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ALICE and LHC program time line

2024

f ALICE 2

Today

2032

 ALICE installed major upgrades for Run 3
 50-100x larger data rate, better pointing resolution
e commissioning ongoing; start of beams imminent
* first heavy ion run: end of 2022

* Additional upgrades planned for Run 4
e |TS 3: replace inner tracking layers and beam pipe

e Forward Calorimeter
e ... and beyond: ALICE 3

2033 |, 2034 |, 2035

ALICE 3

ITS 3
Inner tracker upgrade




ALICE upgrades in Long Shutdown 2

New ITS and MFT

TPC GEM readout
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FuII plxel detector
Improved spatial resolution

Fast Interactlon Trlgger
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Run 3/4: collect 13 nb-1 Pb-Pb: 50x more minimum bias data; 10x more triggered data



Future upgrades: ITS 3 and FoCal

ITS 3: ultra-light, fully cylindrical tracking layers FoCal: high-granularity foward calorimeter
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- High-granularity Si-W EM calorimeter for

Lol: CERN-LHCC-2019-018
photons and 10
Improved performance for - Small-x physics in pp and p-Pb
- Heavy flavour reconstruction . Forward 0 in Pb-Pb

- Di-lepton measurements


https://inspirehep.net/literature/1805025
https://cds.cern.ch/record/2703140?ln=en

LHC Run 5 and 6: ALICE 3

 Compact all-silicon tracker

with high-resolution vertex detector Superconducting R|cH
magnet system

TOF

» Particle Identification over large
acceptance: muons, electrons, hadrons,
photons

* Fast read-out and online processing
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https://cds.cern.ch/record/2803563

Heavy ion collisions: Little Bangs

Time:0.08 MADA

X

MADALUS

Stages of the collision: initial stages — QGP/fluid stage — hadron formation (freeze out)

‘Little Bang’: recreate primordial matter in the laboratory


https://madai-public.cs.unc.edu/visualization/heavy-ion-collisions/

Azimuthal anisotropy: initial and final states

t=6.0fm
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Pressure gradients: expansion of the QGP
Initial state spatial anisotropies €,: non-uniform expansion
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Azimuthal anisotropy: initial and final states

t=0.4fm
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Initial state spatial anisotropies €, are transferred into
final state momentum anisotropies vj
by pressure gradients, flow of the Quark Gluon Plasma

Azimuthal distribution single event
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Anisotropic flow:

Elliptic flow v-

| ALICE Pb—Pb |5 =5.02Tev @z
- ly| < 0.5, 10-20% o K"
i * P+P
i fof ® O ° (I)O
B L - /TSK
- =4 P50 g o N+
i ogi”“%ﬁ{% %¢¢
= | ° {
7 w1
s JHEP9 (2018) 006
| | | | | | | | | | | | | | | | | | |
0 2 4 8
P, (GeV/c)

Mass-dependence of v, measures flow velocity
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http://alice-publications.web.cern.ch/node/4287
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A global fit to anisotropic flow: main results

J. E. Bernhard et al, arXiv: 1605.03954

Comparison to common liquids

Viscosity of the QGP 4
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Global fit to large data set: (T-To)/To
constrains initial state geometry and
transport properties at the same time QGP has a very small ‘specific viscosity’

Viscosity close to lower bound
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Messengers of the Plasma: soft and hard processes

Soft probes: particles produced by the QGP

Azimuthal anisotropy
Light-flavour particle ratios

Thermal radiation
Hard scattering products probe the QGP as they propagate out

Heavy quarks charm and beauty:
* m>> T: Only produced in initial hard scattering
* Flavour conserved during evolution



Nuclear modification: Pb+Pb

Charged particle pr spectra
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Nuclear modification factor

LHC \'s, = 2,76 TeV
Pb+Pb 0-5%

Low ,OT: P (GeV)
soft production, R dN/dp,| A+A
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Energy loss
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Pb+Pb: clear suppression (Raa < 1): parton energy loss
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Nuclear modification factor: light and heavy quarks

Light flavour: pions, charged particles

< 1.2

R,

Heavy flavour: D mesons

D mesons
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Low pT: ho change/enhancement:
charm conservation + energy loss

High-pT suppression:
due to energy loss/thermalisation
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https://link.springer.com/article/10.1007/JHEP01(2022)174

Heavy quark azimuthal anisotropy

Nuclear overlap D meson elliptic flow v2
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https://link.springer.com/article/10.1007/JHEP01(2022)174

Run model for different parameter

settings

= interpolate with Gaussian process

emulator

Posterior

Range of model settings that agree
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Heavy flavor transport coefficient: Bayesian fit

Diffusion coefficient Ds

m— MCQ@sHQ, elastic K=1.5
= = MCQsHQ, elat+rad K=0.8
= PHSD

20 == QPM(Catania), BM
= = QPM(Catania), LGV

m— Duke-LGV, median
Duke-LGV, 90% C.R
1 c-quark T-matrix U-pot
® c-quark lattice Ding et.al
* HQ lattice Banergee et.al

Transport coefficient g

= = c-quark, pQCD
c-quark, LBT
Duke-LGV, median

4 JET(light quark)

Duke-LGV, 90% C.R

Y. Xu et al, PRC 97, 014907

0.2 ).4
T |GeV

Data constrain transport properties of the QGP
Results agree with lattice QCD/pQCD expectations
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Heavy quark transport: some open gquestions

Nuclear modification and vz of light and heavy flavour qualitatively understood

Some open questions remain:
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Heavy flavour transport: performance for run 3 and beyond

Ac v2 performance
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Hadronisation and baryon production

Charm baryon/meson ratio Multi-charm baryon yields
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Multi-charm baryons: unique probe
- Large expected enhancement

- Theoretically clean: charm quarks conserved
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Charm baryon production enhanced
INn pp, AA compared to ete-


https://doi.org/10.1103/PhysRevLett.127.202301

Multi-charm baryon detection

New technique: strangeness tracking

.....\ " ..o ..

4 \. X TI:-I- °
\ I\';. .' s E
L} 4 ') ( =)
~ \ — S
‘e o 4 ™
F ©
s’ Ve =
I] ' O
e < s _;

]
" N
©
® oo Y g
N ) O
\\\ 1T » Z
. T
\ o
A O
Tt Th
oo®
I I ! ! I ! I

X (cm)

Impact parameter of =

TALIGE 3 Swdy (Layoutyl)
" Hybrid Simulation
 Pythia pp Vs = 14 TeV + GEANT3

— & Primary

— E: (ct ~137 um)

N —
-
D

Primary (to reject)

Ege (cT~T77 pm)
From multi-charm —

100 200
£~ DCA,, to PV (um)

200  -100 0

Pointing of = baryon provides high selectivity

=TT
=—cc

- 8+ 7"

E+
C

— 2"+ 2x"

SHM (Andronic et al, JHEP 2021, 35)
pQCD SPS (Chen et al, JHEP 2011, 144)
pQCD SPS (Phys. Rev. D 57, 4385)

< 107%¢ - I
>] - : 9 =cc 7
..... & .
%I% Y 1 S e}"@'@ e B
- 10 : g _________ & g
> - -
10 e Qoc =
=EXN S ;
107° = E
10_6 E_ —E
107 —o— Estimated =i ALICE3  _
= sl —o— Estimated Q. ALICE 3 s
— _I IIII | | | 1 IIIII | | | 1 IIIII | | | 1 IIIII |

107°

1 10 10 10°

<Npart>

Large enhancements: unique sensitivity to
thermalisation and hadronisation dynamics

Unique access in Pb-Pb collisions with ALICE 3

20



ﬁ_\lu ——— | Al
4 / TR ©
O ___.
w ___
R /
D {
Z3 /
w « m ___
oz
— (o)) _ | f / ] A4 | x&%&. bl y
= w m <y i ; / { 74 v 7 _ .Ja\\ ¥ N\ ﬁ _.,_\ _.
Qmu .oov. uw 2 ___\ .".v”. A_“““ “_.”4 w ! | /! | . . N.& MMQ:\%\\ '.“. _%__
.nm B .m / | M,
288% | .
M_u m = o ! O __mmmés.w.ﬁwu
>%5E © W il el
oo = Al
> © _...a.&.._.h\wh
£ 0 ﬁhﬁ IS <
IR
o O
Fo) N~
f -]
/
| —~
- >
/ G
f (@)] O
£ -
f - ; .~b«ﬂn.,io A,_,
g it o
.. it -....-u -
o b
\ o

21

Probing the QGP with jets at LHC

jets stand out above uncorrelated ‘soft’ background

Very clear signals at high pr
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jets lose energy as they propagate through the plasma

Single event

balance
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In-medium broadening: DD azimuthal correlations
ALICE 3 projection: DD correlations

Charm azimuthal correlations
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https://arxiv.org/pdf/1305.3823

Direct photon production

Large background: decay photons from =9, n, ...

= Challenging measurement

Main sources:

 High prt: hard scattering; quark-gluon Compton
process

 Low prt: thermal radiation

Hint of excess at low pr in central collisions
Limited by systematic uncertainties
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http://www.sciencedirect.com/science/article/pii/S0370269316000320

Forward photons with FoCal
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'_.R_iso=0.4, p$I:)<2.0 GeV E] :‘lsglsaéllcér(li’[ion } i 4.25 < ncms<4'75 | O_ T T I T . |
10—32 1 4|. L1 |6| L1 1 8| L1 |1|O| ] |1|2| ] |1|4| OO I N B 5| L1 1 11|O [ I 1|5 [ 120 10—6 10—5 10—4 10—3 10—2 10—1 X1

P (GeV/c) P, (GeV/e)
High granularity to High precision direct photon Constrain gluon density in nuclei
reject decay background measurement down to low pr over a broad range:

X ~10-5 - 10-2 at small Q2
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Di-lepton emission: virtual photons

Virtual photons ete- pairs

Vector meson spectral functions sensitive

to chiral symmetry restoration

m,, > 1 GeV/c? removes light flavour
decay background

Remaining background: heavy flavour pairs

Di-lepton mass distribution

LR

n’,n,0,n',¢ -Dalitz

:-rﬂ‘l'ﬂll

m
!

| IHIHLIL 1~ IIIIL I llllllll LA LR

El L1 1 I L1 1 1 | L1 1 | L 11 I L 11 | L1 11 I | -

0 0.5 1 1.5 2 2.5 3

M. (GeV/c?)

Very low mass: 1

arge mass:
o decay background 9 .

ductivit thermal emission,
cohductivity early times
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o 1 _______ °° — 1 _______ — p—

S | 0-10%, L,nt =3nb Rapp Sum (drop p) _ S _ 0-10% L,,,t 3 nb' Rapp Sum (drop p) _ 130 —4+— L, =3nb", B=02T

ITS2, B=02T = ~------- Rapp Sum (vac p) _ ITS3, B=02T = ------- Rapp Sum (vac p) D _

1075 - = =107 . = - 11< M_ . (GeV/c?) <2.0-

'Um - Inl<o08 —Eb— meas.’ - cc - cockt. = 'Um - Inl<08 —Eb— meas.’ - cc - cockt. = - ee fit :

§“’ p. >0.2GeV/c B Syst. uncert. sig. + bkg. E“’ p, >0.2GeV/c F55) Syst. uncert. sig. + bkg. 1.2— Syst. err. sig. + bkg. —
o ,e e e _

K, % Syst. uncert. cc + cocktail | K, I§ % Syst. uncert. cc + cocktail N E= Syst. err. cc + cocktail

= l ]

: 102 = 5107 = 1.1 -

NZ - NZ = . u m

O B 4 O B 4 1:_ —

2 & i 2 i : - .

< D < - ]

=10°%F NPT = =103 o — 0.9¢ .

4; : b : 0.8- -

10°%E = 10 = 0.7 —

: Tk § : : b SRFPE L2 3 : 0'6:_ _:

oo e By PoSRRS N BT R CE: JOhgE: B - :

0 0.5 1 1. 2 2.5 0 0.5 . 2.5 0.5C .

Run 3 and 4: temperature of the QGP

Di-electron spectra

Upgraded ITS

ITS3

Di-lepton temperature fit

D
<
Q
<

ITS2

ITS3

Dielectron measurements require:

- Excellent PID

- Low material budget to limit conversion background

- Good pointing resolution: reject heavy flavour backgrounds
First measurements at LHC: Run 3 and 4

ITS3 improves systematic uncertainty
on | by a factor 2
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Conclusion

Heavy-ion collisions allow to study properties of bulk QCD

Large azimuthal asymmetry for light and heavy flavours
 The QGP at LHC has a viscosity close to the lower bound
 Charm diffusion and approach to thermalisation

Large energy loss for high-momentum probes
 Radiative and collisions energy loss
* Transport properties in line with lattice QCD and pQCD expectations

Much more to come in Run 3 and beyond

 Temperature of the QGP before hadronisation from dielectron emission
 Understanding heavy quark thermalisation

* |mpact of hadronisation on main observables
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Extra slides
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ALICE 3 Vertex Detector

 Conceptual study of iris tracker
o wafer-sized, bent MAPS

* rotary petals for secondary vacuum
thin walls to minimise material
* Challenging design:
R&D programme on
mechanics, cooling, radiation tolerance

ALICE 3 tracker

radius [mm]
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anti-triton

N\
®p

anti-hyper-triton

Decay channel:

,"/ : \
l |
WANS
e @

- \\
\\
\

c-deuteron

C(/—>d-|—K_—|-7l'+

Nuclear states: charm-deuteron

Probability

o
=)
N
o1

0.02

0.015

0.01

0.005

Impact parameter distributions

3

g 1 Layout v1, Inl < 1.44

‘
¢
¢
,
¢
¢
¢
t

L L
-0.002 0

-0.004

0.002

0.004
DCA, deuteron (cm)

% ALICE 3 study -

PYTHIA 8.2 Angantyr |
Pb-Pb |5, =5.52 TeV -

Invariant mass distribution

| ALCESswly
O Layout v1, Inl < 1.44

~ PYTHIA 8.2 Angantyr, Pb-Pb s, = 5.52 TeV

10 — ?r?r:zlry background :'}% //

E - C(;rrzljted background; H::': M -

102 .:' | |“|: || —

£ A :

i A m m . ]

o ”'ﬂ - ”w HU” i Iy “ M“H f W Wi w f HL[

Lyl jlmlwﬂ\wﬂ“uml i L‘J !3\4‘ o)

Invariant mass (GeV/c?)

Unique sensitivity to undiscovered charm-nuclei:
charm-deuteron and higher nuclear states
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Hadron formation

Hadron yields in statistical hadronisation model

~~ 2
| | | Y NG Pb-Pb (5=5.02 TeV 0-10%
 Multi-charm baryons: unigue probe of hadron formation c‘é 1 S "
. . . = yl<0.5
* Require production of multiple charm quarks ~ 1071
. . . . 102 Run 5 & 6
e Single-scattering contribution very small (unlike e.g. J/y) g 103
e Statistical hadronisation model: © 10:; Qcc
very large enhancement in AA 1007 Run3&4 8x charm
100 2x charm
« Charm out of equilibrium: yields scale with gc for 107 F — u.d,s only particles 1x charm
n-charm states 108 F — c=1partictes
 How is thermalisation approached micr ically? 10°7F  — c=2panicks P
ow is thermalisation approached microscopically” 10°10F  —— c- 3 particles .
10-—11 — n
Measure additional states to test physical pictu 10712 | SHMC, 7,=156.5 MeV L
10713 | do, /dy=0 532 +0.096 mb
Single and double-charm baryons: Ac, =c, Zcc, Qcc T R S U T S U S
Multi-flavour mesons: Be, Ds, Bs, ... GG 1.5 2 2 S 3 3 S 4 4 S 5 5 S 6
Tightly/weakly bound states J/y, y,.,(3872), T ¢ © Mass (GeV)

Large mass light flavour particles: nuclei
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DD”* momentum correlations

BLICE
DD* momentum correlation
&;\ 70_ i o @4(') . DOD*-I- DOE*O
== B | %35 ] etraquar
E 60:_ i ;If_lb(—j? 530 E Tetraquark (4q) E I B B N L I — %50 i i I I | i ]
= F i < = am e ALICE 3 upgrade projection = ALICE 3 upgrade projection :
— S0 | 2 s = ° 100 lyl<4 1 O45 | yi<4 E
3 - | : 14 Models _ - .
< a0f i p | — 11m (pp) 1 400 — 11m (pp) E
~ 40F ; i 4 e[ : : —2fm :
- I Iil dTEfa—>DODO7T+ . 41 3;”‘ Pb_Pb _ 3.5 —— 3 fm E
30:_ i —-—— b;zkground —: VS 3L ——>51m ( - ) | 302_ 5 fm (Pb—Pb) -
- | O 0 thredii - I Simulated data - -
20 ﬁ D y 2. oot | 2s g :
- | . - Pb-Pb, L =35 nb" - T p = S i
- | - y L - pp=181fb -
10 bt M ! } e o 1 t >0 - 0-10% Pb-Pb=35nb™" |
SIRRTO N Mﬁr ~++I++H#ﬁ i H% e ﬁﬁ P Wi 115 =
Ottt o | | Tt - & ] ]
S ) A S S R § 8 - 1.0 ]
3.87 3.88 3.89 3.9 4x10™" f - :
MO0+ [Ge\// 62] 3x10~" ] 0.5 E_ _E
— T T T T T T T N T T M AN SO MO SO S A M S L ' | ' —
>1075 01 . 03 04 05 O 0.1 e Gour
 Several exotic heavy flavour states identified K (GeVic)
* [Loosely bound meson molecule or tightly bound 0t N 00
tetraquark? D"D . nature of T D"D". nature of y.,(3872)

« Study binding potential with final state interactions
‘femtoscopic correlations’

ALICE 3 overview | January 28, 2022 | ML, ikl
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S, Exotic bound states

0 1~ ¥ + : Cy : C e C g
DVD ™. nature of ch Dissociation and regeneration vs multiplicity X.1(3872) significance (pp)
= I I I | I I I I | I I I I | I I I I I I I I _] T | T T 1 2 | L ] T T Y | Y | T T ' 2 T T T ] q) 103 S I I I I | T T T T I
L;D ALICE 3 upgrade projection i 8 - 5 1
u _ 20l i ALICE3 Study, s=14TeV, 18 fb
DO o 5,0 molecule 10 L lyl <4 MOdGlS ] .20 i S— (_'nnl]m('t t('l,l‘zlqllm'l\‘ > 8 y pp
— 1 fm (pp) - {0 & v (3872) — Jly+r'w, Iyl < 1.44, BR = 0.24%
o >N\ T 2 fm ] — —— Nlolecule {coalescence) O = 102 _ ci -
>} Al - 31m 18 gl | N o O 5
@ & 3l — — 5fm (Pb-PDb) ] ::/ ' )_ """" Molecule {geometric) - 3 N - . | ° 1
Simulated data = : @
™ 2, + pp, Ly =18 b —~ g 1= 3 E
< - Pb-Pb,L_=35nb" ~ 0101 4 m : 3
DR ‘ int X ] 1.9 -
1_“’.’ e TET TR = o - k -
g / | R | O :
* i <. 0.05 i g 1 ]
4x10“1j( . ! % -
310~ _ “ 1 ©
- I I I | L1 1 1 | I I | | I I | I R “““ — S — — i
2x10 10 07 0.0 0.3 0.4 0.5 e s T T 10° T T
k* (GeV/c) () 20 40 OO S0 100 120) 140 160 180 200 0 5 10 15
N p_(GeV/c)
Requires:

_ muon ID down to 1.5 GeV/c
» Exotic states: y.,(3872), T, ...

* Include double charm states, potentially weakly-bound states
* Investigate structure with femtoscopic momentum correlations

* Understand dissociation and regeneration in QGP

ALICE 3 | March 7, 2022 | ML, jkl 35



Azimuthal anisotropy: two mechanisms

Hydrodynamical expansion Parton energy loss

Conversion of pressure gradients into momentum space anisotropy Anisotropy due to energy loss and path length differences

‘ ,\ Expansion Dominant effect at high pr

. Hadronisation \Energy loss

_)
dv A2
More energy loss alon
Vp = gy 9 AE |~ L
p=17 T long axis than short axis med ~ %54
Dominant effect for late formation times: Dominant effect for early formation times:
light flavour at low pr heavy flavour, high pt probes
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Training data

Posterior samples

103 L

102 | |

101 L

100

103 |

102 ¢

101 L

100

Azimuthal anisotropy global fit: input

J. E. Bernhard et al, arXiv: 1605.03954

Experimental input: yields, mean pt and harmonic flow vs pr

Yields dN/dy

® T

o KT
e PP

.7'(':':

~ Kt

pp

0

30 40 50
Centrality %

10 20

60

70

1.oF

1.0F

0.5F

0.0

1.oF

1.0

0.5}

0.0

Mean pr |GeV]

Flow cumulants v, { 2}

° 2 e
—_—— 0.09} . L
¢ ° = -
o PP /
e e emag L 006
[
e [ [ o ° ° .Wi 0.03_. = PS (] ® U3
[ )
:. () o e ./U4
0.00
® o o
o * V2
[
[
e © [ | | | ° .7T:|: 003. o Py [ ] ./U?)
()
:. @ L ¢ .U4
I I I I I I I OOO I I I I I I I
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Centrality %

Centrality %

Model: initial anisotropies + medium response

Explores a large parameter space to investigate reliability/robustness of the modeling
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Parton interactions in the medium: Collisional + radiative

Different formulations exist in literature — use this as an example

Y. Xu et al, PRC 97, 014907

d 73 — —
‘Improved Langevin model’; _t = —1ND (p)p -+ f + g
Drag Thermal force Radiative loss
(often not used/present (fluctuations
in light flavour models) are modelled as well
d _
7 (p) = —np (D), Drag
e - 1 d _
Transport coefticients: 2 dt <(APT) > = KT,  Transverse and longitudinal
% <(Apz)2> = K[,. momentum diffusion

Over time: approach thermalisation
‘limiting behaviour’
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Mass and momentum dependence of transport
coefficients

H k ] I — PHSD ' -~ Catania-QPM — LBT ——  Duke
eav uark spatia —— Catania-pQCD  —— Nantes-1d5 ---- LBT(col) ---- Duke (col)
Y 9 ’ (r*y =6 D, t

. . . . 0.10, 2.0 0.5
diffusion coefficient Ds . T20.3 GeV | T-03Gev oa T=0.3 GeV

Mass independent, Iimitp — 0 O

"2 0.04-
-

0.02 1

0.00

Other key quantities do depend on mass:

0.10
Relaxation time  7p = (mQ/ T') D 0.08
T 30.06-
Drag coefficient ¥ = S
mQ D < 0.02 —
_ 0.0 l . ' . . . 0.2 0.3
= Beauty thermalises more slowly than charm T [GeV]

Rapp et al, arXiv:1803.03824

Beauty vs charm: important handle on understanding phenomenology Xu, Y and Bass, S er at, PRC 99, 1, 014902

39


https://arxiv.org/pdf/1803.03824.pdf

Hadronisation and baryon production

particle yields in multiplicity bins

Fraction of strange hadrons increases
with multiplicity
Large effect for multi-strange = and ()

Similar enhancement in PbPb
has been interpreted as thermalisation;

global equilibration of the strangeness yield.

Are they related?

Ratio of yields to (mw+r+)

—h
<

1073

ALICE
® pp,\s=7TeV

O p-Pb,\sy=5.02TeV
1 Pb-Pb, |5, =2.76 TeV

— PYTHIAS

) ”1'02 10°
(dN_/dn),

nl< 0.5

SOISAUJ @INJeN  /c2/0°CLSLAIXIE '96/9 L0E L AIXIe ‘v /079091 :AIXIe ‘FOITV
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energy loss due to interactions

Pb—Pb distribution shifted to lower energies
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dE

(relative) strength of effect depends on jet energy
fraction of energy loss decreases with prjet

Use pr balance to measure energy loss
l.e. transport of energy outside jet cone
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ALICE 3 Physics motivation cont’d

Jet quenching

Electrical conductivity
with very low pt dileptons

Small collision systems:
collectivity, MPIs, rare events

Ultra-soft photons: Low’s theorem

Resonance production in UPC

ALP search in yy

A, —° He decays

p’ acceptance

Entries/Bin

10%

—
<
]

10:—

EL W
:lllllll lIIIllllllIlIII lllllll

dN/dy for p’-> t*t*n in Pb + Pb collisions at VSyy,=5.8 TeV

ALICE3 acceptance
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