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XXVI international conference
on ultrarelativistic heavy-ion
collisions

* From February 5 to February 11
* More than 700 participants!
e 37 plenary talks and 176 parallel talks + ~300 posters
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Tools & Physical Observables

collisions thermalization hydro hadronization freezeout

event generator

A HE:#)H1@E5E

3AM: DSBS - BNE, EROKE | statistical model

6 L0 photons/leptons

Physical observables

>
1 $5eh-2 A bulk property o
5 IR Ft Jets >
7 B0 heavy quarkonia>

KM i

LI C. NONAKA



Heavy lon Collisions@QM2017

STAR@RHIC

P+P,
d+Au,He+Au
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb  Pb+Pb
7.7,11.5, 19.8, 27, 39 200 2760 5020 GeV
>
RHIC LHC SN
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Heavy lon Collisions@QM2017

P+p, p+p
d+Au,He+Au p+Pb
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb Pb+Pb
7.7,11.5,19.8,27,39 7 200 2760 5020 GeV
>
RHIC LHC 5
. NN
AR
collisions hadronization freezeout
iyl €y ¢
,ﬂ" i " \ ‘\. . - . “‘s
o @ / & ; " : < % o
& N T
Initial conditions Hydrodynamics Final state interactions
Fluctuations: QGP bulk property Cooper-frye+decay
Glauber, KLN, EoS: lattice QCD MC sampling
IP-Glasma... Shear and bulk Hadron based event
KM i viscosities generator
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H drodynamic ModeI@QM17

Eskola

Denicol
Bernhard
McDonald
Gardim
Luzum
Sakai
Wang
Karpenko
Auvinen
Shen

Moreland

Kawaguchi
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NLO pQCD +
saturation

IP-Glasma
TRENTO
IP-Glasma
NEXUS
NEXUS
MC-Glauber
AMPT
UrQMD
UrQMD
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MUSIC,n,C
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(3+1)-d, n
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MUSIC,n,k
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(3+1)-d, n

CF, decay, vis

UrQMD
UrQMD
UrQMD

MC sampling
MC sampling
JAM

CF decay
UrQMD
UrQMD

Hadron
cascade

UrQMD
JAM
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V,,V3
Yield,<P>,v
Flow £ fi%

correlation

n

fluctuations
factorization
A, vorticity
A, vorticity
Yield, HBT,v,
Yield

Yield,v,
Yield,v,

Au+Au,
Pb+Pb

RHIC/LHC
Pb+Pb
Pb+Pb
Au+Au
Au+Au
Pb+Pb
Au+Au
Au+Au(BES)
Au+Au(BES)
Au+Au(BES)

P+Pb

P+Pb,
p/d/He+Au



H drodynamic ModeI@QM17

Eskola NLO pQCD + (2+1)-d,n CF, decay, vis Au+Au,
saturation correlatlon Pb+Pb
Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
McDonald  IP-Glasma MUSIC, 1, UrQMD Flow % Pb+Pb
Gardim NEXUS SPHERIO MC sampling correlation Au+Au
Luzum NEXUS SPHERIO MC sampling fluctuations  Au+Au
Sakai MC-Glauber Thermal fluc,m  JAM factorization  Pb+Pb
| Wang AMPT (3+1)-d, n CFdecay A, vorticity Au+Au
Karpenko  UrQMD (3+1)-d, n UrQMD A, vorticity Au+Au(BES)
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Shen MC- MUSIC, .,k Hadron Yield Au+Au(BES)
Glauber+Lexus cascade
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb
Kawaguchi MC-Glauber (3+1)-d, n JAM Yield,v, P+Pb,
F PYTHIA p/d/He+Au
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Eskola

Denicol
McDonald
Shen

Gardim
Luzum
Sakai

Kawaguchi

Karpenko
Auvinen
Bernhard

Moreland

NLO pQCD +
saturation

IP-Glasma
IP-Glasma
MC-

Glauber+Lexus

NEXUS
NEXUS
MC-Glauber

MC-Glauber
PYTHIA

UrQMD
UrQMD
TRENTO
TRENTO

(2+1)-d,n

MUSIC,h,z
MUSIC, n,C
MUSIC,n,x

SPHERIO
SPHERIO

Thermal fluc,m

(3+1)-d, n

(3+1)-d, n
(3+1)-d, n
(2+1)-d, n,C
(2+1)-d, n,C

CF, decay, vis

UrQMD
UrQMD

Hadron
cascade

MC sampling
MC sampling
JAM
JAM

UrQMD
UrQMD
UrQMD
UrQMD

correlatlon
V,,V3
Flow £ fi%
Yield

correlation
fluctuations
factorization
Yield,v,

A, vorticity
Yield, HBT,v,

Yield,<P:>,v,

Yield,v,

Au+Au,
Pb+Pb

RHIC/LHC
Pb+Pb
Au+Au(BES)

Au+Au
Au+Au
Pb+Pb

P+Pb,
p/d/He+Au

Au+Au(BES)
Au+Au(BES)
Pb+Pb
P+Pb
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Hydrodynamic Model@QM17

Eskola

Denicol
McDonald
Shen

Gardim
Luzum
Sakai

Kawaguchi

Bernhard

Moreland

NLO pQCD +
saturation

IP-Glasma
IP-Glasma

MC-
Glauber+Lexus

NEXUS
NEXUS
MC-Glauber

MC-Glauber
PYTHIA

TRENTO
TRENTO

Fluctuating initial conditions )

13
Model 1o
* NLO pQCD + saturation Z
* |P-Glasma: gluon, glasma
* MC-Glauber: nucleon -z _
« TRENTO:Bayesian #EHTIZ{EF, IP-Glasma. KLN,
GlauberE M #1544 . Normalization [LRFES
A
* MC-Glauber+PYTHIA for small systems

Event generator
 AMPT:HUING(jet interaction)-ZPC(parton
cascade)-ART(hadronic scattering)
* NEXUS: Regge-Gribov theory
« UrQMD:/\FAEUAR—X - {EMEEIR)LF—

New
* MC-Glauber+Lexus for BES experiment

BEIRILX—EFHZE, RIKITDLT D2EONS



TRENTO

TRENTo: parametric initial condition model

Ansatz: entropy density proportional to

generalized mean of local nuclear density 9 *
0
-
T+ Tg\1/p .
SOC( 5 ) Ta,B(z,y) = /dzpia"é(w Y,2). .
p € (—o0, o0) = tunable parameter; 5|
varying p mimics other models: = -
‘H_—‘ 0
ep=1 = sxTp+Tp > “
wounded nucleon model -s}
° p=0 — SOC\/TATB
similar to IP-Glasma, EKRT i o
e Previouswork:p=0.0+0.2 ol .
PRC92011901[1412.4708] PRC 94024907 [1605.03954] -
_5.
See talk by S. Moreland, Wed. 10:40 - . :
x [fm]
M i by Bernhard
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MC-Glauber+Lexus
The 3D MCGlauber-LEXUS model

e Collision time and 3D BT A/LF—1&

spatial position are iﬁd)iﬁ%@ﬁyb}
Az determined for every w50y
binary collision EAVEY IR T
B & e The rapidity loss is %"

determined by the LEXUS
model

cosh(y — yr)
sinh(yp — yr)
+(1 = A)d(y — yp)
e QCD strings are free-
streaming by th = 0.5fm
before thermalized to
medium

= Chun Shen Quark Matter 2017 10/17

A C. NONAKA

P(ypayTay) = A

by Shen



MC-Glauber+Lexus
The 3D MCGlauber-LEXUS model
AuAu@19.6 GeV e Collision time and 3D

30— o /| spatial position are
" \ 0-5% ’|  determined for every
| binary collision
2.0| | ® The rapidity loss is
~ determined by the LEXUS
g 1.5 model
- cosh(y —
1.0l P(yp,yr,y) = )\sinh(;(y:l]/a _y;?)
05l ~, | +(1 = A)d(y —yp)
\/ e QCD strings are free-
\ / .
0.0 . VAR . streaming by th = 0.5fm
o2 Al Z(?m) L2 3 pefore thermalized to
medium
X Chun Shen Quark Matter 2017 10/17
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MC-Glauber+Lexus
Hydrodynamics with sources

Energy-momentum current and net baryon density are
feed into hydrodynamic simulation as source terms

0, T"" =JI ..
8 o ik hisource term &
8;#]” = Psource CTHRARIZIEELGNS,

where

S iree = Oeu” + (e + P)ou”

Su? A/,VL‘]élﬁ)urce
w= e+ P

heats up the system accelerates the flow velocity
Psource dopes baryon charges into the system

e Source terms are smeared with Gaussians in space
and time

KM Chun Shen Quark Matter 2017 12/17
M 3
1R C. NONAKA by Shen




Hydrodynamic Model@QM17
EoS from lattice QCD. viscous hydrodynamics

Eskola (2+1)-d,n + transient fluid-dynamics EoM nt#v, SHASTA

Denicol MUSIC,h,z + transient fluid-dynamics EoM nt*v, KT scheme

McDonald MUSIC, n,C

Shen MUSIC,n,x

Gardim SPHERIO Ideal, Smoothed particle hydrodynamics, 8 BE{E D HiFI=
Lluzum  SPHERIO FOTRY

Sakai Thermal fluey ¥ thermal fluctuations,

Kawaguchi (3+1)-d, n

Karpenko  (3+1)-d, n VHLLE, EoS [FEFEHLA-TLVSIET,
Auvinen (3+1)-d, n
Bernhard  (2+1)-d, n,C VISHNU(Ohio group), SHASTA

Moreland  (2+1)-d, 1,

KT scheme

KM i
A C. NONAKA



Hydrodynamic Fluctuations

ydrodynamic fluctuatic
ar stress tensor

Fluctuating hydro
Viscous hydro

i (x) = (Znawu")) + 6 (x)

ar viscosity Ensemble Fluctuations
fluid velocity average  around mean
- Hydrod
tion term needed in actual

g C. NONAKA
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Hydrodynamic Fluctuations

Parameters in initial conditions <- Centrality dependence of multiplicity

-ﬁT-differential v,

Ny | Pbll)b 2.7I6'TeVI 40-5IO% - I d e al hy dI‘ o
iy i | > Larger than
041 fluctuating hydro F—*— LIFE .
ALICE data —e— = ,ﬁ!fiy data

= 03 - '!.,;#I ] .
S e Viscous & Fluctu
S o2) - 1 hydro(n/s=1/

0.1+ .'..‘i.. 1 =2 Good agrecm

T with ALICE da
0 05 1 15 2 25 3 35
bt pr~1.5 GeV

ALICE Collaboration,
116 (2016) 132302

KM i = ~ N L . = s —_—
‘/II C. NONAKA I)IL1$M) b?%ﬂy )/-\*LT_IE.%E,]E:ET)I/@%E

by Sakai



AL HIF

Particlization

. . Cooper Frye THIFRWZxEtH&
Eskol
SKola CF, decay, vis Freezeout hypersurface DEEH L
Denicol UrQMD o HIBHIF
McDonald  UrQMD - MR
Shen Hadron d3 N
cascade E— = d(fup“f(w,p)

dp®  J,
fi(x’p) — fOi(-x’p) + 6fl

Gardim MC sampling

Luzum MC sampling
0 [ — -1
Sakai JAM foreap) = = )3[ Xp(p, MMT 0 ) il}
Kawaguchi JAM
« RRIR Event generator™
e MCsampling  JAM
* UrQMD
Bernhard  UrQMD Q
Moreland UrQMD Final state interactions

g
LI C. NONAKA



Eskola

Denicol
McDonald
Shen
Gardim
Luzum
Sakai

Kawaguchi

Karpenko
Auvinen
Bernhard

Moreland

correlatlon
Vo,V3

Flow £i%
Yield
correlation
fluctuations
factorization
Yield,v,

A, vorticity
Yield, HBT,v,

Yield,<P;>,v,

Yield,v,

K|
LRl C. NONAKA

Au+Au,
Pb+Pb

RHIC/LHC
Pb+Pb
Au+Au(BES)
Au+Au
Au+Au
Pb+Pb

P+Pb,
p/d/He+Au

Au+Au(BES)
Au+Au(BES)
Pb+Pb
P+Pb

Jets
Heavy quarks c, b

Thel%galization,

S%(;P, recomtz&%@ction

lectivity

Ieptons QC ph? structure

medium (light quarks u,d,s)
photon

MAET ILIIFRRGYIEE L&
TEENH D,



Eskola

Denicol
McDonald
Shen
Gardim
Luzum
Sakai

Kawaguchi

Karpenko
Auvinen
Bernhard

Moreland

correlatlon
Vo,V3

Flow £ %
Yield
correlation
fluctuations
factorization
Yield,v,

A, vorticity
Yield, HBT,v,

Yield,<P;>,v,

Yield,v,

K|
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Au+Au,
Pb+Pb

RHIC/LHC
Pb+Pb
Au+Au(BES)
Au+Au
Au+Au
Pb+Pb

P+Pb,
p/d/He+Au

Au+Au(BES)
Au+Au(BES)
Pb+Pb
P+Pb

MRS

TRIKICESTEARR (HFEYRTR)
* One-particle distributions
7, K, p, strangeness particles...
Flow, v,, v,



BOERNE

[Niemi, KJE, Paatelainen, Phys.Rev. C93 (2016) 024907]

Centrality dependence of charged-hadron pT spectra ~OK

LHC RHIC
I I T I T T I E I I I I T
10° & n/s =0.20 L F n/s=0.20
102 o — n/s=param3 10 E — n/s=param3 ﬁ * (2+1)-d
] 5-10 % ( ) 101 E " ° 1ﬂl/s o)yﬁéﬁ
1L a i b ] = —
i 10-20 % 10° F (b) L\(j:/\j)(l\j
"T 10° L ‘ = AT 10-20 % > I\
> S > 10" | AR:P; 7] Zzﬁ
S 10tk 20-30 % N N & 102 i MNoTlIEEN
e N s 3 $
= 107 3040 % Ny E 103 3040 % h\EL\O)b\
~ ~ 1 : ~ -
_éf 10° L \\\ .._§ Ij&&)bm&ll\o
§ 1050 % 1= 104 L 40-50 %
10"k 3
:Zdnr s 5060 % % 107 3
107 - i
10° 3
10° i
- 107 [ $ PHENIX
107 [ | ALICE -} STAR
. FLHC Pb+Pb 2.76 ATeV 10° £ RHIC Au +Au 200 AGeV
10° ! ! ] ! 1 1 E 1 1 1 ! 1
00 05 10 15 20 25 3.0 35 0.0 0.5 1.0 1.5 2.0 2.5
pr [GeV] pr [GeV]
With T, .= 175 MeV we get the low-pT part ~OK; 8
essentially no constraints for n/s(T) from here, either by Eskola



Flow H\on/s DIF

Centrality dependence of 2,3-particle cumulant flow coefficients v,

LHC RHIC
0.16 - ' UL ' ' ) ' g = T T | | | | T T
— 1/s=020 } ALICEv, {2} 014 /s=020 RHIC § STARw{2}
0.14 | — "1; S=P‘1"a’"; LHC 2.76 TeV Pb+Pb | 0.12 = W/s=paraml Ay 4 Ay §  STAR vy{2} _
P ) = an . >
012 Z/t ZLZ;; pr=[02...5.0] GeV ] = n/s=param2 900 GeV § STARv, {3} | ° LHCTI&
_ n/s= . 0.10 = n/s=param3 | e SE~
n/s=param4 |1 = n/s = parama pr=[0.15...2.0] GeV E VDV
< 0.08}- . L. RHIC
1o~ | * N
2L 0.06- (b) - TIHEL
= 3
1 T o0.04fb . AR
1 00— - :
==w—3 | °* Bayesian
I 0.00 | t——t—t——t | | .
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 analysis
centrality [%)] centralitv (%l
0.8 T T T 1 T
LHC v_s well reproduced by all these n/s(T) I
o [— 1) /5 = param

0.6 | ™" s —param2
1)/ $ =param3
:> Simultaneous LHC & RHIC analysis very important! os- e

»n
= 04

0.3

:> Constraints for eta/s(T): P—
Small n/s(T) in the HRG seems favored 02
0.1 -

0 | | | | | | |
'900 150 200 250 300 350 400 4509 500

I C. NONAKA by Eskola T Mev)




Lo B
5B
IR TEAR (&7 YFE)

Eskola Au+Au, * One-particle distributions
correlatlon Pb+Pb 7, K, p, strangeness particles...
Denicol v,V RHIC/LHC * Flow, vy v;
rL L XV4 -+

B N EREBHT 50 L HLERN S ?
Shen Yield Au+Au(BES) e Correlations, HBT

: : * fluctuations .
Gardim correlation Au+Au A XA
Luzum fluctuations Au+Au

: L A, vorticity
Sakai factorization  Pb+Pb . BONEAAT LT X ADBESY
Kawaguchi Yield,v, P+Pb, o FEL. IS AR

p/d/He+Au

Cf. DzybhIRIILF—IEX
by Tachibana
Bernhard  Yield,<P;>v, Pb+Pb

Moreland  Yield,v, P+Pb

K
xvi C- NONAKA



Global Lambda Polarization

Vortical structure of the QGP fluid

o Internal quantum structure
of particle
BBC
J,

BBC

/

P, \é*/i)A
) 4

quark-gluon
plasma /
A /
forward-going
beam fragment

A—p+m

B, IEEEHEITKAELAEL
FHERBL),, LTI

5 (cos(%-97,,))

TR

“Golobal polarization”

KM i
A C. NONAKA

§H = <§’H 'j;ys> =

S
—8
@

S
6

STAR, arXiv:1701.06657

Au+Au 20-50%
¥ A this study

@ A this study
¥¢ A PRC76 024915 (2007)
O A PRC76 024915 (2007) |

AR -0

: o .
IS\ (GeV)



Vorticity Structure in QGP

Complex local vorticity structure

AMPT-HUING

. ® 1 =0, 0Y) " [GeV]
10 - N . 1.0
+3D viscous hydro RERP AR RRRRARARS %102  L.G.Pang, H.Petersen, Q.Wang & XNW
Au+Au 20-30% it Bl e S by i wr NGO PRL 117, 192301 (2016)
> . /’i ~
#HIDShear flow Hs )}/’ 2 £ 1 Mos
Vorticity z 2 Bk TR,  Vortex pair in 2D
= [l «  Vortex ring in 3D =
S 0F® O SR . 4 0.0 . -
~ s t&ﬂ\ G ‘;;;;\;';’,,' Toroidal (smoke ring)
L «"f‘{%;}“}sssess‘;i':’x‘x;';& _ vortical fluid
Polarization BRI 1 <
—st e aid® e { R os
hypersurface 51 8 psgdina i SR i - beam direction
~10 | 12 ) SEwn up o v o o .::A’!i@ o ~1.0 -
‘ -10 -5 0 5 10 N .
X [fm] ;> \ ! 4
A Polarization | * Vortex ring appears in the longitudinal - Sb7 K
direction < T ' ’
- Ridge-like vortex pairs in the transverse RN 'y
plane. g

by Lucas V. Barbosa
from WiKi Pedia

A polarization and spin correlations in a vortical fluid




Shear Flow to Vorticity

vy for Au+Au 200 GeV vy, for Au+Au 200 GeV Lo
T 1.0 T T T T T .
l l =0.7 fm - \ 0.8
Y None-zero vorticity is associated with shear flow 0.6
A 5F 1 B
404
_
— | _’\ 410.2
—_— I r=0n Z 0 4 0.0
— . =
y ~0.4
> X =5 / : -0.6
I -0.8 ‘ o -0.8
1 1 1 I 1 -1.0 1 1 1 1 1 -1.0
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X [fm] x [fm]

- AMPT initial condition + hydrodynamics

- Start with: v, = v, =v, =0 at 7 = 0.4fm

KM i
THE C. NONAKA by Wang



Vorticity Structure in QGP

Complex local vorticity structure

AMPT-HUING

. ® 1 =0, 0Y) " [GeV]
10 - N . 1.0
+3D viscous hydro RERP AR RRRRARARS %102  L.G.Pang, H.Petersen, Q.Wang & XNW
Au+Au 20-30% it Bl e S by i wr NGO PRL 117, 192301 (2016)
> . /’i ~
#HIDShear flow Hs )}/’ 2 £ 1 Mos
Vorticity z 2 Bk TR,  Vortex pair in 2D
= [l «  Vortex ring in 3D =
S 0F® O SR . 4 0.0 . -
~ s t&ﬂ\ G ‘;;;;\;';’,,' Toroidal (smoke ring)
L «"f‘{%;}“}sssess‘;i':’x‘x;';& _ vortical fluid
Polarization BRI 1 <
—st e aid® e { R os
hypersurface 51 8 psgdina i SR i - beam direction
~10 | 12 ) SEwn up o v o o .::A’!i@ o ~1.0 -
‘ -10 -5 0 5 10 N .
X [fm] ;> \ ! 4
A Polarization | * Vortex ring appears in the longitudinal - Sb7 K
direction < T ' ’
- Ridge-like vortex pairs in the transverse RN 'y
plane. g

by Lucas V. Barbosa
from WiKi Pedia

A polarization and spin correlations in a vortical fluid
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A and A: UrQMD+vHLLE vs experiment NEW
8 | | | I
7| Au-Au, 20-50% central — A, model ||
Feed-down contributions incl. --- A, model
6 * % ASTAR []
51 ¢ ¢ ASTAR |
SIS -
A i EREREEELTHAE
1 _
-1 | | | L4
7.7 19.6 39.0 624 200
vV SNN [GCW
@ A within experimentan error bars. @ MHD interpretation: vorticity

creates the average A+A,

@ Much smaller and opposite sign A-A e o
magnetic field makes the splitting.

splitting. Only up effect in the
model, and it is small. @ Magnetic field at particlization?

lurii Karpenko, Vorticity in the QGP liquid and Lambda polarization at the RHIC BES 17/18
KM i
1 P by Karpenko
1 C. NONAKA



H drodynamic ModeI@QM17

Eskola NLO pQCD + (2+1)-d,n CF, decay, vis Au+Au,
saturation correlatlon Pb+Pb
Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
McDonald  IP-Glasma MUSIC, 1, UrQMD Flow % Pb+Pb
Gardim NEXUS SPHERIO MC sampling correlation Au+Au
Luzum NEXUS SPHERIO MC sampling fluctuations  Au+Au
Sakai MC-Glauber Thermal fluc,m  JAM factorization  Pb+Pb
Wang AMPT (3+1)-d, m CF decay A, vorticity Au+Au
Karpenko  UrQMD (3+1)-d, n UrQMD A, vorticity Au+Au(BES)
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Shen MC- MUSIC, .,k Hadron Yield Au+Au(BES)
Glauber+Lexus cascade
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb
Kawaguchi MC-Glauber (3+1)-d, n JAM Yield,v, P+Pb,
L PYTHIA p/d/He+Au



Bayesian Analysis

Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb

KM i

LI C. NONAKA



Shear viscosity

Shear Viscosity

LHC Pb+Pb 2.76 and 5.02 GeV

030

0.15

n/s min

0.00
3.0

1.5

n/s slope
[GeV-1]

(1/5)(T) = (0/S)min + (1/)stope(T = To) X (

0.06'3%

%“ - 2.0'83

-

n/s crv

I

(n/S)erv
n)

Prior range
—— Posterior median
90% credible region
04+t

n/s

0.053.7%3 02}
\V\ P KSS bound 1/4n

0.00 015 03000 15 30-1

1 CTNON

n/s min n/s slope
[GeV-1]

0.15 0.20 0.25 0.30

n/s crv Temperature [GeV]

Zero n/s excluded; min consistent with AdS/CFT
Constant n/s excluded

Best constrained T < 0.23 GeV

RHIC data could disambiguate slope and curvature

AKA"

by Bernhard

Rawvacian rharartarizatinn af tha initial etate and NCCD madiinm 17/



Bulk Viscosity

: . LHC Pb+Pb 2.76 and 5.02 GeV
Bulk viscosity

(&/5)max
14 i)z E—o DB ILEE
(& /S)width

(§/s)(T) =

0.10[ 0-015):8:8%

Prior range
x
(1}
E 005 0.08}
v
>
0.00 | +0.02
0.050 - 0.025002 2
NS
£ 0.04}
IS
3 0025 S
29
~
0.000 - - !
000 005 0.10 0.000 0.025 0.050 0.00 - \ :
Us max Us width 70.08 0.12 0.16 0.20
[GeV] Temperature [GeV]

e Can be “tall” or “wide”, but not both
e Short and wide (green) slightly favored

See also talk by G. Denicol, Wed. 17:30

J.E.Bernhard (Duke U.) Bayesian characterization of the initial state and QGP medium
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Bayesian Analysis

Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb

« Bernhard: {2 ELIFRIGKERZHFHODIZHIIL TS,
n/s, ¢/s DR EKFME
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Bulk Viscosity
Model

Ryu et al, PRL 115, no. 13, 132301 (2015)

IP-Glasma + MUSIC + Cooper-Frye @c:
7= 0.4 fm Tro=145 MeV

See S. Pratt lecture, S. Bass plenary talk
Emulator from MADAI Novak et al, PRC89, 034917 (2014), 1303.5769.

500 random parameter samples (100 events per parameter sample)

Observables considered (20-30%) €8 1>®centrality

Observable | N™ | (p%') v2{2} | vs{2} N | ) | wef2} | vs{2}
pr cut (GeV)|pr >0 pr >0 |pr > 0.15(pr >0.15| pr >0| pr >0 |pr>0.2|pr > 0.2
Value 135 [0.411 GeV| 0.0642 0.0183 307 (0.512 GeV| 0.0831 | 0.0293
\Uncertainty 10 |0.021 GeV| 0.000075 | 0.0001 20 ]0.017 GeV| 0.0034 0.0015/
9
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Bulk Viscosity

Results — probability distributions
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Bayesian Analysis

Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb

« Bernhard:32EELFRELEGHERZFODIZAHAIILTILNS,
n/s, (/s D EKRFHE
* Denicol: Q/s@?&éﬁb\h\RHICtLHCT 2775 ? Bayesian analyses O IE LUNEE(H 2
Bernhard &M EL\: Initial condition ZEE L TLY5,
— D McentralityD H
HZLIEB+H1) RIEDREFTAENENOHTIE?
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Bayesian Analysis

Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb

 Bernhard: :E,’J&Eﬁ’”‘f EIERZFADIZAHIIL TS,
* Denicol: Q/s@?&éﬁb\h\RHICtLHCT 27475 ? Bayesian analyses M 1F LUVEEAT 2
Bernhard &M EL\: Initial condition ZEE L TLY5,
— D McentralityD H
HZLIEB+H1) RIEDREFTAENENOHTIE?
* Auvinen:BES EERIZE,
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BES

Parameter dependence on collision energy

n/s and 7o show clear increasing trend towards lower energies
(however, minimum of 7y increases by construction)
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Boxes: 50% confidence range

J. Auvinen (Duke University)
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Hybrid BES Bayesian analysis

Whiskers: 95% confidence range
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Bayesian Analysis

Denicol IP-Glasma MUSIC,n,C UrQMD V,, V3 RHIC/LHC
Bernhard  TRENTO (2+1)-d, n,C UrQMD Yield,<P;>,v, Pb+Pb
Auvinen UrQMD (3+1)-d, n UrQMD Yield, HBT,v,  Au+Au(BES)
Moreland TRENTO (2+1)-d, n,C UrQMD Yield,v, P+Pb

« Bernhard:32EELFRELEGHERZFODIZAHAIILTILNS,
n/s, (/s D EKRFHE
* Denicol: Q/s@?&éﬁb\h\RHICtLHCT 2775 ? Bayesian analyses O IE LUNEE(H 2
Bernhard &M EL\: Initial condition ZEE L TLY5,
— D McentralityD H
HZKIE B+ RTDREFENELZOHTIE?
 Auvinen:BES 3EE&( i F
n/s~0 <- Bernhard &n/s M IRDEL VD inconsistent
« Moreland: small system (23, HKERRIZZETE . EEE R H

3@7373%4:1%?/%7‘_75\ :ET)I/ input B KE, EEOEITAEREZFDIZIE
ZDEBRER. BXEHEENDE,
KM i
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F=EH

collisions thermalization hydro hadronization freezeout
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Initial conditions Hydrodynamics Final state interactions

Fluctuations: QGP bulk property Cooper-frye+decay

Glauber, KLN, EoS: lattice QCD MC sampling

IP-Glasma... Shear and bulk Hadron based event
viscosities generator

« MABREOERREEELLD
« IRERLEERAEIT A RIERIC
* Bayesian 24T : REREERNSETILD/INTA—=3 QGPDWEEIESD,
« RARREOREADHEE
o MAPLE
e Anisotropic hydrodynamics
>II C. NONAKA



