Collective Flow In Large and
Small Systems at the LHC

A

-

LY g SO RSO »
' ¥ RS A f s g
n— = P LT (A e v
UICNA0 OO0NJ A
— ! £ J " )
y J y ’
:  SOw af \ f
y g ! |
L}

Peking L/AAREINa] v

‘ SQI\/I 2016
Berkeley, CA; June27-July 2, 2016

4 s B~ - ] 5 \"-"",ﬁ‘& S HEL TS
-fff.;:fmdt»wganﬁdkmm:,$£EN9f.“ S
N Collaporatl '

r',%'o‘ ,

Ine. 30, 2016



500
400
=00

Collective Pltjmme

______

dN _ dN
d°p  dyp,dp,de
1 dN
27 dyp,dp;

[1+2,(pr  b)cos(p) + 2v,(pr ) cos(2p)

+ 2V, (p;,b)cos(3¢)......



<Vn.2 >1 2

0.14 T T T T 0.2 I
012 - Va — ALICE data v,{2}, pr>0.2 GeV | Va = | ATLAS 20%-— C Gale’ PRL201 3
_ Vs n/s=02 015 Va. == | namow: /s(T) );U[]- ,
01k a wide: 1/s=0.2 0-5% gy IP-Glasma = -----
10 b vy IP-Glasma+MUSIC e | ]
0.08 [ = v, ATLAS ——t
@ 04 1
0.06 | =
- pr> 0.5 GeV ]
0.04 L Inl<25
0.05 " o001 - - : : L
o.02 b I 0 0.5 1 1.5 2 2.5 3
I Vz!"(\"z,): Ez'r(Ezﬁ
0 L L L L 0 100 .
Q 10 20_ 30 ) 40 50 Q 0.5 1 1.5 0-5% g5 IP-Glasma = eeae-
centrality percentile o [GeV] 10 L vy IP-Glasma+MUSIC e | ]
o= cos{ 4T EF 4w P ! cos(a T FE - e 1 f R e | r Vg ATLAS —
o.s R - - 10 1t
o7 o Qiu & Heinz, PLB 2012 Il .
o.s e 1 ¥ T
oo 0.6 E | ‘I.,, I 0.1 pr > 0.5 GeV
o4 oA ’ ++ Inl<2.5
) : 1 ==1 0.01 - - - - -
o3 o} B ,+ iy 0 0.5 1 1.5 2 2.5 3
o= .= — !\ !\
o= o | 1 VS’(VEI)= ES'(ES)
o 4 —o) 11 100 .
oe o-s 1 o=f comtizwEr—izwr; | 0-5%  [eyIP-Glasma e
o.5 0.5 1 o.1s5 | 1 10 ¢ V4 IP-Glasma+MUSIC —
o4 .4 4 @.1r 1 V4 ATLAS —
o.= o.a | oost ] 1L
o= a-= T-o D:
e o1 1 _oal | 0.1 pr > 0.5 GeV
° o Jo.as| Inl <25
- —o.=| 0.01 - - s . :
—0.1 0 0.5 1 1.5 2 2.5 3
_D_QD B 100 =200 =200 =00 (n] 100 =200 00 200 0-250 100 200 300 e ln] J, J,
MG, 7/ 0.0 —_— o = RIC-KLN, s o2 ot V4J(V4_)= E¢'(E4-)

TODAY’S TOPIC: Collective Flow in Large and Small Systems

-2.76 A TeV Pb+Pb collisions
-Higher-Order Flow Harmonics of Identified Hadrons (xu, Li, Song PRC2016)
-Correlations of Flow Harmonics (znhu, Xu, Zhou, Song, in preparation)

-Collective flow in 7 & 13 TeV p+p collisions (zhu, Xu, Deng, Zhou, Song, in preparation)
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IEBE-VISHNU

Preequilibrium hadronisation

\ J J J
Y Y Y
Initial conditions viscous hydro hadron cascade

Initial conditions

- MC-Glauber or MC-KLN (... Song et al PRL 2011, PRC 2011 ... ... )
-fluctuations of nucleon positions

- AMPT Iinitial conditions (xu, Li & Song PRC2016)
-fluctuations of partons in momentum & position space

B pi - Ug (z —2:)* + (y — wi)°
€(2,y) = KZ 2wy An, exp 202 )




Xu, Li, Song PRC 2016 "'}
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P- spectra & Vn

Pb+Pb 2.76 A TeV:
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V2, Vs, Va4 Of identified hadrons

Pb+Pb 2.76 A TeV Xu, Li, Song PRC 2016
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-V3 & V4 shows similar mass orderings as V2 for various centrality
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Mass splitting of Vn

Pb+Pb 2.76 A TeV 20-30% Xu, Li, Song PRC 2016
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-Hadronic interactions rebalance the generations of radial and anisotropic
flow, leading to a nice description of vn of identified hadrons




Correlations of Flow Harmonics
In 2.76 A TeV Pb+Pb collisions

Zhu, Xu, Zhou, Song, in preparation



Correlations of Event Plane Angles
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Initial conditions

- MC-Glauber or MC-KLN ¢... ... Song et al PRL 2011, PRC 2011 ... ... )
-fluctuations of nucleon positions

- AMPT initial conditions (xu, Li & Song PRC2016)
-fluctuations of partons in momentum & position space
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SC¥(3,2) & SCY(4,2)
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Zhu, Xu, Zhou, Song, in preparation

-SCY(3,2) and SCVY(4,2) are sensitive to both initial conditions and n/s

-hydrodynamic simulations correctly capture the sign of SCY(3,2) and SCV (4,2)

-V2 and V4 are correlated, V2 and Vs are anti-correlated
-SCY(3,2) and SCVY(4,2) follow the sign of SC%(3,2) and SC&:(4,2)
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SCY(5,2), SC¥(4,3) & SCY(5,3)
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-V2 and Vs : Vs and Vs are correlated, Vs and Vs are anti-correlated

-SCY(5,2) and SCV (5,3) respectively follow the sign of SC%(5,2) and SC&(5,3)

-SCY (4,3) & SC%(4,3) show opposite signs
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Normalized Symmetric Cumulants NSCY(m,n)
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-NSCV (3,2): insensitive to /s and initial conditions, roughly fit the ALICE data
-NSCV (4,2), NSCV (5,2) & NSCV (5,3): sensitive to /s and initial conditions



Pearson correlation coefficients
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-None of the Vn and Vm pairs are linearly correlated or linearly anti-correlated



Pearson correlation coefficients
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-Multiplicity dependent V-

-development of triangular flow at
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Summary

Higher-Order Flow Harmonics of Identified Hadrons in 2.76 A TeV Pb+Pb
collisions

-IEBE-VISHNU nicely describe the Vn data from ALICE

-Hadronic interactions rebalance the generations of radial and anisotropic flow,
leading to a nice description of va of identified hadrons

Correlations of flow harmonics in 2.76 A TeV Pb+Pb collisions

-IEBE-VISH2+1 qualitatively describe SC(3,2), SC(4,2); V2 and V4 are
correlated, V2 and Vs are anti-correlated ;

-Predictions of SC(5,2), SC(5,3) and SC(4,3) shows V2 and Vs, Vs and Vs
are correlated, V3 and Vs are anti-correlated :

-Normalized symmetric cumulants NSC(3,2) are insensitive to both initial
conditions and n/s

Collective flow in p+p collisions

-hydrodynamics can naturally describes v2 v3, C2{4} and the v2 mass-ordering
In the high multiplicity events
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SCY(3,2) & SCY(4,2) —hydrodynamic simulations with n/s(T)
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Niemi et al, arXiv:1505.026|77
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-hydrodynamic simulations with n/s(T) correctly capture the sign of SC(3,2)
and SC(4,2), but can not quantitatively describe the data



Fluctuations and Correlations

In smaller systems
-p+PDb collisions at 5 TeV

Where dose the correlations (collective flow) in 5.02 TeV
p-Pb collisions come from?

-Initial State?
-QGP ?

UrQMD Baseline Calculations Zhou, Zhu, Li, Song, PRC 2015

Assumption: p-Pb collisions only produce hadronic systems without reach the
thresh hold of the QGP formation
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V2 mass ordering in p+Pb collisions at 5.02 TeV
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V2 mass ordering is produced by UrQMD, similar to the ALICE data



Hadronic interactions & Vv2 mass ordering
Zhou, Zhu, Li, Song, arXiv: 1503.06986
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-Hadronic interaction can generate a mass ordering for 2- particle correlations
-Additive quark model: different M-M M-B cross-sections



