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Figure 24. The v2{6} values calculated for charged particles in four pT ranges as a function of

centrality (left panel), ΣET (middle panel), and N rec
ch (right panel). The error bars and shaded

boxes represent the statistical and systematic uncertainties, respectively. Zero is indicated by a

dotted line.

Figure 25. The nc2{4} values calculated for charged particles in several pT ranges with the

standard cumulant method (left) and three-subevent method (right). The error bars and shaded

boxes represent the statistical and systematic uncertainties, respectively. Zero is indicated by a

dotted line.

the normalized cumulants nc2{4}, nc3{4}, and nc4{4} calculated with event class based on

ΣET. Figures 29–31 show the comparisons for sc2,3{4}, sc2,4{4} and ac2{3}, respectively.

Figures 32 and 33 compares the standard method and different types of subevent methods.

As discussed in [58], part of the differences between the standard method and subevent

methods can be partially attributed to longitudinal flow decorrelations [75].

C Correlation of cumulant ratios

This appendix shows the correlation between different cumulant ratios. Figure 34 shows the

correlation between v2{6}/v2{4} and v2{4}/v2{2} for event class based on N rec
ch ; and this is

a complementary plot to the right panel of figure 7. Figures 35 and 36 show the correlation
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Figure 27. The nc4{4} values calculated for charged particles in several pT ranges with the

standard cumulant method (left) and three-subevent method (right). The error bars and shaded
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dotted line.

between normalized cumulants ncn{4} and nc2{4}, these correlations are compared directly

with model calculations based on initial-state eccentricities [32, 41, 51].
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tions [41] in four pT ranges with event class based on ΣET (left panel) and N rec
ch (right panel). The

error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

– 35 –



J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

}T EΣ{4,2-nc
0 0.5

}
T

 E
Σ

{4
,

4
-n

c

-1

-0.5

0

Standard Glauber

Two-component Glauber

<5 GeV
T

0.5<p

<5 GeV
T

1.0<p

<5 GeV
T

1.5<p

<5 GeV
T

2.0<p

Standard method

 ATLAS

-1bµPb+Pb 5.02 TeV, 470 

}
rec

ch
{4,N

2
-nc

0 0.5

}
re

c

c
h

{4
,N

4
-n

c

-1

-0.5

0

Standard Glauber

Two-component Glauber

<5 GeV
T

0.5<p

<5 GeV
T

1.0<p

<5 GeV
T

1.5<p

<5 GeV
T

2.0<p

Standard method

 ATLAS

-1bµPb+Pb 5.02 TeV, 470 

Figure 36. The correlation between −nc4{4} and −nc2{4} compared with Glauber model predic-

tions [41] in four pT ranges with event class based on ΣET (left panel) and N rec
ch (right panel). The

error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] C. Gale, S. Jeon and B. Schenke, Hydrodynamic Modeling of Heavy-Ion Collisions, Int. J.

Mod. Phys. A 28 (2013) 1340011 [arXiv:1301.5893] [INSPIRE].

[2] U. Heinz and R. Snellings, Collective flow and viscosity in relativistic heavy-ion collisions,

Ann. Rev. Nucl. Part. Sci. 63 (2013) 123 [arXiv:1301.2826] [INSPIRE].

[3] W. Busza, K. Rajagopal and W. van der Schee, Heavy Ion Collisions: The Big Picture and

the Big Questions, Ann. Rev. Nucl. Part. Sci. 68 (2018) 339 [arXiv:1802.04801] [INSPIRE].

[4] F.G. Gardim, F. Grassi, M. Luzum and J.-Y. Ollitrault, Mapping the hydrodynamic response

to the initial geometry in heavy-ion collisions, Phys. Rev. C 85 (2012) 024908

[arXiv:1111.6538] [INSPIRE].

[5] C. Gale, S. Jeon, B. Schenke, P. Tribedy and R. Venugopalan, Event-by-event anisotropic

flow in heavy-ion collisions from combined Yang-Mills and viscous fluid dynamics, Phys. Rev.

Lett. 110 (2013) 012302 [arXiv:1209.6330] [INSPIRE].

[6] D. Teaney and L. Yan, Triangularity and Dipole Asymmetry in Heavy Ion Collisions, Phys.

Rev. C 83 (2011) 064904 [arXiv:1010.1876] [INSPIRE].

[7] H. Niemi, G.S. Denicol, H. Holopainen and P. Huovinen, Event-by-event distributions of

azimuthal asymmetries in ultrarelativistic heavy-ion collisions, Phys. Rev. C 87 (2013)

054901 [arXiv:1212.1008] [INSPIRE].

– 36 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1142/S0217751X13400113
https://doi.org/10.1142/S0217751X13400113
https://arxiv.org/abs/1301.5893
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.5893
https://doi.org/10.1146/annurev-nucl-102212-170540
https://arxiv.org/abs/1301.2826
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.2826
https://doi.org/10.1146/annurev-nucl-101917-020852
https://arxiv.org/abs/1802.04801
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.04801
https://doi.org/10.1103/PhysRevC.85.024908
https://arxiv.org/abs/1111.6538
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6538
https://doi.org/10.1103/PhysRevLett.110.012302
https://doi.org/10.1103/PhysRevLett.110.012302
https://arxiv.org/abs/1209.6330
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.6330
https://doi.org/10.1103/PhysRevC.83.064904
https://doi.org/10.1103/PhysRevC.83.064904
https://arxiv.org/abs/1010.1876
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.1876
https://doi.org/10.1103/PhysRevC.87.054901
https://doi.org/10.1103/PhysRevC.87.054901
https://arxiv.org/abs/1212.1008
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.1008


J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

[8] PHENIX collaboration, Measurements of Higher-Order Flow Harmonics in Au+Au

Collisions at
√
sNN = 200 GeV, Phys. Rev. Lett. 107 (2011) 252301 [arXiv:1105.3928]

[INSPIRE].

[9] ALICE collaboration, Higher harmonic anisotropic flow measurements of charged particles

in Pb-Pb collisions at
√
sNN = 2.76 TeV, Phys. Rev. Lett. 107 (2011) 032301

[arXiv:1105.3865] [INSPIRE].

[10] ATLAS collaboration, Measurement of the azimuthal anisotropy for charged particle

production in
√
sNN = 2.76 TeV lead-lead collisions with the ATLAS detector, Phys. Rev. C

86 (2012) 014907 [arXiv:1203.3087] [INSPIRE].

[11] CMS collaboration, Measurement of Higher-Order Harmonic Azimuthal Anisotropy in PbPb

Collisions at
√
sNN = 2.76 TeV, Phys. Rev. C 89 (2014) 044906 [arXiv:1310.8651]

[INSPIRE].

[12] ATLAS collaboration, Measurement of the distributions of event-by-event flow harmonics in

lead-lead collisions at
√
sNN = 2.76 TeV with the ATLAS detector at the LHC, JHEP 11

(2013) 183 [arXiv:1305.2942] [INSPIRE].

[13] ATLAS collaboration, Measurement of event-plane correlations in
√
sNN = 2.76 TeV

lead-lead collisions with the ATLAS detector, Phys. Rev. C 90 (2014) 024905

[arXiv:1403.0489] [INSPIRE].

[14] ATLAS collaboration, Measurement of the correlation between flow harmonics of different

order in lead-lead collisions at
√
sNN = 2.76 TeV with the ATLAS detector, Phys. Rev. C 92

(2015) 034903 [arXiv:1504.01289] [INSPIRE].

[15] ALICE collaboration, Correlated event-by-event fluctuations of flow harmonics in Pb-Pb

collisions at
√
sNN = 2.76 TeV, Phys. Rev. Lett. 117 (2016) 182301 [arXiv:1604.07663]

[INSPIRE].

[16] M. Luzum and J.-Y. Ollitrault, Extracting the shear viscosity of the quark-gluon plasma from

flow in ultra-central heavy-ion collisions, Nucl. Phys. A904–905 (2013) 377c

[arXiv:1210.6010] [INSPIRE].

[17] Z. Qiu and U. Heinz, Hydrodynamic event-plane correlations in Pb+ Pb collisions at√
s = 2.76 A TeV, Phys. Lett. B 717 (2012) 261 [arXiv:1208.1200] [INSPIRE].

[18] D. Teaney and L. Yan, Event-plane correlations and hydrodynamic simulations of heavy ion

collisions, Phys. Rev. C 90 (2014) 024902 [arXiv:1312.3689] [INSPIRE].

[19] N. Borghini, P.M. Dinh and J.-Y. Ollitrault, A New method for measuring azimuthal

distributions in nucleus-nucleus collisions, Phys. Rev. C 63 (2001) 054906

[nucl-th/0007063] [INSPIRE].

[20] N. Borghini, P.M. Dinh and J.-Y. Ollitrault, Flow analysis from multiparticle azimuthal

correlations, Phys. Rev. C 64 (2001) 054901 [nucl-th/0105040] [INSPIRE].

[21] A. Bilandzic, R. Snellings and S. Voloshin, Flow analysis with cumulants: Direct calculations,

Phys. Rev. C 83 (2011) 044913 [arXiv:1010.0233] [INSPIRE].

[22] A. Bilandzic, C.H. Christensen, K. Gulbrandsen, A. Hansen and Y. Zhou, Generic

framework for anisotropic flow analyses with multiparticle azimuthal correlations, Phys. Rev.

C 89 (2014) 064904 [arXiv:1312.3572] [INSPIRE].

– 37 –

https://doi.org/10.1103/PhysRevLett.107.252301
https://arxiv.org/abs/1105.3928
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3928
https://doi.org/10.1103/PhysRevLett.107.032301
https://arxiv.org/abs/1105.3865
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3865
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://arxiv.org/abs/1203.3087
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.3087
https://doi.org/10.1103/PhysRevC.89.044906
https://arxiv.org/abs/1310.8651
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.8651
https://doi.org/10.1007/JHEP11(2013)183
https://doi.org/10.1007/JHEP11(2013)183
https://arxiv.org/abs/1305.2942
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.2942
https://doi.org/10.1103/PhysRevC.90.024905
https://arxiv.org/abs/1403.0489
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.0489
https://doi.org/10.1103/PhysRevC.92.034903
https://doi.org/10.1103/PhysRevC.92.034903
https://arxiv.org/abs/1504.01289
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.01289
https://doi.org/10.1103/PhysRevLett.117.182301
https://arxiv.org/abs/1604.07663
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.07663
https://doi.org/10.1016/j.nuclphysa.2013.02.028
https://arxiv.org/abs/1210.6010
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.6010
https://doi.org/10.1016/j.physletb.2012.09.030
https://arxiv.org/abs/1208.1200
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.1200
https://doi.org/10.1103/PhysRevC.90.024902
https://arxiv.org/abs/1312.3689
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.3689
https://doi.org/10.1103/PhysRevC.63.054906
https://arxiv.org/abs/nucl-th/0007063
https://inspirehep.net/search?p=find+EPRINT+nucl-th/0007063
https://doi.org/10.1103/PhysRevC.64.054901
https://arxiv.org/abs/nucl-th/0105040
https://inspirehep.net/search?p=find+EPRINT+nucl-th/0105040
https://doi.org/10.1103/PhysRevC.83.044913
https://arxiv.org/abs/1010.0233
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.0233
https://doi.org/10.1103/PhysRevC.89.064904
https://doi.org/10.1103/PhysRevC.89.064904
https://arxiv.org/abs/1312.3572
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.3572


J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

[23] J. Jia, Event-shape fluctuations and flow correlations in ultra-relativistic heavy-ion collisions,

J. Phys. G 41 (2014) 124003 [arXiv:1407.6057] [INSPIRE].

[24] ATLAS collaboration, Measurement of flow harmonics with multi-particle cumulants in

Pb+ Pb collisions at
√
sNN = 2.76 TeV with the ATLAS detector, Eur. Phys. J. C 74 (2014)

3157 [arXiv:1408.4342] [INSPIRE].

[25] ALICE collaboration, Multiparticle azimuthal correlations in p-Pb and Pb-Pb collisions at

the CERN Large Hadron Collider, Phys. Rev. C 90 (2014) 054901 [arXiv:1406.2474]

[INSPIRE].

[26] CMS collaboration, Multiplicity and Transverse Momentum Dependence of Two- and

Four-Particle Correlations in pPb and PbPb Collisions, Phys. Lett. B 724 (2013) 213

[arXiv:1305.0609] [INSPIRE].

[27] STAR collaboration, Azimuthal anisotropy in U + U and Au+Au collisions at RHIC, Phys.

Rev. Lett. 115 (2015) 222301 [arXiv:1505.07812] [INSPIRE].

[28] CMS collaboration, Azimuthal anisotropy of charged particles with transverse momentum up

to 100 GeV/c in PbPb collisions at
√
sNN = 5.02 TeV, Phys. Lett. B 776 (2018) 195

[arXiv:1702.00630] [INSPIRE].

[29] ATLAS collaboration, Measurement of long-range multiparticle azimuthal correlations with

the subevent cumulant method in pp and p+ Pb collisions with the ATLAS detector at the

CERN Large Hadron Collider, Phys. Rev. C 97 (2018) 024904 [arXiv:1708.03559]

[INSPIRE].

[30] CMS collaboration, Non-Gaussian elliptic-flow fluctuations in PbPb collisions at√
sNN = 5.02 TeV, Phys. Lett. B 789 (2019) 643 [arXiv:1711.05594] [INSPIRE].

[31] ALICE collaboration, Investigations of Anisotropic Flow Using Multiparticle Azimuthal

Correlations in pp, p-Pb, Xe-Xe and Pb-Pb Collisions at the LHC, Phys. Rev. Lett. 123

(2019) 142301 [arXiv:1903.01790] [INSPIRE].

[32] L. Yan and J.-Y. Ollitrault, Universal fluctuation-driven eccentricities in proton-proton,

proton-nucleus and nucleus-nucleus collisions, Phys. Rev. Lett. 112 (2014) 082301

[arXiv:1312.6555] [INSPIRE].

[33] L. Yan, J.-Y. Ollitrault and A.M. Poskanzer, Azimuthal Anisotropy Distributions in

High-Energy Collisions, Phys. Lett. B 742 (2015) 290 [arXiv:1408.0921] [INSPIRE].

[34] ALICE collaboration, Energy dependence and fluctuations of anisotropic flow in Pb-Pb

collisions at
√
sNN = 5.02 and 2.76 TeV, JHEP 07 (2018) 103 [arXiv:1804.02944] [INSPIRE].

[35] J. Jia, M. Zhou and A. Trzupek, Revealing long-range multiparticle collectivity in small

collision systems via subevent cumulants, Phys. Rev. C 96 (2017) 034906

[arXiv:1701.03830] [INSPIRE].

[36] ALICE collaboration, Systematic studies of correlations between different order flow

harmonics in Pb-Pb collisions at
√
sNN = 2.76 TeV, Phys. Rev. C 97 (2018) 024906

[arXiv:1709.01127] [INSPIRE].

[37] STAR collaboration, Correlation Measurements Between Flow Harmonics in Au+Au

Collisions at RHIC, Phys. Lett. B 783 (2018) 459 [arXiv:1803.03876] [INSPIRE].

[38] G. Giacalone, J. Noronha-Hostler and J.-Y. Ollitrault, Relative flow fluctuations as a probe

of initial state fluctuations, Phys. Rev. C 95 (2017) 054910 [arXiv:1702.01730] [INSPIRE].

– 38 –

https://doi.org/10.1088/0954-3899/41/12/124003
https://arxiv.org/abs/1407.6057
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6057
https://doi.org/10.1140/epjc/s10052-014-3157-z
https://doi.org/10.1140/epjc/s10052-014-3157-z
https://arxiv.org/abs/1408.4342
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4342
https://doi.org/10.1103/PhysRevC.90.054901
https://arxiv.org/abs/1406.2474
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.2474
https://doi.org/10.1016/j.physletb.2013.06.028
https://arxiv.org/abs/1305.0609
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.0609
https://doi.org/10.1103/PhysRevLett.115.222301
https://doi.org/10.1103/PhysRevLett.115.222301
https://arxiv.org/abs/1505.07812
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.07812
https://doi.org/10.1016/j.physletb.2017.11.041
https://arxiv.org/abs/1702.00630
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.00630
https://doi.org/10.1103/PhysRevC.97.024904
https://arxiv.org/abs/1708.03559
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.03559
https://doi.org/10.1016/j.physletb.2018.11.063
https://arxiv.org/abs/1711.05594
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.05594
https://doi.org/10.1103/PhysRevLett.123.142301
https://doi.org/10.1103/PhysRevLett.123.142301
https://arxiv.org/abs/1903.01790
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.01790
https://doi.org/10.1103/PhysRevLett.112.082301
https://arxiv.org/abs/1312.6555
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.6555
https://doi.org/10.1016/j.physletb.2015.01.039
https://arxiv.org/abs/1408.0921
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.0921
https://doi.org/10.1007/JHEP07(2018)103
https://arxiv.org/abs/1804.02944
https://inspirehep.net/search?p=find+EPRINT+arXiv:1804.02944
https://doi.org/10.1103/PhysRevC.96.034906
https://arxiv.org/abs/1701.03830
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.03830
https://doi.org/10.1103/PhysRevC.97.024906
https://arxiv.org/abs/1709.01127
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.01127
https://doi.org/10.1016/j.physletb.2018.05.076
https://arxiv.org/abs/1803.03876
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.03876
https://doi.org/10.1103/PhysRevC.95.054910
https://arxiv.org/abs/1702.01730
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.01730


J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

[39] F.G. Gardim, F. Grassi, M. Luzum and J.-Y. Ollitrault, Breaking of factorization of

two-particle correlations in hydrodynamics, Phys. Rev. C 87 (2013) 031901

[arXiv:1211.0989] [INSPIRE].

[40] U. Heinz, Z. Qiu and C. Shen, Fluctuating flow angles and anisotropic flow measurements,

Phys. Rev. C 87 (2013) 034913 [arXiv:1302.3535] [INSPIRE].

[41] M. Zhou and J. Jia, Centrality fluctuations in heavy-ion collisions, Phys. Rev. C 98 (2018)

044903 [arXiv:1803.01812] [INSPIRE].

[42] V. Skokov, B. Friman and K. Redlich, Volume Fluctuations and Higher Order Cumulants of

the Net Baryon Number, Phys. Rev. C 88 (2013) 034911 [arXiv:1205.4756] [INSPIRE].

[43] X. Luo, J. Xu, B. Mohanty and N. Xu, Volume fluctuation and auto-correlation effects in the

moment analysis of net-proton multiplicity distributions in heavy-ion collisions, J. Phys. G

40 (2013) 105104 [arXiv:1302.2332] [INSPIRE].

[44] H.-j. Xu, Cumulants of multiplicity distributions in most-central heavy-ion collisions, Phys.

Rev. C 94 (2016) 054903 [arXiv:1602.07089] [INSPIRE].

[45] ATLAS collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, 2008

JINST 3 S08003 [INSPIRE].

[46] ATLAS collaboration, The ATLAS Inner Detector commissioning and calibration, Eur.

Phys. J. C 70 (2010) 787 [arXiv:1004.5293] [INSPIRE].

[47] ATLAS collaboration, ATLAS Insertable B-Layer Technical Design Report, ATLAS-TDR-19

(2010) [Addendum ATLAS-TDR-19-ADD-1 (2012)] [INSPIRE].

[48] ATLAS IBL collaboration, Production and Integration of the ATLAS Insertable B-Layer,

2018 JINST 13 T05008 [arXiv:1803.00844] [INSPIRE].

[49] ATLAS collaboration, Performance of the ATLAS Trigger System in 2015, Eur. Phys. J. C

77 (2017) 317 [arXiv:1611.09661] [INSPIRE].

[50] ATLAS collaboration, Measurement of the centrality dependence of the charged particle

pseudorapidity distribution in lead-lead collisions at
√
sNN = 2.76 TeV with the ATLAS

detector, Phys. Lett. B 710 (2012) 363 [arXiv:1108.6027] [INSPIRE].

[51] M.L. Miller, K. Reygers, S.J. Sanders and P. Steinberg, Glauber modeling in high energy

nuclear collisions, Ann. Rev. Nucl. Part. Sci. 57 (2007) 205 [nucl-ex/0701025] [INSPIRE].

[52] ATLAS collaboration, Measurement of charged-particle spectra in Pb+ Pb collisions at√
sNN = 2.76 TeV with the ATLAS detector at the LHC, JHEP 09 (2015) 050

[arXiv:1504.04337] [INSPIRE].

[53] ATLAS collaboration, Measurement of the pseudorapidity and transverse momentum

dependence of the elliptic flow of charged particles in lead-lead collisions at
√
sNN = 2.76 TeV

with the ATLAS detector, Phys. Lett. B 707 (2012) 330 [arXiv:1108.6018] [INSPIRE].

[54] M. Gyulassy and X.-N. Wang, HIJING 1.0: A Monte Carlo program for parton and particle

production in high-energy hadronic and nuclear collisions, Comput. Phys. Commun. 83

(1994) 307 [nucl-th/9502021] [INSPIRE].

[55] M. Masera, G. Ortona, M.G. Poghosyan and F. Prino, Anisotropic transverse flow

introduction in Monte Carlo generators for heavy ion collisions, Phys. Rev. C 79 (2009)

064909 [INSPIRE].

– 39 –

https://doi.org/10.1103/PhysRevC.87.031901
https://arxiv.org/abs/1211.0989
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.0989
https://doi.org/10.1103/PhysRevC.87.034913
https://arxiv.org/abs/1302.3535
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.3535
https://doi.org/10.1103/PhysRevC.98.044903
https://doi.org/10.1103/PhysRevC.98.044903
https://arxiv.org/abs/1803.01812
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.01812
https://doi.org/10.1103/PhysRevC.88.034911
https://arxiv.org/abs/1205.4756
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4756
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1088/0954-3899/40/10/105104
https://arxiv.org/abs/1302.2332
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.2332
https://doi.org/10.1103/PhysRevC.94.054903
https://doi.org/10.1103/PhysRevC.94.054903
https://arxiv.org/abs/1602.07089
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.07089
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://inspirehep.net/search?p=find+J+%22JINST,3,S08003%22
https://doi.org/10.1140/epjc/s10052-010-1366-7
https://doi.org/10.1140/epjc/s10052-010-1366-7
https://arxiv.org/abs/1004.5293
https://inspirehep.net/search?p=find+EPRINT+arXiv:1004.5293
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://inspirehep.net/search?p=find+R+%22ATLAS-TDR-19%22
https://doi.org/10.1088/1748-0221/13/05/T05008
https://arxiv.org/abs/1803.00844
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.00844
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://arxiv.org/abs/1611.09661
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.09661
https://doi.org/10.1016/j.physletb.2012.02.045
https://arxiv.org/abs/1108.6027
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.6027
https://doi.org/10.1146/annurev.nucl.57.090506.123020
https://arxiv.org/abs/nucl-ex/0701025
https://inspirehep.net/search?p=find+EPRINT+nucl-ex/0701025
https://doi.org/10.1007/JHEP09(2015)050
https://arxiv.org/abs/1504.04337
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04337
https://doi.org/10.1016/j.physletb.2011.12.056
https://arxiv.org/abs/1108.6018
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.6018
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://arxiv.org/abs/nucl-th/9502021
https://inspirehep.net/search?p=find+EPRINT+nucl-th/9502021
https://doi.org/10.1103/PhysRevC.79.064909
https://doi.org/10.1103/PhysRevC.79.064909
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,C79,064909%22


J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

[56] GEANT4 collaboration, GEANT4: A Simulation toolkit, Nucl. Instrum. Meth. A 506

(2003) 250 [INSPIRE].

[57] ATLAS collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010)

823 [arXiv:1005.4568] [INSPIRE].

[58] ATLAS collaboration, Correlated long-range mixed-harmonic fluctuations measured in pp,

p+ Pb and low-multiplicity Pb+ Pb collisions with the ATLAS detector, Phys. Lett. B 789

(2019) 444 [arXiv:1807.02012] [INSPIRE].

[59] P. Di Francesco, M. Guilbaud, M. Luzum and J.-Y. Ollitrault, Systematic procedure for

analyzing cumulants at any order, Phys. Rev. C 95 (2017) 044911 [arXiv:1612.05634]

[INSPIRE].

[60] S.A. Voloshin, A.M. Poskanzer and R. Snellings, Collective phenomena in non-central

nuclear collisions, Landolt-Bornstein 23 (2010) 293 [arXiv:0809.2949] [INSPIRE].

[61] J. Jia and S. Radhakrishnan, Limitation of multiparticle correlations for studying the

event-by-event distribution of harmonic flow in heavy-ion collisions, Phys. Rev. C 92 (2015)

024911 [arXiv:1412.4759] [INSPIRE].

[62] ATLAS collaboration, Measurement of multi-particle azimuthal correlations in pp, p+ Pb

and low-multiplicity Pb+ Pb collisions with the ATLAS detector, Eur. Phys. J. C 77 (2017)

428 [arXiv:1705.04176] [INSPIRE].
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H. Herr99, M.G. Herrmann113, T. Herrmann48, G. Herten52, R. Hertenberger113, L. Hervas36,

T.C. Herwig137, G.G. Hesketh94, N.P. Hessey168a, A. Higashida163, S. Higashino81,

E. Higón-Rodriguez174, K. Hildebrand37, E. Hill176, J.C. Hill32, K.K. Hill29, K.H. Hiller46,

S.J. Hillier21, M. Hils48, I. Hinchliffe18, F. Hinterkeuser24, M. Hirose133, S. Hirose52,

D. Hirschbuehl182, B. Hiti91, O. Hladik141, D.R. Hlaluku33d, X. Hoad50, J. Hobbs155, N. Hod180,

M.C. Hodgkinson149, A. Hoecker36, F. Hoenig113, D. Hohn52, D. Hohov132, T.R. Holmes37,

M. Holzbock113, L.B.A.H. Hommels32, S. Honda169, T. Honda81, T.M. Hong139, A. Hönle114,

B.H. Hooberman173, W.H. Hopkins6, Y. Horii116, P. Horn48, A.J. Horton152, L.A. Horyn37,

J-Y. Hostachy58, A. Hostiuc148, S. Hou158, A. Hoummada35a, J. Howarth100, J. Hoya88,

M. Hrabovsky130, J. Hrdinka76, I. Hristova19, J. Hrivnac132, A. Hrynevich108, T. Hryn’ova5,

P.J. Hsu64, S.-C. Hsu148, Q. Hu29, S. Hu60c, Y. Huang15a, Z. Hubacek142, F. Hubaut101,

M. Huebner24, F. Huegging24, T.B. Huffman135, M. Huhtinen36, R.F.H. Hunter34, P. Huo155,

A.M. Hupe34, N. Huseynov79,af , J. Huston106, J. Huth59, R. Hyneman105, S. Hyrych28a,

G. Iacobucci54, G. Iakovidis29, I. Ibragimov151, L. Iconomidou-Fayard132, Z. Idrissi35e, P. Iengo36,

R. Ignazzi40, O. Igonkina119,aa,∗, R. Iguchi163, T. Iizawa54, Y. Ikegami81, M. Ikeno81, D. Iliadis162,

N. Ilic118, F. Iltzsche48, G. Introzzi70a,70b, M. Iodice74a, K. Iordanidou39, V. Ippolito72a,72b,

M.F. Isacson172, N. Ishijima133, M. Ishino163, M. Ishitsuka165, W. Islam129, C. Issever135,

S. Istin160, F. Ito169, J.M. Iturbe Ponce63a, R. Iuppa75a,75b, A. Ivina180, H. Iwasaki81, J.M. Izen43,

V. Izzo69a, P. Jacka141, P. Jackson1, R.M. Jacobs24, V. Jain2, G. Jäkel182, K.B. Jakobi99,
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C.G. Lester32, M. Levchenko138, J. Levêque5, D. Levin105, L.J. Levinson180, D.J. Lewis21,

B. Li15b, B. Li105, C-Q. Li60a,am, F. Li60c, H. Li60a, H. Li60b, J. Li60c, K. Li153, L. Li60c,

M. Li15a,15d, Q. Li15a,15d, Q.Y. Li60a, S. Li60d,60c, X. Li46, Y. Li46, Z. Liang15a, B. Liberti73a,

A. Liblong167, K. Lie63c, S. Liem119, C.Y. Lin32, K. Lin106, T.H. Lin99, R.A. Linck65,

J.H. Lindon21, A.L. Lionti54, E. Lipeles137, A. Lipniacka17, M. Lisovyi61b, T.M. Liss173,au,

A. Lister175, A.M. Litke146, J.D. Little8, B. Liu78, B.L. Liu6, H.B. Liu29, H. Liu105, J.B. Liu60a,

J.K.K. Liu135, K. Liu136, M. Liu60a, P. Liu18, Y. Liu15a,15d, Y.L. Liu105, Y.W. Liu60a,

M. Livan70a,70b, A. Lleres58, J. Llorente Merino15a, S.L. Lloyd92, C.Y. Lo63b, F. Lo Sterzo42,

E.M. Lobodzinska46, P. Loch7, S. Loffredo73a,73b, T. Lohse19, K. Lohwasser149, M. Lokajicek141,

J.D. Long173, R.E. Long89, L. Longo36, K.A. Looper126, J.A. Lopez147c, I. Lopez Paz100,

A. Lopez Solis149, J. Lorenz113, N. Lorenzo Martinez5, M. Losada22, P.J. Lösel113, A. Lösle52,

X. Lou46, X. Lou15a, A. Lounis132, J. Love6, P.A. Love89, J.J. Lozano Bahilo174, H. Lu63a,

M. Lu60a, Y.J. Lu64, H.J. Lubatti148, C. Luci72a,72b, A. Lucotte58, C. Luedtke52, F. Luehring65,

I. Luise136, L. Luminari72a, B. Lund-Jensen154, M.S. Lutz102, D. Lynn29, R. Lysak141,

E. Lytken96, F. Lyu15a, V. Lyubushkin79, T. Lyubushkina79, H. Ma29, L.L. Ma60b, Y. Ma60b,

G. Maccarrone51, A. Macchiolo114, C.M. Macdonald149, J. Machado Miguens137,140b,

D. Madaffari174, R. Madar38, W.F. Mader48, N. Madysa48, J. Maeda82, K. Maekawa163,

S. Maeland17, T. Maeno29, M. Maerker48, A.S. Maevskiy112, V. Magerl52, N. Magini78,

D.J. Mahon39, C. Maidantchik80b, T. Maier113, A. Maio140a,140b,140d, K. Maj84, O. Majersky28a,

S. Majewski131, Y. Makida81, N. Makovec132, B. Malaescu136, Pa. Malecki84, V.P. Maleev138,

F. Malek58, U. Mallik77, D. Malon6, C. Malone32, S. Maltezos10, S. Malyukov79, J. Mamuzic174,

G. Mancini51, I. Mandić91, L. Manhaes de Andrade Filho80a, I.M. Maniatis162,

J. Manjarres Ramos48, K.H. Mankinen96, A. Mann113, A. Manousos76, B. Mansoulie145,

I. Manthos162, S. Manzoni119, A. Marantis162, G. Marceca30, L. Marchese135, G. Marchiori136,

M. Marcisovsky141, C. Marcon96, C.A. Marin Tobon36, M. Marjanovic38, Z. Marshall18,

– 47 –



J
H
E
P
0
1
(
2
0
2
0
)
0
5
1

M.U.F. Martensson172, S. Marti-Garcia174, C.B. Martin126, T.A. Martin178, V.J. Martin50,

B. Martin dit Latour17, M. Martinez14,y, V.I. Martinez Outschoorn102, S. Martin-Haugh144,

V.S. Martoiu27b, A.C. Martyniuk94, A. Marzin36, L. Masetti99, T. Mashimo163,

R. Mashinistov110, J. Masik100, A.L. Maslennikov121b,121a, L.H. Mason104, L. Massa73a,73b,

P. Massarotti69a,69b, P. Mastrandrea71a,71b, A. Mastroberardino41b,41a, T. Masubuchi163,

A. Matic113, P. Mättig24, J. Maurer27b, B. Maček91, D.A. Maximov121b,121a, R. Mazini158,
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