Correlations of anisotropic flow at the LHC




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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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
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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, e V¥,

v2: Elliptic flow
v3: Triangular flow
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Flow vector 7 'and V'

ALICE data v,{2}, pt>0.2 GeV | ALICE:
n/s = 0.2 1 PRL107, 032301(2011)

IP-Glasma:
1 PRL110, 012302 (2013

centrality percentile

% The anisotropic flow coefficients v, (magnitude of the n*"-harmonic flow
vector) have been measured in great detail (centrality, pt, N, PID)

—> constraints on the initial conditions, n/s, EoS, freeze-out conditions ...
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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 question:

* 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 v 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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Correlations of v and vn using ESE

ATLAS, PRC92, 034903 (2015)
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% Investigate the relationship between v, and v, using Event Shape
Engineering (ESE)
* stronger anti-correlations between v and vs in peripheral collisions

* can not quantify the correlation strength
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A. Bilandzic etc,

, PRC 89, 064904 (2014
% Symmetric Cumulants, SC(m,n), (2019

measures the correlations of v_ and v_

((cos(mp1 +nps —mps —npy))),
= ((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 (P _and _ correlations)
“* It is non-zero if the event-by-event amplitude fluctuations of v, and vn

are (anti-)correlated.
* more details, see Section |V in:

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064904
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Centrality dependence of SC(m,n)
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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?
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% SC(m,n) calculations from HIJING

% It is found that (vs,v2) >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 of flow vectors
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% Correlations between different order flow coefficients provide stronger

constraints on the initial conditions and n/s in hydrodynamic calculations than v,
alone.

* previously “successful” hydro calculations fail to describe the data
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SC and NSC with other harmonics

ALICE Preliminary Pb- P =2.76 TeV
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% SC(m,n) and NSC(m,n) with other harmonics:

* 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 (201
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SC and NSC with other harmonics

(v2, vs) (V3, Vs)
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% Comparison to VISH2+1 hydrodynamic calculations

® ALICE
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VISH2+1, X. Zhu et al.,
PRC 95, 044902 (2017

* 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).
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initial anisotropy and final state flow

Linear response

Linear & Non-linear

r ESEOHSE

>

.. August 23", 2017 You Zhou (NBI) @ ICNFP2017, Crete



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 €

‘/'n: ‘/nNL _I_VnL

non-linear response  linear response

* Non-linear response VﬂNL
- 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 €’

L

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

% p:ratio of vnmand v

PLB744 (2015) 82
Pa29 = 0422 (cos(4¥y — 4Vy)) ( )
v4{2}

P539 = Y532 (cos(bWs — 3W3 — 2Wy)) J. Qian et al,
vs{2} PRC 93, 064901 (2016)

v
P6222 = 027{231 ~ (cos(6Ws — 6W¥q))

U6’

~ (cos(6Wg — 6W3))

3
P633 =
v6{2}

* probes the correlations between different order flow symmetry planes

* Similar with previous “event-plane correlations”

“* Xmn : Non-linear response coefficient V.
mn

V4,22 V6,222
— 1 =2 = | e
X422 X6222 —g
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: linear and non-linear terms

Pbe\FNN-276TeV ] ]
F 0.2<p_<5.0GeVic 1 Evs2 [vel2d | arXiv: 1705.04377
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“* 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 1 @via Ev2 @vd2 T arXiv: 1705.04377
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“* non-linear component vom
* increase with increasing centrality

* becomes dominant in peripheral collisions

% linear component vi*

* plays dominant role in v, in central collisions

* weak centrality dependence
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linear and non-linear terms

L Pb-Pb Vs, = 2.76 TeV : 5; IP-Glasma + MUSIC + UrQMD
- 0.2< p.<5.0GeV/c T v @Evd2 1 v{2}

Iyl <0.8 I@v, Bt PO N I

A 1 Bvi, [Evsa

1 )
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“* non-linear component Vo m ALICE,
arXiv: 1705.04377
* increase with increasing centrality

IP-Glasma:
S. McDonald et al.,

% linear component v, arxiv: 1609.02958

* becomes dominant in peripheral collisions

* 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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probe of symmetry plane correlations

L
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(cos(6®
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- IP-Glasma + MUSIC + UrQMD I ] S. McDonald et al
=1 i ' ’

o, ¥ ] arXiv: 1609.02958
Pe,222 I ]
p6,33

& 0 10 20 30 40 50
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* Probes the symmetry plane correlations
* Agreement between ALICE and ATLAS (different eta coverage)

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

* calculations using MC-Glauber, MC-KLN initial conditions have difficulties to
quantitatively describe the data.
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Nonlinear response coefficients

ALICE, arXiv: 1705.04377

IP-Glasma: S. McDonald et al.,

arXivl609.02958

E Pb-Pb {5, = 2.76 TeV

C #&51 s
KX
s$ e, S

I &9 MC-GIb,"/s = 0.08

§ MC-KLN," /s = 0.08
¥ [ MC-KLN,"/s=0.20

J. Qian u. Heinz PR3, 064901 (2016)

+

IP-Glasma + MUSIC + UrQMD-
MC-Glb," /s = 0.20 E
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Centrality percentile
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Centrality percentile

L X4

* X isinsensitive to n/s but sensitive
to initial conditions

* unique observable to tune the initial
conditions w/o influences from N/s

 in favor of MC-KLN and IP-Glasma
initial conditions than MC-Glb

Xs32and Xe33: very weak sensitivity to
initial conditions, vary significantly
with different n/s values.

* Sensitive to N/s at freeze-out (poorly

understood so far), not sensitive to N/s
during the system evolution

* None of the hydrodynamic calculation
quantitatively describes Xs3,

7/

weak centrality dependence,

suggests a small n/s.

>
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Similar results at 5.02 TeV

X422 X523 X6222 X633
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+* Similar conclusion obtained in Pb-Pb collisions at 5.02 TeV
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Summary

¢ We present the correlations between different order anisotropic
flow, we also show detailed studies of mode-coupling of higher
harmonic flow in Pb-Pb collisions.

“* These measurements open new possibilities for investigation of the
initial conditions and the n/s(T) which were not very well
constrained by previous flow data.

AMPT IP-Glasma  EKRT

X/v : not this talk

X/v : this talk
N/A: not available

= Kkinetic theory
= lattice QCD
-+ AdS/CFT limit
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. A. Bilandzic etc,
** New observable: PRC 89, 064904 (2014)

Symmetric 2-harmonic 4-particle Cumulants, SC(m,n), measures the
correlations of v  and v

((cos(mp1 +nps —mps —npy))),
= ((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 (P _and _ correlations)
“* It is non-zero if the event-by-event amplitude fluctuations of v, and vn

are (anti-)correlated.
* more details, see Section |V in:

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064904
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List of observables

IV, V5 cqs(4_4" 40 o) #
I3 #

V4,00 =

(v5v3 V2 cos(5W5 — 3W3 — 2W,))

(v3 v3)

Ve V5 cqs(ﬂ 6" 6! H)#
L

V5,32 =

Ve,222 =

Ve V3 Cq-S(G—GH 6! 3)#
Iv3#

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, RR89, 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 €

* Vo=VN+ 1t non-linear response linear response
* the magnitudes of VNt (V, projection on V3 orV3):

2 n
V40 = Vavp €qS( 4" 4 2)#$ vy cos(d 4" 4 L)t
' Iv3#

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

V5,32 =
(v3 v3)

v V3 cos(@ ¢" 6! o)#
Vg, 222 = Vo V7 q (_66 2) $! Ve COS(G " O 2)-7E
Io#

Ive V5 cqs(@ " 6! 3)# .
Vo33 = — q-(é ) $!vecos(@ " 6! 3)

* the magnitudes of Vil:
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multi-particle correlations with an eta gap

IVav2 cos(d 4" 4 H)#
Va2 = Ya Yo cq.s(i 2) $lvycos(d 4" 4 L)
’ Iva#

505 — 3W3 — 20
V5,32 = (5 3 vz cos(5%s 5 2)) ~ (vs cos(5Ws — 3U3 — 2Wy))
(v3v3)

Ivg V3 cas(@ " 6! ,)#
Ve,222 = 672 Q (ﬁe 2) $!vgcos@ g" 6 5)f
V5

Ivg V2 cos(@ ¢" 6! 3)#
Vo33 = q(!v;’i ) $!vgcos(@ " 6 3)f

LA llcos(A A" 218 " 21 By
227 Ncos(@A+21 A" 208" 2B

DA _ ((cos(Bpi' — 3pF — 208)))
5,32 —
’ V {({cos(3p7t + 28 — 38 — 20F)))

ol = ({cos(6pi' — 205 — 20§ — 2¢F)))
’ v ({cos (208! + 208" + 208 — 208 — 208 — 208)))

({cos(b6pi' — 3pF — 308)))

A
v {({cos(3p! + 393" — 3pF — 3p7)))

V6,33 —

¢ 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, RR89, 064904 (2014)
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NSC(3,2) vs pt

O

[ ALICE Preliminary Pb+Pb S (=2.76 TeV 1
® SC(3.2/vA) I < 0.8 1 1 ] -
L0 Hydrodynamics:
90 o T T ;
098t oooo
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| eeee oege ¢ | ]

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
| ekl _D ood 1 1 1

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

..ty by vy by Ty by by Iy T '---param1(n/S(T))
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% 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

BV, (VP V3V, (VP (VB ) BV, Vet Vi vB ) 7V, VgVt ) (V2 )

& (v3)/(ve) (V2) £ (VVE) (V) (V)

- - 1

» N

E ALICE Pb-Pb Vs, =2.76 TeV
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(Va(V)?v3) (v (VsVivivi) _ (vv3)

PLB744 (2015) 82 (V4(VH)2)(v3) — (vi)(v3) (VsV3VI)(vs)  (vav5)(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)
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* NSC(3,2) in hydrodynamic calculations

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

* New approach to tune initial state models

* independent of kinematic cuts
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