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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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The ALICE Scientific Mission ALICE

Characterize the physical properties of the Quark-Gluon Plasma (QGP), a state of strongly-interacting
(colored) matter formed at extremely high energy densities

= in the collisions of heavy ions at the LHC, temperature O(10%? K): 105 x T at centre of Sun

= in the Universe O(1-10 us) after the Big Bang

The mini Big Bang: a hot fireball generated by nuclear collision at the LHC

The Big Bang

Initial state Hard QGP formation and expansion  Hadronization and freeze-out
scatterings

T~1fm/c T~5 fm/c 1~10-15 fm/c

1fm/c = 3x102* s, 1 MeV ~ 100K
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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
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Pb-Pb collisions at the LHC

Energy per nucleon in a 2%8;,Pb-Pb collision at the LHC (Run 2)

beam energy in pp E,.,m = 6.5 TeV
pp collision energy Vs = 13 TeV

Beam energy per nucleon in a Pb nucleus
Epeam poes = 82/208 * 6.37 TeV = 2.51 TeV

Collision energy per nucleon in
Pb'Pb: \/SNN - 5-02 TEV

Total collision energy in Pb-Pb:
Vs=1.04 PeV

= What can we learn from these massive interactions?
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The ALICE detector (version 1: Run 1 + Run 2) ALICE

Central Barrel |11| < 0.9 i
* Tracking

« PID
 EM-Calorimeters

ITS

EMCAI

TOF
TRD ¢

e HMPID
.*N\

ACORDE (cosmics) TPC

Forward detectors: . S —_
* AD (diffraction selection) o —

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

ZDC (centrality, ev. sel.) -4<n<-25
FMD (N,) ‘, ‘
PMD (N7, Nch)
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ALICE data taking and publications

Run 1 (2009 —2013)

LS1

Run 2 (2015 —2018)  LS2

- =

Run 3 (2022 —-2024) LS3

ALICE

Run 4 (2027 —2029)
>

P
<

ALICE |

N
»

"'y

System Year(s) Vsyy (TeV) L
2010, 2011 2.76 ~75 bl
Pb-Pb .
2015, 2018 5.02 ~800 b
Xe-Xe 2017 5.44 ~0.3 ub?
oh 2013 5.02 ~15 nb?
P 2016 5.02,8.16 ~3 nbL ~25 nbl
2009-2013 0.9, 2.76, ~200 mb!, ~100 nb?
7,8 ~1.5 pb?t, ~2.5 pb!
PP 2015, 2017 5.02 ~1.3 pbl
2015-2018 13 ~36 pb?
Run 1 Run 2
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352 ALICE papers on arXiv so far

http://alice-publications.web.cern.ch/submitted
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ALICE

Strongly interacting (colored) matter
... a brief introduction
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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)]
035 T T ) N S G (N N DN R PR BN N R SN B R DN N CEN BN R G B N BN N DN
\ T decay (N°LO) Ha+ ] 16 | -
low Q? cont. (N*LO) - 4 non-int. limit ve
. DIS jets (NLO) F+ ] . @J\‘
031 Heavy Quarkonia (NLO) : Where IS the phaSe W
e'e jets/shapes (NNLO-res) i ] ' O
. PRI Gets NLO) 1o transition?
s\ EW precision fit (N>LOy-— T .
e | - Lattice QCD
T o02f |
=]
015 F- wng
EQS(MZZ)—E——O.1179iO.OOIiO -if'lln reaChed(?nl)l/ll g e e R
0.05 bt i ASYMPIOTOATY 130 170 210 250 290 330 370
1 10 100 1000
Q[GeV]

Confinement

Hadron = ~10'? K =3 Quark Gluon Plasma
gas
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QGP in the laboratory: Pb-Pb collisions at the LHC

QGP can be formed by compressing large energy in a small volume

—

g, = (0.42 £ 0.06) GeV/fm3 critical ener S RN
¢ ( - ) /f &Y T=156 MeV 2 1.8-1012 K

] Sun core: 1.5 - 107 K
= (156_5 + 1.5) MeV critical temperature Sun surface: 5778 K

According to LQCD, the
QGP is formed when

= Collide heavy nuclei (multiple, ~simulataneous, nucleon-nucleon collisions)

=> Control/vary the energy deposited in the collision region by varying the collision system
* Impact parameter/centrality, nuclear species, p-Pb, pp
* Classify events based on final-state charged particle multiplicity

= No direct observation of the QGP is possible a rely on emerging particles as probes
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Geometry of heavy-ion collisions ALICE

s In the “lab frame” each incident nucleus is
a Lorentz-contracted disc

Impact "I"" For large nuclei (e.g. Pb)
parameter y_ 7 e disc diameter ~ 15 fm
coticion « VRN E SN * thickness ~ 15/y fm

S~ beam

axis e y=~ 2500 @LHC (beam rapidity y=8.5)

overlap zone

participants

Central collisions (e.g. 0-10%)
—> small impact parameter

—> many binary collisions

— high particle multiplicity

Peripheral collisions (e.g. 70-80%)
— large impact parameter

— few binary collisions

— low particle multiplicity
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Centrality of heavy-ion collision

N Impact parameter b not directly measurable

__________ L Centrality expressed in percentiles of total nucleus-nucleus cross-section
corresponding to a particle multiplicity, or energy deposited, measured in ALICE

Impact "IE"
THR
parameter 1 ®  do AN 1 Eznc  do _do oppep = (7.67 + 0.165750) b
_________________ crx — N, ~ — E .
OAA JNTHR dN’h ch oaa Jo dE,ZDC Zbc for Pb-Pb @ \/Syy = 5.02 TeV
Collision ch C
overlap zone
ALICE-PUBLIC-2018-011
0 ALICEPlkD)Pb =502Tev = [—
° . = -3 . t 3 e
For example: sum of the amplitudes in the 37 NBD-Glauber ft 10 e
ALICE VO scintillators —_ s PuxIN (1IN, o . ]
g £=0.801,p=464,k=15 é % § _
() =) 1<) =
Reproduced by Glauber model fit (red) i 10 10°5 e E
* Random relative position of nuclei in _ _ :
transverse plane .l . _:
* Woods-Saxon distribution inside nucleus 518 5| B g I N "
« Simple particle production model (NBD) P — | | | E
c 1.9 =
. o 5 ' ' A LT SN ol b W Ll L A | | J u\r i Al E
= (Ncou), (Npare) for each centrality class 1 | | ‘ | bk
0'50 5000 10000 15000 20000 25000 30000 3500

VOM amplitude (arb. units)
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Energy density in the collision ALICE

The volume-averaged energy density can be estimated from the total produced transverse momentum

J. D. Bjorken epi (T) = I dE; Er = \/p3+m?
Phys. Rev. D 27, 140 L

ST dy St transverse size of the interaction region at time t

o 14
S 12Z_ALICE Pb-Pb | s, =2.76 TeV H H Lower bound for “energy density” x “formation time”
S 10 ¢ y H = volume — d densit
o} 10:— HH B H ¢ = volume — averaged energy density
50 8;— 8 Eﬁﬁ Ty = system formation time (model dependent)
6/ o
4: . ") ¢ O(10) increase from peripheral to central Pb-Pb
S
2:_'0. Assuming T, = 1fm/c w=) |&£=123+1GeV/fm?3

v by b b e b b b by

O 50 100 150 200 250 300 350 400
part

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 September 2021 14
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Spectra of direct photons in Pb-Pb collisions

ALICE
Effective temperature (T.¢) is extracted from the inverse 2N, /(prdprdy) oD/ Tefs
logarithmic slope of the low-p; region of the spectrum Vair/ MTHET
PLB 754 (2016) 235 PLB 754 (2016) 235
C<l\ L | T T T T | L T | T L | T 17T | LI C<l\ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T | T T T
Q o B Q
% I [e]ALICE | > 10? [+ ]ALICE E Harder photon spectra
c '%F 0:20% Pb-Pb ys. =276 TeV 3 S f 20-40% Pb-Pb |5, = 2.76 TeV ] at LHC compared to RHIC
N — Aexp(-p/T) ] N — Aexp(-p_/T ) 1
2>° -g_l— - Ty =304 £ 11" £407° MeV A 29’ -g_v— 1 T =40/ L6171~ £96  MeV _|
o -5|_ 1 @PHEND( — o 'U|_ E @PHEN|X ;
° o 0-20% Au-Au {5, =02TeV ] ° Q T 20-40% Au-Au (s, = 0.2 TeV Increase temperature T
] . —Aexp(-pT/Te ) ] s — Aexp(-p_/T ) ]
-2 ) Teﬁ=2391555’a’i75y5 MeV "210—15 Teff=2651335’a’ +87 Mev from RHIC to LHC
&10F E & f -
F : : : Intial temeprature of the fire
102k el i 102k ; | ballcan be obtained invoking
- EE ] - E% : model calculations that
109k —s— =] i i EE i incorporate the evolution of
E ° 3 -3 L | .
: MEE R s = the QGP medium as well as
104'_ ] i : radial flow effects blue-shift
| Jo<L ~* | thedirect photon spectra
z T ; ;
10_50_' L _ll Ll é Ll :|3 co Ll 5 T (_; [ R “| [ R ‘2 L1 :‘3 L1 4" L1 é L Not yet attempted
p. (GeV/c) [ (GeVle)
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Characterization of the time evolution of the collision ALICE

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

Initial Hard QGP Hydrodynamic . ‘Hadronization
state collisions  formation expansion _ . ., ’ ' ";afhdf"ﬁ-eeyf__mg-ﬁ :

- woly
‘ -
° ’ ‘ e

v .

e 0  ~05 fm/c ~10 fm/c

Visualization by J.E. Be;nhard, 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 properties e Expansion dynamics é 1. Photons, low-mass dileptons
* Colour deconfinement * Hadronic phase e Jets
|+ Ultra Peripheral Collisions
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Coherent J/y photoproduction in Pb-Pb ultra peripheral collisions

Pb

Aoy Ay /A
dt =0

Ph

Pb
My Teem?al(Q?)

480tem Q®

16
> 14
212
2 10

I 0.8

IRELLLS T IIIII||| T Iillllll LI RLL
—

Eskola et. al., EPJC 77 (2017) 163

—

_ gA(xv QQ)
Agp(xa Q2)

{:zrgA(q:, QQ)} ’

arXiv:2101.04577

— 14
i ALICE Pb+Pb — Pb+Pb+J/ip |5 = 5.02 TeV

B B ALICE coherent J/y

- - - Impulse approximation
EEETEY STARLIGHT
- —— EPS09 LO (GKZ2)

do/dy (mb

10— ---- LTA (GKZ) JUPTETT LEEE -

Mo IIM BG (GM) e 8
| — — IPsat (LM) :t_—
g— — - BGK-I(LS) e %Y
L ---- GG-HS (CCK) .
- —-bBK@®CCM) S

do, py/dlt] (mb c? GeV?)

Model / Data

&

ALICE

arXiv:2101.04623

10 ALICE Pb+Pb — Pb+Pb+J/y \/STW =5.02 TeV —
S ]
\\'\\.\ ALICE coherent Jhy, |y|<0.8 b
LT \I\,\ -+ Experimental uncorrelated syst. + stat. |
| Sl Experimental correlated syst. |

\\\\-\\ UPC to yPb model uncertainty
L '\i _ 4
NS
N \'\ —
L O
NN
S
N
NN
- AN N 1
1 = N _
L AN ]
L N |
L — STARIight (Pb form factor) AN i
~ - - LTA (nuclear shadowing) \\ \\‘ 7
~ — -b-BK (gluon saturation) \{ ==
NN
L N 4
N
! AN !
oL o STARIight / Data_|
o LTA/Data
1.5 |
o ° v b-BK/Data
L R = e
0 0.002 0.004 0.006 0.008 0.01 0.012
It| (GeV? ¢?)
It] = pr?

New measurment probing low-x gluon nuclear PDFs

Comparison with the impulse approximation (no nuclear effects) allows for
extraction of the gluon shadowing factor: R, ~ 0.65 at x ~ 103

First measurement of t-dependence: sensitive to transverse

gluon distribution
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(0

Spin alignment of vector mesons in rotating QGP ALICE

PRL 125 (2020) 012301

EDITORS' SUGGESTION

Evidence of Spin-Orbital Angular Momentum
Interactions in Relativistic Heavy-lon

Collisions
o |mpac?t parameter - I T | | I
S direction < 0.6~ Pb-Pb, {sy=276 TeV  ALICE -
_— o Eve*gt plane o y| <0.5 |
Large angular momentum L in non-central collisions = | .EO 2100——45(;)°/f Py =17
rotating QGP (™~ 102! revolutions per second) 0.4 7

spin-orbit interactions expected to polarize quarks

If quarks recombine to produce vector mesons (spin=1), 0.3

spin alignment could appear 02 pp, Vs=13TeV |
Measurement using K*0 = Kz decays shows a 3o effect | Pro%uction plane
at low momentum (Run 1 data) 0.1 oK .
Confirmed with higher significance with preliminary 0 '1 2' :'3 "1 5'
measurement with Run 2 data p, (GeV/c)
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The nuclear modification factor R,, ALICE

AA collision (e.g. Pb-Pb): many NN (binary) collisions dNAA/de = Neou X dNyy,/dpr

Without nuclear effects (interaction with the QCD medium), AA collision would be just the
superposition of independent NN collisions with incoherent fragmentation

RAA =1 at high pr 1  dNyus/dpr
—> the medium is transparent to the passage of partons Ry (pT) =
(Ncoll> dep/de

If RAA < 1 at high pT

—> The medium is opaque to the passage of partons oh ____Pb
—> parton-medium final state interaction —p
—> Energy loss, modification of FFs in the strongly

interacting QGP U

NB: at lower p;, soft, non perturbative regime R,, not a good observable
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Quarkonia at the LHC
Suppression of quarkonium as QGP signature

— qq pairs are suppressed due to color screening in the QGP

—> lattice QCD predicts the effective gg coupling to decrease in
medium with increasing T

cC cross-section increase with 1/s:

~100 cc¢ per central Pb-Pb event at the LHC vs ~10 cc¢ at RHIC
— (re)generation of charmonium and charmed hadron
production takes place at the phase boundary or in QGP

a Development of
Start of collision quark-gluon plasma Hadronization
Low X
(RHIO) i, - I - eP>
energy CC%_» c @b
& cartoon from:
P. Braun-Munzinger, J. Stachel
Nature 448, 302—309(2007)
A D
N o G _e
: 5000 ao d%eon /t I ZO‘D 00,02 Y\
High %/ I . < o\ \o¢ S _)M\\ @D_ (@}Mp\/
(LHC) °0%° o 2 °o @5 5 ®D° L1
energy /O > 3 o @[3 @D
C) @0
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Q2

/// N
ALICE
charm cross-section
T TT |||| T T T TT |||| T T T TT ||||
- ALICE T o
10° | -
- o PHENIX = 7
I / —
- ¢ STAR ]
10° & E
B FONLL N
10 ——— NNLO —
:I 1 1111 | | 11 1 III| | | 11 1 III| :

4x1072 107 '2x10™"

1 2 34 10

s (TeV)
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J/y dissociation and (re)generation at the LHC
recombination picture confimred by LHC data = signature of de-confinement

Rua(LHC) > Ry (RHIC)

* ccregeneration counterbalances the suppression by screening in the QGP

Raa(mid-rapidity) > Ry, (forward rapidity)

* Atlow pr, modification decreases from forward to central rapidity

» reflects rapidity dependence of the cc cross-section (= regeneration probability)

J/Y at forward rapidity

<14
< [ | Inclusive J/y — p*w’, Pb-Pb {s,=2.76 TeV, Au-Au |s,,=0.2 TeV|
1.2 | m ALICE, 2.5<y<4, pT<8 GeV/c global syst.= £ 15%
' O PHENIX, 1.2<|y|<2.2, pT>0 GeV/c global syst.= + 9.2%
1
0.8F
L LHC, /Syy = 2.76 TeV
0.6 n [ ]
- e :
- g o
0.2 ]
- RHIC, \/Syy = 0.2 TeV o O
B Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I Il Il Il Il
O0 50 100 150 200 250 300 350
JHEP 05 (2016) 179 (N o

<
<
C

2

J/U at mid rapidity

1.523

] I ] ] ] ] I
ALICE, |y|<0.9

PHENIX, |y|<0.35

e Pb-Pb \/SNN =5.02 TeV (2018, preliminary)
m Pb-Pb \/sNN =2.76 TeV (PLB 734 (2014) 314)

¢ Au-Au |s, = 0.2 TeV (PRL 98 (2007) 232301)

0_5_@“55 [-EH] LHC

=]
=i
IIIIII.IIIIIIII

Inclusive J/y

x10° -
1 I 1 1 1 1 I 1
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<
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L Inclusive J/y lyl < 0.9 25<y<4
i ® Data 0-10% ® Data 0-20% |
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B SHM SHM ]
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1 1 1 1 l 1 1 1 1 I 1 L 1 1 | 1
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Suppression of bottomonia in Pb-Pb collisions

Varying the binding energy: y(2S) < Y(2S) < J/w < Y(1S)

[l I|ITII|II
Pb-Pb

arXiv:2011.05758

LI LI I L L B [ T

2= VSan=5.02TeV,25 <y <4.0 =
i ALICE « Y(1S) = Y(2S) .E
Transport model a1

Y(1S)  with 77 without regeneration -

Y(29)

with 7Zwithout regeneration -

Coupled Boltzmann equations:
EY(1S) =Y(2S)

1.2

0.8

0.05 0.55

0.65

T I T T T T I T T T T I T T T T L T T | | BB | T T l T T T T l T T
CMS (0-100%) ALICE (0-90%)

* Y(1S) = Y(2S) * Y(1S) = Y(2S)
Pb-Pb \s,,=5.02 TeV  Hydrodynamics
4w /s =3
Zildnnp/s =2
—4n n/s =1

<
<
o

&

T 1/(r)
450 MeV Y(1S) ﬂ LIC E
%5(1P)
240 mev M| J/w(1S)
1.1 GeV
200 MeV %(1P)
B T I T T T | T T T | T T T | T T T | T T T I T T T ]
1.2~ Pb-Pb \s,,=5.02TeV,25<y <4.0 —
i ALICE (0-90%) e« Y(1S) ]
[ e o e e e e e e e e =
i Hydrodynamics Transport model 1
0.8 - 4t n/s =3 with 72 without regeneration —
C --4n n/s =2 ]
06 :_ —A4n n/s =1 _:

o - 0.4 D R i
o e |  F—————————————_ [y . ), 7 )
- 02 .
Ll Tplféj&l/Z/x/Jf/zJ/ZrllxalfﬂrllvLﬁafzqzllz'zl/cial”f”r"f’ﬁ'ﬁﬂ“1: O: | P | P P TR | :
100 150 200 250 300 350 400 0 2 4 6 8 10 12 14
<Npart> ALI-PUB-483065 P (GGV/C)
* Centrality dependence consistent with progressive suppression in a hotter medium
* Y(2S) at forward rapidity - a suppression stronger wrt Y(1S) consistent with lower binding energy
* Screening induces a strong suppression of Y production, flat vs p; & recombination effects small
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The nuclear modification factor R,

High precision measurements in a broad p; range and vs centrality

Strong suppression observed in central heavy-ion collisions up to very high p;

= suppression due to parton energy loss

I' N, 8-8~0 ' T P TN l L ' LA A e § ' LA L '
é 12 AUCE fa_, » 5.02TeV i
S charped parscies (|« 08 A
I : !
[+ 1‘ S m—
; e . ‘ ;
o . -
0.8} -
0.6} -
0.4-: [ s 2
: s = :
0.2 - CIEED e PO-PDO-5% -
- L e Ph-PL 70-80% X
I ~t~ pPONSD 03<n_ <13 :

0 l A A 4 L 1 A A 1 4 l A A A L l A A A L l s .A - l

0 10 20 a0 40 50

p, (GeVic)

1.4

1.2

0.8

0.4

PRC 101 (2020) 3, 034911

with area-based background subtraction

0.6

0.2

- ALICE R=0.2
- Pb-Pb 0-10% \s,, = 5.02 TeV
~pp Vs =5.02 TeV _
[ |n_|<05 p*™>5GeVic R=0.2

jet

- LBT
3 SCET,

" ® ALICE 0-10%
- Hybrid Model, L,q, = 0

ine,
:— Correlated uncertainty = Hybnd Model, L,es= 2/(xT)
@ JEWEL, recoils on, 4MomSub
@ JEWEL, recoils off

Shape uncertainty

T

T
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Out-of-cone radiation

Ryt

/

In-cone radiation
Jet broadening

Incoming
parton

Large reduction of jet yields
down to 40 GeV/c

Lost energy not recovered
within the jet “cone” (similar
suppression for R = 04)

- large angle QGP-induced
gluon emission
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Exploring the QGP with jets n%cg

: - o
Study medium-modified parton shower = Prsubleading
e.g.: grooming: find first hard splitting (Soft Drop) P.lcading  PT.subleading
o Q005 01 015 Rg [ay? + Ag?
I% = e pp ALICE [Syy=5.02TeV R
o 3.5F Lpbppo-10% Charged-particle jets
v—‘ -:1 3E  Sys.uncertainty R=02, | Mgl <0.7 _
o' 25 om 60<p <80 GeV/c E
5 3 Soft Drop z,,=0.2, =0 :
15 _ + 8 £ o= 0.88, A =089 _
- o a8 1
1Fe S E
0.5 =
E L 1 L 1 L " L 1 1 L L ’ " L L 1 ! L L i
0 L i . 5 o 0
nl.‘& 20 EPablos Le=0  —Vuan L=5GeV? 1 = Jet core is more collimated in Pb-Pb than in pp
0 N Pablos, Les =2/xT  Yuan, med q/g 1
o L M Pablos, L,s=x  ==Yuan, quark
1.5 . .
L e — s Cartoon: “pp” ‘ “Pb-Pb”
0.5- : //\

0 02 04 06 08 @
CERN-EP-2021-151 9
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Fully reclustered jet

QCD interlude: dead-cone effect now ‘seen’ in pp LTy - |

5 e~~~ | charm
I quark
//

Dead-cone effect
Gluon emissions are
suppressed in a cone

with 8ac = mq/Egaaiator

by measuring D%-meson tagged jets in hadronic collisions
(pp 13 Tev) ° Gluaorr:ne?‘:iztsionvertex

~~ Emitted gluon
0,>0,>..>0;

Follow a heavy quark through the primary Lund Plane & Exatars > > Enaiars
suppress hadronization effects/non pert. (at small Ky)

Ratio of the splitting angle () distributions for D°- 1 dnDPliets / 1 dninclusive jets
meson tagged jets and inclusive jets, in bins of Egiator R(6) = NDjets din(1/6)/ Nwclsveis din(1/6)
k1, ERadiator
B ALICE Data --- PYTHIA 8 q / inclusive pp Vs =13 TeV pirmlr:eci]t:g;et];atck > 2.8 GeVic

no dead cone limit . ]
— PYTHIA 8 charged jets, anti-k;, R=0.4 Ki>Aqep! 2, Agep =200 MeV/c
___ SHERPA q/inclusive

—— SHERPA no dead cone limit C/A reclustering Inlabl <05 6 (rad)
0.3 0.22 0.14 0.08 . . . 0.22 0.14 0.08 0.0 H H H
S | |7 T T T |5| |E| T I |1(|)|G |V| T T T T T T T Io|12§ IEI Io|14|. |20|GIO\|/08| T T T T T T T |20| IEI T | T |35|G| \l/ T T T T 5 Radlatlon Suppressed In the
g < Radiator < e < Radiator < € < Radiator < € M
T, 5l i i i | . R expected angular region (shaded)
L B L T ... .
=g 7 P " L : : Suppression lifted as
—
0.5F maSSQ << Eradiator
PR SR T R AN T SN T N A TN SO S N A S W N PR T TN N T T T T [N TN Y AT M PR T T N Y W T T N SO ST S AN SO S
1 1.5 2 25 1.5 2 25 1.5 2 2.5 3 arXiv: 2106.05713 [nucl-ex]
In(1/6)
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A Large lon Collider Experiment %

Energy loss of c and b quarks in the QGP ALICE

Less suppression for (non-prompt) D mesons from B decays than prompt D mesons

Quarks and gluons lose energy while traversing the Q::E : IAIUICE lPII’eiirTI]irI]alryl o 'N'Or;_r')rgr;]p; |I:)ol %
1.6 -

QGP (Raa < 1) : Pb-Pb, |5 = 5.02 TeV -
Energy loss predicted to depend on QGP density, 1.41 0-10%, lyl<0.5 —
but also on quark mass 1 22 + Non-prompt D’ ]
' = Prompt D° -

“Dead cone effect” reduces gluon radiation for o .
high-mass quarks 1 ]
} tor b 0.8 non-prompt D -
radiation suppressed for 8. < my/E .

PP c < Mq ol prompt DY E

Also note: first measurement of D meson production 0.4 | H -
down to zero p;in Pb-Pb 0.2f ! I
More precise measurement with new ITS in Run 3 e AT B B
0 10 20 30 40 530

p_(GeV/c
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A Large lon Collider Experiment
Hydrodynamic expansion - flow %

ALICE
Flow picture: a collective motion of particles superimposed to | Isotropic Radial Flow
the thermal motion , Collective motion
t.;i"t , (explosive source)
Isotropic Radial flow is a natural consequence of any 7 ~ vl

.

interacting system expanding into the vacuum under a

common velocity field Thermal motion

. . _ X (random)
e Affects transverse momentum distributions of hadrons, e
particle rations, ... K Sy

Anisotropic flow: Anisotropic flow

Pressure gradients convert spatial anisotropy into

observable momentum anisotropies

* Anisotropy in azimuthal angle described by
Fourier series

non-central collisions

Elliptic flow v, Triangular flow v
e Stronger in non-central collisions N N
* v, describes how initial fluctuations propagate in VA NJ/ s 142 Z vpcosn(op —¥y)]
a viscous fluid . ¢ n=1
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Radial flow in AA collisions

o 10*
OO ALICE
S 63
< 10 VS = 2.76 TeV
O
>
©
g
- 10
~~
<
A
©
ZI—
-
&10
— s
o
_3'_ -
10 - x 300 0-5% central A A - =3
O o Tt AA A
- O mKEx0.1 Ap ™
A A p+p x0.01 A ::
5l
10 1 1 1 I L1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 1 2 3 4
P, (GeV/c)
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ALICE

Radial hydrodynamic expansion leads to a
modification of the spectral shape = mass
dependent boost

* prspectra harden with centrality

* more pronounced for heavier particles
(e.g.: p > K > ) as velocities become
equalized in the flow field (p = By'm)

* Hydrodynamic models show a good
agreement with the data.
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Radial flow in AA collisions
Transverse expansion of the QGP

 Light flavour hadron spectra and baryon/meson ratios reveal the presence of a strong radial flow
* Radial flow increases with centrality pushing heavier particles to higher p-

* Agreement with expectations based on hydrodynamic expansion of QGP

PRC 101, 044907 (2020)

~~ - N_RKO

< [0-5%

+ B |
" O
= B

— *
IQ_O'5

+

L

ALICE -
Pb-Pb s, =5.02 TeV -

Pb-Pb VSNN =2.76 TeV -
op Vs = 5.02 TeV ]

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

ALICE
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Radial and elliptic flow in AA collisions .

_ EPJC 81 (2021) 7, 584 ALICE

Transverse expansion of the QGP .

T of —— 7 Radial flow [

+ VE -

+l=3 0.8;— H H M|d pT
Radial flow depends only on the final-state = g;: H H H B E
charged particle multiplicity (system size) - BEC h% ﬁ : i =

= E 1d 8 e

04E 4, 10<p. < 1.1 GeVic (full symbols) -

.. o 0.3;—$4b 3.2 <p_<3.4 GeV/c (empty symbols) =
Elliptic flow depends on multiplicity and on the 022—%«. =
eccentricity (intial geometry) A ~ « Lowpr

& :_} —t—————f——————+—+—+— {_:

A 02 0.2<p_<3.0GeVic 1

Tom . mhlic e -

Pb-Pb - 016 # ¢, . | Elliptic flow | 3
Xe-Xe & o1af } i P 3
> 0.12F . = -

0.1 =

0.08}- - oo =

0.06F ALICE . <

0.04f [« | Xe-Xe |s = 5.44 TeV e

0.02F [+ |Pb-Pb sy =5.02 TeV E

00— —"50 1000 1500 2000

Peripheral to central collision (chh/dn>|n|<0.5
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Elliptic flow of hadrons ... and also light nuclei

ALICE

Nearly all particles species partcipate in collective flow, even A=2 and A-3 light nuclei

Mass ordering at low p; (7, K, p, d, 3He) = hydrodynamic flow, very small viscosity

pr < 2-3 GeV/c - from collective dynamics during hydro expansion (heavier hadrons shifted to higher p; by radial flow

Baryon vs. meson grouping at higher pr = quark-level flow + recombination?

3 < p:< 8-10 GeV/c - baryons flow more than mesons consistent with hadronisation by coalescence

o
w

o
N

O- llII'llIlIIIIIII

V{2, 1An|>2}

0.1

ey ST 40-50%
e"% 5 =pp
%‘ | l@% %o e
+§ I0 % A % i %

0.6

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

arXiv: 2005.14639

05"
0.4
0.3
0.2

0.1

Pb-Pb, |s.y = 5.02 TeV, 0-20%

. J'[i

Kt
« pP+p
+ d+d o
O 3He+3He

ALICE

{7%\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\{7

20-40% -

; I - ‘ L1 11 ‘ I li
4 5 6

P, (GeV/c)
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A Large lon Collider Experiment
Going heavy (flavour): charm and beauty also flow

ALICE
- - T | T | T T | T | T | T | T | T | T
D mesons and J/vy exhibit large flow o 05l ALICE Pb-Pb (5, =5.02 TeV _
e Atintermidiate p, J/y < D < pions 30-50% o7 lyl <0.5
= consistent with contribution of recombination i %, . ﬁ,ﬁumsﬁifj/'qy,',;%i y<4 _
Model description indicates ¢ quark thermalisation O2r ;7 . A ° L”iU:'VE/IJi\vd Iéfl <09
time ~3-8 fm/c < QGP lifetime 2 ®E 119 560% 25<y <4 -
015 | »@ %%% ?
B mesons also flow e G% ?‘? .
* Model description indicates smaller flow for b ole il % i
than for c |
I | | | | | | | | | | | | | | | | | | | ]
No indication of Y(1S) flow 2 4 6 8 10 12 14 16 18

« Consistent with large Y mass and small bb P (GeV/c)

recombination n: JHEP 1809(2018)006 D: arXiv: 2005.11131  J/y: CERN-EP-2020-094
b = e:arXiv: 2005.11130  Y(1S): PRL 123(2019)192301
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Energy loss and hadronization of c and b quarks in the QGP !;E

Rxa(non-prompt D*, ) > R,(non-prompt D°) consistent with coalescence picture

—_— 5_0: T T T T | T T T T | T T T T | T T T T T T T T E

* non-prompt D* less suppressed than non-prompt O 4 eF ALICE Preliminary E
DO at low Pt g' - 0-10% Pb-Pb, VSN = 5.02 TeV .

S 4.0 -

s 40 <05 ]

. S 3.5 ® data =

* enhanced production of B°, from beauty 2 ; 05 TAMU ]
hadronization via coalescence (50% of D*, from B°,) ,I&‘ F -
= 25 E

. N 2 200 3

o GQQO . B Ds + X S 1.5 7$‘ N E

o 9O O‘soe_y’ S ac) qof Wa
@O “~g"l /) "n@.xl “g«"l f:i - ]
l.'lm @ ~ :E 05:_ open markers: pp extrapolated reference _:

m : | | | | | | | | | | | | | | | | | | | | | | | | | :

0 5 10 15 20 25

P, (GeV/c)
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A Large lon Collider Experiment
From hadrons to light nuclei AlTee

Smooth evolution of production of rare light nuclei as a function of the system size

= puzzle of the survuval of loosely bound states (Eg ~ 2MeV) in the hot hadron gas (T ~ 150-100 MeV) produced in
heavy-ion collisions

= constrain models of nucleosynthesis in hadronic collisions: statistical hadronization vs coalescence

[+ Pb-Pb, 2.76 TeV
] Pb-Pb, 5.02 TeV (Prel.)
[« p-Pb, 5.02 TeV
@ p-Pb, 8.16 TeV (Prel.)
1 1 1 1111 I 1

= test with hypertriton (Apn):

0.001 loosely bound (B, ~ 130 keV) and large (r ~ 10-14 fm)

Q- 0.005 :_ Thermal-FIST CSM (PLB 785 (2018) 171-174), Tch= 155 MeV _:
+ UOUOT v _3dviy —V.=dvidy ]
Qo - —Coalescence (PLB 792 (2019) 132-137) a Coalescence
\ B 7 .
© 0.004 wmutiplicity Classes: | [ — * cluster forms when nucleons are close in phase
N L VOA (Pb-side) for p-Pb oottt
| VOMforppand Pb-Pb .-~ 4'[ H 7] Space
0.0031 e ol I * dependence on the source size
B 7 Ll 2T ALICE ; ,
0002 7 @ pp, 7 TeV E * dependence on the nucleus internal structure
T pp, 13 TeV .

Lo Ll 1l
1 10 10? 10°
(chh / dnlab>|

nlab|<0.5
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A Large lon Collider Experiment
From hadrons to light nuclei AlTee

Smooth evolution of production of rare light nuclei as a function of the system size

= puzzle of the survuval of loosely bound states (Eg ~ 2MeV) in the hot hadron gas (T ~ 150-100 MeV) produced in
heavy-ion collisions

= constrain models of nucleosynthesis in hadronic collisions: statistical hadronization vs coalescence
= demonstrated by first measurment of hypertriton in small system (favours coalescence)

oy} T T ||||||| T T ||||||| T T |||||||

1) F _ _ i 1 < e Az
+ 0.005 __ T/ie:gi;/lds; CSM(‘ZLEZ\% d(5018) 171-174), T ,, = 155 MeV =4 T |« | ALICE p-Pb, 0-40%, |5, = 5.02 TeV
8 |~ —Coalescence (PLB 792 (2019) 132-137) 7] ® <10'5; EALICE Pb-Pb, 0-10%, |[S = 2.76 TeV ? r ~10-14 fm
% 0-004:— Multiplicity Classes: H _,,:; i B'R'zo'zsio'oé ------------------------------------ r’
N L VOA (Pb-side) for p-Pb et I
_ VOMforppand Pb-Pb .-~ 4'[ 7] |
0.003[- It 3
- g %" ALICE : I
- 21 m .7 TeV ] ) )
0.002 : Bg, 13 TeV ] = oy co 1 Systematic and precise
- +] Pb-Pb, 2.76 TeV - ocy codlescence ;
0001 5 Pb-Pb. 5.02 ToV (Prel.) ] ooty cosescance | MASUTEMeENts as function
U » p-Pb, 5.02 TeV 1 —SHM, Ve=dV/idy - of system size and
o, @PTbeIETeVFrel) - .. /swe-svey | momentum in Runs 3 and 4
1 10 107 10° 10 10° 10°
(dN _ /dn)
(chh / dnlab>lnlabl<0-5 ch =~ iyi<0.5
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ALICE

Beyond QGP physics

... a few examples
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Charm baryon/meson measurements in pp collisions

Charm hadronization differs at the LHC

OQ 0.8

< 0.7
0.6
0.5
0.4
0.3
0.2

0.1F

arXiv:2011.06078 arXiv:2106.0827/8

™ T T T i '
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N e ModeO -+ - Mode 2

o el s Mode 3
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01— Catania
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BR uncertainty
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* unique measurements (at low-momenta) of A, (also Z,and Q)

* cross section (fragmentation fraction) larger than expected (ee and ep)
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A Large lon Collider Experiment

Charm baryon/meson measurements in pp collisions

Charm hadronization differs at the LHC

X 0.8
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* unique measurements (at low-momenta) of A, (also Z,and Q)

» cross section (fragmentation fraction) larger than expected (ee and ep)
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A Large lon Collider Experiment

Strong interaction between hadrons ATee
Correlation function sensitive to interaction potential

Pa 1. Fix source geometry o = 2 a3
*ﬁ/\‘ 2. Measure correlation fct. C(k’) Clk™) = f S [w(k,7)| d*r
% — study the strong interaction Emission source  Two-particle wave function
Pr

Source parametrisation Interacting potential Correlation function
= Sl Repulsive NI
+ L 0 V - S Attractive
-~
Attractive 1 —
- T Repulsive
0 0.5 1 1.5 2 el v .
= r (fm) 50 100 150 200
Gaussian source Schrédinger U— equation™ k*(MeV/c)

Two-particle wave
function|¥ (k*,r )|
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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
arXiv:2105.05190

p-p, p-A, A=A (pp)
A—A (p-Pb)

p-E~ (p-Pb)

p-K (pp)

p-Z (pp)

source size in pp

p-Q (pp)
NA — NZ (pp)

p-¢ (pp)
K-p (Pb-Pb)

p-/p, p-/A, A—/A (pp) )

Proton-hyperon (p-Y) strong interaction poorly known

precise measurement of strong interaction for p-=Z- and p-Q2~
o direct comparison to lattice QCD

o p-Z- important for the EoS of neutron stars (which contain

hyperon-rich matter)

“Unveiling the strong interaction among stable and unstable”

Nature 588 (2020) 232-238

n e T
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ALICE

ALICE Upgrades
ongoing activties and future plans
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ALICE Detector Version 2.0 (Upgrades for Run 3+)

RRRRRRRRRR

Upgrade of the
Inner Tracking System

Upgrade of the Upgrade of the

ALICE Experiment ALICE Experiment

- The Muon Forward Tracker
\J,

DEC 2012 SEP 2013

aaaaa

Upgrade of the
Time Projection Chamber

Upgrade of t%
Inner Tracking System

Upgrade of the
Readout & Trigger System

«©

A% S ;\‘;&. 0% s ,,:_n‘;’, 5

DEC 2013

NOV 2013

MAR 2014
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ALICE

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

- Global commissioning: ongoing

nnnnn

Upgrade of the
Online - Offline computing system
N

e

TS

Muon Forward Tracker

NOV 2015

MAY 2015
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(0

ALICE Detector Version 2.0 (Upgrades for Run 3+) ALICE

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

e TRD | Transition Radiation Detector

5
o TOF | Time Of Flight

— 7
l[/“““lijf V 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
MFTl Muon Forward Tracker

FIT | Fast Interaction Trigger

Muon Spectrometer

06000

ZDC | Zero Degree Calorimeter

ri

|
) s | Run 3+Run 4: 13 nbt 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!
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ALICE Detector Version 2.0 (Upgrades for Run 3+) ALICE

GEM-based TPC readout Monolithic-pixel - ITS2

N

5

e )‘!&inﬁ‘;*
W, b

New Central Trigger Processor (CTP)

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

e 50 um thin sensor

e Spatial resolution ~5um

* Max particle rate ~ 100 MHz /cm?

L. Musa (CERN) — ALICE Highlights and Perspectives, Corfu 2021 - 5 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
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(0

Perspectives: upgrades for Run 4, ALICE 3 for Run 5 ALICE

LS2 ¢— Run 3 —— LS3 Run 4 ¢+ [S4 & Run$

0 e e T

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

— | l

ITS3 FoCal ALICE 3

Cryostat with RICH
Cylindrical |
Structural Shell
A
Half Barrels ~
\"’\..\_
4

solenoid and dipoles

ITS3: wafer-scale, ultra-thin, bent MAPS FoCal: forward EM calo with Si readout
improvement in the measurement of low pt charm for isolated y measurement in 3.4 <n < 5.8 in p-Pb
and beauty hadrons and low-mass dielectrons Lol ALICE-PUBLIC-2019-005

Lol: CERN-LHCC-2019-018
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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
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https://arxiv.org/abs/1902.01211

A Large lon Collider Experiment

Conclusions ALICE

A wealth of results based on full Run 2 samples offer:
« Detailed insights into QGP workings and properties
» plus a broader and rich QCD programme:
- pQCD, hadron structure, formation of hadrons and nuclei

Underway and coming up:
« Major upgrade for Run 3 on track (ALICE v. 2.0)
* |n preparation: ITS3, FoCal for Run 4 (ALICE v. 2.1)
« Plans for next generation dedicated HI experiment for Run 5+ (ALICE v. 3.0)
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