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The ALICE Collaboration ALICE

42 Countries, 173 Institutes
1946 Members
about 1000 signing authors

Main stages

e 1992: Expression of interest

e 1997: ALICE approval

* 2000 -2007: construction

e 2002 —early 2008: Installation
e 2009 - 2018: physics campaign

2 T 250
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Heavy lon Collisions at the LHC ALICE

 The LHC collides most of the time protons on protons
e Approximately one month of running time is dedicated to heavy-ions each year (primarily Pb ions)

pp

Xe-Xe

® fsvy = 0.9,2.76,5.02,7,8,13 TeV

) fsyy = 5.02,8.16 TeV

(*) collisions energy in Run 1 and 2 (*)\/SNN = 5.44 TeV

) — _
L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 Sny = 2.76, 5.02TeV 4
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QGP: asymptotic state of QCD ALICE

Quark Gluon Plasma (QGP): at extreme temperatures and densities quarks and gluons behave
quasi-free and are not localized to individual hadrons anymore

[PRD 90 094503 (2014)]
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low Q2 cont. (N3LO) e | non-int. limit ..
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ALICE and the Little Bang ALICE
Explore the deconfined phase of QCD matter

LHC Pb-Pb = large energy density (initial € > 15 GeV/fm?3)
& large volume (~5000 fm3)

Initial Hard QGP Hydrodynamic
state collisions  formation . expansion
Time 0 ~05fmc ~10 fmlc
Visualization by J.E. Be;'n‘ha.rd, arXiv:1804.06469
Study the time evolution of the collision [« Light flavour (including light-nuclei) production
* Heavy flavour production
* Initial stage * Parton interactions e Quarkonia
* Macroscopic propertles . Expanspn dynamics » . Photons, low-mass dileptons
* Colour deconfinement * Hadronic phase . Jots
e Ultra Peripheral Collisions

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 6
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The ALICE detector (version 1: Run 1 + Run 2) ALICE

Central Barrel || < 0.9 2
* Tracking

 PID
 EM-Calorimeters

ITS

EMCAI

TOF
TRD ¢

- HMPID
k‘\*\

ACORDE (cosmics) T

Forward detectors: = y- +
 AD (diffraction selection) =, .

* VO (trigger, centrality) EMCAI + PHOS
VO (timing, luminosity) Muon Spectrometer

ZDC (centrality, ev. sel.) -4<n<-25
FMD (N,) ‘, t
PMD (N7, Nch)
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ALICE data taking and publications ALICE
Run1(2009-2013) LS1 Run2(2015-2018) LS2) Run3(2022-2024) LS3  Run4 (2027 —2029)
- - >
) ALICE | > ) ALICE 2 >

System Year(s) Vsyn (TeV) L. 352 ALICE papers on arXiv so far
2010, 2011 2.76 ~75 ubt ,
P b _ P b 1 352 papers submitted
2015, 2018 5.02 ~800 ub _
Xe-Xe 2017 5.44 ~0.3 ub?
Pb 2013 5.02 ~15 nb?
P 2016 5.02,8.16 ~3 nbL ~25 nbl
2009-2013 0.9, 2.76, ~200 mb1, ~100 nb?
7,8 ~1.5 pb?t, ~2.5 pb!
i 2015’ 2017 202 713 pb_l °- S = & 2 IS Q Q S 2 2 $ & §
2015-2018 13 ~36 pb! i & & & & & & & §& § & & &
Run 1 Run 2 http://alice-publications.web.cern.ch/submitted
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ALICE plans for Run 3 and 4 ALICE

Long-term LHC schedule

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
J|FIMAM|]|]|A|S|O|N|D{]|FIMIAIM|J|J|A|S|ON|D{J |F|M|AIM|] |] |A|S|O|N|D{] [FIMA|M|J{J]A|S|ON|D{J |F|M|AIM|] ] |A[S|O|N|DyJ [FIMIA[M|J|J|A|S|OIN|D|J |F|MIAIM|] |J |A|S|OIN|D ] [FIM|A[M| ]| J |A|S|O|N|D{J | FIMIAM|J | |A|S|OINIDy [ |F|MIAIM|] ] |A[S|O|N|D}J [FIMIA[M|J | J |A|S|OIN|D{J |FMIAIM|] |J |A|S|OIN|D ] [FIMIA[M|J | J |A|S|ON|D{J |FIMIAIM| ] | |A|S|OIN|DY
Long ShutdownZ(LSZ)] \ Run3 | Long Shutdown 3 (LS3) \ Run 4 | LS4
(T \ | R }
Run 1+ Run 2 Y
Lint(Pb — Pb) =~ 1nb~! Lint(Pb— Pb) ~ 13 nb~!

Run 3 luminosity targets

Pb-Pb (13 nbl): x 10 increase wrt Run 1 + Run2 (max interaction rate 50 kHz)
= ALICE continous detector readout (no trigger) and recording

= X 50 increase in statistics for most observables (minimum-bias rate limited to 1 kHz in Runs 1 and 2)

not only Pb-Pb, but also pp (200/pb), p-Pb (~0.6/pb) and O-O (~1/nb)

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 9
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ALICE Detector Version 2.0 (Upgrades for Run 3 and 4) :

LLLLLLLLLL

Upgrade of the Upgrade of the Upgrade of the

ALICE Experiment Inner Tracking System ALICE Experiment

ddendumto the Letter of Intent

The Muon Forward Tracker

,} @,&

SEP 2013

DEC 2012

Upgrade of the
Inner Tracking System

Upgrade of the
Readout & Trigger System

P

3 w

>

Upgrade of the
Time Projection Chamber

DEC 2013
L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

NOV 2013 MAR 2014

ALICE

- From Lol to last TDR: 2013 — 2015 vV
- Construction: 2016 — 2019 Vv
- Installation: 2020 — 2021 Vv

- Global commissioning: ongoing

RRRRR

Upgrade of the

Muon Forward Tracker , , ;
__Online - Offline computing system
N

NOV 2015

MAY 2015
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ALICE Detector Version 2.0 (Upgrades for Runs 3 and 4) H:LICE

Runs 1 and 2: 1 nb! of Pb-Pb collisions
Interaction rate ~8 kHz

o ITS | Inner Tracking System

o TPC | Time Projection Chamber

readout rate = 1 kHz

9 TRD | Transition Radiation Detector

5
o TOF | Time Of Flight

= /
l[/“““lijf e ’ » Ty o EMCal | Electromagnetic Calorimeter
./'//‘ QX / 7,,—"'/7 1] »

e PHOS / CPV | Photon Spectrometer

e

LS2 upgrade

« New TPC R/O planes

* New silicon tracker (ITS & MFT)

* New Fast Interaction Trigger (FIT)
* New Online/Offline system (02)
* Upgrade readout of all other detectors

{

0 HMPID | High Momentum Particle

Identification Detector

e MFTl Muon Forward Tracker
e FIT | Fast Interaction Trigger
@ Muon Spectrometer

m ZDC | Zero Degree Calorimeter

\
: — | Run 3+Run 4: 13 nb'! of Pb-Pb collisions
> Improve tracking x50 statistics increase =  readout rate = 50 kHz (Pb-Pb), = 1 MHz (pp)
resolution at low p, for most observables online reconstruction : all events to storage!

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 11
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ALICE Detector Version 2.0 (Upgrades for Run 3+) ALICE

GEM-based TPC readout Monol|th|c pixel - ITS2

'l ¢

5

Upgrade of R/O for EMCal, PHOS,
TRD, HMPID, ZzDC

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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TPC Upgrade for continuous readout ALTGE
Goal: TPC continuous readout (= no gating grid) Solution: Replace MWPC with 4-GEMs

100 m? single-mask foils GEM production

Read Out Chamber

= GEM provides ion backflow suppression to < 1%

= 524 000 pads readout continuously = 3.4 TByte/sec

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 13
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New Inner Tracking System and Muon Froward Tracker %

Based on MAPS technology (ALPIDE)

10 m? active silicon area
* 12.5 G-pixels
* 50 um thin sensor

e Spatial resolution ~5um

* Max particle rate ~ 100 MHz /cm?

J

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

ALICE

Inner Tracking System upgrade (ITS2)

* Closer to the IP: first layer at 22 mm
* Smaller pixels: 28 x 29 pm?
* Lower material budget: 0.35% X,

= improved pointing resolution (x 3)

= Improved tracking efficieny at low p;

New Muon Forward Tracker (MFT)

* New forward vertex detector upstream muon
absorber

= improved muon pointing resolution

14
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[ ]
Perspectives: upgrades for Run 4 ALIGE
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
DJ|FIMAM]|J|A|S|ON|D|J[FIMAM[]|JA|S|ON|D| ] |[FIMAM[]|JAIS|ONIDY

J|FIMIAM J|J|A|S|ON|D{J |F|MIAIMJ | |A|S|OIN|D{J |FIMAMJ | |A|S|O|N|D|J|FIMAM[J|J |A[S|OINIDJJ[FIMAM[J|J |A|S|OIN|DJ I |[FIMAMJ|J |A[S|OIN|DY ) |FIMAM| | J |A[S|OIN|D) ] |[FIMIAIM| |J |AIS|OIN|D)J [FIMIAIMIJ [ J |AIS|OND] | [F|MIAIM|J | J |A|S|O|N|D{ J [F|IMIAIM|J | J |A|S|OIN

Long Shutdown 2 (LS2) Run3 Long Shutdown 3 (LS3) Rund | Ls4
NRRRRRRRRRRRRRRARENE

Cylindrical |
Structural Shell

Half Barrels

<
W
&

FoCal: forward EM calo with Si readout

ITS3: ultra-thin, truly cylindrical layers
for isolated y measurementin 3.4 <n < 5.8 in p-Pb

improvement in the measurement of low pr charm
and beauty hadrons and low-mass dielectrons Lol ALICE-PUBLIC-2019-005

Lol: CERN-LHCC-2019-018

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 15
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ALICE in Runs 3-4: Main Physics Goals ALICE

QGP radiation

= Thermal di-leptons, photons Vertexing
Heavy-quarks interaction in the QGP Low pr
= Thermalization and diffusion coefficient of heavy quarks Hadron/e/p ID

(Raa, collective flow, baryon-to-meson ratio)

High rate

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 16
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ALICE in Runs 3-4: Main Physics Goals ALICE

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 17
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Thermal radiation — direct photons ALTGE

Direct photons carry information on the medium’s temeprature space-time evolution

4 )
Prompt photons (p; > 5 GeV/c) direct photons
e described by NLO pQCD
~ Prompt direct e Test initial conditions: N scaling, PDF modification
photons
Thermal photons (p; < 3 GeV/c)
* Influenced by flow evolution
3 _Thermal direct e Spectrum, collective flow (comparison to hydrodynamic models)
photons — ~ )
3 Decay photons
®
e Large background from neutral meson decays (%, 1, o, ...)

- : | /Decay Jet-medium interaction
A, photons * Scattering of hard partons with thermalized partons

v detection in ALICE
v * Photon conversion in detector material X/Xy=(11.4 + 0.5)%
* Calorimetry : PHOS and EMCal

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 18
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(B

Thermal radiation — direct photons

ALICE
Direct photons carry information on the medium’s temeprature space-time evolution
PLB 754 (2016) 235 N
;%‘ SR Prompt photons (p; > 5 GeV/c) direct photons
E 108 EQ-Lzlg; Pb-Pb |5, = 2.76 TeV 3 * described by NLO pQCD
> — Aexplp T E « Test initial conditions: N scaling, PDF modification
Zj 'g.._ - T.=304 £+ 1159 + 40¥° MeV -
% O 1 (o] PHENIX -
S 0-20% AU-AU {Sy = 02 TeV 7 Thermal photons (p; < 3 GeV/c)
,.f’ i _‘;;Xf(z‘gg/lgés,atﬂSySMeV 1 * Influenced by flow evolution
« 10 E * Spectrum, collective flow (comparison to hydrodynamic models)
. J
102 = L E Decay photons
E@ e Large background from neutral meson decays (%, 1, o, ...)
103 [ o ] L] -
e Jet-medium interaction
i * Scattering of hard partons with thermalized partons
1074 =
- | ]
A | | | | 5 v detection in ALICE
%% 1 2 3 p. (GeVic) * Photon conversion in detector material X/Xy=(11.4 + 0.5)%
! * Calorimetry : PHOS and EMCal
19
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Direct photons in Run 1 ALICE

PLB 754 (2016) 235 PLB 789 (2019) 308-322
ogo%Pbpbr 276Tev T ] >—>N e e L I L L A I L B - = L L L
© = RLG pQCD PDF: CTESMS FF: GRV ] 05 20%EL-PO |Sw =276 TeV — > 05 20-40% Pb-Pb, |5, = 2.76 TeV -
- — : : — - Y, dir .

15— EJETPFI)-IOX PDF: CT10, FF: BFG2 _ B E] dec , ALICE ] - E vl 9" ALICE -
L JETPHOX nPDF: EPS09, FF: BFG2 i B i i ] - dec , , .
- (all scaled by N, ﬂb"il"ii 1 B N  ALICE simulation ] - , ALICE simulation -
i o) ] 0.4 Y , hydro, Paquet et al. — 0.4 V 4 hydro, Paquet et al. _
10— e — B - VZ ar , hydro, Chatterjee et al. i B - VZ dir , hydro, Chatterjee et al. 7
T | } ‘ | - : """ 7 dir PHSD L|nnyk et a/ : : ..... VZ dir PHSD, |_|nnyk et a/_ :
| 20-40% Pb-Pb |,, = 2.76 TeV | ] 0.3 Boxes indicate total uncertainties — 03 Boxes indicate total uncertainties ]
| e ALICE ] - . N ]
| — NLO pQCD PDF: CTEQ6MS FF: GRV ] - . B - B ]
1.5— £ JETPHOX PDF: CT10, FF: BFG2 ] - ] B 1
~ "L JETPHOX nPDF: EPS09, FF: BFG2 ] - ] B - .
c (all scaled by N, . 0.2— — 0.2 + + +ﬁ + —
- ] - g - e * :
10— - - P e e e - B i - + 8
n \ } I 0-1j ] 0.1— —* ] —
: 40-80% Pb-Pb S = 276 TeV 7 B + i B + i
| +ALICE ] B ] [ eeefrresenass IS i
| — NLO pQCD PDF: CTEQBMS FF: GRV ] - A L . - A I N Bttt L Tt Loede ]

1.5— =) JETPHOX PDF: CT10, FF: BFG2 ] 0 | . o ]
L JETPHOX nPDF: EPS09, FF: BFG2 4 - i B ‘ ]
r (all scaled by N_) N o B - i
r : el e S s i b oo b b b P b e T T Ll “ L
Lo 7] 0 1 2 3 4 5 6 7 0 1 2 3 4 5 7
C N ] p- (GeV/c) (GeV/c)

1 10 T
P, (GeV/c)
Ry = Ny inc/ N dec
Consistent with thermal radiation LHC results consistent with RHIC, but uncertainties are very large

Tsiope = 304 £ 40 MeV . o )
Run 3 data should clarify if also at the LHC there is a “photon puzzle

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 20
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Direct photons — projections for Run 3

Main objective for Run 3: reduction of systematic uncertainties

e x 100 statistics
* Dbetter calibration of the detector material thickness

Run 3+4
E? 1_3; ALICE Upgrade projection é
3, 4 0-20% Pb-Pb Sensitive to E
<k o meswros - thermal component.
= 1.4— [ JeTPHOX nnn i
= F (o] ]
= 12 o el =
“F e reTererereeioei®le ]
08— ‘ ; 1
<. 1.8~ 20-40% Pb-Pb -
= 16— 3
QEQ 1.4— -
£ F s s
1.2 nnun —]
= s [eTeeie/oe®le]s E
= =
__ 08— } N
<. 18 40-80% Pb-Pb E
= 16 =
0501.4} -
‘;1 of al
T oo e
: E
08—, | .

-

1
p, (Ge?//c)

—

Run 3+4

T T T°T ‘ T T ‘ T T T 1T ‘ T 1T ‘ T T | T 1T 1]
o5 ALICE Upgrade projection ]
© 20-40% Pb-Pb, \s,,=2.76 TeV, L_=3.1nb" ]
0.4— e v;% Run3+4 projections |
B vy dec ALICE simulations 7
B vy 4 hydro, Paquet et al. ]
0.3~ vy 4 hydro, Chatterjee et al. ]
- -- vy PHSD, Linnik atal. -
0.2 HH H H H .
B ® H @ H H ]
0.1 @ g .
A H ............ -
:\ L1 | ‘ L1 1 | ‘ 111 | ‘ L1 11 ‘ L1 11 ‘ I | L1 | \:

0

1 2

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

3 4 5 6
P, (GeV/c)

stat. error: = 10
syst. error: +~ ~2

ALICE

tungsten wire to calibrate
detector material thickness
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Thermal radiation: dileptons

MADAI Collaboration

Initial state

0.1 fm/c

Precise measurement of low-mass

Pre-equilibruim QGP and expansion Hadroﬁzanbn Hadfoﬁiofﬁhél:c{é"an_d?feézé—out

dielectron continuum

M., slope - QGP temperature Expected performance in RUN4

"I- T T T T | T T T T | T T T T | T T T T | T T T T
O 1 - ALICE U . . — - L e L I B B
g rade Simulation E o~ 7 . . |
A - P9 ] % 1E ALICE Upgrade Simulation E
> " Pb-Pb \5,,=55Tev —— Rapp p (broad) ] S - 3
(0] _ 0-10%, L. =3 nb" Rapp QGP 7 d) - Pb-Pbys, =55TeV —— Rapp p(broad) .
- | 1s3. B _'"B 0T —— light-hadron decays w/o p | (0] _ 0-10%, L,, =3 nb" Rapp QGP i
>q10- 1 e ——— ¢cCc —e'e - Z ITS3, B=0.2T —— Rapp Sum
-010 - |77|<08 ‘ ’ = >“10_17* ’ - _ —
8 5 e 0.2 GeV/e —— Smeasured _ 3 'co & |,7e| <0.8 —&— ‘meas.’ - cc - cockt. 3
= Te EZEE] Syst. uncert. sig.+ bkg. E‘” P, >0.2GeV/c B Syst. uncert. sig. + bkg.
;-E Sum . K ’ % Syst. uncert. cc + cocktail |
© ) ] H
€10 5 S 10-2 -
2 3 =10 3
© ] % ]
5T 1 5 i
S10°k E -3
A : E =10 E
} ] F ]
i i ] ]
1045 - 107 .
| 1 1 1 1 i I 1 1 1 1 | | | ‘ | | | <] bk +
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2 5
M., (GeV/c?) M., (GeV/c?)

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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Thermal radiation: dileptons
ALICE

Improvements with ITS3
* better charm rejection (vertexing)
* reduced contribution from conversion (low material budget)

51.5¢ . < 400
~ ALICE Upgrade Simulation - ) C Fireball average temperature
~1.45 Bb.Pb ., = 350 o %)
= F -Pb sy =5.5TeV,0-10% = - ®NAB0 -©-ALICE ITS3- 3 nb™ (simulation, stat. only)
130 —— L, =3nb", B=02T = ~ - = HADES - CBM (simulation)
- 1.1 < M, (GeV/c?) < 2.0- 300
1.2 yst. err. sig. + bkg. - = NABO+ (simulation)
1 1i % Syst- err. cc + cocktail E 250 :— Model (Rapp et al)
1 : 200F
0.9- - 150F- - .
0.8 - = E Hadronisation temperature
- . 100 - Lattice QCD
0.7 — - PLB 795 (2019) 15
- . 50 . SHM fit to experiment
0.6 E - Nature 561 (2018) 7723
N n _ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 | |
0.5 0
ITS2 ITS3 1 10 10° 10° 10*

VSuy (GeV)
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ALICE in Runs 3-4: Main Physics Goals ALICE

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 24
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Heavy-quark interaction wiht the QGP

charm and beauty quarks interact strongly with the QGP

at low pr may thermalize and participate in the collective expansion

2.2
T 5
1.8
1.6
1.4
1.2
1

0.8/t

0.6
0.4
0.2
0

ﬁf
i

ALICE Preliminary
Pb-Pb, |5, = 5.02 TeV
Average D°, D*, D*', lyl<0.5

¢+ 0-10%
30-50%
e 60-80% JHEP 10 (2018) 174

-

Y,

> —I——
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p_ (GeV/c)

0.3

0.2

0.1

it
i
]
|y
G

r
ar

T ]
ALICE

30-50%

S
&

L

g
Y
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T 1T T
Pb-Pb |5, =5.02 TeV _

& 1t lyl < 0.5

e Prompt D, lyl < 0.8 .

e Inclusive J/y,25<y <4

e Inclusive J/y, lyl < 0.9 .
b—->e lyl<0.8

mY(1S) 5-60%,2.5<y <4

v

;

6

& 10 12 14 16 18
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RAA

1.6

1.4

1.2

0.8l

o
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©
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o
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o\\\

(B

ALICE

ALICE Preliminary

Non-prompt D°
Pb-Pb, Sy = 5.02 TeV |
0-10%, lyl<0.5

« Non-prompt D°
= Prompt D°

non-prompt D’
prompt D°

===
————

40 0
pT(GeV/c%

High-precision data needed to get more insight on the microscopic mechanisms of heavy-
flavour interaction and diffusion in the QGP

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021
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Heavy-flavour: nuclear modification factor and collective flow ALTGE

Determining the transport coefficients of the QGP

R e e L RN
o', g ALICE Upgrade Simulation

0-10% Pb-Pb, \s=5.5 TeV, L,, = 10 nb™

Precise measurements of R,, provide insights on

momentum dependence of heavy quark energy loss
1.6

1.4

1.2F4
1

0.8

III=|=H_.:I=!|III

Prompt D°— Kn*
A D from B

+ B*— Dr*

* low p;: sensitive to elastic energy loss and
recombination with light quarks

|I|i*—_hll

v Jy(— e'e) from B (mid rapidity)

s I W) from B (2.5<y<3.6) * high p;: sensitive to radiative energy loss

\g-h_lllllllllI|III|III|III|III|III|III|III_
(@]

O'G:ﬁg 3 qur = mass and flavour dependence of energy loss
0.4 e —E—H
0 2E &iii:a:ii_g_
00: 5| L '1|0' L .1|5. L '2|0' L '2'5' = '3'0' = '3'5' ' small parton mass  large parton mass
p. (GeV/ -

charm hadrons and beauty hadrons can be
clearly separated in a wide kinematic range

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 26
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Heavy-flavour: collective flow ALTGE

Thermalization, coalescence hadronization, energy loss
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Precise measurements of flow v2 (and R,,) = insights on interaction of HQ with medium
* low p;: HQ expected to take positive v2 from interaction with LQ and coalescence at hadronization
* high p: sensitive to the path-length dependence of energy loss
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[ ]

Heavy-flavour: collective flow ALICE

Thermalization, coalescence hadronization, energy loss
V, with Event Shape Engineering
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Precise measurements of flow v2 (and R,,) = insights on interaction of HQ with medium
* low p;: HQ expected to take positive v2 from interaction with LQ and coalescence at hadronization
* high p: sensitive to the path-length dependence of energy loss
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Heavy-quark hadronization in the QGP

At /DO - first look in Run 2
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A./DP for p; > 4GeV/c described by model with

charm hadronization via fragmentation + coalescence
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ALICE

A% in Run 3 and 4
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Improved tracking precision of new ITS
(and ITS 3 in Run 4) will enable precise
measurements for charm baryons ...
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Heavy-quark hadronization in the QGP

At /DO - first look in Run 2
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charm hadronization via fragmentation + coalescence
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Improved tracking precision of new ITS
(and ITS 3 in Run 4) will enable precise
measurements for charm baryons and

access to beauty baryons
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Strange heavy-flavour hadrons

B meson

Study beauty-quark hadronization mechanism
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B production expected to be enhanced

Hadronization of beauty quarks via recombination + enhanced strange-quark production in the QGP
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Strange heavy-flavour hadrons
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sensitive to beauty-quark hadronization
and strangeness enhancement

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021

sensitivity to discriminate azimuthal anisotopy for
prompt and non-prompt DY (charm vs. beauty)
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Strange heavy-flavour baryons ALICE

=% natural candidate to see the combined effect of charm baryon enhancment and the further
enhancement in a stangeness-rich QGP
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Determining transport coefficients

Measuring Ry, and v, to determine transport coefficients

Current state

Using Run 3-4 data

ALICE

arXiv:1812.06772, section 5.4.3

LO pQCD a,=0.4
Fragmentation [SZZ87Z571
Coalescence+Fragmentation 222272337

1QCD [Banerejee et al.]

1QCD [Kaczamarek(2014)]
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Pinning down hadronization mechanisms is also crucial to measure QGP diffusion coefficient

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021

34



A Large lon Collider Experiment %%

ALICE in Runs 3-4: Main Physics Goals ALICE

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 35
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Quarkonium interaction with the hot medium

ALICE
J/y dissociation and (re)generation at the LHC
charm cross-section
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Quarkonium interaction with the hot medium %

J/y dissociation and (re)generation at the LHC
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L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

ALICE
Significant elliptic flow of heavy-flavour
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Quarkonium interaction with the hot medium

J/y elliptic flow
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Transport model underestimate data for pr > 5 Gev/c

= |mportant to separate prompt and non-prompt J/{
and consider path-dependent energy loss

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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RAA

. . T 1¢r)
Suppressmn of bottomonium I i poon ALICE
Varying the binding energy: w(2S) < Y(2S) < J/w < Y(1S) i
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Centrality dependence consistent with progressive suppression in a hotter and longer-lived medium

Y (2S) suppression stronger wrt Y(1S) consistent with lower binding energy

Recombination effects small
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Suppression of bottomonium
Raa Of Y(1S) and Y(2s)
Run 2
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Hint of a decrease of the RAA at large
rapidity not described by models

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

Run3and 4
<12 1
e ALICE Upgrade Projections, 10 nb
Pb-Pb 0-90% |5 = 5.02 TeV
1_ ...................................................................................................................................................
° Y(1S)—u'u
s °  Y(2S)— u'n
0.8[- s Y(1S) Hydrodynamical Model (KSU)
e Y (2S) Hydrodynamical Model (KSU)
0.6
- i [y I
04F T T e — -
:“_”_“_“_”____‘__”_“_,,_,,_.._.IZ-I ----- Led.- o] =
0.2:._“_”_“_”_“_“ ”_.._”_.__,,_,,_.._,._.._--—------""""—:
R e
O- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2 2.5 3 3.5 4 4.5

y

Better test of rapidity dependence
predicted by hydrodynamic model
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Quarkonium interaction with the medium ALICE
Elliptic flow of Y(1S)
A first look in Run 2 Projections for Run 3 and 4
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Uncertainties too large to unravel a small v, Experimental precision may not be enough
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ALICE in Run 3-4: main physics goals ALICE

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 42



A Large lon Collider Experiment

High-rate pp programme: high-multiplicity ALICE-PUBLIC-2020-005

Is QGP formed in pp or p-Pb collisions?
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SR O 4n2l
10°%F Pb-Pb 5.5 TeV ‘;’102 “Central Pb-Pb_
107°E -
el p-Pb 5.5 TeV ]
10‘GE \ -
107 10F
_8F -
18—9€ pp 14 TeV :
10710k A :
10—115 Al A Qﬁ %" pp p-Pb Pb-Pb
2f 7|9 ; o — — —IP Glasma
10 - o[~ | = |3 1= ---  ---Glauber MC
1007 B 2 S T T N T B B AR B B
0O 50 100 150 200 250 300 350 400 0 20 40 60 80 100
N, (il < 1.5) dN_ /dy

ALICE

pp data sample of 200 pb!: access to multiplicities ~15x the average, similar to Pb-Pb 65% centrality,

and estimated energy density similar to central Pb-Pb

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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High-rate pp programme: strangeness
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e Multistrange baryon (/pion) increase within pp: a major finding and surprise

* Need much higher reach/statistics to understand the underlying physics
* Extend QQ/p measurment in pp well within Pb-Pb multiplicity range

* Multi-differential measurement of Q/p in jets and “underlaying event”

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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Why flow? No energy loss?
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* Is pp flow driven by hydrodynamic expansion?

* Use 4-particle cumulants to measure flow (v,) of
identified hadrons in pp at multiplicities for which
mass ordering is seen in Pb-Pb

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021
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Semi-inclusive hadron-jet correlations
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If a QGP is formed, would we see energy loss?
Energy loss not observed to date in pp and p-Pb!

Strong extension of current limits with future high
multiplicity samples

pp and p-Pb complementary: independently vary
energy density and system size
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ALICE in Run 3-4: main physics goals ALICE

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 46



A Large lon Collider Experiment

Strong interaction between hadrons
ALICE measurements on topic

" Phys. Rev. C 99 (2019) 024001
Phys. Lett. B 797 (2019) 134822
Phys. Rev. Lett. 123 (2019) 112002
Phys. Rev. Lett. 124 (2020) 092301
Phys. Letters B 805 (2020) 135419
Phys. Lett. B 811 (2020) 135849
Nature 588 (2020) 232-238
arXiv:2104.04427
arXiv: 2105.05578
arXiv:2105.05683
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Strong interaction among any pair of hadrons from
momentum correlations at femtometer distances

o First assessment for p-=~and p-Q~

o Accessible even for (2-QQ in Run 3

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

N w » (¢,
ollllllllllll L L L e e

—_

IIIIIlIIIIIIlIIIIlIIIIlIIII[I
=

“Unveiling the strong interaction among stable and unstable”
Nature 588 (2020) 232-238
T 1 T T T 0
8l ALICE data P-Z" 1
3 - Coulomb -
Coulomb + p—-Z~ HAL QCD .
Coulomb + p—Q~ HAL QCD elastic .
I Coulomb + p-@~ HAL QCD elastic + inelastic -
[ -0-1 ]
p-E: r=1.02 + 0.05 fm .
p-Q: r=0.95 £ 0.06 fm i
| | I:
I | H
p- ]
1 =
12 1 3
E t%_ﬂ_f-@—] E—g—:l i Ej_]- E
c 1 = S 3
c.}J 0.8 . 1 3
100 200 =
£ k* (MeVic) =
1 I H
00 200 300
k* (MeVic)
47



A Large lon Collider Experiment

Strong interaction between hadrons

ALICE measurements on topic

Phys. Rev. C 99 (2019) 024001 p-p, p-A, A—A (pp)
Phys. Lett. B 797 (2019) 134822 A—A (p-Pb)
Phys. Rev. Lett. 123 (2019) 112002 p-Z~ (p-Pb)
Phys. Rev. Lett. 124 (2020) 092301 p-K (pp)
Phys. Letters B 805 (2020) 135419 p-Z (pp)
Phys. Lett. B 811 (2020) 135849 source size in pp
Nature 588 (2020) 232-238 p-Q2 (pp)
arXiv:2104.04427 NA —NZ (pp)
arXiv: 2105.05578 p-¢ (pp)
arXiv:2105.05683 K-p (Pb-Pb)

- arXiv:2105.05190 p-/p, p-/A, A—/A (pp)

Strong interaction among any pair of hadrons from
momentum correlations at femtometer distances

o First assessment for p-=~and p-Q~

o Accessible even for Q—Q~in Run 3

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021

C(k*)

2.5

ALICE
ALICE-PUBLIC-2020-005

[ T T T | T T T T | T | —
- ALICE Upgrade projection .
— pp Vs = 14 TeV, Q trigger -
X Liny = 200 pb” ]
— ¢ 00 ~
- Coulomb + HAL QCD t/a=16 g
- —— Coulomb + HAL QCD t/a=17 -
N —— Coulomb + HAL QCD t/a=18 ]
B — Coulomb i
| —
] 1 1 I 1 1 ]

200

k* (MeV/c)

48



A Large lon Collider Experiment

ALICE in Run 3-4: main physics goals

QGP radiation
= Thermal di-leptons, photons

Heavy-quarks interaction in the QGP
= Thermalization and diffusion coefficient of heavy quarks
(Raa, collective flow, baryon-to-meson ratio)

Quarkonium melting and regeneration in the QGP
= Charmonia down to zero p;

Emergence of QCD collectivity from pp to AA
= Origin of collectivity, search for QGP signals (E-loss, radiation)

Nuclear and hadronic physics
= High-precision measurements of light, hyper-nuclei, and hadron-hadron strong interaction

and much more
= e.g. fluctuation of conserved charges, vorticity and polarization, CME, jet internal structure, UPC, nPDF, ...

L. Musa (CERN) — ALICE Programme for Run 3 and beyond, 14 September 2021 49




ALICE 3: a new dedicated heavy-ion detector for Run 5+ (> 2030) HL:ICE

Novel measurements of electromagnetic and hadronic probes of the QGP at very low momenta

= mechanism of hadron formation in the QGP, QGP transport properties, QGP electrical conductivity, QGP
radiation and access to the pre-hydrodynamization phase, Chiral Symmetry restoration, ...

Cryostat with RICH TOF
solenoid and dipoles

Expression of Interest arXiv:1902.01211

Also submitted as input to the European Strategy
for Particle Physics Update (Granada, May 2019)

Timeline

Conceptual studies ongoing 2019-2021

Public workshop in October 2021
Submit a Lol to the LHCC by 2021

] chambers Construction and installation by LS4

absorber

¢— Run 3—— ¢— Run4 —+ [54 &—— Run$5

A 1l 1 T~
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Conclusions ALICE

A wealth of results based on full Run 2 samples offered
* detailed insights into QGP properties
e advances in high-density QCD

Run 3 and 4
* Tenfold increase of statistics and strong enhancement of vertexing and tracking at low p;
= more precision on QGP global properties
= gain better insight into the QGP microscopic properties and dynamics

= gain insight into HI-like phenomena observed in small systems?

Plans for next generation dedicated HI detecor for Run 5 and beyond (ALICE v. 3.0)
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