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“Ordinary” matter » color confinement

C. Oppedisano

Cabibbo, Parisi “Exponential hadronic spectrum and
quark liberation” PLB 59 (1975) 67
A

8

=
= |
5 unconfined
O
O
=
g I
confined

>

Temperature T

Fig. 1. Schematic phase diagram of hadronic matter. pg is th
density of baryonic number. Quarks are confined in phase I
and unconfined in phase Il.
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“Ordinary” matter » color confinement

= 200

= <

s |3
Phase transition from confined quark 3 ®
matter (hadron gas) to Quark-Gluon g l
Plasma (QGP) » DECONFINEMENT cE:. 100r B Q%

O S
Lattice QCD predictions for transition ™ 2
at us~0:
» Tc ~ 15519 MeV .
» ec ~ 0.2-0.7 GeV/fm3 " ?
» smooth crossover Nucli us Net Baryon Density

Ultra-relativistic heavy-ion physics » study QCD at high temperature and density
(QCD thermodynamics)
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CONFINEMENT!

aa deep inelastic scattering
oe e*e” annihilation
¢ hadron collisions
\ =0 heavy quarkonia

\

1
\
\

O
~
|

o
w
|

O —}

| ASYMPTOTIC

o
NS
|

“ %4\%‘%‘&@@

....... QCD ¢1s(M,) = 0.118 £ 0.003

strong coupling “constant” as

©
—_
|

—_

[

T
10 0 (GeV) 100

Transferred momentum

—_

§§ . FREEDOM

Gluons interact with quarks and with
gluons, leading to antiscreening with
increasing Q

high Q, low as®» ASYMPTOTIC FREEDOM
free quarks and gluons at high energies
high Q, small as

» perturbative QCD applicable

low Q, high as » confinement
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CONFINE

O
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o
NS
|

strong coupling “constant” as
o
T

aa deep inelastic scattering
oe e*e” annihilation
¢ hadron collisions
=0 heavy quarkonia

“ %4\%‘%‘&@@

QCD (s(M,) = 0.118 + 0.003

ASYMPTOTIC
Ayl  FREEDOM

—_
—_

C. Oppedisano

[

T
10 0 (GeV) 100

Transferred momentum

SOFT = not hard!

Gluons interact with quarks and with
gluons, leading to antiscreening with
increasing Q

high Q, low as®» ASYMPTOTIC FREEDOM
free quarks and gluons at high energies
high Q, small as

» perturbative QCD applicable

low Q, high as » confinement
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aa deep inelastic scattering
oe e*e” annihilation
¢ hadron collisions
=0 heavy quarkonia
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~
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| ASYMPTOTIC

o
NS
|

“ %4\%‘%‘&@@

....... QCD ¢1s(M,) = 0.118 £ 0.003

strong coupling “constant” as
o
T

—_

[

T
10 0 (GeV) 100

Transferred momentum

—_

§§ . FREEDOM

Gluons interact with quarks and with
gluons, leading to antiscreening with
increasing Q

high Q, low as®» ASYMPTOTIC FREEDOM
free quarks and gluons at high energies
high Q, small as

» perturbative QCD applicable

low Q, high as » confinement

SOFT = not hard! » small exchanged momentum Q » pQCD not applicable
» effective theories, transport models, statistical models...
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aa deep inelastic scattering
oe e*e” annihilation
¢ hadron collisions
=0 heavy quarkonia

| ASYMPTOTIC

§§ . FREEDOM

“ %4\%‘%‘&@@

QCD (s(M,) = 0.118 + 0.003

—_
—_

[

T
10 0 (GeV) 100

Transferred momentum

Gluons interact with quarks and with
gluons, leading to antiscreening with
increasing Q

high Q, low as®» ASYMPTOTIC FREEDOM
free quarks and gluons at high energies
high Q, small as

» perturbative QCD applicable

low Q, high as » confinement

SOFT = not hard! » small exchanged momentum Q » pQCD not applicable
» effective theories, transport models, statistical models...

SOFT = harder!
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Initial Hard Hydrodynamic
state scatterings evolution Hadronization

e A ———— et il W

Temperature

O INITIAL STATE # saturated partonic system
O Local THERMAL EQUILIBRIUM rapidly (t=~1 fm/c) reached

t~1 fm/c.
O HYDRODYNAMICS » system expansion and cooling described by gl

almost ideal fluid dynamics £~10 fm/c

O HADRONIZATION » transition from QGP to hadrons
O CHEMICAL FREEZE-OUT » inelastic interactions cease, particle

abundances frozen

O KINETIC FREEZE-OUT # elastic interactions cease, particle dynamics l —
To~100 MeV

Ten~150 MeV

(spectra) frozen



INFN

Soft probes produced at late
stages with low transverse
momentum, pr, are a tool to
characterize the produced medium

OBSERVABLES
O multiplicity

O transverse energy
0 HBT femtoscopy
O direct photons

O fluctuations

O thermal photons

Hydrodynamic O particle yields
: Pre-Equilibrium -
Evolution Phese (<) O part!c e spectra.
O particle correlations
a) without QGP b) with QGP z o flow

O strangeness production
O nuclei production

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 5



CENTRAL COLLISIONS

X
yCL~ ‘
larger produced multiplicity
PERIPHERAL COLLISIONS y X
Iarge b, small Npart Ncoll '
smaller interaction volume X
y4

small b, large Npart Ncoll
larger interaction volume

smaller produced multiplicity

C. Oppedisano

Global PPOP@P“GS (INFN

SPECTATORS\ »

- — — o— o— - = — k e .,qil h —_—
. . ; N ,w o . LY 'v 3

b » impact parameter
Npart # # participating nucleons
Ncoil # # of binary collisions

Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino ©



Global PPOP@I"U@S

Bjorken estimate of initial energy density in
central A-A collisions

€r; = Energy = 1 dE7
Bj = Volume ~— 7A dy

CT
eLHc ~14 GeV/fm3

=
Q
N
£
=
\
>
Q
S,
| o
-
o
W

I

A CMS 0-5% Pb+Pb BR[O

X
!
:
K

®  Phenix coll, PRC 93,

024901 (2016)

IIIlIIII |

10 10
VSny [GeV]

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino

10°




Global PF‘OP@I"U@S

Bjorken estimate of initial energy density in
central A-A collisions

4—. —

— - A
€Ri = Energy = 1 dEg - -t 10|
J — Volume  7A dy ‘ [
y=0 et Prg) ol
cr E

eLHc ~14 GeV/fm3 >
$ t

14

12

10

- ALICE coll., PRL116, 222302 (2016)

¢
o

IIIII I I IIIIIII I | IIIIIII | T T 1 +
. pp(pp), INEL AA, central : )
~ O ALICE m ALICE ’ ®  Phenix coll., PRC 93, 024901 (2016)
~ (O CMS ¢ CMS i
_v UA5 . ATLAS - IIIII'I1|0 | | IIIII-III02 | | IIIII.|I|03 | |
" & PHOBOS + PHOBOS .
- A ISR A PHENIX ! VSnn [GeV]
i ¥ BRAHMS & « s%'%5¢]
— pA(dA),NSD «x STAR .
" m ALICE % NA50 i . e .
- 4+ PHOBOS i Charged particle multiplicity densities
- o ¥ scales with sa
~ m,‘.ariim(z)_- » increase in central A-A is stronger than in pp,
. A *s p-A collisions
N A@ ------ H
X T 7] < 0.5 -
IIII| | 1 IIIIII| | | [IlIII| | | IIIIIII |
10 10° 10° 10°
/Sy (GeV) Kesanti a LHC, 9-10 Ottobre 2017, Torino




INitial conditions

Density of gluons rises rapidly for decreasing x
(increasing energy)

Cross-sections at high energies rise slowly

» gluon must “fit” inside hadron size

» gluon density limited » SATURATION

saturation scale ~ Qs occupation number ~ Qs

02 =20 GeV?2

02 = 200 GeV2

gluon density x G(x, Q2)

Energy 104 103 102 100 x

medium high

Weakly interacting tightly packed small-x
gluons # strong color fields between nuclei

Color Glass Condensate (CGC): effective field
theory describing universal properties of saturated
gluons in hadron wave functions

CGC dynamics produces GLASMA gluon field
configurations at early time

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 3



mical freeze-out YT

Assuming thermal and chemical equilibrium

» STATISTICAL HADRONIZATION (THERMAL) MODEL

.
GRAND-CANONICAL ENSEMBLE: large number of produced particles (>104 full rapidity
range at LHC) » conservation on average of additive quantum numbers

. 24
Yield per species: Ni =V 922 / E.Zz,,,.p
2m e~ 1T +£1

i = pupBi +usSi + pr, I3
Conservation laws to constrain V, us, Ji3

baryon number V' ) .n;B; = Z + N

strangeness V' ) . n;S; =0

_ Z—N
isospin charge V) inils; = =5

» yields determined by 3 parameters: V, T, us
» comparing particle ratios, V term cancels out
» fit experimental data to extract T, ps S x2 =

{
C. OPPGdiSdﬂO Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 9
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A Andronic et al. arX|v 1611 01347

> 10 Fa s PP 5,=2.76 TeV ‘_
g 102 Eemen : s |
o 10 - ;"'"'“---- » hadron abundancies in reasonable
L 5 am agreement with a chemically-
1 A equilibrated system
10" S ww

what is the origin of equilibrium?

» general property of QCD
hadronization process?

» hadron gas thermalizes through
particle scattering in the high particle
density environment?

l Data, ALICE 010% , 5
— Statlstlcal model fit (le N .1/1 8

)
\V]
AL BLIALLL I RLLL B RLLLL B LU B ALL IR L L [

Q Q'd d HeHe H_H“He

—
p—
-
ot

:rJtKKK q)ppAAE'

PF Fit T=156.5 MoV, js =07 MeV, V5280 fm” 3 Tensions for p[uud] (favour lower T,)
'[‘}j oo . o o ° ‘ ’ » re-scattering in hadronic phase?
S 4 T .e°%e i3 M¥ilavor-dependent freeze-out?
T2 5

3 E

o KKK ¢pp AAET QO d d°He HeGHIHHe
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Freeze-out and QCD phase diagr*am

crossover T value from lattice QCD

“A. Andronic et al., arXiv:1611.01347

[ o
LN I I L 1 I L I I LI
, I I [ |

--1- - Borsanyi et al. .
Kaczmarek et al., Bazavov et al. [ i
]

Lattice QCD

Thermal fits (central collisions)

O Cleymans et al.
[J Andronic et al.
A Manninen, Becattini

% STAR (BES prelim.) §

IIIII| | IlllIII| ! lIIIllII | IIIIIIII

A&

C. Oppedisano

2
1 10 10 10

s SN

!

T, ys from thermal fits to hadron yields at
different collision energies {/snn

» hadron freeze-out curve

» at low ps chemical freeze-out T
coincides with Tc

» hadron formation from deconfined
matter

» at LHC ps ~0: (anti)matter production as
In early Universe

Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino



KINEetic

adbaaludolintd pp collisions at low pr show transverse mass
p+p min. bias —m2 5 :
- Snm = 200 GeV (mt=m2+pt2) scaling » thermal spectra
dN __mr
X € Tslope
mrdmr

» same inverse slope Tsiope for all particles
» Tsiope = T at kinetic freeze-out Tro

1/(2x) d®N/(m;dmydy) [cYGeV?

e
©
N

llllllllllllllllllllllllIllllllllll

0 01 02 03 04 05 06 07
my - My [GeV/c?)
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o
S

1) °N/dp_dy (GeV/c)®
3 3,

1/(2np

103

10°

KINetIC

ALICE
ISy = 2.76 TeV

AA“‘A‘ . 55
4, Hnm
pp Pb-Pb A, B
N

0

C. Oppedisano

pp collisions at low pt show transverse mass
(mt=m2+p72) scaling » thermal spectra

dN
mmr me

ma
Tslope

X €

» same inverse slope Tsiope for all particles
» Tsiope = T at kinetic freeze-out Tro

- ~+H o
- A-A collisions, low pt: mtscaling is broken

500 0% conval B ta, & » harder spectra in A-A
- O ® K x0f a4 - » heavier particles are shifted to larger pT (harder
| .A. ! IAlpr.x.OI-Oj. PRI NI N R R I .A: SpeCtra)

1 2 3 4 5

P (GeV/c)
Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 20I7, Torino 2



Kinetic equilioriun

o~ 10*
500 ALICE
% 10° ISy = 2.76 TeV
S
=)
Q|_
- 10
~
P
(9]
©
o=
S
9i10
S~
i om =3
E”!B
Pb-Pb My, Pm
10—3_ Pp - A -
L x 300 0-5% central A =i
8 A
@) ® TT- AA A
- O mK'x01 Aa ™
A A p+p x0.01 & :
105_1IllIlIlIlllllIlllllllll
0 1 2 3 4 5
p, (GeV/c)

C. Oppedisano

» blue-shift

pp collisions at low pt show transverse mass
(mt=mZ2+pt2) scaling » thermal spectra

dN
mmr dmfr

ma
TElope

X €

» same inverse slope Tsiope for all particles
» Tsiope = T at kinetic freeze-out Tro

A-A collisions, low pT1: mrscaling is broken

» harder spectra in A-A

» heavier particles are shifted to larger pT (harder
spectra)

Random thermal motion + collective motion of expanding
system driven by pressure gradient # RADIAL FLOW

Particles moving in a common flow field

Tslope — Tfo

Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 2



Hydhodynamic GVOHUUOH

Hydrodynamic applicability » medium in local thermodynamic equilibrium, with
mean free path Aurp << size of the system L » small Knudsen number Kn = Aurp/L <<1”

Energy-momentum conservation 8 THY — ()

TH — culu (p 1 H)A/u/ Uy

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 13



Hydhodynamic evolution

Hydrodynamic applicability » medium in local thermodynamic equilibrium, with
mean free path Aurp << size of the system L » small Knudsen number Kn = Aurp/L <<1”

Energy-momentum conservation 8 THY — ()

Equilibrium terms
energy density and pressure

related by EOS P=P(¢)
microscopic DOF

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 13



Hydrodynamc GVOHUUOH

Hydrodynamic applicability » medium in local thermodynamic equilibrium, with
mean free path Aurp << size of the system L » small Knudsen number Kn = Aurp/L <<1”

Energy-momentum conservation 8 THY — ()

R et |

Dissipative terms
Equilibrium terms >

energy density and pressure Bulk pressure IT=11(C)

B _ _ ¢ = bulk viscosity
related by EOS P=P(¢) ¢ = bulk viscosity

resistance to expansion

microscopic DOF Shear stress tensor
T = qtuv(n)
N = shear viscosity

n = shear viscosity
resistance to flow gradients

C. OPPGdiSdﬂO Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 13



Hydrodynamc GVOHUUOH

Hydrodynamic applicability » medium in local thermodynamic equilibrium, with
mean free path Aurp << size of the system L » small Knudsen number Kn = Aurp/L <<1”

Energy-momentum conservation 8 THY — ()

Dissipative terms

Equmb.rlum terms Bulk pressure M=I1(C)
energy density and pressure 2 = bulk v "
= bulk viscosity

related by EOS P=P(¢)
microscopic DOF Shear stress tensor
T = qtuv(n)

n = shear viscosity

¢ = bulk viscosity
resistance to expansion

n = shear viscosity
resistance to flow gradients

Event by event initial conditions fluctuations  Schenke et al., PRL 108 (2012) 252301

Glasma * [« MC-Glauber

xfm]  ° 4 6 xfm]  ° 4 6
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Hydrodynamic applicability » medium in local thermodynamic equilibrium, with
mean free path Aurp << size of the system L » small Knudsen number Kn = Aurp/L <<1”

Energy-momentum conservation aMTW/ =

Py _ _ DA 1 e

Dissipative terms
Equilibrium terms g

. Bulk pressure II=II(()
energy density and pressure B _ _
related by EOS P=P(e) G = bulk viscosity
microscopic DOF

¢ = bulk viscosity
resistance to expansion

Shear stress tensor
T = stuv(n)
n = shear viscosity

N = shear viscosity
resistance to flow gradients

Event by event initial conditions fluctuations  Schenke et al., PRL 108 (2012) 252301
Glasma * |jw MC-Glauber

2 -
x[fm] -4 6 x[fm] 2 -4 6

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 13



Initial anisotropy not transferred Initial anisotropy gets transferred
to momentum space to momentum space

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 4



Initial anisotropy not transferred Initial anisotropy gets transferred
to momentum space to momentum space

/do

Flat azimuthal distribution

GE .............................. ‘

C. Oppedisano Secondo ° ¢ T ° T 5 pesanti a LHC, 9-10 Ottobre 2017, Torino 4




Non interacting Péf‘tiCl@S

Initial anisotropy not transferred Initial anisotropy gets transferred
to momentum space to momentum space

Flat azimuthal distribution é

T | Modulated (cosd)
C. Oppedisano  Secondo I R A pesanti a LHC, 9-10 Ot azimuthal distribution 4

/do




Hydhodynamic evolution

Initial anisotropies are mapped in final hadron spectra,
can be quantified through a Fourier decomposition of
azimuthal distributions relative to RP:

related to the geometry of the overlap zone
expansion tends to dilute initial space asymmetry
(pressure gradients are stronger in the first stages)

Higher order coefficients due to fluctuations in the initial state
Odd coefficients are expected vanish on average for a symmetric system

_viscosity tends to suppress higher harmonics
5 B sensitivity to initial conditions and to n/s ratio

D @

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 15
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Elliptic flow V;

0-2_""l""I""l""l"" L S I
[ | 'viscosit -
0.15- - + -
V2 0.1 * .
0.05- y ® 200 GeV Au+Au (0-50%) |
n —— Hydrodynamic calculation i
(n/s=0) -
0 AT R AP EPEETET SRR B T AP
O 05 1 15 2 25 3 35 4
p; (GeV/c)
>

m dependence of v, at low py
» consistent with hydrodynamic predictions

Large pr values measured at RHIC
» reproduced by hydrodynamic
calculations with dissipative terms

» point to early system thermalization
fastly reached (t~1 fm/c)

0.3

0.2

0.1

0

| [ | | |

Pb-Pb |s,,=2.76 TeV 20-30%

ALICE iEBE-VISHNU
o TT* — 7t
* K*

1 l
0.5 1 1.5 2 2.5
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HiQhGP order harmonics

R.Snellings, 2011 New J. Phys. 13 055008

| — n/s=10" (b) ]
— 1)/5=0.08 — -
0.20_ - /:0]6 /’ —
1/s=0. P
| - — 1/s=0.24 /
/
0.15 e -
0.10 ’ - i
— ~
\
0.05 o o N
CGC initial conditions
] L | L
00 1 2 3 4
P, [GeV/c]

C. Oppedisano

Viscosity tend to suppress higher order harmonics
Vn sensitive to transport in the medium
» v2(pT) to constrain shear viscosity to entropy

density ration/s
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R.Snellings, 201

1 New J. Phys. 13 055008

HiQhGP order harmonics

>N 0.25- _' n/3=16-4 T (b)-
e 11/5=0.08 — ] ) . .
i e P 1 Viscosity tend to suppress higher order harmonics
015 - g 1  vnsensitive to transport in the medium
' N, i » v2(pT) to constrain shear viscosity to entropy
0.10 o | density ration/s
- _
M CGC initial conditions | LHC
% 1 2 3 4 n/s=0.12 n/s=0.2
P, [GeV/c]
C. Gale et al., Phys. Rev. Lett. 110 (2013) 012302 |
e — 0.2 . . .
0.2 rivy -- RHIC 200GeV, 30-40% Vo =— | ATLAS 20-30%, EP
v2 — fllled' STAR prellm V3 - narrow: n/s
0.15 open: PHENIX 1 015§ Vy wid
q n/s =0.12
> 0.1 |vg weeee ew=| 0.1}
\>/ —‘—x‘ I e
0.05 ——’E . “mﬂ'“:n;{ ‘ et
_-...:..‘.’-"r,p.tzun'}" 0-05 i *’J B T I’
0 [ ‘,g.‘ﬁf ----- s 4 _m ey - ;’.
-~ - V.. W= e _-"'--0
0 0.5 1 1.5 > 00 o5 4 15
pr [GeV] pr [GeV]




1/prdN/dpr (arb. units)

Hadronization

COALESCENCE » 2(3) partons combine with pr(hadron)~2(3)*p+

.expect baryon(qqgq)/meson(g-antiq) enhancement

SINSVIEN NIl B single parton fragments with pr(hadron)<p+

pr(GeVic)
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Hadronization

D

=

5_ COALESCENCE » 2(3) partons combine with pr(hadron)~2(3)*p+

0

8 .

5 .expect baryon(qqgq)/meson(g-antiq) enhancement

O

P

©

S

SN VSNl » single parton fragments with pr(hadron)<p+
pr(GeVic)
'PRL 111(2013) 22301
oxcn 225_ y1<05 ALICE: Pb-Pb at | 5,,=2.76 TeV ' baryon/meson enhanced in central A-A
2 3 ; o AK® 0-5% collisions at intermediate pr
. ~4- A/KS 60-80% » hydrodynamics at low pr
) systematic uncertainty » coalescence+fragmentation or

Theory 0-5% hydrodynamics+jets (EPOS) able to

----- Hydro VISH2+1
____ Recombination reproduce data

(Fries et al.)

&« EPOS
‘ o " T.Pierog et al., Phys. Rev. C 92, 034906 (2015)
| I 1 1 1 I 1 l | o 7 7 V
8 10 12
P, (GeV/c)
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Hadronization

COALESCENCE » 2(3) partons combine with pr(hadron)~2(3)*p+

.expect baryon(qqgq)/meson(g-antiq) enhancement

1/prdN/dpr (arb. units)

pt (GeV/c)
S 2.5 e SMNN— e
| i o ALICE
| PRL 111(2013) 22301, : R coal +frag. -
2.2 2.0+ / = w/o s-h coal. |
oxcn - |y|<0.5 ALICE: Pb-Pb at | s=2.76 TeV - )/ \\ —- only coal. :
2 2r ; e A/KC 0-5% I / \ |- only fragm.
1.8F : X -,8 i V- coal.+frag. no flow |
: - A/KY 60-80% slof
1.6 3 systematic uncertainty v i
: Theory 0-5% ~1.0F
----- Hydro VISH2+1 <
_____Recombination - 3
(Fries et al.) 0.5 B .
¢ EPOS : j
0 ..... [vos | [T | I | | [ | [
N ¢ o 1 2 3 4 5 6 7 8 9
A pT [GCV]
| ] | ] ] ! . . — : — " —
8 10 12 'V.Minissale et al., Phys.Rev. C92 (2015) no.5, 054904 |
P, (GeV/c) L T > (2015) no.5, 054
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Hadronization (A

o
5 COALESCENCE » 2(3) partons combine with pr(hadron)~2(3)*p+
0
g .expect baryon(qqgq)/meson(g-antiq) enhancement
©
pa
©
S
SINSVIEN NIl B single parton fragments with pr(hadron)<p+
pr (GeVic)
2,: 30-40%
E ALICE Preliminary
a Pb-Pb | s, = 5.02 TeV
= ly| < 0.5
@ o Mass ordering for p.<2 GeV/c, particle
o ¢ + S type dependence for p>3 GeV/c
o -
¢ P » hydro at low-p and coalescence at
- 09 . .
R e T T iIntermediate pt
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Rafelski, Muller, PRL 48 (1982) 1066
Enhancement of strangeness production in QGP w.r.t. hadron gas

StP@ﬂQ@ﬂGSS

ALICE coll., Phys. Lett. B 728 (2014) 216

Enhancement of strange baryons production

)
'JC-Dl (b) in A-A relative to pp (p-A) collisions
o1 sss » reduced with increasing Vs
2 oM bi d with k content
° ., AO LD increased with s quark conten
= i
"&5‘ !
© [ WE I
L3 - [ LA
=" D=
~ - -i.
©
[ EE "
>.
u
1 = .--T ________________________ -
. [ 4 ]
I /\ NA57 Pb-Pb, p-Pb at 17.2 GeV |
[]/\ STAR Au-Au at 200 GeV
| 1 lllllll | | Illllll 1 | -

1 10 10°
<Npan>
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Strangeness (N

Rafelski, Muller, PRL 48 (1982) 1066
Enhancement of strangeness production in QGP w.r.t. hadron gas

ALICE coll., Phys. Lett. B 728 (2014) 216

Enhancement of strange baryons production

(<))

'JC-Dl (b) in A-A relative to pp (p-A) collisions
& %1072 ALICE coll., Nat. Phys. 13 (2017) 535-539 L
& SSS N J B T LI L S _ S - ]
O AQ+Q o -
> 101 X i ]
E [ —t j& — ] ) -
o | WE - t -

]
% dss i H + . -
Q a - _
> . H I
~ | —
= _ ALICE Preliminary -
© . _
) ! — pp (INEL) ys = 7 TeV o
'>_. - Eur. Phys J. C 77 (107) 33 -
i i EIPb-Pb \ Sy = 5.02 TeV |
0.2— Preliminary ]
Tl = - ]
Z;& : 0 | | ) I | I | | | I | l | | | I | | |
A NAS57 Pb-Pb, p-Pbat 17.2 GeV 1 10 1 02 1 03
[J/\ STAR Au-Au at 200 GeV (chh/dn)l,7|< 05
| L1 1111 l| 1 | I II 1 1
1 10 10° "
N ot
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Strangeness (N

Rafelski, Muller, PRL 48 (1982) 1066
Enhancement of strangeness production in QGP w.r.t. hadron gas

ALICE coll., Phys. Lett. B 728 (2014) 216

Enhancement of strange baryons production

O
o0
a (b) in A-A relative to pp (p- A) collisions
= sss a0® WALICE coll, Nat. Phys. 13 (2017) 535- 539L
2 -t - ]
© AQ+Q - ’
> 101 i i
© : =t j ) _ i
o "= o 08l + I
“x dss i I -
Q - -
2 il | -
- i aH ALICE Preliminary i
O - —1p-Pb {5, = 5.02 TeV 7
[ m 0.4— H H “Jpie 7‘58 (2016) 389 ]
P - E H H —Jpp (INEL) {s =7 TeV .
[ - ®lEur. Phys J.C77 (107)33 ]|
- ~Pb-Pb |5y, = 5.02 TeV g
0.2 B H _IPreliminary -
T —pp ts=7TeV
1 - e - - “INat. Phys. 13, 535-539 (2017) |
: A : B | | L1 1 111 | | | 11 111 II | | | | I | |
A NAS57 Pb-Pb, p-Pb at 17.2 GeV | 01 10 1 02 1 03
[]/\ STAR Au-Au at 200 GeV (chh/dn)']7|< 05
| L1 11 llll | L1 1111 II 1 11
) smooth “transition” from pp to p-Pb to Pb-Pb
1 10 10 (N ) » driven by multiplicity?

part
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Two-particle correlations V<G

Distributions of relative angles A¢ and An between pairs of particles: TRIGGER
particle in a certain pry, interval and ASSOCIATED particles in a pras50c range

TRIGGER TRIGGER

NEAR-SIDE NEAR-SIDE

e associated
associated ‘

AWAY -SIDE
AWAY -SIDE

» test long range correlations between particles
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C. Oppedisano

Two—particle correlations

TRIGGER

NEAR-SIDE \

TRIGGER

NEAR-SIDE - Ve 3

=N

i

associated Zi

AWAY -SIDE

/ ‘

==& @ associated

N

AWAY -SIDE

Pb-Pb 2.76 TeV
0-10%
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Near-side jet peak
(Ap ~ 0, An ~ 0)

C. Oppedisano

Two—particle correlations

TRIGGER TRIGGER

_ (7
MR ENE \ NEAR-SIDE \3/ |

% associated

71
associated 7 AR

/

AWAY -SIDE

Pb-Pb 2.76 TeV
0-10%

1.1-

C(A9, An)

Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino

22



Two—par‘ticle correlations (INFN

TRIGGER TRIGGER

_ Vi
NEARSSIPE \ NEAR-SIDE \!/

= associated
associated 74!

AWAY -SIDE

pt <4 GeV/c gl’;cl;;) 2.76 TeV
? < 2.5 GeV/c -

Long range ridge
(Agp ~ 0, elongated in 1)

C(A9, An)

Near-side jet peak
(Ap ~ 0, An ~ 0)
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TRIGGER TRIGGER

Vi
NEARSDE \ NEAR-SIDE \! 2

= = Aassociated
associated I

AWAY -SIDE

pt <4 GeV/c Pb-Pb 2.76 TeV
0-10%

Long range ridge
(Agp ~ 0, elongated in 1) < 25GeVie
............................................. Away Side (reCOil) jet

1.
.......................................... (p ﬂ: elongated In An)
T 1054 = U ‘
S -IA\._ = A
< ’0‘ S :t‘v‘:‘t
0 1— \' \‘:(‘:E}‘k‘--i\‘

Near-side jet peak
(Ap ~ 0, An ~ 0)
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TRIGGER TRIGGER

Vi
NEARSDE \ NEAR-SIDE \! 2

= = Aassociated
associated 2

AWAY -SIDE

pt <4 GeV/c Pb-Pb 2.76 TeV
0-10%

Long range ridge
(Agp ~ 0, elongated in 1) < 25GeVie
............................................. Away Side (reCOil) jet

1.
.......................................... (p ﬂ: elongated In An)
T 1054 = U ‘
S -IA\._ = A
< ’0‘ S :t‘v‘:‘t
0 1— \' \‘:(‘:E}‘k‘--i\‘

Near-side jet peak
(Ap ~ 0, An ~ 0)

2
A [radl
long range “ridges” in An » evidence of collective behavior in the dense medium
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3 < p‘T <4 GeVic

2 < pi <2.5GeVic

NEAR-SIDE

C(Ad, AN)

Decomposition of correlations (after jet
peak subtraction) in Fourier harmonics
» extract Vn(pT) from 2-particle correlations

C. Oppedisano

LOﬂg range correlations

Pb-Pb 2.76 TeV  ALICE coll.,, Phys. Lett. B 708 (2012) 249

0-10%

AWAY -SIDE

Pb-Pb 2.76 TeV, 0-2% central

B 2<p. <2.5GeV/c
1015 ?’ 1.5<pl<2GeV/c
- - iR 0.8 <lAnl<1.8
project along ¢ 1.01 » =S
removing jet peak 3 1.005 '
3 1
0.995% /i
0.90- *¢ ¥
) o llendf,=3?'3/|35.
o 1.ooih ' . .
< **** ¢|+#+|||+l ¥y ¥
ooo8L . . . . L & 4 4
0 2 4
A¢ [rad] .
5+ -
o] Centrality
—-40-50%
4T -+ 20-30%
e —-10-20%
& 37 - 2-10%
o
= - 0-2%
T 2+ con .
> 2<p_<25CeV/c
1.5<p; <2GeV/c
1+ ;
04 * e S
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Multi-particle correlations

Multi-particle correlations » contribution from jet fragmentation strongly suppressed

_ CMS coll., PRL 115, 012301 (2015)
ng—Pb= -

T CMS PbPb {s, =2.76 TeV

0.10+ O.3<pT<3.O GeV/c; Inl<2.g 500 o o-
O

VA2, IAnI>2}
v{4}
v{6}
vA{8}
vALYZ}

®@ o410

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 100 200 300
offline
rk
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Multi-particle correlations

Multi-particle correlations » contribution from jet fragmentation strongly suppressed

g | CMS coll,, PRL 115, 012301 (2015) P _ | ATLAS coll., PRL 116, 172301 (2016)

Po-Pb B

i I 1 I I l 1 1 I | I 1 1 I I 1 I I 1
i

ST cms be \Syy = 2.76 TeV 4+  CMSpPb s, =502Tev = Vs=13 TeV -
0.10+ 03< p, < 3.0 GeV/c; il ;221) 500 o od 03< p.< 3.0GeVic; il <2.4 _ -
® i |
®
1 o a g 8 '
T OoOoOOOOoo' - % O o g @ @ %
S T 09, 10.05 -
0.05& o V2, Iam>2y 97 go W& 5 1 f 00.5<p’<5.0 GeV
L O O v{4} i | i
N 1 ; | [ 20dMNIS0 005ep<1.0Gev
¢ v,{8} 0.5«<p“<5.0 GeV b
| e vty | | [ R0 <80Gey
T R R N NN S T T T A A T AT S NN URNTEN | | ENN TR NN TN N NN NN TN N S NN T A RN R N R 2'0 40 60 80 100 120
0 100 200 300 0 100 200 300 N“;C
ine offline c
Nok NGK

Large elliptic flow already in small system as p-Pb and high multiplicity pp collision

» hydrodynamics at work or partonic interactions?
» hydrodynamics assumptions at the edge of validity: Amrp/L ~1
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Soft probes: what have we learnt? g

[ matter formed in the collision has very low n/s ratio, close to minimum value 1/4x
[ early thermalization
[J multi-particle anisotropic flow » soft particles flow

| long—range correlation in anisotropic flow » system collective response to initial
tluctuations

A str‘onglg COUPﬂed near‘ly PGI"FGC’( quUid » SQGP

C. Oppedisano Secondo incontro sulla fisica con ioni pesanti a LHC, 9-10 Ottobre 2017, Torino 25



Sof't probes: wh

[ pre-equilibrium: weakly or strongly coupled system?

j [J mechanism driving fast thermalization?
l ] QCD medium transport properties
i (] deviations from perfect fiuid to understand underlying physics

IR [ perfect fluid for all probes? Hard probes flow
e 1 origin of strangeness enhancement? Flavor-dependent freeze-out?

2 [0 QGP in small systems? Same physic origin or only similar appearance?
I Do we need different models or different physics?

JR—
ot

...what elser




Soft probes what can we learn? i

] pre- equmbr‘lum W@@KlH or StF‘OﬂQIH COUPlGd systemP

B[] mechanism dl"lVIﬂg fast thermalization?
ll 1 QCD medium transport properties
(] deviations from P@PF@CJ( fluid to understand under“lying PhHSiCS
] perfect fluid for all probes? Hard probes flow
—=11 OPigiﬂ of StP@ﬂQ@ﬂGSS enhancement? Fl@VOP—d@PGﬂdeﬂt freeze-out?

2 [0 QGP in small systems? Same physic origin or only similar appearance?
I Do we need different models or different physics?

=]

-

...what elser







Centrality determination <R
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fALICE coll., Phys. Rev. C 88, 044909

[ AUCEPoPbat [0 276 ToV | N
%10_3 + Data :
s — IBIFKDX%I%L::):LQ’% wy o Measgred chargeq particle multlpllc.lty Nch
@00 [[Ne_ 1-0001 w-203 k10 | 8 . i assuming <Ncn>(b) increases monotonically
c I ] . .
2 TP 0 500 wo|  With decreasing b
kT M N .

10° M 1 Glauber fit model

7 Define centrality classes selecting
10°¢ é 2 § g § 2 3 percentile of the measured distribution
32| 8| S = 5 .
1007kl bl 0 e e b e e
0 5000 10000 15000 20000

Multiplicity distribution

o
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Statistical models O

' Nucl. Phys. A904 (2013) 535-538

= -%azzzzzAuAu:\fNN-zooeev
s v &&
S | 0.,
= e %o
EEEEL NN

- : §£2é>s s

1Data e ]

DPHENIX:::§§§55§55§5-

A BRAHMS

I IIIIIIII

§—— Therma model flt x2/N _35 8112 _@_
[ T 162MeVu 24|v|evv 2100fm3 |

7(:*75 K+K PP AA _E Qq) d d K*Z*A*3He/|-|e
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Statistical models O

Ql|d]|eH
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of I
D

' g ¢
> ; i !
2 10° Fos. ' . ALICE Preliminary
3 102 i | e Pb-Pb 15, = 2.76 TeV, 0-10%
10 |_._'_._| U = : . . .
i e | ;
1 0—1 E ¢ Extrapolated L - =
10—2 - Model .
. E — THERMUS 2.3 E
107 E |-~ GSl-Heidelberg E
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Kinetic f'reeze-out

Fit particle spectra to disentangle thermal component from collective motion
» Tro, Brfrom simultaneous fit to p, K,

N

§ 10° L L B B S S S B B R 7 N :

> 10 ~&- ALICE, Pb-Pb |5, = 2.76 TeV 'ALICE coll,, Phys. Rev. C 88, 044910
S - —*—STAR,AuAu,#s_NN-2OOGeV i} = O —— TR R S
~ - - - it ange -
> —=— PHENIX, Au-Au, s, = 200 GeV 2 o18f - Mool < 05<p <1 Gevic -
= 10° = 1< - . —— K. 02<p <1.5GeV/c:
) ] £ 016 80-90% p:03 < pT<3.0 GeV/ o3
%G L ot S R T - 014 70-80% E
Q - 0.12 =
& e . K +K(x10) : . 0-5%:
= . W, " -
b 10" — Blast Wave Fit He. p+p(x1)- 011 - STAR, Fit Range =
20 o - - VISH2+1 Tele | 0.08 “Jl? 0.5< p <0.8GeV/c ’ _
< KM - i - K: 02<p <0.75GeV/c .
= -
10° | . o ] ooe_p 035<p <12GeV/c | —
Krakow 0-5% Central collisions - I S U IR BPUPP b arrrsrs ararars I B

P B P SN B 025 0.3 035 04 045 05 055 0.6 065 07
0 1 2 3 4 5 (BT)
P, (GeV/c)

=» average radial flow velocity <Bt> ~ 0.65 (10% larger than at RHIC)
» kinetic freeze-out temperature T;,~100 MeV (compatible with RHIC within errors)
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Blast wave description <e

e Consider a thermal Boltzman source

3
E(ilT];] x Ee E/T E = mr cosh(y)

e Boost source radially with velocity f and evaluate at midrapidity

1 dN prsinh(p) mrcosh(p)
I K
mmo me > Lo ( T ! T

with p = tanh™" (B)

* Consider a uniform sphere of radius R

1 dN & stinh(p(?“))) K, (mTcosh(p(T))>

d I
demTO( 0 mmT O( T T

parametrize surface velocity with
B(r)=ps (r/R)"
» 3 parameters: T, Bs and n
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INFN

eccentricity
2 2

— . 0, — 0O
initial spatial c = Y x
anisotropy o7+ o3

momentum elliptic flow
anisotropy V2
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Hydrodynamics <R
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Hadronization (N

= p+5 . - L .
L e TEr ALICE \Sy=2.76 TeV. - 1.2+ © ALICE Pb+Pb | -
IR e 0-5% Pb-Pb i - — coal +frag. -
i 1= i - — - only fragmentation| ]
B s PP h 09- i— n‘;ﬂo‘g ;
: — ’ i o Y ‘ ——- w/o s-h coal. ]
: Krakow : =
- E -+=+ Fries et al. - o
I ! B
i 4 EPOS ) =
: . i
i [ﬁl’n .......... 7 ’ i
N Ay, [o] H X
A, o] i
: | | . | . : &| i | tl ()-
0 "6 8 10 12 14 16 18 0 1 2 3 4 5 6 7 8 9 10
p. (GeV/c) P [GeV] i * —
T | PLB 736 (2014) 196
| L | Pb-Pb|sy, =276 TeV A/KO
pT dependent baryon/meson enhancement in central & 1.5/ Centrality 0-10% e s
Pb-Pb collisions - R “e
. ®)
» g coalescence: different pt for baryons and mesons? % Ak *
» hydrodinamic flow: mass-dependent (blue-shift) pr = 1 . / m
spectra S R '
>\ L ********** |
p (uud) 938 MeV S d g

¢ (s anti-s) 1020 MeV SRCOROSONONEF I

¢

[] [ ‘. *** -1
Coalescence production # different pr spectra - o p/6 >0 o]
. . [ o ALICE |
Hydrodynamics » similar pt spectra S -
y y ' pT p 00 1M|*1 L 1211 Lo 1311 L1 141. L1 151
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0.3

V,{SP,|An| > 0.9}

Hadronization

0-5%

ALICE

Pb-Pb \ s, =2.76 TeV
ml <0.8
and |y| < 0.5

10-20%

I

Particle species
ot K
=p+p 0
*A+A  FE+

Q40

C. Oppedisano
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Haaronization INFN

10-20%

1.021
1.014

0.99;

40-50%

ATLAS
Pb-Pb \s,,=2.76 TeV
Lin=8 ub'1

2<pi,p$<SGeV

| ATLAS coll., PRC 86, 014907 (2012)
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TWO=P6|”UC|6 correlations in P=Pb INFN

. . . . . A% :_ Sy = 5- e o0
Subtraction of the contribution from jet fragmentation: - ‘:,L'CEF:P;‘;:ZL: “
c - T,assoc T.trig L()
0-20% - 60-100% . - — (S
. . . . ® o7k olelo|®e]oe|o|e|®|e|e|e N
¥ justified by the observation that the near side peak 2 07 lafole]o]ole]ol" OV e
. . . . s 0.6 —
yield does not depend on particle multiplicity : S |
0.5 A 0.7GeVic<p .07GeVic<p m
C ® 2.0 GeV/c < pT’"I , 0.7 GeV/c < Py resoc —
0.4 :_ ] 2.0 GeVic< pT:m:, 2.0 GeV/ic< ijw D-..
0af | 5
- O |
0.2 F L
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013 |
o v | | Ll | L <J
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TWO=-p6I”tiC|6 correlations in P—Pb

INFN
p-Pb \s = 5”‘.02 TeV. p‘l‘,trig <4 GeV/c

2<p_ . <4GeVic
Ttrig
p-Pb\s,, = 5702 TeV

1< [ <2 GeV/c

p-Pb \s,, = 5.02 TeV
-\ (0-20%) - (60-100%)

-2
» symmetric double ridge observed in p-Pb

collisions where collective behaviors were not
expected (no flowing medium formed)!

C. Oppedisano
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Shear Viscosity e

Analytic: Csernai, Kapusta and McClerran PRL 97, 152303 (2006)
Lattice: H. Meyer, PR D76, 101701R (2007)
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