COMPLEX HEAVY QUARK POTENTIAL

FROM LATTICE QCD
WHERE DO WE STAND?

Alexander Rothkopf

Department of Physics
Korea University
South Korea

References
with J. Skullerud & R. Horohan D’Arcy (FASTSUM) in progress
with HotQCD: PRD 109 (2024) 7, 074504, PRD 105 (2022) 5, 054513
with R. Larsen & G. Parkar: PRD 110 (2024) 11, 114501
see also: D. Leinweber et.al. PRD 111 (2025) 3, 034508

BUENAS IDEAS ON THE QCD PHASE DIAGRAM — MAY 29TH 2026 — YUKAWA INSTITUTE, KYOTO UNIVERSITY — KYOTO, JAPAN



WE ARE THE NEXXT

® Motivation: Exploration of phases of QCD

® The complex heavy quark potential from (lattice) QCD

® From past to recent results from lattice QCD

| Summary
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unknown

see e.g. Hatsuda & Fukushima RPP 74 (2011) 014001

Me
chiral symmetry restoration & deconfinement as key indicatiors of phase change
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Lattice QCD - a first principle tool

¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics
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Lattice QCD - a first principle tool

¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics

=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
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Lattice QCD - a first principle tool

¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics

=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]

® Dynamical fermions w(x) with realistic masses
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Lattice QCD - a first principle tool i
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¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics
=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
® Dynamical fermions y(x) with realistic masses

5 Finite extend in imaginary time: 1/T=(3 =N, a,
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Lattice QCD - a first principle tool i
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¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics
=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
® Dynamical fermions y(x) with realistic masses
5 Finite extend in imaginary time: 1/T=(3 =N, a,

(O(U)) = JDU O(U) e~ Se° U
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Lattice QCD - a first principle tool i
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¥ Non-perturbative 1st principles approach to Quantum Chromo Dynamics
=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
® Dynamical fermions y(x) with realistic masses
5 Finite extend in imaginary time: 1/T=(3 =N, a,

N —
() & Jim D O(U")  P[U] x e Selthw,]
k=1
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Lattice QCD - a first principle tool i
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®| Non-perturbative 1st principles approach to Quantum Chromo Dynamics
=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
5 Dynamical fermions y(x) with realistic masses
5 Finite extend in imaginary time: 1/T=(3 =N, a,

(0) = Jim 3 O(UY)  PlUJ oc g Selth?)

® Successful at T>0: QCD medium properties at pg=0

5, Chiral crossover temperature: 156.5x1.5 MeV

stout HISQ
(e-3p)/T4 W W=
. p/T4 B =
nt. [im gaTt W wm
No/N,=4 Nf=2+1 M, =15 QM

130 170 210 250 290 330 370
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Lattice QCD - a first principle tool i
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®| Non-perturbative 1st principles approach to Quantum Chromo Dynamics
=/ Gauge fields as links: U, (x)=exp[ i g Ax, Ay(X) ]
5 Dynamical fermions y(x) with realistic masses
5 Finite extend in imaginary time: 1/T=(3 =N, a,

(0) = Jim 3 O(UY)  PlUJ oc g Selth?)

® Successful at T>0: QCD medium properties at pg=0

5, Chiral crossover temperature: 156.5x1.5 MeV

stout HISQ
(e-3p)/T4 W W=
. p/T4 W
nt. [im gaTt W wm
No/N,=4 Nf=2+1 M, =15 QM

130 170 210 250 290 330 370

#| Equation of state as input for hydro-dynamics
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Quarkonium as probe of phase structure .
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Quarkonium as probe of phase structure ¥
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Goal: understand crossover transition in more detail — fate of confinement & active d.o.f.
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Quarkonium as probe of phase structure

]
static / thermodynamic

T>156MeV

Goal: understand crossover transition in more detail — fate of confinement & active d.o.f.
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Quarkonium as probe of phase structure
static / thermodynamic
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Goal: understand crossover transition in more detail — fate of confinement & active d.o.f.
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Quarkonlum as probe of phase structure

]
static / thermodynamic

Fs)IGev]
0 “Screening” here shows
that pairs become >

decorrelated but no _#275" "
linfo on mechanism#*
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Goal: understand crossover transition in more detail — fate of confinement & active d.o.f.
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Quarkonium as probe of phase structure
static / thermodynamic dynamic / real-time
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described by complex potential

Goal: understand crossover transition in more detail — fate of confinement & active d.o.f.
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binding force acts efficiently among Q and Q medium impedes gluons mediating force

increasing temperature
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color rotation acts coherently on Q and Q

color rotation acts individually on Q and Q

see discussion in S. Kajimoto, Y.Akamatsu, M. Asakawa, A.R., PRD97 (2018), 014003

Binding force related to
real-part of static potential
(de-confinement)

Color decoherence related
to imaginary part
(active color d.o.f.s)




WE ARE THE NEXXT

® The complex heavy quark potential from (lattice) QCD
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field theory

to treat heavy quarks non-relativistically
see Brambilla et. al. Rev.Mod.Phys. 77 (2005) 142
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CD T N
" Exploit —2 <1, — <1, P <1 totreat heavy quarks non-relativistically
maq mq maqQ see Brambilla et. al. Rev.Mod.Phys. 77 (2005) 142
< E ~ mgqg
=5 QcD
72 Dirac fields
2o
3 Q(x). 4
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Defining the potential from QCD

., \acp T P o
H| Exploit <1, — <1, — <1 totreat heavy quarks non-relativistically
Q maqQ maqQ see Brambilla et. al. Rev.Mod.Phys. 77 (2005) 142
E ~ mq E ~ mgv
QCD NRQCD
Dirac fields Pauli fields

QAx),0(x) ¥.¥hxx

Relativistic T>0
field theory
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Defining the potential from QCD -

AN T L
u| Exploit 2 1, — <1, P <1 to treat heavy quarks non-relativisticall
y y
mqQ mqQ mQ
? ENmQ ENva ENva2
s QcD NRQCD pNRQCD
72 Dirac fields Pauli fields Color singlet and octet wavefunctions
2o _
ke QAx),0(x) ¥.¥hxx Vs (R, 1), Po(R,t)
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Defining the potential from QCD i

H| Exploit

Relativistic T>0
field theory

ALEXANDER ROTHKOPF - KU

0.0 Wyt xxt  10abs = (VEP(R) + O(mg') s
(x), Q(x)
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Defining the potential from QCD

EVAYe & T p L
u| Exploit <1, — <1, — <1 totreat heavy quarks non-relativistically
mqQ mqQ mqQ
ENmQ ENva ENva2
N QcD NRQCD PNRQCD
% Dirac fields Pauli fields Color singlet and octet wavefunctions
o

Q). Q) wdloxx!  abs = (VAR + O(mg!) s

%

Relativistic T>0
field theory
o 0@

®| Matching through the QCD Wilson loop R
. 10Wn(R,t) ‘
VRCD (R) = lim 7D —
(R) tLrEo Wna(R, t) Q ®Q s
X,y,Z
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Defining the potential from QCD

.. Aacp T p L
u| Exploit <1, — <1, — <1 totreat heavy quarks non-relativistically
maq mqQ mqQ
ENmQ ENva ENva2
oo Qco NRQCD PNRQCD
% { Dirac fields Pauli fields Color singlet and octet wavefunctions

& o

%

e

Relativistic T>0
field theory

Q). Q) wdloxx!  abs = (VAR + O(mg!) s

®| Matching through the QCD Wilson loop 1 R
1 Wo(R 1) ‘
VQCD(R) = ] 10¢ Y ec _
R)=lm =R Q 0Q

X,y,Z

W| HTL perturbation theory predicts: Debye screened Re[V], Im[V] increases with T
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H| Spectral functions as bridge between the Euclidean and real-time Wilson loop
see A.R., T.Hatsuda & S.Sasaki , PRL 108 (2012) 162001, Y.Burnier, A.R. Phys.Rev. D86 (2012) 051503
oo

dwe @t o (R, w)  dummp WD(R,T)ZJ dw e % ooy (R, w)

— o0

Extracting the potential from the lattice

oo

Wa(R, 1 =j

— 00
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Extracting the potential from the lattice i
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H| Spectral functions as bridge between the Euclidean and real-time Wilson loop

(0. @)

dwe o (R, w)  dummp WD(R,«-)ZJ dw e ooy (R, w)

— o0

oo

Wa(R, 1 =J

— 00

Spectral Decomposition

oo — it
QCD . T dwwe 't pn(R, w)
\% (R) = lim =2 .
tooo [T dwe it pn(R, w)
A.R., T.Hatsuda & S.Sasaki PoS LAT2009 (2009) 162
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Extracting the potential from the lattice &

Wa(R, 1 =J

ALEXANDER ROTHKOPF - KU
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(0. @)

dw e o (R, ) e WD(R,T)ZJ

— o0

dwe “" po(R,w)

Spectral Decomposition
VRCD (R) = i Joge SO0 € POR @)

oo [T, dwe Tt pn(R, w)

A.R., T.Hatsuda & S.Sasaki PoS LAT2009 (2009) 162
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H| Spectral functions as bridge between the Euclidean and real-time Wilson loop
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H| Lattice QCD simulations are similar to a (very) imperfect detector

Dynamical properties from lattice QCD

WE ARE THE NEXXT
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p(w)
) T~0
Jy g
D/D thresh.
f .

Quarkonium spectral function
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Dynamical properties from lattice QCD -

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

p(w) Log[D(1)]
4 T~0
Jy g
D/D thresh.
F D(t) = JOZM dwe "p(w)
- Q
p >

Quarkonium spectral function Euclidean time correlation function
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Dynamical properties from lattice QCD -

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

p(w) Log[D(1)]
4 T~0
Jy g
D/D thresh.
F D(t) = JOZM dwe "p(w)
- Q
p >

Quarkonium spectral function Euclidean time correlation function
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Dynamical properties from lattice QCD -

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

p(w) Log[D(1)]
4 T~0
Jy g
D/D thresh. ’
( >0

. Y >
T

Quarkonium spectral function Euclidean time correlation function
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Dynamical properties from lattice QCD -

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

p(w) Log[D(1)]
) T~0
Jy g
D/D thresh. ’
{ D(t) = JOO dwe "p(w)
T>0 —2Mgq

. w . >

> inverse problem T
Quarkonium spectral function Euclidean time correlation function

m| Extraction of spectra ill-posed unfolding problem
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u] Lattice QCD simulations are similar to a (very) imperfect detector

p(w) Log[D(T)]
4 T~0
Jy g
D/D thresh. |
( D(T) = JOO dwe "“p(w)
T>0 —2Mgq

. w . >

> inverse problem T
Quarkonium spectral function Euclidean time correlation function

m| Extraction of spectra ill-posed unfolding problem

®| Current state-of-the-art via statistical inference and machine learning
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A battery of reconstruction approaches o

KKKKKKKKKKK

¥ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Plp|D, I} o P[D|p, I)Plp|1]

for a review: A.R. Front.Phys. 10 (2022) 1028995
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A battery of reconstruction approaches o

KKKKKKKKKKK

¥ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Plp|D, I} o P[D|p, I)Plp|1]

P[D|p, I} oc ™" |
Plp|I] o ” |

for a review: A.R. Front.Phys. 10 (2022) 1028995
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A battery of reconstruction approaches

¥ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Plp|D, 1)  P[DIp, 1}P[p|1]

Explicit regulator based on

prior information (positivity)
Maximum Entropy Method (MEM) P[D‘p I] X €_X2

R. Bryan, Eur. Bio. Phys. J. 18 (1990)
Bayesian Reconstruction (BR)

Y. Burnier, AR., PRL 111 (2013) 182003 P[pll] X 65

for a review: A.R. Front.Phys. 10 (2022) 1028995
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

A battery of reconstruction approaches

¥ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Plp|D, 1)  P[DIp, 1}P[p|1]

Explicit regulator based on

prior information (positivity)
Maximum Entropy Method (MEM) P[D‘p I] X €_X2

R. Bryan, Eur. Bio. Phys. J. 18 (1990)
Bayesian Reconstruction (BR)

Y. Burnier, AR., PRL 111 (2013) 182003 P[pll] X 65

)
,0 p:pBayes

for a review: A.R. Front.Phys. 10 (2022) 1028995
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

A battery of reconstruction approaches

¥ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

o1 PIDIp P

Explicit regulator based on Regularize fit by limited
prior information (positivity) , choice of basis functions
yﬁﬂTg‘T BiEo'..II'E:?sPJy. Mgst;?o())d (MEM) P [D ‘ P, I ] X e_X ‘ E.?f ::l:ls Pgllgﬁ:cgzg)(zou) 004
Bayesian Reconstruction (BR) P[ |[] IS Gaussian Processes (GP)
Y. Burnier, A.R., PRL 111 (2013) 182003 see e.g. Horak et.al. PRD 105 (2022) 3, 036014
p|lI|l oxe
)
,0 p:pBayes

for a review: A.R. Front.Phys. 10 (2022) 1028995
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A battery of reconstruction approaches

¥/ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Bayesian Inference

Explicit regulator based on

prior information (positivity)
Maximum Entropy Method (MEM)

R. Bryan, Eur. Bio. Phys. J. 18 (1990)

Bayesian Reconstruction (BR)
Y. Burnier, A.R., PRL 111 (2013) 182003

ALEXANDER ROTHKOPF - KU

Plp|D,I] o< P[Dl|p,I|P[p|I]

P[D|p,I] oxc e X"
Plp|I] o e

0
,0 p:pBayes

for a review: A.R. Front.Phys. 10 (2022) 1028995

Linear Methods

Regularize fit by limited
choice of basis functions
Backus Gilbert (BG)

Lupo et.al. PoS LATTICE2023 (2024) 004

Gaussian Processes (GP)
see e.g. Horak et.al. PRD 105 (2022) 3, 036014

Neural Networks

Limited basis functions via
NN geometry & regularization

in training cost functional
Application to PDFs & spectra

see e.g. Karpie et.al., JHEP 04 (2019) 057, L. Kades et.al. PRD
102 (2020) 9, 096001, L. Wang et.al PRD 106 (2022) 5, L051502
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A battery of reconstruction approaches

WE ARE THE NEXXT

uuuuuuuuuuuuu

¥/ Most reconstruction methods can be cast in the language of Bayesian Inference:
amend ill-posed inverse problem with prior knowledge to select unique answer

Bayesian Inference

Explicit regulator based on

prior information (positivity)
Maximum Entropy Method (MEM)

R. Bryan, Eur. Bio. Phys. J. 18 (1990)

Bayesian Reconstruction (BR)
Y. Burnier, A.R., PRL 111 (2013) 182003

Pade / Prony

Rational approx. of Euclidean

correlator, explicit continuation
Direct Pade

see e.g. R.A. Tripolt et.al. Phys.Lett.B 774 (2017) and
A.R. et.al. Nucl.Phys.A 982 (2019) 735

Prony analysis
Zhang et.al. PRB 110 (2024) 23, 235131

ALEXANDER ROTHKOPF - KU

Plp|D,I] o< P[Dl|p,I|P[p|I]

P[D|p,I] oxc e X"
Plp|I] o e

5
2 PllD. T -
5 (p|D, I 0

p:pBayes

for a review: A.R. Front.Phys. 10 (2022) 1028995

Linear Methods

Regularize fit by limited
choice of basis functions
Backus Gilbert (BG)

Lupo et.al. PoS LATTICE2023 (2024) 004

Gaussian Processes (GP)
see e.g. Horak et.al. PRD 105 (2022) 3, 036014

Neural Networks

Limited basis functions via
NN geometry & regularization

in training cost functional
Application to PDFs & spectra

see e.g. Karpie et.al., JHEP 04 (2019) 057, L. Kades et.al. PRD
102 (2020) 9, 096001, L. Wang et.al PRD 106 (2022) 5, L051502
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WE ARE THE NEXXT

® From past to recent results from lattice QCD




pion mass




Exploration of the complex static potential & ,[EFW

sssssssssssss

NEWVE
Wilson
plaquette
(quenched)

Y. Burnier, A.R. PRD™5 (2017) 5, 054511
R. Larsen et.al. PRD 110 (2024) 11, 114501
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pItio of the pIx static potential

NENYE
Wilson
plaquette

mﬂ=200—500 MeV (quenched)

AsqgTad

Y. Burnier, A.R. PRD™5 (2017) 5, 054511
R. Larsen et.al. PRD 110 (2024) 11, 114501

Y. Burnier, A.R., O. Kaczmarek PRL 114
(2015) 8, 082001 and JHEP12(2015)101
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pItio of the OplX static potential

ALEXANDER ROTHKOPF - KU

NEWE
Wilson

plaquette

mﬂ=200—500 MeV (quenched)

AsqgTad

Y. Burnier, A.R. PRD™5 (2017) 5, 054511
R. Larsen et.al. PRD 110 (2024) 11, 114501

HISQ

— Y. Burnier, A.R., O. Kaczmarek PRL 114
mTT_1 60_300 Mev (2015) 8, 082001 and JHEP12(2015)101

HotQCD and A.R., G. Parkar
PRD 105 (2022) 5, 054513,
PRD 109 (2024) 7, 074504
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pItio of the OplX static potential

ALEXANDER ROTHKOPF - KU
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AsqgTad

Y. Burnier, A.R. PRD™5 (2017) 5, 054511
R. Larsen et.al. PRD 110 (2024) 11, 114501

HISQ

— Y. Burnier, A.R., O. Kaczmarek PRL 114
mTT_1 60_300 Mev (2015) 8, 082001 and JHEP12(2015)101

HotQCD and A.R., G. Parkar
PRD 105 (2022) 5, 054513,
PRD 109 (2024) 7, 074504
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QuenChed QCD - Re[V] WE ARE THE NEXT

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 MeV Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501
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¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase

Quenched QCD - Re[V]

WE ARE THE NEXXT

KKKKKKKKKKK

tranSition at T=271 Mev Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501
ol SUM) B=6.1§=4 N;=32 :: .

®| Moderate numerical cost, . —

fine grids: N,.=20-96 =4 S
¥/ Based on Bayesian i

Reconstruction (BR) | SR TR o T

(crosschecked with Pade) <z o5 o5 7o 72 7

r [fm]
Wilson plaquette action
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Quenched QCD - Re[V] o

KKKKKKKKKKK

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 MeV Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501

SU(3) B=6.1 &=4 Ny=32

Anisotropic lattices

®| Moderate numerical cost, :

fine grids: N,=20-96 s ol |12

3 35 |10

"/ Based on Bayesian 2 = -
Reconstruction (BR) W e 370
(crosschecked with Pade) s 7|
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Quenched QCD - Re[V] o

KKKKKKKKKKK

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
transition at T=271 MeV Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501
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Quenched QCD - Re[V]
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WE ARE THE NEXT

ITY

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase

transition at T=271MeV

¥/ Moderate numerical cost, g
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Quenched QCD - Im[V]

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 Mev Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501

WE ARE THE NEXXT

RRRRRRRRRRRRR

B Moderate numerical cost,
fine grids: N,.=20-96

B Based on both Bayesian
Reconstruction (BR) and
Pade Reconstruction
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¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 MeV Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501

Quenched QCD - Im[V]

WE ARE THE NEXXT

KKKKKKKKKKK

B Moderate numerical cost,
fine grids: N,.=20-96
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Reconstruction (BR) and
Pade Reconstruction
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¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 Mev Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501

Quenched QCD - Im[V]

WE ARE THE NEXXT
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Anisotropic Lattices

B Moderate numerical cost,
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¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase

Quenched QCD - Im[V]

WE ARE THE NEXXT

KKKKKKKKKKK

tranSItIOI’] at T=271 Mev Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501
. W 111111 . Tl\mmw i it 1I . Anisotropic Lattices
B Moderate numerical cost, & | I | [@ 13117
. Ny o o L@ o |4 & T=2.33Tc
flne ngdS- NT_20-96 03%5 O'E‘&%?ﬁﬁ 080 05 10‘15 0'75 i ’ T=1.86TC
< T=1.33Tc
A T=0.78Tc

B Based on both Bayesian
Reconstruction (BR) and
Pade Reconstruction

y

Im[V] [GeV]
o o © o o o
2 8 6 8 &

Isotropic Lattices

Im[V] [GeV]
o o o o o o
o5 2 6 8 &

0.4
r(fm)
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Quenched QCD - Im[V] o

KKKKKKKKKKK

¥ Purely gluonic medium — absence of light dynamical quarks: deconfinement phase
tranSition at T=271 MeV Y. Burnier, A.R. PRD 95 (2017) 5, 054511 & R. Larsen et.al. PRD 110 (2024) 11, 114501

Anisotropic Lattices

B Moderate numerical cost, i P
fine grids: N,=20-96 | =t
A T-078TC

B Based on both Bayesian
Reconstruction (BR) and
Pade Reconstruction

y

Im[V] [GeV]
o o o o o o
2 8 6 8 &

Isotropic Lattices

® Much more difficult to
reliably extract Im[V] but
statistically significant
signal for Im[V]>0 at T>T¢

Im[V] [GeV]
o o o o o o
2 6 8 &

0.4
r(fm)
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B N=2+1 AsgTad dynamical quarks w/ m;=300MeV but still coarse N,=12

Y. Burnier, A.R., O. Kaczmarek JHEP12(2015)101
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Legacy isotropic full QCD - Re[V] & Im[V] o

KKKKKKKKKKK

B N=2+1 AsgTad dynamical quarks w/ m;=300MeV but still coarse N,=12

Y. Burnier, A.R., O. Kaczmarek JHEP12(2015)101

5 T T T T

H Based on Bayesian asqtad action
Reconstruction (BR)

Re[V] [GeV]
N

® _ i
e .
oF e 148 MeV w4 205 MeV i 286 MeV 1 _|

164 MeV & 232 MeV =

i 182 MeV el 243 MeV i
L Il L 1 L
0 0.2 0.4 0.6 0.8 1
r[fm]
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Legacy isotropic full QCD - Re[V] & Im[V] o
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B N=2+1 AsgTad dynamical quarks w/ m;=300MeV but still coarse N,=12

Y. Burnier, A.R., O. Kaczmarek JHEP12(2015)101

| Based on Bayesian T asctadaction o et ?&
Reconstruction (BR)

Re[V] [GeV]
N

B Smooth crossover manifest

as monotonous weakening it ! Asst S ; |
Of Re[v] as T |aneaSGS = o d® 148 MeV b 205 MeV i 286 MeV ol _|

® 164 MeV & 232 MeV

(residual o but agreement w/ F1) L*  weve et
r[fm]
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B N=2+1 AsgTad dynamical quarks w/ m;=300MeV but still coarse N,=12

Y. Burnier, A.R., O. Kaczmarek JHEP12(2015)101

H Based on Bayesian 5 s oo x
Reconstruction (BR) U e mmenn
* "1 EEL ceeemmseem fi N }?’u
3k x-ill e el Am§1§§§§xx %1%
3, "
¥ Smooth crossover manifest §2 ;:' ggt
as monotonous weakening 1 ;*,M ATy — TAMT, — TeaT,
. ° 0.4 | _ 11667,
of Re[V] as T increases. of o Bvev 200 e
(residual o but agreement w/ F1) Toopmwee %) og
0.2 0.4 0 —
r[fm]
0.2
®| |maginary part must be taken with
grain of salt. Above T finite signal o
significant. 0.04

WE ARE THE NEXXT
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® N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV but still coarse N,=12

HotQCD and A.R., G. Parkar PRD 105 (2022) 5, 054513




KOREA

® N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV but still coarse N,=12

HotQCD and A.R., G. Parkar PRD 105 (2022) 5, 054513

WE ARE THE NEXXT

xxxxxxxxxxxxx

sotropic full Q

®| Based on model fits, crosschecked
via Pade reconstruction
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Isotropic full QCD - Re[V] & Im[V] (1) o 4

KKKKKKKKKKK

® N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV but still coarse N,=12

HotQCD and A.R., G. Parkar PRD 105 (2022) 5, 054513

2 T T T T T
¥ Based on model fits, crosschecked ,:1| .o@
. . ) HISQ action ’tl.‘
via Pade reconstruction 1 2 -
05 —
%
o 0r B
S o5l 667 MeV i 251 MeV +—o—i _
A 562 MeV F—#—i 199 MeV +—eo—i
-1 = 474 MeV 160 MeV F—t—i
15 |k 408 MeV - 151 MeV F—&— |
Ty 273 MeV +—=—i
) | | | | l
0 0.2 0.4 0.6 0.8 1
r[fm]
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Isotropic full QCD - Re[V] & Im[V] (1) o 4
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® N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV but still coarse N,=12

HotQCD and A.R., G. Parkar PRD 105 (2022) 5, 054513

2 T T T I T
¥ Based on model fits, crosschecked ,:1| .o@
. . ' HISQ action ’l.‘
via Pade reconstruction 1F . .
S' 05 B } 7
L] L w — —
®| Surprising outcome: Re[V] g .. 667 MoV st 251 MoV o
i Rl 562 MeV —+*— 199 MeV —e—i |
appears independent of T Al 262 MeV 199 Mev |
15 |k 408 MeV - 151 MeV F—d—i |
» 273 MeV +—m—i
) I I I | I
0 0.2 0.4 0.6 0.8 1
r[fm]

ALEXANDER ROTHKOPF - KU BUENAS IDEAS ON THE QCD PHASE DIAGRAM — MAY 29TH 2026 — YUKAWA INSTITUTE, KYOTO UNIVERSITY — KYOTO, JAPAN 117
O




Isotropic full QCD - Re[V] & Im[V] (1)

® N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV but still coarse N,=12

HotQCD and A.R., G. Parkar PRD 105 (2022) 5, 054513

2 T T T I T
5| Based on model fits, crosschecked | » **
. . ' HISQ action ok
ani”
via Pade reconstruction 1F .
%' 05 B
®| Surprising outcome: Re[V] e or T
. -05 - 667 MeV F—+— 251 MeV F—o—i 'y
appears independent of T LTS g 1562 MeV i 199 Mev —e—1 |
1re 4 © 474 Mev 160 MeV +—a—i ¢
. 15 F, 4 408 MeV ~—=— 151 MeV +—ab=  ®
Im[V] monotonously increases Ll 2 06 [273 MeV —=— .. e
with temperature. o 02 - | a e g b
A ® . B : "
0.2 ! ° : e : or
B =
0 B . ! I‘ 1 | | | |

0O 01 02 03 04 05 06 0.7 0.8 0.9
rT
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B N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV & better resolution N,=16-36

HotQCD and A.R. PRD 109 (2024) 7, 074504
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Isotropic full QCD - Re[V] & Im[V] (ll) o

B N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV & better resolution N,=16-36

HotQCD and A.R. PRD 109 (2024) 7, 074504

sEEZ
B Based on model fits, crosschecked | HBQa"“"W“"“
via Pade reconstruction
> of 5+
o 57
= s
' ' g ¢ [ T=30Mev
H| Reconfirms earlier result: Re[V] & -0 S T=251Mev
. N > T=250MeV
appears independent of T . 0 1=203wev
~2000 o =0
0:0 0Z2 0j4 0j6 O:8 le 1:2
r[fm]
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Isotropic full QCD - Re[V] & Im[V] (ll)

B N=2+1 HISQ dynamical quarks w/ mostly m;=160MeV & better resolution N,=16-36

HotQCD and A.R. PRD 109 (2024) 7, 074504

: =2E2
¥ Based on model fits, crosschecked [ HisQaction sase i3
via Pade reconstruction #a-"" B T—203Mev
S 400 = <
v e > T=200MeV }
= & O T=195MeV } }
. _ > & _ | [ET=174Mev i ES[
¥ Reconfirms earlier result: Re[V] = -0 > S00T[BT=167MeV | riif ﬁ
appears independent of T . = %ﬁﬁ
~2000 | E 200 ®
Im[V] monotonously increases 60204 0= o ol
with temperature. +00 }f;;r‘
0.0 0.2 04 06 0.8 1.0 1.2
rifm]
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Consistency of recent results &L Y

KKKKKKK

=E=
1000 t aEBEEE"
0 ”M
— ol -~
) 3 - -
= & 200 /I T=203MeV
s s > T=200MeV }
o2l ) & 0 T=195MeV E
o -1000 f ET=174Mev i
° < 300( | BT=167MeV| i E
5l s 3 ﬁ
=] K g
: <200 et el E
- ~2000 2z - Iﬁ
4| . ] B , , . E o
¢ 0.0 02 04 0.6 o .i,:‘:
2200 + o f 100+ Bl
5| 1 rifr ‘j{{&.’*
0.01 0.02 0.03 006 0.1 02 03 06 1.0 0

00 02 04 06 08 1.0 12
r[fm]

HotQCD & A.R. PRD 109 (2024) 7, 074504

TUMQCD PRD98 (2018) 5, 054511

® No apriori inconsistency between potential and thermodynamic behavior
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antalizing

¥ Recent study of topological center vortices at zero & finite temperature
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'g WE ARE THE NEXXT
1905 /°  KOREA UNIVERSITY

¥ Recent study of topological center vortices at zero & finite temperature

Tantalizing hints for additional structure

2.00

= w m,=156MeV, T=0

1504 —— VO

1251

©
= 1.00
=

0751 vertex subtracted o s

0.50 4 /

1 [_————"""_ vertex contribution
r/a

0.00

0.100

0.075
] . PR RN

PesesnsrzitIITEE

0.025 -

0.000 -----—--——--——--—-:-'-I-ilE-‘J—x—I—:—i--I-I-{-I—I—I— --------------

0 3 1 o N 0o o1 1 1
r/a
J. Biddle et.al. PRD 106 (2022) 5, 054505

® At T=0, removing vortices depletes the string tension.
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ntIiihnt for additional structure

¥ Recent study of topological center vortices at zero & finite temperature

2.00
= UT
1; — ™ m,=156MeV, T=0
1.251
% 1.00 A
0751 vertex subtracted
0.50 4
o vertex contribution
0.100 '
0.075 4
£ 00501 :suo;!::::ifi;%;;ii
0.025 4
0.000 -----------------:-’-X-I-’-&E-I-I—I-I-!-i--l-I-{-I—I—I- --------------
0 2 i 6 3 10 12 14 16

r/a
J. Biddle et.al. PRD 106 (2022) 5, 054505

— } 1
4 1§ a
] ‘_f 'r,.i ! @I
- § = Fagn "
L 5 s Eild £
R
<1
T s firr
LY
nes . RS -
1
A )
=2 ¥
)j >t 5
< i ),
% ¥

m;=239MeV, T=0
O(a) improved Wilson fermions
J. Mickley et.al. PRD 111, 034508

H At T=0, removing vortices depletes the string tension.
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Tantalizing hints for additional structure
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3 @
q

¥ Recent study of topological center vortices at zero & finite temperature

2.00
= UT
1754 — -
Tl w mg=156MeV, T=0
1.25 /‘/
;5 1.00 s — B "
075 4 vertex subtracted o
0.50 4
zzz vertex contribution
00— . . : T . . .
0.100
0.075 4
5 0.050 :=--n=:::i§§§¥¥m
0.025 4
0000 Fmmmmmmmmmmmmmme s S EL L L & ST R
5 5 i p Y
r/a

J. Biddle et.al. PRD 106 (2022) 5, 054505

Normalised cluster extent

T (MeV)
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WE ARE THE NEXXT
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13 { ~
ARSI
< T~ b
B w1~ 1 ‘r j(J i
ey |
§ i
e gl B
o §
5. R
gl =l .
L. ' b ]
| &1 0 !
gl
50 iﬁj'[ yagl L 4 3
et | . ?5",4,
| &[T A
,.3(/\“ kb, 4

" m,=239MeV, T=0

(a) improved Wilson fermions

J. Mickley et.al. PRD 111, 034508
H At T=0, removing vortices depletes the string tension.

m At T > 2TX; show percolation transition which may indicate confinement persists
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preliminary) apples to apples analysis o 4

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis o 4

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis o 4

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis o 4

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis o 4

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary) apples to apples analysis

® Using the same lattice ensembles as vortex study & same modelling as HotQCD
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preliminary

H O(a) Wilson quarks with heavy pion mass (m,=300MeV) w/ N,=20-64

FASTSUM Gen2L ensembles PRD 105, 034504
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preliminary

H O(a) Wilson quarks with heavy pion mass (m,=300MeV) w/ N,=20-64
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preliminary

H O(a) Wilson quarks with heavy pion mass (m,=300MeV) w/ N,=20-64
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preliminary
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¥ Heavy quark real-time dynamics provide complementary insight into phase structure
¥ Fate of confinement & active color d.o.f. manifest in complex heavy quark potential

¥ Robust definition from QCD via ETF, extraction from lattice QCD via inverse problem

¥ Quenched QCD: Debye screened Re[V], monotonous increasing Im[V] with T
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¥ Fate of confinement & active color d.o.f. manifest in complex heavy quark potential

¥ Robust definition from QCD via ETF, extraction from lattice QCD via inverse problem

¥ Quenched QCD: Debye screened Re[V], monotonous increasing Im[V] with T

H| State-of-the-art full QCD: surprising Re[V] weak/no dependence on T, finite Im[V]
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¥ Heavy quark real-time dynamics provide complementary insight into phase structure

¥ Fate of confinement & active color d.o.f. manifest in complex heavy quark potential

L

Robust definition from QCD via ETF, extraction from lattice QCD via inverse problem

¥ Quenched QCD: Debye screened Re[V], monotonous increasing Im[V] with T

H| State-of-the-art full QCD: surprising Re[V] weak/no dependence on T, finite Im[V]

¥ Ongoing analysis of Re[V] on FASTSUM lattices, (preliminary) hints of onset
of flattening off at T>2T. consistent with change in vortex structures.
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Summary

¥ Heavy quark real-time dynamics provide complementary insight into phase structure
¥ Fate of confinement & active color d.o.f. manifest in complex heavy quark potential

® Robust definition from QCD via ETF, extraction from lattice QCD via inverse problem

¥ Quenched QCD: Debye screened Re[V], monotonous increasing Im[V] with T

H| State-of-the-art full QCD: surprising Re[V] weak/no dependence on T, finite Im[V]

¥ Ongoing analysis of Re[V] on FASTSUM lattices, (preliminary) hints of onset
of flattening off at T>2T. consistent with change in vortex structures.

B |nvestigation of lattice cutoff dependence via upcoming FASTSUM Gen3 ensembles
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COMPLEX HEAVY QUARK POTENTIAL FROM THE LATTICE - WHERE DO WE STAND?

Summary

Heavy quark real-time dynamics provide complementary insight into phase structure

Fate of confinement & active colar d n f manifect in comnlex heawvyv niigrk potentia|
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Ongoing analysis of Re[V] on FASTSUM lattices, (preliminary) hints of onset
of flattening off at T>2T. consistent with change in vortex structures.

Investigation of lattice cutoff dependence via upcoming FASTSUM Gen3 ensembles
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