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~— Azimuthal anisotropy

Time —— Pressure-driven expansion

Demonstration by an ultracold atom gas system

Anisotropic azimuthal distribution:

1. Data ]
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v, — Fourier harmonics depend on

* Initial state geometry
- initial state fluctuations v, = <COS[VI(¢ -\ )]>
« medium transport properties (e.g. n/s)
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~— Shape
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e Skewness = 0
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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
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~ — Hydrodynamic probe as a

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

{6 -v,{8 1

Hydrodynamic probe:

v, 141 -v,16p 11
“Good for central collisions”, “Higher order

expansion of the v, distribution are required”

[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}

0.4

0.2

/

x107

motivation

[JHEP 07 (2018) 103]
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Precision was not satisfactory!
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= Q-cumulant method
— B
Q-vector (), = . e
iy 2 =M @y 12 10 -2Rd0..0l0]
MM -1) MM -1)\M -2)M -3)
2(M -2)o,|" - M(M -3)
5 @) "2 M —1YM =20 —3)

Averaging over all events

<<2>> = <<em(¢1—¢2)>> <<4>> - <<ein(¢1+¢2—¢3—¢4>>>

Ideal detector case
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- Q-cumulant method

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

e or=0)- 3|, ok -2m)

m

. {2} - <<2>> = \ General formulas
c {4} = <<4>> — 2<<2>>2 / for any order

v, {2k}= 2i€/22(kz(l;)!!>2 :;ZZ In/, (lio: _ c {Zk} v {2}= m
)=
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v, from Q-cumulants
Wﬁons, 6, ->a gap between v,{2} and higher-order cumulants:

-

v,[2}? = v [2k}? + 26,2, for (k>1) E o

Syst. uncertainties ~ 3 orders of v, {4} >=v,{6} >=v,{8} >~ v, {10}

magnitude greater wrt stat. ones

Dominant source CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
syst. uncertainties: 014F
variation on criteria o 0.5<p, <3.0 GeV/c -« * T T =
- Inl<2.4 g
for tracks 0.1 2: m o o
0.1F T =
Q : E.:' X m
%0.08 = . == e
Z0.06F @« T o v,{4}
- o v, {6}
0.04— e v, {8}
— v2{10}
0.02—
B | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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CMS-PAS-HIN-21-010 ‘ Centrality (%) 0

30.08.2022 BPU 11, Belgrade



/ﬂion of hydro probes in central moments

i, + 3Pt )
L _n{6}-v,48 1 7,
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27,
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poo 218 -wil0y 3 88p.,
2

v {6} v, {8} 19 95[4W)s, — 27, (i, — 3K,) ~13(psy +10py, =3p,,) — 207 = 02)(S53 — 653,)|
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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

»

-Stat. uncertainties of
the nominator and
denominator are

e —

V163 =7,{8}
B v, {4} -v,{6}
RO 11 vi{43-12v,{6} +11v;{8}
11 11 v, {4} —v,{6}
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-Syst. uncertainties =
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to (o) -07) = ®
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Ratio between the new probe and its Taylor expansion
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/

— Standardized & Cleaned moments

e _n3/2 V2 {4)° - V2 {6}’ ~ D32 — 83— 0Oy s y
e s e T
v, 237 v, (43 ] 202+0,]" o

3, {4 -12n{6)" +11, {8 &,

Kurtosis

106710 (6102) 66 OHd

}/2 o 4 = 7/2
> e o,
ex 3v,{6)> —22v, {8} +19v, {10}’ Superskewness
}/3p=6\/§ 2{} 22{} 2 /22{ } zp5505 - P
vy 20 v 43 o
Conditions: S z% K, z% D1y = DPia z% Ell. pow. distr. param. ¢, <0.15

yor __pn 187v, {8}’ —16v,{6}° =171y, {10}’
o v, (212 40v, (6% + 495v, {8} — 456v, {10} |
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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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//Ten-particle_azim\uthal angle correlation

<= M — DM -2 -3 M- DM -5 M- M -DM—8)M—-9)

’ The size Of formula increase 225Q2,1*1Qn 12 — 300Re[Q51,105,1210, 1205051 + 40Re[Q3,1Q,, Q505051
2 MM =DM = 2)(M —3)(M — M - 5)(M — 6)(M —7)(M — 8)(M — 9)
with the order k

600Re[Q3,Q51Qn|* Q31 Q35] — 400Re[Q5]Qn|* Q7 Q35 + 4001Q50|%|Qn|*

€ Formula for the corresponding R A R R R T
L s : S 400Re[Q3TL|Q2n|ZQ;lQ;LQ;L] A 40Re[Q3nQ2nQ;L ;; ':l. ‘:IQ;:L] A 600Re[Q3n'Q2n|ZQ;Q;n]
statistical uncertainties are e e
even much blgger 4001030 |?1Qan” — B00Re[1Q5n* Q20 Q5051 — 60Re[Q4n|0nl* Q501 0AQR]
° . ° . MM —1)(M —2)(M —3)(M —4)(M —5)(M — 6)(M —7)(M — 8)(M — 9)
€ This is a kind of a disadvantage * e o
v , 600Re[Q411Q1 205105 031] — 900Re[Qunl Q2 Q30 Q3n] — 1200Re( Q4|01 Q5 03]
of the method because it is not MO =DM ~2)(M ~ (M~ M ~ )M~ M ~ (M ~B)(M ~9)
3 1200Re[Q4r0nQ5nQ3n] + 9001Q4n|?1Q, 1> + 48Re[Q5, 05050501 05]
easy to lmplement MM DM - 2)(M = 3) (M — DM —5)(M — 6)(M — 7)(M — 8)(M — 9)

720Re[Q570702nQ2n] — 480Re[Q5, 070707 Q3n] + 960Re[Q52,07,.07Q3n]
MM =DM = 2)(M —3)M — DM - 5)(M — 6)(M —7)(M — 8)(M — 9)

5761Qsul* — 960Re[Q5,Q05,Q3n] — 1440Re[Qs5,,07, Q4] #
MM =DM = 2)(M —3)M — DM —5)(M — 6)(M —7)(M — 8)(M — 9)

2 300Re[Q2n|Qn|*Q30Qn] — 251Qn|® — 9001Q2n|?1Qs|* — 150Re[Q21 Q2107 0n Q5 Q5]
¢, 10} =((10)) - 25-({2))((8)) 100 ((4))((6)) + 400-((6)}((2))" ¥t s ~0w-p0r= i =siaw=or0 -5 *
Y 900Re[Q2n|Q2n]?QnQn] — 225|Q2n|* — 400Re[Q3,10,1%Q701Qn] + 2400Re[Q3, 10,1707 Q5n]

+900- <<2>><<4>>2 —3600- <<4>><<2>>3 +2880- <<2>>5 MM~ 1) (M — (M — 3 — DM ~ 5)(M — 6)(M —7)(M ~9)

% 300Re[Q47,07Q701Qn] — 1200Re[Q3,0nQ3nQ5n] — 16001Q3, %1, |* — 1800Re[Q4nQn Q5 Q3n] %
MM - DM —2)(M =3)(M — DM —5)(M —6)(M —7)(M - 9)

+

+

900Re[Q4nQ3nQ3n] + 2400Re[Q4n 07 Q3n] — 900]Qyn|?
MM —1D)(M - 2)(M —3)(M — (M —5)(M — 6)(M —7)(M - 9)

+

€ For the first time v_{10}:

200]Q5|® — 1200Re[Q211Qn *Q7.Qn] + 1800104, *1Qn1?
MM -1DM-2)M-3)(M —4)(M -5)(M - 7)(M - 8)

v, 110} = 13/ —c, {10} S
% n
456

1200Re[Q2nQ;fLQ;l] — 600|Q.ﬂ|4 — 600|Q2.ﬂ|2
MM DM - DM -3 M - M —6)(M =7

600/Q,,[2 120
UM DM - M- DM —5M—6) M- DM —2DM -3 M — M —5)
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Statistical uncertainty of the vn{ﬂ)}/ e

\\

L 4 Stétistical 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]

$°1v, {10}1-4560°(v, {10))"* = A’07,, + B0

) A=14400((2))" -10800((2)) ((4))

+C 0y + D0y + Oy + 24805 +800((6))((2))+900((4))" ~25((8))
+2AC0 ) + 2AD0 0y + 2400y B=1800((4))((2))-3600((2))" ~100((6))
+2BCOGon + 28D apien + 2B a0 C =400((2))" ~100{(4))
+2CD0 g s + 2C ey oy 2P 0 D =-25((2))

. Swi[x-%,]
# With variances 0, = il € weights have to be squared!

ﬁ .
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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)- 10, -M (2)- 10,,"-S,,
MM -1) S =90

M
Where M is the number of the tracks, while S, = [E wl.k]p

i=1

M M
_\ o k ing,
0,= e 0, = pwle
i=1 i=1
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Taylor expansion of the hydrodynamics probe

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

< Moments of the second order o =<(vx —<vx>)2> ol =(v})

< Moments of the third order s =<(vx —(vx>)3> s ={(ve - (v )V}

% Moments of the fourth order  x,, =<(vx —<vx>)4>—3aj K, =<(vx -<vx>)2 v2>_020y2

2
2 2 5 2_ 2 2_ V4 3 3
A O, -0 S+ K. +2K..+K (U (7) (G Ox S30+ Sio
v2{4}zvz+ Y x P30 12 _ ™40 22 04 _ Y 3 y

v, 2 o 4v; 8v; D
2
i 0y2 e gsso + 5 Kok S(Uy2 —ai) Pt 2P, + Py, (ayz - Ui)(4s30 +15s12)
VoAb 2 A e —4 —4
v, v, 4v, 8v, 4v, 6v
Py 7s +s5 311( = K 5( 2 2)2 5]9 +14P +3p ( v 2)(13 57 )
79 RPN & S R s A A a0t Kyp — Ky AR VR o R II do) N B ATl O 28 Sy +I/S
v, {8} =V, +— ol — +33 11 e 43 3_4 A _430 s
2v, v, 4v; 8V, 11v, 22v,
ax, + 3P0t Py)

v,{6}-v, {8 1|

A V)

4 3 2 D e
v,{4}-v,{6} 11 o ik e (Pso +2P3 +P1y) 2(0 0 )(555, —65,,)
V)

< The hydro probe is then v {6}-v,{8} _ 1 1 v,{4}"-12v,{6}’ +11v7{8}

v,{4}-v,{6} 11 11 (U -0 )S
e 2{4} v 2{6} : 3 -
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Taylor expansion of the new hydrodynamics probe
In”fﬁﬁe, expansion up to 5" moment

. 2}
< Moments of the fifth order o =<(Vx -(v,)) >-1005Sso
3
Pe={(n =) VD )-0t =305 p ([, - (n))v*)-607s,
12 53 4 R Y

o e e TN e e U 5(02—02) g S ANy A RSV L (GV_GX) S30+7S12
V{lO}zV+ y x_19 +57 19 X Y 2 +60 6 4 +
? oy V2 4v; 8v; 197 197}

2 2 2 2 2 2
v,{8} -v,{10} zi 88ps,

{63 =v,{8} 19 95[4V]s5,, =27, (i, — 3K, ) — 13(psy +10p;, = 3py,) = 2(0° = 03)(555 = 65,) ]

% The new hydro probe is then given as

negligible
v, {8} -7, {10} _ 3 1 3v,{6}" -22v,{8}* +19v,{10}’ /

o 2 2
33v,
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Cleaned moments -

= i

> K SIS: 8k, e 16(1750_"' p32)

- e 3,
AV ) o 4_7/2
2[2(7)C+ODJ2 o,

- T

» Cleaned kurtosis:
8’(40

3 v {4 +24,° {6} 253y, (8} +228v,°{10} 3 T 3 Ky
2 |y, (2)7 - 40v, {6}? + 495v, (8} — 456v, {10}* |

exp
}/ 2,corr

2 [ZOj +5DJ2 v =

2 2(0i _UE)(S30 =5,)
) St o +
=
2
» Superskewness:
2

yoP = 62 3v,{6)° —22v, {8} +19v, {10}’ - §p50 -

b, 22—y, @2 ]” 20?+0,]” o

G 0

» Cleaned Superskewness: -
5 5 5 o
- 3v,{6} = 22v," {8} +19v," {10} .. e

7/ ,corr oy o
3 [V, (232 - 40v, (6} + 495v, (8} — 456v, {10} | Baae =

=ls
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