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Collectivity in early 2000s

l)n Correlation of particles in momentum space
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Initial state  Evolution of QGP + hadron gas =%« 77"
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E"iptic flow... I v.olitrault (1992)
Hydrodynamic response
against initial geometry

=» Hydrodynamic
behaviour of QGP

D. Molnar and M. Gyulassy (2002),
P. F. Kolb and U. Heinz (2003)...
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Collectivity: purely born in hydrodynamic expansion
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Collectivity in small systems S

In high-multiplicity small systems...
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Hydro-like collectivity
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Flow from three

correlation  distinct geometries
PHENIX Collaboration, Phys. Rev. C 97, 064904

QGP formation or not? 00001 ponor T HEP (2018), Nature Phys. 15 (2019) 3, 214-220
[ ]

Workshop series: QCD challenges from pp to AA

Reviews: B. Schenke (2021); J. L. Nagle and W. A. Zajc
(2018); K. Dusling et al. (2016)...

J. Adolfsson et al. (2020) %0‘08; @ oy ._g;ggg:!.._'.__r_ - é
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Other possible sources of collectivity? o = o i 1 E
Momentum anisotropy in CGC? W nomeon

Multiparticle azimuthal

ALICE Collaboration, Phys. Rev.

Underlying event (e.g. MPI)? : :
etc. correlatlons Lett. 123 (2019) 14, 142301
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https://indico.nucleares.unam.mx/event/1010/
https://indico.cern.ch/event/617445/
https://indico.lucas.lu.se/event/1214/overview
https://indico.cern.ch/event/1135616/

Collectivity in

vn Correlation of particles in momentum space
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P. Singh (Wed, parallel)
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Collectivity in 2023
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— G. Pihan (Tue, parallel)

Conserved charge evolution
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Collectivity in

—+— ALICE Data

Various possible contributions to final v,,

- Hydrodynamic
Collectivity # behavior of QGP

Good Bad

Opportunities to
study...

Large theoretical

uncertainty

Nuclear structure, feature of CGC,

properties of QGP etc. Which physics? How much?
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o o ? ? °
Which physics? How much: In this talk...

How to disentangle each
contribution qualitatively
and quantitatively

HIC is now
precision science.

Large theoretical v dro cvbltion |
uncertainty | Towards next generation...

PN ‘ Hydro Monte-Carlo
Event Generators

+ Statistical tools

interaction




Highlights on recent results



Ultra Peripheral Collisions ( )

{L e
Y EE.

@ b > R, + Rpg Go smaller...

Photon-nucleus

Study on partonic structure of nucleus

0. T . 0.5
F Template Fit 1 E ATLAS N ., Template Fit E ° ° ° ° ° ° °
o B * =1 Collectivity in high multiplicity UPC

: : f e :
_o.o;- E 0'35‘ ; ATLAS collaboration: Phys. Rev. C 104 (2021) 1, 014903
—0.15— :;:_51_0 ub™-1.7 nb™! + — 0'2§ * 7
+ Is it possible to understand with

P 04<pi<20Gev . N . "

ol et @Xisting theoretical models?
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Ultra Peripheral Collisions (UPC)
CG C B. Schenke (Tue, parallel) Hyd ro

UZ Y-gllllet o, G5 Rev. WD (202120054018 P \W-Zhaoetal, Phys. Rev. Lett. 129 (2022) 25, 252302
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Ultra Peripheral Collisions (UPC)

CGC
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Y. Shi et al., Phys. Rev. D 103 (2021) 5, 054017

o

B. Schenke (Tue, parallel)

Hydro

v W. Zhao et al., Phys. Rev. Lett. 129 (2022) 25, 252302
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Ultra Peripheral Collisions (UPC)
CG C B. Schenke (Tue, parallel) Hyd ro

UZ Y-gllllet o, G5 Rev. WD (202120054018 P \W-Zhaoetal, Phys. Rev. Lett. 129 (2022) 25, 252302

| ® UPC, ATLAS A T
| --- CGC, p'"™ =5 GeV | 0 2 3DGlauber + MUSIC + UrQMD  ATLAS data _
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Both CGC and hydro give reasonable description
=» Initial state or/and final state?

J. L. Nagle (Tue, poster)
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Origin of collectivity in IP-Glasma

B. Schenke et al., Phys. Rev. D 105 (2022) 9, 094023

Momentum anisotropy Geometrical anisotropy

Correlated gluons from
each colour field domain

Seeds for momentum
anisotropy in

in evolution
=» disentangle with glasma in pPb
1.4 (0-5)% —m— 14 + | | | | | | (6-5)0/; —i— 1
12 Coy (By) o | Cea(By) e
‘ (80-90)% (80-90)%
0.8 | /\ - il - ]
0.6 | 1
o * \ 7 y 7"““\\
0.2 | _ , —
0 :::"‘#f ‘T};'*_:: 06 | 1
5 43210123435 5 4 3 2101 2 3 45
Ay (rapidity gap) Ay (rapidity gap)
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Origin of collectivity in IP-Glasma

B. Schenke et al., Phys. Rev. D 105 (2022) 9, 094023

Momentum anisotropy Geometrical anisotropy
Correlated gluons from

Seeds for momentum

) : =
each colour field domain 8 anisotropy in
in evolution
=» disentangle with glasma in pPb
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Origin of collectivity in IP-Glasma

B. Schenke et al., Phys. Rev. D 105 (2022) 9, 094023

Momentum anisotropy Geometrical anisotropy
Correlated gluons from

Seeds for momentum

) : = Yy . .
each colour field domain anisotropy in
in evolution
=» disentangle with glasma in pPb

14 C A (0-5)% —t— 14 ¢ C ( A ) (5% —=— |
12 50)% —tl— (40-50)% —m—

| Gy (Ay)  msore = | Ce(By) o
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0.8

|\ shon SN

Long-range correlation in IP-Glasma:
Sign change of p(v%, [pT]):
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Nuclear imaging

P T T T exp ([F R0, )/ a)

J. Jia, Phys. Rev. C 105 (2022) 1, 014905
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Nuclear imaging

WS Po
pr) = 1 +exp ([r = R(O, )}/ a)

D

J. Jia, Phys. Rev. C 105 (2022) 1, 014905

Accessing structure of colliding nucleus from collectivity
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Nuclear imaging

WSI. Po
1 +exp ([r = R(O, )}/ a)

OO

J. Jia, Phys. Rev. C 105 (2022) 1, 014905

dN/d¢

vy = 0.10
vs = 0.05
vy = 0.02

T/2

Accessing structure of colliding nucleus from collectivity
Neut Kin of 208ph - Nuclear structure fromy + U - J/W +U"
- fleutron skin @ e
G. Giacalone et al., W et al.(2023) W. Zhao (Wed, parallel) , H. Mantysaari (Fri, plenary)
2305.00015 |G Nis (Wed, parallel) - Energy scale dependence of nuclear structure

- Quadrupole & octupole moment with JIMWLK
deformation in isobar collisions °°Ru+2°Zr

1. Jia (2022) - Method for systematic study on nuclear structure

See also INT PROGRAM INT-23-1A Jan-Feb 2023: Giacalone, Jia, Lee, Noronha-Hostler
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Woods-Saxon parameters from microscopics

Parameters in pV>(r):  nuclear radius R,

: WS
2 e e . deformation
rauui2} = T e skin depth a B
A e L e L L L
I — A =028ay=054fm |
13-l T B2y = 0247, ay = 0.54 fm 1 From different types of nuclear experiments
=== B0 = 0247, ay = 0.6 fm Q. Y. Shou et al. (2015)
16 Ry STAR data => R, and a: obtained integrated over rotation
i Ry =» With simple theoretical models
12t - Idea: Fit all WS parameters with p(7) from
L ey Energy Density Functional (EDF)
0.0 2 5.0 7.5 10.0 12.5 15.0

| Centrality [%]
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Woods-Saxon parameters from microscopics

. WS (... :
Parameters in p"'°(1): nuclear radius R

: WS
2 e (e . deformation
rauui2} = T e skin depth a B
2.0 L (L L L I I R A B I L
I — A =028ay=054fm |
8-y T B2y = 0247, ay = 0.54 fm 1 From different types of nuclear experiments
=== B0 = 0247, ay = 0.6 fm Q. Y. Shou et al. (2015)
16 Ry s STAR G 4+ =» R, and a: obtained integrated over rotation
BTy Bz":0.2803 0 o =» With simple theoretical models
12t e Idea: Fit all WS parameters with p(7) from
L ey Energy Density Functional (EDF)

7.5 10.0 12.5 15.0

Ceantrality %]

Woods-Saxon to the next level
Opened up opportunity to connect two different fields, nuclear structure & HIC

0.0
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Statistical Analysis on collectivity
- Towards quantitative investigation -



Model-data comparisons with Bayesian analysis

Most quantitative method
to disentangle each contribution to final v,

the XXXth International Conference on Ultra-relativistic Nucleus-Nucleus Collisions, 07/09/2023, Houston, USA Yuuka Kanakubo (University of Jyvaskyla) 25




Model-data comparisons with Bayesian analysis

Most quantitative method
to disentangle each contribution to final v,

C. Shen (Tue, parallel) § vy

il
90% prior

SSe__ qp/sand {/s at high T with

— LHC [Trajectum] [0.217 + 0.058 fim]

Neutron Skinﬁ — PREXII

G. Giacalone et al.,, § — ab initio ‘_' L== STAR Au--Au 200 GeV
2305.00015 = ** L STaR. pHoBOS R 3t . . D. Liyanage et al
- el anisotropic hydro .. )7,°.,
G. Nijs (Wed, parallel) f.; 02 03 o4 ™

Al.up =rn—Fp [fm] 1.0

0.20 4 0 1

= == Cooper-Frye + Transport - ,
= =+ Coalescence only Yinit
m——Transport only 90% Prior

At

Deuteron - . i\\\% Eora -
mechanism _-| o © e [Amankoli(Tue, paraten ] See also
D. Everett et al. € 20- . . .
UETSCAPE) (2022) 31s] 3D-Glauber with string deceleration
. . . Mulli ,
: =» Constraint with energy scan! : —

dN/dy

16
0 20 40

Lead by pioneering works... isi '
ahard oo (2016 Base 1 5. (2007, HIC has entered the era of precision science.

Bernhard et al. (2016), Bass et al. (2017), Bernhard et al. (2019)...
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G. Nijs (Wed, parallel)

on Bayesian results

Problem: Quite “large” nucleon width w (~ 0.8-1.0 fm) from Bayesian

Idea: include g 44 as input observable

ALICE Collaboration 2204.10148

— 0 44 is expected to be sensitive only on nuclear profile

Without & 44 With ¢ 44 p(v2(2}?, (pr))
1047513, 0.98+(3 and 0.95101) 0.62*3:1¢, 0.70*(:1§ and 0.6415 13 04 —based (forw.) PbPb, sy =5.02 TeV |
5 hd 5 ¥ 5 TRAJECTUM
b Weighte With o 0.2 g™ :
,9 .---- Unweighted . \ ! A4 N
T Integrated only.--" N Tyl
Q25 2.5 . Smaller w 0.0 ey
7 \ Weighted & 044 I, \
(@) No o . /. R N S Unweighted & oaa
a | , ol N 02l wigna o include a4
0.4 0.8 1.2 04 0.8 1.2 0.5 GeV=pr=5 GeV, [|&[0,0.3]U[0.35 1} .
w [fm] w [fm] 0 10 20 30 40 50 60 70

Centrality[%]

Potential uncertainties in selection of data and theoretical models
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“Skipping” hydro simulation with Deep Learning
e(af, y) from EKRT

Convolution Neural Observables
Network, "DenseNet” v, [pr],dN/dn
training & prediction
O:OS:T Neural Network  ~ Works for ‘difficult’ observables

0.00—
—0.05-
—0.10-

Hydr

Sophistication of observables
on collectivity

|
o
T

J

nMHC(v3,v5,v3)

Neural Network

—0.20—- LHC5.023TeV

Pb+ Pb °
~025- = Cut computational cost &
R T S R R A Gain statistics

Centrality[%]
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IC has entered the era of precision science, but

«> )) =2 Same analysis method as experiments

- Entre oy

should be applied
entum space - Event by event energy-

—m D ¥ soft to hard) momentum conservation

rlal

Fo

H-observables




«> )) =2 Same analysis method as experiments

should be applied
m /mentum space - Event by event energy-

—m D ¥ soft to hard) momentum conservation

For all-observables



Two component picture: hydro and strings

allows (for the first time!) to accommodate simultaneously

E P O S4 K' Werner’ 2301' 12517; 2306' 10277; 2306'02396 Energy conservation + Parallel scattering + factOrization + Saturation

M ) Aqjjel :sSi4

Now we can do in one single (“general purpose”) approach

CO re - CO ro n a p i Ct u re “multi-observable analysis” concerning
in equilibrium:QGP hydro (core), out-of equilibrium:_

- Initial: factorization/binary scaling at high py + saturation at low py
=» Entire p; range (soft to hard)

01 dd wouy saduajjeyd @I 1e Jaul

sijj02

€20¢ suo

- Microcanonical sampling from hydro via Markov chains
=» Event-by-event energy-momentum & charge conservation

From ee to AA within a single framework
For all observable gven
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Multi-strange hadron yield ratios from EPOS

K. Werner, 2301.12517

=
- ALICE (black) | .
g 10O /Tl' CE (black) - Competition between
g 3 | QGP hydro (core) & strings (corona)
- _ 5 - =» Multiplicity dependence
- b full of Q/m [~
i 1,¢¢ CO+CO /I
eeee COrona
- —e=e COIE__
4 Jo0000®e ..............
10 = pp PbPb
: ] "1| — '1 5 il 7 Global description of all observables!
0 (Ochh/dlgs) Not only collectivity but also

hadron chemistry
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Fraction of production from QGP
EPOS4 K. Werner, 2301.12517 DCC'Z é(‘)‘;;)a'z"”g;&;/u Phys. Rev. C 105
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Fraction of production from QGP
EPOS4 K. Werner, 2301.12517 DCC'Z é(‘)‘;;)a'z"”g;&;/u Phys. Rev. C 105

e
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- A Onset of QGP dominance
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Fraction of production from QGP
EPOS4 K. Werner, 2301.12517 DCC'Z é(')‘;;)a'z"”g;z%;/-, Phys. Rev. C 105
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Fraction of production from QGP
E POS4 K. Werner, 2301.12517
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DCCI2

Y. Kanakubo et al., Phys. Rev. C 105
(2022) 2, 024905
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Fraction of production from QGP
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Hadron chemistry (/T , Z/m...): strong candidates for global analysis
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Non-equilibrium contribution to collectivity in AA

Y. Kanakubo et al., Phys. Rev. C 106 (2022) 5, 054908

c,{4} from PbPb 2.76 TeV

0.0003

0.2 <pr<3.0GeV, X w/o scat.
w/o scat. core
0.0002 ml <0.8 & wj/o scat. corona
A
0.00011{ |
- L orona (strlng fragmentation)
S 0.0000 f-f---- e g
(&) & A
~0.0001 N
—0.0002 -
A
A
0003 | Core (hydro)
102 103
Nch

C2 {4‘}core + C2 {4‘}tot

Collectivity is diluted by corona

Cautionon n/s, {/s... from
model-data comparison

Event generator-lisation
of hydro model
=» Interplay of soft and hard

See also M. Singh (Tue, parallel)
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Towards hydro MC event generator

Vg ekl Event-by-event Description of entire
T energy-momentum momentum space
conservation (from soft to hard)

Works towards this direction....

Microcanonical Sampling

Full 3D MC EKRT L [ et fin airrees D. Oliinychenko et al. (2019) (2020), K. Werner 2306.1027.7
Exact energy-momentum and charge conservation

pQCD (mini)jet production + saturation in hadronic sampling event-by-event

+ energy-momentum conservation

=» Initial condition with both soft and hard Core-corona K. Werner (2006), 2301.12517;

Y. Kanakubo et al. (2022)

Soft and hard productions from a single framework
* For hydro works with extension to low energy

L. Du (Tue, parallel), C. Shen (Tue, parallel), D. Almaalol (Wed, parallel), I. Karpenko (Wed, parallel), B. Tomasik (Wed, parallel)

More to come...!
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Summary



Summary

Collectivity in relativistic nuclear collisions v,

Which physics? How much?
- Event by event energy- - Entire momentum space
momentum conservation (full 3D + soft to hard)

Powerful statistical tools (Bayesian analysis, Deep Learning etc.)

Extraction of nuclear structure, initial state dynamics etc.

2 ?% ...and QCD matter properties
iz Future experiments are awaiting! Theoretical models need to be ready.

\\ />UM
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2023 Yagi Award

https://ithems.riken.jp/en/about/yagi-award

“Kohsuke Yagi Quark Matter Award” (Yagi Award) is
based on the donation to iTHEMS from bereaved family
of late Professor Kohsuke Yagi who was a renowned
Japanese nuclear physicist. Responding to the family
request, the award aims to support early career
scientists with Japanese nationality, to promote and
expand country's nuclear physics research field. It will be
awarded to junior Japanese physicists under age of 40
who give plenary talk at the “Quark Matter:
International Conference on Ultra-relativistic Nucleus-
Nucleus Collisions” held in every 1.5 years.

e

Prof. Kohsuke Yagi (1934-2014)
Quark Matter 1997, Chair
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Special thanks for discussions on results
Giuliano Giacalone, Henry Hirvonen, Mikko Kuha, Heikki Mantysaari,
Govert Njis, Wouter Ryssens, Wilke van der Schee, Pragya Singh

and all members of C E
Centre of Excellence in Quark Matter O
. . = U
in Jyvaskyla @coequarkmatter M

Thank youl!


https://www.jyu.fi/science/en/physics/research/highenergy/coe
https://twitter.com/coequarkmatter?s=20
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