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Nuclear matter under extireme conditions

lEar’y Universe The Phases of QCD proton-proton collisions [“reference” datal]
£ LHC Experiments

’ RHIC Experiments . —» .

a
=
o
(]
Q
5
-

proton-nucleus collisions [“control” experiment]
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Critical Point nucleus-nucleus collisions: create & characterize the QGP
Hadron Gas Col9r
Superconductor . . '
Nuclear — » ".
Matter Neutron Stars .‘ -
900 MeV .
Baryon Chemical Potential
arXiv:1501.06477 Ex: lead-lead collisions = heavy-ion collisions
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Ultra-relativistic heavy-ion collisions

Currently best understood via multi-stage hybrid hydrodynamic simulations

Observed particles

Final state dynamics [transport equations — UrQMD, SMASH]
“Particlization” [out-of-equilibrium corrections]

Hydrodynamical evolution [8;LTW — 0 + transport coefficients + EOS]

Pre-equilibrium phase [free-streaming, effective kinetic theory]

Initial conditions [MC-Glauber, MC-KLN, IP-Glasma, TRENTOo, ...]

Simulations fail to explain anisotropic flow data @ ultra-central collisions since ~ 2012 - 2013
CMS PAS HIN-12-011, Luzum, Ollitrault, NPA 904-905 377c (2013); S. Chatrchyan et al. [CMS], JHEP 02, 088 (2014); M. Aaboud et al. [ATLAS], JHEP 01, 051 (2020)
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Anisotfropic flow @ non-cenftral & ultra-central regimes

Initial state eccentricities + collision geometry

Pressure is largest in the direction of shortest axis

Spatial anisotropies - momentum anisotropies
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Anisotfropic flow @ non-cenftral & ultra-central regimes

[0-1% of the total cross-section]

Nearly vanishing impact parameter

Initial state eccentricities + collision geometry Collision geometry is fixed
(on avg. spherically symmetric for non-deformed nuclei)

Pressure is largest in the direction of shortest axis

Spatial anisotropies - momentum anisotropies
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Anisotfropic flow @ non-cenftral & ultra-central regimes

Initial state eccentricities + collision geometry

Pressure is largest in the direction of shortest axis
Spatial anisotropies - momentum anisotropies
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[0-1% of the total cross-section]

spectators
(target)

/

spectators
(proj.)

Nearly vanishing impact parameter

Collision geometry is fixed

(on avg. spherically symmetric for non-deformed nuclei)
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Anisotfropic flow @ non-cenftral & ultra-central regimes

Initial state eccentricities + collision geometry

Pressure is largest in the direction of shortest axis

Spatial anisotropies - momentum anisotropies
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[0-1% of the total cross-section]

spectators
(target)
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participants

spectators
(proj.)

Nearly vanishing impact parameter

Collision geometry is fixed
(on avg. spherically symmetric for non-deformed nuclei)

Dominated by initial state eccentricities

Spatial anisotropies = momentum anisotropies
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Characterizing the anisotropic flow

Poskanzer, Voloshin, PRC58, 1671-1678 (1998)

Bilandzic, Snellings, Voloshin, PRC83, 044913 (2011)
+ many others

>N 1 d?’N
E— — 1+ § 20, — W
d3p 27 pTdey< o U cos(n(¢ RP))>

Cb : azimuthal angle of produced particle

ALICE Pb-Pb hydrodynamics
0.15— 5.02Tev 2.76 TeV 5.02 TeV
B2, [An]> 1) Ovy(2,|An|>1) == V(2,|An]>1)
“ . T . . va(2, > 0 Va(2,|An| > = vz(2,|An| > 1
W Rrp : “reaction plane” angle; angle between beam direction el b Rk
and the impact parameter vector [not exp. accessiblel] oon wgg; = Vy(4)
. v
g +
>¢
Move to multi-particle correlations 0.05
vy = (cosn(¢p — Ygrp)]) — v, = (cosin(p1 — ¢2)]) o =P
R T A
0.00 — T

| | I |
0O 10 20 30 40 50 60 70 80
centrality percentile

Un = Up, (pT, An) . integrate over pf, get centrality dependence

https://cerncourier.com/a/anisotropic-flow-in-run-2/
ALICE, PRL 116, no.13, 132302 (2016)
S
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Description of ultra-central flow data: a 10-year old puzz
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Shen, Qiu, Heinz, PRC92, no.1, 014901 (2015)

Carzon,Rao,Luzum,Sievert,Noronha-Hostler,PRC 102, no.5, 054905 (2020)
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arXiv:1406.7792 [nucl-th]

Overall feature of simulations:

— overproduction of elliptic flow

— underproduction of triangular flow

— both
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Description of ultra-central flow do’ro c| 10-yec|r old puzz
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New constraints from Bayesian analysis available since then

Goal: determine whether modern Bayesian-tuned models
have the same pathology as previous models for ultra-
central collisions
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Systematic parameter estimation: “Bayesian era”

Systematic data-to-model statistical analysis as tool for constraining potentially large parameter space of
hybrid hydrodynamic simulations
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: I \ |
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shear viscosity yields vs. centrality & beam 0.1 Y _ _
initial state elliptic flow ” I \ Ex: bulk viscosity
pre-equilibrium dynamics > HBT D L ‘-,\ from different _
thermalization time » charge correlations & BFs - \ Bayesian analysis -
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L ’ —.‘- '\"\
'l \.‘ -~ =
Statistical Analysis e =r=el
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Adapted from: Shen, Yan, Nucl. Sci. Tech. 31, no.12, 122
T [GeV]

All data considered come from typical centralities

[0 - 5% centrality bin is the narrower bin included]
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Selected Bayesian analysis & non-ulira-central data
Duke:
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Bayesian analysis meets ultra-central anisotropic flow data

[0-1% of the total cross-section]
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Bayesian analysis meets ultra-central anisotropic flow data

[0-1% of the total cross-section]
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All Bayesian constrained models tested fail in
the same way even after including the full
posterior predictive distribution [Trajectum 2]

[Assumed uncorrelated errors for CMS points]
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Bayesian analysis meets ultra-central anisotropic flow data

[0-1% of the total cross-section]
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Bayesian analysis meets ultra-central anisotropic flow data

[0-1% of the total cross-section]
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fhe same way even afterincluding the full centrality dependence (still, wrong magnitude
posterior predictive distribution [Trajectum 2] for Trajectum 1 and JETSCAPE Grad)
[Assumed uncorrelated errors for CMS points] )
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Conclusions
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Effect of centrality selection: Total initial energy vs N_
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Other comparisons to anisotropic flow @ 5.02 TeV
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Other comparisons to anisotropic flow @ 5.02 TeV
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Shear and bulk viscosities from Bayesian analysis
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