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Heavy lon Collisions Niklhef
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“It would be intriguing to explore new phenomena by distributing “Nevertheless, such speculations reminds us that the possibility of
high energy or high nuclear matter over a relatively large volume.” totally unexpected phenomena may be the most compelling reason

to consider relativistic nucleus-nucleus collisions. It is regrettable that
“In this way one could temporarily restore broken symmetries of the It is so hard to estimate the odds for this to happen.”

physical vacuum and possibly create abnormal states of nuclear
matter.”

T.D. Lee, Bear Mountain, NY, 1974. J.D. Bjorken, FNAL, PRD 27 (1983) 140.
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RHIC and the LHC NiiJhef
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The dream of T.D. Lee and

J.D Bjorken came true!

LRI Pb-Pb 5.36 TeV
; ’ LHC22s period
18th November 2022
16:52:47 893

Shatration Pdppe Mouchs
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Hadron Physics

| ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL >0)

I e pD ®pD’ —_
A — Coulomb D p
—— C. Fontoura et al.

| Y. Yamaguchi et al.

J. Hofmann and M. Lutz
— J. Haidenbauer et al. (g%/4n = 2.25)

0 100

200
k* (MeV/c)

See talk Tetsuo Hyodo

The LHC is a beautiful machine for hadron physics!
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72 new hadrons at the LHC
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Particle Production in pp, pA and AA
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Multiplicity dependence follows power laws from lower energies and grows faster in AA collisions,
magnitude and rapidity dependence (even in pp) not fully described by MC calculations
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Heavy lon Collisions
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Heavy lon Collisions Nik[hef

See talk of Akihito Monnai
Freeze-out .
Hadronisation @ ...

Initial Stages QGP formation

Time: 0 fm/c <1 fm/c ~101° fm/c
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The model of heavy-ion collisions The standard model of particle physics

pre-RHIC heavy-ions were modelled by a stitch work of models, one model for each observable
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Heavy-lon Collisions (how) Nik]hef

The standard model of heavy-ion collisions The standard model of particle physics

| would like to convince you that due to huge theoretical progress and the experimental measurements at
RHIC and the LHC we now have, at least for the soft sector, one standard description
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Particle Yields
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G.Nijs and W. van der Schee. arXiv:.2304.0619v1

How can these sets of observables constrain so many model parameters?
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MENRER

Simple Glauber Model Monte Carlo
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vnh Observables Via Correlations Nik[hef
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Anisotropic Flow

2.76 5.02 TeV
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ALICE, JHEP 1807 (2018) 103
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Isotropic Flow Nik[hef
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v The v2’'s show a typical mass dependence at low-prwhich is expected from a boosted thermal system

v At intermediate pt they show a number of quark scaling expected from recombination

v Also the charm sector exhibits these v2’s for open charm and for J/W¥, the Y does not show vz within
uncertainties

v Difference between vz of the prompt and non-prompt D’s show evidence for coalescence
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Global Bayesian Analysis

S. Bass, J. Bernhard, J. Scott Moreland,
arXiv:1704.07671, arXiv:1808.02106

Yields Mean pr Flow cumulant ALICE Collaboration:arXiv:2211.04384
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Speed of Sound Nik[hef
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ldea is that in ultra-central events the entropy increases at fixed volume,
which allows one to measure the speed of sound

CMS measurement in very good agreements with model predictions
F. Gardim et al., PLB 809, 135749
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<pT> fluctuations
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G. Nijs and W. Van der Schee, PLB 853 138636
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Heavy-lon Collisions (how)

N PbPb, 76 |GeV] ” i o~
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The standard model of heavy-ion collisions
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In AA we create a system which can be
described very well by hydrodynamics and
we can start to extract the properties of the
QGP with uncertainties (EoS, transport
parameters).

Can we understand the underlying
microscopic properties which lead to this
hydrodynamic behaviour?

To understand the microscopic properties of
the system we can move away from the large
system where thermalisation and
hydrodynamics dominate and look at smaller
systems such as pA and even pp

In the remainder of the talk | will show results
as function of system size on strangeness
production, the v for different particle
species, and even the Y (nS) production in pA
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Strangeness Enhancement

-3

|ﬁIIIIIITIITIII|lllllll]llllj1|lll])(

L

IITT1IIITIITT]I]T]IITI1I][III|T1IITTT

ALICE Preliminary

—e— Run 3,pp Vs =13.6 TeV
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—oa— pp Vs =7 TeV Nat. Phys. 13 (2017) 535-539
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Strangeness increases with multiplicity, hierarchy with strangeness content
ALICE provided more differential results in run3 which show that pQCD inspired
models need extra mechanisms for strangeness production

18 20
(dN/dy) . . _
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Strangeness Enhancement Nik[hef
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Strangeness Enhancement

iTs 3 Eer =8 — Eyeading X Vs = Ezpc

U ZN . """"""""""" @ Q- - -~ ——---———-— - . ZN
) P P
N | ZP .
See talk F. Ercolessi
n— e
lllllllllIlllllllllllllllllllllllllllllllll I I][]' l I I] ]I[][: /\_ 20I—||lllIllllllllllllllllllllllllllIIIIIIIlIl::-I|I||| |||I|||||||I|||I|||-—_:
JE — E+ 3 < . ALICE Simulation, pp Vs = 13 TeV I ¢ Standalone :
0 i 3 E — — g = 18:— PYTHIA 8 Monash N E ¢ ® High local multiplicity
= LRI’ ER .- yl<05 ~ 1ef RN R Cowisoalmultpiiy
A Y - 5 I & ’
£ 1 - = I 7 T X =
50 : 14E /," Q\\\
E E E 12__ D 3 + "\ E
—H t = - X
1 . ?<> - 10 :o E3 % E
3 E ALICE preliminary 3 af- " ¥ ‘\* E
@® SPDcl fixed [10-20]% 4 F . 6 o K; ® = \& &
O SPDcl fixed [40-50]% 4 E & E 4:_ ’/ \ _:_ “‘@‘ _
@® high VOM activity 1 E z - % 8 1 ‘)Q% ]
® low VOM activity 9 F E 2 o f: 2 ¢
....l....l....I....l....l....llll: :|||||||||||||||l|||||||||||||||: 0||||||||||||||||||||1||||1|1|||||||||1|||||__lIIIIlllllllllllllllllllll"
2.5 S 3.5 4 0 0.2 0.4 0.6 0.8 i 1.2 1.4 1.6 g 05 1T 15 2 25 8 35 4 0.2 0.4 0.6 0.8 1 1.2 1.4
MB
n /{n MB INEL>0 INEL>0
< ch >Inl<0-5 < ch >I77|<0-5 < (ZDGC )/ (ZDGC ) el e o | < nch >|,7|<o,5 < ch >|,,|<0,5 ( En leading >|n|>8.8/ ( En leading >|n|>8.8

Increasing E_ 4

When using the effective energy E. to characterise the collision one sees that for fixed multiplicity one gets
different strangeness production as function of E,; and strangeness production scales with E_; similar to number
of MPI in Pythia 8 Monash
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Strangeness Enhancement and Charm  Nikfhef
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Compare production of D mesons with and without strangeness, ratio increases as function of multiplicity and in
backward rapidity. Shows strangeness enhancement in the charm sector and indicates coalescence for charm
meson production
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Strangeness Enhancement and Charm  Niklhef
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Compare production of D mesons with and without strangeness in ALICE, results in good agreement with LHCDb
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Near side ridge observed in pp and pA already at small multiplicities which shows correlation over large
rapidity range > 5 units. Characterised with v, coefficients (who’s magnitude depend on rapidity gap)
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pA and pp collisions (light flavour) Nik[hef
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v The v2’s in pA and pp show a typical mass dependence at low-ptwhich is expected from a boosted thermal system
v At intermediate pt they show a number of quark scaling expected from recombination
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PA and pp collisions (heavy flavour) Nik[hef
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v The v2’s in pA and pp show a typical mass dependence at low-ptwhich is expected from a boosted thermal
system

v At intermediate pt they show a number of quark scaling expected from recombination

v Also the charm sector exhibits these v2’s for open charm and for J/Y¥, the D9 from b-hadrons does not show
V2 within uncertainties
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pA collisions (fo (980))

Nik[hef

CMS pPb, |5,y = 8.16 TeV (185 < N,, < 250)
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We can use this scaling behaviour to also say something about the nature of the fo of which the structure is

unknown (di-quark, tetra-quark, KK molecule). Use va/ng scaling to extract number of quarks.
Ng =4 is excluded at > 3.16 and nq = 2 is favoured.
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Summary

What has been observed for the QGP at the LHC?

v In AA we create a system which can be described very well by hydrodynamics and we started
to extract the properties of the QGP with uncertainties (EoS, transport parameters)
Y In pp and pA we observe the onset of the collective behaviour

v'We observe spectra in pp and pA which show similar behaviour as in AA (mt scaling and recombination)

v'We observe long range correlations (v2) in pp and pA which show mass dependence and follow similar
behaviour as in AA (for heavy quarks so far pA)

vJ/V¥ and Y are suppressed in pA which can be understood from nPDF but Y (n.S) does show sequential
suppression in pA

v'We do not observe jet quenching in pp and pA collisions (even not for back to back jets)
Y| hope | showed you that collisions of pp, pA and AA produce not completely different
environments but that collective medium effects builds up gradually with system size and this

gives us an unigue opportunity to understand the underlying microscopic dynamics and provide
a uniform description
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Heavy-lon Collisions (now) Nik[hef

The standard model of heavy-ion collisions The standard model of particle physics
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Heavy-lon Collisions (future) Nik]hef

My big dream: combine the standard model of heavy-ion collisions and particle physics

-~

The standard model of particle physics
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