Improving Bayesian parameter estimation with the latest RHIC and LHC data
including a new initial conditions model
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Goals

CHALLENGES - UNDERSTANDING THE EXPERIMENTAL / THEORY UNCERTAINTIES
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Bayesian Parameter Estimation

THE DIFFERENT STAGES OF HEAVY-ION COLLISIONS
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Bayesian Parameter Estimation

8 X 7 PARAMETERS, JYVASKYLA (2022)

Parameter Description

T. Temperature of const. n/s(T), T < T
n/s(Te) Minimum 7/s(T)

(1/8)slope Slope of n/s(T) above T,

(n/8)curve Curvature of n/s(T) above T

(€/5)peak Temperature of {/s(T) maximum
(¢/8)max Maximum ¢ /s(T)

(¢/8)width Width of (/s(T) peak

Tswitch Switching / particlization temperature
N(2.76 TeV)  Overall normalization (2.76 TeV)
N(5.02TeV) Overall normalization (5.02 TeV)

p Entropy deposition parameter

w Nucleon width

Ok Std. dev. of nucleon multiplicity fluctuations
2o Minimum volume per nucleon

Tts Free-streaming time

10 fm

10°F

shear viscosity

107" |-1/(4m)

1.0
(T-Te)/ T,

Trento p-value, http://qcd.phy.duke.edu/trento/

3/23



Bayesian Parameter Estimation

TRANSPORT PROPERTIES IN HEAVY-ION COLLISIONS

Shear Viscosity(7) Bulk Viscosity(¢)
2 10'F H20 2 .
= 041 i\ J.E. Bernhard et al| PRC 94 024907 (2016)

~ =~ param0 (EKRT) |
——param1 (EKRT) H
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He -~ param3 (TRENTo) | % S-McDonald etal. PRC 95, 064913 (2017)
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Bayesian Parameter Estimation

BAYESIAN PARAMETER ESTIMATION

Bayes’ theorem:

‘P(H|E) - w‘

P(E)

,P(E) = ZP(EIHf)P(Hf)

© Find optimal set of model parameters that
Measure best reproduce the experimental data

@ Utilize constraints, such as flow observables,
to help narrow down the 1/s(T) and such.

Extract Testing a single set of parameters requires O(10*)
hydro events, and evaluating eight different

parameters five times each requires
5% x 10* ~ 10° hydro events.
That’s roughly 10° CPU years!
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Bayesian Parameter Estimation

BAYESIAN PARAMETER ESTIMATION

JETSCAPE TRENTo+MUSIC+SMASH
Duke TRENTo+VISH (2+1D) +UrQMD

Shear viscosity Bulk viscosity 0.35
0.4 0.08 : [ 90% C.l. posterior 0.45
w/ full prior
* ) ! 0.30 90% C.1. posterior 0.40
90% credible region L= SV reduced prior

P.B. Viscosity Posterior : Effect of Prior

Posterior median

L2 Zom JEVSCAPE 0.30

0.0

T 1 0.00 + T T 1
150 200 50 300 150 200 250 300
Temperature [MeV] Temperature [MeV]

Steffen A. Bass et. al, Nature Physics (2019)
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=
o
3
JETSCAPE Collaboration, PRC 103 (2021) 054904

© Large uncertainty for both 7/s(T) and ¢/s(T).
© Subsequent studies with still limited observables:
© J. Auvinen et al. PRC. 102, 044911 (2020) @ G. Nijs et al. PRL. 126, 202301 (2021)

Uncertainties need to and can be further improved.
Only low-order harmonic v, was used, including a limited set of mostly 2.76 TeV observables.
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Bayesian Parameter Estimation

Jyvaskyla (2022)

RESULT: JYVASKYLA (2022) — COMBINED COLLISION ENERGY ANALYSIS (2.76 + 5.02 TEV)

0.30
I 90% credible region
0.25 |=——Posterior median 0
5.02 TeV only
0.20 1/(4m)

L o1s
=0
R = —
0.05 -
0.06 f—L I | |
0.05
Calibrated to
0.04
“n PbPb Sy
) =2.76 and 5.02 Tev
> 0.03

0.24

0.20

T (GeV)

0.28

© Together with two collision energies and added observables, the uncertainty has reduced!

nis(Te)  NissiopelGEV1]

/Smax

Tswiten[GeV]

1054982

. Significantly improved
n/s(T) uncertainty
I . Non-zero ¢/s(T)

. Higher switching
temperature Tsyitch

. 0.097+9932

- 0.026+3:312

. Overall better

0.1603:853 convergence for

@ L J
e parameter
components
0 2 400 0102 (© (6 (P S @
WSsopelGeV2] /(T Usmox  TowrenlGeV]

J.E. Parkkila, A. Onnerstad, M. Virta, S.F. Taghavi, C. Mordasini, A. Bilandzic, D.J. Kim, Phys. Lett. B 835 (2022) 137485
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Bayesian Parameter Estimation

FirsT WHY THE UNCERTAINTY WAS REDUCED?

Jyvaskyla (2022)

Duke (2019) [3]

Jyviaskyld (2021) [1]

Jyviaskyld (2022) [2]

NSC(3,2) to NSC(4,2)
X4,22 tO X6, mk

N,
. ch
E’ PIDNmult. PID* (pr)
o ch v tov
o 1 2 4
= ‘ PID' (pr) NSC(3,2), NSC(4,2)
Transverse energy E1 NSC(2,3,4), NSC(2,3,5)
(5})/ pr) e B
P4,22 1O P6 mik
Uy to Uy X4,22 to X6,mk
7
PID? mult. PID® muilt.
% Nch
c No PID' (pr)
o PID' {pr)
. Na, Uy tO vy
= U2 tO Uy
Uy tO vy U5 to vy
U5 to vy

NSC(3,2) to NSC(4,2)
p4,22 tO pe,mk
X4,22 tO X6, mk

17ri, K* and pi
Zpi

[1]. LE. Parkkila, A, Onnerstad, D.J. Kim, PRC 104 (2021) 054904

All reference data based

on ALICE measurements.

1 Red: Missing from other
1 group (Duke, etc)
1

1 Blue: New since our PRC.

1 Orange: Not used in
1our studies.
~

[2]. J.E.Parkkila, A. Onnerstad, M. Virta, S.F. Taghavi, C. Mordasini, A. Bilandzic, D.J. Kim, Phys. Lett. B 835 (2022) 137485
[3]. J.E.Bernhard et al, Nature Phys. 15, 1113-1117 (2019)
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Bayesian Parameter Estimation ~ Jyvaskyla (2022)

SeEcoND WHY THE UNCERTAINTY WAS REDUCED?

Sensitivity of the observables: S[x;] = A/4d., where A = 10G@) -0

[0(®)]
8
Tfg [000 017 1.05 1.01 085 060 142 236 394/ 009 0.77 0.30 1.46 125 1.26 1.98 1.44 O,
. .14 0.1 .1 .1 .49 1.4 .1 . .2¢ .1 .81 0. 1.74 1.37 3. 1. ).
(n/s)slopeoooo 019 019 018 049 1.43 210 830 0.26 0.13 081 085 37 303 136
c 0.00 0.25 0.03 0.03 0.04 0.18 046 0.48 0.37 0.32 0.55 0.83 0.93 0.80 0.40 0.45 0.61 6
n/s(TC) 0.00 0.08 0.22 0.21 0.14 1.65 3.29-0.55 3.84 2.92- 253 127 285 276 1.
0.00 0.17 0.05 0.05 0.05 0.19 0.38 0.53 0.69 0.20 0.36 0.55 0.69 0.40 0.40 0.73 0.75
niS)erv
(C/S)peak 001 044 1.16 101 0.73 226 267 3.79.0.59 032 148 1.11 034 159 1.04 1.15 1.
(C/S)max 000 007 1.05 096 0.77 037 0.13 012 037 0.20 001 053 1.12 052 0.64 126 059 0. 2
(C/S)width 000 001 0.20 0.15 0.07 0.19 004 009 033 009 026 0.40 1.69 039 1.66 155 135
. .01 1.34 0.2! .21 0.16 1. E .77 0.4 . X .42 1. 1.
TSW|tch°° 34 025 021 0.16 1.30 851 077 045 203 334 395 242 1.98 1.00
NN~ N DN MmN MmN M N M S S Sy g x X
S5 L e SYIYRARNR]RINARIATAm i Skl
== E ¥ a s Yot VN ~ s ~FNO
S 4 E e XXgLxRQQaganss -~ - -
=22Q0Q = Q m m <
=S === QOO . .
© Eol nNnunUmANNN
ZZ2Z ===
OO0 Phys. Lett. B 835 (2022) 137485
v unun
=222

© N, /dn is sensitive to Tewiten and (pr) is sensitive to 7.
© NSC(m,n) and NSC(k,I,m) are among the most sensitive observables followed by v, and X, m«-
@ The precision measurements of observables, reflecting mostly non-linear responses, are crucial.
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Bayesian Parameter Estimation ~ Jyvaskyla (2022)

PID muLTIPLICITY AND (PT)

2.
T T
F-¢ '§.\:E:\'E ——-276TeV
Xy SR SNB |00 g 15
T e =~
\.C Q@\ \.\::Zi. '\:$ 1.0 $
© Lok 'Q::'-Q\. & © Agreement for charged particle yield in
o P08 o uog “B[EE S =8=8g-glo5~ 2.76 TeV and 5.02 TeV
X © 10-20% difference for PID multiplicity
o
100 ] 0.0 @ Qualitative agreement for (pr)
o 1.0 =g
- 5]
©
0.8

l l l l l l l l l
0 10 20 30 40 50 0 10 20 30 40 50
Centrality (%) Centrality (%)
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Bayesian Parameter Estimation

U;; AND SYMMETRIC CUMULANTS

Jyvaskyla (2022)

<
>

Ratio

NSC(k,/)

NSC(k,I,m)
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0.05
0.00

—-0.05

(x2.0)

(x4.0)

NSC(3,2) NSC(4,3) NSC(4,2) #

- ,. . ? E

- - © L) E

0] 3

ITOUNTOU DUV TUUU TUUUT DO STUUR OUN UURT TUURE TOUT T I et d
I NSC(2,3,4) - NSC(2,3,5) (x02 O ALICE 2.76 TeV

,+w®¢
L ++

TRENTO+VISH(2+1)+UrQMD
- TeV

® ALICE 5.02 TeV
W 5.02/2.76 data

#9598 5.02
276 TeV
——5.02/2.76 hydro

[T I DU PO B A
0 10 20 30 40 50

Centrality (%)

[T P PO O | [ U PN DU T |
0 10 20 30 40 50 O 10 20 30 40 50

1.00
0.75
0.50
0.25
0.00

© Good agreement for 2.76 TeV vy,
overestimated v, for 5.02 TeV by ~ 10%

© Magnitude and centrality dependence of
NSC well captured. Further improved
estimate for NSC(4,2).

© Good agreement for NSC(2,3,4).
NSC(2,3,5) overestimated.
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Discussions XZ -test

REMAINING CONCERNS? Y 2-TEST

10'
© overestimated v, for 5.02 TeV by ~ 10%
O still underestimated NSC(4,2)
| @ overestimated NSC(2,3,5)
10

@ PID multiplicity (especially =)

Xz/Ndof
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New developments ~ Experiments

NEW DEVELOPMENTS ON EXPERIMENTS

The precision measurements of observables, reflecting mostly non-linear responses, are crucial
New and Independent information!

V. = vn{\If,,}ei”(‘I'” =)

Symmetric cumulants <viv%>c, <v,%vl20%1>c, "SC(m,n)” additonal information
Non-linear flow modes | relations of flow obs, “x, x” decomposition
Asymmetric cumulants <vﬁ;”vﬁ'b >C, "AC, ,(m,n)” new moments
Symmetric plane Corr. | (cos (@11 W, + - + @ ¥y)) independent

Small systems v, only from 2PC jets are dominant

@ Thanks to the higher order flow measurements! | ALICE, Phys.Rev.Lett116 (2016) 132302, JHEPO5 (2020) 085

© Thank you: Flow Fluctuation! 'ALice, jHEp 07(2018) 103, 2018
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New developments  achievements

RECENT FLOW OBSERVABLES IN ONE FIGURE, a AND e

Pb-Pb 2.76 TeV

ObsType

© (cos(am Wy, + -+ aum¥o))or
® SCk,tm) = (i),
’ ' ® SC(nm) = (vih),
; ' '

Centrallty Percentile
Collision Geometry(Sytem Slze)

© Bubble size x correlatlon strength : few selected observables from 2.76TeV
@ Varies with different harmonic orders and system size - Different sensitivites with independent information!

© Pb-Pb 502 e, et i

NSC(5,3)

NSC(5,2)

NSC(4,3)

NSC(4,2)

NSC(3,2)
NSC(2,3,5)
NSC(2,3,4)

(cos[2¥s = 3 — 4%, + 5¥s])
(cos[2¥; + 4%, — 6% ])
(cos[2¥y — 6% +44))
(cos[8%; —3¥; — 5¥s])
(cos[2¥y +3¥; — 5%s])
{cos[6(¥s = ¥3)])
(cosl6(¥s = ¥2)])
(cosl6(¥2 = ¥)])
{cos[4(¥s = ¥2)])

v @

.» @ Qo oooc‘

00‘0

80
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New developments  achievements

Hi1GH PRECISION FLOW RESULTS AND NEW DEVELOPMENTS- ° SymMETRIC CUMULANTS

SC m 11 <U > ’ NSC(m,n) = SC(m,n)/ <v$ﬂ> <U$l>

le—-7
ALICE PbPb sy = 2.76 TeV/ EKRT+Hydrodynamics
W 5C(3,2) (x10-1) E== /s = 0.20 m NSC(3,2) 1.0
2 = SC(4,2) (x1071) + n/s(T)paraml W NSC(4,2
osca3 | e nis(T)param2 + —o.8
® 5C(5.3) nis(T)param3 22,2
1L o scs) *} nis(T)parama o6 o SC k l m <vkvl >
4 ’ + 0.4 L£ ALICE, Phys. Rev. Lett. 127 (2021) 092302
0 -4—{9 ————————————————————— 02
. : .
i 00 @ 1/s(T) and accessing ¢/s(T) J
s 02<pr<SOGeV/c .
Inl<0.8 s
! | ! ! ! -02
0 15 30 45 60 0 15 30 45 60
Centrality percentile Centrality percentile @ Very challenging measurements
G @ QD) because of their required high

precisions (i.e 107¢ SC(m,n), 10~*2 for
SC(k,,m)) and difficulties in correcting

© Accessing the temperature dependence of 7/s(T) experimental biases.

ALICE, Phys. Rev. Lett. 117 (2016) 182301, Editors’ Suggestion

ALICE, Phys. Rev. C 97 no. 2, (2018) 024906
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New developments ~ Asymmetric cumulants

ASYMMETRIC CUMULANTS: e WHAT ABOUT DIFFERENT MOMENTS OF TJn?

© Generalized symmetric cumulants with different moments - additional information!(Skewness,Kurtosis)
@ First measurements in Pb-Pb collisions at 5.02 TeV.

NAC, 1 (m,n) = (v3"va")_/(v5)" (va)', NACy 1 (m, n) = NSC(m,n)

m

Toades T T omd.en "

0.0 o roeeees 2O . & 4} ........... g -1

[ e B o I ° ]

[ o] I .
—Ol ! [ ] ) ° o o 1 [ J ] ° o ]
[ L4 I ° ]
-0.2F @ -+ b & @ ]
i 1 @ ]
-0.3F T o ! E
[ . a =1 (NSC(2,3)) I ALICE Preliminary ]
—-0.4 _ (PLB 818 (2021) 136354) —— Pb—Pb /syy = 5.02 TeV —
I O a=2 I 0.2<pr<5.0GeV/c ]
—05F © a=3 1 |nl<0.8,An>1 EIJ ]
N N B A P I [ S [ R R

0 15 30 45 60 15 30 45 60

Centrality percentile
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New developments ~ SPC

e IMPROVED SYMMETRY PLANES CORRELATIONS (SPC)

© Paper for 2.76 TeV ALICE, arXiv:2302.01234, Feb.2 2023

© Previously done with scalar product (SP) method
(ATLAS: PRC 90, 024905 (2014), ALICE, PLB 773: 68
(2017) [J.E. Parkkila, D.J. Kim])

© Seperating effects from v;,-v,, correlations

<COS (alnl ‘llnl —+ -+ aknk\I!nk)>GE,5p

T (0l - v’f,’;( cos (mm Wy + -+ + @ Wy, )
“ V4 2 2 ’
<U/1(1,l c Un/,zk>
(- vf,’; cos (am Wy + -+ + qng Wy, )

- )

Correlations

Correlations

1.0

0.6

0.4

0.2

0.0

0.02

0.01

0.00

-0.01F

-0.02

—-0.03

Centrality percentile

E () (cos[4(Ws — ¥)])  arXiv:2302.01234
[ Pb-Pb /snn = 2.76 TeV Bo®
me"®
o8
- o _
a
o
- o ° L4 ° -
8 .
- f ® o ALICE =
GE, 0.2 < pr < 5.0GeV/e, |n] < 0.8
L I I I I =
T T T T T T
(b) (cos[6(Vy — W3)]) N
o
1]
_.f ..... + ........ $on L 2 | R— + ....... i
ALICE (PLB 773 68 (2017))
SP, 0.2 < pr <5.0GeV/e, [n| < 0.8
ATLAS (PRC 90 024905 (2014)) E
SP, 0.5GeV/c < pp. || < 2.5
s ! ! ! | 1
0 10 20 30 40 50
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IncrusioN oF RHIC pata

New challenges  Inclusion of RHIC data

Charged |® =
s prior *
5 10° @ RHIC 200 GeV/
2
§ N * +10?
< 107} M
.
jy T L. ! .2
10% | K |®
. o . P
< . .
3 Lot
10'F
ES .
| | ! ! I L I I I H10°
0 15 30 45 60 750 15 30 45 60 75
Centrality (%)
0.15 0.06
v v3
0.10 —0.04
S e ® "% e,
0.05F e e o oo Jo.02
® .
* +
0.00 L L L L L H0.00
0.04F CE
0.03| F
<
> 0.02F F Prior
. ® RIHIC 200 GeV
0.01F Lesce
0.00E®% 1o i L L ! ! ! I
0 15 30 45 60 7X 15 30 45 60 75

Centrality (%)

@ Included observables : v, - v4, { pr ) and Ny, for charged and

identified particles

© Prior doesn’t extend well over the data points

© Posterior distributions don’t converge
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New challenges  Inclusion of RHIC data

IncrusioN oF RHIC pata

Fixed w,,,q = 0.5 Wi =[0.67-1.24]

Charged |%e 7 Charged e, 7
.
3 Prior sl Prior .
§%., | < oo .. . 5§, , | oo ..
5 +4102  § * 4102
2L ‘e . £ ) PR
S . S .
. .
. .
Lol Lo L L Lol . L TR ;
102Fe7 N |%e » 102fe, K (% P
. . . .
I 0 . . i . * e
3 . . Ji R . . Jio
s . . s . .
Z 10 . . Z 101 . .
3 . . 3 . R
Lt O H10° L Ol {10°
0 15 30 45 60 75 15 30 45 60 75 0 15 30 45 60 75 15 30 45 60 75
Centrality (%) Centrality (%)
015 06 0.15 06
v v v v
0.10F o.04 0.10F Ho.04
= oo o, < o0 4,
00sp| e et e, Jo2 005/ e es ® e, o2
. * ¢ . LN}
0.00 el Ll L...H0.00 0.00f I L...H0.00
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So.02F E So.02F E Prior
3 of s 3 . ® RHIC 20 Gev
L e R L
0.00E@8 1t 0.00H88 Ll IRV
0 15 30 45 60 7% 15 30 45 60 75 0 15 30 45 60 75 15 30 45 60 75
Centrality (%) Centrality (%)

Fixed W = 0.5 Wyt =[0.67-1.24]

@ Included observables : v, - vy, ( pr ) and
N for charged and identified particles

@ Fixed nuclen width w = 0.5 and now
relaxed (0.67-1.24)

© small improvements for Ny, and better
for v,

© Posterior distributions don’t converge
still
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Un, [PT] CORRELATION - SHORTAGE OF TRENT0 MODEL

New challenges

additional observables

r Pb-Pb 5|,02 TeV

<0.8
b=, p,<30Gevic @

e ALICE
—0.2[~.... Trajectum (ISE) — Vv-USPhydro (ISE) N
[ [ Trajectum v-USPhydro
[ - JETSCAPE (ISE)£2# IP-Glasma+MUSIC+UrQMD
-0.4— JETSCAPE IP-Glasma+MUSIC+UrQMD (FSE only)
= £ T T T T T
Q0.4 Xe-Xe 5.44 TeV (-
02 ssla B
. b y
S \\\\\ \\\\\\ R W Rg o
[ AN S
O ALICE R \\\\\\\\
v-USPhydro, = 0.0
=027 . v-USPhydro, = 0.16 Vo A7 > 0.8
| IP-Glasma+MUSIC+UrQMD, B,=0.0 [p ] nl <04
0.4 == IP- Glasma+MUSIC+UrQMD, ﬁ 0.162 =
" 1 1
0 10 20 30 40

50 60
Centrality (%)

7 P.Bozek. R. Samanta. Phvs. Rev. C 102. 034905

B. Schen

C. Shen. D. Teanev. Phvs. Rev. C 102, 034905

ALICE, Phys.Lett.B 834 (2022) 137393

(693 d[pr])
((603)*)((0lpr])?)

P03, [pr]) = (1

B Correlation between [pr] and v,:
@ can be used to differentiate initial state
models
@ More peripheral — best described by
models with IP-Glasma
@ strong centrality dependence on the
models with Trento

B Ongoing progress:
@ Calculate sensitivity
@ Adapt it to the Bayesian Analysis
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MOMENTS OF 0v,, AND 6pT

New challenges

additional observables

0.00020
0.00015
0.00010
0.00005

0.00008
1.0
0.5

0.0

B Characterizes the fluctuation of different order
B |7 < 0.8and 0.2GeV < pr < 5.0GeV

(W3 = (3)?)

Prior

| | | |
0 10 20 30 40 50

Moments of a distribution

Variance: (X — p1)?, skewness: (X — u)®
and kurtosis: (X — p)*

{(pr = (p))?) ((pr = (pr))*) E

0.002- =
0.001

0.000fer2, | |
1.5 ,<(pT - <])T>>4> -

Prior

0.5 -

0.0k ‘ . \ TN T
0 15 30 45 0 10 20 30 40 50
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New challenges  additional observables

PRIOR DISTRIBUTION OF p (2, [p1])

0.4F ]
(3, o) p(u3, [pr]) ;
0.2;—.lllllll.... .;girTeV .._
[ "apgguun®®
0.0 n
—02F 1 T T D R

0 15 30 45 600 15 30 45 60
Centrality (%)

3, [pr] correlation @ Clear centrality dependence
@ Gains negative values - what is going on?
\/( (vz < > )2> < [PT] < [ } > )2) ALICE, Phys. Lett. B 834 (2022) 137393
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New challenges  alternative IS model

IntTIAL STATE MODELS, TRENTO vs. EKRT: OnGOING

TRENTO [1] 1.0, —— Arithmetic: p=1 Beam view
@ Flexibility to produce some other models T oomettie P =0 AS

0.8/ _._ Harmonic: p=—1

@ Unable to predict (,/syn - Cent) dependence Tg og 7 Fecticipant X/"f._/
© Has six free parameters g 04 /i
a 0.2
o f;: = a— S E—
EKRT [2] . = Ifml .
@ Only two free parameters, Ky;; and S e L
@ (1/Snn - Cent) dependence comes 5|t RHIC20GeV AusAu ol
automatically from the gluon saturation and E K, =050 4=0.80 ’ )
mini-jet production szt PR
© Computationally a bit heavier — much h
improved via ML recently Tty 1
! 10" 1cIJ° 1(|)l
[1].].S. Moreland, J. E. Bernhard, and S. A. Bass, PRC 92 011901(R) Ty Ty [fm™]

[2]. H. Niemi, K. J. Eskola, and R. Paatelainen, PRC 93 024907 Phys. Rev. C 93, 014912
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New challenges  alternative IS model

EKRT P8Ps 5.02 TEV RESULTS

0125k /,ur Eo(x20) vy | (x10) vy
. . . . . . P e P 2 "
© Particle distributions relatively well described 0100 P o -
> 0.075F PA 3 E -
3 5 (] e o - e © o
© (pr) a bit overestimated 0050} ¢ ,._/. . Pee®
© Large overestimation in flow harmonics 0.025% .1 el el
o ™
S 15F E e~ —" -
Ty 2.0 & ~ I
— e N . | | | | | | | | | | |
10° % Q\E)T R | _.__‘_l?!jTHY‘SH‘Q“H"‘Q“D G 0.0128 - vy | (x20) o (x2.0) vy
= Q\Q E\\EL oo O'—"g -------- _ 15X P ZF
S &x\x —<& O\A\E‘ o o o % 0.015 e o
2L = e
T 0%k Tk 0l g e J100  soowp -~ Il - Ny
= e.\‘&. N ~X_ X X - 0.005 7,./. o 0 o s IO PR
p -~ ~ AL o — . Y ° 7
© aof S R LS A S G i (L 0.000f - [* o $
O Charged O ~ : Lol ! [T T N T
| | | | | ! [ ! 0.004} vs, F Suys V1o
0.0 ] /
o —0— 0 P Aa
.g 1.00 ] e g:&sgafg:&::@w 0.0031 0 F /,'f,'f/ v F
A= i = : :
o S — ._O_._x_: > 0.002 " -+7 - ® 5.02Tev
0.75 Drartas shivanrls sidawl WAl Il I I I I I /- g NEQ 524 EKRT+VISH(2+1)+ UrQMD
70 10 20 30 40 50 0 10 20 30 40 50 0.001J¥+\\'¥// < - P
Centrality (%) Centrality (%) IATTRNTITN I S TN TEI TN T SO0 T NN T
0 10 20 30 40 50 O 10 20 30 40 50 O 10 20 30 40 50

Centrality (%)
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summary

SUMMARY

Success:
© More Beam energies and new sensitive flow data — better understanding of QCD matter
© Importance of measuring new independent observables - good progress

Challenges:

@ Current status

@ 10% difference for v, (5.02 TeV) and p(v3, [pr])

O still lacking for NSC(4,2)

© Remaining discrepancy for PID multiplicity (especially =) ...

@ Dbetter understanding/constraints on initial conditions are challenged!
@ Improving the initial conditions with

B EKRT, IP+Glasma
B or nucleon size
B better understading of proton
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THANKS

Thank you for your attention!
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ToucH QUESTIONS TO ANSWER BUT WE DO HAVE ANSWERS

1. Q — What is the use of measuring correlations?

A — Additional and independent information than v, (event averaged) because of the flow
fluctuations

2. Q — Even if each observable provide independent information, how do we know it is useful information?
A — Based on the known constraints, sensitivities are quantified. More sensitive, better constraints!
3. Q —Is there a limit on how many independent observables we can add into the Bayesian analysis?

A — Please measure as many observables as you can as long as they are independent. Even though
there are overlapping information, it is okay to include

25/23



summary

SuMMARY AND OUTLOOK

Experiments Theory
@ Improving the initial conditions with
© RHIC data (AuAu collisions) - Energy and B EKRT, IP+Glasma
system size dependence W or nucleon size

B Detter understading of proton

© LHC pPb and pp data - System size
dependence but with improved method

@ Role of the small system for further
- Unnerstaq

© Use new observables
B Higher order (n > 5) Symmetric cumulants

@ Testing hydro limit of small systems?

B Improved Symmetric Plane Correlation (SPC) : %Ru %Ry
independent from flow magnitude correlations and ( ™
Asymmetric Cumulants (AC) Quadrupole @ o162

@ Soft-Hard interation m %Zr  sgy

@ What about isobar runs in LHC? Octupole
(WCPF2022, ], Jia)

B2 =0.06
B3 =020 —

J. Jia, aXiv:2106.08768
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summary

THE EFFECTS OF NUCLEON WIDTH PARAMETER

@ Nucleon width should be less than 0.8
@ Jyvaskyld 2022 estimates w > 0.8

© Use Jyviskyld 2022 MAP with nucleon width
w = (.64, PhysRevLett.129.232301

0.4F 2 2 B

p(vs, [pr]) m 502 Tev p(vs, [pr]) ]

[ EEE Prior ]

o u & . a .. L Ll RN u

u "TTELLLL

0.0 n i | IS E—

=0.20 ] ] ] 11 | ] ] *
0 15 30 45 600 15 30 45 60

Centrality (%)

0.125F

0.100
= 0.075

0.050

0.025k

Validation of the parametrization

U2 u mE U3 (x2.0)
[ u B ALICE 5.02 TeV
- - m " mf B MAP22, w=0.64
F SE0E MAP22
b L] =
- " - - u u
o L] u g Eg
| " a "
| | | | | | | | | |
0O 10 20 30 40 50 0O 10 20 30 40 50

Centrality (%)

© Reduction only in w guides towards correct p
but drifts away from experimental v,s

B |7 <0.8and 0.2GeV < pr < 5.0GeV
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QUESTIONS TO THINK ABOUT DURING THIS CONFERENCE?

Effect of EoS to Bayesian analysis

© Uncertainties from the equation of state?

(e-3PyT?

6

5 .

100

stout
HISQ, Ny=12 - 1
AT HISQ, N=10
- HISQ, Ny =8 —+— |
533216
S87r - - - -
s88sig —-—

s95p

wy, P
L

T

300 400 500
T [MeV]

P. Huovinen, P. Petreczky, Nucl.Phys.A837:26-53,2010

PoS(Confinement2018)135

200 600

Zero flow at zero multiplicity?

© What does it mean by seeing non-zero flow
at zero multiplicity?

LA BN B R B BN B
L ATLAS 3DGlauber + MUSIC + UrQMD 1
0.12v,(2) v,(2} VA2} vA2} ]
. o1t = ¢ UPC _— y'+Pszv,N=894 GeV]
Q [ * op+Pb --- ---. p+Pb |5, =5.02 TeV ]
N L -
A0.08¢ PR
=3 r Srugt R - ]
Jo.oe- X =
& C ]
=£0.04 -
o A S g — Q.3

0.02F e -

K ey N

ot ’ | | | L ]

0 20 40 60 8

0 100 120 140 160
Nch

'W. Zhao, C. Shen, B. Schenke, arXiv:2203.06094
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summary

Two QUESTIONS TO THINK ABOUT DURING THIS CONFERENCE?

Effect of EoS to Bayesian analysis

@ Uncertainties from the equation of state?

(e-3P)T?

6

5 [

stout

S HISQ, N, =12 -« |
fO HISQ, Ny =10

: HISQ, N, =8 —— |

583216

S87r - - - -
588916 —_-—

s95p

g, T
.

B

300 400 500
T [MeV]

P. Huovinen, P. Petreczky, Nucl.Phys.A837:26-53,2010

PoS(Confinement2018)135

200 600

Zero flow at zero multiplicity?

© What does it mean by seeing non-zero flow

at zero multiplicity?

IP-Glasma + KeMPgoST + MUSIC + UrQMD

u.u 1 o

ol b b b b

|
102
dN/dn
B. Schenke et. al, PRC, 105, 014909 (2022)

C L TR |
100 10t
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summary  Priori

ANALYSIS STEPS AND PRIORI

1.0
~ = Nature Physics 15, (2019)
08k = = PRL.126 20, (2021)
‘ Priori .
JETSCAPE Grad . Choose prior parameter range based on results from 2019
" 0.6 |- ——JETSCAPE CE
~——JETSCAPE PTB
E 0.4F EKRT param0 . Run hydro TRENT°+VISH(2+1D) +UrQMD fOr 500
o TR parameterizations, 3-5 million events (x 100 previous).
] Sainnininint . Calculate observables using our experimental framework
A I I I I I
015k . Train emulator and setup/run Bayesian analysis
=
%
0 0.10 8 0.03 Vs [ (x20) Vs | (x40) Ve (x4.0) vy
N = 0.02f —F - F ; F
N~ = N — —y e = Y
0.05 | 8/ ToopEi——— e '*' T T ) % e
o pr =0 == = = =0
P N === i H’?
0.00fr--=7=-"7 = ettt b b b b
N I l @] 0 10 20 30 40 50 0 10 20 30 40 50 O 10 20 30 40 50 0O 10 20 30 40 50
00 01 02 03 04 05 & Centrality (%)
~

T (GeV)
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summary  Priori

NON-LINEAR FLOW COEFFICIENTS

Elx X422 - X523 - X6,222
%Q (x2.0) @__.\ 4)
~
- ®
E Sk T‘@\& R 7“\0\3\. a
S O ALICE276 TeV TRENTO+VISH(2+1)+UrQMD
1F ® ALICE5.02 TeV - 276 TeV
B985 5.02 TeV
1.5 | | | | | | | | | | | |
i)
2 1.0
o
o2 @ Qualitative agreement in both beam
. energies for all mode coupling coefficients.
x
S, © See arXiv:2111.08145 for all graphs.
=
2
0
O 15F -
T 1.0F -
S
0.5 | | | | | | | | | | | | N
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Centrality (%)
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