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A new state of matter
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Strong interaction : Quantum Chromodynamics

ALICE

@ The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the theory of the strong
interaction”

David J. Gross H. David Politzer Frank Wilczek
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Quark pairs can be produced from vacuum
No free quark can be observed
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The history of the universe

A
HISTORY OF THE UNIVERSE Quark-gluon plasma
— oo, foration 3 :
~ i visible 0 The earliest known state of

Accelerators |LH
heavy

[LHC ions

protons

matter in the Universe after
the Big Bang
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temperature and density
decreased, leading to the
confinement of quarks and
gluons into hadrons

t = Time (seconds, years)
E = Energy (GeV)
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Particle Data Group, LBNL © 2014 Supported by DOE
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Introduction to heavy-ion collisions

ALICE

Initial state Hard scatterings QGP formation Hydrodynamic expansion  Hadronization and freezeout

Cred‘ité:a 'MADAK prbject
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http://madai.phy.duke.edu/indexaae2.html?page_id=503

ALICE

RelativisticHeavylon Qollider, Brookhaven(USA) SuperProton Syncrotronand LargeHadron
. T, ; Gollider, CERNSwitzerlandFrance)

Heavy-ion physicsworldwide: presenthigh energy
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Brookhaven RHIC CERN SPS CERN LHC
A Operating since 2000 A Operating since 1986 A Operating since 2009
A Circumference 3.83 km, 2 A Circumference 6.9 Km A Circumference: 27 km
rngs A Asyy <20 GeV A Pb-Pb s\d=2.76-5.5TeV
A Superconducting magnets A Ongoing: NA61/Shine A Main ongoing: ALICE, ATLAS, CMS,
A Ongoing exp: STAR LHCDb
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STAR experimentsat RHIC
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o ACORDE | ALICE Cosmic Rays Detector
0 AD | ALICE Diffractive Detector

0 DCal | Didjet Calorimeter

o EMCal | Electromagnetic Calorimeter
e HMPID | High Momentum Particle

Identification Detector

o ITS-IB | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

o MCH | Muon Tracking Chambers
0 MFT | Muon Forward Tracker

@ MID | Muon Identifier

m PHOS / CPV | Photon Spectrometer
@ TOF | Time Of Flight

@ TO+A | Tzero + A

@ To:c

i) TPC | Time Projection Chamber

Tzero + C

@ TRD | Transition Radiation Detector
m V0+ | Vzero + Detector
@ ZDC | Zero Degree Calorimeter




Particle identification

ALICE

Particle identification is difficult butrucial in heavy-ion collisions
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TPC at ALICE

+
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TPC

ALICE

i ALICE A ] TPONJ

u ALICE dE/dx
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Particle identification via TPC and TOF

ALICE
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ALICE

CommonObservables

14/08/25 Introduction to HighEnergy Heavylon Collisions



QGP signatures

0 interacting matte® the quarkgluon plasma
(QGP) under extreme conditions of high
temperature and energy density

kin

probes probes (i Heavy-ion collisionsprobe the strongly
T,

Central region

hadronGas = | .
N ent U Hard probes created at initial stage of the
collision

A QGP tomography

U Softprobescr eat ed i1 n t he
A Fingerprint of the QGP evolution
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ALICE

Softprobes
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Glauber model

ALICE
:
12 10 8 6 4 2 0 <b(fm)>
spectators ET ' ' T
30 50 100 150 200 250 300 350 <Npar’
> -
2107 ) In|<1

C 7 '
50 0 80 90 ggfomt (%)\
By VY PN Y FETTY FYVIN Y PYT Fowsi A I
0 400 800 1200 1600 2000

Nﬂh

inelastic nucleomucleoncross sectiomensity profile of
nucleusaredescribedoy theWoodsSaxon distribution

P (1+ wr?/R?)
") = T exp((r — B)/a)

Roy Glauber (Nobel Prize, 2095)
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QCD phase diagram

ALICE
/\ Sk ebiaE 300 _far'y Universe Quark Gluon Plasma
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How to measure the phase transition?
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Energy density in the QGP

ALICE
s Energy Density 55
T =1.16 fm/c ' T=2.52fm/c ' © = 4.06 fm/c '
10 1T 24
5 - . L
— 18
= 12
5l d &
-10+ 1 L 6
= 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 3
19510 5 0 5 10 15-15 10 5 0 5 10 15-15 .10 5 0 5 10 15 o°ev/fim

X (fm)

A mapping of the energy density in the QGP phases vs time and space fecentnaPb-Pb
5.02TeV collision.
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Charged-particle multiplicity

ALICE
ALICEPhys. Rev. Lett16(2016) 222302 . . . .
14 Bjorkenenergy density estimation
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This indicates that heavpn collisions are more efficient in converting tingial beam

energy into particle production at midrapidity than ppidPlpcollisions
14/08/25
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Measuringdentified particleproduction rates

ALICE
protons everything else g
sl o K* x 4000
charged 1000
kaons BAxS
s
104F =P,
S ALICE Pb-PD (5 =276 Tev
i X 0. Iyl <0.5
Charged 10_67— I.Iql, \Olo?sl | Iy“(l 11| | | I | L1 1 1
pions 0 1 2 3 4
P, (GeV/c)

K,and p are the most abundant hadronic species produced in the collision
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Ratio of yields to (z*+ 77)

1073
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C %fﬁl I 27+ 2 (x16)
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D D gy,

A+A(X2)

ALICE
® pps=7TeV
i O p-Pbs=5.02TeV
I i [] Pb-Pb sy = 2.76 TeV
3 —— PYTHIA8

Vel Lol ol

10 10? 10°
<chh/dn)|r1| <05

U One of the original traces of the QGP
Thermalproduction via gluon fusiom a QGP scenario

0 KOs (1s),? (2s) andq (3s) in PbPb at 5.02 TeV:
Productionwrtto “ enhanced
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NCQ Scalingof theV,

ALICE
STAR, Phys.Rev.Lett110142301 (2013)
04 77Gev  ep #x +115Gev | 196Gev i
[ Au+Au, 0-80% aA oK’ ]
n-sub EP AZ &K *
aQ vo é 1

0.05

v,/n,

0 05 1 15 20 05 1 15 20 05 1 15 2
(m,-mg)/n_ (GeV/c?)

Universal trend for most of particles and the correspondinepanticles
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g

dNaa/dpr
< Taa > dopp/dpr

Raa(pr) =

(to< 1 fm/c)

o Raa = 1 if no medium effect

z

e Radiative vs. collisional energy loss
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Parton energy loss in QGP

Energy lost by radiation of gluons induced by

E ¥ AE interactions with the hot and dense medium
»—
|
|
!
: E-AE (AE) x aSCR(j'L2
X
medium . o _
( ) q : Transport coefficient of the QGP medium
(i Radiativeenergyloss (k2
U Inelasticscattering q = 3
D. d ¢ E mndB.Beizi a Relate to the energy (gluon) density of the medium

Lect. Notes Phys. 785, 285 (2010)
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Heavy Quark Energy Lossin QGP

ALICE

(AE)q
AE) = ————— 1

(AE), > (AE), 45 > (AE). > (AE),

N D e-@ d n effect: Gluonradiationin vacuumis suppressetbr smallangledueto
kinematicalconstraintsSmallerenergylossfor heavyquarks,

Y. Dokshitzer,D Kharzeev,PLB519,199(2001)
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% Direct Observationofin D e-&€ 0 n Effect

ALICE

ALICE, Nature605,440(2022)

0.37 0.22 0.14 0.08 0.22 0.14 0.08
(<) § LUNLINL LI L L L L L [ L L Y B B LB
i D: 5< ERadialor <10 GeV 10< ERadiatUr <20 GeV
- ) 1.5 T 1
4 : > / Fully reclustered jet
e 3 . / 5 S SR ooooco
i g | -
) B — 5 o~~~ | charm ; - --*-..=:::=::i::===== TIiFIIt
¥ qUark e T — b
~ o I-l-l-’-l-l-l- -
i
= qu.arlf Dead-cone effect / L
®»  Gluon emission vertex Gluon emissions are ~ / 05k i
Emitted gluon suppressed in a cone : L
0[ = 02> Y 95 with 84c = mg/Egadiator
Eg 4 BB
Racusor] Redidign 0 L1 1 1 I L1 11 ‘ L1 1 1 | L1 1 1 L1 11 | L1 1 1 I L1 11 | L1 11
1 1.5 2 2.5 1.5 2 25

B ALICE Data --- PYTHIA 8 LQ / inclusive
no dead-cone limit

— PYTHIA 8

—— SHERPA - -~ SHERPA LQ/ inclusive
no dead-cone limit
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Elastic Collision of Heavy Quark in QGP

ALICE
£ E-AE Onedimensional elastic collision in classechanics
M m
fae @~ O
AE 4k LMo
E  (k+ 1?2’ T m

Collisionalenergyii | o s # lbigh-energy objectLose small energy per collision
Elasticscattering
U Low-energy objectMay gain small energy from the mediu
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ALICE

D-mesons suppression at LHC
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ALICE, JHEP01,174(2022)
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ALICE

Average D°, D*, D**

Sy =5.02TeV
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|
+

H

+0-10% = 30-50%
* 60-80% * p-Pb

III|I\\;III'IIIIIII‘\IIII

5 10 156 20 25 30 35 40 45 50

P, (GeV/c)

U PromptQP, O, O'* same suppressipdramatic decrease from&GeV/c
U Clear increasing suppression towacastral collisions at intermediate/high
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Heavy quarkcollective expansion

PLB 816 (2021) 136253
VS =5.36 TeV, |y| < 0.8, [A7] > 1.3

ALICE ,
@ () ()
/ y E _I ||||| T I. |.| |!||| T T I_
A P, B o4l ALICE Preliminary |
N Ll ]
. . > - Pb—Pb, 30-50% ]
P Collective interaction ) i VS = 5.02 TeV ]
pressure s 3¢ ALICE Prompt D°, D*, D** average, |y| < 0.8, |A77| > 0.9 -
" X “ . e B 0.3 JHEP 01 (2022) 174 —
% CMS Prompt D°, |y| < 1, |A77] > 2.0

| B e [

¥

¢ PromptD®
e PromptD° %

.
\]
— 1 T 71 I T 1 T 71 I ¥ E ¥ I T

‘b\. : ookl s ]
T B Mwasgy
e T
N 0.0F————FfF—————————— —
AN dN [ DU P S
= 1+ 2 Z vy, (pr) cos(ngﬁ)] r

410" 1 2 3456 10 20 30

d¢prdpr  prdpr o p, (GeVic)

significant D mesonslliptic flow in semtcentralPb-Pbcollisions.
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ALICE
6.).‘0.35"I"‘I"'|"'I"'I‘"I"'\"'I"'I"'I"'I"':
N 03 ALICE Preliminary Prompt D° B
= Pb-Pb, 30-50% :
0o = 0.25[ 5y = 5.36 TeV - Prompt A; =
<2 ]
~ 02 EH}E -
0.15 = .
=t ]
= [, 1 =
0.05E" — + =
0IIIII\IIII|I\IIIIII\IIIIII‘IIIIIIIlIIIIIIIII\I:
2 4 6 8 10 12 14 16 18 20 22 24

P, (GeV/c)
U First prompt charabaryonv, measurement in heaargn collisions

U Compatible within uncertainties with®in the low p; v, s€* v, ) Dith 3.60 in the
intermediatep; evidence of charm baryon/meson splitting
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Discoveriesof the J/y

ALICE

k? Brookhaven Brookhaven and the Nobel Prize

National Laboratory

Nobel Prize in Physics

The 1976 Nobel Prize in physics was shared by a Massachusetts Institute of Technology researcher who used Brookhaven's
Alternating Gradient Synchrotron to discover a new particle and confirm the existence of the charmed quark. Samuel C.C. Ting
was credited for finding what he called the "J" particle, the same particle as the "psi”* found at nearly the same time by Burton
Richter.

/
y = U Their discoveries not only
j AT won the Nobel Prize;
\ ALFRS A . ) .
NOB U Confirmedthe existence of

the charmed quark
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Quarkonium in QGP

ALICE
Bound state of quark and its own antiquarkeavyquark
— B
QJ(I :
State I GC Yy Nj 3 Gb 3 Nj Gb Nj 3 NjNj
Mass [GeV] 3.1 3.53 3.68 9.46 9.99 10.02 10.26 10.36
oE [GeV] 0.64 0.2 0.05 1.1 0.67 0.54 0.31 0.2
oM [GeV] 0.02 -0.03 0.03 0.06 -0.06 -0.06 -0.08 -0.07
r [ f m]O.5 0.72 0.9 0.28 0.44 0.56 0.68 0.78
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ALICE

Debye Screening of Strong Interaction in QGP

U Strong interaction between heavy quark and Medium modified potential
its antiquark is reduced in the deconfined V(r,T) = —2 (1 e Hr) - Xguity
medium due to the surrounding free quarks u(T) i
and gluons

i Bound state will be dissociated into open V(1)
heavy flavor hadrons when the Debye radius vacuum
Is smaller than the size of the bound state

P
.

r

i Suppression of quarkonium in relativistic medium
heavy ion collisions should provide a
Asmoigiumg® signature of on

14/08/25 Introduction to HighEnergy Heavylon Collisions



Quarkonium suppression isthe fismoking guro of QGP

U Quarkoniumproductionis one of theismoking
BROOKHAVEN NATIONAL LABORATORY gun@ Of QGP forma‘tion

June 1986 BNL-38344

[ J/ SUPPRESSION BY QUARK-GLUON PLASMA ]
FORMATION

e U Quarkonium production suppressed sequential
R via colourscreening in QGP

of Technol
Cambridge, MA 02139, USA

and

H. Satz

Fakultat fur Physik
Universitit Bielefeld, D-48 Bielefeld, F.R. Germany
and

Bare ot e, O, Y278, 054 T. Matsui, H.Satz, PLB178 (1986) 416

ABSTRACT

If high energy heavy ion collisions lead to the formation of a hot quark- > 5 70 O C it ati O n S

gluon plasma, then colour screening prevents ¢ binding in the deconfined

interior of the interaction region. To study this effect, we compare the

of the ing radius, as obtained from lattice

QCD, with the J/¢ radius calculated in charmonium models. The feasibil-
ity to detect this effect clearly in the dilepton mass spectrum is examined.
We conclude that J/ suppression in nuclear collisions should provide an ?
unambiguous signature of quark-gluon plasma formation.

‘This manuscript has been authored under contract number DE-AC02-76CH00016 with the U.S. Depart-
ment of Energy. Accordingly, the U.S. retains & lusive, royalty-free license to publish or
reproduce the published form of this contribution, or allow others to do 3o, for U.S. Government purposes.
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PHYS. LETT. B, in press

BROOKHAVEN NATIONAL LABORATORY

June 1986 BNL-38344

[ J/ SUPPRESSION BY QUARK-GLUON PLASMA ]
FORMATION

T. Matsui

Center for Theoretical Physics
Laboratory for Nuclear Science
1 X Tnsti of Technology
Cambridge, MA 02139, USA

A

and

H. Satz

Fakultat fur Physik
Universitit Bielefeld, D-48 Bielefeld, F.R. Germany
an
Physics Department
Brookhaven National Lab y, Upton, NY 11973, USA

ABSTRACT

If high energy heavy ion collisions lead to the formation of a hot quark-
gluon plasma, then colour screening prevents ¢ binding in the deconfined
interior of the interaction region. To study this effect, we compare the
btained from lattice

p depend of the ing radius, as
QCD, with the J/¢ radius calculated in charmonium models. The feasibil-
ity to detect this effect clearly in the dilepton mass spectrum is examined.

We conclude that J/ suppression in nuclear collisions should provide an ?

unambiguous signature of quark-gluon plasma formation.

This manuscript has been authored under contract number DE-AC02-76CH00018 with the U.S. Depart- -
o S o US Gt s v i, ey i [etsuo Matsul (195202

reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes.
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Charmonium (re)generationproduction

ALICE

P. BraunMunzinger J.Stachel Nature448 (2007) 302

Phys. Rev. D 105, 011103 (2022)

a Development of = T RS — T
Start of collision quark-gluon plasma Hadronization = +
2 « ALICE q B
210° |- 2 =
:-*' E ¢ PHENIX il ]
Low . 5 - ¢ STAR
(RHIC) & — 2 — @D 3 L
energy co 3 » ©
c o @D
10° E
e D
A e 5ab
. 23800, ¢ R by \”’/’@D CL AN
High A S0 . 55 \\M ) ®PD @J/zp/
(LHC) /% H e X l_) = D e[/\\. 10 = MW NNLO -
energy N A K009 0 ©"-@D B
¥ o> v @0 @D R IR | B 2
@D 4x102 107"'2x10™ 1 234 10
s (TeV)

A Suppression of theharmoniadue tocolour screeningandthe dynamicdissociation
A Charm quarkproduction cosssectionatthe LHC is muchlarger comparto RHIC energies
and the(re)generationcontributionto the Jk is significantly higherthanatRHIC

14/08/25
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Inclusive Jy Raa VS Pt

ALICE
ALICE, PLB 849 (2024) 138451
g I 1 T I T T T { T r I T - r T I

o - ALICE — l:c{ ol ALICE —

I Pb-Pb,0-10%, s = 5.02 TeV i Pb-Pb, |5, = 5.02 TeV
i Inclusive J/y, |y| < 0.9 i i Inclusive J/w |
e e Data i i ® 0-10%, ly| < 0.9 |
. Transport (R.Rapp et al.) - ® 0-20%,2.5<y <4 i
. % _______ [ Transport (P.Zhuang etal.)___ | 1 E Jﬂ _____________________________________ -

SHMc (A.Andronic et al.)

_—|_ﬂ‘ [ ] Energy loss (F.Arleo et al.)
ﬁ — _ - = _
o 5 10 15 o 5 10 15 20
p. (GeV/c) p. (GeV/c)

U TransporiandSHMc models describdataatlow py, while SHMc underestimatethe
measuremerdthigh pr the energy loss model agrees with data at pigh
U Evidence for the (re)generation and demonstration of deconfinement at LHC

14/08/25

Introduction to HighEnergy Heavylon Collisions



Y (SIRan In Pb Pb collisions at,/ ¥== 5.02TeV

ALICE =
ALICE, PRL132 042301(2024)

q _I LI I T 1T I TTIrrr I L I LB I LI I T 1T I LI I I- < [ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T ]
Q:<1_6:_ ALICE, inclusive J/y, w(2S) — p'u 3 ,f‘1 4F Po-Pb, VSun= 5-02 TeV CMS, Iy | <1.6,0-100%
ab o Fb. V;Tﬁ: 5.02TeV,25<y,, <4 ] UL ALGE 25<y, <4,0-90%  (£pic78018)509) ]
L Oy =gy ™ I, 03<p <8GeVic (PLB 766 (2017) 212) ] 1.2F ® J/y (JHEP 2002 (2020) 041) o J/y ]
1.2F Clv(2S) —v(28) e y(28),03<p <12GeV/c ] - ® y(2S) v(2S) )
- 3 e r e -
1k - TAMU .
A 7 0.8 C N .
08f : HEE Cv(es) ]
0.6 | ] 0.6 EE .
[ 1 [ ol 3
04} 1 ol EE@E#HF—m— ]
0.2F 1 o2 W | ]
0 [ 11 1 1 l 11 1 1 I | - I 1 1 | l L1 1 I 11 1 1 I 111 1 I 111 1 I I: E —a = E
0 50 100 1 50 200 250 300 350 400 00 I T T | é L1 1 1|O [ B T | 1|5 11 1 1 2|0 111 1 2.5 I T N | 30
N
¢ pa”> p, (GeV/c)

U Alarger suppressionof they (S2w.r.tthe Jy is observed
U They (SYR,, increases at loy, , whichisahintof y (S2regeneration
U The TAMU model describes data better tt&tMc in centralcollisions
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Charmonium polarization

ALICE

x10® Au Au, V s = 200 GeV
AVFD Centrality 40-50% -1100 90000 ; . , .

------- Xe-Xe, VS_NN =5.44TeV 80000 |
—— Pb-Pb, |/s,,, =5.02 TeV |80

30

Hard Sphere

Woods-Saxon

N
o
I

160 ~

|
Y
o

—120

Wy
........ .

| | - 4
0 02040608 1 1214 16 1.8
t (fm/c)

b (fm)

Christakogluet al, EPJC(2021)81: 717 F. Becattiniet al, PRC 77 (2008)

Heavyquark pais areproducedn theearly stageof AA collisionand can experience both the
short living || and thed of the rotating medium, polarizationw.r.t. an axis orthogonal to the
event plane can be affected
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J/y polarization w.r.t the event plane

ALICEPRL131(2024) 4042303
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U First measurement of quarkonium polarizatiant the event plane
U Significant polarization (~ . ) observed irsemicentratollisions(40-60%)in 2 <p; < 6 GeVEt
(i Thesignificance of the polarizatioreaches- . dat lowr); (2 <p; < 4 GeVL) in 30-50%
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Charmonium elliptic flow in Pbi Pb collisions
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U Thenewresultis consistentvith Run 2, with gatistical precision improved &w p; atforward rapidity
U A significant Jy v, is observed at forward rapidity, consistent with the charm quark thermalization
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