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What is the Quark-Gluon Plasma?



SM and QCD
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SM and QCD
Standard Model of Elementary Parti(:le's.° '

. three generations of matter interactions / force carriers
e Standard Model (SM); (fermions) (bosons)
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% mass  =2.2 Mevic2 ~1.28 GeV/c2 ~173.1GeVicz  Ra W =124.97 GeVic?

e Strong and Electro-weak interactions
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From dilute QCD to dense QCD

e QCD i1s not limited to a collection of small particles...

e QCD matter has a rich and vast phase diagram

Phase Diagram for H,0
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From dilute QCD to dense QCD e

QCD 1s not Iimited to a collection of small particles...
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QCD matter has a rich and vast phase diagram

QCD theory (1973)
SU(3) Color symmetry; confinement;
asymptotic freedom, ...

QGP initial idea (1975)
“Weakly coupling quark
soup”

State of matter where quarks and
gluons are asymptotically free

quark-gluon plasma

~150
MeV
o <)
. hadrons — quarks
B P @ v
° o
hadron nuclear p 3
4]
resonance gas color superconductivity
M, HpB
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Discovering QCD phase diagra'rﬁ'oi

How to unveil the unknown corners of the QCD phase diagram?

Through heavy-1on collisions:

LHC PbPb (TeV)

ety . s final detected
Relativistic Heavy-Ion Collisions particle_dfstributions

Kinetic
freeze-out _—

RHIC AuAu (hundred GeV)

N Hadronization i
Initial energy cosiat
density o

quark-gluon plasma

-
-_—
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- ' : E
: hadony — qugirks
3 l' o 0: e p
' O ®
hadron nucfaar o - 3

resonance gas color superconductivity

equilibrium , .
ﬁymmics viscous hydrodynamics

.| free streami ng

o

collision evelution

t~0fm/c t~1fm/c t ~10 fm/c t ~ 10! fm/c MN lllB
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Heavy-lon collisions

e Why heavy-ions?
e Probe the QCD phase diagram

® Understand the QCD fundamental

interactions /&

quark-gluon plasma

e Collectivity from a gauge-field theory?

~150
e Tools used to study created matter shared MeV

with nearby physics fields research

s i=
' hadrons — quarks :
.1 . A ,.
e QGP vs colliding nuclei? _ .
hadron nuclear p 3

resonance gas L color superconductivity
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What iIs a heavy-ion collision?

e Proton-proton vs heavy-ion collisions:

time
.. x, K, p, ..
Proton-proton collisions A
Low multiplicity event * >
AL B
]
o
ke
CMS Experiment at the LHC, CERN :
Data recorded: 2018-Apr-28 20:29:25.681984 GMT
Run / Event / LS: 315357 / 157197154,/190

Hydrodynamic
Evolution

a) without QGP
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What is a heavy-ion collision? =

e Proton-proton vs heavy-ion collisions:

time ’ Lead-Lead collisions

High multiplicity event
(result of QGP formation)

Proton-proton collisions
Low multiplicity event

Mid Rapidity

CMS Experiment at the LHC, CERN
Data recorded: 2018-Apr-28 20:29:25.681984 GMT
Run / Event / LS: 315357 / 157197154, /1190

MS Expérimerit at the LHE, CERN
. L :
- . h o N,
pata recorded: 20‘1’"0-N_ov-Q§5 1_0:22:07‘.823203 GMT(11:22.0%#C

2 N

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
a) without QGP b) with QGP
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How to study the Quark-Gluon
Plasma®?




Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:

e Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

Heavy-lon >
« o /// 11
collision R
« - K
Hadron ‘
as -p
phase

re-equilibrium dynamics viscous hydrodynamics |
— Y P ¥ reeye— o] free strej
collision evolution
t ~0 fm/c t~1fm/c t ~10 fm/c
~3x10%s
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
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e Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

e Hard probes (large-Q2 process): high-momentum particles - pQCD based description

Heavy-lon
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~3x10%5s



Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
e Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

e Hard probes (large-Q2 process): high-momentum particles - pQCD based description
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Heavy-lon Collisions

e Different QGP probes will access different wavelengths:
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Heavy-lon Collisions

Different QGP probes will access different wavelengths:

Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

Hard probes (large-Q? process): high-momentum particles - pQCD based description

Common difficulty: QGP is dynamically
evolving system

All observables require interpretation in
the framework of transport models
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Heavy-lon Collisions

Different QGP probes will access different wavelengths:

Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description

Hard probes (large-Q? process): high-momentum particles - pQCD based description

Common difficulty: QGP is dynamically
evolving system

All observables require interpretation in
the framework of transport models

Heavy-ion collision characterisation:

A multi-scale problem!
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Heavy-lon
collision ki
------------------- R . | - K
. B, L

QGP phase

..........
-------
..........................
------------

pre-equilibrium dynamics viscous hydrodynamics

collision evolution -
t~0fm/c t~1fm/c ¢ ~ 10 fm/c ¢ ~ 1015 fm/c

~3x10%s

free streaming



What to we know about the
Quark-Gluon Plasma?
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participants

Au 9
spectators %;:\_ | /
! Au ’

s
A/ ,oe})&

Soft probes

» —— ‘M
X
e Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

anisotropy:
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participants _;
—Au ‘
spectators #
G Au ’
\_//
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/
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X

e 'Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane

Soft probes

anisotropy:

Superposition of multiple pp collisions

dN

do
1.0}

0.8}
0.6/
0.4
0.2
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participants 7

B2

spectators -

Soft probes

s
C \‘ew*
e Try different centralities and check response of the system to initial spatial Reaction plane: z-x plan e
anisotropy:
Superposition of multiple pp collisions Collective bulk behaviour Pressure driven expansion:

dN

do
1.0}

0.8}
0.6/
0.4
0.2

0
-
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participants 7

B2

Soft probes
s
C \‘ew*
e Try different centralities and check response of the system to initial spatial Reaction plane: z-x plan e
anisotropy:
Superposition of multiple pp collisions Collective bulk behaviour Pressure driven expansion:

dN dN
a0 ¢

1.0
0.8

of 1.0}
8| 0.5
0.6/ N
0.4/ - 2/ 3 5/ 6
0.2| _O'5§

| ~1.0}
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participants t )
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Soft probes
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Au -\;// \\e}\\\\,
! Vel
X
Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane
anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=0.0fm/c
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participants t )
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Soft probes

A
spectators Q@(’A -
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! Vel
X
Try different centralities and check response of the system to 1nitial spatial Reaction plane: z-x plane
anisotropy:

Superposition of multiple pp collisions Collective bulk behaviour

t=0.0fm/c
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Spatial anisotropies

Quantification through Fourier transtormation of the particles angular distribution:

IN N -
i = 5 (1 4+ QZun cos (n(¢ — \Ifn)))

n=1
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Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

dN N
b " o (1+22yncos (¢ — W )))

d

Reaction plane angle
(where the nth harmonic component has its
maximum multiplicity)
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Central ~ + "+ Peripheral

Spatial anisotropies

e Quantification through Fourier transformation of the particles angular distribution:

dN N > 0.16F T | | | | | T

& n n=1 0.14 -—— n/s=paraml LHC 2.76 TeV Pb+Pb ~
— 1/s =param2 i

Reaction plane angle 0.12 - /s param3 pr =0.2...5.0] GeV  _

(where the nth harmonic component has its
maximum multiplicity)

n/s =param4

0.10 -

——

N

—~~ 0.08
-

0.06

0.04

From charged multiplicity, extract elliptic (v2), 0.02
triangular (vs),... flow coefficients

Vo = <COS 2(¢ — \D2)>

0.00

centrality [%]
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Hydrodynamics

Why hydrodynamics? L, 1 e AW

Complicated to withdraw information from QCD Lagrangian... L, = De (i7" 8, 60, — gsv“tgb AS — m)y
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Hydrodynamics

Why hydrodynamics? L, 1 e AW
C licated to withdraw inf tion CDL lan... - .
omplicated to withdraw information from Q agrangian Lo = Dalin"8ubus — 9" <, AS — )y
Phenomenological theory to connect first principle with phenomena

Input includes the Equation-of-State (EoS) _
Energy-momentum conservation:

v
Provided by, e.g., Lattice QCD 0, T"" =0

Current conservation:
P:P(e,n) c%N“ =
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Hydrodynamics

Why hydrodynamics? Lo A
y hydrodynamics L, = FHY pAn
Complicated to withdraw information from QCD Lagrangian... Lo = Da(i70uas — gsy1S, AS — )
Phenomenological theory to connect first principle with phenomena

Input includes the Equation-of-State (EoS) _
Energy-momentum conservation:

v
Provided by, e.g., Lattice QCD 0, T"" =0

Current conservation:
P:P(e,n) c%N“ =

Deviations from ideal hydro (viscous hydro) include additional coefficients:
Shear viscosity 7, bulk viscosity _, ...
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QGP is a fluid

QGP 1s an (almost) 1deal fluid:

SHE SN DL LA LA R IR BN
o 01 | —
> i . Range of expected
008 | / values from ideal _
i | H / Hydrodynamics -
0.06 + ¢ ¢ _
| o’ :
0.0 I h
i ® _
0.02_— é o
i STAR (RHIC) 2008 . i
0_ N B B B R B

0 0.2 04 0.6 0.8 1
N_./Nax

Peripheral <«—  Central
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QGP is a fluid

QGP 1s an (almost) 1deal fluid:

75 . . . . . |
O STAR 200GeV MinBias
201 -
- N/s=0.08
/T%%
S | _
Highly = 1/5=0.16
_ 10
sensible to #/s
5
! PRC 79 (2009) 039903
] | ! | ] | !
O@/ 1 2 3 4
p[GeV]
Peripheral
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QGP is a fluid

QGP 1s an (almost) 1deal fluid:

25 : : : : : |
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00000~0~ 009 n
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sensible to #/s

[S—
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|
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\

PRC 79 (2009) 039903

> 3 4
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-1' 0 -d 5 'ofo 0'5 1'0
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QGP is a fluid

4
QGP 1s an (almost) 1deal strongly-coupled fluid: -
’é‘ B | .
I 40 N String Theory Bound (KSS)
E E pQCD (AMY) [dashed for scale dependence]
- -
35—
30
25:_ ——"—___‘_\-:‘: ——————— :‘
C N N\ ).___/
o~ T/ T
15—
10
5:_ KSSBound N T T S SN SR
O_ -1.0 -0.5 0.0 0.5 1.0
0 0.5 1 1.5 2 2.5 3 3.5 4
Temperature (T/T) (T'TO)/ TO

C
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QGP is a fluid

L. Apolinario

QGP 1s an (almost) 1deal strongly-coupled fluid:

Wws / (1/4x)

40

35

30

25

20

15
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|

String Theory Bound (KSS)

pQCD (AMY) [dashed for scale dependence]
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Weak coupling
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a, = == <K 1
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QGP constitution?

Is the QGP a collection of point-like quasi-particles?

probing small distance scales (x) —

A2
Q2 P- Initial Parton QGP aOCP(Q )

pQCD E AQCD
Scattering from 6]
Point-Like Bare > .

Color Charges QZ

aeﬂ(Qz)

What scale sets this transition?

Scattering

from Thermal T

. ; asymptotic
Mass Gluons? conﬂnement:

freedom —

What scale sets this transition? large momentum transfer (Q°) —

pQCD Scattering Strong Coupling
From Quasiparticles No Quasiparticles

with size ~ ppeye |2 oeye > O Pushing boundaries of pQCD
= IR 2 S/
%% ¢¢® / /
@D @O @9 7
A Do

»MD

AdB/CFT

T

Cc
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How is "vacuum QCD” modifie
by the QGP?

: Hard Probes

N (Hard scattering
High momentum particles)

_ - u » : Heavy-lon :
* - collision e e

== Hadron

- oy

4 pre-equilibrium dynamics viscous hydrodynamics free streaming
collision evolution
t ~0 fm/c t~1fm/c t ~ 10 fm/c t ~ 1010 fm/c

~3x10%5s

[
gas : E M= » B P s Tt :



Jets Iin heavy-ions

Also a multi-scale problem:

0)Cl67D) 10N |e;0}gb)

Q° = O(100°GeV* ~ 1TeV?) _Suil Lttt

Q? = O(1GeV?)
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Jets Iin heavy-ions

e Also a multi-scale problem:

—— @
~ O/V/O — @
..‘Q““. \.‘X‘
e e O
‘_ QO0000000C ’§§‘;‘::. N O\‘\‘/./:.
OO0 < — @~ @
—— e e
(Y — *. —"—.
S8y ~ QU
>N ©
O+O:ﬁ*'
o
e ®
\. \‘
WL non pQGCD
Q* = O(100%GeV? ~ 1TeV?) L& | | we Q2 = O(1GeV?)
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Jets in heavy-ions e,

Evolving medium
e Also a multi-scale problem:

Medium-induc

Q? = 0(100°GeV* ~ 1TeV?)
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Jets Iin heavy-ions

Evolving medium

‘energy loss? lg// e °
| O ~ — |

e Also a multi-scale problem:

Medium-indu

¥ o ®
- Yod i — ‘ ‘
(ouuuou’@'g‘;‘“ N O\‘/Qi—/‘
“‘0 = — 00
T ve g " ‘7> = -e
> i o N-e . a
Collisional rgy loss? """o'o'.v.»,,,, e N—U-e
N> ®
Medium recoils? O —() = CO e
®
\O o . ®
\‘ ~__
O
NQGL fﬂ@j)'O‘
Q° = O(100°GeV* ~ 1TeV*) o8l | ' e ° = 0(1GeV?)
e
e
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Jets Iin heavy-ions

Evolving medium
e Also a multi-scale problem:

Medium-indud

LO000000000Y

a0 j
e 1
‘ ‘EY‘VAbA‘ / \

Collisional

Medium recoils?

0]ClC

Q? = 0(100°GeV? ~ 1TeV?)
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In-medium processes

Amount of energy loss measures transparency to the passage of a high momentum particle:

Towards higher accuracy 1in elementary building blocks of the parton shower

\U O‘.
(\2 *«i
T AT ¥
‘_ QOO00O0000 R
1 .“’.
: o
Ty j\o
e gk
Xl 00’.7.70,."?

0.?.
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In-medium processes

e Amount of energy loss measures transparency to the passage of a high momentum particle:

e Towards higher accuracy in elementary building blocks of the parton shower

Dominant for light (high-energy) partons

Inelastic scattering processes:

@)Z// Elastic scattering processes:

Parton

SN

- R

Medium recoil

Relevant for heavy (low-energy) partons
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

- HE
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

In addition to energy loss, parton also undergoes transverse
momentum diffusion § § §

Medium-induced transverse momentum broadening

Transport coefficient:

0 > kr . _ (k1)
- ° = 1=
: do(q)
2 2 2
qoc/d q°q 2q
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

In addition to energy loss, parton also undergoes transverse
momentum diffusion § § §

Medium-induced transverse momentum broadening

Transport coefficient: _ _ o
Dipole cross-section (collision rate):

T —— 1 I kT A <kT> , .
. . . 1= A o(r) = / Vi(q) (l — (f.'q")
: do(q) -
q0</d2q2q2 2q
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Medium-induced radiation

Accumulation of momenta enhances gluon radiation:

In addition to energy loss, parton also undergoes transverse
momentum diffusion § § §

Medium-induced transverse momentum broadening

Transport coefficient: _ _ o
Dipole cross-section (collision rate):

—— > [k g = o) - iy iqr
- ) ® A R il == - o(r) = /lj"' (q) :(l — e )
p ( ) ' ‘I Jq° ="
. 2 2 200 . L’
q X / d q_ q d2 : q : ”,‘
' . .-°  Parton-medium
e 54" interaction
Medium-induced energy loss and momentum
broadening closely connected!
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Run/Event: 151076 / 1328520

Lumi section: 249

®
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Average in-medium jets

Jet spectrum atfected by jet-QGP interactions:

Energy loss will shift population towards smaller pr

log scale

do PP
de,jet

PT,jet
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Average in-medium jets

Jet spectrum affected by jet-QGP interactions: YfA

Energy loss will shift population towards smaller pr

log scale
do
de,jet

PT,jet
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Average in-medium jets

Jet spectrum affected by jet-QGP interactions: YX(A

Energy loss will shift population towards smaller pr

Iog scale [ATLAS (19)]
] & | ATLAS anti-k, A = 0.4 jets y| < 2.1
o R . 1 [ [=]0-10%, {8, = 2.76 TeV [PRL 114 (2015) 072302] '
dp . AA — 510 - 10%, S,y = 5.02 TeV
Tjet 1‘"@" 30 - 40%, |8,y = 2.76 TeV [PRL 114 (2015) 072302] | |

No energy loss | [5]30 - 40%, {5y, = 5.02 TeV
] {T,,»and luminosity uncer.

= n
e S
. '?'? : }
j _ oL +|+ | )
R 1 L —t— " )
AA < 0.5 = t._,;,- """"""""""""""""""""""""""" 7
Energy IOSS | | | | | I | | | | | | | |
40 60 100 200 300 500 900
p, [GeV.
PT,jet
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Current landscape

e From single-particle or jet suppression, recover transport coefficient ¢

AA>

=
10

Raig=1

No energy loss

Raia <1

Energy loss

L. Apolinario

Particle Energy Loss
PHENIX [2002.11156]

] | 1 T | ] L | | L ]

— —e

U+U, |s,, =192 GeV Au+Au, v:—m‘=200 GeV
® 7, p >5 GeVic x°, p_>5 GeV/c, PRL101:232301 —

¢, pT)S GeV/c K, pT>6 GeV/c
" K, p7>5 GeV/c

| Ill]ll'
Ll L 11l

Cu+Cu, s, =200 GeV

—
PH ENIX
preliminary

g |
|

o Kg, P >6 GeVic

R3S
)
)

| llllll'

'.
.
=
;. <‘L—‘I
L
[ )
TS
\4.’]
I» 42» 4

T T T4

L
{1
1
-

Jet Energy Loss

ATLAS [1805.05635]

< | ATLAS  anti-k, R

= 0.4 jets, s, = 5.02 TeV

]

| <2.8 =

2015 data: Pb+Pb 0.
. RN (TAA> and luminosity uncer.
l 1 | | | I 1 l

10 -10%

120 - 30
140 - 50
160 - 70

49 nb™ pp 25 pb™’

%
%
0/9 '

40 60 100

200 300 500

900

p, [GeV]
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Current landscape

e From single-particle or jet suppression, recover transport coefficient ¢

RHIC (AuAu 200 GeV)

| LHC (PbPB 5.02 TeV)
Particle Energy Loss

Jet Energy Loss
PHENIX [2002.11156] gy
R | s ATLAS [1805.05635]
< | - - , N —
o Usl, {8y =162 QoV Au+Au, |5,,=200 GeV o | ATLAS  antik, R = 0.4 jets, Sy = 5.02 TeV
=~ 10— ° n’, p,>5 GeV/c n’, p,>5 GeV/c, PRL101:232301 — L Il' i
E : s PT>5 GeV/c K, p1>6 GeV/c E e :q‘.: i
~ WK p >5GeVic B T Frece Eﬁj}z:*: =
RAA — 1 - . Cu+Cu, s, =200 GeV a . lI]EEEEEE] . | $
— PH EN'X o KS’ p_>6 GeV/c - _ T]B:'IEE 5 Y]
7 preliminary v ¥ EuEd
No energy loss i n R _ppef® i ||
E Elifi [ *(w]#] W ' |
: 0.5""'"""""""""""".'"-'E’i """""""""""""""""""""""" 7]
) <28 = #10-10%
Raa <1 ) 2015 data: Pb+Pb 0.49 nb™, pp 25 pb” Eﬁg - 2840
| BENER (T ) and luminosity uncer. gt
Energy loss ST SRR L A A
gy 40 60 100 200 300 500 900
Noart p, [GeV]
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Current landscape S SN

e From single-particle or jet suppression, recover transport coefficient ¢
[LA, Y-J Lee, M. Winn (2203.16352)]
1 4 I I I | | I I I | I I I | [

B Jetscape Matter |
& 1 ATLAS  antik, R = 0.4 jets, Sy, = 5.02 TeV I*‘ = Jetscape LBT -
b e 12 ® Jet Collaboration —
el o= - ®— M. Xie et. al, 1901.04155 T
e i 5 C. Andres et. al, KLN, 1606.04837 _
< - -
o U+U, s, =192 GeV Au+Au, |5,,=200 GeV 1 O ® O C. Andres et. al, Hirano, 1606.0483Z_.
~ | e 7 GeV 7° . 1 .
05 10 = N ppT::G:w::c K,PT>56(::\::C, PRL101:232301 E - o M. Xie et. aI, 2003.02441 —
T = it | s P_>6 GeVic R . _
Yl <2 - Ky, p 5 GeVic A ] ®m X Fealet. al, Gluon Jet, 1911.01309
i Cu+Cu, |/5,,,=200 G _ = —
2ns o o P B 8 e X.Fealet. al, Quark Jet, 1911.01309
o [ preliminary ¢ Ke P8 GeVie )
40 60 _ ™ | _
L 3 . II i
Al F T . <O — :%%} -
 lyl<0.35 : : "R 6 _ Tie _
T S U S B B + ® T
0 100 200 300 — @ —
Noar 4 * o 3 |
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Current landscape

From single-particle or jet suppression, recover transport coefficient ¢
[LA, Y-J Lee, M. Winn (2203.16352)]

1 4 | | | | | [ I I | [ | [ | |
i Jetscape Matter |
& | ATLAS  “antik, R = 0.4 jets, (5, =502 TeV |, i Jetscape LBT |
T I 12 ® Jet Collaboration -
e

ik, e R - ®— M. Xieet. al, 1901.04155 .
e i 5 C. Andres et. al, KLN, 1606.04837 _
gt | U feaetezGev AusAu, (55200 GoV | Several ansatz: 10 ¢ &—— C. Andres et. al, Hirano, 1606.04837-
~ 10:_0n°,pT>SGeV/C no,pT>SGeV/c, PRL101:232301 — I '.t' | .t .t f .t . .t' -t f' | | M. Xie et. al. 2003.02441 —

------------- — ®n,p.>5GeV/ic 6 GeVle . - - . - al, .
i<z E uk, p>5 et PR et ; nitial state (factorisation to fina i B X.Fealet. al, Gluon Jet, 1911.01309]
2ns T o e A ! state effects)? 8 ® — X Fealet. al, Quark Jet, 1911.01309 |
SR [ preliminary ¢ Reppouete ) . B |
S — - - Medium temperature and °'|’: i % -
E O e E : energy-density time-evolution  <«T ol :%%@ .
 Iyl<035 i . profiles? i o|® _
10 ——"900 200 300 N, - QGP phase initialisation time? . O + Piee L .

. . 4 s
- Energy loss during partonic and - ﬂ . -
hadronic phases? i Egﬁ? ° 5 Ooo@t * |
o ]
- QGP EoS and degrees of 21 q® <. |
n (oD i
freedom? i )}
O | | | | | | | | | | | | | | |
o 0.2 0.4 0.6 0.8
T (GeV)
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Current landscape

From single-particle or jet suppression, recover transport coefficient ¢
[LA, Y-J Lee, M. Winn (2203.16352)]

I I I I I I I [ I [ [
141 | | .
B Jetscape Matter |
0:51 ATLAS  anti-k, R = 0.4 jets, S, = 5.02 TeV |, i Jetscape LBT |
______________________________ mdj:}: I 12 ° Jet Collaboration —
e it I - ®— M. Xie et. al, 1901.04155 T
~ i 5 C. Andres et. al, KLN, 1606.04837 _
gt | U feaetezGev AusAu, {5,420 GeV | Several ansatz: 10 . &—— C. Andres et. al, Hirano, 1606.04837-
~ 10 = ® ', PT>5 GeV/c n°, pT>5 GeV/c, PRL101:232301 = L . . . | M. Xie et. al. 2003.02441 ]
0.5 E ¢ P58 GeVie Ke, P56 GeVic 1 - Initial state (factorisation to final- i T RS e ]
| <2 - ™K p >5GeVic - ] i O X. Feal et. al, Gluon Jet, 1911.01309_
2ns eH e C:p”)s;:fv 1 state effects)? 8 @ X. Fealet. al, Quark Jet, 1911.01309
s — - - Medium temperature and °'|’: i ﬁ% -
E O e " : energy-density time-evolution  <«T ol .’%E% .
 Iyl<035 " profiles? i oo |
10900 200 300 N, - QGP phase initialisation time? . = + Piee L -

. . 4 o
- Energy loss during partonic and - ﬁ_ .
hadronic phases? i EEEE ° 5 Ooo@t | |
o _—
: . - QGP EoS and degrees of 21 0® <., _
9
How can we improve it* freedom? i il _
O i | | | | | | | | | | | | | | | |
0.2 0.4 0.6 0.8
T (GeV)
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Improving medium-induced radiation

Accuracy of radiation spectrum: --- FullHTL TL = 0.4
—  Full Yukawa ngL =1

Relaxing previous kinematic constrains allows more 0.35

sensitivity to different realistic parton-medium

potentials:

Yuk tential: V(q) 8ryu” e

ukawa potential: V(q) = — —
p (qz -+-/_l-2)2 'g
R
HTL potential: 7 V() g Nemp ~

potential: =n V(q) =

2 *(q* + m3) E

Energy: w

] Transverse momentum: 2

. ER
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Elastic energy loss

e Jets in heavy-1ons: going to lower energy scales

Medium-induced e

Collisional ene

Initialisation:
geometry? 1st QGP
interaction?

Medium: Fast expansion!
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Elastic energy loss

e Jets in heavy-1ons: going to lower energy scales

@ﬁ/
i X ‘
Medium-induced e &°

Collisional ene s 5% . V—— o_e

& & o
Q~~L_)>> }“‘7>> : e O —— . N ‘

Initialisation: - , =05
geometry? 1st QGP - O +O ~$ ¢
interaction? ) ~eo_—o

Medium: Fast expansion!
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Elastic energy loss

e Jets 1n heavy-ions: going to lower energy scales

Medium-induced e

Collisional ene

Initialisation:
geometry? 1st QGP
interaction?

L. Apolinario

CD v

.s~§|-?>> ‘

m recoils? ;O () ~o/ @

Medium: Fast expansion!

30

QZ

P+ Initial Parton

pQCD
Scattering from
Point-Like Bare
Color Charges

What scale sets this transition?

Scattering
from Thermal
Mass Gluons?

What scale sets this transition?

pQCD Scattering
From Quasiparticles

Strong Coupling
No Quasiparticles

with size ~ UDebye [ Upebye 20
R €7
%% e

I
@D CDED!

\ L
N.@.- Un AdS/CFT

T

C



Elastic energy loss

e Jets 1n heavy-ions: going to lower energy scales

Medium-induced e

Collisional ene

Initialisation: T 'l L 0 ~_ @
geometry? 1st QGP ek O +O i: ¢
interaction? ) ~eo_—o
pQCD ??? o ™Se
Medium: Fast expansion!
L. Apolinario 30

probing small distance scales (x) —

aoﬁ( Qz)

)

AQCD

R
ooooocooooooo
O
.
0
N

QZ

P+ Initial Parton

T . asymptotic
confinemerit freedom —
' —
o large momentum transfer (Q°) —

Scattering from
Point-Like Bare

pQCD

Color Charges

What scale sets

this transition?

Scattering
from Thermal
Mass Gluons?

What scale sets

this transition?

pQCD Scattering
From Quasiparticles
with size ~ upepye

“uPe

é@QQQ

Strong Coupling
No Quasiparticles
= MDebye 20

€2
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How fast Is the energy

thermalised within the QGP?

Heavy-lon
collision

pre-equilibrium dynamics

t ~0fm/c

— N

t~1fm/c
~3x10%s

D sl .adron

gas

viscous hydrodynamics

collision evolution

HTIUS e '

free streaming

t ~10 fm/c

t ~ 1019 fm/c



Thermalisation

L. Apolinario

[W. Chen, S. Cao, T. Luo, L-G. Parig, X-N. Wang (18)]

Transparency to the passage of a high momentum particle:

Thermalisation/Equilibration

How fast 1s the jet energy propagated and thermalised with the rest of the QGP?
[Co-LBT: arXiv: 1704.03648 ]

Jet

-:‘@»
x.

32

v-jet + Medium

{ v-jet + Medium Excitation

...............................

0.6
0.5f |
0.4} 1

0.3}
0.2 1
0.1} |
0.0

—0.1l| |
—0.2
-0.3§ 1.
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Thermalisation

L. Apolinario

[W. Chen, S. Cao, T. Luo, L-G. Parig, X-N. Wang (18)]

How much do they contribute to jét

Transparency to the passage of a high momentum particle:

Thermalisation/Equilibration

observables?

Where can we find it?

How fast 1s the jet energy propagated and thermalised with the rest of the QGP?
[Co-LBT: arXiv: 1704.03648 ]

Jet

-—L“é»l
13

32

v-jet + Medium

{ v-jet + Medium Excitation

0.6
0.5H °

0.4}

...............................

-

4

0.3ff |
0.2} °
0.1 |
0.0 |

-0.1 _
—0.2
-0.3§ 1.
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Jet substructure

e Looking inside jets and looking to its constituents distribution and transverse momentum spectrum:

¥S\n = 5.02 TeV p! > 60 GeV/c, '| < 1.44, p'T'k > 1 GeV/c

Jet axis PbPb 404 ub™, pp 27.4 pb’ anti-k; jet R =03, p > 30 GeV/c, || < 1.6, 40, > %"
'CMS Cent.50-100%f  Cent.30-50%%f  Cent.10-30%f  Cent.0-10%:
| WIPbPb | | [ ‘

- 4 -, <
- ® 2 pp + @ + @ + -
- - 4 4 P
- & o - s o -
> & o -* -, -
— o -> + - L
: 1 6] 1 - 1 ®
- - -+ -~
& o -

v T

-
< “
3 9 - + -*- “
1 - l e ! e ! . -t ! -
b - + - -
- - + -’ -
- + - . O - .
3 - R 3 g
3 - + -’ “
i T T o7 O
- +> -~ 4 -
- L L L l L - . - ' L - L - . L Ll L ' - L - L l L L L L L . L L l L - L . l L L L - L L L LJ ' - L - L ' . L L L
- - . - g
3 - + + -
3 - + -*- “
- - . + e
2 5 — — —— — —
. 3 - S 4 -
- . b b/ - - 4 e
. PbPb / pp

+ - -
- - - 4 -
2 - - - —— —
: 2 MC/ pp 1 1 I .
- - . - .
o - - -+ -
- L - .- + -

1 5 e —y— —p— ——
o - - - . -
3 - + -*- “
< - . 4 g
- — . + -~ l ‘ + ' -
1 p-.r-- - - +- - - —-—-.-—-. ------------- iy - =~ - e e et e e e ee- T F T E NS -
- :- - . - . qr . . B
= - + P
3 + - 4 g
- . R

e
l ' . A l . e . .
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1.6

1.5

1.4

1.3

1.2

1.1

prPb(r)/ppp(r)

Medium response

[ Casalderrey-Solana, Gulhan, Milhano, Pa‘bl.o's,. Rajagopal (14;17)

e Mostly seen 1n jet radial profile but signatures of each approach is very different:

[Coupled Jet-Fluid: 1701.07951]

| | | | |

Inclusive, PbPb (2.76 TeV)
p¥>100 GeV/e, R=0.3

- 0= 1.7 GeVZ/fim, @y = 1.0 GeV/e i
P> 1.0 GeVl/e i

H&—= CMS (0-10 %) $
— Shower+Hydro
—== Shower .

P e an = a=— =

- s e exs e ol

L. Apolinario

PbPb/pp

[Hvbrid: 1609.05842]

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

' | ' ' ' ' | ' ' ' ' I ' I ' ! ' ! |
i et , "
0-10% 100 < Pp™ < 300 GeV Backreaction
- Ppadron > 1 GeV No Backreaction s -
0.3<|n <2 r<03 CMS Data —e—
i 10-30% } i
*
L N N L | N L | L | N | 1 | N
0 0.05 0.1 0.1 0.2 0.2 0.3

34

0.0

[Tachil.)a:n.a,.Chang, Oin (17)

~ {Park, Jeon, Gale (18)]

| MARTINI:1807.065501

4t pl' >100GeV/c, pi™* >1GeV/c | L: I

Pb-Pb @ 2.76TeV (0-10%)

anti-k; R=0.3 o

0.3 <|n’"| <2.0 -

- == with recoil (p,, =4T)

s
'
AR L N NN N SIS S EE NN R N SRR RE R

without recoil

& & CMS 0-10%

0.1 0.2 0.3

Ar
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1.6

1.5

1.4

1.3

1.2

1.1

prPb(r)/ppp(r)

Medium response

[ Casalderrey-Solana, Gulhan, Milhano, Pa‘bl.o's,. Rajagopal (14;17)

e Mostly seen 1n jet radial profile but signatures of each approach is very different:

[Coupled Jet-Fluid: 1701.07951]

| | | | |

Inclusive, PbPb (2.76 TeV)
p§>100 GeV/e, R=0.3

- 0= 1.7 GeVZ/fim, @y = 1.0 GeV/e -
P> 1.0 GeVl/e i

P e e e = = o

— Shower+Hydro
—== Shower |

- s e exs e ol

8~ CMS (0-10 %) — v

PbPb/pp

[Hvbrid: 1609.05842]

1.8 | ' ' ’ ' I v ' ' ' | Y ' Y ’ I v ' ’ ’ I Y Y v ’ I ' ' ' ' ]
et ,
g0y 100 < PET <300 GeV Backreaction
1.6 | - ppaedron 5 1 GeV No Backreaction s -
1 4 [ 0.3<n <2, r<0.3 CMS Data +—e—
al 10-30% ]
1.2 + } -
g -
0.8 | -
0.6 F -
0.4 -
0.2 - S S U U S S SR RS S S S R S S S RS S ST S S —
0 0.05 0.1 0.15 0.2 0.2 0.3

[Tachil.)a:n.a,.Chang, Oin (17)

~ {Park, Jeon, Gale (18)]

| MARTINI:1807.065501

1.6/ Pb-Pb @ 2.76TeV (0-10%)

anti-k, R=0.3 o

4t pl' >100GeV/c, pi™* >1GeV/c | L: I

0.3 < | <2.0

e
]
IIllllllIllllllllllllllll||ll|||’|'|Illlllllll\|

v without recoil
L == with recoil (p,,, =4T)

& & CMS 0-10%

0.0 0.1 0.2

Ar

Several uncertainties... But seems to be necessary to describe excess of particles at large angles...

L. Apolinario
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Overall picture from
hard and soft sector?

%
o . »
o
. Soft Probes + Hard Probes
. s .
- &
A a (Full Collision)
> ' s 9
e . . o ]
- I3 .
- . o w [ Heavy-lon : 4
5 - . r collision QT o e T ?
™ P
o 4
< >
L
“ r
s »
‘ pre-equilibrium dynamics ) viscous hydrodynamics tree strealim
’ o collision evoluhor;‘ :
t~0fm/c t~1fm/c t ~ 10 fm/c t ~ 1010 fm/c

~3x10%5s



Soft vs Hard

L. Apolinario

Shear viscosity can also be related to

transport coefficients:

But still model dependent...

T3
Light Flavour/Jets: 1 ~ 1.20—
S q
n  Ds(2nT)
Heavy Flavour: — =
S Ak

36

10

[LA, Y-J Lee, M. Winn (2203.16352)]

T T T

l

IIIIII|

(7

107" &

Fermi Gas

| I N | [

Helium

N\
\
\
N
\
\
\
\
W
A

| | | | I N

L= T

|

O
1111‘11| |

QGP (Heavy Flavor D ) —
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Soft vs Hard

[LA, Y-J Lee, M. Winn (2203.16352)]

L=

e Shear viscosity can also be related to 07— 71— 7 T T 7T
transport coefficients: " Water
e But still model dependent... o Helium )
T3 E
Light Flavour/Jets: Q ~ 1.20— 1= =
S q SN 00 —— °---~
- Wooe-0---90--0----0 - ®- —
n DS(ZT('T) <lcw | FermiGas i
Heavy Flavour: — = - -
S 4k I _
10_1 — QGP (Heavy Flavor D) —
But QGP is a fast expanding medium... N -
What is the time-dependence of the medium properties? - QGP (Soft Probe) -
| | | | l | | | | | | | | | | | | | | | | | | |
-1 0 1 T-T, 2 3 4
Tc
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Conditions to form a QGP?



QGP onset

e No energy loss 1n pA...

g “f - Pb-Pb (ALIGE)  ® M PPD |5y = 5.02TeV, NSD (ALICE) -
@ 1.8F 4t Po-Pb (CMS) - * Y- Pb-Pb |5, = 2.76 TeV, 0-10% (CMS) -
:_ Sy = 2.76 TeV, 0-5% | | & W, Pb-Pb |'s,,, = 2.76 TeV, 0-10% (CMSE
- [l w 2% Pb-Pb |5, = 2.76 TeV, 0-10% (CMS)

v v by by by by by o by oy Iy
0 10 20 30 40 50 60 70 80
pT(GeV/c)
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QGP onset

e No energy loss in pA... but strong evidence 1n support of hydrodynamic behavior

[PHENIX (PRL 123, 039901)]

2 0.2|ll|||llllllll|lllllIIll|Illll::llIlllllllllllllllllllllIlllll
@_ ) hi’lpb_Pbl(AUCEl) .I e p—FI’b \qu . 5.02|TeV, N|SD (ALIICE) 0.18Fp*Au \s,, =200 GeV 0-5% (a) —5_ d+Au \s,, = 200 GeV 0-5% (b)
O 18F4k Popo (CMS) — * ¥, Pb-Pb \s =276 TeV, 0-10% (CMS) - 0.16f —® V. Data + PHENIX
- i ’ N I ] —4— v, Data I
8 6 [\ S = 276 TeV, 0-5% | | & vxg Pb-Pb I‘i“ =2.76 TeV, 0-10% (CMS), 0.14F v. SONIC 3
o l Y Z',Pb-Pb \'s  =2.76TeV, 0-10% (CMS) 0.12F == v_iEBE-VISHNU -
T o14f s : > 0.1 _ [ [t 3
' " ] 0.08 A g -
-yE ’
0.06 p e .
0.04 . ‘ I;I —-
0.02F 2 ran $ +
0 e o adiil ﬂﬂ? > ’La_f_LE - ¢
0 1 15 2 25 3 05 1 15 2 25 3
p_(GeV/c) p_(GeV/c)

Flow coefficients well reproduced by hydro
predictions, but not by initial state effects only

v v b by by by by by
0 10 20 30 40 50 60 70
pT(GeV/c)
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Light Systems

Magnitude of Jet quenching depends on system size:

Peripheral collisions: expected some energy loss

Pb Pb Pb

Studies of System Size
dependence

L. Apolinario 39

RAA

0.9

0.8

0.7

0.6

0.5

0.4

0.3

[.di.tf‘.oﬁ,‘ Dainese et al (19)]

. [JEWEL: Zapp (14)]

Several changes at the same time:
energy loss, nuclear overlap,...

(too many variables)

larXav: 1812.06772]

]
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Light Systems

Magnitude of Jet quenching depends on system size:

Lighter nucle1 allow to fix geometry

Ar
Xe

A =129
A =200

| Huss, Kurkela, M-z;zélia{lskas, Paatelainen,

Van der,Schee, Widemann (20)]

'+ [arXiv:2007.13754]

proposed [1812.06772] Cox PP BbPb 30-50%
: exed - -
o | °% XeXe 30-50%
: — & £ PoPb 50-70% §
= & ArAr G XeXe 50-70%
S O0 & PbPb 70-90%
pPb & XeXe 70-80%
o
1.2 + plh = [35.2,41.6]GeV  p?,
T R ! 70 = [852,481Gev_
]
0.8 - H :
2 m % ﬁ ﬁ }
2°0.6 ™ -
O 0.4 | ﬂ CMS hadrons ATLAS jets  B°E _
=16 PbPb 5.02 TeV —8—
0.2 - oPb 5.02 TeV —&— +—o— -
0 | XeXe 5.44 TeV —&— |
10 100

<Npart>

Studies of System Size dependence
(always fixing geometry - [0-10]%)
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| Huss, Kurkela, M-z;zéli.al.lskas, Paatelainen,

Van der,Schee, Widemann (20)]

L i g ht SVSte m S o [arXiv:Q(jO?.'l.'5754:]

proposed [1812.06772] Cox PP BbPb 30-50%
eAe - -
100 L ,g’XeXe 30-50%
Magnitude of Jet quenching depends on system size: P =& .. " ,XEXGP%F(’)%C? 70%
fs i P ©
ZU n
: : S 10k Pb _70-90% _
Lighter nuclei allow to fix geometry al oP ¢ © Xee  70-80% ‘
o
1 == I -
1.2 b 5.2, 41.6]GeV  pl. = [100,112]GeV -
1 [35.2,48]GeV
08 |§ % ﬁ -
%5:0.6 = ﬁ } 'h -
O 0.4 CMS hadrons ATLAS jets [ﬂﬂ -
= 5.02 TeV —H—
Xe A=16 0.2 - oP 5.02 TeV —o—1  —o—i -
Pb A =129 , XeXg 5.44 TeV —a—
A =200 10 100
<Npart>
< >

Better control on initial condition to collectivity studies
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,-Soudi (2008.04928)]

Extrapolation from dense to light needs further understanding...

0.1fm/c 1.0fm/c

—_— —
QGP Hydrodynamic

Thermalisation expansion
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems "™

[Sehlichting,-Soudi (2008.04928)]

Extrapolation from dense to light needs further understanding...

0.1fm/c 1.0fm/c
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QGP Hydrodynamic
Thermalisation expansion
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems """

[Sehlichting,«Soudi (2008.04928)]

e Extrapolation from dense to light needs further understanding. ..

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control

the 1initial state [Huss, et al (2007.13754)]
00 /s yw=7 TeV Lyp=0.5 nb™’ lynl<1.0

Future OO run similar to PbPb peripheral — — | | |
(better suited to system-size dependence) 1.10 - L —— ey ]
1.05 "mﬁmmmjgjfmmﬁ SR .
Future pO run crucial do reduce nPDF 1.0 B i R e —

uncertainties R f
_0.95
= §.99 1 E-loss models _
LU rwt EPPS16(90%CL)
0.385 [ BKK LO (scale)
BKK NLO (scale)
.80 —-=-= KKP NLO

0.75 - ——— stat. projection—

| | | | | | |

20 25 30 49 50 70 100 150 200
pr (GeV)
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[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

From dense to light systems """

[Sehlichting,«Soudi (2008.04928)]

e Extrapolation from dense to light needs further understanding. ..

e Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control

the 1nitial state [Huss, et al (2007.13754)]
00 /s yw=7 TeV Lyp=0.5 nb™’ lynl<1.0
Future OO run similar to PbPb peripheral 1 — | | |
(better suited to system-size dependence) 1.18 - L —— ey ’
Future pO run crucial do reduce nPDF 1.0 B i e —
uncertainties R f
_0.95
Cold or Hot nuclear matter effects? = 9.90 ~— ' E-loss models
I rwt EPPS16/(90%CL)
Tra T = 0%, dE/dy = 3453 GeV JETSCAPE, T = 0%, dE/dy = 2766 GeV 0.85 i BKK LO (Scale) i
| B I 2 20 BKK NLO (scale)
| ) ' ~-—-- KKP NLO
Nucleon structure at g ‘ k o ok ., 0.75 |- o A sta’lc. projelction_
high energy: > 3 > | z
J 9y . - 20 25 30 40 50 70 100 150 200
8 4 0 ! 8 -4 0 4 8 ! PT (Gev)

(fm) x (fm)
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QGP evolution?



Top-initiated jets

e Reconstructed hadronic W boson jet mass: LA, Milhano, Salgado, Salam (1711.03105)
N 5_I L | L | 1T 1 | 1T 11 | L | L | 1T 1 | L | L | I D I
O — o -
; Smaller my € 452 tT =W Wbb, \s=39TeV =
inding QGP o ,£ —— Total delay time and std. dev @=4GeV’fm") =
| E - [ Coherence Time T -
) 3.5 W decay Time E
0 r 3F Top decay Time ) —
g 5 5 ---- Total delay time (@ =1 GeV* fm") E
;' Higher my 2F a =
S 1.5F —
e E
q 0.5 E
:I ] | L1 1 I:

= OO 100 200 300 400 500 600 700 800 900 1000
Top Pt (GeV)

b

H ,g h Pt top"<°

Time (fm/c)
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Top-initiated jets @ FCC

Smaller mW

e Time-differential measurements might be possible with tops g
o
S
[LA, Milhano, Salgado, Salam 3
(Tior> (Unguenched) [fm/c] (1711.03105)
0.6 0.7 0.9 1.1 1.4 0.6 09 11 14 1.9 2.3
85 | | | . | . | | | | I | . | . |

- HE-LHC Vs, =11 TeV || FCCwsy =39 TeV.
L 21b™ pp, 30 nb™! PoPb - 2 fo™'pp, 30 nb™! PbPDb

High pt.top

80k i SERERRES IR il
— ' f f 5 panding Medium
QV .,
7 |
> L g | ; ;
o BT aE e 4
%; ' | ' W% unquenched @ 1,=10fm/c = @  T1,=51fm/C
= 20 [ e W0 N of & » —" ms#mm quenched ~ memmm T =25 fm/c === T =10 fm/c

Tops as time-delayed probes of the
QGP (QGP tomography)

First tops measured in PbPb (CMS - 2006.11110)

65 e T ORI -

O 100 200 300 400 O 200 400 600 800
piiop (Din average) [GeV/c]
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Wrapping up



Summary

Heavy-ions are a vibrant field full of activity
From far-from-equillibrium QCD to a fully thermalised medium
Quark-Gluon Plasma studies have entered precision physics era

Determination of energy loss, momentum broadening and structure of a medium-modified parton

showers

Future runs / Future colliders will provide crucial input to many of our current unsolved questions

HL-LHC, FCC...
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Summary

Heavy-ions are a vibrant field full of activity
From far-from-equillibrium QCD to a fully thermalised medium
Quark-Gluon Plasma studies have entered precision physics era

Determination of energy loss, momentum broadening and structure of a medium-modified parton

showers

Future runs / Future colliders will provide crucial input to many of our current unsolved questions

HL-LHC, FCC...

Thank you!
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