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Anisotropic flow and flow fluctuations in heavy-ion collisions

y- )

v, =< cos(n[¢p —F,]) >

transport properties)

* Initial geometry fluctuations lead to flow fluctuations

<vE> £ <y Sk

F{v,}

* Further constraints to the initial conditions

- Initial spatial anisotropy =_—= momentum anisotropy

- Azimuthal asymmetries are quantified by the anisotropic flow coefficients:

- v, are sensitive to the evolution of the collision system. (Initial condition,

« Develop more observables to describe the flow fluctuations:

v, 16}/vy{4}, vo{8}/vy{4}, vu, flow vector fluctuations, PDFs with ESE,

- 2- & multi-particle cumulants are obtained using Generic Framework

in the final state:

[ALICE, PRL 116 (2016) 132302)]
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The ALICE detector

ALICE Pb-Pb at 5.02 TeV

ITS: Tracking, vertexing, triggering
TPC: Tracking, PID
TOF: PID

VO :
VOA (2.8 <15 <)3.1)
VOC (—3.7<n< —1.7)

Triggering, multiplicity estimation

THE ALICE DETECTOR
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pr-differential v,{m} %

ALICE Preliminary VA2, IAnI>1} " [ ALICE Preliminary V{2, [AnI>1}
Pb-Pb, \/s,, = 5.02 TeV Pb-Pb, \s,, =5.02 TeV
VOM 5-10% vA4} _ VOM 30-40% v{4}

v,{6} v{6}

vA8} : v,{8}

10 12 14 16 18 20 8 10 12 14 16 18 20
p_ (GeVic) p_ (GeVic)

- Plethora of charged particles v,{2}, v,{4}, v,16} and v,{ 8} measurements in the ALICE

- v,{2} larger than v,{4}, v,{6} and v,{8}: fluctuations and non-flow
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pr-differential v, PDFs %

Different moments (Skewness y; and Kurtosis 7, ) of the distribution from v, {m } were calculated:

v {4} — v, {6} 3 m{4)* = 1216} + 161,{8}*

_23/2 ¥ =
(1n{2)2 —ny{4)2p2 72

12

71

2 (n{2}2 = n{4}2)

» Deviation of v,{6}/v,{4}

and v2{8}/v2{4} from unity |8 ALICE Preliminary
1.05-Pb-Pb, |s, = 5.02 TeV
at low py VOM 30-40%

= Bessel-Gaussian

parametrisation of v, PDFs
Is not valid
- Higher pr (> 3 GeV/c):

Y1 and y, are consistent
with O

- Non-trivial evolution with pr
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Flow vector fluctuations %

Two-particle azimuthal correlations can be expanded One new observable “Factorisation ratio” named r,;:
in a Fourier series:
Jd3 NPair 00 , . VnA(p”lqp”llz)
o<1+22V (pepl)cos(nAg) n
dpsdpbdAd ~ na\PTPT ? \/ Vaa(PEPOVua(P2pD)
. I"n < 1, espeCiaIIy N o ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb ys, = 5.02 TeV

central collisions

- May caused by flow 0,2, an| > 0.8)

IEBE-VISHNU

magnitude fluctuations | TRENTOC, 7/s(). Us(T)

Ol’(and) ﬂOW angle ) VOM: 20-30% VOM: 30-40% VOM: 40-50%
fluctuations with pr

dependence

0.2< p'T < 0.6 GeV/c

« Confirm the

25 3 35 0.5 15 2 25 3 35 4
pi (GeV/e) p? (GeV/e)

hydrodynamic prediction
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Flow angle fluctuations %

The pr-dependent flow angle fluctuations can be probed by:

< cosn(j + ¢5 — 3 — @) >
< cosn(¢f + ¢F — p3 — D) >

= < cos[2n(¥? — PP)] >

 Consistent with unity

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%
. Pb-Pb ys,, = 5.02 TeV
in 10-40% : - Ml <0.8
* Flow vector fluctuations +¢¢+ -
driven by pT_dependent ' III <COS 4[‘P2(pi)-‘¥’g(p;)]>
ﬂOW magnitude fluctuations VOM: 20-30% VOM: 30-40% VOM: 40-50%

fo--o--0---0---g---0-f-0---0---W---Bg----T..

0.2< ,0‘T <0.6 GeV/c

Ya Zhu, CCNU Flow and flow fluctuations 08/11/2020 7



The probability density function with ESE %

The fit can be performed to construct the probability density function of v, by the relation between the

cumulants c,{m}:

200v d 1 —v3/k3)* !
P(VZ) — 2(1 _ 83)0&1/2{ ( 2 2) d¢
ks o (1 —wmegpcosg/k,)?at]

ALICE Preliminary

: : Pb-Pb « 5o = 5.05 TeV, [n|<0.8  VOM: 10-20% VOM: 20-30%
 Event Shape Engineering 03 < <30 GVl S

(ESE): select large/small

eccentricities S 02l / | N\ W 10%-lowest ¢)°°

10%-highest ¢,%¢

e Underlying PDFs more
skewed for higher g, ,
percentiles, suggesting a BN Stat. uncert. VOM: 30-40% VOM: 40-50%

. . I Syst. uncert.
significant amount of

fluctuations is picked up
by ESE

=
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PID Flow

ALICE Preliminary 10-20% VOM
Pb-Pb \s,,, = 5.02 TeV h
C In|<0.8 ;

ALICE Preliminary
Pb-Pb \s, = 5.02 TeV
E Inl <08

+

[l]l =4
Tl

© ¢

- Measurement of v, {4 }of identified hadrons

- Qualitatively similar behaviour as of v,{2} measurement

Clear mass ordering at low p and baryon/meson grouping at intermediate p
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PID Flow Fluctuations

« Measurements of 2- & 4-particle cumulant are

used to study flow and flow fluctuations (if non- ALICE Prolminary ARAAsaRRRI
_ . . . Pb-Pg gsTN =5.02TeV Pb-Pb |5y, = 5.02 TeV : ;gig; zgm
flow is negligible in 2-PC): s E. Parice: @) #Emeos B 20405 VoM

* 40-50% VOM

2 _ 2, .2 ' ——
20 = () + o . ook
¢ 30-40% VOM

vn{4}2 ~ <Vn>2 - v2n ' % 40-50% VOM
U

(V) & ({2} + v, {4}H)/2)17

o, = ((v,{2}> —v,{4})/2)!?

0. . _ _ .
. Relative v, fluctuations : F(v,) = R Non-flow effect of 2-particle cumulant was

n > suppressed by 1 gap

ALICE Preliminary : - < v, > is the anisotropic flow from the
Pb-Pb \s, = 5.02 TeV o = n

symmetry plane and o, Is the corresponding

anisotropic flow fluctuations

- Obvious centrality dependence of < v, > and

iEBE-VISHNU

AMPT-IC & 1/s=0.08 & UrQMD

T

o, for =

- No definite particle species dependence on F(vz)
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Summary

* V, distribution is not described well by the Bessel-Gaussian distribution. Non-trivial

evolution with py

 Precision measurements of flow vector fluctuations indicate they are driven by flow

magnitude fluctuations
- Flow fluctuation further understood and quantified by unfolding the underlying v, PDFs

« No definite particle species dependence observed for relative flow fluctuations of

identified particles
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Back up
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pr-differential v;{m}and v,{2}

ALICE Preliminary
Pb-Pb, |\ s, = 5.02 TeV
OM 30-40%

1012 14 16 18 20
pT(GeV/c)

- Precision measurements of vy and v,

- Large n gap was used to suppress non-flow

ALICE Preliminary
Pb-Pb, |\ sy, = 5.02 TeV
OM 30-40%

10

12

14

16 18 20
P, (GeV/c)
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Flow vector fluctuations %

4,{2}(py) _ < vi(py)- vy - cos[n(¢f — @3 )] >

Vol P T

- W[2] = \/cn{Z}(pT) = < v?.v? >12 not affected by decorrelation

. »{2} = , affected by decorrelation

{2} .
. ———Is a special case for N 4 oF ALIGE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%
V2[2] |P?— Bb8\{s—NN = 5.02 TeV
nl < 0.
r, (if one selects the gy = == ===
. . ' &7 vo{2, |An| > 0.8}/v,[2, |An| > 0.8].
associated particle ‘b’ from EBEVISHNU
TRENTo-IC, n/s(T), {/s(T)
. s AMPT-IC, /s = 0.08
entire T) VOM: 20-30% VOM: 30-40% VOM: 40-50%
wi2p
., ——— carries similar )
V2[2] ) ¢ *

information with that from r,

15 2 25 3 35 4
p. (GeV/c)
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Flow magnitude fluctuations %

Normalised symmetric cumulant can be probed by the correlation between different harmonics:

< p?

2 2 2
V> =<y > <V >
NSC(n,m) = - - e

<vi>< >

» Shows pt dependence,

. ALICE preliminary VOM: 5-10% VOM: 10-20%
especially in central " Pb— Pl Vo = 5.02TeV
. S NSC(3,2(p.))
collisions. | | NSC(4,2(pI>)
iIEBE-VISHNU
: TRENTo-IC, n/s(T), {/s(T
- AMPT gives a better : AMPT, 1?/3:8.?)(8) Se

TRENTo-IC, n/s(T), &/s(T)
AMPT-IC, /s = 0.08

description in most

VOM: 20-30% VOM: 30-40% VOM: 40-50%
central collisions
- Both generators fail

when going more

i ol . 15 2 25 3 35 05 1 15 2 25 3 35 0.5 15 2 25 3 35 4
peripheral collisions (Gl o oo GV
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Correlation flow with Event Shape Engineering %

ALICE Preliminary ALICE Preliminary

Pb-Pb /sxy =5.02 TeV, || < 0.8 Pb-Pb +/snx =5.02 TeV, || < 0.8
0.2 < pr < 5.0 GeVle 0.2 < pr < 5.0 GeV/e
¢3¥C-selection g5 'C-selection

*
0-5%

i
ST 5-10% FEPEE T Ll 4 5-10%

. 10-20% 10-20%

wiir o 20-30% 20-30%
30-40% 30-40%

40-50% 4 40-50%

Unbiased Centrality VOM: ¢+ 50-60% Unbiased Centrality VOM: +4+50-60%

—_
—
A
=
o~
—
=
3

0.06 0.08 0.1 0.12 0.14 0.16 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
v2{2,|An>1} v9{2, |An| > 1}

 The correlation between the different harmonics was exposed in each

centrality bin.

- Split each bin into its 10% portions of the g,-distribution
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n

q

scaling test for v, {4 }of identified particles

ALICE Preliminary 10-20% VOM ' ALICE Preliminary

Pb-Pb sNN =5.02 TeV o gt A Pb-Pb \s.. = 5.02 TeV
In] <0.8 A K } ' In| < 0.8 ol

4 45 5
pT/nq (GeV/c)

- Both v, and p are scaled by the number of constituent quarks (nq)

- The various hadron species approximately follow a common trend at

intermediate pr (About 20% deviation)

10-20% VOM

ni

K B

0
Kg [

4 45 5
pT/nq (GeV/c)
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