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Goals

Challenges - Understanding the experimental/theory Uncertainties
barcolor



Bayesian Parameter Estimation

The different stages of Heavy-Ion collisions
barcolor
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Tµν = euµuν − (P+Π)∆µν + πµν , δµTµν = 0

based on https://github.com/Duke-QCD
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Bayesian Parameter Estimation

8 x 7 parameters, Jyvaskyla(2022)
barcolor

Parameter Description
Tc Temperature of const. η/s(T), T < Tc
η/s(Tc) Minimum η/s(T)
(η/s)slope Slope of η/s(T) above Tc
(η/s)curve Curvature of η/s(T) above Tc
(ζ/s)peak Temperature of ζ/s(T)maximum
(ζ/s)max Maximum ζ/s(T)
(ζ/s)width Width of ζ/s(T) peak
Tswitch Switching / particlization temperature
N(2.76 TeV) Overall normalization (2.76 TeV)
N(5.02 TeV) Overall normalization (5.02 TeV)
p Entropy deposition parameter
w Nucleon width
σk Std. dev. of nucleonmultiplicity fluctuations
d3min Minimum volume per nucleon
τfs Free-streaming time
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Trento p-value, http://qcd.phy.duke.edu/trento/
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Bayesian Parameter Estimation

Transport properties in Heavy-ion collisions
barcolor
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ALICE, JHEP05 (2020) 085

J. E. Bernhard et al. PRC 94 024907 (2016)

S. McDonald et al. PRC 95, 064913 (2017)

Shear Viscosity(η) Bulk Viscosity(ζ)

(η/s)(T) = (η/s)(Tc) + (η/s)slope(T − Tc)

(
T
Tc

)(η/s)curve
, (ζ/s)(T) = (ζ/s)max
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(

T−(ζ/s)Tpeak
(ζ/s)width

)2
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Bayesian Parameter Estimation

Bayesian parameter estimation
barcolor

Prior
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Extract

Measure

Bayes’ theorem:

P(H|E) = P(E|H) · P(H)

P(E)

,P(E) =
n∑

i=1

P(E|Hi)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 η/s(T) and such.

Testing a single set of parameters requires O(104)
hydro events, and evaluating eight different

parameters five times each requires
58 × 104 ≈ 109 hydro events.
That’s roughly 105 CPU years!
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Bayesian Parameter Estimation

Bayesian parameter estimation
barcolor

Duke TRENTo+VISH(2+1D)+UrQMD
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Steffen A. Bass et. al, Nature Physics (2019)
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Large uncertainty for both η/s(T) and ζ/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 vn 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)
barcolor
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1 Significantly improved
η/s(T) uncertainty

2 Non-zero ζ/s(T)

3 Higher switching
temperature Tswitch

4 Overall better
convergence for
parameter
components

1

2
3

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

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 Jyvaskyla (2022)

First Why the uncertainty was reduced?
barcolor

Duke (2019) [3] Jyväskylä (2021) [1] Jyväskylä (2022) [2]
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All reference data based
on ALICE measurements.

Red: Missing from other
group(Duke, etc)
Blue: New since our PRC.
Orange: Not used in
our studies.

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

[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)

1π±, K± and p±

2p±
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Bayesian Parameter Estimation Jyvaskyla (2022)

Second Why the uncertainty was reduced?
barcolor

Sensitivity of the observables: S[xj] = ∆/δ., where∆ = |Ô(⃗x′)−Ô(⃗x)|
|Ô(⃗x)| .
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Phys. Lett. B 835 (2022) 137485

Np±/dη is sensitive to Tswitch and ⟨pT⟩ is sensitive to τfs.
NSC(m,n) and NSC(k,l,m) are among the most sensitive observables followed by vn and χn,mk .
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⟩
barcolor
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Agreement for charged particle yield in
2.76 TeV and 5.02 TeV
10–20% difference for PID multiplicity
Qualitative agreement for ⟨pT⟩π,K
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Bayesian Parameter Estimation Jyvaskyla (2022)

vn and Symmetric Cumulants
barcolor
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Good agreement for 2.76 TeV vn,
overestimated v2 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 χ2-test

Remaining Concerns? χ2-test
barcolor

overestimated vn for 5.02 TeV by ∼ 10%
still underestimated NSC(4,2)
overestimated NSC(2,3,5)
PID multiplicity (especially π±)
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New developments Experiments

New developments on experiments
barcolor

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

Vn ≡ vn{Ψn}ein(Ψn−ϕ)

1 Symmetric cumulants
〈
v2mv2n

〉
c,
〈
v2kv2l v2m

〉
c, ”SC(m,n)” additonal information

2 Non-linear flow modes relations of flow obs, ”χn,kl” decomposition
3 Asymmetric cumulants

〈
v2·am v2·bn

〉
c, ”ACa,b(m,n)” new moments

4 Symmetric plane Corr. ⟨cos (a1n1Ψn1 + · · ·+ aknkΨnk )⟩ independent
5 Small systems vn only from 2PC Su-Jeong Ji On Thur

jets are dominant

Thanks to the higher order flow measurements! ALICE, Phys.Rev.Lett.116 (2016) 132302, JHEP05 (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, 1 and 4
barcolorPb–Pb 2.76 TeV

NSC: Phys.Rev.Lett.117(2016) 182301

NSC: Phys.Rev.C 97(2018) 024906

NSC: Phys.Rev.Lett.127(2021) 092302

New SPC: ALICE, arXiv:2302.01234, Feb.2 2023

Collision Geometry(Sytem Size)
Bubble size ∝ correlation strength : few selected observables from 2.76TeV
Varies with different harmonic orders and system size - Different sensitivites with independent information!
Pb–Pb 5.02 TeV, NL mode SC: JHEP05 (2020) 085, Phys.Lett.B818 (2021) 136354
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New developments achievements

High precision flow results and New developments- 1 Symmetric Cumulants
barcolor
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0.2 < pT < 5.0 GeV/c
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EKRT+Hydrodynamics

SC(m,n) =
〈
v2mv2n

〉
c, NSC(m,n) = SC(m,n)/

〈
v2m

〉 〈
v2n
〉

Accessing the temperature dependence of η/s(T)

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

ALICE, Phys. Rev. C 97 no. 2, (2018) 024906

SC(k, l,m) =
〈
v2kv2l v2m

〉
c

ALICE, Phys. Rev. Lett. 127 (2021) 092302

η/s(T) and accessing ζ/s(T)

Very challenging measurements
because of their required high
precisions (i.e 10−6 SC(m,n), 10−12 for
SC(k,l,m)) and difficulties in correcting
experimental biases.
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New developments Asymmetric cumulants

Asymmetric cumulants: 3 what about different moments of vn?
barcolor

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

ALI-PREL-531889

NACa,1(m,n) =
〈
v2·am v2·1n

〉
c/⟨v2m⟩a⟨v2n⟩1, NAC1,1(m,n) = NSC(m,n)

v2 v3
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New developments SPC

4 Improved Symmetry planes correlations (SPC)
barcolor

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 vm-vn correlations
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New challenges Inclusion of RHIC data

Inclusion of RHIC data
barcolor
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New challenges Inclusion of RHIC data

Inclusion of RHIC data
barcolor
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Included observables : v2 - v4, ⟨ pT ⟩ and
Nch for charged and identified particles
Fixed nuclen width w = 0.5 and now
relaxed (0.67-1.24)
small improvements for Nch and better
for vn
Posterior distributions don’t converge
still
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New challenges additional observables

vn, [pT ] correlation - shortage of TRENTo model
barcolor

ALI-PUB-499024

P. Bozek, R. Samanta, Phys. Rev. C 102, 034905
B. Schenke, C. Shen, D. Teaney, Phys. Rev. C 102, 034905
ALICE, Phys.Lett.B 834 (2022) 137393

ρ(v22, [pT ]) =
⟨δv22 δ[pT ]⟩√

⟨(δv22)2⟩⟨(δ[pT ])2⟩
(1)

■ Correlation between [pT ] and v2:
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

■ Ongoing progress:
Calculate sensitivity
Adapt it to the Bayesian Analysis
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New challenges additional observables

Moments of δvn and δpT
barcolor
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■ Characterizes the fluctuation of different order
■ |η| < 0.8 and 0.2GeV < pT < 5.0GeV

Moments of a distribution

Variance: (X − µ)2, skewness: (X − µ)3

and kurtosis: (X − µ)4
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New challenges additional observables

Prior distribution of ρ(v2n, [pT])
barcolor
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v2n, [pT] correlation

ρ(v22, [pT ]) =
⟨(v22 − ⟨v22⟩) ([pT ]− ⟨[pT ]⟩)⟩√
⟨(v22 − ⟨v22⟩)2⟩⟨([pT ]− ⟨[pT ]⟩)2⟩

Clear centrality dependence
Gains negative values - what is going on?

ALICE, Phys. Lett. B 834 (2022) 137393
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New challenges alternative IS model

Initial state models, TRENTo vs. EKRT: Ongoing
barcolorTRENTo[1]

Flexibility to produce some other models
Unable to predict (√sNN - Cent) dependence
Has six free parameters

EKRT [2]
Only two free parameters, Ksat and βsat

(
√
SNN - Cent) dependence comes

automatically from the gluon saturation and
mini-jet production
Computationally a bit heavier →much
improved via ML recently

10-1 100 101

TA TA  [fm−4 ]

1

2

3

p
sa

t [
G

eV
]

Ksat =0.50   β=0.80

LHC 5.023 TeV Pb +Pb

LHC 2.76 TeV Pb +Pb

RHIC 200 GeV Au +Au

C(a+TA TA )n −bCan

Phys. Rev. C 93, 014912
[1]. J. S. Moreland, J. E. Bernhard, and S. A. Bass, PRC 92 011901(R)
[2]. H. Niemi, K. J. Eskola, and R. Paatelainen, PRC 93 024907
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New challenges alternative IS model

EKRT PbPb 5.02 TeV results
barcolor

Particle distributions relatively well described
⟨pT⟩ a bit overestimated
Large overestimation in flow harmonics
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summary

Summary
barcolor

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 v2 (5.02 TeV) and ρ(v22, [pT ])
still lacking for NSC(4,2)
Remaining discrepancy for PID multiplicity (especially π±) ...
better understanding/constraints on initial conditions are challenged!

Improving the initial conditions with
■ EKRT, IP+Glasma
■ or nucleon size
■ better understading of proton
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summary

Thanks
barcolor

Thank you for your attention!
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summary

Tough questions to answer but we do have answers
barcolor

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

A — Additional and independent information than vn(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
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summary

Summary and Outlook
barcolor

Experiments

RHIC data (AuAu collisions) - Energy and
system size dependence
LHC pPb and pp data - System size
dependence but with improved method
A. Önnerstad

Use new observables
■ Higher order (n > 5) Symmetric cumulants
■ Improved Symmetric Plane Correlation (SPC) :

independent from flow magnitude correlations and
Asymmetric Cumulants (AC) C. Mordasini

Soft-Hard interation M. Virta

What about isobar runs in LHC?
(WCPF2022, J, Jia)

Theory

Improving the initial conditions with
■ EKRT, IP+Glasma
■ or nucleon size
■ better understading of proton

Testing hydro limit of small systems?
Role of the small system for further
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summary

The effects of nucleon width parameter
barcolor

Nucleon width should be less than 0.8
Jyväskylä 2022 estimates w > 0.8
Use Jyväskylä 2022 MAP with nucleon width
w = 0.64, PhysRevLett.129.232301
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Validation of the parametrization
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Reduction only in w guides towards correct ρ
but drifts away from experimental vns

■ |η| < 0.8 and 0.2GeV < pT < 5.0GeV
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summary

Questions to think about during this conference?
barcolor

Effect of EoS to Bayesian analysis

Uncertainties from the equation of state?

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

PoS(Confinement2018)135

Zero flow at zero multiplicity?

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

W. Zhao, C. Shen, B. Schenke, arXiv:2203.06094
28/23
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summary

Two Questions to think about during this conference?
barcolor

Effect of EoS to Bayesian analysis

Uncertainties from the equation of state?

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

PoS(Confinement2018)135

Zero flow at zero multiplicity?

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

B. Schenke et. al, PRC, 105, 014909 (2022)

IP-Glasma + KøMPøST + MUSIC + UrQMD
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summary Priori

Analysis steps and priori
barcolor
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1 Choose prior parameter range based on results from 2019

2 Run hydro TRENTo+VISH(2+1D)+UrQMD for 500
parameterizations, 3-5 million events (×100 previous).

3 Calculate observables using our experimental framework

4 Train emulator and setup/run Bayesian analysis
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summary Priori

Non-linear flow coefficients
barcolor
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Qualitative agreement in both beam
energies for all mode coupling coefficients.
See arXiv:2111.08145 for all graphs.
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