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Phase diagram of strongly-interacting (QCD) matter
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At high energy density ¢ (high
temperature and/or high density) hadronic

matter undergoes a phase transition to
the Quark-Gluon Plasma (QGP)

e a state in which colour confinement
Hadron Gas & Wh. is removed

. * a high-density QCD medium of
e “free ” quarks and gluons

conductor

Quark-Gluon Plasma

Baryon chemical potential, ug (MeV)
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Theoretical study of the phase diagram: lattice QCD

Method for doing calculations in non-perturbative regime of QCD
Discretization on a space-time lattice

Ultraviolet (large momentum scale = small space-time scale)
divergencies can be avoided

Compute thermo-dynamical properties for a system of interacting
quarks and gluons
£ a’T*
Pressure density: pPp=—=n

3 Y 90

for an ideal gas
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Phase transition in lattice QCD
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« Lattice QCD applicable at low pg
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Baryon chemical potential, ps (MeV)

« Critical temperature T, ~155 MeV (~1012 K)
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QGP: the first “matter” in the primordial Universe

Inflation
Quark Soup
Parting Company
First Galaxies

-« Radius of the Visible Universe —»

300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

The phase transition from
quarks to hadrons
occured in the cooling
Universe 10 us after

quark-gluon formation of formation of

plasma protons/neutrons  atomic nuclei the B Ig Ban g, at LU= 0
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Heavy-ion collisions and the QGP

<R

« Explore the deconfined phase of QCD matter - quark-gluon plasma (QGP)
« LHC Pb-Pb - large energy density (initial « > 10 cev/im®) & large volume (- 5000 fm?)
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Heavy-ion collisions and the QGP

« Explore the deconfined phase of QCD matter - quark-gluon plasma (QGP)
« LHC Pb-Pb - large energy density (initial « > 10 cev/im®) & large volume (- 5000 fm?)

Time:0.08 fm/c

Temperature, T (MeV)
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« Explore the deconfined phase of QCD matter - quark-gluon plasma (QGP)
« LHC Pb-Pb - large energy density (initial « > 15 cev/im®) & large volume (~ 5000 fm?)

Heavy-ion collisions and the QGP

Initial Hard QGP Hydrodynamic . Hadromzanon
state collisions  formation expansion . . .. °
Time 0

v

Visualization by J.E. Bembhard, arXiv:1804.06469
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Ultrarelativistic heavy-ion accelerators

«  BNL-AGS, early '90s, Au-Auup to /s,y =3 GeV

— Below critical energy density

- CERN-SPS, since 1994, Pb-Pb up to,/s,y =17 GeV
— Estimated energy density ~ 1 X critical value ¢,
— First signatures of the QGP observed

- BNL-RHIC, since 2000, Au-Au +/Syy =8—200 GeV
— Estimated energy density ~ 10 X critical value ¢,
— Discovery of several properties of the QGP

- CERN-LHC, since 2010, Pb-Pb /Syy =2.76 =5.5 TeV

— Estimated energy density ~ 15-30 X critical value ¢,
— (Ongoing) Precise characterization of the QGP, new probes available

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC
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Heavy-ion collisions at the LHC
- Characterise the QGP:
» Initial stage
Global properties
Colour deconfinement
Parton interactions

Viscosity and
expansion dynamics

YV V VYV V

Runs 1-2: \ISNN and delivered Ly
« Pb-Pb 2.76, 5.02 TeV, ~3 nb™’
« Xe-Xe 5.44 TeV, ~3 ub!

e p-Pb5.02, 8.16 TeV, ~200 nb-"

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC



<R

Geometry of a nucleus-nucleus collision
Transverse to beam line
€ central collisions
» small impact parameter b
» high number of participants
- high multiplicity
€ peripheral collisions

» large impact parameter b
» low number of participants
-> low multiplicity

Participants
Spectators

-l >

« System size strongly dependent on collision centrality

« Classify events in “centrality classes”
— In terms of percentiles of total hadronic AA cross section
— Measure multiplicity of particles in the acceptance of a given detector

— Determine <Ny ricipants™ aNd <Ncqisions™ With @ model of the collision geometry (Glauber model)
Glauber model: see e.g. M. Miller et al. Ann.Rev.Nucl.Part.Sci.57(2007)205
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‘Global’ properties of the collisions: multiplicity

2200

[ ALICE (PRL 106 (2011) 032301) ® ALICE symmetrized
2000— <n ATLAS (PLB 710 (2012) 363-382) — Double Gaussian fit
CMS (JHEP 1108 (2011) 141
1800 0 ( 2o 147) 0-5%
1600 LHC
1400-
=
- —
I 1200 10-20%
= 1000
o=

800 20-30%
600
400
2001 ALICE, PLB 726 (2013) 610
Pb+Pb @ sqrt(s) = 2.76 ATeV 0 -6 -I5 -4|1 -|3 —17_ -Il (I) i é :I; ‘Il |5 6

2011-11-12 06:51:12
Fill : 2290 n

Run : 167693
Event : 0x3d94315a

Central collisions at LHC: ~17,000 charged particles!
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‘Global’ properties of the collisions: energy density

» Estimate of energy density reached in the collision:

E 1 dET S = transverse dimension of nucleus

£ = =
V. Sct, dy

7, = formation time"~ 1 fm/c

y=0

 Initial time 1y normally taken to be ~ 1 fm/c

— i.e. equal to the “formation time”: the time it takes for the energy initially
stored in the field to materialize into particles

 Transverse dimension: S ~160 fm? (R, ~ 1.2 43 fim)
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‘Global’ properties of the collisions: energy density
« Transverse energy x3 from RHIC to LHC:

|
1217, Fopl, 0-1% AuAu p

% 0 - - 802, 0-5% AuAu ] dE T ~2 TeV
G 7| =+ NA49,0.7% PoPb A dy
) -5~ WA98, 0-5% PbPb y=o
= 8 PHENIX, 0-5% AuAu g
- g s CMS, 0-5% PbPb
~ 6__ RHIC parametrization . ]
:_g __ 0.46 5°2, \[5,, 2 8.7 GeV /__/_/-"""/ _ 3 3
24 e | €~(2000/160) GeV/fm” =12 GeV/fm
5 = 0 - _

[ ol ] ‘y

N - R x20 larger than the critical energy
1 °© Goy density from lattice QCD
/SNN

CMS, PRL109 (2012) 152303
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‘Global’ properties of the collisions: system volume
from Hambury Brown Twiss interferometry

* Quantum effect: enhancement *  “Homogeneity” volume ~5000 fm3 at LHC

of correlation function for

identical bosons, e.g. pairs of

pions
 From Heisenberg’s
uncertainty principle:
— Ap-Ax~nh
- extract source size from

momentum correlation
function

INFN Pisa, 01.02.2022

6000 Phys.' Lett. B 696 ('201 1) 328 (vlalues scaled)

E8952.7,3.3,3.8,4.3 GeV
NA498.7,12.5, 17.3 GeV
CERES 17.3 GeV

STAR 62.4, 200 GeV

PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

5000

elxXxmp>»
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3000

a 2000-1}5£%% *

1000

1[)3f2 ROUIRSldeRlong (fm3)

ALICE, PLB696 (2011) 3285
0 1

0 500 1000 1500 2000
(dN /)

* compare to Vpp.nucieus ~ 1500 fm3
—> strong (x3) expansion!
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‘Global’ properties of the collisions: effective

temperature from photon radiation

QGP radiates real and virtual photons during [ Porofsczmtev ]
all phases of its evolution § U et ‘Z?Eﬁ?ﬁ?é&”é’&%ﬁ?%
Analogy to black body radiation I e i ;
R ook tletrn B l PDF: £PS09, P BFG2 |

2 @ 4000 K , Oémon ..zg 1%_ kﬁﬁﬂg\ﬂ (@l scalod by Now) E

3 3000 K o 0! 1o | -

E X Qap 10-2; é
& 107 :
Frequency d 10k _;
Measured as exponential component of soft 107 E
photons on top of photons from QCD 10°F e
processes 07 1
Toope = 304 £ 40 MeV  (x2 larger than T) ik, FHCE PRBTO1 2019) ,2;?2;}':?;

Andrea Dainese | QGP at the LHC
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Early phase: vorticity and magnetic field

Initial QGP Hydrodynamic
state formation expansion _
l ‘
ﬁ- L A LY
Time ~0.5 fm/c ~10 fm/c .

Visualization by J E. Bembhard, arXiv:1804.06469

Non-central collisions:
« Large angular momentum L (~102" revolutions per second)

« Large magnetic field B (~10' Tesla)

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 17
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Spin allgnment of vector mesons in spinning QGP

| I I l |
0.6 Pb-Pb, Sy, =2.76 TeV  ALICE

Event plane ly| < 0.5
0.5 #K™, 10-50 % _13 ]
Kg, 20-40 % -

0.4— @ —
. o "}‘t ) l’_’b’ H E }“4 "j;
« Large angular momentum L in non-central collisions 0.3+ —

pOO

«  Spin-orbit interactions expected to polarise quarks op \/— — 13 TeV
e If qgarks rec?omt_)ine to produce vector mesons 0.2 Production plane —
(spin=1), spin alignment could appear oK
«  Measurement using K*0 = Kr decays shows a 3c 0.1~ .
| | | | l
effect at low momentum 0 ] 5 3 4 5
P, (GeV/c)

ALICE, PRL125 (2020) 012301
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QCD deconfinement: melting and re-binding quarkonia

Initial Hard Hydrodynamic
state collisions expansion . . .« °
Time 0

Visualization by J E. Be;nhard, arXiv:1804.06469

» Deconfinement - Colour screening - Quarkonium melting
« High charm density can lead to "additional” charmonium formation

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 19



Quarkonium melting due to colour screening

* QGP signature proposed by Matsui and :
Satz, 1986
e %a®e ¢
2%l
* Inthe plasma phase the interaction V() ’ "..-:

potential is expected to be screened vacuum
beyond the Debye length A, (analogous

- "1
to e.m. Debye screening): V medium

«  Charmonium (cc) and bottonium (bb)
states with r > A will not bind; their
production will be suppressed Matsui, Satz, PLB178 (1986) 416

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 20
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Quarkonium melting due to colour screening

Debye screening length A, rapidly decreases when T > T, (T/T. > 1):

lIII]IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

(fm)

50.6 f] K (0.59 fm) _
05 | W (0.56 m) ;
0.4 /7\9 Debye length from lottice QCD _
0.3 J/ W(0.29 m) _
) éo/ T (0.13 tm) E
o1l :

’ - l I | : I | |

Digal,Petrecki,Satz PRD 64(2001) 0940150
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Quarkonium melting due to colour screening

Debye screening length A, rapidly decreases when T > T, (T/T. > 1):

)
g frrrrrTTrrrTTT T T T T T T T T T T T T T T T T
- 0.59 f . -
Zos [ Xe (059 fm) E T<T, > A>1fm N
0.5 W (0.56 m) _ "
: o Debye length from lattice QCD ] O @ @ Te—
- . o
0.3 L J / 1{/(0,29 fm) b o
0.2 B ]
: doé, T (0.13 m) ] i
01 f . S
0 | | | | | | | 2

Digal,Petrecki,Satz PRD 64(2001) 0940150
INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 22



<R

Quarkonium melting due to colour screening

Debye screening length A, rapidly decreases when T > T, (T/T. > 1):

)
g frrrrrTTrrrTTT T T T T T T T T T T T T T T T T
- 0.59 f . -
Sos L X (059 fm) : T~T. > 1o~ 0.6 fm .
0.5 ’Eﬁ'(o,ssfm) _ "
04 | /7\9 Debye length from lottice QCD E @ @ @
- . o
0.3 L \J / 1,0(0,29 fm) b o
r =
02 [ - g
éoé T (0.13 tm) i
01 f . S
0 | | | | | | | 2

Digal,Petrecki,Satz PRD 64(2001) 0940150
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Quarkonium melting due to colour screening

Debye screening length A, rapidly decreases when T > T, (T/T. > 1):

-_ FFTTTrTrTTr T T T T T T T T T T T T T T T T T T T
£ I 0.59 f ] -
Sos [ XeO521m : T~2T > 2p~015fm -
0.5 W (0.56 m) _
0.4 | /7\9 Debye length from lottice QCD _: % y @
L 1 @)
0.3 L J / '3#(0,29 fm) ] o
0.2 -
: ‘504, T (0.13 tm) i
01 f E B
0 | | | | | | | =

Digal,Petrecki,Satz PRD 64(2001) 0940150
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Quarkonium melting due to colour screening

Debye screening length A, rapidly decreases when T > T, (T/T. > 1):

-_ e B e o o L e L s B O A -
£ E‘ i E T~3T - Ap~ 0.1 fm
0.5 ’l//'(o.%fm) _f — ;
0.4 /7\9 Debye length from lottice QCD _ @ y % c
0.3 o / ”dﬁ(o,zg fm) _ g
: : :
0.2 -~
B 60/, T (0.13 m) ] Y
o1l ] .
: o)
0 | | | ! | ! | =

Digal,Petrecki,Satz PRD 64(2001) 0940150
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Bottonium sequential suppression: Y(1S), Y(2S), Y(3S)
Binding energy: ~1.1 ~0.5 ~0.2 GeV

1 dN/dp;

|Pbe

A FORD 368 b (5.02 TeV) PO 306404 0 pp 28.0p" (502 TeV) | Raa =

g ; T Ny dN/dpy]
° L P <306y CMS ° 1.2 P <30GeV CMS - Woar) Pl
8 GoyM<24 = r Wi<24 L Cent. |
s 7 | op>acey E L/ — ssncr s or lboioon
) pioml<24 . I e Y(1S) []Y(@S) T Y(@S) ] ]
i ntrality 0-100% PbPb Data - = 1 ]
9 6 H Centrality 0-100% + o t E - 0.8 A ®Y(2S) []Y(3S) TY(@3S) T ]
S 5 N o = 2 | T ]
; 4 :ﬁl: ‘ ---- Background _E 0 06 T ] @
= o ~Ruyscaled ] o T ]
2 3 AR = 0.4 T
L ] i T ]
2 0™ = r T 1
L‘“\ 02 ' . $ T
T yas) v@s) E % . N ['% ]
o SENENE Lo b b Py g by aad 00"
50 100 150 200 250 300 3 0 400
8 9 10 11 12 13 14
<N_ > CMS, PLB790(2019)270
M, (GeV) part ( )

* Y(2S) 4x more suppressed than Y(1S); Y(3S) not observed in Pb-Pb
» Consistent with sequential suppression, ordered with binding energy, due to

colour screening
INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 26



Charmonium regeneration at the LHC

* Uncorrelated ¢ quarks from the medium could

bind at system hadronization and form

charmonium
« At LHC, about 100 cc pairs in central collisions:
o’ o’
NCE =—" coll = — 1600
e 65 mb

In most SPS | RHIC | LHC

central A-A 20 200 | 2.76

collisions GeV | Gev | TeVv

N_./event | ~01 | ~10 | ~100

P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196
R. Thews et al, Phys.ReV.C63:054905(2001)

INFN Pisa, 01.02.2022
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J/y regeneration

E 7T rrrrrrerer T
@ | ALICE Preliminary | p L dN/dprlpp,
ol Pb-Pb |Sy, = 5.02 TeV _ AA (N.o) dN/dpy| op
i Inclusive J/y lyl < 0.9 25< y<4 )
i ® Data 0-10% * Data 0-20% :
| TAMU TAMU a
5 SHM SHM :
AT -
moreT ‘E‘ :H—__B_ screening / 1
regeneration | _E—_B_'B' energy loss !
C e — ]
regeneration Bl e — —— * .
0 1 I 1 L I 1 1 1 1 l 1 1 L | I 1 1 1 1
0 5 10 15 20
P, (GeV/c)
« J/y suppression reduced at low pr « Atlow p1, modification decreases from
— cc regeneration balancing the forward to central rapidity
dissociation in the QGP — Reflects rapidity dependence of the cc

cross section = regeneration probability
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Initial Hard QGP i I;Iadromzat.lon

Jets and parton energy loss

state collisions I formation .and’freey-oﬁ. v
"o e 2P I
Time 0 | «,'—

Visualization by J E. Be'mhard, arXiv:1804.06469

» Hard quarks and gluons strongly interact with QGP
» Jet energy loss and modification by induced gluon radiation

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 29
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Parton energy loss: historics

Partons travel ~4 fm in the high-density medium

- Bjorken ("82): energy loss due to elastic scattering
High energy quarks and gluons propagating through quark-gluon

plasma suffer differential energy loss via elastic scattering from

quanta in the plasma.
An interesting signaturd may be events in whichn the hard

collision ocourz near the edge of the overlap region, Wwith one Jet

escaping without absorption and the other fully absorbed.

J.D. Bjorken, FERMILAB-Pub-82/59-THY (1982).

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 30
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Parton energy loss: QGP-induced gluon radiation

Partons travel ~4 fm in the high colour-density medium
Successive calculations ('192 —): a QCD mechanism dominates, medium-
induced gluon radiation

Coherent wave-function gluon acumulates kt due to multiple inelastic
scatterings in the medium — it decoheres and is radiated

path length L

hard kT1
parton

Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Peigne’, Schiff, Levai, Vitev, Zhakarov, Salgado, Wiedemann, ...
INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 31




Observation of jet quenching at the LHC

» Full jet reconstruction: typically anti-kt algorithm + sophisticated background
subtraction techniques

« Jets and Di-jets with ~100 GeV energies

* Pb-Pb events with large di-jet imbalance observed

o/ E_[GeV]

. ; ] . ’ . ATLAS, PRL105 (2010) 252303
—> Direct observation of jet quenching at single event level!

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 32
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Quantifying jet quenchlng inclusive ylelds

Q:é 1.4+ Pbe 0- 0% R= 04

| m ALICE |s,,=5.02TeV [This publication]

[ ATLAS |5, =5.02 TeV [PLB 790 (2019) 108-128]
R | dn/ dp T |Pbe 1.2+ ATLAS \‘T:: =2.76 TeV [PRL 114 (2015) 072302
AA = [ 7 CMS s, =276 TeV [PRC 96 (2017) 015202]
<NCOH> dN/de |pp 1 i See publications for: n_. p, pll

Correlated uncertainty
Shape uncertainty

08 0 See publications for full description of uncertainties
0.6- | H
[ ‘H -H L
0.4+ ' _
[ 1 ALICE, PRC101(2020)034911
0.2 1 ATLAS, PLB790(2019)108
0: i . . . ...1CMS,PRC96(2017)015202
10 10°
pT.Jel (GeV/C) Out-of-cone radiation
» Large reduction (x2-4) of jet yields, from 50 GeV/c to 1 TeV/c . e >
ncoming
* Lost energy is not recovered within the jet “cone” - large angle parton N
QGP-induced gluon emission Jot broadening
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Quantifying jet quenching: inclusive yields

o | ATLAS antik, A =04 jets, [Sy =502 TeV

o L ANdprlpy,
AT (Ne) dNYdpr]

Peripheral Pb-Pb

@@D

s —— e | Central Pb-Pb
lyl <2.8 ‘ @
2015 data: Pb+Pb 0.49 nb™, pp 25 pb™"  [#120 - 30%

ll!l \<7TAA.> gnfi Iuminosityluncer.l | Egg :ggzﬁ
40 60 100 200 300 500 900

P, [GeVIATLAS, PLB790(2019)108

Out-of-cone radiation
RAA<1

» Large reduction (x2-4) of jet yields, from 50 GeV/c to 1 TeV/c [
Incoming
* Lost energy is not recovered within the jet “cone” - large angle parton N
QGP-induced gluon emission Jot broadening
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Jet quenching: Z-jet recoil

PbPb / pp

\(_ 5.02 TeV, PbPb 1.7 nb”, pp 304 pb

CMS Cent:0-30% 1

pZ > 30 GeV/c
Hybrid AE) o In ]
M w/o wake z" 8 .
777 wl wake positive only 3

w/ wake

ptTrk (GeVl/c)

CMS-PAS-HIN-19-006

« Z-jet correlations provide the scale of the initial jet (parton) energy (~Z energy)
» pq distribution of recoil-jet tracks exhibits suppression at high pt and increase at

low pt = energy loss

INFN Pisa, 01.02.2022

Andrea Dainese | QGP at the LHC
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Jet quenching: substructure and jet collimation
0O 005 01 015 _ Fq

Study medium-modified parton shower g|% = o ALICE {5y =5.02TeV -

e.g.: grooming: find first hard splitting e S9F gpb-ppo-10% Charged-particlejets

g 3F  Sys.uncertainty A=0.2, | njetl <0.7 3

(Soft Drop) o} o5 £ . 60<p_ chiot < 80 GeV/c 1

.2 - " . Soft Drop z,,=0.2, =0 -

= min(pL.1,P1.2) 2>02 1.5 — + e Fragged = 0-88, Fragoq =089 7

PiL1+PL2 oE g :

1F 3

- v S .

0.5 3 ] 2 E

o 2:_ T MUETSCAPE 1 éauéal_‘ T E

I % L Pablos, L =0 Yuan, gL = 5 GeV?
T g Pablos, L= 2 =" —~Yuan, quark * ]
- Jet core is more collimated in Pb-Pb than in pp 15FL ' _
13 ” “ ” 1 ;‘ """""""

Cartoon: “pp \ Pb-Pb \ r
y : 0.5

G- CEED oo e e
ALICE, arXiv:2107.12984
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ALICE Prellmlnary —

Pb-Pb, |sy, =5.02 TeV ]
0-10%, lyl<0.5 i

Quark-mass dependence of energy loss

<

« Energy loss predicted to depend on QGP < 4

density, but also on quark mass

» “Dead cone” effect reduces small-angle 1.2
gluon radiation for high-mass quarks

Zp, ) Suppression of emissions from a 1—m -------------------- - ( --------------------------------------------- l-,

radiator (quark) within : | Non_prompt DO :

“ g 0.8/~ -1 (b quarks) .

: o K - Prompt D° :

«  Less suppression for (non-prompt) D 0.6 (¢ quarks) ]
mesons from B decays than prompt D 04i m E
mesons s i

— Also note: first measurement of D meson 0.2 ﬁﬂg B@@ H 3

production down to zero p; in Pb-Pb

1 10 pT(GeV/c)
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Going heavier: top quarks seen in Pb-Pb

PbPb, 1.7 nb™, (s, = 5.02 TeV)
2l,+N EPPS16 NLO
los+No.1ag H——3H CT14 NNLO x EEZ2 R RS
NNLO+NNLL TOP++
255 H——
pp, 27.4 pb™, (Vs = 5.02 TeV) CT14 NNLO
(scaled by A?) NNLO+NNLL TOP++
) NNPDF30 NNLO
2ogtiets/HN W3 NNLO+NNLL TOP++
-
JHEP 03 (2018) 115
Exp unc: stat, stat® syst
—Ee3—i
Th unc: PDF, PDF®scale
I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1

0 2 4 6

8
CMS, PRL125 (2020) 22, 222001  © [ub]
« First observation of top quarks in heavy-ion collisions

« Physics case with (much) larger luminosity: access time-dependence of jet quenching
using time-delay from boosted top decay topologies t > W - jets

Apolinario et al, PRL120 (2018) 23, 232301



QGP expansion and flow

Tnitial Hard QGP Hydrodynamic . ‘Hadronization -
state collisions  formation expansion _ . + "and freeze-ouf "
. . Ll S., &, .
Time 0  ~0.5fm/c R

Visualization by J.E. Be;nhard, arXiv:1804.06469
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Identified particle spectra and radial flow

107 T T T T IIIII T T LI IIIII
10°k T+ T
10°F | %,

10¢ fpemcf ;

«  pq distributions for &, K, p in centrality classes

T

«  Shift of peak of p; distr. in central collisions, more
pronounced for heavier hadrons - flow

1/Ng, d“N/(dp_ dy) [(GeV/c) ]

ALICE

7-kin (Gev)

E 10°F  Pb-Pb 5 = 5.02 TeV %]’ e M
] 10°F [5pp (5=5.02Tev 5 4 ")
XD 3 1077 Uncertainties: stat. (bars), sys. (boxes)
\" '+ ] 10—5 Lol Lol -||||||| 1 Lol 1
g @ ] 10°" 1 10 1 10
AF 6%‘ - p, (GeV/c) p, (GeV/c)
008" A0S GeVIO) K (05-1.5 GeVIc) . p (0.3-3.0 GeV/ 0-5% 7 ; i i
o.oef—"i'.}s—i R gEIsGee pOas0Gea 1 - Blast-wave fit to characterize radial flow
004F vS_:::s.ozTev - *  Hydrodynamic-inspired fit
0,025 5l bt L L *  Collective expansion with common flow velocity Bt imparts additional
B momentum to hadrons: m; > my + my YBT
ALICE, PRC101 (2020) 044907 - Largest ever B; ~ 0.67c in central Pb-Pb collisions at 5 TeV
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Anisotropic (elliptic) flow

* Non-central collisions are azimuthally asymmetric

« The transfer of this asymmetry to momentum space g
. . O e 8| Hy
provides a measure of the strength of collective phenomena ,,]

Reactiong':

« Large mean free path Feacion & o
— particles stream out isotropically, no memory of the asymmetri‘/...,a_ 0y
— extreme: ideal gas (infinite mean free path) R |

« Small mean free path , N
— larger density gradient = larger pressure gradient - larger é !

momentum
— extreme: ideal liquid (zero mean free path, hydrodynamic limit)

An atomic analogue: strongly-interacting gas of ultra-cold Li “explodes” in vacuum

1101 0(0]0/0 &
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Anisotropic (elliptic) flow

Figures courtesy F.Prino

""pnp (rad)
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Azimuthal Anisotropy at RHIC

 Measurement at RHIC:
« Elliptic flow almost as large as expected at

hydro limit! \0_25;
« Very far from “ideal gas” picture of the QGP 0.2

[ .
A5F R
0 5: e _._-.-'.'___ _

Lo STAR Chargéd particlés, minimum bias
0.3F - - Hydro calc. (Huovinen et al.)

-
-
-
-
-
-

» Looks like a “liquid”: frequent interactions and
small mean free path

—> strongly-coupled QGP (sQGP)
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Higher harmonics

« “ldeal” shape of nuclear overlap is elliptic
— no odd harmonics expected (vs, Vs, ...)
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Higher harmonics

« “ldeal” shape of nuclear overlap is elliptic
— no odd harmonics expected (vs, Vs, ...)

* but fluctuations in initial conditions:
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Higher harmonics

« “Ideal” shape of nuclear overlap is elliptic
— no odd harmonics expected (v3, Vs, ...)

« but fluctuations in initial conditions:
— participants plane y, # reaction plane WYgp
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Higher harmonics

« “Ideal” shape of nuclear overlap is elliptic
— no odd harmonics expected (v3, Vs, ...)

« but fluctuations in initial conditions:
— participants plane y, # reaction plane WYgp

— v (“triangular”) harmonic appears
— [BAlver & G Roland, PRC81 (2010) 054905]
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Higher harmonics

« andindeed, v3>0!
* v3 has weaker centrality
dependence than v,

« when calculated wrt participants
plane, v3 vanishes

— as expected, if due to fluctuations...

0.05

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

- v, Glauber 1/s=0.08
0.1

----- v, CGC/s=0.16

ALICE
o V,{2,An>1}
B V{2, An>1}
* V{2, An>1}
0 Va{4}

Q'

centrality percentile
ALICE: PRL 107 (2011) 032301
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Event-by-event shapes at the L

* And not only v; (triangular events), also v,, vs, ...

HC

« At LHC, multiplicity large enough to “see” event-by-event shapes

T ™ T T
[ Event 1 ATLAS Pb+Pb | o000
centrality: 0-5%  |5,,=2.76 TeV

pT>O.5 GeV n|<2.5

| | Dominant v, - 68000

1 &7000

66000

T
|_Event 2
centrality: 0-5%

p,>0.5 GeV,n|<2.5
Dominant vs

T T
ATLAS Pb+Pb |
\5,=2.76 TeV

66500

7 66000

65500

T
[ Event 3
[ centrality: 0-5%

T T
ATLAS Pb+Pb
15,n=2.76 TeV
p,>0.5 GeV,n|<2.5

INFN Pisa, 01.02.2022

Andrea Dainese | QGP at the LHC
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Harmonic decomposition of correlation distribution

Pb-Pb 2.76 TeV, 0-2% central

» First five harmonics describe shape at o 2.< L <25 GeVic
10_3 |eve| ) ‘ 1.5<pl<2GeVic
1.01—- H * 0.8 < |An| < 1.8
» Fourier analysis of new data suggests = AN g
. . . 2 ; s
very natural alternative explanation in 5 : (}?"t/\,» ’*»&
terms of hydrodynamic response to L \/
initial state fluctuations °'99."".': s =333/
e 1.00?; +' . i +| 3
" ogesl_, * *+: ' *{ﬂ
0 2 4
A¢ [rad]

ALI-PUB-14115

ALICE, PLB708 (2012) 249
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Initial conditions and viscosity of the QGP

« Medium viscosity: one of its fundamental properties
« m/s: shear viscosity / entropy ratio
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Initial conditions and viscosity of the QGP

Energy density profile in the transverse plane:

0.4 fm/c

« Medium viscosity: one of its fundamental properties '° -
- n/s: shear viscosity / entropy ratio initial - .‘ “
x [fm]

eltm™)

y

S Jeon et al, QM 2012, B. Schenke, et al. PRL106, 042301 (2011)
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Initial conditions and viscosity of the QGP

Energy density profile in the transverse plane:

0.4 fm/c

* Medium viscosity: one of its fundamental properties ° -

* n/s: shear viscosity / entropy ratio initial ; w _

« Large viscosity washes out the details of the initial- .
state ideal - V8COUS

- Final state fluctuations give information on viscosity  (n/s=))  after6imc (1 /ge>0)

10 10

5 5

0 0

y [fm)
!
y [fm]

-5 S5

vo 10
Im| ['m]

S Jeon et al, QM 2012, B. Schenke, et al. PRL106, 042301 (2011)
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« Theory groups use high-precision ALICE (mainly) data to estimate the properties of the
QGP fluid with a Bayesian procedure. Example: S. Bass et al, Nature Phys. 15(2019)1113

From LHC data to QGP fluid-dynamic properties

dN, /dn, dN/dy, dE /dn (GeV)

“e ALICE | = e QGP shear viscosity vs. temperature
10 [ \\“\ 010 s T N ]
TeMS . g P
e e e 50 2 ALICEXCMS - | water 0
- IALIGE - s T ; -
10! =3 . K ° poo=Qemm==Qumnaxd 1, (2) 1 c
. LAY b MdLe el | Helium P,

R

w
Ry . AN Y R 2 2P,
R e ; 10 Ionamme e PR S, 1 4
e —— —— 091 S Pl N m ey ]
lean lean luctuations T
a0

{py) (GeV)

. AL@'/' iiJJjJiLiLt Quark-gluon
e B I s —
., ALICE J LT AEi kLB B = . S

] e — I B ——— _
R A TR B B > QGP viscosity with ~20% precision
- QGP x10 less viscous than any

other form of matter
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V{2, IAn>2}
o
w

o
o

0.1
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Elliptic flow by hadron species '*

Non-central collisions: flow maps the geometrical elliptical shape into an azimuthal modulation in
momentum distributions

m =14+ 2vycos (2(¢p — Vgp)) + ... hlgher harmonlcs (v3, Vi ...)

>N 0.677 T T i T T T T T T T
= 9% 40-50% : ALICE | o j
: t'iz% $ .pp 05 popb, (5 =502TeV,0-20% | ALICE, 20 0% ;
i : ¢ % 04 .« w 1 PLB805(2020)135414 E
¥ Cg{ %i Q o ATR r K* [ ( ) . \—y—“ ]
- d? + : 0.3 p+p .
N 8 ++ 1) + d+d o ‘ t@:fﬁ 1
H | *"o i % 02 o °He+°He . —7 LeTE AT
-3 Pb-Pb, 5.02[TeV, IR PO s Sl SN S S -
[ ___ _ALICE, JHEP1809(2018)006 _ __ ____ o *‘;';’1 T oL T i
N N N N T T T T . Fast T 7
0 2 4 5 8 10 12 14 | R S e ¥ T e e
0 1 2 3 4 5 60 1 2 3 4 5 6l
pT (GeVic) P, (GeV/c) [ (GeV/c)

Mass ordering at low p; = hydrodynamic flow, very small viscosity

Even A=2 and A=3 light nuclei pushed by the flow

Baryon vs. meson grouping at higher p; ey o.-
- quark-level flow + recombination? oceo
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Hadronization of the QGP

Initial Hard QGP Hydrodynamic
state collisions  formation expansion _ .

AN

Time 0

0"" (‘ ‘/’ \\IQ o
SeSe
e
™S 4
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Statistical mechanics with quarks

- 3 317
Tam KK 0 KR p+P E4E AH+H
2 2 s 2 2 2 2
& ¢
S : : : T
g 10° Foe i ALICE Preliminary
S 102 b . . Pb—Pb @NN; 2.76 Tev, 0-19%
H H H lan aal H H H H
10 F I e : 2 ‘
TFE 0N.otinm
10’1 e <>E'xtrapo\ated' : : :
102k Model T(MeV)  x?/NDF| :
, | |—THERMUS23 155+2 2459 |:
107 F GSl-Heidelberg 1562 18.4/9 |!
1074 L = SHARE 3 156 + 3 15.19] Dl
E H ; ; ; H : BR = 25%!
k] F
£ 05 ¢F
= 3
5 0Ff
E-05 |
£ 4F
o E
= 2
3 0
-g -2 o
E 4 E

INFN Pisa, 01.02.2022

Andrea Dainese | QGP at the LHC

Statistical Hadronization Model:
thermally-equilibrated QGP »>
chemically-equilibrated hadron gas
— Hadron yields only depend on
hadron mass and a single
temperature
Hadron yields from = to 3He
described over 7 orders of
magnitude within 20% (except for K*)
with a chemical freeze-out
temperature of T, = 156 MeV
— Very close to lattice QCD phase
transition temperature
Hadrons produced in chemical
equilibrium
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Quark-gluon plasma thermometer

INFN Pisa, 01.02.2022

To: Y(2S),Y(1S)

Terr(Y)

.Tef‘f(hi)

@ Chemical freeze-out

@) Kinetic freeze-out

<> Lattice QCD: T, =0.158 GeV

Hydrodynamic stage

01 02 03 04 05 06 07
Temperature (GeV)

Andrea Dainese | QGP at the LHC
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A big surprise at the LHC: ‘heavy-ion physics’ in pp collisions?

“Typical” pp collision High-multiplicity pp collision Pb-Pb collision

'

Pb-Pb /sy = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

ALICE pp7TeV (June 2010) ALICE pp 7 TeV (June 2010)

What is the smallest system (number of particles) for QGP formation?
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From heavy-ions to p-nucleus and pp:
flow-like effects

» Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected findings of the LHC

015 CMS Preliminary __ppi15 rlb'1 (13 Tel/) ”\c}nﬂ; - a Pb—Pb vvvvvvv
I |y | <1 ° Prompt DY > 0.1 __ L o .~.~,-,A.,A.....6..0.0..6.0.‘0
i lab 5 Kg 1 - "p«‘,,a 00 T {?O Y - 000 00
0.1~ q}:‘#’ o A/A ] 0.08— o 607 % Xe-Xe w " Y
- g = § h* 1 r o7 00 ¢
i lﬁ}‘g‘ e @ C oe ..ll‘ppb %
0.5 L{;,E?q) — 0.06 "% % 's.0BaB0m p
3 : %@U 1 P pp  p-PbXe-Xe Pb-Pb
B ¢¢ : 0.04— 502 13 5.02 544 502 sy (TeV)
L 1 C ° s ¥ 0 ALICE
[ e 0.02 [ 55 IP-Glasma+MUSIC+UrQMD
[ Neffine 5 100 .
~0.05} l o — PYTHIA 8
| CMS-PAS-HIN-19-009 ] : — > 3 —
o 1 2 38 4 5 6 7 8 10 107 N, (i <08)
P, (GeV) ALICE, PRL123(2019)142301
Mass ordering of elliptic flow Similar flow in pp, p-Pb, Xe-Xe, Pb-Pb at

the same multiplicity
INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the THC 60



<R

From heavy-ions to p-nucleus and pp:
flow-like effects & ‘hadrochemistry’

Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected flndlngs of the LHC

E 1[1&!1 M0 5 i RT - ' ]
g P PR B g b ot e pep (<O ] * Fa Pb-Pbo s, VA2 N> 14
> g CCRSEmBUSIIE B @ 3 8 Sifou2K O R UUTAAS D 0000%% E
° —1 — B o"‘" SR _
'0—;10 E eOgPUe)(T B B B B m mmm,, (o) - o o 00 * Xe-Xe % Wi ]
Z C, o ] 0.08 o 0 K g ]
S L apeepepnight ® % Wewezee oy ofo « guusP-PD * :
o L 7 St i filg ii ﬂ* ] ‘QJJ ] ==t <3) 006 R\. 0.0 /.99 pp ]
Y aa Sy pp  p-PbXe-Xe Pb-Pb -
102 ¥ ot g § & # 8 ¥4 oo a2y 0.04— 502 13 502 544 5.02 |5, (TeV) ]
o F ] - o0 = [8 [0 ALCE
b o#d 1 -
5 b . ] 0.021 XN 77 3 EE p-GlasmasMusIC+UrQMD 4
B A:cxs:xr:fi:wsi::r:s-u . . zs: IZZT;?ZV Nat.Phys.13(2017)353 C —_— PYTHIA 8 ‘ —
103  ® pPb |5, =8.16TeV O p-Pb, |5y = 5.02 TeV — i 2 3
E W Pb-Pb, |5, =5.02TeV (K’ A, Z, Q) M Pb-Pb,|s,,=502TeV (p,0) | 10 10 N h (h,|| <0 8)
Ll Ll | A cl ’
10 102 10° 10* ALICE, PRL123(2019)142301
(dN_/d '7>\,7|< 05 ’

Continuous increase of strangeness yields with
multiplicity in pp, p-Pb, Xe-Xe, Pb-Pb

INFN Pisa, 01.02.2022

Andrea Dainese | QGP at the THC

Similar flow in pp, p-Pb, Xe-Xe, Pb-Pb at
the same multiplicity
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From heavy-ions to p-nucleus and pp:
flow-like effects & ‘hadrochemistry’

» Observation of collective effects in pp and p-Pb collisions: one of the few
unexpected flndlngs of the LHC

ﬂ’ opeemsempions; 'ir % ® B debh g P+ (<6)

R R R Al At (S QLAY e 5 ‘ -4}
ompeeemBwercl B & § 8 Sifw2Kg
@0

@W@W' "R R EmmEAA
o % 0 %o e 202

Ratio of yields to (n*+1)
o

e M.qw 14

k. ks '.,m.‘:!i:i "M'w’

pp  p-PbXe-Xe Pb-Pb
502 13 502 544 502 |sy(TeV)

e = [5§ [0 ALCE
[ 55 IP-Glasma+MUSIC+UrQMD

o
o
P

ALICE

*Xe_:“msi"a':“”ev <.> Pp. s :STTVV Nat.Phys. 3(2017)353 —_ PYTHIA 8 _:
. p-Pb,\.;N:: 8.16 Tev o sppt: \ Sy = 5.02 TeV 5 3 ! !
] Pb-FTb,\sNN=5A02 TeVv (Klg, AE,Q) W Pb- le) \ =5.02 TeV (p, 1q,) 10 10 Nch (h]| < 08)
10 10? 10° 10*
ON /), s ALICE, PRL123(2019)142301
Continuous increase of strangeness yields with Similar flow in pp, p-Pb, Xe-Xe, Pb-Pb at
multiplicity in pp, p-Pb, Xe-Xe, Pb-Pb the same multiplicity
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From heavy-ions to p-nucleus and pp:

flow-like effects & ‘hadrochemistry’ & energy loss?
Eur. Phys. J. C 80 (2020) 73

. ' T = 0.08¢

= - ATLAS Zhang, Liao
. 0.07& [Suy =816 TeV, 165nb™ ... v,size a
E 0.06 —— Vv,  0-5% central “ion vpsizeb
] — -i-i- vySize @

+ H E 0.05 3 <--v,siz6b
N 0.04

&
= 1.4

1111

©
+
0
o

1.2

T

1

1IIIIIIIIIIIIIIIIIII T

llllllllllllllllllllllllllllll

0.8 e .

E e ] 003: ---------- *... * * *

0.6 ..o - . i — * ________
04:_'“" p+Pb |s,, =5.02 TeV E 0.01E- el
r ¢ ATLAS R, 0-1% central . Eoina e 3
C ¢  ALICE Qg 0-5% central ZN + NJ%** J OF- e
02 Zhang, Liao: size a 7 _0.01& 3
L emimienen Zhang, Liao: size b ] TE 3
o———— : : — -0.02———— : :
6 7 8 910 20 30 40 50 60 6 7 8910 20 30 40 50 60
19 p, [GeV] p}(GeV]

« But persistence of azimuthal
asymmetry (v,) to high pr
suggestive of final state interactions
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» p-Pb nuclear modification factor ~1
—> no suppression of yields



From heavy-ions to p-nucleus and pp:
flow-like effects & ‘hadrochemistry’ & energy loss?

Eur. Phys. J. C 80 (2020) 73

ATLAS | Zhang, Liao
p+Pb (s, =8.16 TeV, 165nb™" ... v,size a

== V,sizeb
=== Vgsize a

T ' ' ] = 0.08
0.07

F‘pr

0.06 —— Vv,  0-5%central
0.05 Vs

0.04

-0.01
-0.02

9 o:lsizeb . ' . o . . . ]
6 7 8910 20 30 40 50 60 6 7 8910 20 30 40 50 60
19 p, [GeV] pA(GeV]
« But persistence of azimuthal
asymmetry (v,) to high pr
suggestive of final state interactions
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Future LHC heavy-ion programme: Runs 3 and 4

2022-2025 2029-2032

sz QRSN oo [RIRERN

* Main priority: large Pb-Pb sample, 13 nb-
— x10 L;; for "rare” triggers wrt Run 2
— x100 MB sample for upgraded ALICE
« Extension of “small system” programme
— Extended p-Pb run: nPDFs, collectivity, hot system signals?
— pp 13.6 TeV low pile-up with focus on high multiplicity
— Short 160-160 (and p-O) run in Run 3:
« Jet quenching in “small” nucleus-nucleus system?

Future opportunities for high-density QCD at LHC, arXiv:1812.06772
INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 65



https://arxiv.org/abs/1812.06772

2022-2025 2029-2032
LS3

Experiment upgrades for Runs 3 and 4

ALICE upgrade for Run 3: ATLAS and CMS upgrades for Run 4:
* X3 better tracking precision » Extension of tracker acceptance
* Continuous readout at 50 kHz  Endcap calorimeters
- x100 Pb-Pb sample in Runs 3+4 * Precise timing detectors - t.o.f. PID

ALICE monollthlc plxels tracker: strong INFN contrlbutlon

LHCb upgrade for Run 3:

« Tracker and readout upgrade should give
access to Pb-Pb (non-central collisions)

Further upgrade for Run 5 - Pb-Pb central

collisions

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 66



2035-2038 2040-2041
LS5

ALICE 3: next-generation experiment

—> Tracking precision x3: 10 um at pt = 0.2 GeV/c
- Acceptance x4.5: -4 < n < 4 (with particle ID)
- A-Arate x5 (pp x25)

Superconducting TOF
magnet system

« Compact all-silicon tracker with
high-resolution vertex detector

« Particle identification over large pr
and n acceptance

« Superconducting magnet systems

* Fast readout and GPU-based
online processing

absorber

Muon

Letter of Intent being finalised chambers

FCT

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 8
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Conclusions

» First decade of LHC heavy-ion campaigns
—> Detailed insight on the quark-gluon plasma properties:

v Energy density > 10 GeV/fm3 v Expands hydro-dynamically like a
v Colour charge deconfined very-low viscosity liquid
v Strong energy loss for hard partons v Hadronizes as in thermal equilibrium
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Conclusions

First decade of LHC heavy-ion campaigns
—> Detailed insight on the quark-gluon plasma properties:
v Energy density > 10 GeV/fm3 v Expands hydro-dynamically like a

v Colour charge deconfined very-low viscosity liquid
v Strong energy loss for hard partons v Hadronizes as in thermal equilibrium

New research direction on emergence of collective effects from pp to heavy-ion

Heading towards precision measurements in Runs 3-4

Strong opportunities from extension to Runs 5-6 with frontier detector technologies

INFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC 69
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l’attenzione! R

Hydrodynamic stage magnet system

To: Y(28),Y(1S)

Tert(y)

@ Ter(h®)

Chemical freeze-out

absorber

Muon
chambers

Kinetic freeze-out

4

> Lattice QCD: T, = 0.158 GeV

L

01 02 03 04 05 06 07 08 09
Temperature (GeV)
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EXTRA SLIDES
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Probing the highest magnetic field with ¢ quarks

Charged particles

D mesons

E ALICE

— Pb-Pb, |s,=502Tev  © V(D))

0.5 0 10% x vy(h") - . o
i . e 10° x v,(h) 1 ! % ]
N B S - $-_-.‘
[ 5-40% : g $ 10-40% -
. . . . . L p,>0.2GeV/c 1 _
*  Magnetic field > charge-dependent particle emission 0.5/ bars: stat, uncer Bl 3<py <6 (GeVie) ]
. . . . oxes (filled/empty): syst. uncert. (corr./uncorr. 1 Not feed-down correcte
anisotropies with respect to the collision plane ALt i | | |
0.5 - -
« Early-produced heavy quarks more sensitive - . : S
| o 10" x [vy(h") - vy(h)] i e« v(D)-vD) I3
+ Effect for D mesons about three orders of i ;A
magnitude larger than that of charged hadrons | OIS e | Ht
- . PR ik B s it el T
. . g ~ I i 7 |
-> Significance ~2.50 - o [ roa0% |
-> High-precision studies in Runs 3-4 - b 502 GeVic T + 3<p, <6 (GeVio) |
10

-0.5 —IdAv‘ /dn =[1.68 + 0.49 (stat) = 0.41 (syst)]
" 1 1 1

—  dAv,/dy=[49 = 1.7 (stat) = 0.6 (syst)] - 10" H
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-0.5 0 0.5
n
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PR ST T
-0.5 0 0.5

n
ALICE, PRL (2020) 125 022301
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Going heavy: charm and beauty flow

D mesons and J/y exhibit large flow

— Atintermediate p+, J/wv < D < pions - consistent

with contribution of recombination
Model description indicates ¢ quark

thermalisation time ~3-8 fm/c < QGP lifetime

also flow
— Model description indicates
smaller flow for b than for c
No indication of Y(1S) flow

— Consistent with large Y mass and
small bb recombination

oV
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©: JHEP1809(2018)006  b->e: arXiv:2005.11130
Y(1S): PRL123(2019)192301
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ALICE LS2 Upgrade and LS3 ideas

All-pixel central and fwd trackers

... and more:

* Fast Interaction Trigger

* New Online-Offline system

* Readout upgrade of several
detectors

-y

* X3 better tracking precision

e Continuous readout at 50 kHz
- ~100B Pb-Pb in Runs 3+4

TPC readout __,.ﬂqur‘

00 V
“AV=

800V

¢ Upgrade proposals for LS3 (2026):
» Replace inner barrel with a truly-cylindrical ultralight one: x3 less material

» FoCal with high-granularity readout for direct photons at 3.2 <1 < 5.8: probe gluon
density down to x ~ 5x10°

» Exploring fixed-target programme with crystal collimated beam halo

MFN Pisa, 01.02.2022 Andrea Dainese | QGP at the LHC



ATLAS and CMS LS3 Upgrades

E 1400

E 120

* Run 3+4: goal 13 nb-' Pb-Pb, focus on 1000
rare triggers 800

— CMS, also large bandwidth for MB events: o0

6 kHz in Run 3, goal to increase for Run 4 . ‘2‘22

Major Phase-2 upgrades for HL-LHC

— Extension of tracker acceptance from
In|<2.5 to |n|<4

— Endcap calorimeters with higher
granularity

— Precise timing detectors for pile-up
rejection - t.o.f. PID

ATLAS 2.5<|n| <5

CMS |n| <4

CMS,
° <
&
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[ Inclined Duals
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LHCb LS2 Upgrade

« Ongoing LS2 upgrade:
— Tracker with higher granularity
- Pb-Pb 30-100%

— New storage cell for fixed-
target collisions at up to x100
higher rates (p ... Ne ... Xe)

* Proposal for phase-2 upgrade
for Run 5 (2031)

— Increased readout rate and
granularity - central Pb-Pb

— Extended PID performance

INFN Pisa, 01.02.2022
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High-energy nucleus-nucleus - large € & T (>> ¢, T;) over large volume (~ 10 fm3)

QGP study with heavy-ion collisions

Initial Hard QGP Hydrodynamic . ‘Hadronization
state collisions  formation ~ expansion _ e : o2, and" ffﬂé!f{-o}!;’?';
Time 0 ~10 fl‘;’l/C u
Visualization by JE. Be‘nﬁmd, arXiv:1804.06469
The QGP as seen at the LHC:

v Energy density > 10 GeV/fm3 v Expands hydro-dynamically like a very-
v Colour charge deconfined low viscosity liquid
v Strong energy loss for hard partons v Hadronizes as in thermal equilibrium
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Future research directions in QGP physics

High (B)density collisions (SPS, RHIC-BES, NICA,

FAIR, J-PARC):
¢ Search for the Critical Endpoint
¢ Observation of 1st order phase transition in QCD

High energy collisions (LHC, RHIC):

& Properties of QGP and their time-evolution
¢ Strong interaction in a deconfined system
¢ Observation of chiral symmetry restoration
¢ Emergence of QGP from QCD interactions

INFN Pisa, 01.02.2022
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Future research directions in QGP physics

High (B)density collisions (SPS, RHIC-BES, NICA,

FAIR, J-PARC): _
¢ Search for the Critical Endpoint High g
& Observation of 1st order phase transition in QCD < 200 Energy;

(] ’ 1
High energy collisions (LHC, RHIC): = T~155t e _L
¢ Properties of QGP and their time-evolution = ﬁ’ssw‘?’
4 Strong interaction in a deconfined system g g
& Observation of chiral symmetry restoration E 100 |
& Emergence of QGP from QCD interactions Q

£

2

. 500 1000
CERN Yellow Report on High-density QCD, Baryon chemical potential, us (MeV)

arXiv:1812.06772, then endorsed by ESPPU2020
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