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A bit of a history...
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The birth of the sQGP paradigm...
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...established by looking at the details
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Good description by blast-wave parametrisation
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...established by looking at the details

| (PHENIX Collaboration):
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Agreement with (ideal) hydrodynamical calculations

Phys.Rev.Lett.91, 182301,2003 §

Panos.Christakoglou@nikhef.nl



...established by looking at the details
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Mass ordering at low pr

Good description by blast-wave parametrisation
Agreement with (ideal) hydrodynamical calculations
Apparent NCQ scaling at intermediate pr
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The “perfect liquid” at RHIC
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The “perfect liquid” at RHIC and LHC
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The sQGP paradigm

QCD phase

transition
Thermalization

Parton cascade
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The sQGP paradigm

Looking at the details: anisotropic flow with identified particles
Important to understand the whole dynamical evolution of the system:

v Initial state
v Viscous hydrodynamical evolution
v Highly dissipative hadronic rescattering phase

{ -,'

Hadron gas QCD phase
transition

QGP [Thermalization

Parton cascade
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The three momentum scales: low pr (pr< 3 GeV/c)

8  Mass ordering observed at low pr at RHIC energies

%  expected by hydrodynamic calculations

P }VISHNU
0—a (D
—~ ¢hydro T, =165MeV

— ¢ hydro T, =100 MeV

¥ S.S.Adler et al. (PHENIX |
4 Collaboration), Phys. Rev. §
E Lett. 91, (2003) 182301 ¢

Pb+Pb 2.76 TeV

H. Song, S. Bass and U. Heinz 1
i arXiv:1311.0157 [nucl-th]  $§

~

¥ B.Abelevetal (STAR |
¥ Collaboration), Phys. Rev. §
. C77,(2008) 054901 ¢

& Relatively new calculations
expect the mass ordering to be
violated

2 3 4 5 6 70 1
pT(GeV/c)
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Mass ordering @ LHC

¥ B. Abelev et al. (ALICE Collaboration), JHEP 06 (2015) 190 s

-~ T 3N Rode o > e N 5 Aa =

ALICE 10-20% Pb-Pb | s, = 2.76 TeV
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Low pr (pt < 3 GeV/c): mass ordering =¥ elliptic/radial flow interplay
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How does the mass ordering develop? SN

€ Radial flow pushes particles to
higher pt — depletion at lower pr

%  heavier particles “feel” more the
boost — the higher the mass
the larger the low pt depletion
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How does the mass ordering develop? SN

Toy model

€ Radial flow pushes particles to
higher pt — depletion at lower pr

% heavier particles “feel” more the
boost — the higher the mass
the larger the low pt depletion
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How does the mass ordering develop?

Toy model

Radial flow pushes particles to
higher pt — depletion at lower pr

% heavier particles “feel” more the
boost — the higher the mass
the larger the low pt depletion
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How does the mass ordering develop? SN

Toy model

€ Radial flow pushes particles to
higher pt — depletion at lower pr

% heavier particles “feel” more the
boost — the higher the mass
the larger the low pt depletion
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How does the mass ordering develop?

8

—e— ALICE, Pb-Pb \s,,, =2.76 TeV
—«— STAR, Au-Au, \ s, = 200 GeV
—e— PHENIX, Au-Au, \ s, = 200 GeV

e,
%oe
=
Se,

Radial flow pushes particles to
higher pt — depletion at lower pr

Qualitative similar to
experimental observations

% heavier particles “feel” more the
boost — the higher the mass
the larger the low pt depletion

B. Abelev et al. (ALICE Collaboration), Phys. Rev. C88, (2013) 044910 'g‘
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How does the mass ordering develop?

S

Toy model

Larger “push” in-plane than out-
of-plane as a function of mass

% larger low-pt depletion in- N _N
plane than out-of-plane — o in-plane * " out-of -plane
lower v2 in @ mass V2 N Y,
dependent way in-plane " * ¥ out-of -plane
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How does the mass ordering develop?

S

Toy model

Heavy particles have lower vz
at a fixed pr than light particles

Larger “push” in-plane than out-
of-plane as a function of mass

% larger low-pt depletion in-
plane than out-of-plane —
lower v2 in a mass
dependent way

Panos.Christakoglou@nikhef.nl
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How does the mass ordering develop?

S

Toy model

Heavy particles have lower vz
at a fixed pr than light particles

Larger “push” in-plane than out-
of-plane as a function of mass

% larger low-pt depletion in-
plane than out-of-plane —
lower v2 in a mass
dependent way
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How does the mass ordering develop?

S

Toy model

Heavy particles have lower v;
at a fixed pr than light particles

Larger “push” in-plane than out-
of-plane as a function of mass

% larger low-pt depletion in-
plane than out-of-plane —
lower v2 in a mass
dependent way
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The special role of the ¢-meson

¥ B. Abelev et al. (ALICE Collaboration), JHEP 06 (2015) 190 §

ALICE 40-50% Pb-Pb \ 5,,, = 2.76 TeV

Vo{SP,|An| > 0.9}
Vo{SP,|An| > 0.9}

At low pt (pt < 3 GeV/c): mass ordering =¥ elliptic/radial flow interplay

%  First bins could hint to a different ordering? Still inconclusive...

Panos.Christakoglou@nikhef.nl 23



Mass ordering @ RHIC

Transverse momentum P (GeV/c)

Mass ordering preserved at RHIC?
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Mass ordering violation @ RHIC

Au + Au at s, =200 GeV
s 0-30%
e 30-80%
* 0-80%

Models
hydro, 0-80%
hydro + JAM, 0-80%

AMPT, Hadron Cascade Time
B 0.6 fm/c(0-30%)

30 fm/c (0-30%)
B4 UrQMD (0-30%)
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Mass ordering violation @ RHIC

= = -

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 11

6, (2016) 062301 §
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Probably also for cascades!!!
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o= 2 >

Phys.Rev. C77 (2008

~

02040608 1 1214 16 18 2 02040608 1 121416 18 2 02040608 1 1214 16 18 2
P, (GeV/c) P, (GeV/c) P, (GeV/c)

FIG. 9: (Color online) Transverse momentum dependence of the elliptic flow parameters for pions (dotted blue), protons

(dashed green), and ¢ mesons (solid red), for Au+Au collisions at b=7.2fm. (a) Before hadronic rescattering. (b) After
hadronic rescattering. (c¢) Ideal hydrodynamics with Ti, =100 MeV. The results for pions and protons are the same as shown
in Fig. 5.
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Comparison with hydrodynamic calculations

“*I" ALICE VISHNU 10-20% 40-50%

©
]

>

{SP,|A1| > 0.9}

2

4

In theory,
"’IQOry ond
F"’O(‘.i(c are the
some
In proctice.
.h'!f are not
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VISHNU in more detail

VISHNU: Centrality 10-20%
Phys. Rev. C89, 034919 (2014)

Mass ordering not preserved!!!
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VISHNU vs VISH2+1

Centrality 10-20%
VISH2+1

Particles with small hadronic x-section are affected less (e.g. ®, =)
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VISH2+1 in more detail

»
.
.
T

VISH2+1: Centrality 10-20%
Phys. Rev. C84, 044903 (2011)

(LR RN I[i

.
AT
THTLMATIL
T AT R

Mass ordering preserved
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And there is more...: higher (odd) harmonics!

n\v\’

1=0.4 fm/c

transferred via the
low viscosity QGP

into final state correlations
(higher, odd harmonics)

0.3 <pr<3GeV/e

o CMS'prehIimiary

PbPb Vs, = 2.76 TeV
0-0.2% centrality

VISH2+1 Hydro
Glauber, /s = 0.08
MC-KLN, /s =0.20 2
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Higher harmonics @ RHIC
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Mass ordering at low pt observed also for higher harmonics at RHIC
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Higher harmonics @ LHC

§ B.Abelev et al.

ALICE Pb-Pb |s,,=2.76 TeV

| 20-30%

+

Panos.Christakoglou@nikhef.nl
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¢ 2030% § g
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Higher harmonics @ LHC (ultra-central events)

ALICE Pb-Pb |s,,=2.76 TeV
P 0-1%

l l I l | I
ALICE Pb-Pb |5,,=2.76 TeV ‘

+

: 0-1% ¢

Same features for different vn (up to vs!) even for ultra-central collisions
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The three momentum scales: intermediate pr (3 < pr< 6 GeV/c) SN

€  Number of constituent quark (NCQ)
scaling holding with good accuracy at
RHIC

%  quarks coalesce forming hadrons?

%  NCQ scaling was considered as
“evidence” of partonic degrees of freedom

R IR~
osay, llll,llllll 117777
2ORIEIEELS,

Eds/d’p (mb.GeV 2c?)

STAR Collaboration), Nucl.Phys. A757 (2005) 102§
), Nucl. Phys. A757, (2005) 184 §

s (
PHENIX Collaboration

} U Adams et al
£ K. Adcox et al., (

Panos.Christakoglou@nikhef.nl 36



Deviations from the universal scaling at RHIC

4 5 2 3 4 5
P, (GeV/c) Au-Au @ Vs = 200 GeV P (GeV/c)

6
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Deviations from the universal scaling at RHIC

Au+Au \s,, = 200 GeV

0.0 05 1.0 15 2.0 25 3.0 0.5 1.0 15 2.0 25 3.0
pT/nq (GeV/c) pT/nq (GeV/c)

Deviations for pt/nq > 1 GeV/c depend on centrality

Panos.Christakoglou@nikhef.nl
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NCQ scaling @ RHIC

pT/nq (GeV/c)

Scaling seems to hold at an approximate level of 10-15%
Good enough???

Panos.Christakoglou@nikhef.nl
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Scaling properties @ LHC

2
o
A
=
<
al
),
R
>

S

ALICE 10-20% Pb-Pb | s, = 2.76 TeV

p- (GeV/e)
Scaling at the level of no better than * 20%

A 'f,;
) \‘V

Panos.Christakoglou@nikhef.nl
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20-40% 40-60%

PHENIX
ot
AK*

Hp ()

e

e E:s?ﬁlg:i:aﬁﬂmﬁﬁﬂkiﬂ

Qualitative similar deviations between LHC and RHIC,
but the trend is different for different particle species
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The elephant in the room...

O
-
r—\’h
o)
o
A
=
<
al
9p)
N
N

O
—h

ALICE 10-20% Pb-Pb | 5., = 2.76 TeV

pT/ ny (GeVic)
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The special role of the ¢-meson

oy
o
AN
=
<
o
%)
=
>

ALICE 40-50% Pb-Pb \ 5,,, = 2.76 TeV

Panos.Christakoglou@nikhef.nl
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The special role of the ¢-meson

v,{SP,|An| > 0.9}

Intermediate pt (3 < pt < 6 GeV/c) the p-meson follows

% the meson band for peripheral events

Panos.Christakoglou@nikhef.nl
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The special role of the ¢-meson

v,{SP,|An| > 0.9}

© ALICE 40-50% Pb-Pb | s, = 2.76 TeV |

\  ALICE 10-20% Pb-Pb | 5, = 2.76 TeV

v,{SP,|An| > 0.9}

Intermediate pt (3 < pt < 6 GeV/c) the p-meson follows

% the meson band for peripheral events

% the baryon band for central events

Panos.Christakoglou@nikhef.nl
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The special role of the ¢-meson

v,{SP,|An| > 0.9}

Mass effect also at the intermediate pt range!
Challenges the coalescence picture???

—r

V,{SP,|An| > 0.9}

Intermediate pt (3 < pt < 6 GeV/c) the p-meson follows

% the meson band for peripheral events

% the baryon band for central events

& ALICE 10-20% Pb-P

Panos.Christakoglou@nikhef.nl
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Scaling of higher harmonics @ LHC

¥ B.Abelev et al.

ALICE Pb-Pb |s,,=2.76 TeV

1¥ 20-30% |

+

1.5 2
pT/ n, (GeV/c)

§ 20-30% !

05 1 15 2
pT/ n, (GeV/c)

ALICE Pb-Pb |s,,=2.76 TeV

+

1.5 2
pT/ n, (GeV/c)

Panos.Christakoglou@nikhef.nl
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ALICE Pb-Pb |s,,=2.76 TeV

o Tt

Y 0-1% |

1.5 2
pT/ n, (GeV/c)

pT/ n, (GeV/c)

pT/ n, (GeV/c)

Scaling at the level of 10-20%

Panos.Christakoglou@nikhef.nl
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The three momentum scales: high pr (pt> 6 GeV/c)

8  Probing the path length dependence

% particles flying in- (out-of)plane have
to travel through less (more) medium

%  expect to see an azimuthal
dependence of jets and high pr
particles

Panos.Christakoglou@nikhef.nl 49



High pr pions, kaons, protons @ LHC: v-

'/"; B. Abelev et al. (ALICE Collaboration), Phys. Lett. B719, (2013) 18 @

h™+h (10-50%)

wt+m (10-50%)

p+p (10-50%)

n” PHENIX (10-50%)
™ WHDG LHC
Extrapolation (20-50%)

Significant v2 for all particle species at high pr

w azimuthal dependence of high-pr particle yield

W ho significant particle species dependence for pr > 10 GeV/c

Theorv curve describes data fairly well

Panos.Christakoglou@nikhef.nl
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—

(1/N2%) d®N2A /dn dpy

Raa(pr)= — " B —
(Neol)(1/N55) d*NE /dndpr

ALICE 0-5% Pb-Pb \s,,=2.76 TeV
° T+
o K'+K
A p+p

&  Large suppression of high pr particles

&  Suppression does not depend on particle species for pr > 10 GeV/c

Panos.Christakoglou@nikhef.nl 5



Ta ravra pel...(everything flows)
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Ta ravra pel...(everything flows)

ALICE Near side gap: An < 0.8
p-Pb \s,, =5.02 TeV
(0-20%) - (60-100%)

Not only in A-A it seems but also for smaller systems!

Panos.Christakoglou@nikhef.nl

53



Ta ravra pel...(everything flows)

arXiv:1606.06198 [nucl-ex] {

Not only in A-A it seems but also for smaller systems!

Panos.Christakoglou@nikhef.nl
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IHEF We’ve come a long way...from this

NA49 Collaboration) |}
) 4136

(1998

’, » '
| Phys.Rev.Lett. 80

-

~ (NA49 Collaboration ;
034903 |

Phys.Rev. C68 (2003)
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We’ve come a long way...to this

0 00102030405060.70809 1
p; [GeV/c]

40
p-+ (GeV/c)

. Phys.Rev.Lett.91, 182301,2003 §

Sl ——

4
p, (GeV/c)
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We’ve come a long way...and now to this

ALICE Pb-Pb
L 0-1% |

B. Abelev et al. (ALICE Collaboration), JHEP 09 (

| S =2.76 TeV

ALICE Pb-Pb |5,,=2.76 TeV

’f 0-1% .
ALICE Pb-Pb |s,,=2.76 TeV

+

F 0-1%

niv’
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We’ve come a long way...and now to this

»

* Kkinetic theory
= |attice QCD
-+ AAS/CFT limit

= Vviscous hydro
viscous hydro + flow data

" L- - am

n/s near T,
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More to come...

N R e L L L L L L
. ALICE Pb-Pb Hydrodynamics -
—5.02 TeV 2.76 TeV 5.02 TeV, Ref. [27]—
- mV,{2, |An|>1} O V,{2, [An|>1} =, {2, [An|>1}

_ eV, {2, IA]]|>1} 0 V, {2, IAI]|>1} —V, {2, An >1}
| ev. {2, [An>1} O Ve{2, [An|>1}
| # v, {4} = Vp{4}

v, {6}
__X v, {8} Ef’ - — .

E!;K [gé* K y * ? R .
¢ Study the QGP , b | Looking at the
properties in more sliclls
detail n/S(T)
v Allows for the first _o—F— © f # ¢/S(T)
time to probe the ) : ' ‘ EoS

temperature
dependence of n/s

Connection to
EoS

*€0 "€C "€ "€ €«

H drodynamlcs Iglef [25]
n/s(T), param1
n/s 0.20

TR
T ¥

T8 —w—7
Tl T

——L

I IIIIIIIIIIIII
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llIlllllIlllIl

| 4 *+ ©
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Personal wish-list: Connection to stellar objects (neutron star

A NEUTRON STAR: SURFACE and INTERIOR

‘Swiss ‘Spaghetti’

CORE:

Homogeneous
Matter

OO 300 o olRasl
00 O Gid i Neutron

YA Superfluid

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Cone of open
magnetic
field

lines

Neutron Superfluid .

Neutron Superfluid +

Neutron Vortex  Proton Superconducto
Neutron Vortex

Magnetic Flux Tube
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Personal wish-list: Connection to a much bigger picture

final detected

Relativistic Heavy-Ion Collisions

Kinetic
freeze-out

Hadronization
Initial energy
density

pre-
equilibrium : hdoa :
ynamics viscous hydrodyhamics free streaming
| collision evolution | i
t~0fm/c t~1fm/c Tt~ 10 fm/c T ~ 10 fm/c
Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
Inf .
3 e | .
U L O ey &
’ e L TEl . WMAP
000 At sy B s fee TI¥ . .- &
i o) e o te® 7. o]
T SRR o (R [ e R 5 ! " -
M i o SO N | Bl
Q ﬂ. -,‘ Q|':,.\ .l - *‘. o : f.' “’
Fluctu ‘;" E‘.‘“ ” *, 4 £, | \ )
. s " 0 " - —

1st Stars
about 400 million yrs.

| Big Bang Expansion

13.7 billion years
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Backup
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The sQGP paradigm

Hadron gas

QCD phase
transition
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The sQGP paradigm

Lattice EoS

Initial energy Hydrodynamical
density + |  evolution (n/s, {/s)

fluctuations
Hadron gas QCD phase 3

transition

QGP Geometry: Hadronic
Glauber/CGC 3 rescattering
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The sQGP paradigm

Lattice EoS

Initial energy Hydrodynamical
density + i  evolution (n/s, {/s)

fluctuations
Hadron gas QCD phase 4

transition 3 3 .
OGP Geometry: 3 i F Hadronic
Glauber/CGC i rescattering

Photons

Heavy flavour g

Spectra
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The sQGP paradigm

Lattice EoS

Initial energy Hydrodynami
density + | | cal evolution
fluctuations . (n/s, {/s)
Hadron gas QCD phase 3
transition % , :
Geometry: { { Hadronic
Glauber/CGC i rescattering

Photons

Heavy flavour g

Anisotropic g
flow Spectra
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The sQGP paradigm

niv’

Looking at the details
Important to understand the whole
dynamical evolution of the system:

W Initial state
YW Viscous hydrodynamical
evolution
Highly dissipative hadronic
rescattering phase

Lattice EoS

Initial energy
density +

fluctuations
QCD phase +
transition

Geometry:
Glauber/CGC

Photons

Heavy flavour e

Anisotropic |t f
flow g

Spectra

Hydrodynami

| cal evolution

(n/s, {/s)

Hadronic
rescattering
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Looking at the details...: central events

VISHNU 10-20% ;0. VISHNU 10-20%
Pb-Pb | 5 = 2.76 TeV Pb-Pb | 5, = 2.76 TeV

_Tci

4P

=
=
(@)
S
o
>
<
[aV)
~
=
(aV]
~

v,/ v,(hydro fit)

Systematic deviations for the majority of particle species (with the exception of K)

Proton v2 underestimated (i.e. extra push expected in hydro) but A v2 overestimated
(i.e. less push expected in hydro)

Mass ordering not preserved in VISHNU due to the hadronic cascade

™ not supported by ALICE data
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Spectra: How good is VISHNU doing?

Pb+Pb 2.76 A TeV (LHC)

=

[—
<

[W—

|
2

[S—
o
I

dN/(dyp,dp,)(GeV™)

|III

T T

T T

30-40 %

H. Song et al., arXiv:1311.0157 [nucl-th]
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VISH2+1: comparison to spectra

ALICE Collaboration: Phys. Rev. C 88, 044910 (2013)
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Elliptic flow

)

(*+x%)
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Elliptic flow

)

(*+x%)
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Elliptic flow

oosition of

 Super

{ independent pp collisions ;

o)

(*+x%)
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Elliptic flow

‘ 'ér‘oSitinI o 1
§ independent pp collisions  §

¥ Momenta pointing at random }
: directions '

o)

(r*+x7)
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Elliptic flow %

§ high density and ¢
§ pressure at the §
{ center of the |}

fireball i

¥ Development as a bulk system §
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Elliptic flow %

¥ high density and ¢
§ pressure at the §
i center of the §

fireball i

symmetrlc oressure féd'ents‘ f-
§ (larger in-plane than out-of- §
1 plane) push bulk out = flow R
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Elliptic flow %

¥ high density and ¢
§ pressure at the §
i center of the §

fireball i

symmetrlc oressure féd'ents‘ f-
§ (larger in-plane than out-of- §
1 plane) push bulk out = flow R

¥ More and faster particles in- j
g plane than out-of-plane  §
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Elliptic flow

oosition of

~ Super

"'- ‘independent pp collisions !

/4

/2

31m/4
¢-¥, (rad)
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Elliptic flow

oosition of

~ Super

"'- ‘independent pp collisions !

/4

/2

31m/4
¢-¥, (rad)
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Elliptic flow

¥ Superposition of
¢ independent pp collisions

system §

/4

/2 31m/4 1
¢-¥, (rad)

/4

/2 31m/4 1
¢-¥, (rad)
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Elliptic flow

¥ Superposition of
{ independent pp collisions

system §

P2-p2)
(pi+p3)

Vo=

I I I
/4 /2 31m/4
¢-¥, (rad)
I I I
/4 /2 31m/4
¢-¥, (rad)

Vo(ppn) ={cos| 2(¢-¥,) |)
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Searching for the critical point

>
D
e
W
=
o
L
Y
}_

Color
Super
conductor

Hadronic Gas

250 500 750 1000

Baryon Chemical Potential pg (MeV)
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BES: v of antiparticles

[ L. Adamczyk et al. (STAR Collaboration

*T Op AZ

oK vo mll
&Kz AA

Similar mass ordering at low pt as the one reported for higher energies

The ¢ seems to deviate from the ordering at lower energies
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BES: v2 of particles

11.5 GeV Au+Au, 0-80%

g

[
.

|

-
'
C. )

Al’l
» * -i
B
>
o A YA
>
r

Similar mass ordering at low pr as the one reported for higher energies

Spread of v2(pt) nharrows with energy (not for antiparticles!)
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BES: v: difference between particles and antiparticles

n\v\’

L. Adamczyk et al. (

STAR Collaboration), Phys. Rev. C88, (2013) 014902 §

% Au+Au, 0-80% K= -Z
Op-p
OA-A
AK K

An-T

Particle composition, baryon stopping change with energy

N ¢

. Is the difference a “trivial” effect or does it signal the transition to hadronic degrees of freedom?

Models that couple hydro to baryon stopping seem to be getting similar differences with energy

Situation is still quite unclear = need for further input from theorists
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BES: Baryon/meson grouping (particles)

2 3 40
m.-m, (GeV/c®)
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BES: Baryon/meson grouping (antiparticles)

¥ L. Adamczyk et al. (STAR Collaboration 014907 |
oy Antiparticies -

PR AN . N —— | - U —— i o S S R ———

m,-m, (GeV/c?)
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