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A wealth of high precision data on both flavors from RHIC and LHC

2019 RHIC & AGS AUM Heavy Flavor Workshop ïJune 4th ïBNL ïUSA 

Bottomonium: a non-equilibrium

probe of the full QGP evolution

Charmonium: a partially equilibrated

probe, sensitive to the late stages 
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Goal: provide first principles interpretation to intricate phenomenology

Bottomonium: a non-equilibrium

probe of the full QGP evolution

Charmonium: a partially equilibrated

probe, sensitive to the late stages 

[A
L

IC
E

 c
o

lla
b

o
ra

tio
n

]
P

R
L

1
1
9
 (2

0
1
7
) 2

4
2
3
0
1



ALEXANDER ROTHKOPF - UIS

Selected theory goals
QUARKONIUM THEORY

Q

Q

2019 RHIC & AGS AUM Heavy Flavor Workshop ïJune 4th ïBNL ïUSA 



ALEXANDER ROTHKOPF - UIS

Properties of equilibrium QQ

Robust in-medium masses

from lattice NRQCD

with S.Kim, P. Petreczky: 

JHEP 1811 (2018) 088

Selected theory goals
QUARKONIUM THEORY

Q

Q

2019 RHIC & AGS AUM Heavy Flavor Workshop ïJune 4th ïBNL ïUSA 



ALEXANDER ROTHKOPF - UIS

Properties of equilibrium QQ

Robust in-medium masses

from lattice NRQCD

with S.Kim, P. Petreczky: 

JHEP 1811 (2018) 088In-medium QQ potential

Improved extraction from 

realistic lattice QCD

with P. Petreczky, J. Weber: NPA982 (2019) 735

with D. Lafferty arXiv:1906.00035

Novel parametrization of V(R) 

for use in phenomenology

Selected theory goals
QUARKONIUM THEORY

Q

Q

2019 RHIC & AGS AUM Heavy Flavor Workshop ïJune 4th ïBNL ïUSA 



ALEXANDER ROTHKOPF - UIS

Properties of equilibrium QQ

Robust in-medium masses

from lattice NRQCD

with S.Kim, P. Petreczky: 

JHEP 1811 (2018) 088In-medium QQ potential

Improved extraction from 

realistic lattice QCD

with P. Petreczky, J. Weber: NPA982 (2019) 735

with D. Lafferty arXiv:1906.00035

Novel parametrization of V(R) 

for use in phenomenology

Selected theory goals
QUARKONIUM THEORY

Beyond Schrödinger:

Open-quantum-systems

Lindblad equation

Connecting OQS to

EFT language of potential

Real-time QQ evol. in local

thermal equilibrium

with Y.Akamatsu et.al. JHEP 1807 (2018) 029

with S.Kajimoto et.al. PRD97 (2018) 014003

with T. Miura et.al. (in progress)  

Q
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Heavy quarks in lattice QCD
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Exploit                                    to treat heavy quarks non-relativistically
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Lattice QCD simulation with QQ

still too costly for bottom quarks
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Lattice QCD simulation without QQ
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Thacker, Lepage Phys.Rev. D43 (1991) 196-208systematic expansion of QCD action in 1/mQa

our implementation uses O(1/(mQa)3) and leading order Wilson coefficients

Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

QQ

QQ in NRQCD effective theory
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Heavy quarks in lattice QCD
QUARKONIUM THEORY

Exploit                                    to treat heavy quarks non-relativistically

Lattice QCD simulation without QQ

u

d s
g

HotQCDPRD85 (2012) 054503,
PRD90 (2014) 094503 

m =́161MeV
T=0: NŰ=32-64

T>0: 483x12

T= [ 140 ï407 ] MeV    mba= [ 2.759 ï1.559 ]     use adaptive step size to

T= [ 140 ï251 ] MeV    mca= [ 0.757 ï0.427 ]     stabilize NRQCD expansion

Realistic Nf=2+1 HISQ lattices for the QCD medium by HotQCD

Thacker, Lepage Phys.Rev. D43 (1991) 196-208systematic expansion of QCD action in 1/mQa

our implementation uses O(1/(mQa)3) and leading order Wilson coefficients

Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

QQ
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QUARKONIUM THEORY
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D/D thresh.

T~0

Log[D(Ű)]

Ű
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,1
/T

]

x,y,z

T>0

Lattice QCD simulations are similar to a (very) imperfect detector

Quarkonium spectral function Euclidean time correlation function

Extraction of spectra ill-posed unfolding problem: here via Bayesian inference

Access to Euclidean time diminishes as T increases - different artifacts as @ T=0
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BR prior enforces: ɟ positive definite, smoothness of ɟ, result independent of units

BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing
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A.R., C. Welzbacher

PRD98 (2018) 014009 

Application of different approaches improves understanding of regularization artifacts
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1. Nɤparameters ɟl >> NŰdatapoints

2. data Di has finite precision
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Euclidean correlation functions at

T=0 and T>0
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In-medium modification hierarchically ordered with vacuum binding energy
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raw lattice NRQCD results

Upward bend compatible with lower in-medium mass (also seen in previous studies)

Correlator ratio approximated 

from the lattice potential
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Lattice NRQCD spectral functions
bb S-wave T=0 spectra bb S-wave T>0 spectra
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Crucial step: defining correct T=0 baseline in presence of methods artifacts

Lattice NRQCD spectral functions
bb S-wave T=0 spectra bb S-wave T>0 spectra

◓in-medium 

mass shifts

For the first time consistent negative in medium mass shifts ïordered by Ebind
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The real-time interquark potential
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Exploit                                    to treat heavy quarks non-relativistically
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