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> Asymmetry of v, distribution
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> Hydrodynamic probes

% Analysis Technique
> Collectivity - v, {2k} in terms of Q-cumulants in PbPb collisions

% Results
> Measurement of two hydrodynamic probes vs centrality

> High-precision measurement of central moments of v, distribution
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Anisotropic Flow

Azimuthal Anisotropy

%% =145 7, 2v, cosn(AdP)
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v, =< cos[n(¢ — )] >

: . A v_- Fourier flow harmonics depend on :
s Collective ¢

n
interaction e initial state geometry
—X > - ) n v e 1nitial state fluctuations
- Pressure ~ 7 =~ (Angleofn® order e medium transport properties (1)/s)
gradient symmetry plane)
. R
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anisotropy anisotropy
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Motivation - Asymmetry of the v, Distribution

e Hydrodynamics : azimuthally anisotropic 1000 - I vy —
expansion of QGP formed in AA collisions V2 = Ug€q + Uy€y 2 897 5555 5y
600 -
- 2 2 2
. V2 =4 /Vz V5 8 40
e [Event-by-event fluctuations : the early stage 200 |
dynamics e_: along impact ol
parameter » 800 -
. o, . . . . . . 1 c
e Non-Gaussianities in e-by-e v, distribution e, : perpendicular & 600 {
to impact Zz 4003
parameter 203

e Hydrodynamic expansion - v, ¢ g
2 2 -0.15 -0.1 -005 0 0.05 0.1 0.15 0.2

Phys. Rev. C 95, 014913 (2017)

e Fluctuations present in initial state =
non-gaussianities in v, distribution in final
state

e Precise measurements of the Non-Gaussian
flow fluctuations : test hydrodynamics and
constrain IS models
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Motivation - Asymmetry of the v, Distribution

® Q-cumulants, v,{2k} (k=1, 2, ...) : good tool to study non-Gaussianities

e Non-Gaussianities : fine splitting between cumulants of different orders

15 ! 1 ! 15 — - -
I — —posmv.e kurtosis (Leptokurtllc)
s SRS kurtosis = 0 (Mesokurtic)
= Negative skewness == negative kurtosis (Platykurtic)
10 104
p(x) p(x)
5 54
0 0 T

0.4 05 0.6 04

e Skewness : degree of asymmetry of the distribution
e Kurtosis : degree of peakedness and flatness
e Superskewness : measure of asymmetry of tail
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Motivation - Hydrodynamic Probes

e Hydrodynamic probes : observed azimuthal angle correlations <———— initial-state geometry

0.4 x107°

Phys. Rev. C 95 (2017) 014913

ALICE Pb-Pb 5.02 TeV

N | 02<p <3GeVic
Centrality-dndependent
351 Il <0.8

(limited to leading order term) i %HH gyt ;

0240} -v2 18 ~ L 2 0.001

’02{4} ’U2{6} 11

T

v {n}-v,{m}

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

Phys. Lett. B 789 (2019) 643 (CMS) -
T Vo{6)-v,{8}

e Goal - to improve precision 02T (v {4} vfB))/11
e Possible Solution : Introducing higher-order terms in T T DT PO P
the cumulant expansion of the v, distribution ¢ 8 2 a & &t el

Centrality (%)

o large amount of statistics requlred . JHEP 07 (2018) 103
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Measuring v {2k} - Q-cumulant Method

e k-particle cumulant (k > 1) : collective nature of flow . . _@ Iy ® 9 O &4 O
m suppresses non-flow . ® ® “
R. Kubo, J. Phys. Soc. Jpn. 17 (1962)
Q-Vector Single-event average over all particles
— o, . ' s 2_ M
Qn =2;em? <2>=<enldr=e) > = <2 >= [T

< 4 >=< ein($r+d2—d3—¢a) 5

All-event average 1O 4 41Q2n P — 2Re[Q2n Q% Q7
_ n 2n| — €l2nd,), &y,
= <4 >= - n—2) (M-3)

<< 2>>=<< end1—¢2) 5>

| _92(M=2)|Qn|*~M(M-3)
<< 4 >>=<< eMbrtda—ds—dd) 5 M(M—1)(M—2)(M—3)
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v {10} from Q-cumulants

e 10-particle azimuthal correlator  ((10)) = <<ein(¢1+¢2+¢3+¢4+¢5—¢6—¢7—¢s—¢9—¢1o>>

e Recurrence relation (Phys. Rev. C 104 (2021) 034906) :

m

en{2k} = ((2k)) - 2’:;( § ) ( . ) (2m)) ea {2k — 2m)

cn{10} = ((10))—25. ((2)) ((8))—100. ({4)) ((6))+400. ((6)) ((2))*+900. ((2)) ((4))
—3600. ((4)) ((2))* + 2800. ((2))°

w0/ 1 First-time measurement by CMS -
on{10} = 4§/ 755¢ {10} huge amount of statistics!
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v {2k} (k = 1,...,5) vs centrality

JHEPO02 (2024) 106

v,12}

CMS PbPb 5.02 TeV (0.607 nb'1)/ Clear Splitting between VZ{Z} and VZ{Zk} - larger
0.14F- 0.5<p_<3.0 GeVic o o o o towards more peripheral
L S
0.12f Mi<24 - - v,{2K}
C A A= <
0.1F i i v2{2} > v2{4} g v2{6} T v2{8} g v2{10}
—~ - - S E \
& 0.08[- - (v, variance)
g - oV, {2} — .
> 006 o = o v,i4) 7D, Flow fluctuations : v2{2}? ~ v2{2k}? + 202%(k > 1)
- e v,{6} na R P
0.04F = ov,{8) F"“s\ww'
- AV, {10} . .. .
0.02F e systematic uncertainties ~ 2 orders of magnitude
S 1 | | L greater than statistical ones - high precision
0 10 20 30 40 50 60
Centrality (%) measurement
Decreasing overlap region First-time
] measurement of
. v,{10} by CMS
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v {2k} (k = 1,...,5) vs centrality

JHEPO2 (2024) 106

CMS PbPb 5.02 TeV (0.607 nb™) Fine splitting observed
g =

- © o o o o © © &

1
®10 . ’U2{2} B U2{4} = U2{6} = U2{8} ’U2{10}
o -2 |E| s £
%10 SEE N - -
§10 g B - ad - h = . ) .
5 ﬁ (] = - = L = T Signature of non-Gaussian fluctuations
910 4 e = & & 7
E O (v, {2}-v, {10})/v, {10}

/s 0.5<p_<3.0GeVic ®(v,4}-v,{10}), {10} . _ .
10_6 é{;{?‘; - iy . (Vj{@_v; 10}y, {10} e The relative difference between adjacent
JE = O (v, {8}-v,{10p/v, {10} v,{12k} —v,{10} values decreases by about
107" =~ L v 1 L L L . . .
0 10 20 30 40 50 60 an order of magnitude for each increment in k

Centrality (%)

Decreasing overlap region
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Introducing a new Hydrodynamic Probe

e v, {2k} : Taylor expansion through central moments of the v, distribution (upto 5" moment)
PRC 95 (2017) 014913, (mean, variance, skewness, kurtosis, superkurtosis)
PRC 99 (2019) 014907 +
Assuming ¢ > = cy2 ——> hydrodynamic probes in terms of v,{2k}

1 va{6}—v2{8} __ 1 1 va{4}?—12v2{6}*+11v,{8}>

5 o )
’1)2{4} ’02{6} N | 1y v2{4}2—v2{6}2+( Y 30

neglecting this term

_ 303"
JHEP02 (2024) 106
’02{8}—’02{10} —~ D . 1 3’02{6} —22’02{8} —|—19'U2{10}
2. v b —ua®l . = 19 19 ; (o2 —o2)sab = introduction of
v2{6}%—v2{8}?+ 93,343 higher order term

First-time measurement by CMS
neglecting this term
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Taylor Expansion of Hydrodynamic Probes

JHEPO2 (2024) 106

-1
S:MS_ PbPb 5.02 TeV (0.607 nb™) B va {6} —vs{8} h2 _ va {8} —v3 {10}
03¢ R S | EOEG EOE
0.25)- °hy (sg\%‘ey%;’
o F «h Y
0 - 2 3 . . . _
8 02F o I . // ) Expansion using higher-order moments :
o - -
g015 ® - Tayl 432 —12v5{6}2+11v,{8}>
> = i - hayor:l_ivg{} va{6}°+11v2{8}
T 01_— |:| — e | | 1 1 11 11 ’U2{4}2—’l)2{6}2
0_05:_ 1 0.5<p_<3.0GeVic T 11
= m<24
e s e pTaylor _ 3 _ 1 3v2{6}*—22v2{8}°+19v2{10}>
Centrality (%) 2 19 19 v2{6}2—v2{8}2

Clear dependence on centrality :
Higher-order moments necessary to
describe data

First-time measurement by CMS

04.06.24 SQM 2024



Taylor Expansion of Hydrodynamic Probes

JHEPO2 (2024) 106
PbPb 5.02 TeV (0.607 nb™’

CMS
7D, : 0.5<p_<3.0 GeVic he 000 < 0.013
101F H Q—f oL mi <24 ppevier = '
[ . : —rir A~ 1.000 + 0.003
o EI - e & @ i : P 2
= o] « o *
L‘E 1 L small contribution from the term
I (6. - 6 %), but still negligible
0.99 o ; . y
. B ", Taylor B ", Taylor . L.
i h, [ h, e Systematic uncertainties >>
T T statistical uncertainties
0 10 28 t 3|(_)t 0;10 50 0 10 %0 ; 3|0t 0/40 50 60
entrall entraill h . .
) i) ® ;Twrr is closer to unity
SQM 2024 13/27
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Standardized and Corrected Moments

e Non-Gaussian fluctuations explain fine-splitting : v2{2} > vo{4} Z v2{6} T v2{8} £ v2{10}

3¢47_ .3

» “Stndardized” skewness: " = —2%/2 bl & 092 CaesCu & 2 = g,
vZ{2}—v2 024+0p

e Contributions from other moments : Phys. Rev. C 99 (2019) 014907

non-negligible

On — 3ETRD _ 3@ty ¥in | 30y=0s)(sa=2s1) |

2’02 4’1)2 2U2

g —0'2 % ag —0'2 S S
OD:%(330+312 _i_q_i_( ) 2( =) (s30— 12)_*_.”

va3

e “Corrected” skewness : free from contributions of other moments (eg. kurtosis, superskewness, ...)

(05 —02)(s30—2512)
ecxp  _ _93/2 —830+3 2057 +o(>5) g9 1873 {8} —16v3{6}—171v3{10} [
71 ,corr —

(20%+%2i+ (5))3/2 _ [v2{2}—40v3Z{6}+495v3 {8} —456v3{10}]3/2

Free of other moments (up to 5™ order)
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Standardized and Corrected Moments

“Standardized” kurtosis : exp _ 3 vy{4}—12v5{6}+11v5{8}
T2 T T2 T IRy {4r

“Corrected” kurtosis :

vg {4} +24v; {6} —253v5 {8} +228v5 {10}

exp

_3
2

V2,corr = [v2{2}—40v2 {6} +495v2 {8} —456v2{10}]2

“Standardized” superskewness : 5" = 6/2 302{6} {222}021{)8%4_5?722{10}

“Corrected” superskewness :

3v5{6}—22v5 {8}+19v5 {10}

ETP —
V3,corr = 6\/§[v%{2}—401}%{6}+495v%{8}—4561)%{10}]5/2
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Free of other
moments (up to
5™ order)

Additional
constraints on
initial-state
geometry -
“Cleaning”
conditions
require elliptic
power
distribution,
with :
¢,<0.15 and
Vn OC 81’1

[Phys. Rev. C 90,

024903 (2014)]
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. cMs PbPb 5.02 TeV (0.607 nb’ | ¢ M
Standardized and Corrected Moments oF |
o El 0.5 <p, <3.0GeV/c
01 = nl < 2.4
—positivolarisi (Lepwkun_ic)) -02F e - - @ 2 &
S s . . 5 B .
(e First-time measurement | £ __osF o
10 1o o = e ol
by CMS ~0.4F- AR, 9 a
p(x) p(x) £ "‘Eéjfﬁ‘j
= [ FNAL )
. . JHEPO02 (2024) 106 . S0
—0.6;— @
0.35—
® Negative values of skewness for all centralities - v, _ 02 g %y
.. . . o @ e
distribution has longer tail to the left =" o1t -
o corrected skewness is steeper o n ¢
e Kurtosis - negative for most central events, positive towards o ﬁ "
peripheral S
. . . . . 0_2:_
o qualitatively agrees with theory predictions [Phys. :
Rev. C 99, 014907 (2019)] e —02f ol I
e Superskewness - measured for the first time " 04b t
o positive towards more central region, then becomes 06 *¥;",i=1,23 (standardized)
negative _0'85_ OYixc‘:)rr ,i=1,2,3 (corrected) *
B T [ T =
Centrality (%)
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Summary

CMS PbPb 5.02 TeV (0.607 nb’'
0.3 *h
E h’}'aylor /(MS \7J H}
E o S
. 0.25; b @ ]
S 0.2F ; ke .
Q_ E £y - : s} L )
20151 = —_—
2 F _ =
T 0.1 -
0.05 E -J H 05< P < 3.0GeV/c
UF J <24
C " | L 1 L | - L 1 " 1 "
0 10 20 30 40 50 60
Centrality (%)

e Two hydrodynamics probes and first-time measurement of
v,{10} performed with CMS PbPb data at 5.02 TeV energy

e High precision measurement of skewness, kurtosis and
superskewness of the v, distribution

e (Can provide novel constraints on the initial state geometry used
in hydrodynamic calculations of the medium expansion in high
energy nuclear collisions
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PbPb 5.02 TeV (0.607 nb’)

@ 05<p_<3.0GeV/c
Ml <24

exp

Y
o

=]
.=}

-0.1

oo ®
_IE
o8]

0.4
0.2

|
o
[$4)
RN SR N E RN SRR LN R RN L RALRRE RAULRN R ERE RN RR RO RRRad e )

-0.2
=04

exp

-0.6
-0.8

IRARARARN LA RRRE RAR:

-

L=
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oy’

3
i, corr
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Backup
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v {2k} from Q-cumulants

< < - >> Averaging over all events

Multi-particle correlations = cumulants

(@)=((e" ™)) (@) =((emrer))
((6)) = ((emerrroarsman))

(&)= oo
AP S 1. el {4} =(()-2(@)
¢, {6} =((6))=9-((4))((2) +12:((2))
¢, {8}=((8))=16-((6)){(2))-18-(4)) +
+144-((4))((2)) -144-((2))

Averaging over M particles in v, {2}=e, {2} v, {4} =4-c, {4}

a single event 7
n{6)=qlzedsl  vdsh-{-55a (8}
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Measuring v {2k} - Q-cumulant Method

General formulae :

=1 kN (k-1
cy{2k} = ((2k)) — El (m) ( - ><<2m>>cn{2k —2m} Phys. Rev. C 104 (2021)
m= 034906
5 1 Phys. Rev. C 95 (2017)
Un = Ao C"{Zk}‘ gi:tyz.lliev.c 64 (2001)
k=1 7k k—1 234512:)2 (2024) 106
Ay = 1— ( ) ( )a2k_2 7 with a, = 1.
mgl m m i
Example :
_ 2 Can be extended till any
eaf2} = ((2)) on{2} = ¢/ en{2} order

cn{4} = ((4)) — 2((2))° vnid} = V/—cnid)

¢, {10} = ((10))-25-((2))((8))-100-((4)){(6))+ 400-(6)){(2)) +900-(2)){(#)) | {10}=Y 4;6 < 110}

3 5
_3600'«4»«2» + 2880'«2» First-time measurement by CMS -
huge amount of statistics!
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<10> in terms of Q-Cumulants

104 — 20Re[Q2n10n1°Q5 Q] + 1001024 1*1Qn|° + 30Re[Q20 Q2010150505 Q5] >

<0 >= M — DM — 2)(M = 3)(M — )(M —5)(M — 6)(M — 7)(M — 8)(M — 9)

. . 4 22510201110 * — 300Re[Q211zn1*10n Q5051 + 40RE[Q1n 011"030305)
e size of formula increases M D= DO =001 = Bl = D= =530 =)
. 600Re[Q3n0n Q1030 Q3n] — 400Re[Q31lQnI*Q5Q3n] + 4001Qsl?1Qnl*
Wlth the Order k UG = DM - DM =DM =DM -5 (M —6)M —7) (M —-8) (M —-9)

400Re([Q3n|Q2n|* 051051051 — 40Re[Q30 Q20007070505 — 600Re[Q3n|Q2n|* 07051
MM —1)(M —2)(M —3)(M — (M - 5)(M - 6)(M —7)(M —8)(M - 9)

4001Q35|*1Qzn1* — BOORe[1Qs|* Q2007051 — 60Re[Q4n]Qn* Q50507051 "
MM =DM —2)(M - 3)M — H(M - 5)(M — 6)(M — 7)(M — 8)(M - 9)

600Re[Q4n|Qnl?0n05Q5n] — 900RE[Q4210nl* Q51 Q5n] — 1200Re[04n|0n|20n()3n]
MM —1)(M - 2)(M - 3)(M — 4)(M — 5)(M — 6)(M — 7)(M — 8)(M — 9)

M(M—l)(M 2)(M - 3)(M 4)(M - 5)(M - 6)(M — 7)(M - 8)(M - 9)

¢, {10} = ((10))-25-((2))((8))~100-{(4))((6))+ 400-((6)){(2)) +900-((2N(4))  izpesommmsistisiesoe

5761Qsnl* — 960Re[Q5,05nQ3n] — 1440Re[Q5, 057 Q3n]

_360().<<4>><<2>>3+2880.<<2>>5 MO =D = 2) (M = 3 — (M - 5)(M = (M - )M - DT =9)

i 300Re[Q2n|Qnl* Q501 = 251Qn[° — 9001Q24|*1Qn|* — 150Re[Q2n Q20 Q50707051
MM - 1M —2)(M —3)(M - (M = 5)(M — 6)(M — 7)(M —9)

2y

+

900R€[an|02n|’0n0nl — 225|Qzn|* — 400Re[Q3,10n1* 050700 + 2400Re[03n10n|20n01n]
MM - DM —2)(M = 3)(M - H(M - 5)(M - 6)(M — 7)(M - 9)

, 300Re[Q4n 04050401 ~ 1200Re[Q2101QinQ3n] = 16001Qun 10 * ~ 1800Re[01n0505Q3n]
MM —1)(M =2)(M —3)(M —4)(M —=5)(M — 6)(M —7)(M —9)
A% {10} C {10} _ SDORe[Q4nQ3nQin] + 2400Re[Q4n Q5 Qnl — 9001040

MM —1)(M - 2)(M - 3)(M — 4)(M - 5)(M — 6)(M — 7)(M - 9) 8

200[Qn|® — 1200Re[Q24Qn1Q7. Q5] + 1800Q, %1 Qx|*
MM -1)(M -2)(M —3)(M —4)(M = 5)(M —7)(M —8)

800Re([Q3,0;,07.05] — 2400Re[Q;,07,Q3,] + 800/ Q5[
MM =DM —2)(M —3)(M - 4)(M = 5)(M - 7)(M - 8)

1200Re[Q34 0705 = 600|Q,|* — 600|Q,,
MM =DM - 2M =M - )M —6)M -7

600]Q,|? 120
UMM - DM =DM - DM —5)M=6) M= DM —2)M —3)(M - DM —5)
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Taylor Expansion of Hydrodynamic Probes

e Moments of v, distribution :

m Variance - 2" moment 02 = ((ve— < vz >)?) , 02 = (v2)
m  Skewness - 3™ moment s30 = ((Uz— < vz >)°), s12 = ((va— < vy >)v2)
m Kurtosis - 4" moment Ko = <(v$ - (vm>)4> , Koo = <(vx — (vz))? v§> — o020,
Phys. Rev. C 95, 014913 (2017), Phys. Rev. C 64, 054901 (2001) :
2_ o> 5(02 -o0? 0; - 03 )(35,, +3s,,)
s Sl R P W R e
bt 7 = 3 5 3 4
27, v 47, 8V, 27;
2
2 Uf _0,3 §S30 o Ko —Kos 5(0-‘2‘ _G-f) Pso+2P5 + Py (0‘2 —05)(4‘;30 +15s12)
{6} =V, + —=— _2 + = = + — + =
2v, v, 4v; 8v, 4v, 6v,
31 3 14
P, 1 ﬁsso'*'slz §§K40+EK22‘K04 5(0)2.-—0'3)2 §P50+_3“P32+3P14 (0“2,-0'3)(13530+57s12)
v,{8} =V, + L ——— it - - - = +— ey
2v, v, 4v; 8v;, 11v, \ 22v,
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Taylor Expansion of Hydrodynamic Probes

4K, + 8(p50_+ Ps)
v,{6}-v,{8} zi i v,
v,{4}-v,{6} 11 2,5, +3(Kyg +10,,) + 3(Pso +2P3y + D1y) — 2505 % Ui)(ssm - 6s),)
2y,
Using egs. (iv), (v) and (vi) :
v2{6}—v2{8} _ 1 _ 1 w2{4}?—12v2{6}*+11v2{8}" JHEP02 (2024) 106

vo{4}—vo{6} T 11 1

e T—,
. va{4}2—v2{6}2+ ( ﬁg@%ﬁ{o negligible

\

1 thaylor
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Taylor Expansion of Hydrodynamic Probes

5
m 5Sth moment - Thi= <(Vx —<Vx>) >— IOcrfs30 JHEP02 (2024) 106
S50 2 2 Phys. Rev. C 64,
p32 = <(Vx = <Vx >) V}. > o O-). S30 R 30,rsl2 p14 = <(Vx o7 <v.\'>) V?> % 60)2‘512 054),901 (;001)
12 53 4 > 163 47 21 2 2 99,
v, {10} =7, + G_‘z, -0’ B Esw Hon L 57 el 7 e 19 K2 =Ko % 5(0)2, —-0_3) - 6—0p50 +?p32 "'71714 . (G." a")(l o 2 512)
e v, 4v; 8V, 19v; 19v;
v, {8}-v,{10} 3 885,

v,{6}-v,{8} 19 95[4v;s30 =2V, (K4 —3K5,) —13(psy +10py, =3p,,) = 2(0° = 03)(58y, — 6s32)]

New v2{8}—v2{10} __ 3 1 3v2{6}*>—22v{8}" —i—19v2{10}2
hydrodynamic  v2{6}—v2{8} 19 19 e {6}2—va{8}2+ 3}/3’
probe : / \ !
h2 hZTaylor
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Standardized and Corrected Moments

.. - S K p
° “ > ~ 30 ) o ~ 30
Condition for “cleaning S, = - K,, = DDy -

. ... 2 2
g0 = (Y5 — 37]>/<3/3 +~’L’g>
Elliptic power distribution, ellipticity parameter : &, <0.15

Phys. Rev. C 90, 024903 (2014)

1 (1_ i_ 2)cx—1
pea,&y) = 2(1 — ed)o+s ="
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The CMS Detector

04.06.24

EM Calorimeter (ECAL)
Hadron Calorimeter (HCAL)

@ 3 “"% f\\\\ Forward

A \ & Calorimeter (HF
Zero Degree I 'i,- ’\‘\\"‘E N/ (HF)
Calorimeter (ZDC) o & o &
140m to IP
Tracker

(Pixel & Strips)

ZDC
Hadronic Calorimeter HF

EM Calorimeter
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Track and Event Selections

e Data
o 2018 PbPb Minimum Bias events

e Track selections
o packedPFCandidates

o 0.5<p<3.0GeV/c
o nf<2.4
o  highPurity
e [Event selections o DCA<3.0
o  primaryVertexFilter o Nhits >=11
o clusterCompatibilityFilter o dp/p;<0.1
o hfCoincFilter2Th4 o chi*/ndof/Nlayers < 0.18
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