


Recap: jets, heavy-flavour

" Hard GPf ti d ' Hadronization and freeze-out . .
L SR L Produced in hard scattering

1~1 fm/c 1~5 fm/c 1~10-15 fm/c

« Early production

« Calibrated probes

- Experience the full evolution of
the medium

— medium tomography
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Bulk particle production

Initial state Hard QGP formation and expansion  Hadronization and freeze-out

scatterings S o —— T ]

> » ~10-15 fm/ > _ * ALICE, charged particles ]

T~1fm/c 1~5 fm/c T ‘ m/c 3 ) ::—:Mm\’t.‘% (=276 TeV, | 7]<08 ]
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The bulk of particles is soft and composed by light flavour J +§%2f TR N
hadrons that are produced when the QGP hadronises. i T, e, ]
104k —+ 30-40% x 10° R T i

| —e—40-50% x 107 + ’.,* +

. . ) ) . . [~ 50-60% x 107 P ¥

The pr and azimuthal distributions of hadrons carry information e ==
about the collective evolution of the system and its L T T
thermodynamical properties. 1 * b, (@evio

Goal: determine the thermodynamical and transport properties of the QGP
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The hadron-gas phase and freeze-outs

After hadronisation, the system is a hot
(T< 155 MeV) and dense gas of hadrons
and resonances.

Freeze-Out
Kinetic f.o.

Chemical f.o.

Chemical freeze-out
» Inelastic collisions stop
« Relative particle abundances are fixed £ 1 fm/c

Hadronisation
T. = (155 - 159) MeV
from IQCD

V4

Kinetic freeze-out
* (pseudo)elastic collisions stop
« Momentum distributions are fixed

— Fit abundance of identified hadrons: probe chemical equilibrium at chemical freeze-out
— Fit shape of p; spectra: probe final hadron kinematics at kinetic freeze-out
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|dentified particle production
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Statistical hadronisation model in a nu

tshell

It models an ideal relativistic gas of hadrons and resonances in chemical equilibrium

(as the result of the hadronization of a QGP in thermodynamical equilibrium.

Particle abundances are obtained from the partition function -
of a Grand Canonical (GC) ensemble Yokl Pb-Pb \[$,=2.76 TeV
g, 102 _ ...K 0-10% centrality _

oo P 8 " 3

v TolmzZ, g, p*dp S g e

= NV = =—— =5 / S ; _ S o ‘
V. ou 2m? 4 exp|(F; — ;) /T) £ 1 3 o 1

107" *‘t.:g .

where chemical potential for quantum numbers are 102F
constrained with conservation laws. 107 Hes,,
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> of total (after decays) JHe

10 SRR primordial f
O Predict yields (see right figure) at a given temperature 0705 1 15 2 25 3 35 4
Mass (GeV)

O Fit measured particle yields (or ratios) to extract ug, T, V.
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Chemical freeze-out temperature
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Production of (most) light-flavour hadrons (and anti-nuclei) is described (x?/ndf ~ 2) by thermal
models with a single chemical freeze-out temperature, T, = 156 MeV

— Approaches the critical temperature roof from lattice QCD: limiting temperature for hadrons!

— the success of the model in fitting yields over 10 orders of magnitude supports the picture of a
system in local thermodynamical equilibrium
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Hydrodynamics at play: radial flow 1/2

—  Radial flow in heavy-ion collisions

A cgllectlve rpotlon IS superimposed to thg thermal Collective motion
motion of particles — the system as a medium i , (smlesesacs]

Radial flow

radial expansion of a medium in the vacuum under a
common velocity field v v

— Affects the low py distribution of hadrons and their : _______ @
ratios depending on their mass vl

Thermal motion
(random)

explosive
mr = \/ (m? +p?) purely thermal source

source
dN —

mmT me

R. Snellings

1/m; dN/dm;




Hydrodynamics at play: radial flow 2/2

1/N,, d“N/(dp_ dy) [(GeV/c) ]
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At low p; the radial flow “pushes” particles to higher momenta
— spectra get “harder” for more central collisions
— mass dependence

A simplified hydrodynamical model, the Boltzmann-Gibbs blast-
wave model is used to quantify radial flow and the kinetic
freeze-out temperature.
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Hydrodynamics at play: anisotropic flow (1/2)

Initial geometrical anisotropy ("almond” shape) in non-central HI
collisions — eccentricity

Pressure gradients develop — more and faster particles along
the reaction plane than out-of-plane

Scatterings among produced particles convert anisotropy
in coordinate space into an observable momentum anisotropy

— anisotropic flow
— quantified by a Fourier expansion in azimuthal angle ¢

v, = harmonics

dp? 27 prdprdy (1+ Z vncos[n(¢ n)]);

n=1

F. Bellini | SSL 2022 | Heavy lons
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Hydrodynamics at play: anisotropic flow (2/2)

The strong centrality dependence of v, reflects the degree of “anisotropy” in initial geometry.

Fluctuations of the initial state energy-density lead to different shapes of the overlap region
— non-zero higher-order flow coefficients ( harmomcs
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Two-particle correlations in Pb-Pb collisions

Collectivity can also be studied by looking at correlations of two particles vs An (difference in
rapidity) and A (difference in azimuthal angle).

Peak at An ~ O:

short-range correlations — jets
3< ptT <4 GeV/c Pb-Pb 2.76 TeV

Broad ridge” in a wide An range:
............................................... long-range correlations emerging from

B / early times (causality) — anisotropic flow
P —-..

In azimuth: structure determined by the
medium response to the initial transverse
geometry

C(A¢, An)

ALICE, Phys.Lett. B 708 (2012) 249-264
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Two-particle correlations in Pb-Pb collisions

Collectivity can also be studied by looking at correlations of two particles vs An (difference in
rapidity) and A (difference in azimuthal angle).

- Decomposition in Fourier series of the azimuthal distribution at large .

52.0 F—————————y

CMS PbPb \/s,, =2.76 TeV
L,..=120 ub™
0-0.2% centrality

E_
= |
V|
N

dngair

1

%,
trig O/@
1< P, < 3 GeV/c O@/ o)

1<p;”* <3GeVic

A¢ (radians)

CMS, JHEP 02 (2014) 088
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Hydrodynamical modeling

Ideal hydrodynamics

V" =0  V,Jh=0

applies to a system in local equilibrium (e.g. thermodynamical)
requires energy and charge conservation

system is described by energy density &, pressure P, velocity u’, and charge n and by 5
equation of motion, closed by one equation-of-state (EOS) & = &(P)

The response of the system to external solicitation is controlled by the EOS

Viscous hydrodynamics TH — eyt — (P — CO)ARY — 2,6

Includes corrections for dissipative effects:

bulk ¢ and shear viscosity n, charge diffusion,
( Yy g K JH — qup I /{V'Li(,LL/T)

9 s \
AN S/
PITASINY = ~
\ ;F- Y \:\\,)/
/ \ Diffusion
erpansion Figs. from Rezzolla and Zanotti, 2013
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Shear viscosity

Larger n/s reduces flow
0.12 T T 1 T T

. pions = e
Elliptic flawovs viscous hydro magder~
0 15|_] LB I' LR I LB ] L l L I L l LA ] LB l_.

Shear viscosity (expressed as viscosity over entropy, n/s)
washes out initial-state anisotropies

- Larger consequences on higher-order harmonics [ |P-Glasma+MUSICUrGMD |
- Larger n/s reduces flow L —— n/s(T) default -

- e 1/s(T) min at 0.08 7
Initial conditions . n/s=0.16 0. T AUCE 7/s~0.08-0.16

600
| Pb-Pb, V— 2.76 TeV

-1
PlLae
!
-
.
-
-

-10 -5 0 5 10
X [fm]

x [fm]

Water: n/s ~ 30 | Olive oil n/s ~ 240 MUSIC, Sangyo 05

5 10 15 20 25 30 35 40

Measured v, is described very well by hydrodynamic models Centrality (%)

— QGP behaves as a ~perfect liquid! Kovtun, Son, and Starinets
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QGP properties from flow 1/2

Bayesian analysis of yields, mean pq, flow

harmonics measured by ALICE has been used

to extract the QGP properties.
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J. E. Bernhard et al, Nature Physics 15 (2019) 1113
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QGP properties from flow 2/2

Bayesian analysis of yields, mean pq, flow

harmonics measured by ALICE has been used

to extract the QGP properties.

dN,/dn, dN/dy, dE;/dn (GeV)
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Hadronisation by fragmentation and recombination

Ratios of production distribution of baryons to
mesons are sensitive to competing particle Figure from B. Hippolyte, EPJC (2009) 62: 237-242
production mechanisms, depending on transverse ~
momentum

1024

phase space into mid-p; hadrons via coalescence

)
Fragmentation (a) of high-p; partons into mid-p; % 1973
hadrons 9 10,

o 10

£ 10°2
Recombination (b,c) of low-p; partons close in £ 1o

©

e

L

+ influence of collective flow

Hadronisation and coalescence - F. Bellini - Padova, 26.11.2021 84



Investigating hadronization mechanisms
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At intermediate p+, a baryon/meson enhancement is observed and more evident for particle ratios
where mass difference is larger, e.g. p/m, A/K° and less evident for small Am, e.g. p/¢

Baryon/meson ratios are sensitive to hadronisation mechanisms
— interplay of radial flow and recombination

Hadronisation and coalescence - F. Bellini - Padova, 26.11.2021 85



Hadronisation via recombination/coalescence

Recombination/coalescence of (hard) charm quarks traveling through the QGP with a light quarks
from the medium (QGP) would result in modifications of the spectra and R, at low/mid p-.

« Charm v, > 0 - initially produced isotropically, charm is strongly affected by the QCD medium

« Modification of the p; distribution and v, of open-HF hadron - c¢ picks up flow from the light g
« Modification of chemistry, e.g. enhancement of A/D
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Bulk particle abundances are described by the

statistical hadronization model assuming chemical - T
equilibrium and with Tch ~ 156 MeV [ TE 156 MeVV“m)

|—THERMUS 23 156 + 2 5924 + 543 24.8/11
The QGP expands rapidly under radial flow. o ® %W%\\
Spatial anisotropy of the initial collision region causes _ %‘%m
anisotropic flow. % Tiin~ 100-140 MeV*
: B Pb-Pb,|s,=276TeV v Xe-;e, \ Sy = 5.4 TeV
Spectra and flow coefficients are well described by I [ —
viscous hydrodynamics with a very low shear viscosity 0T et o ke
1 . Nt T/s(T) default
(T]/S ~ 008 —016) - perfeCt I|qU|d Ws(T) min at 0.08

—— ALICE

The success of SHM and hydrodynamic description
also supports the idea of a medium in local
thermodynamical equilibrium.
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First signs of collectivity in small systems

The first indication of the presence of collective phenomena in high-multiplicity pp collisions
came from the study of two-particle correlations vs An and Ag.

A ridge is observed in high multiplicity pp but not in minimum bias pp collisions!
The ridge is not reproduced by pp Monte Carlo generators, e.g. PYTHIA.

CMSpp 7 Te CM .0GeV/c<pT<3.OGeV/c

1<p;r<3GeV/c

> I~
< (]j 1 <1
S '%:_,_,..» 3
o - p &
4
_4 CMS, JHEP 09 (2010) 091
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The “ridge” in pp, p-Pb collisions

(d) CMS N > 110, 1.0GeV/c<pT<3.0GeV/c

R(An,A¢)

CMS, JHEP 09 (2010) 091

Near side ridge

ATLAS pp

0.5<p:b<5 GV
s=13 TeV, 64 nb™

Ngn=120

ATLAS, PRC 96, (2017) 024908

F. Bellini - QCD in extreme conditions

2<p__ <4GeVic

Ttrig

1< pmssoc <2GeV/c

p-Pb |5 = 5.02 TeV
.\ (0-20%) - (60-100%)

KRR p-

Pb

Signs of collectivity in small systems
“discovered” at the LHC in terms of
long-range (2 < |An| < 4) near-side (A¢ = 0)
\ “ridge” in 2-particle correlations, visible in
et high multiplicity pp, p-Pb, Pb-p collisions
ALICE, PLB 719 (2013) 29
Are these long-range correlations coming
from (hydrodynamic) flow?
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1.0< p, < 2.0Ge //c
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LHChb, PLB 762 (2016) 473-483
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Collectivity correlates many particles over a wide n range

Elliptic flow from multi-particle correlations:

Vo{4} = vo{6} = v,{8} > 0
- subtract jets and other physical 2-particle
correlations due to non-flow
- measure with rapidity gap

In AA collisions, collectivity originates from
the presence of a strongly-interacting QGP

OPEN QUESTION: what is the origin of
the emerging collectivity in pp, p-Pb
collisions?

F.Bellini - QCD in extreme conditions - December 2021

Voik}

Flow in heavy-ion collisions

non-central
collisions
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Chemistry from small to large systems

Multi-strange to non-strange yield ratios increase
significantly and smoothly with multiplicity in pp and
p-Pb collisions until saturation in Pb-Pb

« strangeness enhancement relative to pp suggested in
the 1980’s as QGP signature

— Particle composition evolves smoothly across
collision systems, depending only on final-state
multiplicity

OPEN QUESTION: “emergence” in hadron production
mechanism, from microscopical hadron production

mechanisms (string overlap, color reconnection) to the
onset of a QGP (thermalization, equilibration)?

— A challenge for models!

F.Bellini - QCD in extreme conditions - December 2021

Ratio of yields to (w++m")
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Nature Physics 13 (2017) 535-539,
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Summary and outlook

Experimental probes and evidence that a QGP is formed in heavy-ion collisions

Strong jet quenching and medium-induced modification
Quarkonium suppression — Melting of states as a function of temperature

Regeneration and partial thermalisation of charm

Radial and anisotropic flow — Collective behavior of a QGP with very low shear viscosity (r/s),
High temperatures, mostly statistical particle production (Tchem, Tkin)

Heavy-ion-like effects observed in pp and p-Pb collisions

A new frontier

* |s there QGP in small systems?

« Can we explain these effects without a QGP?

« Can we describe these emerging phenomena in one unified picture across systems?

Big progress towards a quantitative characterisation of the properties of the QGP with still

open questions to be addressed in Run3 and beyond.
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Open heavy-flavour: energy loss and hadronization

Study mass dependence of energy loss, in-medium thermalization of heavy-flavours and their
hadronization as a probe of the medium transport properties (e.g. charm spatial diffusion coefficient)

High-precision elliptic-flow and Raa measurement at mid- and forward rapidity for both ¢ and b sectors

beauty sector

charm sector T

VSwn = 5.02 TeV pp 650 pb™* + PbPb
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Quarkonia: melting vs regeneration vs energy loss

Study regeneration and thermalization of heavy flavours with precision
measurements of charmonia flow, RAA and y(2S)/J/y, explore feeddown
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Nuclel, dileptons, small systems and more...

Clarify formation mechanisms of Access to the thermal dilepton A “small systems” programme to
nuclear bound states from a dense excess after subtraction of light study collectivity, strangeness
partonic state: (anti-)nuclei and hadron decay and charm production, the onset of QGP like
(anti-)(hyper-)nuclei up to A =4 features
8 éALICEUpgradeprojection : ';,‘.\ (rrrrrrr T T T T T T T T — e — ———
% " Pb-Pb, {5y, = 5.5 TeV (0-10%), B=0.5T 1 b 1c ALICE Upgrade Simulation E tf | ALICE Upgrade projection ]
9 B iﬁ N 3@ .t E % E Pb-Pb \/— 5.5 TeV Rapp p (broad) E +g Muttiplicity slicing with mid-rapidity estimator
S Tialmn : § [omenow e G 2
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E DE E O  pp,Vs=7TeV Nat. Phys. 13 (2017) 535
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e = : 107 E 104 ¢ L S =5.02TeV PLB 728 (2014)25 _
- H F = Ed O Prellmlnary Pb-Pb, {5, = 5.02 TeV .
ﬂ_ = rl| Lol ol [ :, T T . P ; i 1 A | :
102 10 1 10 0 0.5 1 2 25 "/TO—/ T T
Min. bias integrated luminosity (nb™) ; Me. (GeV/c7) (N /dn)
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+ net-charge fluctuations, jets (the QCD objects!), heavy-quark jets, light ions, nPDFs, low-x physics,...
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