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The phase diagram of QCD matter

At high temperature, hadronic matter undergoes a
phase transition to the quark-gluon plasma (QGP)

* colour confinement is removed

* quark and gluon degrees of freedom (vs hadronic)

quark-gluon plasma
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Heavy-ion collisions and the quark-gluon plasma

Initial state Hard QGP formation Hydrodynamic Hadronization and Detection
scatterings expansion freeze-out

Cred'it"s':_ MADAI .p'r,bj.e‘ct

T~ |10 fm/c T >> |0 fm/c

Time

* Heavy ion collisions: crucial to measure the properties of deconfined QCD matter in the laboratory
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State-of-the-art of QGP knowledge at the LHC

Energy density € at 1 fm/c 14 GeV/fm3
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State-of-the-art of QGP knowledge at the LHC

Momentum transf. per unit length §/T3 2-11 [
Diffusion coefficient 2zTD, at T, 1.5-4.5

Shear viscosity to entropy #/s at T, 006012 |||
Effective temperature (direct photons) 304+41 MeV |

Energy density € at 1 fm/c 14 GeV/fm3 :

Check out Kara Matioli’s talk Monday 12:00

Observed hadrons

K

A K

Quark-Gluon Plasma

X 7
________ -/ Hard scattering
\ 7L and thermalization

s}

ctives of heavy-ion physics -

Adapted from Fig. 2 of https://doi.org/10.1142/9789811280184 0005 - 4



https://doi.org/10.1142/9789811280184_0005
https://doi.org/10.1142/9789811280184_0005
https://indico.in2p3.fr/event/30430/contributions/156661/
https://indico.in2p3.fr/event/30430/contributions/156661/
https://indico.in2p3.fr/event/30430/contributions/156661/

State-of-the-art of QGP knowledge at the LHC

Observed hadrons
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State-of-the-art of QGP knowledge at the LHC

Observed hadrons
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State-of-the-art of QGP knowledge at the LHC

Volume at decoupling V.. ~5000 fm3 Observed hadrons
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Open questions in heavy-ion physics

Evolution of a QCD many-body system

—How does the QGP temperature and density evolve with time?
— Evolution conected to kinematic equilibration: hydrodynamic description, transport coefficients
—How do heavy flavour quarks propagate in the medium?

—Can we pinpoint microscopic interaction dynamics of heavy quarks”?

How are hadrons formed in a dense environment?
— Hadronization and relationship to statistical principles: realm of thermal models *° e
—How are heavy quarks distributed in hadronization”?

—Open heavy flavour quarks: charm fugacity, hidden flavour: quarkonium melting/regeneration

How do dense QCD effects and collectivity emerge in small systems down to pp? ]/l/)

Under which conditions in the QCD phase diagram does one obtain a first-order phase transition”?

Future perspectives of heavy-ion physics — EuNPC 2025



The phase space of future directions in heavy ion physics

=

quark-gluon plasma

Low energy: SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV

- Temperature of QCD matter (temp. vs. energy)
» Search for the Critical Endpoint ()
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The phase space of future directions in heavy ion physics

Low energy: SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV ALICE, ATLAS,
- Temperature of QCD matter (temp. vs. energy) CMS, LHCb

3, %
sPHENIX quark-gluon plasma

- Search for the Critical Endpoint (@)

High energy collisions: HL-LHC ~ 5.5 TeV
- Time-evolution of a many-body QCD system: linking

elementary QCD interaction to equilibration at

Low energy
macroscopic level

- Systematic exploration of QGP properties - precision!
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The phase space of future directions in heavy ion physics

ALICE, ATLAS,
CMS, LHCb
3, %

Low energy: SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV
- Temperature of QCD matter (temp. vs. energy)

- Search for the Critical Endpoint (@) % ,
S sPHENIX ~  quark-gluon plasma
High energy collisions: HL-LHC ~ 5.5 TeV P g
- Time-evolution of a many-body QCD system: linking 3 :
elementary QCD interaction to equilibration at g Low energy
macroscopic level o
- Systematic exploration of QGP properties - precision! ;E) |
A )
Far future: FCC-hh ~ 35 TeV A & ' color superconductor
- New rare probes and time-scales of the QGP accessible 0 - )
0 1000 2000

: | ch : i
Thermal charm, boosted top decays, Baryochemlcal potent|a| [MeV]
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Heavy ions at lower energies / high pp:

NA60+ and NA61 at SPS and CBM at FAIR SIS-100

NA60+/DiCE: dimuon spectrometer following a silicon pixel NA61/Shine: large-acceptance hadron detector, upgraded with
tracker (CALICE ITS3 MAPS) silicon pixel tracker (ALICE ITS2 MAPS)
- Thermal dimuons; HF/strangeness, critical point search Onset of deconfinement and critical point search
Letter of Intent positively reviewed by SPSC in 2023 . Data taking < 2033; light-ion collision systems
Proposal submitted in spring 2025 + Proposed upgrade (TPC — Silicon) for high-rate Pb-Pb
Data taking ~2029-2036 » .
bearn energy scan 20-150 GeV/nucleon CBM/HADES: SI|IC.OI’1 ?:rack-mg; hadron, m and e 1D |
QGP characterization (including T) and critical point search
Muon - Atnew accelerator SIS-100 at FAIR — Data taking ~ 2029
Vgrtex (3;\5):;%) Muon wall
Dipole
(MEP48)

Hadron
absorber

Compressed Baryonic Matter /7//\\§\

Pb/p beam

wil

\/ertex
telescope

" See |. Keshelashvili, Monday 6pm
F A I R 1: Time-Zero Detector & Beam Diagnostics
Muon tracking

5: Ring Imaging Cherenkov Detector
2: Silicon Tracking System / Micro Vertex Detector 6: Transition Radiation Detector
3: Superconducting Dipole Magnet 7: Time of Flight Detector
=51
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High energies and full exploitation of the LHC:

LHCb upgrade 2 and ATLAS/CMS phase II

Side View

‘1:

TORCH
Mighty
——  Tracker

RICH2

===

ATLAS Simulation Preliminary

ITk Layout: 03-00-00—

LHCb upgrade 2

Acceptance upton = 5
fixed-target \/syn = 70 GeV with SMOG2

extend tracking capabilities to central Pb-Pb

Framework TDR: CERN-LHCC-2021-012

Scoping Document: CERN-LHCC-2024-010

Pixel Strip HGTD ITk simulated passive material _
; =05, =10 n=15 ) _:
-, //n raw /']l =n i .
——7&——764 e | n=2.0—
R 7 i) J[/ -
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e =l == I-'__‘_I___:=-I——»:—’ =M =40
CMS ATLAS, CMS phase lI
Muon Upgrade for runs 4+5
ZDC HGC[JS) HCAL [leCAL el | Extend tracking to |n| = 4
ECAL Increased DAQ) bandwidth
PPS 1 Tracking r ] | and new h ID (CMS MTD)
| | | | | | | | | | |
o 8 6 4 2 0 2 4 6 8 oo

More on SMOG(2): G. Ricart, Tuesday 3:15pm
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High energies and full exploitation of the LHC:

The ALICE 3 experiment

ALICE 3

Outer Tracker

* All-silicon, large-acceptance, very light tracker
Inner Tracker * High rate: Sx bigger luminosity, exploit LHC
,\__‘“TOF 1 o N *  Momentum precision of 6, /p ~1%
t . I =T * State-of-the-art particle identification
e t e Silicon-based TOF and RICH
| *  Muon identification
* Unprecedentedly high vertexing precision

RICH 1 * First layer at 5> mm from interaction point

ECal
Magnet

. |mpact parameter resolution:

* ~10 pmat pt ~200 MeV/c
* ~3pumatpr >1GeV/c

Absorber

Muon identification
FCT

*  Major physics goals:

* Heavy-flavour quark thermalization
* Thermal emission of the Quark-gluon plasma

See D. Colella, Monday Spm

Letter of Intent: CERN-LHCC-2022-009

spectives of heavy-ion physics — Ey Scoping Document: CERN-LHCC-2025-002
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Open questions in heavy-ion physics

* Evolution of a QCD many-body system

—How does the QGP temperature and density evolve with time?

Future perspectives of heavy-ion physics — EuNPC 2025
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The temperature of the QGP

Initial state Hard QGP formation Hydrodynamic Hadronization and Detection
scatterings

expansion freeze-out

Cred'itv's':_ MADAI .p'r_bj.e'ct

T~ | fm/c T~ |10 fm/c

- 7 - 200800 Me

T Teioco ~ 155-159 MeV [23]

[ITF. Gardim et al. Nature Phys. 16 (2020) 6, 615-619
[2] A. Bazavov et al,, Phys. Lett. B 795 (2019)

[3] Borsaniy et al. PRL 125 (2020) 5, 05200

[4] A. Andronic et al, Nature 561 (2018) 7723, 321-330

Temperature

304+41 MeV = 5.5 million Kelvin

Highest (effective) temperature ever
100000x hotter than the center of the sun

How can pre—hadronization
temperatures be measured?

Future perspectives of heavy-ion physics — EuNPC 2025
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* Measurements thus far: direct photons, blue shifted
* Opportunity: dielectron invariant mass spectra

Direct access to (invariant) temperature!

But very challenging: HF background
« SIS-100, SPS, LHC Runs 3+4:

* time-averaged QGP temperature, ~5% precision

— 400
% E Fireball average temperature LHE c})
é 350 :_ —e— NA60 —6— ALICE ITS3 - 3 nb™ (simulation, stat. only)
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Measuring thermal emissions of the QGP
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1/Nge dN/DCA_, (0)"

—

Dileptons as a QGP thermometer with ALICE 3

DCA..: Sum of squares of normalized DCAs to PV

L ALICE 3 Study

| . 6T — ee (ITS1: pp Pythiab, 7 TeV, p, > 0.4 GeVic)
=== ¢C — ee (ITS2: 0-10% PbPb HIJING, 5.02 TeV, Pro> 0.2 GeV/c)
— cC — ee (ALICE 3: pp Pythia8, 14 TeV, P> 0.08 GeV/c)

— prompt x 0.7 (ALICE 3)

Very well separated!

— Specificity of ALICE 3 for dileptons:

High-precision tracking

* Istlayerat R = 5mm

Electron Identification

* Time-of-flight (TOF) via silicon

* Ring-imaging Cherenkov (RICH)
* Electromagnetic Calorimeter

Unprecedented HF rejection and wide-pt range e ID
* DCA. separation of e*e” pairs and HF daughters

* ALICE 3: extreme performance!

* Sets the stage: the ultimate dielectron experiment

Future perspectives of heavy-ion physics — EuNPC 2025
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Dileptons as a QGP thermometer with ALICE 3
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Dilepton invariant mass distribution
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Dileptons as a QGP thermometer with ALICE 3

_ ALICE 3 Study
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Differential analysis in pr e
. Unique opportunity to probe system evolution!
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Open questions in heavy-ion physics

* Evolution of a QCD many-body system

— Evolution conected to kinematic equilibration: hydrodynamic description, transport coefficients
—How do heavy flavour quarks propagate in the medium?

—Can we pinpoint microscopic interaction dynamics of heavy quarks”?

Future perspectives of heavy-ion physics — EuNPC 2025
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Measuring charm collectivity: current status

Nearly all particle species participate in collective flow

. quantiﬂed via a Fourier decomposition'

an <1 + 2 Z vy, (cos[n(p — LPn)]))

do
8 0.35'_1] l LU I T 17T ] LI I LI I T 17T I L l T 17T I T 1T [ T 17T l T 1TT ] T I'_‘
— - ALICE Preliminary  « pompta: s Prompt0°
% 03:_ Pb-Pb, 30-50% Transport models, \s,, = 5.02 TeV :
< 025:— VSNN =5.36 TeV TAMU A .TAMU D° j_
o : -
0 0.2 ]
oY N ]
> - ]
0.15 .
0.1+ =
u + =
0.05¢ + ]
11 :
I N

|

Ollllllllllllllllll

N I T T S
2 4 6 8 10 12 14 16 18 20 22 24

Leading term: v,, “elliptic flow”

P, (GeV/c)

eu9|d—u!

out-of- p|ane

D and A} v, measured in Run 3 by ALICE

* Fundamental to Run 3+4 physics programme,
viable with large samples and upgraded precision
* Described by quark coalescence mechanism

Does this extend to beauty hadrons?
* So far measured with limited precision / indirectly

More on collectivity N. Valle, 2pm, Gl. Nijs, 2:25pm, B. Kardan 3:35pm (Monday)
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Measuring charm collectivity: current status

Nearly all particle species participate in collective flow
. quantiﬂed via a Fourier decomposition'

an <1 + 2 Z vy, (cos[n(¢p — LPn)])>

do
-
Mo v2 performance -
0.3 , | | -
ALICE 3 Study L, =35nb"
PbPb |5y = 5.5 TeV 30-50% ALICE 3
Ag — Al (A; — pKntY), lyl<1.44
0.21— = ALICE3 —
e ITS3, L =10nb"

ITS2, L —10 nb™
out—oF—p|ane

—+—#:7
e B*tand A% elliptic flow...
_+ ] * ..measurement with large uncertainties in Run 4
J{ :

+ * ..precise measurement in Run 5 with ALICE 3 down
to zero low pr due to improvement in pointing precision

estimated v,

o
—h

0 : - L 55 o= * N.B.: value in figure is estimate with full kinematic
p_(A,) (GeVic) equilibration (blast wave / simplified hydro model)

— unclear if this will be the case — crucial measurement!

More on collectivity N. Valle, 2pm, Gl. Nijs, 2:25pm, B. Kardan 3:35pm (Monday)
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)

. w Zooming in on HF propagation in the medium
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i T 1 g 50— D-D" azimuthal corr_eulatlons, bkg-subtracted i
- ' {1 @ @ - 0 PP’ >4 GeVic,2<pl <4,y | <4 .
— 0.8F —rd 8O A > 4GeV/c T ! ° ]
g Pt
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T 1 1] ©° a [F2<p -
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S NS oot + '+ + K.
< S o -
T 0.2F 4 & % 10 :_ Correl. unc. + 1.8e-04 (indep. c-cbar contrib.) _:
[ T - Unc. NS width + 18.0%, AS width + 3.8% -
L 3 | ]
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« ALICE 3: extreme pointing precision and low material budget ideal for pushing to low pt
* Expect unprecedentedly precise DD study to be possible down to py> 2.0 GeV/c

* Direct access to diffusion of produced cC
. Study collisional versus radiative energy loss: signa| strongest at lowest momenta accessible with ALICE 3

More on diffusion (coefficients) of charm: J. Wang, Tuesday 2pm
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Large momentum interactions with the medium: R, ,

1.6

1.4

2

AA

0C 08
0.6
0.4

0.2

Run 3+4 Projection

Sy = 5-02 TeV pp + PbPb
. ® Charged hadrons

C CMS . (p; <50 GeV), 0.2nb™

" Projection (pr >50 GeV), 10 nb”!

[m ] D° (p; <20 GeV), 0.2 nb™
D’ (p; > 20 GeV), 10 nb™
& B, 10 nb"
*  Non-prompt JAp, 10 nb™

llllllllllllllllll

\

Centrality 0-100%

||l|||||

1 10 102
p, (GeV)

CMS at the HL-LHC

* Nuclear modification: 1if no suppression, <1if particles lose energy

* Mass-dependent, medium-induced energy loss due to dead cone
effect expected: e-loss hierarchy is [u,d,s] > [c] > [b]

* Target: precise charm and beauty modification factors

* Andbeyond: B. (double-HF) — sensitive to coalescence

Future perspectives of heavy-ion physics — EuNPC 2025



Large momentum interactions with the medium: R, ,

VS_NN ~ 502 TeV Run 3+4 Projection op + PbPb CMS at the H L-LHC
1.6 CMS ¢ i)haigszdgzsgog_sz b * Nuclear modification: 1if no suppression, <1if particles lose energy
1 4:_Pr0/eCt’0” (p; >50 GeV), 10nb” * Mass-dependent, medium-induced energy loss due to dead cone
AL [® ] D° (p, <20 GeV), 0.2 b’ . .
3 D° (ET>20 GeV), 10 nb” effect expected: e-loss hierarchy is [u,d,s] > [c] > [b]
“r [T B, 10 nb” * Target: precise charm and beauty modification factors
C %  Non-prompt JAp, 10 nb S P 4 .
| e * Andbeyond: B. (double-HF) — sensitive to coalescence
0:5(0 8:_ Do
E < -l I LI I LI LI I LI I LI I LI I LILEL I LIELEL I LELELI I LB I LI I T l_
06 fe] D:< 1.4 ATLAS = [ LIDO model b-jets —
S ™ C Pb+Pb 2018, 1.4(1.7) nb ELIDO model ightjets
0.4F 1% [ pp 2017, 260 pb° L
x 12 anti-k, R=0.2 jets, ly | <2.1 paetal inclusivejets
0-2:_ Centrality 0-100% : é_ vSNN =5.02 TeV, Centrality 0-20% _:
0_| 111 1 | L 1 111 || 1 | 1 1 111 || | | I 1 : :
1 10 10 - A
P, (GeV) 0.8 —
 ATLAS: combinatorial background prohibits vertex- 0.6 ___H_—E— =
based beauty tagging for Raa calculation 0.4E e
— Currently done with muon-tagged b jets only == bjets  [@] inclusive jets ]
1., 1.,,.1.,.J,,.1, .1 . .1 P PR RN PR T
* All-new silicon tracker ITk: first layer at 3.4cm 80 100 120 140 160 180 200 220 240 260 280
— Vertex-based b tagging to be pursued P leey]
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Charm transport studies at high up

* NAG60+: high rate (150 kHz), great open HF performance
e Charm Raa and vy: diffusion coefficient Dgat T < T

* |nteractions predominantly in hadronic phase

* (CC correlations may be accessible as well

(72}
S K Pb-Pb, {/s\\=10.6 GeV, centrality 0-5%
© 200— 6e+11 ions on target, 95% pixel efficiency
- D% s K, p,>0
150—
; Epearn =60 AGeVY
19 5300789 + 1103
- B (30) = 837265 + 258 NA60+
50—  S/B(30) = 0.3593
E Signif (30) = 282.0 £ 0.9 Assumption: 6, = 0.5 ub
0 1-|75I 1 1 1ﬁ8 1 1 1 I1-|85I 1 1 1 1!9 1 1 1 I1-‘95| Il 1 1 2' 1
Inv. mass Kn (GeV/c?)
x10°
2
c .
3 250 Pb-Pb, {/s,,=17.3 GeV, centrality 0-5%
2003_ 6e+11 ions on target, 95% pixel efficiency
E A{ — pKm, pT>O
150 Epeam=158 AGeV
- S = 24188 + 430
100 B (30) = 136422 + 56
B S/B (30) =0.1773
B Signif (36) =60.4 £ 1.0
50—
B Assumption: 6 . =5 ub NA60+
B | k 1 1 1 | 1 1 1 1 | 1 1 I T } 2 i
055 2.25 23 2.35 2.4

Inv. mass pKn (GeV/c?)

* NAG61/SHINE: high rate (>10 kHz) operation

* Feasibility studies ongoing to perform cc (DD) correlations

* Top SPS energies: less than one CC pair per event, no uncorrelated

background — very different than LHC

Future perspectives of heavy-ion physics — EuNPC 2025 19



Open questions in heavy-ion physics

wtt <
=CcC ( '.) .
[ J ¢ ° %
o °
[ J
* How are hadrons formed in a dense environment?
— Hadronization and relationship to statistical principles: realm of thermal models ]/l/) : o X
—How are heavy quarks distributed in hadronization? \ K
—Open heavy flavour quarks: charm fugacity, hidden flavour: quarkonium melting/regeneration ': o’

Future perspectives of heavy-ion physics — EuNPC 2025 20
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% 1100 Pb-Pb s\=5.02 TeV 0-10% |
o1k lyl<0.5 1
Z 107 (]
> 102+
S 10°) (-
© 107 ;
© 105
107° ¢
10_7 - u,d,s only particles .
108 ¢ <
10°0F N 1
10710k z He 2
107" ¢ R
10—12 _ SHMc, ch—1 56.5 MeV Li 1;
1073 ¢
10—14 nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

152253354455556

Mass (GeV)

Charm hadron yield
thermalization

* u,d,s-hadrons: mass exponential hierarchy, dominated by

quarks created at phase boundary (e.g. 7)

Realm of classical strangeness studies
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dN/dy / (2J+1

u,d,s only particles
— ¢ =1 particles
— ¢ =2 particles

— ¢ = 3 particles

Pb-Pb |Syy=5.02 TeV 0-10%
lyl<0.5 1

N
N 3
. N B
~ -
N B

t Qi (xgd) -

2c (xg¢)

1c (xgl) -

10712 F SHMc, T;,=156.5 MeV T 1
1078 L do, /dy_o 532 + 0.096 mb ]

11111111

1075

15 2 25 3 35 4

Mass (GeV)

Charm hadron yield
thermalization

* u,d,s-hadrons: mass exponential hierarchy, dominated by

quarks created at phase boundary (e.g. 7)
* Realm of classical strangeness studies

e Charm: still an exponential with mass (thermalised yie|ds)

but exponential displaced by charm fugacity g¢ [1,2]
* SHMc: g, provides information about mechanisms
* Duetolarge, fixed Np,m: game changer

. Strongest for multi-charm: extreme sensitivity

. \/ery |arge centra|ity dependence of production rates
. Complete charm thermalization not a given
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. s _ ¢  Silicon |ayers inside
- = & thebeam pipe allow
% #. S for direct detection of
e et multi-stran ryon
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* Standard analysis down to py> 2.0 GeV/c

- E" 427

e  With machine |earning techniques: measurement down

to zero momentum may be feasible

Multi-charm baryons with ALICE 3

Relies on extremely challenging multi-prong decay analyses
* State-of-the-art vertexing, tracking and particle identification

Significance
S

%

C

~ Measurement to pt = 0 GeV/c

—tt

—e— E., BDT-optimised

—e— E, standard

ALICE 3 Study
Pb-Pb 0-10% PYTHIA
Full acceptance over n|<4.0

Particle + antiparticle
L,,=35nb"

int

o

2 4 6 8 10 12 14
P, (GeV/c)
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Towards a complete picture of charm chemistry vs rapidity

A /DO ratio
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LHCb: probe charmed hadrons at forward
rapidity down to low momentum
Access both yields and spectrum shapes

* Kinematics probed as well

Necessary to answer: in what way does
thermalization depend on rapidity?

. Competing effects: coalescence in
medium and Fragmentation IN vacuum

Future perspectives of heavy-ion physics — EuNPC 2025
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Towards a complete picture of charm chemistry vs rapidity

* LHCb: probe charmed hadrons at forward
rapidity down to low momentum
* Access both yields and spectrum shapes
* Kinematics probed as well

-y
o
w

Significance (30)

-
o
i

. * Necessary to answer: in what way does
e S =40 ' o 1., thermalization depend on rapidity?
' +2<lyl<3 1F B=20T 3 10 . :
[ s<lyl<4 o 1F ae Pb-Pb, {5 =55 ToV ] * Competing effects: coalescence in
: D 1t c Centrality: 0-10% 1 ) : : :
[ 1L e Jie 8 medium and fragmentation in vacuum
. 1 g
+ L 2 : b %
- —+ : 1F i% 102 g
[ + *—1F 5 i=
i — | . is)

0  ALICE 3: wide rapidity acceptance and
extreme vertexing allows for direct rapidity
dependence measurement
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Beauty hadron yield thermalization

. * b-hadrons: thermalization of yields would mean following
% 3("“30\\,9@ Pb-Pb \s,,=5.02 TeV, 0-10% displaced exponentials vs mass, but thermalization slower
~ OB o ’ -
% 107"k A\@Ab 1y1<0.5 £ * Thermalization most likely partial — key insight into onset!
_ \‘\\ . | * Requires systematic measurements of b-hadron yields
1072+ ‘333_ \ - down to low momentum: B, B®, A
€ ]
_ %o o (1) _
3L 0 °b \ i 1.0
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https://arxiv.org/abs/2209.14562

Beauty hadron yield thermalization
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b-hadrons: thermalization of yields would mean following
displaced exponentials vs mass, but thermalization slower

Thermalization most |i|<e|y partial — key insight into onset!

Requires systematic measurements of b-hadron yields
down to low momentum: BT, B At aswellas E,, Q5 ..

SHMb reference: https://arxiv.org/abs/2209.14562
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https://arxiv.org/abs/2209.14562

Measuring the onset of quarkonium suppression

* On top of typical suppression of Raa: quarkonium

I-l 1 1 LI ) ] L] 1 ] LI I ] T i . [
i NABO+, Jy — it i melting due to colour screening

—e— Pb-Pb E,_. =50 GeV/u _ ‘ | |

L ‘/é)NN =9.8 GeV ] * At which energies / QGP temperatures does this
b 6.00e+11 Pb on target - 5
I cold nuclear matter effects ] Phenomeﬂon occur:

2.50e+13 proton(s) on target -

NA60+ Direct answer with NA60+:

0.8}
0.6f
0.4f

0.2}

* quarkonium suppression can be studied versus /s
* associated QGP temperature measured with dimuons

2
10 10 (N

)

part
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&, Measuring the onset of quarkonium suppression
\Z=~ )
° : e
* On top of typical suppression of Raa: quarkonium
melting due to colour screening
0 T T T T T T ]
s 12F LHCb projection Y(1S): ~ Upgradel — TUpgradell —|| * Atwhich energies/QGP temperatures does this
= i :_ PbPb \sy\ = 5.44 TeV Y(2S): ©Upgradel T Upgradell _I phenomenon occur?
n Y(3S): Upgrade | '} Upgrade 11 5
08+ + & & 4 . - - LX@s) Direct answer with NA60+:
0.6 - E * quarkonium suppression can be studied versus /s
' C b4 4 L . . - [Y@2s) * associated QGP temperature measured with dimuons
041 _
02+ + & 3 ' . . + | Y(3S) At HL-LHC(b):
: o N T T T * Precision measurement of sequential Y melting
0 100 200 300 400 * To be pursued in addition: Xc and Xy,
<N pare>

More on current quarkonia Mmeasurements:

S Trogolo, Tuesday 2:25pm ; R. Cerri, Tuesday 4:15pm
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Heavy-ion collisions as a QCD laboratory: an example

Opportunities for physics of exotic states of QCD

Many exotic states found in hadronic collisions...
... But fundamental questions still remain:

* Do hybrids/glueballs exist?
*  Why do many exotic hadrons lack flavour/isospin partners?

e Nature of exotic hadrons: e.g. tetraquark / molecule?
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Heavy-ion collisions as a QCD laboratory: an example

Opportunities for physics of exotic states of QCD

Many exotic states found in hadronic collisions...

*  Why do many exotic hadrons lack flavour/isospin partners?

... But fundamental questions still remain:

Do hybrids/glueballs exist?

Nature of exotic hadrons: e.g. tetraquark / molecule?
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https://indico.in2p3.fr/event/30430/contributions/156670/
https://indico.in2p3.fr/event/30430/contributions/156670/

Heavy-ion physics in the years to come: outlook

Building a path towards a precise understanding of a many-body QCD system

—Quark-gluon plasma temperature and cooldown — thermal emission via dilepton mass spectra

—Heavy quarks as high-precision probes of microscopic processes and dynamics — transport, approach to equilibrium

* Heavy-ion collisions: very effective as as general-purpose laboratory for QCD

— Study of exotica (nature of Tc(, ...), hadronic interactions via femtoscopy and beyond

— New detectors with frontier sensor technologies and maximising heavy-ion |uminosity

HL-LHC: fully exploiting a unique machine

SPS, FAIR: high rates, versatility, and state-of-the-art sensor technologies

—Complement LHC (high baryon-density, hadron phys.), possibly extending to post-LHC era

FCC-hh: possibility to inject ions would lead to exploration of new regime

Acknow|edgement / further reading:

ESPPU Open Symposium in Venice (June 2025)
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Backup

Future perspectives of heavy-ion physics — EuNPC 2025

42



Nature of exotic states: tetraquark vs molecular
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* Isthe x4 (3872) a compact tetraquark or a molecule?

— Even further: coalescence formation?

. Requires low-momentum measurement (yields)

* Ratio to Y(2S) sensitive to structure

Significance
)
N

—
<

ALICE 3 projection: y,.,(3872) in pp

ALICE3 Study, pp Vs =14 TeV, 18 ib”
% (3872) — Jhp+n', lyl < 1.44, BR = 0.24%
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pT(GeV/c)

 ALICE 3 well positioned for low momentum
measurement of exotica

Future perspectives of heavy-ion physics — EuNPC 2025



Nature of exotic states: tetraquark vs molecular
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Dissociation-regeneration: nature of exotic states
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* Isthe x4 (3872) a compact tetraquark or a molecule?

— Even further: coalescence formation?

. Requires low-momentum measurement (yields)

* Ratio to Y(2S) sensitive to structure
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 ALICE 3 well positioned for low momentum
measurement of exotica

* Momentum correlations with ALICE 3: direct study

—Nature of the T& via correlation of DYD**
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Nature of exotic states: tetraquark vs molecular
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— Even further: coalescence formation?

. Requires low-momentum measurement (yields)

* Ratio to Y(2S) sensitive to structure

—\/ery sensitive to tetraquark/mo|ecu|ar nature

* LHCb: expect measurement of exotica down to low py

Future perspectives of heavy-ion physics — EuNPC 2025
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Down to the (more) elementary:

Exploring y-Pb collisions
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In which conditions do QGP-related phenomena emerge?
* Two phenomena observed in pp already:

* Strangeness enhancement

* Baryon/meson grouping of v;, spectra modification

Photonuclear collisions present a unique opportunity to
answer this question!

A /K2 ratio in y-Pb approximately 2x below p-Pb 60-807%
*  Multiplicity dependence to be studied
— will we see similar behaviour as in other systems?

Future perspectives of heavy-ion physics — EuNPC 2025



“QGP-like” expansion? "= 0.86

A *
y -
o

CMS Preliminary 138 fb™ (pp 13 TeV)

<N,,> =101 . Anti k;R=0.8
Top 0.0023% highest-N__jets p¥'> 550

dszair

03< jT <3.0 GeV 3

V' Flow correlations

Flow in individual jets?

CMS Preliminary 138 fb™' (pp 13 TeV)

03— e, 0.3 <j <3.0GeV
35 ® o, Anti k; R=0.8
A S, g, p’; > 550 GeV
x_ S Ml <1.6
e D2
3 2

, :c,\'g, —e— DATA
> 0.1— ... PYTHIA8 CP5
ceeeess SHERPA

* Elliptic flow with respect to jet axis anomalously high for high chh

* Possibly asign of collectivity in jets?

v Hard/soft interplay
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QGP phase transition: chiral symmetry restoration

* In the massless limit, QCD Lagrangian is symmetric under

. . . Right-handed: Left-handed:
chiral transformations between left- and nght—handed
> >
states Qo - Qo

* Chiral symmetry breaking, with the associated formation of
quark-antiquark condensates, generates most (~99%) of Chirality = helicity for massless particles

the mass of the baryons, while the contribution of the mass

B T | T T T | T T T I T T T | T T T | T T T
[ ALICE 3 Study p spectral function

generated by the Higgs field is almost negligible (bare u/d 3 [ 010% PuPb. jsm=502TeV et mvaciam -
quark mass) g |l i =yt
E
g

£

| IIlIIIIl

* In QCD vacuum (T=0), symmetry is broken and
chiral partners have different mass, e.g. p, — a; S
mesons

* QGP: chiral symmetry (partially) restored

«  pg—a; masses get closer 2 14F
Can be observed in p°=>I*I- mass spectrum & E 1 .
go& el
=< 06F P . . , .
0.2 04 06 08 1 12 14

m,, (GeV/c?)
R. Rapp, Adv. High Energy Phys. 2013 (2013) 148253 ‘
P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103

R. Rapp private communication
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QGP phase transition: chiral symmetry restoration

* Di-lepton measurements in ALICE 3, NA6O+, CBM will enable direct experimental

access to chiral symmetry restoration in the QGP

"_,c\g 10§ IALlC]EgSltu]dyl I T § - _ - 1071E LI S L R L T T 1 T T T ;
> F 0.10% Pborb (S =502TeV vacuum p SF . S C Pb-Pb $=8.8 GeV NA6O+/DICE b - CBM Simulations ]
9] - ° » VS =021V —in med. SF w/ x-mixing [} - 0-5% central collisions I 102k AU+AU VS—=4.9 GeV -
N TOF+RICH (4o, rej), B=05T . - S L > E - AU+AU \Sy\=4. 3
o — — inmed. SF w/o x-mixing— () E  min-bi IR=1MH =
- 02< p <4GeVic, <08 4 | _5g ! E 3 108 G Lok in-bias, /R=1MHz ]
S | Nobremsstrahlung included Svst. Uncertainties: . = = N E 2o . 3
5 "~ DCA. <126 yst. : - % - = - —e— 1.2x10'“ ev 'measured 3
2510—1 E_ ee = '* . D Sig. ( 5°/o) + bkg (0-02"/0)_E \_s - % 10—4 :E - |n‘med|um SF W/O p_a1 X'm|x E:
= P [esw+lF (%) 3 z - > — in-medium SF W/ p-al z-mix
] = 10°%F ) S 10°F .
—~~ = 3 > = =
102 E = - = = f -
g : - S - b < 10°F E
2 = O = ___full chiral mixing \ - - e
L i % _ -
B ___measurement w/o chiral mixing iy 4
102 ‘\1 Z10° 107g 3
= ] S - ol 1
B 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 N 1 1 il ‘ I I I I I I 10 :g g:
= 100 o ' e 1E - ]
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3 1 07E -~ R o - f?
% o - 06 E . " " . s n . 10—10 b by by by b |
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Charm hadron yield

1[ 1 4at . .
10 | 10 thermalization at the LHC
100} 1 10°
10-1 { 107!
10-2L @ D° _ ++.: 102 | * wu,d,s-hadrons: mass exponential hierarchy, dominated by
.AC J_}___El—'cc |< C| h b d Q—
sl @ =+ Rt ] ; quarks created at phase boundary (e.g. 7)
10— B —ce P. E 10_ o .
% Qeec 5 * Realm of classical strangeness studies
O 5 D"SHM &~ qetet : o Charm: still an exponential with mass (thermalised vields)
P Y
10—5 B AC SHM \\‘\\e‘m <=t 25 A 10—5 o o . n
= o =% g ut ex ial di ugacity g2 [,
- E,. SHM oe? W : but exponential displaced by charm fugacity g¢ [1,2]
A 1 - . ) ) .
1078} Cooc SHM s \ \\e‘ma\‘;f;c\ﬂ 110° * SHMc: g¢ provides information about mechanisms
. (‘:\a o O(’(, 6@ )
10-7k CE \,g;;z:m“a“ 1077 * Duetolarge, fixed Ny game changer
10-81 10-8 * Strongest for multi-charm: extreme sensitivity
9 0-0 Ar-Ar Kr—Kr Pb-Pb o
10077152 25 3 35 4 45 5 55 6 659 | * Verylarge centrality dependence of production rates
A1/3 * Complete charm thermalization not a given

Figure from Eur.Phys.J.C (2024) 84:228
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[d209:FCC-QCD  Id7:HITownM

Ultimate high energy and lumi — FCC-hh

Heavy ions at FCC-hh: novel probes of the QGP

+ FCC-hh HI performance: Pb-Pb at ~ 35 TeV ~7 x LHC energies
+ >100 nb"/month in “ultimate” luminosity scenario: ~ 20-30 x LHC L;,,
» QGP from LHC to FCC: volume x2, energy density x3, initial temperature ~1 GeV

dN,/dy

Thermal charm-anticharm from QGP Boosted top decay chain
gluons -> initial temperature — QGP density vs. time (yoctosecond chronometer)
T - [Sketch from L. Apolinario] O f)lIJI;rCL:JSEAR
70 ol ; COLLIDER 10
! Pb+Pb 39 A TeV : 9
65 dogs/dy=157 mb & 8
ol [/ ~-——T~ f 2 L
S B A B bbbl S 6
55 = ’ — 1.=0.2 fm/c -] § 5
— 0.4 fm/c 83 4
50 [~ 0.6 fm/c - g 3
] I s 2
0 2 4 6 8 10 E
T (fm/c) 0 A S S
Time (fm/c) 2 5 10 20 50 100
Ko, Liu, JPG43 (2016) 12, 125108 b PbPb equivalent lumi [nb™]

Zhou et al., PLB758 (2016) 434 Apolinario et al., PRL120 (2018) 23, 232301
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