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ALICE

2. Particle yields and statistical model
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Goal: determine the thermodynamical and transport properties of the QGP
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Low pt(< 2GeV/c)

distribution =2 “thermal’,

Particle spectra are described by a Boltzmann
~ exp(-1/kgT)

- “Bulk” dominated by light flavor particles

High pt (> 8-10 GeV/c)

Non-perturbative QCD regime

- Particle spectra described by a power law
- Dominated by parton fragmentation (jets)

- Perturbative QCD regime

Mid pr (2 to 8 GeV/c)

partons from QGP
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Interplay of parton fragmentation and recombination of
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Particle spectra
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&Y’ Chemical freez-out and Hadron-gas phase ﬂLlICE

After hadronisation, the system is a hot I\Freeze-ow f 4 /4 o Ijh/n
(T< 155 MeV) and dense gas of hadrons T T T | £ Kinetic f.o.
and resonances. | Hadronic transport )
adron Ga hemical f.o.

. Re

Chemical freeze-out hydrot
_ o evolutio Hadronisation
 |nelastic collisions stop T.= (155 - 159) MeV
. . : 1,£ 1 fm/
- Relative particle abundances are fixed i from 1QCD
e’a{(\ d‘%z% ‘

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 pt spectra: probe final hadron kinematics at kinetic freeze-out
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Statistical hadronisation model ALICE

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 (2J+1)-spin degeneracy factor
a Grand Canonical (GC) ensemble TaglE . PoPbys,276Tev |
§ 102 ,__ L( 0-10% centrality _
’ PN ‘ oo 4) = - "E“\
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n; = *\j/" = ——— = — C ok oL o E
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where chemical potential for qguantum numbers =3F i
. . . F ~*He s E
are constrained with conservation laws. 104 o Data, ALICE i
105F Statistical Hadronizati *
H; = B, + 1S, + py Is; + [1cC o6 e s "dHe ]
- L SR primordial ¥
L : : : O Y TR N T S S VR
J P_redlct yields (see_ rlghF figure) at a given temperature | Mass (GeV)

O Fit measured particle yields (or ratios) to extract yg, Tch, V. A Andronic et ., Nature 561, (2018)321-330
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Production of (most) light-flavour hadrons (and anti-nuclei) is described (x2/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

2024%8H9H-12H
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\""““‘$Summary (Particle Yields & Statistical Modét)<t

« After chemical freeze-out particle composition is fixed
* More than 16 species of hadrons measured at LHC
 Statistical model allows extraction of freeze-out temperature and baryochemical

potential
- At high Vsy, chemical freeze-out temperature close to phase transition
temperature
Statistical mode_ls describe Matter created in HI collisions
hadron production from is in local thermal equilibrium
sy = 2 to 5040 GeV

2024%8H9H-12H 20245 B XRZ2EEMFER/ENRKE (CCNU) 9



ALICE

3. Hard probes of QGP: jets
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Probing QGP with jets

Vacuum fragmentation In-medium fragmentation
( pp collisions) (Pb-Pb collisions)

Collimated sprays of hadrons resulting from Quenching—parton lose energy through

medium-induced gluon radiations and
collisions with medium constituents

fragmentation and subsequent hadronization
of “high-energy” partons (quarks&gluons)

partons hadrons




Jets In pp collisions

ALICE

hadron

CATLAS -

A EXPERIMENT o

hadron
Jet

Ay

ATLAS, pp collision event display
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Jets in Pb-Pb collisions

ALICE

CMS event displays

5

=]
I

E, [GeV] ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET
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Nuclear modification fa
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Rpp =
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ol /\ I em<a  Parton energy
e loss in QGP
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Ryn > 1 — enhancement
Ry, =1 — no medium modification
Ryp <1 — supression

ctor: Rana
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A strong suppression of high-pr hadrons and jets is observed in central Pb-Pb collisions.
No suppression observed in p-Pb collisions, nor for the color-less Z bosons and photons.

Charged particles
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Evidence of parton energy loss in QGP

EW bosons

CMS
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ALICE

1 dNa/dp;

Raa( Pr)=

(N

coll> dN pp/de

— Jet quenching is explained as parton energy loss in a strongly interacting plasma

2024%8H9H-12H
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ALICE
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Jet quenching masurements
ALICE

with area-based backgroundsubtraction Explormg ML background subtraction
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» Large reduction (factor 3-4) of jet yields, down to 40 GeV/c - [
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Jet substructure in Pb-Pb collisions

o . . . Al TCE
® Understand evolution of parton-medium interactions and 0 0.05 0.1 0.15 R,
energy redistribution by exploring substructure of jet .S %m 4F -~ ALICE prehmmary
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o — .;_) . Sys. uncertainty Charged jets anti-k;
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min(py 1,P1,2) \/Anz + Ag? 3 * SD z,.=0. 2 B=0
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15
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Tl e e 3
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Pb-Pb than inpp O e —
11 ”» \ (11 7 \ 0-5 S— &:
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Energy Loss Iin the QGP ALICE

E E-AE

QGP: high density of quarks and gluons / color sources
Traversing quark / gluon feels color fields

Collisional energy loss —> +AE
— Elastic scatterings
— Dominates at low momentum

Radiative energy loss

— Inelastic scatterings E
— Dominates at high momentum — i
|
— Gluon bremsstrahlung — . E-AE
|
X
AE = AEq,) +AE,4q (medium)

Lect. Notes Phys. 785,285 (2010)

2024%8H9H-12H 20245 B KZBHER/EAKE (CCNU) 20



Radiative energy loss

In the BDMPS (Baier-Dokshitzer-Mueller-Peigné-

ALICE

radiated
gluon

Radiation sees
length ~t; at once

C,rasgL?

Schiff) approach, the energy loss depends on propagating
parton "
- the color-charge via the Casimir factors C, % E
- C, =3 for gluon interactions
- C,=4/3 for quark interactions dE
- the strong coupling dx -

the path length L
the transport coefficient ¢ ( “g-hat”)

q=7

- gives an estimate of the “strength” of the jet quenching

- Is not directly measurable - from data through model(s)

1
Aoc—

p

Baier-Dokshitzer-Mueller-Peigné-Schiff, Nucl. Phys. B. 483 (1997) 291

2024%8H9H-12H 20245 B KZBHER/EAKE (CCNU)

> | Average transverse
H | momentum transfer

Mean free path

Density
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Collisional energy loss

ALICE

It depends on
» path length through the medium, L (linearly) L aa— Ipllfrlolmlcl,lbl I
> parton type - =4EE B 11} cb—p25<y<4 ALICE -
. s ET o =
—Forlightquarks | AE  ~a.C LiLin — - o 0-10%, Xe-Xe, |5y = 5.44 TeV .
q.g S TR/ 2 i -
y7i e 0.9 - <chr/dﬂ>25<y<4= 1388 + 91 - 95 7
oo ET +A 0.8k = 0-10%, Pb—Pb, {5, = 5.02 TeV k
— For heavy quarks |+ a*T*C, u*:Liln— <dNy/dn>,, , ,=2252+125-126
s RO M2 Bl VIC @sHQ+EPOS2, Xe-Xe ]
0.7 [ MC@sHQ+EPOS2, Pb-Pb B
> temperature of the medium, T only rad. Eis =
> mass of the heavy quark M 05E £
» average transverse momentum transfer p in the medium " 45_ ...... E
0.3F -
— Data are well described by models (MC@sHQ+EPOS2) ; T :
that include both collisional and radiative Eqs; , 0.2F bothcoll. and rad. Ees
but PHSD model including nuclear PDF modification and 2 3 4 5 6 7 8

collisional energy loss cann’t (see dot lines). PLB 810 (2021) 136437 p. (GeV/c)
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Jet transport coefficient ¢ ALICE

(a) JE\Ifrsfﬁﬁf
A recent combined analysis of the RHIC and 10; o e
the LHC data on jet quenching (inclusive 9; — MATTER 90% CR 4o§£AAT355/LBT§ E
hadron Ra,) allowed to extract a value forthe § 8 -~ LBT 9% CR R =
parameter 7E- ~ JET Collaboration e fg:-_ E
3 0= 5 E
i N 46419 at RHIC, o 6; ‘ : 02 04 06 0.8;
73~ 1 3.74+14  at LHC, e E
4F =
For a quark jet with E = 10 GeV 3F -
. (12403 ) T=370 MeV 2 E
% { 1.9+07 GeV/Mat p_ 70 pey 2 E
:I 11 | | I | ‘ I | | 1 1 | | I — | 11 1 1 ‘ L1 | I:
_ o _ 81 02 03 04 05 06 07 08
— Still large uncertainties, but important step T (GeV)
towards a quantitative characterisation of S. Cao et al., PRC 104, 024905 (2021)
the QGP.
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In-medium jets: main questions ALICE

Full jet

Related to the properties of the medium
- Density of the medium and transport properties
- Nature of the scattering centers
- Distribution of the radiated energy

Jet structure (shape,
grooming, ...)

Related to the energy loss mechanism

- Path length dependence

- Broadening effects

- Microscopic mechanism for energy loss
— Study the shape and structure of jets for insight
Into the detalls of jet modification mechanisms due to
Interactions with the plasma

- Flavour dependence
— measure charm and beauty Raa
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