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The rich landscape of non-perturbative QCD

Low momentum-exchange regime, Q<<10 GeV
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The rich landscape of non-perturbative QCD
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Low momentum-exchange regime, Q<<10 GeV
- strong coupling as(Q?) becomes large

E oo} v deek
. & pp TEEC (NNLO)
- non-perturbative QCD o ok, ‘
. . . %Q‘@/\’/}iv OZ; i = os(mzz)=?,1180:0.0009 ) o “‘T—%ﬁ\:
- Many low-Q interactions: High Temperature 58% T ~Aqch 0 e
Hot and dense QCD many-body system ;‘5‘3 8 [~
2
Confinement: emergence of new
H H 10 ¢ scales (hadron size, effective
- Scale of hadronization and hadron mass & gluon mass) regularize the pole
Hadron formation, hadron mass, hadron
structure and exotica ‘:29 m ~Aqcp
1 |-
~ Scale of hadron size and interactions el ~Aq
Processes in neutron stars, formation of light ’\NTE:A .
. - . P QCD 3
anti-nuclei in cosmic rays ﬁwﬁ#ﬁ%& 1 E
n - ®n 10 § -
107 A, 1‘7- e 10° 10° O (GeV)

. Deur, arXiv:2502.06535
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https://arxiv.org/abs/2502.06535

Facility, Colliding Timeline| Precision Partonic Hot and QCD con-
Experiments systems, QCD dynamics in dense QCD nections
C.I.S. energy protons and (hadronic,
nucleons nuclear, as-
trophysics)
HL-LHC: pp 14 TeV > 2035 as(m%), (0%, | mPDF, TMD, Precision charm, | Hadr.int, (hy-
ALICE 3, AA 5.5 TeV :j.,LC[bCE ; my, my small x, intrinsic ~ beauty, hard | per/charm)nuclei,
ATLAS & CMSpIl, pA 8.8TeV ) charm and e.m.probes, | Exotica, Cosmic
LHCb U2, LHCspin Hp=0; time evolu- antinuclei, Neu-
tion tron Star EoS
HL-LHC: LHC collisions, > 2031 (n)PDF, small x, Cosmic rays (v,
FPF neutrino-nucleon intrinsic charm modeling pri-
mary interaction)
SPS: PA, AA, > 2030 nPDEF, Charm, dileptons, Cosmic antinu-
NA60+, NA61 5-17 GeV (NA60+) medium/large x critical  point?, | clei, v
HUp=200-450MeV
FAIR SIS-100: PA, AA, > 2028 Hadrons, dilept.,, | (Hyper)nuclei
CBM 2.5-5GeV critical point?,
g =500-700MeV
SPS: u, 7, K,p(250 > 2030 K, 7 properties,
AMBER pll GeV)-N spectroscopy,
Cosmic antinuclei
MUonE (160 GeV)-e > 2030 g-2 (hadronic)
HIE-ISOLDE Radioactive ion  >2029 Nucl. phys.
upgrades beams Inputs NS EoS
KEK: Belle II upg. ee 10 GeV > 2035 as(mf.) Exotica (c,b)
STCF ee 2-7GeV >2033 o, (m?) Exotica (c)
EIC ep, eA > 2036 a,(m3), o (Q*) | (m)PDE, Exotica (c,b)
28-140GeV TMD, GPD,
medium/large x
LHeC ep,eA 12TeV  >2043 a,(m%), &(Q*) | (mPDE, TMD, Exotica (c,b)
GPD, small to
large x
FCC ee 90-365GeV  >2047 a,(m%), &(Q%), | mPDE, TMD, New probes of | Cosmic rays
pp 85 TeV >2074 my, Ty, my, small to large x time evolution, | (modeling pri-
AA 33.5 TeV early times, ug=0 mary interaction)

PA 53.4 TeV

for Particle Physics‘

ESPP Inputs:
hot and dense QCD
& QCD connections

>30 Input Documents
map to these two areas
of Strong Interactions

(mostly) The realm of
Hadron Machines



Hot and dense QCD opean Strate ]
Phase diagram of strongly-interacting (QCD) matter
At high temperature, hadronic matter

ALICE -ATLAS i
CMS -LHCh undergoes a phase transition to the Quark-
S Gluon Plasma (QGP)
v : :
s Ll T quark-gluon plasma - colour confinement is removed
[ () +
v {50 » quark and gluon degrees of freedom
)
o+ Bazavov et al. [PRD 90 094503 (2014)]
E @ @ 6 . T ! T T T T T
v i Em |attice continuum limit SB _|
Q : 5 B —>
; J R | BINTSSIA changes
= hadrep + —00 %‘{‘ — 1 rapidly at T, ~155 MeV
3_
' color superconductor@ °r @
0 T A | - & =0.6GeV/fm3
0 1000 2000 1_ HRG ——— “ _ ~10 Enucleus
Baryochemical potential [MeV] e
T[MeV]
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Heavy-ion collisions and the QGP

« Explore the deconfined phase of QCD matter - quark-gluon plasma
« LHC Pb-Pb - large energy density (initial « > 10 cev/im) & large volume (~ 5000 fm?)

Initial Hard QGP Hydrodynamic . _'Hadronization -
state collisions  formation expansion . . .. ° o3 Sind freé?@-,oﬁ'-'g';
' o Dt At BT, 5
l ’ ' ] N
L ”"‘_" ‘_J::'i-g 4 Y »h-‘t
Time 0 ~0.5 fm/c ~10 fm/c 5

v

Visualization by J.E. Be}nhard, arXiv:1804.06469
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for Particle Phy51c

Quark-gluon plasma study at the LHC
Runs 1-3: Pb-Pb Vsyy =2.76-5.36 TeV, Ly ~7 nb-?

Recent review: PR1115(2025)219

ALICE

Pb-Pb 5.36 TeV
LHC22s period
18th November 2022

Recent review: EPJC84(20§4)813 16:52:47393

QGP features in a nutshell:

v Energy density > 10 GeV/fm3 v Hadronises in thermal equilibrium

v Colour charge deconfined v Large (anti)baryon production

v Strong energy loss for hard partons v Smooth evolution of collectivity down to pA
v Expands hydro-dynamically like a very-low and pp collisions (discovery at LHC! QGP?)

viscosity liquid
ESPP Open Symposium, 25.06.2025 Andrea Dainese | Strong Interactions WG 7



Example: from data to QGP fluid-dynamic properties

» Theory groups use high-precision LHC data to estimate the properties of the QGP fluid
with a Bayesian procedure. Example: S. Bass et al, Nature Phys. 15(2019)1113
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QGP shear viscosity vs. temperature

r‘
~

\ sssse PUI2
Water P ’
10 4 P s
] P./2
1 Helium B
\fﬁ
14
Quark-gluon
013  plasma i
0 0.[5 110 115 2]0 2!5
T,

- QGP viscosity with ~20% precision

- QGP x10 less viscous than any
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for Particle Physics

Current summary of quark-gluon plasma properties (LHC)

;\ time p, f /l 4 Time
, e

Tgec. = 10 fm/c
Viec. =~ 5000 fm3
£(Tgec) =~ 0.4 GeV/fm3

Tkin. = 100 — 150 MeV
Vrkin. = 0.65 ¢

Thadar. & 1 —few fm/c
Tehem. = 156 + 2 MeV
up=0.71+ 0.45 MeV

n/satT, = 0.06 — 0.12

2nTDg atT, = 1.5 — 4.5

Tphoton = 304 £ 41 MeV

L
G/T3atT, ~2—11

/ \ z
g(1fm/c) ~ 14 GeV/fm3 //‘\\
beam beam

Audurier (LHCD), Cole (ATLAS), Dainese (ALICE), Lee (CMS),
https://doi.org/10.1142/9789811280184 0005
ESPP Open Symposium, 25.06.2025 Andrea Dainese | Strong Interactions WG 9
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https://doi.org/10.1142/9789811280184_0005

European Strategy,
for Particle Physi(;s

Main open questions in hot and dense QCD
with broad impact on QCD and particle physics at large!

« Temporal evolution of QCD many-body system fo$§on ! _Hyeir;:nyg?ri.cs
<ifmlc + Onset of hydrodynamic regime (multi-parton - “liquid”) «
* QGP temperature and density vs time »

1-10fm/c « Microscopic mechanisms of quark interactions in QGP
« Approach to thermal equilibration (heavy quarks)

« Mechanisms of hadron formation in dense QCD environment
« General question in QCD; QGP = ideal testbed (deconfined heavy quarks)

« Mechanism of chiral symmetry restoration in the QGP - \
« Generates 99% of atomic mass (my 4/m, ~ 1%) formation {1}

« Emergence of collectivity in QCD: smaller collision systems down to pp

» Critical endpoint in QCD phase diagram?

ESPP Open Symposium, 25.06.2025 Andrea Dainese | Strong Interactions WG Benchmarks of Strong Int. WG 10



for Particle Physics

Future research directions with heavy ions

Low energy collisions (SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV): ALICE -ATLAS
& Caloric curve of QCD matter (temp. vs. c.m.s. energy) R CMS -LHCb
¢ Search for the Critical Endpoint %
S SPHENIX A quark-gluon plasma
el ¢ +
v
5
]
0
v
Q
£ |
= hadrons @ | b
: A color supercon uctor ’.
17 @ YNEH %
0 1000 2000

Baryochemical potential [MeV]
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for Particle Physics

Future research directions with heavy ions

Low energy collisions (SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV): ALICE-ATLAS
& Caloric curve of QCD matter (temp. vs. c.m.s. energy) MY CM5 -LHCD (%
¢ Search for the Critical Endpoint %
S SPHENIX quark-gluon plasma
High energy collisions (HL-LHC ~ 5.5 TeV): v g NGO
¢ Time-evolution of a many-body QCD system: linking §
elementary QCD interaction to equilibration at o
macroscopic level 3
& Systematic exploration of QGP properties - precision! g ‘ @ )
= hadrons
ﬂ ' @ color superconductor
00 1000 2000

Baryochemical potential [MeV]
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for Particle Physics

Future research directions with heavy ions

Low energy collisions (SPS ~ 5-17 GeV, FAIR ~ 2-5 GeV): ALICE -ATLAS
& Caloric curve of QCD matter (temp. vs. c.m.s. energy) CMS -LHCb

¢ Search for the Critical Endpoint
g SPHENIX quark-gluon plasma

High energy collisions (HL-LHC ~ 5.5 TeV): 7/ NAGO+

& Time-evolution of a many-body QCD system: linking
elementary QCD interaction to equilibration at
macroscopic level

¢ Systematic exploration of QGP properties - precision!

Further future (FCC-hh ~ 35 TeV): -1 d
& New rare probes and time-scales of the QGP accessible Z/. . W\ ® ‘?‘”Pemn uctor )
Thermal charm, boosted top decays, ... 00 “ 1800 — 2000

Baryochemical potential [MeV]

Temperature [MeV]
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Hot and dense QCD Id106:NUPECC 1d7:HITownM 1d235:PBC [SHSS SN gs St

for Particle Physics

Full physics exploitation of facilities with ion beams

- ~— : T T \\HH‘ T T \\HH‘ T \\HH‘ T T \\HH‘ T T \\\: g
b HL LHC i , [ sCBM@FAIR SI8100 (> 2028) Heavy ion collisions | 2
— Full exploitation (2020 ESPPU) requires: Ch 2 3
—  Detector upgrades with frontier sensors, to extend S oLk ik
. ’ 010° s ) FCC-hh (>2074)F B
phySICS reach ..g EE LHCb flx’ed target v o f
— Maximisation of integrated luminosity for large ions ngDiCE,NAgO’;g‘S’pS (52030 ATLAS i1, GuiS ol T :
— Possibility of short runs with light ions for specific goals SN e b 13
(onset of QGP effects and of thermalisation, nuclear 10* HADES @GS SPHENIX@RHIC ethob - 7

shapes & neutron skin) L C  NASISHINE@SPS ]

103§ o—o =

£ L \\HH‘ L \\HH‘ L L \\HH‘ L L \\HH‘ L L \\\:

° SPS/FAIR 1 10 100 1000 10000

~ With state-of-the-art detectors cotteonenerey [ (G

— Unprecedented high-rate fixed-target collisions S i} " JD &
. T o%” @\\eo‘* ............. C R bt | | 3
— Energy and nuclei variations Sl J st ) | nes | e | (AL 3
@Qio\"o A }sps NA 2
» -g o - - Run 4 °
e w g
® FCC'hh v A,_ v A;‘%s Run 5 LHC :i; ’ Por e s'porsll> A>>Lnn>>Run5 g
S Y : e T ot | §
— Large energy and luminosity increase Y, (o £€e X X $66 |
— Keep possibility to accelerate ions Aot A Teted e S et

- maximise FCC science case and community
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https://indico.cern.ch/event/1439855/contributions/6461522/
https://indico.cern.ch/event/1439855/contributions/6460870/
https://indico.cern.ch/event/1439855/contributions/6461651/

. . . Id131:NA60+ 1d171:NAG1
Low energy collisions — fixed target 1d106:NUPECC 1d7:HITownM 1d235:PEC [N S,

for Particle Physics

CERN SPS: new NA60+ experiment and NA61 upgrade
FAIR SIS-100: new machine and CBM experiment

. NAG60+/DiCE: dimuon spectrometer following a silicon NAG61/Shine: large-acceptance hadron detector,
pixel tracker (ALICE ITS3 MAPS) upgraded with silicon pixel tracker (ALICE ITS2 MAPS)
. 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; scan of beam energy 20-150
GeV/nucleon *  New accelerator SIS-100 at FAIR — Data taking ~ 2029
" —  SIS-300 would bridge to SPS coverage in the 2040s
ieta S «  CBM/HADES: silicon tracking; hadron, i and e ID
\é?;fl); (MNF33) Compressed Baryonic Matter ///\\R\
(MEP48) 2

Hadron
absorber

Pb/p beam

Vertex
telescope

F A I R 1: Time-Zero Detector & Beam Diagnostics 5: Ring Imaging Cherenkov Detector
2: Silicon Tracking System / Micro Vertex 6: iti iati
E 3: Superconducting Dipole Magnet 7: Time of Flight Detector
Muon tracki ng ESN 4: Muon Chambers 8: Forward Spectator Detector
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https://cds.cern.ch/record/2845241
https://cds.cern.ch/record/2932302
https://indico.cern.ch/event/1439855/contributions/6461536/
https://indico.cern.ch/event/1439855/contributions/6461579/
https://indico.cern.ch/event/1439855/contributions/6461522/
https://indico.cern.ch/event/1439855/contributions/6460870/
https://indico.cern.ch/event/1439855/contributions/6461651/

1d68:ALICE
ngh energy - HL-LHC Id106:NUPECC 1d7:HITownM F¥igey e RS (E t=te

ALICE 3: next-generation heavy-ion detector T

—> Tracking precision x4: 4 um at pr = 1 GeV/c, “ultimate” Si-MAPS tracker
- Acceptance x4.5: |n| < 4, pr > 50 MeV, with particle ID (Si-TOF, SiPM-RICH, Mu)
-> Interaction rate x5 (pp x 25)

ALICE 3

Outer Tracker

=
[S)
(=]

=1GeV (um)
®
2
(2}
3
g

Inner Tracker

xxxxx

&

i % ALICE 2

,; 0 - | & Run 4

c

S

2 ALICE 3

=

S

.“ﬁ

[o] -

g -
1 10 100 1000

Acceptance (An)X Pb-Pb interaction rate (kHz)

Absorber
Muon identification
FCT

Letter of Intent: CERN-LHCC-2022-009

Scoping Document: CERN-LHCC-2025-002
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https://cds.cern.ch/record/2803563?ln=en
https://cds.cern.ch/record/2925455
https://indico.cern.ch/event/1439855/contributions/6461522/
https://indico.cern.ch/event/1439855/contributions/6460870/
https://indico.cern.ch/event/1439855/contributions/6461468/

. Id82:LHCb 1d170:ATLAS+CM
ngh energy - HL-LHC Id106:NUPECC |d7:HITownM §¥i2ere-e RS e ti-1e 1)

General purpose detectors: for Particle Physics
LHCb Upgrade 2 and ATLAS+CMS phase Il

Side View ATLAS Simulation Preliminary ITk Layout: 03-00-00

Magnet & Muon Pixel Strip HGTD Tk simulated passive material

Magnet Stations TORCH PicoCal ]
Mighty

Tracker

Jrl\fll/{llll\\'\

- Runs 4+5

h Muon é - Extend tracking to
- Extend capability to central Pb-Pb s da :zit A s In| =4
- Acceptance upton =5 — - Increased DAQ
> + fixed-target Vs y~70 GeV with SMOG2 w bandwidth and
new hadron ID
Framgwork TDR: CERN-LHCC-2021-012 T S W S E/e (CMS)
Scoping Document: CERN-LHCC-2024-010 n
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https://cds.cern.ch/record/2776420
https://cds.cern.ch/record/2903094
https://indico.cern.ch/event/1439855/contributions/6461522/
https://indico.cern.ch/event/1439855/contributions/6460870/
https://indico.cern.ch/event/1439855/contributions/6461500/
https://indico.cern.ch/event/1439855/contributions/6461580/

1d68:ALICE 1d131:NA60+
Hot and dense QCD benchmarks AN N E\ i ropean Strategy.
for Particle Physics

Thermal radiation: QGP temp. vs energy and vs time

0.00 g

MADAI Collaboration

0.8 N

0.6 .

T (GeV)
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https://indico.cern.ch/event/1439855/contributions/6461468/
https://indico.cern.ch/event/1439855/contributions/6461536/
https://indico.cern.ch/event/1439855/contributions/6460870/

1d68:ALICE 1d131:NA60+
Hot and dense QCD benchmarks |d7:HITownM

Thermal radiation: QGP temp. vs energy and vs time
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= .
B, ol i s | |
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ALICE 3, CBM, NA60+: high-precision (<5%) temperature
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1d68:ALICE 1d131:NA60+
Hot and dense QCD benchmarks |d7:HITownM

Thermal radiation: QGP temp. vs energy and vs time
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ALICE 3, CBM, NA60+: high-precision (<5%) temperature - mapping across phase diagram
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Hot and dense QCD benchmarks

[d68:ALICE |d131:NAG0+

Id7:HITownM

Thermal radiation: QGP temp. vs energy and vs time

MADAI Collaboration
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- > 200 ¢ ) + 300» T —
N”‘*./ E = ™ ¥
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ALICE 3, CBM, NA60+: high-precision (<5%) temperature - mapping across phase diagram
ALICE 3: first access to time evolution of the temperature with thermal dileptons vs p;
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Hot and dense QCD benchmarks

Heavy-quark thermalisation in QCD matter

Charm and beauty: perfect probes of interactions and of transport coefficients

Interaction strength and effect decreases with mass

Thermalisation time t¢pam ~ 1/3 Theauty, and ~ QGP lifetime O(10) fm/c

T, [fm/c]

N

10

o))

ESPP Open Symposium, 25.06.2025

| ' | | J [ J
T=125T. QPM -
L Beauty —
‘;__’-—-"" /'/_
" Charm .~ |
LT |
r mD |

T —_—
D
0 2 4 6 8 10

p [GeV] sambataro et al., EPJC 84 (2024) 9, 881

Andrea Dainese | Strong Interactions WG

European Strategy,
for Particle Physics

o,
rs
®

Heavy-quark diffusion coefficient Dx:
a characterising property of the QGP
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1d68:ALICE

Hot and dense QCD benchmarks SEEE E uropean Strategy
Heavy-quark thermalisation in QCD matter .g B

« Charm and beauty: perfect probes of interactions and of transport coefficients o\/%

 Interaction strength and effect decreases with mass @
* Thermalisation time Teparm ~ 1/3 Theauty, and ~ QGP lifetime O(10) fm/c E O. o
« HL-LHC: precise study of degree of thermalisation with low-p; charm and with & \
beauty
Charm-anticharm azimuthal correlations (Ag) B meson production over wide pr range
e CMS: 5-100 GeV/c ALICE 3: 0-30 GeV/c
I‘S 60; 7 No quenching :\L(fj::tzud‘/yqi;?’:::v‘ 0-100% central E {5y =502 Tev pp + PoPb — e
uv 50:_ e Fullthermalsation D°:§azimuthal corr_?vlations. bkg-subtracted _: 1»6} CMS * z)ha:gseodgea\(;;ogz nb™ c:’o/ : ALICE 3 Study, no PID
§ S F Py >4 GeVio,2<pl <4 Iyl <4 b [ Projection ( T>50 GeV): 10 nb” b 3| Pb-Pb \sy, =552 TeV, 0-10%
g F 3 14 o . 210°t E
3° a0 14 = b Al § F L3
2 F 74 ] 125 e oy £ [ B -D <t
2 30E L ++ + A n *  Non-prompt JAp, 10 nb™ E» [
ot T = >
20t + 1 + £ i
- | N -
10 Ui Nowitns T a6 wansom ] 10F E
F Unc. NS yield + 19.3%, AS yield + 3.4% ] E oF C
e I S R 0-25 - Centrality 0-100% | | | |
Ag (rad) 0‘1 ‘ 1‘0(Gv)1(‘) — s 0 15 20
13 . ”» pT e G V/
- “Rutherford experiment” for QGP pr (GeVic)

- Direct constraints on charm equilibration - b quark interactions and (approach to) equilibration
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1d131:NAGO+
Hot and dense QCD benchmarks LA E | o pean Strategy

Heavy-quark thermalisation in QCD matter P

« Charm and beauty: perfect probes of interactions and of transport coefficients e\/%
» Interaction strength and effect decreases with mass Q‘D
»  Thermalisation time Tepam ~ 1/3 Theauty, and ~ QGP lifetime O(10) fm/c B\ 5
« HL-LHC: precise study of degree of thermalisation with low-p; charm and with & \
beauty N

o) [
. . . . @ [ ALICE 3 Study, no PID
« SPS: charm hadron diffusion in hadronic phase (T < T,) 8 gl Poro s-ss2Tev. 0 ]
& [ Lw=85nb" E|
S [ B Dt
. . . . c |
" Heavy-quark diffusion coefficient D, ~t/ m =3
(2]
S 250 Pb-Pb, Sy = 16.8 GeV, centrality 0-5% Q"’ N
I3 = | Lattice QCD
(& 6e+11 ions on target, 15% target int. length B E o Ding etal
99% pixel efficiency (\l ‘-; - ne
30 I = Banerjee et al. — —_ un 3+4 Projectiol
200 NA60 + :.__ 4 Kaczmarek et al. ] »vsm, =5.02TeV ——— r‘am"spp + PbPb
o s b °F CMS (p; <50 GeV), 0.2 nb”"
i D" —Km, p >0 o Projection (p;>50 GeV), 10 nb™* 5 20
= - =] D° (p, <20 GeV), 0.2 nb"!
1501~ B s 0° (py >20 GeV), 10 nb”" P (GeV/c)
i $=1724485 = 1736 20 - % E w0 B, 10np"
B (30) = 701539 = 697 - %  Non-prompt Jp, 10 nb™
100~ . S/B (30) =2.179 .’_‘ [ Do 4
L Signif (30) =1087.2 +0.7 ﬁ*
i 10 | . ; -QE B
50, I } ;%‘ o=
L s o
i F Centrality 0-100%
i | | ‘Assumplinn: ?c5=5 ub | - bl vl 0l
L L L L L L L L 1 10 102
0375 1.8 1.85 1.9 1.95 2 0 1 15 > p, (GeV)
Inv. mass Kn (GeV/c?)
T/1 c Dong, Greco, PPNP104(2019)97
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[d68:ALICE

Hot and dense QCD benchmarks

(Multi-)heavy-flavour hadron formation from QGP

« Sensitive to degree of thermal equilibration of heavy quarks
— Mass-dependence with ¢ and b quarks

«  Multi-charm baryons
* Require recombination of multiple charm quarks
* Full thermalisation scenario: yield ~ g." = x100 (cc) -1000 (ccc) enhancement in Pb-Pb

- 10°F S SHM (Andronic et al, JHEP 2021, 35) S, ¥ >
1__; 10F o Pb-Pb \/s,=5.02 TeV 0-10% § ~  ------- PQCD SPS (Chen et al, JHEP 2011, 144) KS) B Pb-Pb \s,,=5.02 TeV, 0-10%
Q 1F & A~ Charm wws ] --=r:== PACD SPS (Phys. Rev. D 57, 4385) S0ty o Beauty 1
:10_1 ] c. i J/ y . ; 2 10_25_“” L R AR T T T T |O| 1'—IHI| ] E |y|<05 E
>s10—2 f. W Run § 1 2v>‘ @.-@' e 7 r .BO Run3 &4
S —o® Qo ] 2L 8 J
S 10} { 20k o T T 4 10T [[Runs 7
1074} o ecc 1 < ? Pb-Pb 7 [ % o (19
105F Runsas . \3xcharm { STl 0'E pp Qece 3 103k s ]
10°F ‘ m {9° - | é
10:; F — uds only»panicles dweham 1 10°° ? - Y [ .B:
107° F — c=1particles 7 F ) 107" ¢ ¥ (25) 4
10°F — c=2particies B 7 10°E .X.
10_10 ' —— c=3particles ; > 1 F 3 5| o0
~11 . 7l —o— Estimated :;'; ALICE 3 | oL
} 8_12 ;SHMc T,=156.5 MeV G o) : 107 -- —o— Estimated ©}, ALICE3  } 10 - SHMb, T=156.5 MeV oY<3S§
10" "3} do,, /dy_0532+0096mb 1 sl vl il | do; /dy=27.6 ub (g =1.2e+09)
10—14 1 10 10? 10° 10_6 e ‘1‘ — 11
15 2 25 3 35 4 45 5 55 6 (N_) S 6 78 9 0
Mass (GeV) pert Mass (GeV)

Andronic et al., https://arxiv.org/abs/2209.14562
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1d68:ALICE
Hot and dense QCD benchmarks CLPALCS £ opean Strategy

(Multi-)heavy-flavour hadron formation from QGP

« Sensitive to degree of thermal equilibration of heavy quarks
— Mass-dependence with ¢ and b quarks

«  Multi-charm baryons
* Require recombination of multiple charm quarks
* Full thermalisation scenario: yield ~ g." = x100 (cc) -1000 (ccc) enhancement in Pb-Pb

£ T
& ]

1.0 ‘301025 = ALICE3 . [T LR G L o i
i — F E . )
4 1o LHCb projection L‘C) E ] Strangeness tracklng B ]
0gl + 10m M M pKTr)pwX | 8 T e 1% 2 muilti- cha\rm 1 ALICE 3 Study ]
b B’ - D (— K*rn )utvX s L R — o | —i—F @" LR Pb-Pb 0-10% PYTHIA 7
[ 7 1 2 / / 2.0<p_(GeV/c) < 15.0 ]
- 0.6 b LHQb U2 § . ALICE 3 . - 2.0 Tesla mag. field -
2 Ay yield up to n=5 g 00 =, Q total yields =R 3nb'Po-Pb datataking
=° 04 * f { = C - 1 |\ K Particle + antiparticle ]
. N c L e ':‘b i 6l AR A \\\ 1 ]
' ) L J . J | \n) 8 .
‘ {* | B L -0, ] R § ‘* 1
-6 -4 -2 0 2 4 6 -
0.2 - ALICE 3 Study ] xtem 9 .
Pb-Pb 0-10% PYTHIA ) Wttt B a4 b o
1; Full acceptance over nl<4.0 1000F ﬁﬁ Q %M +, ?% ?M "’ ?‘ "‘& ‘&'3#‘?# #ﬂﬁ?m'&kﬁ ﬁ_ﬂ#ﬁ@

0.0 0 10 20 30 40 50 60 70 80 90 £ Particle + antiparticle ]

centrality T P YRR RS PR P N Sogé"éé"éi“‘sls““slé“élf“'sé"339'“'}1‘“'41‘“212

0 2 4 6 8 10 12 14 16 18 20 g
p, (GeVic) Z:r mass (GeV/c?)
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. . . 1d209:FCC-QCD
Ultimate high energy and lumi — FCC-hh PR £uropean Strategy:

Heavy ions at FCC-hh: novel probes of the QGP |
« FCC-hh HI performance: Pb-Pb \ISNN ~35TeV ~7 xLHC \lsNN

«  >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

Thermal charm-anticharm from QGP Boosted top decay chain
gluons - initial temperature — QGP density vs. time (yoctosecond chronometer)
i Pb+Pb 39 A TeV l S ) R \)0(\0‘(\\FCCOQ1Ofm/C ,,,,,,,,,,,,
65 kit ) 8 ol 8 — i
Seaxl | eeleeesiSSassshan, g £ o
T 60| z s’
2, S ! L S E Bk O T Y e T
- 55 - — =02 fmic 2] 3 %, B0 @ agle SRR ............. -
— - 1y=04 fmic 2 4 L-LHC: 0>2 fm/c-
50 |- (=06 fc 3 g B gl i s T
2‘1 © :
n . 3 3 2 :
0 2 4 6 8 10 < &
T (fm/c) T 0 s ; i .

Time (fm/c) 2 5 10 20 50 100
PbPb equivalent lumi [nb™"]

Ko, Liu, JPG43 (2016) 12, 125108
Zhou et al., PLE758 (2016) 434 Apolinario et al., PRL120 (2018) 23, 232301
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European Strategy,
for Particle Physics

QCD connections
with hadronic, nuclear, astro(particle) physics

Very broad area - Focus on aspects with strongest benefit from large-accelerator experiments

Astrophysics:
cosmic rays,
indirect DM
searches,
neutron star
composition

Hadron

Hadron-hadron

interactions spectroscopy

and exotica
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QCD connections with astrophysics

E“’°‘°ea“1§§;";‘§‘2?y
Nature of Neutron Star matter and their equation of state

Neutron stars: very dense, compact
Dimensions: objects

R~ 10— 15 km
M~1.2-2.2Mg

 How does the equation of state of
neutron star look like?
— What are the constituents to
consider?
— How do they interact?

Outer crust:
lons, electron gas,
neutrons

sesealoul d

Inner core:
Neutrons?
Protons?
Hyperons (Y)?
Kaon condensate?
Quark matter?
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QCD connections with astrophysics

E“’°'°e"""1§§£§§f§?y
Nature of Neutron Star matter and their equation of state

Equation of State M  M-Rcurve M M-R data
t | Astronomy

Regression =
Analysis of M(R)
L

Pressure vs. energy density Mass vs. Radius of NS
of NS matter
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QCD connections with astrophysics opean Strat
Nature of Neutron Star matter and their equation of state

& D00 N R 7 B L §2_4__ T 1 T T T T ==
§ 450 f_ Ko=270 MeV _f S 20 = PSR J074046620 NICER PSR J0740+6620 =
> E 3 ""E psnJosssroaz 3
L 400 F [JNuckeonic (NN + NNN) = 25 —
= - K, = 160 MeV = - PSRJ1614-2230 ]
o 350F —K,=270 M:V Strong — 1.8 - NICER PSR J0030+0451
§ 300 ;_ Interactlon_é i:i ; NICER PSR J0437-4715 E
) = 3 e =
& 250 F = 12 E

200 ;_ / _; 1 ;_ GW170817 Astronomy _;
150 - : = 0.8 £ E
- 3 0.6 — —
100 = Nucleonic + S =-1, -2 YN, YY: 0.4 = =
50E Ko=160 MeV+NLO19 + HALQCD E E
= 1K, =270 MeV + NLO19 + HAL QCD = 0.2 = =
0 E e b b by oy by by by 1y 1: 0 - P v oo by by by sy by oy by
0 200 400 600 800 1000 1200 1400 1600 4 6 8 10 12 14 16 18 20
| Vidafia et al EurPhys.JA 61 (20253 Energy density [MeV fm*] Radius [km]
Pressure vs. energy density of NS matter Mass vs. Radius of NS

- Strength of 2-body and 3-body hadronic interactions
- Nuclear incompressibility K, and other properties
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QCD connections with astrophysics opean Strat
Nature of Neutron Star matter and their equation of state

q'r500: L L L B IR AR T4 §2_4__"|"'|'"|"'|"'|"'|"'|"'|'__
§ 450 = Ko =270 MeV = 3 29 = PSR J0740+6620 NICER PSR J0740+6620 =
> = = " E PSR J0348.0432 \ 3
g 400 B [ Nucleonic (NN + NNN) - 2 // \ -
= = - — PSR J1614-2230 —
‘© 350 *E(f:;?g ey Strong = 1.8 \ IGEREER SR000ET,. =
= = . = 1.6 —
§ 300 Interac“on_; 1aE NICER PSR J0437-4715 J] E
() = - E ]
o 250 = 12 =
200 / - 16 awtmoery Astronomy -
150 F- = 0.8 E
= = 0.6 = —
100 = Nucleonic + S =-1, -2 YN, YY: 3 0.4 =[] Nucleonic (NN + NNN) Nucleonic + S=-1,-2 YN, YY: o
50 = Ko =160 MeV + NLO19 + HALQCD TE K, = 160 MeV K, =160 MeV + NLO19 + HAL QCD 4
- [ Ky=270 MeV + NLO19 + HAL QCD = 0.2 = — K, =270 MeV [T Ky =270 MeV + NLO19 + HAL QCD =
0 - v o e ey b ey by by 0 — oy oy by by T 1 T
0O 200 400 600 800 1000 1200 1400 1600 4 6 8 10 12 14 16 18 20
|. Vidafia et al.Eur.Phys.JA 61(2025)3  Energy density [MeV fm™] Radius [km]
Pressure vs. energy density of NS matter Mass vs. Radius of NS
- Strength of 2-body and 3-body hadronic interactions —> Precise laboratory measurements needed for
- Nuclear incompressibility K, and other properties sharp comparison with astrophysical data
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. i ) Id68:ALICE 1d6:1ISOLDE
QCD connections with astrophysics 1d235:PBC|d106:NUPECC  |SIS IS Rs ety

for Particle Physics,

NS: required inputs from strong interaction measurements

ALICE Preliminary

pp, Vs =13.6 TeV

=== p-p-ASPPA
Two-body (NLO19 600)

I Two-body (NLO19 600)
+ three-body

Femtoscopy at HL-LHC:

High-precision data on YN, YY and YNN (=,%)

* Ongoing in ALICE

+ ALICE 3 (large acceptance and pp lumi increase)

3
TR

711 21X YT PO YO PO FAORY ST O

T .°'6.os°('éewff «  Complementarity with JPARC-HI (Japan), FAIR

Pressure vs. energy density of NS matter
- Strength of 2-body and 3-body hadronic interactions
- Nuclear incompressibility K, and other properties

— |ISOLDE:
Nuclear properties away from stability valley
« HIE-ISOLDE upgrade: higher energy (10 MeV/n) and
intensity (LINAC4) — larger production of exotic nuclei

High-precision Neutron-skin
mass and radii thickness
of n-rich nuclei

Hiz-i9%21d&

HIGH INTENSITY AND ENERGY UPGRADE

Input for r-/s-processes (SN
expl., stellar
nucleosynthesis)
+ Complementarity with FAIR, SPIRAL2-Ganlil, ...

REX TRAP
REX

NG ot (e
REX EBI Separator L

High EnergySection

pper Low Energy
ine Section
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QCD connections with astrophysics LRSSV Eropean Strategy

for Particle Phy31cs

Indirect Dark Matter searches (anti- nuclel) in cosmlc rays

i proton ¢ BESS-Polar

Voyager =

Searches of anti-nuclei from DM decays,
e.g. LoXo = P, d, 3He+X (AMS-02, GAPS,
BESS), need “strong interaction” inputs
from hadron collider and fixed-target
experiments:

Voyager2 = -

heliospﬁere

Example: 3He flux L sk

— Ordinary anti-nuclei hadroproduction = e, AMIS-027
by cosmics is a major background Donato et al., PRD97(2018)10 - tQCD h "’,
— Anti-nuclei absorption in Space poorly = here - QCD t
constrained § o here %nd |
8
- Tertiary
10713 |- —
10 15 Il L | \l 1 1 L1111 II L
107 10° 10t 102
T/n [GeV/n]
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QCD connections with astrophysics: benchmarks

1d82:LHCb I1d68:ALICE |d171:NAG1

1d235:PBC 1d89:CosmicRays

for Particle Physics‘

Indirect Dark Matter searches (anti-nuclei) in cosmic rays

Goal

Measurement

Experiments

Constraining cosmic
anti-nuclei production

Anti-nuclei production
in p+p, p+He, p+d
s ~ 5-100 GeV

LHCD (fixed targ.),
AMBER, NA61/Shine

—

Anti-nuclei production

0
<

Xxexb +X > 3% +X

mechanism ALICE 3, LHCb,
(coalescence, source NA61/Shine
dependence)
Cosmic antll—nuclel Anti-nucei ann.lhllatlon ALICE, ALICE 3
absorption cross sections
Support DMsearch | gp = s sfe4x) ALICE 3, LHCb

ESPP Open Symposium, 25.06.2025
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0.6
----- Winkler Fit 68% CI
ost | Winkler Fit MPV
¢ Available experimental data
04 ¢ AMBER projected (data taken)
¢ LHCb projected (data taken)
03l ¢ LHCb projected (planned)
ol . Isospin-asymmetric production
' of anti-p and anti-n
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0.0 ' 3
10T 102 10°
Vs (GeV)
Qﬂfzz SPAIALAL IR LA B AL LLLL B
> £ ALICE upgrade projection 90% CL
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® E ITS3 E
T104;3<p7 et Gevie ALICE3 |
‘7§f g Anti-3He SM background ]
@107 from b decays?
0 :
) SU— S — 5
107 pyTHIAS E
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QCD connections with astrophysics: benchmarks

1d23:FASER 1d19:FPF [d224:pALHC

1d201:Auger 1d89:CosmicRays

Ultra-High Energy Cosmic Rays (UHECR):
primary neutrino flux and primary interaction modelling

Goal

Measurement

Experiments

Understanding primary
neutrino flux in CRs

v energy spectra and
v-N cross-section

FASER,
then FPF (FLARE)

Atmospheric-v
background fluxes

FPF, NA61/Shine

Muon puzzle and
modeling (U)HECRs

Hadron production in
pp, PA, AA collisions

HL-LHC (all exp),

for Particle Physics

FPF, FCC-hh

ESPP Open Symposium, 25.06.2025
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107
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Vi + ¥y
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T an aa T T
f f f
RHIC (F Te (P-p) LHG (p-p)
HERA (v ¥ HiRes-MIA
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® Auger 2009

ot
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x10° extrapolation
x10 extrapolation
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QCD connections with hadronic physics European Strategy
Exotic hadrons: future goals

« Large number of exotic hadrons discovered in e*e- and pp collisions

CMS _Preliminar

=

500 keV/c?

Field

Candidates / 25 MeV

HADRO- . TETRAQUARK
QUARKONIUM f

« Main open questions:
e Nature of exotic hadrons? Constituents?
e Do hybrids/glueballs exist?
e \Why do many exotic hadrons lack

flavour/isospin partners?

HADRONIC
MOLECULE

HYBRID
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1d68:ALICE
QCD connections with hadronic physics: benchmarks Id81:LHCb d82:L HCh | NSNS B

Exotic hadrons: experimental opportunities

LHCb U2: ultimate precision for states spectroscopy and spectral

function analysis
* Including T, and T,,, which are expected to have large enough binding of o
X o Z(4430)

energies such that only weak decays are possible
ee, ep: extensive programs at Belle Il, STCF, EIC, LHeC, FCC-ee, LCF

T T
~+LHCb3 fb"!

LHCb +LHCb 300 fb"

0.2 simulation ]

— Breit-Wigner

ALICE 3: use femtoscopy to search J L
for exotic hadrons as D-D bound ‘ ' Re Az

states (e.9. %c1, Teo) T TR
‘‘‘‘‘‘‘‘‘‘‘‘ . o107 pro_]ectlon e nl
‘43 ALICE3upgrade prolectlon ALICE 3, CMS, LHCb- % "g“ X, (3872) — J/ynamw 3
) 10 lyl<4 Models = 9 10 . ‘\nlu,% I ]
] 4 EF —e— with Magnet Station o
o —imon ; use coalesce < F TNZ = o Sion 3
4r g;m Pb-Pb! =) '&”‘ PLB 797, 134836 (2019) 4
3r —=Sim{ ) h 1 1 H I E 10_5 % Statistical Hadronization E
2 Simulated data m eC a n IS m in NZ o EPIA 57,122 Q021) 3
i . L,=181" 1 ar ]
u e oy : © 0 (387 - e =
I b A collisions to constrain ci - :
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QCD connections with hadronic physics 1d29:LatticeQCD | NSRSy

Exotic hadrons: lattice QCD approach

for Particle Physics

« Lattice QCD provides crucial information on exotic hadrons
 predictive (quantifiable uncertainties) - guide experimental searches
« complementary to exp. : e.g. tune the quark masses, probe internal

Future resource requirements:

- Increasing need of computing resources
- Access to CPU and storage (PBs)

—> Access to HPC centres

—> Training/synergy with computer science

structure
« Example: Ty, from lattice = strongly bound tetraquark
Ty,
—e— Alexandrou et al. (2024

% o4 Hudspith et al. (2023)

=)

& o Aoki et al. (2022)

é; o Mohanta et al. (2020)

E e Leskovec et al. (2019)

@ Francis et al. (2016)

—-300 —200 —100 O
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European Strategy
for Particle Physic

Conclusions

« Very rich physics programme ahead in non-perturbative QCD:
— High-temperature QCD - genuine many-body QCD system (elementary - macro)

— Hadron nature (exotica) and interactions - fundamental questions and mandatory studies
for astro(particle)physics

large Community interest: >30 Input Documents
« HL-LHC: unique machine for these areas of QCD
- Accomplishing the ‘Full exploitation’ recommended in 2020 requires...
- New detectors with frontier sensor technologies and maximising heavy-ion luminosity
« SPS, FAIR: high rates, versatility, and “LHC-driven” sensor technologies
- Complement LHC (high baryon-density, hadron phys.), possibly extending to post-LHC era
 FPF, HIE-ISOLDE: perfect example of far-reaching QCD and of scientific synergy

« FCC-hh: novel studies in high-T QCD and closer to UHECR conditions
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Thanks for your attention!

Thanks for the community inputs and the discussion in
the parallel session

Thanks to the WG members for these areas:

R. Arnaldi, A. Gérardin, V. Mantovani Sarti,
M. Pappagallo, R. Snellings, U. Wiedemann
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Hot and dense QCD benchmarks: QGP temperature

for Particle Physics

Experiment When Strengths / Uniqueness Measurement Physics insight
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.
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 sqrt(s) < 5 GeV, signature of a first-order phase transition.
@ SIS100 measurements. With SIS100, cover < 2.5 GeV). Measurements will Experimental precision on T of a few MeV
sqrt(sNN) range where hadronic phase be obtained in an energy scan
dominates (8<s,, <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 sqrt(s) < 17 GeV, signature of a first-order phase
@ SPS measurements. Cover sqrt(sNN) range spectra (1.5 <M < 2.5 GeV). transition. Experimental precision on T of a few MeV (1-2%)
where QGP onset is expected Measurements will be obtained
in an energy scan (6 < ‘/SNN <17
GeV)
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 Thermal charm production from gg->c-cbar in QGP when
yield increase wrt pp scaling temperature ~1 GeV -> novel way to access initial QGP
with Ncoll temperature

ESPP Open Symposium, 25.06.2025
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for Particle Physics

Hot and dense QCD benchmarks: heavy flavour HL-LHC

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
Omega_cc) Pb-Pb
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 Il >2030 Large eta acceptance, partly with PID (CMS), Beauty and charm hadrons at Energy loss and hadronization of b and ¢ quarks
high pT and jet performance medium-high pT
@ HL-LHC
t-tbar events in Pb-Pb: exploratory Jet quenching effect on (t->)W->qqgbar; explore
measurements time-dependence with pT_top dependence
FCC-hh >2060 x6-7 larger sqrt(sNN) and ~ x10 larger L_int t-tbar events in Pb-Pb: full Access to time-dependence of jet quenching and
exploitation of new obs. QGP opacity with pT_top dependence to up ~ 1 TeV/c
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Hot and dense QCD benchmarks: heavy flavour SP

Experiment When

Strengths / Uniqueness

Measurement

for Particle Physics

Physics insight

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
energy range, below top SPS energies, never measurements (in the with the temperature of the system measured via thermal
@ SPS explored so far dimuon channel) performed 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 NA60,
upper limit by NA49 and first DO
measurement by NA61/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

ESPP Open Symposium, 25.06.2025
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Phase transition in lattice QCD

Pressure density of ideal gases:

2rpd
£ a°T £
=—=n,,—&— vs. T

« Lattice QCD applicable at low pg

« PIET* = haet changes rapidly around T,

« Critical temperature T, ~155 MeV (~1012 K)

— & = 0.6 GeV/fm?3
Below T.: gas of pions  Maor = 3

Above T.: gas of g, u, d and My = 37 b
anti-quarks e
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for Particle Physics

Tracking precision vs acceptance
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ALICE 3 Particle Identification

e, i, K, p separation with TOF + RICH detectors, with specifications o, =

OuterTOF R 85 cm__RICH,R=90cm_

Inner TOF, R = 20 cm

LICE 3 study
~ “Layout v1, bTOF1 || < 1.44, B = 2T
s \ Pb-Pb, FNN 5.52 TeV, Pythia8 Angantyr
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for Particle Physics

QGP phase transition: chiral symmetry restoration

In the massless limit, QCD Lagrangian is
symmetric under chiral transformations between
left- and right-handed states

Chiral symmetry breaking, with the associated
formation of quark-antiquark condensates,
generates most (~99%) of the mass of the
baryons, while the contribution of the mass
generated by the Higgs field is almost negligible
(bare u/d quark mass)

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

QGP: chiral symmetry (partially) restored

*  po—as masses get closer
« Can be observed in p°=>I*I mass spectrum

Right-handed: Left-handed:
o o
— —

Chirality = helicity for massless particles

1/N,, dN ?/dm,.dy (GeV/c ?)"

X/ with ¥-mixing
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ALICE 3 Study p spectral function ]
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[d68:ALICE |d131:NAG0+

Id7:HITownM

for Particle Physicg

QGP phase transition: chiral symmetry restoration

* Di-lepton measurements in ALICE 3, NA60+, CBM will enable direct
experimental access to chiral symmetry restoration in the QGP

ALICE }3 Study l ‘
0-10% Pb-Pb, s =5.02 TeV
TOF+RICH (40, rej), B=05T
0.2< Prg< 4GeV/c, |n,|<0.8
No bremsstrahlung included
DCA,, <1.2¢
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European Strategy,
for Particle Physics‘

Plans of ATLAS, CMS, LHCDb for His in Runs 4-5

« Upgrades of ATLAS, CMS, LHCb will improve their performance and physics
reach also in heavy-ion collisions

— ATLAS and CMS complement ALICE with a strong high-pt and jet programme
— LHCb complements with heavy-flavour at forward rapidity and fixed target (SMOG)

L0 —
6 Sy =5.02 TeV PbPb 10 nb™ _+_ 1 nb_l LHCb projection
N L e
- CMS Projection ] +  10nb7! Ag — Aj’(—) pK_7r+);f7X
145 yemPbPb0-30% W Hybrid ] 0.81 . 0 _ o\
[ —— JEWEL + PYTHIA 1 + B"— D (_>K T T )/‘b vX
1.2 _ LBT (2017) _
1k 3 o 0.61 }
= f pl > 100 GeVic ] Q
zx 08f <144 o<\.e. .
= N A¢.y>l ] |
0.6 [ anti-k | jet Fl{=0.83 7] 04 * { ' }
r p";‘>3o GeVic ]
> <t 0.21
0.2} ]
0 5255 i i o
0 05 118 2 000~ 20 30 40 50 60 70 8 90

more quenched X, = pJTet /pYT less quenched

centrality
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European Strategy

‘Global’ properties of the collisions: system volume
from Hambury Brown Twiss interferometry

Quantum effect: enhancement
of correlation function for

identical bosons, e.g. pairs of Pb-Pb
pions

From Heisenberg's 5 §

uncertainty principle: /—_. ot
— Ap-Ax~r*-k*~h
- extract source size from

momentum correlation
function
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Elliptic flow by hadron species

rticle Physics

Non-central collisions: flow maps the geometrical elliptical shape into an azimuthal modulation in
momentum distributions

< =1+4+2vwcos(2(¢p— WVgp)) + ... hlgher harmonlcs (V3 V4 -..)

qub
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European Strategy.
for Particle Physic_s

A big surprise at the LHC: ‘heavy-ion physics’ in pp collisions

1

“Typical” pp collision High-multiplicity pp collision Pb-Pb collision

Srer

VST 7. = e\, d9-dd
£1:01:00 Q0-LI-010S ,IVIEL :nuy
ALICE Pp7TeV (June 2010) ALICE pp7 TeV (June 2010)

What is the smallest system (number of particles) for QGP formation?
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European Strategy,

From heavy-ions to
flow-like effects

for Particle Physicg

p-nucleus and pp:

» Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected findings of the LHC
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ALICE, PRL123(2019)142301

Similar flow in pp, p-Pb, Xe-Xe, Pb-Pb at
the same multiplicity
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for Particle Physice

From heavy-ions to p-nucleus and pp:
flow-like effects & ‘hadrochemistry’

Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected flndlngs of the LHC
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Continuous increase of strangeness yields with
multiplicity in pp, p-Pb, Xe-Xe, Pb-Pb
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Similar flow in pp, p-Pb, Xe-Xe, Pb-Pb at
the same multiplicity
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From heavy-ions to p-nucleus and pp:
flow-like effects & ‘hadrochemistry’

» Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected flndlngs of the LHC
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for Particle Physicg

From heavy-ions to p-nucleus and pp:

flow-like effects & ‘hadrochemistry’ & energy loss?
Eur. Phys. J. C 80 (2020) 73
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« But persistence of azimuthal
asymmetry (v,) to high pr
suggestive of final state interactions
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» p-Pb nuclear modification factor ~1
—> no suppression of yields
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From heavy-ions to p-nucleus and pp:

flow-like effects & ‘hadrochemistry’ & energy loss?
: Eur. Phys. J. C 80 (2020) 73
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« But persistence of azimuthal
asymmetry (v,) to high pr
suggestive of final state interactions
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» p-Pb nuclear modification factor ~1
—> no suppression of yields



