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The early universe
‘ Big Bang Thebry
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The early universe has high temperature/density
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Confinement — De-confinement
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Confinement — De-confinement
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Confinement — De-confinement

LowT
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Q g
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“Quark-Gluon Plasma”
(QGP)

Tc~ 154 MeV ~ 2x10'2 K
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Creating QGP in lab
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{ # Relativistic Heavy lon Collider '
S, (RHIC)

Lake Geneva

First collisions in 2000 First collisions in 2010

e Diameter 1.2 km e Diameter 8.6 km

*  pp, dAu, CuCu,AuAu, UU, OO, ... *  pp, PbPb, pPb, XeXe
«  VsNN ~ 0.007 - 0.2 TeV « VYsNN~5-8TeV

*  99.995% speead of light *  99.9999991% speead of Iigh'c1 ,



QGP evolution

H

Energy Stopping Hydrodynamic

Initial state Hard Collisions Evolution Hadron Freezeout

1 fm/c = 3x10724s

Extremely short-lived matter



| CMS Experiment at LHC, CERN

5 i Data recorded: Mon Nov 8 11:30:53 2010 CEST
\| Run/Event: 150431 / 630470
Lumi section: 173

2.76 TeV PbPb
~ 20,000 particles
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Detectors
STA R@ R H I C Coils Magnet 32&%@; | e il AT LAS @ L H C

Electromagnetic
calorimeters

Solenoid End-cap toroid

E-M
Calorimeter
Time
Projection
Chamber

Trigger
Barrel

Electronics :
Platforms N Barrel toroid 3 man
N Hadronic calorimeters
Forward Time Projection Chamber Beam axis
CMS@LHC |
muon chambers inner tracker ecal.
. | "
. hcal.

e
very forward ]

calorimeter

total weight : 14500 tonne
overall diameter : 14.60m
overall length  :21.60m
magnetic field :4T
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Particle journey

Om
Legende :

-Muons
Electrons
Hadron chargé
— — — -Hadron neutre

----- Photons @ 0%
4T

D .Bamaey, CERN, Febricuy 2004

Calorimetre
"“" électro-
magnétique
Calorimetre Aimants
Vue transverse hadronique  (Supraconducteurs)
de CMS Chambres a muons
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Discovery of a strongly coupled QGP

\ﬁﬁm,ﬁ!\ Newsroom media & communications Office

RHIC Scientists Serve Up "Perfect" Liquid (2005)

New state of matter more remarkable than predicted -- raising many new questions
Monday, April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) - a giant atom
"smasher” located at the U.S. Department of Energy's Brookhaven National Laboratory -- say they've created a new state
of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the
matter created in RHIC's heavy ion collisions appears to be more like a liquid.
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Strongly coupled like a liquid, instead of gas
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Discovery of a strongly coupled QGP

Nﬁﬁwﬁa\%’!\ Newsroom wmedia & communications Office

RHIC Scientists Serve Up "Perfect" Liquid (2005)

New state of matter more remarkable than predicted -- raising many new questions

Monday, April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) - a giant atom
"smasher” located at the U.S. Department of Energy's Brookhaven National Laboratory -- say they've created a new state
of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the
matter created in RHIC's heavy ion collisions appears to be more like a liquid.

Strongly coupled like a liquid, instead of gas
/

Important evidence from collectivity
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Collectivity
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Collectivity — Evidence of fluidity

Off-center AA collision

Z
Reaction

plane \

——> —defines Y

(direction of the impact parameter)
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Collectivity — Evidence of fluidity

Off-center AA collision Momentum anisotropy
Gas-like

Z
Reaction
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(direction of the impact parameter)
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Collectivity — Evidence of fluidity

Off-center AA collision Momentum anisotropy
Gas-like dN/d¢
Reaction ) R

0 -Wn

plane \
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Collectivity — Evidence of fluidity

Off-center AA collision Momentum anisotropy

Gas-like { dN/d¢

Z
Reaction
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Collectivity — Evidence of fluidity

Initial Geometr
‘ + A + .+ =

cos2A¢d  cos3Ad cos4Ad
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Collectivity — Evidence of fluidity

cos2A¢d  cos3Ad cos4Ad

Initial Geometr

52.0————1——————1——— .
L CMS PbPb \[s,, = 2.76 TeV
| Ly =120 ub™
| 0-0.2% centrality
2
— [ ] —
> 515 o ®
t»
° o
° ° b 1
°
o, ® e
51.0-® ° _
| L 1 |
0 2 4
A¢ (radians)

Particle distribution
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Collectivity — Initial to final

cos2A¢d  cos3Ad cos4Ad

Initial Geometr

Initial state . oo I?alﬁlplg Q|sltr|put|9nl
Hydro'response L CMS PbPb \/s, = 2.76 TeV
| Ly =120 ub™
| 0-0.2% centrality
e
Space-time dynamics 251_5_ K |
© e o 0%, °% |
[ J [
° ° d y
[ J
51.00" %o -
0 2 4
A¢ (radians)
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. - - ISBN: 9781108483681
Brief intro to hydrodynamlcs arXiv: 1712.05815

Energy-momentum conservation

o, T" = 0
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oy : ISBN: 9781108483681
Brief intro to hydrodynamics arXiv: 1712.05815

Energy-momentum conservation
8, T = 0
|ldeal hydro: System always in local equilibrium
T" = (e + P)u*u¥ — Pg*v
Hydro response controlled by QCD Equation of State P(g)
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oy : ISBN: 9781108483681
Brief intro to hydrodynamics arXiv: 1712.05815

Energy-momentum conservation

9, T" = 0

Viscous hydro: Including near-equilibrium corrections
T = eutu’ — (P + ID)A* + TV

\Bulk Pressure Shear Tensor
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. - ISBN: 9781108483681
Brief intro to hydrodynamlcs arXiv: 1712.05815

Energy-momentum conservation

o, T"" 0

Viscous hydro: Including near-equilibrium corrections
T = eutu¥ — (P + I A*Y + ¥

\Bulk Pressure Shear Tensor
With 1st order gradient expansion

THY = —770"“’ n: Shear viscosity

M= —(Vlua C: Bulk viscosity
A
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oy : ISBN: 9781108483681
Brief intro to hydrodynamics arXiv: 1712.05815

Energy-momentum conservation

9, T" = 0

Viscous hydro: Including near-equilibrium corrections
T = eutu’ — (P + ID)A* + TV

\Bulk Pressure Shear Tensor
With 2" order gradient expansion

LA
VEU O'MV] + K [R</uj> _ zu)\upR)\<ul/>p] + )\10.<,LL>\O.V>)\

T = —pot +n1, |<Do*” +

VJ_ A _
+)\2O_<M)\Qu>>\ 4+ >\3Q<M>\Qu>>\ + H*zu/\upR)\<lw>p +nT;ATuO.uV i )\4viu In EVIJ/_> Ine

I = —¢ (Vfu)‘) + (D (Viuk) + &M o + &2 (Vfu)‘)z
+E0Qy, + &V, IneV!] Ine+ &R+ EuiuP Ry, .
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oy : ISBN: 9781108483681
Brief intro to hydrodynamics arXiv: 1712.05815

Energy-momentum conservation

a,T" = 0

Viscous hydro: Including near-equilibrium corrections
T = eutu’ — (P + ID)A* + TV

\Bulk Pressure Shear Tensor
With 2" order gradient expansion

1.,
V%u gl“’] +R[R</1,V> QU R)\<,u1/>p] 4+ A\ o< )\0 v>A

T = —pot +n1, |<Do*” +

vJ_ A
+A20 K QYA + A3 QK QYA 4 k*upu, RASHYZP 4o 3u o + AV THIneVy” Ine

2
I = —<¢ (VAu ) + (D (VAu ) + &M o + &2 (VAu )
+E0Qy, + &V, IneV!] Ine+ &R+ EuiuP Ry, .

ab.initio calc. for QGP not easy, relies on model/data comparison
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Collectivity — how to measure

* Single particle distribution Event Plane

/

1+2 Z v,cosn(¢p — D)
n \

Anisotropic Flow

dN N
dp 2m
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Collectivity — how to measure

* Single particle distribution Event Plane

/

av _ N 142 (p — D)
= E v,cosn(¢p — D,
dp 2m —
 Event Plane method Anisotropic Flow

Event Plane from emitted particles

1 sin(ney)
L Sy )

79
plane \ :
Iy

Reaction

o

3

& ——> - defines yy
(direction of the impact parameter)



Collectivity — how to measure

* Single particle distribution Event Plane

/

aN_N1, . zz (6 — D)
= v,cosn(¢p — @,
dp 2m —
e Event Plane method Anisotropic Flow

Event Plane from emitted particles

1 sin(ney)
L Sy )

Event Plane Resolution
R, x cosn(d,, —1,)

Uy = vgbs/:Rn

R, cannot be perfectly determined!




Collectivity — how to measure

e Particle pair distribution
P Vhaab = VnaVnp When CD% = q’-ﬁ

deair Npair
_ 142 ) Vanapcosn(d — b5)
n

dAg 2T
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Collectivity — how to measure

e Particle pair distribution
P Vhaab = VnaVnp When CD% = q)g

deair Npair
1+2 Z VnA,abCOS n((l)a - ¢b)
n

dAg 2T

* Two particle correlation method

2D distribution of pairs in
An =M AQ = @-9,
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Collectivity — how to measure

e Particle pair distribution
P Vhaab = VnaVnp When CD% = q’g

deair Npair
1+2 Z VnA,abCOS n((l)a - ¢b)
n

dAg 2T

* Two particle correlation method

35-40%

A o Pb
n 2 v 4 Pb

fo

2 1.8

QO 1.6

O 14

~ 1.27

nff 4

2D distribution of pairs in
An =M AQ = @-9,
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Collectivity — how to measure

e Particle pair distribution

P VnA.ab = UnaVUnp When CI)% — ('I)z

deair Npair

= T 1+2 Z VnA,abCOS n(pq — dp)
n

dAg 2
. . Short-range
* Two particle correlation method correlations
35-40%
An Ps Z Pb
—>
2
%]
c 1.
o 1.
O 1.
e o1
S
al

2D distribution of pairs in
An =M AQ = @-9,
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Collectivity — how to measure

e Particle pair distribution
P Vhaab = VnaVnp When CD% = q’-ﬁ

deair Npair
_ 142 ) Vanapcosn(d — b5)
n

dAg 2T
. . Short-range
* Two particle correlation method correlations
35-40%
Pb
M ' ' ' ' ' : ' ' . —>
_ — Sum IANI>2 1 5N %
>N 3.2 Nt
R %]
n c 1.87
(- O 1.6
() O 1.4}
-S 3.1 - 1.21
'S o4
ol
3.0I— | | | | | | | | | | | ._

A¢ (radians)
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Collectivity — how to measure

e Particle pair distribution
P VnA.ab = Vn.aVnpb when CI),'al — CI)g

deair Npair
_ 142 ) Vanapcosn(d — b5)
n

dAg 2T

* Two particle correlation method

I — Sum IAnI>2 ]
ki | Fourier analysis:
) ~ - deair
a:) - T ~14+2V,, cos(Ag)+2V,, cos(2A¢p)
o | 1 “ang
e Ok & +2V,, coS(3AP) + 2V, , cOS(4AP) +...
m - ]
(a8 - i
] Voa = UnaVn,p
3.0 _

A¢ (radians)
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Collectivity — how to measure
Multi-particle distribution

dN;, dN,,
d¢1 h d¢m

= Un, Vn,.-Up_ COS(N1 ¢y + Nypy + -+ + Ny by )
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Collectivity — how to measure
* Multi-particle distribution
dN, dN,,
dp,  dom
* Cumulant method
— PRC 83 (2011) 044913, v,{m} with multi-particle correlation
— PRC 89 (2014) 064904, Symmetric Cumulant (Standard Candles)
— PRC90 (2014) 024905, Asymmetric Cumulant
* v.,{m}— Less sensitive to few particle correlation

= Un, Vn,.-Up_ COS(N1 ¢y + Nypy + -+ + Ny by )

* SC- Event-by-event correlation between v, and v,

* AC-Initial geometry fluctuation & non-linear mixing between v, v,



Vv, Vs centrality
PRC 86 (2012) 014907

1<p <2 GeV ATLAS +n 2
0 2 Pb- Pb H—Z 76 TeV _

) 1
_ L= 8ikb . .IQ|<'2 5

° °
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> I °

| full FCal EP ®
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Centrality [%]



Vv, Vs centrality
PRC 86 (2012) 014907

1<p <2 GeV ATLAS +n 2
0 2 Pb- Pb H—Z 76 TeV _

1

Lmt— 8 ub ) o .IQ|<.2 5
°o® °

o B ) ® o

' full FCal EP .

0 O

80 60 40 20 O
Centrality [%]




Vv, Vs centrality

PRC 86 (2012) 014907

p<2Gev ATLAS —*n=2

80

60 40 20 O
Centrality [%]

Geometry response:

v, X A&,
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Vv, Vs centrality
PRC 86 (2012) 014907
1 "~ "~ 1 T " " T

Geometry response:

v, X A&,

System Size:
Less interactions
develop less flow

80 60 40 20 O
Centrality [%]

54



v, vs centrality

PRC 86 (2012) 014907
1 1 1 I 1 1 1

L |
1<p.<2 GeV ATLAS ~* n=2 Geometry response:

- _ -©-nN=3 |
0.2-Po-Poisw=276TeV 1T | ) o Ag,

" L.,.=8 ub’  ImMi<25 —-n=5
°®

n 09 -
e L_.o® e, #N=6 7 system Size:
> B ® | Less interactions
0.1_full FCal EP ° . | develop less flow
- o© OO0 00¢ 06 R -
i o) -0

oo0O0000OQgg % { Eccentricity from
i 00000 PN Geometry Fluctuation
2288888

80 60 40 20 0
Centrality [o/o]




V, VS

0.2

centrality
PRC 86 (2012) 014907
1 "~ 1 " 1 ™ " 1
1<p.<2 GeV ATLAS n=2 ~
 Pb-Pb|s =276 TeV ~° N=3 _

) - n=4

- L,=8ub Inl<2.5 i
i 0®©®%0 . i

—60 200

40
Centrality [%]

Geometry response:

v, X A&,

System Size:
Less interactions
develop less flow

Eccentricity from
Geometry Fluctuation:

GF o« 1/Nyq,
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v, Vs centrality across systems
PRC 98 (2018) 021902

Constrain on viscosity from acoustic model: viscous attenuation
In(vy, /€n) o< —n? <Q(T)> (N,p)~1/3
S
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v, Vs centrality across systems
PRC 98 (2018) 021902

Constrain on viscosity from acoustic model: viscous attenuation
In(vy, /€n) o< —n? <Q(T)> (N,p)~1/3
S

PRL 122 (2019) 172301

0.30_— %; 1.1 — ——_
0.25[ L * ----- * ----- ‘i? ---------- 1
_m%‘ q.)% _ P = o e ___

N 0.20 @@ 30.9: %@ £ £ 2 ¢
= | 32 ?osk & > F 2 1

(Q\ i’l 08-\I/ PP R R
= 0.15 (A, -

U+U G’ o,
- Au+Au —@— Yol )
Cu+Au—— % R, n
010F CutCurdes 8, PR
= STAR 200 GeV E
R v Lo | ]
0.1 0.2 13 0.3 04
< Nch >
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V, VS pt — constrain viscosity

25

20

v, (percent)
O

[a—
-,

O STAR 200GeV MinBias

PRC 79 (2009) 039903

1 2 3
p[GeV]

Need viscos?ty to match data

{n/s=10"
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V, VS pt — constrain viscosity

25
4
O STAR 200GeV MinBias {n/s=10
20F -
2 15F _
§ 50009000cCo 009
\% 1n/s=0.16
Q 10 -
)
5 _
PRC 79 (2009) 039903
| |
i 2 3 4
p,[GeV]

Strong constraint on viscosity
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V, VS pt — constrain viscosity
25

O STAR 200GeV MinBias
20F

\

A
e
n
0

v, (percent)

O\
Q

Q

@)

o

Q

O

O

O
O

3,

! PRC 79 (2009) 039903
1 1 l 1 I
AV

2 3
py [GeV]
Strong constraint on viscosity

Reveal the nature of “perfect” fluid
Ads/CFT lower limit n/s = 1/4m = 0.078, PRL 94 (2005) 11601
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V., VS. energy — viscosity vs. energy

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

IIII|IIII|IIII|IIII|II2I3I>|IIII|IIII|IIII|IIII|IIII

% STARV,{EP}

X

v {EP}, 20-30% central

g
o

10?
Vsuu [GeV]

Vv, increases with collision energy
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V., VS. energy — viscosity vs. energy

PRC 91 (2015) 064901 PRC 91 (2015) 064901
0.1p 0.25

- % STARV,{EP} v,{EP}, 20-30% central B effective n/s vs collision energy
0.095- A STAR v,{EP} -
0.08F- — Va2, 1/s(\s) 0.2[4

= V., n/s(\s -
0.07E- 3 /s(\s) :
o.oeiw—/* 0.15/—
o.os; o 2 r
0.04F- 0.1—
0.03F -
0.02} Al oosp
0.01;— 7 ; : B

o: gy : ) : P S S | ) 0_ | . , . sy oy 4 ]
10 10° 10 10°
VS [GeV] VS [GeV]

Vv, increases with collision energy
Indication of collision energy dependent viscosity
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V., VS. energy — viscosity vs. energy

0.04

0.03 —

0.02

0.01 |

JPCS 779 (2017) 1

u — B ]
Au-Au Vol2 —&—]

0%--40% V3 —6—1

V —A—_|

STAR Preliminary 4 1

Ws

0.25

0.15

0.05}

PRC 91 (2015) 064901

effective n/s vs collision energy

0.2

0.1F

10 10°

VS [GeV]

Vv, increases with collision energy
Indication of collision energy dependent viscosity
New results available for further investigation
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v, vs PID
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v, vs PID — mass ordering
JHEP 09 (2018) 006

N o3k on*
= [ oK
ﬁ_ - ﬁ{? hQ & P+P
& 02+ 20 ¢
> i £%3¢++ Jfbo Kg_
F @ :+ T 0A+A
0.1 °%
[ ¢ &
0:‘%.’.’."'."'7"'."

0.3

0.1

u
B A P AT

vAOKCS)

IED(I)

e Q
B +‘*‘{'+’ :

& elo
&%O CéA A
I Oaﬂ% ; #Q ?
a ™
s

e e :
0 1 2 3 4

Mass ordering at low p; <= 3GeV
Heavier particle has smaller v, at same p;
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v, vs PID — mass ordering

MmMass
@ Pb-Pb \(s_NN+= i.?G Tev 2$-$0°/+
0'25__ EK 3.5mm =
ool =P 6.7mm ? !
L 82 94mm
0.15— ¢ Q |2mm

0.1

0.05

PRC84 044903

AIP Conf. Proc. 1441,766 RLICE

PRELIMINARY

et BOOST:

1.5 2

2.5

pT (GeV/c)
Mass ordering at low p; <= 3GeV
Heavier particle has smaller v, at same p;
Predicted by hydro: common boost from pressure gradient

3 3.5 4 APT~m BT
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v, vs PID — mass ordering
K3 0.25

ALICE preliminary, Pb-Pb events at \ s, = 2.76 TeV
(PHENIX data: Au-Au@200 GeV)

0.2 @rK (PHENIX) ---méchhé%o
T r - -
L [p (PHENIX) CGC |ynitial conditions) i
[ @t v,i2 a1y (VSs=02) s~ =
015 __ EIKt’ V2{2, |Aﬂ|>1} e A —"’1.‘-'."’___,
[ @, v {2, |an>1} Y L
0.1F S A
l A . .
i " y -
i A
0.05 o
- L
L O
0 § centrality 20%-40% $
g 1

0 02 04 06 08 1 12 14 16 18 2
P, (GeV/c)
Mass ordering at low p; <= 3GeV
Heavier particle has smaller v, at same p;
Predicted by hydro: common boost from pressure gradient

Indicate larger boost @ LHC energies
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v, vs PID — KE; scaling

PRL 98 (2007) 162301

_| T T T T | | | L |_|_| T 11 | T 1 I | T T T | I I_
0.3 e m*+m (PHENIX) <= p+p (PHENIX) _
m K*+K (PHENIX) O A+A (STAR)
K (STAR) 0 E+= (STAR)
| -- KEr = Vm? + p2 —m
0.2+ O{%qﬁgﬁ + -+ ]
I T 1 Pressure gradlent
@téﬁ? W
|

NI N ; &

.- o 1 collective kinetic energy
o 200 GeV | g
MinBias 7

|IIII|IIII|IIII|IIII|||||||||||||||||||-
0 4 0 1 2 3

o (GeV/c) KE; (GeV)
KE; scaling @ KE; <= 1GeV: Hydro pressure gradient
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v, vs PID — Quark Coalescence

PRL 98 (2007) 162301
_||||||||||||||||||||-|_||||||||||||||||||_

0.3L e m*+m (PHENIX) <= p+p (PHENIX)
m K*+K (PHENIX) 0 A+A (STAR)
K (STAR) 0 E+= (STAR)

0.2:— ¢<E$ +-
> (ﬁ Oi% : : dﬁgﬁ% %: _
0.1- __ Eiﬁ" Meson :

.r% | [ &=
Ol O
: o% 200 GeV | é
MinBias T
0 |||||||||||||||| |“|IIII|IIII|IIII|II-

4 0 1 2 3
o (GeV/c) KE; (GeV)

KE; scaling @ KE; <= 1GeV: Hydro pressure gradient
Meson/Baryon splitting: Quark coalescence
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v, vs PID — NCQ scaling

PRL 98 (2007) 162301
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PRL 98 (2007) 162301
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KE; scaling @ KE; <= 1GeV: Hydro pressure gradient
Meson/Baryon splitting: Quark coalescence
Number of Constituent Quark scaling: Parton degree of freedom
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v, vs PID — NCQ scaling

ALICE 30-40% Pb-Pb |5, = 2.76 TeV

ont K
= p+5 e
*A+A FE+E

01—+xqo .o

v,{SP,|A| > 0.9}/n,

NCQ broken from
hadronic scattering?

0.05

JHEP 06 (2015) 190

0 1 2
KE/n, (GeV)

PRL 98 (2007) 162301

| e m*+m (PHENIX) < p+p (PHENIX).

m K*+K (PHENIX) O A+A (STAR)
K (STAR) 0 E+% (STAR)
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200 GeV
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KE; scaling @ KE; <= 1GeV: Hydro pressure gradient
Meson/Baryon splitting: Quark coalescence
Number of Constituent Quark scaling: Parton degree of freedom
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v, vs PID — impact of hadronic phase

o1 No hadron Scatterting

012 |

0.1r

0.08 |-
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PRC 92 (2015) 044907 _
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1.5 2
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|deal hydro + hadron cascade (JAM)



v, vs PID — impact of hadronic phase
With hadron Scatterting
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|deal hydro + hadron cascade (JAM)
Small hadron cross section breaks mass ordering for ¢
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v, vs PID — impact of hadronic phase
With hadron Scatterting

U —=— L

V(0 ()

10

PRL 116 (2016) 062301

- @ + Au+Auat |sy, =200 GeV |
- = 0-30% .
- e 30-80% -
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E ----------- g" """" | e g S E
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0.14
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|deal hydro + hadron cascade (JAM)
Small hadron cross section breaks mass ordering for ¢
Confirmed by data

75



v, vs PID — impact of hadronic phase
With hadron Scatterting
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|deal hydro + hadron cascade (JAM)
Small hadron cross section breaks mass ordering for phi
Confirmed by data; implication on NCQ scaling?
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v, vs PID — |mpact from coalescence?

0.4F
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ARRRUREE)
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Coalescence of

guenched jet particle and bulk particle
can break the scaling
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v, from multi-particle correlation

Two-particle correlation Multi-particle correlation

Multi-particle (>2) cumulants: v {4} = #~c {4}

<<6>> _ <<em(¢1+¢:+¢3—¢4—¢5—¢6)>> :r> v, {6} =2 icn{6}
c,{6} =((6))-9-((4))((2))+12- <<2>>3 Q-cumulant, PRC 83 (2011) 044913

v, {4} = v {6} = ... 2 system is collective
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v, from multi-particle correlation

PRC 87 (2013) 014902
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v, from multi-particle — flow fluctuation

PRC 87 (2013) 014902
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®

- JHEP11 (2013) 183
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v, from multi-particle — flow fluctuation

PRC 87 (2013) 014902

016__" T Event-by-Event
7 CMS PbPb \sy =2.76 TeV 1 Flow Fluctuation
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v, from multi-particle — flow fluctuation
PRL 115 (2015) 012301

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 Event—by—Event

I g';"s Ebpz\{(ﬁ:jg? lTj\; . 1 Flow Fluctuation
010_ o< T <O. , M . O O O O

_ 5 © OF | w2 = wd) = ) + a2,

®
i @) i 1
- @) vp{4}? = (2(WE)* — (vy))2

| 1 ~ <vn>2 _ O.vZn

i el 1 PRC 80 (2009) 014904
0.05153 I O VA2, IANI>2} -

L O O {4} 1 v,{4,6,8,LYZ}

! ':' Vzig; 1 indicate multi-particle

- V2 - I

o V.LYZ} nature of correlation
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 More implications
0 100 200 300 on flow fluctuation

NCne see EPIC 74 (2014) 3157
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Less Fluctuations

More Fluctuations

v, from multi-particle — constrain initial-state

~ v,{4}/ v,{2]

PRC 95 (2017) 054910

i [n
i ALICE — 1 ATLAS
0.9:— % CMS —— ;
0.8 o\ © e
0.7E
0.6F
0.5f
- . Trento Glauber
QO Trento
0.3 IP-Glasma
a ‘ Trento mckin
0.2] ¢ rcBK
I l I
%h 5 10 15 20

centrality [%]

Event-by-Event
Flow Fluctuation

v {2} = (v7) = (W,)* + o,

D412 = 22) — ()2

= (V) — 0y,
PRC 80 (2009) 014904

Strong constraints on
initial state models

MC Glauber fails!
TRENTO: PRC 92(2015) 011901
rcBK: arXiv:1011.5161
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Decorrelation — Transeverse

All particle share the same
event plane
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Decorrelation — Transeverse

Local hot spots push particles
to higher p;
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Decorrelation — Transeverse

Local hot spots push particles
to higher p;
AND
result in different event planes
for different p; range
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Decorrelation — Transeverse

Local hot spots push particles
to higher p;
AND
result in different event planes
for different p; range

Factorization breaking

Voa (05, p7) # vn(0F) X vn(p)

Effects measurable by
V’n,A (p%7 p’%)
\/V’nA (pf}, p%) \/VnA (pg” p’l})

~ <COS [n(\lfn(p?r) — \Ifn(plr}))D

PRC 92 (2015) 034911
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Decorrelation — p+

25<pa<30GeV/c 25<p < 3.0 GeV/c
N LI rrri | rrrryrrrrprrrrgi I rrri I I LELELEL I rrnri I LI I I
.. -
1 i = NI E [l ]
0.9} T ] :
5;,_ CMS PbPb |'s,, = 2.76 TeV - * ]
~ - 10-20% centrality 1 [ ;
CUQ_I— 0.8 | - N _
I& |
0.7} + -
f } 0-0.2% centrality ]
0.6 '_' PRC 92 (2015) 034911 ]
N I L1 11 I L1 1.1 I L1 11 I L1 11 I L1 1 17T L1 11 L1 | L1 1 1"
0] 0.5 1 1.5 2 O 0.5 1 1 5 2 2.5

p? - p_? (GeV/c) pj_ - p$ (GeV/c)

Most prominent at central collisions where fluctuation dominates
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Decorrelation — p+

2.5< pa < 3.0 GeV/c 2.5 <p; <3.0 GeV/c
N LI rrri I rrnri I rriri I LI |..| LI L I rrnri I LI L L] I rrri I | I B B
’ f
i = N BIE :
0.l | ' -
5;,_ CMS PbPb |'s, = 2.76 TeV !
5 e 0.8:- 10-20% centrality _
Qo VISH2+1 Hydro
< \
— - MC-Glauber
0-7F s =020 1 ]
Y5 =0.12 1 0-0.2% centrality :
0.6 —n/s=0.08 '.' PRC 92 (2015) 034911 ]
'I L1 11 I L1 11 I L1 1.1 I L1 11 I L1 11T [ | I L1 1 1"
0 0.5 1 1.5 2 O O 5 1 1 5 2 2.5
P2 - p2 (GeVic) P2 - p2 (GeVic)

Most prominent at central collisions where fluctuation dominates
Some dependence on n/s
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Decorrelation — p+

2.5 <p; <3.0 GeV/c 2.5 <p;<3.0GeV/c

0.9 § D )

5;,_ [ CMS PbPb |sy, = 2.76 TeV I N :
L -20N0°, i 4 ]

s 0.8} 10-20% centrality 1 ]
o VISH2+1 Hydro [ ]
S | MC-Glauber  MC-KLN 1 :

0.7 o s=020 --1s=020

/s =012 ays =012 } 0-0.2% centrality ]
0.6 —n/s=0.08 —1/s=0.08 T PRC 92 (2015) 034911 ]
o I L1 1.1 I L1 1.1 I L1 1.1 I L1 11 I L1 11T I L1 1 | L1 1.1 | L1 | 1

0 05 1 15 2 0 05 1 15 2 25
P2 - p2 (GeVic) P2 - p (GeVic)

Most prominent at central collisions where fluctuation dominates
Some dependence on n/s
Very sensitive to initial state geometry
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Decorrelation — Longitudinal

Torqued fireball

B.Schenke
PRC 83 (2011) 034911

Event Plane decorrelation along longitudinal direction
Provide constraints on how system evolves in 3D

91



Decorrelation — Longitudinal

Effects measurable by
(Va(=m)Vy (ret))

rn(n) =

(Ve ( M)V (et ) )

(vn(_n)vn(nref) COS”(\I’TL(—U) o lIj'n(nref)))

(Un( M)n(Mret) cOsN(¥rn( 1) — Yrn(Nret)))

an(_rrl)vvn),e (nref)
| Va(mVyi (ret)
STAR [ |
n Tref
EPD TPC EPD
1 2.1 5.1

-5.1 -2.1 -1 0
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EPIC 76 (2018) 142

Decorrelation — Longitudinal

""""" | LA BLELELELES BLELELELE I LR LS BLELELELE BLELELELE UL B LELELELEN NLELELELE BLELELELES BLELELEL BLALELELE BN SLELELELEN BLELELELE BLELELEL UL IR
| ATLAS | | ATEAS || atLAs || aTLAS
r> g - I [@g e 1
I B g 11 B g 11 S5 11 '
= = ! =
e = S =| =
o B = 8 g
5 _
0.95I" Pb+Pb 0-5% g | [ Pb+Pb 10-20% 1[ Po+Pb 30-40% 1[ Po+Pb50-60% © B
| [©) 2.76 Tev ||l B 276 Tev || B 276 Tev || B 2.76 Tev
| [@ 5.02Tev || B 5.02Tev {| @ 5.02Tev [l [@ 5.02Tev
e b e by s by by s s L s | N BT BT Arararare b R Low oo by by v by Laaa g Low v by byw v v by way

o 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
M i n

r,: Centrality dependence; Initial geometry + fluctuation
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Decorrelation — Longitudinal cPiC 76 (2018) 142
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Decorrelation — Longitudinal

N IIII|IIII|IIII|IIII|IIII|
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nly

beam

Larger effect seen at RHIC than LHC



Decorrelation — Longitudinal

N IIII|IIII|IIII|IIII|IIII|III
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Decorrelation — Longitudinal

N L | L | L | L | L | L
= L i
N 1‘ STAR Preliminary 20-30% _ - PRC 97 (2|0:}8)|02149|07
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Larger effect seen at RHIC than LHC
3D IS + Hydro predicts larger decorrelation at lower energies
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Decorrelation — Longitudinal

N IIII|IIII|IIII|IIII|IIII|III
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Larger effect seen at RHIC than LHC
3D IS + Hydro predicts larger decorrelation at lower energies

Data suggest same decorrelation at lower RHIC energy?
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. Ref EP WP,
Directed flow v,

reaction plane X4
UV, = (COS(Qb - 1/%p)) /
Preferred moving direction "
at different rapidity target (n<0) L ' projectile (1>0)
L .00 z
Collision symmetry 0y N
/: @ participant zone
V1(ﬂ) = 'Vl('n) O projectile spectators

O target spectators
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Directed flow v,

Ref EP W?,

reaction plane X4
V1 = (COS(¢ - 1/%p)) /
Preferred moving direction "
at different rapidity target (n<0) L ' projectile (1>0)
H.n Z
Collision symmetry 0y -
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O target spectators
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. Ref EPI pE
Directed flow v,

< T w T e reaction plane x4
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Momentum distribution
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Directed flow v,

Density shift ‘wgp
N I

~

1.5
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<—

\

Y

PRC 81 (2010) 054902

STAR Data Au-Au \/s=200 GeV
. c=0-5%

« STAR Au-Au
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Directed flow v,

Density shift ‘wgp
N I

~
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Y

PRC 81 (2010) 054902
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Directed flow v,

<10 PRL 111 (2013) 232302
> odd even v, a
N / A W 10-20% (a)
0.5 v Y 30-40%
: 9= O 10-60% with fit
O_ ___________________________________________________
0.5

>0.15 GeV/c

odd v, (C)
@ 30-60% with fit

- ALICE Pb-Pb@2.76TeV p_

b x0.37 200GeV
05 ¥¢ x0.12 62.4GeV
- Au-Au 30-60% p.>0.15 GeV/c o

05 0 05

Larger slope of v,°9 at RHIC energies: smaller tilt at LHC
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. Ref EP W,
Directed flow v,

X A

V1 = (COS(¢ - 1/)sp)) : .
Tilted|medium

Preferred moving direction

at different rapidity target (n<0) L ' projectile (1>0)
L .00 z
Collision symmetry 0y N
/: @ participant zone
V1(ﬂ) = 'Vl('n) O projectile spectators

O target spectators

Vlodd

transverse plane

Transverse plane

Ref EPw, .
¥ geometry fluctuation
O Vl(r]) = Vl(_n)
.\‘\ "'. O "',' A V even
0O W ; 1
- ,~ = QO Ref EP W},
target projectile
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Directed flow v,

<10 PRL 111 (2013) 232302
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N / A A 10-20% (a)
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0_ ____________________________________________________________________________
0.5

>0.15 GeV/c

odd v, (C)
@ 30-60% with fit

- ALICE Pb-Pb@2.76TeV p_
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05 ~ 0 05

n
Larger slope of v,°% at RHIC energies: smaller tilt at LHC

Non-zero v,®'®": sizable geometry fluctuation
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Directed flow v, — B & E field effects
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107



Directed flow v, — B & E field effects

Au+Au \/s,=200 GeV, 10-80%
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Models predict negative slope of Av; @ RHIC
Faraday + Coulomb > Hall
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Directed flow vI — B & E field effects
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Hint of positive slope of Av; @ LHC
Faraday + Coulomb < Hall
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Summary

Collective flow measurements are versatile tools to study all stages
of heavy ion collision

* QGP viscosity <~ v, vs centrality; v, vs energy; v, vs pp ...

* |nitial state <~ multi-particle v; decorrelation; v; ...

* Hadronic phase < PIDv,; ...

Questions to
zhenyuchen@sdu.edu.cn
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NCQ
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v, vs centrality
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Probe geometry fluctuation with Ultra-Central-Collision
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Symmetric cumulants

* Correlation between harmonics: «10°°

SC(n,m) = vzvi _ Vr% ij 3| ALICE Pb-Pb V5, = 2.76 TeV =
_ < > < >< > = [ = |scu2) R + n
 Symmetric Cumulant (SC) 2F " =
- | e |sciEe) ]
developed by ALICE 1 ¥ 3
E = o =

— Based on 4-particle Elp—me—m—e——— ¢

O E ®

cumulant technique - - :
-1~ HWING e " ¢ + -
— Non-flow highly suppressed I i :
. T —eFE © SC@G2) =
at high multiplicity S TS TR PR SR S SO -

0 10 20 30 40 50 60 70

SC(2,3) < 0 = v, and v; are anti-correlated
SC(2,4) >0 =» v, and v, are correlated
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Symmetric cumulants

* Correlation between harmonics:

SC(n,m) = <vn

V)= (Y
 Symmetric Cumulant (SC)
developed by ALICE

— Based on 4-particle
cumulant technique

— Non-flow highly suppressed

at high multiplicity

2
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)

— -6
%10
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~ = SC(4,2), n/s=0.20
= m m m SC

=276 TeV +

SC(4,2) [

Hydrodynamics ®

),
(4,2), n/s(T) param1 N ,
----- SC( 2), n/s(T) param4 A P
—— 5C(3,2), 1/5=0.20 AMPT: String Melting =

10 20 30 40 50 60 70
Centrality percentile

SC(2,3) < 0 = v, and v; are anti-correlated
SC(2,4) >0 =» v, and v, are correlated
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Symmetric cumulants
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Constraints on models ERTCErTY Centrality percentile

— Giacalone et al. arxiv 1605.08303 ---
— Gardim et al. arxiv 1608.02982
— Norhona-Holster etal. arxiv 1609.05171
— Welsh et al. arxiv 1609.09418
— Zhuetal. arxiv 1608.05305
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(1/N)dN/dr (c/fm)
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