Investigation of the hot and dense
QCD medium of different sizes

AP A4

Katarina Krizkova Gajdosova
Czech Technical University in Prague

CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

GHP21
Ninth Workshop of the APS Topical Group on Hadronic Physics
13t April 2021

Supported by the Ministry of Education, Youth and Sports of the Czech Republic under grant L Eﬁ&iﬁiﬁﬁ'ﬂdimi a investiéni fondy I\K%r
sinternational Mobility of Researchers MSCA IF lll at CTU in Prague® Wt Operagni program Vyzkum, vyvol a vzd8ISVANT s TensTeo SKoLT
CZ.02.2.69/0.0/0.0/16 027/0008465 IR s A OO




CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Creating the hot and dense QCD medium

. . 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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Hadron Collisi‘ons at RHIC
.................................................................... \/S = 200, 500 GeV

........................................................... \/SNN = 200 GeV
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Anisotropic flow

oeripheral heavy-ion collision
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system expansion
to the outer vacuum

collective Interactions

credit: Boris Hyppolyte

Spatial anisotropy

R
P
P,

e One of the many probes used to study the QGP is anisotropic flow

e |nitial spatial anisotropy is converted to momentum anisotropy of particles
N the final state via collective interactions in the meadium

e Fourier decomposition of the particle azimuthal distribution measured with
respect to the symmetry plane

dN
@

n=1

Momentum anisotropy

Ws symmetry plane

- x1+72 Z v,cosn(p —¥)) Flow coefficients

\

vy, = (cosin(p — VU,)

)

W symmetry plane of a co

ISion

)  azimuthal angle of a particle
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O 1 4 ALICE, PRL 107, 032301 (2011) Gale et al., PRL 110, 012302 (2013)
0.12 | Vo — | ALICE data v, {2}, pt>0.2 GeV
' Vg == In/s=0.2
01 - - j i v2
- 0.08 -  Data are well described by hydrodynamic calculations
QN
> 0.06 t - * QGP is a strongly interacting liquid with small shear
viscosity over entropy density ratio /s
004 B - v
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Wealth of experimental measurements

NVeasurements of anisotropic flow are sensitive to initial conditions and transport properties of the QGP

Flow coefficients (vn)
Flow (vn) fluctuations (pT, n)

Flow angle yn fluctuations (pr, n)

Event shape engineering

Symmetric cumulants (correlation between vi and i) o —nergy dependence q Strong constraints

System dependence on models
Non-linear flow modes

Flow of light hadrons

Flow of heavy hadrons

Correlation with mean pr
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Correlation between vy, and mean pr
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: 2
* New way 1o probe nuclear structure and deformation Cov(v;, (pT>) Pea'”SQ”
P, = correlation
on | i 2 coefficient
Size -> mean pr ~  Correlation in shape and size \/ Var(vn)Var(< pT>)
> +
Shape -> anisotropic flow
Correlation in mean pr and v
overlapping nuclel ' AU+A U+U
N transverse plane R —r r 1 r r Tt 1T T T 1T T 1
- [ Au+Au B=-0.13 -
body+body tip+tip body+tip C%,:N 0. 2-_ _-
|| o%%%ce,,, U+U B=0
“%0ece, $000s%0,0000,,
Y .“O.. L + i
| 00... ¢ ]
O
Q
Aut+Au U+u 0 - *8. 7 U+UB=0.28

B> 0 prolate B < 0 oblate p=0 p£0 " STAR Preliminary '.. )
|~ Au+Au 200 GeV i,

. . . . , , —o— U+U 193 GeV o
e Observed sign change in U+U collisions (red points) is due to deformation effect  -0-2f~ ¢l

» Comparison to models with different nuclei deformation - 02<p<2GeV.Inl<1\),yp=040, |

e Preferred deformation between 0.28 < < 0.4
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Correlation between vy, and mean pr

. 2
e New way to probe nuclear structure and deformation Cov(vy,(pr)) mearson
- : . Py = correlation
 Additional constraints to models of heavy-ion ) coefficient
collisions, in particular their initial conditions Var(vy)Var({pr))
Trento initial conditions + CGC initial conditions +
Hydrodynamic model Hydrodynamic model

;" 04— Combined-subevent method | zl— 0.4— Combined-subevent method

oo | ATLAS Preliminary | sJ~ | ATLAS Preliminary ]

> | > | |

0.5< P, < 2.0 GeV 0.5< P, < 2.0 GeV

02 nl <2.5

e Significantly different results using
different model calculations

e Most likely due to different initial
conditions

—@- Pb+Pb N_ -based
—@- Xe+Xe N, -based ]
-+ Pb+Pb X E;-based -
-+ Xe+Xe X E;-based
Pb+Pb Trento+Hydro =0

Xe+Xe Trento+Hydro =0.18

—&— Pb+Pb N_ -based
—&— Xe+Xe N_ -based
—t+— Pb+Pb X E,-based -
—F— Xe+Xe X E;-based _
Pb+Pb CGC+Hydro =0

Xe+Xe CGC+Hydro $=0.16

I | | | |
20 0)
Centrality [%] ‘

80 60 40 20 0

ATLAS-CONF-2021-001 ‘
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-rom large to small collision systems

> ’ — O—«—0Q0 00— «— Q— Q— —

e Small collision systems provide a useful baseline

e \\le are reaching a precision era of o . o
Jap for studies in heavy-ion collisions

measurements of flow In heavy-ion collisions
e Recent measurements of anisotropic flow ->

e [hey provide important constraints on theory raradigm shift?
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Small collision systems: old picture

Pb%»«’Pb pe=<ep
(b) CMS MinBias, 1.0GeV/c<pT<3.0GeV/c

(a) CMS PbPb |s, = 2.76 TeV, 220 < NJW'"™ < 260

1< ptTrlg <3 GeV/c

1< p:ss“ <3 GeV/c

N
(o]

n ot
EaN
P R N

1

dszalr
Nyig AN dAG

N

(o))

Ap =@ —
CMS, PLB 724 (2013) 213 CMS, JHEP 09 (2010) 091
Large collision systems Small collision systems

» Near-side long-range correlations (ridge) * No near-side long-range correlations

e Hydrodynamic flow * No flow

Katarina Krizkova Gajdosova | CTU in Prague
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Small collision systems:

Pb%»«’Pb PO—“-’Pb po—s<—op
(d) CMS N> 110, 1.0GeV/c<pT<3.OGeV/c

(a) CMS PbPb |, = 2.76 TeV, 220 < NJ'™ < 260 (b) CMS pPb |5, = 5.02 TeV, 220 < ™™ 260

1< ptTrlg <3 GeV/c

1<p>*° <3 GeVic

1< ptTrlg <3 GeV/c
1< p:s“c <3 GeV/c

- § 2.84" L e 34
Zle 1 L3 s3i
—_ 2 247" 2

P : ‘_z- 3.1

qu — qol o - — 7]2
CMS, PLB 724 (2013) 213 CMS, PLB 724 (2013) 213

Large collision systems vid
e Near-side long-range correlations (ridge) * Ne-Rearsicetorgrange-corretations—
e Hydrodynamic flow * No flow 7
e Ridge observed In pp and p-Pb collisions

Katarina Krizkova Gajdosova | CTU in Prague
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Small collision systems: picture

Pb%»«’Pb PO—“-’Pb po—s<—op

/AN ARRC AL 440 4 “’%eV/c<pT<3.OGeV/c

(a) CMS PbPb |5, =2

1< ptTrlg <3 GeV/c
1< p:ss“ <3 GeV/c

Are small systems collective”

VWhat is collectivity”
... (long-range) correlations where large number of particles
are acting in unison

N
(o]

1 PN
Nyig AN dAG
el ¢

4

-'7"‘ \/ "
OOA""OA A’Y‘“‘

s this a sign that we create a medium

similar to that in large collision systems"?

CMS, PLB 724 (2013) 213 CMS, JHEP 09 (2010) 091

Large colii .. more investigations needed Systems

» Near-side long-range correlations (ridge) * Ne-RearSiee1oRgFaRge-cofeiations—

e Hydrodynamic flow * No flow 7

e Ridge observed In pp and p-Pb collisions

(! Katarina Krizkova Gajdosova | CTU in Prague

GHP21 | 13.04.2021



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

O— «—0Q O —> <«—
CMS CMS, PLB 765, 193 (2017)
I I 1 ] 1 I I 1 1 I 1 1 1 1 1 1 1 1 I 1 1 | 1 | 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
0,10_ PP \F = 13 TeV o VSUb[2, IAnI>2}—- pPb Vs =5 TeV Pbe\( =2.76 TeV —l
- m v,{4} O
2-particle i + v, {6}
correlations I O Vv,{8}
O V,{LYZ}
4-particle V2 005
1 . o . -1
correlations | s, efigye
| °
o-particle - ®
' . 1
correlations 0.3< p. < 3.0 GeV/c 0.3< P < 3.0 GeV/c 0.3< P < 3.0 GeV/c |
<24 I <24 <24
|||||||||In| |||||||||||||||m|||||||||||||||||||m||||||||||
0 50 100 150 0 100 200 300 0 100 200 300
Nofﬂme Nofﬂine Nofﬂine

trk trk trk

* A collective system: large number of particles are acting in unison

e Measurements of vz obtained with many-particle correlations compatible
with each other

e No matter how many particles do we take for correlation, we get the same signal

Small systems are collective

GHP21 | 13.04.2021 15 Katarina Krizkova Gajdosova | CTU in Prague
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Origin of collectivity in small systems? o

Final state (FS) effects AND / OR Initial state (IS) effects

initial spatial iNteractions in . . iNitial momentum . .
. q q anisotropic flow — anisotropic flow
anisotropy the created system D x

anisotropy

final detected final detected
particle distributions particle distributions
Kinetic
freeze-out

Hadronization

>

b
3
;J
7

}
3
$ 8
:
:

Initial energy
density

/

collision . 1 collision
overlap zone overlap zone

-

e Correlated with initial geometry * Not correlated with initial geometry

o (Correlations between partons scattering off the same color
| domains In the initial state
e Hydrodynamics

e Color Glass Condensate (CGCO)

o Subnucleon fluctuations become important

GHP21 | 13.04.2021 16 Katarina Krizkova Gajdosova | CTU in Prague



Note: differences between
experiments are being investigated O +— 8— <
111 I Frni I rrni I r 11l I P 111 I 111 111 I 111 I 1711 I rrni I Frni I 111

$ PHENIX v,{EP} (a) theory 1 {SP}  (b)
v PHENIX v3{EP} theory v3{SP}

: Z /Zi U2 0-5% d+Au
U3

“liotic flow vs
STAR  PHENIX 9

Triangular flow va3
STAR PHENIX 01

vV'YY

2

0.0 IIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII1—
0.0 0 05 10 15 20 25 00 05 1.0 15 20 25 3.0
pr (GeV) pr (GeV)
Schenke et al., PLB 803 (2020) 135322
, , o , , PHENIX, Nature Phys. 15, 214-220 (20719)
* Measurements of v2 and vs in different collision configurations STAR Profiminary

* Measurements described by hydrodynamic model (successtul in describing flow in heavy-ion collisions)

* FHlow driven by initial (subnucleon) geometry

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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% % O — «—
O — < O — <
Note: hint for mass ordering
== 0.25 e Zhao et al., PRL 125, 072301 (2020) also in pp collisions
=) | ALICE Preliminary 0-20% (VOA) - " Hydro-Coal-Ftag ' F CMS, PLB 765 (2017) 193
A - p-Pb \'s,, = 5.02 TeV ] 0.15F 5, \S.= 5.02 TeV -
g 020 gde | - [ — 1 (0%-20%) :
< = } + i I o o ]
N S — T : L K (0%-20%) :
N [ @ w - . —P (0%—20%) .
S 015 K o O W 1 £ 0.1 -
> - =] p(p) ll I *. 4 1 A@ B  EORRE SRR R R
@ "Ei 1 e <ii Coal i)
- B Am) g o 1 < —
0.1 — 5 i ! ., + - i >
; ';_j t 1 0.05
0.05 |~ " .
:fﬁ : %4«%
O_' . | AT | |
0 1 2 3 4 ) 6 / ’ ALICE, JHEPQ9, 006 (2018)
p, (GeVic) & 03[ ALICE Pb-Pb s =5.02Tev Ez*
= [ lv<0.5,10-20% ° K
< i s p+p
o - "0
: . : : T 0.2 L= 5y KO
* \We observe mass ordering and hint for a particle type grouping > 'E"EE}'EH } o ASA
B -EE*-' " B g
* Both believed to originate from hydrodynamic flow in heavy-ion collisions oqf = d ’ :+ + .
. " . . A DR
e Measurements (In p-Pb collisions) described by hydrodynamic models * t{,
_ _ _ o e . 0 e
* Possible existence of the partonic phase in high-multiplicity p-Pb collisions 0 5T, ' 5'3 (‘G;V/C)
:
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Final state (FS) effects AND

initial spatial iNteractions in . .
. q q anisotropic flow
anisotropy the created system D

final detected
i distributions

Kinetic
freeze-out

Hadronization

!

R d A
a2 oW

T

Initial energy
density

T

-

‘ QGP phase

/

collision
overlap zone

-

e Correlated with initial geometry
o Subnucleon fluctuations become important

e Hydrodynamics

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague



Caveats in the (FS) model description ?

v2 measured with four-particle correlations (cumulant)

T

0.12 I 1 11 | | 1 | | I 1 11 I | | | | I 1T 11 I |
- ——Pb+Pb 5.02 TeV B ALICE Pb+Pb 5.02 TeV ]
| ———Xe+Xe 544 TeV @ ALICE Xe+Xe 5.44 TeV _
0.10 F----- 0+0 5.02 TeV ¢ ALICE p+Pb 5.02 TeV —
| ———p+Pb 5.02 TeV ]
0.08 F B
| i _
—~ I _
—~ 0.06 - —
3 i _
0.04 -
B B
0.02 p-Pb pp Lo -3
o b) :

0.00 L1 11 I | | | | L1 11 I | | | | L1 11 I |

101 107 10°
Schenke et al. arXiv: 2005.14682 AN/ dn
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e Not all measurements are reproduced by hydrodynamic
models (yet?)

e Challenging to describe the measurements of four-particle
correlations in pp collisions

e Some features of the measurements can be achieved in
models without the creation of a hot and dense medium

e [nitial momentum correlations within a CGC-like framework

B. Schenke et al., PRL 117, 162301 (2016)

012} = ®m i
—— Ki

<5 0.08 | p(P) _
N~/
=

04 -

- / 6 <Ncp ANg ) <8
0 2<IAnl<4.8 , 0.3<p3°°<3 GeV
0 1 2 3 4 5

pt (GeV)
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e Not all measurements are reproduced by hydrodynamic

T
models (yet?)
012 1T 11 T T T T T 11 T 1 T T T 11 T . . ,
- _lpb LPb5.02 TeV W AII_ICE Pb+Pb 5.02 TeV | - e Challenging to describe the measurements of four-particle
| ———XelXe 544 TeV @ ALICE XetXe 5.44 TeV ] correlations in pp collisions
0.10 =---- 0+0 5.02 TeV ¢ ALICE p+Pb 5.02 TeV — | |
[~ ——p+Pb 5.02 TeV ) e SOMme features of the measurements can e achieved in
008 i = n B, madalawitharit tha craatinn af a hat and dJense medium
- F Initial state effects become more important as we decrease the systems size”
- I
~ 0.06 [-
= I
ol / Can we study initial state effects experimentally? £ ...... .,
) 7 / ? 0-0 l‘; i - 012 F — m -
_ S \ _ —— K:
o[ EES_/N L _
_ p-Pb pp ? n ~ 008 | — p(P :
_ b) i &\L
O OO I Il 1 11 I | | | | | I I | I | | | | I 1 11 I | | >C\I
- 0.04 | -
101 107 10° / 6 <Ng, AN ) <8
Schenke et al. arXiv: 2005.14682 AN/ dn 0 2<IAnl<4.8 , 0.3<p3°°<3 GeV
0) 1 2 3 4 5
pt (GeV)
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Flow of heavy flavor hadrons

CMS pr 186 nb’ (8 16 TeV)
T 1 1 T 1 | | L CMS, PLB 813 (2021) 136036
Ppo—<a&Pb 0.3 |Y,ab| CGC (Zhang etal) — Zhang et al., PRL 122, 172302 (2019)
B K ® Prompt D° - - - Prompt D° i /hang et al., PRD 102, 034010 (2020)
- & A ®m D°frombhadrons  ---Prompt J/y .
. 0 —
0.2+ 12<ly |I<24 — D" from B mesons |
- d:ll:l —
o "« Prompt J/y o ih . i
DN -
> B EI E ':D:' —
0.1— O ¢+.‘.. ] —
light hadron flow I g P 'i—! =i
S i DD’EEJ/ +,* T--@_._ _
charm flow - | -
bottom flow - | + 185 < N/ ' < 250 ]
A IR R R R R R R
0 1 2 3 4 5 6 7 8
P (GeV)

e [he early formation time of heavy gquarks may bring additional insight into the influence of the initial
state correlations on measurements of flow

e Finite flow of heavy flavor particles (charm) in p-Pb and pp collisions  aras, e 124, 082201 (2020,
* Models based on final state effects do not have strong enough flow signal Do Rapp, JHEP 03 (2019, 015

o Description of the results in p-Pb collisions with the CGC model -> collectivity of heavy flavor particles may be
largely influenced by initial state effects

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague



G|acalone et al., PRI_ 126 (2020) 19, TQQSOW

ATLAS, EPJC 79 (2019) 985

L 0.3 2 0.1 I I 1 I I I | I I I I I I I | ’l I I I I I I 1 I
anisotropy important at 0.2 S (6 5] P-Glasma only - =L Pp+Pb,5.02TeV, 22 ub" :
NPT Dest (€2, [s]): IP- - -
low multiplicities _OIy Pt ) IP-Glasma only N | p*Pb,502TeV, 28 b’ i
- | | 'E‘ 1) . . i [ ——— >N = 0.5 < P < 2 GeV ' $
* Initial spatial anisotropy = T OF - g —
important at high X _g9 i ¢ }

multiplicities
—0.3F p+Pb 5020 GeV

 Final observable —0.4f 02 <pr <2 G?V

Re(€Vy) = 0%

@(6,9,%)E f % % | ]

V) = 0.6 = (€2, V) ] . bhs ]
MY (CEITAR IR 041 ; _ AV
OIOb) 1 — , L — By Y S I RPN EEE AN BRI B
0 5 10 15 20 25 30 35 40 45 — 50 100 150 200 250
dN.p/dn N,
e [he observable p is predicted to exhibit a sign change in the presence
COV(VZ, < pT>) of initial momentum anisotropy
Pn = e Measurements down to such low multiplicity in small systems would be
\/ Var(v;)Var({pr)) very interesting, but very challenging

A new promising way to determine the origin of collectivity in small collision systems

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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Origin of collectivity in small systems? o

initial spatial iNteractions in . . iNitial momentum . .
. q q anisotropic flow — anisotropic flow
anisotropy the created system D x

anisotropy

final detected final detected
particle distributions particle distributions
Kinetic
freeze-out

Hadronization

>

b
3
;J
3

}
3
$ 8
:
:

Initial energy
density

/

collision . 1 collision
overlap zone overlap zone

-

e Correlated with initial geometry * Not correlated with initial geometry

o (Correlations between partons scattering off the same color
| domains In the initial state
e Hydrodynamics

e Color Glass Condensate (CGCO)

o Subnucleon fluctuations become important
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Summary

-

o — 4—’

O— «— Q@

... Of iInvestigations of hot and dense QCD medium of different size

Heavy-ion collisions

e Measurements of anisotropic flow provide key information for studies of the properties of the hot and dense
medium (QGP) created in heavy-ion collisions

e Era of precise measurements, and sensitive olbservables to different aspects of the theoretical models

Small collision systems

* Measurements of anisotropic flow show that small systems (at high multiplicities) also behave collectively
e \Whether the origin of collectivity lies in a medium similar to that created in heavy-ion collisions, Is still under debate

e Future data taking at RHIC and at the LHC wiill bring more insight into the nature of the system created in small
collision systems

Katarina Krizkova Gajdosova | CTU in Prague
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Can we switch collectivity off? (e*e’)

e*e — hadrons, ¥s = 91 GeV

10—I | | L | | L I | L I | L I | L L I- | L | L | L | L L | | L | . U L L L
i ALEPH AI’Chlved Data i . Belle Data 12 < NOfﬂine < 14:
8[ .- Data T 1.6 < AN < 3.2 - ~ []PYTHIA 6.205 e
[ . ‘] N i 15<|An<3.0 -
: [ Ml Archived PYTHIAG.1 / -1 N, >30 ' .| [Herwig7.15 -
o) : B PYTHIA 8.230 /: K ! OE i Sherpa 2.2.5 :
_! L IMHERWIG 7.15 1 - o0 N
LIS | B SHERPA 2.2.6 23 | e
© _ - 2 - _
—| 22r T - pa -
Z i _ i )
- 1 - - Covaw = 0.75-
O - CZYAM — 3.59 _“ CZYAM — 1 .28 _- i’. T T .
Lab coordinatesT  Thrust coordinates (20x): - Thrustaxis coordinate -

_2 —1 1 1 1 | L1 11 | L1 11 I L1 11 I L1 11 I L1 11 | =1 1 1 1 | L1 11 | L1 11 | 1111 | L1 11 I L1 11 I = 0 0.5 1 1.5 2 2 5 3

0 05 1 15 2 25 30 05 1 15 2 25 3

ALEPH, PRL 123, 212002 (2019) A(l)

Ao

Bellee e VS_10 52 GeV
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Ad Y. Chen, ICHEP 2020

| A
\hrust Axis 7

e Advantage: well-defined initial state

* No observation of near-side ridge
e Data consistent with models that do not contain any final state interactions

Katarina Krizkova Gajdosova | CTU in Prague
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2EUS of Wi Prefiminary |

_ep Is =319 GeV |

- 5< Q%< 100 GeV? :

- 0.3<p"™™<3.0GeV
T

. Def™Mes ]

0.00] *{JLJ-—#—%—% _

ool @ RAPGAP i

-+ DJANGOH 3 Subevent method

e | 1 l | | 1 | l 1 | 1 | l 1 1 1 1 I | | | S

5 10 15 20
obs
Ntrk

0.5< P, < 5.0 GeV
Vs = 318 GeV 2 <N, <10 N 15 < Ny, < 30
0% > 5 GeV? i

0.02

C,{4}

/EUS, JHEP 04 (2020) 070 Ch. Sun, Initial Stages 2021

e NoO observation of near-side ridge in ep collisions either
e Data consistent with models that do not contain any final state interactions

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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Ultra-peripheral collisions

09 ATLAS, arXiv: 2101.10771 CMS, HIN-18-008-pas
N . | | | | | | | . | .| | | | | I | | | | | I | I | | i
> - ATLAS Prellm-|1nary . Template Fit CMS Preliminary N, < 35, |s, = 8.16 TeV (68.8nb "
- Pb+Pb, 1.0 ub™- 1.7 nb 20<|An| <50 0.3 <p. <3.0 GeV/c
" \'Syy = 5.02 TeV, OnXn ! p+Pb, N™ > 60 ] T
] ZYAI} >2.5 : ’ regh P | 2-
0.15 . mpp, NS°>60 — b
vPb - 20<N_ <60 z B g _ — vp
- ¢ Photonuclear - _g
- w2 CGC calc. b i <
i k] 2
0.1- — Z
: "} [ M : “o
i & ] £
0.05F —
O_ I I I | I I I | l |1 I I I | I I | |
0 1 2 3 4 S
p_[GeV]

e gamma-p interactions (in collisions of p-Po)
e No evidence of ridge-like correlations

e Photonuclear collisions (gamma-Pb)
o Non-zero flow, compatible with CGC calculations (what about calculations including final state effects )

e Relevant for future EIC collider

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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jet particle
rejection
* [t the long-range ridge Is an efiect of hard or semi-hard processes: e e =5
e Removing particles associated with jets may affect it NoJet+WithJet AllEvents yes
e Selecting elvents with jets (while still removing particles associated with jets) without jets NoJet yes
may affect it
with jets only  WithJet yes
O— «—(Q ATLAS-CONF-2020-018
>C\| 1 1 | | I 1 | | | I 1 | | 1 I 1 | | 1 I | | 1 1 I | | | | 1 I | | 1 | | I | |
- ATLAS Preliminary Template Fit 7
0-15 __ pp Ys=13 TeV, 64 nb™ __
- 05<p?’<5GeV _
- 2<lAnI<5 0<N>™'<20 -
0 | ®Inclusive OAlEvents LCINoJet A WithJet ]
e Correlations are only slightly affected by the presence of hard or I _
semi-hard processes - \ & ) A -
. L gy omlen oo axim orAsn o ot A
» Supports collective behaviour of small systems 0.05= =
0 I RN SN T N T W TR A TN WO TN AN TN WO TN AN TR NN TN NN RN TNNN NN NN RN R RN |
0 20 40 60 80 100 120 140
Nrec,corr

ch

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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ATLAS, ERPJC (2020) 80:73

>C 008_ ! ! ' ] l | | | ] i B l T T T T T T T i
- ATLAS Zhang, Liao 3 o 1.4 1 oL &
0.07E p4pb (s =8.16 TeV, 165 nb™" ... vpsizea - il 1P
0-06;_ ——V,  0-5% central o Zi 2:222 _; 1 -22-1% 1 E
0.055¢4 — " ---.vgsizeb = 1L + + T -
0.041 = i |
0.03F .. 4| * = OBE :
0.025 "~ B i (e = 0.6 ..o :
0015_ '-'-'-'-'-'-.':.':.':.':.':.-:..:',:',—;:- ettt p+Pb V?m =5.02 TeV _:
Oé"" F 0'4: ¢  ATLAS R, 0-1% central -
- - - #  ALICE Q, 0-5% central ZN + N ™ -
—0.01 — 02 ... Zhang, Liao: size a ]
- ] [ mimieei Zhang, Liao: size b i
_002 | I | L I I I I O { I I L : | | |
6 7 8 910 20 30 40 50 60 6 7 8 910 20 30 40 50 60
pr[GeV] p_ [GeV]

EXPERIMENT THEORY » Models with parton energy loss in a medium require both finite v at

high pr and Rppo < 1
U2 (pT) > 0 U2 (pT) > 0  Not supported by data

Rp Py ~ 1 Rp Py < 1 - Other mechanisms responsible for the finite v2 at high prt ?

GHP21 | 13.04.2021 31 Katarina Krizkova Gajdosova | CTU in Prague
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AA VS. pp collisions

o \Within the QGP studies, the pp (and p-Pb) collisions are used as a medium-free reference

* Example: modification of the pr spectra by the medium

“"a 1 0 1 1 1 | | | | | | | | | I I I I 1 1 mst | | | | | | I I I I I I 1 1 | 1 1 | |
> g Pb-Pb \s,,, =2.76 TeV o s =

o 10 : NN . e 0-5% Pb-Pb \ Syn = 2.76 TeV

O —

“+10° i —— scaled pp reference R _ Sp ectrum 1n Pb Pb © 70 -80%

- 0o At (N.,;;) spectrum in P ]

2 u ] R i, -
§ 10 : o 70.80% coll) SP PP :I % _
= _ [8 - | 1
Zu 10 A { - Q
T q % / T SSFERO50050 2 2 % % [ ]
T TER % Number of binary collisions f | ]
S 10 2‘. ..o ]

, o
. \ e
pr A T
— .55 ¢ - .. e I
| 0-3 O \ ® N - O. I —
T . i
. |

73 * e : ¢
10” o ® [
> ° . e %% e
10° O * o ¥ ’_’;’ﬁ T _
'®) . @ o - '—' [ ] -
®
10 T~ R,, <1 Presence of the QGP es ®
0 ~ AA -
107 ‘ :
0.1~ N —
10-8 | | | | ] ] ] ] ] ] ] | I | | | | ] ] | ] ] | | | I | | | | I | | ] |
0 5 10 15 20 0 5 10 15 20
P, (GeV/c) P, (GeV/c)

ALICE, PLB 696 (2011) 30-39

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague



Common origin, just evolving with Neh?

po—«ep pO—H—’Pb Xe &£~ « & Xe Pb%»«’Pb

ALICE, PRL 123, 142301 (2019)

)

TR -
> J— ALICE Hydro, SC(3,2)/ v3>( v2> (b) —
N: o F e pp 13TeV Xe-Xe 5.44 TeV -
> oL EH 0 ® p-Pb5.02TeV [ Pb-Pb 5.02 TeV —
2 * Xe-Xe 544 TeV 7

7)) [ I )
O * + ¢ Pb-Pb5.02TeV -
AN s J _
o T $+ -
O [ —]
2 B _
0 P U Y Y Y ;;;‘&'&F&"W&‘QW'__

B ml <0.8 _

1 . 0.2< p. < 3.0 GeV/e _

[ | | | | o | | | | | o | L

2 3
10 10°N (i <0.8)

correlation between vo and va
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e Symmetric Cumulants SC(n,m)
e (Correlation between v, and v

e [he trend in the dependence on Ney tends to be persistent
from large to small collision systems (from large to small Nen )

* \Whatever the correct description is, it seems that we have
smooth evolution with multiplicity

GHP21 | 13.04.2021

Katarina Krizkova Gajdosova | CTU in Prague



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

CMS, PRC 103 (2021) 014902

ALICE, PRL 123, 142301 (2019) 1)(104% pPb 8.16 TeV CMS
P — | | ™ | ; ; | — T — ? O Ca B EE RE LR LB BN B B ...7. o -," g .7 i — 1 1 T° ] T 1 T T | T T — T T 1 T
AN — —) = Tk I @JO E SX =S ‘ED [E] E E -
> 3 ALICE Hydro, SC(3,2)/{ Vo)X V3) (b) — S o @ - i 4 0.3<p_<3GeVic
0/1; ™ [ " e pp13TeV Xe-Xe 5.44 TeV - 2 +% + ] - -L 4
~ oL HH . = p-Pb502TeV [ Pb-Pb5.02 TeV - 6 | we ] T 5 :
s “F % Xe-Xe 5.44 TeV 4 2r ATLAS . | % %og o7
2 | Z - 1o [|* " "B o oogo ° -
~° 1 | ¢ Pb-Pb5.02TeV ~ -e-pp 13 TeV - -
cc:jf 1= + | — -e- p+Pb 5.02 TeV {1 & + _
S [ 4 7 ? -5 Pb+Pb 2.76 TeV 8 -
0p — * B :
O B + “o%4 n -4_ ] I b t :
P Y Y IR S Y YL T L B O Nno subevent
B % A g A e | —2r e 2-subevent
- mi<0.8 5 0.3<p_<3 GeV i m 3-subevent
1= 02<p <30GeVic  _] - Three-subevent method - + 4-subevent
[ ] ] ] Lo | ] I ] | Lo | | - _ L1 Ly v s v J v v 9 0l ay g g gl aa B 7
102 103N | O 8 60 100 200 300 400 _30 1 1 1 I1(I)OI 1 1 I2(I)OI | 1 I3(I)OI 1
on (M<0.8) (N_) \Cffiine

trk

* Note: the trend at low multiplicities is
different for ALICE and ATLAS & CMS ->
probably due to different acceptance and
subsequent decorrelation effects and/or
residual non-flow

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague



e Using m-particle correlations we measure moments (cumulants) of the v distribution

2-particle correlation /

((cosnlgy =@ =(@N =02 V2 =v,2)

\

assuming contamination has been removed

4-particle correlation

({cosn(@y+ @ —@3—@))) =) v —c,{4} =v,{4)

((4)) =2-((2))* = ¢, {4}

We use cumulant 1o get genuine 4-particle correlation

e Similarly for higher order correlations

\/ (Vi) = v, if the p.d.f. of vn would be a delta function (no flow fluctuations)

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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Multi-particle cumulants in Pb-Pb collisions

two-particle cumulant e
'C"\T B ! L L | ;‘F ! ! ! | ! ! ! ! | ! ! !
P ALICE Preliminary ~ 0.2< p_< 3.0 GeV/c] S O Lo
O i agﬂ _
i Pb-Pb \'s,, = 5.02 TeV | < 0.8 1 I ”Un{4} _ (*/—cn{él} 50° ]
- no gap - i ° _
0.01 @an>00 | _0.024 (¢ ALICE Preiminary
A AN > 0.2 : % <0 47 Pb-Pb |s =5.02 TeV |
7 |An| > 0.4 i - ¢ Lt 02<p_<3.0GeVic -
E; o |an| > 0.8 i 0 04— & g'@ M| < 0.8 ’
4 An| > 1.0 | —U.Uam n
o.oos% >0 L - - ® I Bl c,4) —
i | ] g 0 02{4}2-sub |
' | I $49] 20 Gty o |
- —-0.06— su —
. o e L | o
0, 0 1000 2000 3000 0 1000 2000
Nen (Ml < 0.8) Nen (M| < 0.8)
108 SIX- parhcle Cumulant 108 e|ght particle cumulant
S I I I I | I I I I I —— ____|_ _____ |_ _____ |_ ___________ |______|______|_ __________ ]
% 3 ALICE Prellmlnary - 02{6} _ % or aggaww‘:’bwmﬁ“% ]
I Pb-Pb \s\, =5.02TeV ¢ C,{6}, _ . | i Mf O 7 aga ALICE Preliminary |
: 0.2<p_<3.0GeV/c : |84 < 3! Pb-Pb |5 = 5.02 TeV _
ol ml < 0.8 \/ i B ) 05— éﬁ :)|2 <0pg <3.0GeV/c A
o 6 —VU. - M| < V. ]
g0t Un10p = A/ =Cp10 i 9 ]
8Ty 0= e Y 3 e .0 _
[ % - OOG ] i ! I I éa ¢ C2{8}2-sub |
1_— ifa L?a O __ B . T 0 i
6 > -0.1— 9
B o . @@
% %%a% | Uni8} = \/__CR{S}
OO_"'T """ I-—---- 1----- 1"%'6'6'0"? """ | R 6; 'QQ;Z‘%%QO‘GQGQS}QGQ_ O L L L 1000 I 2000
N, (m| < 0.8) Ny (Ml < 0.8)
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Glauber

0.5 . .
IP-Glasma 1/s=0.08, b=9fm
04| MC-KLN  ---—
Negw — ----- | - . . . - . - . -
N =T « Anisotropic flow is sensitive to initial conditions of heavy-ion collision
T 0.3 inary - o = 2
o - R . . P P ' ' ' '
= g * Different models of initial conditions yield different starting energy density
= 0.2 s S 1y distribution
R o ——— 3 , :
04l - e * Different effect on the final flow
. y . ,;;,” ___:
G el — Vg
o s T L T

Schenke, Tribedy, Venugopalan, PRL 108, 252301 (2012)
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ideal, e-b-e 30-40% central
e
e
IP-Glasma g
1=0.4 fm/c n/ S = O >
10 l 600
- 500
5
400 )
= < -10 -5 0
£0 300 £ X [frm]
> = ) )
200 10 1=6.0 fm/c, n/s=0.16
5
100 \
%% 5 o0 5 10 n/s=0.16 _ |
X [fm] g |
>

e Anisotropic flow sensitive to transport properties
of the QGP (/s)

e Large n/s -> small anisotropic flow

 Small n/s -> large anisotropic flow

Schenke, Jeon, Gale, PRL 106, 042301 (2011)

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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Microscopic model approaches?

e Within a transport theory, collectivity (global

momentum space anisotropies) can be achieved via
scatterings of free-streaming particles
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* The near-side ridge can be described by strongly

interacting overlapping strings within PYTHIA model
(shoving mechanism)

- Shoving g = 40
| — Shovingg =4

2.0 GeV <p, <3.0 GeV
2.0 <|An| <4.8

Initially isotropic
momentum distribution

No shoving (Pyth|a8)

| N<35 I 35<N<90

\T;;
'/"\‘/’ /’

<—.'—><—'.—> —
\

\\\A/'\ ~N

HWHH\

More particles moving in tx-direction

A. Kurkela et al, PLB 783 (2018) 274-279

C. Bierlich et al, PLB 779 (2018) 58-63
GHP21 | 13.04.2021
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Schenke et al.,QM19

Schenke, SQM 2016 - .S.C.h,enke.et Ialj, .a.r>.<.i\./,: 190806212
T T T T T T T T T T T T T] Initial energy density
. pr m=502 TeV = (IP-glasma)
02— ® CMSv,data, 185 = N < 220 i Eocentric
" IP-glasma, b=0, 1/s=0.18 (Very preliminary) 1 2
N - Eccentric proton | é:;
A ~ ---- Round proton 1 4
S i S
—“0.1 . 321012 3
Q& | x [fm]
> 1 2 Round
v o
----------------------- 1= O
| PeErE L 2
| | I 3
0 1 2 3 321012 3
p. (GeV/c)  [fm]
. Protoh Slubstructure becomes crucial to achieve correct data d N, / dn
description
e [nitial (gluon momentum) flow important in small systems (low Nen)
- | | | - . _>* e . —)*
e [nitial (spatial) geometery important in large systems (large Nen) - 0. = Re(&, - V3) 0 - Re(&, - V)
“standard” hydro pictur - =2 - 7 = -
standard” hydro picture (18,11 V2 ) VB V2R

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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Anisotropic flow - measurement method

ATLAS . 2<p?°<3 GeV
Sw=5.02TeV, 22 ub™ " | 0-5%
way side region N |
Jet + flow Aqﬂ ~ JT elongatedinn
_1.04
< Z
<11.027 | |
3 4 SR Near side region: peak
© RN ,.0{{‘ Jet + resonances + ... A(p ~ 0, A}y ~ ()
0.98 N (Non-flow)
Near side region: the ridge Ap ~ 0 elongated inn
Flow
4
Ap = @1 — ¢y An =y =1y

central collision

ATLAS, EPJC 78, 997 (2018)
GHP21 | 13.04.2021
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Anisotropic flow - measurement method

ATLAS . 2<p?°<3 GeV
Suy=5.02 TeV, 22 ub™ " | ™ 0-5% - -
Db Ph 22D N * The symmetry plane W, cannot be reliably measured -> we use particle
¥ correlations (using two or more particles)

(vZ) = ((cos(nAp)))

e Example of a two-particle correlation

* Projection onto the azimuthal angle axis can be described by a Fourier series
containing va - Ve flow harmonics

S laAmas  05% 2<Ani<s
O | Pb+Pb(5,=5.02TeV,22 ub”"  2<p?’<83GeV |  =ure V1 — V4
B 4 - 1.02|- ] - - V2 V5
Ap = @1 — ¢y An=m—-m | :
I | = V3 — V6
N
1\ ,‘-.'.,..@ — total fit
central collision l( " ' -
T ! ! I I ! ! I ! ! ! I 1

ATLAS, EPJC 78, 997 (2018)

A¢

GHP21 | 13.04.2021
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Anisotropic flow - measurement method

ATLAS 2<pjb<3 GeV

S\ =5.02 TeV, 22 ub”
Pb+Pb

60-70%

e [he symmetry plane W, cannot be reliably measured -> we use particle
correlations (using two or more particles)

(vZ) = ((cos(nAp)))

e Example of a two-particle correlation

* Projection onto the azimuthal angle axis can be described by a Fourier series
containing va - Ve flow harmonics

C(An,A¢)

S ;ATILASI  60-70%  2<lAni<5
O . {[_Pb+Pb V5 =5-02 TeV, 22 ub 2<pj;b<3 GeV 4 e VA — 4
- - - V2 === \/5
Ap =@ — @, An=mn—1m E
i i - V3 - V6
1= - |
i — total fit
ripheral collision i
peripheral collisio ossf-
:u I | | =
0 > 4
ATLAS, EPJC 78, 997 (2018) A¢
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Non-flow suppression R

IN PRAGUE

e Non-flow: correlations not associated with the common symmetry plane
(Jets, resonance decays, ...)

e Subevent method: suppresses non-flow effects in m-particle correlations

— — «107 J. Jia et al, PRC 96, 034906 (2017)

| 2- vent meth T P e T T T T =
m subevent memod SV0.02 ! Pythia 8, pp 13 TeV —o— Standard

% . O.3<pT<3 GeV = 2-subevent

(a) \ o, N, for 0.3<p_<3 GeV o 3-subevent -

S ————

dS—subevent method |

(b)

(N )
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ALICE, PRL 116, 132302 (2016)

rrr T rrr T
c - ALICE Pb-Pb Hydrodynamics -
0.155.02 TeV 2.76 TeV 5.02 TeV, Retf. [27] -
- mVv,{2, |An|>1} 0 v, {2, |An>1} =v, {2, |An|>1}
_ ev,{2 |Anj>1} O Va{2, |anj>1}  —=v,5i2, [An>1}
v, {2 an>1} O V4f2 |An[>1}

L F Vo4 oV, {4) -
6
0.1 412 e L
~? It V2
O' 05 ‘ —
/ —
74K
IYSRY e T, 6. JEY 4 1va
Y Y Y Y Y T |

0 10 20 30 40 50 60 70 80
Centrality percentile

- Elliptic flow of (all) charged hadrons
o Strong dependence on the collision centrality

* Driven by the initial geometry

- Higher order flow of (all) charged hadrons

e \Weak centrality dependence
* Driven by fluctuations in the initial geometry
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ALICE, JHEPQO9, 006 (2018)

N 0.3 ALICE Pb-Pb |s\, =5.02Tev  En
= [ lvl<0.5, 10-20% > K
< [ #p+P
ol - )
0.2 = BEg K
: — '..E' B O } . o A+K
B -E?*:nlr? |+} '+- [}]*d i 3
i T 3” o *w %
01 __ -:*nio B m .
St "=
£
O L N R
0 2 4

Flow of identifled hadrons

e Mass ordering at low pr

e Collective expansion of the medium: common velocity ->
heavier particles have larger pr (the same vz at larger pr)

e Particle type grouping at intermediate pr
e Partonic degrees of freedom (quarks flow, not hadrons)

Katarina Krizkova Gajdosova | CTU in Prague
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Knowledge about the QGP

IN PRAGUE

Bernhard et al., Nature Physics, 15, 1113 (2019)

- P_/2
_ Water
PC
10 2P,
Shear viscosity over ® 7 Helium
. : Ny
entropy density ratio, n/s 1
| it
0.1 E Quark—gluon plasma —
- | | | | |
0 0.5 1.0 1.5 2.0 2.5

TIT

C

* Quark-gluon plasma is a “perfect” liguid with small n/s close to the universal lower bound

GHP21 | 13.04.2021 Katarina Krizkova Gajdosova | CTU in Prague
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. MS Preliminary PbPb 0. 1(5.02 TeV
e Mass hierarchy vg > vf > VZJ/T ('T S | .e. . .O,Eb'}{ lt.)]t.)(.)ls.s.n.b, (‘;9. ; .e, i
N . . B st. |
o Charm quark participates in the flow of the medium 0.21 Prompt D=+D", Iyl <1 y _
] . . - o VA2 20<p.<80GeV -
e Measurement of D meson flow using 4-particle correlations (cumulant) " —e— v {4} RS B 2
* New insights into flow fluctuations and its relation to fluctuations of the initial geometry 0.15[~ : —o—— -
o [ g g TR
> 0.1— ; E = -
S e
0.05 2-particle cumulant -
| — 1+ - 4-particle cumulant :
>N i %%, 30-50% | O_I..[IIl!lllllllII!IIIII!%II!III!_
_ 0 | - . . -
Sion v 0.2 f : ﬁ% ratio of ch. particles ratio of D -
° B ooo ﬁ 7 E\T 1:— ----- '-—H: -------------------------------------------------- —:
Dmesonve  g4t¢ * sﬁge{so @ — =] _
(ALICE) ¢ Hie °$ 3 3] 2 g B =g -
0 % _ :
D Mmeson va O‘*" __________________ - s == >C\l : —— Prompt DO+D0 :
(CMS) i % Prompt D°, D*, D™* average, lyl <0.8  _ 0.6~ —°=— Charged particles B —
JD Vs Syst. uncertainty from data e L -
_ . . - .I: . 1 N T SN S AN T T Y N AN Y Y W N T T T T N T TN SN SO AN SO U N SO SO S

0.1 RySyst. uncertainty tead-down 0 10 20 30 40 50 60

ALICE, JHEP 2020 (2020) 141
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Flow of heavy flavor hadrons

J/‘P

e Mass hierarchy v2 > V2 >V

e Charm guark participates in the ﬂovv of the medium

e Measurement of D meson flow using 4-particle correlations (cumulant)
e New insights into flow fluctuations and its relation to fluctuations of the initial geometry

CMS, arXiv: 2006.07 707

b->e ALICE, arXiv: 2005.11130 03 Y(| IS)I Fbe|1 V4 nlb (5|02 TleV)
>N :I T1 I TT1 I 1T I TT1 I T T I 111 I T 71 I T 1 I: . : L L L L L L L Ij—
0.4F ALICE N - pl>3.5GeVlc CMS -
ST : O-23F Cent. 5-60 % E
[ 7 MC@sHQ+EPOS?2 (20-40%) i 0. - _ B
e Positive v» of electrons coming 0.3 —PHsD B cp Yas) Inclusive J/y :
f . 1 < _  Elliptic Blast Wave i - ®lyl<24 W2.5<lyl <4 (ALICE) -
rom decays of b quar " mE LIDO ) 015 —
0.2 vl < 0.8 1 - ' 2.5 <lyl <4 (ALICE) .
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