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Anisotropic Flow

¢ Spatial anisotropy in the initial state converted to momentum

anisotropic particle distributions
* known as anisotropic flow
* reflect initial anisotropy and transport properties of QGP
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Flowing primordial fluid

ALICE, Physical Review Letters 117, 182301 (2016)
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¢ Anisotropic flow measurements agree with hydrodynamics
* The Quark-Gluon Plasma produced at the top LHC energy behaves like a perfect fluid
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How to measure flow

% Event-Plane method, popular at RHIC

Methods for analyzing anisotropic flow in relativistic nuclear
collisions

A. M. Poskanzer and S. A. Voloshin
Phys. Rev. C 58, 1671 — Published 1 September 1998

% Multi-particle correlations with generating
function method, popular at RHIC

Flow analysis from multiparticle azimuthal correlations

Nicolas Borghini, Phuong Mai Dinh, and Jean-Yves Ollitrault
Phys. Rev. C 64, 054901 — Published 25 September 2001

Flow analysis with cumulants: Direct calculations

Ante Bilandzic, Raimond Snellings, and Sergei Voloshin
Phys. Rev. C 83, 044913 — Published 26 April 201
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Issues of Q-cumulant method

¢ Unable to provide precise corrections on non-
uniform acceptance (NUA) and efficiency (NUE) N
—uniform acceptance
COFI’eCtI On S E —non-uniform acceptance

* biased flow measurements

% Complication of the design of the code for m-particle correlations

* For 4-particle correlations of
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Completely different equations, different codes
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Generic Framework

% 2014, Generic framework method, the most popular approach at the LHC

PHYSICAL REVIEW C 89, 064904 (2014)

Generic framework for anisotropic flow analyses with multiparticle azimuthal correlations

Ante Bilandzic,! Christian Holm Christensen,! Kristjan Gulbrandsen,' Alexander Hansen,' and You Zhou??
! Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands
3Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands
(Received 20 December 2013; revised manuscript received 6 May 2014; published 9 June 2014)

We present a new generic framework which enables exact and efficient evaluation of all multiparticle azimuthal
correlations. The framework can be readily used along with a correction framework for systematic biases in
anisotropic flow analyses owing to various detector inefficiencies. A new recursive algorithm has been developed
for higher-order correlators for the cases where their direct implementation is not feasible. We propose and discliss
new azimuthal observables for anisotropic flow analyses which can be measured for the first time with our new
framework. The effect of finite detector granularity on multiparticle correlations is quantified and discussed in
detail. We point out the existence of a systematic bias in traditional differential flow analyses which stems solely
from the applied selection criteria on particles used in the analyses and is also present in the ideal case when
only flow correlations are present. Finally, we extend the applicability of our generic framework to the case of
differential multiparticle correlations.
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Advantages of Generic Framework

CMS, PRC101 (2020) 014912 ,pp, 5 16 Tev

* Clear advantage compared to Q-cumulant
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e The same code for all multi-particle correlations
 Take care of acceptance and efficiency corrections
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* Further implementation with sub-event method il
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* Largely suppress non-flow in multi-particle cumulants M
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Importance of non-flow in mixed-harmonic multi-particle correlations n
in small collision systems

Peng Huo?, Katarina Gajdo3ova ", Jiangyong Jia®*, You Zhou * [ 0.3<p <3 GeV
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Disadvantages

Example: 6-particle correlations
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Q(n2,1)*Q(n3,1)*Q(n1+n4,2)*Q(n5+n6,2)-Q(n2+n3,2)*Q(nl+n4, 2)*Q(nE+né, 2)
Q(n1,1)*Q(n3,1)*Q(n2+n4,2)*Q(n5+n6,2)-Q(n1+n3,2)*Q(n2+n4, 2)¥Q(n5+né, 2)
2.%Q(n3,1)*Q(n1+n2+n4, 3)*Q(n5+n6,2)+Q(n1,1)*Q(n2,1)*Q(n3+n4, 2) ¥Q(n5+né, 2)
Q(nLn2, 2)Q(n3+né, 2)%Q(n5+n6, 2)2.#Q(n2, 1)*Q(NLtn3+né, 3)*Q(n5+n6, 2)
2.4Q(n1,1)xQ(n2+n3+né, 3)%Q(n54n6, 2)+6.¥Q(nLn2+n3end, 41%Q(n6+n6, 2)
2.%Q(n2,1)*Q(n3,1)*Q(n4,1)*Q(n1+n5+n6,3)-2.*¥Q(n2+n3,2)*Q(n4, 1)*Q(n1+n5+n6,3)
204Q(n3,1)xQ(n2+n, 2)4Q{n1+n5+n6,3)-2-4Q(n2, 1)#Q(n3+n, 2)#Q(n1+n5+n6,3)
4.%Q(n2+n3+n4,3)¥Q(n1+n5+né,3)+2.%Q(n1, 1)*Q(n3, 1)*Q(n4,1)*Q(n2+n5+n6,3)
2.4Q(n1+n3,2)¥Q(n4 ,1)%Q(N2+N5+n6,3)-2.¥Q(n3, 1) %A (N1+n4, 2)%Q(n2+n5+n6,3)
2.%Q(n1,1)*Q(n3+n4, 2)¥Q(n2+n5+n6 , 3) +4.%Q(n1+n3+n4, 3)*Q(n2+n5+né,3)
6.%Q(n3,1)xQ(nk, 1)*Q(n1+n2+n5 406, 4) +6.%Q(n3I+nd, 2)*Q(n1+n2+n54n6, 4)
2.%Q(n1,1)¥Q(n2,1)Q(n4, 1)¥Q(n3+n5+n6,3)-2.%Q(N1+n2,2)%Q(n&, 1)+Q(n3+n5+n6, 3)
2.%Q(n2,1)xQ(nLénk, 2)¥Q(n3+n5+n6, 3)-2.%Q(n1,1)%Q(n2+n4, 2) ¥Q(n3+n5+n6, 3)
=6.%Q(n2,1)*Q(n4,1)*Q(n1+n3+n5+né, 4)
14)-6.%Q(n1,1)%Q(n4, 1)4Q(n2+n34n5+n6  4)
6.4Q(n1+nd, 2)%Q(N2+N3+N5+N6, 4) 424 %Q (N4, 1) ¥Q(n1n2+n3 n5+n6, 5)
2.%Q(n1,1)*Q(n2,1)*Q(n3,1)*Q(n4+n5+n6,3)-2.%Q(n1+n2,2)*Q(n3,1)*Q(n&+n5+n6,3)
2.%Q(n2,1)%Q(n1+n3, 2) ¥ (nk+n5+n6, 3)-2.%Q(n1,1)%Q(n2+n3,2) ¥ (n4+n5+n6, 3)
4.%Q(n1+n2+n3, 3)*Q(n4+n5+n6,3)-6.%Q(n2,1)*Q(n3, 1)¥Q(n1+n&+nE+né, 4)
6.%Q(n2+n3,2)4Q(nLtné+n5+n6, 4)-6.%Q(nL, 1)¥Q(n3,1)*Q(n2nkn54n6, 4)
6.%Q(n1+n3, 2)¥Q(N2+n4+n5+n6, 4) +24.%xQ(n3, 1)*Q(n1+n2+n4+n5+né, 5)
6.4Q(n1,1)%Q(n2, 1)¥Q(n3+n44n5+n6, 4)+6.¥Q(N1+n2, 2)%Q(n3+nk+n5 6, 4)
26.%Q(n2, 1)KQ(N14N3HN4+N5+16, 5)424.%Q(NL, 1)%Q(N2+N3+N4N5HNG,5)

AR AR

100 200

Nofflme - 126.4Q(nl+n2+n3+nk+n5inb, 6) ;
tfk TComplex *out = (TComplex) &formula;
return out;




Generic algorithm

% 2020, Generic algorithm method, the most efficient, precise and reliable method

arXiv: 2005.07974

complex Correlator(int* harmonic, int n, int mult = 1, int skip = 0)

Multi-particle cumulants of azimuthal angle correlations have been compelling tools to probe the properties of the Quark-Gluon Plasma (QGP) .
created in the ultra-relativistic heavy-ion collisions and the search for the QGP in small collision systems at RHIC and the LHC. However, only int har_su_m =0 N

very few of them are available and have been studied in theoretical calculations and experimental measurements. In this paper, we present a . . . . . .
generic recursive algorithm for multi-particle cumulants, which enables the calculation of arbitrary order multi-particle cumulants. Among them, f or (1nt 1= O ) 1<mult ) ++1) har_sum += harmonl C [n_ 1+l] )
the new 10-, 12-, 14-, and 16-particle cumulants of a single harmonic, named cn{10} , cn{12} , cn{14} , and cx(16} , and the corresponding va .

coefficients, will be discussed for the first time. These new multi-particle cumulants can be readily used along with updates to the generic Complex c (Q (har_sum > Hl'l.llt) ) ’

framework of multi-particle correla(i.ons to a very high order. Finally, we propose a part»icular series of‘m\xed harmonic multi-particle cumulants, lf (n == 1) return ¢ ;

which measures the general correlations between any moments of different flow coefficients. The predictions of these new observables are

shown based on an initial state model MC-Glauber, a toy Monte Carlo model, and the HIJING transport model for future comparisons between C k= Correla‘tor (harmonic , n— 1) ;

experimental data and theoretical model calculations. The study of these new multi-particle cumulants in heavy-ion collisions will significantly . .

improve the understanding of the joint probability density function which involves both different harmonics of flow and also the symmetry if (Il == 1+Sk1p) return c H

planes. This will pave the way for more stringent constraints on the initial state and help to extract more precisely how the created hot and dense
matter evolves. Meanwhile, the efforts applied to small systems could be very helpful in the understanding of the origin of the observed
collectivity at RHIC and the LHC.

Generic algorithm for multi-particle cumulants of azimuth orrelations in high energy nucleus collisions
Zuzana Moravcova, Kristjan Gulbrandsen,

complex c2 = 0;
Comments: 13 pages, 6 figures int h_hold = harmonic[n-2];

Subjects:  Nuclear Theory (nucl-th); Nuclear Experiment (nucl-ex)

Citeas:  arXiv:2005.07974 [nucl-th] for (int counter = 0; counter <= n-2-skip; ++counter)
(or arXiv:2005.07974v1 [nucl-th] for this version) {

harmonic[n-2] = harmonic[counter];
harmonic[counter] = h_hold;

* Few lines of code, for amy multi- e e R
particle correlations ) momicla2] = B hold:

e Much faster than generic framework return c-mult*c2;
(much shorter CPU times)

Feel free to contact you.zhou@cern.ch
if you have any technical question

You Zhou (NBI) @ ICPPA20
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New possibilities

“Future high-energy pp programme with

ALICE”, ALICE-PUBLIC-2020-005
arXiv: 2005.07974

T T T \T[‘ | T TTII

— ALICE Upgrade projection
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New possibility of m-particle correlations

(m>8) with existing RHIC & LHC heavy-ion
data, and also in the future HL-LHC program.

You Zhou (NBI) @ ICPPA20




With many more observables

arXiv: 2005.07974

 Pb-Pb 5.02 TeV
I MC-Glauber HIJING

Centrality Porcentie. © TN€W generic algorithm of multi-particle mixed
harmonic cumulants, which for the first time
T study the correlations between v2X, v, v4p
[ MR MO ] * Free of non-flow (Results from HIJING are all
| N MHC(Vz'VB)X1O O MHC(V2,V3) ] Zero)
. ] * Sensitive to the initial conditions and transport
2o ] properties of QGP (based on hydro
72075060 calculations)
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Summary

% “generic algorithm”, one code for all flow studies

ALICE, PRL123, 142301 (2019)

[ EXPdata |

LHC, RHIC,
SPS, FAIR i i STAR, PLB809 (2020) 135728
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You Zhou (NBI) @ ICPPA20




Thanks for your attentions!
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Ultra-higher order cumulants

arXiv: 2005.07974

* |4-particle cumulant of single harmonic * | 6-particle cumulant of single harmonic
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