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This talk:

» Short report on the consensus view, as expressed in the
Town meeting: Heavy-lon and QGP Physics, 17 Feb 2025

» General remarks that frame the following discussion on
inputs and benchamrsk for the ESPP2025




Town meeting: heavy ion and QGP physics at CERN

Consensus report linked to https://indico.cern.ch/event/1483832/

Following the procedure established for previous Strategy Updates in
2012 and 2018, a one-day Town Meeting was held on 17 February 2025
to formulate a consensus view of the entire scientific community with
research focus on ultra-relativistic heavy ion collisions.

Following the charge of this Strategy Update, the meeting focussed on
the scientific opportunities with ion beams at the HL-LHC and at CERN

fixed-target experiments.

Town meeting orgainzers: Roberta Arnaldi, Yen-Jie Lee, Alexander
Milov, Raimond Snellings, Urs Wiedemann, Michael Winn




1st main conclusion of the town meeting

The top priority for quark matter research in Europe is to fully

exploit the physics opportunities presented by nuclear beams
throughout the entire HL-LHC program.

ALICE 3 is a completely new dedicated high-energy nuclear physics experiment,
based on innovative detector concepts, with particle identification and
unprecedented pointing resolution over large acceptance in rapidity and
transverse momentum. It offers unique opportunities to advance quark matter
research in HL-LHC Run 5, in particular via measurements of electromagnetic
radiation, heavy flavour, and particle correlations.

The LHCb Upgrade2, motivated mainly by the LHCb flavor physics programme,
will offer unique opportunities for quark matter researchin run 5 atthe HL-LHC, in
particular with measurements of heavy-flavour and the initial stages in collider
mode at forward rapidity and in fixed-target mode.

The Phase-2 CMS and ATLAS feature increased pseudorapidity coverage, high-
rate capability and particle identification. They will significantly advance quark

matter research by precisely characterizing high-momentum transfer and
photonuclear processes that require high statistics.




Other main conclusions of the town meeting

2. Physics opportunities with fixed-target experiments

“... exploiting recent advances in detector technologies and extending the collision energy
range toward lower energy, there are ample opportunities for a new generation of precision
measurements to address central questions about the QCD phase diagram ... ”
Endorsement of NA60+ project, NA61/SHINE, role of CBM towards lower energies

3. lons at CERN’s accelerator complex

“...a second heavy ion source and upgrade to the heavy ion comples would greatly enhance
the scientific potential of collider and fixed target program ... “
Mentioning of interest in lighter ion species.

4. Physics opportunities at FCC-hh
“... the design choices for FCC-hh and its injectors should allow for the possibility to inject
heavy ions ...”

5. Dedicated support for theoretical research




Some further general remarks on nuclear beams
at HL-LHC




Heavy-ions at the LHC: 15 years of success and discovery
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Physics in reach after LHC run 4

Despite strong progress, crucial questions will remain unanswered after run 4.
Upgraded ATLAS, CMS and LHCb maintain physics reach beyond run 4.
The scientific opportunities in reach of HL-LHC include:

» How do heavy quarks thermalize?
Unique access to partonic equilibration phenomena, transport properties.

» Access to chiral symmetry restoration via dilepton measurements.
Crucial property of the only phase transition of fundamental quantum
fields that is testable in the laboratory.

» Much more: ... hadron-hadron interaction potentials ...

Full exploitation of LHC as a heavy ion collider requires new detector: ALICE3




EPPSU: Benchmarks on hot and dense QCD

- Heavy-flavour and quarkonium hadron production (rare states, kinematic coverage): expected
novel access to low-cross-section open and hidden heavy-flavour hadrons, multi-differential
observables (such as correlations), transverse momentum and rapidity ranges;

- QGP transport coefficients (heavy quarks, jets): expected precision for observables that cons-
train the transport coefficients that characterise parton energy loss and heavy-quark interacti-
ons in the QGP;

- QGP thermal radiation, sensitivity to temperature: expected precision for measurements of
thermal radiation and parameters that map to the temperature of the hot and dense system
formed in heavy-ion collisions at different centre-of-mass energies and regions of the QCD
phase diagram;
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perichmarks: heavy flavour and QGP (1)

Experiment When

Strengths / Uniqueness

Measurement

Physics insight

@ SPS

energy range, below top SPS energies, never
explored so far

measurements (in the
dimuon channel) performed
via a beam energy scan
between 6 < Vs, < 17 GeV

NAG61/SHINE > 2029 Large acceptance and hadron ID at SPS, D-Dbar azimuthal Study azimuthal correlations in Pb-Pb (in principle, there is no
vertex detector, but limited interaction rate correlations SPS energy combinatorial background of uncorrelated c-cbar pairs)
@ SPS (but no experimental
projections)
NA60+/DiCE > 2029 Measurements performed at high muB, in an Quarkonium Onset of quarkonium suppression and possibility to correlate it

with the temperature of the system measured via thermal dimuons,
to identify the threshold temperature for the melting of the
charmonium states

At colliders, intrinsic charm effects should
appear only at very forward rapidities, while at
fixed-target, their contributions dominate at
mid-rapidity, in a more accessible range

Intrinsic charm via J/Psi in
p-Pb

Investigate the intrinsic charm component of the nucleon
wavefunction, which should lead to an enhancement in the J/Psi
production in p-Pb close to mid-rapidity

Very few open charm studies at SPS energies
(indirect measurement by NAG0, upper limit
by NA49 and first DO measurement by
NAG1/SHINE)

Baryon and meson open
charm states: integrated
and differential cross
sections, azimuthal
distributions

Impact of a shorter-lived medium on charm —charm-quark
thermalization and searches on features connected with collective
behaviour

Charm hadronization mechanisms at high muB investigated via
the relative abundances of the different charm-hadron species




Benchmarks: heavy flavour and QGP (2)

Experiment When  Strengths / Uniqueness Measurement Physics insight
ALICE 3 > 2035 Unique pointing resolution of few um Precise measurement of beauty Degree of thermalization in QGP of heavy quarks with
Large acceptance in pT and eta, with particle ID meson and baryon spectra and different masses (beauty vs charm)

@ HL-LHC flow at pT>0
Multi-charm baryons (Xi_cc, Pure recombination hadrons: x100 enhancement in Pb-Pb
Omega_cc) Kinetic equilibration of deconfined charm quarks
Rare charmonia: chi_c1,2, Suppression pattern for p-wave charmonia;
X(3872) Low-pT mid-y X -> Structure (molecular vs compact

tetraquark)

LHCb U2 > 2035 Forward eta acceptance 2-5, with PID Precise measurement of beauty Degree of thermalization in QGP of heavy quarks with
meson and baryon spectra and different masses (beauty vs charm) - fwd-y only, more

@ HL-LHC flow at pT>0, fwd y limited sensitivity
Rare charmonia: X(3872) Low-pT fwd-y X -> Structure (molecular vs compact

tetraquark)

ATLAS/CMS I >2030 Large eta acceptance, partly with PID (CMS), Beauty and charm hadrons at Energy loss and hadronization of b and ¢ quarks

@ HL-LHC high pT and jet performance medium-high pT
t-tbar events in Pb-Pb: exploratory Jet quenching effect on (t->)W->qgbar; explore
measurements time-dependence with pT_top dependence

FCC-hh >2060 x6-7 larger sgrt(sNN) and ~ x10 larger L_int t-thar events in Pb-Pb: full Access to time-dependence of jet quenching and QGP
exploitation of new obs. opacity with pT_top dependence to up ~ 1 TeV/c




Benchmarks: QGP transport coefficients

Experiment

When

Strengths / Uniqueness

Measurement

Physics insight

i Very few open charm studies at SPS energies (indirect Open charm Temperature dependence of the
NAG60+/DIiCE >2029 measurement by NAG0, upper limit by NA49 and first DO charm-quark spatial diffusion coefficient
@ SPS measurement by NA61/SHINE) to explore the QGP properties close to T_,

with enhanced sensitivity to the hadronic
phase of the collision evolution
ALICE 3 > 2035 Unique pointing resolution of few um D-Dbar azimuthal correlations Direct access to charm diffusion regime
Large acceptance in pT and eta, with particle ID down to pT>2 in QGP; Brownian motion of deconfined
@ HL-LHC charm quarks




Benchmarks: QGP temperature

Experiment

When

Strengths / Uniqueness

Measurement

Physics insight

CBM > 2028 Fill a region where no data are so far Dimuon and dielectron Study phase transition, searching for a flattening of T vs
available, complement with existing invariant mass spectra (1.5 <M sqri(s) < 5 GeV, signature of a first-order phase transition.
@ SI1S100 measurements. With SIS100, cover sqrt(sNN) | < 2.5 GeV). Measurements will Experimental precision on T of a few MeV
range where hadronic phase dominates be obtained in an energy scan (3
<\, <5 GeV)
NA60+/DiCE > 2029 Fill a region where no data are so far Caloric curve with T extracted Study phase transition, searching for a flattening of T vs
available, complement with existing from the dimuon invariant mass sqgrt(s) < 17 GeV, signature of a first-order phase
@ SPS measurements. Cover sgrt(sNN) range where | spectra (1.5 <M < 2.5 GeV). transition. Experimental precision on T of a few MeV (1-2%)
QGP onset is expected Measurements will be obtained
in an energy scan (6 < \lSNN <17
GeV)
ALICE 3 > 2035 Unique pointing resolution of few um (remove Invariant mass spectrum of Temperature of QGP with accuracy of 1-2% (no
HF backgrounds); low material budget thermal dielectrons, differential backgrounds), compared to 10% ALICE 2.
@ HL-LHC in mass, pT, azimuthal angle Temperature as a function of time during QGP evolution.
FCC-hh >2060 x6-7 larger sqrt(sNN) and ~ x10 larger L_.int Quarkonium yields Sensitivity to initial QGP temperature using Y(1,2,3s)

melting and regeneration patterns - Y(1s) melting only at
FCC?

Total charm hadron yields and
yield increase wrt pp scaling with
Ncoll

Thermal charm production from gg->c-cbar in QGP when
temperature ~1 GeV -> novel way to access initial QGP
temperature




END

Back-up slides ...




Upgrades and long-term synergies with particle physics

R&D for ALICE3 & LHCb phase Il upgrades aligned
with the long-term strategic needs identified in the ALICE 3 Lol: CERN-LHCC-2022-009
ECFA Detector R&D roadmap. 5 Scoping Document now in preparation
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https://cds.cern.ch/record/2803563

After run4d: example charmed hadrons

» In runs 3&4: hypernuclei up to A=4,
single charm states (c=1)

> After run4: hvoernuclei A>4. multi-charm states

............ SHM (Andronic et al, JHEP 2021, 35)
....... PQCD SPS (Chen et al, JHEP 2011, 144)
SN - pQCD SPS (Phys. Rev. D 57, 4385)
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Unique access to charm thermalization and hadronization dynamics.




After rund: QGP temperature via dileptons

Di-lepton mass distribution Temperature from slope (M_)
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» Milestone on the path to the extremely challenging measurement of medium-
modified rho and al spectral functions (chiral symmetry restoration).




Unigque opportunites for high-luminosity heavy ion collisions

» Exploiting opportunities of boosted
topologies in the QGP (=502 Tov PbPb 10 nb”
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» How are parton-splitting functions modified by the QGP?
. sgeg 1000 1000
» How do jets evolve towards equilibrium? | I
» Access to QCD formation times. 5

Attems et al. PRL 132 212301 (2024)
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Potential: much enhanced precision on initial conditions.
Short runs addresse fundamental questions about the
emergence of collectivity with system size.
Longer runs: unique rate capabilities
pO, pA collisions: unique npdf constraints prior to EIC, also

informs cosmic ray physics




