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Cooking QGP soup with Large Heavy-ion Collider (LHC)

Pb-Pb collisions:

«2.76 TeV (2010,201 1)
e 5.02TeV (2015)
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Probes of QGP

EVIDENCE FOR A DENSE LIQUID

Roirdan and W. Zajc, Scientific American 34A May (2006)

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jet quenchingimplies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.
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FELLIPTIC FLOW |
“Off-center collisions
between gold nuclei
produce an elliptical

region of quark-
gluon medium.

Fragment of
gold nucleus

Elliptical quark-
gluon medium

The pressure gradients
inthe elliptical region
cause itto explode
outward, mostly in

the plane of the
collision (arrows).

A

o



Elliptic Flow

¢ “Elliptic flow, described by the Fourier coefficients of the azimuthal
particle distributions w.r.t. the reaction plane, could be used to

probe the Quark-Gluon Plasma. J.Y. Olltriault, PRD 46,229 (1992)

coordinate space Eccentricity
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Vo — <C082 (QO — \IJRP)>

momentum space Elliptic Flow
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First flow measurements at RHIC
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STAR Collaboration,
PRL 86, 402 (2001)
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¢ The measured elliptic flow agrees with an ideal liquid (negligible
specific shear viscosity n/s~0)
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N/s, initial conditions

P. Romatschke & M. Luzum (2008)
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% Extracted n/s strongly depends on initial conditions
* n/s = 0.08 with Glauber-IS and 0.16 with CGC-IS —>100% uncertainty!
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Anisotropic Flow and symmetry planes

UQ{\IIRP} = <C082<§Z5 - \I/Rp>>

Yep: Reaction Plane .
v, € V¥,

v2: Elliptic flow

v3: Triangular flow

v4: Quadrangular flow

vs: Pentagonal flow
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Flow vector 7 'and V'

ALICE data v,{2}, pr>0.2 GeV |
n/s=0.2

{ALICE:
PRL107,032301 (2011)

{1 IP=-Glasma:
PRL110, 012302 (2013)

centrality percentile

v, (1/5=0.08)/v, (ideal) a=

|| Va(n/s=0.16)/v\(ideal) 20-30% -

v, (viscous)/v,(ideal)

¢ The anisotropic flow coefficients v, measured in great detail

—> constraints on the initial conditions, n/s, EoS, freeze-out conditions ...
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Transverse momentum dependence of v;

¢ More detailed information is carried by transverse momentum or
pseudorapidity dependence of anisotropic flow v

ALICE, JHEP 09 (2017) 032

———————————— ——— ———————
=~ [ Pb-Pb Vs, =276 TeV ] ALICE 1 Hydrodynamics
[ Centrality: 20-30% ® 1 e v,{2,An|>0.8} ] Vof2}, MC-KLN & 1/5=0.20
0.2F i <0.8 o = - m V4{2,|An|>0.8} - === v{2}, MC-GIb & 1/s=0.08
i ' " 1 1 v{2}, Trento & 1y/s(T)
- > 1+ ¢ v,{2,|An|>0.8} + &) n
1 T E&EE v {2}, AMPT & 1/s=0.08

Y - )

¢ comparisons of data and hydrodynamic calculations show:
* calculations with IP-Glasma initial conditions and n/s =0.20 give the best description
of data
* calculation with MC-Glauber initial conditions using the same eta/s gives poorer
description.
* strong constraints on the initial state and n/s of QGP.
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Pseudorapidity dependence of v;

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

ALICE Hydrodynamics
ov,{2} 5 Vo{2}
v} ve(2)
+Vi2} v}

ALICE Collaboration, PLB 762 (2016) 376
Hydrodynamics: PRL 116,212301 (2016)

** We find that the shape of v,(N) is largely

independent of centrality for the flow
harmonics n = 2, 3 and 4,

S

% hydrodynamic calculations:

e tuned N/s(T) to fit va(N) at RHIC

¢ do not reproduce the data well, new
challenge to the theory community
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Constraint from higher harmonic flow

EKRT: H. Niemi et. al, PRC 93, 024907 (2016) ALICE Collaboration, PRL 107, 032301 (2011)
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“* vn measurements are also quantitatively described by hydrodynamic
calculations using EKRT, AMPT, Trento initial conditions (not MC-
Glauber, nor MC-KLN) with different n/s(T)

» weak sensitivity to N/s(T)
* not easy to discriminate which set is the best
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Y/

¢ General questions:

* what are the correlations between v, and v !

* what are the correlations between P, and P ?

* will these correlations provide new information ?
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Correlations of vy and vn

% A linear correlation coefficient c(vm, vn) was proposed to study the

correlations between v, and vp: H. Niemi et al.,
PRC 87, 054901 (2013)
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e This correlation function is | (—1) if v and v, are linearly (anti-linearly) correlated
and zero in the absence of linear correlation.
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e negative correlations of c(vz, v3) and positive correlations of c(v2, v4)

e c(v2, v3) is sensitive to initial conditions and insensitive to N/s, c(v2, v4) is sensitive to
bothe > c(vm, vn) is 2 new observable to constrain initial conditions and n/s.

e However, this observable cannot be accessible easily in flow measurements which
relying on two- and multi-particle correlations.
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% Symmetric Cumulants, SC(m,n), A. Bilandzic etc,

measures the correlations of v_ and v_ PRC 89, 064904 (2014)

((cos(mp1 +nws—mps —nws))),
= ((cos(mp1+nps—mip3 —npy4))) — {{cos[m(p1 —p2)])) ((cos[n(p1—p2)]))

= (vi,vn) — (v (va ).

¢ By construction not sensitive to:
* non-flow effects, due to usage of 4-particle cumulant
« inter-correlations of various symmetry planes ({_and _ correlations)

“* It is non-zero if the event-by-event amplitude fluctuations of v, and vn
are (anti-)correlated
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Centrality dependence of SC(m,n)
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ALICE:
PRL 117, 182301 (2016) ¢§°
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“* The positive values of SC(4,2) and negative SC(3,2) are observed for all
centralities.

* suggests a correlation between v2 and v4, and an anti-correlations between vz and vs.

« indicates finding v2 > (v2) in an event enhances the probability of finding v4 > (v4)
and finding v3 < (v3) in that event.
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Non-flow contributions?

x107°
_IIIIIIIIIIIIII

[ Pb-Pb (s, =2.76 TeV

E SC(4,2)
El SC(3,2)

ALICE:
PRL 117, 182301 (2016) ¢§°
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% SC(m,n) calculations from HIJING

% It is found that (v;,v;) >0 and (v;,) (vi) >0 in HIJING, but SC(m,n) are
compatible with zero

\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-> suggests SC measurements are nearly insensitive to non-flow effects.

e non-zero values of SC measurements cannot be explained by non-flow effects, thus
confirms the existence of (anti-)correlations between v, and vy, harmonics.
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Correlations between vy and vy

] ALICE:
] PRL117,
] 182301 (2016)

ALICE Pb-Pb {s,,, = 2.76 TeV
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% Comparison of SC and Normalized SC (NSC) to hydrodynamic calculations

¢ Although hydro describes the v, fairly well, hydro with whatever n/s
parameterizations give poor descriptions of SC and NSC.

e SC and NSC measurements provide stronger constrains on the n/s in hydro than
standard v, measurements alone

e NSC(3,2) is insensitive to parameterization of 1/s(T)

-> direct constraints on initial conditions.
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SC and NSC with other harmonics

SC(m,n)
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% SC(m,n) and NSC(m,n) with other harmonics: ALICE,

] arXiv: 1709.01127
* correlations between (v, vs) and (v3,vs) observed

* anti-correlations between (v3, v4) observed

 INSC(5,3)] > INSC(5,2)| > INSC(4,3)| as predicted by hydrodynamic calculations
VISH2+1, X. Zhu et al., PRC 95, 044902 (2017)
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SC and NSC with other harmonics

(v3, v5)

vz, vs)

ALICE,
arXiv: 1709.01127
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¢ Comparison to VISH2+1 hydrodynamic calculations

* hydrodynamic calculation can not describe all data with one combination of initial
condition and n/s

* tight constraints on initial conditions and N/s of QGP, in addition to SC(3,2) and SC(4,2)
* Recent topic review, see:Y. Zhou, AHEP 9365637 (2016)
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initial anisotropy and final state flow

Linear response

Linear & Non-linear

r ESEOHSE

>
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linear and non-linear response in V,

¢ Higher harmonic flow is modeled as the sum of linear and nonlinear
response terms to the initial anisotropy coefficients €

Vo, =V N4V

non-linear response  linear response

* Non-linear response V#/VL
- corresponds to lower order initial anisotropy coefficient €3
- Vn projection onV; or V3
- Vo,m : Magnitude of non-linear response inV,

* Linear response VnL

- expected to correspond to the cumulant-defined
same order initial anisotropy coefficient €’

- vol: magnitude of linear response in 'V,
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Non-linear mode-coupling

% p:ratio of vnmand v

) PLB744 (2015) 82
Pa22 = 44{22} (cos(4Wy — 4Wy))

,l} 7
532 —
P v5{2}

V6,222
= A 6Wes — 6W
06222 6{2} <COS( 6 2)>

V6,33
o6Vs — 6W
P633 = 6{2} <COS( 6 3)>

* probes the correlations between different order flow symmetry planes

~ (cos(bU5 — 3W3 — 2Wy)) J. Qian et al,
PRC 93, 064901 (2016)

* Similar with previous “event-plane correlations”

Vi
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linear and non-linear terms

F Pb-Pb \FNN_276Tev ] 1
F 0.2<p_<5.0GeVic I Evs2t @v{2 1  PLB773(2017) 68
] ml<0.8 o o 1 : Bvsos Eveze }
[ I BB Ve s

+ -

v

1 » 2
'|5KV|..'..| ........ |.... &

10 20 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

“* non-linear component vom
* increase with increasing centrality

* becomes dominant in peripheral collisions
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linear and non-linear terms

F Pb-Pb \FNN_276Tev

F 0.2<p <5.0GeVe @2 Eva @va T  PLB773(2017) 68
:. i <0.8 e © _ Qv Bvs ®ver. 1}
[ ° T Bvi, [vsz Bvess

+

v

1 » 2
E|5KV|..'..| ........ |.... &

10 20 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

“* non-linear component vom

* increase with increasing centrality

* becomes dominant in peripheral collisions
% linear component v,t

* plays dominant role in v, in central collisions

* weak centrality dependence
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linear and non-linear terms

E Pb-Pb Vs, = 2.76 TeV ]
F 02<p_<5.0GeVic TEv.2 @Ev.e 1 Vik2}
F Il <0.8 I@v, Bt | 1 CJwr

- 1 BV, Bvsz K [

I; IP- Glasma + MUSIC + UrQMD

10 20 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

“* non-linear component vom ALICE,
PLB773 (2017) 68

* increase with increasing centrality

 becomes dominant in peripheral collisions IP-Glasma:
S. McDonald et al.,

¢ linear component vyt arXiv: 1609.02958

* plays dominant role in v, in central collisions
* weak centrality dependence

¢ results are quantitatively described by hydro with IP-Glasma & n/s = 0.095

 suggest a small n/s
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Symmetry plane correlations

E Pb-Pb FsNh; ~276TeV
1F ALice T :
IP-Glasma, PRC 95, 064913 (2017) @, / : e (]
' E|9532 I g g

e 1 /%ZTLAS PRC90, 024905 -
ALICE, PLB773 (2017) 68 : P & : (cosE4<I> ey )
o (cos(5® 2(1) 30 M

costn; o)),

01l (cos 60 -60 ))

P422 = (cos(4¥W4—4P,)), [ IP-Glasma + MUSIC + UrQMD

- E-—d Pz
P532 = (cos(5¥s —3¥3 —2¥>)), = SZZ;
p633

P6,222 = (cos(6Ws —6%7)),

P633 = (cos(6We —6¥3)). i . Peooot

10 20 30 40 50
Centrality percentile Centrality percentile

X Prmn
* Agreement between ALICE and ATLAS (different eta coverage)

* Results are compatible with hydrodynamic calculations using IP-Glasma & n/s=0.095,

* calculations using MC-Glauber, MC-KLN initial conditions have difficulties to
quantitatively describe the data.
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Symmetry plane correlations

L ALICE
1 F Pb-Pb Vs, = 2.76 TeV
IP-Glasma, PRC 95, 064913 (2017) 8f ®p,,,

C EPSSZ
B6F Elgezzz =2
633

ALICE, PLB773 (2017) 68

P422 = (cos(4¥W4—4P,)), [ EKRT+hydrodynamics

— n/s =0.20

) F 1/s(T), param1
Ps532 = (cos(5W¥s —3¥3 —2%¥»)), n/s(T), param2

— - 1/s(T), param3
P6,222 = (cos(6Ws —6%7)),

P633 = (cos(6We —6¥3)). ' T ) \\.\‘\ \ 1

0 10 20 30 40 50
Centrality percentile Centrality percentile

X Prmn
* Agreement between ALICE and ATLAS (different eta coverage)

* Results are compatible with hydrodynamic calculations using IP-Glasma & n/s=0.095,

* calculations using MC-Glauber, MC-KLN initial conditions have difficulties to
quantitatively describe the data.
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* Pb-Pb 2.76 TeV: 2010, 2011 rd P
* Pb-Pb 5.02 TeV: 2015 T ome 900 Mev

Baryon Chemical Potential
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Theoretical predictions (|

J. Noronha-Hostler, M. Luzum, and J.Y. Ollitrault
PRC93 (2016) 034912

I
rcBK
Trento
KLN
Glauber

% change in v,

% change in €,

% change in v

default —e—
n/s=0.08 v
ideal
T=150 MeV =
':0=|0.2 fm/lc —- |

10 20 30 40
centrality percentile

% change in €4
% change in <p>

| 1 1 | | 1 |

100 20 30 40 S0 60 70
centrality percentile

* Over all centralities and every model, the
change from 2.76 TeV to 5.02TeV is * The predicted changes are at the several

between -2% and 2% for €; and
between-3% and |% for €3 .

percent level.
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Theoretical predictions (ll)

EKRT: H. Niemi et. al, PRC 93, 014912 (2016)

T T T T T T
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¢ The anisotropic flow and the increasing from 2.76 TeV to 5.02 TeV are
sensitive to the detailed setting of eta/s(T).
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Anisotropic flow in Run 2

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

PRL 116, 132302 (2016) PHYSICAL REVIEW LETTERS VeRIT 08 E
Anisotropic Flow of Charged Particles in Pb-Pb Collisions at /syy = 5.02 TeV

J. Adam et al.

(The ALICE Collaboration)
(Received 4 February 2016; published 1 April 2016)

VOLUME 56 NUMBER 3 APRIL 2016

We report the first results of elliptic (1), triangular (v3), and quadrangular (v4) flow of charged particles
in Pb-Pb collisions at a center-of-mass energy per nucleon pair of /syy = 5.02 TeV with the ALICE
detector at the CERN Large Hadron Collider. The measurements are performed in the central
pseudorapidity region [7| < 0.8 and for the transverse momentum range 0.2 < pr <5 GeV/c.
The anisotropic flow is measured using two-particle correlations with a pseudorapidity gap greater than
one unit and with the multiparticle cumulant method. Compared to results from Pb-Pb collisions at
/Sy = 2.76 TeV, the anisotropic flow coefficients v,, v3, and v4 are found to increase by (3.0 £ 0.6)%,
(43 +1.4)%, and (10.2 = 3.8)%, respectively, in the centrality range 0%-50%. This increase can be
attributed mostly to an increase of the average transverse momentum between the two energ

ALICE Pb—Pb hydrodynamics
5.02 TeV 2.76 TeV 5.02 TeV

B2, |An]>1) gvy2,|An|>1) = Va(2,|An]|>1)
®v;(2,|An|>1) ©vs(2,|An|>1) == V3(2,|An|>1)
$v4(2,|An]>1) O vy(2,[An|>1)
measurements are found to be compatible with hydrodynamic model calculations. This comparison + vy(4) & V2(4)
provides a unique opportunity to test the validity of the hydrodynamic picture and the power to further . V,(6)
discriminate between various possibilities for the temperature dependence of shear viscosity to entropy
iscriminite be ssibilitis for the temperatu denee , K V,(8)

ensity ratio of the produced matter in heavy-ion collisions at the highest energies.

ALICE Collaboration

DOI: 10.1103/PhysRevLett.116.132302
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« Feat was achieved by colliding lead atoms at an extremely high energy
« The test took place in the 16.7 mile (27km) long Large Hadron Collider

« Allowed scientists to carry out measurements on a drop of ‘early : PRL 116, 132302 (2016)
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vn from 2.76 to 5.02 TeV

ALICE Collaboration  Ref [27]: J. Noronha-Hostler et al., PRC93 (2016) 034912
PRI 116, 132302 (2016)  Ref [25]: H. Niemi et al, PRC 93, 014912 (2016)

L LI A BLELEL AL BN A L M A LA
osrer . 276Tev e, 1 % The anisotropic flow coefficients v,

| wv, {2 1An L2, A>Ty v, {2, A>Ty )

[ ovii2 o) 0 n2 :AEFH S ACATS v and v4 are found to increase by

| ¢ v, {2, IAnI>1} V412, [Anl>
R (3.0+0.6)%, (4.3+1.4)% and
V2

*v2 (8) (10.2+3.8)%, respectively, in the
centrality range 0-50%.

T I T 1T 1 | T

None of the ratios 5.02 TeV/2.76 TeV
- of flow harmonics exhibit a significant
Hydrodynamics, Ref.[25] . .
1WS(T), param1 centrality dependence in the
centrality range 0-50%,

Changes of anisotropic flow are

I ] . . .
60 compatible with theoretical
Centrality percentile . L.
predictions.
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Constrain the theory

% Many flow measurements are discussed, the results are compared to
theoretical calculations : SR

T T T T
[ ALICE Pb-Pb Hydrodynamics
—5.02 Tev 276 TeV 5.02 TeV, Ref.[27] —
UL mv,e an>y O vp{2 ani>1) v, 2 a1y
ov.{2 Iani>1) O V{2 lan>1}  =av{2 lAni>) ]
g4 .v 2 vl T}
2 & vy ()

Vo — | ALICE data v,{2}, pr>0.2 GeV = 3Ba10°

X
0.12 o [ ALICE Pb-Pb 15, =2.76 Tev
0.1 » “F [m]scua
o SC(@3.2)
0.08 E [

0.06 E
F~ Hydrodynamics
E s 5C(4,2), 17/5=0.20
0.04 S F = =« SC(4,2), 7/s(T) param1
o [ 1m0 SC(4,2), Ws(T) paramd
)
)
)

n n n Lt
} } t t t

Hydrodynamics, Ref.[25]

wis(T), parami

/s = 0.20 u

'
F —— 5C(3,2), 7/5=0.20

F -~ - - SC(3,2), 7s(T) param1
= 1m1 SC(3,2), () parama
1 1 L

1
10 20 30 40 50 60
centrality percentile centrality percentile

b)—
; ; ‘()A

R N
Ly

L L L L L L L (C) 3
10 20 30 40 50 60 70 80
Centrality percentile

o

T T T T

T T T
Pb-Pb Vs, = 2.76 TeV IP Glasma + MUSIC + UrQMD
02< p, < 5.0 GeV/c v @Evi2r @Bve2y nL{Z}
nl<0.8 Bvt Bvt @ Ve o0 |:| v
Bvizz Evsze Bvess

1 1 1 1 1 1 1 1. * .
10 20 30 40 50 60 O 10 20 30 40 50 600 1O 20 30 40 50 60
Centrality percentile Centrality percentile Centrality percentile

=> constrain the initial conditions and

** Question: can we do better?
e YES,WE CAN!
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Global Bayesian Analysis

Each computational model relies on a set of physics parameters to describe the dynamics and properties of the
system. These physics parameters act as a representation of the information we wish to extract from RHIC & LHC.

Model Parameters - System Properties
+ initial state

+ temperature-dependent viscosities

* hydro to micro switching temperature

Physics Model:

Bayesian analysis * Trento
* iIEbE-VISHNU

Experimental Data
+ ALICE flow & spectra

Bayesian analysis
* allows to simultaneously calibrate all model parameters via a model-to-data comparison
* determine parameter values such that the model best describes experimental observables

* extract the probability distributions of all parameters

S. Bass, QM2017: https://indico.cern.ch/event/433345/contributions/232 | 600/
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https://indico.cern.ch/event/433345/contributions/2321600/

Training Data

T T

Data: the entire success of the analysis depends o8 098

* ALICE vz, vz & v4 flow cumulants on the qua“ty of the exp. data! Zi WHHH\ ﬂ wwu
- identified & charged particle yields I M:

LA B B
o i ifi i c I ALICE Pb-Pb Hydrod i
identified particle mean pr > 0.15}-5.02Tev 2.76 TeV s?lozng\r/],ar;;.s[zn

¢ ies: L , Anl> O v, {2, A1} =V, {2, |An|>1)
2 beam energies: I T o = ]
2.76 & 5.02 TeV [ evoi2 an1) O v 2 Anpi)
| +v,{4} v, {4}
v, {6} m m

Xv, {8} A
. .'* 'l*
K

(p,) (Gevic)

0.2

o1f (a)
[ Full: positive, Open: negative

0 C 1

1 10°

2F T
1.8F ©® ALICE, Pb-Pb, Sy, =2.76 TeV
1.6 ** STAR,Au-Au, Sy, =200 GeV
1.4F ©® PHENIX, Au-Au, {5y = 200 GeV

: _@m.“@ @@H@

LN R N L I R B N S B B B |

L ITI|<05 .
o* #

T

(p.) (GeV/c)

1
0. 8
0. 6
0.4 _— (C) _
0.2F Full: positive, Open: negative p,P

ok ! L

10 10? 10°
dN/dn

'

|H|||||||||H||||||||r||h|||||u||||

L B e e
Hydrodynamics, Ref.[25]
- n{s(T), param1

n/s =0.

1F T T
09E &) ) EOE
0.8E 8
ALICE o TR W‘W
m Pb-Pb, {5, =5.02TeV e B A e o6k ,‘I':‘.';;J'.'qf'f']'f’
+ p-Pb, {5, =5.02 TeV 4 . “E ] osf
O Pb-Pb, {5,y =2.76 TeV (x1.2) | 4k 3 04
& PP, {Sy=2.76 TeV (x1.13) | : - ] oo .
(‘) — I1£)0‘ = I2(‘)O‘ — K3(!_)0| — |4$0 -.,.. P T T T P T T P 0-1§ iul)l:posnive.Open:nega!ive
N 60 01;) 1‘02
( par1> Centrality percentile

ot

{p,) (GeVic)

S. Bass, QM2017: https://indico.cern.ch/event/433345/contributions/232 | 600/
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Constrain the initial conditions and n/s(T)

Norm
2.76 TeV

p=0: IP-Glasma & EKRT type scaling - diagonals: probability distribution of each
> 0.03°3%8 parameter, integrating out all others
- off-diagonals: pairwise distributions showing
dependence between parameters

EKRT / Wounded
KLN IP-Glasma nucleon

o & : 10 temperature-dependent viscosities:

Prior range
Posterior median
90% CR

2,039

ﬁ 0.05%% ===
020 025
Temperature [GeV]
Prior range

L e . L (1557098
N - - o ’
TswsTc

010 P g5 P P 5 P
P IR 3P 230 !

[Gev-1]

n/s slope

o o+
S

n/scrv

54

/s max

s
B 8% o
% 88 R

s width
[GeV]
2

T switch
[GeV]

28
2 = 58
g & 88

0 065 10000 05 10000 015 03000 15 30 -1 1000 0
w tfs n/s min n/sslope  m/scrv Ysmax
Ys\Bh  Tswitch .00, 0.12 0.16

Norm Norm _
[fm] [fm/c] [Gev-1]
[Gev; [GeV]
Temperature [GeV]

2.76 TeV 5.02 TevV

S. Bass, QM2017: https://indico.cern.ch/event/433345/contributions/232 | 600/
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Summary

“* We present correlations between different order anisotropic flow in
Pb-Pb collisions.

¢ These measurements provide novel constraints on the initial

conditions and the n/s(T) which were not very well constrained by
previous flow data.

Observabe MC-Glauber MC-KLN AMPT IP-Glasma  EKRT

v, v v v v
v

X/v : not this talk
l Vn v v X/v : this talk

) 4 ) 4
X X N/A: not available
X X "

= Kkinetic theory
= lattice QCD

-+ AdS/CFT limit
= viscous hydro

n/s near Tg
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Bonus slides
(for discussions)
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Two-particle correlations (ridge)

% Long-range correlations observed in small systems

* similar correlation structure could be reproduced by hydrodynamic calculations

* collectivity?

g <4 GeV/c
1<p <2GeV/c

T,assoc

Oct 5th, 2017

. \(0-20%) - (60-100%)

K. Werner, et al.,
PRL. 112, 232301 (2014)

py® 2.0-4.0 GeV/c

p-Pb \s,, = 5.02 TeV p:ss“ 1.0-2.0 GeV/c

p-Pb \s,, =5.02 TeV
ALICE, (0-20%) - (60-100%)
PLB 719, 29 (2013).
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vn(pT) of charged particles

T T T T T T T T
Pb-Pb Vs, =2.76 TeV 'ALICE ‘T Hydrodynamics
Centrality: 20-30% ™1 e vy2an>0.8) v{2}, MC-KLN & 1/s=0.20
e - m v4{2,/An]>0.8} + vi{2}, MC-Glb & 1/s=0.08
+ v,{2,]An|>0.8} vi{2}, Trento & 1y/s(T)
' vi{2}, AMPT & 1/s=0.08

P

LBLEL LN B AL LA B BLELELELE BLELELEL BLEL
p-Pb sy = 5.02 TeV 0-20% VO-A
¢ v,{2,|/An|>0.8}, ALICE
5 v,{2,|An|>0.8}, ALICE
v,{2,]An|>0.8}, DPMJET
— V,{2}, Kozlov et. al
v4{2}, Kozlov et. al

p Pb

ALICE, JHEP 09 (2017) 032

IIIIIIII|IIII|IIII|IIII|IIII

IIIIIIII|IIII|IIII|IIII|II

.
v by v by
3 35
pT(GeV/c

)
¢ va(pT) in high multiplicity p-Pb collisions looks similar to Pb-Pb

* measurements are reproduced by hydrodynamic calculations

 DPMJET (no anisotropic flow generation) overestimates v2 and predicts negative v32
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|dentified particle v2in p-Pb

o
w

T T T I T T T T T T T T T T T T T T T T I T T T T
ALICE Preliminary 0-20% (VOA) Ml <0.8

p-Pb s, = 5.02 TeV without non-flow subtraction
o ht

0
VKS

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

JHEP 06 (2015) 190

o
N

©
—
o

v,{SP,|An| > 0.9}

PLB 726 (2013) 164

errors: stat.+syst.
* Tt

2 KE
p(P)

o©
—

1 1 1 1 1 I 1 1 1 1
4 5
P, (GeV/c

0

\_/o)

What we know already: v2 of identified particles in Pb-Pb

e at low pt: mass ordering, described by hydrodynamic calculations (VISHNU)

e at intermediate pT: approximate baryon/meson grouping

What’s new: v; of identified particles in p-Pb

* at low pt: most particle species follow mass ordering

e at intermediate pt: baryon v2 > meson vy, still inconclusive w/o non-flow subtractio
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Hydrodynamics? Rescattering!?

Pb
§

with M-M(B) collisions without M-M(B) collisions

K. Werner et al., PRL112, 232301 (2014)

EPOS3.074 1/s=0.08

-m@n T
K ,!\"'*
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I

o
w »
TT T[T T T T TTTH
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* K
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AT
* K

VA2, IAni>0.2}
©
w

v,{2, [An|>0.2}

o
[N
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=
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o o

O
TT T

o

o
o
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o
~
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1.5 2 25 0o 1 o

VA2, 1AnI>0.2)
o
©
o
w

©

no
o
no

2)

©

—

T
o
—

o

P R B
pT(GeV/c)

“* Mass ordering of identified particles in high multiplicity p-Pb collisions

= similar feature observed in (hybrid-)hydrodynamic calculations (e.g. EPOS)
= indication of hydrodynamic flow (?)
= mass splitting can be reproduced qualitatively in pure hadronic systems w/o

generation of flow (pure non-flow effects) e.g. UrQMD.
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2- and multi-particle cumulants

=
o
&

- 0.01

pp Vs =13 TeV ALICE Preliminary

=] p-Pb \s, = 5.02 TeV
PRC 90, 054901

& Pb-Pb sy, = 2.76 TeV
PRC 90, 054901

ALICE Preliminary
0.2<p . <3.0GeV/c
ml<1.0

pp Vs =13 TeV
5] p-Pb |5,y = 5.02 TeV
PRC 90, 054901

D& Pb-Pb s, = 2.76 TeV
PRC 90, 054901

A 0.009

N i ary, Pb-Pb e
o -'. "l!i
L
i f2} 4§
' =-0.008
= + | o
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n
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¢ 2- and multi-particle cumulants show +, - signs in Pb-Pb collisions

* typical feature of collective behavior

¢ Similar results observed in high multiplicity p-Pb collisions
* positive c2{2} and negative c2{4}
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multi-particle cumulants with N gap

P2
(’OAI 4

X
.
le
&

LI L B B LB L B B R R L | T 1 T L | T 1 T . VT LANNL LR L B (LR L N L L

ALICE Preliminary = c,{4}
p-Pb |sy = 5.02 TeV PRC 90, 054901
§ 02<p <3.0Gevic [E]C,{4, |An/>0.0}
ml <1.0 E] 02{4, |AT'|| > 01}
5] c,{4, |An| > 0.2}

——

ALICE Preliminary =0 c,{4}
pp \s=13TeV = c.{4, |an| > 0.0}
{4, |An| > 0.1}
{4,

AN > 0.2}

0.2<p <3.0GeV/c [T]c,
ml<1.0 Elc,

Pb

P

llllIIlII
llllIlIll
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Nenl Ne(In_| <1)

=
A
-

-—

% c2{4, |An|} decreases compared to c2{4}, especially in low multiplicity region.
* further suppression of non-flow in 4-particle cumulants
* still no definitive flow signal in pp collisions with data collected in 2015
* analysis of 2016 and 2017 pp data ongoing
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Factorization broken in p-Pb

a b
Voa (P, Pr) = r probes<ab>Bp<a a>&<bb>
\/VnA (p$,0%) - Var (07, 9%) = r, < |,Factorization broken

Pb
— —
| § ALICE, JHEP 09 (2017) 032

0-20% VO-A 20-40% V0-A 40-60% VO-A_
I o r(IAni>0.8) (ALICE) I

— e

¢¢ T

—r, (Kozlov et.al.) }

p:(GeV/c)

¢ Factorization broken also in p-Pb, similar to Pb-Pb collisions
r, measured with 2-particle correlations (not completely free of non-flow)

can be qualitatively described by hydrodynamic calculations (modified MC-Glauber initial
conditions and n/s=0.08 -> similar mechanism with Pb-Pb?

DPMJET (no anisotropic flow production) also reproduces similar trend
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Symmetric Cumulants in small systems

% Symmetric Cumulants SC(m,n) measure the correlations of v_ and v_

-3
EO.OSX1OIIIIllllllllllllllllllllllll

ALICE Simulation m SC(4,

PYTHIA8 (Monash2013) e SC(3,

pp Vs =13 TeV 0 SC(4,2) |An > 0.0
02<p_ <3.0GeV/c o SC(3,2) |an > 0.0
ml < 1. i

£
ALICE PRL 117, 182301 (2016) 3 0.04

S
E ALICE Pb-Pb {5, =2.76 TeV

= 3 ]
[ ]scua E 2F E (W] soea) g 0.03
E 1 ]
0

10°

- T T T
- Pb-Pb s, =276 TeV
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0.02
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E o SC(42) ] c ,2), 1/s=0. ) ] 0.01
. aral n

-3 E (T) parama

lllllllllllllllllllllll
lllllllllllllllllllllll

L L 3 1 e 1 1 1 13
40 %0 60 70 30 40 50 60 70
Centrality percentile

:

centrality percentile [F

TT
1

T

PR ST TR T NN TN ST TN SN AN ST TN TN S [N SN TN ST TN T TN TN SN N AN O SO N
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Nigs (Il < 1.0)

In Pb-Pb collisions

« SC is insensitive to non-flow, provides stronger constraints on the Nn/s than v, alone
Normalized SC(3,2) is insensitive to N/s(T), direct constraints on initial conditions

In pp collisions

* SC might NOT be free of non-flow effects
* PYTHIAS8 (no flow generation) shows non-zero values of SC(4,2) and SC(3,2)
* 2- and 3-subevent method (see backup) should be applied to suppress non-flow

* Strong constraints on initial conditions require full understanding of non-flow
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HF-decay electron & hadron

T T T
/£ ALICE Preliminary
E p-Pb,\s,, =502TeV

Anl<1.2
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(c,b) — e - charged particle correlation
2 < p: <4 GeV/c, -1.26 < y;v‘s <0.34
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=
e

Q00
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-100%
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= p-Pb,\s,, =5.02TeV

C lAnl<1.2
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—e— (c,b) —e
—m— Charged patrticles

PLB 726 2013 164-177

L1l :llll1Illllllllllllllllllllill

-
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(&)

A¢ (rad)

6
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¢ 2-particle correlation of HF-decay electron and charged hadron similar
to Pb-Pb collisions

“* v2{2PC,sub} of HF-decay electron is non-zero
* results are compatible with v2{2PC,sub} of charged hadron

* non-flow remains or signal of anisotropic collectivity?
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JI¥Y v in p-Pb

p-Pb, (0-20%)-(40-100%), |5,,=5.02,8.16 TeV ALICE

NN
—e— 2.03<y”¥<3.53

— = -4.46<y""<-2.96

Pb-Pb, 2.5<y"<4, \[5,,=5.02 TeV
—e— 520%
20-40%

ALICE, arXiv: 1709.06807

Transport model, Pb-Pb, 20-40%, 2.5<y"/*<4, \S\n=5-02 TeV
Inclusive J/y
- Primordial J/y

SNN

IIIIII]IIlII[I|IIIIIIIIIlIIII|IIII|I]II

o 1 2 3 4 5 6 7 8
pi/‘"(GeV/C)

¢ Significant v, in central and semi-central Pb-Pb collisions
¢ In p-Pb collisions (combined 5.02 and 8.16 TeV data),

* For 3<pt<6 GeV/c, v)'¥{2,sub} are found to be non-zero with a significance about 50

* Results are comparable with those measured in Pb—Pb collisions

* indication of the same underlying mechanism?
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List of observables

(v4 V2 008(4\1144 — 47,)) _ iz — V4,22
(v3)

V4,22 =

4
2
Z
2

V(v
V5,32
s (v3 v3 B \/m
(v v3 cos(6Wg — 6Ws)) V6,222
(v3)
{(vg v3 cos(6Wg — 6W3))

(vs)

3
(v5 v3 V9 cos(bWs — 3W3 — 2Wsy)) X523 =
2
V6,222 =
2

X6222 = \/W

V6,33 =

¢ Observables based on 2- and multi-particle correlations

e can be directly obtained using Generic framework of multi-particle correlations

(details see back up slides)
A.Bilandzic, C.H. Christensen, K. Gulbrandsen, A. Hansen, and Y. Zhou, PRC 89, 064904 (2014)
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linear and non-linear response in V,

¢ Higher harmonic flow are modeled as the sum of linear and nonlinear
response terms to the initial anisotropy coefficients €

* V,=VN 4yl non-linear response linear response
 the magnitudes of V,NL(V,, projection onV; orV3):

2 4V, — 4
Uq,22 = o COS(( 44} 2)) ~ (vg cos(4Wy — 4¥5))
Uy

505 — 305 — 20
(v5v3v2 cos(bUs 3 2)) ~ (v5 cos(5U5 — 33 — 20,))

V5,32 =
(v3 v3)

vg V5 cos(6Wg — 6
V6,222 = (s vz (< 66> 2) ~ (vg cos(6Wg — 6W5))
Uy

z 6Wg — 60
v 3 = 208 COS(< 5 2 1 (v cos(6%6 — 65)
U3

* the magnitudes of VilL:

. Oct 5th, 2017 You Zhou (NBI) @ PKU



multi-particle correlations with an eta gap

5 - cos(4pt — 208 — 2,8
Vazs = (v v3 cos(4\114 49s)) (v cos(4T; — 4T5)) Ufm _ (( (A<P1 ASOQ 3903 ) _
(v3) \/<<COS(2<P1 + 205 — 203 —2¢)))
A ({cos(b5py' — 308 — 2¢F)))

<U5 V3 U2 COS(5\I/5 — 3\113 — 2\112» —
Vs 32 = ~ (vs cos(5W5 — 3U3 — 2W,)) Us,32 =
° (02 03) ° ° / V {({cos(3pi! 4 208! — 308 — 207)))

A {{cos(6pf — 208 — 208 — 2p8)))

<U6 U% COS(G\I/G — 6‘1’2» _
V6,222 = ~ (v cos(6¥g — 6V5)) V6,222 =
( V {{cos(201" + 205 + 204 — 208 — 208 — 20F)))

v3)
((cos(6p1 — 3pF — 3p%)))

2 _
(v v cos(6Ws = 6%3)) 1\ cos(6Wg — 6T5)) vékys = N _
V{(cos(3¢7! + 303 — 3¢ —307)))

V6,33 =
(v3)

% Here 3-,4- and 6-particle correlations can be calculated via modified
Generic framework (remove self-correlations, with NUA/NUE

corrections)
A.Bilandzic, C.H. Christensen, K. Gulbrandsen, A. Hansen, and Y. Zhou, PRC 89, 064904 (2014)
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NSC(3,2) vs pt

[m]
[ ALICE Preliminary Pb+Pb {S,4=2.76 TeV
® SC(3.2/(v2Xv2) In| <0.8

o Hydrodynamics:
00 ? O

9486 ooas o | ; | | PRC 93,024907 (2016)
| eeoe eege @ | egee _

O AMPT default T EKRT+Viscous Hydrodynamics
L O AMPT string melting 1 === paramO (1/s=0.02)

= = = parami (n/s(T))

_ @® ALICE
O AMPT default

1 O AMPT string melting

¢ AMPT string melting
w/o hadronic rescattering

EKRT+Viscous Hydrodynamics
mess paramo (mn/s=0.02)

TN B R i I by vy v by vy Iy T '---param1(n/S(T))
0.5 1 . 0.5 1 15 0

pT,min ( pT,min < pT <9 ) [GeV/C]
% ALICE NSC(3,2) measurements

independent of pt.min cut in the centrality range <30%,

for centrality above 30%, a moderate decreasing trend with increasing pt, min range.

calculation from AMPT-default (can not describe v,) agrees with data for 0-40% centrality

other models overestimate NSC(3,2) _7> further improvement of initial state model
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Uncorrelated Linear and Non-linear response

ALICE, arXiv: 1705.04377

SE] WOV, 0TV (VL7 () 5 RO,V v ) 1V, U Vi) (o) -
§|"<v2>/<v;‘><v§> RN

5_ ALICE Pb-Pb Vs, =2.76 TeV

304050 60 0 10 20 20 50
Centrality percentile Centrality percentile

(Va(VH2v3)  (v5) (VsV3Vivi)  (v3v3)
PLB744 (2015) 82 (Va(VH2)(v3) (v (v2) (VsVEVE)(v)  (vav3)(v3)

¢ If the above equations are valid

e indicate Linear and Non-linear terms are uncorrelated

* valid in hydrodynamic and AMPT calculations
¢ Agreement observed in data

* suggests uncorrelated (or very weakly correlated) linear and non-linear responses
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NSCY(3,2) and NSC%(3,2)

VISH2+1, X. Zhu et al., PRC 95, 044902 (2017)
Illlllllllllllllllllllllllllll_

__IllllllllIIIIIIIIIIIIIIIIIIIII
I (c
=NSC'3,2) T (©) ++NSC(3,2) ==NSC'(3, 2)
solid: n/s=0.08
dashed: n/s=0.16 ]

LA DAL LN BLEL AL BN BLELELE
I (b

NSC‘(3,2) ==NSC'@3,2) | e . NSC'(3, 2)

solid: n/s=0.08 solid: 1/s=0.08

dashed: n/s=0.20 T

dashed: n/s=0.207T

MC-KLN )
oo by s by sy by by o by gy
40 50

10 20 30
Centrality Percentile

30 '410' B '5|0' B (I) . 11101 . 12101 . 13101 . 14101 . l5|01 0
Centrality Percentile Centrality Percentile

Vg X €2 (v3v3) | (€3€3)
(03) (v3) | (e3)(eR)

Vg X €3
NSCe(3,2)

NSC(3,2) in hydrodynamic calculations

o ,
* mainly driven by initial NSC¢(3,2) for central- and middle-central collisions

* New approach to tune initial state models

* independent of kinematic cuts
Oct 5th, 2017 You Zhou (NBI) @ PKU




ALICE, JHEP 09 (2017) 032

—T T T T T T

T T

ALICE Pb-Pb \s, =2.76 TeV

falm 8 8
, .Q\'Q\‘Q" B
Ma

11 1 T |
L I L I L
1 1 1 l 11 1 1 l 11 1

lllllllllllll

40-50% -
v{2,|AnI>0} (ALICE)
v{2,|An>0.4} (ALICE) i
vA2,I1An|>0.8} (ALICE) ]
vA2} (MC-Glauber, n/s=0.08)]
v{2} (MC-KLN, n/s=0.20)
vA2} (Trento, n/s(T))

7 v{2} (AMPT, v/s=0.08)

T
1

T
l
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ALICE, JHEP 09 (2017) 032

- 0 v, {2,]AnI>0}
[ O v;{2,1An>0.4}
AF 0 v, {2,1an1>0.8}

1 VISH2+1
[ == V;{2} (MC-Glauber, n/s=0.08)

[ ALICE Pb-Pb {5, =2.76 TeV

v4 {2} (MC-KLN, 1/s=0.20)

T T T T T T T T T

LI R L

1 IiEBE-VISHNU .

v4{2} (Trento, n/s(T)) _

5 v4{2} (AMPT, 1/s=0.08) i
L 2

75 8 8

LN B L . S T T T
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Nonlinear response coefficients

ALICE, PLB773 (2017) 68

IP-Glasma: S.McDonald et al., arXiv:1609.02958 oo X422 is insensitive to n/s but sensitive
t al., PR93, 064901 (2016 . .. ..
J. Qian et al., PR9S, (2016) to initial conditions

Pbe\FNN_276TeV o _ o ) L
B * unique observable to tune the initial
d : conditions wlo influences from nls

T o oG “3%2'“”@“"[" * in favor of MC-KLN and IP-Glasma

+ MC-Glbn/s = 0.20 3 e e ..
T Gz MG-KLN s = 0.08 ] initial conditions than MC-Glb
T ] MC-KLNn/s = 0.20 ;

1% Xsand Xe3s:very weak sensitivity to
initial conditions, vary significantly
with different n/s values.

EE f * Sensitive to N/s at freeze-out (poorly
3 : understood so far), not sensitive to N/s

10 20 30 40 50 600 10 20 30 40 50 60 duringthe system evolution
Centrality percentile Centrality percentile

* None of the hydrodynamic calculation

quantitatively describes Xs3,
v :
| ¢ weak centrality dependence,

suggests a small N/s.
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