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THE DIFFERENT STAGES OF HEAVY-ION COLLISIONS
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Introduction

COLLECTION OF PARAMETERS

Parameter Description

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

(1/5)stope Slope of n/s(T) above T,

(n/5)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
S Minimum volume per nucleon

Tts Free-streaming time

100

shear viscosity

107" f-1/(4m)




Bayesian Parameter Estimation

BAYESIAN PARAMETER ESTIMATION

Bayes’ theorem:

P(E) = ZP(EIHf)P(Hi)

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

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

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!

Extract
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Additonal Flow Observables

Summary

OUR ARSENAL OF OBSERVABLES - STOCHASTIC APPROACH

© Together, various flow observables cover the sensitivity for all components of transport properties.

Sensitivity-stochastic

Name Symbol Measure
approach
.- System expansion and
Flow coefficients Un anisotropy of the flow Average (n/s) and (/s(T) peak
(Normalized) .
Symmetric (N)SC(k, L, m) Correlatlon between ' n/s(T) temperature
magnitudes of flow harmonics | dependence
cumulants

Non-linear flow

Quantification of the

n/s(T) at the freeze-out

mode coefficients X,k non-linear response
Symmetry plane Correlations between the /s(T)
correlations Pk directions of flow harmonics N

Thanks to excellent ALICE papers over years:

© Phys.Rev.Lett. 117 (2016) 182301, Phys.Lett. B773 (2017) 68, Phys.Rev. C 97 (2018) 024906, JHEP05 (2020) 085,
Phys.Lett. B818 (2021) 136354, Phys.Rev.Lett. 127 (2021) 092302 - flow

© Phys.Rev.Lett. 106 (2011) 032301, Phys.Rev.C 88 (2013) 044910, Phys.Lett. B772 (2017) 567-577, Phys.Rev.C 101, 044907

(2020) - Ny, and (pr)
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Additonal Flow Observables ~ Summary

OBSERVABLE SENSITIVITIES

Tfg [0-70 0.70 0.03 0.10 0.13 0.56 0.71 0.50 2.00 8 —
(n/S)SIOpe 0.18 0.21 0.04 0.05 0.22 0.74 1.55 1.81 1.51 1.42 Sensitivity
TC 0.73 0.51 0.18 0.33 1.57 0.66 1.26 0.88 2.96 0.63 6 S[Xj} = A/5., where
A O+
r’/s(Tc) 0.02 0.09 0.04 0.02 0.46 2.32_0.85 A = W
(n/S)crv 0.02 0.04 0.00 0.00 0.03 0.01 0.04 0.08 0.35 0.41 1.84 1.01 2.49 2.27 2.13 1.84 1.61 [3.99 4
(C/S)peak 0.33 0.16 0.10 0.22 1.26 0.44 1.06 1.72 3.56 2.68 -3.90 @ NSCs most
(Cls)max 0.64 0.65 0.08 0.13 0.14 0.09 0.33 0.51 0.66 0.35 1.14 3.35 3.19 4.03 9 sensitive to
(C/S)Width 0.20 0.19 0.03 0.08 0.09 0.07 0.03 0.27 1.09 0.28 multiple
Tswitch 0.51 0.33 0.21 0.23 1.42 0.62 1.07 0.82 2.57 0.73 different
arameters
ST Ly s s SN NAND S Sl o
2_5 HQ&EC'Z ‘6‘33355888 sensitivity to
32 Y R R R, RV, RV, R, WY, spectiic she
NZzzzzzzz2z=2 viscosity
_ (¢/5)max
(n/5)curve (C/S) (T) Ry~
T T—(¢/s)
(1/5)(T) = (0/)(T) + (1/5)aope(T = T) (£ (T
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Results  Jyvaskyla (2022)

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

¢ 10558

030 =
m 90% credible region %
0.25 Posterior median Q Py
5.02 TeV only 5
0.20 1/(an) 5
0 = 0
=015 02r 0.097+83% L .
0.10 _ . Significantly improved
e S S — | .
005 g e n/s(T) uncertainty
1 1 | | 0.0
oo 0.0264832 @ Non-zero ¢/5(T)
0.05fF .
0.04f Calibrated to ‘,:Eu 0.05 . Overall better
' PbPb Sy S
& 0.03 = 2.7GSaNr:‘d 5.02 Tev > 0.00 . . COnVergenCe fOr
N - 0.160+3993 parameter
0.02 N 0.165 . ‘ . —0.00:
3 components
0.01 % 0.150 F
020 024 028 & oass
T(GeV) 0 2 400 01 02 @ B 1O 6960_\:,%“5’66
N/Ssiopel GeV1] n/s(Te) G/Smax Tswitcn[GeV]
© Together with two collision energies and added observables, the uncertainty has reduced! }

J.E. Parkkila, A. Onnerstad, S.F. Taghavi, C. Mordasini, A. Bilandzic, D.J. Kim, M. Virta, Phys. Lett. B 835 (2022) 137485 5/13



New results  Intro

IMPROVING THE UNCERTAINTIES

How can we further reduce the uncertainties?

)
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New results  Intro

IMPROVING THE UNCERTAINTIES

Add more data
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IMPROVING THE UNCERTAINTIES

Add more data
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IMPROVING THE UNCERTAINTIES

Add sensitive data
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New results ~ Adding RHIC data

Incruping RHIC AuAu 200 GEV

" Charged | T = J10° 015 T 008
100l Prior % - :
s ®o., ® RHIC20Ge . 0.10f -10.04
3 b o 5 e ® o,
H ~102 . .
S 102k “~ . 005 oo oo -0.02
. . & L34 2 . 4
I L. T L0 0.00fL il I L H0.00
10, e, ! o.0ap vF ] Binnings
5 e . .. ) 0.03F F E
2 . o 7 Soof Fp E Separate centrality binnings for all
T 10t . . ook of ® RHIC 200 GeV
" * . | ettt © parametrisations
NN P T, J L L Lol 1] 0.00 & L L L | Lol
0 15 30 45 60 750 15 30 45 60 75 0 15 30 45 60 750 15 30 45 60 75
Centrality (%) Centrality (%)

@ Included observables for RHIC
071 : 12 V/Snn = 200 GeV data: v; - v4, {(pr) and
o6k qro Ny, for charged particles and PID

Sk 0.8
LRSS S SN LA S S RS R @ Priors underestimate proton dNg, /dn
o2 4o and overestimate proton pr

0.2 Lol
150F » F

{pr)

@ v,s are covered well

1.25F E -

S 1.00F F Prior E

0.75 —N* te (3 s RHIC 200 GeV

kL L LT, IE
0 15 30 45 60 75 5 30 45 60 75

|
1
Centrality (%)
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PRELIMINARY RESULTS

New results  Adding RHIC data

n/s(Te) N/Ssiopel GeV 1]

C/Smax

Tswitcn[GeV]

I I I I
Calibrated to:
PbPb \Syy = 2.76 & 5.02 TeV
AuAu Vsyy = 200 GeV

0.06

0.04

.

q/s

0.02

0.30
0.88+0.40 h 90% creéible region !
ar 0P-039 0.25 |-——Posterior median
17752.76 and 5.02 TeV
5L 020 —1@am
w b
ISR Sl
0 -
oar - 0.09375317 0-10
0.05
0.1f . r
0.0
0.10] r r 001525565
0.05 r F
000 ® . ‘ .
0.004
0.165 [ B r 0'157t0.004
0.150 o r
0.135 L s L s L s
0 2 40001 02 (© (B (O P S
n/sslope[GeV_l] nis(Te) G/Smax Tswitcn[GeV]

0.16
T(GeV)

@ Calibrated with PbPb 2.76 & 5.02 TeV +
AuAu 200 GeV (v; - v4, (pr), dNa /dn)

© Slight improvement of 7/s in small
temperatures

© (/s uncertainty reduced by factor of 2
© Posterior distributions converge nicely
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New results ~ What's next?

NEW OBSERVABLES

Are there any new observables that could be included? |

10/13



Symmetry Plane Correlations  Intro

SYMMETRY PLANE CORRELATIONS

© Previous scalar product method is biased, 0.03p : | ,
2.2 2\ /.2
due to <Unvm> 7é <vn> <vm> (cos[6(Wy — Wy)])
ALICE Collaboration, Phys. Rev. C 97 (2018) 024906 0.02| Pb-Pb /sxx = 2.76 TeV ik ¢ E
m
© Newly developed Gaussian Estimator (GE) 2 0.01fF g @ =
o
A. Bilandzic, M. Lesch, and S. F. Taghavi, Phys. Rev. C 102 (2020) 024910 % m * +
@ 000 . [ + ....................... + .................... —
(cos(ayn Wy + - - - + @ Vi) e ] ALICE
" . -0.01 ® GB, 0.2 < pr <5.0GeV/e, [y < 0.8 -]
T <Un1 c U cos(aym Wy + - - - + qn V) g ATLAS (PRC 90 024905 (2014))
~ 1 — - SP, 0.5GeV/e < 2.5 -
4 o 2 0.02 SP, 0.5GeV/c < pr. || < 2.5
(U .. URS) ! ! | I

| I
0 10 20 30 40 50
Centrality percentile

@ Gaussian estimator (GE) ALICE analysis at 2.76 TeV, EurPhysJ.C 83 (2023) 7 [M. Lesch, A. Bilandzic, DJ. Kim, S.F. Taghavi]

@ Scalar product (SP) method (ATLAS: PRC 90, 024905 (2014), ALICE, PLB 773: 68 (2017) [J.E. Parkkila, D.J. Kim])
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Asymmetric Cumulants  Intro

AsyMMETRIC CUMULANTS

Normalised Asymmetric Cumulants 0.00 3
—| Snn = 3.
_ <(U2 )"UZ> _ 0.2 <pr<5.0GeV/
NAC“»l (m7 n) - Zm a ”2 s bl a= 1 - 4 —0.05} |r}|<l;).r8 v -1 \ J-0.2
(05,7 (v5) E ~
—0.10f- =4 AL|CESC(2 N ‘ 1 04
. . ® (PLB 818 (2021) 136354) i‘
@ First measurements in Pb-Pb —0.1sf 1 e NAG,(2,3) e
L4 I~ NAC,, (2, 3) —-1-0.
VSnn = 5.02 TeV e e e B
(c)a=3 (d) a =3 (zoomed in)
ALICE Collaboration, arXiv:2303.13414 (recommended for publication 0.0 {—-"‘“’"”“’"’"""‘i ---------- T -10.05
in PRC) -0.5F \“'\_
@ Model predictions disagree with —10F | + $ 4 008
(ENTO+EBE- \
the data for NAC, 1(2,3) and 15| A 5.3 Guke 2019
’ = NAC, 1(2, 3) (yvéskyls 2022) r --0.10
NAC3,1 (2/3) 2.0 |- NAC, (2, 3) (Duke 2019) E ois
. . e ey = NAC,,4(2, 3) (Jyvaskyla 2022) - 1-0.
© Will help constrain the initial _2.5bL i . | 1 | | L |
o . 0 15 30 45 600 15 30 45 60
condition modeling Centrality percentile

© Duke 2019 parametrization Nature Phys. 15, 1113-1117 (2019) [J.E. Bernhard et al.]

© Jyviskyld 2022 parametrization phys. Lett. B 835 (2022) 137485 [J.E. Parkkila et al.])
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Summary and outlook

OutLook
Experiments Theory
@ Improving the initial conditions with
© RHIC data (AuAu collisions) - Energy and B EKRT
system size dependence (ongoing) B [P+Glasma
@ Use new observables in BA @ Testing hydro limit with small systems?
B Higher order (n > 5) Symmetric cumulants @ Study the substructure
(Anna)

B Improved Symmetric Plane Correlation (SPC) :
independent from flow magnitude correlations
(Maxim)

B Asymmetric Cumulants (AC) (Cindy)
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Summary and outlook

SUMMARY

Summary
@ RHIC data have been added with separate centralities.
@ Need to do the centrality calibration to PbPb as well.
@ More observables will be added in future.

Thank you for your attention!
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Un, [PT] CORRELATION - SHORTAGE OF TRENT0 MODEL

Backup
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&
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02 ssla B
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| IP-Glasma+MUSIC+UrQMD, B,=0.0 [p ] nl <04
0.4 == IP- Glasma+MUSIC+UrQMD, ﬁ 0.162 =
" 1 1
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Centrality (%)

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

B. Schenk

C. Shen. D. Teaney, Phys. Rev. C 102, 034905

ALICE, arXiv:2111.06106

(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 07y,

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

Moments of a distribution

Variance: (X — p)?, skewness: (X — u)°

and kurtosis: (X — p)*
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PRIOR DISTRIBUTION OF p(

v [prl)

Backup

0.002

0.001}

0.000

1.5F

1.0
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0.0

B |7 <0.8and 0.2GeV < pr < 5.0GeV

Moments of [pr] distribution
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© Clear centrality dependence

© Gains negative values
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REQUIREMENT OF (PT) EVENT BY EVENT

Backup

Full equation

p(vg7 [PT]) _ <(U% - <U%>) ([pT] _ <[pT}>)>

V@ = @) ((lpr] = (pr])?)

B With one set of hydro runs?

@ Store all particles from hydro
— Uses too much space

B Use mean values from previous runs!

Ratio

Ratio

Ratio
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A L T R Ty o | R S R + i
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s . e F
3 3” 4
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L
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Backup

SPC SENSITIVITY COMPARISON

© Previous biased scalar product method
(cos(mmWr + - - + ;e Wy))sp =
(vf,l1 ...vi’]‘( cos(ayny Wi+ +apn Wy ))
VR

@ New Gaussian distribution method

(cos(arm Wy + - - - 4 am W) )G
= /d@N@(G) cos ©

[ (o - v cos(mm W + - - 4 e U.))
“Va

i)

@ Way to probe the non-linear response, e.g.
0304614@/47\1[2) = UJZW4C%C4€I4(¢47¢Z) + w422w§C§

0.70 0.70 2.00 1.50 3.05 1.78
Tfs

(n/s)slope 0.18 0.21 1.42 0.32 0.33 0.96

TC 0.73 0.51 0.63 0.58 2.21

n/S(TC) 0.02 0.09 0.85 3.33
(r’/s)crv 0.02 0.04 0.41 0.23 0.49 0.43 0.
(C/s)peak 0.33 0.16 2.68 0.97 1.00 1.50
(C/S)max 0.64 0.65 0.35 0.62 0.74 1.02
(C/S)Width 0.20 0.19 0.28 0.47 1.26 1.26

0.51 0.33 0.73 0.83 0.98 2.39

Tswitch

B The new SPC shows higher dependence on the
specific bulk viscosity rather than the specific

shear viscosity.
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