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collisions of heavy-ions at the LHC produce QCD matter at unprecedented temperatures!
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®) QCD phase diagram
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collisions of heavy-ions at the LHC produce QCD matter at unprecedented temperatures!
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®) QCD phase diagram
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By colliding heavy-ions we can learn about the evolution of QCD matter in

extreme conditions (high temperature and/or high density)

Freeze-out

quark-gluon plasma Hadronisation @ _......"

QGP formation

Initial state

Heavy-ions

Pre-equilibrium

Time

—_—

High-Luminosity LHC — & opportunities for new observables
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https://arxiv.org/abs/2211.04384
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The high luminosity era for heavy-ions

2015-2018 2022-2025 2029-2032 2035-2041
m __Rund Runs 56

Pb-Pb Pb-Pb Pb-Pb Pb-Ph

2.2/nb 6.2/nb 6.8/nb
35/nb

p-Pb 0-0 p-Pb
(tbd)

0.18/pb 500/ub 0.6/pb

High-Luminosity LHC

The High Luminosity LHC: cern-2020-010
® LS2: LHC injector upgrades; Pb-Pb rate ~10kHz — 50kHz
® LS3: HL-LHC installation; pp ~460/fb — 3000/fb (HL-LHC)

Trigger/Readout compared to Run 2:

® ALICE: increase of MB Pb-Pb x100 compared to Run 2
® ATLAS/CMS: increase of MB (rare triggers) x5 (x10)

ALICE

® LHCb: full delivered luminosity (up to 30% central Pb-Pb in Run 3 & 4) R 3 P

ViNN = 5.36 TeV
ALICE-PHO-GEN-2022-009
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https://inspirehep.net/literature/1840718
https://cds.cern.ch/record/2841865?ln=en
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Detector upgrades (overview)

2015-2018 2022-2025 2026-2028 2029-2032 2033-2034  2035-2041
m Runs 56

ALICE: LHCb:
® new ITS & new Muon Forward Tracker (MFT) ® VELO & Upstream tracker upgrades
® TPC upgrade 4+ continuous readout ® Calorimeter. & muon upgrades
® Forward Calorimeter (FoCal)

® Smaller detector consolidation & enhancements
® ITS3: ultralight cylindrical vertexer
® ALICE 3: completely new detector ® LHCb Upgrade |
ATLAS: CMS:
® Muon New Small Wheels (MSW) ® New GEM detectors
® Re-designed AFP TOF ® New innermost barrel pixel layer
@ Upgraded triggers & DAQ, HGTD ® Upgraded triggers & DAQ, MTD
® New Inner Tracker 4+ new u chambers + lumi detectors ® New Inner tracker + calo. endcap + u detector
Note: Only LHC experiments shown. Also interesting upgrades at SPS e.g. NA60+
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ALICE 2.1 upgrades

2015-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034  2035-2041

_ Run2 | 152 | kw3 | 153 | Rund [ 1S4 | Runs526

4

® covering very forward rapidities 3.2 <# < 5.8 > x ~ 107® @® Replacement of ITS2 Inner Barrel with 3 layers of

ultralight & bent silicon wafer-scale MAPS
® FoCal-E: highly granular Si-W calorimeter combining

pixel and pad layers ® Reduced material budget: 0.09% X, vs. 0.36% X,

® FoCal-H: scint. fibres embedded into Cu tubes ® Closer to interaction point: 19mm vs. 23mm

FoCal capabilities allow explorations of gluon
saturation using a multi-messenger approach

Improvement of DCA resolution by factor 2

Cylindrical support structure

Half-layer

sensor

Half-ring ’ ’L‘mge“’n
266 mm

.-

Beampipe
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ATLAS/CMS Phase 2 upgrades

2015-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034  2035-2041

_ Run2 | 152 | kw3 | 153 | Rund [ 1S4 | Runs526

4

® Completely new Inner tracker: ® Tracker upgrade:
® |n|<25—-> |n|<4 ® |n|<25—-> |n|<4
@ New high-granularity timing detector (HGTD): @ New MIP Timing Detector (MTD):
@ Disentangle events with large pileup (30-50ps/track) ® TOF PID with o, ~ 35ps
@® New muon chambers ® New Endcap Calorimeter ‘7C'M8‘Ff’ha??'?“fFb:;g;wlma
o E
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CERN-LHCC-2012-022, CERN-LHCC-2017-005, -007 ,-017, -018, -020 CMS-TDR-14, -19, -20 & more
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ALICE3 & I_H Cb U pgrade | I ALICE 3: CERN-LHCC-2022-009

LHCb: LHCC-2017-003, LHCC-2018-027, LHCC-2021-012, LHCB-TDR-013

2015-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2041
_ Rn2 | 152 | Rm3 | 153 [ Runa | 1S4 | Runs5&6
Target: same performance as in Run 3 but for ® All-silicon tracker: || < 4

pileup ~40 & full centrality coverage

® Retractable vertex detector: 7, = 5mm; 2.5 ym spatial resolution!

® New VELO (4D tracking (with timing) ® PID: TOF + RICH Muon & Photon ID: MID - ECal + FCT

® Upstream Tracker + Mighty Tracker

Absorber Pointing resolution

Magnet

—
S
TTTTT

® RICH + TOF + ECal + muon stations

Muon chambers

improved by x10
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Detector & Interaction rate improvements
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Detector & Interaction rate improvements
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What are the initial
conditions of a collision?
nPDFs & Saturation?
DY, UPC, forward LHC ...

|

Collectivity of QCD across
system sizes?

Flow in pp, p-A; strangeness
production, energy loss,
thermal radiation

What are the macroscopic properties of the QGP? Temperature? Viscosity?

QCD phase transition?

Thermal photons, dileptons, quarkonia, flow .. Freeze-out
Hadronisation @ .7

Initial state QGP formation

Time
—————

arXiv:2211.04384

What is the microscopic dynamics of QGP at various length scales?
Jets (substructure), y/Z-jet correlations, heavy flavour, quarkonia, hadronization
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What are the initial
conditions of a collision?

nPDFs & Saturation?
DY, UPC, forward LHC ..

Collectivity of QCD across
system sizes?

What are the macroscopic properties of the QGP? Temperature? Viscosity?

QCD phase transition?
Freeze-out
Hadronisation @ ...

QGP formation

Initial state

Time
S ———

arXiv:2211.04384
What is the microscopic dynamics of QGP at various length scales?
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Proton PDF

NNPDF4.0 NNLO Q= 100.0 GeV
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Coverage of lepton-A, pion-A and proton-A data in nPDFs
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Overview: Probing partons in the incoming projectiles

\\‘J\ >
B 1 IIIIIII I Illllll | IIIIIII 1 IIIIIII I'I, ~\i\ . 3
& 1.8t EPPS21 N
2 - --—- nCTEQI5HQ A
g 1 4 L == nNNPDF3.0 ‘//./‘\ i
~  Anti shadowing |
N 1.0 \‘,fl*\ :
< - | \\‘ I
\\ ‘\—
< 0.6 F W
.-OB_'/ - | || \|_
Q:DB 02 low-x shadowing l;‘.!T
i | IIIIIII| L1 IIIIII| | | IIIIIII | IIIIIII| | IIIIIE
10° 100 10° 107 10" 1
x

® A decade of LHC data provided significant
constraints for nPDF in novel phase space

® Increase of exp. data incluc

ed in global fits:

EPPS09 (N, = 929) — E

PPS21 (N, = 2077)

® Sizeable gluon shadowing at low-x, but slight

tension between different g

High-density QCD & QGP

lobal fits

physics at the HL-LHC



1.1

0.9

0.8

do([neml)/do(=|ncml)

0.7

arXiv:1812.06772

W= forward /backward ratio

p-Pb, /s = 8.16 TeV
W+ W=
cms |
EPPS16 PN
B EPPS16 reweighted
§ CMS projection
l l
0 0.5 1 1.5 2

\UCM\

| ow-mass Drell-Yan

LHCb projection

pPb {5, = 8.8 TeV

0.9
0.8
0.7
0.6
0.5F—————!

il

forward, 2.5<y <3.0, 250 nb!

0
LHCb-CONF-2018-005

100
M., [GeV/ c?]

Probing (nuclear) matter in a novel phase-space with high precision:
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Probing (nuclear) matter in a novel phase-space with high precision:

@ W=/ Z production: sensitive to quark (n)PDF and heavy flavours
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Initial state: Probing partons in the incoming projectiles

®E W~ forward/backward ratio

p-Pb, /s = 8.16 TeV

High-density QCD & QGP physics at the HL-LHC


http://arxiv.org/abs/1812.06772
https://cds.cern.ch/record/2648625
http://arxiv.org/abs/1812.06772

do(|ncml)/do(=|ncwml)

0.9 -

A

EPPS16
B EPPS16 reweighted

§ CMS projection

l

W= forward /backward ratio
p-Pb, /5 = 8.16 TeV

D, k=3

2

5

o

| 1]

c

\ §

; S

— 2
5
~ 8

g

N £

< s

N o

0.7 ‘
0 0.5 1
arXiv:1812.06772  |ncm|

1.5

Low-mass Drell-Yan
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Probing (nuclear) matter in a novel phase-space with high precision:

@ W=/ Z production: sensitive to quark (n)PDF and heavy flavours

® Low-mass Drell-Yan: precision measurement over wide mass range & differential

in y offer possibility to test O evolution of nPDFs
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® Low-mass Drell-Yan: precision measurement over wide mass range & differential

in y offer possibility to test O evolution of nPDFs

® Vector meson, dijet & open charm prod. in UPCs: gluon densities at low-x
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Vector meson, dijet & open charm prod. in UPCs: gluon densities at low-x

Prompt y production: clean observable to access low-x gluons in p-Pb & Pb-Pb
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[e ] data: R =0.4, piTSO’Ch <1.5GeV/c [+ ]data: R=0.4, EX° < 4.8 +0.0042 x E} GeV
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|
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- ROME =
0.8— ° - —
_ — JETPHOX pQCD at NLO i
0.6— — with PDF unc. (90% CL) _
— BFG Il fragmentation function —
- Run 2 WFEI:]  —— NNPDF30/NNPDF40 —
B ---- EPPS16/CT14 .
04— nCTEQ15/CT14 —
— 1 I 1 | | | I 1 1 | | | | 1 | | | | | | | | | | | | | | | | | | | | | 1 —
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P (GeV/c)
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Gluon Satu ratiOn: L. NNPDF4.0 NNLO Q= 100.0 GeV

«w’ | ALICE-PUBLIC-2023-001
@ Gluon increases with decreasing x (gluon splitting g — gg) * | EurPhys.t.C82 (2022) 5, 428
@ Below saturation scale Q... gluon fusion (gg — g) and A °
splitting (g — gg) in equilibrium .
(x, 0%) ,/ Qg(x) 1>~ . » -
AEAN, _
szat ~ 2 ) X A1/3X A~ @(IGGV) o A Og TK 1
dul DGLAP ;
& JIMWLK ;
BFKL E
-— :
Y

4 R0 oL ," DO ¥ DU ¥ DO "
. £ !5 SISO TR
LT %
% i 7 COOU O TR o N\ DO o
| =] -
=
- TETRI RSO0 & TR tm*m TRV .g;u; s
B ey
a) Ly 5
“%‘t R e DT . .

.
L TR TR~ TR\ O

energy (or smaller x) Saturation
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NNPDF4.0 NNLO Q= 100.0 GeV

. . | ALICE-PUBLIC-2023-001

How can we probe gluon saturation = Eur.Phys.J.C 82 (2022) 5, 428
experimentally in a meaningful way? A

QCD phenomena evolve logarithmically in x and Q?

=
»

v | Wr-ommssssssssssssooos A

— logarithmically large experimental
coverage in x and O’ desirable

theoretical description should be able
to self consistently describe multiple observables in
multiple collision systems

=
»

— multi-messenger approach: measure
multiple probes at various experimental
facilities

Saturation
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Forward p-A collisions:
The ALICE FoCal

EM and DIS measurements

102 TTTT BRRERLL R

T T T T

Q (GeV)

Electron
Injection
Line

Possible \\
On-energy N\

Transverse segmentation
LG cells HG cells < >

] N (:"‘ 1‘;‘(.£x;~r
- ng /|
#ﬂ - i/ Polarized
] Detector 1/ Electron
H_ Location Source
1 HG cell N ) /‘ lons
Possible ' /AW /
R Detector vy /
\ Q ' " \ | Location 4 Electrons
Longitudinal segmentation =~ ~ s (P b) Electron
~ Injector (RCS)
1 o~ ~ ]
- ~ ]
; Q) -
lllll |- IIIIIII | lllllll | lllllll (| IIIllll | IIIIIII L L
-6 -5 -4 -3 -2 -1
10 10 10 10 10 10 1 Poiiis
X lon Source

D
Logarithmically large

coverage in x and

Image Credit: DOE
CERN-LHCC-2020-009, ALICE-PUBLIC-2023-001, CErN-LHCC2024.004  Deep theoretical connection

22  Florian Jonas High-density QCD & QGP physics at the HL-LHC



Inclusive DIS

DIS dijet

Inclusive in p+A

YHjet in p+A

dijet in p+A

xGww

_|_

X GDP

_I._

_l_

+

Multiple processes in

Nucl.Phys.A 1026 (2022) 122447

and forward p-A collisions are
theoretically described using the same dipole/quadrupole
scattering amplitudes!

measurements in e-A DIS and forward p-A collisions

— test universal description of gluon saturated matter

The whole picture (EIC + forward LHC/RHIC) will be

more than the sum of its parts!

Florian Jonas

JETP 30 (1970) 709-717, Phys. Rev. D 8 (1973) 1341,
Nucl. Phys. B 335 (1990) 115

Forward p+A collisions

Phys. Rev. C 59 (1999) 1609, Phys. Rev. D66 (2002)
014021, Phys. Lett. B 503 (2001) 91
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at forward rapidities

mg- 14_I | | | I | | | | | I | | | I ] | | I I | I I | | I | | | | | | | A f t t. f t. - |?
- PP — 1 pb-! FoCal simulation re fragmentation functions universal!
| int INCNLO v1.4
e gpr_lOOnb—l VS =88TeV32<y* <48 ®o.F F S S B
u PDF uncertainties given at 90% CL 2 L § LHCb pp Vs =13TeV :
N °< 0.6EF T pT>0 54 1b =
b I I N
10_ ............................................................................ - T .
i P gt :
i 04F F .
0.8— EE 5
| — 0.3:— —::—+ a
B _ 02F1F A PpSBE X global uncertainty T -
- ALICE-PUBLIC-2023-004 - A ) 16%
0.6 0 S O ete——Z'—bb 3
S nNNPDF3.0 (no LHCb D°) — 0.1F :
B nNNPDF3.0 (with LHCb D°) N | S é — 4'1 — é -
0.4 svs. < 20% for nNNPDF3.0 (with FoCal + no LHCb D°)
— ; >N5 Ge\;/c ® FoCal pseudo data ] aI’XiV:2310.12278 NZ&E:II;S/<NX2]::CII;(S)>NB
B T |
020 | | | | é | | | | 1|O | | | | 1|5 | | | | 2IO | | | | 2|5 | | | | 3' | | | | 3 ’?J 1 .O - I i i | i
p. (GeV/c) < . o ALICE, pp, /s = 5.02 TeV
. _ _ ! 0.8~  *ALICE p-Pb, |5y =5.02Tev T
@ FoCal pseudo-data of nuclear modification factor RpAconstructed using 5% L . Bfacories, e'e’, s=105GeV | -
: _ o | +LEP,e%e, (s=m, , |
input from NLO+nPDF and assumptions on stat. and sys. uncertainties 0.6 | %+ - HERA, ep, DIS N
_ | - HERA, ep, PHP  arXiv: 2405 145¥1
from perf. studies 0.4 ffs[*
_ _ _ . . _ . : .: ﬂ
@ Bayesian re-weighting of NNNPDF30 prediction showcases significant 02 s | L.
reduction of nPDF uncertainties when including FoCal data; [ & BlaEmel

0 + + + =0 *+
comparable to D meson measurement by LHCb D° D" D; A; = Jy D

Prompt photons — no final state and hadronisation effects — universality test of low-x formalism
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Measurement 2: Vector meson photoproduction in UPCs

ALICE
Theory: FoCal performance:

ALICE Simulation, Pb-Pb UPC {s\, = 5.5 TeV, L,,,= 7 nb’
STARIight, JAp and ¢(2S) — e*e

34<y<5.8 oS

p, < 0.2 GeV/c

® Photoproduction cross section of vector mesons (e.g. J/y)
in ultra-peripheral collisions (UPCs) proportional to gluon
density squared at LO

@ Deviation from power-law growth of cross section with

counts per 80 MeV/c?
=

increasing W, expected due to saturation effects

UPC p-Pb \s,, =8.16 TeV, 150 nb! Bjorken-x 1025— o datzlI |
] 1 OII_I2I LI ] ] 1 OII_I3I LI ] ] 1 OI:I4-I LI ] ] 1 OIl_f:-)l LILIL ] ] 1 OI:I6' E : Lrjr/]fp grystal Ba”
103;_ x  NLO BFKL projection _ - ----(2S) Crystal Ball
— [ =« ALICE p-Pb - 10
i + H1 A:éiﬂ‘y: :lllII|IIII|I‘J"’I'I|IIII|"-IIII|I
B v Eﬁggpp (W+ solutions) Q QQQ%%M - 15 2 2:3 3 3:3 4 2
o + 7 S |
é‘ o LHCDb pp (W- solutions) Wﬁﬁ m pair (GeV/C )
I - .
T i FoCal ® FoCal allows to access unprecedented low-x, extending
& AT Acceptance . -
£ 10°F ot : existing measurements to W, =~ 2 TeV (10 GeV) in p-Pb
° ;f*?{ : P
i Zal NLO BFKL I . .
o 0060 : (Pb-p) collisions + Pb-Pb collisions
---CCT
= - : : :
Power-law fit to ALICE data
% et 0 O e O BFKL orofecton - ® Studies with STARIlight + GEANT show successful
] ] ] ] L_1_1 I ] ] ] ] ] L_1_1 I ] ] ] -
30 40 12 21 0P 1° 2210° reconstruction of J/y and w(2S)
arXiv:2211.16107 W, , [GeV]
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Measurement 2: Vector meson photoproduction in UPCs

ALICE

Theory:

® Photoproduction cross section of vector mesons (e.g. J/y)
in ultra-peripheral collisions (UPCs) proportional to gluon

density squared at LO

@ Deviation from power-law growth of cross section with
increasing W, expected due to saturation effects

UPC p-Pb \/s\, =8.16 TeV, 150 nb"

FoCal performance:

ALICE Simulation, Pb-Pb UPC {s\, = 5.5 TeV, L,,,= 7 nb’
STARIight, JAp and ¢ (2S) — e*e

34<y<5.8 oS

p, < 0.2 GeV/c

—h
()
w

counts per 80 MeV/c?
=

—k
o
N

é data
— model

£ » NLO BFKL projection FoCal : .- Jju Crystal Bal
S1.3F = ALICE p-Pb Acceptance - - y(25) Crystal Ball
= arXiv:2211.16107 . 10
:1'2 __ :l ] ] ] ] | ] ] ] ] | I‘J"‘I'I | ] | | | |‘l-| | | | | |
© : 1.5 2 2.5 3 3.5 4
% 11 TN Rt ::*’.'.‘:'s _: m cl pair (GeV/ 02)
S L - : . .
I ¢ ; ® FoCal allows to access unprecedented low-x, extending
0.9F 5 . :
: - existing measurements to W, , =~ 2 TeV (10 GeV) in p-Pb
08F __ sTARIight 5 . - :
. NLO BFKL : (Pb-p) collisions + Pb-Pb collisions
0.7F CGC (IP-Sat, b-CGC) S %
- == CCT I < . . :
0.6F  Power-law fitto ALICE data Y M\: ® Studies with STARIlight + GEANT show successful
[ [l Power-law fit to ALICE data + NLO BFKL ‘pl’OjeCtIOI‘I \
0% o2 e reconstruction of J/y and w(2S)
arXiv:2211.16107 W, , [GeV]
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What are the macroscopic properties of the QGP? Temperature? Viscosity?

QCD phase transition?
Thermal photons, dileptons, quarkonia, flow ..

QGP formation

Initial state

S ——

arXiv:2211.04384
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Overview: Electromagnetic probes (e.g. photons & dileptons)

Hard scattering

0
Hard Scattering

Time 7 (fm/c)

Hadronic Phase

Thermalised QGP
Thermal photons

Pre-equilibrium
Drell-Yan Dipleptons Hadronic decays

Prompt photons Thermal dileptons

EM probes are produced in all stages of the collision

Each phase contains interesting physics!

Main challenge: We measure “all” EM probes and need to distinguish the phases
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Temperature

29

Electromagnetic probes: thermal photons & dileptons

What is the temperature of

LHC

the QGP ?

quark-gluon plasma

Florian Jonas

Critical Point

Hadron gas

Determining the QGP temperature with dileptons

—y
o

[ TTIT

I L | L L I L | L | L L
¢t L,=56nb"

ALI|CE 3 Sltudy
0-10% Pb-Pb, |/s,, = 5.02 TeV
TOF+RICH (40, rej), B=05T
0.2< P < 4 GeV/c,In | <0.8

No bremsstrahlung included
= DCA,, <1.20

—

I IIIIII|

Syst. Uncertainties:

sig. ( 5%) + bkg. (0.02%)

—
<Q

(
4

cT (15%) + LF (10%)

— Fit of the spectrum
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..

£

[ Illllll

S
[ IIIIII|

350 L,,=5.6nb™

300

’>'\400_| LI I L I UL I [ p——y | L | L I l_—l t ] t d l
© | ALICE 3 Study presraee
S i 5 |p7¢ > 4GeV/c]
S | 0-10%Pb-Pb, |5, =502TeV | :

- T evolution

1 ALICE3

o

|ll[l|lllll

2501
i | Accessible |
104 - ALICE3 —= +(also) with-
- - l T ITS3
] A mmee 200" FitRange: 1.1 <m,. < 1.8 GeV/c2 [5,/T ~ 4%
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CERN-LHCC-2022-009

ALICE Upgrades provide:

CERN-LHCC-2022-009

Low pr reach & excellent pointing resolution
Color
superconductor

Baryon Chemical potential
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\

A L l :3 ﬁ =

Electromagnetic probes: thermal photons & dileptons

Probing chiral symmetry restoration with dileptons //

-
o

T TTTTI

ALICE :IB Study | | | | |
0-10% Pb-Pb, |s,, = 5.02 TeV
| TOF+RICH (40, rej), B=05T
02< P < 4 GeV/ce, Inel <0.8
No bremsstrahlung included

DCA,, =1.20

--== yvacuum p SF

L L

Experimental evidence of

— in med. SF w/ x-mixing

® Measurement of spectral

—

T TTTT

— in med. SF w/o x-mixing
¢ L, ,=56nb"
Syst. Uncertainties:

chiral symmetry restoration?

shape p and chiral partner g,

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

| lllllllr | lIIllIII

101k [ sig. (5%) + bkg. (0.02% ] i
. (05 (15%) + LF (10%) is unambiguous way to
h [ ]
= quark-gluon plasma B - measure chiral symmetry
g restoration.
= 0k : — p — a; mixing:
S | Chiral symmet |, LICES 5 hancement of ~15% at 1
'_ lllllllllllllllll? ry rGStOratiOH? = 12 B — ‘I BEE "B !_“ en ancemen O 0 a
2 ' | GeV (exp. unc. ~ 6-8%)|
Critical Point % - ' : ( P 6 8/0 )
S 08F —

1 q2 1.4
mee (GeV/c?)

02

ALICE Upgrades provide:

Hadron gas

Low pr reach & excellent pointing resolution

Color
superconductor

Baryon Chemical potential
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Freeze-out
Hadronisation @ ...~

Initial state QGP formation
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Heavy flavour as a probe for the QGP
o

Charm/beauty quark

-t

0 0.5 S 10 Time ¢ (fm/c)

Initial conditions HQ diffusion in QGP HQ hadronization D meson diffusion

® Heavy flavour quarks are produced early in the collision & allow perturbative
theoretical treatment 021

Collisional

® Sensitivity to: QGP medium properties & mechanisms of medium < HF interactions osst |/ Radiative

® Heavy quarks interact with QGP and loose energy via:

@ Elastic collisions at low p; (collectivity, diffusion etc.) CHARM

@ Inelastic collisions at high p; (main contr. to energy loss) 0 5 10p[:55eV] 20 25 30
M. Djordjevic, PRC74, 064907 (2006)
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Heavy flavour

c/b
® What is the nature of the QGP on a microscopic level?

Insights from heavy quark interaction with QGP constituents
— R, and flow with unprecedented precision = QGP diffusion coefficient & energy loss

— To what degree do heavy quarks of thermalise in the QGP?

Ry A (Run 2 574" 6™+ PoPb (530/404/368 o) - .
et ( : 5 675" oS b) : Collective flow v, RiELL
. B CMSS p " Beauty - ~ 0'35: L
: 1.6 upplementary VB lyl<24 |7 E o ITS2 E
: - Light % (b —)D° : 0.30¢ -
- 145 o (b —) - - o |TS3 w/o deadzones ALTGE -
c - Charm ® =) : 0.25F o ITS3 W/ deadzones -
é . 1.2 - D°+BCMS + 18<lyl<24 . - AN 00
: - HE * lyl<24 . 0 20'_ +.. 1+ 2 Z v, (pr) cos(ng)
: b T andlumi A “UF +" d¢PTdPT "~ prdpr =
2 S 444 0.15F .
~: O o8F i . : : +" :
é : - L }* 0.10F —
E 0.6 mﬁ_’l‘_—x I*—l 4: 0055 A;l_ Run 3 -
. IS 0 ' 0o —
r o 04F T LA SRR , : A} Run 4 <
E - ! Iyl <1 | 0.00¢
~: 020 Cent. 0-100% |3 - TAMU
g E O_ II | | L1 IllII | | L1 lIIlI | | E _0.05:_ DO Ag
m : 1 10 102 : O_ ] ] |2| ] ] |4|- ] ] ] 6' ] ] ] 8| ] ] |1IO| ] |12
" CMS-PAS-FTR-17-002 p-r (GeV/c) CERN-LHCC-2024-003 p_(GeVic)
FEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERSN T
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Heavy flavour

c/b
® What is the nature of the QGP on a microscopic level?

Insights from heavy quark interaction with QGP constituents
— R, and flow with unprecedented precision = QGP diffusion coefficient & energy loss

— To what degree do heavy quarks of thermalise in the QGP?

N Raa (Projection) JENGSeSEigrm ~ 0.35f Collective tlow v, BiziElLE
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16 CMS (pr <50 GoV), O MELITS 030E % o % E
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T e 15} u
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. 0.05F " :
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0.4 o9 0.00F
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.
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Heavy flavour

® What is the nature of the QGP on a microscopic level?
Insights from heavy quark interaction with QGP constituents
— R, and flow with unprecedented precision = QGP diffusion coefficient & energy loss

— To what degree do heavy quarks of thermalise in the QGP?
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Heavy flavour

Novel insights into charm recombination using multi-charm hadrons

® multi-strange baryon yield enhancement in Pb-Pb; first evidence A-/D enhancement — coalescence
© RO I W:H precision studies in charm sector: single charm baryons

® multi-charm baryons — only produced by combination of uncorrelated charm quarks — novel
insights into production mechanism

- Strangeness tracking Multi-charm /single charm ratio
. — A CTTTT]
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Heavy flavour

Novel insights into charm recombination using multi-charm hadrons

® multi-strange baryon yield enhancement in Pb-Pb; first evidence A-/D enhancement — coalescence
© RO I W:H precision studies in charm sector: single charm baryons

® multi-charm baryons — only produced by combination of uncorrelated charm quarks — novel
insights into production mechanism

- Strangeness tracking Multi-charm /single charm ratio
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Jets as a probe for the QGP

Cartoon: Martin Rybar

Parton traverses QGP = Interaction depend on QGP properties

Jets are a multi-scale probe

Long distance Short distance
% %o & & % %
%, A ¢, C€
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Cartoon: Jing Wang

1. What does the parton resolve? Collisional
@QP enerqy lovs
2. What does the medium resolve? medium
= /A i} éert

3. How does the QGP change the probe? ,
X Radiative Propagating parton
enerqy loss

4. How does the probe change the medium?
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Physics: Microscopic QGP properties, extraction of transport coefficient

Jet physics A

g, multi-scale probe for QGP

physics: probing the short distance structure of QGP through scattering of a (multi-scale) hard probe
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Physics: Microscopic QGP properties, extraction of transport coefficient

Jet physics A

g, multi-scale probe for QGP

Jet physics: probing the short distance structure of QGP through scattering of a (multi-scale) hard probe

® ATLAS/CMS/ALICE will quantify jet suppression with unprecedented precision & kinematic reach
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Physics: Microscopic QGP properties, extraction of transport coefficient

Jet physics A

g, multi-scale probe for QGP

Jet physics: probing the short distance structure of QGP through scattering of a (multi-scale) hard probe

® ATLAS/CMS/ALICE will quantify jet suppression with unprecedented precision & kinematic reach

® y/Z-jet corr.: calibrated probe; controlled variation of q/g fraction, path length
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Physics: Microscopic QGP properties, extraction of transport coefficient

Jet physics A

g, multi-scale probe for QGP

Jet physics: probing the short distance structure of QGP through scattering of a (multi-scale) hard probe

® ATLAS/CMS/ALICE will quantify jet suppression with unprecedented precision & kinematic reach
® y/Z-jet corr.: calibrated probe; controlled variation of q/g fraction, path length

® Run 2 results show first indication of medium-induced jet deflection at low-p and large R — HL-LHC allows more

differential studies in pp, R ..
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Physics: Microscopic QGP properties, extraction of transport coefficient

Jet physics A

g, multi-scale probe for QGP

Jet physics: probing the short distance structure of QGP through scattering of a (multi-scale) hard probe

® ATLAS/CMS/ALICE will quantify jet suppression with unprecedented precision & kinematic reach
® y/Z-jet corr.: calibrated probe; controlled variation of q/g fraction, path length

® Run 2 results show first indication of medium-induced jet deflection at low-p and large R — HL-LHC allows more

differential studies in pp, R ..

® Jet substructure: resolving energy loss on the level of parton evolution through the medium
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JETSCAPE Matter

JETSCAPE LBT
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We learned a lot, but precision data provided by HL-LHC (+ theory advancements) are crucial!
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Freeze-out
Hadronisation @ .....7

QGP formation

Initial state

Collectivity of QCD across
system sizes?

Flow in pp, p-A; strangeness
production, energy loss, Time

—_—

thermal radiation

arXiv:2211.04384

42  Florian Jonas High-density QCD & QGP physics at the HL-LHC


https://arxiv.org/abs/2211.04384

QGP in small systems?

Run 1 & Run 2: Full of surprises

1. Long-range correlations observed in high mult. pp collisions and p-Pb collisions

2. Strangeness enhancement observed in pp and p-Pb collisions — smooth as a function of multiplicity

_ Multiplicity distributions <15
< 10"

Do we have QGP in small systems? R
(applying HI modelling in novel regimes?) =
107°F 3
103E \R Pb-Pb 5.5 TeV
Is our understanding/description of pp physics still accurate? 107%F \
(additions to pp modeling?) 107°F p-Pb 5.5 TeV
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Run 3 and beyond: systematic study of “QGP signals” in 10k \pp 14 TeV
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2< Piig < 4 GeV/c

1< P assoc < 2 GeV/c

) N Long range

Phys.Rev.D 87 (2013) 9, 094034

Initial-momentum correlations
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# correlations in p-Pb!

Hydrodynamics

Many scatterings
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® Significant progress in precision measurement of identified

charged particle v, since first observation of “the ridge” in p-
Pb collisions (also multi-particle correlations)

® Theory has room from momentum correlations in initial

state to
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# correlations in p-Pb!

Hydrodynamics

Many scatterings

® Significant progress in precision measurement of identified
charged particle v, since first observation of “the ridge” in p-
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Pb collisions (also multi-particle correlations)

® Theory has room from momentum correlations in initial

state to
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“The ridge” and (multi) anisotropic flow in p-Pb collisions
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® Significant progress in precision measurement of identified
charged particle v, since first observation of “the ridge” in p-
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Initial-momentum correlations Many scatterings

® Theory has room from momentum correlations in initial
state to
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Jet quenching in p-Pb collisions?

® Jets are a key observable in heavy-ion collision; significant jet quenching observed in Pb-Pb collisions

® BUT: so far no jet quenching observed in p-Pb collisions within experimental uncertainties

® Significant increase in p-Pb statistics at HL-LHC — higher sensitivity to energy loss in p-Pb
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Closing thoughts
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https://arxiv.org/abs/2408.08247
https://arxiv.org/abs/2408.08247
https://arxiv.org/pdf/2304.06191

Connections to other fields / Additional perspectives

Neutron stars
Air shower modelling for cosmic rays

arXiv:2203.08129

arXiv:2112.05323

Hadron physics Dark-matter searches

p el Heavy-lon collisions

Nature 588 (2020) 232-238 Nature Phys. 19 (2023) 1, 61-71

Beyond the Standard Model Physics

Black Holes and gravitational radiation
Searches

Phys.Lett.B 853 (2024) 138669 Phys.Lett.B 797 (2019) 134826
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https://arxiv.org/abs/2112.05323
https://inspirehep.net/literature/2731376
https://inspirehep.net/literature/1697838
https://arxiv.org/abs/2203.08129
https://inspirehep.net/literature/2026264
https://inspirehep.net/literature/1797617

Summary oty oty
The HL-LHC & detector upgrades allow for up to 100 times more statistics in Pb-Pb collisions than < Run 3

We have the tools to explore all stages of a heavy-ion collisions, including the QGP ...

.. with unprecedented precision
.. in @ wider phasespace

.. more differentially

.. with entirely new observables

The whole picture painted at the HL-LHC will improve our understanding of QCD
in extreme conditions

i I
Special thanks to the people who helped me with this talk: Thank yOU for your attentlon .
C. Loizides, P. Jacobs, A. Dainese
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CMS MDT Performance Studies

CMS Phase-2 Simulation Preliminary PbPb 7nb” (5.5TeV)
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More details in CMS DP -2021/037
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The ALICE FoCal

® upgrade to the ALICE detector covering very forward [ o

rapidities 3.2 <7 < 5.8 = x ~ 107° Interaction @ 8 _ - @mlc.
Point ~ 7m
® FoCal-E is a highly granular Si-W calorimeter combining CETTTITPRTPEITITIPTITIY [rrere =

two sensor technologies: 18 silicon pad layers (1xlcm?);

two pixel layers (30x30um?)

® FoCal-H uses scint. fibres embedded into Cu tubes
FoCal-E detector

Transverse segmentation e
LG cells HG cells <>
FoCal capabilities allow explorations of gluon : FoCal-H detector
saturation using a multi-messenger approach: e T
® Prompt photon production 5 |
® )/—hadron Correlations Longitudinal segmentation S
® Production of 7¥,7 and vector mesons e
2 R
® Jet measurements (e.g. dijet production)
® Vector meson photoproduction in UPCs bsorber Claver RIS CERN-LHCC-2020-009,
ALICE-PUBLIC-2023-001

ALICE-TDR-022
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® Bayesian re-weighting of nNNPDF30 prediction showcases significant 02  he g
reduction of nPDF uncertainties when including FoCal data; i = g Bl Emel

0 | + | + + =0 *+
comparable to D meson measurement by LHCb D° D" D; A; = Jy D

Prompt photons — no final state and hadronisation effects — universality test of low-x formalism
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0.18 Charmonia PbPb 10 nb™ (5.02 TeV)
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Systematic investigation of in-medium force through spectroscopy of bound states that dissolve/re-generate in QGP

® Charmonia: charm diffusion in QGP & recombination:
— precision studies of J/y suppression and flow; access to rare excited states

® Bottomonia: lower importance of regeneration; access to Y(35) and Bottomonia flow!
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https://cds.cern.ch/record/2803563?ln=en
https://cds.cern.ch/record/2291105
http://arxiv.org/abs/1812.06772

