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Flow Fluctuations

® Flow fluctuations arises from both initial
stage and final stage

® These fluctuations affect the underlying
flow probability distributions

p(vn) 5 P(Vn,Vm)

® Measuring flow fluctuations is crucial to
understand space-time dynamics of HIC

EbyE IS fluct.
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Flow Fluctuations

® Flow fluctuations arises from both initial

stage and final stage

® These fluctuations affect the underlying
flow probability distributions

p(vn) 5 P(Vn,Vm)

® Measuring flow fluctuations is crucial to
understand space-time dynamics of HIC

® Flow fluctuations are measured using

multi-particle cumulants :

4 Suppress non-flow

4+ Measure p(vn), p(Vn,Vm)
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Observables for Flow Fluctuations

® Multi-particle cumulants for single harmonic - p(vn)

{2} = (7)) | enfd} = (vp) = 2(v7)* , den{6} = (vp) — 9{up) (o) + 12(v;,)°
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Observables for Flow Fluctuations

® Multi-particle cumulants for single harmonic - p(vn)

{2} = (v7) | en{d} = (vp) = 2(v7)? , 4en{6} = (vy) — 9(vp)(vp) + 12(v;,)"

nep{4} = Cc:{{;l}}2 _ (::%42194 ne, {6} — cn{6} (Z:ings

® Symmetric cumulants for two harmonic - p(vn,Vm)
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Observables for Flow Fluctuations

® Multi-particle cumulants for single harmonic - p(vn)

{2} = (7)) | enfd} = (vp) = 2(v7)* , den{6} = (vp) — 9{up) (o) + 12(v;,)°

nep{4} = Cc:{{;l}}2 _ (::%42194 ne, {6} — cn{6} (Z:gf

® Symmetric cumulants for two harmonic - p(vn,Vm)

<v2v2 > Phys. Rev. C 96, 034906
nscnmidl = 757 57 — 1 Phys. Rev. C 97, 024904
(vZ)(vZ,)

® 7] - subevent method - suppress non-flow

4 Cumulants from both methods - COS(¢I'+¢£'-¢§’-¢Z)> T

(
consistent 3-subevent method

4+ Only results for standard method are
shown


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.034906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.024904

vn from Four-particle Cumulant

e If flow is purely geometry driven: v €, and p(v,) has same shape as p(e,)

{2} €,{2} pt independent




vn from Four-particle Cumulant

® If flow is purely geometry driven: v, & €, and p(vn) has same shape as p((—:n)
vn 14} 2 enid}

= pT Independent
vni2} €ni2}
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® Clear residual pt dependence observed
vni4} €ni4}
® |S geometry may not be the only source
Uni2} €ni2}

® Possibility of final state effects 4



v2 from Six-particle Cumulant

® Due to non-gaussian fluctuations

vp{6}  €,{6}
oAy 7 eay 71




v2 from Six-particle Cumulant

® Due to non-gaussian fluctuations
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v2 from Six-particle Cumulant

® Due to non-gaussian fluctuations
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Four-particle cumulant for v+

Phys.Rev. C86 (2012) 014907

® Vvi{2} changes sign at low pt~1.2GeV Py
® c1{4} : -ve observed for higher pr l:::’: :l??=2.76 TeV
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Four-particle cumulant for v+

® v1{2} changes sign at low p7t~1.2GeV

® cq{4} : -ve observed for higher pr
cr{4} = (vi) — 2(v7)’

® v1{4} - taking only high pr (larger signal)

® First measurement of v1{4} - signal increases
from central to peripheral

® Consistent with 3SE results
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Phys.Rev. C86 (2012) 014907
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Four-particle cumulant for v4
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® Sign change for ncs{4} at mid-central, non-linear increase in peripheral

® Is it due to non-flow?



Four-particl
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® Sign change for ncs{4} at mid-central, non-linear increase in peripheral

® Is it due to non-flow?

Not non-flow! Similar behaviour in 3SE method



Four-particle cumulant for v4
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® Sign change for nc4{4} at mid-central, non-linear increase in peripheral

® Is it due to non-flow? Not non-flow! Similar behaviour in 3SE method

® Possible reason : Mode mixing in v4: V4 = Va7, + 52,2’03

4+ vy - nca{4} < 0 in central

4+ V22 - nca{4} > 0 in peripheral 8



Role of Centrality Fluctuation

Initial stage Final stage @ Fluctuation in particle production p(n) :
sources Npart (| particles N, 4+ Same Npqrt - different Nen
4+ Same Nch - dlfferent Npart

® Smearing b/w Npart
and Nch - gives
centrality fluctuation

N B B B
1000 2000 3000 4000



Role of Centrality Fluctuation

Initial stage Final stage @ Fluctuation in particle production p(n) :
sources N5, (gl particles Ny, 4+ Same Npar - different Ncn
4 Same N¢h - different Npart

IIIIIIII | A |
p; v

® Smearing b/w Npart
and Nch - gives )
centrality fluctuation 100f-

75662000 3000 4060
Inl<2.5 N_
® Vi (strong centrality dependence) - centrality

fluctuation can add additional smearing

P(Vn|Nepn) = Zp(vn\cent) ® p(cent|N.p)

cent

@ Affects all observables that change with centrality -
never studied in flow before

9



Role of Centrality Fluctuation

Initial stage Final stage @ Fluctuation in particle production p(n) :
sources N5, (gl particles Ny, 4+ Same Npar - different Ncn
4 Same N¢h - different Npart

IIIIIIII | A |
p; v

® Smearing b/w Npart
and Nch - gives )
centrality fluctuation 100
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ch

A
1000 2000

® Vi (strong centrality dependence) - centrality
fluctuation can add additional smearing

P(Vn|Nepn) = Zp(vn\cent) ® p(cent|N.p)

cent

@ Affects all observables that change with centrality -
never studied in flow before
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How to probe Centrality Fluctuation

Binnings defined by Observable ® Define event ensembles in narrow
. XE, and N

ch
YEr : 3.2<|n <49 cn{2k, YET)

New : |n|<2.5 Cn{2K,Nen)

rec
ch

10*
3000 102

2000

1000

ATLAS

Pb+Pb 5.02 TeV, 470 ub™" |

: 1 1 | 1 1 1 |
0 2 4

SE. [TeV]

10



How to probe Centrality Fluctuation

Binnings defined by Observable ® Define event ensembles in narrow
. XE, and N

ch
YEr : 3.2<|n <49 cn{2k, YET)

® Calculate cumulants averaged in

: these two ensembles
Nen : 0| <2.5 Cn{2k, N}
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How to probe Centrality Fluctuation

Binnings defined by Observable ® Define event ensembles in narrow
. XE, and N

ch
2ET : 3.2<n|<4.9 cn{2k, 2ET} |
® Calculate cumulants averaged in
New : |n|<2.5 cn{2K,Ncn) these two ensembles
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Binnings defined by Observable
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How to probe Centrality Fluctuation
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® Define event ensembles in narrow

rec
XE; and N,
cn{2k, 2E7} _
® Calculate cumulants averaged in
cn{2K,Nen) these two ensembles
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Diff. at same (X Er)
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® Central region - v2 will go
up due to smearing from
mid-central
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Centrality Fluctuation effect on vna{2}

r-’?_ | T T T | T T F’T_ | T T T T | T
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S L
< - o >
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o V(2N °}>v,{2,2E;} , when matched to same (Ngj)

+ N, has larger centrality fluctuation and poorer resolution than 2F,

® Centrality fluctuation for vo{2} is larger than for v3{2} - v2{2} has stronger
centrality dependence than v3{2} 1



Centrality Fluctuation effect on ncn{4}

4
Uni4}
ncp{d} = —
.. v {2} .
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1 1
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® Direct comparison - CF largest in UCC persists to midcentral

® Sign change in UCC - due to centrality fluctuation - ref.

Phys. Rev. C 98, 044903 (2018)
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https://arxiv.org/abs/1803.01812

nc,{4}

=-J. _. I . 4, E _
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Centrality Fluctuation effect on ncn{4}
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® Sign change in UCC - due to centrality fluctuationef.
Phys. Rev. C 98, 044903 (2018) 12
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Centrality fluctuation effect on nscn,m{4}

= | | | | | | | | | - | | = | | | | | | | | | | |
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® Expected anti-correlation for (v2,v3) and +ve correlation for (v2-v4) observed
@ Centrality fluctuation is less for nsc2,4{4} compared to nscz 3{4}

® Sign change in UCC - due to CF 13



® Flow fluctuations arXiv:1904.04808

4+ Significant pt dependence for cumulants - possible final
state effects

4+ Also affects Non-gaussianity of p(vn) - v2{6}/v2{4}
4+ First measurement of v1{4}
4 Observed sign change in va4{4} - may be due to non-
linear mode-mixing
® Centrality fluctuations
4+ Centrality fluctuation smears flow fluctuations - ncn{4}, nscnm{4}
4+ Nch has larger CF and poorer centrality resolution than Et

4 Leads to sign change of four particle cumulants in ultracentral
collisions

4+ Important for small system which have larger centrality
fluctuation 14
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Subevent Method for Cumulants

® Subevents in pseudorapidity used to remove non-flow correlations
Standard 3 Subevents
({4),) = (ein(dr1d2—d5—da)) {4 n)2alpe = (ein (9165 —¢5—d5))

® 2-subevent removes intra-jet and 3-subevent removes inter-jet correlations

= >-<103 o | — T 1 ' T ]

E¢r>""‘0.02_— l‘. N Pythia 8, pp 13 TeV —o-Standard ]

- + - 0-g<3pT<3 SZVV -=-2-subevent |

. . . R 5. n for 0.3<p <3 Ge A ]

e Performance in Pythia - standard method fails 0.01%— o [ oweent
- NI R or g

to suppress non-flow T e
E' '+'+‘ -y ~tf¢;*— SRR ety =Rt :::-\‘:\‘\-\:-é-’-—;’;;j’ \\‘S‘-\}_:-

o0t %—

Phys. Rev. C 96, 034906 o0k E
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.034906

Knee Values for Nch and ET
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Knee - Point at which Derivatives start to deviate from constant value
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Glauber study of Centrality Fluctuation

® Cumulants calculated from eccentricity

® Final multiplicity = Npart + NBD convolution for each participant

® Event class based on Npart - no sign change

gn
® Event class based on final Nen - ¢
clear sign change Hg
O
= 0
® Event class based on final ET -
clear sign change
-0.2

Phys. Rev. C 98, 044903 (2018)

— 7
. — N, binning
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350 400
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