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Introduction: Heavy-Ion Physics

* Heavy-ion collisions allow us to study QCD in the laboratory

LHC
: : o | ark-gluon plasma
* Decontined strongly-coupled matter with color degrees of % | decor?flijned lelJarksF.) and gluons
freedom — quark-gluon plasma 2 N _ _eritical GSI SIS
. : : @ |9 ’ s I
Restoration of chiral symmetry = : RHIC
S confined
. . s hadronic
* Explore the properties of the deconfined phase at °v matter
high temperature (LHC, RHIC) and/or high-density
. phases?
hlgh net-baryon number den5|ty Neutron\stars
\~ "~ B
(RHIC Beam Energy Scan + fixed target, CERN SPS, GSI SIS) o Baryon chemical
Nuclear matter potential iy

* Nature of the phase transition and search for the critical point
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Introduction: Heavy-Ion Physics

QGP and Hadronisation Kinetic freeze-out . °
expansion chemical freeze-out '

Initial stage Pre-equilibrium
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* Original role of reference measurements

* pp collisions as a baseline O—«-0 o
(o]
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* p-A collisions to study cold nuclear matter effects O——><——gg
o
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Initial state: Constraining nuclear PDFs
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https://arxiv.org/abs/2204.09982
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Collective effects
Elliptic flow

Reaction
plane

N\

Coordinate space:  Collective interaction: Momentum space:
initial asymmetry pressure gradient larger final asymmetry
In- than out-of-plane

Fourier decomposition of momentum distribution
relative to reaction plane:

dN — l'l Sensitive to early expansion of the system |
— «x 1+ ) 2v,(pp) cos <n (go — ‘PRP)> | y =X Y |
d¢ n=1

v1. directed flow vo: elliptic flow
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Collective effects

_Elliptic flow
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Soft Probes

~ Integrated Yields at the LHC
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lattice QCD: T, = 156.5 % 1.5 MeV
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Precision ;; measurements
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Precision ;; measurements
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Hadronisation of heavy quarks from pp to Pb-Pb
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, — Charm-fragmentation fractions not universal in pp and p-Pb

| — Hadronisation via recombination + mass-dependent pr shift by

. collective expansion in central Pb-Pb
i — Strangeness-rich QGP
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Introduction: Heavy-Ion Physics
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| Characterise medium properties |

| © Colour deconfinement
i » Parton energy loss
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Parton Energy Loss: R,

1 dN*/dpy
R <Ncoll> dep/de
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Parton Energy Loss: R,

1 dN*Vdp;
- <Ncoll> dep/de

* Parton energy loss

* Colour-charge dependence

| l i ' * Mass dependence (“dead-cone effect”)
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Colour-charge dependence of energy loss

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™
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ATLAS: ATLAS-CONF-2022-019

I — clear observation of colour-charge :
. dependence of energy loss: AE; > AE, 45 |
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Jets
~ Differential Studies

* Recover lost energy? — study larger radius R

* Only modest increase, Raa never reaches unity

0.2F antik., n | <2 @
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Mass dependence of the ener'gy loss: Heavy quar'ks

|~

b ama g —0 .-, - . e it L _pos2a PR - B>~ «, - le Lo _fsBa = --,, Ach A Lo

o Expected behawour AE > AEu d,s > AECharm > AEbeauty

o~

.‘

—  e.g. Raa (light hadrons) < Raa (D) < Raa (B)
:E 1.4 I | | I I | I | | | I | | I I | | I I_
- " ALIGE i Beauty / Charm RAA _ALICE: arXiv:2202.00815_
ioflLfl  Pb-Pb, sy =5.02TeV & g - o data —— LGR central value :
Centrality 0—10% 5 S 4 e ) m_settom, (E-loss) - i) m_set to m; (coalescence)
2 oC I SESEY '/L") w/o shadowmg — — iv) w/o coalescence ]
... ... | 5 I / N ]
Average D", D*, D* - £ 3l N _
+ ®) B —
|58 = o . / S -
0.8 Charged particles = S < / ~ ~. ]
Jhy, 0-20%, ly| < 0.9 1o T -t T B :
| 21\ * == — 1 ~
0.6 Prompt J/y, |y| < 2.4, CMS S A\ 1t ' 5600 i § ~ ~
it Bl 12 N it e e
0.4 . | By (LN ___‘,‘-_--_-'_i‘ﬂ' _________________________ ]
= | 12 TR T :
" 1 I e ]
0.2 o _ ! L ! L |
' Ul 0 5 10 15 20
O ] | | ] ] | ] | | ] ] ] I . ZI p (GeV/C)
10 20 30 40 50
p (GeV/o)
— D -meson RAA Iarger than the one for pions for pr < 8 GeV/c
— Charm and beauty hadrons show quark-mass dependent energy loss at intermediate pr
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Mass dependence of the ener'gy loss: Heavy quar'ks

HAA
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— Charm and beauty hadrons show quark-mass dependent energy loss at intermediate pr
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— Charm and beauty quarks partlc:lpate in the coIIectlve motion
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Quarkonia: J/y
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* Quarkonium production mechanism

— Suppression at RHIC energies scales with <N, >

* Suppression due to colour screening

*  Production via (re)generation during QGP phase/at hadronisation | — No suppression at LHC tull energy

— (Re)generation scenario dominates at low pr
T. Matsui and H. Satz,PLB178(1986)416, P. Braun-Munzinger and J. Stachel,PLB490(2000)196, o
L.Grandchamp and R.Rapp, PLB523(2001)60
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Quarkonia: J/y and y(2S)

re 5 Acn S Lo £ TAD T & e cde WO SZ sl a. s B Ace A Lo fo= S Mt a. = B Aca A Lo f— SE sl a. = B Aca A Lo f= " D S o A <l WS - Ak B Lo £ $E IO it A e BT BES <A @S _ Az B La_bo<2a BB GO T _ Aze A _pu B PRD T o BAS <2 W@ _ Az B S 43 MO e A BB S O _ Ace A _ o sBa BT CBES <A WT _ Az B _ o sBa 7 i N PN

2 " T LA B L B B B | T | | | [ I T ] 7 =% i _ | 1 1 1 I 1 1 1 1 I 1 1 1 | I 1 1 || 1 I 1 1 1 1 I 1 | 1 || i

Q 2 ® Au+Au@54.4 GeV, p_>0.2GeV/c, e'e, |y|<1.0 ] AA ! - Pb-Pb. \{(s..=5.02 TeV -

T, - B Ru+RURZI+Zr@200 GeV, p_>0.2 GeVlc, e'e”, |y|<1.0 J / llj 5 ' @ 44 - » TONNT CMS, ly_ | <1.6,0-100%-

0:5 1.8 - K p+Au@200 GeV, p_> 0 GeV/c, uu-, |y [<0.5, PLB2022 E - ALICE,25<y__ <4, 0-90% (EPJC78(2018)509) :

16 E *  p+Au@200 GeV, p_>5 GeV/c, e'e”, |y |<1.0 ] 1.2 © Jhp (JHEP 2002 (2020) 041) e J/y —

- ¢ Au+Au@200 GeV, p_>0.15 GeV/c, w'u-, |y|<0.5, PLB2019 - i o y(29) V(2S) i

1.4 - Pb+Pb@2.76 TeV, p_>0 GeVic, e'e", |y |<0.8, ALICE, PLB2014 ~ e m .

10 :_ =7 Pb+Pb@5.02 TeV, p_>0.15 GeVlc, e'e, |y |<0.9, ALICE, NPA2021 _: 1 - TAMU -

_ - Global uncertainty i C Jp ]
Colordcreening 1 = o 08 l e,
- F ! i qooB II e v(@S) 1o
0.8 | % i - 0.6 - = Je
—— - VL =] 12
D\ 0.6 @ H EI E| i ]
AR 0.4} = . o - - 7+_‘+‘ il £Z—m— = EE
oot D©@D ; ' | E stronger screening ]
\ ", 9 \ne / 0.2 . 0.2 _+_ | | -
o @ - STAR Preliminary - - | 10
@OO@DQQ 0 N T B S R S R R RHIC regen r ation? | 12
S 0 50 100 150 200 250 300 350 400 450 g Oq-r S S T N T TR A T N TR TN T T NN T TN TN SN NN TNNN NN NN NN NN T RN A 1 <<

0 S 10 15 20 25 30

@ @Npan) p_ (GeV/c)

* Quarkonium production mechanism
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Quarkonia: J/y flow
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* Quarkonium production mechanism

° Suppression due to colour screening I — J/y flow consistent with zero at RHIC

* Production via (re)generation during QGP phase/at hadronisation
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Quarkonia: J/y flow
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* Quarkonium production mechanism
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* Suppression due to colour screening

] flow consistent with zero at RHIC |
I’ — J/w flows at LHC

, — Signature of deconfinement

* Production via (re)generation during QGP phase/at hadronisation
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Quarkonia: Bottomonium Family
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f — Excess of virtual photons above 7 meson < Rﬁ‘iAg > =~ 3.05 observed above the 7" mass region

‘ "\ " ce
| — "Disappearance of ® mesons at low py

| — At high masses, v, consistent with 0 — dileptons are penetrating probes of the hot and dense medium |
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Impact beyond Heavy-Ion Physics
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* Input for searches for dark matter signals; understand antinuclei
production and tune event generators ...
* LHCb fixed target measurements

* ALICE detector as absorber to study the

antinuclei inelastic cross section
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Future of Heavy-Ion Physics
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* European strategy — encouraging the heavy-ion programme at CERN in HL-LHC era 3094.
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* Wealth of beautiful new results from heavy-ion experiments

* New era for ultra-relativistic heavy-ion physics — improving precision/reach for rare probes

* LHCRun 3 and 4 e wonoe 00 LHEB-FIGURE-2019-027
: Y5 £ simulation - rade ] =120

*  LHC upgrades (ALICE, ATLAS, CMS, LHCDb) ALICE 3: arXiv:1902.01211 &, b -o-0s woron” Tre
*  Collider and fixed-target program at CERN

EPOS 100%-30% PbPb 5 TeV
* sPHENIX and STAR at RHIC (incl. Beam Energy Scan, fixed target)

1 =100

[ e | | ]

* LHC Run 5 and beyond
* A next-generation LHC heavy-ion experiment: ALICE 3
* LHCb Upgrade II

* High net-baryon number density frontier - facilities coming up at
lower center-of-mass energies: NICA, FAIR, ...

MS: LHCC-P-009

-~
>

sPHENIX: arXiv:1501.06197

— see talk by

* Electron-ion collisions at the EIC Jochen Klein

» nPDF diffraction, saturation, ...
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Event-by-Event Fluctuations

~ Net-Proton Number
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Jets
Differential Studies
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larger R more sensitive to energy loss

200 1000 200 .. 1000 200 1000
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* Recover lost energy? — study larger radius R

i — Significant constraints on models of jet quenching,

* Only modest increase, Ra never reaches unity __medium response, large angle radiation |
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Jets
~ Differential Studies

— Energy loss depends on path length | — Jet substructure

‘ — v3, v4 set limits on initial-state fluctuations modified by hot medium f'
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Dielectron excess ratio
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HADES work in progress
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LHCb: PRL126(2021)092001
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— What is it's nature? = HI collisions could help ;;
| = Pb-Pb collisions: (re)generation of X(3872) at pr > 15 GeV ?

(W
<

| — Future: larger data samples = extend to lower pr region
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