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The QGP is a state of strongly-interacting matter

The Quark-Gluon Plasma is a state of strongly-interacting
(colored) matter resulting from the phase transition of
hadronic (color-neutral) matter under extreme conditions of
pressure or temperature

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

— the properties of the QGP emerge from the fundamental
properties of the strong interaction

— physics of condensed QCD matter

— a guest towards a quantitative characterization of the
QGP

Afterglow Light
Pattern  Dark Ages
375,000 yrs. /

Big Bang Expansion
13.77 billion years

0.35 -

| ' g b R
T decay (N3LO) H8- ]
low Q2 cont. (N3LO) e
DIS jets (NLO) - ]
Heavy Quarkonia (NLO)
e'e jets/shapes (NNLO+res) F* ]
pp/pp (jets NLO) F=- 4
EW precision fit (N>LO)}e— ]
pp (top, NNLO) F+ 4

03 | ¢

025

o,(Q%)

F =Mz} =0.1179 £ 0.0010

0.05
1 10 100 1000

Q[GeV]

Confinement

1 NB: free regime is
g reached only
¥ asymptotically!

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021



QCD in extreme conditions in the laboratory

A QGP can be formed by compressing large amount of energy in a small volume
— collide heavy nuclei (multiple, ~simultaneous 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 (good scaling observable? YES!)

— no direct observation of the QGP is possible — rely on emerging particles as probes

Centrality = percentile of the total hadronic cross section

Central collisions (e.g. 0-10%)
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Access to all stages of the evolution

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

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

1 fm/c = 3x1024 s, 1 MeV ~ 1010K

Charm and beauty quarks (— open HF, quarkonia), high-p; partons (— jets)
produced in the early stages in hard processes,

traverse the QGP interacting with its constituents

— rare, calibrated probes, pQCD

— in-medium interaction (energy loss) and transport properties

— in-medium modification of the strong force and of fragmentation
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Access to all stages of the evolution

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

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

1 fm/c = 3x1024 s, 1'\MeV ~ 1010K

Low-pt particles, light flavour hadrons (u,d,s, +nuclei)
produced from hadronization of the strongly-interacting, thermalized QGP

constitute the bulk of the system

— non-perturbative regime

— thermodynamical, hydrodynamical and transport properties >2k charged particles per unit of
rapidity in 5% most central Pb-Pb:

98% with pr < 2 GeV/c, 90% pions
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QOutline

pp (min bias)

A selection of results from a broad experimental programme:
1. nuclear modification of high p; particles, open charm and beauty hadrons

2. nuclear modification of quarkonium — in medium energy loss and trasport
3. particle abundances and strangeness enhancement

4. formation of nuclear clusters and hadron-hadron interaction — hadronisation
5. radial flow

6. elliptic flow of light flavour, beauty and charm hadrons — collectivity

A brief outlook to the physics with ion beams in the near and far future at the LHC:

1. LHC detector upgrades and physics in Runs 3 and 4
2. Run 5 and beyond: ALICE 3 as a new HI dedicated detector

See more in the next talk by A. Mazeliauskas for recent development of theory and quantitative characterizaton
of the QGP properties
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The nuclear modification factor, Rya

If a AA collision is a superposition of independent pp collisions,
binary scaling holds for hard scattering processes:

dNAA/de :NcolleNpp/de

and RAAZ 1 at hlgh PT
— the medium is transparent to the passage of partons

NB: at low pr, soft, non perturbative regime — Raa Not a good
observable

9.6 +

R (p)= 1 dN,, /dp,
AA pT <Ncoll> dep /de
no QGP effects
HARD
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The nuclear modification factor, Rya

If a AA collision is a superposition of independent pp collisions,

binary scaling holds for hard scattering processes:

dNAA/de :NcolleNpp/de

and RAAZ 1 at hlgh PT
— the medium is transparent to the passage of partons

If RAA< 1 at hlgh Pt
— the medium is opaque to the passage of partons

— parton-medium final state interactions, energy loss,
modification of FFs in the medium

Hard probes: QCD factorization extended to AA

oAA—shx = NPDF(24,Q*)NPDF (xp, Q%) ® 04p—q @ P(AE) ® Dy (24, Q%)

[
Nuclear Parton Distribution cross
Functions (nPDFs) section

From proton to nuclear in vacuum
projectile/target
— constrain with pA

Cross sectionin
AA collisions

Fragmentation
Functions (FFs)

p.5

1 dN,, /dp,
N.,) dN, /dp,

coll

Parton energy

loss in QGP
HARD
RAA <A
SOFT
KAAC/I

Pale)
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Evidence of parton energy loss in QGP in central Pb-Pb

High precision measurements in a broad prrange and vs centrality 1 dN,, /dp

_ AA T

Strong suppression observed in central heavy-ion collisions up to very high pr Ru(pr)= <N ”> dN /dp,
co pp

No suppression for colorless Z bosons and photons, nor in p-Pb collisions

— suppression due to parton energy loss

. Run 2 data
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No energy loss in small systems?

In Xe-Xe and in Pb-Pb, similar Raa at similar final state charged particle multiplicity

Suppression in peripheral AA (similar multiplicity as p-Pb) from selection and collision geometry biases

— NO parton energy loss in peripheral Pb-Pb
OPEN QUESTION: when does energy loss sets in?

€
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Outlook to Runs 3 and 4:

— Search for energy loss effects
with light ion collisions (e.g. O-0O,
Ar-Ar, low Npa, multiplicity similar
to p-Pb, known geometry)
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Energy loss of charm and beauty

Charm and beauty, produced in initial hard scatterings quarks loose energy
via gluon radiation and elastic collisions

— depend on color charge (C,), mass, path length (L) and medium density (p)

— provides information about the nature of the energy loss mechanism and the
properties of the medium

Dead cone effect = suppression of the gluon radiation emitted by a (slow)
heavy quark at small angles, § < Spc ~ mg/E,

— hierarchy in energy loss: AEy > AE; > AE,

In-medium E,

£ ¢ ;;\a/ = 4[;;:91{:
C i ;;:’ 5
(had) L“ 3 z 3 E'=(-2)E
N 7_————-4. m:a’iqu
Aa A

Baier-Dokshitzer-Mueller-Peigné-Schiff,
Nucl. Phys. B. 483 (1997) 291

(AE) < a C gL?

2 Average transverse
momentum transfer

q = 7 Mean free path ~1/density
Dead cone effect
DSAD CONE
z EFFEC &
! M\ Ll
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Ra, Of heavy flavours

Strong suppression observed for charm and beauty via open charm mesons and leptons from ¢ and b decay
Similar suppression for D and pions, less suppression for J/ from beauty than for D mesons — AE; > AE,
Results well described by models with both collisional and radiative E|y.s
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Intermezzo: first observation of the dead-cone effect in pp

The pattern of the parton shower in vaccum is
expected to depend on the mass of the initiating
parton

First direct observation of the dead cone
effect in QCD in hadronic collisions (pp 13 TeV)
using DO%-meson tagged jets

Ratio of the splitting angle ()
distributions for D°-meson tagged jets
and inclusive jets, in bins of Egagiator

1 anOjets
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Quarkonia at the LHC

Suppression of quarkonium suggested in the 1980’s as QGP signature: N vacuom IN MEDIUM
— qq pairs are suppressed due to color screening in the QGP @ T<Tp T
— lattice QCD predicts the effective qq coupling to decrease in /¥ﬂ/ 3/ o edns 5“%’
i ith i i s © @
medium with increasing T — @
R0, 3w T
PNS X»
Effective qq strong coupling from IQCD
1.2 T T T T T T T T T T ]
a alrnT) 3
T i J/p E
1F 0 mm== Vacuum .
o BT
. e 5
gst BT
05 1800 —e— ]
0.4 f
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o So, & ]
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A.Bazavov et al., Phys. Rev. D 98 (2018) 054511
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Quarkonia at the LHC

Suppression of quarkonium suggested in the 1980’s as QGP signature:

— qq pairs are suppressed due to color screening in the QGP
— lattice QCD predicts the effective qq coupling to decrease in
medium with increasing T

cC Cross section increase with +/s:

~100 cc per central Pb-Pb event at the LHC vs ~10 cc at RHIC

— (re)generation of charmonium and charmed hadron production
take place at the phase boundary or in QGP

a Development of
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Sequential suppression of bottomonium states

Seqguential suppression of excited bottomonium states observed
— Centrality dependence consistent with progressive suppression in a hotter medium
— Quarkonium as a thermometer for QGP

«10° PbPb 368 ub™ (5.02 TeV) PbPb 368/464 ub™ pp 28.0 pb™ (5.02 TeV)
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J/Y dissociation and recombination at the LHC

RAA(LHC) > RAA(Rl_”C), Raaat mldrapldlty > Rapa at forward rapldl’[y

Statistical hadronization (SHM) and transport models based on the recombination picture describe data
— The J/P recombination picture is confirmed by LHC data — signature of de-confinement

Not covered in this talk:

Fundamental measurements in p-Pb collisions constrain nPDFs and initial state effects
Coherent photoproduction of J/ plays a role in peripheral and ultra-peripheral Pb-Pb

J/U at forward rapidity

1.4
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Light flavour hadrons from QGP hadronization

Success of the statistical hadronization model (chemical
equilibrium) in describing yields of light flavour hadron
species over 10 orders of magnitude in central AA
collisions

(including strangeness, light nuclei and hypernuclei)

— bulk produced from the hadronization of a QGP in
thermodynamical equilibrium

Tchemical ~ 155 MeV

dN/dy/(2J+1)

Er T T [ TPV i b J I PG [P SR [P B [ F R0 TP B0}
T Pb-Pb \|'s,,=2.76 TeV j
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107 ce by b b b b b ]
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Mass (GeV)

A. Andronic et al., Nature 561, 321 (2018)
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Heavy flavour hadronization in heavy-ion collisions

At low pr, enhanced production of
open heavy-flavour (Dg+ Bg9) with
strangeness

— hadronisation via recombination
in a strangeness-rich medium

At mid pr, B and B;* less suppresed
than D, B, bottomonia and light
hadrons

— additional evidence that
recombination is at play?

R, (strange) / R,, (non-strange)

First measurement of non-prompt
D.*/D% in central HI

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

T~1fm/c T~5 fm/c

Hydrodynamics at play: flow

A collective motion of particles superimposed to the " Radial flow in heavy-ion collisions |
thermal motion — the system as a medium . Collective motion
f.. 1\ 7 (explosive source)

.
~.
.
5

Radial flow
radial expansion of a medium in the vacuum under a
common velocity field

« Affects transverse momentum distribution of hadrons and
their ratios, ...

Thermal motion
(random)

_‘ Anisotropic flow in heavy-ion collisions !

AniSOtrOpiC ﬂOW non-central collisions
pressure gradients convert spatial anisotropy into
observable momentum anisotropies

* anisotropy in azimuthal angle described by a Fourier series ‘ Eliptic flow v, Triangular flow v,
« v, describe how initial fluctuations propagate in a viscous A W AN oo
fluid i .\Y_V 0 oc 42 Z vpcosn(o —¥y)]
x n=1

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 20



Radial and elliptic flow in AA collisions

The presence of a strong radial flow is observed measuring
light flavour hadron spectra and baryon/meson ratios

— gets stronger with increasing centrality and pushes heavier
particles to higher pr

— behaviour close to the hydrodynamics limit

Radial flow depends only on the final-state charged
particle multiplicity (system size)

Elliptic flow depends on multiplicity and on the eccentricity
(initial geometry)

Xe-Xe Pb-Pb
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0.18E- T 0.2< P, < 3.0 GeVic E
0.16¢- ++-" ‘e . | Elliptic flow |7
0.14 . —
0.12F . v E
0.1 =
0.08) " o =
0.06F ALICE i =
0.04F [« | Xe-Xe |5,y = 5.44 TeV =
0.02E [« |Pb—Pb |5, = 5.02 TeV <
0500 1000 1500 2000
Peripheral to central collision <chh/dn>lnl<0-5

EPJC 81 (2021) 7, 584
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Charm and beauty: to flow or not to flow

oV,

0.25

0.20

0.15

0.10

0.05

0.00

-0.05

Charm hadron flow and Raa at low pr suggest that charm is partially thermalized at the LHC
— a partially-equilibrated probe of the late hadronization stages

Beauty seems to experiences significantly less collectivity (if any) compared to charm
— No significant evidence that beauty is even partially equilibrated with the medium — non-equilibrium probe

_IIIIIIIIIIIlIII]II]lI]I|III|[II|III|III

~ ALICE 30-50% Pb-Pb, |5, = 5.02 TeV

e data TAMU ]
- A m* @ :
T ﬁﬁ Prompt D a ]
o Inclusive J/y + N
:_ L+ t@; E b — e ™Y _:
B0 Y(1S)5-60% = [l 1
- @ ]
o | g $&1 % & % , g
E [% ﬁ? %, .
il E
:immﬂ%w@m_mwnu 'wmﬁwumwu
__l 11 [ 11 | | o | | 11 I 1501 | L1 1 | =120 | 11 | L1 1 | 11 I__
2 4 6 8 10 12 14 16 18
P, (GeV/c)

0.2

L L B L L L B L B
ALICE  20-40% Pb—Pb \'s,, = 5.02 TeV
Inclusive Jly,25<y <4

e v, {SP, |An] > 1.1}
[ ]Syst. (uncorrelated)

TAMU (X. Du et al.)
[ ]Inclusive Jhy
- - Primordial J/y

1 | 111 | y | 111 | | — I | — l | — I 111 | 111

"2 4 6 8 10 12 14 16

JHEP 10 (2020) 141

PbPb 1.7 nb™ (5.02 TeV)

0.3

0.25

0.2~
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0.05

(@]
=
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=
_@_
—o-
0

-0.05

p# > 3.5 GeVic CMS
Cent. 5-60 %

T(1S) Inclusive J/y
# lyl < 2.4 W25 <|y| <4 (ALICE)

$25 < |y| <4 (ALICE)

o

2 4 6 8 10 12 14
pT(GeV/c)
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Prompt D° v, with 4-particle cumulants

CMS Pre//mmary DO +D%bar-> K- +CC~  PbPb0.58 nb” (5.02 TeV)
0_2__ Prompt ID°+D Iyl <1 | | | | | | Calculatllon for plrompt DI

v {2} - v,{2}, Langevin
—e— Vy [] Syst. ‘-_-E- — v2{4}, Langevin

—e— v,{4} N ]
PERS ..H_ v,{2}, Energy loss 4
' v,{4}, Energy loss —

Correlations of a D® meson with one 0.15
(v2{2}) or three (v2{4}) other charged o
particles found in the detector.

0.05!

.....

- 10-30%

— Low-p; charm quarks are strongly
coupled to the QGP medium

—e— Prompt D%+D°

Calculation for prompt D° ]

'E\T 1.2 —e— Charged particles —— Langevin ]
:‘J\' e L, Energyloss . N
At high-pr, energy loss is expected to = e |
dominate. > 1
o 4 6 8 10 12 10 12 14

P, (GeV) P, (GeV)
C. Bernardes, 26/7
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Collectivity correlates many particles over a wide n range

Ben Pb-Pb
Observable: two-particle correlations vs An (difference in rapidity) 2< pfggz‘”\‘;/ % ot cantral
and Ag (difference in azimuthal angle) <P s a2HeVe

------------------- PLB 708 (2012) 249-264

correlations emerging from early times (causality)

The azimuthal structure is due to the medium response to the
initial transverse geometry (elliptic flow)

2< Py < 4 GeVic p-Pb |y = 5.02 TeV
2\ (0-20%) - (60-100%)

Discovered at the LHC
in high-multiplicity pp and p-Pb .

BAVLTTIGR
IR S s

\)
s
RSN
() Q“"ﬂ“"\““ [
OSss

B N
‘4‘!\‘ l/f//%"‘"‘““ﬂ\\‘e

b‘?“"AAA

Low-multiplicity
high multiplicity -4 et subtracted
JHEP 09 (2010) 091 PLB 719 (2013) 29
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Collectivity correlates many particles over a wide n range

Elliptic flow from multi-particle correlations:
Vo{d} = vo{6} =~ vo{8} > 0

- subtract jets and other physical 2-particle
correlations due to non-flow
- measure with rapidity gap

—1 Flow in heavy-ion collisions

non-central
collisions

d3N _ 1 &N
dP3 27 prdprdy n=1

x

o >
.® 14
i..‘. o v ':‘... PN
..::... 5 00 .
'.'::.:o. 7o ;
., ..'b ...! .
.
”/\¥/ . .
Elliptic flow v, Triangular flow v;

(142 vacosin(p — ¥a)))

Elliptic flow from multi-particle correlations in all systems

= = L T y ! T =
. . . = - (d) PR 2 B
In AA collisions, collectivity originates fromthe > 0.08 g'ﬁ" ...:%:‘.3:&% # B
presence of a strongly-interacting QGP: - e ® 5 ® 3
anisotropies and correlations in space converted = f*'q. Dg), 4 - + % =
iNto anisotropies in momentum space. 0.04 =" = RS s —
E PP P- e-Ae =
0.02E pp. p-Pb| %5 5oz 544 502 {5y (TeV) -
OPEN QUESTION: what is the origin of the - s G 90 v.(4)  Xe-Xe -
. A llisi o 0 —open = without n-subevent [ < E‘.}’J A v,{6} —
emerging collectivity in pp, p-Pb collisions~ = solid - with n-subevent 1 WV V,(8) =
102 103 (m| <0.8)

PRL 123, 142301 (2019)
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Discovery of strangeness increase with multiplicity in pp, p-Pb

Multi-strange to non-strange yield ratios increase E
significantly and smoothly with multiplicity in pp and p- E -

Pb collisions until saturation in Pb-Pb e

[72]

« strangeness enhancement relative to pp suggested in the 2

1980’s as QGP signature >

o

I

14

— Particle composition evolves smoothly across
collision systems, depending only on final-state

multiplicity 1021 -

-~ @ pp,Vs=13TeV
O pp,Vs=7TeV .

O p-Pb, s, =5.02 TeV
O Pb-Pb, \/s_NN =276 TeV
—— PYTHIAS8 + color ropes

OPEN QUESTION: “emergence” in hadron production
mechanism, from microscopical hadron production

mechanisms (string overlap, color reconnection) to the [ e HERWIG7
onset of a QGP (thermalization, equilibration)? 0 ; e P Aonash RO
= Lagropeopaprppdrimimigie 4000 1 Lol ]
10 102 10°
|
— A challenge for models! (AN fdm)

Nature Physics 13 (2017) 535-539,
EPJC 80, (2020) 167 and 693
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From hadrons to light (anti)nuclei

Smooth evolution of production of rare light nuclei as a function of the system size from pp to Pb-Pb

— puzzle of the survival of loosely bound states (Eg ~ 2 MeV) in the hot hadron gas (T ~ 150-100 MeV)

produced in heavy ion collisions

— hucleosynthesis in hadronic collisions: statistical hadronization vs coalescence

N T IIIIIII| T IIIIIII| T IIIIIII|

Q- 0.005 Thermal-FIST GSM (PLB 785 (2018) 171-174), T_ = 155 MeV .
+ ' --V.,=3dV/dy — V.=dV/dy
3 — Coalescence (PLB 792 (2019) 132-137) d/p
~ .
© 0.004 Multiplicity Classes: —
AN VOA (Pb-side) for p-Pb . s
VOM for pp and Pb-Pb .-~ i
0.003 <0 Mk —

0.002

¢] Pb-Pb, 5.02 TeV (Prel.)
] p-Pb, 5.02 TeV
@] p-Pb, 8.16 TeV (Prel.)

! Lol |
1 10 10° los
<chh / dnlab>|

0.001

:El\llllIII|IIII|]III|IIII|II

[II]|III[|III

IllIIII| 1

nlab|<0.5

Coalescence:

» cluster forms when nucleons are close in phase space

» dependence on the source size

» dependence on the nucleus internal structure

— test with hypertriton (/Apn): loosely bound (B~ 130 keV)
and large (r ~ 10-14 fm)

7 y \ o
" @ "
\ ® 2 @ >
P@® P@® ; 7

.
1 7 AR source

e source N ¢

(\
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From hadrons to light (anti)nuclel

Smooth evolution of production of rare light nuclei as a function of the system size from pp to Pb-Pb

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

— hucleosynthesis in hadronic collisions: statistical hadronization vs coalescence
— applications to cosmic ray physics and indirect dark matter searches

[ - ';'herlm;I-IFIISI'II'I(ESM (FI’LBI78I5 I(2I0I1I8I)|171-1I74),ITCIh=];éSHI\l/IeV 1 <« L B e LA
;_ 0.005:_ --V,=3dVidy —V.=dV/dy T |« |ALICE p-Pb, 0-40%, |5, = 5.02 Tev 3 H//\
: - — Coalescence (PLB 792 (2019) 132-137) d/p ® <10—5:_ EALICE Pb-Pb, 0-10%, (S = 2.76 TeV /\
© 0004__ Multiplicity Classes: I — [ BR A S00 e i/ N
N —  VOA (Pb-side) for p-Pb e —ﬂﬁ—_’—_—- - T et .th f
_ VOMforppand Pb-Pb .- hﬁ 5 i : — opensl e way OI’.
0.003~ ol : . | systematic and precise
i ?gf . | measurements as a
0.002+ =) pp, 7 TeV ] . : : ¢ .
- pp, 13 TeV . 10 o . unction of system size
- [+] Pb_Pb, 276 TeV ] ~ 3-body coalescence - .
0.001- 5] Pb-Pb. 5.02 TeV (Prel.) ] = 2-bady coatescence 2110 WIOMSUA i
. L 4] p-Pb, 5.02 TeV ] —SHM, Ve =dVidy - Runs 3 and 4
O | O p-|=|>b, 8.16 TeV (lPreI.) . e G VeV
| | | L1111 1 1 1 L1111 1 1 | N I | 1 1 it i ; i i lIIII i i i 4 II\‘ |
1 10 10? 10° 10 102 10°
A. Balbino, J. Ditzel, 26/7 (AN /dn_> ¢ arxiv:2107.10627  ‘INail 41005
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Accessing the strong potential among hadrons

T T [N
Two-particle femtoscopic correlations provide information about “ash p-E 7
- I8l ALICE asta N5
— final-state interactions among hadrons el I oouomo 2
. . vy . - OCoulomb + p-E- HAL QOD 4
« direct comparison to ab initio QCD calculations _28F 1] Ooulomb + p-0- HAL QOD siastio =
. . e e X [ I couiomb + p-0” HAL QOD etastio + Inelastic
—s source (continuum) size and lifetime SRk =
—s coalescence (discrete bound state solutions) i c
:
A d hensi f ts i -A e —t—t—+— ' :
new and comprehensive programme of measurements in pp, p-A, b . . 2
AA at the LHC to study of the residual strong interaction among g - ]
(strange) hadrons and Y-N interaction (relevant for neutron stars 6 : =
FoS) sft. 12 -
o | 3
T 'F -
C(k*)>1 ® - af i
@ Attraction E:lez P1 - .
—— B =)
- 2+ —
: I
%f T~ @ vk b3 e :
. = Ck")< 5 0 0 e (MeV/e G
. o w(?’k) Repulsion ’ SE=iE]
i Nature 588 (2020) 232—-238
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Physics with ion beams at the LHC
iIn the near and far future

Physics in Run 3 and 4 with the upgraded detectors > arXiv:1812.06772

Run 5 and beyond > arXiv:1902.01211
Input to the European Particle Physics Strategy Update > website
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https://arxiv.org/pdf/1812.06772.pdf
https://arxiv.org/abs/1902.01211
https://indico.cern.ch/event/765096/contributions/

The near and far future of HI at the LHC

2010-2012 2015-2018 2022-2024 2028-2030 2032-2034 2036-2039
4 High luminosity LHC >
We are *°
here o
Major upgrades during LS2 for ATLAS and CMS phase |l ALICE 3: a whole new
ALICE and LHCb - Replace inner tracking systems to increase coverage dedicated HI experiment!

- Timing layers: e.g. CMS MIP Timing Detector
LHCb upgrade Il

(CERN-LHCC-2018-027)

- Calorimeters, muon system upgrades, etc...

A precision era for ALICE ITS3 and FoCal
flagship observables!

Link to LHC schedule

Much more in the Detector R&D and Data Handling parallel sessions...
European Strategy,
Runs 3 and 4 expected lumi for heavy-ion programme: arXiv:1812.06772
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ALICE upgraded for the LHC Run 3

' = « 7 layers of Monolithic Active Pixel Sensors
* Innermost layer closer to the IP (r = 23 mm)
 Reduced material thickness

Talk by K. Reygers, 28/7

New TPC Readout Chambers
Continuous readout on GEMs

 Read out at maximum Pb-Pb collision rate of 50
kHz (x50 for non triggerable observables)

« cont. readout also in pp w/ event filtering at full
reco level

»
ulll

Update of readout

« The main PID detectors consolidated and speed-
up (e.g., TOF readout update) to preserve PID
capabilities

Integrated Online-Offline system (02)
New Muon Forward Tracker (MFT)
New Fast Interaction Trigger (FIT) Detector
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LHCb upgraded for the LHC Run 3

Total replacement of the LHCb tracker

Pb-Pb collision study enabled up to 30% central Pb-Pb
instead of current limit at 60%

SMOG2 upgrade (LHCb-TDR-020)

- fixed-target mode enabled by injecting noble gas into the
vacuum vessel of the LHCb VELO

- effective areal densities (luminosities)
~8-35x SMOG1, at the same flow rate

- variable target types and at different /s

- cold nuclear matter effects, search for charm in proton at
low X, antiproton cross section in p-He for cosmic ray
physics

New detector
/A Scintillating fibers
+ SiPM

New detgctor

Remove first muon station,
preshower and scintilating pad
detectors

New photo-detectors
+new optics (RICH1)

ELECTRICAL CONTINUITY
BETWEEN CELL AND RF FOIL

FLOATING HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

STORAGE CELL
SUSPENSIONS

GAS FEED TUBE|
THE CELL CENTER
CONICAL TRANSITION

FIXED HALF i n
f
=

FLEXIBLE WAKE FIELD SUPPRESSOR CONNECTE( LI-“P ¥
\ i ;
| 7R
\ P?, ’ v'?

FRAME

SMOG?2 \
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Upgrades in LS3: ALICE ITS3 and FoCal, CMS and ATLAS

ALICE ITS3: a new ultra-light inner ALICE Forward Calorimeter

barrel based on bent ultra-thin, A new high-granularity Si-W
wafer-scale sensors sampling Em calorimeter
— low momentum charmed hadrons ~ combined with a sampling
— low-mass dielectrons Hadronic calorimeter
— gluon PDFs (small-x)
Lol: CERN-LHCC-2019-018 — 119 jets (and di-jets), J/, Y in
Talk by F. Krizek, 29/7 UPC, W, Z, event plane and

centrality

Cylindrical p
Structural Shell — /

ALICE ITS3

Lol: CERN-LHCC-2020-009

3.4<n<58

Major upgrades for ATLAS and CMS
—> Highlight for HI: timing detectors

CMS MIP Timing Detector
— precision timing on single charged
tracks (o ~ 30-40 ps) = PID in |y|<2

18

CMS Phase-2
17—

Barrel (BTL): LYSO crystals + SiPMs
Endcaps (ETL): Low Gain Avalanche Diodes

CMS MTD

PbPb (5.5 TeV)
T

TDR: CMS-TDR-020
" Talk by B. Marzocchi, 27/7
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Open heavy-flavour: energy loss and hadronization

Study mass dependence of energy loss, in-medium thermalization of heavy-flavours and their
hadronization as a probe of the medium transport properties (e.g. charm spatial diffusion coefficient)

High-precision elliptic-flow and Raa measurement at mid- and forward rapidity for both ¢ and b sectors

{Sn = 5.02 TeV pp 650 pb* + PbPb
16F- CMS Bl Chasged hadrons charm sector . g DEAuty sector |
= P ) (p; <50 GeV), 0.2 nb™ Ay 0.3 | gl Tl e e Q F ALICE Upgrade simulation a
vak: rofection (p, >50 GeV), 10 nb™* E ALICE Upgrade Simulation 2 - 3 9F PPl = 6.5°To, ey 0208 =
“F Cm0o° 20 GeV), 0.2 nb* - . . - W= . * 3
: P b o Gaviiio o 0.25} Pb-Pb, {Sg5.5 TeV, Ly, = 1006 = o L =10n5" 3
N * E' o r;z;n,j/w 10 nb* - H H E . e —— K troo-auask madal, Au-Au 2:'366\'_;
1 o ' 0.2~ s D° 30-50%centr, || K g o Qs i
£ Ko B o Di 30-50%centr. ] - e e
o 08K 0.1 5—_ v A; 1040%centr. ] 5 I —— PYTHA 3
E ) - «$ Jﬁ : : :
- - : =l 7| fi
0.6 o f e C g z 5
S ' ot I -:
: > . . Baqﬂi%_ o = =
> 2- 0.05 7 o =
T Centrality 0-100% E ] e E:
0_““ L L ,,““l L 1 ,.,“,I 1 (2335 0 v v v by v by v v vy v by g by g by g 0 7 0:111 | yvoa g e Py gy oadl o g gl .

10 102 0 2 4 6 8 10 12 14 16 5 10 15 20 25

P; (GeV) P, (GeV/ce) p, (GeV/c)

arXiv:1812.06772
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Quarkonia: melting vs regeneration vs energy loss

Study regeneration and thermalization of heavy flavours with precision
measurements of charmonia flow, RAA and {(2S)/J/, explore feeddown

1.2 T | K R 0 ) | L ) | BEL R R | P UER B ) UL ) LI T 2‘ 0.18 -
o 02 L Bt | T 7T LANLINEL B LB B B L B B R mg B IAT S ! lcemralli’ty o—20l36 ! B 2ﬁ : Pb-Pb VS_NN=5'02 Tev’ 25<y<40

B -1 1 - = - -

E‘“CE Us"g'f“:z‘f'r:‘\’l‘";": 10 ""40 L Prompt JAp, lyl <2 s Conslsted systematic uncer. = 0.16¢ ® ALICE Upgrade simulation, 10 nb™*
o.1s_—'°'°‘_"‘ : T Sy — ', 2040% ] [T T s & OMEPP ------ Statistical Hadronization Model b
& 9 g 2 ::g:::::jmf L mmm Color SCreening [Phys. Lett. B778 (2018) 384] . 23 ! —- Transport Model (TAMU)
o1f g & = 0.8 *+== Color screening [Phys. Rev. C91 (2015) 024911] &5 0.12 .

R $ "I mmmEnergy loss [Phys. Lett. B767 (2017) 10] - o H

e & P T e [ - Energy loss [Phys. Rev. Lett. 119 (2017) 062302] ] 0'1:‘:,' ':
:+_-‘ T ey | e VIR 0.6 ©.=206Gev - 008'—":1':"- H 1
R e e e = : T N j -;
E Transpon Mocel (TAML)  Hydrooynamicsl Model (KSL) e, | = QOBF B\ a sseememe e PO E U
-0.05}- ----- &% ——Y(18) 4] 047 ........ LR B ]
- —— Y(18) E - *e,,  _.aBllee*® - L i
E " ven : s u 0.04F e s :
—o'bL-l.lélllzlllélllélll1lolll1l2ll.1l‘l. w - : ----------------- ‘:
b (Gevic) 0.2 ~ 0.02 .
O-I I L1 1.1 I L1 11 I L1 1.1 l L1 1.1 I L1 1.1l l L1 1 1 l I- 00I =1 Isd ‘ ‘1‘0(‘)‘ I1‘56I .2'0(‘)‘ ‘2‘5‘0‘ I3‘00‘I '3‘5(‘)I ‘4"00

10 15 20 25 30 35 40 N
part

arXiv:1812.06772 P, [GeV]
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Nuclel, dileptons, small systems and more...

Clarify formation mechanisms of

nuclear bound states from a dense

partonic state: (anti-)nuclei and
(anti-)(hyper-)nuclei up to A = 4

Expected significance

—
(@)
N

b
o

ALICE Upgrade projection
Pb-Pb, |5, = 5.5 TeV (0-10%), B=0.5T
e %ﬁ —°%He + n*
B.R. =25% (%)
%H — *He + m*
B.R. =50% (*)
%% —>%He+p+n*
B.R. =32% (*)
(*) theoretical

- Y ) o

~.\ \
-

5
~ l
L 1 III\IIIl 1 IIIIIIII | L 1

1072 TS 1 10
Min. bias integrated luminosity (nb™)

Access to the thermal dilepton
excess after subtraction of light
hadron decay and charm

?ALICE Upgrade Simulation

- Pb-Pb \s,, =5.5TeV

—

Rapp p (broad)

L 0-10%, Lim =3nb" Rapp QGP
ITS2, B=0.2T Rapp Sum
Inl<0.8 —#— ‘meas.’ - cC - cockt.

(524 Syst. uncert. sig. + bkg.
E== sSyst. uncert. cc + cocktail

Lol

p._> 0.2 GeV/c

dzN_'fW/dMeecy (GeV/cy)!
& ]
TTTT I|

[ \IIIH‘

1/ Nevi
=

"

T T TR ST T =t
—
eyl

o el | HIHIl

R B R N n ‘z
0 0.5 1 2 2.5
M., (GeV/c?)

arXiv:1812.06772

A “small systems” programme to
study collectivity, strangeness
production, the onset of QGP like
features

e | ALICE Upgrade projection |
++ Muttiplicity slicing with mid-rapidity estimator
=
r ®
3
+|G 7 . o .. g
- - I = ]
G - Pt .
- 1) $ eeoeee .
i i)q’ —— PYTHIAS -
S — DIPSY
i > we: EPOS LHC
O  pp.Vs=7TeV Nat. Phys. 13 (2017) 535
i e Progactlon for 14 TeV pp, 200 pb”
1 0-4 BIY, O =5.02TeV PLB728 (2014)25 _|
- O Prellmlnary Pb-Pb, {5, = 5.02 TeV .
e v el i geeeenaniv iy g =
10 102 10°
dN /d
< ch n) [nl< 0.5

+ net-charge fluctuations, jets (the QCD objects!), heavy-quark jets, light ions, nPDFs, low-x physics,...
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ALICE 3: a new dedicated HI experiment in Run 5 and beyond

ALICE 3: a new dedicated heavy-ion experiment at the LHC

replace ALICE between Run 4 and Run 5

Expression of Interest submitted in 2019 (ESPPU), arXiv:1902.01211
Open ALICE 3 workshop in October 2021

Letter of Intent to be submitted to the LHCC by end of 2021

ALICE 3 detector concept

Physics from pp to Pb-Pb: e S

Identification
Systems

« Vertexing accuracy and tracking down to pr=0
(w/ retractable inner tracking layers)

« Particle identification
« Wide rapidity coverage
« Extreme acquisition rates for soft probes

‘s
\:\‘:« v MAPS-based
tracker
Y Silicon-based
time-of-flight

detector

Talk by G.M. Innocenti, 29/7
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ALICE 3: a new dedicated HI experiment in Run 5 and beyond

ALICE 3: a new dedicated heavy-ion experiment at the LHC ALICE 3 detector concept
» replace ALICE between Run 4 and Run 5
« Expression of Interest submitted in 2019 (ESPPU), arXiv:1902.01211
 Open ALICE 3 workshop in October 2021

* Letter of Intent to be submitted to the LHCC by end of 2021

Physics from pp to Pb-Pb:

» Vertexing accuracy and tracking down to pr=0 Silicon tracker: large acceptance, ultra-light,

(w/ retractable inner tracking layers) IB based on large bended MAPS

’\104§ A==l palalsOrT] R LSRR | y—lestatebi
ALICE 3 study

Layout V1 E
n=0 R_=20cm E

» Particle identification

=)
L

« Wide rapidity coverage

2
URRRLLL R

« Extreme acquisition rates for soft probes

=€ = -
—K -p 7]

pointing resolution (um

10

Talk by G.M. Innocenti, 29/7

=~ 0.1%X, vertexing layers

1 ()—1 Ll Ll Ll (N L 5 B T 1)
102 107" 1 10 10°

P (GeV/c)

ALI-SIMUL-491689
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ALICE 3: a new dedicated HI experiment in Run 5 and beyond

ALICE 3: a new dedicated heavy-ion experiment at the LHC ALICE 3 detector concept
» replace ALICE between Run 4 and Run 5

« Expression of Interest submitted in 2019 (ESPPU), arXiv:1902.01211
 Open ALICE 3 workshop in October 2021

* Letter of Intent to be submitted to the LHCC by end of 2021

Physics from pp to Pb-Pb:

» Vertexing accuracy and tracking down to pr=0 Silicon tracker: large acceptance, ultra-light,
(w/ retractable inner tracking layers) IB based on large bended MAPS
- Particle identification o [og———r—r1 TOF

« Wide rapidity coverage Options for PID: E -

» Extreme acquisition rates for soft probes Silicon-based TOFE detector

outside the tracker, o = 20 ps

Talk by G.M. Innocenti, 29/7 Aerogel-RICH detector,

outside of TOF [ e i 500 Tav. Pyeian gy |
107 1 10
p (GeVic)
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Unique physics with a fast ultra-light detector

++ + +
QCCC - QCC + 0

Multi-HF states production to investigate hadronization QL - Q0+ 7t
from the QGP ot Qg_)g::”/tur
Multi-charm baryon production expected to be enhanced by 102-103x A>p+n
low prB, %6 X, ... @ g'
i
Dilepton radiation from various phases of the collision Iy 2

Effect of chiral symmetry restoration (predicted by lattice

QCD) on the dielectron spectrum i IR et

(1GeV)

QGP parameters (diffusion coefficients, conductivity
properties, ...) with unprecedented precision

dM dn)

Ultra-soft (p; ~ 10 MeV) photon production relative to
hadron production (Low’s theorem, non-pert. QCD)

"\.h; ‘ll\::‘l'

...and more new unique windows opened at the LHC! 0 02 o4 08 08 1 12 14 15 12

M (GeV)
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Conclusions

We have reached a precision era in the quest for the quantitative characterization of QGP
properties and the study of QGP phenomena emerging from QCD in extreme conditions

A broad physics programme with heavy ions at the LHC has brought new discoveries and new
tools (observables, analysis techniques, ...), and opened new roads

- collectivity in small systems

- smooth evolution of hadrochemistry from small to large systems

- role of charm as probe of mechanisms of hadronization from the QGP
- study the nature of the hadron-hadron interaction

- understand nucleosynthesis in hadronic and nuclear collisions

We are sharpening our plans and our tools for a bright future of the field!
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Thank you!
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DARK UNIVERSE | FEATURE
ALICE’s dark side CERN COURIER 30.10.2020

Precision measurements of the production and annihilation of light

European Research Council

antinuclei are sharpening the search for dark matter.

If found in cosmic rays (AMS-02, GAPS), light antinuclei
(antideuterons, antihelions) may be originated from interactions of

- primary CR with the galactic interstellar matter (pp, p-He...)

Ingredients needed to predict rates:

- antimatter cluster formation mechanisms
- decisively constrain with measurements in ALICE

H2020-ERC-STG CosmicAntiNuclei

- model of cosmic ray propagation in the Galaxy and the
heliosphere
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- annihilation cross section of antinuclei
- measured with ALICE at low pr
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https://cordis.europa.eu/project/id/950692
https://cerncourier.com/a/alices-dark-side/

Inelastic cross section of anti-*He

First measurement of the anti-*He inelastic cross
section using pp, Pb-Pb data and ALICE as a
target

— new information on interaction with the detector
material (compare to Geant)

Application to the propagation of cosmic ray
antinuclei through the Galaxy, show high
transparency of the Galaxy to anti-3He fluxes

— relevant application to indirect dark matter

searches with space-borne experiments as AMS-
02, GAPS
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