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A journey through QCD

ALICE,arXiv:2211.04384

ALICE review of Run 1-2 studies:

* QGP properties in heavy-ion collisions
— Macroscopic properties The ALICE experiment:
— Interactions of partons with QGP medium Ajou:neg th"°“9b %
— Hadronization
— Electromagnetic effects
— Initial state

 QGP-like effects in small systems
 Many other aspects of QCD and beyond



https://arxiv.org/abs/2211.04384

Relativistic heavy-ion collisions

ALICE

Time: 0 fm/c <1fm/c ~10 fm/c ~1015 fm/c



ALICE detector
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Broad momentum acceptance

World leading particle identification
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Global properties
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* Charged hadron production per nucleon maximal in Pb-Pb at the LHC p, (GeV/c)

ALICE, PLB 754 (2016) 235
* Initial energy density in central Pb-Pb collisions is 30 times larger than €|

* Effective photon temperature T = 304 + 41 MeV twice larger than T.~ 160 MeV .
ALICE,arXiv:2211.04384 5
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Light flavour spectra
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* Chemical equilibrium close to QGP
ALICE,arXiv:2211.04384 transition temperature
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Charmonium melting and regeneration ®
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Interplay of melting and regeneration effects

Large regeneration effects at the LHC due to much larger charm
cross section compared to RHIC/SPS

Larger regeneration effects at midrapidity and at low p;
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Excited quarkonium states
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Probing hadronic phase with resonances
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Temperature scales

ALICE

Hydrodynamic stage
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<« Lattice QCD: Crossover phase transition range
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Many observables imply
temperatures far greater than T_

— Sequential melting of
guarkonium states

— Effective thermal photon T ~ 2T_

— Chemical freeze-out ~ T,

10
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Anisotropic flow ®
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QGP properties from anisotropic flow

Centrality (%)
ALICE,arXiv:2211.04384

Centrality (%)
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Hard probes
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* Jet and high p; hadron suppression observed over extensive range

* Explained by energy loss of hard partons interacting with QGP medium

— Dominated by radiative emission. Extracted energy loss: 8 £ 2 GeV

* Pb-Pb jet substructure narrower than pp

— Energy loss mechanisms suppress wider angle jets 13
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Heavy flavours
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* D-meson spectra measured down to O p;
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* Most charm-quark transport models describe both the R,, and anisotropic flow (v,)

D mesons from bottom decays are less suppressed than those formed from charm
— Indication of mass dependent radiative losses in agreement with expectations from QCD
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Initial state with ultra-peripheral collisions
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* Probing low-x gluon PDFs in the nucleus

 Comparison with the impulse approximation (no nuclear effects) allows
for extraction of the gluon shadowing factor: R,~ 0.65 at x~10

* t-dependence is sensitive to transverse gluon distribution
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QGP-like effects

in small collision systems

L.

pp 7 TeV (June 2010)
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Enhancement of particle yields
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Yields of strange and charm particles relative to pions increase with multiplicity

Same trend for light nuclei relative to protons

Reaching highest multiplicity ratios comparable with Pb-Pb

Non-QGP effects playing a role?

17


https://arxiv.org/abs/2211.04384

Flow in small systems

ALICE
o LI B AL L B LI BRI IR BB IR T T e U B BRI B L B R R =
> - ALICE (0-20%) - (60-100%) VOA - = 0'25: ALFI,CbDE P -
0.41—P-Pb |8y, =5.02, 8.16 TeV [o]h*[eja* [ ]K'[e]p* 4 0.2 ((;-2o<\>i,s)T-N (;so.}oocyf) VOA —
- (0-20%) - (40-100%) VOM | Sl ek e _‘b :
- CMS [m]Jhp, 2.03<y”" <353 0.150 ©J N E
0.3—p-Pb {5, = 8.16 TeV (0-20%) - (60-90%) VOM  — e == ]
" (185 < N°M™ < 250) - (N <35) [#]u,203<y"<353 - 04E e
- K A e (0-20%) - (60-100%) VOA - "E =
0.2 */(cb) ~e < o005 <
- - ok =
0.1 - E’j] o o | u IP-Glasma+MUSIC+UrQMD -
- @rﬁ_ iﬁ@ t H : 0.05F- VISHNU+Coal+Frag k", (0-20%) B
- %;@ - ﬁ + $ 1  F 9w, (0-20%) v, (0-20%) :
- » - - [ 1K®, (0-20%) K%, (0-20%) .
U . H.] - — -0.1F p*, (0-20%) 1 p7, (0-20%) | =
I B e T e R B B - S B B o'
p_ (GeV/c) [ (GeV/c)
ALICE,arXiv:2211.04384 T

e Light and charmed hadrons exhibit anisotropic flow in small systems

e Light sector described by hydrodynamics with QGP equation of state
18
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QCD aspects beyond QGP

19



Hypertriton lifetime

ALICE

Theoretical predictions
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ALICE, Pb-Pb 5.02 TeV

Unprecedented precision with
Pb-Pb Run 2 data

No deviation from the free A
lifetime

Binding energy = 130 £ 30 keV,
one of the smallest binding
energies observed

— loosely bound d-A molecule

Produced in Pb-Pb collisions,
despite having size comparable
to medium (~10 fm)

20



C(k™)

C(k™)

IIIIIIIIllllllllllllllﬁlllll

O ALICE data
] - Coulomb
Coulomb + p-Z~ HAL QCD
Coulomb + p-Q~ HAL QCD elastic
- Coulomb + p-Q~ HAL QCD elastic + inelastic

IIIIIIIIII]IIIIIIIIIIIIIII_

4

B

w

N

—

1 1 L 1 l 1 1 L L l 1 1 L L l-

T T T T T |:

p-Q 1

C [-¢-; .
:_ k* (MeV/c) _:
: S ]
C =01 o - Ak#{_n_jt-c—f'n'lu_-e-_m-o-}_n_ [ =0
C | - L H
0 100 200 300

ALICE, Nature 588 (2020) 232

a b  Interaction .
N Repulsive
= \ — Attractive
[0] 0 __________________________
=
T
°r *\A

\ 0 05 1.0
r* (fm)

1.5 2.0

Schrodinger equation
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Large production of hyperons provides unique opportunity to study rare
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mixed

hadronic interactions via femtoscopy measurements

Strength of proton-hyperon interaction important for equation of state at

high density - neutron stars
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Dead cone effect

ALICE
ALICE, Nature 605 (2022) 440 6 (rad)
- 0.37 0.22 0.14 0.08
() g LI B L I L L L L B Y I L B B
<l ' 5 < Epagiator < 10 GeV
Fully reclustered jet 1.5F 1
o~~~ | Charm = zszs=zsz=szk=z=z=zz=:}
-‘:'b quark 1 'E N B RN .
== AhammQualk Dead-cone effect
* Gluon emission vertex St S 05F -
~~~ Emitted gluon suppressed in a cone
0 > 0 > > o with 0-44 = mQ/ERudlarnr neW
P e Y
ERad,‘am, = ZORNE EMM,O,'S oLttt oo v v vy v v by g
1 1.5 2 2.5
: . In(1/6)
Dead cone: suppression of gluon radiation from heavy quarks at small angles
] ] B ALICE Data ==~ PYTHIA 8 LQ / inclusive
Predicted 30 years ago by Dokshitzer, Khoze and Troyan, J.Phys.G 17 (1991) 1602 no dead-cone limit
f d h d | — PYTHIA 8
Part of modern parton shower models  SuERPA  --- SHERPALQ/inclusive

First direct observation with ALICE!

no dead-cone limit
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ALICE

ALICE in Run 3 and beyond
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ALICE in Run 3

* All-pixel Inner Tracking System

* GEM-based TPC readout

* Pixel Muon Forward Tracker

* Fast Interaction trigger

* New Online-Offline system

* Readout upgrade of all detectors

Main goals:
e Collect 13/nb in Run3 and 4

Overlapping events in TPC @ 50 kHz PbPb (x100 larger minimum bias statistics)
Tracks of different collisions shown in different colour ° |mprove tracking precision by a factor 3_6
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First Pb-Pb collisions
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Future upgrades

ALICE

Superconducting g|cH
magnet system

Cylindrical
Structural Shell

Half Barrels

«F = & ‘ Muon
& absorber

Muon
chambers

ALICE 2 ALICE 2.1

|

>
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Summary

ALICE

A wealth of physics results from Run 1 and 2 now reported in the ALICE review paper
Providing quantitative estimates on QGP properties

Investigating QGP-like effects in small collision systems

Many exciting results beyond QGP physics

Successful upgrade: continuous readout and improved tracking performance

Looking forward to new data!
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