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Heavy-ion program

High temperature and low ug: LHC, RHIC

é’ wod ® Global properties (T, n/s...) and collectivity
= ® Hard probes (jets, heavy quarks...
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@ Finite temperature and pys: RHIC-BES, NICA

» Hadrons ® Critical point search
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Low temperature and large us: NICA, FAIR

Net baryon density nf/ "o Ky Search rich structure of QCD phase diagram
. No=0.16 TM—

® Equation-of-state at large us, chiral symmetry...



Charge particle multiplicity
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Charge particle multiplicity
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® Npart scaling violation: known since long time ago

Bjorken estimate:
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® Npart Scaling violationy kngfvn since long time ago

e Confirmed by new Xe—-Xe data



Charge particle multiplicity

ALICE Phys. Lett. B790 (2019) 35

Bjorken estimate:
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® Npart scaling violation: known since lofig time ago
e Confirmed by new Xe—-Xe data

e Neither explained by participant quark scaling nor fully reproduced by models
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Bjorken estimate:
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® Npart scaling violation: known since long time ago
e Confirmed by new Xe—-Xe data
e Neither explained by participant quark scaling nor fully reproduced by models

e Collision geometry plays an important role on particle production



Particle production vs. multiplicity
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Particle Yield Ratios
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e Similar trend seen in all collision systems
e Smooth evolution of particle production from small to large systems vs multiplicity
= |ncreases with strangeness content

e No significant energy and system dependence is observed at similar multiplicity



LHCb Fix target
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Particle production in small systems

STAR Phys. Rev. Lett. 122 (2019) 172301

Lett. 121 (2018) 222301
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e Thermal models describe yields of
light flavor hadrons qualitatively well
over 7/ orders of magnitude

= [ncluding 3AHe and 3He

e Tension for protons and multi-
strange baryons

= Binding energy << Tch (?)

e Chemical freeze-out temperature (Tch) ~153 MeV at LHC energies

= Driven by protons (before was 156 MeV), K* resonances are not included
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Mapping s — Tch plane
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e RHIC Region of intermediate ug covers possible critical point

e SIS 18 Explores the denser nuclear matter



Fourth order net-proton fluctuations 14
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Charm quarks energy loss
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CMS Phys. Lett. B782 (2018) 474
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e Strong suppression of D meson production observed in the most 10% central
collisions at both RHIC and the LHC

= Charm quark undergo significant interactions with the QCD medium



Degree of thermalization of charm

STAR Phys. Rev. Lett. 118 (2017) 212301
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D mesons seem to follow the same number of
constituent quarks (NCQ) and kET scaling as light
hadrons — observed at both RHIC and LHC

= Similar collective motion of charm

and light quarks (?)

= Hint of charm thermalization (?)
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e Additional constraints on initial conditions,
n/s, EoS, freeze-out conditions...
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e RHIC: A:/ DO ratio is strongly enhanced compared to PYTHIA — enhancement
Increases towards low pT

e | HC: Hint of higher A¢/ DOratio in 0-10% Pb-Pb collisions w. r. t. pp collisions

e Understanding of pp data is fundamental: not granted that Acis “enhanced” in the
same way in heavy-ion and pp (w. I. t. ete’)



Open beauty production

2:: 20 Tt ' ' ' ' ' | >N 03: T T T | T T T | T T T | T T T T T T T T T T T T -
T 4 g | ALICE Preliminary cb—e 1 oss5E. ALICE Preliminary E
- 0-10% Pb-Pb, |s,, = 5.02 TeV A Inl<08 ; - 20-40% Pb—Pb T ]

1.6 —©-1n1<06 7 0.2 y|<0.8 =
1.4 | b(>0)—>e 1 omsEL | =

[ e 11<0.8 ] = ! =

12F e In1<06 - 0.1 [C1® 214 —

1.0 gty T
; A

] — I F—b =
""""""""""""""" = oosfs JL, g I =

0.6 [ | ’ + %% 1 —0.05F i =
0.4 [ = ! e nedEE E -
t Ol o [epp — 1 B . b(so) e sy =5.02TeV E
0.2 | | ¢/ 1 015 o Dbc e, |5y =276 TeV, JHEP 09 (2016) 028
0.0 - I — I I I I i | — E ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] E
1 10 0% 2 4 6 8 10 12 14

P, (GeV/c) p. (GeV/c)

e Hint of smaller suppression for beauty-decay electrons

= Mass dependence of energy loss (?)

e v> > 0 (~3.50 effect) for e—Db in 20-40% centrality

= Beauty thermalization (?)



Open beauty production
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= Beauty thermalization (?)

= Coalescence (?)




J/P production

Quarkonia (J/¢ and Y families)

e Sequential melting (Debye screening) vs. recombination

e Sensitive to medium temperature
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® Suppression is insensitive on centrality in central

and semi-central collisions

e Recombination plays important roles on J/{
production on top of the Debye screening at the
LHC energies




J/P production
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J/P production

>~
Quarkonia (J/P and Y families) = - ;
;
e Sequential melting (Debye screening) vs. recombination 5
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Bottomonia melting
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e Clear hierarchy of suppression, but no sudden turn-on

= [ does not change rapidly with centrality (?7)



Topics which are not covered...

Jet and jet structure

e Jet: a spray of particles from hard parton fragmentation

= Get closer access to parton energy
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Exotic particle production
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Topics which are not covered...

®o Jet:

a spray of particles from hard parton fragmentation
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Experimental facilities: LHC

System Central-of-mass energy (TeV)
Pb-Pb 2.76, 5.02
Xe-Xe 5.44 s AWAKE
0—Pb 5.02, 8.16 =1 .
PP 0.9, 2.76, 5.02, 7, 8, 13 ///X%/ >
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- I O~
Possibly other nuclei 0-0, S-S... awcs /= . NDor A

neutrons p heutrinos

e ALICE Dedicated heavy-ion experiment

e ATLAS and CMS General-purpose detector with heavy-ion capabillities

e LHCDb Forward beauty experiment, heavy-ion and fixed target capabillities



Experimental facilities: RHIC 28

System Central-of-mass energy (GeV) RHIC energics. species combinations and lominostcs (Run-t o 18
Au-Au From 7.7 up to 200 '
""""""""""""""""""""""" Cu-Cu | 22,62,200
"""""""""""""""""""""""""""" vy 193
""" Gu-Au,Zr-Zr,Ru-Ru 200
 p-AuHe-Au | 200 +
- dAu 19.7,39, 62,200
"""""""""""""""""""""""""""" pp | 62,200, 400, 500, polarized SESSEEEEEEAN SEEN
"""" Possibly fixed target | Beamenergy scan

e STAR Multipurpose heavy-ion detector, capability for hadron measurements

e PHENIX Multipurpose heavy-ion detector, capability for lepton measurements



Experimental facilities: SPS, SIS18...

CERN-SPS
e NAG1 / SHINE Follow-up of NA49
e Pb—Pb collisions up to snn = 17 GeV, pp collisions up to Js = 29 GeV

= Many other combinations from fragmented beams (energy scan)

GSI-SIS 18
e HADES High acceptance spectrometer for di-electrons and hadrons
e FOPI 41t spectrometer, hadron identification

e U-U, Ne—-Ne and pp collisions up to 1.4, 1.9 and 2.9 GeV, respectively



Charge particle multiplicity
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Bjorken estimate:

1 dEy

(TrR? dy

1Rz

—

2CT

<—> dN/dn

.1 ® Central Pb—PDb collisions at 5.02 TeV dN/dn ~ 2000

= Energy density € ~18 GeV/fm?

= Above deconfinement transition (~1 GeV/fm3)

e ALICE: Pb-Pb at 5.02 TeV — highest energy so far

= For 0-5% most central collisions, confirms trend from lower energies



Charge particle multiplicity 31
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e Newest measurement in Xe—Xe collisions: confirms Npart Scaling violation

e Central collisions of medium-size nuclei produce more particles per Npart than
mid-central collisions of large nuclel at the same Npart

= Neither explained by participant quark scaling nor fully reproduced by models
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e Similar trend seen in all collision systems

e Smooth evolution of particle production from small to
large systems vs charge multiplicity

= |ncreases with strangeness content

wememer e No significant energy and system dependence is

— EPOS3

- - EPOS3 (UrQMD OFF)

observed at similar multiplicity

Where all this comes from?

¢ |nitial and / or stages effects”?

e Common mechanism of particle production?

e Better understanding of the observables we use In

heavy-ion for small systems?



Heavy quarks in heavy-ion collisions

RHIC Phys. Rev. Lett. 98 (2007) 172301
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Heavy quark diffusion
coefficient

e RHIC 4-6)/2nT
for0.2< T < 0.4 GeV

e LHC (1.5-7)/2nT
fOr T: TC

e Heavy quarks — the unique probes of the QCD medium since ~20 years ago



