QGP transport paramaters
What we have learnt from Bayesian analyses?

Anthony Timmins

» Introduction

» QGP Viscosity

» Charm diffusion

» Jet transport parameter
» Summary




Inspired by Chun Shen's illustrations

“Standard model” of heavy-ion physics

Initial Stages QGP formation

Time:
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» QGP a system subject to local excitations a0 ",
v Excitations drive system out of equilibrium i : =001 i 5 =02
v Time scale for system to return to equilibrium is ) )

relaxation time

» Local excitations possible:

v Hot spots from lumpy initial state
v Heavy quarks E

06 @ T=5.2fm/c
v Jets

» Hydrodynamic flow occurs when relaxation time < system lifetime
v Mean free path is smaller than excitation gradients
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Microscopic properties

» Fluid shear and bulk excr

vn/s and (/s < shea

v /s & mean free pat

v Inhibit anisotropic a

arXiv:1501.06197

ations: QGP
/bulk relaxation times (hydro)
h (kinetic theory) 148 /
nd radial flow Re %
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» Heavy quarks produced very early — out of equilibrium with QGP
v Spatial diffusion coefficient Ds & heavy quark relaxation time
v Small Ds = more heavy quark flow

» Jet transport parameter ¢
v Average transverse momentum exchanged with medium per mean free path
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Microscopic properties - how are they related?

Ratio
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Annu. Rev. Nucl. Part. Sci. 69 (2019) 417-445

2.0
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T~ |

1.5; / ] =1 T3 for weak coupling,
? ? s | > g for strong coupling.

10} m-— ______________

Weak
05 Ds (2 rtT) Strong B
E n/s (4 mt) ----- Perturbative E
- AJS/CET E Phys. Rev. Lett. 99 (2007) 192301
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Both n/s and (2xT)

Ds saturate at 1/4x & 1 when system becomes infinitely coupled

» g/T3 continues to increase i.e. no upper bound
v Greater than 1.25/(n/s) in strong coupling regime
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Reverend Thomas Bayes

P(A|B) =

» English statistician, philosopher and Presbyterian minister, born 1702
» Published only twice: one theological paper & one mathematical paper

2 Famous theorem never published
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Bayesian analyses in heavy-ion collisions

Posterior probability of
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given Data

» Main goal: obtain full probability distributions of QGP parameters

» Gaussian Process

)
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P(T|D) < P(D|T) x P(T)

lators

v Used to efficiently ex

» First application to heavy-ion collisions from Scott et al: P
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QGP viscosities

4

» Explored by running fu
nitial state + pre-equi
nydro + participation + hadronic afterburner

nydrodynamic chain
[ibiIrum + VISCOUS

» Bayesian determination of n/s(T) and {/s(T)

gone through several iterations

v
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vJ
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QGP viscosities

Trajectum: PRL 126 (2021) 202301

centrality [%]

| 1/4 77T
0.15 0.20 0.25 0.30 0.35
T [GeV]

1000 = PbPb, \/sny =276 TeV — 7T -

» Posterior distributions (90% C.L) clearly narrower
than prior distributions
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QGP viscosities - putting it all together
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» Ditferences in posteriors due to”?

v Different prior ranges/
assumptions

v Different datasets

» Common challegene
v Lack of knowledge of pre-equil.
drives »/s(T) and {/s(T)
uncertainties

Posterior bands (90 C.L.) @ single
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Charm diffusion coefficient Ds
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» Typically obtained from

» Transport models solve

ALICE: arXiv:2110.09420
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D-meson R, 4 and v, measurements at low pr

Boltzmann/Langevin equations - ask Jorge/Elena for more details!
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Charm diffusion coefficient Ds

» Two Bayesian analyses (RHIC & LHC data) 20
- - - (D27T)PRCP

—— median value

» Duke+Nantes+WsU: PRC 97 (2018) 014907 —— 15

prior

| | 4 \ s 90% C.R
Dt P) = 1 gy (P27 5 10 T=0.154 GeV
(7217)2 T \PQCD >
1+ (22 D2 T) ~

» Duke: PRC 98 (2018) 064901
v Included both open charm and bottom mesons
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Charm diffusion coefficient Ds

Annu. Rev. Nucl. Part. Sci. 69 (2019) 417-445

PRC 98 (2018) 064901
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» Posterior ranges overlap with single charm Ds parameterizations used in other models

14 ' Ranges largest at highest temperatures
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Jet transport paramater g

NLO SYM

PRC 90 (2014) 014909
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» Previous analyses extracted g for heavy quarks /

» First light quark/gluon ¢ determined by JET collaboration using charged hadron Raa
15 v Least-squares minimization
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Jet transport paramater ¢
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PRC 104 (2021) 024905

- AuAu 200 GeV Design
" Data from PHENIX

- PbPb 2.76 TeV Design
Data from ATLAS

Data from CMS

- PbPb 5.02 TeV Design

» Weak coupling pQC

D based MATT

v Two different g paramaterizations
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- , _ _ JETSCRAPE -
— *0-10% Centrality T % 0-5% Centrality 1T % 0-10% Centrality
- B 40-50% Centrality B8 30-40% Centrality BB 30-50% Centrality
:_-I%t +'—P — - Jr— =
=11
:..l...I...I...I..... i
8770772 74 1618 10 20 80 40 50 60 70 80 10 20 80 40 50 60 70 80 60
o (GeV/c) o (GeV/c) o (GeV/c)
» JETSCAPE attempted first extraction over all temperatures using Bayesian analyses
v Charged hadron Raaonly 3 energies
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Jet transport paramater ¢
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Summary and personal thoughts...

» Bayesian analyses have demonstrated:

v Possible to construct extensive probability maps for key QGP transport parameters

v Light sector is strongly coupled on energy scale of QGP temperature via viscosity
determinations

v Low momentum charm quarks strongly couple with QGP

» What needs to be done”?

v Consensus on how priors determined

v Pre-equilibrium in hydro chains needs further constraints from data

v Better understanding why Ds posterior probabillities diverge a larger temperatures
v Additional observables included for g extractions

18
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Backup - JETSCAPE
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FIG. 1. The 90% credible intervals for the prior (gray), the
posteriors of the Grad (blue), Chapman-Enskog (red), and Pratt-
Torrieri-Bernhard (green) models, and their Bayesian model
average (orange) for the specific bulk (left) and shear (right)
viscosities of QGP.

Phys. Rev. Lett. 126 (2021) 242301
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Backup - JETSCAPE

viscosities of QCD. Nevertheless we do believe that the pre-
hydrodynamic stage presents one of the major remaining
sources of uncertainty in constraining the viscosities of QCD
from heavy ion measurements; it will be important to explore
different pre-hydrodynamic models in the future.?’

Phys. Rev. Lett. 126 (2021) 242301
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Backup - Jyvaskyla
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_ _ Increasing precision
Important experimental and theoretical developments of key observable
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Backup - CUJET 3 vs. 2
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