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~— Azimuthal anisotropy

Time —— Pressure-driven expansion

Demonstration by an ultracold atom gas system

Anisotropic azimuthal distribution:

%"2W
. 3 2 X ¢-w20[rad] 1 2 3
P $&'()*+$,-$(/ 0,12+1$ 2& dN -
3 4$5677+ 16$8*(+99 N +1 2v, cogn(9 # )]
n=1

v, B Fourier harmonics depend on

¥ initial state geometry
¥ initial state fluctuations Vi #<COE{I’]($" | n)]>
¥ medium transport properties (e.g. $/s)
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~— Shape
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of the v, distribution

+» Non-Gaussianities are
present in the early

stage.
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.~ % Partially washed out
during hydro expansion

kurtosis
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Positive skewness

e Skewness = 0

1 =Negative skewness
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~ — Hydrodynamic probe as a

[Phys. Rev. C 95 (2017) 014913]

VAG " VA8 | 1 5001
v{4"vi6e 11

-

» «

“Good for central collisions”, “Higher order
expansion of the v, distribution are required”

Hydrodynamic probe:

[Phys. Lett. B 789 (2019) 643-665]

0.143 + 0.008(stat) + 0.014(syst) centrality: 20-25%
0.185 + 0.005(stat) + 0.012(syst) centrality: 55-60%

e

“Higher order terms in a cumulant expansion
of the v, distribution are required”

v, {n}-v,{m}

/

motivation

[JHEP 07 (2018) 103]

0.4 x10°
I ALICE Pb-Pb 5.02 TeV
| 02<p_<3GeVic
sl ml <0.8

T Vo{6}-v,{8}

| (v {4)v,{6))11
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— Q-cumulant method
-y el G
M ;
Q-vector Q. = | e !
=1
_ = 4y =9 1l ! 2R, Q.|
M(M ! 1) MM!2(M! 2)M! 3)
/\ . 22(|v| 1 2)Q,["! M(M ! 3)
MMM 2)m 1t 3)

i 2
e

Averaging over all events

(2)# (&) aalg 0

Ideal detector case
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_ Q-cumulant method

[Phys. Rev. C 104 (2021) 034906]:

ik} =((2K))! El Qé;jé%( l$< (2m))c,{2k! 2}

Cn{z} << >> \ General formulas
Cn{4}:<<4>>! 2<<2>>2 / for any order

0k

vn{Zk}:zt/ Zz(f(k?)z égli‘; n| (n)(i {2 wid=olF
v.{4} =4/t c {4}
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v, from Q-cumulants
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/ﬁansion of hydro probes in central moments

8Pt By
* 40 s
h‘ o V2{6}' V2{8} n il V2
v,{4}! v,{6} 11 # AP Edp e p )l 20 s Ge )
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h,

V{6}! v,{8 . 1, 1 v,{4}°!12v,{6}°+11v,{8}"

negligible

V{8 ! v,{10} , 3, 1 3v,{6}! 22v,{8}*+19v,{10}*
v,{6}! v,{8 19 19

v,{6}°! v,{8}°
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Hydrodynamic probes
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Ratio between probe and its Taylor expansion

A e L S
= V,{6} " ;{8
L Vo14} " V,{ 6}

-Stat. uncertainties of o~ 1, 1 vi{4}" 12v2{6} +11v:{8}
the nominator and 11 11 v,{4}%" v,{6}’
denominator are o
strongly correlated CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
-Syst. uncertainties -
doyminates 1.015F C|).5<<2p1<3.0 Gevic °
-Term proportional 1.01E H IFl<2, ®
tok L TE ®
is negligible 01.005;— 0 o ©
in accordance = = * o o ¢

: S 1
with Y -
PRC 95 (2017) 0.995F h
014913 = 1

0.99- ' hTaylor
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Ratio between the
P

-Stat. uncertainties
of the nominator and
denominator are

h2

V{8 "V, 110}
Vo{6} " V,{8}

new probe and its Taylor expansion

\ =

Taylor *
h2

. 1 3v5{6}" 22v5{8} +19v:{10}

19 19

V,{6}°" v,{8}°

CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
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/

— Standardized & Cleaned moments

i
.llexp o 0/23/2 V2{4}3 0/0/2{6}33/2 $ 0/23/2 /CS;‘,O /(C) L $ %g # §
V{22 9 47 b2 o ] §
.,Zexp &_ {4} &12V{6} +11V2{8} % 40$/ Kurtosis E
2 {22 avi4’f ! S
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Skewness, kurtosis and

/superskewness

CmMs 26 ub" (PbPb 5.02 TeV)
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Skewness, kurtosis and

/superskewW
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1 =Negative skewness
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Positive skewness
e Skewness = 0
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p(x)
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= positive kurtosis (Leptokurtic)
kurtosis =0 (Mesokurtic)
negative kurtosis (Platykurtic)
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//Ten-particle_azim\uthal angle correlation
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Statistical uncertainty of the v {10}

= e 2

¥ Statistical uncertainties of the v {10} cumulant is calculated analytically using the data
[the same approach as in Phys. Rev. C 104 (2021) 034906, arXiv: 2104.00588]

S'[v,{10}]14560°(v, {10} =A% F, +B% 7, A=14400((2))"! 10800((2)) ((4))

(2) ((4)

2
e DI e PO +800((6))((2))+900((4))" ! 25((8))
3
F2ACE ey T 2D e TN @y B=1800((4))((2))! 3600((2))"! 100((6))
280 e PR e 2R C=400((2))" ! 100((4))
+2CD: e 2 geniaoy 2D @iy D =!25((2))
v Wx!R)
€ With variances !/ ;W = L € weights have to be squared!
NIt v @
o .
$iz v W D! %[y R
and covariances = =L o
NI1 " Vvixll VViy
i=1 i=1
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‘The simplest case for the efficiency corrections
within Q-cumulants

Formalism developed by A. Bilandzic
[Phys. Rev. C 83 (2011) 044913, and PhD thesis, Utrecht Uni. 2012 ]

Example of the simplest case of two particle correlation:

Without efficiency corrections With efficiency corrections
<2>:|Qn |2I M <2>:|Qn,1|2!3,2
M(M! 1) SYER-Y

M

Where M is the number of the tracks, while Sp,k =[| Wik]p
i=1
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Taylor expansion of the hydrodynamics probe

i
Expansion up to 4" moment i.e. up to kurtosis

<+ Moments of the second order i :<(vX! <Vx>)2> 17=(v)

% Moments of the third order Sy =<(Vx! (Vx>)3> Si2 :<(Vx! <Vx>)V§>

< Moments of the fourth order /!, =<(VX! <VX>)4>! S =<(vx-<vx>)2 V§>—fofy2

2
2 2 17 7] 17 lz_l lz_l +
o S ts, Tpt2'pt 04_5(' WV x) +(' NPy x)(3s30 3512)

v{4t=v, + L
{4} =V, v, - 722 4V23 8723 2724
2
v {6} I V +I 5'! / f - §S3O+S_|_2 . ”40 n 1104 3 5(/ 5 I 2) p50+2p32+pl4 ( )(45304-15312)
2 . 2 2\_/2 v22 4v23 8v23 4\—/4 6 2
7 31 n 2 1 non 2
] 2n g 2 7830+S‘L2 _ 4O+7 2 o 5 / 2n / 2 7p50 p32+3p14 / 2n /f 13 +57
Vgt e x4 33 11 = i J .3 - L S Se)
2V, v 4V; 8V 11v2 20V
ey 0 )
ni6h {8 1|, -

3(Pso +2Pss + Piy) 2(05 o O'i)(5530 - 06s,,)
2v,
X V,{6} ! v,{8} _ 1 v,{4}°! 12v,{6}* +1£/?{8}

% The hydro probe is then 1, T
/
v,{4}! v,{6} 11 11 V421 V{6 7r
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Taylor expansion of the new hydrodynamics probe

I IS case, expansion up to 5" moment

< Moments of the fifth order Pso :<(Vx! <Vx>)5>! 10/ 7s,,
Ps2 :<(Vx! <Vx>)3V§>! !3%0! 3 5512 p14:<(VX! <VX>)V;'>! 6!/ 5812
E 573" i" non % 2 @ ﬂ é. !2..!2# _l_% &
v,{10} V2+! 5"_! 2 19530"'512_'_ 57 40"'19 227 5(!5 ’f) B Pso + 5 Py, + v |014+( y x)§15m 5 Sz (

2V, vV, 4v; 8v; 19v; 19v;

v,{8! {10}, 3 88py,
V2{ 6}' V2{8} 19 95§4v22%0l 2\72(I 40! 3l 22)' 13(p50 +10p32| 3pl4)I 2(I 2| l i)(5%0| 6832)%

% The new hydro probe is then given as

negligible
V{8 ! V,{10} _ 3 1 3v,{6}°! 22v,{8}° +19v,{10}* /
v,{6}! v,{8 19 19 Lot oy
{ } { } V2{6}2! V2{8}2 y33v23 %O
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Cleaned moments e

> Kurtosis: g4 O. = 16(p50+ p32)
oy 4 %2 %O, N 3V,
./ exp &0/0§ V2 {4} /(12\/2 {6} +11V2 {8} $0/0§ $ #40 — ./
: 2 2 )2 "2 2 7 w4 &
2 [vi27 wi(4’] 22 o f
» Cleaned kurtosis:
8#
4 Aran 4 4 0p—20
190 god V14 +24,6 9253, (8 + 228,10 (o8 T3 (o,
’ 2 [\ { 22 9a0v,{6}2 + 495,(8 2 56,{10° [ 2[272+0,[ "
"2 m 2
oo X 6t s,
V2

» Superskewness: -

5 5 5 = Pso
o 062 3v,{6}° $22v,{8}" +19v,{1G #6+/2 3 ” p55(>) =7

5/2 o 5/2 "
V(22 $v,{4?] e
» Cleaned Superskewness: -
. 3v,°(6) $22v,(§ +19v,°(10 s e 5
" 3,corr ey ” *3
V{22 $40v,{6)2 + 495/,{8) 2 $ 45601042 it
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