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Recent open quantum system studies showed that quarkonium time evolution inside the quark-gluon
plasma is determined by transport coefficients that are defined in terms of a gauge invariant correlator of
two chromoelectric field operators connected by an adjoint Wilson line. We study the Euclidean version of
the correlator for quarkonium evolution and discuss the extraction of the transport coefficients from this
Euclidean correlator, highlighting its difference from other problems that also require reconstructing a
spectral function, such as the calculation of the heavy quark diffusion coefficient. Along the way, we
explain why the transport coefficient y,g; differs from yg,q at finite temperature at O(g*), in spite of the fact
that their corresponding spectral functions differ only by a temperature-independent term at the same order.
We then discuss how to evaluate the Euclidean correlator via lattice QCD methods, with a focus on
reducing the uncertainty caused by infrared renormalons in determining the renormalization factor

nonperturbatively.
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I. INTRODUCTION

The scientific mission of relativistic heavy ion colliders
is to investigate properties of the deconfined phase of
nuclear matter in the high temperature regime, known as
the quark-gluon plasma (QGP). In current heavy ion
collision experiments, the QGP only lives for a short time
period (roughly 10 fm/c in the laboratory frame) and we
cannot directly measure its properties. Therefore, we use
probes such as particle multiplicities and azimuthal dis-
tributions, jets and hadrons containing heavy quarks to
indirectly study its properties. Various properties of the
QGP are encoded in terms of gauge invariant correlation
functions of field operators that often define transport
coefficients showing up in the time evolution equations
of the probes in the medium. Well-known examples include
the shear viscosity (defined as a correlator of stress-energy
tensors), the jet quenching parameter (a correlator of light-
like Wilson lines) and the heavy quark diffusion coefficient
(a correlator of two chromoelectric fields dressed with
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Wilson lines). Since the QGP is a strongly coupled fluid,
nonperturbative determinations of these transport coeffi-
cients are crucial in our understanding of the QGP and
QCD at finite temperature. Common nonperturbative
methods include lattice QCD calculations and the holo-
graphic correspondence [1]. One can also extract these
transport coefficients from experimental data by solving in-
medium evolution equations (which can be model depen-
dent) for different values of the transport coefficients and
then performing a Bayesian analysis [2-0].

Recently, thanks to the advance in applying the open
quantum system framework to study jets [7] and quarkonia
[8-26] in the QGP (for recent reviews, see Refs. [27-30]), a
novel correlator of two chromoelectric fields dressed with
Wilson lines that determines transport properties of quar-
konium in the medium was constructed [12,20]. This
correlator for quarkonium transport is similar to but differ-
ent from the correlator defining the heavy quark diffusion
coefficient [31,32] in terms of the ordering of the fields
contained in the Wilson lines. Perturbative calculations in
R: gauge showed that the spectral function of the correlator
for quarkonium transport [33] differs from that for heavy
quark transport [34] by a temperature independent constant
at next-to-leading order (NLO). However, if both calcu-
lations had been performed in temporal axial gauge
(Ap = 0), one would, at first sight, have concluded that
the two correlators were identical. This resulted in a puzzle:
Since both correlators are defined in a gauge invariant way,
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calculations with different gauge choices must give the
same result. This puzzle was resolved in Ref. [35], estab-
lishing the difference between the two correlators on a more
solid ground in QCD. Beyond NLO, the heavy quark
diffusion coefficient has been studied by using hard-
thermal-loop resummation [36], as well as nonperturba-
tively via the lattice QCD method [37-41] and the
AdS/CFT correspondence [31,42,43]. On the other hand,
a recent AdS/CFT calculation showed that the analog
quarkonium transport coefficients in A/ = 4 supersymmet-
ric Yang-Mills (SYM) theory are zero [44], in stark contrast
to the heavy quark diffusion coefficient value of v/AzT? at
large coupling A = ¢’N,. > 1. This difference is surprising
because the heavy quark and quarkonium transport coef-
ficients are defined by similar chromoelectric field corre-
lators. Therefore, it is well motivated to study the
quarkonium transport properties nonperturbatively in
QCD. It is also crucial and urgent, since quarkonium
production serves as an important probe of the QGP that
is produced strongly coupled in current heavy ion collision
experiments.

In this article, we discuss how to extract the quarkonium
transport coefficients from lattice QCD calculations of a
specific Euclidean chromoelectric correlator. The paper is
organized as follows: We will first review the quarkonium
transport coefficients in the real-time formalism in Sec. II,
which are defined in terms of a correlator of two chromo-
electric fields connected via an adjoint Wilson line. Then,
in Sec. III we will discuss the Euclidean version of the
correlator and how to relate it to its real time counterpart.
Next, in Sec. IV the setup of a lattice QCD calculation of
this Euclidean correlator will be discussed, with a focus on
how to renormalize it. Finally, we will conclude and present
our outlook in Sec. V.

II. QUARKONIUM TRANSPORT PROPERTIES

The quarkonium transport coefficients are defined in
terms of time-ordered chromoelectric field operators,
dressed with Wilson lines [12]:

gT a( A\ wa
am—3NFe/€«Taonv%umEﬂm»

g =5 [T B W OB (1)

where (O); = Tr(Oe™")/Tr(e™PH), E¢ is a chromoelec-
tric field, W (,0) denotes a time-like Wilson line in the
adjoint representation from =0 to 7, 7 represents the
time-ordering symbol, N. = 3 is the number of colors, and
Tr = 1/2 is the normalization of the fundamental repre-
sentation generator matrices. To simplify the notation we
have neglected the spatial coordinates, which are the same
for all the fields, and will do so throughout the paper, unless
the spatial coordinates are no longer the same. Both «,4; and

Yagj appear in the Lindblad equation describing the time

evolution of a heavy quark-antiquark pair (QQ) at a small
distance in the quantum Brownian motion limit [11,12]:

dps(1) _
dr

—i[Hg + y,qjAhs. ps(t)]

1
+ Kagj (LaipS(I)Lli 5 {LZiLah Ps(f)}> , (2)

where py is the subsystem density matrix of the QQ pair,
YagjAhg is the thermal correction to the vacuum 00
Hamiltonian Hg and L, denotes the relevant Lindblad
“jump” operators. Their explicit expressions are given in
Appendix A. The k,q; parameter in the non-Hermitian part
of the Lindblad equation determines the rate of transition
between a QQ pair in the color singlet state and that in the
color octet state, as well as wave function decoherence. On
the other hand, the y,4; parameter in the Hermitian part of
the Lindblad equation controls the modification of the QQ
potential caused by the medium.

One way to interpret the integrations in Eq. (1) is as
Fourier transforms that convert the time domain to the
frequency domain. Consequently, the coefficients k,q; and
Yaqj are the zero frequency limits of frequency-dependent
correlation functions. Moreover, their behavior at finite
frequency also turns out to be physically important. To
explain the physical meaning of these correlation functions
at finite frequency, we introduce path-ordered chromo-
electric field correlators [20,33]

ngF
3N,

(9201 17 (1) = (Ef ()W (1. +-00) W (+00,0) E7 (0))

=N
x E7 (D Ef (0)W(0, —c0)).,

and consider their Fourier transforms [g,;7]” (@) =
Jdte'[gy57]7 (). The path-ordered version is more con-

venient to use at finite frequency and is consistent with the
time-ordered version: It has been shown that k. =

93517 (@ = 0) [35]. We note that because of the explicit
operator ordering, only in [Q:HF the adjoint Wilson lines

can be rewritten as W (t,0), which appears in the time-
ordered correlator shown in Eq. (1). Furthermore, one can
obtain the time-ordered correlator that enters the definition
of K,qj and y,q by considering

(921 (1) = (TE{ ()W (1,0) E}(0))
= 0(D)[g, 17 (1) + 0(=1)[gagy 17 (1)

The path-ordered correlators at finite frequency appear in
the Boltzmann (rate) equation for quarkonium dissociation

(4)
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and recombination, which is derived in the quantum optical
limit of the open quantum system approach [20,33]:

dnb(t,x)

= —I'ny(t.x) + F(1.x), (5)

where n,(#,x) is the density of the quarkonium state b at
time ¢, I" denotes the dissociation rate and F represents the
formation of the quarkonium state b from a recombining
pair of unbound heavy quarks QQ

Epre
r= [ Gk,

Epem Epeg )
= [ s i)
X [QE_]>(AE)fQQ(t’xvpcm’xrcl = 07prel)7 (7)

*lop T (-AE)  (6)

where a nonzero energy difference between the bound
and unbound states AE = p2,/M + |E,| determines how
the finite frequency dependence of the correlators appears in
the transition rates. Here M is the heavy quark mass and E,,
is the binding energy of the quarkonium state b. The
transition occurs via a color dipole interaction (y, |r|'¥, )
between a bound QQ state |y;,) and an unbound scattering
wave [P, ). fop denotes the distribution of unbound heavy
quark pairs with center-of-mass positions x and momentap,,
and relative positions x,; = 0 and momenta p ;.

The chromoelectric field correlator for quarkonium
transport is different from that for heavy quark diffusion.
In particular, the heavy quark diffusion coefficient xp,,q and
an analogous quantity yq,,q (Whose physical meaning has
not been explored for heavy quark transport) are defined by

2

Kimg = g Re [ Q1T [U(=i = 00, =00)U(e0.1)
xE( (1.0)E,(0)U(0, o0}

iuna = Im / d1{Tr. [U(=iff = 00, ~00)U(~c0,1)
><E<> 0)E,(0)U(0.~c0)])7. (®)

where E; = E¢T¢ is the Lie algebra-valued chromoelectric
field, with the fundamental representation generator matri-
ces normalized as Tr.(T4T%) = Tr5%. Also, Tr. denotes
trace over color indices and U(7,0) represents a time-like
fundamental Wilson line from # = O to ¢. The fundamental
Wilson line along the imaginary time at t = —oo indicates
the inclusion of the heavy quark effect on the thermal
density matrix of the whole system. It is noted that the
operators involved in the definition of kg and yg,,q are
path-ordered. We want to emphasize that the crucial
difference between Egs. (1) and (8) is not the

representations of the Wilson lines, but the different
orderings of the operators.

III. EUCLIDEAN CORRELATORS AND
TRANSPORT COEFFICIENTS

As is well known, lattice QCD methods can only
calculate correlation functions in Euclidean space and thus
cannot be applied directly to study the real-time correlators
defined in Eq. (3). In this section, we will introduce a
Euclidean version of the correlator for quarkonium trans-
port and discuss how to extract the quarkonium transport
coefficients from the evaluation of this Euclidean correla-
tor. As we will show, both the Euclidean correlator itself
and the method to extract the quarkonium transport
coefficients are different from the case of heavy quark
diffusion in subtle and important aspects. To make the
comparison more explicit, and also to take advantage of the
apparent similarities between them, we will first review
the extraction of the heavy quark diffusion coefficient from
the corresponding Euclidean correlator.

A. Heavy quark diffusion

The Euclidean correlator relevant for the heavy quark
diffusion case is given by [32]

1 (ReTr[U (B, 7)gEi(r)U(z, 0)gEi(0)])r
3 (ReTr[U(B,0)])r ’
©)

where f§ = 1/T is the inverse of the QGP temperature and
(Vg = Tr(-eP") /Tr(e=PH), with H the Hamiltonian of the
QGP in the absence of any external color source. It has been
shown that the heavy quark transport coefficient can be
obtained from Gy,pq(7) via [32,45]

Gfund(T) =

Kfund = lir%_pfund(w)’
o—0 W
p
Vfund = _A dTGfund(T)7 (10)

where the spectral function pg.q(®@) is related to the
Euclidean correlator through

+eo deo cosh(w(7 — 7))
= R . 11
Gfund (T> A o0 smh(%) Pfund ((l)) ( )

This correlator is constructed such that the standard Kubo-
Martin-Schwinger (KMS) and analytic continuation rela-
tions hold as in textbook thermal field theory. Given an
analytic expression for Gg,n(®, ), with @, = 22Tn, ne Z

lOur convention for the Fourier transform is O(w) =
Jdte ' O(t).
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the Matsubara frequencies, one can extract the spectral
function by taking the real part2 of the retarded correlator
obtained by analytic continuation w, — —i(w + i€) of this
Euclidean correlator. This has been done both at weak [34]
(QCD) and strong [31] (M = 4 SYM) coupling. However,
at physical values of the coupling in QCD, the only tool
available at the moment is lattice gauge theory, and as such,
the reconstruction of the spectral function py,,q through the
relation (11) has received much attention in recent years
[41,46,47].

Comparatively, the theoretical treatment of quarkonium
transport coefficients has received less attention. We now aim
to fill in this gap, and subsequently, to provide a recipe to
determine these transport coefficients from lattice QCD
calculations. To this end, we need to first construct a
Euclidean version of the correlator for quarkonium transport
that can be calculated via lattice QCD methods, and then
explain how to extract the quarkonium transport coefficients
from the evaluation of such an Euclidean correlator. We will
answer these two questions in the following two subsections.
Details of the lattice calculation of the Euclidean correlator
will be discussed in the next section.

B. Euclidean correlator for quarkonium transport

To construct the Euclidean correlator for quarkonium
transport, we first note that because of the operator ordering
in the definitions (3), we can equivalently write

g 17 (1) = B W (L 0)EN(0))y. (12)

3N,

To perform the analytic continuation, it is best to explicitly
isolate the ¢ dependence from the field operators and write it
purely in terms of time evolution factors. We let H be the
Hamiltonian of the thermal bath QGP in the absence of any
external color charge. When an external adjoint color charge
is present, the Hamiltonian of the thermal bath is given by
[HT — gAG(0)T;]*". The reason for the appearance of this
modified Hamiltonian can be seen from converting the
adjoint Wilson line back to the Schrodinger picture from
the interaction picture

(13)

e~ HIWab (1,0) = [ e—i(H—gAf;(O)ngj)t} ab

Equation (13) has the following physical interpretation:
during the time interval between 0 and ¢ the QGP evolves
in the presence of an adjoint color charge, which is manifest
in the modification of the Hamiltonian by —gA,. It is

2Many studies define correlation functions with an imaginary
unit prefactor, and there the spectral function corresponds to the
imaginary part of the retarded correlator, which has a factor of
1/2 compared with the spectral function defined by the difference
between the > and < Wightman correlators in frequency space.

essentially a local modification to Gauss’s law,’ revealing
the presence of a color octet QQ pair. Outside this time
interval the QGP evolves in the absence of external color
sources.

Using Eq. (13), one can write:

el

i a —i(H—gA] ¢ Jtyab —
T B OO B o))
Try[e 7]

where the trace Try, runs over physical states of the QGP.
The analytic continuation is now direct, because all of the
time dependence is in the exponentials. We just set
t — —ir, and identify the Euclidean gauge field A, with
the Minkowski one by Ay(0) = iA4(0), to find

(9207 17 (=i7)

_ PTe Ty e E (0) " MO | B (0)e /]

3N, Try [e ]

2 T 4
:%Igj (E4(7) {Pexp (igA dT'AZ(T')ngj)] bEf?(O»T
_oTr (Ed(1)We(z,0)E2(0))

3N, B
= Guy(0). 1)

where P denotes path-ordering. That is to say, we have
proven that one of the real-time correlations we want to
evaluate is related to an Euclidean correlation function by
G417 (=i7) = G,qj(7). We note that the absence of the
denominator term as in Eq. (9) is a result of the absence of a
Wilson line along the imaginary time direction at t = —co
in the definition of [g,4]”. In quarkonium dissociation, the

initial state is a color singlet, whereas in heavy quark
diffusion, the initial state is in a color triplet representation,
whose effect appears explicitly in the initial thermal state.

C. Extraction of quarkonium transport
coefficients from Euclidean QCD

Now we discuss how to extract the quarkonium transport
coefficients from G,qj(z). Even though this correlation

’An interesting question one can ask of this expression is
whether we still have explicit gauge invariance. The answer is,
naturally, affirmative. However, this is not as easy to see when
considering time-dependent gauge transformations as it is for
time-independent gauge transformations. This is because the
Hamiltonian also changes if one considers time-dependent gauge
transformations, which is something to keep in mind when
quantizing the theory. We will not pursue this further here,
and we shall assume that H is already determined. For a thorough
discussion on the quantization of gauge theories, we refer the
reader to Ref. [48].
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function has been studied in the past [49-51], its precise
connection to quarkonium transport has remained unex-
plored, until now. It turns out that neither Eq. (10) nor
Eq. (11) is valid for the quarkonium case. This is so because
Eq. (10) is a result of the standard KMS relation, which, as
we will show momentarily, is more complicated for the
quarkonium correlator. Furthermore, Eq. (11) relies on the
spectral function being odd in @, which is crucially not true
for the quarkonium correlator, as we will discuss in what
follows.

1. KMS relation and nonodd spectral function

To explain the nonoddness of the spectral function for
quarkonium transport, we follow Ref. [33] to use the usual

proof of the KMS relation, plus the time-reversal operation
and find

(9aqy 17 (@) = e/ T[gig ) (- ). (16)

which is the necessary KMS relation for proper thermal-
ization of the internal degrees of freedom of the heavy
quark pair (their relative motion and internal quantum
numbers [52]). We then introduce the spectral function that
governs quarkonium transport as

Pag; (@) = [0, 17 (@) = [g35]” (-), (17)

which, by  definition satisfies (004 ) (@) =
(1 + ng(@))pay (@), with ng(w) = (# — 1)~". We have
kept the superscripts “4+" in the label of this spectral
function because we can also define

P (@) = [g:5]7 (@) = (9,4 ] (~w), (18)

which contains the same and satisfies

Pagj (@) = =Py (- ).

Here comes the most important part: The spectral
function (17) is not odd in w. In the standard thermal field
theory setup, we define p(w) =g (w) — g~(w) where
g™ (1) = (9(1)¢(0)) and g=(z) = (#(0)¢(z)), which are
related via ¢~ (w) = g~ (—w) in frequency space by time
translational invariance. This immediately leads to
p(w) = —p(—w). However, the relation g~ (w) = g~ (—w)
is not true for [g,,']” (@) and [g;5]” (@) due to the path

information,

ordering of field operators and the additional Wilson line
along the imaginary time in [g;z]”. That is to say,
(93517 (1) # 9o |7 (). Therefore, we do not know how
Paq (@) transforms under @ — —w a priori.

To see this more formally, one may also write the spectral
function as a spectral decomposition in terms of the
eigenvalues/eigenstates of H, denoted by {E,.|n)}, and
those of [HT — gA§(0)T;]*?, denoted by {E,,, [2*) }, where
a is interpreted as a component of the state, rather than a
label. With these definitions, it follows that

Pagi (@) = %;F Z(Zﬂ)é(w + E, — E)[(n] EZ(0)[a)[?

¢ ni

x [e7PEn — e~PE]. (19)

There is no reason why this expression would be odd under
w — —o, because the energies E, and E, can (and will) be
different in general.

Indeed, explicit perturbative calculations at NLO show
that p,;" (@) contains both @-odd, which is the usual case,
and w-even parts (see Appendix B). The final result
Eq. (3.66) shown in Ref. [33] is only for @ > 0, as
mentioned there. We have performed a similar calculation
for ® < 0 and found an w-even part, which originates from
the diagrams (5, 5t, 6 and 6r) of Ref. [33], or diagrams (j) of
Refs. [34,45]

89(@) = (955 (@) = puna) = TS o
(20)

where we have also added a factor of 2 since the definition of
the spectral function shown in Eq. (3.66) of Ref. [33] differs
from Eq. (17) by a factor of 2 (see Eq. (3.28) therein).

To demonstrate the importance of the w-even part, we
use it to recompute the difference between yg,nq and y,q; at

the order of a2

16£(3
AY =Vadj = Viund = — ( )TFCFNC(X%T3’ (21)
where Cp = 1\;1\71 This difference was first calculated in

Ref. [45]. Some algebra and use of the definitions for
[ga; |~ leads to

ro = [ 001 (0 + 0(-0lg5 1 (-0)

Ay =1 / 9D ) + () Ap(@). (22)

7)o |®

where we have used [g,57]” () = (1 + ng(w))p,4 () and
used that they are translationally invariant in time. The piece
proportional to @(w) is a pure vacuum contribution that
vanishes in dimensional regularization. The second term
inside the integral, however, gives a thermal contribution:

44Ty +oo @’dw
Ay = - (N2 -1 / o dw
1= 30t Wen D | o
16¢(3
= - g( )TFCFNCa§T3, (23)

which is exactly the difference givenin Eq. (21). This settles a
longstanding issue regarding the consistency of the gauge-
invariant chromoelectric correlators in the adjoint and
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fundamental representation, and verifies explicitly that the
spectral function relevant for quarkonium transport is quali-
tatively different from that for heavy quark diffusion. The
above discrepancy Ay is explained precisely because p;ﬁ’ (w)
is not odd in frequency.

With these theoretical foundations in hand, we can now
proceed to write down the formula analogous to Eq. (11),
which will allow for the extraction of k,q; and y,q; from the
evaluation of the Euclidean correlator G,;(7).

2. Extraction formulas

Using the fact that G,4j(7) is the analytic continuation of
944 17 (7) to Euclidean signature, we can write

+oo dw
Guy(e) = [ " Sr e oy (@)
_ /+oodwexp(w(ﬁ—r>> -

o 27 2sinh(%)

(@).  (24)

However, in contrast to Eq. (11), the integrand may not be
symmetrized with respect to @ because p;tij*(a)) is neither
even nor odd. We note that, as one might suspect from
Eq. (15) and is apparent from Eq. (24), the analytic
continuation holds provided that 0 < 7 < . This is pre-
cisely the range where we discuss the calculation of G, in
the next section. A direct calculation using Eqgs. (11), (20),
and (24) shows that

AG(T) = Gadj (T) - Gfund(T)

oo dw exp(w(5 — 7))
il
_ g'Tr(NZ - 1)
— Wﬁmgm, tT) —{(4,1 —<T)]
+ C’)(g6), (25)

where {(s,a)=> % ,(k+a)~* is the Hurwitz zeta function.

After extracting p,, (w) from the lattice QCD calculated
G (1), which will be discussed in the next section, we can
obtain k,q; and y,q as

. T
Kadj = (})1_1‘%% [p:&j(a)) - p:;ij*(—a))}

p
Vo) = = | dzGq(7)

[ [+eo
- dw
27 J_»
where the expression we have written for k,q; makes it
manifest that only the @-odd part of p,; (@) contributes to

1+ 2ng(|o|) ++

|w| padj (a))’ (26)

it. [One can show this by using Egs. (1) and (4).] We note
that y,qj may be substantially more difficult to extract than

in the fundamental representation case. While the first term
is indeed the same as in the fundamental case by virtue of

o0dof ) _ (P 406 (7)) the fact that pht s not
o 21w — Jo dTlUyg(7), the lfact that p., 1S no

necessarily odd under @ — —® means that the last term
can contribute. Indeed, it does so in perturbation theory, as
demonstrated by our calculation of Ay in Eq. (23). There is
even an additional complication in that the 1 in 1 4 2np of
the second line will usually generate ultraviolet divergences
that have to be regulated analytically (e.g., by dimensional
regularization). Furthermore, the first term may also require
regularization for the integration regions where 7 = 0, j.

IV. LATTICE QCD DETERMINATION
OF G,4;(7) AND RENORMALIZATION

In this section, we discuss how to perform a lattice QCD
calculation of G,q; and extract p/;". We will first show a
discretized version of G,4; and then discuss how to renorm-
alize the lattice QCD result when taking the continuum
limit. Finally we will give a fitting ansatz to extract p,
from the calculated G,qj, which can then be plugged into
Eq. (26) to obtain the quarkonium transport coefficients.

A. Lattice discretization

The main ingredient we require in order to construct a
lattice formulation of the correlator that determines quar-
konium transition rates is a discretized formula for the
gauge field strength F,, =d,A, —0,A, —ig[A, A)] in
terms of link variables U, (n) = exp(iagA,(n)):

[AU}W(I’O = U—v(n + ﬁ)U—M(n + A+ lA/)Uv(n +ﬁ)
xUy(n+p-0)U,(n-0)U_,(n) -1

= 2iga’F,,(n) + O(a?). (27)

This discretization is different from the standard square
plaquette. We chose this one because it makes the operator
symmetric around the Wilson line direction, as shown in
Fig. 1. One can then write an expression purely in terms of
link variables for the correlator:

Gustsi) = i (e{ ( T1 vh) 00

=n,—1

X (:f[; Uo(")) [AU]<—T)(-i)(O)}> ;

E

(28)

where 7 = an,, and the products are ordered in such a way
that the lower limit of the index labels corresponds to the
operator that is most to the right in the product, and the
upper limit to the one that is most to the left. A graphic
representation of the correlator can be found in Fig. 1.
The average (-); represents the expectation value under
the measure defined by the Euclidean lattice path integral,
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FIG. 1.

. . . o« L o . .

Lattice discretization of the chromoelectric field correlator. The electric field insertions are constructed by taking the difference

between the products of gauge links over the blue and red contours at the ends of the light blue contours, which represents an adjoint
Wilson line. In this setup, the adjoint Wilson line is equivalent to two antiparallel fundamental Wilson lines.

ie., =
fDUexp(

| DU exp(-S where Zp =

D).

B. Renormalization and infrared renormalon

=z £[U)O[U]
U

The bare chromoelectric correlator G,q;(7;a) can be
evaluated by the lattice method explained above. For
physical quantities, the lattice calculation result needs
proper renormalization. Since the operator involves a
Wilson line, it is expected that G,qj(; @) contains a linear
divergence (which has not been explicitly checked and
should be done so in the future via, e.g., a calculation in
lattice perturbation theory), in addition to the usual loga-
rithmic divergence. Therefore, we renormalize the bare
correlator via

Gii(7.p) = Z(u. a)e™*Gyqi(: ), (29)
where Z stands for the renormalization factor for the
logarithmic divergence of the composite operator, with p
the renormalization scale and ém the mass renormalization
associated with the self energy of the Wilson line. It has
been shown that this form of the renormalization factor for
the nonlocal operator is consistent with the fact that when
the nonlocal operator is expressed as a weighted sum of
local lattice operators, they mix in the renormalization
group flow [53]. In this work, we will not address the
potential mixing between similar correlators with different
Wilson line paths connecting the two chromoelectric fields.

A NLO calculation of the real-time partner of G, i.€.,
ga5i ]~ has shown that [33]

0
Z' =1+ — + finite terms atg> + O(g*),  (30)
€

where we used Z’ to distinguish the renormalization factor
for [g,q]” from the Z for G,q;. The “0” coefficient of the
1/e term emphasizes that [gy;]” has no logarithmic
divergence at NLO. The calculation was performed in
the continuum by using dimensional regularization. The
divergent term should be the same in the dimensionally

regularized and lattice regularized perturbative calculations.
Only the finite terms can be different. If we want to obtain the
renormalized result in the MS scheme, the finite difference
between the lattice scheme result and the MS result should
still be accounted for. In the case of Gy,,q, the difference is
known at NLO [54]. We leave the calculations of Z for the
Euclidean G, in both schemes to future studies. (As can be
seen by comparing to Ref. [54], such calculations are
research projects on their own.)

Since the ém term is associated with the self energy of
the Wilson line, one can use lattice perturbative calculations
to determine it, but the uncertainties are expected to be
large due to infrared renormalons. In particular, om is
expected to be of the form

m_y(alqcp)
a

om = + mo(Agep). (31)

where m_; is constant at leading order in lattice perturba-
tion theory, but it has a residual dependence on a at higher
orders via, e.g., alAgcp due to renormalization effects. On
the other hand, m, is independent of the lattice spacing a,
but it is scheme dependent as well. (Both m_; and m, also
depend on the other mass scales of the theory, if there are
any.) The infrared renormalon ambiguity leads to an
uncertainty in summing the perturbative series for m_j,
which is compensated by the same uncertainty in determin-
ing my. The fact that both m_; and m, are scheme
dependent is reflected in the systematic uncertainty of
fitting the a dependence from lattice calculations at small a,
as shown in the recent study on renormalizing the quasi
parton distribution function (quasi-PDF) [55].

Here we discuss a strategy to reduce the uncertainty caused
by the infrared renormalons in determining the renormaliza-
tion factor 6m by using lattice QCD calculation results,
which is motivated by the recent work on self renormaliza-
tion of the quark quasi-PDF [55,56]. The first step is to fit
m_; from the a dependence of Z(u, a)G,q;(7; a) when a is
small for some 7. Different choices of 7 are expected to give
the same fitting result, as long as we maintain 7 >> a to have
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negligible lattice artifacts). Due to the unknown nonpertur-
bative dependence of m_; on a, different parametrizations
may be used in the fitting and they do not lead to the same
result necessarily, which reflects the scheme dependence of
m_;. Then we define Gﬁj (r.p) = Z(u, a)e™17/9G (13 a),
i.e., we only absorb the extracted a-dependent linear diver-
gence and the logarithmic divergence into the renormaliza-
tion factor and perform an operator production expansion
(OPE) at small 7 (i.e., # > 7 but we still require 7 > a)

GRy(z.p) = e""”ZCn(as(ﬂ) pr) T (0,8 ()
B1-mr) Y. CM0)5+0).  (32)
n=0,1

where O,, denotes the local operators in the OPE and
(0,)%(u) represents their renormalized expectation values
at the same temperature 7. The expectation values of O,, can
be calculated by standard lattice QCD methods and renor-
malized perturbatively by calculating the corresponding
logarithmic renormalization factors via lattice perturbative
calculations, in the same way as it is done for the logarithmic
renormalization factor Z for G,q;. These local operators do
not involve Wilson lines and thus do not have linear
divergence, so it is expected that their renormalization is
insensitive to the effects from infrared renormalons. The
local OPE operators that may contribute include

Oo: 1, Tr(FoiFo;), Tr.(F;;F;;). myqq
0,: e[,Trc(FOiD/’FOi),e,,Tr (F D’F;;), e,m,qD’q, (33)

where ¢, is a unit vector along the spacetime direction p. The
short-distance Wilson coefficients C, can be calculated in
perturbation theory at the scale u = 1/7. The calculation of
these coefficients is an active area of research [57,58]. In
practice, we can determine m via Eq. (32) by calculating the
lattice renormalized Gy (z.p) and (0,)f(u). With my
from G (z,p) by
including the renormalization factor associated with m,. As
suggested in Ref. [56], to reduce the uncertainty caused by
the infrared renormalons, one resums the leading infrared
renormalons in C,, by regulating the renormalon poles in the
Borel space and applying the inverse Borel transformation.
As shown therein, this strategy removes a large uncertainty in
the determination of the quark PDF. We expect a similar
uncertainty reduction to happen for the determination of Gfdj
by using this strategy.

After determining the renormalized %L in the lattice
regularization, we can convert it into the MS scheme if we
know the difference between the perturbative results of the
logarithmic divergence in these two schemes. As part of the
conversion process, one has to take care of the fact that in
dimensional regularization with d =4 — € and € — 0, the

determined, we can obtain fodj( U

linear divergence is absent. Any residual finite terms from
this linear divergence are accounted for through m in the
OPE matching.

C. Fitting Ansatz for p 7

Once we obtain the renormalized Gdd, we can use
Eq. (24) to fit the spectral function p Slnce we only

have a limited number of data points in 1 we need a fitting
ansatz. One ansatz that has been used in the lattice studies
of the heavy quark diffusion coefficient is of the form [46]

\/ Pir (@

where pr and pyy represent ansatzes in the small and large
 regions, respectively. We will construct ansatzes moti-
vated from perturbative studies.

The large frequency behavior of p,; (@) is determined
by Eq. (20) and pgnq(@), which may be read off from
Ref. [34]. Explicitly,

pdd_] + pUV ) (34)

w>T g TF(N 1)
3(27)N.,
2 2
F [(1IN. NN (o
1 R FhY
X{ +(271)2[( 12 6) "\4a?
_Ny
9

149 2722
+ N. <—9 2 ﬂzsgn(a})>
(35)

Pagi (@)=

36 3
+ O(¢°),

where N is the number of light (massless) quark flavors in
the theory. It was shown in Ref. [34] that up to O(g*), the
leading temperature-dependent contributions at large fre-
quency go as T*/w, which are omitted in Eq. (35) since
they are subleading.

On the infrared side, one needs to use the hard thermal
loop effective theory to capture the behavior of correlation
functions when || < gT « mp, where mp, is the so-called
Debye mass of the QGP, given (perturbatively) by
my = ¢?T? (% + %) which quantifies color-electric
screening in a thermal plasma. To see the difference
between the prag and p,q; in the small  region, one needs
to consider the same type of diagrams that led to the
difference shown in Eq. (20), which has a prefactor of g*,
meaning that the dominant corrections in the regime |w| <
mp will be of order g*m?|w| < ¢°T?|w|. This means that
we cannot make quantitative statements by considering
only the 1-loop diagram that leads to Eq. (20) (replacing the
propagators with their HTL-resummed counterparts), as we
can get competing effects from 2-loop diagrams in QCD,
which contribute at order ¢°. In practice, one would also
need to calculate these 2-loop diagrams to be able to match
the HTL result to full QCD. We will leave such calculations
to future studies. Here we only list the leading contribution
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in the infrared regime, which can be written in terms of the
well-known heavy quark diffusion coefficient x,,q at NLO:

<gT <gT Kfynd @
Pag (@)= prung(@)" =" Z2= 4 O(°). (36)

where kg 15 given by [36,59]:

94TF(N% - 1)T3

Kfund = 9(271')NC
Ny 21 1 £'(2)
) )
+A;f1n2+N”Tch} +O(g), (37)

with C = 2.3302, as given in Ref. [59]. The fact that the
low-frequency limit of the adjoint and fundamental corre-
lators do not differ up to this order had already been noticed
in Ref. [59].

Motivated by the above perturbative analyzes, we
suggest to use Eq. (35) as pyy in the fitting ansatz (34)
and use k.o + clw| to parametrize pr with ¢ some
constant that does not contribute to k,q. The appearance
of the ¢|w| term in pyg is a crucial difference from the case
of the heavy quark diffusion coefficient and is motivated by
perturbative calculations shown in Sec. III C 1. The fitting

of /)L}r will not only provide the quarkonium transport

++
adj °

which is important to evaluate y,q;, as well as the frequency-
dependent correlators g;'fﬁt (w) that determine the quarko-

coefficient k,qj, but also the frequency dependence of p

nium dissociation and recombination rates.

V. CONCLUSIONS

In this paper, we explained how to determine the real
time quarkonium transport properties from a Euclidean
chromoelectric field correlator. This determination requires
to reconstruct a spectral function in a way that is different
from more intensively studied spectral function
reconstruction problems, such as the one required for the
extraction of the heavy quark diffusion coefficient. The key
results are shown in Eq. (26). We then discussed the lattice
determination of the Euclidean correlator, and in particular,
a method to reduce the uncertainty caused by infrared
renormalons in obtaining the renormalization factor for the
linear divergence of the correlator. This method is quite
involved and several perturbative calculations needed to
implement the method are left to future studies, such as the
lattice-regularized perturbative calculation of the logarith-
mic renormalization factor Z in Eq. (29) and the Borel-
resummed calculation of the Wilson coefficients in the OPE
(32). Our work paves a way toward a nonperturbative
determination of the quarkonium transport properties in the
QCD hot medium, which generalizes the use of a weakly

interacting gas of quarks and gluons as a microscopic
model of the QGP in Boltzmann (rate) equations [60—63]
for quarkonium to the strongly coupled case. This not
only deepens our understanding of the QGP and quarko-
nium production in heavy ion collisions, but may also
provide insights for studies of exotic heavy flavor produc-
tion [64—66] and dark matter bound state formation in the
early universe [33,67-69].
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APPENDIX A: DETAILED EXPRESSIONS IN THE
LINDBLAD EQUATION

Here we write out explicitly each term in the Lindblad
equation (2) introduced in the main text, which can be
found in the literature, e.g., in Ref. [24]. The density matrix
is assumed to be block diagonal in the color singlet and

octet basis
Jo o
pS(t) = (0) *
0 ps (1)

The Hamiltonian and its thermal correction are given by
[Cr = (NZ—1)/(2N,)]

Cra;
nt (T D)

(A1)

M 0 21{\?1
. 1 0
Vaghhs =292 ( el ), (A2)
2 \0

The Lindblad operators are given by
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1 N.agr;\ (0 O APPENDIX B: CALCULATION DETAILS OF
L= |ri+ MT ' 8T r 1 0 SPECTRAL FUNCTION DIFFERENCE
As explained in the main text, the difference between the
1 1 N.a,r;\ (0 1 ) .
Ly =5\ ri+5=Vi+tor spectral function for quarkonium transport and that for
Nz—-1 2MT 8T r 0 0

single heavy quark transport is given by the diagrams (j) in
> Refs. [34,45], or (5), (5r) in Ref. [33]. The diagrammatic
Nzi—-4 1 0 0 . T . . .
Ly = 62 ri+ V; , (A3) representation of their difference in real time in terms of
2(Ne=1) MT 0 1 Wightman functions was given in Ref. [35], where gauge
invariance was also examined.
Following the calculation details of Ref. [33], we find

) that the difference between these two spectral functions is
where i = x, y, z. given by

T
p;:j]L(a)) - pfund(w) - /k 3]:; g4Nc(N% - 1)27[5(k0>[g/4u(p - 2k)5 + gv&(k - 2}7)” + g&[l(p + k)b]
D, c

X (pogis — Pigos ) ((Po = ko)giw — (pi — ki)QOz/)Re{ lp(p)1?°[Dr(p — k)Y [Dy(k)H©

= (PP (ID- (p = D (] = [D(p = K [D- (k1) . (B1)

where py = . By using the thermal (KMS) relations between the free propagators D., D_, Dy and p, this can be further
simplified to

Pagj (@) = Prana(®) = / . %g“Nc (N2 = 1)226(ko) (9 (P = 2K)5 + gus(k = 2p), + gou(p + k), ]
X (Pogis — Pigos)((Po — ko) g — (Pi — ki)gou')(—l)V(l’)]é/alm{[DR]W/(P — k) Hm{[Dg]* (k) }.
(B2)

In our convention, the free propagators in Feynman gauge are given by

—ig"

W — (—gv) (2 S5(n? D w = = B3
(P = (~g)Ca)sgn(po)a(?) DRI = il (83)
and using them to calculate the difference, one arrives at
Tk 2dw’ — 20(p — k)?
P (@) = @) = [ S VN2 - 1><2n>6<ko><2n>sgn<w>a<p2>7>( oo ) B

In dimensional regularization, (p — k)? may be exchanged by »” because [, ,% vanishes. Then, setting d = 3, this integral
becomes

12 )= pam) =32 = Dol [ oot (e ). (B5)

The explicit calculation of this integral is equivalent to the one presented in the Supplemental Material of Ref. [35]. The
final result is

T n? §*Tp(N2 = 1)n?
Tt F 4 2 3 _ F\UV¢ 3
: — = N.(N=% -1 = s B6
padJ (w) pfund(w) 3Ncg c( c )|w| (2 )3 3(2 )3 |w‘ ( )

as claimed in the main text.
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It is noteworthy that the difference between the spectral
functions, as given in Eq. (B2) may also be used in
conjunction with HTL-resummed propagators to explore
the value of the difference (a modification to the gluon
3-vertex is also necessary, according to the HTL effective

theory Feynman rules. They can be found in Ref. [70].).
However, as discussed in the main text, a full fixed-order
calculation at O(g®), which is the leading contribution to the
difference in the small frequency domain, also requires
considering 2-loop diagrams, which we will not pursue here.
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