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In this proceeding, we report the non-perturbative potential between a heavy quarkantiquark pair
in a QCD plasma at finite temperature. We compute the spin-dependent component of the thermal
potential using temporal Wilson line correlators with insertions of the color-magnetic field. The
calculations are performed in quenched QCD at 1.5 times the deconfinement temperature 7,7, on
a four-dimensional lattice with spatial extent N; = 68, and temporal extents N, = 16 and 20.
For the first time, we show that Vis(r) develops an imaginary part at finite temperature, a feature
similar to that observed in the static potential. Finally, we discuss the physical implications of our

results for understanding the dissociation of quarkonium bound states in the quarkgluon plasma.
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1. Introduction and Motivation

Quantum Chromodynamics (QCD) describes the strong interactions between quarks and glu-
ons [1, 2]. At finite temperature, this theory exhibits either a first-order or a crossover-like phase
transition from a color-singlet hadronic phase to a quarkgluon plasma (QGP) phase consisting of
color degrees of freedom, in the absence [3] and presence [4] of dynamical fermions, respectively.
At the Relativistic Heavy Ion Collider as well as in Large Hadron Collider experiments, signatures
of the QGP phase have been observed most convincingly in the most central heavy-ion collisions
(HIC) [5, 6]. In HIC, the evolution from the QGP phase to hadrons occurs rapidly within a timescale
~ 10 fm, making its direct detection nearly impossible. Nevertheless, several probes are used to
study the properties of the QGP, such as jet quenching [7], collective flow of the hadrons [8], sup-
pression of quarkonium states [9], and strangeness enhancement[10]. Quarkonia are bound states
of a heavy quarkantiquark pair, each with mass M > Aqcp, Aqcp being the strong interaction
scale. Heavy quarks are produced at very early stages of the HIC (¢ <« 1 fm) and evolve throughout
the lifetime of the fireball. As quarkonia interact with the QGP during this evolution, information
about medium properties get encoded in their spectral functions. Therefore, these serve as excellent
probes for understanding the properties of the strongly coupled QGP.

The heavy quarks for most practical purposes have been treated non-relativistically, since the
heavy-quark mass M > Aqcp. In finite temperatures, M > T for bottom quarks, however for
the charm this condition might not be well satisfied. The quarkonium correlation function can be
formulated in terms of a non-relativistic Schrodinger equation with an inter-quark potential [11].
One can improve the applicability of this so-called NRQCD formalism, by calculating the inter-quark
potential beyond the non-relativistic infinite quark mass limit in powers of the inverse heavy-quark
mass [12, 13]. The spin-dependent term, which arises at O(1/M?) is a quantum-mechanical
correction to the non-relativistic potential lifting the degeneracy between the pseudo-scalar and
vector quarkonium states. At zero temperature, the static potential exracted from lattice QCD
studies can be well described by the Cornell potential, with a string-like term dominating at long
distances and a Coulomb-like term that describes the interactions at short distances [14]. The
spin-dependent potential has also been extracted from lattice QCD at zero temperatures which turns
out to be short-ranged consistent with the expectation from perturbation theory [15, 16]. This
potential has been used extensively to explain the hyperfine splittings between quarkonium states
with different quantum numbers at zero temperature.

At finite temperatures, the static potential was calculated for the first time using hard thermal
loop (HTL) perturbation theory, where it was found to acquire an imaginary part [17]. This feature
is also supported by non-perturbative lattice studies [18]. At temperatures above the deconfinement
temperature, the real part of the static potential can be described by a Debye-screened potential,
while the imaginary part is related to Landau damping, arising from the scattering of the heavy-
quark pair with in-medium hard partons. Later, within weak-coupling pNRQCD, it was shown
that the imaginary part also receives contributions from gluodissociation, wherein a quarkonium
state absorbs a thermal gluon transitioning to a color-octet state, and subsequently dissociates [19].
The imaginary part of the inter-quark potential is also responsible for the finite decay width of
the in-medium quarkonium spectral function. If the magnitude of the imaginary part becomes
significantly larger than the real part of the static potential, a bound-state formation is no longer
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possible leading to dissociation in the QGP. Charmonium state J /¢ is expected to dissociate around
1.5T; known from quenched QCD [20, 21], and do show appreciable thermal broadening around
300 MeV [18].

Given these observations, it is natural to ask whether the spin-dependent potential also develops
an imaginary component at finite temperatures. If such a contribution exists, quarkonium states
with different quantum numbers would receive different corrections due to this O(1/M?) term of
the inter-quark potential. This would imply that pseudo-scalar and vector quarkonia might acquire
different thermal decay widths in the medium. In particular, for charmonium states, this correction
term is expected to be significant, which in turn will help in constructing more realistic spectral
functions from lattice calculations. A realistic reconstruction of the charmonium spectral functions
will improve the estimates for the dilepton production rates as a function of temperature. In this
proceeding we discuss our formalism and first results on the spin-spin interactions between heavy
quarks. To our knowledge, a first-principles study of spin interactions in the context of quarkonium
states at finite temperatures has not yet been carried out. In this work, we address this from a
non-perturbative lattice study and comparing our results with the leading-order perturbative HTL
calculations.

2. Theoretical framework

At zero temperature, the static potential can be extracted on the lattice from the exponential
fall-off of a gauge-invariant Wilson loop of temporal extent 7 and spatial separation r in the limit
of 7 being infinitely large. However, the extraction of the thermal potential is considerably more
challenging due to the emergence of an imaginary part. Moreover, the T direction is compact and
limited to a finite size given by the inverse of temperature hence it is not possible to access the
T — oo limit. The thermal potential is however well defined in Minkowski time, whereas in lattice
QCD we can calculate the Euclidean correlator between the quark-antiquark pair. This implies
that the extraction of the thermal potential requires an analytic continuation from Euclidean to
Minkowski time. However, analytic continuation is an ill-posed problem, as only a finite set of
data points with statistical uncertainties is available from lattice calculations, allowing for infinitely
many possible solutions. Therefore, additional physics-motivated inputs are required to constrain
the space of solutions. Various approaches have been developed to address this problem, including
maximum entropy method, Bayesian techniques, and other physics-driven analytic continuation
strategies, see for e.g. the Lattice plenary on this topic [22]. These studies consistently indicate the
presence of sizable non-perturbative effects in the thermal static potential.

In order to derive the potential energy between a gg pair with spatial separation r = |[X — |
within the NRQCD framework, we consider the operator that creates a heavy quarkantiquark pair
in a given quantum channel I', defined as

Pi(r,7) =xT () TUEFE-7,7)6(y) .

Here, U(X — y, 7) is the gauge link connecting the ¢ pair, which ensures gauge invariance. The
corresponding correlation function is denoted

CF(r’T) = <PT(F7T)P(F70)>Ta
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where the expectation value is taken over the thermal Gibbs ensemble. Using the propagators for
non-interacting heavy quarks, one obtains

1+

1
Cr(r,7) = exp(=2 M 7) Tr.[[*] Wz (r, 7) T3

(W};];(r, )+ Wgeéf(r,r))] o

Here, Wr(r, 1) = (Tr. [W(r, 7)] )T denotes the thermal expectation value of the gauge-invariant
Wilson loop. The term Wg‘é represents the interaction between the quarkantiquark pair mediated
by the chromo-magnetic field B, whereas Wf;fﬁf corresponds to the self-energy contribution of the
quark or antiquark subject to the same color magnetic field. These contributions are given by the
following expressions,

o [ o a0 08,80
0 JO

Wit (r,7) = Wr(r, 1) ’ @
) Yy (Tee] 7 W () g0Bi (3. 7) 9B (E 7))

WSB , — r d /d 124 , 3

o =y [ [ s Wr(r. D) @

where 7 denotes time ordering of the operators. Here the coefficients X;; and Y;; are defined as

o Trd(rO'iFO'j) - Trd((r,-(erF)
Y T (r2) Y Try(2)

The thermal potential is defined in real time through analytic continuation from Euclidean time

Vi(r) = lim id, log Cr(r,7 = if) = 2 M + Virie(r) + Z%rz) . &)
Here, Viaiic 1s the standard static potential defined in terms of the Wilson loop,
Vistatic (1) = tli)r{)lo i0; [logWr(r,7 —it)], o)
whereas the spin-spin interaction potential is denoted by
VE(r) = tli_)nolo i0; [W]igné (r, 1 —it) + Wl (r, 7 — it)] . (6)

Note that for the pseudoscalar channel, I' = 1, while for the vector channel, I' = o with
k =1,2,3. This leads to X;; = ¢;; in the pseudoscalar case and X;; = —d;;/3 in the vector channel,
while Y;; = §;; irrespective of the quantum channel. Our ultimate aim is to calculate Eq. (4) non-
perturbatively on the lattice. In the next section, we describe how these correlators are implemented
within the lattice framework. We have also performed a leading-order perturbative computation of
color-magnetic-fieldinserted correlators in Euclidean space using the HTL-resummed propagator,
and subsequently extract them in real time. A similar analysis for the static potential in color-singlet
and color-octet channels has been carried out previously in Refs. [18, 23, 24]. Using analogous
techniques, the total spinspin potential can be written as

85 o 1 . pr(po, P)
VL (= 2C 2/ (1+X p) p1° | —5—————= +2iT lim =———=|. (7
55 () 80 | 2 ¢ 7] BP+T7(0,5) ' po0 po @

(
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Similar to the static potential, the spinspin interaction also develops an imaginary part at finite
temperatures which will lift the degeneracy between pseudo-scalar and vector quarkonium states.
The Euclidean spin correlator introduced in the previous section, behaves as

. (ﬂT)
sin | —
B

which upon analytic continuation to real-time and subsequent time derivation gives rise to

- (8)

Wi (r,7) ~ 7 f(r) —g(r) In

lim i, Wy (r. 1) = RV (r) =i SV (r). )

where %Vgg (r)=-f(r)and SVgg (r) = i g(r) denote the real and imaginary parts of the thermal
spin potential, respectively. To extract the real and imaginary parts of the spin-interaction potential
from Euclidean lattice correlators, we will utilize the leading-order perturbative structure in Eq. (8).

3. Lattice implementation

We calculate the expecation values of the operators on the vacuum states denoted by Wr(r, 1),
Wg“é (r,7), and Wg%f(r, 7) on the lattice. All these observables are gauge invariant but suffer from
large statistical noise. Achieving a reliable signal therefore requires very high statistics, making the
computation computationally expensive. To address this, we instead calculate the temporal Wilson-
line correlator, which consists of two Wilson lines of length 7 separated by a spatial distance r.
Such an correlator is defined for a gauge choice which is local along the temporal direction [25, 26].
At zero temperature, the gauge-invariant Wilson loop and this gauge-fixed Wilson-line correlator
leads to the same static potential extracted from the long-time behavoir of both these quantities.
This equivalence has been used to extract the zero-temperature static potential in Refs. [27, 28].

At leading order (LO) HTL perturbation theory, both these observables lead to the same
imaginary part of the potential, thereby validating this approach [29]. For the color-magnetic-
fieldinserted correlators, the leading-order contributions are also identical for both operators. We
implement the gauge-fixing procedure following Ref. [30]. For the color-magnetic field operator,
we use the clover discretization, which has reduced cutoff effects compared to the usual plaquette
definition. To further reduce statistical noise and suppress ultraviolet fluctuations, we employ
Zeuthen flow [31], which removes O(a?) cutoff effects and smoothens the gauge field fluctuations
at r < V87, where 7 denotes the flow time.

We perform our calculations on quenched SU(3) gauge configurations generated using the
standard Wilson gauge action, with heat-bath updates supplemented by four over-relaxation steps
per update. The configurations are generated at a single temperature 7 ~ 1.5T,; where Ty is the
deconfinement transition temperature. The spatial extent of the lattice is fixed at Ny = 68 and the
temporal extent are varied N, = 16,20 to study the approach the continuum limit. To determine
the lattice spacing, we use the Sommer scale with roAq;5 = 0.62(1) and rgT,; = 0.7457(45) [32],
which corresponds to rg = 0.472(8) fm. In our simulations we fix the flow time accordingly for
different lattice spacings such that 77 remains constant in physical units. This allows for a controlled
zero flow-time extrapolation after performing the continuum extrapolation.
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’ Ny ‘ N, ‘ B ‘ a (fm) ‘ Ny ‘ TF/Cl2 ‘
68 | 16 | 6.870 | 0.0264 | 1000 0.100, 0.200, 0.300, 0.600
68 | 20 | 7.049 | 0.0211 | 1000 | 0.1564,0.3132, 0.4697, 0.9380

Table 1: Details of our lattice simulations for quenched SU(3) gauge theory for T/T,; ~ 1.5.

4. Results

Extracting the color-magnetic fieldinserted correlators is computationally very demanding, as
it requires calculating (7 + 1)? correlators for each value of 7. A physically meaningful result is ob-
tained only after taking the continuum limit and subsequently removing the dependence on the flow
time. The Wilson-line correlators with color-magnetic field insertions has non-trivial renormaliza-
tion [33], which depends on the chosen regularization scheme. In this case, renormalization of the
theory parameters alone is not sufficient. In order to obtain a physical correlator that is independent
of the regularization scheme, one must introduce a flow-time dependent renormalization coefficient
that removes the logarithmic divergence arising at small flow time. This procedure was first applied
in the context of heavy quark diffusion coefficient calculations [34, 35]. A proper determination
of the renormalization factor would require a full next-to-leading order (NLO) calculation of these
correlators, which is currently not available in the literature. Nevertheless, we expect that the
renormalization effects do not significantly alter our qualitative conclusions. We outline below our
strategy for extracting the thermal potential:

1. Extract the real and imaginary parts of the static and spin-dependent potentials from Euclidean
lattice correlators in Egs. (3, 2) using the fit ansatz given in Eq. 8.

2. Perform a continuum extrapolation for these potentials at a fixed flow time.

3. Renormalize the spin-dependent potentials using the renormalization factor provided in
Ref. [33, 34] at each flow time, followed by a zero flow-time extrapolation.

The spin potential presented here is accurate up to an overall multiplicative renormalization factor,
which will be fixed and reported in our upcoming publication [36]. Before taking the continuum
limit of the spin-dependent potential, we subtract the leading-order divergence of the self-spin
contribution, V:Self(O), in order to obtain a well-defined continuum limit. Without this subtraction,
a controlled linear extrapolation to zero flow time is not possible. In all plots, we present results
starting from r = 0.05 fm to be well-beyond the typical lattice spacings.

Our results for the real-part for the spin-dependent potentials for charm and bottom states are
compiled in Fig. 1 which indicates that these are short-ranged, consistent with expectations from
zero temperature lattice perturbation theory. The real part of the spin-potential can be parametrized
as lattice regularized Dirac delta function. The charm and bottom quark masses are chosen to be
M. ~ 1.35 GeV and M, ~ 4.78 GeV, respectively [18]. In Fig. 2, the results for the imaginary
part of the spin-dependent potential is shown which remains finite at short distances for both the
pseudoscalar and vector channels, and approaches a constant value for » > 0.2 fm. Another
important observation is that, at short distances, the total thermal potential is dominated by the



Spin-Spin interactions at finite temperature Swagatam Tah

2
= 0 W
3
> 4 ]
. r]c
T -8l I ]
Np —®—
Y —@—
_10 ! ! ! ! !
0.1 0.15 0.2 0.25 0.3 0.35 0.4

r.T

Figure 1: Real part of the total spin-dependent interaction potential between a heavy gq pairat T ~ 1.5Ty,
shown for both charmonium and bottomonium states in the pseudoscalar and vector channels. The behaviour
is similar to the zero temperature spin potential which is a lattice regularized Dirac delta function.
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Figure 2: Imaginary part of the total spin-dependent interaction potential between a heavy g4 pair at
T ~ 1.5T,, shown for both charmonium and bottomonium states in the pseudoscalar and vector channels.

This potential is presented up-to an overall multiplicative renormalization factor. Imaginary part of the static
potential is also as a green band as comparison.

spin-dependent contribution. This strongly indicates the necessity of including spin-dependent
interactions in the construction of charmonium spectral functions.

Furthermore, the difference in the imaginary part of the spin-dependent potential between
the pseudoscalar and vector channels at short distances suggests distinct thermal decay widths,
which are crucial for understanding their respective dissociation temperatures. A quantitative
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determination of this effect requires computing spin-dependent potentials at multiple temperatures
and constructing the corresponding quarkonium spectral functions in both channels. Qualitatively,
we expect the thermal decay width of the pseudoscalar to be larger than that of the vector state, as
it recieves larger contribution from the imaginary part of the spin-dependent potential.

5. Summary

For the first time, we demonstrate that the spin-dependent potential acquires an imaginary
component at finite temperature both from a non-perturbative lattice study in quenched QCD
and supported by our calculation in leading order HTL perturbation theory. The details will
be reported in our forthcoming publication [36]. At short distances, the thermal potential is
found to be dominated by the spin-dependent contribution when compared to the static potential.
This highlights the importance of including spin-dependent interactions when reconstructing the
quarkonium spectral functions. Another important observation is that the imaginary part of the
spin-dependent potential is larger in the pseudoscalar than in the vector channel at short distances.
This qualitatively indicates a larger thermal decay width for the pseudoscalar state. A quantitative
understanding of this trend requires the reconstruction of the spectral functions for both pseudoscalar
and vector quarkonia using the corresponding spin-dependent potentials.

6. Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) project number 315477589 TRR 211. All of the computations have been performed
on the GPU Cluster at Bielefeld University using the SIMULATeQCD library [37]. S. T. and D. B.
acknowledge helpful discussions with Saumen Datta during the Lattice conference.

References

[1] D.J. Gross, R.D. Pisarski and L.G. Yafte, QCD and Instantons at Finite Temperature, Rev.
Mod. Phys. 53 (1981) 43.

[2] E.V. Shuryak, Correlation functions in the QCD vacuum, Rev. Mod. Phys. 65 (1993) 1.

[3] G. Boyd, J. Engels, F. Karsch, E. Laermann, C. Legeland, M. Lutgemeier et al., Equation of
state for the SU(3) gauge theory, Phys. Rev. Lett. 75 (1995) 4169 [hep-1at/9506025].

[4] Y. Aoki, G. Endrodi, Z. Fodor, S.D. Katz and K.K. Szabo, The Order of the quantum
chromodynamics transition predicted by the standard model of particle physics, Nature 443
(2006) 675 [hep-1at/0611014].

[5] E.V. Shuryak, What rhic experiments and theory tell us about properties of quarkgluon
plasma?, Nuclear Physics A 750 (2005) 64.

[6] M. Gyulassy and L. McLerran, New forms of qcd matter discovered at rhic, Nuclear Physics
A 750 (2005) 30.


https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/RevModPhys.65.1
https://doi.org/10.1103/PhysRevLett.75.4169
https://arxiv.org/abs/hep-lat/9506025
https://doi.org/10.1038/nature05120
https://doi.org/10.1038/nature05120
https://arxiv.org/abs/hep-lat/0611014
https://doi.org/10.1016/j.nuclphysa.2004.10.022
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034

Spin-Spin interactions at finite temperature Swagatam Tah

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J.D. Bjorken, Energy loss of energetic partons in quark-gluon plasma: Possible extinction of
high pt jets in hadron-hadron collisions, FERMILAB-PUB-82-059-THY (1982) .

J.-Y. Ollitrault, Anisotropy as a signature of transverse collective flow, Physical Review D 46
(1992) 229.

T. Matsui and H. Satz, J/psi suppression by quark-gluon plasma formation, Physics Letters B
178 (1986) 416.

P. Koch, B. Muller and J. Rafelski, Strangeness in relativistic heavy ion collisions, Physics
Reports 142 (1986) 167.

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Effective field theories for heavy quarkonium,
Reviews of Modern Physics 77 (2005) 1423.

E. Eichten and F. Feinberg, Spin Dependent Forces in QCD, Phys. Rev. D 23 (1981) 2724.

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Potential nrqcd: An effective theory for heavy
quarkonium, Nuclear Physics B 566 (2000) 275.

O. Kaczmarek and F. Zantow, Static quark-antiquark interactions in zero and finite
temperature qcd: 1. heavy quark free energies, running coupling, and quarkonium binding,
Phys. Rev. D 71 (2005) 114510.

G.S. Bali, K. Schilling and A. Wachter, Ab initio calculation of relativistic corrections to the
static interquark potential. 1: SU(2) gauge theory, Phys. Rev. D 55 (1997) 5309
[hep-1at/9611025].

G.S. Bali, K. Schilling and A. Wachter, Complete O (v**2) corrections to the static
interquark potential from SU(3) gauge theory, Phys. Rev. D 56 (1997) 2566
[hep-1at/9703019].

M. Laine, O. Philipsen, P. Romatschke and M. Tassler, Real-time static potential in hot QCD,
JHEP 03 (2007) 054 [hep-ph/0611300].

HotQCD CoLLaABORATION collaboration, Thermal static potential and pseudoscalar
quarkonium spectral functions from (2 + 1)-flavor lattice gcd, Phys. Rev. D 112 (2025)
054510.

N. Brambilla, J. Ghiglieri, A. Vairo and P. Petreczky, Static quark-antiquark pairs at finite
temperature, Phys. Rev. D 78 (2008) 014017 [0804.0993].

S. Datta, F. Karsch, P. Petreczky and 1. Wetzorke, Behavior of charmonium systems after
deconfinement, Phys. Rev. D 69 (2004) 094507 [hep-1at/0312037].

F. Karsch, E. Laermann, S. Mukherjee and P. Petreczky, Signatures of charmonium
modification in spatial correlation functions, Phys. Rev. D 85 (2012) 114501 [1203.3770].

D. Bala, “Spectral properties of the quark-gluon plasma from lattice qcd.” to be published.


https://doi.org/10.1103/PhysRevD.46.229
https://doi.org/10.1103/PhysRevD.46.229
https://doi.org/10.1016/0370-2693(86)91404-8
https://doi.org/10.1016/0370-2693(86)91404-8
https://doi.org/10.1016/0370-1573(86)90096-X
https://doi.org/10.1016/0370-1573(86)90096-X
https://doi.org/10.1103/RevModPhys.77.1423
https://doi.org/10.1103/PhysRevD.23.2724
https://doi.org/10.1016/S0550-3213(99)00693-8
https://doi.org/10.1103/PhysRevD.71.114510
https://doi.org/10.1103/PhysRevD.55.5309
https://arxiv.org/abs/hep-lat/9611025
https://doi.org/10.1103/PhysRevD.56.2566
https://arxiv.org/abs/hep-lat/9703019
https://doi.org/10.1088/1126-6708/2007/03/054
https://arxiv.org/abs/hep-ph/0611300
https://doi.org/10.1103/s8gw-n43f
https://doi.org/10.1103/s8gw-n43f
https://doi.org/10.1103/PhysRevD.78.014017
https://arxiv.org/abs/0804.0993
https://doi.org/10.1103/PhysRevD.69.094507
https://arxiv.org/abs/hep-lat/0312037
https://doi.org/10.1103/PhysRevD.85.114501
https://arxiv.org/abs/1203.3770

Spin-Spin interactions at finite temperature Swagatam Tah

[23] D. Bala and S. Datta, Interaction potential between heavy Q0 in a color octet configuration
in the QGP from a study of hybrid Wilson loops, Phys. Rev. D 103 (2021) 014512
[2009.00773].

[24] D. Bala and S. Datta, Nonperturbative potential for the study of quarkonia in QGP, Phys.
Rev. D 101 (2020) 034507 [1909.105438].

[25] O. Philipsen, On the nonperturbative gluon mass and heavy quark physics, Nucl. Phys. B 628
(2002) 167 [hep-1at/0112047].

[26] O. Philipsen, Nonperturbative formulation of the static color octet potential, Phys. Lett. B
535 (2002) 138 [hep-1at/0203018].

[27] HoTQCD collaboration, Equation of state in ( 2+1 )-flavor QCD, Phys. Rev. D 90 (2014)
094503 [1407.6387].

[28] HoTtQCD CoLrLaBORATION collaboration, Equation of state in (2 + 1)-flavor gcd, Phys. Rev.
D 90 (2014) 094503.

[29] Y. Burnier and A. Rothkopf, A hard thermal loop benchmark for the extraction of the
nonperturbative QQ potential, Phys. Rev. D 87 (2013) 114019 [1304.4154].

[30] L. Giusti, M.L. Paciello, C. Parrinello, S. Petrarca and B. Taglienti, Problems on lattice
gauge fixing, Int. J. Mod. Phys. A 16 (2001) 3487 [hep-1at/0104012].

[31] A. Ramos and S. Sint, Symanzik improvement of the gradient flow in lattice gauge theories,
Eur. Phys. J. C 76 (2016) 15 [1508.05552].

[32] A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus and H. Ohno, Critical point and scale
setting in su(3) plasma: An update, Phys. Rev. D 91 (2015) 096002.

[33] M. Laine, I-loop matching of a thermal Lorentz force, JHEP 06 (2021) 139 [2103.14270].

[34] L. Altenkort, D. de la Cruz, O. Kaczmarek, G.D. Moore and H.-T. Shu, Lattice B-field
correlators for heavy quarks, Phys. Rev. D 109 (2024) 114505 [2402.09337].

[35] D. de la Cruz, A.M. Eller and G.D. Moore, QCD field-strength correlators on a Polyakov
loop with gradient flow at next-to-leading order, Phys. Rev. D 110 (2024) 094057
[2410.01578].

[36] D. Bala, O. Kaczmarek, S. Sharma and S. Tah, “Detailed study of thermal spin interaction
potential.” to be published.

[37] HoTQCD collaboration, SIMULATeQCD: A simple multi-GPU lattice code for QCD
calculations, Comput. Phys. Commun. 300 (2024) 109164 [2306.01098].

10


https://doi.org/10.1103/PhysRevD.103.014512
https://arxiv.org/abs/2009.00773
https://doi.org/10.1103/PhysRevD.101.034507
https://doi.org/10.1103/PhysRevD.101.034507
https://arxiv.org/abs/1909.10548
https://doi.org/10.1016/S0550-3213(02)00089-5
https://doi.org/10.1016/S0550-3213(02)00089-5
https://arxiv.org/abs/hep-lat/0112047
https://doi.org/10.1016/S0370-2693(02)01777-X
https://doi.org/10.1016/S0370-2693(02)01777-X
https://arxiv.org/abs/hep-lat/0203018
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
https://arxiv.org/abs/1407.6387
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.87.114019
https://arxiv.org/abs/1304.4154
https://doi.org/10.1142/S0217751X01004281
https://arxiv.org/abs/hep-lat/0104012
https://doi.org/10.1140/epjc/s10052-015-3831-9
https://arxiv.org/abs/1508.05552
https://doi.org/10.1103/PhysRevD.91.096002
https://doi.org/10.1007/JHEP06(2021)139
https://arxiv.org/abs/2103.14270
https://doi.org/10.1103/PhysRevD.109.114505
https://arxiv.org/abs/2402.09337
https://doi.org/10.1103/PhysRevD.110.094057
https://arxiv.org/abs/2410.01578
https://doi.org/10.1016/j.cpc.2024.109164
https://arxiv.org/abs/2306.01098

	Introduction and Motivation
	Theoretical framework
	Lattice implementation
	Results
	Summary
	Acknowledgements



