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&  Creating the hot and dense QCD medium

ALICE

. . final detected o | attice QCD predicts a phase transition from a
Relativistic Heavy-Ion Collisions Stributions . . .
e by Chun S Cinetic hadron gas to a strongly interacting deconfinec
made By SR Shen freeze-out medium, quark-gluon plasma (QGP)
— 3 Initial energy _ e e are mteresteq N studying th@ emergent phenomena
y density pa of this QCD medium, and knowing its properties
s : A
.‘} — o | | .
| v : * Relativistic heavy-ion collisions allow us to reach the

necessary conditions to recreate this medium
e Medium expands and cools down

T

/

collision e et
overlap zone Ny \ A _ | | , . .
' e” e [Further interactions in the hadronic phase until freeze-out

—h BB P N

e Phase transition from QGP to hadron gas

e Detection of final particles

| collision evolution e Comparison to phenomenological models
t~0fm/c T~1fm/c t ~ 10 fm/c T ~ 101 fm/c

time [fm/c]
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Anisotropic flow

AN 00 Initial spatial anisotropy Is transterred via interactions in the medium
—x 142 v,cos[n(p — P )] to momentum anisotropy of outgoing particles
d(p n=1

v, X€, n<3
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e ey . . final detected
Relativistic HCCIVY"IO” Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

: Hadronization
‘ Initial energy

_ ‘ density

.

% Hadron y

7
as
.“ l‘
it

initial

¥ 3
eccentricity BN \
;
3
.

anisotropic
flow

collision
overlap zone

Initial Hydrodynamic Hadronic
conditions phase rescattering
j | — >

collision evolution
t~0fm/c tT~1fm/c T ~ 10 fm/c T ~ 1019 fm/c
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Eccentricity distribution

IN PRAGUE

PRL 112, 082301 (2014)

6000
Bessel-Gaussian ----
5000 - ; Gaussian - -
Power —
4000 -
= (2)=0.388
- E =V.
S 3000 - :
P p-Pb: N=15
2000 -
e Event-by-event fluctuations in the initial geometry -> initial eccentricity nc
1000 -
e Parametrizations of the p.d.f. oPb collisions
1. Gaussian 0 | |
| | | | 0 0.2 0.4 0.6 0.8 1
2. Bessel-Gaussian - more suitable for fluctuations of €2 in PbPo €5

3. Power law - more suitable for fluctuation-driven eccentricities (small systems, or €3
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Eccentricity distribution

IN PRAGUE

PRL 112, 082301 (2014)

6000
Bessel-Gaussian ----
5000 - ; Gaussian - -
Power —
4000 -
= (2)=0.388
- E =V.
S 3000 - :
=P p-Pb: N=15
2000 -
e Event-by-event fluctuations in the initial geometry -> initial eccentricity nc
1000 -
e Parametrizations of the p.d.f. oPb collisions
1. Gaussian 0 | |
| | | | 0 0.2 0.4 0.6 0.8 1
Bessel-Gaussian - more suitable for fluctuations of €2in PoPb €5

Power law - more suitable for fluctuation-driven eccentricities (small systems, or €3

= W

Elliptic Power - general parametrization including cases 2) and 3)
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PRC 90, 024903 (2014)

MC-Glauber N o Bessel-Gaussian —-
35 | | ! i PbPb collisions | E"iptiC_Power —
3 T T < T -
5-10% (x0.5) 25-30% O 45-50% 65-70%
2.5 - T e II A‘\“ 4 //\\ _
~ , (a) (b) ‘A‘ \\ (€) [ (d)
3 T 1 / 1T : \ .
o ,’ “ \\ ll f \\ “‘
1 A 1 /
1.5 \\ /I Ay
\ / \
1 - \ 73 \ O\
\ : \
/ \! i/ \
0.5 7 \ 7 \
Y, 7 / \
N »" | ! //1 | |
O 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 0.6 0.8 1
82 82 82 82
e Hlliptic power distribution governed by two parameters 2 na—1
e Ellipticity o (for e0 = 0, symmetric distribution) p(ey,6,) = g(1 — 82)a+% (1 — o T 8y)
| AR ’ (1 — go&, )2t

e Power a (magnitude of fluctuations; smaller a -> larger fluctuations
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- How to experimentally access the P(gn) ?

e | ower order flow coefficients are linearly related to initial eccentricities
e By measuring the P(vn), we can get to know about the fluctuations in the initial state
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- How to experimentally access the P(gn) ?

e | ower order flow coefficients are linearly related to initial eccentricities
e By measuring the P(vn), we can get to know about the fluctuations in the initial state

- How to experimentally characterize a distribution?

1. Measure the distribution directly skewness = Zero

2. Measure its moments/cumulants

positive skewness negative skewness

 Hirst moment = mean
e Second moment = variance
e [Nird moment = skewness

e FOoUrth moment — kurtosis

e Cumulants - related to moments

ICNFP2021 | 24.08.2021 Katarina Krizkova Gajdosova | CTU in Prague
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- How to experimentally access the P(gn) ?

e | ower order flow coefficients are linearly related to initial eccentricities
e By measuring the P(vn), we can get to know about the fluctuations in the initial state

- How to experimentally characterize a distribution?

stribution di Kurtosi
1. Measure the distribution directly Urtosis

2. Measure its moments/cumulants

POSiJ[i\/e kurtOSiS ............................

 Hirst moment = mean

\ ' | | [ o
« Second moment — variance Normal distributio
e [hird moment = skewness

e Fourth moment = kurtosis Negative kurtosis

e Cumulants - related to moments

ICNFP2021 | 24.08.2021 Katarina Krizkova Gajdosova | CTU in Prague
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& How to distinguish between parametrizations |##|..-
CMS CMS, PLB 789 (2019) 643 26 ub™' (PbPb 5.02 TeV)
L rF [ r rrrq[rr1 .
: _0.3<p_ <3.0GeVic 1
I nj<1.0: g
~ % ¥ "
éj ooo E
) 107 F %o =+ ¢ p(vng) o%
A T ¢ p(vy) " 3
- , ‘;) 1 -- Bessel-Gaussian § %
102 L L o 1 — Elliptic Power e Q’oo
= 15 - 20% 0, 30 - 35% % §55-60%
0 0.1 0.2 03 0 0.1 0.2 03 0 0.1 0.2 0.3
Vs Vs Vs

o Fitting the measured P(vy) distributions
e Bessel-Gaussian is good approximation semicentral collisions (ellipticity dominates)
o lliptic power works for all centralities

ICNFP2021 | 24.08.2021 Katarina Krizkova Gajdosova | CTU in Prague
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ALICE

Vz{m}

How to distinguish between parametrizations

e Measuring ratios of vy obtained from multiparticle cumulants

0.12

0.10

0.08

0.06

0.04

0.02

0.00

CMS 26 ub’ (PbPb 5.02 TeV)

Illl|IIII|Il|l|llll|llll|llll|l

- 0.3< p_ < 3.0 GeV/c —
- a0 o -
B i <1.0 o - N
- . @ .
i O . s ® - 8 |
N _ - -
I - ® _
L e ® " m =2 _
i oem=4 i}
- " @ng :
L T "
_I L1 1 | L1 1 1 | L1 1 1 I L1 1 1 | L1 1 1 I L1 1 1 I I—

10 20 30 40 50 60

0

Centrality %

CMS, PLB 789 (2019) 643

s

Voim)

\ m = order of particle correlation

- Gaussian parametrization
e Higher order cumulants equal to O

{2} > {4} =»n{6} =1{8} =0

- Bessel-Gaussian parametrization
e Higher order cumulants are degenerate

{2} > w4} =v{6} =v,{3}

- Elliptic power parametrization
e Differences between higher order cumulants
e Differences at small scales
o (Can probe details of the distributions

{2} > w4} > {6} > v,{8]}

Katarina Krizkova Gajdosova | CTU in Prague
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How to distinguish between parametrizations

CMS 26 ub’' (PbPb 5.02 TeV)

ALICE
CMS__ 26 ub” (PbPb 5.02 TeV)

CMS 26 ub' (PbPb 5.02 TeV)
_—I-_I-I-|-|-I-I-I-I-|-I-I-I-I-|-I-I-I-I-|-I-I-|-I-|-I-I-I-IT

0.3 < p_ < 3.0 GeV/c 5 0.3< p_ < 3.0 GeV/c : 1 002'_ O 3 < p < 3 0 GeV/C _'
1.01F m| < 1.0 1.07F ml < 1.0 - | m<1.0 -
.............. : _________________: 6 . +
5 | 3 + 578 + , + 1 & 1.000p = gegopnmm e -
- > |
> 5 P e 1] S ool .
: : % 1 ~—0.998F -
. 5 1 2 1 I
97E P * CMS - 1 > - y
) 965 b ATLAS (2.76 TeV) ) 965 s CMS : 0.996 -
' 1] - Glacalone et aI (2 76 TeV) Ok EIJ ATLAS (2 76 TeV) - i
T 0,994kt luuusbisiduuualass,
0981020 30 40 50 60 0981620 30 40 50 60 010 20 30 40 50 60

Centrality %

Centrality %

e Ratios of vo{m} deviate from unity, especially in peripheral collisions

e Non-Bessel-GGaussian fluctuations

Wi2} > vy14} > 10} > (8] q

ICNFP2021 | 24.08.2021

1,16} <
vy{4}

13

Centrality %

CMS, PLB 789 (2019) 643

V{8 } <1
{4}

Katarina Krizkova Gajdosova | CTU in Prague
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& Moments of P(vy)

ALICE

ALICE, JHEPO/, 103 (2018)

e [he vy distribution was found to pbe left-skewed

Pb-Pb
0.2< p. < 3 GeV/c

o Compatible with hydrodynamic calculations

yeRt 0372 122{42}3 — 02{62}3
(12{2}° — vp{4)7)*/2
. Kurtosis not measured so far o4 Inll o #
e Need for precise measurement of va{38} I «— ALICE 5.02 TeV o W
06 B | Glauber+v-USPhydro 2.76 TeV
ot 3 va{4)t — 120,{6}* + 110, {8}" T T T T
2.7 9 (v 2)2 _ v, {4}2)2 0 10 20 30 40 50 60 70

Centrality (%)
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| | | final detected
Rela: fluctuations in the hydrodynamc ohase particle distributions
may cause that P(vn) is not universal, [

out depends on pPr reeze-out

mad

Hadronization
Initial energy

;
_ ‘ density
p
.

initial
eccentricity

|

anisotropic
flow

|

- S P 2N

collision
overlap zone

Initial Hydrodynamic Hadronic
conditions phase rescattering
i 7‘ .. . — >
collision evolution
t~0fm/c T ~1fm/c Tt ~ 10 fm/c T ~ 1019 fm/c
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@) T T T T 7 L o —r T T T 7 T o —r T T T 7 L
= - ALICE Preliminary - < - ALICE Preliminary - < - ALICE Preliminary -
T 1.05Pb-Pb, Sy = 5.02 TeV n T 1.05Pb-Pb, \Syn = 5.02 TeV n T 1.05Pb-Pb, \Syn = 5.02 TeV .

" VOM 5-10% ] " VOM 30-40% ] " VOM 40-50% ]

PRTTLL
L = V{B}v {4} : - = VA6V, {4} : - = V,{6}/v,{4} -
0.95- — 0.95 — 0.95 —
L e V2{8}/V 2{4} . - o V2{8}/V2{4} - o V2{8}/V2{4}
AN RN TR NN SR TN NN A SN SN S SN S N AN TN S NN SN TR NN S TR SR N T AN R S NN W TR N S TR SR T
0) 2 4 6 8 0 2 4 6 8 0 2 4 6 8
P, (GeV/c) P, (GeV/c) P, (GeV/c)
pr< 3 GeV/c pr> 3 GeV/c
e Ratios < 1 e Ratios = 1
o Non-Bessel-Gaussian type of fluctuations e Degenerate high order cumulants — Bessel-Gaussian type of

fluctuations even in peripheral collisions
e Dependence on transverse momentum

. . , e Note: we are not in a hydrodynamic regime anymore, the flow
e [nfluence from fluctuations in the hydrodynamic phase

narmonics originate more from the path length dependence of
parton energy loss

ICNFP2021 | 24.08.2021 Katarina Krizkova Gajdosova | CTU in Prague
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L L R —— 1 L L R R R—— 1 L L R R R — 1
_ ALICE Preliminary nt, ] _ ALICE Preliminary nY, _ ALICE Preliminary n, ]
0.5 o - 0.5 _ oV - 05 |1 oV -
i [ﬂ I[ﬂ ] i f ? t ]
i ; B — + ? 0 _ ¢ & | _
Z Oy T + """"" - T~ Z O B E[—_ >_Z Oy N L.J RN L R H—_
ToroE g oW L H ' - C. - L] - -
_ _
_ | R W, =
051" Pb-Pb, |5, = 5.02 TeV g 051 Pb-Pb, |5, = 5.02 TeV g 051 Pb-Pb, (s, = 5.02 TeV -
I VOM 5-10% ] I VOM 30-40% i VOM 40-50%
_1_ | L ] _1_ oy | | _1_ | L | ]
0 2 4 6 0 2 4 6 0 2 4 6
p_ (GeV/c) P, (GeV/c) P, (GeV/c)
pr< 3 GeV/c pr> 3 GeV/c

e /ero skewness
e Compatible with Bessel-Gaussian type of fluctuations

* Negative skewness
o Compatible with non-Bessel-Gaussian type of fluctuations

First ever measurement of Kurtosis

Katarina Krizkova Gajdosova | CTU in Prague
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Summary

o

o
o Measurements of flow fluctuations provide
. Information about fluctuations N the initial state

The parametrization of flow (eccentricity) fluctuations are non-Bessel-Gaussian.

Observed pr dependence points to influence by hydrodynamic fluctuations

Our differential measurements of flow fluctuations provide new constraints to
theoretical calculations.
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Eccentricity distribution 8.

IN PRAGUE

PRL 112, 082301 (2014)

6000
e Bessel-Gaussian ----
* bvent-by-event fluctuations in the initial geometry -> initial eccentricity PR Gaussian - -
not a delta function 2000 - Power —
e Parametrizations of the p.a.t. 4000 -
1. Gaussian Ve . @
P(e) = —exp (— —2) § 3000 - £,{2}=0.388
o o b p-Pb: N=15
2. Bessel-Gaussian - more suitable for fluctuations of €2 2000 -
2¢€ 2€E g? + g2
Pe) =1, (y) exp ( > ) 1000 -
3. Power law - more suitable for fluctuation-driven eccentricities oLl 0000000 Pesz |
€2
4. Elliptic Power - general parametrization including cases 2) and 3)
o) n\o—1
o L1 (1 —g2—¢2)
p(gx,gy) — ;(1 — 8(2))a ? ' .

(1 — goe,)>*t1
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V, (12< p_< 14 GeV/c)
o =
— 0.'

0.05

ALICE Preliminary
Pb-Pb, |5\, = 5.02 TeV i

- N v2{2} (IAn>1) m v2{4} .
- ® V2{6} + - V2{8} -
) * )
: ! :
: ! *'4‘ :
R -
] R RN T A TN S NN SN NN TR NANE SRR A N R R ]
0.05 0.1 0.15

vV, (0.5<p_<0.6 GeV/c)

» Correlation of soft and hard vz (low and high pr)

e Shows that at high pr we indeed have parton energy
l0ss that depends on the initial eccentricity

e Both flow and parton energy loss are correlated with

initial ellipticity

o But we saw that the pr dependence of fluctuations is

different at the two regimes

ICNFP2021 | 24.08.2021
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