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Due to the extremely large temperature and energy density reached in ultra-relativistic heavy-
ion collisions, a hot and dense state of matter is produced, the quark-gluon plasma (QGP), in
which quarks and gluons are deconfined. Due to these properties, this short-lived state shows a
very different behaviour compared to ordinary hadronic matter. In this contribution, the typical
evolution of a heavy-ion collision is described, from the onset of the QGP phase to the production
of final-state particles. Recent experimental results from the LHC Collaborations, allowing us to
characterise the various system stages, are reported. Particular focus is given on the hadronisation
stage, in which the transition from deconfined partons to hadrons occurs.
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1. Evolution of a heavy-ion collision

The typical evolution of a ultra-relativistic heavy-ion collision taking place at hadron colliders
can be divided in several subsequent stages, each characterised by specific conditions of the system
produced [1]. Immediately after the collision, the system is in a non-thermalized, pre-equilibrium
state, which lasts for about 1 fm/𝑐. When thermalisation is reached, a hot and dense state of matter
is produced, the quark-gluon plasma (QGP), characterised by the deconfinement of quarks and
gluons, that expands following hydrodynamics laws. During the expansion, the system cools down
until it reaches the temperature (𝑇C ≈ 156 MeV according to lattice QCD studies [2]) at which a
crossover phase transition to a hadronic gas state occurs. At this time, up to about 10 fm/𝑐 after
the collision for LHC energies, confinement is restored and hadronisation of quarks into colourless
hadrons takes place. When the chemical freeze-out temperature (𝑇chem ≈ 156 MeV at √𝑠NN = 2.76
TeV [3]) is reached, the particle abundances of the system are frozen. Elastic interactions can still
occur till the kinetic freeze-out (𝑇kin ≈ 100 MeV [1]), where the particle momentum spectra are
established.

In the following, the properties of the system at each step of its evolution are described, and
the most recent and relevant measurements from the LHC collaborations that allow us to retrieve
information about each stage are discussed.

2. QGP phase

During its QGP phase, the system undergoes a collective motion, described by relativistic
hydrodynamics. In particular, its constituents are subject to an outward boost, known as radial flow,
which enhances their transverse momenta, 𝑝T. Additionally, if initial-state spatial anisotropies are
present, they induce an anisotropy of the pressure gradients acting on the system, which causes
an anisotropy of the momentum of the outgoing partons, leading to the onset of an anisotropic
flow. Its strength can be quantified by a Fourier expansion of the final-state particle azimuthal-angle
distribution d𝑁/d𝜑.

In addition to providing crucial information on the QGP phase (see e.g. Ref. [4–6]), extensively
discussed in other contributions, flow measurements and their comparison with hydrodynamic
models can give access to earlier system stages. The correlation between [𝑝T], the event-by-event
average particle momentum, and 𝑣2, the second-order coefficient of the d𝑁/d𝜑 Fourier expansion,
is sensitive to the properties of the initial state. The ALICE Collaboration has measured a positive
value of the correlation coefficient 𝜌( [𝑝T], 𝑣2) in Pb–Pb collisions at √𝑠NN = 5.02 TeV and Xe–
Xe collisions at √𝑠NN = 5.44 TeV, in all the centrality intervals studied [7]. This result, shown
in Fig. 1 (left), is qualitatively described by hydrodynamic models exploiting IP-Glasma initial
conditions [8], while models using TRENTo initial conditions [9–11] underestimate 𝜌( [𝑝T], 𝑣2) at
large centralities. Similar conclusions can be derived from measurements of the ATLAS [12] and
CMS [13] Collaborations. Additionally, the ATLAS Collaboration investigated the geometry of the
Xe nucleus by measuring the ratio of 𝜌( [𝑝T], 𝑣2) in Xe–Xe and Pb–Pb collisions and comparing
the results with predictions from TRENTo model [14], which has large sensitivity to nuclear
deformation, as shown in Fig. 1 (right). Among the different Xe nucleus deformations studied, the
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data are best described by a highly-deformed triaxial nucleus geometry (with deformation parameter
values 𝛽 = 0.2, 𝛾 = 30◦).

ALI-PUB-499024

Figure 1: Left: correlation coefficient 𝜌( [𝑝T], 𝑣2), measured by the ALICE Collaboration in Pb–Pb and
Xe–Xe collisions as a function of centrality [7] and compared with model predictions using IP-Glasma [8] or
TRENTo initial conditions (Trajectum [9], JETSCAPE [10], v-USPhydro [11]). Right: ratio of 𝜌( [𝑝T], 𝑣2) in
Pb–Pb and Xe–Xe collisions measured by the ATLAS Collaboration [12], compared with TRENTo predictions
for different Xe nucleus deformations [14].

3. Hadronisation

At the phase transition to hadronic matter, the colour-charge confinement mechanism forces
quarks and gluons to bind into hadrons, as in ordinary matter. Hadron abundances can be derived
from the thermal composition of a hadron-resonance gas in thermal equilibrium. In this regards,
statistical hadronisation models [15–18] are able to predict the 𝑝T-integrated production yields of a
large set of particle species in central heavy-ion collisions, with only three parameters obtained by
fitting data: the chemical freeze-out temperature𝑇chem, the system volume𝑉 , and the baryochemical
potential 𝜇B. A fit to the large set of particle abundances measured by the ALICE Collaboration
(Ref. [19] for Pb–Pb collisions at√𝑠NN = 2.76 TeV, preliminary results available for Pb–Pb collisions
at √𝑠NN = 5.02 TeV) allowed for estimating the chemical freeze-out temperature. The resulting
value of 𝑇chem (153 ± 2 MeV for GSI-Heidelberg model [16, 17], compatible values for the other
available models) is very close to the phase transition temperature 𝑇c.

A recent extension of the statistical hadronisation model to charm hadrons (SHMc) has been
proposed by the GSI-Heidelberg group [20]. Given their large mass, charm-quark thermal pro-
duction in the QGP is strongly suppressed even at LHC energies and significantly smaller than the
initial production via hard-scattering processes. The fact that charm quarks are not in chemical
equilibrium with the medium is accounted for by introducing fugacity factors that increase the pre-
dicted charm-hadron yields and that depend on the measured 𝑐𝑐 production cross section. Figure 2
shows the predicted 𝑝T-integrated yields of the main charm-hadron species at midrapidity in 0–10%
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central Pb–Pb collisions at √𝑠NN = 5.02 TeV, compared to measurements from the ALICE Col-
laboration [21–25]. The SHMc predictions successfully describe the data within the uncertainties,
including the yield of Λ+

c baryon, if an augmented set of excited charm-baryon states is considered,
not yet observed but postulated by the Relativistic Quark Model [26]. This agreement supports the
hypothesis of charm-quark thermalisation in the QGP.
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Figure 2: ALICE measurements of 𝑝T-integrated charm-hadron yields in 0–10% central Pb–Pb collisions
at √𝑠NN = 5.02 TeV [21–25], compared to predictions from SHMc [20].

The large quark-density environment characterising the QGP can alter the formation mechanism
of hadrons, compared to in-vacuum hadronisation, which occurs via parton fragmentation. When
the QGP hadronises, quarks close in phase space can coalesce into colourless hadrons. This
coalescence mechanism, dominant in the low and intermediate 𝑝T range, is expected to modify
the final-state hadron spectra measured in heavy-ion collision with respect to proton–proton (pp)
measurements. One typical feature is the enhancement of baryon-to-meson production yields at
intermediate 𝑝T (≈ 2−6 GeV/𝑐), observed e.g. for Λ/K0

s by the ALICE Collaboration in Pb–Pb
central collisions at √𝑠NN = 5.02 TeV [27].

A very similar feature has been recently observed by ALICE in the charm sector. Figure 3
shows the𝑝T-differential Λ+

c/D0 yield ratios measured at midrapidity in Pb–Pb collisions, for two
different centrality ranges [23]. A 3.7𝜎 enhancement of the Λ+

c production in 0−10% central Pb–Pb
collisions compared to pp collisions is observed for the 4 < 𝑝T < 8 GeV/𝑐 interval. It can be
explained with an interplay of radial flow, which provides a larger 𝑝T boost to heavier particles,
and coalescence mechanism, which produces baryons at higher 𝑝T than mesons. Models including
these features are able to qualitatively describe the measurements.

The ALICE Collaboration has also measured the 𝑝T-differential nuclear modification factor
(𝑅AA) of prompt and non-prompt D+

s mesons at midrapidity, in Pb–Pb collisions at √𝑠NN = 5.02
TeV [28]. The results are shown in Fig. 4 (left), compared to equivalent measurements of non-
prompt D0 mesons and predictions from the TAMU transport model [29]. A hint of a larger 𝑅AA of
non-prompt D+

s compared to prompt D+
s in the 4 < 𝑝T < 12 GeV/𝑐 interval is observed. Such feature

is induced by the dead-cone effect, which suppresses the forward gluon radiation inside an angular
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Figure 3: ALICE measurements of Λ+
c/D0 production yield ratios at midrapidity in 0–10% central Pb–Pb

collisions (left), 30–50% central Pb–Pb collisions (middle), and pp collisions (right), at√𝑠NN = 5.02 TeV [23].
The measurements are compared with models including coalescence contribution to hadron formation.

region larger for heavier quarks, leading thus to a lower energy loss for beauty quarks. A hint for a
reduced suppression of the non-prompt D+

s with respect to non-prompt D0 is observed for 𝑝T < 6
GeV/𝑐, in 0–10% central collisions. This effect can be ascribed to an increased production of beauty-
strange mesons from the coalescence mechanism in a strangeness-rich environment as the QGP. The
TAMU model [30], which allows the formation of hadrons via coalescence, qualitatively describes
the 𝑝T trend of the results, though it tends to overestimate non-prompt D+

s 𝑅AA measurement for
𝑝T > 6 GeV/𝑐.

Further insight on this topic was obtained by the CMS Collaboration, which performed a direct
reconstruction of different beauty-meson species in Pb–Pb collisions at √𝑠NN = 5.02 TeV [31].
Figure 4 (right) shows the nuclear modification factor of B+, B0

s , and B+
c mesons at midrapidity

compared to the 𝑅AA of other particle species. While at high 𝑝T the 𝑅AA for all hadron species
converge toward similar values, below ≈ 15 GeV/𝑐 there is a hint of a larger 𝑅AA for B0

s and B+
c

mesons, compared to the other particles. Such trend could be expected in the presence of a relevant
contribution of quark coalescence for the formation of beauty-charm and beauty-strange mesons.

4. Hadronic phase

During the hadron-gas phase, between chemical and kinetic freeze-out, the system is composed
of hadrons undergoing only elastic interactions, and the particle abundances are mostly fixed.
Hadronic resonances constitute an important tool for studying this stage. As for the other hadron
species, their production yields at the chemical freeze-out are expected to follow thermal weights,
but interaction processes occurring during the hadron-gas phase can modify their yields. In
particular, elastic scatterings among the resonance decay particles (rescattering) can modify their
kinematics, preventing the resonance reconstruction; conversely, new resonances can be formed
by the scatterings of hadrons (regeneration). The relative balance of these effects depends on
the hadronic phase duration (typically of ≈ 5−10 fm/𝑐 at LHC energies) and on the lifetimes of
the resonances. Measurements of the resonance yields, compared to the yields of their stable
counterparts, can thus probe the duration and properties of the hadronic phase.

The ALICE Collaboration has released preliminary measurements of theΛ(1520)/Λ yield ratio
for different event multiplicities, increasing from pp to Pb–Pb collisions, as shown in Fig. 5 (left).
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Figure A.1: Nuclear modification factor of the B+
c meson compared to that of light charged

hadrons, and B+, Bs and D0 mesons, as a function of the measured transverse momentum. The
total uncertainty is shown for the B+

c meson, whereas the statistical (bars) and systematic (filled
rectangles) uncertainties are shown for the other hadrons.
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Figure A.2: Nuclear modification factor of the B+
c meson compared to that of the ground and

first excited states of charmonia and bottomonia, as a function of the measured transverse
momentum. The total uncertainty is shown for the B+

c meson, whereas the statistical (bars)
and systematic (filled rectangles) uncertainties are shown for the other hadrons.

Figure 4: Left: ALICE measurements of prompt D+
s , non-prompt D+

s , and non-prompt D0 nuclear modifi-
cation factor in Pb–Pb collisions at √𝑠NN = 5.02 TeV [28]. Right: nuclear modification factor of B+

c , B0
s and

B+ mesons measured by CMS in Pb–Pb collisions at √𝑠NN = 5.02 TeV [31].

While no multiplicity dependence is observed in pp collisions, the ratio progressively reduces for
increasing multiplicity values in Pb–Pb, corresponding to a larger system size. A suppression of the
ratio with significance 7.1𝜎 is observed between central and most peripheral for Pb–Pb collisions.
Such feature provides a clear indication for the existence of a hadronic phase, in which for the
Λ(1520) the rescattering mechanism dominates over the regeneration mechanism. A comparison
with different model predictions is also presented. Statistical hadronisation models overpredict the
ratio yields in central Pb–Pb collisions, where such models can be applied. As shown for the case
of MUSIC [32], hydrodynamic models are instead able to reproduce the multiplicity dependence of
the measurements when they are coupled with a hadronic-phase afterburner (SMASH [33]), which
handles the interaction processes involving resonance formation and dissociation.

Recently, an innovative application of femtoscopic techniques has been developed to probe the
strength of the residual strong interaction acting in systems of hadrons close in space. By measuring
the two-particle correlation function as a function of their relative momentum, and assuming a
specific spatial extension and shape for the source of the particle production, the wave function of
the two-particle system can be calculated, using the Koonin-Pratt equation [34]. In this way, access
to the interaction potential between the two particles is obtained. The ALICE Collaboration has
investigated the charm-light hadron residual strong interaction in high-multiplicity pp collisions.
Preliminary results for the final-state strong interaction for the D𝜋 system indicate a feeble final-
state strong interaction acting between the two particles. In Fig. 5 (right), the measurement of the
scattering lengths for the two isospin states 𝐼 = 3/2 and 𝐼 = 1/2 is shown. Calculations from lattice
QCD correctly describe the scattering length for the 𝐼 = 3/2 state, but significantly overestimate its
value for the 𝐼 = 1/2 state. Transposed to heavy-ion collisions, these results shed light about the
strength of hadron interaction during the hadron-gas phase, and point toward a small probability of
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rescattering for D mesons during this stage.
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Figure 5: Left: ALICE measurements of Λ(1520)/Λ yield ratios as a function of event multiplicity
in pp, p–Pb, and Pb–Pb collisions, compared to expectations from statistical hadronisation models and
hydrodynamic models. Right: scattering lengths for the D𝜋 system measured by the ALICE Collaboration
in high-multiplicity pp collisions at

√
𝑠 = 13 TeV.

5. Kinetic freeze-out

At the time of the kinetic freeze-out, the elastic interactions between the particles cease, and
their 𝑝T spectra are not modified anymore. The system is now composed of a free stream of
particles, that travel towards the experimental apparatus for detection. The kinematics of the system
at 𝑇kin can be probed by measuring the 𝑝T distribution of identified hadron species. In particular,
for Pb–Pb collisions, a multiplicity-dependent hardening of these distribution is observed, which
can be interpreted as the effect of the momentum boost provided by the hydrodynamical radial
expansion of the system. This effect can be parameterised by means of the Boltzmann-Gibbs
Blast-Wave model [35], which considers the system as a thermalised medium in radial expansion
with a common velocity field, undergoing an instantaneous kinetic freeze-out at 𝑇kin.

By simultaneously fitting the 𝑝T spectra of different hadron species at various centralities with
the Blast-Wave model, the average radial velocity 𝛽T of the system and the kinetic freeze-out tem-
perature 𝑇kin can be extracted. From the measurement performed by the ALICE Collaboration in
Pb–Pb collisions at √𝑠NN = 5.02 TeV [36], it can be observed that more central events reach kinetic
freeze-out later (lower 𝑇kin) and show a larger average radial-flow velocity (𝛽T = 0.663 ± 0.003 for
the most central collisions).

In conclusion, a complete and detailed description of the QGP evolution has been obtained
from the measurements performed at the LHC exploiting the data collected during Run1 and Run2.
Following the LHC restart after the Long Shutdown 2, thanks to the larger data samples expected
and to the improved performance of several detectors, further and more precise results are expected,
which will shed further details on the specific system evolution stages.
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