values for
Ny in the LHC Run 2 are ~ 4 x 10° for pp collisions at
s = 13TeV, complemented by ~ 2 x 10? high-multiplicity
events. For p—Pb, about ~ 8 x 108 minimum-bias events
were collected, mainly at \/ssy = 5.02 TeV. The corre-
sponding number for Pb—Pb collisions at the same energy was
about 3 x 10® minimum-bias events, plus a similar number
of recorded events with a further selection on centrality. The
second relevant quantity is the recorded integrated luminosity
Lin; for rare triggers, with the largest values corresponding
typically to (di)muon triggers. For this specific class of trig-
gers, in the LHC Run 2, about 36 pb~! were collected for
/s = 13 TeV pp collisions and 25 nb~! for p—Pb collisions
at ./snn = 8.16 TeV. The corresponding number for Pb—
Pb collisions at \/sN\N = 5.02 TeV was about 800 pb~!. In
Table 1 the collision systems, center-of-mass energies, inte-
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Table 1 Collision systems studied by ALICE during LHC run 1 and 2.
The center of mass energy per nucleon—nucleon collision, the integrated
luminosity for rare triggers and the number of collected minimum bias

events are shown. The latter quantity includes samples where selec-
tions on hadronic multiplicity (pp) or collision centrality (Pb—Pb) were
performed

System Year(s) V3NN (TeV) Lint NumB
Pb-Pb 2010, 2011 2.76 75 wb~! 1.3 x 108
Pb—Pb 2015, 2018 5.02 800 wb~! 6 x 108
Xe-Xe 2017 5.44 0.3 pb! 1.1 x 100
p-Pb 2013, 2016 5.02 18 nb~! 8 x 108
p-Pb 2016 8.16 25nb~! 1.3 x 108
PP 2009 0.9 200 pb~! 0.5 x 10°
pp 2011 2.76 100 nb~! 1.3 x 108
pp 2010, 2011 7 1.5pb~! 1.6 x 10°
PP 2012 8 2.5pb~! 3.1 x 108
pp 2015, 2017 5.02 1.3 pb~! 10°

pp 20152018 13 36 pb~! 6 x 10°

grated luminosity and number of minimum-bias events are
listed.

The data size corresponding to event samples collected in
each year of data taking can easily exceed tens of PetaBytes.
The large computing and storage power required to pro-
cess such amounts in order to perform the reconstruction
of the physics objects from the raw data is ensured by the
Worldwide LHC Computing Grid (WLCG) infrastructure,
based on about 200 computing centres located all around the
world [159].

In ALICE, the track reconstruction scheme is based on
the Kalman filter [142,160,161]. In the central barrel, after
a preliminary interaction vertex finding based on SPD infor-
mation, track finding in the TPC is performed and track can-
didates are then matched to clusters in the ITS layers. Tracks
are extrapolated to their point of closest approach to the pre-
liminary interaction vertex and are then refitted in the out-
ward direction, including the more external detectors and
evaluating quantities relevant for PID. A final refit, starting
from the external radius of the TPC is then performed and a
final primary interaction vertex is computed. Secondary ver-
tices from particle decays and photon conversions are subse-
quently searched, pairing tracks exceeding a defined distance
of closest approach to the primary vertex and applying several
quality cuts. More complex secondary vertex reconstruction
(for example for heavy-flavour decays) is performed later at
the analysis stage. In the muon spectrometer a Kalman-based
algorithm is also adopted, and the track candidates are extrap-
olated to the SPD-based vertex position and finally corrected
for the non-negligible effect of muon energy loss and multi-
ple scattering in the hadron absorber [162]. Photon identifica-
tion in the calorimeters is based on the detection of clusters in
those detectors. The electron/positron contribution is rejected

by checking the absence of reconstructed charged tracks in
the vicinity [116,142]. Cuts on various shower shape param-
eters allow rejection of hadronic showers. A complementary
detection technique via study of photon conversions to e e~
pairs in the TPC is also employed [163]. Finally, jet mea-
surements, particularly delicate in the complex heavy-ion
collision environment, are performed combining informa-
tion from charged particle tracking in ITS, TPC and EMCal
information for the neutral energy carried by photons from
hadronic decays [149,164,165].

The ALICE apparatus has now undergone a major upgrade
(see Sect. 9.1) and the ‘ALICE 2’ version has recently started
data taking in the LHC Run 3 [166,167]. A completely new
detector ‘ALICE 3’ [168] is proposed for the LHC Run 5 and
beyond (see Sect. 9.2).

1.5 Overview of the key scientific questions addressed by
ALICE

High-energy nuclear collisions in the multi-TeV energy range
at the LHC provide ideal conditions to produce a long-lived
QGP as well as abundant hard probes of such a state up to
high pr. An accurate and quantitative characterisation of the
QGP state and its related phenomenology, via the study of
the observables discussed in Sect. 1.2, is the subject of the
ALICE experimental program and has inspired the design of
its detector. In addition to this, owing to its high-precision
tracking and excellent PID performance down to very low
pt ALICE has contributed to addressing further fundamen-
tal aspects of the strong interaction and QCD. In particular,
more general insights on the manifestations of hadronic inter-
actions can be carried out by studying observables like the
production of light anti- and hyper-nuclei, the kaon—nucleon
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and the hyperon—nucleon interaction. Due to the difficulty
in obtaining hyperon beams, such studies can be efficiently
performed in the ALICE environment, either with Pb—Pb
or high-multiplicity pp collisions. Another set of physics
topics related to the strong interaction and not directly con-
nected to QGP, where ALICE gives an important contribu-
tion, is the study of specific high-Q% QCD processes in pp
collisions. These include the measurement of inclusive and
heavy-flavour jet production, and the study of their substruc-
ture. Studies of open heavy flavour, quarkonia and high-pt
hadrons also represent an area of interest for the experiment.

In the following, we briefly introduce the main topics
investigated by ALICE, in the form of physics questions.
The corresponding answers will be the object of the follow-
ing chapters of this review.

1. What are the thermodynamic and global properties of
the QGP produced at the LHC?
the QGP can be considered as an extended system of
strongly interacting quarks and gluons in thermal equi-
librium and as such can be characterised by a set of
intensive quantities like temperature and energy den-
sity. Also, its size and lifetime are essential parame-
ters for its characterisation. Various observables, such
as hadronic multiplicity, transverse energy distributions,
and direct photon observables are known to be related to
these quantities and have been thoroughly investigated
in the past. At LHC energies, which provide the high-
est temperatures to explore the QGP, they fully retain
their importance for the evaluation of the thermody-
namic properties of the QGP produced in Pb-Pb colli-
sions and, once the temperature of the system decreases
below the pseudocritical temperature, also of the sub-
sequent hadronic phase. The analysis of the evolution
of these quantities from small to large collision systems
is a field of investigation that has received much atten-
tion at the LHC and is crucial for the understanding of
the emergence of QGP-related features. Results on these
studies are reported in Sect. 2.1 and Sect. 3.1 for Pb—Pb
and smaller collision systems, respectively.

2. What are the hydrodynamic and transport properties of
the QGP?
As the highest QGP temperatures are expected to be
achieved at the LHC, that positions heavy-ion collisions
at the LHC as paramount when investigating how hydro-
dynamic collective motion develops in such an extreme
environment. In particular, the temperature dependence
of /s and ¢ /s can be studied to the fullest extent, via
measurements sensitive to anisotropic and radial flow
respectively, as the largest possible ranges of tempera-
tures of the QGP can be probed. The temperature depen-
dence of these parameters were not established prior to
first heavy-ion collisions at the LHC. Given the dis-
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covery of a perfect liquid at RHIC, constraining the
temperature dependence of n/s and ¢/s is crucial in
assessing how “perfect” the QGP liquid created at the
LHC is, as a weak coupling picture is expected at higher
temperatures, due to the scale dependence of the QCD
coupling constant. Finally, we will investigate, via mea-
surements of charmed hadrons, whether low-momentum
charm quarks produced out of equilibrium in the initial
stages are able to participate in the QGP’s collective
motion. Such an observation was not established prior
to the LHC, and will help to constrain the temperature
dependence of the diffusion coefficient Dy via compar-
isons to transport models. The ALICE detector is par-
ticularly well suited to this task at the LHC due to its
large pt and 5 acceptance, given that hydrodynamic and
transport models provide predictions over the full phase
space. These topics will be addressed in Sects. 2.2 and
2.4.

3. How does the QGP affect the formation of hadrons?
As mentioned, the hadronisation of the QGP can be stud-
ied via measurements of hadron production, which pro-
vides information on how hadronic states emerge from
the bulk of thermalised partons, when the expanding
medium approaches the pseudocritical temperature. The
abundances of different hadron species were observed
at AGS, SPS and RHIC energies to closely follow the
expected equilibrium populations of a hadron-resonance
gas at the temperature at which the chemical freeze-out
of the system occurs. This thermal origin of particle pro-
duction allows for a macroscopic description of the prop-
erties of the hadron gas in terms of thermodynamic vari-
ables via statistical-hadronisation models and provides
access to the chemical freeze-out parameters relevant
for the QCD phase diagram. At the microscopic level,
hadron formation from the QGP medium can be influ-
enced by the presence of the bulk of thermalised partons.
Recombination models were proposed after the first
measurements of hadron production at RHIC and pro-
vided a natural explanation for some unexpected results
of baryon and meson production and v, measurements in
the intermediate- pt region. In these models, the quarks
of the bulk, which are close to each other in phase space,
can combine into hadrons. The recombination process is
expected to dominate for partons at low and intermedi-
ate pt, whereas energetic partons generally escape from
the QGP and hadronise outside the medium via frag-
mentation. High precision measurements of production
of different hadron species, including strange and charm
mesons and baryons, as well as light nuclei and hyper-
nuclei, are possible with the ALICE detector at the LHC
in different collision systems with improved precision,
especially at intermediate- and high-pt, compared to
results at RHIC energies. This can provide new insights
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into the hadronisation mechanisms and the properties of
the hadronic phase of the system evolution. The results
of studies on QGP hadronisation will be discussed in
Sect. 2.3.

. How does the QGP affect the propagation of energetic
partons?

The evidence of strong energy loss of high-momentum
partons, via single-hadron Raa measurements, was one
of the main discoveries at RHIC energies. This led to
the first quantitative investigations for key energy loss
parameters, such as ¢. At high pr, jet production is the
main observable regarding the propagation of energetic
quarks/gluons, both in vacuum and in a medium. The
LHC, thanks to the abundant production of such probes,
represents a unique laboratory for the study of their
coupling to the QGP. Jet energy loss, jet substructure
modification, jet deflection and the emission of large-
angle radiation are powerful handles for a more detailed
phenomenological understanding and for constraining
the key theoretical parameters. Specific studies as the
colour-charge (quarks vs gluons) and the quark-mass
dependence (beauty vs charm vs light partons) of energy
loss offer the possibility of a detailed testing on QCD-
based predictions. Also, jets probe the QGP at short dis-
tances, as the QGP cannot be strongly coupled at all
scales. When probed at short distances, its quasi-particle
structure, i.e., the free quarks and gluons, should emerge,
and their signature is expected to be a large momentum
transfer to the jet or its constituents. These topics will
be addressed in Sect. 2.4.

. How does deconfinement in the QGP affect the QCD
force?

The strong interaction binding a heavy quark-antiquark
pair is expected to be strongly modified in the presence
of a medium like the QGP, characterised by a high den-
sity of (deconfined) colour charges. Results at SPS and
RHIC energies showed a significant suppression of char-
monium states, depending on their binding energy and
clearly related to the formation of a strongly interacting
system. At the same time they also demonstrated that
a quantitative understanding of the observation needs
to consider the modification of spectral properties of
quarkonia in the medium as they can be inferred from
Lattice QCD and implemented in effective theory calcu-
lations. The LHC is ideally placed for a decisive step for-
ward in these studies, thanks to the availability of high-
statistics results in both the charmonium and, for the first
time, bottomonium sector. Specific open points concern
the existence and the characteristics of the various bound
states in the QGP and the possibility of a (re)generation
of quarkonia at the confinement threshold, which consti-
tutes in itself an evidence for the production of a decon-

fined state. The results on quarkonium-related observ-
ables will be described and discussed in Sect. 2.5.

. Can the QGP lead to discovery of novel QCD effects?

In addition to forming the necessary conditions to study
the deconfined QCD matter in a controlled way, heavy-
ion collisions provide also the possibility to probe novel
QCD phenomena that are associated with a chirality
imbalance, and thus to parity violation in strong inter-
actions. This imbalance is a consequence of topologi-
cal transitions between the different vacuum states of
QCD, yet another reflection of the non-Abelian nature
of the theory, via a mechanism similar to the one
responsible for the creation of baryon asymmetry in the
early universe. The coupling of these effects with the
extremely large magnetic field produced in peripheral
heavy-ion collisions is expected to lead to an electric
dipole moment of QCD matter, imprinted in the motion
of final state particles. This is known as the Chiral Mag-
netic Effect (CME) which is believed to have a signal
within experimental reach. The associated motion of
deconfined quarks can only occur in the QGP. The CME
is of particular interest at the LHC as heavy-ion colli-
sions at these energies are expected to provide the largest
ever magnetic field created in the laboratory. The ALICE
results will be discussed in Sect. 2.6, also in relation with
the general status of the field in studies of the early stage
electromagnetic fields and on probing anomalous QCD
effects.

. What are the minimal conditions of QGP formation?

Several signatures of a strongly interacting medium,
such as a relatively large strangeness production and
anisotropic flow, appear prominently in mid-central and
central nucleus—nucleus collisions. In this context, a
natural question is if these phenomena also appear in
very peripheral nucleus—nucleus collisions or, alterna-
tively, in high-multiplicity proton—proton or proton—
nucleus collisions. The ALICE detector is able to con-
duct a comprehensive study regarding the limits of QGP
formation by studying the multiplicity dependence of
several observables in pp and p—Pb collisions, which
was made possible due to the unprecedented amount
of data from these smaller collision systems delivered
by the LHC. Advances in several key topics, including
strangeness production, the onset of collective behaviour
and energy loss phenomena, were achieved, leading to a
better understanding of the microscopic origin of many
of these phenomena and bringing forth new theoretical
challenges. These results will be discussed in Sect. 3.

. What is the nature of the initial state of heavy-ion colli-

sions?

An accurate description of the initial state of collid-
ing nuclei is crucial for the interpretation of many of
the measurements carried out in heavy-ion collisions
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at the LHC, and ultimately for the extraction of the
relevant QGP parameters. In particular, the character-
isation of the spatial distribution of nuclear matter in
terms of energy and density profiles before the QGP
formation has an important influence on the quantita-
tive evaluation of its fundamental parameters (e.g. vis-
cosity). Various approaches were developed along the
years, considering either nucleons, constituent quarks,
or gluons as the fundamental degrees of freedom. The
Colour Glass Condensate framework implies the spatial
extent of low-x gluons at LHC energies is determined
by the saturation scale. This should have a discernible
impact on anisotropic flow coefficients. The correspond-
ing measurements therefore provide an opportunity
to test nuclear gluon saturation approaches using the
ALICE detector. At a complementary level, a quantita-
tive description of hard processes requires the knowl-
edge of the modifications of the parton longitudinal
momentum distribution in the nuclei. Here, a strong sup-
pression (nuclear shadowing) was previously observed
at low parton momentum fractions (x < 1072). The
measurement of such modifications to the parton distri-
bution functions (PDF), which can be seen as a conse-
quence of saturation effects in the low-x region, suffers
from significant uncertainties. The availability of results
with high statistical precision on electroweak boson
production in p—Pb and Pb-Pb, as well as on vector-
meson photoproduction in ultraperipheral Pb—Pb colli-
sions, represent the main source of improvement that
becomes available at LHC energies. The corresponding
results will be described in Sect. 4.

9. What is the nature of hadron—hadron interactions?
The residual strong interaction among stable and unsta-
ble hadrons can be studied using femtoscopic correlation
techniques at the LHC in pp and p—Pb collisions, inves-
tigated by ALICE with unprecedented precision. This
is due to the large acceptance provided by ALICE, and
the large integrated luminosities for light systems pro-
vided by the LHC. These measured observables can be
directly connected to the relative wave function among
the hadrons of interest. The small size of the source
created in these light collision systems (about 1 fm)
provides a unique environment to test the short-range
strong interactions among hadron pairs. As mentioned,
the measurements sensitive to these interactions can be
compared with Lattice QCD or chiral effective theory
predictions of hadron—hadron potentials, and the suc-
cess of these comparisons, in particular for the rarely
produced hadrons, may have implications for the mod-
elling of neutron star cores. Hadron—hadron interactions
can also be studied by measuring the binding energies
of light antinuclei and hypernuclei produced in pp, p—Pb
and Pb—Pb collisions. A microscopic understanding of
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the formation process of light nuclei can be achieved by
employing the measurement of the source size extracted
from femtoscopy and testing whether hadron interac-
tions can explain nuclei formation via the coalescence
of nucleons. These topics are treated in Sect. 5.

10. Can ALICE elucidate specific aspects of perturbative
QCD and of related “long distance” QCD interactions?
Precise perturbative QCD (pQCD) calculations serve as
a baseline for searches for physics Beyond the Stan-
dard Model. Moreover, observables with a well under-
stood production cross section in proton—proton colli-
sions are essential to interpret the additional complexity
of nonzero temperature QCD in heavy-ion collisions.
Measurements of high-Q? processes typically involve
both perturbatively calculable cross sections, as well
as long-distance QCD interactions described by non-
perturbative objects such as parton distribution func-
tions and fragmentation functions which are commonly
assumed to be universal, i.e. independent of the collision
system, energy, and observable. Jet measurements, for
example, test the importance of higher order terms in
state-of-the-art pQCD calculations, and identified parti-
cle measurements constrain nonperturbative objects and
test the universality of their fragmentation functions.
The ALICE high-precision tracking and particle iden-
tification capabilities, with a focus on low to moderate
transverse momentum, are unique at the LHC and com-
plementary to the other LHC detectors. The moderate
collision rates at the ALICE interaction point provide
a clean, low-pileup environment for a variety of high-
precision QCD studies. Results of QCD studies with
high-Q? processes in pp collisions will be discussed in
Sect. 6.

The next chapters of this review are organised as follows:
Sect. 2 contains an extended description of the quantitative
studies of the QGP properties, as investigated by ALICE
mainly in Pb—Pb collisions. Sect. 3 aims at connecting obser-
vations obtained for large and small collision systems with
the scope of analyzing the emergence of collective effects
related to the strong interaction and possibly to QGP forma-
tion. Section 4 will describe the contributions of ALICE to
the determination of the properties of the initial state of the
high-energy collision systems, which are relevant both for
the interpretation of final state quantities and for the study
of specific QCD aspects (parton saturation). Section 5 will
address studies of the interaction between hadrons, mani-
fested in the formation of nuclear systems also including
strange quarks. Section 6 deals with selected studies of high-
Q? processes in pp collisions where ALICE has given signif-
icant contributions in the frame of LHC experimental results.
Section 7 presents ALICE contributions to fields not directly
related with LHC physics. Section 8 is devoted to the conclu-
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sions. Section 9 discusses future prospects with the upgraded
‘ALICE?2’ (Run3-4), the proposed new detector ‘ALICE 3’
for Run5 and beyond, and the open questions that will be
addressed by future measurements.

2 The quark—gluon plasma and its properties

The quantitative study of the properties of the quark—gluon
plasma produced in nuclear collisions at the LHC represents
the core of the ALICE physics program. The possibility of
colliding Pb ions at the highest energy presently available
at a particle accelerator, with significant further increase
only foreseen in a relatively distant future (HE-LHC, FCC),
implies that many of the results that will be described in
this chapter will represent for a long time the state-of-the-
art of our comprehension of low(zero)-up deconfined mat-
ter. Due to the large initial temperature, the conditions are
favourable for the formation of a long-lived system which
quickly reaches thermalisation, allowing a precise estimate
of its intensive properties. At the same time, the abundant
production of hard partons at LHC energy, constitutes an
intense source of probes of the QGP phase, allowing a test
of its transport properties and micro-structure.

This chapter is organized in sections, each one dealing
with specific physics aspects of the QGP. After a short intro-
duction to the corresponding topics, the main results obtained
by ALICE are described and discussed, with reference to the-
oretical models that are found to be relevant for the under-
standing of the results and the extraction of a physics mes-
sage.

Specifically, characterisation of the Pb—Pb events in terms
of centrality selection will be discussed first, followed by
estimates of the attained energy density and temperature
of the QGP, and by a discussion on the spatial extension
of the strongly interacting system (Sect. 2.1). Then, a dis-
cussion on the dynamical properties of the QGP will be
presented, mainly dealing with the study of its collective
motion that offers insight on the coupling strength of the
system (Sect. 2.2). In the next step, a discussion of the phe-
nomena related to the (pseudo)critical transition of the QGP
towards the hadronic phase is carried out, by describing
results on the chemical equilibration and kinetic thermali-
sation of the system and investigating the duration of the
hadronic phase (Sect. 2.3). Then, Sect. 2.4 deals with the
use of high-momentum transfer processes as a probe of the
QGP, their in-medium interactions being used to quantita-
tively understand dynamical features such as energy trans-
port and equilibration. A specific set of hard probes, quarko-
nia, exhibits a strong sensitivity to deconfinement and is more
generally sensitive to the modification of the QCD force in the
medium, with the corresponding results shown in Sect. 2.5.
Then, Sect. 2.6 deals with novel QCD phenomena that can

be catalysed by the presence of very strong magnetic fields
generated in heavy-ion collisions, as local P and CP violating
effects in the strong interaction.

A brief and schematic summary of the main findings com-
pletes each section, and the chapter is then concluded in
Sect. 2.7, which presents a discussion of the extracted values
of QGP-related quantities.

2.1 Macroscopic system properties and QGP
thermodynamics

The first question to answer is whether a quark—gluon plasma
is formed in Pb—Pb collisions at the LHC and how we can
characterise it based on its thermodynamic properties. As dis-
cussed in Sect. 1, crossing the QCD phase transition bound-
ary and forming the QGP require that the initial energy den-
sity and temperature reached in the collision are larger than
the critical values. For these, the most recent Lattice QCD
calculations report for the energy density e, = (0.42 £
0.06) GeV/fm? [169], and two slightly different values of
pseudocritical temperature, Tpe = (156.5 £ 1.5) MeV [169]
and T, = (15840.6) MeV [119]. As the system expands and
cools down, a second transition from a deconfined quark and
gluon medium to hadrons takes place. Therefore, the first
quantities we are interested in determining to characterise
the system are the initial energy density and the tempera-
ture. The total transverse energy of the particles produced in
the final state is a measure of the energy density, whereas
multiplicity in the final state is closely related to entropy
production in the collision. As in the rapid expansion of the
fireball both the total energy and the entropy are expected to
be approximately conserved, the use of final state quantities
to estimate the initial energy and entropy density is justified.
This is strictly valid in a non-viscous hydrodynamics sce-
nario. The amount of energy concentrated in the collision
zone can be controlled experimentally by selecting events
based on centrality, as discussed in Sect. 2.1.1. Results on
the charged-particle multiplicity density measured in Pb—Pb
collisions at the LHC are summarised and presented in com-
parison to those at lower energies as well as in p—Pb and pp
collisions in Sect. 2.1.2. In Sect. 2.1.3, we provide an estimate
of the energy density as a function of centrality and discuss
its relation to hydrodynamic calculations. While hadrons are
produced in the freeze-out phase of the collision, photons and
dileptons are emitted during the entire evolution of the fire-
ball and provide an independent measure of the temperature.
Therefore, hadrons and electromagnetic radiation measure
different temperatures, corresponding to different stages of
the system evolution. This is discussed in Sect. 2.1.4. Besides
these thermodynamic properties, the system produced in the
collision can be further characterised in terms of its spa-
tial extension and duration by using femtoscopic techniques.
The measurement of momentum correlations among parti-
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cles produced in the final state (i.e. at the freeze-out of the
system) provides important information on the particle emit-
ting source and on the underlying dynamics. The size and
lifetime of the system are discussed in Sect. 2.1.5.

2.1.1 Centrality of nucleus—nucleus collisions

Nuclei are extended objects and the degree of geometrical
overlap between them in the collision, expressed in terms
of the impact parameter (), varies. Since b is not directly
measurable, an experimental proxy, centrality, is used to
characterise the amount of nuclear overlap in the colli-
sions, as anticipated in Sect. 1.2.4. Centrality is commonly
expressed in percentiles of the total nucleus-nucleus cross
section (opppp = (7.67 £ 0.16°Y%7) b for Pb—Pb collisions
at \/syn =5.02 TeV [170]) and, conventionally, small (large)
percentiles as for instance 0-5% (80-90%) correspond to
central (peripheral) collisions [171].

In ALICE, centrality is determined by measuring the sig-
nal in the VO scintillator arrays, which is proportional to
the number of particles that strike them. The signal ampli-
tude measured at forward rapidity in the VO is observed
to be strongly correlated with the multiplicity of charged
particles measured at midrapidity. This is shown in the top
panel of Fig. 10, which illustrates the correlation between the
summed VOA and VOC (the sum is referred to as VOM) sig-
nal amplitudes, and the number of charged-particle track seg-
ments reconstructed using the ITS at midrapidity (|| < 1.4).
The observed relation of proportionality between the parti-
cle multiplicity at midrapidity and the particle multiplicity
at forward rapidity, which are two causally-distant observ-
ables, constitutes a purely data-driven justification to our
centrality classification of events based on the VO infor-
mation. Alternatively, centrality can be measured using the
particle multiplicity in the ITS or the energy deposited by
the spectator nucleons in the ZDC, as discussed in detail
in Ref. [171]. The VO estimator remains the most common
choice for centrality classification for the purpose of study-
ing particle production at midrapidity, due to the rapidity
separation. As illustrated in the bottom panel of Fig. 10 for
a sample of 5.02 TeV Pb-Pb collision events, the central-
ity classes are defined by slicing the VOM signal amplitude
distribution. The latter is fitted with a Glauber model [172]
(see also Sect. 1.2.4) coupled to a model for particle pro-
duction based on a negative binomial distribution (NBD), to
obtain (N¢op) and (Npay) for each centrality class, as detailed
in [170,171]. The NBD is used to reproduce the amplitude
for peripheral events where the multiplicity approaches the
one observed in pp collisions [171]. In peripheral nucleus—
nucleus collisions, the selection of the centrality classes on
the basis of charged-particle multiplicity, leads to a bias in
the determination of the collision geometry parameters [173],
which has to be taken into account when interpreting mea-
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Fig. 10 Summed signal amplitude in the VO scintillators in triggered
Pb—Pb collisions at ,/sxy = 5.02 TeV. (Top) Correlation between
the VOM amplitude, at forward rapidity, and the number of charged-
particle track segments (tracklets) reconstructed in the ITS at midrapid-
ity (Jn| < 1.4). (Bottom) Fit (red line) to the VOM distribution with
a Glauber model coupled to a negative binomial distribution (NBD).
Gray and white bands indicate the classification of the events into cen-
trality classes, with centrality expressed in percentile of the hadronic
cross section

surements that use these parameters, like the nuclear modifi-
cation factor (see Sect. 2.4.2). The event classification based
on multiplicity in pp as well as p—Pb collisions is discussed
later, in Sect. 3.1.

2.1.2 Charged-particle multiplicity density at midrapidity

In heavy-ion collisions, the charged-particle multiplicity per
unit of (pseudo)rapidity (dN.p/dn) is studied as a function
of centrality as well as in comparison to different collision
systems and at various collision energies. This allows one
to investigate the role of the initial energy density and the
mechanisms responsible for particle production.

The primary charged-particle multiplicity density at midra-
pidity (|n|] < 2) can be obtained from the number of short
track segments formed using the position of the primary
vertex and all possible combinations of hits between the
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two SPD layers (the two innermost layers of the ITS). The
deposited energy signal in the FMD is used to measure
the charged-particle pseudorapidity density in the forward
regions (—3.5 < n < —1.8and 1.8 < n < 5). Inboth cases,
the multiplicity is corrected for the background from sec-
ondary particles as well as for efficiency and detector accep-
tance. Details on the methods can be found in [174], for
instance. The number of particles produced at midrapidity
increases from peripheral to central collisions, from few tens
of particles per unit of rapidity to few thousands. In central
(0-5%) Pb—Pb collisions at ,/syy =5.02 TeV and in the range
Inl < 0.5, (dNch/dn) = 1943 £54 and (Npar) = 385 £3,
compared to (dNep /dn) =17.52 £1.84 and (Npurt) =7.3 £0.1
in peripheral (80-90%) collisions [174,175].

To compare the bulk particle production in different col-
lision systems, the charged-particle multiplicity measured
at midrapidity (|n] < 0.5) is scaled by the number of
nucleon pairs participating in the collision, (Npu)/2. Fig-
ure 11 shows the midrapidity charged-particle multiplicity
normalised by the number of the participating nucleon pairs,
<Nme)(chh /dn), in pp, pp, p(d)A and in central heavy-ion
collisions as a function of the centre-of-mass energy per
nucleon pair, /syy. In particular, ALICE central (0-5%)
heavy-ion data include Pb—Pb collisions at /sy =2.76 TeV
and 5.02 TeV as well as Xe—Xe collisions at ,/syy = 5.44 TeV.
The dependence of m(chh /dn) on the centre-of-mass
energy can be fitted with a power-law function of the form
of o x s, resulting in an exponent 8 = 0.152 % 0.003 for
central A collisions, under the assumption of uncorrelated
uncertainties. It is a much stronger s-dependence than for
inelastic (INEL) pp and non-single-diffractive (NSD) p(d)A
collisions, where a value of § = 0.103 &£ 0.002 is obtained.
This indicates that heavy-ion collisions are more efficient in
converting the initial beam energy into particle production at
midrapidity than pp or p—Pb collisions.

Figure 12 presents the charged-particle multiplicity den-
sity dNch/dniap as a function of pseudorapidity for central
Pb—Pb collisions at ,/syy = 5.02 TeV. For symmetric col-
lision systems, such as Pb—Pb and pp, the laboratory ref-
erence frame coincides with the centre-of-mass one and
the dNch/dniap distributions are symmetric (hence hereafter
indicated as d N¢h /dn). When available, the data are extended
into the non-measured region —5 < n < —3.5 by reflecting
the 3.5 < n < 5 values around n = 0. An asymmetry
between the proton and the lead hemispheres is observed
in the p—Pb distribution, in which the number of charged
particles is higher in the Pb-going side (positive 1ja). The
results are compared to the EPOS 3.4 model for Pb—Pb and
pp collisions and to PYTHIA 8.3 for all the three collision
systems (see Sect. 1.2.4 for an introduction to these mod-
els). For Pb—Pb collisions, both models reproduce quantita-
tively the dN¢p, /dn in the midrapidity region. The compari-
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Fig. 11 Collision energy dependence of the charged-particle pseudo-
rapidity density at midrapidity (|n| < 0.5) normalised to the average
number of participants, T Nim) (dNch/dn). Data from central A colli-
sions [175-185] are compared to measurements in non-single diffrac-
tive p(d)A collisions [186—189] and inelastic (INEL) pp and pp colli-
sions [174,190-195]. ALICE heavy-ion data include Pb—Pb collisions
at /sy = 2.76 TeV and 5.02 TeV as well as Xe—Xe collisions at
/San = 5.44 TeV. All values of (Npay) used for the normalisation of
the data are the results of Glauber model calculations. The lines are
power law fits to the data and the bands represent the uncertainties on
the extracted dependencies

son at forward rapidities is not as good as at midrapidity. For
p—Pb collisions, PYTHIA 8.3 overpredicts the data in the Pb-
fragmentation region, while it reproduces well the trend for
midrapidity and for the p-fragmentation side. For pp colli-
sions, EPOS 3.4 is overestimating the data by around 20%
in the full pseudorapidity range.

Particle production has been measured in small to medium-
sized and large colliding systems such as Xe—Xe and Pb—Pb
with unprecedentedly high precision. The dN.,/dn uncer-
tainties range from around 3% for central A collisions, at
midrapidity, to around 10% for peripheral results, in the for-

ward region.
2

Figure 13 shows the centrality dependence of = (d N /dn),

Npar
with the centrality being expressed in terms of é]\fpp;riy Data
from 5.02 TeV Pb—Pb and 5.44 TeV Xe—Xe collisions are
compared to lower energy results in Au—Au and Cu—Cu col-
lisions by the PHOBOS experiment at RHIC.

To disentangle energy dependence from Np, depen-
dence, the Au—Au, Cu—Cu and Xe—Xe data are scaled by fac-
tors calculated using the fit function of Fig. 11 for the top 5%
most central collisions. The values of WL(chh /dn) for

part)
Pb—Pb and Xe—Xe collisions decrease by a factor of two from
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Fig. 12 (Left) Pseudorapidity density of charged particles in 0-5%
central Pb—Pb collisions [174], NSD p-Pb collisions [188], and INEL
pp collisions at \/syy = 5.02 TeV [196] in ALICE. Dashed lines rep-
resent EPOS 3.4 model calculations [197-199], available only for pp
and Pb—Pb collisions at this energy and PYTHIA 8.3 [80], available

the most central to the most peripheral collisions, where they
agree with the values measured in minimum bias pp and p—Pb
collisions. At the same Npa¢, Pb—Pb undergoes less binary
collisions than Xe—Xe. This causes the separation between
the shapes of Xe—Xe and Pb—Pb for the (Np%n)(chh /dn)
as a function of (Npu). Hints for a deviation between the
lower energy Au—Au and Cu—Cu results from the LHC data
for (Npart) < 100 are visible. This deviation is not signifi-
cant given the large uncertainties and it could be attributed to
the different Glauber model implementation used to estimate
Npare in ALICE [175] and PHOBOS [184]. For the 5% most
central Xe-Xe and Pb—Pb collisions the %%Q(chh /dn)
increases steeply. A qualitatively similar feature is observed
also in Cu—Cu collisions.

In Fig. 13 a comparison to PYTHIA 8.3 [200] calculations
is also shown with black solid lines for the same selection
in centrality as done in data (N¢p-selected). Dotted lines rep-
resent, instead, a selection performed on the Npqc. The cal-
culations for the most central events exhibit a steep increase
for the N¢p-selected results only, indicating that the sources
of the rise are fluctuations of the charged-particle multiplic-
ity at a fixed number of particle sources, Ngoyrces- Selec-
tion biases and auto-correlation effects are covered more
in detail in Sect. 3.1. The Ncp/Nsources fluctuation bias can
be avoided by selecting centrality and calculating the Npart
using the energy deposited by spectator nucleons in the Zero
Degree Calorimeters. A methodology to derive these geomet-
rical quantities from spectator detection near beam rapidity
is under study in the Collaboration. Measurements in light-
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for all collision systems. Error bars represent systematic uncertainties
on data, statistical uncertainties are negligible. (Right) Ratio between
EPOS 3.4 and PYTHIA 8.3 model calculations relative to Pb—Pb (top),
p—Pb (middle), and pp (bottom) data. Shaded bands represent the rela-
tive systematic uncertainties on data

nucleus collisions at the LHC Run 3 could allow us to con-
strain further the underlying particle production mechanisms,
and to describe the increase with energy, see Fig. 11, and cen-
trality, Fig. 13, bridging the gap between the trends observed
in pp and pA collisions and those in the mid-sized Xe—Xe
and the large Pb—Pb systems.

2.1.3 Determination of the initial energy density

The energy density and temperature of the early colli-
sion stages are key physical quantities since they determine
whether the critical conditions for the QCD phase transition
are reached in the collision. In nuclear collisions, both can
be, in principle, controlled by selecting events based on their
centrality. The energy density in the collision can be esti-
mated from the total produced transverse momentum using
the ‘Bjorken-estimate’ [201]:

1 dEr

_—, 7
STT dy ()

egj(t) =

where dE1/dy is the total produced transverse energy Er =

N p% + m? per unit of rapidity, and Sy is the transverse size of
the interaction region at proper time 7. This estimate is valid
for a free-streaming system that undergoes boost-invariant
longitudinal expansion and no transverse expansion.

From the measurements of the charged-particle pseu-
dorapidity density and assuming that the rapidity of the
charged particles produced in the collisions is normally dis-
tributed [174,202], we extract a lower-bound estimate of the
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as black lines, dotted lines are Np,(-selected calculations

energy density e g times the formation time 7 in the colli-
sions [203]

dNch

1 2 ,
+ a“(m) O

®)

ELBT = —
ST ftotal

where /1 + a?(m) is the effective transverse mass, and
Siotal = 0.55 £ 0.01 is the fraction of the charged out of all
particles [204]. Here, a is the effective pt/m ratio extracted
as part of the estimate. The transverse area St is calculated
using a Glauber model [205] in which the full area of par-
ticipating nucleons is taken into account. The resulting e; gt
is shown in Fig. 14 for pp, p—Pb, and Pb-Pb collisions at
/Sxv = 5.02 TeV. We see an increase of roughly an order
of magnitude from pp and most peripheral p—Pb collisions to
the most central Pb—Pb collisions. A power-law (a Nézm) fit
to the data indicates a non-trivial increase in the energy den-
sity with an increasing transverse area of the initial overlap
between the colliding nuclei.

In a system that follows hydrodynamic expansion, the
expanding fluid performs work and the resulting time-
dependence of the energy density in a system that under-
goes boost-invariant longitudinal expansion (and no trans-
verse expansion) follows a power law with 7=#/3 instead of
r_l,

4/3
£Bj,hydro(T) = €0 (?) ! , )
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Fig. 14 Lower-bound estimate of the energy density times the forma-
tion time 7 in pp, p—Pb, and Pb—Pb collisions at ,/sxy = 5.02 TeV as a
function of the number of participating nucleons [203]. The transverse
area is calculated as the total area of overlap between participating
nucleons using Eq. 8. The open circles are from Pb—Pb collisions at
/Sxn = 2.76 TeV and calculated via direct measurements of Ey [204].

A fit to a power law aN;’m is shown with best-fit parameter values

a = 0.84£0.2GeV/(fm?c) and p = 0.44+0.07, and x2/dof = 1.2/16

where g and 7o are the initial energy density and the forma-
tion time, respectively. These simple data-driven estimates
are compared with the energy density from a hydrodynam-
ical model calculation (IPGlasma+MUSIC+URQMD with
the s95p-PCE equation of state [206]) for hydrodynamical
evolution and the UrQMD model for final state scattering)
in Fig. 15. The blue line and light gray band indicate the
energy density estimated using the free-streaming estimate
from Eq. 7 while the dark gray band indicates the behaviour
of alongitudinally expanding hydrodynamical system. Since
then the system freezes out gradually, there is no single
time at which the expansion switches from hydrodynami-
cal expansion to free streaming. The band was constructed
by switching at T = 6 and 12 fm/c, which are the times at
which approximately 10% and 90% of the system is frozen
out according to the hydrodynamical calculation. The uncer-
tainty from the measured E1 has been added linearly. It can
be seen that this simple data-driven estimate is in reasonable
agreement with the full model calculation up to 2—3 fm/c.

2.1.4 Temperature of the system

Temperature is a key thermodynamic property that charac-
terises the fireball at any given time during its evolution. To
experimentally access the temperature of the early partonic
phase one can rely on sensitive probes that are produced at
the early stage of the collision, such as heavy flavour qq

@ Springer
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Fig. 15 Evolution of the average energy density as a function of the
proper time of the system in hydrodynamic calculations. The green
curve represents the average energy density profile from hydrodynamic
model calculation from [207,208]. The blue line the grey bands repre-
sent the energy density estimated from the total transverse energy, ET,
measured in 0-5% central Pb—Pb collisions at \/sxy = 2.76 TeV [204]
using Eq. 7 for the free-streaming expansion and Eq. 9 for hydrody-
namical expansion. The hydrodynamical expansion is matched to the
free-streaming behaviour at T = 6 and 12 fm/c

states (quarkonia) and electromagnetic radiation. The study
of quarkonium as a thermometer for the QGP was developed
starting from the early idea [86] that the strong potential bind-
ing q and q into pairs is screened by colour charges when
immersed in the dense and hot coloured medium, ultimately
leading to a “melting” of the qq states and offering the possi-
bility to connect the production or suppression of quarkonia
to the QGP temperature. The most recent developments and
the ALICE results on quarkonia are discussed more in details
in the Sect. 2.5. Electromagnetic radiation is emitted by a
variety of sources during the evolution of the system in the
form of real “direct” photons or virtual photons, measurable
via their internal conversion into lepton—antilepton pairs. The
invariant mass spectrum of dileptons is studied looking for
any enhancement at intermediate (= 1-2 GeV for dielectrons)
masses relative to expectations from hadronic decays in vac-
uum. Such an excess could be related to thermal emission
from the QGP and thus provide information on its temper-
ature. However, as dilepton measurements at the LHC are
not yet sensitive to possible thermal signals [209], a precise
measurement of the low-mass dielectron continuum will be
pursued by ALICE during the LHC Runs 3 and 4. In the rest
of this section, we focus on results obtained by measuring
real direct photons.

@ Springer

Temperature can be accessed experimentally by measur-
ing the yield of thermal photons that are emitted by the hot
plasma during its entire evolution. As the mean free path
of a photon in hot matter is much larger than the typical
sizes of the created fireball, photons escape the collision zone
unaffected, delivering information on the QGP conditions at
early times, as well as on the development of collective flow
during the evolution of the hot matter. Direct photons are
the photons that do not originate from parton fragmentation
nor hadronic decays, and are produced in electromagnetic
interactions during different stages of the collision. The low-
pr region of the spectrum (pr < 3 GeV/ce) is dominated by
“thermal” photons and follows an approximately exponential
behaviour, a,’zNydir /(prdprdy) o e PT/Teit | characterised
by the inverse logarithmic slope Ter. The latter represents
the effective temperature of the fireball and can be related to
the “true” temperature by accounting for the radial expansion
of the system, which causes a blue-shift of the emitted pho-
tons [210]. At higher momentum (pt 2 5 GeV/c), “prompt”
photons dominate and follow a power law spectrum. These
photons are produced in the initial hard scatterings between
the colliding nuclei. Other direct photon production mecha-
nisms, like the interaction of hard scattered partons with the
medium (“jet-photon conversion”) [211], may be important
for pt < 10 GeV/c [212,213]. These contributions to the
spectrum need to be disentangled, such that the measured
excess of thermal photons can be related to the effective tem-
perature of the system.

The invariant yield of direct photons is determined by first
measuring the direct photon excess over decay photons, R,,,
which is defined by

Yinc Ydec _ Vinc

0 0 - ’
Tparam ! Tparam Vdec

(10)

where yinc is the inclusive photon invariant yield, Ygec the
decay photon invariant yield, and JTgaram is the parametrised
neutral pion invariant yield. Here the neutral pion invari-
ant yield has been measured in the 7 — yy channel.
The result is reported in Fig. 16 (bottom) for central and
semi-central Pb—Pb collisions at /sxy = 2.76 TeV. At high-
momenta, the R, is consistent with prompt photon pro-
duction (pQCD) and JETPHOX calculations [214,215]. For
0-20% collision centrality and considering all data points
in 0.9 < pr < 2.1 GeV/e, the significance of the direct
photon excess is about 2.60, which indicates that there is
an excess of thermal photons coming from the QGP. From
vdir = (I — 1/R})¥inc, the invariant yield of direct photons
is calculated for central and semi-central Pb—Pb collisions at
A/$xn = 2.76 TeV, and is reported in Fig. 16 (top) and com-
pared to measurements in central and semi-central Au—-Au
collisions at ,/syy = 200 GeV. Harder photon spectra are
measured at the LHC than those at RHIC. Hydrodynamical
model calculations for Pb—Pb collisions [216,217] are con-
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sistent with the data (Fig. 16). The region that is dominated
by thermal direct photons is fitted by an exponential function
(see solid lines in Fig. 16) to obtain the effective temperature
(Tet). For central and semi-central Pb—Pb collisions, the fits
lead to Terr = (304 £41) MeV and Tegr = (407 £ 114) MeV,
respectively, and the extracted temperatures are consistent
within uncertainties. The large relative uncertainty on the
temperature in semi-central collisions is due to the large
uncertainties on the fitted photon spectrum at low- pt. Com-
paring these values to the slopes of the spectra measured by
PHENIX and reported in Fig. 16, one can see an increase in
the effective temperature from RHIC to the LHC. However,
obtaining the initial temperature of the fireball is only pos-
sible indirectly by invoking model calculations that incorpo-
rate the evolution of the QGP medium as well as radial flow
effects that blue-shift the direct photon spectra, and has not
yet been attempted.

As direct photons escape the medium unaffected and
are predominantly produced when the system is hot, it is
expected that they don’t have a large flow component. Mea-
suring otherwise poses large questions to our understanding
of the space-time dynamics of the QGP. The elliptic flow of
direct photons (v, ’dir) was calculated by combining the ellip-
tic flow of inclusive photons together with that of decay pho-

y.dec
tons (v,

) and the measured R,, using the scalar product
method (see [221] for details). The measured v} AT eported
in Fig. 17, appears to be close to the decay photon flow for
both centrality classes and similar to the measurements by the
PHENIX collaboration at RHIC [223]. Hydrodynamic and
transport models [216,217,222] that include thermal pho-
ton production related to the local temperature of the fluid
show a smaller U%/ 4" than observed. For models to increase
v; odir one can lower the initial temperature of the fluid,
such that more photons are emitted when the system is more
developed, but in turn would lead to a larger discrepancy
in the prediction of the direct photon production. Especially
at RHIC energies, theoretical predictions are not yet able to
describe the direct photon production and the flow simul-
taneously. This is what is referred to as the “direct photon
puzzle” [218,221]. Due to the size of the experimental uncer-
tainties in Fig. 17, it is not yet confirmed if this puzzle is
present at LHC energies, although the results are consistent
with the measurements at RHIC. In Run 3, statistical uncer-
tainties are expected to be reduced by a factor of ten, and
the systematic uncertainties by about a factor of two. If the
R, measured with the new datasets will more strongly reject
the null hypothesis, i.e. R,, = 1, it will be very probable to
establish if there is a direct photon puzzle at the LHC.

In summary, the results of the fits to the direct photon
spectra indicate that the effective temperature of the fireball is
larger than the critical temperature and increases from RHIC
to LHC energies.

2.1.5 Size and lifetime of the system

The size and lifetime of the system created in a collision
can be inferred from femtoscopy, which measures particle
momentum correlations at kinetic freeze-out. The study of
momentum correlations of particles emitted from a com-
mon source was historically referred to as “HBT interfer-
ometry” in the heavy-ion community, named after the orig-
inal technique proposed by Hanbury-Brown and Twiss in
the 1950s and 1960s to determine the size of laboratory and
stellar sources by studying the interference of emitted pho-
tons [224,225].

In the case of two-particle femtoscopy [226-228], if two
particles are emitted from a pp or heavy-ion collision and
detected, the two-particle count rate is used to form the
momentum correlation function, C (k*), given by C(k*) =
N%ﬁ:;, where A(k*) is the measured distribution of parti-
cle pairs from the same event, i.e. the two-particle count rate,
B(k*) is the reference distribution of pairs created from par-
ticles coming from different events (referred to as “mixed
events”), N is the normalisation factor, and k* is the magni-
tude of the momentum of each of the particles in their pair
rest frame. Note that for identical particle pairs the invariant
momentum difference is denoted as gj,y = 2k*.

In order to extract the explicit spatial information and
implicit time information about the emitting particle source
at kinetic freeze-out, the measured two-particle correlation
function is, in general, fitted with a formula that includes a
quantum statistics term for identical particles, and a param-
eterisation which incorporates strong final-state interactions
between the particles (FSI), for cases where they are impor-
tant [229,230]. For example, for uncharged particles:

* 2
Ck*) = 1+ 2e 7K 4 o [; ‘f(;f )
2% f (k*) . S f k") X

(1)

where f(k*) is the s-wave scattering amplitude, « = 0.5 in
the case of identical bosons, R is the source radius param-
eter assuming a spherical Gaussian source distribution, and
A is the correlation strength. The term AC is a calculated
correction factor that takes into account the deviation of the
spherical wave assumption used in the inner region of the
short-range potential in the derivation of Eq. 11 [226]. The
second termin Eq. 11 describes the quantum statistics if iden-
tical bosons are considered, and the third one is the FSI term.
In Eq. 11, the R parameter is related to the effective size of
the source. In order to improve the description of the par-
ticle emitting source, two-particle femtoscopy can be refor-
mulated in three-dimensions. The experimental correlation
function is then obtained in terms of the components of the

@ Springer
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Fig. 16 Direct photon spectra (top) and direct photon excess R,
(bottom) measured in Pb—Pb collisions at /syy=2.76 TeV [218] and
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tracting a pQCD contribution determined by parameterising a direct
photon measurement in pp collisions
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Fig. 17 Elliptic

flow of direct photons, vy’dir, in the 0-20%

(left) and 20-40% (right) centrality classes for Pb—Pb collisions at

san=2.76 TeV
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[221]. The vertical bars and the boxes indicate the

statistical and the total uncertainties on the data, respectively. ALICE
data are compared to model calculations [216,217,222] and PHENIX
data [223] in the same respective centrality classes
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Fig. 18 Homogeneity volume (top) and decoupling time 77 (bottom)
measured at /sxy=2.76 TeV [239,240] compared to those obtained for
central Au—Au and Pb—Pb collisions at lower energies at the AGS [232],
SPS [95,233,234], and RHIC [185,235-238]. The homogeneity region
is determined as the product of the three pion femtoscopic radii at (k1) =
0.3 GeV/c for 0-5% central events, whereas the decoupling time 7 is
extracted from Rjong (k1) according to Eq. 12

pair momentum difference vector: oy (along the direction of
the sum of the transverse momenta of the particles) and gs;ige
(perpendicular to the direction of the sum of the transverse
momenta of the particles), and parallel to the beam direction,
qlong -

Femtoscopy measures the volume of the emitting source,
which is in general not equivalent to the total volume occu-
pied by the system at freeze-out. For an expanding source,
with strong flow gradients, particles with similar momenta
are emitted from a region referred to as the homogeneity
volume, which is smaller than the total volume [231].

The charged-particle pseudorapidity density dependence
of the femtoscopic pion radii and the decoupling time 77 of
pions for central Pb—Pb and Au—Au collisions were measured
at AGS [232], SPS [95,233,234], RHIC [185,235-238] and
LHC [239,240] energies. The decoupling time of the system
is typically approximated with the decoupling time of pions
7y, since pions are the most abundant species (~ 80%) con-
stituting the bulk of the system. The size of the homogeneity

region, obtained as the product of the three pion radii Ry,
Rside, and Rjong measured at (k1) = 0.3 GeV/c, has a linear
dependence on the charged-particle pseudorapidity density
shown in the top panel of Fig. 18. The magnitude increases
three times from AGS energies to the LHC.

According to the implementation of the system evolu-
tion in hydrodynamic models, the Rjong at midrapidity is
proportional to the total duration of the longitudinal expan-
sion [241]. The decoupling time 7 can be obtained from the
relation between Rjong and the transverse mass () that is

#Tiin Ky(mr/T)
mr  Ki(mt/Tn)’

2 T
Rigng(mt) =2 (12)

where T, is the kinetic freeze-out temperature, taken to be
0.12 GeV, and K; and K; are the integer order modified
Bessel functions [241]. The decoupling time obtained from
the fit to the m - distribution of the pion Rjong [239] is shown in
the bottom panel of Fig. 18, together with world data. The ¢
increases linearly with the cube root of the charged-particle
pseudorapidity density. The time measured at AGS is about
4-5 fm/c increasing gradually up to 7-8 fm/c at top RHIC
energies, and finally it reaches 10-11 fm/c in central Pb—Pb
collisions at /sy = 2.76 TeV. It should be noted that cor-
rections to Eq. 12, due to the transverse expansion and the
finite pion chemical potential can increase the decoupling
time by up to 25% [242]. An additional source of uncer-
tainty originates from the chosen value of the kinetic freeze-
out temperature. Varying it by 0.02 GeV in both directions
leads to an increase of Ty by 13% or a decrease by 10%,
respectively, without changing the overall observed scaling
behaviour. Taking into account these uncertainties leads to
the 77 range 10—13 fm/c.

The LHC centrality-dependent Pb—Pb data are compared
to the world heavy-ion data, as well as to p—Pb and pp data at
various energies, in Fig. 19. As argued in [227], each of the
three-dimensional radii is observed to scale roughly with the
cube root of the measured charged-particle multiplicity den-
sity ((dNep/dn) 1/3) across a wide range of collision energies
and colliding systems with different initial geometries. For
similar (dNcy/dn) '/3 in different A collision systems, dif-
ferences in the magnitude of the radii, more significant in the
transverse direction (R ), were predicted by hydrodynamic
calculations [247] and are attributed to distinct freeze-out
shapes. The pp and A data sets exhibit significantly different
scaling behaviour, although both are linear in (d Ny, /dn) /3.
The radii in p—Pb and pp collisions agree at low multiplici-
ties and diverge by up to 10-20% at the highest multiplicities
reached in these systems. The application of the femtoscopic
technique to the study of the source in small systems will
be further discussed in Sect. 5 while the rest of this section
is dedicated to discussing the radii dependence on the trans-
verse momentum (or transverse mass).
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Fig. 19 Multiplicity dependence of pion radii in pp, p—Pb and A collisions for a number of collision systems and energies [234,235,239,240,243—
246]. Various experiments use different krranges. On the plot are the values for the range for which the average kris closest to the selected value

of 0.25 GeV/c

In a hydrodynamical picture, the collective expansion of
the fireball reduces the size of the homogeneity region due
to the interplay between the collective and thermal veloci-
ties of particles. Due to this, each of the femtoscopic radii
is expected to decrease with m; following a power-law
behaviour [227]. This is shown in Fig. 20, where the depen-
dence of Rout, Rside and Rjong on the pair transverse mass
my is reported on the left, right top and right bottom panels,
respectively, for different centralities.

To discuss the general applicability of hydrodynamics
for describing the transverse-mass dependence of the femto-
scopic radii, we show that one finds similar results for dif-
ferent implementations of the model. In Fig. 20, data are
compared to the calculations [249] from the (3+1)D hydro-
dynamic model coupled to the THERMINATOR 2 statistical
hadronisation code [251]. The slope of the m dependence
of the transverse radii Roy; and Rgige, which depends on the
amount of radial flow in the system, is well reproduced by the
model. The calculation also reproduces well the magnitude
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of Royt for all centralities, whereas it tends to underestimate
the magnitude of Rgige, which lies on the lower edge of the
systematic uncertainty associated with the data. The inter-
cept of Rgige at low-m is usually associated with the overall
geometrical size of the system. The model reproduces the
values of Rjong for all centralities, but it overpredicts the
magnitude and the slope of the m; dependence, especially at
low-momentum. This is an indication that also the longitudi-
nal dynamics is reasonably well described in the model, both
in momentum and space-time sectors. Altogether, the good
agreement of the model with the femtoscopy data supports
the validity of the hydrodynamic approach.

The calculation from the HKM model [252], also based on
a hydrodynamic formalism, is shown in Fig. 20 for the 5%
most central collisions. It differs from the previous model
in the implementation of the freeze-out process. Two vari-
ants are compared: one in which hadronic interactions in the
late hadron-gas phase are neglected (dashed lines, labelled
as “w/o rescattering” in Fig. 20), and one in which hadronic
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Fig. 20 Pair transverse mass dependence of the pion [240] and
kaon [248] femtoscopic radii for different event centralities in Pb—Pb
collisions at /sxy = 2.76 TeV. The measured Rout, Rsides Rlong are
reported in the left, right top and bottom panel, respectively. The exper-
imental data are reported with solid symbols together with statistical
and systematic uncertainties. Bands represent theoretical predictions of

interactions are implemented using the UrQMD transport
model (continuous lines, labelled as “W/ rescattering” in
Fig. 20). Both calculations are compatible with the pion fem-
toscopy data for Ry, within uncertainties. However, predic-
tions of HKM with rescattering are also compatible with
the measured Rgge and Riong, Whereas calculations with-
out rescattering slightly underpredict them. Therefore, the
approximate agreement of the hydrodynamics-based mod-
els with data is a universal feature of such calculations, not
of a particular implementation. It is also to be noted that
the particular choice of initial conditions and the equation
of state for these models was motivated by the analysis of
the RHIC femtoscopic measurements and is essential for the
correct description of the data. The results also indicate that
the details of the freeze-out process have limited influence
on pion femtoscopy. Some studies suggest that femtoscopy
of heavier particles might be a more sensitive probe in this
case [252].

In addition to the pion radii for the 0-5% most central
events, Fig. 20 also shows the m dependence of the three
radii for charged and neutral kaons in comparison with HKM
predictions [250]. The HKM calculation without rescattering

pion radii by a (3+1)D hydrodynamic model coupled to the Thermi-
nator code [249] for the same centralities as in data, selected based on
the impact parameter b in the calculation. Lines represent calculations
for central collisions by the HKM model with and without rescattering
[250]

exhibits an approximate m -scaling but does not describe
the data. The measurements are well reproduced by the full
hydro-kinetic model calculations that includes the effect of
the hadronic rescattering in the late stages of the system evo-
lution, thereby showing the importance of the hadronic phase
at the LHC.

2.1.6 Conclusions

Particle production. The multiplicity of final-state particles
is closely related to the entropy produced in the collision.
Central heavy-ion collisions are more effective in convert-
ing the longitudinal beam energy into particle production at
midrapidity than pp collisions. The final state multiplicity
spans from few tens of charged particles per unit of rapid-
ity in peripheral heavy-ion collisions (a “small system”) to
few thousands in central heavy-ion collisions (a “large sys-
tem”). Centrality gives an experimental handle to control the
amount of energy deposited in the collision region and thus
the properties of the resulting system.
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Energy density and temperature. The energy density esti-
mate based on the free-streaming Bjorken equation, which
provides a lower bound for this quantity, and with the
assumption of a formation time of 1 fm/c [112], results in
e = (12.3 £ 1.0) GeV/fm? in 0-5% Pb—Pb collisions at
A/Sxn = 2.76 TeV. This value exceeds by more than a fac-
tor of 30 the critical energy density from lattice QCD in
most central Pb—Pb collisions at the LHC. The slope of the
thermal direct photon spectra represents an effective temper-
ature, which can be related to the true temperature of the
system once radial flow is taken into account via full hydro-
dynamic model calculations. The effective temperature in
central Pb—Pb collisions at the LHC is Tg=(304 +41) MeV.
The latter is larger than at RHIC and than the critical tem-
perature from lattice QCD. The observations above provide
an experimental demonstration that two necessary conditions
for the formation of the quark—gluon plasma are met at the
LHC.

Freeze-out. The increase in beam energy by a factor of 25
from top RHIC energy to the LHC produces a homogeneity
region approximately twice larger in most central collisions.
The decoupling time for midrapidity pions lies in the range
10-13 fm/c at the LHC, which is about 40% larger than at
RHIC. These results indicate that the fireball formed in cen-
tral Pb—Pb collisions at the LHC lives longer and expands to
a larger size at freeze-out compared to lower energies. The
quantitative agreement between models based on relativis-
tic hydrodynamics with statistical hadronisation and femto-
scopic measurements supports this picture of the evolution
of the system created in heavy-ion collisions.

2.2 QGP evolution and its dynamical properties

The dynamical properties of the QGP offer an essential
insight into the strongly-coupled matter. They are princi-
pally characterised by measurements sensitive to anisotropic
and radial flow, which contribute to the collective motion
observed in heavy-ion collisions. In addition, these proper-
ties control how the initial state angular momentum man-
ifests in the global polarisation of the produced particles.
Measurements of anisotropic flow at RHIC drew immense
attention [109-112] since the observed values were large
enough to indicate the formation of a “perfect liquid” in the
laboratory, a claim which was further validated by the esti-
mated values of 1/s being close to zero for the dense phase
of the QGP. Around the same time, AdS/CFT calculations
performed using string theoretical techniques showed that
n/s for any fluid has a lower limit of 1/4s [107]. This orig-
inates from the uncertainty principle: the decrease in shear
viscosity with the mean free path of the fluid constituents is
limited because of the finite momentum of the constituents,
thus preventing it to be zero.
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Subsequent calculations have predicted the temperature
dependence of n/s and ¢ /s in the frameworks of AdS/CFT
(infinite coupling), QCD (strong coupling), and pQCD (weak
coupling) [50-54]. They generally show that the weaker the
coupling, the higher the values of /s are and the stronger
the temperature dependence is. They also show that the
strong/infinite coupling approaches lead to arise in { /s when
the QGP is near the transition temperature to the hadronic
phase. Strong and weak-coupling theories can also predict
different dependencies of the ¢/ ratio in relation to the
speed of sound [253]. These predictions can be tested in the
QGP since the viscosities affect the macroscopic properties
of many-body systems. Therefore, the collective motion of
the QGP inferred from final state hadron measurements, cou-
pled with comparisons to hydrodynamic calculations, offer a
unique opportunity to constrain the fundamental properties
of strongly interacting matter.

Beyond what was described in Sect. 1.2.2, more differ-
ential techniques characterising anisotropic and radial flow
have emerged over the last 10 years, which promise to place
even greater constraints on QGP transport properties, and
will be detailed in this section. Two key examples regard-
ing anisotropic flow are Symmetric Cumulants and Non-
linear flow mode coefficients. The former evaluates event-
by-event correlations between different orders of anisotropic
flow coefficients, while the latter quantifies the non-linear
contributions to higher order anisotropic flow from lower
orders. Measurements of two-particle correlations can pro-
vide additional constraints on the quantitative deduction of
effects due to radial flow and shear viscosity. These can also
reveal information about the charge diffusion as the created
positive-negative charge pairs move through the QGP. An
investigation into the polarisation of hyperons in the beam
direction [254,255] also provides a new avenue to further
explore the hydrodynamic response.

2.2.1 First ALICE results of anisotropic flow

Anisotropic flow is quantified by the v, coefficients and sym-
metry plane angles W,,. Of particular interest are non-central
heavy-ion collisions, which are characterised by a dominant
ellipsoidal geometry in the initial state. Theoretical expec-
tations for the LHC energies predicted an increase of 10—
50% for the pt integrated v» when compared to the previous
RHIC measurements at lower energies. As can be seen from
the top panel of Fig. 21, the first vy measurements at the LHC
reported by ALICE in midcentral collisions show an increase
of about 30% compared to the top energy at RHIC [256],
and this result was in agreement only with predictions from
hydrodynamic models which included values of 7/s close
to the AdS/CFT Ilimit of 1/4x. The further increase of
vy by about 3% in all centralities for Pb—Pb collisions at
A/SNN = 5.02 TeV [257], indicated that the elliptic flow did
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Fig. 21 (Top) Energy dependence of v, for midcentral heavy-ion col-
lisions integrated over pt [256-263]. (Bottom) Decomposition of the
two-particle correlation function in terms of even and odd anisotropic
flow harmonics (v,) from very central Pb—Pb collisions at \/sN\y =
2.76 TeV [264]

not saturate in Pb—Pb collisions at /sy = 2.76 TeV, and
was in qualitative agreement with most of the hydrodynamic
models with similarly low values of specific shear viscosity.

Another interesting aspect of anisotropic flow is the nature
of its higher order coefficients v3—vs. A double-peaked struc-
ture in two-particle azimuthal correlations, which was first
observed at RHIC [265], was initially interpreted as the sig-
nature of a Mach-cone response from fast partons. However,
the ALICE results (bottom panel of Fig. 21), in conjunc-
tion with a reanalysis of RHIC data [266], and other LHC
experiments [264,267,268], demonstrated that a more natu-
ral explanation stems from the non-vanishing values of these
higher flow coefficients. One of the first extractions of the
two-particle correlation function at the LHC is shown in
the bottom panel of Fig. 21. The amplitude of the Fourier

components provides a measure of v,zl for the correspond-
ing momentum ranges. The higher harmonic contributions
originate from event-by-event fluctuations in the number and
distribution of nucleons in the overlap region of the colliding
nuclei, and hydrodynamic models predicted that their magni-
tude and transverse momentum dependence are sensitive to
n/s [269,270]. In addition, event-by-event fluctuations vio-
late symmetries linked to an idealistic ellipsoidal geometry,
and as a consequence each symmetry plane W, is distinct.

Measurements of spatial anisotropies of the final state
using femtoscopic techniques were also performed in Pb—
Pb collisions at ./s\y = 2.76 TeV [271,272]. While the
momentum anisotropies shown previously reflect the initial
spatial anisotropies, the azimuthally-differential femtoscopic
measurements are sensitive to spatio-temporal characteris-
tics of the source as well as to the collective velocity fields at
freeze out. These femtoscopic measurements revealed that
the second order spatial anisotropy remains finite in the
final state [271], however, it is reduced compared to values
expected from the initial state. The third order final state spa-
tial anisotropy appears washed out [272], being significantly
smaller than the typical initial state third order anisotropy.
All of these observations are consistent with hydrodynamic
expectations. These indicate that the finer features of the ini-
tial state anisotropy dissipate more quickly for higher eccen-
tricity orders compared to the lower orders. The associated
predictions will be compared to other data later in this sec-
tion.

2.2.2 Identified hadron spectra, radial flow, and kinetic
[freeze-out temperatures

The hydrodynamic expansion of the QGP and the late, dissi-
pative hadronic rescattering phase are reflected in the motion
of final-state hadrons. Radial flow leads to flatter transverse
momentum (pr) distributions with increasing mass, partic-
ularly at low values of pr. In this region, the pt distribution
has contributions from the random thermal motion, and the
collective expansion. While the former depends on the decou-
pling temperature, the latter is dependent on the hadron mass
because all hadrons acquire an additional transverse momen-
tum given by their mass multiplied by the common radial flow
velocity. Figure 22 shows the pt spectra of various particles®
in Pb—Pb collisions at \/snn = 2.76 TeV for the 0-5% and
80-90% centrality intervals [273—-275]. The spectral shapes
depend on centrality with the maxima located at higher trans-
verse momenta in central compared to peripheral collisions.
Furthermore, the flattening of the spectra in the low- pt region
is mass dependent, and is more pronounced for heavier par-

5> Only 7, K, and p are shown as the distributions of positively and
negatively charged particles are compatible within uncertainties at all
pr at the LHC.
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Fig. 22 Transverse momentum distributions of 7+, KT, p [273], Kg
and A [274], and the ¢ meson [275] for the 0-5% and 80-90% centrality
intervals in Pb—Pb collisions at ,/sNN = 2.76 TeV. The data points are
scaled by various factors for better visibility. Statistical and systematic
uncertainties are shown as bars and boxes, respectively

ticles. This observation is in line with the expected effect of
increasing radial flow with collision centrality.

The hadron spectra can be studied in the context of
the Boltzmann—Gibbs Blast-Wave (BG-BW) parameterisa-
tion [276]. In this parameterisation, particles are produced
by a thermalised medium, which expands radially and under-
goes an instantaneous kinetic freeze-out at a temperature
Tkin- In the simplest case, the expansion is radial and is pre-
scribed by a common velocity field profile, 8(r) = B (%)" ,
where S, R, and n are the expansion velocity on the surface
of the fireball, its radius, and the exponent regulating the
shape of the velocity profile, respectively. It is well known
that particle spectra, especially at low-transverse momenta,
are populated by the decay products of resonance decays.
These decays modify the spectral shapes of hadrons, and thus
the simple Boltzmann—Gibbs prescription may fall short. So
far, several attempts have been made to include the products
of resonance feed-down into the Blast-Wave parameterisa-
tion, but they usually treat the production of primary hadrons
and short-lived hadronic resonances separately. The calcula-
tion of the latter usually resorts to either Monte Carlo gener-
ators or a semi-analytical treatment of decay integrals which
are both computationally intensive. An alternative approach
was proposed in Ref. [277], enabling a computationally-
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Fig. 23 Blast-Wave model parameters of the kinetic freeze-out tem-
perature T, and radial flow velocity St. These extracted values involve
simultaneous fits to 7, K, and p spectra and vy for the two models in
Pb—Pb collisions

efficient fitting procedure to measured particle spectra (BW
FastReso) [278]. In addition, the procedure was extended to
include anisotropic flow, particularly the v; of different par-
ticle species (see Sect. 2.2.4). The extracted parameters from
the simultaneous fits to the pt spectra and to v, of r, K, and p
in Pb—Pb collisions at ,/snn = 2.76 and 5.02 TeV are shown
in Fig. 23 from both BG-BW and BW FastReso approaches.
A key aspect to note is that the radial flow velocities appear
rather independent of the BW parameterisation in more cen-
tral collisions, which correspond to larger Bt values. The
highest ever radial flow velocities in heavy-ion collisions are
observed at the LHC (a comparison to RHIC results can be
found elsewhere [273]). However, the kinetic freeze-out tem-
peratures depend strongly on the BW parameterisation. The
BG-BW approach determines the kinetic freeze-out temper-
ature directly, whereas BW FastReso in this implementation
assumes the same chemical and kinetic freeze-out tempera-
ture for hadrons. BW FastReso allows for these temperatures
to be two distinct free parameters, however, they happen to
be consistent for fits utilising this option (not shown). The
parameters shown in Fig. 23 indicate that the inclusion of
resonance feed-down denoted by the filled and open circles
results in an increase of the kinetic freeze-out temperature by
~ 60 MeV. This demonstrates that this temperature is highly
dependent on the inclusion of resonance feed-down.

2.2.3 Hydrodynamic descriptions of global observables

In Fig. 24, hydrodynamic model calculations of the aver-
age transverse momentum of identified particles and of var-
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ious anisotropic flow coefficients for charged hadrons are
compared to ALICE data from heavy-ion collisions. Hydro-
dynamic models differ from Blast-Wave parameterisations.
While the former use properties of the QGP through an equa-
tion of state, Blast-Wave models are limited and attempt to
assess the final-state properties under certain assumptions. It
is shown in Ref. [282] that v, can be described by multiple
combinations of /s and ¢ /s values. However, these are con-
strained further by attempts to describe (pr) data for identi-
fied hadrons, which is why such a simultaneous comparison
is important. The precision of the data is such that the uncer-
tainty is about 2% for most data points, while both models are
able to describe the data within 10% of the measured values.
The TRENTo+VISHNU calculation uses a Bayesian analysis
to tune the input parameters of /s and ¢ /s (among others) to
best match the data in Pb—Pb /sy = 2.76 and 5.02 TeV col-
lisions [49]. This tune does not include the Xe—Xe data [279—
281], and the subsequent model calculations can be consid-
ered as predictions based on the Pb—Pb inference. The IP-
Glasma+MUSIC uses a priori predictions of n/s and ¢ /s in
an attempt to describe the same measurements at RHIC and
the LHC [48]. Both models require an /s similar to the mini-
mum AdS/CFT value of 1/47 with little or no dependence on
the temperature, and a finite ¢ /s that rises with decreasing
temperature as it approaches the QGP transition tempera-
ture. Those parameterisations do not depend on the collision
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centrality or the colliding system. Each of these approaches
implicitly assumes a strongly-coupled QGP, and they appear
to describe the data. It is also worth noting that the peak value
of ¢ /s close to the QGP transition temperature is larger in
IP-Glasma+MUSIC compared to TRENTo + VISHNU. This
may explain why TRENTo + VISHNU appears to describe
(pr) slightly better, since lower values of ¢ /s will increase
(pT), and this pushes TRENTo+ VISHNU closer to the data,
particularly for kaons and protons. The values of /s and ¢ /s
explored for these hydrodynamic models will be discussed
in more detail in Sect. 2.7, while the role of the initial-state
models will be discussed in Sect. 4.

Even though the quality of these descriptions is impres-
sive given the multitude of measurements they involve, such
comparisons need to be further tested by more differen-
tial measurements. Figure 25 shows a comparison of mea-
surements of anisotropic flow coefficients with TRENTo +
VISHNU predictions for very central Pb—Pb collisions at
A/SNN = 5.02 TeV. Earlier hydrodynamic calculations could
not describe the v3/v; ratio for centralities less than 1%, a
phenomenon sometimes referred to as the ultra-central prob-
lem, and the deviations compared to the data were around
30% [283]. For the ALICE measurements in the O—1% range,
more recent hydrodynamic predictions appear to do better,
and describe the ratio on the level of 10%, which is similar to
some of the other comparisons shown in Fig. 24. The value
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Fig. 25 Measurements of charged hadron v,, coefficients in central Pb—
Pb collisions at \/sny = 5.02 TeV [279] compared with hydrodynamic
calculations [49,283]. The arrow denotes predictions from Ref. [283]
for 0-0.2% Pb-Pb collisions

of /s in the TRENTo + VISHNU approach is roughly a fac-
tor of two smaller than the earlier calculation, which leads
to a larger value of v3/v>. The lower value of /s is related
to the implementation of bulk viscosity in recent hydrody-
namic calculations, as concluded to be needed for very cen-
tral Pb—Pb collisions [284]. These improvements might also
have a contribution from advancements in the initial state
modelling, which will be discussed in Sect. 4. The first mea-
surements of the anisotropic flow power spectra up to the
ninth order are shown in Fig. 26 for the 10-20% central-
ity interval in Pb—Pb collisions. As mentioned, higher order
anisotropic flow coefficients are more sensitive to viscous
damping, and the dampening rate depends on 7/s. In addi-
tion to TRENTo + VISHNU, these data are also compared
with the EKRT predictions. The EKRT model [285,286]
describes anisotropic flow measurements equally well as
TrENTo + VISHNU although requiring higher shear vis-
cosity since it does not include bulk viscosity. However,
even in its most recent implementation [287], it has difficul-
ties describing average transverse momentum measurements
of identified particles at the LHC, due to the assumption of
¢ /s = 0. More broadly, all of these investigations regarding
the hydrodynamic response rely on a realistic description of
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Fig. 26 Higher order charged hadron v, coefficients in the 10-20%
centrality interval [288]

the initial state to extract QGP properties, and this will be
addressed further in Sect. 4.

Finally, an extraction of the QGP speed of sound was per-
formed with the ALICE data and hydrodynamic model com-
parisons using charged hadron (pt) [289] measurements.
The value squared of the speed of sound obtained from Pb—Pb
collisions at ,/sNn = 2.76 and 5.02 TeV is (0.24 £0.04) 2.
This number is compatible with the Lattice QCD prediction
of 0.25 ¢? for a temperature of 222 MeV i.e. in the decon-
finement regime [28]. Strong- and weak-coupling theories
predict competing dependencies of the ¢ /n ratio in relation
to the speed of sound [253] even though the speed of sound is
intrinsically not a dynamical physical quantity. Lattice QCD
can predict its value in the QGP, which is consistent with
the value obtained from ALICE data. It is also an impor-
tant parameter for hydrodynamic models which require it as
input for shear and bulk relaxation times. The value used in
the IP-Glasma+MUSIC model [48] is consistent with what is
extracted from ALICE data. Considering the uncertainty on
the value obtained from ALICE data, it is not yet possible to
discern between the weak- and the strong-coupling regimes.

2.2.4 Identified hadron anisotropic flow

A cornerstone for investigating the strongly-coupled QGP
paradigm is a set of measurements of vy for various particle
species. A characteristic mass ordering at low- pr is induced
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Fig. 27 The pr—differential v, (a), v3 (b), v4 (¢), and v4 27 (d) mea-
sured by ALICE in semicentral (i.e., 20-30% centrality interval) Pb—Pb
collisions at ,/sNN = 5.02 TeV [290,291]. The data points are drawn
with their statistical (error bars) and systematic (boxes) uncertainties.

at hadronization, after the development of radial flow in the
QGP phase. Radial flow leads to a depletion in the particle
pt spectrum at low values, which increases with increas-
ing particle mass. When introduced in a system that exhibits
azimuthal anisotropy, then radial flow develops an azimuthal
profile, with larger velocity values in- than out-of-plane.
This, in turn, leads to a depletion in the momentum spectrum
that becomes larger in-plane than out-of-plane, resulting in
areduction in the differences of particle yields at a given pr
in- versus out-of-plane and consequently in a reduction of v;.
Due to the dependence of momentum on the mass, this effect
is more pronounced for heavier particles. The net result is
that at a fixed value of p, heavier particles have smaller vy
values compared to lighter ones. Therefore the focus in this
section is on the low- pt region (i.e., pt < 3 GeV/c), while
the high-pt trends are discussed in Sect. 2.3.

Figure 27a, presents the transverse momentum depen-
dence of v, as measured for various particle species in semi-
central (i.e., 20-30% centrality interval) Pb—Pb collisions at
/SNN = 5.02 TeV [290]. Similar results are obtained in Pb—
Pb collisions at ./snn = 2.76 TeV [292,293], Xe-Xe colli-
sions at \/sNN = 5.44 TeV [294], and RHIC [295,296]. The
characteristic mass ordering that develops due to an inter-
play between radial flow and the anisotropic expansion of
the fireball is clearly seen for pt < 2.5 GeV/c.

0-155) ™ Centrality 20-30%

o
0.1 B #
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0.06} g k*

0.04r+¢ ®

[ ]
oyt .
O x¢
0.02}- Opi x

Va0

The curves represent estimations extracted from TRENTo + VISHNU
that give the best description of other anisotropic flow measurements
among all models studied

This mass ordering develops not only during the par-
tonic evolution of the medium but also in the late hadronic
re-scattering phase. The relative contribution, though, is
expected to be related to the corresponding duration time
of the two phases. Hence, at the LHC, the relative impact
of the highly dissipative hadronic stage is expected to be
weaker than at lower, RHIC energies [297]. An excellent
testing ground for the contribution of the hadronic phase
is provided by studying particles that are estimated to have
small hadronic cross sections, such as the ¢ meson and the
& baryon, and are thus expected not to be affected by this
stage [298-301]. Figure 27a illustrates that the ¢ meson fol-
lows the observed mass ordering (similarly for the E baryon,
see Ref. [292]). The current level of statistical and systematic
uncertainties of these measurements, however, does not rule
out the hypothesis that the mass ordering can be broken due
to a significantly reduced contribution of the hadronic phase
to the development of v; for the ¢ meson [297].

The interplay between radial flow and the anisotropic
expansion of the system was further tested by investigat-
ing whether the mass ordering is reflected in measurements
of higher order cumulants [302] or higher flow harmon-
ics [290,293]. Panels (b) and (c) of Fig. 27 present the trans-
verse momentum dependence of v3 and vg4, respectively,
for the same particle species (with the exception of the A
baryon for vs4 and the ¢ meson for both v3 and v4) and
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the same centrality interval as before for Pb—Pb collisions
at \/snn = 5.02 TeV [290]. These results clearly illustrate
that the effect can be seen in v, as well as v3 and v4 (but also
for vs see Refs. [291,293]). This mass ordering develops also
for the 1% most central Pb—Pb collisions [290,293], a cate-
gory of events referred to as ultra-central collisions, where
there is no dominant second order initial state geometry.

Hydrodynamic models have also shown that v and to a
large extent v3 are linearly proportional to their correspond-
ing initial spatial eccentricities, &, and &3, for central and
semicentral collisions [303]. However, the study of higher
order flow coefficients (i.e., for n > 3) revealed that higher
order eccentricities have a non-linear dependence on the
lower orderi.e., &3 and €3 [304,305]. This further supports the
earlier ideas that the v, coefficients (i.e., for n > 3) receive
contributions not only from the linear response of the sys-
tem to &,, but also a non-linear response proportional to the
product of lower order initial spatial anisotropies [304,305].
The non-linear contribution arises from lower order momen-
tum anisotropies generating higher order spatial anisotropies
as the system evolves, which in turn generate higher order
momentum anisotropies. Figure 27d, presents the transverse
momentum dependence of v4 22, the non-linear flow mode
of quadrangular flow, reported in Ref. [291] for the 20-30%
centrality interval in Pb—Pb collisions at ,/snny = 5.02 TeV.
A similar mass ordering like the one reported for v, mea-
surements develops also here for ptr < 2.5 GeV/c. This
arises from the interplay between radial flow and the ini-
tial spatial anisotropy, generated from both the geometry and
the fluctuating initial energy density profile. Although the
mass ordering should develop differently for v4 2> and vy
due to the dependence on 8% of the former, it is found to
be quantitatively the same with maybe a hint of differences
developing for pr < 0.8 GeV/c in the 0-30% centrality
interval [291]. Non-linear flow modes are discussed in more
detail in Sect. 2.2.6.

Figure 27 also present the comparison of the measure-
ments with the same TRENTo + VISHNU -calculations
as shown in Fig. 24. The curves describe the trends of
the data points for vy, v3, v4, and vs 22 within 20% for
pt < 2 GeV/c. There are larger discrepancies at higher pr
which have two potential sources. In hydrodynamic mod-
els, the momentum distribution of hadrons at freeze-out is
principally modeled under the assumption of thermal equi-
librium, and that distribution is labelled as fihermal- A 8f
term is introduced to account for non-equilibrium processes,
thus expressing the final momentum distribution sampled as
f = fthermal + 8f. The §f corrections grow with pr, and
are highly model dependent [306]. Therefore, deviations at
higher pt might be due to improper §f corrections, or sub-
optimal tunes of n/s and ¢ /s.
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2.2.5 Symmetric cumulants

The studies of the individual flow amplitudes v, can be
extended to correlations between event-by-event fluctuations
of flow coefficients [303,310-313]. Model calculations show
that while v, and v3 exhibit an approximately linear depen-
dence on the corresponding eccentricities &, and €3, respec-
tively, the higher order v, coefficients (i.e., for n > 3) have
also non-linear contributions from &, and &3 in addition to the
linear ones from ¢, [270,305,314,315]. These observations
lead to non-trivial correlations between different flow coef-
ficients which result in new and independent constraints on
initial conditions and n/s. In addition, they have the poten-
tial to separate the effects of n/s from fluctuations in the
initial conditions. For such novel studies, ALICE introduced
Symmetric Cumulants (SC) [310,316] and mixed harmonic
cumulants [317]. These observables are independent of the
symmetry plane angles W,,, and are robust against systematic
biases due to unwanted nonflow correlations (i.e., short-range
correlations unrelated to the azimuthal asymmetry in the ini-
tial geometry, such as inter-jet correlations and resonance
decays) in heavy-ion collisions.

The left panel of Fig. 28 presents the centrality depen-
dence of correlations between v,, coefficients (up to Sth order)
using SC(k, 1) = (viv?) — (v7)(v?) in Pb-Pb collisions at
/SNN = 2.76 TeV [307,308]. The correlations among dif-
ferent flow coefficients depend on harmonic as well as col-
lision centrality [308]. Positive values of SC(4,2), SC(5,2),
and SC(5,3) and negative values of SC(3,2) and SC(4,3) are
observed for all centralities. These indicate that event-by-
event fluctuations of v, and v4, vy and vs, and v3 and vs are
correlated, while v, and v3, and v3 and vy are anti-correlated.
Furthermore, the lower order harmonic correlations are much
larger than the higher order ones. Precision measurements
from Pb-Pb collisions at /ssy = 5.02 TeV [318] show
similar trends.

The SC observables are compared with EKRT [309] and
TrENTo + VISHNU [49] predictions in the right panel of
Fig. 28. The EKRT calculations are shown for the two tem-
perature dependent 1/s parameterisations that provide the
best description of RHIC and LHC data: constant n/s = 0.2
and “param1” [309]. The “param1” parameterisation is char-
acterised by a moderate slope in the temperature dependence
of n/s which decreases (increases) in the hadronic (QGP)
phase and the phase transition occurs around 150 MeV. The
SC(3,2) and SC(4,2) are not described simultaneously in each
centrality interval by the EKRT calculations, which points to
a strong dependence on /s of both observables. The SC(3,2)
is better described by the TR ENTo+ VISHNU predictions for
Pb—Pb collisions at /sy = 2.76 TeV although these mea-
surements or the subsequent ones presented later in this sec-
tion are not used in the Bayesian inference. In addition, nor-
malised symmetric cumulants were also measured in Pb—Pb
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collisions at ,/syy = 2.76 TeV [307,308] and are reported
in Sect. 4. Recently, ALICE measured multiparticle cumu-
lants with three different flow harmonics in Pb—Pb collisions
at /snN = 2.76 and 5.02 TeV [318,319].

2.2.6 Non-linear flow modes and flow vector fluctuations

Higher order anisotropic flow coefficients (i.e., n > 3)
have also contributions from the initial-state anisotropy of
the lower orders as discussed in Sect. 2.2.4. These addi-
tional contributions can be characterised by measurements
of the non-linear flow mode coefficients, x, ,x with the
indices representing different harmonics, which in principle
should primarily arise from the QGP evolution [304,320].
The lower order coefficients are more sensitive to the initial-
state configuration, while the higher orders are more sus-
ceptible to the QGP transport properties at later times and
therefore lower temperatures. Figure 29 shows the centrality
dependence of the non-linear flow mode coefficients x4 22
(left panel) and xs523 (right panel) in Pb—Pb collisions at
J/SNN = 5.02 TeV [288]. A small decrease from central to
peripheral collisions is found for both coefficients. In addi-
tion, the relationship of x420 & x5,23/2 is approximately
valid as predicted by hydrodynamic calculations [305]. Given
both the TRENTo + VISHNU and IP-Glasma+MUSIC mod-
els appear equally competitive in describing the (pt) and v,
coefficients in Pb—Pb collisions at . /sy = 5.02 TeV (see left
panel of Fig. 24), it is worth noting that the non-linear flow
mode coefficients are also well described by both models.
Furthermore, the EKRT model [309], which as mentioned
does not implement bulk viscosities, does also equally well.

Fluctuating initial conditions can also generate fluctua-
tions of the flow vector in different transverse momentum or
pseudorapidity regions. This was first tested in Ref. [321],
where two-particle correlation VA (pF, ptT) (one associated
particle from p% and the other trigger particle from pf)
measurements were fitted globally, and then compared to
the product v, (pT) X v, ( pfr). If such a factorisation holds,

Centrality (%) Centrality (%)

this implies all particles flow in the same direction irre-
spective of transverse momentum or pseudorapidity. This
was indeed observed for the case of n > 2 at low val-
ues of pr (< 2 GeV/c) [321,322]. The degree to which
factorisation is broken can also be investigated using two
types of two-particle correlation measurements: (i) the fac-
torisation ratio r, [323], which probes VA (pi, ptT) with
respect to the square root of the product of V,a(p}, pT)
and VA (pY. p}) that uses both particles from either p§ or
Py oor (i) va{2}/val2] [324], where p§ # pY for v,{2}
and p} = pY for v,[2]. Both v,{2}/v,[2] and r, were
measured in Pb—Pb collisions at \/syn = 2.76 TeV [325].
Clear deviations from unity are observed for the second order
flow vector in the 0-5% centrality interval. This indicates
the presence of possible pr-dependent flow vector fluctua-
tions, which can have an influence from the hydrodynamic
response. Higher order measurements (n > 2) show no clear
indication of pr-dependent fluctuations within uncertainties.
The results are described fairly well by hydrodynamic calcu-
lations, including the TRENTo + VISHNU approach [326].
Recently, ALICE reported the first measurements of pr-
dependent flow angle W5 and flow magnitude v, fluctuations,
determined using new four-particle correlators, in Pb—Pb col-
lisions at ,/snn = 5.02 TeV [327]. Deviations from unity are
observed for both flow angle and flow-magnitude fluctuations
in the presented centrality intervals for pt > 2 GeV/c, being
the largest in the most central collisions.

2.2.7 Charge dependent and independent two-particle
correlations

Differential measurements of two-particle correlations can
shed additional light on the system evolution. A number of
physics processes contribute to the final shape of a differen-
tial two-particle correlation function. The two-particle cor-
relation measurements involve the counting of the number
of correlated particle pairs at relative azimuthal and longitu-
dinal separation, A¢ and An, respectively. These measure-
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Fig. 29 Non-linear flow mode coefficients x4 2> (left) and x5 23 (right) in Pb—Pb collisions at . /sy = 5.02 TeV compared to various hydrodynamic

calculations [288]

ments are primarily affected by intra-jet, resonance decays,
quantum-statistics correlations, and radial flow. In addition,
correlations induced earlier in the evolution of the system
will show longer range An correlations compared to those
induced later. The fact that particles are created in pairs due
to local charge conservation introduces additional charge-
dependent effects into these correlations. The balance func-
tion observable, a two-particle charge dependent correla-
tor, which studies the distribution of balancing charges in
momentum space, has been suggested to be sensitive to all
these effects [328-330]. Measurements of the balance func-
tion at RHIC [331] and SPS [332,333] energies showed a
longitudinal narrowing when going from peripheral to cen-
tral collisions, while other results from RHIC [334,335] also
revealed a similar trend on the azimuthal dimension.

The top panel of Fig. 30 presents the balance function
widths for Pb—Pb collisions at ,/sx\v = 2.76 TeV from
ALICE [335]. They are compared to predictions from the
TrRENTo + VISHNU model (initially shown in Fig. 24).
In particular, the (A¢) measurements show some differ-
ences between the data and the predictions. Since other
observables sensitive to radial flow have been well described
by this model earlier in this section, these differences in
(A¢) might arise from charge-diffusion effects in the QGP,
which are another QGP transport property. These effects
are not implemented in this model, but were independently
studied elsewhere regarding the electric diffusivity of light

@ Springer

quarks [336,337]. These differences are also observed for
the (An) measurements, where charge diffusion effects are
expected to be present. The differences in both cases between
the data and hydrodynamic model calculations therefore
might place constraints on this specific transport property
of the QGP.

The charge independent (CI) differential two-particle
transverse momentum correlator Ggl was constructed to
be sensitive to the diffusion of transverse momentum cur-
rents [338,339]. Under the assumption that more central col-
lisions generate the QGP that lasts for a longer time, the longi-
tudinal width of Ggl can provide a measure of viscous diffu-
sion as the effects of diffusion become more pronounced. The
proposed way of extracting 1/s under this assumption con-
trasts with the methods shown previously, involving compar-
isons to results from hydrodynamic models which strongly
rely on the correct modelling of the initial conditions. Mea-
surements of G(zjI by the STAR collaboration [340] have
shown a longitudinal broadening for more central collisions,
which are in agreement with the expected viscous effects
inferred from a value of /s close to the AdS/CFT limit.

The measurements of G, were performed in Pb—Pb col-
lisions at ./sxy = 2.76 TeV for charge independent (CI)
and charge dependent (CD) hadron combinations [341].
The CI results are shown in the bottom panel of Fig. 30.
The azimuthal behaviour of Ggl shows a narrowing trend,
while the longitudinal evolution conversely demonstrates a
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Fig. 30 (Top) Evolution of longitudinal and azimuthal widths as a
function of collision centrality for the balance function B™~. (Bottom)
The two-particle transverse momentum correlator Ggl as a function
of centrality. ALICE data [335] are compared to calculations from the
TrENTo + VISHNU model chain [49]

clear broadening towards central collisions. Extracting the
expected widths of the correlator for the most central colli-
sions for different values of /s and interpreting the longitu-
dinal broadening of Ggl as originating exclusively from vis-
cous effects, suggests that the measured longitudinal width
is compatible with a value of 7n/s close to the AdS/CFT
limit. These features are not reproduced by the HIJING and
AMPT models (not shown). The bottom panel of Fig. 30
also shows that the longitudinal width is compatible with
the TRENTo 4+ VISHNU model, which uses an n/s close
to the AdS/CFT limit, and therefore should incorporate the
aforementioned viscous effects. On the other hand, the same
model cannot reproduce the azimuthal width, which requires
further investigation.

2.2.8 Polarisation of hyperons and vector mesons

The spin-orbital angular momentum interaction is one of the
most well-known effects in nuclear, atomic, and condensed

matter physics. In non-central heavy-ion collisions, a large
initial angular momentum (0(107) h) is expected to be cre-
ated perpendicular to the reaction plane. Due to any possible
spin-orbit coupling, particles produced in such a collision
can become globally polarised [342-345]. Global polarisa-
tion measurements of produced particles provide important
information about the initial conditions and dynamics of the
QGP, as well as the hadronisation processes [346—348]. Con-
sidering the importance of initial conditions, it is impera-
tive that these are determined using other measurements.
The three-dimensional spatial profile of the initial conditions
and its effect on the space—time evolution of a heavy-ion
collision can be further probed by the directed flow, vy, of
hadrons containing light (u, d, and s) and heavy (c) quarks.
The charge dependence of vy, as well as the different magni-
tude of global polarisation of particles and anti-particles, is
sensitive to the effects of the strong magnetic fields caused
by colliding nuclei and will be discussed in Sect. 2.6.

The collision symmetry requires that the directed flow
is an anti-symmetric function of pseudorapidity, v?dd(n) =
—v?dd(—n). Due to event-by-event fluctuations in the ini-
tial energy density of the collision, the participant plane
angle defined by the dipole asymmetry of the initial energy
density [269,349] and that of projectile and target spec-
tators, are different from the geometrical reaction plane
angle WRrp. As a consequence, the directed flow can develop
a rapidity-symmetric component, v§*"(n) = v{**'(—n),
which does not vanish at midrapidity [269,349-351]. Results
for rapidity-even v of charged particles at midrapidity in
Pb—Pb collisions at ,/snny = 2.76 TeV [352] show strong
evidence of dipole-like initial density fluctuations in the over-
lap zone of the nuclei. Similar trends in the rapidity-even v
and the estimate from two-particle correlation measurements
at midrapidity [268,321,353,354] indicate a weak correla-
tion between fluctuating participant and spectator symmetry
planes. The observed negative slope of the rapidity-odd vy,
with approximately a 3 times smaller magnitude than found
at the highest RHIC energy [355], suggests a smaller longitu-
dinal tilt of the initial system and disfavors the strong fireball
rotation predicted for the LHC energies [356-358].

Most of the recent calculations of the global polarisa-
tion assume complete thermal equilibrium and the validity of
the hydrodynamic description of the system [347,362-365].
They relate polarisation of a charged particle to the thermal
vorticity of the system at the hadronisation time. The global
polarisation is determined by the average vorticity compo-
nent along the orbital momentum of the system and is per-
pendicular to the collision reaction plane. Both the magnitude
and the direction of the vorticity can strongly vary within the
system [254]. In particular, a significant component along
the beam direction can be acquired due to the transverse
anisotropic flow [254,255]. The vorticity of the system can be
linked with v; through the asymmetries in the initial veloc-
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ity fields. Hydrodynamic simulations show that the orbital
angular momentum stored in the system and the directed flow
of charged particles are almost directly proportional to each
other [346]. This allows for an empirical estimate of the col-
lision energy dependence of the global polarisation [254].
The STAR results for the directed flow [366,367] and the
hyperon global polarisation [359,360] show that the slopes
of vy at midrapidity (dv;/dn) for charged hadrons (pions)
and the hyperon polarisation are indeed strongly correlated.

The global polarisation of the A and A hyperons was mea-
sured in Pb—Pb collisions at \/syy = 2.76and 5.02 TeV [368].
The results are reported differentially as a function of col-
lision centrality and transverse momentum of the hyperon
for the 5-50% centrality interval, and the dependence on
collision energy is shown in the top panel of Fig. 31. The
average hyperon global polarisation for Pb—Pb collisions at
A/SNN = 2.76 and 5.02 TeV is found to be consistent with
zero, (Py) (%) ~ —0.01 £ 0.05 (stat.) = 0.03 (syst.) in the
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15-50% centrality interval. The results are compatible with
expectations based on an extrapolation from measurements
at lower collision energies at RHIC [352], hydrodynamic
model calculations, and empirical estimates based on colli-
sion energy dependence of directed flow [254]. All these cal-
culations predict the global polarisation values at the LHC
energies of the order of 0.01%.

In addition to the global hyperon polarisation, a polari-
sation of A and A along the beam direction was predicted
in non-central heavy-ion collisions due to the strong ellip-
tic flow [254,255]. The bottom panel of Fig. 31 presents the
polarisation of hyperons in the z-direction of Pb—Pb colli-
sions at \/sNNn = 5.02 TeV [361]. The polarisation is non
zero, thus exhibits a clear second harmonic sine modulation
as expected due to elliptic flow, and is of similar magnitude as
the one measured at RHIC [369]. Comparisons with two dif-
ferent hydrodynamic calculations [370] are also shown. The
strange quark scheme assumes that the hyperon polarisation
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is inherited from the strange quark prior to hadronisation,
while in the other approach the polarisation is calculated for
the A and A at the freeze-out using the hyperon mass for the
mass of the spin carrier. The data favour the strange quark
scheme, both quantitatively and qualitatively, which perhaps
demonstrates that these measurements are sensitive to the
z-polarisation of strange quarks in the QGP phase.

Another consequence of quarks being polarised due to
the spin-orbital angular momentum interactions leads to a
preferential alignment of the intrinsic angular momentum
(spin) of vector mesons. These are formed by hadronisa-
tion of quarks, along the direction of global angular momen-
tum [342-344,371]. The spin alignment of a vector meson
is quantified by measuring the spin density matrix element
poo Which is the probability of finding a vector meson in
spin state O out of 3 possible spin states (—1, 0, 1). In the
absence of spin alignment all 3 spin states are equally prob-
able which makes pgoo = 1/3. The present measurements of
the pgo values for K** mesons are shown in Fig. 32. They
are found to deviate from 1/3 at low- pt in midcentral Pb—Pb
collisions, whereas at high-pr the pgo values are consistent
with 1/3. Various systematic tests such as pgp measurements
for Kg(meson with spin zero) in Pb—Pb and pgp measure-
ments for K* mesons in pp collisions (see the left panel
of Fig. 32) yield pgo = 1/3, indicating no spin alignment
as expected. The observed pt dependence of pgp is quali-
tatively consistent with the expectation from the hadronisa-
tion of polarised quarks via a recombination mechanism in
the presence of initial angular momentum. At low-pr, the
maximum deviation (at a 3o level) of pgg from 1/3 occurs in
midcentral collisions, whereas in central and peripheral colli-
sions, the measurements are consistent with 1/3 (see the right
panel of Fig. 32). The centrality dependence of pq is consis-
tent with the impact-parameter dependence of initial angu-
lar momentum [373]. The expected order of magnitude of
poo can be estimated from the previously shown polarisation
measurements of A hyperons. In the quark recombination
model [342,344,371], the A polarisation (P, ) is equivalent
to strange quark polarisation. Considering the same quark

polarisation (P,) for a light and strange quark the pgo of vec-
o 1-pP?

tor mesons are related to quark polarisation as pgg = TPL]Z'
q

In a non-relativistic thermal approach [363], the vorticity (w)

and temperature (7') are related to P and pgp as Py = %

2
and pgg =~ % (1 — %) . Substituting the inputs from the

A hyperon measurements shown previously, the estimated
poo value from these models are found to be close to 1/3.
Therefore, the large effect observed for the pgg of vector
mesons requires further theoretical input.

Recently, spin alignment studies were extended to the
charmonium sector, by performing measurements on the
angular distribution of decay muons of the J/v/, in the rapid-

ity interval 2.5 < y < 4 [374]. Results were obtained for
Pb—Pb collisions at ,/sx\y = 5.02 TeV, for three trans-
verse momentum intervals in 2 < pr < 10 GeV/c and
as a function of centrality, in 2 < pt < 6 GeV/c. The
Lo o 1 4 cos? 6 quantity was studied, with 6 being the polar
angle emission of the positive decay muon, in the J/v rest
frame. The 6 angle was measured with respect to an axis per-
pendicular to the event plane. It can be shown that the finite
spin-alignment condition pgy # 1/3 is equivalent to having
rp # 0. As a function of centrality Ag deviates from zero
with a 3.50 significance in the 40-60% centrality interval.
For the measurement as a function of pr, the significance
reaches 3.90 for 2 < pr < 4 GeV/c (30-50% centrality),
where Ly = 0.2340.05 (stat.) £0.03 (syst.). Having Ag > 0
implies a partially transverse polarisation for the J/vr. For a
decay involving spin-1 particles, such a positive value also
implies poo < 1/3, i.e. an effect similar to that observed for
the K*0 and ascribed to vorticity effects. However, the J/v
production process in nuclear collisions at the LHC is dif-
ferent from that of K*O (and ¢), with the charm—anticharm
pair being created very early in the collision process and the
bound cc state being produced both in the QGP phase and
at hadronisation. Due to the earlier production, charmonia
may, in addition to vorticity, be more sensitive than strange
hadrons to the large magnetic field present in the first instants
of the Pb—Pb collision. Quantitative theory estimates, still not
available, will be necessary to elucidate this possibility.

2.2.9 Conclusions

Global collectivity and kinetic freeze-out temperatures. The
highest ever values of anisotropic and radial flow in heavy-ion
collisions are achieved at the LHC. The radial-flow velocities
derived from pr spectra are up to about 70% of the speed
of light (in the lab frame), while light hadron v, measure-
ments, which determine the magnitude of elliptic flow, are
30% higher than at the top RHIC energy. The kinetic freeze-
out temperature extracted from Blast-Wave parameterisa-
tions depends strongly on whether resonances are included
for feed-down. The differences are on the order of 60 MeV for
central collisions, yielding the range 90 < Tij, < 150 MeV.
The extracted radial flow velocities are much less sensitive
to such an inclusion.

Emergent features of the dynamical evolution of the QGP.
New observables measured (and in some cases developed)
by ALICE over the last decade such as finite higher-
order anisotropies v, >3, correlations between different-order
anisotropies, and a translation of the angular momentum of
the QGP to the polarisation of its outgoing hadrons, reveal
an extremely rich pattern of the dynamical evolution of the
QGP. Higher-order anisotropies were measured up to the
ninth order, and show an exponential decrease, which can
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Fig. 32 (Left) poo as a function
of pr for K** in Pb—Pb and pp
collisions, and for K2in Pb-Pb
collisions. (Right) Centrality
dependence of pgo for

K** mesons in Pb—Pb collisions.
From Ref. [372]
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be understood in the context of a finite shear viscosity over
entropy ratio n/s. It was also demonstrated how higher-
order anisotropies can be understood from lower contribu-
tions, with such a decomposition playing an important role
in accessing the properties of the QGP just before hadroni-
sation. The observations of correlations between different-
order anisotropies and hadron polarisation offer unique con-
straints on the initial state, on the QGP evolution, and on the
hadronisation mechanisms.

Hydrodynamic description. Hydrodynamic calculations, invok-

ing the QGP equation of state, describe a wide variety of
these results. Such results include measurements sensitive
to anisotropic and radial flow, the energy dependence of A
global polarisation values, and A longitudinal polarisation
measurements at the LHC. The assumed dependence of /s
and ¢ /s on temperature used in these calculations for such a
description will be further discussed in Sect. 2.7. In a number
of cases, the original assertion assumes the modeling of the
initial state is sufficiently accurate and will be addressed in
Sect. 4. On the other hand, the same hydrodynamic calcula-
tions cannot describe balance-function widths, which might
be explained by charge diffusion effects not implemented in
these calculations. The differences with respect to the data
can therefore provide a crude measure of charge diffusion, a
key QGP transport parameter, notwithstanding other correla-
tion mechanisms not present in hydrodynamic models (e.g.
mini-jets).

Global polarisation and spin alignment. Measurements of
the hyperon global polarisation at the LHC are consistent
with zero, and compatible with expectations based on an
extrapolation from measurements at lower collision energies
at RHIC, hydrodynamic model calculations, and empirical
estimates based on collision energy dependence of directed
flow. On the other hand, the K*° spin alignment measure-
ments show a potential sensitivity to the global angular
momentum of the system, not seen in the polarisation mea-
surements. These differences remain a challenge to interpret,
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and are in need of further theoretical attention. The signif-
icant transverse polarisation of the J/yr with respect to the
event plane may provide insight on the relative contributions
of the global angular momentum and of the initial magnetic
field.

2.3 Hadronisation of the QGP

While the QGP formed from a heavy-ion collision, with a
finite energy, pursues its explosive expansion, the energy
density of the medium reaches the pseudo-critical level of
the transition (= 0.5—1 GeV/fm? according to lattice-QCD
calculations [169,375]). The hadronisation of the plasma,
i.e. the process of hadron formation from the previous par-
tonic phase, starts and makes the transition from the decon-
fined medium to hadronic matter; such a process leads to
a system which is still collective but has different degrees
of freedom: a hadron gas. The hadronisation, in which the
confinement phenomenon of QCD sets in, involves quark
and gluon processes characterised by small momentum trans-
fers and hence large values of the strong coupling constant,
such that a perturbative approach is not applicable. Thus,
one must resort to phenomenological models, such as the
statistical hadronisation models and the recombination mod-
els presented in this section. These models describe success-
fully several properties of the final-state hadrons produced in
heavy-ion collisions, suggesting that they can capture some
key features of the process of hadron formation [376]. After
the hadronisation, which at LHC energies occurs 7-10 fm/c
(see Sect. 2.1.5) after the initial collision, the created hadrons
can still interact via inelastic processes, implying that the
overall chemical composition can evolve further. Such inter-
actions live on, until the temperature of the chemical freeze-
out 1s reached, i.e. until the moment at which the hadronic
species and their respective populations become settled. If the
most vigorous inelastic interactions have markedly ceased
by then, the mildest inelastic ones can continue, affecting
at most the resonance population. In parallel, though, sig-
nificant elastic collisions between hadrons still occur, alter-
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ing the momentum distributions of any given species. Such
momentum transfers persist down to the kinetic freeze-out,
occurring at a typical time of < 10 fm/c [239]. After this
ultimate freeze-out, the system vanishes into free-streaming
hadrons that propagate towards the detection apparatus.

The late stages of the collision that are presented here
come along with several questions. To illustrate the current
spurs, a few typical questions can be underlined: (i) what is
the level of chemical equilibration and/or kinetic thermalisa-
tion achieved by the hadron populations, be it for the light-
flavour or, conversely, for the heavy-flavour species?, (ii) to
what extent is the temperature for the chemical freeze-out,
Techem, @ unique temperature, shared by any hadron species?,
(iii) what is the level of interplay among the quark flavours
at the hadronisation stage?, (iv) what is the level of inter-
play between the momentum domains connecting the soft
and hard sectors?, (v) similarly to T¢pem, can we assume a
univocal value of Ty, the temperature of a sudden kinetic
freeze-out? and (vi) how long does the hadronic phase last?

In concrete terms, the properties of both aspects, the hadro-
nisation itself as well as the resulting medium, can be studied
in high-energy nuclear collisions utilising a set of observ-
ables essentially related to the production of the different
hadron species. To that end, the total multiplicity per rapidity
unit dNp,/dy together with the differential distributions (in
momentum, d>N /d prdy and/or in azimuth, d® N /d prdedy)
can be analysed. This will be discussed further in the follow-
ing subsections.

2.3.1 Hadron gas composition and QCD thermodynamics

The measurement of the multiplicity per rapidity unit
dNh/dy of different hadron species provides access to the
chemical composition of the hadron gas at the stage where
the aforementioned inelastic collisions cease and the abun-
dances of the different hadron species are frozen (except for
resonance decays). QCD thermodynamics in the confined
phase, below the pseudo-critical temperature, can be well
approximated as an ideal hadron-resonance gas (HRG) of all
known hadrons and resonances [377,378]. The relative abun-
dances of particle species measured in heavy-ion collisions
over a broad centre-of-mass energy range were observed to
closely follow the equilibrium populations of a HRG [122].
This is very suggestive of a thermal origin of particle pro-
duction, which implies that the properties of the fireball are
governed by statistical QCD, and allows for the calculation
of the chemical composition of the system within the frame-
work of the statistical hadronisation approach. This approach
is based on the partition function of the HRG and on the
assumption that the hadro-chemical composition of the fire-
ball is frozen out on a hypersurface defined by a uniform
temperature [122,379-382]. This allows for the determina-
tion of thermodynamic parameters characterising the chem-

ical freeze-out, which are relevant for the QCD phase dia-
gram. In particular, such freeze-out can be characterised by
only three macroscopic parameters: the temperature T¢hem
and the volume V of the fireball, together with the bary-
ochemical potential up, which guarantees the conservation
on average of the baryon number in the grand-canonical for-
mulation of the partition function (other chemical potentials
are fixed by the conservation laws). Notably, the statistical
hadronisation model with a canonical formulation, incorpo-
rating local quantum number conservation, can also describe
the measured yields of hadron species in pp and eTe™ col-
lisions [383-385], albeit with a worse x2/ndf compared to
heavy-ion reactions. In small collision systems, a fireball in
thermal and chemical equilibrium is not formed; for instance,
inete™ annihilation, quark—antiquark pairs are produced and
subsequently fragment into jets of hadrons. The observation
of statistical features in these cases suggests that the under-
lying hadronisation process (i.e. the way an excited system
populates the hadronic states) follows for a good part sta-
tistical laws, which are governed by entropy maximization
and determined by phase space dominance. Moreover, the
temperatures resulting from statistical model fits to pp and
ete™ data (of about 175-180 MeV [383,384]) exceed the
pseudocritical temperature from lattice QCD calculations,
indicating that this case is different from the hadronisation
of a QGP at the crossover boundary.

Light-flavour hadron yields and chemical freeze-out prop-
erties. The multiplicities of hadron species containing only
light (u, d and s) quarks measured at midrapidity in central
(0-10%) Pb—Pb collisions at ,/syxy = 2.76 TeV are shown
in Fig. 33 for non-strange and strange mesons (7+ [273],
K* [273], K(S) [274], ¢(1020) [275]) and baryons (p [273],
A [274]) including multi-strange hyperons (2% [386],
Q* [386]), as well as light nuclei (d, *He [387] and
4He [388])° and f\H hypernuclei [389] and their antiparticles.
The particle yields at midrapidity, integrated over the full pt
range, were obtained from their measured pr-differential dis-
tributions, which were fitted individually with a blast-wave
function [276], used for the extrapolation to zero pr (except
for *“He and iH for which the blast-wave parameters from the
combined fit to d and *He were used). The yields were then
calculated by adding to the integral of the data in the mea-
sured pr region, the integral of the fit function outside that
region. The fraction of extrapolated yield is small for most
hadron species (ranging from 4% for protons to 20% for %)
and it is larger for iH (about 28%) and % (about 50%). Par-
ticle and antiparticle measurements are reported separately
wherever possible to underline that matter and antimatter are

6 The yields of antinuclei d and *He have been derived based on pub-
lished data [387].
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observed to be produced in equal amounts within experimen-
tal uncertainties at LHC energies [390].

The measured multiplicities are well described by sta-
tistical hadronisation models (SHM), as shown in Fig. 33,
where the data are compared to the results of four different
implementations of such models, namely THERMUS [391,
391,392], SHARE [393-396], Thermal-FIST [397,398], and
GSI-Heidelberg [72,120,399]. The SHM describes the yields
of all the measured species over nine orders of magnitude
in abundance values. Among the parameters, the value for
the baryochemical potential has been fixed to up = 0 in
most models, given the almost equal abundances of parti-
cles and antiparticles at LHC energies; as a consequence,
the corresponding fits are performed using the average of
particle and antiparticle yields. An exception is the GSI-
Heidelberg model, where up is a free parameter, determined
to be zero with an uncertainty of about 4 MeV. For a com-
parison on equal basis, the x2/NDF value was recalculated
for the other models considering both particles and antiparti-
cles. The chemical freeze-out temperature obtained from the
fit is Tchem ~ 156 MeV, with uncertainties of 2—-3 MeV and
very small differences (1 MeV) among the different imple-
mentations of the SHM. It should be noted that T¢hen is very
close to the pseudo-critical temperature T, = 156-158 MeV
for the transition from the QGP to the hadron gas obtained
from lattice-QCD calculations for ug = 0 [119,169]. As
pointed out in [400], this can be related to the rapid drop of
the particle density and, consequently, of the multi-particle
scattering rates with decreasing temperature. In particular,
multi-hadron scatterings are expected to be substantial only
in the vicinity of T}, while for temperatures lower than Tehem
only two-particle interactions and decays play a relevant role,
but they are too slow to maintain the system in equilibrium
catching-up with the decreasing temperature. Therefore, the
chemical freeze-out hallmarks a moment near the hadronisa-
tion of the QGP itself. The last parameter estimated from the
SHM fits is the volume of the fireball for one unit of rapid-
ity at the chemical freeze-out, which is of about 4500 fm3
in SHARE, Thermal-FIST, and GSI-Heidelberg results. A
significantly larger volume is obtained from the fits with
THERMUS, which comprises an excluded-volume (Van-der-
Waals like) correction [401] to account for the short-range
repulsive interactions between hadrons, resulting in a lower
particle density in the fireball. As discussed in more detail
in Sect. 2.7, the volume of one unit of rapidity at chemi-
cal freeze-out extracted from the SHM fit can not be directly
compared to the homogeneity region estimated from the fem-
toscopy measurements described in Sect. 2.1.5, since the lat-
ter does not represent the source volume at a precise instant
during the fireball evolution. A SHM fit to the yields of
pions, kaons, and protons measured in Pb—Pb collisions at
/San =5.02 TeV [402] gives a larger volume and a value of
Tchem compatible with the one observed at /syy =2.76 TeV,
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as expected from the trend established from the statistical
hadronisation analysis of the measured hadron yields atlower
collision energies, which shows that T¢hem increases with
increasing energy for /ssw < 20 GeV and saturates at a
value of 155-160 MeV for higher /snn [122].

Experimental information on the QCD phase bound-
ary, complementary to the one extracted from the analysis
of hadron yields within the SHM, can be obtained from
measurements of event-by-event fluctuations of conserved
quantum charges and their probability distributions (see
e.g. [404]). The second-order fluctuations can be directly
connected to susceptibilities, defined as the second-order
derivatives of thermodynamic pressure, which can be cal-
culated on the lattice, thus providing a direct link between
measurements and predictions from lattice-QCD calcula-
tions. Second-order fluctuations and correlations of con-
served charges, which are established at the pseudo-critical
temperature Tpc, can be extracted from data notably if the
number of particles Nq and antiparticles Ng are uncorrelated
and both distributed according to Poisson statistics. In this
case, the probability P(Nq — Ng) becomes a Skellam distri-
bution, which is completely determined by the average values
(Nq) and (Ng). So, under the assumption of Skellam distri-
bution (which is supported by event-by-event measurements
of net-proton fluctuations from the STAR Collaboration at
RHIC [405,406] and by ALICE at the LHC [407]), inclu-
sive measurements of particle yields can provide access to
susceptibilities, which can be directly compared with lattice-
QCD predictions at Tp,c [378,408]. The fluctuations of con-
served charges (e.g. in net baryon and net strangeness num-
bers) extracted from the measured yields of different hadron
species (K*, K, K*(892)°, ¢ (1020), p+p, A+4A, EF, %)
in Pb-Pb collisions at /syy = 2.76 TeV were calculated
in [404]. They were found to be consistent with the sus-
ceptibilities from lattice-QCD calculations in the interval of
pseudo-critical temperature 150 < T, < 163 MeV,
comparable to the chemical freeze-out temperature obtained
from the SHM fit to the hadron yields. This indicates that
the hadrons produced in central Pb—Pb collisions at the LHC
originate from the hadronisation of the QGP.

Production of protons, nuclei, and strange particles. A sig-
nificant deviation between the measured yields and the SHM
calculations can be seen in Fig. 33 for protons in the THER-
MUS and SHARE models, which are based on the ideal HRG
implementation consisting of non-interacting hadrons and
resonances. Such calculations predict a 25% higher proton
yield as compared to the measured one, resulting in a data-
to-model difference of about 2-3.5 standard deviations. This
tension between the data and the equilibrium value of the p/w
ratio has been dubbed the “proton-yield anomaly” and dif-
ferent explanations were proposed for it in the past years. It
was argued that it was possibly connected to the annihilation
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Fig. 33 Measured multiplicity per unit of rapidity of different hadron
species and light nuclei [273-275,386-389] compared to SHM fits from
THERMUS [391,391,392], SHARE [393-396], Thermal-FIST [397,
398], and GSI-Heidelberg [72,120,399]. Differences between the

of baryons and antibaryons in the hadronic phase after the
chemical freeze-out [409,410]. Using simulations with the
microscopic transport model for hadrons, UrQMD [71,124],
correction factors were determined for the effects of interac-
tions before the kinetic freeze-out, resulting in an improved
description of the data, but with a value of the hadrochemical
equilibrium temperature of about 165 MeV [411]. The effect
of baryon—antibaryon annihilation was also studied in the
framework of a hydrodynamic calculation forking to UrQMD
for the hadronic phase, showing that the annihilations help
in achieving a better description of the data [412]. Another
proposed explanation was based on different particle eigen-
volumes for different hadron species, giving rise to a species-
dependent excluded-volume correction, which provides an
improved description of the data [413]. In the Thermal-FIST
results shown in Fig. 33, an energy-dependent Breit—Wigner
(eBW) scheme has been implemented to model the influ-
ence of finite resonance widths in the HRG, which leads to
a suppression of the proton yields, mainly due to a reduced
feed-down from A resonances [397]. With this approach, a
significantly improved agreement between the SHM and the
data for the proton yield is obtained at Tchem = 155 MeV. The
eBW scheme, however, induces a larger discrepancy with the
data for the yield of A hyperons. According to Ref. [397],
this discrepancy may be mitigated by including in the SHM
calculations additional, yet undiscovered, strange baryonic

model calculations and the measured yields are shown in the bottom
panels. The hypertriton yield is obtained using a theoretical estimation
of BR = 25% for the branching ratio of the iH — 3Hen~ decay
channel [403]

resonances not reported in the PDG lists. Along the line of
improving the description of the interactions in the HRG, the
S-matrix formulation of statistical mechanics offers a natu-
ral implementation of interactions, with proper treatment of
resonance widths and of non-resonant contributions. In par-
ticular, pion—nucleon interactions can be incorporated into
the model via the empirical scattering phase shifts based on
7N scattering data. As pointed out in [414], the S-matrix
approach allows one to obtain an improved matching with the
lattice-QCD results for the correlation of the net baryon num-
ber with the electric charge, which is not well reproduced by
an ideal HRG model. At a temperature of 156 MeV, the treat-
ment of 7—N interactions via the S-matrix approach leads to
a reduction of the proton yield by about 17% relative to the
ideal HRG result [399]. The corresponding reduction of the
pion yield is only about 1%. The implementation of the S-
matrix correction in the GSI-Heidelberg SHM fits, shown in
Fig. 33, provides here the best match to the measured proton
yields, together with a good description of all other measured
particles.

An alternative approach was proposed considering that, in
addition to the overestimation of the measured proton yield,
the various SHM calculations tend to underestimate the data
for strange baryon production, as it can be seen in Fig. 33
for the A, 8% and Q7 yields, which differ by about 1.5—
2 standard deviations from the predictions. This approach
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advocates different hadronisation temperatures for up and
down versus strange quarks, based on studies of flavour-
specific fluctuations and correlations of conserved charges in
lattice-QCD simulations with physical quark masses. These
simulations indicate that strange quarks experience decon-
finement at slightly larger temperatures compared to light
quarks, implying that strange hadrons may be formed in the
QGP slightly above T [415]. As a consequence, a univocal
temperature cannot be assigned to the QCD crossover tran-
sition and a flavour hierarchy in the hadronisation is antic-
ipated, with the characteristic temperature being higher by
10-15 MeV for the strange quarks compared to up and down
quarks [416]. These studies motivated the usage of two dif-
ferent temperatures for strange and non-strange hadrons in
the SHM fit [123,417]. This provided an improved descrip-
tion of the data at RHIC and LHC energies compared to the
single-temperature description, with the difference between
the two temperatures decreasing with decreasing /sx, i.€.
increasing ug. However, it should be pointed out that the
data-based S-matrix correction to treat the interactions in the
HRG was not included in the fits with two freeze-out temper-
atures. In this context, a recent study of the effect of S-matrix
corrections employing a coupled-channel model for K, A and
¥ interactions predicts an enhancement in the A+X yields
relative to the HRG baseline, thus allowing for a more accu-
rate description of the measured particle yields within the
THERMUS SHM framework [418].

The production of light nuclei is quantitatively well
described by the statistical hadronisation model. However,
it is debatable whether the light nuclei should be included
in the thermal model fit. The production mechanism for
such loosely bound states (¢ (MeV)) is presently a subject
of intense investigation. Models have been proposed which
predict that nuclei are formed at the late stages of the fire-
ball expansion via coalescence of nucleons that are close to
each other in phase space [419] (see Sect. 5 for a detailed
discussion). It should be noted that if the yields of light
nuclei are excluded from the fit, the temperature and vol-
ume extracted from the SHM do not change significantly.
Therefore, the inclusion of nuclei in the fit does not alter the
considerations that were made above on the characteristics
of the hadron gas at the chemical freeze-out. Conversely, the
yields of nuclei are very sensitive to the temperature: a small
variation in temperature leads to large variations of the yields
of nuclei. In particular, a SHM fit with the GSI-Heidelberg
framework including only the yields of light nuclei gives
Té;}écnlfi = 159 £ 5 MeV, which is consistent with the value
of Tchem extracted from all particles [122]. These observa-
tions indicate that the same thermal parameters governing
light-hadron yields also determine the production of light
composite objects which are loosely bound states. However,
this poses a question about how the relatively loosely-bound
light nuclei formed at the QGP hadronisation can survive in
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the hostile environment of the hadronic phase that follows the
chemical freeze-out. This was dubbed the “snowball in hell”
problem, as the binding energies of light nuclei (e.g. 2.2 MeV
for the deuteron) are much lower than the temperature of the
hadron gas at the chemical freeze-out. A possible explanation
assumes that the reactions involving break-up and formation
of light nuclei proceed in relative chemical equilibrium after
the chemical freeze-out, so that nuclei are disintegrated and
regenerated at similar rates during the hadronic phase, thus
preserving the relative abundances of nuclei and nucleons at
Tehem [420—422]. A different proposed possibility is that, at
the QGP hadronisation, compact and colourless bound states
of quarks are produced and evolve into the final state nuclei
only after a formation time of some fm/c [122]; such com-
pact objects can survive a short-lived hadronic phase after
hadronisation.

It is important to note that the measured yields of strange
and multi-strange particles at midrapidity in Pb—Pb colli-
sions are described (within 2 standard deviations) by the
full-equilibrium SHM model, corresponding to the grand-
canonical ensemble. The relative abundance of strange
hadrons in heavy-ion collisions is larger compared to the
suppressed strangeness yield observed in collisions between
elementary particles, as discussed in detail in Sect. 3.2.
Strangeness production in pp collisions is consistent with
a canonical formulation of the statistical model, in which a
correlation volume parameter is introduced to account for the
locality of strangeness conservation (a strangeness undersat-
uration parameter is also often employed for lower energies),
see [418] for a recent analysis. In the framework of the SHM,
the lifting of strangeness suppression from pp to A—A colli-
sions can therefore be understood in terms of the transition
from the canonical to the grand-canonical limit [423]. An
enhanced strangeness production in heavy-ion collisions, as
compared to pp collisions, was one of the earliest proposed
signals for the QGP formation [87,424—426]. In particular, in
a deconfined state, the abundances of light partons, includ-
ing the strange quark, are expected to quickly reach their
equilibrium values due to the low energy threshold to pro-
duce ss pairs. It was also shown that the strangeness con-
tent of the QGP in equilibrium is similar to that of a chemi-
cally equilibrated hadron gas at the same entropy-to-baryon
ratio, although in both cases the production level of strange
hadrons is higher than that observed in pp collisions [427—
429]. However, it should be considered that the time needed
to achieve the equilibrium for multi-strange baryons via two-
body hadronic collisions is estimated to be much longer
than the lifetime of the fireball produced in heavy-ion colli-
sions [424]. The equilibration times for A, E, and €2 baryons
via hadronic processes are instead expected to be substan-
tially smaller (< 1 fm/c) if multi-hadron scatterings play a
relevant role [400], which is the case when the particle densi-
ties are high. Such conditions are realised only for tempera-
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tures near to Tc. This confirms the conclusions in [424,425]
that strange hadron abundances are established very close
in time to the transition from the QGP to hadronic matter
and are not appreciably changed by hadronic interactions
at temperatures below Tp,.. Hence, the observed validity of
a grand-canonical description of strange-hadron production
in A collisions can be seen as a natural consequence of the
formation of the QGP in the early phases of the collision
evolution [72].

Heavy-flavour hadron yields. An additional question of the
statistical nature of hadron production is whether the yields
of hadrons containing heavy quarks can be described with the
statistical hadronisation approach discussed above for light-
flavour particles. The masses of charm and beauty quarks
are substantially larger than the temperature scale of the QCD
medium attained at LHC energies, and therefore thermal pro-
duction of these quarks in the QGP is strongly suppressed.
Thus, the charm and beauty content of the fireball is deter-
mined by the initial production of ¢ and b quarks in hard-
scattering processes, i.e. very far from a chemical equilib-
rium population for a temperature of the order of Tp.. The
heavy c and b quarks produced in initial hard scatterings tra-
verse the QGP and interact with its constituents, exchanging
energy and momentum with the medium. These interactions
can lead the charm quarks to (partially) thermalise in the
QGP [69,430-433] such that, at the phase boundary, they
can be distributed into hadrons with thermal weights as dis-
cussed above for the light quarks. In the statistical hadronisa-
tion approach, the absence of chemical equilibrium for heavy
quarks is accounted for by a fugacity factor g., which ensures
that all initially produced charm quarks are distributed into
hadrons at the phase boundary [434]. The value of g is
determined from a balance equation containing the charm
quark production cross section as input. With this approach,
the yield of hadrons containing charm quarks can thus be
calculated using as input values: (i) the thermal parameters
obtained from the analysis of light-flavour hadrons, and (ii)
the charm-quark production cross section, which is an exter-
nal input to the model.

The yields of charm hadrons (non-strange [435] and
strange D mesons [436], Aj‘ baryons [437] and J/y
mesons [438]) measured in central (0—10%) Pb—Pb colli-
sions at /sy =5.02 TeV are shown in Fig. 34. The yields per
unit of rapidity of D® and J/1/ mesons were obtained by inte-
grating the pr-differential measurements performed down to
pr = 0. Instead, the pr-integrated yields of DT, D*(2010)T,
D mesons, and A7 baryons were extrapolated exploiting
the measured pr-differential production ratios relative to the
DY mesons, using different assumptions on their shapes in
the pr range where the measurements were not performed
(see [435—437] for details). The fraction of extrapolated yield
is different for the different hadron species, and it is about

19% for the Aj (which is measured down to pt =1 GeV/c),
about 70% for D™ and D (measured down to pr =2 GeV/c),
and about 85% for D*(2010)" mesons, which are measured
for pt > 3 GeV/c.

The data are compared to SHM calculations [434] where:
(i) thermal parameters come from the fit to light-flavour
hadrons at \/syy =2.76 TeV extrapolated to /syy =5.02 TeV
(same Tipem and larger volume V following the increase
of dN¢p/dn with increasing ,/sxy), and (ii) the charm pro-
duction cross section is determined from the measured D°
yield in the 10% most central Pb—Pb collisions [435], lead-
ing to doz/dy = 0.579 mb. The solid band in the SHM
predictions in Fig. 34 represents the uncertainty related to
the determination of the charm production cross section at
midrapidity. For the measured data points, the empty boxes
represent the systematic uncertainty associated to the mea-
surement in the visible pt range, while the shaded boxes
stand for those associated to the pr-extrapolation procedure.
The measured yields of open-charm mesons are compatible
with the SHM calculations within the uncertainties, which is
to some extent expected since the charm-quark production
cross section used in the model is tuned to reproduce the
measured D-meson yield. A larger difference is observed
for the production yield of A baryons, which is underesti-
mated by the SHM predictions. A possible solution for this
difference within the framework of the statistical hadroni-
sation model was proposed in [439], where an augmented
set of excited charm baryon states beyond those listed in
the PDG [440] is considered, as discussed in Sect. 2.3.2.
In fact, as presented in [434], if a charm-quark production
cross section of doz/dy = 0.68 mb is considered instead of
doce/dy = 0.579 mb and the augmented set of charm baryon
states is used, the SHM provides a satisfactory description
of the measured A baryon yield. Particularly interesting
for the statistical hadronisation approach is the J/¢ meson.
In fact, an enhanced production of hidden-charm states has
been observed in Pb—Pb collisions at LHC energies com-
pared to the predicted suppression with respect to pp colli-
sions due to the colour-charge screening in the QGP [86] (see
Sect. 2.5.1). The SHM provides a good description of the J /v
production yield within uncertainties, supporting the statis-
tical (re)combination of charm and anticharm quark pairs at
the phase boundary [441].

Recalling that charm quarks need to be (to some extent)
thermalised in order to be distributed into hadrons according
to thermal weights, one can conclude that the fair description
of the measured open charm and charmonium yields within
the SHM suggests that the interactions with the medium con-
stituents bring charm quarks in (or close to) kinetic equilib-
rium with the QGP. This is further supported by the mea-
surements of charm-hadron Raa and vy at low-pt reported
in Sect. 2.4.1.
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2.3.2 Particle momentum and angular distributions:
connection to microscopic hadronisation mechanisms

Measurements of the production of different hadron species
as a function of pr can provide insight into the transition,
at the pseudo-critical temperature Tpc, from the partonic
degrees of freedom of the QGP to the hadron gas phase.
The process of hadron formation from the QGP medium is
expected to be different from other cases of hadronisation,
such as the (in-vacuum) fragmentation of hard-scattered par-
tons in elementary collisions, in which no bulk of thermalised
partons is present [442]. For processes with a momentum
transfer much larger than Aqcp, the QCD factorisation the-
orems allow one to separate short and long distance dynamics
and to express the cross section for inclusive hadron produc-
tion as a convolution of two terms: the hard-scattering cross
section at the partonic level, which can be calculated as a
perturbative series in powers of the strong coupling constant
oy, and the fragmentation functions, which account for the
non-perturbative evolution of a hard-scattered parton into the
given hadron in the final state. Fragmentation functions are
not calculable in QCD, but they can be parameterised after
experimental measurements, mostly from e™e™ collisions. In
microscopic models (i.e. models involving explicitly quarks
and gluons, which are the underlying fundamental degrees of
freedom in QCD), the (in-vacuum) fragmentation of the hard-
scattered parton occurs via the creation of qq pairs through
string breaking or gluon radiation and splitting, thus forming
colour singlet states that evolve into hadrons. In the case of the
hadronisation of the QGP created in heavy-ion collisions, a
bulk of deconfined partons is present when the transition tem-
perature Ty is reached. So, there is no need for the creation of
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additional partons through string breaking, and the quarks of
the bulk that are close to each other in phase space can simply
combine into hadrons [443-446]. Models of hadronisation
via recombination (also known as coalescence) were origi-
nally developed [447] to describe the relative abundances of
hadrons measured at very forward rapidity in 7-nucleus col-
lisions at the SPS [448] and at FNAL [449]. These models
are based on the concept that the presence of a reservoir of
partons (the valence quarks of the projectile in the considered
case, concerning a kinematic region at very forward rapid-
ity) can induce significant modifications in the hadronisation
process. In the case of the hadronisation of the QGP, the bulk
of deconfined partons constitutes this reservoir.
Recombination models are built on the assumption that
quarks, at the hadronisation of the QGP, can be treated
as effective degrees of freedom having a dynamical mass
approaching the constituent mass [450,451], while gluons
disappear as dynamical degrees of freedom and are converted
into qq pairs [445,452]. With the additional assumption of
dominance of the lowest Fock states in the hadron wave func-
tion, effective constituent quarks (and antiquarks) are com-
bined into mesons and baryons taking into account only the
valence structure of the hadron. Hence, the probability of
emitting a hadron from the QGP is proportional to the prob-
ability of finding its valence quarks in the bulk medium. As
discussed in [453], the hadron spectra produced via recombi-
nation of quarks from a thermal medium are not significantly
affected by the inclusion of higher Fock states to take into
account the complexity of the internal structure of hadrons.
The recombination models have provided a natural explana-
tion for some unexpected measurements of baryon and meson
production yields and elliptic flow in the intermediate- pt
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region (1.5 < pr < 5 GeV/c) at RHIC [109-112]. Notably,
also global polarisation measurements are expected to be sen-
sitive to the hadronisation mechanism and, as discussed in
Sect. 2.2.8, the results on K* (892)0 polarisation as a func-
tion of pr are qualitatively consistent with the expectation of
hadronisation of polarised quarks via recombination [372].
In the hadronisation of the fireball, the recombination pro-
cess competes with the hadronisation of energetic (high-pT)
partons that escape from the QGP and hadronise in the vac-
uum via fragmentation. Final hadron spectra are a mixture of
hadrons from recombination (with a momentum essentially
given by the sum of the momenta of the valence quarks)
and from string fragmentation (having a momentum lower
than that of the parent parton). As discussed in [443], the
recombination process is expected to dominate over frag-
mentation at low- and intermediate-pt (up to few GeV/c),
while at higher momenta (pt > 8—10 GeV/c), where the
particle spectra exhibit a power-law trend, a transition occurs
to a regime dominated by fragmentation of jets. This tran-
sition is predicted to take place at higher values of pt for
baryons as compared to mesons. This naturally explains
the baryon versus meson grouping of vy and the baryon-
to-meson enhancement at intermediate- pr that will be dis-
cussed later in this paragraph. At low-pT, the hadronisation
is expected to occur completely via recombination. In this
region, the hadrons formed by combination of thermalised
quarks are found to have momentum spectra reproducing
the thermal equilibrium limit, and this naturally leads to a
good agreement with spectra from hydrodynamic calcula-
tions [454]. Also note that the dominance of recombination
at low- and intermediate-pt is completely consistent with
what was discussed in Sect. 2.3.1 about the thermal origin of
particle production, based on the agreement between SHM
calculations and the measured integrated yields (see Figs. 33
and 34). As pointed out in [452], the recombination mech-
anism connects a thermal partonic phase with the observed
thermal hadronic phase, and therefore it can be seen as a
microscopic manifestation of statistical hadron production.
In this thermal-limit regime, the hadron prt spectra and vy
are the result of a system which evolved through equilib-
rium stages, thus not preserving the memory of the pre-
vious stages and of the underlying microscopic dynamics
that drove the system evolution. Instead, the intermediate-
pr region, which is located above the thermal-limit regime
but below the high-momentum region where fragmentation
dominates, offers a window where non-equilibrium effects
in the hadronic observables can provide sensitivity to the
hadronisation mechanism at a microscopic level.

Light-flavour particle spectra and ratios. The transverse-
momentum spectra of 7, K+, p+p, and ¢(1020) in O-
10% and 70-80% central Pb—Pb collisions at ,/syy = 5.02
TeV [402,455] are shown in the left panel of Fig. 35. As

commented in Sect. 2.2.2, the spectra harden with increasing
centrality and multiplicity (radial flow signature, more evi-
dent for heavier particles): the maximum of the proton spec-
trum shifts from ~ 0.6 GeV/c to ~ 1.3 GeV/c going from
peripheral to central collisions. The right panel of Fig. 35
shows the pr-differential (p+p)/(m++7~) and (p+p)/(2¢)
ratios (referred to as p/w and p/(2¢) in the following’) in
inelastic pp and centrality-dependent Pb—Pb collisions at
A/Sxn =5.02 TeV. The p/m ratios in Pb—Pb collisions exhibit
abump structure in 1.5 < pt < 8.0 GeV/c, gradually increas-
ing with increasing centrality, reaching a maximum of about
0.82 at pr &~ 3.5 GeV/c in the most central collisions.
This can be explained as an interplay between the collec-
tive motion of the system (heavier particles are boosted to
higher momenta) and the recombination mechanism that is
expected to be the dominant one for the hadronisation in
this momentum region. It is interesting to note that the frac-
tion of yield in the peak is about 1.5-2% for pions and
7-21% for protons, depending on centrality, and therefore
the pr-integrated p/m ratio shows only a mild dependence
on centrality. In particular, the pr-integrated ratio decreases
by about 20% from the most peripheral to the most central
collisions [402], consistent with SHM calculations includ-
ing either antibaryon-baryon annihilations in the hadronic
phase [409,410] or the S-matrix approach to account for
non-resonant interactions in the HRG [399]. This suggests
that baryon enhancement at intermediate- pt is mainly due
to the redistribution of baryons and mesons over the momen-
tum range. Further insight can be obtained from the ratios of
the yields of p and ¢, which have similar masses but differ-
ent quark content. At low-pr (pr < 3.5 GeV/c), the p/(2¢)
ratio is rather independent of pt in central Pb—Pb collisions.
Such behaviour can be expected from hydrodynamic-based
models [456,457] in which the particle mass is the main vari-
able in the determination of the spectral shapes (even though
interactions in the hadronic phase could modify this picture
because they are expected to affect differently protons and
¢ mesons). In contrast to this and as a confirmation of the
radial flow signature, the 70-80% Pb-Pb ratio is similar to
that in pp collisions showing a decreasing trend with pr.
At higher momenta, pt = 8 GeV/c, all the Pb—Pb and pp
baryon-to-meson ratios shown in Fig. 35 are consistent within
the uncertainties suggesting the dominance of vacuum-like
fragmentation processes in this region [458].

The pr-differential p/7 and p/(2¢) yield ratios were also
measured in Xe—Xe collisions at ,/syy = 5.44 TeV[281] and
compared to the results in Pb-Pb collisions at
/Sxn = 5.02 TeV[402]. The baryon-to-meson ratios in the

7 At LHC, the particle yield ratios are quoted for the sum of particles
and antiparticles since both populations of a same species are produced
in almost equal amount. See for example discussion in Sect. 2.3.1 or
in [273].
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two collision systems are compatible between each other
within the uncertainties, if events with similar charged-
particle multiplicity densities are selected. As concluded
in [281], this indicates that the radial flow and the hadronisa-
tion dynamics, which determine the shape of the pr-spectra
of different hadron species, are mainly driven by the density
of produced particles, in contrast to the elliptic flow which
depends also on the eccentricity of the collision region.

The baryon-to-meson ratios in the strange-hadron sec-
tor show similar features as those discussed above for the
p/m ratios. The measured (A + A) / (2K(S)) ratios (referred
to as A/Kg in the following) as a function of pt in central
(0-5%), semi-central (40-60%), and peripheral (80-90%)
Pb—Pb collisions at ,/sxy = 2.76 TeV are reported in the
left panel of Fig. 36 and compared to the ratio measured
in minimum-bias pp collisions at /s = 7 TeV [274]. The
ratio measured in the most peripheral Pb—Pb collisions is
compatible with the pp result. For more central collisions,
the peak at low/intermediate- pt becomes more pronounced
and its position shifts towards higher momenta, in qualita-
tive agreement with the effect of increased radial flow. The
ratios of the pr-integrated A and K(S) yields (after extrapo-
lation to pt = 0) are independent of centrality within the
experimental uncertainties [274], suggesting, as mentioned
before, that the baryon enhancement at intermediate-pt is
predominantly due to a redistribution of baryons and mesons
over pr rather than to an enhanced production of baryons. In
addition, the A/K(S) ratio measured in pp collisions at /s =
7 TeV within jets with pg‘.e , > 10 GeV/c reconstructed with
a resolution parameter R = 0.4 [459] is shown for compari-
son. The ratio in jets is almost independent of the transverse
momentum of the particles produced in the jet and it does not
show a maximum at intermediate-pt. For pr <5 GeV/e, it
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is lower than the ratio measured in inclusive (minimum bias)
pp collisions as discussed in Sect. 3.2. For pt > 7-8 GeV/c,
the A/Kg ratio in jets is consistent with the inclusive one in
pp collisions, as well as with the values measured in Pb—Pb
collisions independently of the centrality. This confirms that
the high-prhadrons stem from the fragmentation of hard-
scattered partons, which escape from the QGP, and indicates
that the relative fragmentation into baryons and mesons at
high-pr is essentially vacuum-like and is unmodified — or at
least, not significantly — by the medium formed in the heavy-
ion collisions.

A further illustration of the previously outlined physics
message concerning particle yield ratios can be observed in
the right panel of Fig. 36 which allows for a direct comparison
of the pr-differential baryon-to-meson ratios for non-strange
and strange hadrons (p/m and A/K(S)) thanks to a double ratio
Pb—Pb/pp calculated at ,/syy = 5.02 TeV and 2.76 TeV,
respectively [274,402]. The two double ratios are compatible
between each other within uncertainties in all centrality inter-
vals and they are consistent with unity for pt > 8-10 GeV/c,
where fragmentation dominates. For pr < 1.5 GeV/c, a hier-
archy of the baryon-to-meson ratios is observed as a function
of centrality: the ratios are strongly reduced in central colli-
sions compared to peripheral collisions, thus compensating
the enhancement at intermediate- pr.

Comparison to models. The results related to TE, p+p, and
¢ (1020) spectra and yield ratios in different centrality classes
(0-10%, 10-20%, and 40-50%) are compared with several
models in Figs. 37 and 38. These models aim at bridging
the gap between the partonic phase with its hydrodynamic
motion and the ultimate hadronic stages. The models con-
sidered in this section are: VISHNU [326,460], EPOS v3.4
(simply called EPOS3 in the following) [199], Catania coa-
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Fig. 36 (Left) py-differential A/Kg [274] ratio in Pb—Pb collisions at
/Sxn =2.76 TeV compared to pp collisions at /s =7 TeV for the inclu-
sive production [274] and for the production in jets [459]. (Right) pt-
differential double ratios (baryon/meson ratios in Pb—Pb divided by the
pp ones at a same colliding energy) for p/m at /sxy =5.02 TeV [402] and
A/K(S) at /sy =2.76 TeV [274]. Results are shown for several centrality

lescence plus independent-fragmentation model [457], and
CoLBT [461]. In the following, the description of the main
features of each model is provided:

— The VISHNU model, introduced in Sect. 2.2.3, is a
viscous hydrodynamic calculation of the expansion of
the fireball, handing over to a microscopic hadron cas-
cade model (UrQMD) [71,124] for the late phases of
the expansion of the hadron resonance gas. The initial
energy density profile is modelled with TRENTo [462].
To convert the hydrodynamic output into particles (prop-
agated then with UrQMD) first an isothermal freeze-out
surface is found and then the hadron spectra are cal-
culated with the Cooper-Frye formula [463]. Note that
this model addresses only the low- pt part of the spectra
(< 3 GeV/o).

— The EPOS3 model is a general-purpose event generator
based on the Gribov—Regge theory of multiple scatter-
ing [197,464], perturbative QCD, and string fragmenta-
tion [465]. The dense region in the system, the so-called
core, is treated as the QGP [466] and modelled with a
hydrodynamic evolution (since EPOS2 [198]) incorpo-
rating viscosity (EPOS3 [199]), followed by statistical
hadronisation which conserves energy, momentum, and
flavours thanks to a microcanonical formulation [466].
Particle production from the low-density regions of the
system, called corona, is treated as in proton—proton col-
lisions. EPOS3 implements further a saturation in the

intervals. Systematic uncertainties are shown as boxes while statistical
uncertainties as vertical bars. The relative systematic uncertainty on the
pp results in the double ratios, which is correlated among the different
centrality intervals of the Pb—Pb measurements is displayed separately
in the lower panel

initial state as predicted in the Colour Glass Conden-
sate model [467] and a hadronic cascade for the late
stages. The model also accounts for jets and their interac-
tions with the hydrodynamically expanding bulk matter.
This is important for particle production at intermediate-
pr [468] and it is reminiscent of the recombination mech-
anism [443,445].

— The Catania model [457] describes the QGP hadronisa-
tion via the competing processes of parton fragmenta-
tion and quark recombination. The latter is implemented
by employing the instantaneous coalescence approach
described in [445,469], which is based on the Wigner-
function formalism [470] to calculate the spectrum of
hadrons from that of quarks. The approach is based
on a Monte Carlo implementation that allows one to
include a 3D geometry as well as the radial flow cor-
relation in the partonic spectra and the effect of the main
resonance decays. At low-pr, the partonic spectra are
obtained with a blast-wave approach assigning the mass
of constituent quarks (330 MeV/c? for u and d quarks
and 450 MeV/c? for s quarks). The contribution of mini-
jets is also considered, which is important to model the
intermediate momentum region where soft-hard recom-
bination processes (involving a quark from a mini-jet
and one from the bulk) play a role in the determina-
tion of the spectral shapes until independent fragmen-
tation takes over at high- pt. This is achieved by using a
parton pt spectrum calculated at next-to-leading order
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in a pQCD scheme. In A—A collisions, the modifica-
tion due to the jet quenching mechanism is included (see
Eq. 3 in [457]). Note that this approach does not guar-
antee the hadronisation of the full bulk of particles of
the QGP medium. Moreover, the underlying kinematics
of the instantaneous projection of massive quarks into
hadrons, which does not include interactions with the sur-
rounding medium, makes it impossible to conserve the
four-momentum in the instantaneous coalescence pro-
cess. Therefore, the model has to be considered fully
applicable only at pt > 1.5 GeV/c even if the description
of the spectra at low- pr is reasonable.

— The CoLBT model [461] is based on a state-of-the-
art coupled linear Boltzmann transport model (CoLBT-
hydro) [471] to simulate the concurrent evolution of the
bulk medium and parton showers. The hadronisation is
modelled via the Hydro-Coal-Frag hybrid approach [472]
that includes: (i) particle formation from the hydrody-
namical fields at the freeze-out hypersurface at low- pr,
(i1) instantaneous coalescence of effective constituent
quarks at intermediate-pT, and (iii) fragmentation at
high-pt. The interplay between hadron formation at
the hydrodynamical freeze-out and parton dynamics is
regulated with a pt threshold for the effective con-
stituent quarks. Above this threshold, viscous corrections
to the equilibrium distributions are large and recombina-
tion and fragmentation become the relevant hadronisa-
tion mechanisms. The recombination includes thermal—
thermal, thermal-shower, and shower—shower coales-
cence. Shower partons that do not coalesce are hadro-
nised via string fragmentation. Finally, UrQMD is used
to model the hadronic phase until the kinetic freeze-out.

Figure 37 shows the transverse-momentum spectra of 7+,
p+p, and ¢ (1020) in Pb—Pb collisions at \/syy = 5.02 TeV
for the 10-20% centrality class compared with the VISHNU,
EPOS3, and CoLBT models described above. For the CoLBT
model, the curves obtained with the separate contributions
of hydrodynamics, coalescence and fragmentation are also
shown. The VISHNU calculations reproduce the pion and
proton spectra fairly well in the low-pr region (pr <
3 GeV/c), where a hydrodynamic description of the fireball
evolution is expected to be valid. It should be noted that the
measured spectral shapes of protons could not be reproduced
by viscous hydrodynamic calculations lacking an explicit
description of the hadronic phase, and therefore the inclusion
of UrQMD to model the hadron transport has been crucial
to obtain a good description of the measured spectra [473].
EPOS3 includes both soft and hard physics processes and, as
a consequence, it is anticipated to give a good description of
data from low- to high- pt; this is observed here up to4 GeV/c
or 8 GeV/c depending on the considered particle species. The
CoLBT model provides a good description of the measured
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Fig. 37 Comparison of 7, p+p [402], and ¢(1020) [455]
transverse-momentum spectra in 10-20% central Pb—Pb collisions at
Jsw = 5.02 TeV to VISHNU [326,460], EPOS v3.4 [199], and
CoLBT [461] models. The systematic uncertainties are represented as
boxes while the statistical uncertainties are shown as vertical bars

pion and proton spectra. The hydrodynamics contribution
is the dominant one for pt < 2-3 GeV/c, while fragmen-
tation dominates for pt > 6-8 GeV/c. At intermediate- pt
the coalescence contribution is needed to reproduce the data.
As noted in [461], in the CoLBT model the transition of
the hadron production mechanism from the hydrodynamics
domain to the region dominated by coalescence and fragmen-
tation occurs at higher pt for more central collisions. This
is due to the stronger radial flow in central collisions that
pushes the hydrodynamics regime up to higher momenta.
Despite some difficulties in the description of the individ-
ual transverse-momentum spectra [402], the majority of the
models considered here are able to describe adequately (in
their pr range of applicability) the baryon-to-meson ratios
p/m shown in the left panels of Fig. 38. For the 0-10% central-
ity class, the measured p/r ratios are shown for two different
centre-of-mass energies, namely ,/sxy =5.02 and 2.76 TeV.
The trend and the magnitude of the yield ratios are similar
at the two collision energies, notably with a slight shift of
the peak towards higher pr at the higher /sy, consistent
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Fig. 38 Comparison of p/m (left) and (p+p)/(2¢) (right) in 0-10%, 10—
20%, and 40-50% Pb—Pb collisions to the VISHNU [326,460], EPOS
v3.4[199], Catania [457], and CoOLBT [461] models as illustrated in the

with the larger radial flow. The VISHNU model is able to
reproduce the low- pr rise of the p/m ratio, but it can quan-
titatively reproduce the data only for pt < 1.0-1.5 GeV/c
since, above this range, the contributions from jet showers
and mini-jets to the pion spectra start to be important [474].
For /sxn = 2.76 TeV, the Catania model with the contribu-
tions of radial flow and soft-hard coalescence qualitatively
describes the peak in the p/mr ratio in the 2 < pt < 4 GeV/c
region, where recombination processes are dominant. On
the other hand, as expected, the Catania calculations with-
out flow cannot reproduce the peak, while the removal of
the soft-hard coalescence worsens the agreement with data
in 6 < pt < 8 GeV/c. The Catania model with only the
fragmentation component can reproduce the data only for
pt > 8 GeV/c. The EPOS3 event generator is able to describe
the shape of the p/m ratio, despite the peak position being
shifted to lower pr indicating lower radial-flow effects in

legend. More details on the different Catania model components can be
found in the text. The systematic uncertainties are represented as boxes
while the statistical uncertainties are shown as vertical bars

the model than that measured in data. On the other hand,
in the 40-50% centrality class, where radial flow is smaller
than in central collisions, EPOS3 accurately describes the
peak position but overestimates the magnitude of the p/mw
ratio at intermediate- pt. The CoLBT model describes well
the measured yield ratios both in the 10-20% and 40-50%
centrality classes, with a steep increase at low-pt due to the
mass ordering induced by the radial flow, and a decrease
for pr > 3 GeV/c, which results from the interplay among
hydrodynamic expansion, quark recombination, and parton
fragmentation.

Considering the p/(2¢) ratio shown in the right panels of
Fig. 38, both EPOS3 and Catania can reproduce the measured
ratio at very low- p and at high- pr, but fail in describing the
intermediate- p region, mostly because the spectral shapes
are underestimated for protons. The same considerations hold
true in 40-50% Pb—Pb collisions concerning the EPOS3
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model. It should be noted that, as pointed out in [457], similar
slopes of proton and ¢ meson spectra (i.e. a flat p/(2¢) ratio
as a function of pr) are expected for pr < 2 GeV/c in case
of coalescence (as in the case of hydrodynamics) because
the difference between a combination of three quarks with
330 MeV/c? mass and that of two quarks with 450 MeV/c?
mass flowing with the same collective velocity is marginal.

Anisotropic flow coefficients. A further benchmark for the
recombination/fragmentation scenario is provided by the
comparison of the measured elliptic flow coefficient vy of
identified particles with theoretical models. Figure 39 shows
the vy as a function of pt for xE, KT, Kg, p+p, A+A,
and ¢ in Pb-Pb collisions at ,/sxy = 5.02 TeV for differ-
ent centrality classes [290]. The main features of the pr
dependence of vy are the same in all the centrality inter-
vals displayed in the figure. For pt < 2-3 GeV/c, the strong
radial flow results in a mass-ordered v, as reproduced by
the VISHNU hydrodynamic model with the initial energy
density profile from TRENTo (see Sect. 2.2.4). At interme-
diate momenta (3 < pr < 8—10 GeV/c), a grouping of
the baryons versus mesons is observed, as expected in the
case of hadron formation via recombination. The ¢ meson
plays a special role because its mass is similar to that of
the proton. This is reflected in the trend of its vy which fol-
lows the one of the proton at low- pt; on the other hand, at
intermediate- p, the vy of the ¢ becomes compatible with
meson v, indicating that the elliptic flow is driven by quark
content rather than by mass in this momentum range. At
higher pt (pt > 8-10 GeV/c), where v, originates mainly
from the path-length dependence of the in-medium energy
loss of partons produced in hard-scattering processes and
fragmentation takes over from recombination as the domi-
nant hadronisation mechanism, the v, values of the different
hadron species become compatible within uncertainties.

As shown in Sect. 2.2.6, the same features discussed above
for the pr-differential elliptic flow v,, namely the mass order-
ing at low-pr followed by baryon versus meson grouping
at intermediate- pt, are observed also for the higher-order
flow harmonics v3 and vy4, as well as for the non-linear flow
modes v422 and vs 3y [291]. In particular, the observation
of the same particle type grouping for v4 and v4 22 is in line
with the expectation that quark recombination is the domi-
nant particle production mechanism in the intermediate- pt
region and affects both flow modes similarly.

The top right and the bottom panels of Fig. 39 show the
comparison of vy to the Catania, EPOS3, and CoLBT mod-
els for the 20-30%, 30—-40% and 40-50% centrality classes,
respectively. For EPOS3, the predictions from a simulation
without the hadronic cascade stage (modelled with UrQMD)
are also shown and they indicate that the interactions in
the hadronic phase are crucial to obtain a good description
of the measured v,. EPOS3 is able to reproduce the mass-
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ordering observed up to pt =2-3 GeV/c. It cannot quantita-
tively reproduce the v, of pions and protons at intermediate-
pt but a good agreement with the data is observed for the
other hadrons up to pt = 5-6 GeV/c. At higher momenta,
EPOS3 always underestimates the data, indicating that a
larger amount of energy loss is needed in the model. On
the other hand, the Catania and CoLBT models, which both
include recombination and fragmentation, describe well the
measured v, of the different hadron species ina wide pr inter-
val, extending from the hydrodynamic realm at low momen-
tum to the fragmentation region at high- pt. Conversely, the
results of CoLBT simulations without the coalescence com-
ponent, shown in the bottom-right panel of Fig. 39, underes-
timate the measurements for pt > 4 GeV/c, indicating that
in the hybrid hadronisation approach implemented in this
model quark recombination is crucial to describe the data.

The recombination of flowing quarks provides a natural
explanation for the observed pt dependence of v, and of the
baryon versus meson grouping at intermediate- p [443,475].
In the recombination picture, mesons (M) and baryons (B) at
a transverse momentum prt reflect the properties of partons
with an average transverse momentum of pt/2 (for mesons)
or pt/3 (for baryons). At low- pr, their elliptic flow, to a first
approximation, should be determined by that of their con-
stituent quarks (q): v2,M(p1) = 202 q(pr/2) for mesons and
v2,B(pT) = 3v2,4(pr/3) for baryons. As a consequence, v2
attains its climax value at higher momenta for baryons than
for mesons. These simple formulae for v, in the recombina-
tion picture hold true under the assumptions of coalescence
of quarks with the same velocity (i.e. neglecting the width of
the wave functions) and of completely direct production (i.e.
neglecting the contributions from resonance decays). This
motivated the picture of constituent-quark-number scaling of
v as a function of the transverse kinetic energy, which was
observed to hold with good approximation (within + 10% at
intermediate- pr) in the data at RHIC energies [110-112]. At
the LHC, up to £20% deviations from the exact scaling were
observed [290]. After the precise measurements obtained at
the LHC for heavy-flavour hadrons, the studies of the scal-
ing of the flow coefficients with the number of constituent
quarks could be extended to charm mesons and charmonia.
Such studies (see e.g. those reported in Sect. 2.5.5) can shed
light on the role of the hadronisation mechanism in the hier-
archy observed in the v, of pions, D, and J/¢ mesons at low-
and intermediate- p.

It should be noted that the constituent-quark number scal-
ing is a prediction based on naive coalescence calculations
with several simplifying assumptions. Deviations from this
simple scaling and a consequent break-up of the quark-
number scaling are expected to appear when some of these
assumptions are relaxed by performing a full calculation
with the Wigner function formalism and by accounting for
multiple extra-considerations, such as: the effects of the
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Fig. 39 pr-differential v, for several particle species in Pb—Pb collisions at /sy = 5.02 TeV for different centrality classes [290] compared to

the Catania [457], EPOS 3.4 [199], and CoLBT [461] models

resonance decays [476], quark momentum distributions in
hadrons [476], higher Fock states in the hadron wave func-
tion [453], the interactions in the hadronic phase, the space-
momentum correlations (e.g. due to radial flow), the high
phase-space density of quarks [477], the different v, of
strange quarks compared to up and down quarks, and the
contribution of hadrons produced by fragmentation.

Heavy-flavour production. In order to extend the investiga-
tions of light-flavour hadron production, the measurement
of hadrons containing heavy quarks can provide additional
insights in the hadronisation mechanisms of the QGP. In
fact, as already mentioned in Sect. 2.3.1, charm and beauty
quarks are created in hard-scattering processes characterised
by shorter timescales compared to the QGP formation time.
Subsequently, they experience the full system evolution,
undergoing multiple elastic (collisional) and inelastic (gluon
radiation) interactions with the medium constituents, which
can lead to their, at least partial, thermalisation in the QGP,
as supported by the comparison of the measured yields and
vy of charm hadrons with model calculations [69,430-433].
As for the light-flavour partons, the hadronisation of heavy
quarks takes place in the medium when the phase bound-
ary is reached and can happen via two competing mecha-
nisms, namely fragmentation and recombination with quarks
from the medium. The former is expected to be the domi-
nant mechanism at high-pt (pr > 6—8 GeV/c), while the
latter at low- and intermediate- p. In particular, the hadroni-
sation via recombination is expected to be most probable for
heavy and light quarks close in momentum and space. Since

heavy quarks are produced essentially in the early stage of
the collisions, and not in soft processes at later stages (such as
thermal production in the QGP or string-breaking processes
in the hadronisation as described in fragmentation models),
they are bound to be especially sensitive to recombination
effects. In particular, recombination is expected to affect
the momentum distributions and the abundances of different
heavy-flavour hadron species compared to those measured in
pp collisions [478]. If heavy quarks hadronise via recombi-
nation, the production of baryons relative to that of mesons is
expected to be enhanced at intermediate- pt. In addition, the
yield of charm and beauty hadrons with strange-quark con-
tent (e.g. D and BY mesons) relative to non-strange hadrons
is expected to be larger in heavy-ion collisions compared
to pp collisions, because of the larger production of strange
quarks [479,480]. In the case of hadronisation via recom-
bination with flowing light quarks from the medium, open
heavy-flavour hadrons are also expected to acquire some of
the collective behaviour of the expanding system in addition
to that inherited via their (partial) thermalisation, thus leav-
ing a signature in the Raa and vy, as discussed in Sect. 2.4.1.
A charm quark can also combine, during the medium evolu-
tion or at the phase boundary, with a € antiquark originating
from a different hard scattering, giving rise to charmonium
bound states (e.g. J/y mesons). Thus, recombination consti-
tutes an additional quarkonium production mechanism in the
QGP, which could counterbalance the predicted suppression
of the initially produced quarkonia due to the colour-charge
screening in the QGP (see Sect. 2.5.1).
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Figure 40 shows the pr-differential yield ratios D;L/DO
(left panel) and A(‘f/DO (right panel) measured in minimum-
bias pp collisions [481-484] and in the 10% most cen-
tral Pb—Pb collisions at /syy = 5.02 TeV [436,437]. The
ratio between the pr-differential yields of strange and non-
strange D mesons in pp collisions does not show any marked
pt dependence within the experimental uncertainties and
is compatible with previous measurements at ete™ collid-
ers [485]. A hint of a larger D:F/DO ratio (at 2.30 level
of the combined statistical and systematic uncertainties) is
observed for pr < 8 GeV/c in central Pb—Pb collisions
compared to pp collisions, which can be explained in the
case of charm-quark hadronisation via recombination within
a strangeness-rich medium. At higher pr, the Dj‘/D0 ratio
converges to the values measured in pp collisions.

Unlike the ratio between charm meson yields, the Aj/DO
ratio measured in minimum-bias pp collisions exhibits a
pr dependence, which is around 0.4-0.6 at low-pt and
decreases to 0.2-0.3 at high-pr, similarly to what was
observed in the light-flavour sector for the baryon-over-
meson ratios p/m and A/K(S) [482]. In addition, the measured
A;F/D0 ratio is significantly higher than the measurements
done at eTe™ and ep colliders [485,486]. This enhance-
ment, observed for different charm-baryon species in pp col-
lisions [487—-489], as discussed in Sect. 6.2.2, suggests that
the fragmentation of charm quarks into hadrons is not uni-
versal across collision systems, and further mechanisms that
enhance the baryon productions have to be taken into account
with respect to those considered for the et e~ and e*p predic-
tions. A hint of enhancement in the baryon-over-meson ratio
isobserved for4 < pt < 8 GeV/c in the 0—10% most central
Pb-Pb collisions with respect to pp collisions. This possible
enhancement at intermediate- pT is consistent both with the
radial expansion of the system that imparts the same velocity
to all particle species, boosting heavier particles to higher
momenta, and the hadronisation of the charm quarks via the
recombination mechanism that is expected to be dominant in
this momentum region.

In Fig. 40, the pr-differential DJ/D? and AF/D yield
ratios are compared to theoretical predictions obtained with
four different models. The Catania model [490,491] assumes
that a colour-deconfined state of matter is formed in both
pp and Pb-Pb collisions and implements the heavy-quark
transport via the Boltzmann equation (see Sect. 2.4 for more
details). As for the light-flavour particles, the hadronisation
in the Catania model can occur via instantaneous coales-
cence, implemented through the Wigner formalism, in addi-
tion to the fragmentation. The coalescence mechanism is pre-
dicted to be the dominant one at low- and intermediate- pr,
while at high- pt charm quarks are expected to mainly hadro-
nise via fragmentation. The Catania model reproduces within
the uncertainties the measured Dj/DO ratios both in pp and
Pb-Pb collisions. They also describe the A}/DP ratios in
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pp collisions while, in central Pb—Pb collisions, they slightly
overestimate the measurements at low- pt and underestimate
them at intermediate- pt. A similar description of the heavy-
quark transport and hadronisation in Pb—Pb collisions is pro-
vided by the TAMU model [492]. In this case, the charm-
quark transport in a hydrodynamically expanding medium
is described by the Langevin equation and the hadronisation
via recombination is implemented with a Resonance Recom-
bination Model (RRM) [454]. Within this formalism, the
hadronisation proceeds via formation of resonant states when
approaching the pseudo-critical temperature, whose rates are
governed by the Boltzmann equation. In this case, the recom-
bination process is not instantaneous and it is governed by a
time scale which is the inverse of the width of the resonant
states formed and is therefore different for different reso-
nant states. The resonant states include heavy-flavour baryon
states that have not been measured so far, but they are pre-
dicted by the Relativistic Quark Model (RQM) [494] and con-
sistent with lattice-QCD predictions. It is also important to
notice that, differently from the Wigner formalism, the RRM
guarantees 4-momentum conservation for all pt values. In
pp collisions, in contrast to the Pb—Pb case, the hadronisa-
tion in the TAMU model is not described with the RRM: the
abundances of the different charm-hadron species are instead
determined with a statistical hadronisation approach [439],
which takes into account an augmented set of charm-baryon
excited states based on guidance from the RQM and is able to
reproduce the measured A /DU ratio. The TAMU predictions
reproduce the magnitude and shape of the pr-differential
AZ/DY, while they overestimate the D} /DY ratios both in pp
and Pb—Pb collisions. The POWLANG model [493] imple-
ments a Langevin-based transport of heavy quarks in the QGP
followed by in-medium hadronisation. At the hadronisation
stage, occurring around the QCD pseudo-critical tempera-
ture, charm quarks are recombined with light thermal quark
or di-quark states from the medium into colour-singlet clus-
ters. Low-mass clusters are then decayed into a charm hadron
and a light particle, while heavy clusters are fragmented
according to the Lund model [495,496]. In order to provide a
benchmark relevant for pp collisions, the POWLANG model
is compared to the results obtained with the POWHEG-BOX
event generator [497] matched to PYTHIA 6 [76] for the par-
ton shower and for the hadronisation, the latter being imple-
mented only via fragmentation. In central Pb—Pb collisions
the model overestimates the Dj/DO ratios, while it better
describes the A(J{/D0 measurements. Finally, the predictions
for the D /DY and A /D ratios in Pb-Pb collisions obtained
from an approach based on the statistical hadronisation model
are reported in Fig. 40 as solid lines for the calculations using
the list of charm-baryon states from the PDG [440], and as
a dash-dotted line for the AZ/DV ratio obtained considering
an augmented set of excited charm baryon states along with
a larger charm production cross section. Such calculations
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Fig. 40 D} /D" [436,483,484] (left) and A} /D° [437,481,482] (right)
yield ratios as a function of pr in pp collisions and in the 10%
most central Pb—Pb collisions at ,/syy = 5.02 TeV compared to dif-

use the GSI-Heidelberg SHM described in Sect. 2.3.1 for the
hadron yields, while the pt spectra of charm hadrons are
modelled with a core-corona approach [434]. The core con-
tribution, especially important at low-pr, is parameterised
with a blast-wave function under the assumption of local
thermal equilibrium of charm quarks in the fireball formed
in the collision. Hence, the charm hadrons at hadronisation
inherit the thermal motion of the charm quarks superimposed
with the collective velocity of the hydrodynamically expand-
ing QGP. The corona contribution is instead parameterised
from measurements in pp collisions. Overall, this approach
provides a fair description of the gross features of the data,
even though it predicts a pt dependence of the D:F/DO ratio
that is more pronounced than the measured one and it under-
estimates the measured AJ/D? ratio at intermediate-pr. In
particular, the calculations with an augmented set of charm
baryons predict a larger A;”/DO ratio than the ones using the
PDG list for pt < 6 GeV/c, but both of them undershoot the
data points in 4 < pt < 8 GeV/c.

The pr-integrated A /D ratios in Pb—Pb collisions in the
two considered centrality classes were calculated by extrapo-
lating the measured A pr-differential yields downto pr = 0
as discussed in Ref. [437]. These ratios are compatible with
the ones measured in pp and p—Pb collisions [481,482] within
one standard deviation of the combined uncertainties. This
behaviour is similar to the one discussed above for the A/Kg
baryon-to-meson ratio in the strangeness sector and suggests
that, also in the charm sector, the modifications of the hadro-
nisation in presence of the QGP mainly result in a redistri-
bution of the A and D° yields over pr rather than an over-
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ferent model calculations, namely Catania [490,491], TAMU [492],
POWLANG [493], and the GSI-Heidelberg statistical hadronisation
model [434]

all increase in baryon production. However, considering the
relatively large uncertainty of the pr-integrated A. yield in
Pb—Pb collisions, the current data do not allow for a discrim-
ination among different charm-baryon formation scenarios.

Insight into the hadronisation of beauty quarks was
obtained from recent measurements of the pr-differential
yieldratios of non-prompt D" and non-prompt DY mesons [484,
498], i.e. D mesons originating from the decay of beauty
hadrons. This study is complementary to the measurements
of the B(S) /B ratios reported by the CMS Collaboration [499]
for pt > 7 GeV/c, which show a hint of enhancement of
beauty-strange meson production in Pb—Pb collisions. The
measurement of non-prompt D mesons provides sensitivity
to the production yields of different B-meson species because
in pp collisions about 50% of non-prompt D] mesons are
produced in Bg decays, while most of the non-prompt D°
mesons originate from non-strange B-meson decays [484].
The measurements reported in Ref. [498] show a hint of a
larger non-prompt D;"/DO yield ratio in central Pb—Pb colli-
sions relative to pp interactions, with a significance of 1.70.
This is consistent with an enhanced production of beauty-
strange mesons in heavy-ion collisions, as expected in a
scenario in which beauty quarks hadronise via recombina-
tion with quarks from the strangeness-rich QGP. The TAMU
model [500] can describe qualitatively the data points, cap-
turing the enhancement of non-prompt D" mesons and its
trend with pr.

The models that implement the heavy-quark hadronisation
via recombination and fragmentation in the QGP provide a
good description of the main features of heavy-flavour hadron
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production measurements down to low transverse momen-
tum, supplying important additional insights into the hadro-
nisation mechanisms.

2.3.3 The hadronic phase

The hadron-gas phase lasts approximately 5-10 fm/c from
the chemical freeze-out, right after the hadronisation of the
QGP, to the kinetic freeze-out, when all interactions cease
and hadrons stream freely. The resonances with lifetimes
of the same timescale are likely to decay before the kinetic
freeze-out. They are therefore good probes of the dynam-
ics of the hadronic phase [501]. In fact, the decay products
of resonances are subject to elastic interactions in the hadron
gas, which modify their momenta and prevent the reconstruc-
tion of the resonance signal by means of an invariant mass
analysis. As a consequence, the measured resonance yield
is suppressed with respect to the amount produced at the
chemical freeze-out. In this context, it is also worth recall-
ing that the line shapes of the invariant mass peaks of the
reconstructed resonances in Pb—Pb collisions do not show
any significant deviation, within the experimental uncertain-
ties, with respect to the measurements in pp collisions and to
the expectations based on the resonance mass and width from
the PDG. The suppression effect due to rescattering can be
compensated by regeneration processes, by which hadrons
from the medium interact and form a resonance that will
decay after the kinetic freeze-out. Regeneration could even
be the dominant effect: in this case, the measured resonance
yield would be enhanced. Resonance decays and regenera-
tion reactions are not in balance, though, since chemical equi-
librium is lost at the chemical freeze-out. A partial chemical
equilibrium (PCE), however, has been proposed [502], for
which the decays and the regeneration of the short-lived res-
onances obey the law of mass action, i.e. the abundances of
the different resonances stay in equilibrium with the parti-
cles that are formed in the decays of these resonances. In this
approach, the yields of resonances are related to the temper-
ature at the kinetic freeze-out (see also [503]).

In a simple scenario of a sudden and instantaneous kinetic
freeze-out common to all particle species, the amount of sup-
pressed (or enhanced) yield that is measured depends on (i)
the lifetime of the resonance, (ii) the cross sections for rescat-
tering and regeneration processes, and (iii) the time span
(duration) of the hadronic phase. The latter is expected to be
longer for central collisions, where larger system volumes
are created, than for peripheral collisions. The best figure of
merit to quantify the net effect is the yield ratios of reso-
nances to long-lived hadrons with the same quark composi-
tion; by measuring such ratios with resonances of increasing
proper lifetime, like p(770)° (z'f = 1.3 fm/c), K*(892)°
(r"f = 4.16 fm/c), A(1520) (" = 12.6 fm/c) and ¢ (1020)
(" = 463 fm/c) [440], one can make use of different
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sensitivities to the hadronic phase and its interactions. For
simplicity, these resonances will be denoted as p, K*, A*,
and ¢ in the following. The results of this investigation are
shown in the left panel of Fig. 41, where the ratios of pr-
integrated® yields p/m [504], K*/K [505], A*/A [506,507]
and ¢/ K [505] are presented as function of the cubic root of
the charged-particle multiplicity at |y| & 0, (dNep,/dn)!/3,
which represents the radial extent of the system (see Fig. 18
in Sect. 2.1.5). Results are shown for Pb—Pb collisions at two
different colliding energies, /sxn = 2.76 TeV and 5.02 TeV,
and for pp collisions at /s =2.76 TeV and 7 TeV. Note that
the ¢ meson is a hidden-strangeness hadron but, as far as
hadro-chemistry is concerned, it behaves like the kaon that
has strangeness § = 1.

If no final-state effects such as rescattering and regen-
eration intervened during the hadron-gas phase to modify
the resonance yields, the ratios in Fig. 41 would be con-
stant as a function of (dNe,/dn)'/3 due to the similar pro-
duction mechanisms for particles with the same strangeness
and quark composition. What is instead observed in Fig. 41
is that the yields of p, K*, and A* are progressively more
suppressed with respect to the reference long-lived hadrons
when going from peripheral to central collisions, whereas
the ¢/K ratio is almost flat. For the p/7, K*/K, and A*/A
ratios, the difference between the values measured in pp and
in the most central collisions is larger than 30 of the com-
bined statistical and systematic uncertainties. The fact that
the yield ratios involving o, K*, and A* resonances decrease
with increasing (dNgp/dn)!/? suggests that, in the hadronic
phase, the rescattering of the decay products is dominant
over regeneration and that it is more effective in central colli-
sions, where the hadronic phase lasts longer. The fact that the
¢/K ratio remains approximately constant indicates instead
that ¢ mesons are not affected by final state effects in the
hadronic phase. This is likely due to the ¢meson lifetime,
one order of magnitude larger than that of the K* resonance,
which causes ¢ mesons to decay after the kinetic freeze-out.
Hence, the ¢ decay products do not rescatter and no regen-
eration of ¢ mesons occurs (since the regeneration of a res-
onance is likely to originate from rescatterings of resonance
decay products). This is consistent with the PCE picture of
Ref. [502], where the yield of the long-lived ¢ mesons rel-
ative to pions is expected to have a very mild dependence
on the kinetic freeze-out temperature, i.e. to be minimally
modified during the hadronic phase.

The yield ratios in Fig. 41 are also compared to EPOS3
simulations with and without a hadronic cascade phase mod-

8 Like for the ground states (77, K, A) used in the present ratio, the
fraction of extrapolated yield to zero pr, in pp as well as in Pb—Pb,
remains small to moderate for the various resonances (typically 5% for
K*(892)°, 6% to 16% for A(1520), 14% for ¢ (1020) and 20-30% for
p(770)°).
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Fig. 41 (Left) Ratios of midrapidity yields between resonances and
ground-state hadrons of similar valence-quark content, as a func-
tion of (dNch /dn)l/ 3. These are obtained for inelastic pp colli-
sions (4/s = 2.76 TeV and 7 TeV [508-511]) and for Pb—Pb colli-
sions (/syx = 2.76 TeV [386,504,507] and 5.02 TeV [273,402,455])
ranging from peripheral to most central overlaps. Error bars and
boxes represent the statistical and the total systematic uncertainty,

elled by UrQMD [512]. The ratios obtained from EPOS3
without UrQMD are independent of multiplicity as expected
for all resonances, including a flat behaviour for ¢/K, that
further supports the similarity between ¢ and kaon as far as
hadro-chemistry is concerned. When the hadronic cascade
phase (UrQMD) is switched on, the model reproduces, at
least qualitatively, the observed decreasing trend of the p /7,
K*/K and A*/ A ratios with increasing multiplicity. The ¢/K
ratio remains flat also with UrQMD, confirming the hypoth-
esis of no final-state effects acting on the ¢ meson.

The hadronic rescattering effect is expected to be momen-
tum dependent, with greater strength for low- prresonances
(pt <2 GeV/c) [275]. This can be studied by comparing the
measured resonance prspectra with the expectations from
different models. The prspectra of K* resonances are shown
in the right panel of Fig. 41 for central (0—10%) and periph-
eral (70-80%) Pb—Pb collisions at ,/syy = 5.02 TeV. They
are compared with predictions from the EPOS3 event gener-
ator (with and without UrQMD) and from an improved blast-
wave model (BW FastReso) [277] hinging on the FastReso
computation for resonance production [278] (described in
Sect. 2.2.1). In the BW FastReso calculations, the common
radial velocity and temperature at the kinetic freeze-out are
evaluated from a simultaneous blast-wave fit to the measured
prspectra of pions, kaons, and protons and used to predict
the shape of resonance spectra. The resulting distributions
are then normalised so that their integrals are equal to the

1 10

respectively. Model predictions are from EPOS3 with and with-
out UrQMD [512]. (Right) Transverse-momentum distributions of
K*(892) at /Sxn=5.02 TeV [455] for central and peripheral collisions
compared with predictions from EPOS3 (with and without UrQMD) and
from a blast-wave model with a dedicated treatment of resonances (BW
FastReso) [277]

measured yield of charged kaons in Pb—Pb collisions mul-
tiplied by the K*/K ratios given by a SHM fit to ALICE
data [122]. For peripheral collisions, model predictions are
in fairly good agreement with data over the full measured
range. For central collisions, agreement is found only for
pt > 2 GeV/c, whereas at low- pr, as expected, the measured
yields are reduced due to the rescattering effects. EPOS3
without UrQMD fails to describe the data at low-pr, for
both central and peripheral collisions, whereas good agree-
ment is obtained at high-pt. When switching UrQMD on,
a suppression is indeed observed at low- pt, with increasing
strength for decreasing pr.

Rescattering in the hadronic phase is seen as the most
probable cause of the measured suppression. This suggests
to further use the p/m, K*/K, and A*/A ratios to estimate
the time span between chemical and kinetic freeze-out (tgin —
Tchem). This estimation is performed by means of an expo-
nential decay law [455], rkin = Fchem X e~ (Thin—Tchem)/Tres
under the assumptions of negligible regeneration, and sud-
den chemical and kinetic freeze-outs occurring at the same
instant for all particle species. The ratios riin and rchem are
any of the p/m, K*/K or A*/A measured yield ratios at the
kinetic and chemical freeze-out, respectively. In the calcu-
lations, the ratio in pp collisions is taken as a substitute for
the ratio rcpem at the chemical freeze-out, while rg, is the
measured ratio in Pb—Pb collisions. The lifetime of the reso-
nance is dilated by the Lorentz factor, when going from the
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resonance rest frame to the laboratory reference frame; such
afactor is associated with (p;) of the individual pt-spectrum
of each resonance, so that t.s = rrrefs.yrgT>. Results for the
estimated duration of the hadronic phase are shown in the
left panel of Fig. 42 as a function of (dNgy/dn)!'/3. For all
particles an increasing trend is observed, which mirrors the
decreasing behaviour of the yield ratios for increasing system
size. Unlike the naive expectation of a hadronic-phase dura-
tion common to all resonances for a given system size, differ-
ent values are obtained from the p, K*, and A* yields. The
estimated times differ by up to an order of magnitude, being
larger for longer-lived resonances. The predictions for the
time span between chemical and kinetic freeze-out obtained
from EPOS3 simulations with UrQMD [512] are also shown
for reference in the left panel of Fig. 42. The hadronic-phase
duration from EPOS3+UrQMD has a similar magnitude (of
few fm/c) and trend with multiplicity as compared to the esti-
mates obtained from the measured resonance yields, being
closer to the estimate calculated from the A (1520), which is
the longest lived among the considered resonances.

The reason why the time durations obtained from p/m
and K* /K ratios are shorter than the time calculated from the
A*/ A ratio might be due to regeneration effects, neglected in
the simple exponential decay model and affecting more the p
and K* resonances than the A*. If regeneration plays a role,
the hadronic-phase duration estimated from the yield ratios
can be interpreted as the lapse of time between the on-average
delayed resonance production due to regeneration and the
kinetic freeze-out, therefore representing a lower limit for
the duration of the hadronic phase. In order to estimate the
actual duration of the hadronic phase, the delay due to the
regeneration has to be added to the time span estimated from
the ratios.

Sensitivity to the delay in the production of K* due
to regeneration can be obtained from femtoscopy mea-
surements (see Sect. 2.1.5 and also [248]). In particular,
it is expected from hydrokinetic model (HKM) simula-
tions [252,515] that the interferometry radii are little affected
by the decay of K* resonances, but they are sensitive to
regeneration, which shifts the emission time of pions and
kaons. Since pions from K* decays have a negligible effect
on the pion interferometry measurements due to the large
amount of primary pions, a longer emission time for kaons
than for pions is expected due to regeneration through the
K* resonance. Regeneration can also explain [516] the m -
scaling violation seen in Fig. 20 in Sect. 2.1.5, where the
radii of kaons are systematically higher than those of pions
in the same centrality class. The difference in the emis-
sion time of pions and kaons is quantified by the pion—
kaon emission asymmetry, presented in the right panel of
Fig. 42 for Pb—Pb collisions at ,/sxy =2.76 TeV as a function
of (dNCh/dn)l/ 3 [513]. The non-zero emission asymmetry
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observed in the figure is the consequence of several effects,
including the collective expansion of the system, the pres-
ence of short-lived resonances decaying into the considered
particles, and the radial flow of these resonances. All these
features are only qualitatively reproduced by a (3+1) viscous
hydrodynamic model [517], coupled to the statistical hadro-
nisation, resonance decay, and propagation code THERMI-
NATOR 2 [514]. In order to reproduce quantitatively the
measured emission asymmetry, an emission delay At of 1.0—
2.1 fm/c for the kaons has to be specifically included in the
model. This At can be interpreted as the delay due to the
decay of K* resonances produced by regeneration in the late
stages of the hadronic phase.

The interpretation of the femtoscopy results suggests that
regeneration plays a relevant role until the late stages of the
hadron gas evolution. This challenges the assumption of the
simple formula used to estimate the duration of the hadronic
phase from the resonance yields, in which regeneration was
neglected, and confirms that regeneration provides a plausi-
ble explanation for the different values estimated from dif-
ferent resonances. A further consideration is that the find-
ings from the resonance-yield and femtoscopy measurements
may disfavour a scenario of a sudden kinetic freeze-out of all
particle species at the same time. A more complex scenario
could be figured out in which the kinetic freeze-out spans
over a range of time, possibly different for different parti-
cle species. This is supported by hydrodynamic calculations
coupled with UrQMD to model the hadron cascade [518]
and by considering that the decoupling of particles from an
expanding system is a continuous process, which takes place
over a finite range of temperatures [502].

2.3.4 Conclusions

Equilibration of light-flavour hadrons. High-precision mea-
surements of the yields of several species of hadrons com-
posed of light (up, down, and strange) quarks were carried
out, spanning nine orders of magnitude in production rate
from pions to light nuclei and hypernuclei. The abundances
are well described by statistical hadronisation models, con-
firming the thermal nature of particle production in heavy-
ion collisions already observed at lower collision energies.
The thermodynamic (macroscopic) parameters characteris-
ing the chemical freeze-out (T;hem and up) follow the trend
with ,/syn established at SPS and RHIC. In particular, val-
ues of Tehem & 156 MeVand up =~ 0 are extracted from the
SHM analysis of the hadron abundances measured in Pb—Pb
collisions at /syy =2.76 TeV. The high precision of the data
revealed small tensions between the measured data points
and the SHM predictions for protons, and to a lesser extent
for strange baryons. This motivated several phenomenolog-
ical studies, which pointed out the importance of including
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Fig. 42 (Left) Hadronic phase duration (time span between chem-
ical and kinetic freeze-out) as a function of (dNgp /dn)” 3 calcu-
lated from the p/m, K*/K and A*/A ratios in Pb—Pb collisions at
s = 2.76 TeV [386,504,507]. The p/m results are shifted hori-
zontally by 0.1 units for visibility. (Right) Pion—kaon emission asym-

the interactions among hadrons (relevant for temperatures
close to Tj) in the modelling of the hadron-resonance gas.

Sensitivity of heavy quarks to thermalisation. Heavy quarks
(charm and beauty) are not produced in chemical equilib-
rium with the quark—gluon plasma. Nevertheless, the yields
of charm hadrons can be described by the SHM using as input
the production cross section of charm quarks in the initial
hard-scattering processes, which determines the charm con-
tent of the fireball, and accounting for charm conservation
in the fireball evolution. This supports a scenario in which
charm quarks are to some extent thermalised in the QGP.

Mechanisms of light-flavour hadron production in differ-
ent pt domains. In the light-flavour sector, the measurements
in a wide momentum interval of the pr-differential spectra of
mesons and baryons, the baryon-to-meson ratios, as well as
the anisotropic flow harmonics of different hadron species,
allowed for a significant step forward in the understanding of
the mechanisms of hadron formation at a microscopic level.
At high-pt (> 8-10 GeV/c), the measurements in Pb—Pb
collisions show that the vy coefficient is the same for all
particle species and that particle yield ratios are consistent
with those measured in pp collisions and in the fragmentation
of jets. This confirms that, in this region, hadron formation
is dominated by fragmentation. At low-pt (< 2 GeV/c),
the measured spectra and flow coefficients are described
by hydrodynamic calculations and are thus understood in
a picture of a system which evolves in equilibrium. The
intermediate- pt region, where equilibrium does not hold,
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metry for Pb—Pb collisions at ,/sxy = 2.76 TeV as a function of
(dNCh/dn)l/ 3 [513]. The shaded areas show predictions from the
THERMINATOR 2 model with default and selected values of addi-
tional delay At for kaons [514]

provides a window into the scenario in which the momentum
and the angular distributions of hadrons can preserve a mem-
ory of their evolution, providing in particular sensitivity to
the mechanism of hadron formation at the microscopic level.
The features of the data in this pr region are qualitatively,
and to a good extent also quantitatively, captured by models
that include a hadronisation via recombination of effective
constituent quarks at the phase boundary. The recombination
involves soft partons emerging from the collective expansion
of the QGP as well as partons which are produced in hard-
scattering process and are quenched while traversing the hot
and dense plasma.

Charm-hadron production in different pt domains. Mea-
surements of the pr-differential yields of several charm
hadron species in Pb—Pb collisions show hints of an enhance-
ment in the production charm-strange mesons (D) and
charm baryons (A}) at low and intermediate momentum
relative to D mesons with respect to pp collisions. This
effect is naturally expected for the hadrons produced via
quark recombination, and the measured particle yield ratios
are described by models implementing heavy-quark hadro-
nisation via both recombination and fragmentation. This is
consistent with the conclusions drawn from measurements
of J/¢ production and angular distributions, which demon-
strate the important role of the recombination mechanism to
generate hidden-charm states during the QGP expansion or
at the phase boundary.

Resonance production altered by the hadronic phase. Mea-
surements of the yield of strongly-decaying resonances as
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a function of the collision centrality show a suppression of
short-lived resonances (ct ~ 1 to a few fm/c), increasing
from peripheral to central collisions. This can be interpreted
as a result of the rescattering of the resonance decay prod-
ucts in the hadronic phase, which dominates over regenera-
tion. This allowed for a simple quantitative estimation of the
duration of the hadronic phase, spanning from the chemical
to the kinetic freeze-out, under the assumption that regenera-
tion can be neglected. The hadronic phase duration estimated
with this simple approach ranges from ~ 1 to &~ 10 fm/c,
increasing from peripheral to central collisions. However, the
times calculated from the yields of different resonances differ
by up to an order of magnitude, and are larger for longer-lived
resonances. These results, along with the ones obtained from
kaon—pion femtoscopy, indicate that the regeneration contri-
bution is likely to play a relevant role. Moreover, these results
challenge the simple scenario of a sudden kinetic freeze-out
of all particle species at the same time and may indicate that
the decoupling of particles from the expanding hadron gas
is a continuous process, which takes place over a range of
times and temperatures that is different for different hadron
species.

2.4 Partonic interactions in matter

This section discusses the application of processes generated
in high momentum-transfer (high-Qz) interactions as hard
probes of the QGP. Hard probes are created far out of equi-
librium with the QGP, and their in-medium interactions can
be used to measure effects due to dynamical processes such
as energy transport and equilibration. Because of their high-
momentum they are short-wavelength phenomena, and their
in-medium interactions are therefore sensitive to the micro-
scopic structure of the QGP and its quasi-particle nature. It
is important to note, however, that high-Q? refers only to
the process of generation of such probes but not to their in-
medium interactions, which in general span a broad range in
0.

The focus of this section is on the production and propa-
gation in the QGP of high-momentum jets, where the high-
0? scale requires high- pr, and heavy quarks, i.e. charm and
beauty quarks, where the high-Q? scale is imposed by the
quark masses. The essential characteristics of high-Q? pro-
cesses as probes of the QGP are as follows:

1. Their production cross sections in pp collisions are cal-
culable with controlled and improvable accuracy using
the tools of pQCD;

2. Based on considerations of the uncertainty principle
and QCD factorisation, high-Q? processes are expected
to occur at the earliest stage of a heavy-ion collision,
prior to equilibration of the QGP, and therefore probe its
hottest and densest phase;
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3. The interaction between a hard probe and the QGP can
be calculated theoretically starting from the pQCD for-
mulation for elementary collisions or from transport the-
ory, giving a firm conceptual basis to such modeling
approaches.

Open heavy flavour in the QGP. Because the masses of
charm and beauty quarks are much larger than both Aqcp
and the medium temperature, their production even at low
pr is governed predominantly by hard scattering processes
early in the evolution of the system and additional thermal
production is negligible. Heavy-flavour measurements probe
the medium over a wide range of wavelengths, depending
upon prt. Theoretically, at low pt the interaction is governed
largely by elastic (collisional) processes, whereas inelastic
(radiative) processes predominate at high-pr (see [70,431]
for recent topical reviews).

At long wavelengths, i.e. quark momenta less than a few
GeV/c, heavy quarks exchange energy and momentum via
multiple soft and incoherent collisions within the hydrody-
namically expanding medium, picking up collective flow
and approaching thermalisation. The relaxation time g of
heavy quarks is expected to be close to the lifetime of the
QGP, with tq being significantly longer for beauty than for
charm quarks due to their larger mass. Heavy-flavour observ-
ables thereby retain a memory of quark-medium interac-
tions in an early phase of the QGP. The long-wavelength
physics of the interaction of heavy quarks with the medium
is treated theoretically in a diffusion approach based on
Fokker—Planck or Langevin dynamics. The typical momen-
tum exchange is small in individual scattering processes
and, therefore, the dynamical behaviour can be described in
terms of Brownian motion in the QGP medium [519,520]. In
the intermediate-wavelength region, corresponding to heavy-
flavour hadron transverse momenta up to about 10 GeV/c,
measurements probe the mechanism of hadronisation from a
deconfined medium (see Sect. 2.3). At short wavelengths,
i.e. heavy-flavour hadron pr > 10 GeV/c, heavy-quark
interactions with the QGP probe the physics of jet quench-
ing, notably the quark-mass dependence of medium induced
energy loss, which is expected to be influenced by the dead-
cone effect [40,521].

The theoretical description of heavy-flavour propagation
through the medium is commonly realised in transport mod-
els, which start from the production of heavy quarks in hard
scattering processes, followed by transport in a hydrodynam-
ically expanding medium, hadronisation, and interactions
during the hadronic phase.

The Brownian motion of heavy particles in a medium of
light constituents is characterised by a diffusion process. The
coupling between the medium and the heavy particle in this
regime can be expressed by the dependence of the average
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squared displacement of the particle, (7 2), on the time ¢
(F2) = 6Dt (13)

where the spatial diffusion coefficient Dg encodes the trans-
port properties of the medium.

The description of heavy-quark transport in the QGP starts
from the Boltzmann equation, which describes the space—
time evolution of the heavy-quark phase space distribution
in terms of external forces and a collision integral, encod-
ing the interaction of the heavy quark with the medium par-
tons. For moderate medium temperatures, the momentum
transfer between the heat bath and a heavy quark is small
in individual interactions, motivating the picture of soft and
incoherent scatterings. In that case, the Boltzmann equation
can be approximated by the Fokker—Planck equation [431].
This formulation incorporates momentum-dependent trans-
port coefficients A(p) and B(p) characterising momentum
friction (drag) and diffusion, which are denoted y and D
in the non-relativistic, momentum-independent limit. In this
limit one also obtains the dissipation-fluctuation theorem,
often called Einstein relation,

Dy=mqyT, (14)

which highlights the role of momentum frictions and diffu-
sion by connecting the temperature 7 of the heat bath with
the momentum distribution of heavy quarks with mass mq.

Alternatively, heavy-quark transport in the QGP is imple-
mented as a Langevin process with drag and diffusion
terms. To ensure that the heavy-quark momentum distribu-
tion asymptotically approaches the equilibrium limit, the Ein-
stein relation is usually enforced in such calculations, i.e.
only the drag coefficient is treated as an independent param-
eter, with the momentum diffusion coefficient obtained via
the equation above. In turn, the drag and spatial diffusion
coefficients are related via

Dy oc¢ —. (15)
mQ Y
Since y is approximately proportional to 1/m¢, Ds is almost
independent of the quark mass and is therefore a parame-
ter that characterises the transport properties of the medium.
Furthermore, Dy is proportional to the relaxation time 7 of
heavy quarks in the medium, i.e. 1q = (mq/T)Ds. If Dy
is sufficiently small, the relaxation time is smaller than the
expansion rate of the medium, meaning that a heavy quark is
likely to remain in the same fluid cell throughout the expan-
sion of the medium. Consequently, heavy quarks pick up the
large collective flow of the medium. If, on the contrary, Dy
and the relaxation time are large, both flow and yield suppres-
sion of heavy-flavour probes are small. Therefore, this QGP
transport property can be determined by comparing mea-
surements of the heavy-flavour yield suppression and flow

coefficients with corresponding results from model calcula-
tions. The product of D and the thermal wavelength of the
medium, Ag, = 1/(2nT), is a dimensionless quantity that is
proportional to the specific shear viscosity n/s; such inves-
tigations thereby also constrain /s [69,520].

ALICE measures open heavy-flavour production in a vari-
ety of channels. Heavy-flavour hadrons are fully recon-
structed from their hadronic decays [484,522-530]. In addi-
tion, heavy-flavour production is measured using semi-
leptonic decays into electrons [531-534] and muons [535—
537], including partial reconstruction of semi-electronic
weak decays of heavy-flavour baryons [488,489,526]. In
addition, beauty production is measured via non-prompt
J/¢¥ mesons from the decay mode B — J/¢ + X [538—
540] and non-prompt D mesons from the decay mode B —
D+ X [484,541]. For many of these measurements the excel-
lent spatial resolution of the ITS [142] is instrumental since
it allows to resolve the decay vertex of charm and beauty
hadrons from the primary collision vertex.

Jets in the QGP. A scattered parton with pr greater than
a few GeV propagates and evolves independently of other
products of the same high-Q? interaction, starting at time
earlier than 1fm/c. The QGP has an extended size, with
a lifetime in the order of 10fm/c (see Sect. 2.1.5), so that
the jet shower propagates through the expanding and cool-
ing QGP. During this process the jet shower itself evolves
and its colour-charged constituents interact with the colour-
charged constituents of the QGP, resulting in modification
of the shower. Such modifications, called “jet quenching,”
are observable experimentally and calculable theoretically;
comparisons of jet quenching data and calculations provide
unique, penetrating probes of QGP structure and dynamics.
See Refs. [542-544] for recent reviews of jet quenching.
Experimentally, jet quenching is manifest in several ways:

1. Medium-induced energy transport to large angles to the
hard parton or jet direction, commonly called “energy
loss”, observed through inclusive yield suppression;

2. Medium-induced modification of the distribution of jet
constituents, observed through the radial energy profile,
jet substructure, and fragmentation functions;

3. Jet centroid deflection due to soft multiple scattering or
scattering from quasi-particles in the QGP, observed as
medium-induced acoplanarity in coincidence measure-
ments;

4. Response of the QGP medium to deposited energy,
observed as energy and momentum flow over a large
range in phase space relative to the jet axis.

This many-pronged approach to quantifying jet quenching
is a valuable opportunity: it must provide a consistent pic-
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ture of jet quenching, thereby constraining significantly our
understanding of its underlying processes.

Theoretically, interactions of high-energy partons with the
QGP are broadly categorised as elastic interactions between
the propagating parton and the QGP constituents (2 — 2
scatterings), and inelastic scattering, or medium-induced
gluon radiation events (2 — 3 processes). These medium-
induced processes are interleaved with the spontaneous split-
tings of the parton shower process that also occur in pp and
other elementary collisions without a QCD medium (vacuum
emissions).

At high- pt, radiative processes are the dominant energy
loss mechanism. This has been explored for instance in the
BDMPS-Z framework [66,545], which shows that interfer-
ence between scattering and emission processes generate a
characteristic dependence of the energy loss on the square of
the in-medium path length. Various calculational approaches
have been developed: multiple soft scattering approximation
(BDMPS) [66,67]; opacity expansion (GLV) [62]; thermal-
field theory (AMY) [546]; higher twist (HT) [547,548];
and Soft-Collinear Effective Theory with Glauber gluons
(SCETg) [549-552]. While these different formalisms give
numerically different results, their relationship is largely
understood. In some cases explicit correspondence between
the calculations has been established [542,553], for example
by evaluating the all-order opacity expansion [554,555].

Each such formulation has its own natural parameter char-
acterising the strength of the jet-medium interaction, the
Debye screening mass, or the effective value of the strong
coupling. Different formalisms can be compared via the
transport coefficient ¢, which is the mean squared transverse
momentum transfer q per unit path length. In models, g is
calculated as the ratio of (qi) and mean free path X, or by
averaging the scattering rate dI"'/dq; dz = pdo/dq_,

~ <‘IJ2_> / 2 2 dar
=——=/d . 16
q9=— 991 gqTan (16)
Theoretical calculations indicate that the following char-
acteristics are expected for medium-induced radiative energy
loss:

— Path length dependence: in the BDMPS formalism, for
short path lengths the medium-induced energy loss varies
linearly with ¢ and quadratically with path length, which
arises from the LPM effect [66], (AE) o as § L2. Sim-
ilar dependencies are found for other formalisms [553,
554].

— Colour-charge dependence: the energy loss is propor-
tional to the colour factor of the propagating parton.
Energy loss is expected to be 9/4 times larger for glu-
ons than for quarks.

— Quark mass dependence: the phase space for gluon
emission is limited to the region where the gluon does
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not outrun the charge source, implying a minimum emis-
sion angle for gluons (dead-cone effect, see Sect. 6.3).
Consequently, charm and bottom quarks are expected to
lose less energy than light quarks at moderate momen-
tum, i.e. at a momentum less than a few times the quark
mass.

While analytical calculations are required to connect mea-
surements to the fundamental underlying theory, such calcu-
lations do not provide a straightforward way to implement
kinematic limits and they have to be worked out specif-
ically for each observable. Monte Carlo event generators
such as JEWEL [64], JETSCAPE [556] and the Hybrid
Model [557,558] provide a complementary set of tools, gen-
erating full events to which any analysis algorithm can be
applied.

Further detailed discussion of theoretical approaches to jet
quenching and their implementation in numerical modeling
can be found in Ref. [543] and references therein. Extraction
of the in-medium jet transport coefficient ¢ from the com-
parison of models and data can be found in Refs. [559-562].

ALICE has reported jet measurements using both charged-
particle tracking and cluster energy from the highly granu-
lar Electromagnetic Calorimeter (EMCal) [164,165,563], as
well as jet measurements of charged-particle jets [564-572].
For coincidence measurements between a trigger hadron and
recoil jets, ALICE employs a semi-inclusive approach. In
these measurements the large uncorrelated jet background
at low- pjl?t and large jet radius R is suppressed by using
a new observable, Arecoil, Which is the difference of two
such trigger-normalised distributions in exclusive intervals
in hadron trigger pr,uig (TTsig and TTer) [S68]:

3 A7AA
1 d Njet

dp%}}jetdAwdAn
3 7AA
1 d Njet

— Cref AA h
ng dp%’jetdAwdAn

Arecoil = AA
N trig

PT.trig e’.[w[‘Sig

V)

PT,trig € TTRef

where Ntf‘ig‘ is the number of trigger hadrons, p%‘jet is the
recoil jet pt, Ag is the azimuthal separation between trigger
hadron and recoil jet axis, and crer is a constant determined
from data to account for finite area effects [568]. This data-
driven suppression of uncorrelated jet yield enables measure-
ments in central Pb—Pb collisions of recoil jets with large R
and low- pJTe t, without fragmentation bias.

2.4.1 Heavy-quark transport and diffusion measurements

In this section ALICE measurements of heavy-quark diffu-
sion in the QGP and their comparison to theoretical calcula-
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tions are presented. Theoretical concepts and experimental
techniques are sketched in Sect. 2.4.

Figure 43 shows the nuclear modification factor Raa and
the elliptic-flow parameter v, as a function of pr for prompt
D mesons in central (0-10%) and semi-central (30-50%)
Pb—Pb collisions at . /syn =5.02 TeV [435,573]. These mea-
surements are compatible with previous results by the ALICE
and CMS Collaborations at the same /syn [528,529,574—
576].

At low- and intermediate- p, the pr-differential yields
and azimuthal distributions of hadrons carrying heavy quarks
are expected to be governed by collisional interactions within
the quark—gluon plasma. In order to test this expectation the
measurements are compared in Fig. 43 with various model
calculations based on charm-quark transport in a hydro-
dynamically expanding QGP (TAMU [492], LIDO [577],
POWLANG [578-580], PHSD [581], MC@sHQ [582],
Catania [583,584], LBT [585,586], LGR [587], and DAB-
MOD [588]). All models are qualitatively in agreement with
the data, although tension is observed in particular at low- p.

The models differ in their implementation of the interac-
tion between charm quarks with the medium (Boltzmann vs.
Langevin transport, inclusion of collisional and/or radiative
interactions), nuclear PDFs and shadowing, bulk evolution
of the medium (ideal or viscous hydrodynamics, Boltzmann
quasiparticles or parton transport, off-shell parton transport),
charm hadronisation (fragmentation and/or recombination
or in-medium string formation), and hadronic scattering. In
particular, in the TAMU, POWLANG, PHSD, and Catania
calculations the interactions between the charm quarks and
the medium constituents are modelled with collisional pro-
cesses only, while the MC@sHQ, LBT, LIDO, DAB-MOD,
and LGR models consider radiative processes as well. All the
models include the hadronisation of the charm quark via coa-
lescence, in addition to the fragmentation mechanism. With
the exception of DAB-MOD, all the models employ nuclear
PDFs in the calculation of the initial pr distributions of charm
quarks in order to include initial-state effects. Initial-state
event-by-event fluctuations are included in the POWLANG,
LIDO, PHSD, MC@sHQ, LBT, and DAB-MOD models. In
order to disentangle the effects of elastic and radiative inter-
actions of the heavy quarks and of hadronisation, calculations
of the LIDO and LGR models are compared for configura-
tions including all physics processes with those excluding
radiative processes or hadronisation via coalescence. Fig-
ure 44 shows the comparison of these model variants with
the data from Fig. 43.

The predictions for prompt D-meson Raa and vy in the
range pt < 4-5 GeV are similar for LGR and LIDO, with
and without radiative processes. They describe reasonably
well the Raa and slightly underestimate the v,. This indicates
that elastic collisions are the predominant interaction process
in that pt range. Similar conclusions are drawn from mod-

els that only contain collisional processes (TAMU, PHSD,
Catania, POWLANG).

In this pr range, which is dominated by elastic collisions,
charm quarks may acquire radial and anisotropic azimuthal
flow, due to multiple interactions within the QGP medium.
Momentum exchanges between charm quarks and the heat
bath in such interactions typically have a magnitude similar
to the medium temperature, q2 ~ T2. This value is smaller
than the thermal momentum, due to the large charm-quark
mass (Mcharm). Heavy quarks therefore experience Brow-
nian motion in the QGP, with a thermal relaxation time,
Tcharm = Tth Mcharm/ T, that is significantly longer than the
thermalisation time of the bulk medium (7, ). In other words,
heavy-flavour hadrons probe the equilibration process. At
high pt, the LGR model underestimates the energy loss if
radiative processes are not included. The role of radiative
processes in describing heavy quark production and flow at
higher pr is discussed in Sect. 2.4.2.

Hadronisation effects must also be taken into account
for modelling D-meson Raa and vp. Jet fragmentation is
expected to dominate D-meson production at very high- pr,
while atintermediate- pt (~ few GeV), recombination effects
are expected to play a significant role (see Sect. 2.3). In the
TAMU model, hadronisation at intermediate-pt is imple-
mented as a process in which heavy quarks interact with
light quarks in the QGP, leading to formation and dissocia-
tion of broad bound hadronic states whose rates are governed
by the Boltzmann equation [492]. In the POWLANG model,
aheavy quark propagates stochastically in the fireball, which
simultaneously expands and cools. Once the heavy quark is
in a fluid cell whose temperature is below the decoupling
temperature Tge. of the medium, it is forced to hadronise
with a light quark extracted from the thermal momentum
distribution corresponding to the temperature Tgec [578].

In the recombination process, the transverse momentum
of the generated D meson is typically larger than that of
the initiating charm quark. Hadronisation via recombination
therefore corresponds to a hardening of the D-meson pr dis-
tribution relative to jet fragmentation in vacuum, generating a
characteristic peak in Raa at pr & 2 GeV. This peak results
from the interplay between coalescence, whose probability
relative to fragmentation decreases with increasing pr, the
shape of the pr-differential spectra of light and heavy quarks
at hadronisation, and the radial flow. A similar effect occurs
for azimuthally asymmetric flow of heavy-flavour hadrons
formed via recombination: the hadron inherits the flow of
both the heavy and the light quarks. Further discussion of
coalescence effects in charm-quark hadronisation via com-
parison of the abundances of different heavy-flavour hadron
species in pp and heavy—ion collisions is reported in Sect. 2.3.

As discussed above, the heavy-quark spatial diffusion
coefficient D does not depend significantly on the heavy-
quark mass and is therefore a property of the QGP medium.
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Fig. 43 D-meson production in Pb—Pb collisions at \/syy =5.02 TeV [435,573]. (Left) Raa in 0—10% collisions; (right) vy in 30-50% collisions.
Model calculations implement charm-quark transport in a hydrodynamically expanding QGP (see text for references)
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Fig. 44 Data from Fig. 43 compared with calculations from the LIDO [577] and LGR [587] models using several variations of charm-quark

interactions and hadronisation; see text for details

The coefficient Dg, which is calculable within the framework
of lattice QCD [589-591], can be determined by comparison
of model calculations with data, via a comprehensive treat-
ment of charm-quark transport in the QGP and hadronisation
(see [432] for a recent review).

Experimental data from the LHC and theoretical efforts
have enabled significant progress in the determination of
Dy. Recent studies utilised ALICE measurements of ellip-
tic and triangular flow of D mesons [573] as well as Raa
and vy measurements of prompt D mesons [435]. Models
that agree with the data at the level x?/ndf < 2 yield a
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value 1.5 < 27 Dg(T)T < 4.5. The corresponding charm
quark relaxation time Tcharm = (Mcharm/ T ) Ds(T) is in the
range 3 < Tcharm < 9 fm/c with T = T, and mcharm =
1.5 GeV/c?. A similar range for D was obtained for Au—Au
collisions at \/syn = 200 GeV, based on measurements by
the STAR Collaboration of v, and Raa of D mesons [592].
These values are similar in magnitude to the estimated life-
time of the QGP at the LHC of about 10 fm/c [239], indicat-
ing that the charm quark may thermalise completely in the
medium. The extracted value for Dy is likewise consistent
with calculations based on lattice QCD, which yield val-
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ues in the range 2 < 2 Dg(T)T < 6 [589-591], and up
to an order of magnitude smaller than values predicted by
pQCD calculations at leading order [69,519,593]. This pro-
vides significant evidence in the heavy-quark sector in favor
of the formation of a strongly coupled QGP being produced
in heavy-ion collisions at the LHC (see Sect. 2.7 for more
details).

Future high-precision measurements of heavy-flavour
hadron production with the upgraded ALICE detector in Run
3 down to very low transverse momenta are expected to set
more stringent constraints on the production of charm quarks
and their interactions in the QGP [139].

2.4.2 Jet quenching measurements

In this section ALICE measurements of jet quenching are
presented, whose physics motivation and theoretical tools
are discussed above.

2.4.2.1 Energy loss

High-pr inclusive hadron production and radiative energy
loss.

Radiative energy loss is expected to be the dominant mecha-
nism responsible for the suppression of inclusive particle pro-
duction at high-pr. Figure 45, top panel, shows the nuclear
modification factor Raa as a function of transverse momen-
tum for charged particles at \/syy = 5.02 TeV for central
and peripheral Pb—Pb collisions, and p—Pb collisions. In p—Pb
collisions, particle production approximately follows Ncop
scaling, with Rppp within 10% of unity in the region dom-
inated by hard processes, pr > 2 GeV. In central Pb—Pb
collisions a peak is seen at intermediate transverse momen-
tum, with yield suppression of a factor five observed at high-
pt- The peak at 2-3 GeV for charged hadrons is partly due
to collective radial flow and enhancement in the baryon-to-
meson yield ratio, as discussed in the next paragraph. The
value of Raa has a minimum value of 0.18 at pt =~ 6 GeV,
and then increases for pr > 10 GeV. The increase suggests
that energy loss as observed by measuring high-pt hadrons
is not proportional to the parent parton energy, but closer
to constant [597]. In peripheral Pb—Pb collisions (the class
70-80% is reported in the figure) Raa is about 30% below
unity at pt ~ 6 GeV and increases to unity at high-pt. The
interpretation of this measurement will be discussed at the
end of the section.

Figure 45, bottom panel, shows Raa for identified light-
flavour mesons and protons (ALICE [505]), and isolated
photons (CMS [596]). The peak in the yields in the range
2 < pt < 6 GeV is most pronounced for protons, with max-
imum value ordered by mass. This ordering corresponds to
the expected effect of radial flow (see Sect. 2.2), but inclu-
sive yields in this region may also be affected by initial-state
nuclear effects, in particular shadowing. Figure 45 shows
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Fig. 45 Nuclear modification factor Raa for charged hadrons [594] in
central and peripheral Pb—Pb collisions and NSD p—Pb collisions (top),
and for various particle species in central Pb—Pb collisions [402,505,
595] (bottom). Isolated photons measured by CMS are also included
for comparison [596]

that all hadron species exhibit the same suppression for
pt > 8 GeV/c. This observation, combined with identi-
fied particle measurements in small systems [459], indicate
that hadron formation in jets occurs outside of the QGP in
this kinematic range.

In contrast to charged hadrons, which are jet fragments,
electroweak particles do not carry colour charge and do not
interact in the QGP. Indeed, as shown in Fig. 45, bottom
panel, the inclusive production yield of isolated photons at
high- pr is compatible with that expected from binary-scaled
pp collisions within uncertainties (Raa ~ 1). Their produc-
tion rate is however affected by the initial state of the col-
lision, notably nuclear modification of PDFs (see Sect. 4).
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Similar trends are also reported for Z bosons measured at
midrapidity [598,599], while at forward rapidity the Raa
deviates from unity due to shadowing effects [600]. On the
other hand, the Raa of W1 and W™ also differs from unity
due to isospin effects and, depending on the rapidity cover-
age, shadowing effects [601,602] (see also Sect. 4).

For a more comprehensive understanding of the mech-
anisms responsible for parton energy loss in the QGP, jet
quenching effects are compared for inclusive charged parti-
cles, which are mostly produced by gluon jets, and for prompt
and non-prompt open charm mesons, which originate from
charm and beauty quarks. In addition, model comparisons
are made to explore the dependence of energy loss on colour
charge (gluon vs. quark) and quark mass. Both the normalised
yield Raa and the azimuthal anisotropy v, are compared to
model calculations, to clarify the role of effects such as in-
medium path length and density fluctuations.

Figure 46 shows the pt-dependence of Raa (upper pan-
els) and v, (lower panels) in the 0—10% and 30-50% Pb-Pb
collisions at ,/syy = 5.02 TeV, for charged hadrons and
pions, electrons from beauty-hadron decays, and for prompt
and non-prompt D mesons. It can be seen in the figure
that at high-pr, the production yields of light and heavy-
flavour hadrons are suppressed by a similar amount. At
pr < 8 GeV/c, a number of different effects comes into
play, as discussed above and in Sect. 2.4.

In the high- pt region, Raa increases slowly with pt and
the observed suppression is similar for all species, although
the relative contributions of elastic and inelastic energy loss
mechanisms, as well as the difference between gluon and
quark quenching, have a different impact on the suppression
pattern of the different hadron species.

To further explore path-length and fluctuation effects on
energy loss, model calculations are compared with pr-
differential v» measurements in semi-central collisions. Fig-
ure 46 shows results from two different energy loss model
calculations that provide results for Ra and v, of both light
and heavy flavours: CUJET 3.1 [604-606] and DREENA-
A [603]. Both models include radiative energy loss using the
opacity expansion framework and collisional energy loss,
coupled to a full hydrodynamic description of the medium
density profile as a function of time.

For radiative energy loss in a homogeneous medium, a
quadratic dependence of the energy loss on the path length
is expected for short path lengths due to formation time
effects [62,66,67,607] (Sect. 2.4), while collisional energy
loss depends linearly on the path length in the medium. In
the first studies with RHIC data, it was found that the calcu-
lated azimuthal anisotropy at high-pt was smaller than the
observed v;, even with quadratic path-length dependence of
the energy loss [560,608]. This triggered detailed investi-
gations of the models which showed that the predicted v,
is highly sensitive to details of the medium density evolu-
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tion [609] and the effects of density fluctuations [610-612].
It was recently realised that the pre-equilibrium phase may
also play an important role. Specifically, in most energy loss
models, it is assumed that the QGP density builds up during
the very early times and energy loss is small or negligible dur-
ing this time, and it was found that the predicted azimuthal
asymmetry depends strongly on the starting time of the evo-
lution [613]. This dependence has also been explored within
the DREENA model [603].

With these considerations in mind, the predictions of
CUIJET3.1 and DREENA-A are compared to the measure-
ments in the high- pt region, where the approximations used
in the models are valid. In this regime, the models describe
the measurements shown in Fig. 46 reasonably well, though
tension is observed between the data and the DREENA-A
calculation, which predicts larger suppression in central col-
lisions. The observed Raa and v, are in agreement with the
expected behaviour, including the expected mass dependence
due to the dead-cone effect [40,63,521]. Furthermore, the
predicted v, of beauty hadrons (measured via non-prompt D°
and leptons) is much smaller than that of charm and light-
flavour hadrons. Also at low-pt the vy of electrons from
beauty-hadron decays is smaller than the one of electrons
originating from charm-hadron decays, consistent with the
expected longer beauty quark relaxation time in the QGP.

Several other groups are exploring different approxima-
tions to energy loss calculations, such as the multiple-soft
scattering approach [561,608], hard thermal loop calcula-
tions [546,614], higher-twist calculations [547,548], and soft
collinear effective theory approaches [615]. Work is cur-
rently ongoing to extend the formalism beyond the eikonal
limit [616,617]. These calculations lead to similar conclu-
sions as those presented here.

The quark-mass dependence of parton energy loss can be
tested by measurements of prompt D mesons, that originate
from charm quarks, and non-prompt D or J/¢ mesons from
decays of B mesons, that originate from beauty quarks. Fig-
ure 47, left panel, compares Raa of prompt and non-prompt
D mesons [435,541], indicating that the latter have a larger
Raa at intermediate- pt of 5-10 GeV/c. The right panel of
the same figure shows the centrality dependence of high-pr
Raa for prompt D mesons and non-prompt J/1 mesons in
Pb—Pb collisions at ,/sxy = 2.76 TeV [619]. The kinematic
ranges (8 < pr < 16GeV for D, 6.5 < pr < 30GeV
for J/4) were chosen such that the average momenta of the
B mesons that decay into J/i are similar to the D-meson
momenta; the difference in rapidity interval width is expected
to have negligible effect. The different magnitudes of sup-
pression indicate larger in-medium energy loss of the lighter
charm quarks compared to beauty quarks. The figure also
shows results of calculations which include the dead-cone
effect [620], which are in reasonable agreement with the
data. The dotted lines show the calculation for non-prompt
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Fig. 47 (Left) Raa for prompt and non-prompt D mesons as
a function of pr in the 10% most central Pb—Pb collisions at

V/SNN =
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Fig. 48 (Top) Measurement of the pr-differential Raa for muons
and electrons from heavy-flavour hadron decays at forward (2.5 <
y < 4) and midrapidity (|y| < 0.8), respectively, in 0 — 10% Pb-
Pb collisions at \/sxy = 5.02 TeV [534,537], with comparison to
MC@sHQ+EPOS?2 calculations [582,621]. Statistical (vertical bars)
and systematic (open boxes) uncertainties are shown. The filled boxes
centered at Raa = 1 represent the normalisation uncertainty. (Bottom)
pr-differential Rap of muons from heavy-flavour hadron decays is
compared with MC@sHQ+EPOS?2 calculations with pure collisional
energy loss (dashed lines) and a combination of collisional and radia-
tive energy loss

J/4 mesons with the same initial momentum distribution and
fragmentation function for beauty quarks but using the charm
instead of the beauty-quark mass for the calculation of the
energy loss. This results in larger suppression, demonstrat-
ing the mass dependence of radiative energy loss directly. As
similar study is reported in Ref. [541], showing that models
can achieve a larger Raa for non-prompt D mesons with
respect to prompt ones at pt of 5-10 GeV/c only if they
include mass-dependent energy loss. It can thus be concluded
that this observed Raa hierarchy is indeed consistent with
the expected mass dependence of radiative energy loss.
ALICE has also studied the rapidity dependence of in-
medium heavy-quark energy loss using muons from heavy-
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flavour hadron decays in the rapidity interval 2.5 < y < 4.
Figure 48, top panel, shows the pr -differential Raa of muons
(2.5 < y < 4) [537] and electrons (]y| < 0.8) [534] from
heavy-flavour hadron decays in 0—-10% central Pb—Pb colli-
sions at /sy = 5.02 TeV. The magnitude of suppression is
similar at forward and midrapidity, within uncertainties. This
shows that heavy quarks experience in-medium energy loss
over a wide rapidity interval. The similar magnitude of sup-
pression does not necessarily correspond to similar energy
loss, however, since the shape of pr-spectrum also influ-
ences the suppression [622]. The calculation based on the
MC@sHQ+EPOS?2 transport model [582,621] agrees with
data at both central and forward rapidity. Figure 48, bot-
tom panel, compares the measured Raa of forward muons
from heavy-flavour hadron decay to calculations based on
two configurations of the MC @sHQ+EPOS2: (i) energy loss
from both medium-induced gluon radiation and collisional
processes, or (ii) collisional energy loss only. Both calcula-
tions agree with the data, though the configuration with both
collisional and radiative energy loss is closer to the data for
pt > 10 GeV, indicating the importance of radiative pro-
cesses in the high- pt region.

Interplay of inclusive jets and hadrons. As discussed in
Sect. 2.4, high-pT hadrons and reconstructed jets explore
different aspects of jet quenching: hadrons are sensitive prin-
cipally to energy loss in the hardest branch of the jet shower,
while jets, which subtend an area approximately 7 R for jet
resolution parameter R, are sensitive more broadly to modi-
fication of the shower. A comprehensive understanding of jet
quenching requires measurements of both high- pt hadrons
and reconstructed jets, with the latter spanning significant
range in p%?t and R. In this section, measurements of inclu-
sive jets after a statistical subtraction of the underlying event
are discussed and compared to the inclusive hadron measure-
ments presented in Sect. 2.4.2.

Figure 49 shows Raa in central Pb—Pb collisions at
/Snn =5.02 TeV for inclusive jets with R = 0.4, together
with charged hadrons. Jet Raa exhibits larger suppression
than hadrons at the same pr, with the ALICE jet spec-
trum extending down to pt = 60 GeV/c. At higher pr the
ALICE [563] and ATLAS [624] jet data are consistent, and
show slowly increasing Raa with increasing pr.

In general, a reconstructed jet will catch a fraction of
medium-induced radiation, and the inclusive pr-spectrum
of jets is significantly harder than that of hadrons. Both fac-
tors suggest that Raa for inclusive jets will be larger than that
for inclusive hadrons. It is to be noted that, while the oppo-
site is observed in the pr region where the measurements
of hadrons and jets overlap, such direct comparison is not
meaningful since hadrons and jets at any given p originate
from different parton energies. For a proper interpretation
of this observation, the inclusive hadron population must be
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Fig. 49 Measurement of Raa for charged hadrons (ALICE [594] and
CMS [623]) and jets (ALICE [563] and ATLAS [624]) in central Pb—Pb
collisions. A global normalisation uncertainty of 3% on Raa is not
shown in the figure

mapped to that of jets, taking into account the bias imposed
by selecting high- pt hadrons.

Model calculations indicate that high-pt hadrons are
more likely to originate from narrow, hard fragmenting jets,
which on average undergo fewer interactions with the QGP.
These fewer interactions result in less energy loss [625-627].
Detailed model comparisons provide the opportunity to elu-
cidate the relationship between hadron and jet Raa, and the
impact of ¢ on those observables. Figure 50 presents com-
parisons of the measured Raa of charged hadrons (left) and
reconstructed R = 0.2 jets (right) with JETSCAPE [562],
JEWEL [64,628,629] and the hybrid model [557,630]. Jets
with R = 0.2 are utilised for this comparison due to their
higher precision and larger pr range.

JETSCAPE employs detailed hydrodynamic modelling of
the QGP, together with a two-stage jet quenching calculation
based on MATTER and LBT which use the Higher Twist
formalism for virtuality-dependent jet-medium interactions.
The LBT model also incorporates medium response to the
deposited energy via the Boltzmann transport approach.
Transition between MATTER (high virtuality) and LBT
(low virtuality) occurs at a fixed parton virtuality Qswitch,
which is determined from data [562]. As shown in Fig. 50,
the JETSCAPE calculations predict slightly larger Raa for
charged hadrons over the entire measured pr interval and
broadly describes the jet measurements. Implementation of
the Q-dependence of ¢ was found to be critical to simulta-
neously describe both measurements. Without such a depen-
dence, the energy loss at high- pt increases in the calculation,
leading to an underprediction of the Raa .

JEWEL overestimates the suppression for jet Raa. This
conclusion holds regardless of the inclusion of medium
recoil, although the model with recoil tends to get closer

to the data. The hybrid model describes the trends of the jet
Raa, but exhibits some tension.

Measurement of jet energy loss. As discussed above, yield
suppression measurements are only indirectly related to jet
energy loss, since yield suppression depends on both the
population-averaged energy loss and the shape of the spec-
trum. However, these effects can be disentangled for jet yield
suppression measurements since reconstructed jets account
for all correlated hadronic energy within the jet area (col-
loquially, within the “jet cone”), and jet yield suppression
therefore must arise from energy transport out of the jet cone,
i.e. jet energy loss. Several recent papers have carried out
such a phenomenological extraction of energy loss, by con-
verting yield suppression to the equivalent pr-shift of the
spectrum [568,570,631,632].

Figure 51, left panel, shows the ratio of pr-distributions
of the Apecoil Observable (Eq. 17), for a semi-inclusive
hadron+jet measurement in central Pb—Pb collisions at
/SNN = 2.76 TeV compared to that for pp collisions calcu-
lated by PYTHIA [568]. A pr-independent yield suppression
of 0.6 is observed for central Pb—Pb collisions. Both A ecoil
spectra are well approximated over the measured prrange
by an exponential function ~ ¢~P1/% with b ~ 16 GeV, so
that a single number for the pr shift, (8 & 2) GeV, charac-
terises the measured suppression [568]. JETSCAPE calcula-
tions reproduce the data at low-pt but show a rising trend
with increasing pr that is not seen in the data.

A similar analysis was carried out for high multiplicity
p-Pb collisions at \/syy = 5.02 TeV [570]) (see Sect. 3.5),
giving a limit of 0.4 GeV at 90% CL for medium-induced
energy transport to angles greater than R = 0.4 for such
collisions. A similar pr-shift analysis was likewise carried
out for jet measurements in central Au—Au collisions at
/Snn =200GeV, giving shift values of (3.3£0.3£0.7) GeV
for aninclusive jet population [632] and (5.04+0.5+1.2) GeV
for a semi-inclusive recoil jet population [631], both with
R = 0.4. These values suggest that energy loss due to jet
quenching is larger in central nucleus—nucleus collisions at
the LHC than at RHIC, though with limited significance.
Future measurements with improved systematic uncertain-
ties and extending over a broader pr range, together with
theoretical calculations, will provide more insight into this
comparison.

Figure 51, right panel, shows the ratio of Apecoi distri-
butions for recoil jets with R = 0.2 and 0.5, separately for
Pb—Pb and pp collisions. The value of this ratio reflects the
transverse jet shape and can be modified by medium-induced
energy transport. However, these ratios for Pb—Pb collisions
and for pp collisions as calculated using PYTHIA are con-
sistent within uncertainties, suggesting that the medium-
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Fig. 50 ALICE measurements of Raa for charged hadrons [594] and jets [563] in central Pb—Pb collisions compared to calculations from
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Fig. 51 Semi-inclusive hadron+jet coincidence measurement for
Pb—Pb collisions at \/syy = 2.76 TeV [568] compared to JETSCAPE
expectations. The observable Arecoi is defined in Eq. 17. The notation
“TT{a, b}” refers to a trigger hadron within the interval a < pt < b,
and Ag refers to the azimuthal separation between trigger hadron and

induced lost energy due to quenching is predominantly trans-
ported to angles greater than 0.5 rad.

Jet quenching in peripheral Pb—Pb collisions. Jet energy
loss in a static medium is expected to vary parametrically as
L?, where L is the in-medium path length [66,553,554].
Detailed modeling is required to account for additional
effects due to the spatial distribution and orientation of prop-
agating partons, and the dynamical expansion of the QGP.
A valuable tool to test and constrain such calculations is the
measurement of jet quenching observables with variation in
system size. Jet quenching measurements in small collision
systems (pp, p—Pb) are discussed in Sect. 3.5; to date, no
significant signals of jet quenching have been observed in
such systems. In contrast, inclusive yield measurements in
peripheral Pb—Pb collisions exhibit values of Raa less than
unity, as shown in Fig. 45 (top) for the 70-80% centrality
class. This measurement suggests significant jet quenching
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recoil jet. (Left) Ratio of Arecoil distribution to that for pp collisions
calculated with the PYTHIAG event generator. (Right) Ratio of Arecoil
distributions for recoil jets with R = 0.2 and 0.5, measured for central
Pb-Pb and calculated with PYTHIA for pp collisions

effects even in the most peripheral (large impact parame-
ter) Pb—Pb collisions (see also Ref. [633]). However, most
of the suppression observed in this centrality class and in
more peripheral collisions can be ascribed to biases caused
by the event selection and collision geometry. In essence, for
peripheral collisions selected using charged-particle multi-
plicity, the nucleon—nucleon impact parameter distribution is
biased towards larger values, leading to a lower yield of hard
processes. A PYTHIA-based prediction of this effect [173]
describes a measurement of Raa in fine peripheral centrality
classes carried out by ALICE [633]. This could explain the
unintuitive observation that R A is below unity in peripheral
Pb-Pb, but equal to unity in minimum-bias p—Pb collisions
despite similar charged-particle multiplicities.
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2.4.2.2 Jet substructure modification

Modifications to the internal structure of jets can be studied
with jet-substructure observables — defined by first clustering
a jet, and then constructing an observable as a function of the
properties of the constituents of that jet [571,572,630,634—
638]. Jet substructure observables can be constructed to be
sensitive to specific regions of jet radiation phase space in a
way that is theoretically calculable from first principles [639—
643], and can target limited regions of phase space to explore
specific jet quenching mechanisms that cannot be resolved
using jet pt measurements alone [558,630,644—-651]. Ques-
tions addressed by jet substructure measurements in nucleus—
nucleus collisions include the strength of the jet-medium cou-
pling, the rate of medium-induced emissions, and constraints
on medium properties such as coherence scales and the nature
of the QGP degrees of freedom.

There is a close connection between substructure mod-
ifications due to quenching and in-medium scattering and
deflection measurements: deflection of jet constituents from
in-medium interactions can be seen with jet substructure
observables, and modification of a branch of a jet that has
split must generate acoplanarity of the reconstructed jet cen-
troid.

The fact that jet substructure observables depend on the
detailed distribution of jet constituents brings an experi-
mental challenge, however, since the underlying event can
dramatically distort the reconstructed observables [569,571]
(see Sect. 2.4). Therefore, precise measurements of jet sub-
structure observables utilise background subtraction tech-
niques that remove constituents of the jet event-by-event,
such as constituent subtraction [652,653] and subtraction in
moment space [654]. Each observable must be verified indi-
vidually to ensure that it is robust to the bias introduced by
such procedures. Jet substructure observables which tag a
specific substructure object, such as groomed jet observables,
face an additional challenge in that the underlying event can
cause the object to be incorrectly identified [655]. This under-
scores the importance of selecting observables that can both
be calculated theoretically and measured experimentally.

ALICE jet substructure measurements are carried out
using charged-particle jets, to take advantage of the precise
spatial resolution down to small angular scales within the
jet core (Sect. 2.4). These measurements are unfolded for
detector and background effects in two dimensions (pt and
the substructure observable), enabling direct comparison to
theoretical jet quenching calculations.

Groomed jet substructure. Jet substructure can be used as
a starting point to understand jet quenching by construct-
ing observables that isolate the perturbative part of the sub-
structure. In this approach, jet grooming algorithms such
as Soft Drop (SD) [640,641,656] are applied to remove

soft, wide-angle radiation and identify a single hard “split-
ting”. Monte Carlo event generators suggest that groomed
jet splittings are correlated to parton shower splittings in
vacuum [641,657,658]. In heavy-ion collisions this is com-
plicated by both medium and background effects, but recent
theoretical studies show that this correlation of the time struc-
ture and splittings remains [657], and groomed jet splittings
may provide a handle on the space—time evolution of jet prop-
agation through the QGP [646].

The SD grooming algorithm identifies a single splitting by
re-clustering the constituents of a jet. The splitting is selected
from the history of the re-clustering with a grooming condi-
tion, 7 > zcuteﬁ, where f and z¢ are tunable parameters and
z is defined as the fraction of transverse momentum carried
by the sub-leading prong,

PT,subleading
DT ,leading T PT,subleading

z (18)
and the angle 0 is defined as the angular distance between
the two branches of the identified splitting,

Ry  VAY?+ A¢?
R~ R
where y is the rapidity, ¢ is the azimuthal angle, and R is
the jet resolution parameter. The groomed splitting can be
characterised by two kinematic observables: the groomed
momentum fraction, z,, and the groomed jet radius, 6, with
z and 6 for the groomed splitting as defined in Eqs. 18 and 19.
Several different physics mechanisms have been con-
jectured for modifications of the z, distribution due to
jet quenching, such as medium-induced radiation being
hard enough to pass the grooming condition and thereby
enhancing the number of asymmetric splittings. Addition-
ally, zg may be sensitive to effects due to the medium
response, breaking of colour coherence, and modification to
the DGLAP splitting function in the QGP [649,659—-661].

O , (19)

Initial heavy-ion jet substructure measurements by CMS [636]

and ALICE [572] indicated a suppression of symmetric split-
tings relative to asymmetric splittings in Pb—Pb collisions
compared to pp collisions. However, further analysis revealed
that this effect could arise from a cut on the sub-jet separation
distance, and that there were additional background contri-
butions from mistagged splittings arising from the underly-
ing event [655]. More recently, ALICE has addressed these
mistagging effects by using stronger grooming conditions
and smaller R, and carried out measurements in more periph-
eral collisions. Figure 52, left panel, shows the measurement
of zg, which exhibits no significant modification of the z,
distribution in Pb—Pb collisions compared to pp collisions.
This is consistent within uncertainties with a variety of jet
quenching models, also shown.

These analysis techniques also enable measurements of
the angular distribution 6y, which has been predicted to
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Fig. 52 Jet zg (left) and 6 (right) in 0-10% centrality for R = 0.2 charged-particle jets [662]. The ratio of the distributions in Pb—Pb and pp
collisions is shown in the bottom panels and is compared to various jet quenching calculations
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Fig. 53 (Left) Distribution of jet angularity for R = 0.2 charged-
particle jets in 0—10% central Pb—Pb collisions compared to that for pp
collisions calculated with the PYTHIAG6 event generator [571]. (Right)
Jetmass for R = 0.4 charged-particle jets in 0—10% central compared to

be sensitive to the quark-gluon fraction, splitting formation
time, and colour coherence [645,647]. In contrast to the z
distribution, Fig. 52 (right) shows a significant narrowing
of the 6y (Ry) distribution in central Pb—Pb collisions com-
pared to pp collisions, which may arise from modification
of the angular scale of jets in the quark-gluon plasma. This
narrowing is consistent with models implementing (trans-
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verse) incoherent interaction of the jet shower constituents
with the medium, but also with medium-modified quark-
to-gluon fractions and fully coherent energy loss; further
measurements will be needed to characterise the mechanism
underlying the narrowing. Taken together, these measure-
ments suggest that the hard substructure of jets is consistent
with (i) little-to-no modification of the momentum splitting,
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and (ii) stronger suppression of jets with wide fragmentation
patterns. This indicates that the medium has a significant
resolving power for splittings with a particular dependence
on the angular scale, preserving narrow jets or filtering out
wider jets.

Jet shapes. Jet substructure observables can also be used to
probe soft non-perturbative physics by studying the distri-
bution of radiation inside the jet, without selecting on the
hard structure. Such ungroomed observables can probe the
interplay between the modification of the jet structure and
the response of the medium to the jet propagating through it.

Jet shape is measured both by jet-by-jet functions of the
jet constituent momentum, such as jet mass and width, and
by inclusive and semi-inclusive measurements of intra- and
inter-jet distributions, such as the ratio of jet yields mea-
sured with different R. The jet-by-jet jet shapes in particular
are sensitive to the underlying soft physics. The first radial
moment [663], or the angularity (girth or width), probes the
radial energy profile of the jet. The jet mass, which is related
to the second radial moment [663], captures the virtuality
of the original parton that produced the jet and increases
with increasing contribution of large-angle, typically soft
particles [664]. These observables are complementary to
measurements of the jet fragmentation using the longitu-
dinal momentum fraction of the jet by ATLAS [634] and
CMS [665] that suggest that the jet energy in heavy-ion col-
lisions is transferred to soft particles and wider angles inside
the jet. ATLAS and CMS have also investigated the radial
dependence of charged particles within a jet, demonstrating
enhancement of softer particles at larger angles [635,606]
and enhanced yield of high-pt charged particles in the jet
core [660].

ALICE has measured jet angularity for charged-particle
jets with R = 0.2 in central Pb—Pb collisions at /sy y =2.76
TeV [571]. The angularity is defined as

PT.i
g=Y AR,
i€jet PT jet

(20)

where pt ; is the transverse momentum of the ith constituent
and ARje; is the distance in (1, @) space between the ith
constituent and the jet axis. Smaller values of g correspond
to jets with more collinear fragmentation. Figure 53, left
panel, shows the jet-angularity distribution measured in cen-
tral Pb—Pb collisions at /sy y =2.76 TeV compared to that
for pp collisions calculated with the PYTHIAG event gener-
ator (Perugia 2011 tune) [571]. The width is observed to be
reduced in Pb—Pb collisions, which is consistent with jets in
heavy-ion collisions being narrower or having harder frag-
ments; this may arise for example from greater suppression of
gluon jets relative to quark jets. This is qualitatively consis-
tent with the observations in Fig. 52, right panel, showing nar-
rowing of the groomed core of jets. This measurement is also

compared to calculations based on the Hybrid Model [558]
and JETSCAPE [556] and favors an incoherent energy loss
picture, similar to the measurement of the groomed jet radius.
Comparison is also made to Hybrid Model calculations with
and without medium recoil (referred to as a wake), with no
difference observed between these alternative model compo-
nents. This effect may arise because soft particles from the
wake are generated at large angles to the jet centroid and
therefore make little contribution to small radius jets.

ALICE has measured the jet mass for charged-particle
jets with R = 0.4 in central Pb—Pb collisions at ,/snN =
2.76 TeV [569]. The jet mass is defined as

M = /E*— p2 — p2, 21)

where E is the energy of the jet, pr is the transverse and p, is
the longitudinal momentum of the jet. Figure 53, right panel,
shows the jet-mass distribution measured in central Pb—Pb
collisions at /sy = 2.76 TeV, compared to model calcula-
tions [569]. The calculations include PYTHIA [667], which
represents pp collisions without jet quenching,and models
with medium-induced jet energy loss: Hybrid Model [558];
JEWEL [628,629]; and JETSCAPE [562]. The JEWEL and
Hybrid Models are run both with and without medium recoil.

The jet mass is observed to be larger with recoils present,
which is consistent with the picture that the recoils add large-
angle soft particles to the jet. The jet mass is however overes-
timated by both the Hybrid model and JEWEL with medium
recoil, and is underestimated without the medium recoil,
except in the case of the Hybrid model with coherent energy
loss and no wake. Rather, it is consistent within systematic
uncertainties with the PYTHIA simulation, suggesting no
significant modification of the jet mass in heavy-ion colli-
sions. Alternatively, this could be due to partial cancellation
of in-medium effects; specifically, momentum broadening
could lead to energy loss outside the jet and a smaller mass,
and medium response could add soft particles inside the jet
and increase the mass [651]. Note that, in contrast, the jet
angularity exhibits strong modification in Pb—Pb compared
to pp collisions, though with smaller jet resolution parameter
(R = 0.2 instead of R = 0.4), which is expected to be less
sensitive to the medium response.

Additionally, ALICE has measured the N-subjettiness jet
shape distribution [668], which quantifies the degree to which
ajet corresponds to an N-pronged substructure [669]. Specif-
ically, measurement of the 2-subjettiness to 1-subjettiness
ratio (12/71) suggests a relative reduction in the rate of 2-
prong jets for central Pb—Pb collisions. However, the absence
of strong modification of 5 /7| suggests that medium induced
radiation is not sufficiently hard to produce an independent
hard prong, similar to the case observed for z,. The 12/7
observable is only weakly correlated with other substructure
observables discussed in this section, with a slightly stronger
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correlation with z, than the other observables [670], and thus
adds independent information on in-medium jet substructure
modification.

Jet substructure observables contain some degree of sen-
sitivity to the same physics mechanisms as other jet observ-
ables, including ensemble-based measurements using inclu-
sive or semi-inclusive jet distributions at different jet R [564,
568,671]. Figure 51, right panel, shows one such ratio, for
semi-inclusive yields of jets recoiling from a high- pt hadron
for jet R = 0.2 and 0.5 [568]. No significant modification of
the intra-jet energy profile for different jet R is observed,
indicating no significant in-medium transfer of energy to
large angles. In addition, the theoretical descriptions of jet
substructure and (semi-)inclusive jet observables have sig-
nificant differences for jets in vacuum; for instance, the jet
shape (profile) requires significantly larger soft power cor-
rections than the inclusive jet cross section as a function of
R [672].

2.4.2.3 Jet multiple scattering and deflection

Medium-induced modification of the jet shower is studied
via intrajet shapes and substructure, which are sensitive to
the redistribution of jet momentum and constituents to wider
angles. Such effects will likewise generate a change in the
jet direction as a whole, which is explored in this section
via the semi-inclusive azimuthal angular distributions of jets
recoiling from a hadron trigger [568,631].

In vacuum, the width of the azimuthal distribution of
recoil jets in this observable arises largely from soft radiation
(Sudakov radiation [673]), while for jets in-medium, modifi-
cation of the vacuum angular distribution arises from (inelas-
tic) gluon emission and elastic scattering off the medium
constituents. Measurements which disentangle vacuum and
medium-induced azimuthal decorrelation effects provide
direct sensitivity to the transport coefficient . Since Sudakov
radiation dominates at high jet pt with respect to medium
effects [673], measurement of the azimuthal decorrelation at
low values of recoil pJTe Lis desirable; however, measurements

at low- pJTe “in heavy-ion collisions are challenging because
of the large uncorrelated background, and new experimental
approaches are needed. The expected difference in the para-
metric dependence of jet energy loss and momentum broad-
ening on the medium path length L [674,675] also motivates
the simultaneous measurement of observables sensitive to
both energy loss and momentum broadening, to discriminate
between weakly- and strongly-coupled scenarios.
Measurement of the rate of jet scattering to large angles
with respect to the trigger axis may also provide evidence
of weakly-coupled degrees of freedom within the strongly-
coupled QGP (“quasi-particles”), analogous to the Ruther-
ford scattering experiment that revealed the existence of
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Fig. 54 ALICE measurement of h+jet acoplanarity in 0-10%
Pb—Pb collisions at \/syy = 2.76 TeV [568] compared to an embed-
ded PYTHIA+Pb-Pb reference and JETSCAPE calculations, in pp and
Pb-Pb collisions for charged-particle recoil jets with R = 0.4 and

40 < pjTet < 60 GeV. See text for discussion of JETSCAPE calcula-
tions

the atomic nucleus [676,677]. The deflection of an ener-
getic quark projectile in the QGP is expected to be Gaus-
sian if the QGP is strongly coupled at all scales. However,
QCD is asymptotically free and thus weakly-coupled quark
and gluon quasi-particle degrees of freedom are expected to
emerge when the QGP is probed at sufficiently short dis-
tances. The scattering off point-like quasi-particles will lead
to a power-law tail in the momentum transfer (1/ k%), the
so-called Moliere scattering [676,677]. An excess of large-
angle deflections observed in Pb—Pb relative to pp collisions
would be a direct observation of such quasi-particles in the
QGP.

The large-angle scattering signal is expected to be small,
however, requiring high experimental sensitivity to observe
it. The Arecoil Observable (Eq. 17) has several features crucial
for such a high-sensitivity search: (i) absolute normalisation,
rather than normalisation to the total number of pairs, mean-
ing that each data-point is independently measured; (ii) fully
data-driven correction for background; and (iii) full correc-
tion for the contribution of multiple partonic interactions,
which are uncorrelated with the trigger and, therefore, gen-
erate an azimuthally uniform background [568].

Figure 54 shows the first ALICE measurement of the
azimuthal decorrelation in 0-10% Pb—Pb collisions at /sy y
= 2.76 TeV [568]. The horizontal axis represents the
azimuthal angle Ag between a high-pt charged hadron
and the recoiling jets. The vertical axis corresponds to the
Arecoil Observable (Eq. 17) measured differentially in Ag.
The widths of the distributions in Pb—Pb data and in the vac-
uum reference, which in this case is a PYTHIA calculation
for pp collisions embedded into Pb—Pb data, are statistically
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compatible. The absolute yield of the Pb—Pb distribution is
seen to be smaller than that of the pp reference, indicating that
the recoiling jet population is suppressed in Pb—Pb collisions
(see also Fig. 51).

For the selected kinematic cuts and jet resolution R,
the strong energy loss is therefore not accompanied by a
medium-induced acoplanarity within the statistical and sys-
tematic limits of our measurement. The change of recoil jet
yield at large angles with respect to the PYTHIA reference
was also studied, and within the current experimental uncer-
tainties no evidence of large-angle scattering was found.

The figure also shows the result of JETSCAPE calcula-
tions which have been smeared to account for instrumental
effects and background fluctuations for comparison, since
these data have not been unfolded for such effects. The
JETSCAPE calculation matches the distribution measured
in pp collisions well, and slightly overshoots the distribution
measured in Pb—Pb collisions in the region near A¢p ~ .
In order to compare shapes directly as a function of Ag,
which could reveal quasi-particle effects, the JETSCAPE
Pb—Pb distribution is also shown scaled to the same inte-
gral as the measured Pb—Pb distribution, which factors out
the effect of an overall yield suppression. We note that the
JETSCAPE calculation of jet quenching is based on the LBT
model at low virtuality, which includes elastic scattering in
the QGP. JETSCAPE therefore includes a specific implemen-
tation of Moliere scattering. The scaled JETSCAPE distribu-
tion reproduces the data well, likewise exhibiting no evidence
of in-medium acoplanarity broadening or quasi-particle scat-
tering.

The uncertainties in this measurement are dominated by
the statistical uncertainty, so that future measurements with
higher-statistics data sets will improve its precision. On the
theoretical side, the parametrically different dependence in
some models on in-medium path length of energy loss o< L?>
and acoplanarity due to multiple scattering o< L suggest that
simultaneous consideration of yield suppression and acopla-
narity in data-to-model comparisons may provide significant
discrimination of weakly- and strongly-coupled QGP [675].
Extensions of the analysis to jets recoiling from different trig-
gers (e.g. high- pt photons/EW bosons) will provide comple-
mentary ways to study in-medium broadening.

2.4.3 Conclusions

Heavy-quark diffusion. Differential studies of the yield sup-
pression and flow of D mesons highlight the predominance
of elastic charm quark-QGP interactions for pt less than
a few GeV. Heavy quarks in this range experience Brow-
nian motion in the QGP, and therefore provide incisive
probes of the equilibration process. This interaction is char-
acterised by a spatial diffusion constant Dy. Its value, 1.5 <
2x Ds(T)T < 4.5, is smaller than that determined from a

pQCD calculation for a gas of weakly-coupled quarks and
gluons, providing clear evidence in the heavy-flavour sec-
tor for a strongly-coupled QGP. Recent lattice QCD calcula-
tions [678] give even slightly smaller values for Ds.

Jet quenching: energy loss. The magnitude of hadron sup-
pression for pt > 8 GeV in central Pb—Pb collisions is the
same for a wide range of light-flavour hadrons, providing
definitive evidence that jet quenching occurs at the partonic
level. This is likewise strong evidence for the existence of
a dense, extended QGP phase. Suppression measurements
in the heavy-flavour sector at intermediate- pt indicate that
beauty quarks lose less energy than charm quarks. These
measurements are described by models that include mass-
dependent elastic energy loss and a reduction of gluon radi-
ation off heavy quarks. The latter mechanism is known as
the QCD dead-cone effect and has been directly measured
by ALICE for radiation in vacuum using pp collisions. Mea-
surements of reconstructed jets provide unique insight into
the jet-medium interaction. Since jets subtend finite area,
such modifications reflect the spatial distribution of medium-
induced energy loss and the medium response. Inclusive jet
suppression has been observed up to a prt of several hun-
dred GeV. Jet energy loss has been measured for the semi-
inclusive distribution of jets recoiling from a hadron trig-
ger to be (8 &+ 2) GeV for central Pb—Pb collisions. This
value is larger than that determined from similar analyses
at RHIC [679], though the comparison currently has limited
significance.

Jet quenching: substructure modification. The hard sub-
structure of jets, measured using groomed observables,
shows a strong angular modification — jets with wide sub-
structure are suppressed — but weak momentum modifica-
tion (zg). Measurements of soft jet substructure, which are
carried out using ungroomed observables, exhibit effects
that are consistent with the suppression of wide-angle radi-
ation due to quenching. Soft jet substructure also probes
the dynamics of soft radiation in the jet, in particular the
contribution of medium response, that cannot be calculated
using purely perturbative techniques. Such groomed and
ungroomed approaches are therefore complementary, and
they show that the medium resolves hard substructure and
promotes narrower spatial structures. Theoretical calcula-
tions suggest that this may be due to colour decoherence,
i.e. the gradual loss of the coherence of radiation emitted by
a colour antenna while propagating through a dense medium,
or to modification of the quark-to-gluon fraction. The space—
time structure of jets also plays a role, since wider splittings
may occur earlier and their products therefore traverse longer
paths in the QGP.
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Jet quenching: acoplanarity. The dijet acoplanarity, which
has direct sensitivity to the transport coefficient § and large-
angle scattering off quasiparticles, has been measured via
hadron+jet correlations. No angular modifications have been
observed within the currently statistics-dominated uncertain-
ties. These measurements will be extended with larger data
samples and kinematic coverage and this approach remains a
promising tool to explore the nature of the QGP constituents.

2.5 Deconfinement and modification of the QCD force

Heavy quarkonia, the bound states of a cc(charmonium) or
bbpair (bottomonium), have been the subject of intense stud-
ies since their discovery in the 1970s. The investigation, in
the frame of QCD, of their production processes, of the rich
spectroscopy of the various states, and of their decay modes
is a lively field until today, and although great progress has
been accomplished, a complete understanding of their prop-
erties is still to be reached (for a general review see [680]).

Quarkonium states also represent a very important tool
for the study of the QGP and of its properties (for a recent
review see [681]). It was early realised that the binding of
the heavy-quark pair can be affected to various extents when
quarkonia are immersed in a deconfined medium. The high
density of free colour charges in the QGP leads to a screen-
ing of the QCD force and ultimately to the dissolution of
the quarkonium [86]. This simple but profound idea has led
to a wealth of theoretical and experimental studies that have
revealed new and somewhat unexpected effects. Early stud-
ies focused on establishing a direct connection between the
suppression of the quarkonium states and the temperature
of the deconfined phase [682]. The rich spectroscopic struc-
ture of quarkonia, with binding energies varying from a few
MeV (¥ (2S)) to more than 1 GeV (Y (1S)), may lead to a
“sequential suppression” with increasing temperature, with
the more strongly bound states surviving up to a dissociation
temperature Tgiss ~ 27pc and the weakly bound states melt-
ing at temperatures close to Tpc. In nuclear collisions, the
temperature of the QGP can in principle be varied by select-
ing the centrality of the collision or its energy. If the “melting
temperature” of each state could be precisely singled out by
lattice QCD studies [683—-687], quarkonium would represent
an ideal thermometer for the medium.

The above considerations are valid in a static picture of
the medium in which the quarkonium states are assumed
to be immersed. When moving to a study of the dynamics
of the bound states and their interaction with an evolving
medium, several effects lead to a more complex description.
In particular, the formation of the quarkonium states is a
multi-stage process [20] (production of the qq pair and for-
mation of the bound state) that spans over a time covering a
significant fraction of the collision history. In addition, the
quarkonium potential, as calculated at 7 > 0 in effective
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field theories, has also an imaginary part, corresponding to
the collisional damping of the states, which leads to a loss
of correlation in the pair and consequently to an in-medium
modification of the spectral functions [688]. Furthermore, in
a system with a high multiplicity of heavy quarks, the effects
related to the combination of uncorrelated pairs originated
from different hard scattering processes, or the recombina-
tion of previously destroyed ones, can lead to a significant
increase of the quarkonium yields [441,689], counterbalanc-
ing the suppression. If a partial or full kinetic equilibration
of the deconfined heavy quarks in the medium [690] takes
place, collective flow effects can be inherited by quarkonia
produced in the (re)combination process.’ Finally, also in the
hadronic stage of the collisions the yields might be altered,
due to quarkonium-meson break-up effects which could play
a role in particular for weakly bound states [691,692]. The
theoretical treatment of quarkonium production in the hot
QCD medium is multi-faceted, comprising statistical hadro-
nisation, transport models, hydrodynamics and the recently
emerging approach through quantum dynamics [681,693].

At the LHC start-up, quarkonium production in nuclear
collisions, and in particular J/y studies, had already been
pursued for many years in the frame of QGP-related studies.
Early experiments at SPS energies resulted in high preci-
sion results on the ratio between the J/ and the Drell-Yan
yields, with the latter used as a reference process because of
its electromagnetic nature. In particular, the NA50 collabo-
ration had shown a suppression effect of ~ 30% for central
Pb—Pb collisions at ,/snn = 17.3 GeV [92,694], with respect
to the expected size of cold nuclear matter effects, evaluated
via p—A studies at the same centre-of-mass energy by the
NAG60 experiment [695]. The size of the suppression approx-
imately corresponds to the feed-down to J/v from x. and
¥ (25) states [696], leading to the interpretation of the mea-
sured effect as due to the melting of these weakly bound
states in the medium [682]. Indeed a hierarchy between the
J/y and v (2S), with the latter experiencing stronger sup-
pression, was observed [92,694,697]. The exact nature of
this medium, either a deconfined phase or a dense hadron
gas, sparked a considerable controversy, due to competing
theoretical approaches being able to fairly reproduce the
data [698—700].

The J/ studies received a second considerable boost
with the availability of RHIC data for Au—Au collisions
at \/sxn = 200 GeV by PHENIX [701,702], with impor-
tant contributions also from STAR [703-705]. At RHIC,
the charmonium suppression was evaluated via the study of
the nuclear modification factor, as the Drell-Yan contribu-
tion becomes increasingly negligible with respect to com-
peting sources such as semileptonic heavy-quark decays.

9 The terms (re)combination and (re)generation are both used to
describe this process.
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The RHIC measurements featured a similar suppression
level to that observed at SPS energies and a significantly
larger suppression in the forward (1.2 < |y| < 2.2) than
in the central rapidity region (|y| < 0.35). Detailed stud-
ies were performed to interpret the RHIC results, with a
possible explanation assuming that the direct suppression
of the tightly bound J/ is partly compensated by a sig-
nificant (re)generation effect [691,706—709]. However, the
rather complex energy dependent interplay between hot and
cold matter effects [710-712] does not allow for a significant
conclusion on the magnitude of either the J/yr suppression
or (re)generation.

In this situation, the studies at LHC energies are of
paramount importance to settle these ambiguities in the inter-
pretation of the results. The very large charm-quark mul-
tiplicity (~ 100 ccpairs in a central Pb—Pb collision at
/SNN = 5.02 TeV, a > 10 factor larger with respect to cen-
tral Au—Au collisions at top RHIC energy) provides a test
for the (re)generation mechanism which, if unambiguously
demonstrated, would implicitly provide a strong evidence for
the existence of a deconfined phase of nuclear matter, imply-
ing that coloured partons can roam freely over distances much
larger than the hadronic scale.

Another fundamental area where LHC is expected to pro-
vide a decisive step forward is the study of the bottomonium
sector, since the increase of the production cross sections
with collision energy make such a measurement feasible with
good enough statistical precision. The binding energies of the
bottomonium vector states range from ~ 1.1 down to about
0.2 GeV and consequently Y (1S, 25, 3S) represent an excel-
lent test for the sequential suppression mechanism [713].
The (re)generation component, contrary to charmonia, is
expected to be small, due to the much lower multiplicity of
bb pairs (5-10 in central Pb—Pb collisions) compared to ct.
In addition, bottomonia are very promising from a theoretical
point of view, thanks to a much more pronounced separation
of scales between the heavy-quark mass, the typical bottomo-
nium size and the radial or orbital angular-momentum excita-
tion energy (M > Mv > Mv?, where M is the heavy-quark
mass and v the relative velocity of the pair in the bound state).
That makes them good candidates for a direct application of
effective field theory approaches [681].

Finally, at lower energies, competing non-QGP effects like
quarkonium break-up by the nucleons of the colliding nuclei
played a significant role in the description of the results [714].
At the LHC, due to the extremely short crossing time of the
nuclei, the only sizeable effect not related to the medium is
represented by nuclear modification of gluon densities (shad-
owing [46,47,715] or by CGC-related effects [716-718]), or
coherent energy loss [719]. These effects can be investigated
in the study of p—Pb collisions.

In the following sections we review the main results
obtained by ALICE for various charmonium and bottomo-

nium states, comparing them to experimental results at lower
energies and to various theory calculations.

2.5.1 Study of the charmonium ground state: evidence for
the (re)generation and demonstration of
deconfinement at LHC energies

As outlined in the previous section, results at LHC ener-
gies were expected to clarify, in the charmonium sec-
tor, the presence of a (re)generation mechanism related to
(re)combination of deconfined charm quarks. In ALICE,
charmonia are measured at both central (]y| < 0.9) and for-
ward rapidity (2.5 < y < 4), and down to zero pt. This
phase space coverage is ideal for such studies because the
amount of (re)generation is expected to depend on rapidity
and pr, with a stronger effect around y = 0 and at small
P, due to the higher charm-quark multiplicity in these kine-
matic regions. It should be remarked that the results shown
in these sections refer to inclusive production, i.e., the con-
tribution of decays of hadrons containing a b quark was
not subtracted. Such a contribution has a small effect on
the nuclear modification factor at moderate pt (< 10% for
pt < 5 GeV/c) [720] and increases at higher pt [721].

One of the main results on J /i production is shown in the
top panel of Fig. 55, where the nuclear modification factor
for inclusive J/v measured by ALICE in Pb—Pb collisions,
at /sN\e = 5.02 TeV at central rapidity in the eTe™decay
channel, is shown as a function of the charged hadron pseu-
dorapidity density (dN¢/dn) at midrapidity [438]. The lat-
ter quantity is directly related, for a certain collision system
at a given energy, to the centrality of the interaction and,
for different collision systems, is roughly proportional to the
initial energy density [201]. The ALICE result is compared
with the Raavalues measured at RHIC by STAR (Au—Au at
JSnN =0.2TeV)in |y| < 0.5 [705] and those obtained from
NAS5O results at the SPS in Pb—Pb at ,/snyn = 0.017 TeV for
0 < y < 1[694], using a pp reference cross section extrapo-
lated from NA60 pA measurements ranging from p—Be to p—
U [695]. The selection pt > 0.15 GeV/c is meant to remove
a non-negligible contribution due to J /¢ photoproduction in
peripheral hadronic Pb—Pb collisions [722]. The prominent
feature of this set of results is the strong decrease of the J /v
suppression moving from low- to high-energy experiments
and, at the LHC, the disappearance of suppression effects
when going towards central collisions. Both effects provide a
strong indication of the presence of (re)generation effects on
the J /. Similar observations were first carried out by ALICE
at forward rapidity [721]. As discussed later in Sect. 2.5.3,
the contribution of non-QGP effects, in particular of nuclear
shadowing, does not alter this conclusion.

A more quantitative assessment of the physics mech-
anisms at play requires a comparison of ALICE results
with models. In the bottom panel of Fig. 55, calcula-
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Fig. 55 The nuclear modification factor as a function of the charged
hadron multiplicity. For ALICE and STAR results, the selection pt >
0.15 GeV/c minimises the contribution of photoproduced J/y [722].
(Top) Comparison between SPS (NA50) [694], RHIC (STAR) [705]
and LHC (ALICE) [438] results; (bottom) the ALICE results com-
pared with theoretical calculations (SHM [723], Comovers [724], TM-
TAMU [725], TM-Tsinghua [690])

tions of Raacarried out in the frame of transport mod-
els (TM), of a comover model and of a statistical hadro-
nisation model (SHM) are presented. The transport mod-
els (TM-TAMU [725],TM-Tsinghua [690]) rely on the
solutions of macroscopic transport equations. Dissocia-
tion/(re)generation thermal rates for quarkonium states in
the QGP are calculated taking into account a lattice-QCD
inspired evaluation of the dependence of their spectral prop-
erties on the evolving thermodynamical properties of the
medium. The two models discussed here mainly differ in
the choice of the rate equation and of the open charm cross
section. In the comover model [724], the scattering of the
nascent charmonium states with “comovers” (partonic or
hadronic) produced in the same kinematic region is at the
origin of the suppression, with the comover density being
tuned on the measured hadron yields. The dissociation cross
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section, extracted from results at lower energy, is assumed
to be energy independent and the (re)generation effects are
implemented through a gain and loss differential transport
equation. Finally, in the SHM [723], charmonium yields are
assumed to be determined at chemical freeze-out according to
their statistical weights, introducing a charm fugacity factor
related to charm conservation and obtained from the charm
production cross section. The comparison between data and
models shows a fair agreement with most of the approaches,
with TM-TAMU and SHM giving the best reproduction of the
(dN¢h/dn) dependence. The uncertainties of the models are
clearly large when compared to the experimental data, mainly
as a direct consequence of the uncertainty on the total charm
cross section for Pb—Pb collisions, which is a fundamental
input of the calculations. Getting a precise evaluation of this
quantity is not easy, due to the problem of measuring open
charm mesons and baryons down to zero pt in nuclear col-
lisions. Recent measurements by ALICE [726] have shown
strong modifications of the fragmentation fractions of the c
quark to the various final states from eTe~to pp collisions
and allowed a fairly precise (~ 10% uncertainty) estimate of
the total charm cross section for the latter collision system
(see also Sects. 2.3.1 and 6.2.2 for more details on the mea-
surements). However, the extrapolation from pp collisions
is not trivial as it involves an estimate of the non-negligible
shadowing effects on the initial state [727].

Other valuable insights on the mechanisms at play can be
obtained by considering the pt dependence of the Rasand
vy of the J/¢. In the top panel of Fig. 56 results on the
nuclear modification factor are presented for the two rapid-
ity ranges accessed by ALICE, |y| < 0.9 (eTe~decay) and
2.5 <y <4 (uTp~ decay), for central Pb—Pb events [438].
The significant rise of Raa at low-pt, where the bulk of
charm production occurs, with this effect being stronger at
midrapidity, strongly hints at the presence of (re)generation
as a dominant mechanism in this transverse momentum
range. Remarkably, at higher pt (> 8—10 GeV/c) there
is no rapidity dependence for the strong suppression, and
the Raavalues become compatible with those measured for
charged hadrons (see Fig. 45 in Sect. 2.4.2). This observa-
tion may suggest parton energy loss, as in the case of J/ir
production from the splitting of a hard gluon, as a significant
effectin this kinematic range [730,731], even if a quantitative
description inspired to NRQCD underestimate the measured
Raa [732] . In the bottom panel of Fig. 56 the pt dependence
of vy for Pb—PDb collisions in the centrality interval 20—40%
is shown [728]. The measurement is performed using the
scalar product method with a pseudorapidity gap |An| > 1.1
between the J /v and the event flow vector, to suppress non-
flow effects. A large v, reaching ~ 0.1 at ptr ~ 5 GeV/c is
observed, which could be explained if a large fraction of the
detected J /v originates from the (re)combination of charm
quarks, which acquire their anisotropy by taking part in the
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Fig. 56 (Top) The nuclear modification factor as a function of the
transverse momentum, for the central (|y| < 0.9) and forward (2.5 <
y < 4) rapidity regions [438], compared to TM-TAMU and SHM model
calculations. (Bottom) The pr dependence of the inclusive J/v vz,
compared to TM-TAMU model calculations [728,729]

collective expansion of the system. At the same time, the large
I/ v values, according to Ref. [725], favour a late J /4 for-
mation time, since the charm-quark anisotropy requires time
to build up.

The results of Fig. 56 are compared with theoretical calcu-
lations from TM-TAMU and SHM (only Raafor the latter).
For Raa, the models reproduce the different size of the rise
atlow-pr. Atlarge pt only TM-TAMU is in agreement with
data, due to the absence in the SHM of additional production
mechanisms such as J/¢ production from gluon fragmen-
tation in jet, which are expected to contribute in that range.
In the high-pt range the slight rise of Raain TM-TAMU is
mainly due to the longer resonance formation time, that is
Lorentz-dilated, coupled to the expected lower suppression
rate for the pre-resonant state [706,708]. For v, TM-TAMU
is able to reproduce the data over the explored prt range. In
the low- and intermediate- pt region, where the J/ is pro-

duced mostly via (re)combination, space-momentum corre-
lations of the diffusing charm and anti-charm quarks in the
hydrodynamically expanding fireball represent an important
ingredient of the model [729]. At high-pT, where the vy is
likely determined by path-length dependent effects [612],
the calculations describe the data within the large statistical
uncertainties. It is worth noting that no energy loss effects are
implemented in the TM-TAMU calculations, so the positive
vy in the high- pt region can only be originated in this model
from path-length dependent dissociation.

2.5.2 Study of the bottomonium ground state: strong
suppression and small (re)generation effects

A remarkable observation at the LHC was that the Y states
are strongly suppressed, in a hierarchy apparently dictated
by their binding energies [682]. First observed by the CMS
Collaboration at midrapidity [733], this hierarchy of sup-
pression was confirmed by the ALICE Collaboration at for-
ward rapidity [734,735]. In Fig. 57 the {Npa) dependence
of the Y (1S) Raameasurements performed by ALICE at
J/SNN = 5.02 TeV is shown and indicates a quick onset
of the suppression of the Y (1S) already in semi-peripheral
collisions. The results are compared with various models.
For each of them two lines are shown, corresponding to
upper and lower uncertainty limits. All the models describe
the data quite well, although the theory uncertainties are
rather large. First, the same comover model [736] intro-
duced in Sect. 2.5.1 is applied to the bottomonia, but, in
contrast to the charmonium case, no (re)generation com-
ponent is introduced. The model uncertainties are related
to the used nPDF parameterisation and to the comover—
Y dissociation cross section. Second, the transport model
introduced above for the J/¢ (TM-TAMU [737]) is also
used for the Y (1S). The model results are shown with and
without a (small) (re)generation component. The former is
favoured by the measured Raain central collisions. Third, a
calculation of another transport model based on the frame-
work of coupled Boltzmann equations [738] is also shown.
In this approach the (re)generation is dominated by real-
time (re)combination of correlated heavy-quark pairs, and
the uncertainties correspond to those on the EPPS16 nPDF
parametrisation [47]. Fourth, the model labelled “aHydro” in
the figures implements a thermal modification of a complex
heavy-quark potential inside an anisotropic plasma [739].
The survival probability of bottomonia is evaluated based
on the local energy density, integrating a rate equation
over the proper time of each state. The uncertainties rep-
resent the envelope of calculations performed with values
of the viscosity-to-entropy density ratio n/s ranging from
1/(4m) to 3/(4m). No modifications of nuclear PDFs or any
(re)generation phenomenon are included. Finally, the “Open
Quantum Systems” model results are obtained using poten-
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Fig. 57 The nuclear modification factor for inclusive Y (1S) as a func-
tion of Npare [735], compared to model calculations [736-739,741]

tial Non-Relativistic QCD (pNRQCD) and the formalism of
open quantum systems to treat the interaction of the Y (1S)
state with the QGP [740,741]. The uncertainties shown here
correspond to variations of the non-perturbative transport
coefficient k (heavy-quark momentum diffusion coefficient),
keeping the value of its dispersive counterpart y fixed at its
central value.

In pp collisions, up to 30-50% of the measured Y (1S)
yield results from the feed-down from other states [68,696,
742]. Consequently, a significant amount of Y (1S) suppres-
sion may arise from the very strong suppression of the excited
states (see Sects. 2.5.3 and 2.5.4). The models mentioned
above follow similar approaches for the evaluation of the
feed-down contribution, based on PDG values [37] for the
branching ratios of the excited states, and information on the
production cross sections of those states from pp data taken
at LHC energy.

The pr and rapidity dependence of the Raafor Y (1S)
are shown in Fig. 58 [735]. The data exhibit a very weak
(if any) pt dependence and a weak rapidity dependence,
apparent only for the most forward rapidities 3 < y < 4
covered by ALICE. The prt dependence is reproduced by
both TM-TAMU and aHydro models [737,744]. It is worth
noting that in the TM-TAMU model [737], the only one to
implement (re)generation, its (small) effect becomes visi-
ble at pt of the order of the Y (1S) mass, where the uncer-
tainties are still rather large. More interesting is the rapidity
dependence of the T (1S) Raa. Complemented by the CMS
results [743], the measurement spans four units of rapid-
ity. While both the hydrodynamic [744] and the transport
model [738] describe the Y (1S) Raaat midrapidity rather
well, they predict an opposite trend at forward rapidity than
suggested by the data. In the models, the rapidity dependence
of the suppression is determined by the rapidity dependence
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of the energy density in the QGP phase, which is expected
to decrease slightly towards forward y. The opposite trend
suggested by the data may find a natural explanation in case
a significant (re)generation component is present, even if the
size of this effect, as visible in the left panel of Fig. 58, is
predicted to be relatively small in TM-TAMU calculations.
Another effect that would, in principle, lead to the observed
behaviour for Raa is the presence of significant energy loss
effects that may lead to a shrinking of the rapidity distribution
in Pb—Pb collisions. Models that implement coherent energy
loss effects in cold nuclear matter [745] suggest a decrease
of Raa at forward rapidity, but the effect is much smaller
than observed.

The bottomonium data were recently used for a first
explicit extraction of the heavy-quark potential in the hot
QCD medium [746], found to be characterised by signifi-
cant remnants of the long-range confining force in the QGP.
The bottomonium family is of utmost relevance for the next
advances in the theoretical treatment, based on a quantum
evolution in the deconfined medium, where first quantitative
results are just becoming available [740,741].

2.5.3 Study of non-QGP effects on ground state suppression

The J /4 and Y (1S) production yields are, to various extents,
modified in Pb—Pb collisions. As detailed in Sects. 2.5.1
and 2.5.2, the J/¥ nuclear modification factor presents a
suppression of the charmonium ground state significantly
increasing with pr (see Fig. 56 top), while for the Y (1S) the
pt dependence is weaker (see Fig. 58 left).

Even if QGP effects are significant at LHC energies, other
non-QGP mechanisms have influence on the production of
quarkonium. Commonly defined as “cold nuclear matter”
(CNM) effects, in contrast to the hot-matter effects related
to the presence of the QGP, they can be relevant in colli-
sions involving light and heavy nuclei. Therefore, the quan-
tification of their size is important to correctly define the
net impact of QGP effects on the production of quarkonia.
Experimentally, CNM effects are studied in minimum-bias
pA collisions, where hot-matter mechanisms are not expected
to dominate.

ALICE has studied quarkonium production in p—Pb colli-
sions at \/sNN = 5.02 TeV and 8.16 TeV [540,727,748,749,
752-755]. The prt dependence of the nuclear modification
factor of the J /¢ and Y (1S), at the highest energy, is shown in
Fig. 59 at forward (p-going) and backward (Pb-going) rapid-
ity. For both J/v and Y (1S) a significant pt dependence,
with a stronger suppression in the low- p region, can be seen.
Furthermore, for the J /i the effect is more important in the p-
going (2.03 < yems < 3.53) than in the Pb-going direction
(—4.46 < yems < 3.53), while for the T (1S) no signifi-
cantly different behaviour, within the statistical and system-
atic uncertainties, is observed in the two accessible rapidity
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domains. The comparison of the J/ and Y (1S) Rpawith
theoretical models that implement only nuclear modification
of the gluon PDFs [750] confirms the negligible role of QGP-
induced mechanisms in pA collisions, and it underlines the
importance of CNM effects related to gluon saturation and/or
nuclear shadowing.

Significantly different nuclear modification factors are
measured in p—Pb and Pb—Pb collisions, with stronger sup-
pressions observed in Pb—Pb, except in the low- p region. At
high-pr, the J /v suppression measured in Pb—Pb collisions
can certainly not be due to the CNM effects alone and, even
in the limits of this qualitative comparison, this is a clear
confirmation of the role played by mechanisms related to
the hot matter formation. At low-pr, Raa and Rppp become
quite similar. This does not imply that Raa is dominated
by CNM effects, but rather that (re)combination, which was
shown to be strong in this kinematic region (see left panel of
Fig. 56) completely balances suppression effects, leading to
an approximate recovery of the binary collision scaling once
CNM effects are taken into account. We also remark that the
comparison of p—Pb and Pb—Pb results at two different ener-
gies is meaningful when considering the shadowing effects,
since the variation in the Bjorken-x ranges due to the dif-
ferent ,/snn is compensated by the different yems coverage
(about half a unit rapidity shift).

For the Y (1S), the difference in the pt dependence of
Raaand Rpa, in particular at high-pr, gives an indication
that hot-matter final state effects are significant. At low-
pr, the Raa and Rppyp values become more similar. Since
(re)combination effects are negligible for bottomonium, this
observation implies that a significant fraction of the observed
Y'(1S) suppression in Pb—Pb collisions might be ascribed to
CNM effects.

A more quantitative estimate of the magnitude of CNM
effects in nucleus—nucleus collisions can be performed
assuming that such effects are dominated by nuclear shad-

owing. Under this hypothesis, the magnitude of shadowing
effects in Pb—Pb collisions can be obtained as the product
Rpf)‘l’)r[‘)"' X Rgf,‘f)kw [727,752]. By normalising the measured Raa
to this product, the quantity S = Raa/ (ng‘f,rg” X Rgf,%kw) can
be computed. This quantity, shown in Fig. 60 for both J /v
and Y (1S), can be considered as the Pb—Pb nuclear modifi-
cation factor, corrected for shadowing effects. For the J /v,
values larger than unity are obtained at low-pt. This indi-
cates anetJ /¢ enhancement, clearly related to (re)generation
effects [727]. At high-pr, values as low as Sy;y ~ 0.3 are
measured, corresponding to a strong suppression.

Also Sv(1s) shows a significant pr dependence. At high-
pr its value is similar to Sy/y, while at low-pr it becomes
compatible with unity. Taking into account that for Pb—Pb
collisions the contribution from the (re)combination of b
quarks should be negligible, this result could imply that once
shadowing effects are divided out, only a modest suppression
effect survives for the strongly bound Y (1S). This tentative
conclusion can be further quantified by taking into account
the feed-down contribution from the excited bottomonium
states. A thorough investigation of these effects can be found
in Sec. 2.1 of Ref. [696]. Indeed, both Y (2S) and T (3S),
as well as various i, states have a non-negligible branch-
ing ratio towards the 1™~ ground state. The feed-down frac-
tions were measured in pp collisions by ATLAS, CMS and
LHCb, with the resulting contribution from all these states
being ~ 30% at relatively low- p, increasing to ~ 50% at
high-pt [696]. A precise evaluation of the direct T (1S) Raa
would require the knowledge of the corresponding quan-
tity for the excited states, which is available for the T (25)
and Y'(35) [735,743], but not for the various xp. Assum-
ing Raa(xo(1P)) ~ Raa(Y(25)) and Raa(xp(2P)) ~
RAA(Y(3S)), as it may be suggested by the similar bind-
ing energies, one may evaluate the direct Y (1S) nuclear
modification factor by subtracting out the contribution of

@ Springer



813  Page 88 of 221 Eur. Phys. J. C (2024) 84:813
g2:‘!”:”:'||||||||||||||||||||||||||||||||||| (o 2_|||||||||||||||;?|||||||||||||||||||||||
D:_ 1.8F @ Pb-Pb |5, =502 TeV, 2.5<y<4, 0-90%, JHEP 2002 (2020) 04 1.8F = ﬁ oy
$16E © PPb sy =816 TeV, 2.03</<353 JHEP 1807 (2018) 160 16 Ropo % Ry ° x(1s)
@ "°F e p-Pbysy,=8.16TeV, -4.46<y<-2.96, JHEP 1807 (2018) 160 :
1.4 _ ~ 14 s Pb-Pb Sy, = 5.02 TeV, 2.5<y<4, 0-90%
1.2 _ 12p p-Pb, , s = 8.16 TeV, 2.03<y<3.53, -4.46<y<-2.96
1f-- i o L R
2 F
0.8 EPS09 NLO + CEM (R. Vogt) 0.8¢ %ﬂ»
06 [J2.03<y<3.53  [J-4.46<y<-2.96 06k
04¢ ﬂ-@-@:@r H—H— 04F %}jﬁizgzﬁi
0.2F CGC+NRQCD (R. Venugopalan et al 0.2F
O:|||||||||||||||||||%2|'0|3|<}f<|3]5|3|||||||||||| 0:|||||||||||||||||||||||||||||||||||||||
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
p. (GeVic) p.. (GeVic)
g 2T T T T T T .
© 18F o Pb-Pb Sy =502TeV, 25<y<4, PLBE22 (2021) 136579 Fig. 60 S;/y (green symbols) and Sy is) (orange symbols) as a func-
i F o pPb vs—”:“‘ 8.16 TeV, 2.03<y<3.53, PLB806 (2020) 135486 ] tion of pr. See text for further details on the definition of this quantity
o "6F o pPb |y, =816 TeV, -4.46<y<-2.96, PLB8OG (2020) 1354861
14F EPS09 NLO + CEM (R. Vogt) -
1ok [J2.03<y<3563 [J-4.46<y<-2.96
I e - 2.5.4 Excited quarkonium states
08F - E
06 _:$: =2 - 3 Both ccand bbstates have complex spectroscopies. The vari-
04k = 3 ous states have very different binding energies, ranging from
0'2 S e = ] about 50 MeV for the ¥ (2S) to about 650 MeV for the J/y
“E | | | | | | ] in the charmonium sector and from about 200 MeV for the
00 2 4 6 ) 10 12 14 loosely bound Y (3S) up to about 1 GeV for the tightly-
p. (GeVic) bound Y (1S) in the bottomonium sector. Hence the com-

Fig. 59 J/¢ (left) and Y(1S) (right) Raaas a function of pr in
centrality-integrated Pb—Pb collisions at \/sxy = 5.02 TeV in 2.5 <
Yems < 4 (blue circles) [735,747]. Results are compared to the corre-
sponding Rpa values obtained in p—Pb collisions at /snn = 8.16 TeV
in 2.03 < yems < 3.53 (light gray circles) and —4.46 < yems < —2.96
(dark gray circles) [748,749]. The gray bands correspond to model cal-
culations based on a pure nuclear shadowing scenario using EPSO9LO
as set of nuclear parton distribution functions (filled bands) [750]. For
the J/y case, a theory calculation based on a CGC approach cou-
pled with a NRQCD production mechanism is also shown (dashed
band) [751]

the excited states as Raa (Y (18)4" = (Raa (Y (18))inel —
RAA(T(ZS) Fy(zs)ﬁr(ls) — )/FT(IS)dir. A numerical
evaluation for the lowest pr interval (ptr < 2 GeV/c) in
Fig. 59 (bottom) gives Raa (Y (15)4r ~ 0.45 £ 0.08, to
be compared with the product of the forward and backward
Rppp which yields 0.42 £ 0.11. This approximate estimate
suggests that shadowing and feed-down effects could be
responsible for most of the suppression observed at low-pt
for inclusive Y (1S) production. At larger pr CNM effects
become weaker but the feed-down fractions increase. The
corresponding results, affected by larger uncertainties, are
Raa(Y(1S) ~ 0.68 £ 0.22 while RN x RO ~
0.86 £ 0.26.
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parison of their behaviours in a hot and dense medium can
shed light on various properties of the created system. In
particular, by linking the sequential disappearance of these
resonances to the melting temperature, as evaluated by lat-
tice QCD studies [686], one might also have a tool to access
the temperature reached in the collision. In addition, also the
details of the production process itself in nuclear collisions,
with the contribution of direct and regenerated states, can
be different for the various quarkonium resonances. Thus,
it is expected that a precise measurement of both ground
and excited states will allow distinguishing between statisti-
cal hadronisation [756], which assumes that all quarkonium
states are produced according to thermal weights determined
at the chemical freezeout, and microscopic transport mod-
els [725]. In the latter, the production of quarkonia is contin-
uous through the lifetime of the fireball and can thus occur
out of chemical equilibrium.

ALICE has measured both the J/¢r and the ¢ (2S) at for-
ward rapidity (2.5 < y < 4) and down to zero transverse
momentum [757]. These results extend the measurements of
the CMS experiment, which has studied the J/v and the
¥ (2S) in the kinematic ranges |y| < 1.6, 6.5 < pr <
30 GeV/cand 1.6 < |y| < 2.4, 3 < pr < 30 GeV/c [758].
As visible in Fig. 61, where the nuclear modification fac-
tors of the J/¢ and v (2S) measured in the rapidity range
2.5 < y < 4 are shown, the 1 (2S) is significantly more sup-
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Fig. 61 (Top) The nuclear modification factor for inclusive ¥ (25) and
I/, measured in Pb—Pb collisions at ,/syn = 5.02 TeV as a function
of Npart [757], in the range 2.5 < y < 4. Predictions from the TM-
TAMU [725] and SHM [723] models are also shown (Bottom) The pr
dependence of the 1/ (2S) Raa, measured by ALICEin2.5 < y < 4 for
0-90% Pb—Pb collisions [757], compared with corresponding high-pt
results in |y| < 1.6 and 0-100% centrality from CMS [759]. Model
comparisons are also shown

pressed than the J/v over all the centrality and pt ranges
explored by ALICE. Furthermore, a rise of Raa at low-
pt can be observed also for the v (2S), suggesting that
(re)combination effects can be sizeable also for this state.
The calculations of the TM-TAMU model [725] are in good
agreement with the experimental results as a function of both
Npare and pt. The SHM approach [723] tends to overestimate
the suppression effects for the 1 (2S) in central events, while
a good agreement, as discussed previously, is found for the
J/¢. In the region 6.5 < pt < 12 GeV/c the results agree
with those of CMS [759], obtained at midrapidity, which also
explore a higher- pt range, where the ¥ (2S) Raa remains
roughly constant.

A similar comparison between the Raacentrality depen-
dence for ground and excited states has been carried out by
ALICE also in the bottomonium sector in Pb—Pb collisions
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Fig. 62 The nuclear modification factor for inclusive Y(2S) and
Y(1S) as a function of Npy [735], compared to model calcula-
tions [736,737,739]

at ./snn = 5.02 TeV [735]. Bottomonium states are recon-
structed at forward rapidity (2.5 < y < 4). As for charmo-
nium states, also the Y (1S) and Y'(2S) show a strong sup-
pression in their production, with a more significant reduction
of their yields in the most central collisions. Even if the mea-
surement of the Y (2S) yields in Pb—Pb is still statistically
limited, allowing only a small number of centrality intervals
to be defined, a stronger suppression of the excited state, with
respect to the Y (1S), is visible in Fig. 62.

It can be noted that the size of the measured suppression of
the Y (1S) and Y (2S) production in Pb—Pb with respect to pp
collisions is well described by several theory models, whose
predictions are shown in Fig. 62, and it is similar to the one
measured by the CMS experiment [760], in a complementary
rapidity region |y| < 2.4 [743]. Some of the models shown in
Fig. 62 give explicit predictions for the temperatures needed
to describe the relative suppression of the two states. In par-
ticular, in the aHydro model [739], the hydrodynamic fire-
ball evolution starts at o = 0.3 fm/c, with an initial system
temperature and shear viscosity to entropy ratio tuned simul-
taneously to describe the measured charged particle density
and anisotropic flow. The most probable values for the above
quantities in this model are T = 641 MeV and n/s = 1/4m,
in agreement with other hydrodynamic calculations which
favour the hypothesis of a nearly perfect QGP fluid with a
shear viscosity close to the lowest bound conjectured by the
AdS/CFT correspondence [107]. Other approaches, as TM-
TAMU [737], start the space—time evolution of the medium
at a slightly lower temperature, 7 ~ 540 MeV. In any case,
more quantitative constraints on the initial QGP temperature
and its shear viscosity require a better understanding of all
the differential experimental results, especially the rapidity
dependence which, as previously shown in Sect. 2.5.2 for the
T (1S), does not seem to be well reproduced in this model.
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2.5.5 Discussion of further flow results for quarkonia

A detailed study of the J/i anisotropic flow, reported in
Refs. [728,761] offers additional insights into the dynamics
of the production process. The centrality dependence of the
elliptic flow coefficients allows us the study of the sensitivity
of the J/v production mechanisms to the system size and
initial spatial anisotropy. The v; of light flavoured hadrons
was shown to be proportional to the initial state spatial ellip-
ticity [303], as expected from the evolution of a nearly ideal
hydrodynamic system, with the proportionality factor being
dependent on the medium properties, like the equation of
state and viscosity. Since the J/v vy should be determined
by the flow of charm quarks in the low- and intermediate-
pt regions where (re)combination processes dominate its
production, its centrality dependence provides information
on the degree of charm-quark thermalisation/equilibration in
the medium as well as on the charmonium formation time.
Figure 63 presents the centrality dependence of the pr-
integrated J/v v in Pb—Pb collisions at ,/snn = 5.02 TeV,
measured at forward rapidity in the ranges pt < 5 GeV/c
(leftyand 5 < pt < 20 GeV/c (right) [728]. These results are
compared to the v, of the charged pions measured at midra-
pidity [290] and at a pt corresponding to the J /v average pr
in the above mentioned intervals. The v, for low-pt pions
grows fast from the most central towards peripheral colli-
sions, reaching a maximum in the 40-50% centrality inter-
val. For the J/vr, however, a milder centrality dependence
is observed, illustrated quantitatively by the v/ vé/ ratio
shown in the bottom panel, which grows linearly from central
to peripheral collisions. The significance of the trend is larger
than 2 o. Such a trend for the J/1 may be interpreted as the
consequence of an increase towards more central collisions
of the fraction of regenerated J /¢ and/or the degree of charm-
quark thermalisation, with both favouring the development
of anisotropic flow in more central collisions. An incomplete
charm thermalisation, arguably affecting more the peripheral
collisions, would lead, as the measurements suggest, to a cen-
trality dependent conversion factor of the initial state spatial
anisotropy into final state momentum anisotropy. At high-
pt, the vy shows a similar centrality dependence for J/vr
and charged pions, suggesting a possible common origin.
An extension to the picture of the number of constituent
quark (NCQ) scaling of the anisotropic flow, first proposed at
RHIC [296,762], which assumes that the charm-quark flow
magnitude is different than that of the lighter quark species,
can be tested as suggested in Refs. [728,763]. Within the
NCQ ansatz, the vy of the charm (v5) and of light quarks
(vg ) can be inferred as described in Ref. [728], based on the
measured vy of J/v and charged pions, respectively. The vy
of D mesons can be obtained as a superposition of the charm
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and light-quark flow
v (pP) = vI(pd) + V5P, (22)

where q and c superscripts denote the light and charm quarks,
respectively. Unlike for light mesons and charmonia, where
the momentum fractions carried by the constituent quarks
are assumed equal from symmetry reasons, for D mesons
different assumptions need to be made. In coalescence moti-
vated models of hadronisation, constituent quarks have equal
velocities and thus carry pr fractions proportional to their
effective masses. For D mesons, a simplistic approach con-
sidering the mass of the light quark being one third of the
proton mass leads to a light-quark pr fraction of about 0.2 of
the D-meson pt [763]. Figure 64 shows the pt dependence
of vy in the 30-50% centrality range measured by ALICE
at midrapidity for charged pions [290] and D-mesons [573]
(average of prompt D°, D and D** mesons), and at both
central and forward rapidity for J/4 mesons [728]. The red
dashed curve is a fit of the J/¥ v, [728] used to obtain a
parameterisation of the charm-quark v,, while the black solid
curve corresponds to the D-meson v, obtained using Eq. 22
and assuming pff =0.2 p? . This calculation underestimates
the measured D-meson flow at low- pt and overestimates it at
high- pt, which disfavours the constituent quark coalescence
inspired assumption. This approach however largely ignores
the contribution of gluons to the D meson kinematics. In this
naive study, an attempt to compensate for this missing con-
tribution was made by roughly tuning the momentum share
carried by the light quark. Surprisingly, the assumption of
equal pt sharing between the light and charm quarks pro-
vides a much better description of the data, with the best fit
suggesting a value of p% =04 p? . A very good compatibil-
ity with the measurements in different centrality ranges was
observed for both vy and v3 [728], which suggests that the
flow of charmonia and open charm mesons can be described
assuming a common underlying charm-quark flow different
from that of the light quarks.

Finally, Fig. 65 shows a comparison of the pr depen-
dent v» measurements for charged pions, prompt D mesons,
inclusive J/v, electrons from beauty-hadron decays and
Y (1S) [533,573,764]. A rather clear quark flavour hierar-
chy is observed in the low- p range, for both open and hid-
den heavy flavour hadron species, with the beauty hadrons
exhibiting the least amount of flow. Both open and hidden
charm hadrons show a significant amount of anisotropic flow,
suggesting that charm quarks are at least partly thermalised in
the QGP medium. In addition, since the low-pt J /4 are not
expected to develop a significant collective anisotropic flow
on their own, their relatively large observed flow supports
the scenario of J/v formation via (re)combination during
the late stages of the collision, when the charm-quark flow is
fully developed. The elliptic flow of the electrons from beauty
hadron decays, measured up to the electron pr = 6 GeV/c,
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is a convolution of the vy of beauty hadrons mostly from
the pt range pt < 15 GeV/c and their decay kinematics.
Although the pt dependence of the open beauty hadrons v,
cannot be easily inferred, this measurement clearly shows
that open beauty hadrons exhibit flow, even if significantly
smaller with respect to open charm hadrons. This observa-
tion constitutes also a hint that beauty quarks may participate
to some extent to the collective flow of the plasma, although
it is difficult to disentangle the contribution of the b and of
light quarks in producing the observed b-hadron flow. In the
case of hidden beauty hadrons, namely inclusive Y (1S), the
v measurements using Run 2 data are compatible with zero
elliptic flow and are estimated to be 2.6 o lower than the J /v
vp. Within the large uncertainties of these measurements,
such an observation is compatible with the expectations of
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Fig. 65 The pt dependence of v, for the centrality range 30-50% in
Pb-Pb collisions at /sx\n = 5.02 TeV. Results are shown for open
and hidden charm (D-mesons and J/v), for open and hidden beauty
(electrons from semi-leptonic beauty-hadron decays and Y'(1S)), and
for pions [533,573,728,764]

a negligible contribution from (re)generation in the beauty
sector.

2.5.6 Conclusions

Charmonium production. In Pb—Pb collisions at LHC ener-
gies the J/y production and the observed anisotropy in
its azimuthal distributions is dominated, at low-pt and
for central events, by a (re)generation effect due to the
(re)combination of the charm quarks abundantly produced
in the collision and at least partially thermalised. This obser-
vation constitutes a proof of deconfinement, as it implies that
coloured partons can move freely over distances much larger
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than the hadronic scale. Results on the weakly bound ¥ (25)
state show that this resonance exhibits a stronger suppression
compared to J/v in all the explored pr interval. Hints for
the presence of (re)combination effects were also detected.

Bottomonium production. The bottomonium state Y (1S) is
suppressed by more than 50% in central Pb—Pb collisions,
with a nearly flat transverse momentum dependence of the
Raa that indicates that (re)generation effects play a small
role, as expected because of the much lower multiplicity of
b with respect to ¢ quarks. The less strongly bound Y (25)
is found to be more strongly suppressed (up to about 90%
in central Pb—Pb collisions), an observation consistent with
a sequential suppression of the bottomonium states.

Initial state effects. The influence of gluon shadowing/
saturation is not negligible, with a 30% suppression mea-
sured at low-prt for J/¢ and Y (1S). Also, feed-down from
higher mass charmonium and bottomonium resonances con-
tributes about 20% and 30% at low- pT, respectively. When
considering these effects in a semi-quantitative way, it turns
out that: (i) they could be responsible for a significant frac-
tion of the measured inclusive Y (1S) suppression, (ii) that
production of low- pt direct J /v is larger than expected from
binary scaled pp collisions.

2.6 Early electromagnetic fields and novel QCD
phenomena

Heavy-ion collisions provide a unique opportunity to study
intriguing, novel QCD phenomena that are not directly acces-
sible elsewhere, including local parity (P) and charge conju-
gation parity symmetry (CP) violating effects in the strong
interaction [765—773]. Even though many potential explana-
tions have been proposed [774-780], it is still unclear why
P and CP invariances are respected in the strong interaction.
This is known as the strong-CP problem [778,781] which still
continues to be one of the remaining puzzles of the Standard
Model.

The uniqueness of heavy-ion collisions as a tool for the
study of the strong P and CP violation effects stems from
the presence of the strongest magnetic field in nature, of
the order of 10'° gauss [782-784], produced by the collid-
ing positively charged nucleons, mostly protons, that do not
participate in the interaction (so-called spectators) in non-
central collisions. This field develops perpendicular to the
reaction plane, the plane defined by the impact parameter
and the beam axis. The magnetic field, that is rapidly decay-
ing [785,786] with a rate that depends on the electric conduc-
tivity of the medium, besides leading to observable effects of
the strong P and CP violation, could have direct implications
on the kinematics of final state particles. The latter is used for
detecting and estimating the strength of the electromagnetic
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fields. While so far there exists no unambiguous experimen-
tal evidence for the existence of such strong electromagnetic
fields, ALICE measurements reveal several important hints,
which are discussed below.

The results from ALICE searches for the effects of the
early stage electromagnetic fields will be discussed first. This
section will be followed by the description of our studies
for the discovery of novel QCD phenomena, associated with
local P and CP violating effects in the strong interaction,
referred to in the literature as the Chiral Magnetic Effect
(CME) and the Chiral Magnetic Wave (CMW).

2.6.1 Searches for the early stage electromagnetic fields

Charge-dependent directed flow measurements

It is proposed in Refs. [787,788] that the strong initial
state electromagnetic fields significantly affect the evolution
of the produced QGP, thus leaving distinct imprints in the
final state particle distributions. Charged particles propagat-
ing in the electromagnetic field experience a Lorentz force.
Strong electric fields can also be generated due to the decay
of the magnetic field with time through Faraday’s law. In the
centre-of-mass of the collision system the two effects (i.e.,
the Lorentz force and the force due to the induced electric
field) have opposite sign; both effects are also antisymmetric
in rapidity (i.e., rapidity-odd) and could be detected experi-
mentally. This would, consequently, lead to the first experi-
mental constrains on the value of the electric conductivity of
the QGP.

A way to probe the electromagnetic fields and their
rapidity-odd induced effects is the measurement of the
charge-dependent anisotropic flow v,. In particular, the
charge dependence of the directed flow, v{(n), of the pro-
duced particles relative to the spectator plane is directly sen-
sitive to the presence of the electromagnetic fields. The spec-
tator plane is defined by the deflection direction of the colli-
sion spectators, measured with the Zero Degree Calorimeter
(ZDC), and is strongly correlated with the direction of the
magnetic field. As the production times for light (mainly
produced through gluon-splitting processes throughout the
entire evolution of the system) and heavy quarks (predomi-
nantly produced in early stage hard scattering processes) are
vastly different, the directed flow of hadrons containing a c-
quark is expected to be more sensitive to the early times of
the system evolution, of the order of 0.1 fm/c.

Figure 66 presents the differences of the charge-dependent
v1, denoted as Awvq, in mid-central Pb—Pb collisions at
J/SNN = 5.02 TeV as a function of pseudorapidity for
charged particles and D° mesons [789]. The magnitude of
the effect is smaller for charged particles than for D mesons,
as expected from the fact that charm quarks are more sen-
sitive probes of the magnetic field at earlier times, and is
thus scaled up by a factor 10° for visibility. The rapidity
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Fig. 66 The pseudorapidity dependence of Av; for charged particles
(blue markers) and D mesons (orange markers) in mid-central Pb—Pb
collisions at \/snn = 5.02 TeV [789]. The data points for charged par-
ticles are scaled by a factor 10°. Statistical and systematic uncertainties
are represented by the error bars and the boxes around each data point,
respectively

slope dAv/dn, extracted with a linear fit function, yields
[1.68£0.49 (stat.) £0.41 (syst.)] x 10~* for charged hadrons
with pt > 0.2 GeV/c for the 5-40% centrality interval and
[4.9 + 1.7 (stat.) & 0.6 (syst.)] x 10~! for D mesons with
3 < pr < 6GeV/cinacentrality interval of 10-40%, result-
ing in a significance of 2.60 and 2.70 for having a positive
value, respectively. This apparent large slope could point to
a stronger effect of the Lorentz force relative to the contribu-
tion from the induced electric field and the initial tilt of the
source. This measurement constitutes the first experimental
hint of the existence of the initial state electromagnetic fields
at the LHC. The data samples that will be collected in the
upcoming heavy-ion runs at the LHC will give us the poten-
tial to make a decisive step in this direction.

Hyperon polarisation

An independent way of probing and constraining the value
of the magnetic field is provided by the measurements of the
hyperon global polarisation (see also Sect. 2.2.8).

Fluid vorticity, the main mechanism for the global polar-
isation effect, leads to the same polarisation between parti-
cles and antiparticles. The magnetic field, which is oriented in
the same direction as the average vorticity, on the other hand,
couples to the magnetic moment (i) of a particle g and leads
to a particle polarisation P” = 11, B/2T = Q4 B/Q2m,T),
opposite for particles and antiparticles with charge Q,. In
the previous formula, 7 is the temperature of the system at
the time of the particle formation and B is the value of the
magnetic field. This opens up the possibility to probe the
magnetic field with a different, independent observable.

The first observation of the finite global polarisation of
A hyperons in Au—Au collisions at RHIC [359] revealed
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Fig. 67 The ,/snn dependence of the upper limit for the magnitude
of the magnetic field at freeze-out, estimated from the global polarisa-
tion results of A and A. The data points are extracted from the results
reported in Refs. [359,368]

that the perfect liquid created in such collisions is also
the most vortical one. The ALICE measurement of global
polarisation at the LHC [368] although presently by large
statistical and systematic uncertainties indicates a decrease
with increasing collision energy, consistent with expectations
based on the correlation between vorticity and the slope of
directed flow as a function of centre-of-mass energy [254].
Although no significant difference was found in the polari-
sation between A and A, one can use the relationships Py &
0.5w/T +|ualB/T and Py ~ 0.50/T — |ua|B/ T, where
w is the vorticity of the QGP, to constrain the value of the mag-
netic field at freeze-out by evaluating (Py — Py). Figure 67
presents the centre-of-mass energy dependence of such an
estimate of the value of the magnetic field. At LHC energies,
one obtains an upper limit of eB/ m% of 0.017 (correspond-
ing to 5.7 x 10'2 T) and 0.044 (or 14.4 x 10'> T) at a 95%
confidence level for Pb—Pb collisions at ,/sxy = 2.76 and
5.02 TeV, respectively.

2.6.2 Searches for chiral anomalies

The ground state of the QCD vacuum consists of a super-
position of topologically distinct states [790]. These states,
characterised by a topological charge, are separated by a
potential barrier and can be connected through tunneling
transitions, called instantons [790-795]. However, due to the
height of the potential barrier, which is of the order of the
QCD scale over the strong coupling constant (Agcp/as),
instanton transitions are suppressed [791,792]. At high tem-
peratures, like the ones reached when the QGP is created in
collisions between two heavy ions, the transitions between
two states with different topological quantum numbers can
take place by jumping over the barrier, and are known
as sphalerons [796-800]. In electroweak theory, transitions
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between vacuum states with different topological charges are
associated with baryon and lepton number violation [801]. In
QCD, they are connected to the non-conservation of chiral-
ity. The existence of these transitions is very well motivated
by theoretical studies and would lead to the QGP that pos-
sessing domains with non-zero net chirality, with a sign that
changes from event to event i.e., leading to an event-by-event
local P and CP violation.

Chiral magnetic effect studies
The possibility of observing parity violation in the strong
interaction in relativistic heavy-ion collisions was first
pointed out in Refs. [765-767] and was further discussed
in Refs. [768-773]. A significant development happened in
2004, when it was noticed that in the presence of a chi-
rally restored medium, a system of quarks with non-zero
net-chirality immersed in a strong magnetic field leads to
an excess of positively-charged particles moving along the
magnetic field direction and an excess of negative particles
moving in the opposite direction. This introduces a net elec-
tromagnetic current and creates an electric dipole moment of
QCD matter. This phenomenon is called the Chiral Magnetic
Effect (CME) [773], and its existence was recently reported
in semi-metals like zirconium pentatelluride (ZrTes) [802].
The resulting charge separation can be identified by study-
ing the P-odd sine terms in the Fourier decomposition of the
particle azimuthal distribution [39,803] according to
dN

dou o142 Z [Un.a COS(MAQY) + o sin(nA@y)]
o n

(23)

where Agpy = ¢y — VRp is the azimuthal angle ¢, of the
particle of type « (either positively or negatively charged)
relative to the reaction plane angle Wrp. The coefficients
U« are the n-th order Fourier harmonics that characterise
the anisotropies in momentum space. The leading order P-
odd coefficient aj ,, reflects the magnitude of the effects from
local parity violation, while higher order terms (a, o for
n > 1) describe the specific shape in azimuth. The chiral
imbalance that leads to the creation of the CME fluctuates
from event to event, and the event average (aj ) is consis-
tent with zero, i.e. compatible with the observation of global
parity conservation in strong interactions. Consequently, the
effect can be detected only by correlations studies.

In Ref. [803], it was suggested that a suitable way to
probe the CME is via two-particle correlations measured
relative to the second-order symmetry plane of the form
y1,1 = {cos(@y +@g —2W¥2)), where the brackets indicate an
average over all events, and « and 8 denote particles with the
same or opposite electric charge. The advantage of using this
observable is that it probes correlations between two leading
order P-odd coefficients a4 and a; g which do not average
to zero over all events, while suppressing correlation that do
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not depend on the symmetry plane orientation. In order to
independently evaluate the contributions from correlations
in- and out-of-plane, one measures at the same time a two-
particle correlator of the form §; = (cos(¢y — ¢g)). Both
correlators can be generalised according to:

Ym.n = (€0s(m@y + ngpg — (m 4 n)Wpmyn))), (24)
Sm = (cos[m(pa — ¢p)]). (25)

where m and n are integers.

The observable of Eq. 24 is constructed as the differ-
ence between correlations in- and out-of-plane and is thus
expected to suppress background effects approximately by a
factor of v;. On the other hand, the correlator of Eq. 25, owing
to its construction, is affected (if not dominated) by back-
ground contributions. This background was recently iden-
tified as stemming from an interplay between local charge
conservation embedded in an environment that exhibits
azimuthal anisotropy [804]. Its isolation and the subsequent
quantification of the CME contribution to these observables
has been the main focus of this line of research at both RHIC
and LHC.

Figure 68 presents the centrality dependence of Ad; and
Ay ie., the difference of §; and y; 1 between opposite-
and same-sign pairs in panels (a) and (b), respectively. The
data points that correspond to results from the STAR Collab-
oration in Au—Au collisions at ,/syy = 200 GeV [108,805]
and the ones from Pb—Pb collisions at ,/syny = 2.76 and
5.02 TeV [806,807] have a characteristic and significant
centrality dependence. The correlator Aé; is related to the
balance function also studied at the LHC [335,808]. The
results of A§; are qualitatively consistent with the ones in
Refs. [335,808], i.e. oppositely charged particles are more
tightly correlated in central events resulting in a narrowing
of the balance function width in Ag which results in the
observed centrality evolution of A§;. There is a clear evo-
lution with centre-of-mass energy for Adq, consistent with
whatis reported in Ref. [335]. This energy dependence, how-
ever, is less pronounced for Ay 1, between the two LHC
energies. This lack of a significant energy dependence for
Ay initially came as a surprise considering the differences
in centre-of-mass energy, which between RHIC and LHC is
one order of magnitude, and that the magnitude of the mag-
netic field and the way it evolves is, in principle, different
between the two energies. In addition, the particle density
is almost three times larger at the LHC compared to RHIC.
This might lead to a significant dilution of the CME signal,
if any, at this higher energy. Finally, the acceptance used in
the two experiments is slightly different, with ALICE using
a smaller range in 7. This, in turn, could lead to a more pro-
nounced contribution from both any potential CME signal
and background. At the same time, however, there is no sig-
nificant energy dependence in the effects that constitute the
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background to these measurements. In particular, prelimi-
nary studies indicate that the correlations between balancing
charges, as reflected in the width of the balance function, do
not exhibit any significant dependence on collision energy.
Furthermore, the values of v, measured in Pb—Pb collisions
at \/sNN = 5.02 TeV are around 2% higher than the values
at ./snN = 2.76 TeV [809].

Figure 68c and d present the comparison between the
experimental data points of both A§; and Ay; ; in Pb—Pb
collisions at ,/sxv = 5.02 TeV with expectations from a
blast wave (BW) model based on a parameterisation from
Ref. [810]. Local charge conservation (LCC) is additionally
incorporated by generating ensembles of particles with zero
net charge produced at the same spatial location, uniformly
distributed over the anisotropic particle radiating source. The
input parameters of the model are tuned to describe the pr
spectra [402] and the pr-differential vy values [290] for
charged pions, kaons, and protons (antiprotons) measured
in Pb—Pb collisions at ,/syy = 5.02 TeV (see Ref. [807]
for details). In addition, the number of sources that emit bal-
ancing pairs is tuned separately for each centrality interval
to reproduce the centrality dependence of Ady, as presented
in the panel (c) of Fig. 68. The tuned model is then used
to extract the expectation for the centrality dependence of
Ay1.1, shown in the panel (d) of Fig. 68. The BW model
underestimates the measured data points by as much as
~ 40%, with the disagreement increasing progressively for
more peripheral events. A similar study performed in Xe—
Xe collisions at ,/snn = 5.44 TeV [812], revealed that the
data points can be described quantitatively by the tuned BW
model.

Centrality (%)

The same figure presents the results from the Anoma-
lous Viscous Fluid Dynamics (AVFD) model [786,811]. This
model simulates the evolution of the chiral fermion currents
in the QGP on top of the hydrodynamic evolution of a heavy-
ion collision as prescribed by VISHNU [460] which couples
2+1 dimensional viscous hydrodynamics (VISH2+1) to a
hadron cascade model (UrQMD) [124]. The model allows
one to tune the value of the axial current density to entropy
ratio (ns/s) that controls the imbalance between left- and
right-handed quarks. In addition, it includes local charge
conservation effects by emitting particle pairs of opposite
charges from the same fluid element. The procedure that was
followed relied on finding the proper value of both ns/s
and the percentage of balancing charged particles (LCC)
to reproduce simultaneously the centrality dependence of
Ad; and Ay 1. This is illustrated in panels (c) and (d) of
Fig. 68, where the AVFD curves are represented by the green
bands [813]. The model is able to describe the measure-
ments with a set of input parameters that ranges between
0.03 and 0.06 for ns/s throughout all centrality intervals
while the percentage of charged particles emitted as part of
an oppositely charged pair relative to the total multiplicity
of an event varies from 30% up to 60% with an increasing
trend for more central events. In addition, a background only
scenario, i.e., n5/s = 0 for all centralities, is not compat-
ible with the measurements according to this model [813].
Finally, a similar study performed in Xe—Xe collisions at
/SNN = 5.44 TeV [812] has yielded systematically lower
values of ns/s, and a background-only scenario being, at
this time, compatible with the data [813].
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Fig. 69 (Top) The dependence of Ay;; on vy for shape selected
events together with a linear fit (dashed lines) for various central-
ity classes. (Bottom) The centrality dependence of the CME fraction,
fcMmE, extracted from the slope parameter of fits to data and MC-
Glauber, MC-KLN CGC, and EKRT models, respectively. The dashed
lines indicate the physical parameter space of the CME fraction, while
the points are slightly shifted along the horizontal axis for better visi-
bility. Figures from Ref. [814]
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Fig. 70 Summary of the results for the CME limit obtained from differ-

ent analyses performed at various LHC energies and colliding systems
integrated over centralities (see text for details)
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Data-driven methods could offer a more robust approach
to constrain and quantify the dominating background while
in parallel isolating the signal that comes from the CME.
The first measurement in this direction was presented by
the ALICE Collaboration in Ref. [814], using an innova-
tive method proposed and developed in [815]. This method,
called Event Shape Engineering (ESE), utilises the strong
fluctuations of initial geometry (i.e., the position of partici-
pating nucleons) even at a fixed impact parameter and allows
one to select events with different initial system shapes, e.g.,
central Pb—Pb collisions with large initial anisotropy. This
allows one to select events where the main component of the
background, the value of v, can be varied. The top panel of
Fig. 69 illustrates the linear dependence of Ay 1 on vy for
different shaped events and centrality ranges, indicative of
the dominance of background contributions. This becomes
more evident seeing all data points converging on a single
line when Ay is scaled with the relevant particle density
for each centrality interval to account for the dilution of these
correlations stemming from the increased multiplicity [814].
The bottom panel of Fig. 69 presents the CME fraction,
JfcMe which is extracted from the slope parameters of fits
to data and MC-Glauber, MC-KLN CGC, and EKRT mod-
els, for various centrality intervals of Pb—Pb collisions at
J/SNN = 2.76 TeV [814]. All data points corresponding to
different initial state models (MC-Glauber, MC-KLN CGC,
and EKRT), are consistent with zero within the uncertain-
ties. This study, by combining the data points in the 10-50%
centrality interval, set an upper limit of 26-33% at 95% con-
fidence level for the CME signal contribution to Ay j.

Figure 70 presents a summary of the upper limits for
the CME signal contribution to Ay; 1 obtained from differ-
ent analyses performed at various LHC energies and collid-
ing systems integrated over centralities. These include the
data points from studies using the ESE technique [814] for
the three initial state models used, analysis of the correla-
tors including higher harmonics at the two different LHC
energies [807], and from the comparison of the correla-
tions in Xe—Xe and Pb—Pb collisions in the two-component
model [812]. The higher harmonics results are based on
measuring charge-dependent correlations relative to the third
order symmetry plane of the form y; > = (cos(¢y + 2¢g —
3W3)). Considering that the third order symmetry plane (\/3)
is very weakly correlated with W, [816], the charge sepa-
ration effect relative to the third harmonic symmetry plane
is expected to be negligible and the relevant correlations
are expected to reflect mainly, if not solely, background
effects. In this background-only scenario, one could approx-
imate Ay; 1 and Ayj according to Ayj1 < k2 Adjvy and
Ay1.2 x k3A81v3, with k2 and k3 being proportionality con-
stants [807]. The method relies heavily on the assumption that
ko = k3 if both correlators are studied in the same experimen-
tal setup and for the same kinematic region and provides an
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upper limit of 15-18% at 95% confidence level for the 0—40%
centrality interval. Finally, the analysis of Xe—Xe collisions
at \/snN = 5.44 TeV [812] revealed similar results for Ay j
as the ones in Pb—Pb collisions at ,/sny = 5.02 TeV at the
same multiplicity. The CME fraction was estimated in this
analysis using a two-component model, similar to the one
proposed in Ref. [817]. The first component is associated to
the CME contribution in the measurement of Ay ; which
was considered to be correlated with the value of the mag-
netic field, modelled with a similar prescription as the one
followed in Ref. [814]. On the other hand, the background
contribution to Ay; 1 was associated to the values of vy in
the two systems [279] and was scaled by the correspond-
ing charged particle multiplicity density [176] to account for
dilution effects. The study resulted in an upper limit of around
2% and 25% at 95% confidence level for the 0-70% centrality
interval in Xe—Xe and Pb—Pb collisions, respectively.
Searches for the Chiral Magnetic Effect have been also
pursued by the CMS Collaboration at the LHC and the STAR
Collaboration at RHIC. In particular the CMS Collaboration
also used the Event Shape Engineering technique, obtaining
somewhat lower limits on the CME contribution [818]. Con-
sidering that the CMS Collaboration did not account for a
possible signal dependence on the elliptic flow value, their
upper limits are too low and accounting for this effect might
lead to results fully compatible with the ALICE measure-
ments. The CMS Collaboration [818,819] and the STAR
Collaboration [820] also attempted to put limits on the CME
signal by comparing the measurements in Pb—Pb and Au-—
Au collisions with corresponding measurements in p—Pb
and p(d)-Au collisions, where the CME signal contribu-
tion to Ayp,1 correlator is expected to be negligible due to
a very weak correlation between the direction of the mag-
netic field and the elliptic flow plane. Unfortunately, the mea-
surements of the yj | correlator in small systems are also
plagued by the reaction plane independent background (see
Refs. [108,805]), without reliable estimate of which there is
no possibility to make a definite conclusion from such mea-
surements. The STAR Collaboration has recently published
results [821] from the analysis of the isobar samples col-
lected in 2018. The two isobar nuclei used, 2SZr and ZgRu,
were expected to result into similar flow-driven background
contribution due to the same mass number. The difference,
however, in the atomic number between the two nuclei would
be reflected in a smaller magnitude of the magnetic field in
the case of 28Ru compared to ES{Zr, which would translate
into a difference in the CME contribution between these two
systems. Comparing the outcome of this blind analysis to a
set of predefined CME-signal criteria they concluded that the
results are consistent with no CME signal. Further work is
needed to account for the differences of the background in
the two systems, reflected by the corresponding differences

in both the multiplicity and flow harmonics at the same cen-
trality, in order to estimate the final limits.

Chiral magnetic wave studies
The presence of a net positive electric charge can induce a
positive axial current along the direction of the magnetic field
i.e., leading to flow of chirality. This is caused by the Chiral
Separation Effect (CSE) [822]. The coupling between the
CME and the CSE leads to a wave propagation of the electric
charge, resulting in an electric charge quadrupole moment of
the system, the Chiral Magnetic Wave (CMW) [823-825].

The azimuthal distribution of charged particles due to the
presence of the CMW can be written as
dN* L
o N1+ Quz FrA)cos2(¢ — ¥2))], (26)
where A = (Nt — N7)/(Nt 4+ N7) is the charge asym-
metry, and r is the parameter that encodes the strength of
the electric quadrupole due to the CMW. Therefore, one can
probe the value of r by measuring the v values for different
charges as a function of the charge asymmetry. Experimen-
tally, the latter is measured in a specific kinematic region and
should be corrected for detector efficiency, leading to the
introduction of additional systematic uncertainties. Instead,
inRef. [826], the authors suggested to measure the covariance
of v, and A that is a robust observable and does not depend
on detector inefficiencies. The first results for this observable
measured in Pb—Pb collisions at ,/sx\y = 2.76 TeV were
reported in Ref. [827]. The correlator for the second har-
monic, (v2{2}A) — (A)(v2{2}), exhibits a significant central-
ity dependence compatible with expectations from a CMW
signal which becomes more pronounced for more periph-
eral events where the magnetic field strength increases. On
the other hand, local charge conservation effects could also
contribute to the development of the measured signal [826].

One direction that could help in identifying whether the
CMW contributes significantly to the measured correlations
is to perform this study differentially, e.g. as a function of
the pseudorapidity gap between the particle for which ellip-
tic flow is measured and another charged particle. Such mea-
surements are expected to differentiate contributions from the
CMW signal and the background, especially those accompa-
nied by higher harmonics measurements. The expectation
from higher harmonics results is that the CMW contribution
will be significantly suppressed due to the symmetry of the
CMW effect [827]. The left panel of Fig. 71 presents the
results for the second harmonic as a function of An. These
correlations exhibit a peak with a “typical hadronic width” of
about 0.5—1 units of rapidity which qualitatively agrees with
possible background contributions from local charge conser-
vation combined with strong radial and elliptic flow [826]. In
parallel, noticeable correlations in the third harmonic, pre-
sented in the right panel of Fig. 71, indicate a significant
contribution from LCC, but the final conclusion requires a
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Fig. 71 The pseudorapidity dependence of the results for the second (left) and third harmonic (right) for positive (red squares) and negative (blue
circles) particles measured in the 20-60% centrality interval of Pb—Pb collisions at ,/sny = 2.76 TeV [827]

detailed model comparison. Future pt-differential measure-
ments as well as studies employing the ESE technique would
also be very helpful to quantify the background and provide a
CMW limit. Note that the contribution of the LCC to this cor-
relator and the y correlator used for CME studies are strongly
correlated, which can be further used for quantitative char-
acterisation of the background in both measurements.

2.6.3 Conclusions

Electromagnetic fields in heavy-ion collisions. Measure-
ments of directed flow for oppositely charged particles as
well as for D° and D" provide the first indication that the
early stage electromagnetic fields can affect the motion of
the final state particles. The differences in the measured
global polarisation of A and A provide an upper limit
for the magnitude of the magnetic field at freeze-out of
5.7 x 10'2 T and 14.4 x 10> T at a 95% confidence level in
Pb—Pb collisions at ,/sxN = 2.76 and 5.02 TeV, respectively.

Chiral Magnetic Effect. Direct studies for the existence of
the CME in heavy-ion collisions revealed that background
effects are dominating at the LHC. The contribution from
the CME to the measurement of charge dependent corre-
lations relative to the second order symmetry plane (y,1)
is constrained to an upper limit of 15-33% in Pb—Pb and
2% in Xe—Xe collisions at LHC energies at 95% confidence
level. The combination of measurements and model studies
in Pb—Pb and Xe—Xe collisions indicates that there is a bigger
potential to discover the CME in large collision systems (e.g.
Pb—Pb) than in their small collision counterparts, mainly due
to the significant differences they exhibit in the value of the
magnetic field.

Chiral Magnetic Wave. The combination of the second and
third harmonic results for CMW studies indicates a signif-
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icant background contribution from local charge conserva-
tion.

2.7 Quantitative characterisation of the QGP at the LHC
2.7.1 Macroscopic properties

Macroscopic properties pertain to the global features of the
system, such as the temperature, volume and system lifetime.
The system formed in heavy-ion collisions undergoes a very
rapid radial expansion with velocity up to v ~ 2/3 ¢ on a
timescale of 1072 s. Therefore, each derived macroscopic
property will either correspond to some average over this
evolution, or to a particular stage. On the other hand, quan-
tities subject to conservation laws such as the total energy
or the entropy (assuming dissipative effects are small) will
remain constant. In this section, we will review some of these
properties that are determined either directly from ALICE
measurements, or from theoretical models that are validated
by measurements. We will then compare the results to pre-
dictions from various theoretical descriptions of the QGP and
hadronic stages.

Temperature evolution of the system. The deconfined sys-
tem created in heavy-ion collisions will cool and transi-
tion to a hadronic phase as time progresses, with various
experimental probes being sensitive to the temperature evo-
lution. In Fig. 72, we show the temperature ranges probed
using ALICE measurements from heavy-ion collisions at the
LHC, which have varying dependencies on the uncertain-
ties from measurements and theoretical modelling. As shown
previously in this chapter, hydrodynamic model frameworks
successfully describe many low-pt observables such as the
anisotropic flow coefficients and average pt of identified par-
ticles. These models can be used to determine QGP temper-
ature throughout the system evolution, and therefore, using
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constraints from data, they can provide an indirect assess-
ment of the entire temperature range of the QGP created
at the LHC. This range is shown in Fig. 72 for the IP-
Glasma+MUSIC framework [48]. It indicates that at the ear-
liest 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 lat-
tice QCD, Tpc ~ 0.155 GeV [119,169]. The hydrodynamic
range is dependent on the choice of initial-state modelling
and the pre-equilibrium descriptions, as well as on the time
the hydrodynamic stage occurs, and the lattice-QCD equa-
tion of state used. The TRENTo + VISHNU chain [49] (not
shown in Fig. 72) has a smaller temperature range, with an
upper limit of 7 = 0.35 GeV. Among other things, this is
related to the time the hydrodynamic evolution starts. This
occurs at a time 79 ~ 1 fm/c for TRENTo 4+ VISHNU,
and at tp ~ 0.3 fm/c for IP-Glasma+MUSIC. Other mod-
els have also been used to predict the temperatures needed to
describe the relative bottomonia Y'(2S) and Y'(1S) yields (see
Sect. 2.5). The respective model calculations, one of which
uses hydrodynamics [739] and the other is a non-perturbative
transport model [737], use starting temperatures (7p) of 0.55—
0.64 GeV. This range is shown in Fig. 72, and can be used as
an additional input to hydrodynamic descriptions of low- pt
light-flavour observables to constrain the temperature range
probed by heavy-ion collisions.

Effective temperatures (7¢fr) derived from prompt-photon
and charged-hadron spectra are shown in Fig. 72 as well. The
photon exponential inverse slope is obtained directly from
data (see Sect. 2.1), and due to effects related to the emission
time and blue shift from the expanding source, provides an
effective temperature averaged over the whole system life-
time. The effective charged-hadron temperature was obtained
using a hydrodynamic model [289] to describe ALICE spec-
tra measurements. It can also be interpreted as an effective
temperature averaged over the entire space—time evolution
of the medium. It is lower than the photon effective temper-
ature, which might be a consequence of different sensitiv-
ities to each stage of the medium evolution. The chemical
freeze-out temperature (7¢hem) range obtained from a sta-
tistical model fit to particle yields measured by ALICE (see
Sect. 2.3) is shown in Fig. 72. This temperature is close to the
deconfinement crossover temperature computed from lattice
QCD. Finally, the kinetic freeze-out temperature (7, ) range
derived from Blast-Wave fits to spectra and identified particle
v, measurements are shown. It is found to be rather highly
model dependent (see Sect. 2.2). The kinetic freeze-out can
either occur around the time of the chemical freeze-out or at
later times that correspond to lower temperatures. We will
investigate this difference by reviewing additional measure-
ments in the next subsection.

Hydrodynamic stage
L -

To: Y(2S),Y(1S)
Tert (V)
@ Tei(h*)
Chemical freeze-out (T chem )
J Kinetic freeze-out (T )
<> Lattice QCD: Crossover phase transition range

015 030 045 060 075 090
Temperature (GeV)

Fig. 72 The temperatures ranges probed by central heavy-ion colli-
sions at the LHC derived from ALICE measurements shown throughout
the chapter. The region to the right of the red line represents the QGP
phase, while the left is the hadronic phase. A lattice QCD calculation
for the pseudocritical temperature 7},c and crossover temperature range
where the QGP and hadron gas coexist (denoted by the arrows) is also
shown [119]

Space—time extent. The space—time extent of the system cre-
ated in heavy-ion collisions refers to the properties of the sys-
tem towards the end of its evolution. It can be characterised by
a hypersurface. Such a surface encodes the four-dimensional
properties of the corresponding freeze-out space—time coor-
dinates of the system at the freeze-out temperature. It depends
on the position, time, and velocity of the element that freezes
out. An example of hypersurface profiles from a hydrody-
namic model chain can be found in Ref. [250]. The freeze-
out time on this surface will be longer at freeze-out positions
closer to the centre of the originally created QGP, compared
with positions at the outskirts. The reason for this is that
at the centre, the temperatures are the highest, therefore the
time associated with freeze-out is longer. As the velocity of a
medium element increases, the freeze-out positions relative
to the collision centre decrease, which means higher veloc-
ity elements decouple from the system at earlier times. This
is directly observed from measurements of the femtoscopic
radii in Sect. 2.1, which decrease as the femtoscopic particle
pair velocity (characterised by kt) increases.

Table 2 shows a summary of the obtained volumes that
corresponds to one unit of rapidity at midrapidity for central
Pb—Pb collisions, at about the freeze-out temperatures shown
in this section. The volume associated with T¢hep is deter-
mined from statistical models of the identified particle yields
described in Sect. 2.3, which corresponds to a static vol-
ume.'? As noted in the previous subsection, the correspond-
ing Tchem temperature is consistent with the deconfinement
temperature. This implies two things: the QGP is born in ther-

10 The four model values shown in Sect. 2.3 are averaged with the
uncertainty determined from the variance.
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Table 2 System volumes in

central Pb—Pb at Volume: dV/dy aty =0

JSNN = 2.76 TeV collisions for
the chemical and kinetic
freeze-out temperatures

Static at Tchem = 156 MeV
4730 =+ 500 fm?

Dynamic at Tij, = 156 MeV
6210 + 360 fm3

Dynamic at Tij, = 100 MeV
7960 + 460 fm3

mal equilibrium, and the hadronic inelastic cross sections
are too small for the system to maintain chemical equilib-
rium after the QGP hadronises and the temperature decreases
(otherwise Tchem < Tpe). This volume can therefore be inter-
preted as the volume when the QGP hadronises. The volumes
associated with Ti;, are obtained using measurements of fem-
toscopic radii shown in Sect. 2.1 at kT = 0.25 GeV/c and
for the two temperatures shown. They are determined using
Vio = (27r)3/ 2RSZi de Rlong - From the temperature Tin, one can
determine the mean thermal velocity and the corresponding
rapidity interval [828]. In addition, as these pairs are moving,
the volume they characterise is reduced compared with the
static case. It has been estimated that the transverse expan-
sion leads to a 20-25% reduction in Rgqe [419,829,830].
For the case where Tchem = Tkin, Which corresponds to
the largest values of Ty, from the Blast-Wave fits shown
in Sect. 2.2, the dynamic volume is larger than the static vol-
ume. Given the reverse is expected if Tchem = Tkin, this then
implies Tin < Tchem- Therefore, based on the available phe-
nomenological models, the hypothesis of Tehem = Tkin, 18
unlikely, implying the existence of a prolonged time period
when the system is still coupled via elastic scatterings. For
Tkin = 100 MeV, which corresponds to the smallest values
of Tin from the Blast-Wave fits, these results imply at least a
~ 70% increase in the kinetic freeze-out volume compared
with chemical freeze-out.

An estimate of the lifetime of the system is given by the
decoupling (or kinetic freeze-out) time of pions, the most
abundant species produced. This decoupling time is in the
range 10-13 fm/c in central collisions, based on the measure-
ments of Rjong discussed in Sect. 2.1, and on the assumption
of a hydrodynamic expansion. The hadronic stage of the col-
lision can be further investigated by resonance and femto-
scopic measurements, which are summarised in Table 3 and
discussed in more detail in Sects. 2.3 and 2.1, respectively.
In both cases, the data can be explained by the modelling
of the hadronic cascade [71,251] preceded by a hydrody-
namic evolution of the system. The lifetimes derived from
hadron resonances offer an estimate of the duration of the
hadronic stage, assuming negligible regeneration. While all
the times are above zero, there are considerable differences.
This could reflect a varying competition between the re-
scattering and regenerating processes for the various reso-
nances — if re-scattering dominates, one would infer shorter
lifetimes, however if regeneration contributes significantly,
this would imply longer lifetimes due to the delay in the for-

@ Springer

mation of regenerated resonances. The delay in the emission
of w and K hadrons was measured with femtoscopic tech-
niques, and was associated with K% formation and decay
via comparison to calculations from a hadronic afterburner,
as discussed in Sect. 2.1. We finally note that this observation
also requires a reconciliation with the results from the Fas-
tReso Blast-Wave model shown in Sect. 2.2, which implies
instead the possibility of Tchem = Tkin, namely the absence
of such a hadronic stage. While the exact timescale of the
hadronic stage remains an open question, evidence based
mainly on femtoscopic and resonance measurements suggest
indeed that the fireball continues to behave like a coupled
system for an extended time after the chemical freeze-out.

2.7.2 Microscopic properties

The transport properties of the QGP provide information on
how it responds to microscopic excitations, and such excita-
tions can arise from either soft or hard processes. Before their
review, it is useful to provide a distinction between the weak
and strong coupling regimes that these transport properties
probe:

— Weakly-coupled system. In this case, the QGP can be
considered as a system of well defined quasi-particles
(quarks and gluons), whose interactions involve few body
processes e.g. 2 — 2 scattering or 2 — 3 collision-
induced gluon radiation, which sometimes are modeled
as scatterings off discrete scattering centres. It can be
described by perturbative QCD at couplings of s < 0.3,
and is considered a gas.

— Strongly-coupled system. The coupling between QGP
constituents is large and therefore dominated by higher-
order processes. Such a coupling induces strong correla-
tions between the neighboring constituents, therefore the
quasi-particle description is no longer valid, and QGP
matter can be treated as a liquid.

Itis also important to note that these regimes represent ide-
alised limits - an intermediately coupled system where pertur-
bative and non-perturbative processes compete is of course
plausible. A special case of a strongly-coupled system is at
infinite coupling. While physically unrealistic, it provides a
limiting case for strongly-coupled systems, as will become
apparent later in this section. One of the defining features of
QCD is the scale dependence e.g. asymptotic freedom. The
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Table 3 Estimates of the kinetic freeze-out time from pion decoupling and of the duration of the hadronic stage implied from resonances and delay
in particle emissions from femtoscopic measurements in central Pb—Pb collisions at ./snny = 2.76 TeV

Kinetic freeze-out time Lifetimes of the hadronic stage

7 decoupling KO /K* 0w A*/A K — 7 emission delay
10—13 fm/c ~3fm/c ~ 1fm/c ~ 10 fm/c 1.4£0.6fm/c
processes associated with a transport property that involve 0.8F " exar ARSI Lt

. TRENTo+VISHNU LN g g
large momentum transfers resolve medium structures at short 0.6} P GlasmasMUSIC 1.%8
length scales and will by definition “see” a weakly-coupled L 0.4}~ TeENTon-USPhydro 1258
QGP, with the opposite being true. fpr processes involving 02 n I
small momentum transfers. In addition, as the temperature O ey ST
of the QGP increases, all transport properties are expected ’ * * * * *
to probe an increasingly-weakly-coupled QGP. Therefore, 0.15¢ ]
exploring the temperature dependence of transport properties © 0.10¢ ]
is critical in establishing whether the QGP remains strongly ™ 0.05 | cAdsicH 1
coupled at the temperatures accessible at the LHC, or whether 0.00[-———=== :_:::_:==-:=_____'_c;c_5[6< o 1«

P =7 r-02 aev

a weakly-coupled QGP emerges at the highest temperatures
possible in the laboratory.

Viscosity of the QGP. The success of hydrodynamic model
chains in describing a wide variety of soft observables,
implies that the system is strongly coupled at momentum
scales corresponding to the QGP temperature, as hydrody-
namics describes the evolution of the QGP in terms of a
liquid. The question then becomes quantitative — how strong
is the coupling — and values of the shear (n/s) and bulk
(¢/s) viscosities per entropy density play a central role in
addressing this question. In the strong-coupling picture, both
transport properties 7)/s and ¢ /s are proportional to the shear
and bulk relaxation times. As the initial state is highly non-
uniform, this leads to large non-equilibrium shear and bulk
excitations at early times. The shear and bulk relaxation times
determine how quickly the system can respond to achieve
equilibrium — if the coupling is large, these times will be
small, which corresponds to small values of n/s and ¢/s,
and vice versa.

Measurements of anisotropic flow and hadron spectra by
ALICE have allowed for an exploration of the tempera-
ture dependence of n/s and ¢ /s. Figure 73 compares these
dependencies for four hydrodynamic model chain calcu-
lations constrained by ALICE data. Regarding 7/s, many
other fluids exhibit a temperature dependence for n/s, with
a minimum occurring at the phase transition temperature
between the gas and liquid phases. Whether such a tem-
perature dependence exists for the QGP phase is an open
question for the temperatures probed by the LHC, as demon-
strated in Fig. 73. The models assume either an indepen-
dence (IP-Glasma+MUSIC and EKRT [309]) or a weak
dependence (TRENTo+ VISHNU). All provide fair descrip-
tions of the anisotropic flow measurements. The correspond-

02 03 04 05 06
Temperature (GeV)

Fig. 73 The temperature dependence of the shear (top panel) and
bulk (bottom) viscosities over entropy density in the QGP phase
constrained by the ALICE measurements shown in Sects. 2.1, 2.2,
and 2.5 from various hydrodynamic models described in the text. Lim-
its from pQCD [51], AdS/CFT [107], and AdS/Non-Conformal Holo-
graphic [833] approaches are also shown. The ranges on the right of the
plot represent 90% posterior intervals from the Bayesian analyses

ing shear relaxation time range is t, = 0.15—0.40 fm/c
at T = 0.5 GeV, which implies that spatial anisotropies
from the initial state are rather quickly smoothed out in the
QGP phase. Two coupling limits are shown: an AdS/CFT
limit which is calculated for infinite coupling, and a pQCD
limit, which is determined in leading order for g = 0.3.
In the weak-coupling picture, /s is inversely related to the
coupling strength — therefore the ag chosen corresponds to
the strongest possible coupling (therefore the lowest 1/s)
in that scheme. It is clear that the extracted n/s values are
closer to the infinite-coupling limit. Nonetheless, it should
be pointed out that next-to-leading-order corrections for the
pQCD determination of 1 /s are very large [831]. We refrain
from showing them here, as these corrections largely cancel
when ratios of transport parameters are explored, which will
be the subject of discussion later. The values of n/s from the
QGP are roughly four times smaller than for Helium after it
transitions to a superfluid [832].

The constraints on ¢/s from ALICE measurements
are shown in the bottom panel of Fig. 73. Predictions
from an infinitely-coupled AdS Non-Conformal Holographic
approach (AdS/NCH) are also shown for comparison. As the
applicability of Conformal Symmetry regarding the strong
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potential assumed in the AdS/CFT scheme at temperatures
close to the T, is expected to break down, an alternative
approach is needed to determine ¢ /s. The breaking of con-
formal symmetry leads to ¢ /s rising near Ty (it is zero oth-
erwise). This approach was also used to reevaluate the 7n/s
in the limit of infinite coupling at all temperatures, and was
found to also give 1/4m, which suggests this limit is univer-
sal. Its prediction that ¢ /s should depend strongly on the tem-
perature in this region is utilised for the TRENTo+ VISHNU
and IP-Glasma+MUSIC models. The TRENTo + VISHNU
model provides the best description of ALICE identified-
particle mean-pt measurements (as shown in Sect. 2.2), to
which ¢ /s is sensitive. This suggests that the ranges from
both IP-Glasma+MUSIC and EKRT (¢ /s = 0) provide a
conservative estimate of the uncertainty for this parameter.
The high-temperature pQCD limit for ¢ /s is close to 0, which
appears to apply for all the models shown at temperatures
above 0.4 GeV. This then implies that bulk excitations in
the initial state are washed out in the QGP phase even more
quickly than the shear excitations e.g 7, < 0.1 fm/c for
IP-Glasma+MUSIC at T = 0.4 GeV. We also note that the
validity of the initial state models used in each hydrodynamic
model chain will be investigated in Sect. 4, using multiplicity
and anisotropic-flow measurements that are mainly sensitive
to the features of the initial state.

In addition, the posterior distributions for n/s and ¢/s
have been evaluated using Bayesian parameter estimation
techniques on ALICE data. They have been carried out by
the Duke [49],'! JETSCAPE [556], Trajectum [834], and
Jyviskyld [835] groups. These are shown on the right of
Fig. 73, at T = 0.3 GeV for /s and T = 0.2 GeV for ¢ /s.
The size of these posterior ranges are influenced by the prior
ranges and data-sets included. For example, the JETSCAPE
prior ranges were larger than those by the Duke and Tra-
jectum groups, and yielded a larger upper limit for n/s. The
Jyviskyld group used an even larger prior range, but included
measurements of Symmetric Cumulants, which, as men-
tioned in Sect. 2.2, highly constrain the temperature depen-
dence of /s and reduce the upper limit. The ¢ /s ranges differ
more than the /s ranges. The JETSCAPE group also found
that the duration of the pre-equilibrium phase has a strong
impact on the extracted viscosity transport parameters. This
is clearly demonstrated by the v-USPhydro chain [836]; the
hydrodynamic evolution starts without any pre-equilibrium
phase, and therefore requires low values of n/s = 0.05 and
¢/s = 0 in order to develop enough flow to describe the
ALICE data [837]. Those values are also shown in Fig. 73.

I The maximum a posterior values were tested with ALICE measure-
ments for the TRENTo + VISHNU throughout this chapter, and are
shown in Fig. 73.
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Fig. 74 The temperature dependence of the spatial charm diffusion
coefficient Dy in the QGP phase constrained by the ALICE measure-
ments shown in Sect. 2.4 from various transport models described in
the text. The range on the right of the plot represents a 90% poste-
rior interval from the Bayesian analysis at 7 = 0.4 GeV. Limits from
pQCD [69], and AdS/CFT [107], are also shown

Charm spatial diffusion coefficient Ds. Heavy quark trans-
port models attempt to describe how charm and beauty quarks
interact with the QGP, given that heavy quarks are pro-
duced early and therefore initially out of equilibrium with
the system. As described in the Introduction and Sect. 2.4,
the key quantity for investigating this processes is the charm
relaxation time Tcharm, Which can be evaluated in the low-
momentum limit (p = 0). It is proportional to the charm
diffusion coefficient Ds. In the strong coupling picture, this
time will be small, and the charm quark will equilibrate with
the QGP and participate in the collective motion, with the
reverse being true in the weak coupling picture. In both lim-
its, the dimensionless quantity 2w T Dy is proportional to n/s,
and the proportionality factor depends on whether the system
is strongly or weakly coupled as follows [838]:

2T Dy

=4m x n/s =1 Infinite Coupling at all

T and Strong Coupling at T
Strong Coupling at 7 = 400 MeV
~ 2.5 x4mr x n/s Weak Coupling at all T.

~ 1.5 x4m xn/s

The determination of the heavy-quark spatial diffusion
coefficient through model descriptions of experimental mea-
surements is a major goal of recent dedicated initiatives [432,
433]. In Fig. 74, we show the temperature dependence
of 27T Ds from models shown in Sect. 2.4. The model
calculations describe the D-meson vy and Raa measure-
ments. As discussed in Sect. 2.4, the models differ regard-
ing the treatment of the charm-medium interactions. Some
assume a quasi-particle description of QGP constituents e.g.
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PHSD [581], while others use a hydrodynamic treatment e.g.
TAMU [492]. The Catania model [583,584] uses Boltzmann
equations for the treatment of charm transport for the pre-
dictions shown, while LGR [587] is Langevin-based, and
some e.g. MC@sHG+EPOS?2 [582] include radiative inter-
actions (all include collisional). Other features such as the
hadronisation scheme used play an important role. Figure 74
also shows a leading-order pQCD prediction. As for n/s,
2n T Dy is inversely related to the coupling strength in the
weakly-coupled limit. The pQCD calculation is consistent
with the weak coupling limit regarding /s, given the rela-
tions shown at the start of this subsection. All of the curves are
below the pQCD charm diffusion limit, especially around the
deconfinement temperature. Nonetheless, as with /s, next-
to-leading-order expansions can be large [432], and there
are other leading-order calculations [593] that give higher
values at high couplings i.e. 27T Dy ~ 30 at ag = 0.4.
An alternative approach [838] (not shown), that attempts to
include higher order corrections using the non-perturbative
equations with a weak potential (T-matrix), yields predictions
at least two times higher than any of curves shown. There-
fore, anumber of examples of weak-coupling approaches are
inconsistent with the 277 T Dy values constrained by our data.

On the right of Fig. 74, the strong-coupling limit is shown,
based on the range of n/s values constrained in the soft
sector, observed in the previous subsection. The infinitely-
coupled AdS/CFT Ilimit is also shown. All of the models
are close to the strong-coupling limit around 7. At higher
temperatures, the curves start to deviate, with LIDO [839]
and MC@sHQ+EPOS?2 being the closest to this limit, while
the other curves lie significantly above. This observation is
consistent with two scenarios: the low-momentum charm
quarks either strongly couple with the QGP at all tem-
peratures, or they couple strongly with the QGP at lower
temperatures only. The aforementioned model differences
play a critical role in addressing these scenarios. The LIDO
and MC@sHQ+EPOS2 models include radiative interac-
tions; these are less effective in driving the charm quark
to participate in the collective motion of the medium, and
therefore require smaller values of Dg (therefore smaller
relaxation times) to describe the data. On the other hand,
LGR also includes radiative interactions, however unlike
MC@sHQ+EPOS2, which uses the Boltzmann equations, it
is Langevin-based. The difference between both approaches
has been investigated within the Catania model, which led to
the finding that the Langevin equations lead to higher values
of Ds. In addition, using the LIDO model, a Bayesian pos-
terior estimation was used to determine the 27 T Dy within
that scheme [839]. The posterior range at 90% is shown on
the right of Fig. 74 at T = 0.4 GeV, and is within the range
of all of curves at the corresponding temperature. It is also
important to point out that the hadronisation mechanisms
of charm quarks are one of the main sources of uncertainty

in the estimated values of Dy; all models shown in Fig. 74
include a contribution of charm hadronisation from coales-
cence, but the present data only mildly constrain the hadroni-
sation dynamics [139]. Providing more constraining hadroni-
sation measurements is a major goal of future heavy-flavour
programmes.

Finally, the charm relaxation times will be discussed.
In Sect. 2.4, these were reported to be in the range of
Tcharm = 3-9 fm/c at the pseudo-critical temperature of
T,e ~ 0.155 GeV. At higher temperatures (around the start
of the QGP phase), the models in Fig. 74 give tcharm = 1.3—
24fm/catT = 0.4 GeV. These times are significantly larger
than the shear and bulk relaxation times, which is expected
due to the large mass of the charm quark. Nonetheless,
despite the uncertainties regarding when low-momentum
charm quarks strongly couple to the QGP, all models imply
these quarks will readily participate in the collective motion
of the QGP after their production in the initial stages.

Jet transport coefficient §. High-energy partons that propa-
gate through the QGP interact with the colour charges in the
plasma, leading to changes in both the magnitude and direc-
tion of their momenta via elastic interactions, as well as the
stimulated radiation of gluons. The resulting modifications
of the parton shower and the emerging jets are referred to as
jetquenching, and are discussed in Sect. 2.4. The dependence
of the gluon-radiation probability and energy distribution on
the QGP properties can be encoded in the transport coeffi-
cient ¢, which is the average of the square of the transverse
momentum exchanged with the QGP per unit mean free path
(see Eq. 16). The total amount of radiative energy loss (AE)
of a parton passing through the medium is approximately
proportional to g, see also Sect. 2.4.

The dependence of ¢ on the temperature of the QGP and
the energy of the propagating parton has been explored in
both the weak-coupling regime, using Hard Thermal Loop
field theory [840-842] and the strong-coupling regime, using
the AdS/CFT correspondence [843]. In both regimes, ¢
depends linearly on the temperature cubed (7°3) and the
jet-medium coupling strength. As a result, the dimension-
less ratio ¢/ T increases with coupling strength and does
not saturate to a limiting value at large coupling, unlike
n/s and 27 T D. Specific relations between 7/s and §/ T3
have been explored at leading and next-to-leading order for
weak- and strong-coupling scenarios [841,842]. Given the
soft nature of the interactions in the QGP at the tempera-
tures that are experimentally explored, higher-order contri-
butions, large logarithms and non-perturbative effects may
have significant quantitative impact on the energy loss. A
full mapping of these effects is actively pursued by the the-
ory community. For example higher-order contributions to ¢
have been explored [844], and large logarithms and effects
of overlapping formation time are being explored in more
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Fig. 75 The temperature dependence of §/ T3 for gluons at an energy
of 20 GeV in the QGP phase from various models that describe the
ALICE data (see text for details). The range on the right of the plot
represents a 90% posterior interval from the Bayesian analysis at 7 =
0.3 GeV

detail [845,846]. In addition, approaches are being developed
to take non-perturbative effects into account by calculating
q using lattice QCD [847-849].

Figure 75 gives an overview of the temperature depen-
dence of g/ T3 for gluons with an energy of E = 20 GeV,
that are used in the radiative+collisional energy loss mod-
els, which are compared to the ALICE data in Sect. 2.4.
Most of these models describe the Raa and v, for light and
charmed hadrons at high-prt. Only CUJET 2.0 underesti-
mates vy at high-pt systematically. In these model calcu-
lations, ¢(T, E) is used as input, together with the time-
dependent medium density profiles from hydrodynamical
calculations. The observables Raa and v, are calculated by
integrating over underlying variables, such as the location
of the hard scattering in space, the initial parton momen-
tum, the parton trajectories, as well as intrinsic fluctuations
in the energy loss and the fragment distributions. While the
different curves in Fig. 75 are relatively close at high temper-
ature, a large spread in g/ T3 is seen at temperatures closer
to the phase transition temperature, indicating that the trans-
port coefficient is not well constrained by current data in that
range, possibly because the value of g is smaller and the con-
tribution to the total energy loss is small. More systematic
comparisons of different measurements with the model cal-
culations using advanced statistical techniques such as Gaus-
sian emulators and Bayesian parameter estimation should
allow to constrain the temperature dependence of ¢ in more
detail and are being pursued, for example by the JETSCAPE
collaboration [562]. The result of a first determination of ¢
by the JETSCAPE collaboration using Raa measurements
at the LHC and RHIC via the LBT model is shown in Fig. 75,
with the 90% posterior range at a temperature 7 = 0.3 GeV
shown on the right. The curve itself is shown for median
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parameter values in that analysis. The earlier results from
the JET collaboration [559] are also shown as data points
at the average temperatures from RHIC (left) and the LHC
(right).

Most of the models for which §/ T3 is shown in Fig. 75
are based on weak-coupling approaches, except for CUJIET
3.1 [604] that incorporates the effect of colour-magnetic
monopoles. These monopoles can be interpreted as a strong-
coupling mechanism, that only affects §/ 7 in the tempera-
ture range near the phase transition. While the data are con-
sistent with CUJET 3.1, they also agree with the DREENA-A
model [603], which uses a purely weak-coupling approach
including chromo-magnetic fields, and the JETSCAPE tune
based on the MATTER and/or LBT models [562]. The good
description of the data by these weak-coupling models and
the agreement between the ¢ values at high temperature,
suggest that strong-coupling scenarios which imply a much
larger value of ¢ at high-7" would lead to a lower Raa (more
suppression) and/or higher v, than seen in the measurements.

To summarise, it can be concluded that there are some
indications that the QGP is weakly coupled when probed
with high-energy jets at the highest temperatures accessible
at the LHC, as all of the models that describe ALICE data
are dominated by weakly-coupled interactions in that limit.
However, it is an open question whether the same applies
around the deconfinement temperature. To further constrain
the behaviour of the medium as seen by hard probes in
this regime, additional exploration of the temperature depen-
dence of the medium properties is needed, both with theoret-
ical methods and with additional measurements and model
comparisons, for example as a function of collision centrality
and/or collision energy. At the same time, measurements of
the modification of jet structure provide further insight into
the microscopic dynamics of parton energy loss.

3 High-density QCD effects in proton—proton and
proton—nucleus collisions

Our understanding of the conditions necessary for QGP for-
mation was overthrown in 2010 with the arrival of the first
LHC data. Until then, small systems such as proton—proton
(pp) and proton—lead (p—Pb) collisions were considered as
plain references, systems in which the conditions to form the
QGP could not be reached. At LHC energies, in a small frac-
tion of these collisions, the number of produced particles is
of the same order as that in peripheral nucleus—nucleus col-
lisions. Surprisingly, emblematic signatures of QGP forma-
tion, such as a double ridge extended in pseudorapidity [850-
853] and strangeness enhancement [508], were observed.
This opens two main questions: could the QGP be formed in
small systems? What are the mechanisms involved in the ini-
tial stages of the collision that might create a sufficiently-high
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energy density for the potential phase transition of nuclear
matter?

These fundamental issues have received great atten-
tion and their investigation can be considered among the
main novel aspects of the LHC physics programme, with
the related discussions extending outside the community
involved in QGP studies. In this chapter, we will describe
and discuss the main ALICE contributions to this exciting
endeavour, also in relation to complementary results obtained
by the other LHC experiments.

Section 3.1 addresses the event classification, a fundamen-
tal prerequisite that allows direct comparison of the studied
phenomena independently of the considered system, be it
(high-multiplicity) pp collisions, p—Pb or Pb—Pb. In Sect. 3.2
abroad discussion of the results on particle production across
collision systems, as a function of charged-hadron multi-
plicity, is reported. Special emphasis is given to the role
of strange particles, but the discussion is extended also to
results on charmed hadrons relevant in this context. Quanti-
ties such as the baryon-to-meson ratios, known to be sen-
sitive to the radial boost in the hot partonic system, are
also considered in the presentation of the ALICE results.
One of the main avenues for the investigation of collective
effects is azimuthal anisotropy studies; they are discussed
extensively in Sect. 3.3, in terms of the multiplicity depen-
dence of various flow orders (n) calculated with m-particle
cumulants, v, {m}, for different collision systems. Elliptic
flow measurements for particles, ranging from inclusive to
strange hadrons to J/v, and showing indications of a mass-
ordering effect, are then presented. The last two sections of
this chapter report studies of the production of hard probes
in p-Pb collisions and the search for effects that may be
related to the formation of the QGP. Section 3.4 addresses
the quarkonium production and, in particular, the investiga-
tion of possible final-state suppression of charmonium- and
bottomonium-excited states, which has been established for
the ¥(2S) loosely-bound state. Finally, in Sect. 3.5, measure-
ments of observables related to jet quenching are reported,
via yield measurements of inclusive hadrons or jets and via
coincidence of charged-particle jets recoiling from a high-
transverse-momentum trigger hadron.

3.1 Event classification for small collision systems

A big success in the exploration of large systems reported
in the previous chapter has been the development of the
Glauber picture (Sect. 2.1.1), which creates a map between
the experimentally-measured multiplicity associated with
centrality and key physics quantities such as Npare, Neon and
the initial anisotropies. This approach captures essential fea-
tures that have simplified the interpretation of several physics
measurements in heavy-ion collisions. This simple mapping
requires that nuclear geometry dominates over subnucleonic

structure and that fluctuations average out. In small systems,
neither of these requirements are fulfilled and, therefore, one
becomes very sensitive to the modelling of nucleon—-nucleon
collisions. Charged-particle multiplicity appears to be the
simplest, even if imperfect, event classifier. It is a well defined
measurement and allows for a direct comparison among all
systems without any model dependence. Multiplicity was
largely utilised by the ALICE Collaboration for event clas-
sification in small systems and we will discuss our current
understanding and the associated biases.

In the case of pp collisions, itis generally accepted in mod-
els that initial scatterings give rise to some number of sub-
nucleonic interactions that produce the observed hadrons.!?
These subnucleonic interactions vary from hard partonic
interactions, giving rise to high-pr jets that produce many
particles and to colour exchanges involving soft interactions,
which produce mainly longitudinal colour fields that decay
into a few hadrons. The number of initial interactions, their
hardness, and stochastic hadronisation effects mean that a
specific event multiplicity can result from several different
combinations of processes. Furthermore, combinations may
vary as a function of charged-particle multiplicity leading to
non-trivial modifications of measured observables as a func-
tion of multiplicity, independently of final state effects.

As the QGP is a state of matter dominated by soft interac-
tions, the event-classification scheme should be sensitive to
the number of initial interactions. The dynamics involved in
these interactions can be experimentally quantified by com-
paring the shape of the pr spectra of charged particles, in
particular at high- pt, when performing a certain event selec-
tion and when measuring instead all inelastic pp and p—Pb
collisions. In the following we focus first on pp collisions
before moving on to p—Pb collisions.

Figure 76 (top) shows the ratio of the multiplicity-
dependent pt spectra of charged particles in the midrapid-
ity region to the minimum bias (MB) spectrum. The spec-
tra are obtained by slicing according to the multiplicity at
mid (black) and forward (red) rapidity. In this selection, the
midrapidity multiplicity estimator refers to particle trajec-
tories within || < 0.8 and forward rapidity refers to the
multiplicity in the acceptance of the VOC and VOA scintil-
lators, which is of —3.7 < n < —1.7and 2.8 < n < 5.1,
respectively. The multiplicity classes are expressed in terms
of percentiles of the total cross section of inelastic pp collision
with at least one charged particle in || < 1 (INEL > 0). The
high-multiplicity ratio for the midrapidity estimator is sig-
nificantly higher than for the forward estimator. One expects
a trivial difference as the pr spectra are being measured at
midrapidity in the same kinematic region where the midra-
pidity multiplicity selection is done. However, the slope of the

12 These interactions can be between partons, dense colour fields in the
CGC, or similar.
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Fig. 76 Ratios of multiplicity-selected transverse-momentum distri-
butions of charged particles for pp collisions (top) [854] and p—Pb
collisions (bottom) [855] to inelastic (INEL) pp collisions, shown in
logarithmic scale. For pp collisions, the forward-rapidity event selec-
tion is done using the VOM multiplicity estimator (—3.7 < n < —1.7,
2.8 < n < 5.1), while the midrapidity event selection is done using the
SPD tracklets in |n| < 0.8. For p—Pb collisions, the forward-rapidity
event selection is done using the A-side of the VO multiplicity estima-
tor (2.8 < n < 5.1), corresponding to the Pb-going side, while the
midrapidity event selection is done using the first layer of the SPD. The
horizontal dashed lines denote the integrated charged-particle multiplic-
ity density ratios as a reference. For this figure, the pp high-multiplicity
event classes correspond to 0—1% (VOM-based, forward-rapidity selec-
tion) and 0.009-0.088% (SPD-based, midrapidity selection) and the
low-multiplicity pp event classes correspond to 70-100% (VOM) and
49.5-100.0%, where percentiles are defined with respect to the total
pp INEL > O cross section. For all event selections, the p—Pb high-
multiplicity and low-multiplicity event classes correspond to 0-5% and
70-100%, respectively, with percentiles defined with respect to the total
visible VOA cross section

pt spectra at high- pt indicates that the midrapidity estima-
tor selects harder and harder subnucleonic interactions as the
multiplicity increases. The ratios obtained with the forward
estimator do not show a change in slope at high-pr. Still,
the hard high- pt production is more enhanced than soft low-
pt production in high-multiplicity collisions and vice versa
in low-multiplicity collisions. This implies that the scaling
with multiplicity of soft and hard processes is fundamentally
different in pp compared to nucleus—nucleus collisions.

To gain insight into the origin of the difference between
the spectra ratios for the midrapidity and forward estimator,
it is interesting to use an event generator in which the initial
number of Multiple Parton Interactions (MPIs) utilised in the
simulation can be directly related to the charged-particle mul-
tiplicity. Figure 77 reports a study with PYTHIA 8 (Monash
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2013 tune) which shows that high-multiplicity events are
preferably related to large number of MPIs, but are also influ-
enced by other effects, such as the fragmentation of partons
into a large number of final state particles. The PYTHIA
8 simulations show that the forward multiplicity estimator
has the strongest correlation between the number of MPIs
and the multiplicity. For this reason, the forward multiplicity
slicing is used for multiplicity selection in the rest of this sec-
tion unless specifically noted otherwise. As the multiplicity
selection is done on charged particles, a second advantage
of the forward selection is that it does not create an imbal-
ance between charged and neutral particles at midrapidity, as
described in detail in [509].

As discussed in Sect. 2.1.1, and contrary to the MPI
description of pp collisions, nucleus—nucleus collisions are
traditionally conceived as multiple interactions of individual
nucleons. The p—Pb collisions act as a bridge between the
two limiting descriptions where both views would need to be
reconciled.

In the same way as done for the pp collisions, p—Pb colli-
sions are classified by making use of the VOA detector signal
from the pseudorapidity range of 2.8 < n < 5.1, correspond-
ing to the Pb-going side (direction of the fragmentation of the
Pb nucleus), where the larger signal amplitudes associated to
the nucleus fragmentation region will stabilise short-range
multiplicity fluctuations. Figure 76 (bottom) shows the ratio
of the pt spectra obtained in p—Pb, by slicing in multiplicity
at mid (black) and forward (red) rapidity, to the MB spectrum
obtained in pp collisions at the same /s. The midrapidity-
estimator ratio has a higher multiplicity dependence than the
forward-estimator ratio, although the effect is reduced with
respect to the situation in pp collisions, shown in the upper
panel. Focusing on the low-multiplicity sample, the ratio is
below one in particular for the midrapidity estimator. This
poses a fundamental challenge to the Glauber model as one
cannot have Npare and Neon smaller than that of a single pp
collision. It is also clear that for the midrapidity estimator,
there is no easy fix for this as the scaling for soft and hard
processes are different. This indicates that one has to be care-
ful when applying the Glauber model to interpret the results
obtained with multiplicity slicing in small collision systems
where the effect of particle-production fluctuations for indi-
vidual nucleon—nucleon collisions, as shown in Fig. 76 (top),
can play a big role. Also in peripheral Pb—Pb collisions, the
centrality selection based on charged-particle multiplicity,
leads to a bias in the determination of the collision geometry
parameters [173], which has to be taken into account when
interpreting measurements that use these parameters, like the
nuclear modification factor (see Sect. 2.4.2).

To circumvent these limitations, the ALICE Collaboration
has developed an event-selection method for p—Pb collisions
based on the energy deposited from the Pb nuclei in the Zero
Degree Calorimeters (ZDCs) [855]. Such an approach has the
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Fig. 77 Mean number of Multiple Parton Interactions, (Nmp1), as
a function of mean charged particle multiplicity at midrapidity,
(dNch/dn)|y1<0.5, for different event selections, calculated with the
PYTHIA 8.2 model (Monash 2013 tune) [856]

ability to classify event activity with an even larger rapidity
gap between actual measurement (acceptance of the ALICE
central barrel or muon spectrometer) and event selection and
a very low sensitivity to fluctuations in particle production
introduced by subnucleonic interactions. This method, cou-
pled to an assumption that the total charged-particle multi-
plicity, dominated by low-pr particles, scales with Npat —
a combination henceforth known as the ‘hybrid’ method —
has been shown to recover the expected scaling of particle
yields at high momenta. This can be observed when calculat-
ing the Qppp, a quantity analogous to the nuclear modifica-
tion factor Raa, but calculated in proton—nucleus collisions.
While the Qppp at high momenta deviates from unity in data
using typical multiplicity selections, such behaviour is well
described by Q-PYTHIA, a model that can be used to do a
baseline check including multiplicity fluctuations. When per-
forming ZDC-based event selections and utilising the hybrid
method [855], on the other hand, the high-pt Qppp values
are observed to be compatible with unity. These results are
shown in Fig. 78 and the selection based on the ZN signals
(neutron ZDCs) will serve as a baseline for the p—Pb studies
performed in Sect. 3.5.

Multiplicity was extensively used as an event classifier
during the LHC Run 2, although it introduces some diffi-
culties when comparing data and theory. In fact, multiplicity
cannot be directly related to the initial energy density of the
collision, and the same multiplicity in small and large col-

lision systems can result from completely different initial
energy densities.

While the event classification studies performed during
Runs 1 and 2 were highly successful, more advanced selec-
tion strategies are being developed which will allow for a
better determination of the phase space in which several
phenomena appear in small collision systems. Notably, the
transverse activity estimator Rt [857] and spherocity selec-
tions [854] may shed further light on the transition between
low and high multiplicities, with some measurements already
underway and many more to appear in the near future.
In the next sections, we will discuss the results based on
the charged-particle multiplicity event classification scheme,
since most of these are published at this time.

3.2 Dynamics and hadrochemistry of particle production

The ALICE Collaboration studied the production of a large
variety of particle species across a broad range of collision
energies (2.76 < ./sxn < 13 TeV) for various hadronic
systems (pp, p—Pb, Pb—Pb and Xe—Xe) as a function of the
charged-particle multiplicity of the collision at midrapidity
in event classes defined by selections on the signal in the
forward detectors VOA and VOC (2.8 < n < 5.1and —3.7 <
n < —1.7). These results are shown in Figs. 79 and 80.

The first striking observation is that the particle yield ratios
with respect to pions increase with multiplicity in pp and p—
Pb collisions, while they remain almost unchanged in heavy-
ion collisions, as can be seen in Fig. 79. The only excep-
tions are for resonances such as the K*0(892) and A (1520)
(see Sect. 2.3.3). This evolution is smooth and very similar
across collision systems, with measured ratios being consis-
tent within uncertainties for event classes with similar multi-
plicities in pp, p—Pb, Xe—Xe and Pb—Pb collisions. Moreover,
the ratios do not depend on centre-of-mass energy. These
are very important observations, which indicate that hadron
yields are mostly related to final-state charged-particle mul-
tiplicity density rather than collision system or beam energy.

The relative production rates of particles containing
strange quarks, measured using the A/w, E/m and Q/7
ratios and shown in the left panel of Fig. 79, increase faster
with multiplicity than those containing u and d quarks only.
This effect is commonly referred to as “strangeness enhance-
ment” and it is proportional to the strangeness content of the
hadron: largest for triply-strange 2~ and progressively less
evident for particles with two and one strange quark, being
absent for protons as discussed also in Sect. 2.3.1. The ¢
meson, a hadron with hidden strangeness ss, exhibits a rel-
ative yield increase that is mid-way between the ones mea-
sured for 2~ and A. The experimental results concerning
strangeness implied not only a major paradigm shift for the
heavy-ion community, who had to re-evaluate the assumption
that pp was a valid reference system, but were seen with great
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interest also by the particle physics community at large. As
a consequence, theorists working on QCD-inspired models
now consider the description of strongly-interacting matter
an integral part of their programme.

A general interpretation of the enhancement could be
that the production of (multi-)strange baryons requires suf-
ficiently energetic processes that are not favoured in low-
multiplicity collisions. However, this mechanism is solely
dependent on available energy at hadronisation, and therefore
it should be captured by e.g. the most commonly used QCD-
inspired pp event generator PYTHIA. Moreover, PYTHIA
itself predicts a different mixture of event processes at low-
multiplicity — e.g. diffractive events — and in fact includes no
dynamical component able to reproduce the steady increase
of particle ratios such as E/m and /7 as a function of
charged-particle multiplicity in pp collisions.

In PYTHIA, hadron production occurs via the incoherent
break-up of colour flux tubes called ‘strings’, which exhibit
constant energy density, leading to the conclusion that even
high-multiplicity events would result in unchanged parti-
cle ratios. As a consequence of the observation in [508],
PYTHIA modelling had to resort to conceptually differ-
ent physical mechanisms to reproduce experimental data,
such as the inclusion of ‘colour ropes’ — colour flux tubes
with increased tension that are created whenever several
strings overlap prior to hadronisation in high-multiplicity
pp collisions [866]. The predictions from PYTHIA with
colour ropes can be seen in Fig. 81 and describe strangeness
enhancement in pp collisions within a 10% accuracy in high-
multiplicity collisions. However, it is important to note that

2
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¢ .oy
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Fig. 78 (Left) Qppy at high transverse momenta calculated using var-
ious multiplicity selections (points) and predicted with the Q-PYTHIA
model (curves) [855]. (Right) Qppy, calculated with the hybrid method.
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the proton-to-pion ratio is not correctly described in this
model, which indicates that further theoretical studies are still
required for a proper description of hadrochemistry using
QCD-inspired, density-dependent modelling. Furthermore,
alternative approaches that select on specific strangeness-
related string breakup processes in PYTHIA have also been
shown to reproduce the correct relative strangeness produc-
tion increase [867], though a complete dynamical descrip-
tion of hadrochemistry employing this particular mechanism
is still to be developed.

In addition, statistical hadronisation models also provide
a good description of the relative increase of strangeness
production as a function of charged-particle multiplicity
density, as can be seen in Fig. 81. A canonical statistical
model, incorporating exact conservation of baryon number,
electric charge and strangeness, and varying ys and T¢hem
using the Thermal FIST package [398,868] is able to cap-
ture the evolution of most particle ratios quite well quali-
tatively across systems, with a maximum of 20% deviation
seen to be approximately multiplicity-independent. An alter-
native canonical calculation restricted to pp and using a fixed
Tehem = 156 MeV based on [418] is also able to capture the
strangeness increase rather well, though also in that case,
discrepancies of up to 30% are observed in other particle
ratios, indicating that a comprehensive description of all par-
ticle ratios within experimental uncertainties remains a the-
oretical challenge. Further developments in proton—proton
yield modelling will also include the extension of the GSI-
Heidelberg model employing the S-matrix formalism [434]
to pp and are expected to appear in the near future.
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Spectra are calculated in event classes based on the ZNA energy (neu-
tron ZDC on the A side, Pb-going) and N is obtained assuming Npart
scaling at midrapidity. Figure from [855]
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Fig. 79 (Left) pr-integrated yield ratios to pions (7 ++7~) and pr-
integrated yield ratios between resonance and corresponding ground
state as a function of (dN¢/dn) measured in || < 0.5 in pp colli-
sions at 4/s = 7 and 13 TeV [508-511], p—Pb collisions at JSNN =
5.02 TeV [506,858,859] and at /snn = 8.16 TeV [860], Xe—Xe col-
lisions at \/sxN = 5.44 TeV [281] and Pb—Pb collisions at \/sxy =

As seen in the right panel of Fig. 79, the multiplicity evo-
lution of particle ratios involving resonances and their non-
resonant hadronic states, such as K*(892) and K*, were
also measured by the ALICE Collaboration. As discussed in
Sect. 2.3.3, the scope of this study in heavy-ion collisions is
to determine the presence and lifetime of the hadronic phase
which follows chemical freeze-out in heavy-ion collisions.
The same study was performed in small collision systems (pp
and p—Pb), showing again a rather smooth trend across mul-
tiplicity. Given the statistical and systematic uncertainties in
the measurements, there is no evidence of a significant mul-
tiplicity evolution for long-lived resonances, while for the
K*0 a hint of a decreasing trend is observed, pointing to a
hadronic stage whose density and energy allow the rescatter-
ing of the decay products. The measurement of the p° meson
still carries uncertainties that prevent any statement regarding
the evolution of the p° /7 ratio.

The yield of light nuclei also evolves with multiplicity,
as shown in the left panel of Fig. 80, increasing smoothly
across different systems and energies and reaching the values
observed in heavy-ion collisions for the highest multiplici-

2.76 TeV [386,504,507] and at ./snn = 5.02 TeV [273,402,455].
(Right) Ratios involving p mesons, K*, £** A (1520) and E*. All
yields are obtained at midrapidity, i.e.|y| < 0.5. The error bars show
the statistical uncertainty, whereas the empty and dark-shaded boxes
show the total systematic uncertainty and the contribution uncorrelated
across multiplicity bins, respectively

ties. The increase is more pronounced for 3He nuclei, which
contain three nucleons, than for deuterons.

Finally, heavy-flavour yields were also measured from
proton—proton to central Pb—Pb collisions, and the corre-
sponding yield ratios can be seen in Fig. 80 (right), which
shows clear evidence for an increase in the (J/vy)/m ratio
in high-multiplicity proton—proton collisions. However, con-
trary to what is observed for particles containing only light-
flavour quarks, the evolution of the (J /1) /7 is not continuous
with charged-particle multiplicity density. This is likely due
to the fact that charm quarks are produced in hard scattering
processes with a rate that depends on collision system and
centre-of-mass energy. While the factorisation approach can
be used to calculate single inclusive production in minimum-
bias interactions, the multiplicity dependence of charmed-
particle production in small collision systems remains a topic
in which further theoretical developments are needed for a
better understanding of the role of MPIs in the building of the
hadronic multiplicity and the interplay between the soft and
hard components of the event. More precise measurements
in Run 3 will be needed to explore potential dissociation
of J/¢ ranging from ground states to excited states through
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Fig. 80 pr-integrated yield ratios to protons or charged pions (parti-
cles+antiparticles) as a function of (dN¢,/dn) measured in || < 0.5
in pp collisions [511,861,862], p—Pb collisions [858,863,864] and Pb—
Pb collisions [387,402,435,865] for nuclei (left) and for DO and J /v

ratios of relative yields as a function of the charged-particle
multiplicity density.

In heavy-ion collisions, the transverse momentum spectra
of identified particles are sensitive to the radial flow imparted
by the system expansion. This translates into an evolution
of the spectra towards higher (prt) for more central A—A
collisions, as discussed in Sect. 2.2.2. The same effect has
been observed when measuring pr spectra as a function of the
charged-particle multiplicity in pp and p—Pb interactions. The
low-momentum part of the spectra (up to around 2.5 GeV/c)
becomes progressively more flat as the multiplicity increases,
leading to an increase of the ( pt) for all particle species. This
opens the intriguing question: is the origin of the hardening
of the spectra the same in different colliding systems? Is
it the QGP in high-multiplicity pp interactions causing the
increase in (pT)? Can this effect be solely due to radial flow
in an expanding system?

To try to answer these questions, the ratio between A and
K(S) pT spectra was measured in pp interactions characterised
by different final-state multiplicities [869]. The idea behind
this observable is that the radial boost of a collectively-
expanding system should impact the heavier hadrons more
strongly, giving rise to the observation of an enhanced

@ Springer

mesons (right). All yields are obtained at midrapidity, i.e. |y| < 0.5. The
error bars show the statistical uncertainty, whereas the empty and dark-
shaded boxes show the total systematic uncertainty and the contribution
uncorrelated across multiplicity bins, respectively

baryon-to-meson ratio at intermediate- pt. This enhancement
is observed in the A /Kg ratio for small collision systems
in a qualitatively very similar way as in heavy-ion interac-
tions. The magnitude of the intermediate- pt enhancement
increases as the multiplicity increases and the peak position
moves towards higher values for high-multiplicity collisions,
in agreement with the hydrodynamic origin picture. More-
over, the increase at intermediate momenta is accompanied
by a corresponding depletion of the ratio at low-momenta,
with the integrated A/ Kg ratio exhibiting essentially no mul-
tiplicity dependence in pp collisions. This observation also
holds for proton-to-pion ratios and is qualitatively reminis-
cent of what is observed in Pb—Pb collisions, as described in
Sect.2.3.2. In order to study the low- pt depletion and mid- pt
enhancement more quantitatively, specific pt regions have
been selected and the multiplicity dependence of the A/ Kg
ratio in these intervals is reported in the right panel of Fig. 82.

Similar studies have also been carried out recently for
the charmed baryon-to-meson ratio A, /DO, where simi-
lar behaviour has been observed [862]. The corresponding
results are shown in Fig. 82 together with the A/ Kg ratio and
exhibit a pattern consistent with the non-charmed baryon-
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to-meson ratio, although future measurements with smaller
uncertainties are still needed to come to a firm conclusion.

Overall, all results discussed here point to the remarkable
fact that the hadrochemistry depends solely on the final-state
charged-particle multiplicity and is independent of the col-
liding system and collision energy at the LHC. This obser-
vation, together with the specific phenomena that appear
to vary smoothly with charged-particle multiplicity, such as
strangeness enhancement, constitutes a breakthrough result
of the ALICE experiment.

Further understanding regarding particle production rates
of specific hadron species is expected to come in the future
with studies in which these particles are analysed in associa-
tion with jets and using other correlation techniques such as
net-quantum-number fluctuation measurements.

3.3 Collective effects: anisotropic flow

Particles emitted from a collective system created in a col-
lision would exhibit global correlations shared among many
particles spanning across a large rapidity range, resulting
from the response to an initial anisotropy. This phenomenon
can be studied with measurements of azimuthal correlations.
A clear illustration can be seen in di-hadron correlations as
a function of the difference in azimuthal angle, Ag, and
pseudorapidity, An, of the particle pairs, in the form of a
double-ridge structure (a cosine modulation in Ag) extended
over a long range in An. In particular, the ridge signal in
the near-side (JA¢| =~ 0) is understood as manifestation
of a collectively-expanding medium, which is distinctively
observed in collisions of heavy ions [321,322].

A significant near-side ridge signal was first reported
in high-multiplicity pp collisions by the CMS Collabora-
tion [852]. Shortly after, a double-ridge signal was evidenced
in high-multiplicity p-Pb collisions at ,/snn = 5.02 TeV by
the ALICE Collaboration [851] (Fig. 83) and confirmed by
the CMS and ATLAS Collaborations [853,870]. Such obser-
vations indicated the possibility that small systems could
exhibit a collective behaviour. A similar double-ridge sig-
nal, though with smaller magnitude than in p—Pb or Pb—Pb
collisions, was also later measured in the high-multiplicity pp
collisions [850,871]. Whether the ridge results from multi-
particle global correlations having an origin similar to those
in heavy-ion collisions will be further discussed in this sec-
tion using measurements of anisotropic flow v, obtained
from azimuthal particle correlations.

Effects that do not arise from global correlations relative
to common symmetry planes, in particular short-range cor-
relations between few particles originating from jets or res-
onance decays, are called non-flow. This contamination is
dominant in low-multiplicity collisions, which makes mea-
surements in small systems more sensitive to non-flow than
in heavy-ion collisions. In the case of measurements of two-
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Fig. 83 Associated yield per trigger particle in Ag and An for pairs
of charged particles with 2 < pr g < 4 GeV/c and 1 < pr assoc <
2 GeV/c in p—Pb collisions at \/syn = 5.02 TeV for the 0-20% mul-
tiplicity class, after subtraction of the associated yield obtained in the
60-100% event class under the assumption that the latter multiplicity
class is completely dominated by non-flow correlations [851]. A clear
double-ridge signal spanning a large range in An can be seen on the
near-side |Ag| =~ 0 and on the away-side |A¢| & m, indicative of the
possibility of a collective behaviour in p—Pb collisions

particle correlations, non-flow can be reduced by imposing
an 1 gap between the correlated particles or between two sec-
tions of a phase space called subevents. The contamination
can be further suppressed by subtracting correlations mea-
sured in low-multiplicity events, representing the non-flow
sample. Different methods are used based on the assumption
of whether these events contain only short-range correlations,
or whether flow is present there too, yielding to slightly differ-
ent results. The peripheral subtraction method [872] is based
on the first assumption and has been widely used in experi-
mental measurements. The results presented in Fig. 83 used
the low-multiplicity 60—100% centrality class event sample,
selected using the VOA detector, to subtract non-flow from
the 0-20% centrality class containing the high-multiplicity
p-Pb collisions. The robustness of the subtraction method
was studied by projecting the correlations onto the azimuthal
axis and comparing the per-trigger yields in low-multiplicity
p—Pb collisions and minimum bias pp collisions; no signif-
icant difference was found [851]. The latter assumption of
an azimuthal correlations even in low-multiplicity events is
used in the template fit method developed by the ATLAS
Collaboration [850]. Since the main difference between the
methods is the way they treat the non-flow in the base-
line sample, the resulting flow harmonics differ mainly in
the low-multiplicity region, where the measurements of v,
from the template fit method are approximately constant
with multiplicity, while the v,, obtained from the peripheral
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subtraction method exhibits a decreasing trend with multi-
plicity [873]. In contrast to two-particle correlations, multi-
particle cumulants [874] suppress few-particle correlations
by construction and are thus less prone to non-flow con-
tamination. The remaining non-flow effects in multi-particle
cumulants are expected to be negligible in large systems, but
can remain significant at small multiplicities typical of p—
Pb or pp collisions. Thus, the subevent method consisting
of an n separation between subevents has also been imple-
mented for multi-particle cumulants [875]. Given that more
particles are used to construct the correlation, three or more
subevents may be used for non-flow suppression. While the
two-subevent method largely suppresses short-range correla-
tions e.g. within a jet cone, a signal from correlated particles
between two cones of a dijet separated in 7 (inter-jet cor-
relations) may still remain. In addition, it is not yet clear
whether this method is affected by possible flow decorrela-
tion effects in the longitudinal direction, which may further
decrease the resulting flow signal when a large n gap is intro-
duced. Therefore, using more subevents further reduces the
non-flow contamination by also suppressing inter-jet corre-
lations and by being less sensitive to flow decorrelations.
Similarly as in the case of the subtraction methods men-
tioned above, the subevent method in multi-particle correla-
tions may also yield differences when comparing results from
narrow (e.g. ALICE) and wide acceptance (e.g. ATLAS and
CMS) measurements due to the varying interplay between
non-flow and possible decorrelation effects. Proper suppres-
sion of non-flow is a crucial element for a correct data-to-
model comparison.

Measurements of v, in pp and p—Pb collisions as a function
of charged-particle multiplicity Ncy(|n| < 0.8) are shown in
Fig. 84a together with measurements from peripheral colli-
sions of Pb nuclei corresponding to centralities higher than
60%. A large pseudorapidity gap |An| > 1.4 (1.0) in the
case of vy (v3 and v4) is applied to ensure measurements
with maximum possible non-flow suppression. The elliptic
flow is found to be compatible between all reported systems
at Nep (1] < 0.8) < 50, while at higher multiplicities the rise
of vy for Pb—Pb collisions is in contrast with the weak mul-
tiplicity dependence of v, in pp and p—Pb collisions. On the
contrary, the magnitudes of v3 and v4 are similar and with-
out significant dependence on N, in both small and large
systems over the entire measured multiplicity range. These
observations support the picture of v, reflecting the system’s
collective response to the initial geometry and higher har-
monics originating from its fluctuations, as discussed for
heavy-ion collisions in Sect. 2.2. Within this picture, the weak
Nch dependence of v, in small systems shows the dominance
of fluctuations, while in Pb—Pb the results of v clearly dif-
ferentiate between the fluctuation-dominated region at low-
N¢p and the influence of the large geometrical eccentricity of

the nuclear overlap, which is setting in already at N ~ 50
(roughly corresponding to the centrality interval of 70-80%).

Measurements of m-particle cumulants for m > 2 can
help to determine whether the measured correlations pre-
sented above are of a collective nature shared among many
particles. The measurement of the four-particle cumulant
cn{4} is of particular interest, since its sign must be nega-
tive to result in a real-valued v,, with v,{4} = ¥—c,{4].
This condition is fulfilled in large systems [809,877], allow-
ing us to calculate the v,{4}, shown in Fig. 84b together
with the same measurements of two-particle cumulants pre-
sented in panel (a). Note that the measurement is reported
with the 3-subevent method in order to be consistent with
the results of small systems shown in the other panels, never-
theless, the method did not yield any significant change with
respect to the default measurement of v, {4} [280]. The rela-
tion v2{2} > v>{4} observed in Fig. 84b is due to the event-
by-event flow fluctuations affecting different orders of cumu-
lants differently, which are discussed in more detail in Sect. 4.
In contrast to heavy-ion collisions, measuring a negative
c2{4} in small systems is not trivial since the dominating non-
flow effects are known to give rise to c2{4} > 0[875,877]. A
negative c;{4} has been observed in high-multiplicity p—Pb
collisions [877]. In pp collisions, this was only possible with
the 3-subevent method that further suppresses dominating
non-flow correlations, and with a specific high-multiplicity
trigger using the VO detector [280] which acts as a positive
bias towards events with a smaller presence of jets at midra-
pidity (see Sect. 3.1). The resulting v2{4}3_gup is shown in
Fig. 84c for p—Pb and (d) and (e) for pp collisions, together
with the same measurements of two-particle cumulants pre-
sented in panel (a). The relation v2{2} > v,{4}, apparent in
Pb-Pb collisions, is less pronounced in p—Pb collisions, and
the measurements are compatible within uncertainties in pp
collisions. This may indicate different types of flow fluctua-
tions, larger longitudinal decorrelations, or stronger non-flow
effects in the measurements done in small systems. Never-
theless, it should be noted that the region of N, in which
the measurements presented in Fig. 84 overlap is small. It
should be noted, that a similar comparison was also per-
formed by the ATLAS [873] and CMS [871] Collaborations.
While ATLAS reports that v2{2} is clearly larger than v, {4}
in all collision systems at similar multiplicities, this rela-
tion does not hold at low multiplicities in the CMS measure-
ments. Compared to the v, {4} measurement (not shown here,
see Ref. [280]), the subevent method allowed us to obtain a
real-valued v3{4}3_gup down to lower multiplicities in p—Pb
collisions, suggesting that the presence of collective effects
extends down to regions with multiplicities only few times
larger than that of minimum-bias collisions. In addition, it
has been observed that vy{4} &~ v,{6} within uncertainties in
both p—Pb and pp collisions [280], confirming the collective
nature of small systems.
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Fig. 84 Multiplicity dependence of v, {m} in pp, p—Pb and Pb—Pb colli-
sions [280]. Statistical uncertainties are shown as vertical lines and sys-
tematic uncertainties as filled boxes. The results of two-particle cumu-
lants v, {2} in all collision systems are shown together in panel (a).
The same results together with the four-particle cumulant v, {4} and
comparison to models are reported individually in Pb—Pb (b), p—Pb (c)
and pp collisions (d). Data are compared with PYTHIA 8.210 (Monash
2013 tune) [856] simulations of pp collisions at /s = 13 TeV, and

Despite the many similarities with large systems, the ori-
gin of the observed collectivity in pp and p—Pb collisions is
not clear and further insight can be obtained by comparing the
measurements with model calculations. Several approaches
are able to explain some features of the experimental data,
ranging from purely initial-state gluon momentum corre-
lations [878,879], to final state effects where the particle
azimuthal anisotropy arises as the system’s response to initial
spatial anisotropy. The latter is described either with a macro-
scopic model, such as hydrodynamics [876,880,881], or a
microscopic approach, such as transport models [882,883],
hadronic rescatterings [884,885], or PYTHIA with the string
shoving mechanism [886].

Hydrodynamic calculations within the IP-Glasma+MUSIC
+UrQMD framework [48] are quantitatively consistent with
the v,{m} measurements in Pb—Pb collisions, as shown in
Fig. 84b. The same model shows, in panel (c¢), a good descrip-
tion of the v, {2} and even a qualitative agreement with v, {4}
results in p—Pb collisions, which could only be achieved by
assuming sub-nucleon fluctuations, i.e. that the proton