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Evolution of heavy-ion collisions

e Description of the heavy-ion collision dynamics from the underlying QCD still challenging

initial state free-streaming
| | | .
| | |
Teoll K ].flll/C THydro ™ lflll/(‘, Ttreeze—out ™ lUfIIl/C

e Bulk dominated by the hydrodynamic expansion
e Knowledge of the initial state required

Small systems — increased
sensitivity to initial state

Schlichting, Mazeliauskas, IS 2019 5) 17/09/19



Early times, Pre-equilibrium |

Non-equilibrium evolution

Energy deposition
gy aepost towards hydrodynamics

Teall < 1fm/c

e Early times — classical field evolution
e Energy deposition models, based on:

CGC,
phenomenology,

AJS/CFT (Shockwave collisions)

memory l0ss
about details of
initial conditions

non-equilibrium
attractor

hydrodynamics

8T =0

classical ficlds

BHF,M/ = Jv [LL
A 0.1fm/c 1.0 Im/c
1 1

1/3 B i St 7——
1 ’ 1
Ly T : -
/ / log 7
matching initial

conditions to hydro
evolution

Glasma flux tubes

small-x gluons

CGC: gluon yield at
early times

Non-equilibrium models:

QCD kinetic theory,
Boltzmann RTA,
Boost invariant holography AJdS/CFT

pre-thermalization

Schlichting, Mazeliauskas, IS 2019

hydrodynamization

ViSCous local thermal
hydrodynamics equilibrium

» )
THydro L 1fm/c

kinetic equilibration
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Pre-equilibrium

1.0 Equilibration Timescales
QCD Kinetic R - T -
Botlzmann RTA —— rT QCD kinetic theeory
1 ADS/CFT —— : . rthermal equilibrum
Free Streaming
0.8 NS Hydro chemical equilibrum

—
mn S EE S
—

PL - . .
hydrodynamic behavior

QCD kingtic theory,

Kinetic Theory / Ideal Hydro O .

Energy/pressure density: t™° T/ (t*3 ¢)

0.4 -
BOltsznn RTA, .......IIIIIIIIIIIIIIIIIIIIII
0.2 Boost invariant // ons + auarks
. holography AdS/CFT / g gmns
0.01 01 1 10 0l quarks == = =
Evolution time: T(t)t/(4nn/s) Time

e Consequences of pre-equilibrium: bulk isotropisation, entropy production, chemical
equilibration

e |n thermal equilibrium: conservation of entropy per unity rapidity (Bjorken)

e Entropy production (dN_ /dn) dominated by the initial state, () ey (%) (25)

pre-equilibrium dynamics spoils sensitivity T !

ds ANy

-> strong sensitivity to global features of initial conditions (s, Wn,dS/dn,...) <E> — < a >'~“J <%> <fg—i>

THydra

-> small effects of pre-equilibrium dynamics on typical observables (vn,<pr>,...)

eeeeeeeee

Schlichting, Mazeliauskas, IS 2019 7 17/09/19



Global properties,
soft probes

e Soft probes
« Charged-particle multiplicity, particle yields, elliptic flow,
transverse momentum spectra

« Bulk matter properties, thermodynamic and transport properties
of matter



Charged-particle multiplicity, dN/dn
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particle production

scaling at RHIC and LHC

2> Steeper rise in most central collisions
2> Collision geometry plays an importation role in
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dN/dn vs models
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Models do not describe
charged-particle
production in the whole
rapidity range

N .. dependence

described by rcBK-MC:

CGC saturation model based
on Balitsky-Kovchegov gluon
evolution equation

17/09/19



Chemical composition

2 Production at chemical freeze-out e o
 Inelastic collisions cease \ f f To o
e Abundances of different hadron species fixed

e |Integrated particle yields —
conditions at chemical freeze-out

12 17/09/19



Chemical composition

2 Production at chemical freeze-out
e |Inelastic collisions cease

e Abundances of different hadron species fixed

e |Integrated particle yields —
conditions at chemical freeze-out

2 Described by statistical/thermal models

with grand canonical ensemble

\ T i [ B B

° Rough[y T 10° _2 " Pb-Pb \s,=2.76 TeV -
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S. Wheaton et al., Comp. Phys. Comm. 180, 84 (2009)

A. Andronic et al., Phys. Lett. B 673, 142 (2009), erratum ibid
678, 516 (2009)
G. Torrieri et al., Comp. Phys. Comm. 167, 229 (2005); 175,
635 (2006); 185, 2056 (2014 )
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Final state interactions

2> Described by statistical/thermal models with
grand canonical ensemble.

%) T
. . . . g 1 - = ALICE Preliminary
> Particle yields measured at kinetic & ¢ (7.0 o pis-7Te
freeze-out. Depend on: 2 i 1 o pPoiEe-s02Tey
2 Pb-Pb {5, = 5.02 TeV
e |nitial yields after chemical freeze-out = [ T
o (x1.2) dh Xe-Xe |5, = 5.44 TeV
e Lifetime of hadronic phase S s ALICE
e Resonance decays S, " ® bp 15-276 Tev
. . D_ = | = S= e
e Scattering cross-section of decay - , oo q eeefeTTe
products : oo T
Sl - . L ] B Pb-Pb s, =276Te
e Baryon final state annihilation ? [ — i STAR
| *ﬁ 5% (x0.08) * pp Vs =200 GeV
" T " y ¥ Au-Au |5 = 200 GeV
r::aezeic u 10—2 — :‘/’;L ;" . — ¢/K XO 08 —
L ' ; — EPOS3

0 6
1 - - EPOS3 (UrQMD OFF)
(AN _/dn)™ '
EPOS, Phys. Rev. C 93 (2016) 014911 Lifetime (fm/c)

p' < K< A* <¢
13 < 4.2<12.6 < 46.2
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Thermodynamic properties

2> Described by statistical/thermal models with

grand canonical ensemble. 900 -
e Three porometers; Tch’ IJB, \Y% EJ 180 3 Quark-Gluon Matter E
> With increasing \/SNNI = 160| == m**% :
e yydecreases, vanishes at LHC 140! % ;
e T increases up to SPS energies 120! Hadronic Matter E'% ]
then saturated at ~160 MeV, i 1
close to the QGP phase boundary 1001 a) E
temperature from lattice QCD 80 |- a0
60 [2) :
40 7 Points: Statistical Hadronization, T, 7
20 7 Band: Lattice QCD, T, 7
I Nuclei
O \ \ \ 5 3
1 10 10 10

Nature, 561(2018) 321
15 Hg (Me\{.).,g/lg



o, distributions

> Low p; (<23 GeV):

e Bulk-matter (collective phenomenq)
LHC > 95% of the produced particles,
non-perturbative QCD regime

> Intermediate p.:

e Fragmentation vs recombination
> High p, (> 8-10 GeV):

e Hard processes, energy loss

> Hardening of the spectra with
centrality

16
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= Ce - T e~ o ]
1073 - e E
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10745 E
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o, distributions, mean p.

QLOWpT(<2,SGe\/): I T IIIIII| IIIIII| T

©
e Bulk-matter (collective phenomenq) S ol ALICE Preliminary
LHC > 95% of the produced particles, 8 Pb-Pb \sy, = 5.02 TeV (open markers)
non-perturbative QCD regime Nl Xe-Xe |5, = 5.44 TeV (full markers)
N
S

> Intermediate p.: - ¢ mam F KK A pp 00

e Fragmentation vs recombination 151 T
> High p, (> 8-10 GeV): I

#* |
*
e Hard processes, energy loss 1 o ¥

: . ® &
2> Hardening of the spectrq, increase o op b F g FFrET

in mean p,with centrality ¥
> mass ordering of <p> 05 & & ¢ ©¢

2 Described by models of - 1
hydrodynamic expansion of the o
medium e 10°
(radial expansion of the medium) <chh/d77>

4 6 ® 0800

In]<0.5
17 17/09/19



Kinetic freeze-out

> p, distributions described by models of oroh o
hydrodynamic expansion of the medium 0.16 ;
(radial flow) 0145 °F &) W

> Fluido-dynamical description via blast-wave  0%2F - m@ -

1
0-2""I""I""I""""I""l"'

T (GeV)

III|III|IIIIIIIIIII|III|III|III|III|III

_C>-IIIIIII|IIIIIll|l|l|l|||III|III|III|III

. : : : 0.1 W
¢ FLOW Vel.OCIty <BT>’ INCreases Wlth CentrOl‘Ity 0.08 Sl(%b§|18|c?§{/yg)avf<fzt()tg15 GeV/c) , p (0.3-3.0 GeV/c)
e T, decreases with centrality and energy 006 M b o 27670V e e, 15 544 TeV
0.04 A Pb-Pb,|s,, =5.02TeV
T T stan e, STAR Auhs 05%) 1 0.02
- —a—T,SIS —e— T, STAR Cu+Cu (0-10%) - N T T T B
v T, AGS rose- Ty PHENIX : % 01 02 03 04 05 06 7
200~ o 1. ALICE _m T, ALICE Pb+Pb (0-5%) | B
C mmamﬁlt}]ﬁh# . . ) !
s 180 e 7« Blast-wave: simplified hydrodynamic model
s %‘} f4,14 1 ! 1« Description of p, spectra with three parameters
100 -
S + : M, <B;>and T,
sof- 8 e Cloymans ot a ] B; — radial flow velocity, T,. — kinetic freeze-out
— ] temperature
e T e e « Fit depends on particle species and used ranges

(S (GeV)
Phys. Rev. C48 (1993) 2462
Phys. Rev. C 94, 044901 (2016) 18 17/09/19



Strangeness production

e Strangeness enhancement: QGP signature

2 Significant enhancement of strange to non-
strange particle production

> Smooth evolution with multiplicity, from small 310—1 :

to large systems

2 Plaoteau in Pb-Pb - consistent with statistical
hadronisation model expectations

2> Magnitude of strangeness enhancement
increases with strange-quark content

> Hadron chemistry driven by multiplicity
(system size)

2 Effect related to strangeness content rather

that mass

Nature Physics 13 (2017) 535-539
PLB 758 (2016) 389-401

Ids to (m*+m)

Ratio of

1073

o O M

ALICE
O pp, \s=7TeV
O p-Pb, | sy =5.02 TeV

T 0 DmD AL (x2)

|S|=0
o U %0 o2 (x2)
§ 0 GIFP e

g @g%,[ﬁ][ﬂ]tﬁuﬂjgm (x12)

ALICE Preliminary
gr pp, \s=13 TeV
O Pb-Pb, |\ sy =5.02 TeV
Yo Xe-Xe, | Sy = 5.44 TeV
® p-Pb,\s,,=8.16TeV

IIIIIIII

1

IIIIIII

102

10°
(dN_/dr)

10*
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QGP: Collectivity in the system

non-central HI collision

dN/do

no collectivity

Reaction{:

2> Multiple interactions between the
constituents of the medium — flow

> Common velocity field for all particles
induced during the expansion — radial flow

e Collision geometry: initial spacial
anisotropy

¢

>

plane }

dN/do

2> initial spacial anisotropy —
azimuthal anisotropies in
particle momentum
distributions
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QGP: Collectivity in the system

non-central HI collision

2 initial spacial anisotropy —
azimuthal anisotropies in particle
momentum distributions

2> Fourier expansion:

piN_1_dn 1+2§: [(@ — W]
d*p  2mprdprdy , T ESRP T
n=

v, (P, ¥) = (cos[n(p — ¥,)])

52.0 +———————————

v,: directed flow v,: elliptic flow v,: triangular flow

Triangular flow 2

pair

|2
Z .
ZI3 515

51.0

B
2

A¢ (radians)
17/09/19



Azimuthal anisotropy - elliptic flow

V2, JAn/>2}

=
w

S
no

o
-

o

~ ALICE Pb-Pb {5, =5.02TevV B
- y| < 0.5, 10-20% - K
_ 4p+p
i o @ : q)o
N _y i g KSK
- = B L= o +
, o%i'* . t* 4 f { }. b
= ] ° }
Ty o ' %’
A T T L L
0 2 4 6 8
P, (GeV/c)

JHEPO9 (2018) 006

10

e Low p, (<2 GeV/c). mass ordering

collective radial flow velocity,
iIsotropic expansion

o P, ~2.5 GeV/c: crossing between v, of mesons
and baryons
o P> 2.5~8 GeV/c: baryon-meson grouping
baryon v,> meson v,,
flow driven by quark content

e ® meson follows mass ordering at low p,
and quark contents at intermediate p;

22 17/09/19



Azimuthal anisotropy - elliptic flow

o
N

vV, at mid-rapidity
o
]

-0.05

-0.1.

- mid-central collisions (<b>~7 fm)

.*. - gf I.\Ipﬁﬁt?.pf‘l.@(.)l ::.EPa”> ~0 '3)

g : o B

v A >

S inplane o a

A 4 4 out-of-plane . ¥ FOPI (Z=1) |
A EB895,E877 (p)

3 ] CERES (h9 i
] NA49 (x7)
'+ % STAR (h)

\ : o PHOBOS (hY)

3 :  <» ALICE (h%) -

i 1 O CMS (h) ]

1|_S_'P_\('§Hm \\Fl_!'ﬁ_ Lol \'!LH_C!'
: 2 3

10 10 10
""""""""""" Vs (GeV)

Int.J.Mod.Phys. A29 (2014) 1430047

e Low p. (<2 GeV/c). mass ordering

collective radial flow velocity,
iIsotropic expansion

o p;~2.5 GeV/c: crossing between v, of mesons
and baryons
e p;>2.5~8 GeV/c: baryon-meson grouping
baryon v,> mesonv,,
flow driven by quark content

e ® meson follows mass ordering at low p,
and quark contents at intermediate p;

°V, increase with collision energy

e |Increase of the average transverse
momentum of the hadrons;

described by hydrodynamics

23 17/09/19



Fluctuations in the initial geometry

L . 555 .
ol r L 0.15

—<
pre 2010 2010 2012 2016

2 Fluctuations in initial geometry, nucleon position
and their fluctuations dictate the eccentricity —
development of higher harmonics

e important in central collisions

> Low p; v, described by (viscous) hydrodynamic
models

2> Constrains on medium transport properties -

shear and bulk viscosity (n,C/s)
+ initial state

24

0.1

0.05
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+v, {4}
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KV, {8}
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| ev,{2, |An[>1}
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I
- ALICE Pb-Pb

2.76 TeV
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0 va{2, Janpp1)  cova {2, A>T}
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T Vo {4}

¢||||||||
.4
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1*3
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3

T {

I I
Hydrodynamics -
5.02 TeV, Ref.[27]

IIlIIlIlIIlII

ey e e e e ey
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- n/s =0.20 " 3
F o E
:IIIlIIIIIIIIIIIIIJIIIIIIlIIIIIIJIIIIIII:
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?I+III 1 L1 1 1 1 1 11 1 1 11 I|IIII|IIII|IIII_-
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QGP viscosity

2 Constraining QGP viscosity and the initial state - Bayes approach

> Input from measurements ot different energies: multiplicity, flow, p; spectra

Viscosity vs T of the QGP

0.6 Prior range
| —— Posterior median
90% CR
0.4+f

n/s

P

| KSS bound 1/47

00015 ' 0.20 ' 0.25 0.30

Temperature [GeV] J. E. Bernhard et al,
PRC 94, 024907

Bayesian fit: 9 parameters constraining initial state and viscosity

n/s

0

4

‘AdSICFTBound . QGP? 1
10 05 00 05 10
(T-To)To

2> Very small shear viscosity (n/s) ~0.12-0.2
J.E Bernhardetal, 2 Bulk viscosity still hard to constrain (and understand)

PRC 94, 024907 25
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Hard probes

‘-|admn Cas d

\j

af hi
0.56fm 1.2fm V=0 o J
0.64GeV 0.06GeV =0 3 it
2t Y
- - 1 b ‘______“{ "
0

e Medium properties studied via parton
modification in the medium

> High-p,; partons and heavy quarks

e Collisional and radiative parton
energy loss, flavour and mass
dependence

e Dependence on medium
properties and traversed path
lengths

Dominant effect at high pr

\Energy loss

2> Quarkonia: suppression of different
states due to colour screening

e ‘QGP thermometer“

plw)/w

TN Si(n=2))

28 3.0 3.2 34 36 38 40
26 w[GeV]



Charged-particle R, ,

e Nuclear modification factor, R,,

::( 12_|| I I L Y B O B O O
o I ALICE 0-5% Pb-Pb, |5, = 2.76 TeV 1
1‘_D ........................................... S— .
L =K* +p +K i
0.8 -
0.6 i B -
0.4
0.24%
-l-'l'l'T'l-::l-T'|-|'T'l'rT-l'l'T-|'|-I|I'T'|'|'T'|'|'T-l-r'|'|'T'1'|"|'|-|"|'|'|'T'|'|'L
O 2 4 6 8 10 12 14 16 18 20
p_ (GeV/c)
PRC 95 (2017) 064606 T

27

T, nuclear
overlap function

1
R 1 dN , /dp, [medium)
41" (r,)do, /d " [vacuum]
AA pp pT

> Low p, (<23 GeV):

e Thermal regime

e Hydrodynamic expansion driven by
pressure gradients

e Radial flow peak, mass ordering

> Intermediate p.:

e Kinetic regime (hot described by hydro)
o Different R, for different hadron species

e Features described with in-medium
hadronization via quark recombination

! > High p, (> 8-10 GeV):

e Partons from hard scatterings

e | ose energy while traversing the QGP

e Hadronisation via fragmentation - same
R,, for all species
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Charged-particle R, ,

e Nuclear modification factor, R,,

2> Suppression in AA due to final state effects
e Control experiment: no suppression for photons, W and Z° bosons

Pb

o

C

Roopp

1
1 dN, /dp, [medium]

ad = <TAA> do /dp, " [vacuum]

2
" = h*, Pb-Pb (ALICE)
1.8 A h*, Pb-Pb (CMS)

F \Sy = 2.76 TeV, 0-5%
r Jr v Z°, Pb-Pb |, = 2.76 TeV, 0-10% (CMS)

1.6

1.471
121

T | L | T T | L | LB | T T 1T | L
® h* p-Pb ys,, =5.02 TeV, NSD (ALICE) ]

% v, Pb-Pb |5, = 2.76 TeV, 0-10% (CMS) -

% W7 Pb-Pb |5y, = 2.76 TeV, 0-10% (CMS).

= =

co b b b b b b b b by ]
10 20 30 40 50 60 70 80 90 100

p_ (GeV/c) or mass (GeV/c?)
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Charged-particle R, ,

e Nuclear modification factor, R,,

2> Suppression in AA due to final state effects

2 Increases with centrality and energy

T T TT | T T T T TT | T T T T T TT
ATLAS \S, \Syy = 2- 76 TeV
pp NN Pbe 1
p+p, Pb+Pb L, =42 pb™”, L. =0.15nb
1 [ " —
- ,_‘_‘='_|»=v=
- — T [
> S P S U e , A*TT* ¥ _Fg i
< Y O .4 s et
OC [ oo+ 400000 w‘*’i'_‘:fjf’_i &k ——
= e MR A O G 384 peray 5
m U A eyt G R e 0T
I OO ) O
EE ke & u_ O
— et — H— = | —a
O oE CEgEht  xT 9.
260 o 7= o mi<2.0 -
o ~- 60 -80 %
0.2r T TEERT W -+ 50 - 60 % -
L e = 30-40 %
e
“ee® -+ 10-20 %
- 0-5%
| L1 1 | | | 1 L1 1 | | | 1 | L1 1 |
1 10

JHEP 09 (2015) 050

2
p, [Gev] 1

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

R

dN ,, /dp, _ [medium]

ad = <TAA> do /dp, " [vacuum]

27.4 pb (5.02 TeV pp) + 404 ub’ (5.02 TeV PbPb)

III#III|III|III|IIIlIIIIIII|IIIIIIIIIII

T IIIIII|

CMS

T 7“'.\,1':""" A
&
0 010

SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
° 1 WA98(0-7%) [® ] CMS (0-5%)
= 7t NA49 (0-5%) Models 5.02 TeV (PbPb)
RHIC 200 GeV (AuAu) | | SCET (0-10%)

0 7° PHENIX (0-5%) > Hybrid Model (0-10%)
# * h*STAR(0-5%) |||\ Bianchi etal. (0-10%)
LHC 2.76 TeV (PbPb) == CUJET 3.0 (h*+n°, 0-5%)

¢ ALICE (0-5%) = Andres et al. (0-5%) N
v ATLAS(0-5%) == v-USPhydro+BBMG (0-5%)]
o CMS (0-5%) ]

\
IIIIIII| 1 IIIIIII| |

IIlIIIl T IIIIIII| T T T

10 100
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\J etS Jet -

e More direct connection between the p, and direction of
the measured jet and the ones of the initial parton

2> Strong suppression persists up to 1 TeV
> Jet v, up to 100 GeV Lk

’ ¥ .
¥ quenching

< T T
<
¥ ATLAS
‘I ____________________________________________________________________________
8 L L L B L
> 0.3F QE%-IF?DE\ENN=2.76 Tev ® v;""3050% Statunc. _]
= [ R=02antik,, In_[<0.7 [ systunc. (shape) 1
dﬂﬂﬂ gN B et [0 syst unc. (correlated) i
> t B ATLAS v 30.50%
0.2 ;DO ® CMS v *{|An|>3} 30-50% |
= © 9 ALICE v *{|An|>2} 30-50%-]
< — e -
I (@] n 1 0-1. - © -
s Sesy ]
o5~ i o 3 i
<28 = ©0-10% | or ]
2015 data: Pb+Pb 0.49 nb™, pp 25 pb™" [+ 20 - 30% ® e PR PSR
- MENEN (T, ) and luminosity uncer. EBO - 70% | 0 20 40 60 80 100
| | \AAI 1 I | 1 1 E} 1 B | 1 0I p part p Jet (GeV/C)
40 60 100 200 300 500 900 roT
PLB 790 (2019) 108-128 p, [GeV]
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Heavy-flavour probes

27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV Pb-Pb) @ Produced at early stage of the collisions, m > A

C 0 . . ) QCD?
16 CMS e ielryd Aok experience the whole medium evolution
14 o Prompt D° |yl<1 J/y from b hadrons: : - : :
o[ = Charged hadrons i<t e 1 6uiyiead > Intermediate p,: indication of flavour
" Global uncertainty + 24 dependence of the energy loss
F ool :+:_+_ (sensitivity to fragmentation, p; shape)
L1 l gt > High p,: flavour independent suppression
3 +++ti++it —- > Charm feels the shape of the QGP
02F 0-100% centrality s _
160 e S - Q ALICE Prellmlnary E
- N CUJET TAMU o 031 D" on  STARAU+A sy =200 GeV| ‘= 0.41-30-50% Pb—Pb, |5y = 5.02 TeV ' . E
14— 777 EPOS2+MC@sHQ — - PHSD o 2E oKg 2014 + 2016, 10-40% | = | .
u %’ ZE 0% & ::; 83 0.3 * ! Prompt D°, D*, D** average, |y|<0.8 —
iz Global uncestainty | § | o3 iji_g - ~ . F ]
SRS .. obal uncegtainty | £ | EgeE b e T e — E
1 - o i o 5 0= C ]
s S o L $E by SR —a— ]
o 0.8 8 0.1~ oo 8 " 0.1— —EE'——EE— ]
0.6 2 i Eﬁp‘f STAR Preliminary - ‘%E—_*— .
’ c g o———mm————m—Hm—Hm————"— ——
< 0 a) C ]
04 I I L ! ! -0 1:_ [JSyst. from data _:
0 1 5 6 - [ Syst. from B feed-down .
02 pT(GEV/C) R N BRI B 1 4
0 . e . L 2 4 6 8 10 12 14 16
2 3 4567810 20 30 40 100 p_(GeV/c)
p. (GeVi/c) T
PRL 123 (2019) 022001 T 31
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Transport properties of the QGP

> Comparison of R,, and v, measurements to models

Diffusion coefficient Transport coefficient
governs low momenta governs high momenta Agrees with Iight flavour:
m— NMCGsHQ), elastic K=1.5 === Duke-LGV, median = = c-quark, pQCD qf\ 4-6 j: 1 -2 at RHIC
= = NC@sHQ), elatrad K=0.8 Duke-LGV, 90% C.R — (t-qll‘dl‘k, IL.BT _3 z 3 7 i 1 4 LHC ?
= PHSD [Z c-quark T-matrix U-po . .
20 —— QPM(Catania), BM @ C»zuark 1amc; Ding it,tal — Duke-LGV, median /b\ T ' ' at ’
= = QPM(Catania), LGV i HQ lattice Banergee et.al Duke-LGV, 90% C.R ~ ‘
= & JET(light quark) > Burke ‘;}Raé 5’?53{5@33“0”’
ab) s
115 O
& =
& 10 I
S =
o)
= 5
3 S
0 Y. Xu et al, PRC 97, 014907
0.2 0.4 0.6
T/TC T [GeV] Y. Xu et al, PRC 97, 014907

> Data provide significant constraints on T, p dependence of 9" and D_
e More data available for the fits

> Emerging consistent understanding of light and heavy-flavour, medium

expansion and transport 37 17/09/19



J/Y suppression

> Low p;: more suppressed at RHIC in central and semi-central

> High p: hint of smaller suppression at RHIC, higher temperature ?
e Significant regeneration contribution to charmonia production at low p., central

collisions, especially ot LHC
e Contribution from feed-down

2
1.8
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1.4

<12
<
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1

Jhy

0.8
0.6
0.4
0.2
0

arXiv:1905.13669

- STAR
:— ¥ Inclusive: Au+Au @ 200 GeV, |y| < 0.5, P> 0.15 GeV/c
i m Inclusive: Pb+Pb @ 2.76 TeV, |y| < 0.8, P, > 0 GeV/c
- Au+Au @ 200 GeV, p_ >0 GeV/e
— ——TM I: Tsinghua ---- SHM
- A TME: TAMU
= pr > 0.15 GeV/c <
. oc
- =
— -
= N, uncertainty
_llJllllllJJJllllll\llllll‘JIlIlIIILIII
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N
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Inclusive: Au+Au @ 200 GeV, P> 5 GeV/c
¥ lyl<05 Olyl<1

m Prompt: Pb+Pb @ 2.76 TeV, |y| < 2.4, pT > 6.5 GeV/c

Au+Au @ 200 GeV, P, > 5 GeV/ic
— — TM I: Tsinghua
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Upsilon sequential suppression

2> Negligible (small) regeneration component

2> Sequential suppression of Upsilon states ?
2> Contribution from feed-down

10° PbPb 368 ub (5.02 TeV 4 4
9 il 17T I T T 7 | LI l L %L T (I T I L 1_2 1 - Pbe 368 l"l'b 1 pp 280 pb (5'02 Tevz
= pp) o<ovoe CMS | 0gf Pre0cev CMS
8- Hoyi<24 E TE lyl<24 .
= 7_ ;’T;|><42@4ev _ 08] cent. 0-100% E
) C P ' ] il 3
(D 6:_ Y(1 S) E :: Centrality 0-100% + PbPb Data _: 07 E o B 1; m = 502 TeV E
T. : P — Total fit ; 0.6 o B ] (sn=276TeV —
o 5r = = N 3
~ - Y(2S) ----Background <0 5i 3
PRV | £ o 050 :
c C s ---- Ry, scaled ] F E
2 3-PbPbTL . Y(39) - 04t . ]
- 2 . 0.3t =
2 E B ]
1 o 0.2¢ 95% CL —
] C H 7
0 L1110 I | I | | I I I L1 11 | I I - | I I | : 0.1? I 1 7:
8 9 10 11 12 13 14 0 = ]
mu+u_ (GeV) Y(1S) Y(29) Y(39)
PLB 790 (2019) 270 34
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Upsilon suppression

- T_(MeV)
. . . . . 0
> Agreement with model using anisotropic hydrodynomics| 4mqns 02 276 5.02 TeVv
evolution with different initial temperatures 1 442 552 641
2> And with CNM and small regeneration component 2 440 546 632
9 P 3 439 544 629
550 < T, < 800 MeV
. PbPb 368/464 ub'\, pp 28.0 pb” (5.02 TeV) 14 30,60% L0t G 10%
1.0 p, <30 GeV CMS |+ - ¥ Y(25+38): STAR Au+Au@200 GeV, lyl<0.5
: lyl <2.4 Supplementary cont 1.2~ 4 Y(@2S): CMS Pb+Pb@2.76 TeV, lyl<2.4
I vu v e B R viisy Moot ] P oo e i
[ EERGE) = Y(2S) T ] I . .
0.8¢ \ B3y (2s) 7 vias) 68% CL T - il STAR Preliminary
< R BEves) woL T ] 2
m‘t 06 il ‘2'5:‘ W Y(3S) 95/ CL _-_ _— m 0 6 | lel uncertajmy
04
0.2 [ﬂ
0 | L | | |
N 0 100 200 300 400
| part part
OO : PRD 97, (2018) 016017
PLB 790 (2019) 270 35 PRC 96, (2017) 054901 17/09/19




Summary

2> Consistent picture of QGP emerging

2> Important step forwards in the understanding of QCD at extreme
conditions of high temperature and energy density

e Wealth of results from RHIC and LHC experiments in the last years

e Tremendous progress also on the theoretical side towards an “*heavy-ion
standard model’

> Small systems important for HI studies: pp/pA — AA evolution

36 17/09/19



Backup



Low mass dielectrons, STAR

2> Measurements of e-e+ distributions _ arXiv: 1810.10159
over broad momentum range, 10¢}] STAR o o
. . -3 Au+Au 0-80% T myee T meyee
Au+Au ot different energies L\ P02 Gevic [avee & wesee — risree
B In®l<t, Iyeclej l:l o6 & g—nee Jhy—ee

> Compared to cocktail from known
sources (excluding vacuum rh0)

> Clear excess seen in low-mass
region

200 GeV

-

(e
A=

ol

x 2.5E5

dN/AM /N, (GeV/c?)’

' x 3E4

1072}

1076 \

Knospe SQM19
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Low mass dielectrons, STAR

2> Excess compared to Rapp & PHSD

calculations

e Contributions from broadened
rh0, other decays, QGP radiation

e Both calculations describe excess
well for 0.4<M_<0.75 GeV

e Good agreement over broad
energy range (also for NA60 In+In)

> But: low-mass e- e+ yield for p; <0.15
GeV/c not explained by cocktoll w/

broadened r
PRL 121132301 (2018)
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< Endres et al.
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Cocktail Uncert. - PHSD Delta ]

27 GeV x10°

------ PHSD Sum 1

Also: PRC 99 024002 (2019)

PRC 81034911 (2010)
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Sensitivity to the initial state

2> Dependent on fine details of the initial energy density distribution

c o3l ALICE, n/<0.8 20-30%
> e v{2]an>2)
L —e—v,{2,|An|>2} CMS, <1
- e v2lan2) e ~=v,{2.An|>3)
0'2__ —o- vs{2,[an|>1} il gy - v,{2,|An|>3}
L e vgl2an>1) A W RS
01
E]
0
S 40-50%

- B8 SHEE dE/dx~L®

" [ SHEE dE/dx~L

B Foiasma - music

AMPT-IC + iEBE-VISHNU

0.2

BAMPS

R Ny

TRENTo-IC + iEBE-VISHNU

0.1

m Initial Flow
Egy™ 3D (longitudinal)

-“‘“Illlllll

[ (GeV/c)
JHEP 1807 (2018) 103 40 17/09/19
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Direct photons

g‘ ol 2 Direct photons - photons not originating from
-‘ hadronic decays but produced in electromagnetic
- Puompihiect interactions in course of collision
i Proee > Photons are produced at different collision times
o 2> Photons don't interact strongly and carry out
5 gpgtrg:g direct information about collision, even the earliest stage

Decay

Photon yield

GeV/c
~2-3 GeV/c Pr )
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Direct photons in ALICE

0-20% Pb-Pb V5. = 2.76 TeV

[®] ALICE

| — NLO pQCD PDF: CTEQ6MS FF: GRV

1.5— E==1 JETPHOX PDF: CT10, FF: BFG2

JETPHOX nPDF: EPS09, FF: BFG2
r=v

T 19

T 1T T 1

1.0

T
1

:20-40310 Pb-Pb Vs, =2.76 TeV
[+ | ALICE

—— NLO pQCD PDF: CTEQ6MS FF: GRV
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;;TO(GeV!c)
Phys. Lett. B 754 (2016) 235

> At low p; 2-3 GeV/c

~ 8%-15% excess in 0-20%

~ 8%-9% in 20-40%
> At high p,; above ~5 GeV/c in

agreement with NLO pQCD and JETPHOX
> Agreement with hydro models

T
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Effective temperature

> Effective temperature can be extracted from the low-pTI part of the spectrum

2> Both absolute yield of direct photons and effective slope increase with
increasing of the collision energy

_— C T | T T T T [ T T T T 1 T T T T | T T T T I T T c“-"‘ I | 1 T T 1 | 1 T L} T | 1 T 1 I I I 1 T T
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Direct photon flow in Pb-Pb

> Large v, for p, < 3 GeV/c, comparable to hadron flow for 20-40% - too large

uncertainties for conclusions

> Hydro models underpredict direct photon low —- models need further
development

2> Hint for late direct photons production, and early flow formation
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vy 9 ALICE simulation
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Boxes indicate total uncertainties
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Photon yields

N
o
o

P(dA) + p(A) = 7, + X T~— o=1.25
¥ Pb+Pb, {5y, = 2760 GeV PH: -ENIX
IALI+AL,|,\!S_W=2OOGEV prellmlnary
® Au+Au, |5, = 62.4 GeV .
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Open charm vs models - CMS

27.4 pb™ (5.02 TeV pp) + 530 pb ™ (5.02 TeV PbPb)

16 CMS —
D° + ﬁ“ Cao et al. 0-80%
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Open charm vs models - ALICE
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Open charm vs models - ALICE
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Open charm vs models - ALICE
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Probes

1
It is mostly from the final state hadrons measured in the experimental
apparatus that one tries to deduce information about the initial state
and the collision history

The investigation of the creation of the QGP and the study of its
properties is thus relying on appropriate experimental observables
(so-called “signatures’) and their comparison to models

To extract the properties of the produced matter different
experimental observables are being optimized to probe the
dynamical evolution of the system and characterize the different
stages of the collision.

The characterization of the created partonic matter in terms of its
initial conditions (eccentricity, volume, temperature, lifetime),
equation-of-state (relating pressure and energy) and of its transport
properties (viscosity and diffusion coefficients)

e Soft probes

« Charged-particle multiplicity, elliptic flow: bulk matter properties

« Transverse momenta spectra and nuclear modification factor:
thermodynaomic and transport properties of matter

52 17/09/19



Lattice QCD

16 | _tsT One of the fundamental questions
14 | - in QCD phenomenology:
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Fluctuations in the initial geometry - backup

2 Fluctuations in initial geometry, nucleon position
and their fluctuations dictate the eccentricity —
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Fluctuations in the initial geometry - backup

1
> Fluctuations in initial geometry — development of higher harmonics, v, ...
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Particle suppression
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Photo-nuclear dijet production

* Motivation: restrict nuclear parton distribution functions (nPDF) at low x

* nPDF exhibit non-trivial behavior:
— suppression at low x called “shadowing*

— enhancement at
larger x called —
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V_QCross systems
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