Heavy-ion experimental results at
the LHC
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Scientific context : Quantum Chromodynamics (QCD)

Theory of strong interaction with rich variety of features : asymptotic freedom, confinement, chiral symmetry...

Nucleon and hadron

Quark Gluon Plasma

structure
Medium effects
How do the mass and spin of the What are the properties of nuclei
nucleon arise from its constituents? What are the modification of the and strongly-interacting matter as
What are the static and dynamical quark and gluon structure of a encountered shortly after the Big
properties of hadrons? nucleon when it is immersed in a Bang, in catastrophic cosmic events

nuclear medium? and in compact stellar objects!?

from QCD in vacuum to QCD under extreme conditions

L. Massacrier - Heavy-ion results at LHC - 18th May 2023 - Rencontres de Blois °



Space-time evolution of a heavy-ion collision at LHC energies

MADAI Collaboration, https://madai.phy.duke.edu/indexaae2.html?page id=503

L 4
Initial nuclei : =5 :
| e pre- QGP formation siter
contracted equilibrium (and expansion) Hadronization Chemical and kinetic freeze-out
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QCD phase diagram and QGP properties
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https://reader.elsevier.com/reader/sd/pii/S0375947417304839?token=0327DBE2D82E16EDBEFED929F1CBC889E58DE7C98D927CCC9283BB0A1B6C9C8124CFE68356C4E6B41FC50D5B0E37F23A&originRegion=eu-west-1&originCreation=20230513105530
https://arxiv.org/pdf/2211.04384.pdf

Thermodynamics of the QGP

" Weakly coupled quarks and gluons|
non-int. limit
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.094503
https://www.nature.com/articles/s41567-019-0611-8

Initial stages of the heavy-ion collision

[ Characterization of the initial stages of the collision (nPDFs, gluon saturation,
collision geometry....)

[ Tools : reference p-Pb collisions, ultra-peripheral Pb-Pb collisions
O Main Observables : cross sections, R pp, Reg

[ Creation of hard probes

Rp 1 d20,p(pr, )/ (dprdy®
F, R (pr,y”) = pPb(P1,y")/ (dprdy”)

| " . T r A &0, (pr,y*)/(dprdy”)

Fermi

s motion -
v

R __ “forward
backward

éantishadowingé

shadowing
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p-Pb data as a tool to constrain quark nPDFs

pPb (173 nb™", 8.16 TeV)
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https://link.springer.com/article/10.1007/JHEP05(2021)182

p-Pb data as a tool to constrain gluon nPDFs

~+ LHCDb |5y = 8.16 TeV " |EPPS16 + D’
-4 LHCb \syy = 5.02 TeV [MMnCTEQ15 + D°



https://arxiv.org/pdf/2205.03936.pdf
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https://arxiv.org/pdf/2206.08221.pdf
https://arxiv.org/pdf/2206.08221.pdf
https://arxiv.org/pdf/2206.08221.pdf
https://arxiv.org/pdf/2305.06169.pdf
https://arxiv.org/pdf/2305.06169.pdf
https://arxiv.org/pdf/2305.06169.pdf

Photon-induced processes in Pb-Pb collisions with nuclear overlap

ATLAS
Pb+Pb 5.02 TeV, 1.94 nb™

Scale: + 9%

UPC
Scale: + 8%

Events x 0.02
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https://arxiv.org/abs/2204.10684
https://arxiv.org/abs/2206.12594

Medium modifications

g

1 dN,,/dp,
N} dN, 1 dp,

Energy loss by quarks, gluons
jet quenching

R, (pr)= <

Thermal radiation

_ QCD medium
QCD vacuum

B3N 1 dN >
- = 1 20, —
By 21 prdprdy + 7;1 U, COS (n(¢ R)) / /

Azimuthal asymmetry and radial expansion Suppression of quarkonia




Properties of the early dynamics of the collision

Event plane based frame : normal to B and L

W (cos@, ¢) i (14 A9 cos? 6 + A4 sin® 6 cos2¢ + A94sin26 cose)

ALICE, Pb—Pb SNN =5.02 TeV
Inclusive Jly —» ptu-, 2.5 <y <4

¢ 0-20%
¥ 30-50% Event plane



https://arxiv.org/abs/2204.10171
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.012301

Bulk properties of the QGP : thermal

ALICE Preliminary
Pb-Pb |s,, = 2.76 TeV
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Bulk properties of the QGP : azimuthal anisotropies
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.132302

Hard probes of the QGP: di-jet imbalance

anti-k, R=0.4
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Shift of the peak in central collisions : most probable
configuration for dijet is highly imbalanced in pt

Suppression of balanced dijets
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https://arxiv.org/pdf/2205.00682.pdf

Hard probes of the QGP : heavy quark energy loss

path length L

ALICE, Pb-Pb, |/s,,, = 5.02 TeV

0-10%, [y| < 0.5
« non-prompt D’

(AE) «x a,Crq L’

Cassimir factor, transport coefficient

> D
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https://link.springer.com/article/10.1007/JHEP12(2022)126

Hard probes of the QGP : bottomonium suppression

Bound Jiy Y (2S) Y(1S) PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)
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https://arxiv.org/abs/1010.5827
https://arxiv.org/pdf/2303.17026.pdf

Hard probes of the QGP : charmonium suppression and regeneration

Pb—Pb, sy=5.02 TeV CMS, ly_1<1.6, 0-100%

ALICE,2.5<y  <4,0-90% (EPJC78(2018)509)
o J/y (JHEP 2002 (2020) 041) o J/y

Sequential suppression

18


https://arxiv.org/pdf/2210.08893.pdf
https://link.springer.com/article/10.1140/epjc/s10052-018-5950-6

Hadronization

O How does the hadron form?
» Fragmentation versus coalescence/recombination
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J When does the hadron form?
> Inside the deconfined medium versus in vacuum

—> Requires a good understanding of hadronisation in
vacuum with studies in pp collisions
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Charm fragmentation fraction in pp/pPb

ALI-PREL-541012

= ALICE, pp, Vs = 5.02 TeV

(PRD 105, L0O11103 (2022))
= ALICE Preliminary, p—Pb, m =5.02 TeV
+ B factories, e'e’, Vs = 10.5 GeV
+LEP,e’e’, Vs =m,
e HERA, ep, DIS
o HERA, ep, PHP
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Charm baryon to meson ratio in pp and Pb-Pb

pp 252 nb* (5.02 TeV) PbPb 0.607 nb™', pp 252 nb™ (5.02 TeV)

CMS Preliminary CMS Preliminary
Iyl <1 Iyl <1 -
pp : @ pp
® ggtg prediction B 0-907% FbPb
— i ‘W 0-10% PbPb
- Etg%; ggﬂ; fobpes  PRL124 (2020) 042301
Cent. 0-20%

» Statistical hadronization Global uncertainty: 6.6%
approach (incl A.from decay of L4 Ss?%?cls;ncenalmy
excited charm baryon states) PbPb: 7.3%
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https://cds.cern.ch/record/2853547/files/HIN-21-004-pas.pdf

Surprising small systems

at the LHC
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https://www.nature.com/articles/nphys4111
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8.16 TeV pPb Other Collision Systems
[ LHCb 7270 LHCb 110 GeV
[0 ATLAS/CMS [ HERA

[ ALICE

ALICE Muon

physics in fixed-target

LHCb

Sxn = 68.5 GeV pNe
-8 Data
Vogt no IC

Vogt 1% IC

~
=
o
[}
y—
Q
=
=
=

dy*

collisions at the LHC

Sy = 68.5 GeV

—%— pNe

——8— PbNe
— o'=0.76 £ 0.05



https://arxiv.org/abs/2211.11652
https://arxiv.org/abs/2211.11652

Conclusion

L Heavy ions collisions at LHC are interesting tools to :
L Characterize the initial state of the collision (nuclear PDFs, saturation)
L Study macroscopic and microscopic properties of the QGP
U Study hadronization mechanisms
L And can also bring contributions for other fields of physics (astroparticle, neutrino, BSM)

L QCD measurements in all systems are interesting in themselves and mandatory to get a complete understanding of
AA collisions
U The understanding of QGP-like effects in high multiplicity small systems is currently a hot topic in the field

U Looking forward to the new LHC Run 3 Pb-Pb run end of this year!
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Table prepared by the WG small systems from the HL/E-LHC working group
See the yellow report, in preparation, for references (140)

Observable of effect

Pb-Pb

pPb (high mult)

pp (high mult)

SOFT Probes

low p; spectra ("radial flow")

yes

yes

yes

Intermediate p; ("recombination")

yes

yes

yes

HBT radii

Houil Rgjge~1

Ryu/Rgge S 1

Ro Rslde =1

Azimuthal anisotropy (v,) (2 prt. correlations)

V1 - V7

V1 - Vs

VZ' V4

Characteristic mass dependence

Va-Vs

V-V,

v,

Higher order cumulants

"4~6~8 " + higher harmonics

"4~6~8 " + higher
harmonics

"4~6 "+ higher
harmonics

Event by event v, distributions

n=2-4

Not measured

Not measured

Event plane and v, correlations

yes

yes

yes

HARD Probes

Direct photons at low-p;

yes

Not measured

yes

Jet Quenching

yes

Not observed

Not observed

Quarkonia

J/¥ regeneration / Y supression

suppressed

Not measured

Heavy-flavor anisotropy

yes

yes

Not measured




