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Outline

* |ntroduction

* Finite temperature lattice studies on heavy quarks
— Spectral functions from Bayesian inference
— Heavy quark momentum diffusion coefficients
— Phenomenologically motivated spectral functions

* Summary
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Heavy flavor

* Heavy flavor = charm & bottom

Q=c,b

[ Ne JIW, X r]b,Yj,/xb...] /DB, ... | g=u,d,s

« Quarkonia (QQ) and open heavy flavors (Qq, qQ) are important probes to
investigate Quark-Gluon Plasma (QGP) formed in heavy ion collisions.

— Produced in the early stage of the collisions: experiencing entire evolution of QGP

— A signal of QGP formation: color Debye screening in QGP - suppression of
quarkonium production

— Sequential suppression: different binding energy for different bound state - different
melting temperature
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What should we understand?
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Understanding suppression patterns Inputs for transport models
— dissociation temperatures - heavy quark diffusion coefficients

In-medium properties of open/hidden heavy flavors & All encoded in spectral functions
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Spectral function

Euclidian (imaginary time) mesonic correlation function

(r.9) = f dxe™ P (Jy (7, 2)T5 (0,0)) Ju(r, %) = (r, T (7, 7)
_coshw(T —1/2T)]
:/(; ol pr (W, P (w,7) Klw,7)= sinh(w /2T

Spectral function
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Ground state
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Difficulties on lattice

* Heavy quark mass m, is too heavy!

— Basically, fine and large lattices are needed to control lattice artifacts.

* Obtaining spectral functions: an ill-posted inverse problem!
— Number of correlator data points << Number of frequency bins of spectral functions
— A simple ¥? fit gives infinite number of possible spectra within statistical uncertainties.

H. Ohno

In-medium properties of heavy quarks on the lattice
EXTREME NONEQUILIBRIUM QCD 2020



Overcoming difficulties

* Heavy quark mass m, is too heavy!

— mq >> N\yp = separation of scales (especially for bottom)
— Effective field theories: Non-relativistic QCD (NRQCD), potential NRQCD (pNRQCD), ...

* Obtaining spectral functions: an ill-posted inverse problem!
— Adding prior information

— Bayesian inference: Maximum Entropy Method (MEM), Bayesian Reconstruction (BR)
Method, ...

— Phenomenologically motivated (perturbative) modeling of spectral functions
— Other approached without spectral functions
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Bayesian inference

* Bayes theorem
P[G|A]P[A]
PG
* Prior probability: prior information

P[A|G] =

P[A] o< exp(aS)

 Likelihood function: usual x? term
P[G|A] o exp (—x*/2)

e Posterior probability
P[A|G] x e F

= OF
max P|A|G] <> min F A= 0

H. Ohno

MEM: Shannon-Jaynes Entropy

s [as(a-0-aos(2))

BR: new regulator

oo fau(i-oma(3)

D: Default model = prior knowledge
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Stochastic method

» Stochastically finding a spectral image
* Formally equivalent to MEM in a certain limit
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Qualitatively consistent results
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Lattice studies on quarkonium spectral functions so far

Charmonia

— Several studies both in quenched
QCD and with dynamical quarks
— Dissociation temperatures are

still not conclusive

J/W seems to survive up to 1.5T,
P-wave states may melt just above T,

Bottomonia

NRQCD

Y(1S) seems to survive at least up to 2T

Different conclusions on melting of a P-wave state
with different methods.

It is good to crosscheck with other methods

and without NRQCD
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Recent results: bottomonium spectral functions

* FASTSUM Collaboration, 2+1 flavor NRQCD, anisotropic a_/a, = 3.5, MEM

[FASTSUM Collaboration]

Upsilon
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[FASTSUM Collaboration]
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Virtually no effect of pion mass in the Y spectral function

Survival of Y(1S) up to the highest temperature (1.9T)

In-medium properties of heavy quarks on the lattice

10



Recent results: open/hidden charm meson spectral functions

* FASTSUM Generation2 ensemble, 2+1 flavor Clover Wilson, anisotropic a_/a.
= 3.5, m, =390 MeV, BR method‘
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T

>-63(4) GeV' and reconstructed correlators are consistent with each other up to 1.9T..
185 MeV . : :
- An effect of the limited number of temporal points available
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Recent results: open/hidden charm meson spectral functions

* FASTSUM Generation2 ensemble, 2+1 flavor Clover Wilson, anisotropic a_/a.
= 3.5, m, =390 MeV, BR method
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Recent results: open/hidden charm meson spectral functions

* FASTSUM Generation2 ensemble, 2+1 flavor Clover Wilson, anisotropic a_/a.
= 3.5, m, =390 MeV, BR method
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Heavy quark momentum diffusion coefficient

* Quenched QCD, Clover Wilson, continuum extrapolated
* Heavy quark effective theory - color electric correlator

. B <ReTr [U(ﬁ;r)gEi(nO)U(T'0>QE‘(0 ‘”D

GE (T) = —— g 6 =
3 <Re Tr [U(5; 0)]
- [e~dw ,  cosh [u)(é — 7] ﬁ h L
Ge(®) Jo ?{)E(”)) smh[”’ﬁ}

 Heavy quark momentum diffusion coefficient

. 2Tpe(w)
Kk = lim

w—() )
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S. Caron-Huot, M. Laine and G.D. Moore, JHEP 04 (2009) 053
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Heavy quark momentum diffusion coefficient

* Modeling the spectral function

A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus

— IR part (w<T) and HO, PRD 92 (2015) no.11, 116003
.. 2T pg(w) KW
= OI}E}] " my | Prp(w) = oT

— UV part (w> 1)
: computed from perturbation theory, two different ansatzes

{ o (w) M

: two different interpolations, three different models

— Interpolations

o e | | ——)
pw) = [1+ Y el @)] [oml) 60| A @) = 1Y e )] [bu@)] + (R0
n=1 n=1

J
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Heavy quark momentum diffusion coefficient

1.5T,

Correlator in the cont. limit
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Perturbatively constrained
model spectral functions
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A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus
and HO, PRD 92 (2015) no.11, 116003

Heavy quark momentum diffusion coeff.

T~15T
C

¢ strategy (1)
O strategy (ii)

5
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Heavy quark momentum diffusion coefficient

* Perturbative estimate * Strong coupling limit
2nDT = 71.2in LO 2nDT = 1
Moore and Teaney, PRD 71 (2005) 064904 Kovtun, Son and Starinets, JHEP 0310 (2004) 064

2nDT = 8.4 in NLO
Caron-Hout and Moore, PRL 100 (2008) 052301

p{w}e‘(wT] 146 To —_— 4 T T T T T T T
Vi 2rTD
220T, —— 35t .
' H.-T. Ding et al., PRD 86 (2012) 014509
2937, _
3r _

* 1 2
” | D % > 2nTD=3.7—7.0

L A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus
and HO, PRD 92 (2015) no.11, 116003
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Heavy quark momentum diffusion coefficient: update

* Improvement with gradient flow

Perturbatively constrained
model spectral functions

1.5T

C

Correlator in the cont. limit

(;‘('ci)nt (T)
55| G ()
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2.0F ++ Gradient flow method
Multi-level method
Tz
1 5 _ 1 | _ | | |
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L. Altenkort, A. M. Eller, O. Kaczmarek, L. Mazur, G. D. Moore, H.-T. Shu,
arXiv:2009.13553 [hep-lat]
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, pseudo-scalar

ppert(w) _ pvaC(w) Q(W o wmatch) i3 Amatch pNRQCD(w) Q(Mmatch o w) Cb(w)
N—— " =

Vacuum asymptotics pPNRQCD Suppression

* High energy p¥3¢: Vacuum asymptotics
* Threshold region pNRQP: pNRQCD

* Suppressed at low energy

H. Ohno
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, pseudo-scalar

ppert(w) _ pvaC(w) 9(&) o wmatch) i3 Amatch pNRQCD(w) Q(Wmatch o w) Cb(w)
N—— " =

~
Vacuum asymptotics pNRQCD Suppression
Charm, Ps M ~1.5GeV, T~ 11T, M ~1.5GeV, T~ 13T,
5 T T T T T T T T T 5 T T T T T T T T T mod ert
------- perturbative -—.—. perturbative p (UJ) — App (w — B)
I model | I model |
all @ lattice p 4l ¢ lattice ]

, | * Perturbative spectral function
E., e describes lattice data perfectly.

H. Ohno
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, pseudo-scalar

ppert(w) _ pvaC(w) 9(&) o wmatch) i3 Amatch pNRQCD(w) Q(Wmatch o w) Cb(w)

Vacuum asymptotics pNRQCD Suppression
Charm, Ps M ~1.5GeV, T~ 15T, M ~1.5GeV,T~225T,
perturbative | | --—— perturbative | | med (UJ) — Appert (w — B)
I model i I model i
4 lattice | gl ¥ lattice |
* Perturbative spectral function
Eoll 1 el describes lattice data perfectly.
2~ ”,—: B |= n
1- ‘_4"’" ]
/ [ \ \

T
H. Ohno

In-medium properties of heavy quarks on the lattice 21
EXTREME NONEQUILIBRIUM QCD 2020



Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, pseudo-scalar

ppert(w) _ pvaC(w) 9(&) o wmatch) i3 Amatch pNRQCD(w) Q(Wmatch o w) Cb(w)
N — ~ ~ S

Vacuum asymptotics pNRQCD Suppression

Charm, Ps m(f,,,) = 1 GeV

0.15

)

50.10

o m(u

& 0.05F

0.00 =%

/T

H. Ohno
EXTREME NONEQUILIBRIUM QCD 2020

Bottom, Ps  wx_)=5Gev

=TT p™w) = AP — B)

0.15H T/T, ~ LI : 7

* Perturbative spectral function

)

50.10

k= describes lattice data perfectly.
2 * No resonance peak needed for
& 0.05

charm.
* Aresonance peak may be well

In-medium properties of heavy quarks on the lattice

—— present for bottom at T < 1.5 Tc.
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, vector

1.2 4

pu(w) . Appert(w o B) L1 ptrans(w)

4 GH(rT) /Gy, o (+T)

Charmonium 1.17.
¢ Lattice Data

G (7T)/Grea(7T)

Charmonium 1.37.
 Lattice Data

Charmonium 1.57
$ Lattice Data

Fit with constant .

— Without constant 3 -

Charmonium 2.257,

$ Lattice Data ‘:“
Fit with constant b

— Without constanrg

Fit with constant 1.8 4 Fit with constant
— Without constant __4" — Without constant J
d 1.6
1.4
T T3
T T T T T T T T T T T T T
0.20 0.25 (.30 0.35 0.40 .45 (.50 0.20 0.25 0.30 0.35 (.40 0.45 0.50
G(TT)/GYree(7T) G (7T)/G¥ree(TT)
- %
1 1.8 4 =
¢ b %‘

T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45
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T
0.50

T T T T
0.25 0.30 0.35 0.40

T
0.45

T
0.50

Charm, V

* Fit parameters: A, B, pt@ns
e ptrans: constant

* Perturbative spectral function
describes lattice data perfectly.

In-medium properties of heavy quarks on the lattice
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, vector

pu(w) : Appert(w o B) L ptrans(w)

.~ | Bottom,V

* Fit parameters: A, B, pt@ns
e ptrans: constant

; ¢| ¢ Perturbative spectral function
describes lattice data perfectly.

GH(7T)[Gree(7T) 0§ | 557 C'(T)/Clree(rT) 3
g ¥
6 5.0
Bottomonium 1.17.. 4.5 Bottomonium 1.37..
] ¢ Lattice Data & Lattice Data
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3 A
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, vector

pu(w) s Appert(w _ B) LS ptrans(w)

0.6
ﬂ(f)

054 ¥ T ————
0.4 - Charmonium

Charm, V PR
0.3+ — 13T
0.9 - 1550

—2.25T,
0.1 w
.T:n

0.0 T T

0 B

15 20

0.8

0.6 1
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0.0

Bottom, V

Rnttnmnnilnn

—1.17%

—1.37,
1.57,

—2.25T,

W

T.

20

25

T
30

35

40 45

* Perturbative spectral function describes lattice data perfectly.

* No resonance peak needed for charm.

50

* Aresonance peak may be well present for bottom at T < 1.5 Tc.
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* Fit parameters: A, B, ptrens
e plrns: constant
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Fit to a perturbative spectral function

 Quenched QCD, Clover Wilson, continuum extrapolated, vector

p”(w) e Appert(w . B) S ptranS(w)
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Ptmns (w) = 6Dxq

1

w? 4 3, cosh (527)

27T

A, Bfixed

e 217D varied from1to9

Possible lower bound at 2n7TD = 2?

In-medium properties of heavy quarks on the lattice
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Summary

* Heavy quarks are important probes to investigate quark-gluon-plasma

e Spectral functions contain all information about in-medium properties of
heavy quarks

* There are some difficulties to study the spectral functions on the lattice

* A couple of approaches to overcome the difficulties and study the spectral
functions

* Further studies are needed for better understanding of in-medium
properties of heavy quarks

H. Ohno
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