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Abstract

We use effective field theories to study the interactions of heavy quarks in the vacuum and
in medium. First, we show how the concept of a non-relativistic effective theory (in par-
ticular NRQCD and pNRQCD) is compatible with the inherent Poincaré invariance of the
underlying fundamental theory of QCD. Boost transformations, though not explicitly reali-
zed in the effective theory, may nevertheless be introduced as non-linear transformations on
the non-relativistic fields. By requiring the effective Lagrangian to be invariant under these
transformations, exact relations can be derived for the Wilson coefficients.

We also study the exotic bound states of heavy quarks, called hybrids, where the binding
gluons are in an excited configuration. Using arguments from both NRQCD and pNRQCD,
we derive a coupled Schrodinger equation, the eigenvalues of which give the leading order
masses of the hybrids. The results are compared to previous theoretical approaches like the
Born-Oppenheimer approximation, as well as results from experiments, lattice QCD and sum
rules.

Finally, we study the behavior of heavy quarks in a hot medium by calculating the Polyakov
loop and the Polyakov loop correlator at finite temperature in the weak coupling expansion.
For the Polyakov loop, we present a next-to-next-to-leading-order result, using the effective
theories EQCD and MQCD as well as a direct calculation. A comparison to lattice data is
also given. For the correlator, we present a next-to-next-to-next-to-leading-order result in the
short distance limit, which follows directly from the result for the Polyakov loop and a novel
exponentiated expression for the Polyakov loop correlator in terms of singlet and adjoint free
energies. We also compare these in a matching to pNRQCD.

Zusammenfassung

Wir untersuchen das Verhalten von schweren Quarks im Vakuum und bei endlicher Tempera-
tur mit Hilfe von effektiven Feldtheorien. Zunéchst zeigen wir, wie das Konzept einer nicht-
relativistischen effektiven Theorie mit der zu Grunde liegenden Poincaré-Invarianz der funda-
mentalen Theorie QCD in Einklang gebracht werden kann. Obwohl Boost-Transformationen
in der effektiven Theorie nicht explizit realisiert sind, lassen sie sich dennoch in Form von
nicht-linearen Transformationen fiir die nicht-relativistischen Felder einfiihren. Indem wir die
Invarianz der effektiven Lagrange-Dichte unter diesen Transformationen fordern, erhalten wir
exakte Beziehungen zwischen den Wilson-Koeffizienten.

Weiterhin untersuchen wir exotische Bindungszustdnde von schweren Quarks, bei denen
sich die bindenden Gluonen in einem angeregten Zustand befinden und die deshalb Hybrids
genannt werden. Durch Verwendung von Argumenten aus NRQCD und pNRQCD erhalten
wir eine gekoppelte Schrédingergleichung, deren Eigenwerte die Hybrid-Massen in fithrender
Ordnung darstellen. Wir vergleichen unsere Ergebnisse mit vorherigen theoretischen Heran-
gehensweisen, und dariiber hinaus auch mit experimentellen Resultaten, Gitter-QCD oder
Summenregeln.

Schlieflich untersuchen wir das Verhalten von schweren Quarks in heifler Materie, indem
wir den Polyakov Loop und den Polyakov Loop Korrelator bei endlicher Temperatur und in
der Entwicklung fiir schwache Kopplung berechnen. Wir erhalten den Polyakov Loop in zwei-
ter Korrektur zur fiihrenden Ordnung unter Verwendung der effektiven Theorien EQCD und
MQCD sowie durch direkte Berechnung. Das Ergebnis wird auch mit Gitter-QCD-Daten ver-



glichen. Fiir den Polyakov Loop Korrelator erhalten wir die dritte Korrektur zur fithrenden
Ordnung, welche direkt aus dem Ergebnis zum Polyakov Loop folgt sowie durch eine neue ex-
ponentielle Formulierung des Korrelators durch die freien Energien in Singlet- und adjungierter
Darstellung. Wir vergleichen diese ebenfalls mit pNRQCD durch ein Matching.
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Chapter 1

Introduction

1.1 Phenomenology of the Strong Interaction

The strong interaction is a particularly interesting field in particle physics in that great ad-
vances have been made over the last century, with the discovery of a multitude of strongly
interacting particles in collider experiments (half jokingly referred to as the particle zoo), which
ultimately turned out to be perfectly described by a comparatively simple theory as bound
states of only a few elementary particles called quarks; and yet they continue to this day to
challenge both theorists and experimentalists alike, with new particles still being discovered
(that require interpretation) or predicted (that require detection). The (by now) well estab-
lished theory for the strong force is called quantum chromodynamics (QCD), for recent reviews
on the state of the art and current open problems see [IH3]. Even though its Lagrangian takes
only one line to write down, it is an extremely rich theory allowing for vastly different phases
of matter that we are just beginning to understand.

One of the most fascinating aspects of the strong force is confinement, the property that
quarks or gluons at low energies can never be observed in isolation, but only in color neutral
bound states. Since confinement is a low-energy phenomenon, it is expected theoretically that
if nuclear matter is heated up to sufficiently high temperatures, where the average energy per
particle is larger than the confinement scale Aqcp, it should undergo a phase transition from
confining to deconfined, the so-called quark gluon plasma (QGP). Such a phase transition has
indeed been seen at temperatures of around 160 MeV in lattice studies [4, [5]. A concurrent
phenomenon is the restoration of chiral symmetry, and the close proximity of the two transition
temperatures has sparked intense discussions whether the two effects are related, an issue
that is still not resolved. With heavy ion collisions, currently conducted in the experimental
facilities RHIC (Relativistic Heavy Ion Collider) at the Brookhaven National Laboratory and
LHC (Large Hadron Collider) at CERN (the European Organization for Nuclear Research),
there is also a great experimental effort to study this new phase of matter, which is believed
to have been the state of the universe in the early stages after the big bang [6].

A particularly useful probe for the QGP are heavy quarks, which may not be thermalized
at temperatures of a few hundred MeV because of their large mass and therefore can be used
to observe the hot medium. This idea was originally proposed by Matsui and Satz [7], who
argued that the screening of the strong force through the medium would lead to a breaking of
heavy quarkonium bound states. Since different excitations of quarkonium states correspond
to different sizes, they would melt at different temperatures, when the screening length would
become smaller than the mean distance. So the suppression of quarkonium states would
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be an indicator of the temperature of the QGP. While the main idea of using quarkonia as
an effective thermometer for the medium has remained, recent studies have shown that the
process of quarkonium melting is in fact dominated through a thermal decay width due to an
imaginary part in the interquark potential rather than through color screening, at least in the
weak coupling regime [§]. An exact prediction of the quarkonium yield in such experiments is
further complicated by other effects, such as cold nuclear matter or recombination effects, so
this problem is currently subject to very active study.

The advances in the understanding of quarkonium dissociation demonstrated in [8] have
been achieved through effective field theories (EFTs), which are among the most modern
tools used at the frontier of research, complemented by lattice calculations in QCD. While the
concept of describing heavy quark bound states through a potential has been used in numerous
models to varying success, it is EFTs that provide the appropriate framework for the definition
of a potential and establish a rigorous connection to the underlying theory of QCD [9]. In the
EFT approach, potentials arise naturally as non-local interaction terms for quarkonium fields,
but the theory is completely general and also describes all non-potential effects. Through this
approach it has been possible to achieve an accurate description of the quarkonium spectrum
in the vacuum for states below the open flavor threshold in a way that is firmly based on QCD,
which shows the great importance of EFTs for the study of multiscale systems [9] [10].

In an EFT a given hierarchy of scales is exploited through a systematic expansion of
the Lagrangian in ratios of these scales. The heavy scales are sequentially integrated out,
generating a tower of effective theories. At each step, equivalence with the fundamental theory
is ensured through a matching calculation, which determines the parameters of the EFT. Then
all higher energy effects are fully contained in the parameters and only the lower scales remain
dynamical. In this way high energy effects are factorized from low energy effects, and while the
former can usually be calculated through perturbation theory, the latter can be defined through
correlators of the effective degrees of freedom, which are then suitable for lattice evaluations.
Thus perturbative and non-perturbative methods are well connected through the EFT.

A great example for this are the exotic XYZ states, which were discovered recently and
continue to be subject of intense experimental study at facilities like BESIII, LHC, or also in
future experiments at Belle2 and Panda at FAIR, aiming at higher precision and statistics as
well as more information on production mechanisms or decays. They are typically found at or
above the open flavor threshold; a list of known exotics can be found e.g. in [1], although other
states have been found in the meantime like the famous “charmonium-pentaquark” state at
LHCb [11]. Also in lattice QCD there has been great effort and progress regarding the study of
excited quarkonia, even though a direct study is still far from being without problems [12HI6].

A particularly clear indication for exotic properties is the appearance of electric charge in
states which are expected to belong to the charmonium or bottomonium spectrum based on
their mass and decay channels (these states are typically given the label Z). Since the combi-
nation of a quark and its antiquark is electrically neutral, the charge can only be generated
by some non-trivial light quark content, thus favoring a tetraquark interpretation. But also
non-trivial gluonic content may result in exotic properties, like quantum numbers that are
excluded in standard interpretations of quarkonia. In this case, the states are called hybrids
(i.e. a hybrid between a pure quark-antiquark bound state and a purely gluonic state like
glueballs) [17].

Even if there are no inherently exotic properties, just the number of states found in the
charmonium and bottomonium sectors suggests that there is more than one way to form a
bound state. Accordingly, there are numerous proposed models for exotic bound states. Among
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these are bound states between heavy-light mesons, or any other color combination between a
heavy and a light quark like diquarkonium, three-body treatments with a constituent gluon or
molecular approaches. Usually, these models are based on an assumption about the relevant
degrees of freedom and a phenomenological Hamiltonian. However, even if for some special
states a well defined theoretical description has been established, like for the X (3872) [18], [19],
a consistent framework for all these states with a well founded connection to QCD is still
lacking. In this work we will explore to what extent EFTs may be used to organize the
different descriptions for exotic quarkonia, focusing on hybrids.

The rest of this work is organized as follows. In the remaining sections of this introductory
chapter some basic theoretical concepts and tools are summarized, including QCD and EFTs
for heavy quarks at zero and finite temperature. The next chapter [2] deals with the question,
how the concept of boost transformations can be implemented in the non-relativistic framework
of certain EFTs. Since the underlying fundamental theory of QCD is relativistic and therefore
invariant under boosts, this symmetry needs to be somehow hidden in the effective theories.
We will demonstrate how non-linear field transformations can be used to implement boost
transformations. The EFTs studied in chapter [2| are then applied to study hybrid quarkonium
in chapter [3] Combining information from the perturbative short-range regime and lattice
results for intermediate ranges, a coupled Schrodinger equation is obtained whose eigenvalues
give the leading order hybrid masses. The quantum numbers of these states are explained, and
the results are compared to various other data, including experiments, direct lattice calculations
or results from sum rules.

In the second part of this work, the behavior of heavy quarks in a hot plasma is studied in
chapter . We calculate the Polyakov loop at O (g°) in perturbation theory (i.e. up to three
loops), which is the penultimate order at which perturbation theory can be used before the
expansion breaks down due to thermal low-energy effects. We use both resummed perturbation
theory and EFT methods and obtain results that are in agreement. A comparison to lattice
data is also presented. These results can be applied directly to the calculation of the Polyakov
loop correlator, for which we present a novel expression in terms of singlet and octet free
energies derived in the framework of Wilson-line exponentiation. This new result greatly
simplifies the calculation and allows us to give the perturbative expansion of the Polyakov
loop correlator for short distances up to O (¢g”). We also discuss the EFT description of this
operator. Finally, chapter [5| contains our conclusions and an outlook, while the appendices
give further detail on the calculations or related discussions.

Parts of the contents of this thesis have previously been published in [20], [21], and [22], or
are being prepared for publication [23] 24].
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1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is widely accepted as the theory for the strong interaction.
Strictly speaking, it is an SU(3) gauge theory (i.e. non-Abelian) with 6 massive Dirac fields
describing the quarks, which transform in the fundamental representation of SU(3), while
the gluons take on the role of the gauge field. The different components of the gauge group
representation are called colors and the different types of quark fields are called flavors. The
Lagrangian density is given by:

Laen =320 (i)~ mg) q — (F (1.1)

q

In this notation, several indices have been suppressed. The quark fields have a Dirac index,
which is contracted with the Dirac matrices implied by the shorthand ) = D,y*, as well as
a color index, which is contracted with the color indices of the covariant derivative D,. The
mass terms m, act as unity with respect to both of these indices.

The 6 quark masses are vastly different, ranging from a few MeV to a few hundred GeV.
A common approximation to QCD is therefore to neglect the heavy quarks and treat the light
quarks as massless (this can be done rigorously in the context of effective field theories, which
also allow for the treatment of the heavy quarks, compare the following sections). The theory
is also chirally symmetric in this limit. The term “heavy quarks” usually refers to charm,
bottom, and top flavors (¢, b, and t), while up and down (u and d) belong to the light quark
flavors. The strange quark flavor (s) is somewhat in-between, sometimes it is counted towards
the light quarks and in other cases its mass is not neglected.

Another observation is that the degree of the gauge group of this theory has only very
little effect on its properties; usually it only appears in the form of coefficients. It is therefore
straightforward to consider QCD as a special case of a more general class of theories, i.e. SU(N)
gauge theories with IV colors and ny light quarks. For the majority of this work we will use
the term QCD to refer to this general class of theories.

The gauge fields enter the Lagrangian through the covariant derivatives: D, = 9, +igA,,
or through the related field strength tensor:

1
F, = s [D,,D,], (1.2)
where the square brackets denote the commutator: [X , Y} = XY — YX. Here and in the
following, if a color index is suppressed on a field, it means it is contracted with a generator
of the gauge group 7 A, = AT or Fy,, = F; T
Sometimes also the opposite sign is used for the gauge field in the covariant derivative. This
sign is arbitrary; it can be interpreted as a redefinition of the coupling constant g, and since
g always appears to even powers in perturbative results, i.e. in the combination oy = ¢? /4,
a sign change has no effects. Alternatively, it can be removed through a field redefinition of
the gauge fields in the path integral, which also does not affect results. This is a big difference
to U(1) gauge theories, where different elementary charges for different fields are possible; in
non-Abelian theories all fields carry the same charge, so a redefinition affects each field in the
same way. In this work we will use both signs, whichever will seem more convenient; the exact
sign will be specified where relevant.
The generators of the gauge group are denoted by 7%, where a is the color index. When
necessary, the representation will also be given by an index T%; if the representation index is
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missing, then the fundamental representation will be understood. We will also call these color
matrices. They share several features which are independent of the degree N of the gauge
group. First, the defining property for generators of a Lie group is, that any element U of the
group can be written as

U(a®) = exp [iT"a?] , (1.3)

for some real parameters a®. This relation applies to any representation of the group, but in
the fundamental representation, the resulting matrices U have to be unitary N x N matrices
with determinant 1, which implies that the 7% have to be hermitian and traceless. Any set of
independent N x N matrices that satisfy these properties can be used as color matrices for
that group; it will always contain N? — 1 elements.

However, it is convenient to use a set of matrices that are orthogonal with respect to the
scalar product of the vector space of complex N x N matrices, which is (X,Y) = X}Y};.
Because of the hermiticity of the color matrices, the condition for orthogonality can also be
written as

T T = Tr [T°T"] o 6. (1.4)

Instead of normalizing the color matrices to 1 under this scalar product, it is conventional to

use instead ,
(5a

Tr [T°T"] = —. 1.5

(7] = & (L5)

Sometimes also a general normalization factor denoted as 7% is used. However, this factor is
completely irrelevant for any results, since each generator in the Lagrangian is accompanied
by a power of the coupling g and vice versa. A different normalization for the color matrices
can therefore be fully absorbed by a redefinition of the coupling parameter. This also means
that in any result the power of Tx will always be the same as the power of aﬂ We prefer
therefore to use the conventional choice of Tr = 1/2.

The unit matrix does not belong to the color matrices, because it is not traceless, and
it is straightforward to see that it is orthogonal to any generator. The set of color matrices
complemented by the unit matrix (which contains exactly N? elements) therefore forms an
orthogonal (but not normalized) basis for the space of complex N x N matrices. This means
that for any matrix X we can write:

1
X = NTr[ILX]]l + 2Tr[TeX]T*. (1.6)
Through a slight rearrangement of this expression, we can obtain the Fierz identity:

T;

1 1
(;'Tlgl — 5(2[6@' - W(Sijékl . (17)
This relation is only valid in the fundamental representation, since it is only in this case that
the number of generators plus the unit matrix equals the dimension of the matrix space.
The commutator of two color matrices is necessarily orthogonal to the unit matrix, since
the trace of it vanishes trivially because of the cyclic property of the trace, so we can write:

[T, T"] = if*Te, (1.8)

LOr at least they will differ by a constant number, in case color matrices are already present in the initial
expression.
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where the coefficients fo%¢ are called structure constants. It is straightforward to see that they
are real by taking the hermitian conjugation of Eq. (1.8) and keeping in mind that all color
matrices are hermitian. Because of Eq. (1.5) we can express them directly as:

fobe = 9 Tr[[T“,T”} TC] . (1.9)

So we see that, while the first two indices of the structure constants are antisymmetric by def-
inition, for an orthogonal set of color matrices the structure constants are fully antisymmetric
in all indices. Other representations are then defined through Eq. : any set of matrices
that satisfy this relation may be used as generators of the gauge group in their respective rep-
resentation. If there is no similarity transformation that makes the generators block diagonal,
then the representation is called irreducible.

One can also define symmetric structure constants. In analogy to the antisymmetric struc-
ture constants, we write:

dabe — 2Tr[{T“,Tb}TC}, (1.10)

where the curly brackets denote the anticommutator {X,Y} = XY + Y X. The symmetric
structure constants play a role in the decomposition of products of color matrices. Since the
product of two color matrices necessarily needs to be a linear combination of the unit matrix
and the color matrices (as those form a basis of matrix space), we can determine this expression
by calculating the projections:

ab ;

T°T" = %Tr [T°T*|1 4 2 Tx[T*T*T¢| T° = ;SNIL + (%da”c + % f“’”) T, (1.11)
where in the second term we have written the product through commutator and anticom-
mutator: TT° = {T% T’}/2 + [T T°/2. In this way, any product of color matrices can
be decomposed in terms of structure constants, color matrices and the unit matrix by it-
erated application of this relation. Unlike the antisymmetric structure constants, however,
the symmetric structure constants have no direct relation to higher representations; for other
representations there is no way to simplify the anticommutator of two generators.

Through repeated use of the commutation relations for the color matrices, or alterna-
tively through the explicit expressions for the structure constants and the Fierz identity, one
can show the Jacobi identity:

fabefecd + fbcefead + fcaefebd =0. (112)

From this one can see, that the structure constants themselves form a representation of SU(N),
the so-called adjoint representation. Its generators are defined as:

(), = —if™. (1.13)

Inserting this in Eq. and using the antisymmetry of the structure constants, one can
show that for the adjoint representation the commutation relation corresponds to the Jacobi
identity.

There is a useful relation between fields F that transform under the adjoint representation
and transformation matrices U in the fundamental representation by contracting the color
index with a color matrix:

F = Fore SN g rpt (1.14)
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The easiest way to show this is by considering only an infinitesimal transformation a* — 0.
The left-hand side transforms as:

Fa SU(N) T 4 it (fo)ab«/t‘b—i_o (042) _ fa+fabc&ch+O (062) ’ (115)

while the right-hand side gives:
UFU' = F — i[F,a] + 0 (a?) = FT*+ featFPT + O (o?) . (1.16)

Since a finite transformation can be written as a succession of infinitesimal transformations,
and at each step left-hand and right-hand sides agree, we see that Eq. is indeed valid also
for finite transformations. An alternative way to prove this directly for finite transformations
is through the Baker-Campbell-Hausdorff formula (see below).

Since QCD is a gauge theory, the gauge transformations are local, which means that the
parameters a® in Eq. depend on the space-time coordinates. The quark fields transform
as:

g(z) 2 U(2)g(a). (1.17)

In order for the Lagrangian to remain invariant, the gauge fields have to transform in a way
that the covariant derivatives transform as:

SU(N)

D, Y U@ DU z),  so  Ay(w)

e U(x)AM(:E)UT(x)+%U($)BMUT(93) . (1.18)

Such a transformation is only possible, if there are sufficient degrees of freedom. The gauge
field A, is a matrix that is constructed only from the color matrices; it therefore contains
no component proportional to the unit matrix and its trace vanishes. The transformed field
cannot have a component proportional to the unit matrix either, so also its trace has to vanish.

For the first term (which transforms like an adjoint field) it is straightforward to show that
the trace vanishes, since the trace is cyclic and the order of the matrices can be shifted such
that U(x) and U'(z) cancel each other. For the second term we may use the Baker-Campbell-
Hausdorff formula:

V()00 (@) =Y <_]:!) [0, 0()], (1.19)

where the nested commutators are defined recursively as:
(X, Y] = [[X,Y],-1,Y], with  [X,Y]; = [X,Y]. (1.20)

The trace vanishes for all terms with £ > 2 because of the commutator; for £ = 1 we have
[0, ()] = [0,0%(x)]T?, so also this term contains no component proportional to the unit
matrix and its trace vanishes.

It is also straightforward to show that also the field strength tensor indeed has no component
proportional to the unit matrix and can be written as a linear combination of color matrices,
as claimed above. We write it explicitly:

Fu=0,A, —0,A,+ig[A,, A, (1.21)
and we see that the trace over all these three terms vanishes. In addition, it follows from the
transformation of the covariant derivatives that the field strength tensor is an adjoint field:

1 suv) 1 t t t
F.(x)= @[D#, D, —= P [U(x)D,U'(2),U(x)D, U (2)] = U(z)Fu(z)U'(z). (1.22)
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So the gauge field part of the Lagrangian, which can also be written as:

1 a a v 1 v
— ZF'U’VF W = —§TI' [FHUFN ] s (123)
is indeed gauge invariant, since the transformation matrices cancel in the trace. For the dif-
ferent components of the field strength tensor, the expressions (chromo) electric and (chromo)
magnetic fields are common:

E'=F® and B = —F7 (1.24)

where €, is the Levi-Civita tensor of rank 3.

In addition to the gauge symmetry, the fields in QCD show the typical behavior of Dirac or
vector fields under Poincaré transformations as well as the discrete P, C', and T transforma-
tions. The QCD Lagrangian is invariant under each of these transformations. In principle, it is
possible to add terms to the QCD Lagrangian which would break the C'P symmetry. However,
the experimental bounds on the parameters of these extra terms are such that their effects are
extremely suppressed [25]. We will therefore not include any of these terms, so the discrete
symmetries are assumed to be exact. The as yet unsolved question why no such effects appear

in the strong force, even though they would be allowed theoretically, is known as the strong
CP problem.

1.2.1 Running Coupling

Like most quantum field theories, QCD suffers from ultraviolet (UV) divergences that need
to be renormalized in order to obtain meaningful predictions. A convenient regularization
technique for perturbative calculations is dimensional regqularization, whereby the momentum
integrals appearing in loop diagrams are analytically continued to D = 4 —2¢ dimensions. The
divergences of the unregulated integrals are reobtained in the ¢ — 0 limit (or in some cases
this limit may even be finite).

The 1/e poles of the dimensionally regulated diagrams need to be absorbed in redefinitions
of the parameters of the theory. Since QCD has only one free parameter (in the absence of
quark masses or C'P breaking terms), the renormalization of these UV divergences can be
achieved by replacing the bare coupling constant gg through its renormalized value gg. Since
the coupling constant is the only parameter that needs to be redefined in order to renormalize
the QCD Lagrangian, this process is also known as charge renormalization. However, certain
operators may require further renormalization constants.

The explicit relation between gp and gg is given by:

4 11 2 1
g = gp(p) — ‘?275_[;2) (gN - g”f) (g — e + 1n47r> +0 (g% , (1.25)

where vp is the Euler-Mascheroni constant. The inclusion of the constant terms beside the
1 /e poles is arbitrary; different choices define different renormalization schemes. Here we have
chosen the so-called MS-scheme, which we will use throughout this work. Physical results
ultimately do not depend on the choice of scheme, as long as one consistently uses the same
scheme for any result.

The bare coupling in the dimensionally regularized theory needs to have mass dimension
2¢ in order for the action to be dimensionless. For the renormalized coupling, this has been
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separated into the mass scale p, which is in principle arbitrary, such that gr is dimensionless.
However, this step introduces an explicit p dependence into the renormalized results in the
form of logarithms of /Jﬂ Since the unrenormalized expression does not depend on pu, the
renormalized coupling gr needs to depend on g implicitly in order to cancel the explicit de-
pendence. This scale dependence of the renormalized coupling constant is known as running
coupling.

The running is described by the so-called beta function, which is defined as the logarithmic
derivative of the coupling with respect to u. It is usually expressed through g instead of g,
and it can be expanded in powers of ag in perturbation theory:

Blas) = ugdas(“) == Bas(p) (as(“)) : (1.26)

du? 4

We can obtain the first coefficient of the beta function directly from Eq. (after mul-
tiplying with u?/4m) by taking the derivative on both sides. Since the bare coupling does
not depend on u, the left-hand side gives zero, and through some rearrangement of the terms
on the right hand side and we get Sy = (11N — 2ny)/3. So we see that the sign of the beta
function depends on the number of colors and light quarks; for standard QCD it is negative.
This has great consequences on the scale dependence of the coupling constant. If we include
only the first term in the beta function, we can solve the differential equation for as(p) as:

as(p')
Qg = - ) 1.27
(M) 1+ 60055(,u ) ] :u2 ( )
- BT
A7 0

where 1/ is some reference scale. This function has a pole at a certain scale, which is called
Aqcep, and if we now choose 1/ = Aqep, then the running coupling takes on the form:

(1) = (ﬁln i ) . (1.28)

47 A(QQCD

Since fy is positive, we see that the coupling constant becomes small at large energy scales
1> Aqep, which is the opposite behavior compared to U(1) gauge theories, for instance. This
feature of QCD is known as asymptotic freedom. Conversely, the coupling constant becomes
large at small energy scales, which means that in this case perturbation theory cannot be used.
Note that Eq. may only be used in the asymptotically free regime, since it was derived
from the assumption that terminating the expansion of the beta function after the first term
is a good approximation.

1.3 The Imaginary-Time Formalism

The main idea behind the imaginary time formalism is the observation that the exponential of
the Hamiltonian operator divided by the temperature 7', which appears in the calculation of
thermal averages, has the same form as the time evolution operator, except that the exponent

%In calculations we may just equip each integral from the start with the appropriate power of y to give
it integer dimension, i.e. [d'z — p=2¢ [dPx and [d'p — p?¢ [ dPp, since the number of loop momenta is
always the same as the power of g, so charge renormalization will always provide the required p terms.
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is real instead of imaginary. The two operators are formally equivalent by inserting ¢t = —i/T,
which relies on the assumption that the time coordinate ¢ can be analytically continued to the
complex plane: ¢ — —i7. The new coordinate 7 is called the imaginary time because of this
relation, although 7 itself is a real parameter.

By exploiting this analogy, it can be shown that the calculation of thermal averages is
equivalent to calculating vacuum expectation values in a theory, where the time coordinate ¢
has been replaced by the imaginary time coordinate 7. This theory now has a Euclidean instead
of a Minkowski metric, because the square of the imaginary unit that comes from the change
t — —i7 yields another minus. Accordingly, all vector indices are written as lower indices in
this theory, and the usual Minkowski interpretation in terms of covariant and contravariant
vectors is dropped.

Also several other modification have to be done for this Euclidean theory: since 9, — i0;,
we also need to change Ay — iAy in order for the covariant derivative to change uniformly
as Dy — 1Dy (sometimes the index is also changed from 0 to 4 in the Euclidean theory, but
we will keep 0 in this work). In addition, while in the Minkowski theory one usually identifies
the gauge field with the upper index with the 3-vector field A, in the Euclidean theory it is
the gauge field with the lower index, so there is a sign difference of A between Minkowski and
Euclidean theory. Accordingly, the components of the field strength tensor change as E — i E
and B — —B. In order to also write the I) in the quark sector as a Euclidean product, we
redefine the Dirac matrices as (Yg)o = (yam)o and (vg)i = —i(var)?, such that ) — iD, (&),
After these modifications, there is an overall minus sign in the Euclidean Lagrangian, which is
usually combined with the factor —¢ from the time integral in the action, such that the phase
factor in the path integral changes as exp[iSy] — exp[—Suy]. In summary, the Euclidean
Lagrangian is obtained from the Minkowski through:

The imaginary time coordinate is restricted to take values between 0 and 1/7". The bosonic
fields obey periodic boundary conditions A, (1/T) = A,(0), while the fermionic fields obey
antiperiodic boundary conditions ¢(1/7T") = —¢(0). As a consequence, the connection to mo-
mentum space is obtained through a discrete Fourier transformation for the imaginary time
coordinate, which we denote by a sum-integral symbol:

Au(ZL’) :¥ eiKuquV’u(K) = Z/ei(kor—kk.m)gﬂ(ko’ k)
ko 7K

ddk i2nTTn+k-x) A
ETZ/W(B @rTrntka) 4 (27T, k), (1.30)
nel
o) =§ ) = 3 [ (k. k)
} {ko}
d’k (7T (2n+1)+k-z) ~
=T> We% T (2n dmT(2n+1),k), (1.31)
€Z

where the dimensionally regularized integral is now performed in d = 3 — 2¢ dimensions. The
zero components of the momentum K = (kg, k) are called bosonic (for kg = 27Tn) or fermionic
(for kg = 7T (2n + 1)) Matsubara frequencies.

The discrete nature of the Matsubara frequencies has far reaching consequences. The
sum over all frequencies (called Matsubara sum) usually introduces the bosonic or fermionic
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distribution functions ng,p(k) = 1/(exp[k/T] F 1) into the propagators. In addition, the fact
that for n = 0 the bosonic frequency vanishes (the so-called zero mode) introduces infrared
(IR) divergences to many diagrams, which are not removed with charge renormalization. The
treatment of these divergences requires a more careful approach than naive perturbation theory,
because soft gluonic modes need to be resummed [26], 27] (see also chapter [4)).

Since in the imaginary-time formalism the time coordinate is traded in for the imagi-
nary time coordinate, it is only suitable for the study of time-independent operators in an
equilibrium system. In case one is interested in explicitly time-dependent quantities or non-
equilibrium dynamics, other forms of thermal field theory have to be used, i.e. the real time
formalism. Since we will only need the imaginary time formalism in this work, we will not
discuss these further here.

1.4 Effective Field Theories

In many physical systems there are several scales present which satisfy a certain hierarchy,
meaning that ratios of these scales are different from one by orders of magnitude (examples
will follow shortly). Multiscale systems are typically very difficult to solve, so one of the most
promising approaches to obtaining an approximate result is to expand in these ratios. This
is what effective field theories (EFTs) achieve in a systematic fashion by implementing the
expansion at the Lagrangian level.

The way an EFT is constructed from a fundamental theory is the following: one assumes
a scale hierarchy, i.e. that the scale which we will generically call M here is much larger than
any other scale in the system, and figures out the effective degrees of freedom as well as the
symmetries. Usually, this is done by considering how the system would be described if M
were infinitely large. Then the effective Lagrangian is given by the most general collection
of operators that can be constructed from these effective degrees of freedom and which are
allowed by the symmetries. Each of these operators is equipped with a coefficient, called Wilson
coefficient, and divided by the appropriate power of M to get the right mass dimension:

ﬁEFT = Z %OZ<MM) s (132)
where d; is the mass dimension of the operator O;.

The effective degrees of freedom are restricted to carry only energies or momenta which
are much smaller than M. This is denoted by writing O;(uar), where py, acts as a cutoff
between the lower energy scales and M. In this way, M has been completely removed from
the dynamics of the effective theory, which is why this process is also known as integrating out
the scale M. All information from processes that happen at the scale M are contained in the
Wilson coefficients, which are also the only elements that may contain non-analyticities in M.

Unlike for theories that can be considered to be truly fundamental, like e.g. QCD or the
full Standard Model, there is no requirement on effective theories to include only operators
that are renormalizable. This means that usually there is an infinite number of operators to
be included in the EFT. However, each of these operators scales at most like ,uﬁ}, and if we
only include operators up to a maximal order in gy, /M, then there is only a finite number of
them; this order is then the accuracy to which the calculation is performed. Renormalizability
is then not an issue: it can be performed order by order in the expansion parameter [28], 29].
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In practice, however, there may be more than one energy scale left in the EFT, so operators
with the same mass dimension may scale very differently, depending on which scale they are
associated with. In order to obtain a systematic expansion, it is essential that a power counting
is established, which determines the scaling behavior of each operator. Without such a power
counting, it is not possible to give a reliable estimate of the size of the contributions that
are neglected after the expansion terminates. Often the best way to establish such a power
counting is to construct lower order EFTs by integrating out further scales in order to uniquely
define the power counting for certain operators.

The Wilson coefficients of the effective Lagrangian need to be fixed in what is called a
matching calculation in order to ensure equivalence with the fundamental theory in the low
energy regime. This is usually done by calculating equivalent correlators in the effective and
in the fundamental theory up to the same order in the expansion parameter and equating the
results. In doing this, one needs to keep in mind that also operators in the fundamental and
the effective theory need to be matched.

In this way EFTs disentangle contributions from different energy scales: the high energy
processes at the scale M are factorized in the Wilson coefficients and the low energy processes
are dynamically generated by the effective degrees of freedom. This separation is also particu-
larly useful regarding the applicability of perturbation theory; since the matching calculation
is performed at the scale that is being integrated out, it can always be done perturbatively as
long as M > Aqcp. Then calculations in the EFT may or may not be perturbative, depending
on the relation of the remaining energy scales to Aqcp. In this way EFTs can also separate
perturbative from non-perturbative contributions.

1.4.1 NRQCD and pNRQCD

In the study of the interactions of heavy quarks, the heavy quark mass is a very convenient
parameter to integrate out, since it is typically much larger than e.g. the energy scales of
processes that lead to the formation of bound states. The effective degrees of freedom can be
figured out by considering the infinite mass limit. In that case, the heavy quark or antiquark
is a static particle, which may still act as a color source or sink and has a spin, but can no
longer be created or annihilated. Accordingly, in the effective theory they are described by two
independent, non-relativistic Pauli spinor fields: 1 annihilates a heavy quark and y creates a
heavy antiquark. Since there is no pair creation or annihilation, the two fields anticommute
and quark and antiquark number are separately conserved.

The other effective degrees of freedom look the same as in QCD: gluons and ny flavors
of massless quarks described by Dirac spinors. Only in the effective theory they must not
have energies or momenta of the order of M or larger. All fields still carry color charge, so the
effective Lagrangian must obey the gauge symmetry. The discrete symmetries P, C', and T are
also present in the effective theory as well as rotational invariance, only boost transformations
are no longer explicit symmetries of the effective Lagrangian. More details on this can be
found in chapter

Since the heavy quarks and antiquarks are described by non-relativistic fields, this theory
is called Non-Relativistic QCD (NRQCD) [30H32]. Its Lagrangian at next-to-leading order
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(NLO) is given by:

1 c 1 c
=t (iDy+ —D*+ —¢B- "(iDy— —D*— L ¢4B-
Lnrqop = ¢ (Z R Ve y v AR KR A s v o977 X

ny

+Y " qilba - iFﬁVF“W +0(M7?). (1.33)
1=1

Note that the spatial covariant derivative is identified with D;, so in vector notation the sign

in front of the gauge field differs from that of the temporal derivative: Dy = 9y + igAy and

D=V —igA.

In case one is interested in situations where there is only a heavy quark but no antiquark
(or vice versa), like e.g. heavy-light mesons, the effective Lagrangian contains only the heavy
(anti)quark terms and the theory is called Heavy Quark Effective Theory (HQET) [33] B34].
Both theories have the same Lagrangian (except for the missing (anti)quark sector), but the
hierarchy of scales and power counting are different. Also C' symmetry is obviously not satisfied
in HQET for the heavy (anti)quarks.

The construction of NRQCD is a very important step for the description of heavy quark-
antiquark bound states. However, attempts to study these bound states directly in NRQCD
often encounter serious problems, because there are still several physical scales present. In
order to disentangle these scales, one needs to construct another EFT. Typical scales in a
quarkonium system are the relative momentum p,, the distance r between quark and antiquark,
or the binding energy Fj, and the usual power counting is p, ~ 1/r ~ Mv and E, ~ Mv?
where v < 1 can be interpreted as the non-relativistic velocity. These scales are usually also
referred to as the soft scale for Mv and the ultrasoft scale for Mv?, while M corresponds to
the hard scale.

So in order to integrate out the soft scale, we have to consider a heavy quark-antiquark
system at vanishing distance r. The individual quarks can no longer be resolved, so the effective
degrees of freedom have to be quarkonium fields that describe both particles together. Those
can have either a singlet or an adjoint color configuration (or singlet and octet in the case of
SU(3)), so they are called S and O®. The remaining massless quarks and gluons can depend
only on the center-of-mass coordinate R, and any dependence on the relative coordinate r
needs to be expanded, which is why this is also called multipole expansion in analogy to
electrodynamics. The Wilson coefficients of this theory depend on the scale that is integrated
out, which is r, so they constitute non-local interactions in the form of potentials. Therefore,
this theory is called potential NRQCD (pNRQCD) [9, [10].

The Lagrangian now contains a double expansion in the parameters M and r. At leading
order (LO) in 1/M and next-to-leading order (NLO) in r, it is given by:

1 il
LoNrqep = / d’r [S (i — V2)S + O™ (iD§" — V,0%) O°] — ZFLFGW + Z @ilDq
=
+ / dr [ A (§i(r - gB)O" + O (5 - gB%)S) + L0 (- gEb)OC] ,
V2N 2
(1.34)

where D is the covariant time derivative for the adjoint representation, V, and V, are the
static singlet and octet potentials, and V4 and Vg are the coefficients for the singlet-octet and
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octet-octet transitions under interactions with a chromoelectric field. Unlike the heavy mass
M, the distance r can take different values, so the Lagrangian is an integral over all possible
values of . But only the quarkonium fields S and O® (and the potentials) depend on r,
all other fields can depend only on R. All symmetries of NRQCD also remain in pNRQCD,
however, the local gauge symmetry is now reduced to transformations depending only on R,
which also do not resolve distances of the order of r.

Throughout this section it has been assumed that Agcp is much smaller than the scales
that are being integrated out. While this is certainly the case for the heavy quark mass M,
it does not necessarily have to be for the other energy scales. For example, Aqcp may be
comparable to r for some excited quarkonia, which means that it has to be integrated out
together with r. If one integrates out Aqcp, that means that the effective degrees of freedom
may not contain any colored fields, so in the case of pNRQCD only the singlet field may
appear, together with pions or other light mesons. These two different versions of pNRQCD
are called strongly coupled or weakly coupled depending on whether Agcp is integrated out or
not, respectively (see [35] or [36] for a review). The matching calculation for the potentials as
well as calculations within the EFT may only be carried out perturbatively in weakly coupled
pNRQCD, so we will focus on this theory in this work.

1.4.2 EQCD and MQCD

At finite temperature, there appear more physical scales related to the properties of the
medium. Among these naturally is the temperature 7' (or rather 77T, since T always appears
with a coefficient 7 in calculations), but also thermal screening masses (see below). Assuming
that the temperature is the largest scale (i.e. we work with QCD without heavy quarks), we
can construct an EFT that describes only the lower energy dynamics by integrating out the
temperature. In this case it is a bit more complicated to explain what are the effective degrees
of freedom.

We will use a geometric argument. The finite temperature theory of the imaginary time
formalism is essentially defined on a compactified (and Euclidean) space-time of R? x S, where
S1 denotes the circle of the imaginary time direction with periodic boundary conditions. If we
now consider the situation of infinite temperature, then this circle has a radius of zero, so there
is no longer any extent in the imaginary time direction. Accordingly, the effective degrees of
freedom cannot depend on the imaginary time and this coordinate no longer appears in the
EFT at all. Moreover, since the fermionic fields have to obey antiperiodic boundary conditions,
they vanish completely, because it is only possible for them to be both positive and negative
at the same point if they are zero everywhere. So the effective degrees of freedom contain
only the gluon fields, which depend only on the spatial coordinates. The P and C' symmetries
remain in the EFT as well as rotations. Time reversal obviously has no more meaning, and
boost transformations already were not a symmetry of the fundamental theory, because the
existence of the medium explicitly breaks this symmetry (we are working in the rest frame of
the medium).

As there is no longer a time coordinate, the Ag-field loses its interpretation as a gauge
field; what remains is just an adjoint scalar field. As such, there is nothing that prevents it
from having a mass term in the effective Lagrangian, so this has to be included as a matching
coefficient in the EFT. This mass provides a natural IR cutoff and thus the problems with IR
divergences at finite temperature are (at least partially) solved in this EFT. The chromoelectric
field is now simply the covariant derivative of this scalar field E* = D% A%, which is why this
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mass is called the electric mass mg. It turns out that this mass is the largest remaining scale in
this EFT. Because of this and the absence of a time coordinate, this theory is called electrostatic
QCD (EQCD) [37, 38] (for earlier and related works on this subject see Refs. [39-55]).

Because of the reduced dimension of this theory, the gluons no longer have mass dimension
(d —1)/2, but instead (d — 2)/2, which we will express by a tilde over the fields. Then the
effective Lagrangian is given by

1 ra  ra m2E A’aA’a 1 a a

EEQCD_iE - FE +T 0 O+ZEjFij+"'= (135)
where the dots contain interactions with four Zo—ﬁelds, which are not suppressed by 71" with
respect to the given terms, but instead by higher powers in ag, and of course also higher order
operators. The effective coupling constant becomes another matching coefficient g and like
the fields it also changes its mass dimension from (3 — d)/2 to (4 — d)/2. The leading-order
results for these parameters are g% = ¢°T +O (a?) and m%, = (N/3 + n;/6)g*T? + O (a?). We
will also call this leading order result for mg the Debye mass mp.

Since we assumed that the temperature is the largest scale in the system, the scale hierarchy
7" > mp needs to be satisfied. But mp is also proportional to the temperature, so it depends
only on the size of g whether this hierarchy is satisfied or not. More specifically, one needs

N/3+n;/6g/m < 1, which is a much stronger requirement than ¢g?/47 < 1 that usually
appears in perturbative vacuum calculations®} This means that EQCD can only be applied
for very large temperatures, where the plasma becomes weakly coupled enough to satisfy this
condition.

One can proceed and integrate out the scale mp to describe even lower energy processes.
The Ay field cannot have momenta lower than mp because of the mass in its propagator, so it
can no longer appear in this lower order EFT. What remains is a pure SU(/N) gauge theory in
d space dimensions without any additional fields. Since only the chromomagnetic field is left
in this EFT, it is called magnetostatic QCD (MQCD).

The typical scale of this theory can be determined like for EQCD by looking at the gluon
propagator. In the matching, one finds that m?, is given by the LO gluon self-energy for the
temporal gluon field Ay at vanishing momentum. Similarly, one can show that the self-energy
of the spatial gluon field A at vanishing momentum is of order ¢g*72. Therefore, the typical
scale of MQCD, which is called the magnetic mass scale myy, is of order ¢*T. However, unlike
in EQCD, this magnetic mass is not related to a mass term in the effective Lagrangian, since
the spatial gluons are still gauge fields and a mass term would break the gauge symmetry.

The coupling constant g, is the same as gg at leading order. It follows that the terms in the
Lagrangian which are usually considered perturbations (the three- and four-gluon interactions)
are actually of the same order as the kinetic terms for the gluons, since all fields and derivatives
scale as my;. This means that MQCD is completely non-perturbative, even if g is a small
parameter. One can confirm this by looking at the gluon propagator and its self-energy: it
follows from straightforward power counting arguments that, if the momenta are of order ¢*T,
then each loop order in a perturbative expansion contributes at the same order in g to the
self-energy, rendering the perturbative expansion useless. It is therefore impossible to continue
perturbation theory to any order at finite temperature; as soon as the magnetic scale enters a
calculation one has to include inherently non-perturbative contributions. However, the EFT

3For comparison, the latter expression is smaller than 0.1 for g smaller than 1.12, while for the former
expression one needs 0.21 with N = 3 and ny = 3.
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framework allows one to absorb all non-perturbative effects into a few parameters which are
defined in MQCD and need to be calculated e.g. on the lattice, and beyond that one may still
continue the perturbative expansion within EQCD as long as ¢ is small enough [37, 38| [42].
Using this sequence of effective theories the weak coupling expansion of the QCD pressure has
been calculated [37] finding a solution to the well-known infrared problem [56].
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Chapter 2

Poincaré Invariance in Nonrelativistic
Effective Field Theories

2.1 Introduction and Outline

We have already discussed in the previous sections how effective theories for heavy quarks
are constructed. One feature of these effective theories is that the heavy quark or antiquark
fields are treated essentially as non-relativistic fields, even though the underlying fundamental
theory of QCD is fully relativistic. As a consequence, the theory no longer explicitly displays
the symmetry under boosts. However, this symmetry is only hidden in the EFT and appears
in the form of exact relations between certain Wilson coefficients. This issue will be explained
in detail in this chapter, including explicit constructions of the boost transformations as well
as the other elements of the Poincaré group. Apart from clarifying these conceptual issues,
the results of this chapter also have some very practical applications, since for each relation
that is found for the Wilson coefficients, one less matching calculation needs to be performed.

During the past few decades, there have been several different approaches to reducing the
number of coefficients or finding relations thereof in EFTs. In HQET, which is parametrized
by velocity and residual momentum of the heavy quark fields, requiring reparametrization
invariance (i.e. invariance under a shift of velocity resulting in a redefinition of its residual
momentum) yields relations between the Wilson coefficients [57]; in fact, reparametrization
invariance turned out to be equivalent to Poincaré invariance of the theory [58].

In [58] a direct implementation of Poincaré invariance was achieved and applied to NRQCD
and pNRQCD. Although non-relativistic EFTs no longer explicitly display the full symmetry,
in particular invariance under boosts, it is still hidden in the EF'T), since it is a symmetry of the
underlying theory QCD. So one can show that it is possible to construct all generators of this
symmetry group in these EFTs. Since the symmetries of time translations, space translations,
and rotations are explicitly realized, the corresponding generators are obtained in the usual
way from the associated conserved Noether currents. For the generator of boosts one has
to make a general ansatz, including all operators allowed by the other symmetries up to a
certain order in the expansion parameters. By demanding that these generators satisfy the

commutation relations of the Poincaré algebra, one can obtain relations between the Wilson
coefficients of the EFTs.

Although this method yields the desired constraints and is probably the most fundamental
approach, since it works in the quantized theory, continuing in this way to higher orders of
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the expansion parameters quickly becomes a formidable task. Recently, another approach
was suggested for deriving constraints in EFTs through Poincaré invariance, which employs
Wigner’s induced representation [59]. It was proposed in [60] that a free non-relativistic field
¢ in the rest frame, which has well defined transformation behavior under rotations R as
¢(x) — D[R]¢(R'z), should transform under a generic Lorentz transformation A as

o(z) — D[W(A,i0)|p(A '), (2.1)

where the little group element W is a particular rotation associated with A. This little group
element is defined through the momentum after the Lorentz transformation, which leads to a
dependence on derivatives of ¢ in position space. This expression is then expanded, such that
one has the boost transformation at the same order as the Lagrangian.

While this seems to work well for non-interacting fields, in an interacting gauge theory
some problems arise. First, this boost transformation does not have the right behavior under
gauge transformations. One would like to have the boosted field to transform in the same
way as the original field would at the new coordinates, but this is not possible because of the
derivatives in the induced representation. Promoting the derivatives to covariant derivatives
fixes this problem, but introduces a new ambiguity in how the covariant derivatives should be
ordered. Even with this covariantized induced boost transformation, the Lagrangian of the
EFT is still not invariant, but requires the introduction of additional gauge field terms to the
boost. Nevertheless, the constraints obtained in this way agree with the previous results, and
the derivation is much simpler.

So in this chapter we will address some of the open questions related to this method. First,
the appearance of additional gauge field terms in the boost transformation, whose coefficients
turn out to be given by Wilson coefficients from the Lagrangian, is very reminiscent of the
construction of EFT Lagrangians, where one includes all terms allowed by the symmetries.
However, in the usual EFT approach each term gets a coefficient that contains the contributions
from the scales that were integrated out, while in the approach suggested in [60] the terms in
the boost that derive from the induced representation have no such coefficients. We are not
aware of an a priori justification for that assumption.

The second issue we want to study in this chapter deals with the question, which additional
terms to include in the boost. At higher orders in the expansion there may be several terms
one could add to the boost in order to make the Lagrangian gauge invariant, so it is not clear
which effects this ambiguity might have or if there is a loss in generality if one chooses only
one of several possible terms.

So we will take from [60] that the boost transformation of the non-relativistic fields is
realized in a nonlinear way, and that requiring invariance of the Lagrangian under this boost
leads to constraints on the Wilson coefficients, but apart from that we will not refer to the
induced representation and instead follow the EFT approach, where one includes all terms in
the boost transformation that are allowed by the other symmetries of the theory and gives
a matching coefficient to each of them. Even though we will start from the most general
expression, we will exploit the possibility to redefine the effective fields in order to remove
redundant terms from this ansatz.

Lastly, since the boost transformation defined in this way has to satisfy the Poincaré
algebra, we will also demonstrate how the usual commutation relations need to be modified
for nonlinear boost generators. Requiring all commutators of the Poincaré algebra to be
satisfied will lead to additional constraints on the boost parameters and Wilson coefficients.
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We should note here that, unlike in [58], this approach is defined for the classical and not
the quantized field theory. However, since in the fundamental theory of QCD there are no
quantum effects on the spacetime symmetries of the Poincaré group, we also do not expect
quantum effects to show up for the EFTs.

This chapter is organized as follows. In section we study NRQCD, first discussing the
different generators of the Poincaré group in the EFT approach in and how they satisfy
the Poincaré algebra. Then we derive the constraints of the Wilson coefficients up to order
M~2 in the two-fermion sector in[2.2.2, and up to order M ~3 in the four-fermion sector in [2.2.3|
We also comment on the Noether charges obtained from these transformations in and
how they correspond to the quantum field generators constructed in [58]. Next we continue
the discussion to pNRQCD in section [2.3] First we study how quarkonium fields are expected
to transform under boosts in then we use field redefinitions to remove redundant terms
from the most general boost generator in[2.3.2] and finally we derive constraints on the Wilson
coefficients of pNRQCD in [2.3.3]

2.2 Constraints in NRQCD

As explained in section [1.4.1) Non-Relativistic QCD (NRQCD) is the EFT obtained from
QCD after integrating out the scale of the heavy quark mass M [30} [32]. Its Lagrangian up to
O (M~2) is given by:

iCS
8M?

R Co 2 Cr (&3]
ACNRQCD = {ZD0+ WD + WQB-O'—F YV [D-,gE} -+ [DX,gE]-O‘}LD

+ 1Ea Ea 1Ba Ba —‘I— Ny q] lD (2 2)
9 9 l§ - qripyqr, .

where o denotes the Pauli matrices, which are given by:

01 0 —1 1 0
= , , d = . 2.3

We have neglected O (M~2) interaction terms between only gluons or light quarks, because
they will be irrelevant to the following discussion (in fact, we will completely ignore the light
quarks from here on), as well as interactions between four heavy particles, since they will be
given separately. We also have made use of the equations of motion to remove all higher time
derivatives [61], as well as removed a possible mass term —MTp + MyTx through the field
redefinitions 1) — e~ ™M) and y — eMty.

2.2.1 Poincaré Algebra for Field Transformations

The Poincaré group contains space-time translations, rotations and boosts. In this chapter we
will be mainly concerned with boosts, because the other transformations are fairly straight-
forward to implement. The translations act only on the coordinates, shifting the origin by a
constant vector a*. The transformed field in the new coordinate system has to correspond
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to the original field at the coordinates before the transformation. But because of the field
redefinition we used to remove the O(M)-term from the Lagrangian there is an additional
factor of exp(—iMa"). So for an infinitesimal transformation (where we neglect all powers of
the transformation parameter beyond the linear), we have:

P(x) N P (x) = e_iMaow(a:+a) = (1—iMa ) (x) + [a“@mw(m)] = (1—1ia"P,)¥(z), (2.4)

and analogous for the other fields, although the mass term is only there for the heavy quark, and
for the heavy antiquark it has opposite sign. We have written the derivative as a commutator
to stress the fact that it only acts on this field and not any other. The generators of translations
are then P, = i0, (i.e. Py = i0, for time translations and P = —iV for space translations).
There is no dependence on the field apart from the mass term.

Rotations act both on the coordinates and on the field components. The coordinates are
transformed under infinitesimal rotations such that r in the new coordinate system corresponds
to r 4+ a x r in the old, where the direction of o gives the rotation axis and the absolute value
gives the infinitesimal rotation angle. The components of the Pauli spinor fields are rotated
with the Pauli matrix o /2, while the gauge fields transform as vectors:

Ao(z) 5 AY(x) = Ap(x) + [a- (r x V), Ag(2)] = (1 +iex - o) Ao(a), (2.5)

Y(z) L5l (z) = (1 + %a . 0') U(2) + [a- (rx V), 0(@)] = (1+ia-jip) z), (2.6)

x(x) NN X' (z) = (1 + éa . 0') x(x) + [a - (r x V),X(x)] = (1 + i jl/g) x(x), (2.7)

Alz) L Aw) = Alz) —a x A@@) + [a- (rx V), A(x)] = (1 +ia-j1) Alz).  (2.8)

The E and B fields transform in the same way as A.

So, all the different rotation generators have a term r x (—iV) for the coordinate trans-
formation and some matrix for the transformation of the components depending on the rep-
resentation of the fields. We use a capital J to denote the generators of rotations in general,
and a lowercase j with an index for the particular representation. Note that the sign of the
transformation of the components of the vector field is opposite to that of the coordinate
transformation. This is because we use the inverse transformation in order to connect the new
coordinate system to the old, or in other words, the components are rotated with a passive
transformation, while the coordinates rotate with an active transformation.

Derivatives acting on the transformed fields can be written such that they transform in
the same way as the gauge fields and the covariant derivatives have uniform transformation
behavior:

Dy =0+ igAy = Do + [a - (1 x V), D], (2.9)
D'=V—-igA'=D—-axD+ |a-(rxV),D]. (2.10)

For D{ the commutator of the time derivative and the a-dependent term vanishes, while for
D’ the commutator gives a term that cancels the new derivative term that was introduced in
—a X D. In this way, we have e.g.

Dy -1 D' = D — (o x D)o + D (%a : 0') Y+ [a-(rx V),Dy]. (2.11)
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For any product of fields, the coordinate transformations take the form of a single commutator
of a- (r x V) with the whole expression, while the component transformations appear for each
field or derivative individually.

Finally, for boosts we expect the transformed fields at coordinates (t,r) to correspond to
the original fields at (t+mn-r,r+nt), where i is the boost parameter. So the generators K for
a generic infinitesimal boost transformation 1 —in - K will always contain the term 1tV +ird,
for the coordinate transformations. The heavy quark and antiquark fields will also obtain a
term =M1 in the generators from the field redefinitions.

For the gluon fields the transformation of the components is clear: they are those of a
vector field. We will again express them in the form of the covariant derivatives:

Dy=Do+[n-tV+mn-7rd, D) +mn-D, (2.12)
D/:D+[77'tv+n‘Tao,D]+77D0, (213)

from which follow the transformation rules for the £ and B fields:
E'(z)=E(x)+[n-tV+mn- 10, E(z) +n x B(x), (2.14)
B'(x) =B(z)+[n-tV +n- 710, B(z)] —n x E(z). (2.15)

For the heavy quark and antiquark fields the transformation behavior is not clear, since
they were constructed to have only well-defined behavior under translations and rotations. A
generator like +i0, for instance, would satisfy the Poincaré algebra, but violate the required
behavior under parity transformations (see below). On the other hand, there needs to be
some way to implement boost transformations also for these non-relativistic fields, since it is
a symmetry of the underlying theory. So we will take the EFT approach and write down the
most general ansatz for the boost-transformed fields, i.e. including all terms that are allowed
by the other symmetries and attributing a Wilson coefficient to each of them, which has to
be determined through a matching calculation or some other means. In particular, this boost
transformation will be nonlinear in the fields, so we write:

b(a) =5 0() = (1= in- ky(D, B, B, ) (o). (2.16)
w(@) =5 V(@) = (1= in - ky(D, B. B, v, x,7) ) (). (2.17)

An important requirement determining which terms can appear in k,;, and k, is that they
need to have the right behavior under the discrete transformations P, C', and T, i.e. parity,
charge conjugation, and time reversal, respectively. The fields transform as

it r) s (L, —r) Ot 1) - —iooyt (), (1) — doa(—t,r),  (2.18)
x(t,r) LN —x(t, —r), x(t,7) <, ioa*(t, ), x(t,7) x, ioox(—t,r), (2.19)
E(t,r) 2 —E(t,-rv), E(t,r) - —E(t,7), E(t,7) = E(—t,7), (2.20)
B(t,r) - B(t,—r) B(t,r) -5 —B*(t,7), B(t,r) = —B(-t,r). (221

Since the boosted fields have to satisfy the same transformation behavior, with 1 replaced by
—n for P and T', we require

kw i) —kw, k?¢ i) —O'Qk;(fg, kw i} 021%02, (222)
ky s —k, ky -5 —0ok0n ky — 03ky 0 | (2.23)
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where we also keep in mind that the T" operation takes the complex conjugate of all coefficients
in k.
The most general expression for ky and k, up to O(M~?) is then given by:

ky(D,E,B,y,x,r) =1tV +irdy + Mr — f_]\DJD — Zf]i[SD X o + 8?\?291?
e <o fj}?’sDw?) - j’%@iw < 0)(D)
llgjj\g;f‘ [Dx, gB] + 16]\/[3 {D 9B} + 161}3]\?3 (D, (9B - o)
- 112353{D’ (9B o))+ 1]{(;,3]\233[(17 ), 9B
- 1’2\?3{(1).0)791;“ 1]231\?3{17-,93}0, (2.24)
ky(D,E, B¢, x,x )—th+zr(’*)0—Mr+2]€—]\ZD+T_]@SD XU+8§\§29E
* ;]j\ljigE xot 4kM3D<D2) + i]é?\jfi (D x o)(D?)
12(??]1\3;[13 [Dx,gB] — fgfjg {Dx,gB} — 1k6€\/[$3 D, (9B - o)]
- %{D% o)} - 15333 (D-0),9B]
- 11231\;43{(1) 10),9B} - 1]?]\;53{1?-793}0- (2.25)

Again we did not include any temporal derivatives, because we assume they have been removed
through the equations of motion. Every term in these expressions transforms as a vector under
rotations, which is important in order to satisfy one of the relations from the Poincaré algebra
(see below). Further symmetries constraining the form of the boosts are the gauge symmetry,
under which they have to transform like

K -5 UKU' + [itV +ird,, U]UT, (2.26)

and heavy quark or antiquark number conservation, which excludes terms like i)xfo with a
heavy quark and antiquark field. In the following it will be sufficient to study only the heavy
quark sector, since the antiquark sector will follow just from charge conjugation.

The nonlinear boost transformations defined in this way have to satisfy the Poincaré alge-
bra:

[P07-P7l:|:07 |:P07Ji]:07 |:P07Kz:|:_ZPZ7
[P, P;] =0, [Py, J;] = i€ijnDy, [P, K] = —i6;; P,
|:JZ', JJ} = iEiijk y [KZ, J]] == iéiijk y [KZ, KJ} == —iEiijk . (227)

Note that we are not using covariant notation here and in the rest of this chapter; unless
otherwise specified we write all vector indices as lower indices.

The commutation relations of the Poincaré algebra not involving boosts are trivially satis-
fied, but for the boosts they provide nontrivial information. It is straightforward to check that
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the commutators of a boost with the generators of translations are satisfied. Also the commu-
tator of a boost with a rotation gives the right result, because we have implicitly constructed
all terms in the generators as vectors. We have confirmed this in an explicit calculation along
the lines of the following discussion, but since the result is not very interesting, we will not
show that calculation here. Finally, the commutator of two boosts really gives new constraints
on the boost parameters.

Since the boost for the heavy quark field is realized in a nonlinear way, calculating the
commutator is a bit more involved. Conceptually, it is nothing but the difference in performing
two successive operations in opposite orders. So we write the commutation relation as

1—i¢ K 1—in-K]=i&xn)-J. (2.28)

Applying this to the heavy quark field, we write the two successive boosts as:

v(a) =5 vy(a) = (1= in - ku(D, B, B, x.7) )¥(a).
Ui() =5 0l (@) = (1= i€ - ko (D) By, B, b, X @) ) ) (@) (2.29)
Expanding to linear order in € and n gives
1 —ig- K1 —in- KJu(x) = vf,(x) - e(x)
= (1- i€ k(D) By By X 0) ) (a) = (1= im - keu(Df By, B v, @) ) (o)
— (1~ i€ ky(D, E, B4, x,2)) (1 - in - ky(D, E, B, x,2) ) u(x)
—i(nDo 80+ (nx B) -85 — (0 x B) - 85 — i(n - k)0, —i(n - k)o,) € by ()
—i |0t 0700, & ky(D, BB, 1) | ¥(x) = (€ < m)
= (€xm)- (r x V)i(a) = ¢ ku(D. B, B, 4, x,2),m - ky(D. E, B, v, x,w) | (a)
—i (nDy-8p+ (nx B) - 85— (0 x E) - 85 — i(n - ky)os — i(n - k)3 ) € - Foy v(x)

+i(&Do-0p + (€ x B) - 8 — (€ X E) - 8 — i(€ - ky)dy — (€ - k)dy ) m - k(@)
(2.30)

where we have introduced I@, to mean k, without the coordinate transformations itV + ird.

The first line contains the terms one would have obtained from a naive application of the
commutator to the generators, while the second and third lines contain additional terms arising
from the fact that one has to use boosted fields in the generators of the second transformation.
In order to make the expression more concise, we have introduced a notation with “derivatives”
0, which are defined such that they give the right ordering for noncommuting operators:

ASpf(B) = 0. f(B +xA)| . (2.31)

=0

In short, what this operation does is replace each field in l%w (one at a time) with its boosted
expression, such that e.g.:
(nDy - 8p) D* = {n- D, Dy} . (2.32)
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For the boost transformation defined in Eq. (2.24) this gives at O(M~?)

1—i€ K,1—in- K|y(z)

:{(ﬁxn)-(rxV)+ikDS(£Xﬁ)-a—@(ixn)-aDo He g xm)-g

2
k k k
+ 5y €x ) (9B x 7)+ b (e xm) g g’Mf;S (€xm)- (9B x o)
ik?g 2 ikp3
zk:ms tkpss kpas
1k k
e ) B - 8jj§<5 <m)- (9B x @) + 85;2@ m- 9B x0) i)
:(gxn).{rXV+Zk2DS
1 1
+ 4—W(kD35 — kDSCQ)O-(DZ) + W(kQDS — kDgs){D, (D . 0')}
16M2 <4kDSCF + 4kp — 4]€D + kDS + 8kps + 4]€Bl> B
1
16M2 (4kDScF + 2kgps — 2kpkps + kpss — 2kpgs + 2]€BS5)(QB X 0')} w(I) (233)
! 1
=i(€Exm)- {fr x (—iV) + 50} P(z) . (2.34)

For the commutator of two boosts to be equivalent to a rotation, the coefficients thus need
to satisfy the following relations:

kps =1, kpss=1, ca=1, (2.35)
9 1
CF+kE_kD+2kD3+kB1 = —Z, (236)
1
2cr +kps — kp — kpsa + kpss = 5 (2.37)

In this derivation we have used the equation of motion for the heavy quark field at O(M 1)

iDob(z)={ -2 p?— “FyB. } W(z). (2.38)

{ 2M 2]\/[

2.2.2 Invariance of the Lagrangian

Now that we have constructed a nonlinear boost transformation for the heavy quark fields that
satisfies the Poincaré algebra, we can proceed to check which conditions need to be satisfied
such that the Lagrangian is invariant under this transformation. We will start with the heavy
quark sector. The Lagrangian at O(M2) was already given in Eq. , but in order to
study the transformed Lagrangian at this order, we also need the O(M~3) terms that contain

34



a derivative:

C C c
£(3>‘D = z/zT{S]\Zg (D?)?+ 8;213{1)2’93 o} - ﬁDi(gB o) D;
(Do) {DgBY + éf&ws{D-a{DxagB}}}v (2:39)

The reason for this is that the term —¢Mr from the boost transformation adds a power of M
to the O(M~3) Lagrangian, but the commutator with this term vanishes unless there appears
a derivative.

By invariance of the Lagrangian we mean invariance up to total derivatives. With the
Lagrangian defined in Eqgs. (2.2)) and (2.39) we obtain the following transformation behavior
at O(M—2):

AL =L(D'E',B' ¢/, X' ,2) — L(D,E,B, v, x,x) (2.40)

=n-(rd +tV)L+n- {2(1 —co)D + ﬁ(cz — kp){Do, D}

1 )
+ m(k’DS — 2CF + CS)gE X o+ m(CQkD — C4){.D,D2} + 8M2 (CD —+ k’E) [Do,E}
1 1
+ar (¢s + kps){Do,gE} x o + VB (2cm — cp + crkps){Dx, 9B}
1 7
+ SV (cs — crkps — cp/p){D-,gB}a' + e (crkps — cakps — cp/p){(D . a),gB}
7
+8M2 (Cgk’DS + 2¢crkp — cg — 2¢ew1 + QCWQ){D, (gB . 0')}} @/J
k 1cok icpk
. + D _ W2Rp o9 ICFKpD .
TVeny {QMDO AN e 9B ”}w

ikps c2kps 1o crkps icrkps
+V-77><W{WD00'+ Ve (D*)o + Ve 9B + e gBxosy.  (241)

Here we included the total spatial derivatives in the last two lines for completeness, although
they will play no role in the following discussion. They arise from covariant derivatives in the
boost transformation of T through

(DY) =Vy —y'D. (2.42)

Only the time derivative will be important when we want to calculate the conserved Noether
charge associated with a boost transformation.
All terms which are not total derivatives have to vanish, from which we get the constraints

02:1, szl, C4:1, l{E:—CD, kESZ—Cs, l{,‘Dszl, (243)

CSZQCF—l, QCM:CD—CF, Cp/p:CF—l, CWQZCW1—1. (244)

We see that they are consistent with the constraints obtained from the commutator of two
boosts. By combining both results we can simplify the additional constraints from the com-
mutator of two boosts:

1

3
kBl = Cp — Cp + Z — 2]{?D3, kBSB = kBS4 — 5 . (245)
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Also note that the relation kpg = 1 is obtained from the commutator of two boosts at O(M 1)
and ¢, = 1 at O(M~?), while from the invariance of the Lagrangian the situation is reversed.
Ultimately, if one were able to do an all orders calculation, it is believed that each calculation
by itself would give all constraints, since the Wilson coefficients of the Lagrangian enter the
calculation of the commutator of two boosts through the equations of motion, but at any finite
order both calculations provide complementary information.

So far kps has not been fixed, but it can be easily seen that there is a term

MS]\lﬁ (c4—kD3){{D0,n~D},D2}w (2.46)
in 0,A"L that can not be canceled by any other term, because those all contain at least one
gluon field E or B. So we get the constraint kpz = 1 at O(M3).

If we compare this to the boost transformation used in [60] (which deals with NRQED
instead of NRQCD, but at low orders in 1/M the two calculations are analogous), we see that
the two are the same. The boost coefficients kp, kpg, kp3, and kpzg, which we have included
in our general EFT approach but are absent in [60], turned out to be constrained to be exactly
1. While this is not a general proof that all terms that appear in the induced representation
for non-interacting fields do not get loop corrections from the matching, i.e. that there can be
no coefficients different from 1, it shows at least that the assumption was justified for the low
order terms.

Noether Charges

Now that we have determined the boost transformation of the heavy quark fields we can obtain
the corresponding Noether charge KC:

3 - 0
K= /d ( 500 zk:d)gbi)—Aﬁ)

_ / i ( OL (1% 4 100)6s + 0oy + Ty — TIAG — rﬁ)

9(0o9:)
:_t”P+/d3r (rh+wTk¢¢+XTl%Xx> ; (2.47)
=—tP+- /d3r{r h+ Myl — Mxx} - /d37“1/ﬁ< P U+8M29E)¢
—1—/6[37“)(T (4MD><0' 8M2gE)x+O( =3, (2.48)

where ¢; stands for all three fields ¢, x, and A, while II is the canonical momentum field
associated to A: or

¢ = S iy M~2). 2.4
{= g~ B o) (2.49)

P is the Noether charge associated with spatial translations

P = /d3 ( 5 ¢ V)¢i> = /d3r (VT (—=iD)y + x'(—iD)x — Tr[IIx, B]) , (2.50)
0%
where we have used the equations of motion (i.e. the Gauss law)

[D- 0] = — (¢1gT¢ + x'gTx) T°, (2.51)
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in order to make the expression explicitly gauge invariant. The Hamiltonian density h is given
through the Hamiltonian

H= /d3 ( 80(b 80¢1 ) :/d3r (wThdﬂw‘i‘XThXX—l-Tr[l_P—i—BQD _ /dgrh’

(2.52)
where h,, and h,, are defined through the Lagrangian as
L = (iDy — hy) + X' (iDy — hy)x + Tr[E? + B?] (2.53)
oL
and we have made use of the Gauss law again. The initial expression e )(90@ L and
0%q

h, as defined in the final expression, differ by a derivative term —V - (II*Ag), which vanishes
in H, but gives a contribution to K that exactly cancels the extra terms from the boost of
the A field. In the last expression for IC, we have replaced rh by 1{r,h} — i[h, 7] in order

to obtain an explicitly hermitian expression; the antihermitian terms from ¢k, and xtk, x
cancel against 3[h, r].

This KC corresponds exactly to the boost operator of the quantized theory obtained in [5§]
and extends it to O(M~2). Note that in [58] the field redefinitions that remove the O(M) terms
from the Lagrangian have not been performed, therefore their definition of A differs from ours
by M1t — MxTy, which thus appears explicitly in our expression for /C. Also note that time
translations after the redefinition of ¢ and x are given by i0y £ M, so the proper Noether
charge of time translations is the Hamiltonian H given above plus M [ d®r(1)T¢ — xTx), which
is exactly the same as in [5§].

2.2.3 The Four-Fermion Lagrangian

We will now turn to the four-fermion sector of NRQCD, or more specifically the part consisting
of two heavy quark and two heavy antiquark fields. The lowest order terms of the Lagrangian
are given by:

2| = RSO uhade + ACS) vy xXlow

+f5(1S0) W T X T + f1(3S)) v eT - XTO'T%D} ) (2.54)

These coefficients are related by Poincaré invariance to the coefficients of the next order four-
fermion Lagrangian, which in this case is O(M~1) [62]. Tt is easy to see that the O(M) terms
of ky and k, cancel in the boost transformation of the leading order Lagrangian. Therefore,
the first constraints will be obtained at O(M~3).

The O(M~*) Lagrangian will contribute with only the O(M) terms of k, and k,, Wthh are
glven by M. Since in terms with two left-right derivatives (see below), like e.g. in @Z)T Dy -
XTD@/) or in the terms with a chromomagnetic field B the O(M) terms cancel, only the
terms with at least one “center-of-mass” derivative (i.e. a derivative acting on two heavy fields
like V') give nonvanishing contributions after a boost transformation. Including only such
terms, the Lagrangian is given by:

_ 7;flcm
Af.em 2M4
. Zf 8cm

2M*4

£ (W'(D x o)x - Vxty + (Vety) (D x o))

(WD x o)T%x - DT + (D™ T x) - xT(D x o) T%)

37



Zf{cm

+ (WBX (V x xTey) + (V x ¢lay) - Xfﬁlﬁ)

+ %(Wﬁﬂx (D™ x xloT) + (D x $iaT'x) - | DT)

+ g}\}cf (Viv'lo;x) (Vix'o0) + gj\ch (Di*¥lo;T°x) (Dix'o;T°0)

+ AR (V0o (V- xlow) + G (D ulaThy) (D o)

+ g (V0T - (Vdw) + 2 (DIT) - (DX T70) (2.55)

Covariant derivatives with color indices are understood in the adjoint representation. The
left-right derivatives are defined as follows:

n

WDy Ty =3 (—1) (Z) (D*)' T (D" *y) | (2.56)

k=0

where the order of the D’s is the same in each term and T stands for either the unit or a color
matrix. In particular it follows from this expression that D does not act on any field outside
of ¥ and Y.

From this we get at O(M~3)

QAL = 2]\143 (f1("S0) + 4g1cm) [(1- VY X)x"¥ + hoc]
- 21\143 (f5("S0) + Agseem) [(m - iDYTT X)X T + hoc]
+ s (A(50) — fen) [+ (B x )it + e
- 2]\1/[3 (f1(*S1) + 4g1aem) (- iV o)X 0000 + hec]
2]\143 (f5(*S1) + 4gsaem) [(n - iD™ YT T X)X 0T + h.c.]
" 41\143 (/181 = fiew) [0 % D)x- o + huc|
g (OS5 = fian) Wi x D)1y - T + b
2

+ 23 Jibem [T (n-o)Xx(iV - x'o¢) + h.c]

2 .
+ 3 Jsbem [wT(n o )T (iD™ - xToT ) + h.c.} , (2.57)

where we use A to denote the boost transformation except for the coordinate transformations,
and h.c. means the hermitian conjugate of the preceding term in the brackets. None of these
terms has the form of a total derivative, so all coefficients have to be equal to zero, which
means:

1 1 1 1
Jlacm = _Zfl(ssl)v 91ecem = _Zf1(150)7 98acm = _ZlfS(SSl) y  Y8cem = _ZlfS(lSO) y (258>
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flcm = ifl(lSO) ) f{cm = ifl(gsl) ) f86m = ifS(lSO)a fécm = ifS(g‘S’l)a (259)
9ibem = G8bem — 0. (260)

These relations were first derived in [62] and later confirmed in [63] for the singlet sector, which
is at this order equivalent to NRQED.

2.2.4 NLO Calculation in the Four-Fermion Sector

Going to next order in 1/M we have to include two-fermion terms in k,, and k,, which we can
parametrize as follows:

all <=z

kffﬁ = M4D M4XVX + Iz XXTD
+%DT“XXTT“ ];T“ D\ AT 4 M 88 ay, TDT“

é\li}iD x oxx — %ax x Vy — ]\bjgdx X XTﬁ

%b14 b b

M4D ><X0-—|—M4XV><X0'+M4XXTD X o

%D x oTx\T* —Z;}ﬁ T x DT — Zj\bf’ oT*x x ' DT°
+ %DT“X x x'oT® + AbjiTaXDab x x'eT’ + ]\Z4T TD x ol"
+ W(D O')XX o+ M4UZXVZX o+ MUZXX ﬁ

—ﬁaxx o; + MGXViXTUi + MUXXT(D -o)
+ %3@0&0@ M4 —oiX Vo + MUZXXT Do;
+ %(D o) xx'eT" + MaiTaxquxTaTb + %UiTaXXTﬁUTa

+ ﬁﬁa‘T“XXToiTa M cJ'TaxD“bXJr TP+ ]CW %% (D co)T*

Cg9
%DUZT“ Wlo T + M4 ST ND N 0T+ @ ot Do, (2.61)
EPD = EPD (v < y). (2.62)

Here the definition of the left-right derivatives on the left-hand side of x| is a bit trickier. We
will understand them as follows

DT Ty = T(DX)X'Tw + D(TxxTy) | (2.63)

and implicitly perform integration by parts on the second term. The overall spatial derivatives
introduced by this integration are irrelevant for everything that will be discussed in this chapter,
so we will ignore them. But this definition then implies that the left-derivative part of <B acts
also on the terms outside the bilinear in which it appears. The left-right derivatives on the
right-hand side of yx' are defined as above and act only within their bilinear.

As an example we give the boost transformation proportional to a;; and a3 due to the x

field in ¥ty T
P R0xs = S5 @ De)whody = SLetou (Vide) + TR DX v+ (264
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When we now calculate the commutator of two boosts at O(M ~3) and consider only the two-
fermion part, we get some constraints on these boost coefficients a, b and c. As above, we see
that at this order only the terms with a center-of-mass derivative do not cancel automatically,
and none of the a coefficients can appear, because they do not give terms antisymmetric in &
and n.

There are three contributions to this commutator, the first is

— |6 KD M r] 4 [n- k3D, Mg ]

= - %(bn + b1z + bi3)(€ x m) - oxx' — ]\243 (bia + bis + big)xx' (€ x m) - o
Ve (b81 + bgy + bss) (€ x ;) - o T xx T — VZ(bsﬁl + bss + bse) T*xx' (€ x ) - 0T
+ %(Cn +eptas—cu—as—ce)(€xn) - (ox x x'o)
+ %(081 + g + g3 — Csq — g5 — C6)(E X M) - (T X XTO'TQ) . (2.65)

The second contribution comes from the transformation of the yx fields inside l%fff )

—(ME - ré, — ME -0, )(n-l%(Qf))+(Mn-r(5 — Mn - rd, )(E_,%(Qf))

]\2/_,3 (bir = bio + biz) (€ x m) -oxx + — M3 (b~ bis + big)xx (€ x ) o

+ %(b& — bsa + bs3) (€ x m) - e T XX T + ﬁ(bm — bss + bse)T*x X (€ x m) - oT°

- %(011 — C12+C13 — Cigy +C15 — Cl6)<€ X 77) : (O'X X XTO')

- %(681 — Cso + Cs3 — Csa + g5 — C6) (€ x M) - (6Tx x X'oT?). (2.66)

The last contribution comes from the term —ﬁ(& x 1) - o Dqy that has already been derived
above. When we use the equation of motion for 1Dy this becomes in the two-fermion sector

- ;<]\:[7i3 = {fl(lso) XXt ACS) ox - xTo + fs(190) Txx T + f1(3S1) o Tx - XTUTG}
£ (LS, fo(1S
B 2]25\430) (&xn)-oxx' - ngg\/[SO) (€xm)-aTxx'T*
(39 (39
- Zfég\ml))cxf(é xn)-o - Zfsgw;)T“XXT(E xn)-oT*
- f1(35'1) fS( )

(€xm)-(ox x x'o) = = (€ xm) - (6Tx x x'oT?). (2.67)

2M3 2M3
The sum of these three contributions has to vanish, so we have

0= 2M3 (812 + f1("So)) (€ x 1) - oxx' — 2M3 (8bs2 + fs('S0)) (€ x m) - T xxT*
2M3 (8b1s + f1(>S1)) xx' (€ xm) - o 2M3 (8bss + fs(>S1)) T*xx' (€ x m) - 0T
75 (Ao —des = 1°81) (€ x m) - (ox x x'o)
+3 ]\143 (tes2 —dess — fu(*50)) (€ x m) - (6T x K0T, (2.65)
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which fixes the two-fermion boost parameters to be

1 1 1 1
bio = —§f1(150)7 bis = —§f1(351) , bgg = —gfs(lso) , bgs = —§f8<351>7 (2-69)
1 3 1 3
Ci12 — C15 = Zfl( 51) ) Cga — Cg5 = ng( 51)- (2'70)

At O(M~*) there is no new information from the two-boost commutator. The O(M ™)
terms of l%fif ) can either contain two derivatives or one gluon field for dimensional reasons, but
only the chromoelectric field has the right parity transformation behavior. So there can be no
O(M =) terms with derivatives, and therefore the commutator of the O(M ~9) I%g D with Mr
vanishes. The boost transformation of the fields inside l%fif ) at O(M~*) gives only temporal
derivatives, which have to be replaced through the equations of motion for 1) and y and thus
contribute only at (9( ~2). And there are no four-fermion O(M~3) terms that could give a
contribution at O(M~*) from —5-(€ x 1) - oDy.

In order to get the constraints from the boost transformation of £ at O(M~*) we need
all four-fermion terms at O(M~*), most of which can be found in [62], and all center-of-mass
derivative terms at O(M~?), which were not included in [62].

L= - 8 M4 <w*<l_?>2xx*w +W><XT<B%>

91(351
8MA
S, S 1 <—> <« 1 s

B W (577“ {(D -0), D}X Xoyp — g@DTDQXXw + h.c.)

98(150)
SM*4
98(351
8MA

_98(3517 SO) 1 i A= =g a 1 a _1 T<_>2 a. . Ta
el e {(D a),D}TX oT™y — S0l DT\ T + he.

(*P)
- B B B
~ h(CR)
12M4

_ —f 1Ch) <¢TﬁUjXXTHij - Wﬁ%xfﬁ'“’w)

f1(
404

<W (D?ox v'ov+vioxyi(D?) 0w>

(¢ D2 T + 9 D17y

<W <B2 oT% - Y eT% + ¢T0TaXXT(<1_)>2)Tan)

(Do) (D - o)

( ot Dloxy Dioyy + w*ﬁ%xx Do — —W(D o) (D - UW)

BCR) i ey By

~ RCR)
12M4

f88 z\;l (wﬁajTaXXTﬁaij nyes TaXXTﬁa,Ta¢>

V(D - o)1 xx (D - o)1
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+

+

+

+

fi(J\fQ ( Wi Do TaXXTﬁOJTa@Z)‘F MﬁUJT“XXTﬁUzTW’
(B o) (B ">T”/’>

ZJ}}T (0'(D x o)x - Vxtv + (Voix) (D x o))

o (B3 (9 e + (W x w10 BY)

Zf}’l‘ (1(D x )T - DUNT + (DYITx) A (D % o))

sz]TZT (W BT\ - (D™ x \laT) + (D“”XWUT”M'XT(BT“W

T (Vo) (Vo) + T (DPloiTx) (Dixlo,T°0)

L (V- ploy) (V- xlow) + 25 (D™ wloT'y) (D - o T7)

M* Mt

e (V) - (V1) + L9 (D0 Ty) - (D*x'T7%)

% (V9B - oxx'v + IxxTgB - o)

% (W'gBx - xl'ov +vlox - x'gBy)

%d“%B“ (T o T + P T o T)

% [gB . (WaTry x x1oT) (2.71)

For dimensional reasons the O(M™°) four-fermion Lagrangian can either contain three
derivatives or one derivative and one gluon field. Parity allows only the combination of a
chromoelectric field and a derivative. As stated above, only center-of-mass derivatives are
relevant for this order of the boost transformation.

1S1—8em
= 28 (WIgE x ax - VXY — (Vo) - XTgE x o)

£(4f)

M~—5cm

2M5

— 2821‘# (WTgEx - (V x x'op) — (V x ¢lox) - xTgEY)

n 2828]\;;771 dabcgEa . (wTo.TbX > DCdXTwa + (DbdwTTdX> % XTO-Tcw)

S cm  rabce a c .
+ e [ 9E (Wl T (D - XToT) + (D™ - plo Ty 0T y) . (2.72)

In principle one can write more terms with a center-of-mass derivative, but those can be
integrated by parts, neglecting overall derivatives, and they give a derivative that acts only on
the chromoelectric field, e.g.

ifabcgEa . (1/)TTbXDCdXTTd1/J + (Dbdl/JTTdX)XTTCw) _ _(Dad . gEd> Z-fzzbchTbXXTTcw ) (273)

These terms obviously do not contribute to the boost transformation of the Lagrangian at
O(M~%), we therefore chose a minimal basis of operators where only the terms given above
have explicit center-of-mass derivatives.
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After a lengthy calculation of the boost transformation of the Lagrangian at O(M~1), we
obtain the following constraints:

1 1
ap = 191(150) » Q12 = Jleem s Q13 = Zfl(lpl) )
1

1
ZQS(ISO) y @82 = J8cem ; AB3 = Zfs(lpl) )

a’81:
1 1 1 1

b = —— cm b = —— 4 b = —— om b = —— !

12 2f1 ) 15 2f1cm7 82 2f8 ) 85 2f80m7

1 1 1 1
biz = —§f{cm +ba, bis= _iflcm +b11, bgz= —§fécm +bga, bgs = _§f8cm + bg1 ,

c11 = ég1(351,3D1) ; C13 = é (f1CPR) = fi(PP))
Ci4 = %91(351731)1)7 Ci6 = % (fl( ) f1(3P2)) )
Ci7 = % (491(351) - 91(351,3171)) ) Cl9 = % (f1(3P1) + f1<3P2)) )
Cg1 = %98(351731)1), Cg3 = % (fs( P) f8(3p1)) )
Cg4 = égs(?’Sthl) ) C86 = % (f8(3p0) - f8(3P2)) )
Cgr = % (498(351) - 98(35173D1)) ) Cg9 = % (f8(3P1) + f8(3P2)) )
C15 = —C12, C18 = Jlaem, C85 = —C82, (88 = J8acm
S1-8em — ;81 8( 50,351) - C—Sfl(lso) - C—st(lso) —2by1 — 2084 =0,
S| gem — ;51 s(*S1,1S0) — —fl( So) — —fs( So) = 2b1a — 2bg; = 0,
S8—8em 3588(1507381) - —st(lso) —bg1 —bga =0,
S§—s8cm + %SS—B(BS’MSSI) - —fs( Si) — 1—1698( S1,°Dy) + cga = 0. (2.74)
So far none of these constraints involves only Wllson coefficients of the Lagrangian, they
rather define the boost parameters of k:( D and k: . There remain two free parameters, cio

and one of either b1, bi4, bgy or bgy. But 1f we Combme them with the relations obtained from
the commutator of two boosts, we get

1 1 1 1
Clg2 = §f1(351)7 C15 = —§f1(351), Cga = §f8(351>7 Cgs = _§f8<351)7

1 205 1

55878(35173‘91) fs( Sp) — 1—698( S, Dl) 0. (2.75)
The last equation now gives a constraint on the Wilson coefficients without any boost param-
eters. The other relations we got for byo, bse, bgs and bgs from the commutator of two boosts
are consistent with the ones obtained from the transformation of the Lagrangian at O(M~*)
and O(M2).

/
S8_8em +
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2.3 Constraints in pNRQCD

Potential Non-Relativistic QCD (pNRQCD) is the EFT obtained from NRQCD after integrat-
ing out the scale of the relative quark-antiquark momentum. This scale is of the same order
as the quark-antiquark distance r, so the expansion in this scale corresponds to a multipole
expansion. In weakly coupled pNRQCD we also assume the hierarchy 1/r > Aqcep, which
means that the matching can be carried out in perturbation theory. The effective degrees of
freedom are color singlet S and octet O® quarkonium fields instead of individual quark and
antiquark fields. They are the only fields that can depend on the distance r and the center-
of-mass coordinate R, all other fields depend only on R. Throughout this section, we prefer
to set N = 3 (hence the name octet instead of adjoint field); the extension to general N is
straightforward.
The Lagrangian of pNRQCD (without the gluonic part) can be written schematically as

LoNRQCD = / &PrTr [ST(idy — hs)S + O*1(iDg" — h§)O" — (STh, 0% + hee)] ,  (2.76)

where the trace refers to the spin indices of the quarkonium fields. Sometimes it is more
convenient to write the quarkonium fields as matrices in color space:

1

=7

S1, 0 = V20°T* (2.77)
and the Lagrangian:

EpNRQCD = /dBT Tr [ST(iDO — hs)S + OTiDOO — (OThoO + C.C) — (SThsoO + hc)} ,
(2.78)

where the trace now is understood both in spin and in color space, and c.c means charge
conjugate. We will not use different symbols for the matrix or scalar singlet field, it should be
clear from context which one is meant, or sometimes it may be irrelevant. In the octet case
the matrix field is obvious from the absence of a color index. The coefficients for the matrices
are such that the trace over two fields is properly normalized. The covariant derivatives are
understood as commutators with everything to their right.

The matching to NRQCD is performed through interpolating fields

X' (R—7/2)¢p(R—71/2,R+1/2)(R+1/2)

= 23 (r)S(r. R) + 25 (r)rr - gB*(R)O"(r, R) +- O(r°) (2.79)
X'(R—71/2)¢(R—1/2, R)T¢(R, R+ r/2)¢)(R + 1/2)
= 25 (0" (r. R) + 23 (r)rr - gE*(R)S(r. R) + O(*). (2.80)

The Wilson lines ¢ act as gauge links from the quark position to that of the antiquark. Correla-
tors of those interpolating fields in both theories have to give the same result, which determines
the matching coefficients Z.

2.3.1 Coordinate Transformations for Quarkonium Fields

The interpolating fields also determine how the quarkonium fields have to transform under the
spacetime symmetries. In fact, in the limit ¢ — 0 one can neglect the Wilson lines and just
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determine the transformation of S and O% from different color projections of @ = ' (this
limit is not physical, since there is no non-interacting bound state, but this is irrelevant here).
The coordinate transformations do not depend on the color representation, so we can just use
@ for both singlet and octet.

First, we give here the transformations under the discrete symmetries:

Qt,r,R) = —Q(t,—r,—R), (2.81)
Q(t,7, R) <% 0,Q" (t, -7, R)o, (2.82)
Q(t,7, R) - 05Q(—t,7, R)o,. (2.83)

The transposed sign on the charge conjugated fields refers both to color and spin space. Also
note that charge conjugation exchanges the positions of the quark and the antiquark fields, so
r goes to —7r.

Time translations are straightforward in pNRQCD: in the interpolating fields 1) and ' are
evaluated at the same time, so also the time argument of the quarkonium fields is shifted in
the same way. The additional mass terms introduced through the field redefinitions of 1) and
x add up, so we have

Qt, 7, R) 2% Q'(t,7, R) = (1 — 2iMag)Q(t, 7, R) + [aody, Q(t, 7, R)] . (2.84)

We assume in this chapter that the quark and the antiquark field have the same mass, so the
generator of time translations is Py = idy + 2M.

Space translations act only on the center-of-mass coordinate R; both quark and antiquark
are shifted by the same amount, so the relative coordinate remains unaffected. This means

Q(ta r, R) i> Q/(t7 r, R) = Q(t7 r, R) - [a’ ’ VR> Q(ta r, R)] ) (285)

with the generator for space translations P = —iVg.
Under rotations both R and r transform in the same way. The component transformations
of 1) and y with i each lead to a commutator with the quarkonium fields and the sigma matrix:

Q(t,7,R) -5 Q'(t,7,R) = Q(t,r,R) + [a- (RX Vi +7 x V, +i5),Q(t,7, R)] . (2.86)

It is conventional to use an upper index on the sigma matrices to denote whether it is supposed
to be multiplied to the quarkonium field from the left or the right:

cQ=0Q and o?Q=-Qo. (2.87)

This gives the generator of rotations as J = R x (—iVg) + 7 x (—=iV,) + o™ + a®. Since
0900y = —a’ and 67Q" = (Qo )T, charge conjugation effectively exchanges o) <+ o).

For boosts we will first determine how the coordinates of the quarkonium fields have to
transform. We still use the analogy with the interpolating fields in the g — 0 limit, but
now we need to write the quark and antiquark field explicitly instead of ). So we have with
ry=R+r/2and xzo =R —1/2

Dtz )Xt a2) T Dt @)X (@) — iMm - (21 + 2 (t, )Xt 22)
+ [’l’] : (tV1 + 33180), w(t, .’Bl)] XT(t, .’132) + w<t, CCl) [n . (th + CCQ(?(]), XT(t, $2>] + ...
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= (1= 2iMn - R)Y(t, @1)x' (, @) + [77 (tV e+ Rd), ¢ (t, z0)x' (¢, 332)]

+ %(n 1) ([00, ¥ (t, 21)] X (¢, 2) — ¥ (t, 1) [O0, X' (L 22)]) + .., (2.88)
where the dots stand for all terms of the boost transformation that are not related to the
coordinate transformations. The first line corresponds to the usual coordinate transformations
under boosts for a scalar field with mass 2M, where only the center-of-mass coordinate partic-
ipates in the boost and the relative distance remains unaffected. In the second line, the time
derivatives acting on the quark and antiquark fields cannot be written as one derivative acting
on the whole quarkonium field, because they have opposite sign. But these time derivatives
can be replaced by space derivatives through the equations of motion:

%(n ) T) ([807 w@f, wl)}XT@? w2) - w(ta wl) [807 XT(tv w2>])
= (n-) | 37 (V= Ve )| + 000
=(m-7) lﬁVR : Vr,w(t,:cl)xT(t,xQ)} +O(M™?). (2.89)

Thus these terms give corrections of order 1/M and higher.
The other terms in the boost transformation of the quark and antiquark fields in the g — 0
limit can also be rewritten in terms of polar coordinates:

Dt m) (. m) L5 ks 0 (V) V) (e (¢ )

i [("7 X V1), ot @)X (8, ®2)] + T (7 % Vo), 0(t, @)X (t, 22)0] + O(M?)
= ...t ﬁ ["7 ’ Vme(t? wl)XT(tv .’Bg)] - SLM (U(l) + 0(2)) ’ [(77 X VR)7w<t7 wl)XT(t7 332)]
- ﬁ (6" —o®) - [(nx V., ot z)x (t, 22)] + O(M?). (2.90)

Here the dots denote the coordinate transformation terms. So we expect the boost generators
in the g — 0 limit to behave like

1 1
ko =itV +iR% +2MR — —V - —{r (V- V,
Q (4 R.—i-l o + AM R 4M{’I",( R )}
v 1 2 ¢ 1 2 -3
—WVRX(G()—I—G( ))—mvrx(a()—a( ) +O(M?). (2.91)
This limit is interesting for the ansatz we are going to make for the singlet and octet boost

generators, since it determines which coefficients we expect to be of order 1 + O(ag). In the
last two terms of the first line we have used

r(vR : Vr) - %{’l", (VR : Vr)} - %VR’ (292)

in order to obtain terms that are explicitly hermitian or antihermitian.
Finally, we list here the behavior of the boost generators under the discrete symmetries:

ko — —kg kg = ookbos, ko —— o2kqos . (2.93)
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Keep in mind that P changes the sign of both » and R, C' changes the sign of only r, T
changes the sign of ¢ and takes the complex conjugate. The transpose operation inherent to
C requires some further explanation. First, the sigma matrices change like:

oy ((,(1/2))7“02 — o@D 7y (/) gy = —a 1/ (2.94)

For the singlet field, transposing in color space is trivial, so we can just write kg N ooks0s.
For the octet field in matrix notation, we have to write the boost generator in two parts:

05 0=0-in- (k:g”o + Okg3>) . (2.95)
T
The two parts then are exchanged under C' as k:(OA/ B <, lop) <kgg/ A)> 0s.

2.3.2 Redundancies and Field Redefinitions

In order to find the boost generators in pNRQCD, we will again use the EFT approach and
write down the most general form allowed by the symmetries. However, it will turn out that
several terms in this ansatz are redundant, i.e. one can make a field redefinition that removes
these terms from the boost generator without changing the form of the Lagrangian. So there
is no loss in generality if one chooses to work with a boost generator where these redundant
terms are absent. We will work out appropriate field redefinitions in this section. Since we
will calculate the transformation of the Lagrangian up to orders M%! and M~1r? in the next
section, here we need to include all terms of order M%?2, M~'7°. We will use the notation
c™m) for the coefficients of terms of order M ~"r".

Singlet Field

For the singlet field we start with the most general ansatz for the boost generator allowed
by the other symmetries. However, note that we can eliminate some terms from the outset.
Also in the construction of the pNRQCD Lagrangian certain terms are neglected without an
explicit matching. For example, the term 7 - V, is completely neutral with respect to any
symmetry and also the power counting. So in principle one could add an infinite number of
these terms to any operator in the Lagrangian, which would mean that at each order in the
power counting one would have to match an infinite number of terms, making the construction
of the EFT impossible. But by comparison with NRQCD one sees that each derivative appears
with at least one power of 1/M, so also in pNRQCD one can neglect any term where there are
more derivatives than powers of 1/M because there would be no corresponding term in the
matching to NRQCD. The same argument applies to spin-dependent terms, where also each
sigma matrix has to be suppressed by a power of 1/M. The only exception to this are the
kinetic terms, where there may be one derivative more than powers of 1/M.

By extension, these rules also apply to the construction of the boost generator, not directly
(i.e. there can be terms in the boost generator where there are more derivatives and sigma
matrices than powers of 1/M), but in the following way. Operators that would lead to terms
in the transformation of the Lagrangian that cannot be canceled by any other terms can
immediately be ruled out. For example, operators that are antihermitian in the boost generator
lead to anticommutators with the time derivative from the leading term of the Lagrangian,
which can only be canceled by a term with a corresponding spatial derivative. Such a term
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would be e.g. ir x (e — @) /(8Mr?), which is not ruled out by any symmetry argument,

but the resulting term in the transformed Lagrangian would have to be canceled through a
term iD-r x (o) — o®) /(8Mr?) in hg, which is ruled out according to the arguments given
above. Hermitian operators in the boost generator are less problematic, because they lead to
commutators in the transformed Lagrangian, which usually reduces the number of derivatives
by one.

Keeping this in mind, and writing everything in terms of explicitly hermitian or antiher-
mitian operators (where we stay close to the nomenclature of [58]), the most general ansatz
is:

l{?(l ,0) 1
ks — itV +iRdy + 2MR — S]@ V-7 {kSa, r (Vg V )}
1 1
- {ka(;a% Vi)V, } - {kf;a?,r v, }VR
1[40 ik
7 { ‘jf; r(r-Ve)ri, (V)i p — 8?\64 Vi x (oW +o?)
ik 1) | (2 ik 1, 2
sage (7 V) (rx (0 +08) = s ((r x Va) - (@ +a®)) 7
1 (1 _1) 1 k ,
T ’M (W vex (e = a®) )+ 8N [ gl GRICARRa)) Tx,Vr]

y (1771)
— 8LM {ks;:’g’ — (’r X (0-(1) _ 0.(2))) i, (vr)i} +0 (M_2r0, Mt M0r3) . (2.96)

The coefficients depend on r, so they have to be included inside the anticommutators with the
derivative V,.. We also have used the identity

0ij€kim = Oik€jim + 0it€kjm + OimErl; (2.97)

to eliminate some terms. For example, a term like ikis (r x V)(r - (6@ + o®))/(8M72) is
not linearly independent, because it is related to the operators of k‘éc k:(ld,o, , and k:(ld,,, through
this identity, which can be shown by multiplying Eq. with rlrj(VR) (M +o@),. A
similar situation is found for the operators of k;gla’_l), kgb’,_l), and k(slg,,‘”. Note that this identity
has not been used in [5§].

As mentioned above, not all these terms in the boost generator are necessary, when one
exploits the freedom to perform field redefinitions; i.e. one can always redefine the fields as
long as the symmetry properties of the fields are not altered. In order to also keep the form
of the Lagrangian intact, we will only consider unitary transformations Us = exp|ug] with ug
antihermitian, relating the new singlet field S to the old one S as S = L{SS The reason for
choosing only unitary transformations is that the time derivative from the leading term of the
Lagrangian appears only in commutators, since

. . . 1. 1.
U;Zaoug = 200 + [280, US] + 5[[@8{), US], US] + 6[[[280, 'LLS], uS],uS] +.... (298)

In this and the analogous expression for the redefinition of the octet field, the commutators
with the time derivative either vanish, give an electric field, or time derivatives of gluon fields,
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which can be removed through the equations of motion (i.e. redefinitions of the gluon fields).
So a unitary transformation does not introduce new time derivatives in the Lagrangian. It will
introduce other terms, but those will be of a form already present in the Lagrangian, so their
contributions can be absorbed in a redefinition of the Wilson coefficients.

In order to find a suitable unitary transformation, we need to look for terms which are
antihermitian and P, C'; and T invariant. Such terms can easily be found by multiplying the
hermitian terms in kg with V /M, which explains the nomenclature we use for Us:

1
Us = exp [—4M2 {dilr - Vr v, V) - e {dbir- v, } 7%
(1,0) (1,0)
1 )y (r-Vp)r,V, 1Ggqm (r-Vg)((rxVg)- (0-(1) + 0-(2)))
4M? | r? ’ 8 M%?
[ (1,-1)
+ Ve { s 5 (V, x Vg)- (0'(1) — 0'(2))}
: (1,-1)
SR (r-(eW —0®))(rxVpg),V,
8M? 72 ’

, (2.99)

. (1,-1)
i Qg
ME {Sfi—a (rx Vi) (e = o)) ’""VT} '

where the dots stand for higher order terms, which do not affect the calculations of this chapter.
The coefficients ¢ are free parameters. B
We can work out the transformation of the new field S under boosts in the following way:

S =uls =1 —in - kesS = [1 — Ul (in - ks)Us + (5@1;) us] 3

- (1 —in- ES> S, (2.100)
where
ULV B B) = [0 (1Vn + R0y),UL(Vr, B, B)|
+ (nd - Oy + (n x B%) - 8% — (n x E*) - 88 UL(V g, E,B), (2.101)

with the & operations defined as in Eq. (2.31]).
The transformed boost generator kg has to be expanded to the same order as the original
ks, so only one extra term remains:

ks = kg + [12:5 — i(Gdy + B x 8% — E* x 55;3),14

+% HI%S — i(0ody + B* x 83, — E* x 5%%“5} ’US]

+é [H’%S —i(0dy + B® x 8 — B x 5%)7%9] ’“S} >us} +...
= ks + [2MR, us] + O(M~?). (2.102)

Inserting the explicit field redefinition from Eq. (2.99)), we obtain

1 1
(10 (10),.
ks = ks + oM { o (Ve V )} o {an” (r VR)’V’"}
L 10 1 q(slbo)
+ M {qsa///'r' V } VR + M 7"2 (’l" . VR)Ti, (VT)Z
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o (1,0)
_ WGggm (r-Vg) (rx (6 + o)) + M5 (r-(Vex(eW+o®)))r

4M7~2 AMr?
I e
_ i | qep
Y] {qf;a V9, x (o) - 0(2))} T aM [ B (r (W = 0®))rx, V.
i [ gl
SiyA Bl Ul (W =a®))ri, (V)i p + O (M) . (2.103)

These extra terms can be absorbed in the operators already present in Eq. (2.96), which
changes the coefficients in the following way:

7.a (1,0) (1,0) 7.a (1,0) (1,0) 7. (1,0) (1,0)
ksa/ ksa/ - 2(]5&// 9 ksa// ksa// - 2(]5&// 9 ksa/// ksa/// - 4 Sa/” 9
7.(1,0 (1,0) (1,0) 7. (1,0) | o,(1,0) 7.(1,0) (1,0) (1,0)
ka ka - 4(] 3 de// — de// qu/// 3 de/// — de/// - 2qu/// 9

~(1,—-1 1, 1 1, 1,—1 ~(1,
k(sa ):ké'a )_2q(sa )a kéb’ _ka, )_2qéb’ )a kf%// —ka” Y 2ng~ v (2.104)

The seven free parameters ¢ in the unitary operator can be chosen in any convenient Way
Followmg the expected result in the g — 0 limit from Eq - we choose to eliminate kS’a” ,

kf;af??, k a 0) kfgldg,, Egb’, and ka,, , as well as fix k = 1. Then after dropping the tilde
notatlon the general boost transformatlon is snnphﬁed as follows

(1 0) 1
4M C4M

ik, M) L @) stldg) M L @)
— 811 VRX(O' +o )—W<’I"VR)(TX(O' +o ))

— 7 Vex (00 = o) £ O (M0, M7 MO (2.105)

in which only four undetermined coefficients remain.

ks = itV + iR + 2MR — {k“ Ny (V- VR)}

Octet Field

In a similar fashion, one can proceed to determine the most general boost transformation for the
octet field. The main difference is that all center-of-mass derivatives (except for the coordinate
transformations) have to be replaced by covariant derivatives in the adjoint representation
D% = §%Vp — f¥%gA° due to the color charge of the octet field. For the singlet field
there were no available operators at order M°r2, but for the octet there are two involving the
chromoelectric field. At order M 17 there are no new terms.

At this point it is more convenient to write the boost generator in components, i.e.

0" L5 0% = (5" —im - k) O (2.106)

The P transformation of the boost generator in component notation is the same as in matrix
notation, but the C' and T transformations are slightly different. Introducing a sign factor
through (T%)? = (T%)* = (—)*T* (where the double appearance of the color index on (—)®
does not imply summation), the fields in the adjoint representation transform as

0% %5 5y(—)*0%, E* %5 —(=)"E", B* %5 —(=)*B°, (2.107)
0" L 0y(=)* 0%, E* Ly (=)E, B* L —(—)"B°. (2.108)
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So the boost generator in component notation has to transform like
kS s () (Voskidos, ke D (<) () skidos (2.109)
The transformation behavior under C' can be checked by using the following identities:
(—)%(=)boeb = g | (=) (=)¥(= ) fobe = — fabe (—)(=)b(=)ede = dabe | (2.110)

which follow from the commutation relations of the color matrices.
Then the most general ansatz for the boost generator for octets is:

k(l ,0)

4O]\D4 Dab+ fabck(02( gEC) 4 - fabcki(02 r gEc

TaM {k(lo (V- D)} - ﬁ {k(olﬁ)(r D).V, } - ﬁ {k(l v, b Dy

1 (00 1(10)
—— { X_r(r- DY)y, (VT>1'} Do —0¢_ D x (o) +o?)

kY = 5ab(ith + iRy + 2M R) —

AM | r? SM

ik(olé”) ab 1 2 ik 1al(’)” ab 1 2
—W(T‘-DR) (rx (W +a®)) - M2 (rx DE)- (W +0P))r
e oo B [ g0t )
@ {kgb;l rx (oW —a®)r, (V )} +O (M7%° M~ !, MOr?) (2.111)

8M r? v 7 7 | |

Again, we may perform a redefinition of the octet field through a unitary transformation
O* = UZPO® with Up = explup], in order to reduce the number of undetermined coefficients in
ko. For this transformation matrix uo the same arguments apply as in the singlet case, so we
write:

(0,2) (0,2)

a 40 ab q ab
uy = — 555 {(r- D), (r-gB)}" + 3(5?\4 r*{Dg-, gE}
1 ab ]
(1,0) (1,0) 2 \ab
4M2 { a// (’l“ DR) (V'r‘ . DR)} 4M2 {q a,,,’r V }<DR)
1 q(olbo) 2\ ab
- 4M2 7,2 ((T'DR) ) T-,V,,
i) M 4 g@)N?
16M27~2{ i) ((r x Dg)- (e + o))}
e e - o)
i Jaor o _ @ b
Ve 3 (r-(a —0o ))(rxDR)-,VT
i Jaoir” B () _ 5@
+8M2 r2 ((TXDR)'(U -0 ))"“',Vr +..., (2.112)
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where {A, B}

= A% BV 1 B AV in which we understand E* =

_Z'fabcEc.

As in the singlet case, the new boost generator after this transformation is given by:

kab_kgb+[2MRu ]+ 0 (M )

— kaob fabc

D 9B —

fabcq (0, 2)T2gEc

—l—ﬁ{qoa,,r (V, - DY )}+ﬁ{q8a?,( . D )VT}

Ly 0 w, 1 )4
o7 {qu,?,r v, }DRb+M{ %

(1,0)

r(r- DY)r;, (vr)i}

T2
qud(’)’)’ (1) (2) ab Zq(Old(’)’)’ ab (1) (2)
_4Mr2( x (e + o)) (r- DY) + 4M2(< x DY) - (e + o)) r
6" R S WL W _ 5@
+4M{ V ><(0' —0o )}—m 3 (r-(cr —0o ))rx,Vr

r

i [ g
e WV (7 x (W — @)1y, (V,); ¢ +O(M2).

(2.113)

This formally gives the same relations for the transformed boost coefficients as for the singlet,
with the addition of the two coefficients for the chromoelectric field terms:

k(O 2) k(O 2) g)(f) ,
ko = kb — 2450
k(olbo = kgbo —4 SbO) )
koo ) =koy =240, ",

Again, we choose to ehrnmate k

and kg)f , as well as fix k

k(O 2) k(o 2) qg)l;2) ,

kow! = kol = 2455 ko = ko — 4qbun

k(Od” k:(Old[’)’ qu% ; k(Old(’)” k’gd?" —2 (Old% ,

Koy = kow = 2005 s Koy = ko) = 2q05, )+ (2.114)

) 7L0) 7(1.0) k(m ZL-1) 701

0,2)
owns kop s koan, Koy s kogr , and the new terms k:(

a// 3

=1.

Then after dropping the tilde notation, the general boost transformation is simplified as

follows

kY = 0" (itVp + iRy + 2M R) —

k(l ,0)

Oc Dab

8M
5ab
CAM

V., X (0'(1) — 0'(2)) +0 (M_zro, M~

(1,0)

oD pyab L { (1,0 ab}
4MD NYi koo'r, (V. - D)
(1,0)
(0 + ) = F0L (- D) (r x (o) + o)

bt MO (2.115)

in which only four undetermined coefficients remain.
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2.3.3 Invariance of the Lagrangian
Singlet Sector

As was shown in the previous section, the boost generators have to satisfy the commutation

relation Eq.
1—i€- K1 —in K|S = ((€xn) (Rx Vi)~ [€ ksn-ks]
—i(ndy - 6y + (n x BY) - 85 — (n x E*) - 8%) (€ - k)
+i (€00 85 + (€ x B")- 8 — (€ x B*)-83) (n - ks)) 5.
(2.116)

which at leading order in 1/M evaluates to

(€ xm)- (Rx Vi) = [€- ks, 2Mn - R] + [n- ks, 2M& - R + O(M )
y (170)
= (€xm) - (Rx Vi) + (€ xm) - (k5'r x V,) + =2 (€ xm) - (0 + o)

7.(1,0)
- ZZ%(S xn) - (rx(rx(eW+e®)))+0M™)
= (&xmn)- (RXVR—i-'r‘ X VT—I—%(U(I)—FO’@))) . (2.117)

This fixes three further coefficients: k:ga? = k:glc’o) =1, and k‘gﬁ = 0.
The last remaining coefficient k D ) is fixed when we apply the boost transformation to the
singlet sector of the Lagrangian up to O(M~2) (where we follow the notation from Ref. [58])

G vy
Likroen = / drTr[ST(z&H——{ (=2 V2} Cs_ vz o _ vy L Vis

M AM Mo M?
+ gﬁiv M2 {Viess, V) + ‘;\25:2 (rx Va)"+ 4‘22225:2 (rxV.)’
B ]\V;ZZ B(r-oM)(r-o@) = r2(cM . g®)) - Xsﬁa(l) o
+ ZZ\% (rx Vi) (e — @) 4+ isz\jib (rxV,) (e + 0(2))) 5} - (2.118)

The transformed Lagrangian has to be invariant up to total derivatives; omitting the original
form, the extra terms are:

—~ 1
aﬂAﬂﬁ(S) _ /dST Tr |:,rl . ST (Z <1 N CS7O)> Vi— 2M (k’(l 0) (10 ) VRao

1 1
— M (VPQS(I —|— VLQSa —I— §V§O)) <VLQS(1 + VS > (’l" . VR)

M

+ m (VLSS’a + ZVS > ( (1) ) ) :| ) (2119)

where the prime means derivative with respect to r. None of these terms have the form of a
total derivative, so all coefficients have to vanish, which gives the following constraints:

r 1 r 1
kS =g =1, Vpag, = §ngo)/ - §Vs(0) , Vizsa = —5‘/5(0)/, Vissa = —gVS(O)'. (2.120)
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These coincide with the results in the literature [58]. Note that with the last coefficient fixed
the boost generator for the singlet field up to this order is exactly the same as in the g — 0
limit, i.e. there are no loop corrections to any of the coefficients. Remember, however, that
this form of the boost generator has been a particular choice obtained through certain field
redefinitions; other choices are equally possible and may change the constraints derived above.
Our choice also corresponds to the one taken in [5§].

Octet Sector

The calculation of the Commutator of two boosts is com letely analogous to the singlet case,
so also for the octet we have k‘oa, = kolco = 1 and k‘Od,, = 0. The only remaining boost
coefficient is again k;g’o).

In [58], the octet sector of the pNRQCD Lagrangian is given as

£ = / d*r Tr { Of z’DoJri{C(l’Q) Vz} o )DQ v<°>_@_@
PNRQCD 2M U0 TS aM °© M M2

Vr20a 9 9 Vi20a 2 Vieop 2
+ 4M2D MZ{V Ob,V}+ M2 2( XDR) +M2T2(TXVT)
V. \%
_ ]\5;27402 (3 (r . a'(l)) (r o2 )) -7 (0'(1) . 0'(2))) — 45—]\220'(1) .o
V u V
+ 5N r x D) - (6 = o) + T (r < V,) - (o) + 0(2))) 0

V(Ovl) iv(ovz) ,L'V(O72)
ol <%r - gE + % [(r- Dg),(r gE)] + %73 Dy, gE]

V V (1,0) V(l ,0)
—l—Z OO“ {VT,TXgB}+—CF2A()4 B oW — ;}Q\’;b gB - o
2Mr? 2Mr? 2Mr
(1,1)
’LV
(2,0) 1 (2,0)
ZCSVOO@ 1y Vo0 2
W[DRX,QE}U()— 1602 [DRX,QE}G'()
. (2,0) . (2,0)
Voo { r X Dg)- gE}(r . 0'(1)) _ Vooy {((r x Dg) - a(l)) (r- gE)}
16 M2r2 ’ 16 M 22 ’
(2,0) -y 7(2,0)
VO®Ob/ { DR) gE}(r ' 0(2)) 4 ZVO®Ob// {(('I" % DR) . 0_(2)) (,r, . gE)}
16 M2r2 ’ 16 M 2r? ’
1

1
UETE 16M2 {VO(%)OCI(T 9E), (V. DR)} + 1602 {V(Szongrng'a (vr)j(DR)i}

1 1 V(2 ,0)
MRTIVE {VéOCz””gE (Ve)ilDr);s } MRTIVE { ogtriri(r- gB), (Vi)i(Dn);

120
_ rooe , (2.121)

M{(’r X DR),gB}) O + c.c.
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where c.c. refers to the charge conjugate of every term inside the angular brackets. In the
terms of order M ~'r! and M~2r° we include only those that contain a covariant derivative
acting on the octet field, because otherwise they do not contribute in the boost transformation
at the order we are interested in.

Note that in Ref. [58] the identity (2.97) was not used, so there a set of operators is
included that is not linearly independent. In particular, there are two other potentials Voow

and V02®00)b,,,, which we have chosen to neglect in order to work only with linearly independent
operators. Ultimately, these potentials are found to be zero in [58] and the other constraints
do not depend on them, so the results remain unchanged.

Applying the boost operation to this Lagrangian, one obtains the following extra terms,
which have to vanish:

~ 1
O,AMLO) = /dgr Tr {OT (z (1 - CS’O)> (n-Dg) — Y (kg’g) - CS’O)> n-{Do, Dr}

(VPQO(Z + VLQOa + k(l > V )) (77 ’ DR)

M 270
1 r
i s (Virow+ 5V8"") (n-m)(r - Da)
~ 97 (VLSOa + 5 Vo(o)/) (nxr)- (e - 0(2))) 0
+ |01 ( Ve - Vo%”) (mxr)-gB
1 (1,0) b, 1 (1)
m SVOOa — 2crVoor + Voo +5 5 (nxgE)-o
1 1o , ooy 1 @)
W VO®Oa 2Vosos + QVOO 5 (mxgE)-o

4M ; (VEs) —2v56Y) (< ) - gE) (r - o)

(Ve

4M7~2 (Vogjo)b' 2V<§1@200)c) (nxr) -gE)(r -o®)
(
7 (

Véeh +SVSEY) ((n x r) - o) (r- gE)
Vo + Vo0 1)/) (nx7r)-o?)(r gE)
(VOOJ FVS) (- gB), (-9}

Voo = Vsol +2) (n-7),(V, - gB) |

4M r2

:\ :\

l (2 i vl
~ 37 Voo (n - 9By, }— 7 " r)(r - 9BV,
1 (1,0)
+ 5 (V&) = Vel ) ) gB) O+ c.c.] } . (2.122)
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Thus, one obtains the following constraints:

1
k(olg) = C(OLO) = 17 VPZOa = gVO(O)/ - 5 O(O) )
T
Vi20a = ——Vo , Visoa = —gvo ,
1o Llowon 1 20) o 10 Loy 1
CSVOOa =2c FVo 500 T g Vosoa = 2Voso, — 5 Y00 + 3
(1,0 (2,0) (1,0)
VOOb/ = 2VOOc ) VO®Ob/ = 2V0®0c
(2,00 (0,1)r 2,00 T 01y
Voozw = _§Voo ) VO®Ob” = _5 00
(1,0) (2,0)
Vooc/ = _VOOa ) Vooc// VOOa -2,
(2,0) (2,0)
VOOC’” — O, VOOd — 0,
1,0 1,1) 0,1
VOOe = VO(Od) ) V( Vo(o : g (2.123)

which are in agreement with [58] once the linearly dependent operators are removed. Note
that in [58] the same field redefinitions have been performed as in this work. Again, the boost

coefficient k((jl g” is fixed to unity, so the boost generator for the octet field coincides with the
one expected from the g — 0 limit with covariant derivatives for the center-of-mass coordinate.
Singlet-Octet Sector

Finally, moving on to the singlet-octet sector, several terms that appear in the octet-octet
sector are absent due to cancellation by charge conjugate counterparts. Following [58], the
Lagrangian is given by:

L% = [ s

Fv(l ,0)
ST VSO Vg gE + SOb —==gB - ( )—0(2))

2M
(1,0) v L0
+ 2]‘?;02 (r-gB)(r- (e —0o®@)) + —;Zf r-gE
11746 (X D) gBY + Vi) D 8] - (o) — o)
iViow 1 _ (2
W{(TXDR)',QE} (T’(O' — 0 ))
iV @
Vb (v x Day- (o)~ o)) (- g)}
vz
4]\202;{(7'><DR gB} | O+ he.| (2.124)

where again we only include terms with covariant derivatives acting on the quarkonium fields
in the order M~ 17"1 and M=% terms, and we have neglected the linearly dependent operator
with potential VSOb,,,

Here we have included an index h to the Lagrangian, because all operators between the
round brackets are hermitian. In the pure singlet or octet sectors, these are the only operators
that are allowed, but in the singlet-octet sector, one may in principle also add antihermitian
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operators. Instead of canceling, they give terms of the form SThO — OThS. We are not aware
of any argument that would exclude such terms a priori, so we give here also the singlet-octet
Lagrangian for the antihermitian operators:

1 (1,0)
a 1 A%
LoD = /d?’r Tr | ST (W {rv;g?, v, gE} 4 27\2{ (r x gE) - 6V + o®)
' (2,0) Vice
g (1) (2
— 7 (V) 9B (Vo x D) |+ 75 {(r - 9B), (D (o) + o)) }
Vioy.
g" 1 (2)
16 M 27 {(T - Dp), (gB- (U( 'to ))}
viey
g" 1 2
TeNE (r- (e +o®)){Dg, gB}> O + h.c. (2.125)
Such terms were not considered in [5§].
The extra terms after the boost transformation are the following:
B, ArL50h) — / a8 ((vig) = V") (n x7) - 9B
+ L cgVEOD _9p 30 4 10D (n x gE) (0'(1) — 0'(2))
A \5Y50a FV50b 50 nxyg
1
(2,0) (1,0) 1 2
T UMr2 <VSOb’ —2Vs0, ) (mxr)-gE) (T‘ (0'( )~ o )>)
1 (0,1
+— o s (VD + Vi) (< ) - (60 = 0@)) (r - g )
+ V (VS(QO’S) - Vé%fl)) (n %) -gB> O+ h.c} , (2.126)
9, BH 50 / dr T [ST (2 L (VD - V) .t x V) -gB)
i (1,0
Iy (Vs(og 2VSOf)) (n-(eW+a?))(r-gB)
i (1,0
- (Vs(ogu +ovih )) (n-7) (9B - (eM +a?))
Vi)
" 2
4—Af;n(n~gB)(r (e + o >))>O+hc , (2.127)
which brings us to the constraints
0,1) (1,1 2,0 1,0 (0,1 2,0 (1,0
Vs(o VS ) ; CSVS(Oa) = QCFVSSOb VS ) ) ngoz;f) = stoc) ’
2,0 (0,1 2,0 1,0 2,0)
VS(Obf)f =—1Vs5 )/’ VS(Oe) = VS(Od) ) VS(O = VSOe )
2,0 1,0 2,0 1,0 2,0

These are in agreement with [58] as well, after performing the field redefinitions, except for
the new potentials VS%’S), VS%’?), VS%’?), Vé%g,) , VS%S/)/, and VS%S,),,.

o7



o8



Chapter 3

Hybrid Quarkonium with Effective
Field Theories

3.1 Introduction

After discussing the conceptional issues of hidden symmetries in EFTs in the previous chapter,
we now want to turn our attention towards the application of EFTs to the study of exotics,
which is of great relevance as we have argued in the beginning of this work. The effective theo-
ries discussed in the previous chapter were instrumental in providing a well defined theoretical
framework for the study of heavy quarkonia away from threshold [9] [10, B35, 64H66]. Also in
the case of exotic quarkonia, the mass scale can be considered larger than any other scale of
the system, so one may integrate it out and arrive at NRQCD. However, the second step, i.e.
arriving at an effective field theory of the type of pNRQCD, whose matching coefficients are
the interaction potentials and the leading order dynamical equation is of the Schrodinger type,
is more difficult.

While in the case of quarkonium systems away from the threshold a dynamically generated
gap exists [35], 64-66], allowing us to integrate out the other degrees of freedom, when we con-
sider quarkonium systems at or above the strong decay threshold, this is no longer the case.
There is no mass gap between the heavy quarkonium and the creation of a heavy-light pair or a
heavy quark pair with gluonic excitations. Thus, constructing the effective field theory entails
considering, besides the heavy quark operators, all gauge invariant operators containing light
quarks, heavy quarks, and excited glue operators, e.g. pions, some heavy-light mesons, quarko-
nium hybrids, and glueballs. We discussed in the beginning how phenomenological models just
pick up some of these possible degrees of freedom and attach to them some phenomenolog-
ical interaction. In an effective field theory description, one should identify an appropriate
expansion parameter and establish a power counting weighting the operators. This is, at the
moment, still difficult.

In this chapter we restrict ourselves to considering a heavy quark, a heavy antiquark,
and excited glue degrees of freedom, aiming at a description of heavy quarkonium hybrids
under some special conditions. Heavy quarkonium hybrids (for a review see e.g. [67]) have
traditionally been described in models like the flux tube model [68] [69], the bag model [70],
the constituent gluon model [71], or in the so-called Born-Oppenheimer (BO) approximation
applied to QCD [67,,[72,[73]. The adiabatic BO approximation has been the standard method to
describe the interaction between electrons and nuclei in molecules bound by electromagnetism
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since the early days of quantum mechanics [74, [75] up to now [76]. The BO approximation
assumes that the lighter electrons adjust adiabatically to the motion of the heavier nuclei.
It exploits the fact that the masses of the nuclei are much larger than the electron masses
and, consequently, the time scales for the dynamics of the two types of particles are very
different. It entails no restriction on the strength of the coupling between the slow and the fast
degrees of freedom. In concrete terms, the BO approximation provides a method to obtain the
molecular energies by solving the Schrédinger equation for the nuclei with a potential given by
the electronic static energies at fixed nuclei positions. In particular, in the case of the diatomic
molecule the electronic static energies turn out to be labeled by molecular quantum numbers
corresponding to the symmetries of the diatomic molecular system.

This procedure is rooted in the existence of two classes of degrees of freedom, the “fast”
and “slow” ones, and in the symmetries of the diatomic molecular system. This is the reason
why the same framework can be used to describe systems of different nature but with similar
characteristics. This turns out to be the case for heavy quarkonium hybrids, systems formed
by a heavy quark, a heavy antiquark, and excited glue. The BO approximation has been
used in this case, identifying the slow and fast degrees of freedom with the heavy quark-
antiquark pair and the gluons, respectively [67, [72, [73]. In the static limit the quark and the
antiquark serve as color source and sink at distance 7, and the gluonic field arranges itself
in configurations described by the quantum numbers fixed by the symmetry of the system.
The gluonic dynamics are, however, collective and non-perturbative. Nevertheless, the gluonic
static energies (that are the analog of the electronic static energies) have been extracted from
the large time behavior of lattice evaluations of generalized quark-antiquark Wilson loops at
fixed spatial distance with initial and final states of the appropriate symmetry [72] [73, [77H82].
This method provides, in principle, these gluonic static energies, but does not provide the
gluonic wave functions.

Then, relying on a kind of BO approximation, the gluonic static energies have been
introduced as potentials in a Schrodinger-like equation [75] and some level structure has
been obtained [73, 83]. The structure of the hybrid multiplets has also been discussed in
Ref. [17, 84, 85] using the BO approximation and complementary information from the lattice.
These works relied on the adiabatic and single channel BO approximation, meaning respec-
tively that only the static potential and no mixing between different static energies have been
considered. To our knowledge, up to now no analytical description of quarkonium hybrids has
been worked out directly from QCD by constructing an effective field theory that realizes the
physical scale hierarchy typical of the system[]] This is what we address in the present chapter.

This chapter is organized as follows. In section we introduce the Non-Relativistic
QCD Hamiltonian and discuss the description of the heavy quarkonium hybrid systems in
NRQCD in the static limit, defining the Fock states, their symmetries, and the corresponding
static energies. In section we give the same characterization using potential NRQCD, i.e.
integrating out the soft scale of the momentum transfer and in case multipole expanding.

In particular, we match the NRQCD states and Hamiltonian to the corresponding objects
in pNRQCD. In this way, glueballs and gluelumps naturally emerge in pNRQCD, where the
gluelumps are defined as the color singlet combination of an octet color source coupled to a
gluonic field. The hybrid static potentials appear as matching coefficients of pNRQCD. The
higher degree of symmetry of the lower energy EFT induces a pattern of degeneracy in the
gluelump multiplets.

IThis refers to the hybrid spectroscopy. Applications of NRQCD to hybrid production can be found in [86].
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In section we introduce existing lattice evaluations of the hybrid static energies and
we relate them to the definitions and the discussion given in the previous sections. In sec-
tion we add the first correction to the static limit, introducing operators of order 1/m in
NRQCD and pNRQCD. This allows us to obtain the appropriate Schrodinger equations as
dynamical equations in pNRQCD. At this time we still neglect the spin. We work out the
radial Schrédinger equations coupling the ¥ and the II, gluonic states (due to the so-called
A-doubling term) in detail, as these will generate all the lowest mass hybrid multiplets. We
characterize the hybrid multiplets by their J©¢ quantum numbers, and we discuss the relation
with the pattern of hybrid multiplets obtained in the BO approximation and other approaches.

In section we solve the Schrodinger equation to get the masses of the predicted hybrid
multiplets. The static potentials appearing in the Schrodinger equation have been defined in
pNRQCD in section [3.3] they depend in the short range on two non-perturbative parameters.
We fix the first one from lattice determinations of the gluelump mass, and we extract the second
from a fit to the gluonic static energies. Then, we define an appropriate renormalon-free scheme
(RS) and we obtain the heavy quarkonium hybrid masses for c¢, b¢, and bb systems.

In section[3.7]we compare our results for hybrid mass multiplets to the existing experimental
candidates and to results obtained using the BO approximation, direct lattice computations,
and QCD sum rules. The appendices contain detailed information about the symmetry of
the static system (appendix , the RS scheme (appendix , the derivation of the ra-
dial Schrédinger equation (appendix , and the numerical solution of coupled Schrédinger

equations (appendix [A.4)).

3.2 Static NRQCD: Symmetries of the Static System
and Definition of the Gluonic Static Energies

We are considering a bound system made by a heavy quark Q, a heavy antiquark ¢ and
some gluonic excitations: this we will generically call a heavy hybrid stateE] Since the quark
mass mg is much larger than the typical hadronic scale Aqcp, we can use NRQCD [30], 32] to
describe such a system. The Hamiltonian of NRQCD for the one-quark-one-antiquark sector
of the Fock space reads

1 1
Hyroep = HO + — g0 4 —gO» (3.1)
mq mq

1 -
HO = /d3x§ (E*-E*+ B®- B") — Z/dsx@iD"YQh (3.2)

=1

1
HL0) — —é/d?’x WL (D2 +crpo- QB) Y, (3.3)
1

HOY = 3 /d3x X' (D*+cro-gB)yx, (3.4)

where we explicitly allowed for the heavy quark and the antiquark to have different masses mg
and mg. The matching coefficient cp is equal to one up to loop corrections of order ;. The

2Usually the term hybrid identifies systems where QQ is in a color octet configuration. In the present
treatment the distinction between this type of hybrid and Q@ in a color singlet state plus a glueball is often
irrelevant, therefore we will make it only when necessary.
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physical states are constrained to satisfy the Gauss lawlﬂ

nf
(D - E)*|phys) = g(quTw +X T+ ) quT“q,) |phys) . (3.5)
=1

Even though we include the light quarks here in the Hamiltonian and in the Gauss law, we
will not consider them as external dynamical sources in the rest of this chapter, in the sense
that we exclude excitations with nonzero isospinﬁ transitions through light mesons, or decays
into heavy-light mesons, but we still allow for them to appear in the form of sea quarks, as in
light quark loops in perturbation theory or unquenched lattice calculations. The lowest gluonic
excitations are stable under these conditions, since the only remaining transitions require the
emission of a glueball, and this is only possible if the mass gap between initial and final state
is larger than the glueball mass.

In the static limit mgq, mg — oo we have

Hyrgep = HY, (3.6)

which still contains the kinetic terms associated to the gluons, while the kinetic terms of the
heavy quarks vanish. In the static limit the one-quark—one-antiquark sector of the Fock space
is spanned by [35, [64) [65]

|ﬂ; L1, 932>(0) = ¢T(CE1)X(CI32)|”; £y, 332>(0)> Vi, s, (3-7>

where |n; 1, 22)? is a gauge-invariant eigenstate of H(® (defined up to a phase and satisfying
the Gauss law) with energy £ (1, 22); |n; @1, x2) Y encodes the purely gluonic content of
the state, and it is annihilated by x'(z) and ¢ (x) for any . It transforms like 3., ® 3} under
color SU(3). The normalizations are taken as follows

On; v, zolm; w1, 02) 0 = G (3.8)

© m; L1, 332‘@; Y, y2>(0) = 5nm5(3)(5131 - 91)5(3)(132 - ?JQ) . (3-9)

Notice that since H® does not contain any heavy fermion field, |n; &, ) itself is also an
eigenstate of H(® with energy Efzo)(acl, @2). We have made it explicit that the positions x; and
x5 of the quark and antiquark, respectively, are good quantum numbers for the static solution
In; &1, )@, while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries
as the diatomic molecule [75]. In the center-of-mass system, these correspond to the symmetry
group D, (substituting the parity operation by CP). According to that symmetry, the mass
eigenstates are classified in terms of the angular momentum along the quark-antiquark axis
(A=0,1,2,..., to which one gives the traditional names ¥, II, A,...), CP (g for even or u
for odd), and the reflection properties with respect to a plane that passes through the quark-
antiquark axis (+ for even or — for odd). Only the ¥ states are not degenerate with respect
to the reflection symmetry. See appendix for more details.

3Since I1* = E*+O(1/m?) we use the chromoelectric field E® instead of the canonical momentum IT® here
and in the Hamiltonian above.

4States induced by the inclusion of these light degrees of freedom have been discussed in the BO approxi-
mation in [I7, [84] [85].
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Translational invariance implies that quo)(ml,mg) . (r), where r = x; — ®2. This

means that the gluonic static energies are functions of r and of the only other scale of the
system in the static limit, Aqcp. The ground-state energy Egl)(r) is associated to the static
g

quark-antiquark energy, while the other gluonic static energies Eflo)(r), n # 0, are associated to
gluonic excitations between static quarks. Following the analogy with the diatomic molecule,
the £ (r) play the same role as the electronic static energies. However, in the present case
they are non-perturbative quantities and can be obtained in lattice QCD from generalized
static Wilson loops in the limit of large interaction times T [72, [73] [T7H82]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the
following relation:

© <Qv Ly, To, T/2| n, Ty, Ta, _T/2>(0) = N €xXp [_ZE'r(LO)(T) T:| ) (31())

where N = [(5(3)(0)]2 is a normalization constant following from (3.9)). Since the static states

In; @1, @2)” form a complete basis, any state |X,,) can be written as an expansion in them:

1X,) = e |ns g, @) + o 0@y, w2) O+ (3.11)
From Eq. (3.10)), it then follows
(X, T/2| X, =T /2) = Nleo|? exp [<iEQ () T] + New | exp [—iE;9>(r) T] Yo (312)

For large T' the exponentials will be highly oscillatory, or in the Euclidean time of lattice QCD
highly suppressed, so such a correlator will be dominated by the lowest static energy. This
allows us to obtain the lowest static energies without knowing the static states explicitly

BO(r) = lim % (X, T/2| X0, ~T/2) . (3.13)
The only condition that |X,,) has to satisfy is that it needs to have a nonvanishing overlap
with the static state, ¢, # 0. This can be ensured by requiring |X,,) to have the same quantum
numbers n as the static state. Doing this also allows us to not only get the ground state energy,
but also the lowest static energy for any set of excited quantum numbers n, because, if the
quantum numbers of | X,,) are fixed, then it can only have an overlap with static states of the
same quantum numbers.

A convenient choice for these |X,,) states gives the static energies in terms of Wilson loops,

so we define
1 X0) = x(22)p(a2, R)T* Py (R)H(R, 1) (21)|vac) . (3.14)

Here the strings ¢(x2, 1) are Wilson lines from @, to @y, which are defined in general as

b(2, 21) = P exp [—ig / - d:U“AM(x)} , (3.15)

x1

where P denotes the path ordering operator. By |vac) we mean the NRQCD vacuum, and
P, is some gluonic operator that generates the right quantum numbers n. A list of possible
operators P, is given in Table|3.1] The large time correlator of these states is given by a static
Wilson loop with insertions of P, in the strings at the center-of-mass. These generalized static
Wilson loops are in principle the same quantities as those that are used to obtain the gluonic
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static energies on the lattice, but with suitable lattice definitions for the operators P, and
allowing for further manipulations like smearing. For more details see section [3.4]
For the ground state energy E(ZOJZ (r) one has to insert a color-neutral gluonic operator with
g

JPC quantum numbers 0% instead of T¢P?. For the simplest choice, i.e. the unit matrix,
this then coincides with the usual static Wilson loop without insertions and gives the quark-
antiquark static energy. One can also replace 7% P? by a color-neutral gluonic operator with
excited JP¢ quantum numbers. In this case one selects the lowest mass singlet plus glueball
states consistent with those J”¢ quantum numbers. It is possible to get additional information
about and a characterization of these gluonic static energies by using the lower energy effective
field theory called pNRQCD.

3.3 Static pNRQCD: Characterization of the Gluonic
Static Energies at Short Distances and Form of the
Potentials

In this section we discuss how it is possible to obtain a model independent characterization of
the gluonic static energies at short distance and a definition of the hybrid potential using the
low-energy effective field theory called pNRQCD [9, [10].

In the static limit and at leading order in the multipole expansion, the pPNRQCD Hamil-
tonian is:

HO = /d3R d*r (Vy(r)S'(r, R)S(r, R) + V,(r)O"T(r, R)O"(r, R)) + Hym + O(r) . (3.16)

We will use the symbol H to distinguish pNRQCD Hamiltonians from the NRQCD symbol
H. We assume that the theory has been quantized in an AS = 0 gauge for simplicity. At
leading order in the multipole expansion, the singlet and octet degrees of freedom decouple,
but the octet is still coupled to gluons because of the Gauss law. Vi(r) and V,(r) are pNRQCD
matching coefficients corresponding to the static quark—antic%uark potential in a singlet and in
an octet color configuration respectively (referred to as Vs(?o in chapter . These potential
terms are generated by soft gluons, which are still dynamical in NRQCD but integrated out
in pNRQCD, so their effect has to be included explicitly in the Hamiltonian.

Hyr has the same form as the pure Yang-Mills plus light-quark part of the NRQCD
Hamiltonian given in Eq. (3.2), but all fields are now understood as ultrasoft. The same
conditions on the light quarks as discussed in the previous chapter also apply here. The
inclusion or omissions of light quarks as sea quarks seems not to critically affect the pattern of
the lowest hybrid masses. This is indicated by the few existing unquenched lattice calculations
of the gluelump masses [87] and static energies [82].

In the r — 0 limit extra symmetries for the gluonic excitations between static quarks
appear. The glue dynamics no longer involve the relative coordinate 7, in particular, there
is no longer a special direction dictated by the quark-antiquark axis. Therefore, the glue
associated with a gluonic excitation between static quarks acquires a spherical symmetry. So
in the center-of-mass system gluonic excitations between static quarks are classified according
to representations of O(3) ® C [9], as opposed to the D, group in NRQCD. We will indicate
these quantum numbers by K¥¢, where K is the angular momentum operator of the gluons.
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Accordingly, in the short distance limit the static states have to be given through glueball
and gluelump operators, which we will call G and G* respectively. While a gluelump itself
consists of the color singlet combination of a color octet source with gluons, here we will always
use the term “gluelump operator” to refer only to the gluonic operator, since the source will
always be given by the quarkonium octet field. The glueball and gluelump operators are
normalized as

1
(0|Gp,i(R)Gy ;(R)|0) = 6mpdij, and <0|an,i(R)G27j(R)\O> = gémndijéab. (3.17)

Here the operators are assumed to be real. The first indices m and n label different types
of glueballs or gluelumps, the second indices ¢+ and j label the different components of the
respective K¢ representation.

We can then match the eigenstates of the static NRQCD Hamiltonian to pNRQCD through

;@1 22)" = (S(r, R) i, G i(R) + O(1) [0) (3.18)
for the singlet plus glueball states and
;@0 22)" = (0*1(r, R) 2, G5, ,(R) + O(r)) [0) (3.19)

for the gluelump states, where n is some unit projection vector that fixes the D, quantum
numbers. Higher order terms in the multipole expansion will also be operators of this form,
so the states will no longer be purely singlet plus glueball or gluelump, but a combination
of all of these states with the right D., quantum numbers. We use the symbol = to read
“matches to”, meaning that, although the states or operators on both sides are defined in
different Fock spaces, calculating amplitudes in either theory gives the same results. In this
case the matching condition is that acting with the static Hamiltonian of either theory on the
respective state gives the same static energy.

Since the projection vector n does not influence the static energy at leading order in the
multipole expansion, several static energies are degenerate in the short distance limit r <
1/Aqcp. We can see this for the gluelump states by calculating that

HO |n; @y, a) = [ / &R &' V,(r)0” (v, RO (r', R)),0"'(r, R)| ;G2 ,(R)|0)

+ 0% (r, R) 0y [Hyn, Go (R)] 0) + O(r)
= (Vo(r) + A + O (r?)) (0°T(r, R) 2, G5 ,(R) + O(r)) |0) . (3.20)

For the singlet plus glueball states the calculation goes analogously. The glueball or gluelump
mass Ay is the energy eigenvalue of the states generated by G or G* under the Yang-Mills
Hamiltonian. It depends on n but it is the same for any component of G or G%, so the
projections have no influence on the leading order of the static energy. This approximate
degeneracy for small r is a direct consequence of the extension of the D, symmetry group to
O3) ® C.

The glueball and gluelump masses Ay are well defined as eigenvalues of the Yang-Mills
Hamiltonian, however, the operators that create the corresponding eigenstates are unknown.
This situation is similar to the previous section, where it is also unknown how to express the
exact static NRQCD states |n; a1, wg)(o) in terms of NRQCD fields. So one can use the same
approach here to determine the values of Ay: one uses operators with the same quantum
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Ao [KFC pa
S|t 7 B, 7 (DxE)

IT, | 17 *x B, 7 x (D x E)

| 1 #- E, 7 (D x B)

I, |17~ 7 x E, 7 x (D x B)
DRIPES (7. D)(#- B)

AP # % ((#- D)B + D(# - B))

Ay | 277 |(F x D){(# x B)! + (# x D)/ (# x B)"
Y2t (7-D)(7- E)

m | o+- # x (7 - D)E + D(# - E))

Ay |27 [(F x D)7 x E)Y + (7 x D) (¢ x E)'

Table 3.1: Gluonic excitation operators at leading order in the multipole expansion in pNRQCD
up to mass dimension 3; # denotes the unit vector in the direction of the quark-antiquark
distance r. Different projections of the same fields correspond to different D, representations,
which are degenerate in the small distance limit. The cross product with # has two linearly
independent components, which correspond to the two components of A > 1 representations of
Dop,; the same applies for the symmetric tensor operators of the A representations. Note that
the K¢ quantum numbers refer only to the gluon fields, not the transformation properties of
7, which is P and C odd. The E; is not shown since it corresponds to the ground state. This
table is taken from [9].

numbers as G or G* and projects out the lowest energy eigenvalue through the large time
limit.
The NRQCD states |X,,) defined in (3.14) match in pNRQCD at leading order in the

multipole expansion to
X)) = (Zu(r) O (r, R) (7, R) + O(r)) |0) . (3.21)

The matching constant Z,, accounts for effects at the scale 1/r, which have been integrated out
in pPNRQCD, and so it depends on r in a non-analytic way. However, it gives a vanishing term
in the large time correlator , so it has no influence on the static energies. Table shows
a set of convenient gluon operators P corresponding to the lowest hybrid quantum numbers.
The expected pattern of degeneracies in the short distance limit also can be read off from this
table:

¥, ~ 10, Y, ~ I ~ Ay,
S~ I, YEATL ~ A, (3.22)

where a prime indicates an excited state [9] (see also [8]).
The large time correlators are then given by

(X0, T/2| X, —T/2) = Nem V(0| PUT/2) % (T /2, =T /2) PX(—=T/2)|0) + O (r?) . (3.23)

The temporal Wilson line in the gluonic correlator ensures the gauge invariance of the ex-
pression. In A% = 0 gauges, which we assumed in the Hamiltonian, it can be replaced by a

66



Kronecker delta, but in other gauges it is needed. The gluonic correlator can only be evaluated
non-perturbatively, since it contains no physical scale except for Aqcp, but on general grounds
we can argue that

(0|P(T/2)¢%(T /2, =T /2) P (=T/2)|0) = |en|?e 28T 4 | |Pe 0T 4 (3.24)

so that we achieve the following matching condition between the static energy BV (r) in

NRQCD and the static potential V,(r) in pNRQCD [cf. Eq. (3.13))]
EO(r) = lim = In(X,, T/2|X,, ~T/2) = V,(r) + Ag + O () . (3.25)
T—oo T

Again, for the singlet plus glueball states the calculation is analogous. The ground state
corresponds to a singlet without a glueball operator, so

(r) =Vi(r)+ O (r?) . (3.26)

At small distances, r < 1/Aqep, Vs and V, can be calculated perturbatively. They are
known at three loops with some partial results at four loops [89H95]. For a detailed comparison
of V; to the lattice data in the short range, see [96-H98§].

Equations (3.25)) and (3.26)) can be systematically improved by calculating higher orders in
the multipole expansion. In particular, one can look at how the O(3) ® C symmetry is softly
broken to Dy, in the short-distance limit. The leading correction coming from the multipole
expansion to (3.25)) and (3.26) is at O(r?) and can be calculated in pNRQCD in terms of non-
perturbative correlators to be eventually evaluated on the lattice or in QCD vacuum models.
Such a correction is necessary in order to form a bound state, since V,(r) itself is repulsive.

In this chapter we consider only states of the lowest lying symmetry multiplet, i.e. the X
and II, states. They are generated from a gluelump with quantum numbers 17~. A good
gluonic operator P overlapping with this gluelump, which can be used in the large time
correlator , is the chromomagnetic field B?, so we will call this gluelump operator G%.

For the projection on the X, state the unit vector # = (sin# cos ¢, sin @ sin ¢, cos 9)T will
be used, which gives the direction of the quark-antiquark axis. The other two projection
vectors for the II, states have to be orthogonal to 7 and each other, but apart from that we
are free to take any two convenient vectors. We will use £+ = <é + icﬁ) /V/2, where 6 =
(cosf cos @, cos fsin g, —sin )" and @ = (—sin ¢, cos p,0)” are the usual local unit vectors in
a spherical coordinate system. The advantage of this choice is that with these complex vectors
the projections of the gluelump operator transform as #* - G4 — e #* . G4 under rotations
by an angle o around the quark-antiquark axis.

The leading order matching condition is then given by

15,1, @)Y Z 0%F(r, R)# - G(R) 0) + O(r), (3.27)
105y, ) = 01(r, R)#* - G (R)[0) + O(r). (3.28)

Note that by this definition the index + on the II, states refers to the sign under rotations,
while the index — of the X state refers to the sign under reflections.
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3.4 Lattice Determination of the Gluonic Static Ener-
gies in NRQCD

The gluonic NRQCD static energies are calculated on the lattice through the logarithm of
large time generalized static Wilson loops introduced in Eq. divided by the interaction
time. The generalized static Wilson loops are constructed using for the initial and final states
NRQCD operators with the quantum numbers needed to select the desired static energy [see,
for instance, Eq. (3.14)].

The static energies for heavy quark-antiquark pairs have been computed in lattice QCD by
several authors [72, (73, [77-82]. In this section we review the latest available data sets obtained
by Juge, Kuti, and Morningstar in [73, [8I] and by Bali and Pineda in [99], which have been
used in this chapter.

Static energies were obtained in quenched lattice QCD by Juge, Kuti, and Morningstar
on anisotropic lattices using an improved gauge action introduced in [I00]. They extracted
the static energies from Monte Carlo estimates of generalized large Wilson loops for a large
set of operators projected onto the different representations of the Dy, group. The distance
r between the heavy quark-antiquark pair is fixed in the starting time slice. The use of
anisotropic lattices with the temporal spacing much smaller than the spatial spacing is crucial
to resolve the gluon excitation spectrum. The static energies for the ¥, II and A gluonic
excitations were first computed in [73] and then in larger lattice volumes in [81]. The lattice
data from the latter reference consists of four different runs with lattice volumes: (18%x24)x 54,
(162 x 20) x 80, 14% x 56, and the final one is a finite volume check. The corresponding lattice
spacings for these runs are ~ 0.12 fm, ~ 0.19 fm, ~ 0.22 fm, and ~ 0.27 fm.

Lattice simulations were carried out by Bali and Pineda in [99] focusing on the short range
static energies for the II, and X potentials. They performed two sets of computations using
a Wilson gauge action in the quenched approximation. The first set was performed on an
isotropic lattice with volume 243 x 48 at 3 = 6.2 and lattice spacing ~ 0.07 fm, the second set
on three anisotropic lattices with spatial spacings ~ 0.16, 0.11, 0.08 fm and temporal spacing
of one fourth of the spatial spacing, with § = 5.8, 6.0, 6.2, respectively. The isotropic data
was used as a consistency check and the anisotropic data was extrapolated to the continuum
limit.

The static energies computed on the lattice using generalized static Wilson loops contain
divergent self-energy contributions in the temporal lines, in principle associated to the heavy
quark mass. These self-energy contributions have to be removed in order to obtain the absolute
value of the static energies. They could be removed by comparing the ground state static
energy, E;, with the Coulombic potential computed in perturbation theory at very short
distances. In practice, however, lattice data is not available for such short distances in which the
perturbative regime is valid. Instead, to remove the divergence, Juge, Kuti, and Morningstar
fitted the 37" static energy to Ag+e./r+rr and subtracted the value A, while Bali and Pineda
chose to give the values of the static energies relative to the value of the E;r static energy at
r=ry~ 0.5 fm.

The ground state static energy;, 2;, and the first gluonic excitation, II,, have been computed
in unquenched lattice simulations in [82]. The light quarks have unphysically large masses
which are equivalent to a pion mass of 650 MeV. Two lattice volumes were used, 163 x 32
and 243 x 40 with 8 = 5.6 and a lattice spacing of ~ 0.076 fm. Two quenched calculations
were carried out in the same work and the results were found to agree within errors with the
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Figure 3.1: The lowest hybrid static energies [81] and gluelump masses [88] in units of ry ~
0.5 fm. The absolute values have been fixed such that the ground state X} static energy
(not displayed) is zero at ry. The behavior of the static energies at short distances becomes
rather unreliable for some hybrids, especially the higher exited ones. This is largely due to the
difficulty in lattice calculations to distinguish between states with the same quantum numbers,
which mix. For example, the Z;r” static energy approaches the shape corresponding to a singlet
plus 071 glueball state (also displayed) instead of the 0™+ gluelump. This picture is taken
from [99].

unquenched 2; and II, static energies below the quark-antiquark string breaking distance.

As explained in the previous section, in the short distance limit the heavy quark-antiquark
pair gives origin to a local octet source, and the spectrum of gluonic static energies is related
to the gluelump spectrum. In Fig. the lattice data from Ref. [81] is plotted and compared
with the gluelump spectrum, computed also on the lattice, of Ref. [88]. We can see that the
two lowest-lying hybrid static energies are the II, and ¥, states and they clearly tend to form
a degenerate multiplet in the short range. The I, — X7, Ay — ¥ — I} and A, — 1T}, — 7
multiplets are also expected to be degenerate in the short range [9], cf. Table .

3.5 The Schrédinger Equation: Matching at O(1/m)

3.5.1 Beyond the Static Limit

In this section we go beyond the static limit to obtain the bound state equation that gives the
hybrid masses. Therefore, we consider the 1/m corrections to the NRQCD static Hamiltonian,
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see Egs. and . We then match the NRQCD states and Hamiltonian to pNRQCD,
obtaining the Schrodinger equation that describes the hybrids and the corresponding eigen-
states.

The spectrum of the static Hamiltonian H® | as of any Hermitian operator, provides a full
basis of the corresponding Fock space. Therefore, we can express any state, in particular also
the eigenstates | N) of the full Hamiltonian H, as a superposition of static states:

= Z / dgl'l dSIQ |7’L, Iy, 332>(0)77Z)£LN)(331, 332) . (329)

In this notation, IV is a shorthand for all quantum numbers of the system described by the full
Hamiltonian, which are generally different from the static quantum numbers n. The relation
in Eq. is written in the most general way, but quantum numbers that are incompatible
with N do not, in fact, appear in the sum over n. For example, if a certain static quantum
number is also a good quantum number in the non-static system, then the sum in Eq. can
only contain one value for it. By writing the integrations over &; and @, explicitly, we already
anticipate that the heavy quark and antiquark positions are not good quantum numbers, which
is natural in the non-static system of the full Hamiltonian.

We want to use quantum mechanical perturbation theory in order to determine the leading
coefficients in in the 1/m expansion. An important distinction to make here is whether
to use degenerate or non degenerate perturbation theory. In any quantum mechanical system
Wlth a Hamﬂtoman H©O + AH and a full set of unperturbed eigenstates satisfying H®|n)©® =

ES |n> , the first two perturbative corrections to a non-degenerate energy eigenvalue of H©)
are given by

E, = ©) (n| AH|n)© + Z | (3.30)

The first correction to the leading term is usually small for a Suitably chosen AH, but the
second correction term can only be considered small if (AH)/AE©® < 1, otherwise the second
correction would be of the same order as the first, and the perturbative series would break
down. If there is no degeneracy between the energies, i.e. AE©) ~ E,SO), then this condition is
satisfied. The corresponding full eigenstate is given at leading order by exactly one unperturbed
state.

However, if some of the energies are close enough or even identical, then because of the
vanishing denominator in the second order term this expansion cannot be valid. Instead, one
has to calculate the matrix elements of H®+AH between all degenerate states and diagonalize
the result. The full eigenstates at leading order are then no longer a single unperturbed state
but a superposition of the degenerate states, and the coefficients of this superposition form the
eigenvectors that diagonalize H® + AH in the degenerate sector. The next correction to the
energy is given by a term similar to the second order in the non-degenerate case, but the sum
over n’ now contains none of the degenerate states (so there is no vanishing denominator), and
the single state [n) and the energy E have to be replaced by the superposition of degenerate
states and the corresponding energy eigenvalue, respectively.

In our case the static states are clearly degenerate regarding the quark and antiquark
positions &1 and x5. The question whether there are degeneracies related to the other quantum
numbers n of the static states is harder to answer. We know that in the short distance limit
the states belonging to the same gluelump multiplet are degenerate, and we can assume a
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mass gap of order Aqcp between the lowest gluelump and higher excited multiplets as well as
the ground state (cf. Fig. and Ref. [87]). Neglecting pion contributions is crucial for this
assumption. At larger distances r ~ AééD it is also reasonable to assume a mass gap of order
Aqcp between the II, and X7 states, while at even larger distances the 3 static energy starts
to cross with higher excited states, although we do not expect those crossover regions to be of
importance to the low lying hybrids. In any case at very large distance open flavor channels
that we neglect will also play a role. So depending on the value of r the static energies may or
may not be degenerate, but since the lowest lying hybrids are expected to be located around
the minimum of the potential, which is close to the short distance part, we will use degenerate
perturbation theory with respect to the II,, and X, states.

The leading term for the energy in degenerate perturbation theory is obtained by diagonal-
izing the matrix elements between the degenerate states. For the static plus 1/m Hamiltonian,
this can be done in two steps. We can write the matrix elements as

O n's &), 2| HO + HWV |n; 2, 25) 0 = <5n/nE,(lO) + Efﬁ) 6B (x) — x1)6®) (xh, — x5), (3.31)

n

where we use the abbreviation HY = H10 /mgo+HOY /m 5. The new energy term EY) in this
expression is a matrix-valued differential operator acting on the delta functions. Diagonalizing
the matrix elements corresponds to finding the sets of eigenfunctions ") of E© 4 EM
satisfying

> (0w D + EQL) 0 = el (3.32)
where the eigenvalue &y gives the mass of the hybrid state as my = mg + mg + Ex up
to corrections of order 1/m?. So the first step corresponds to determining this differential
operator, the second to solving the resulting eigenvalue problem.

We will first determine EST)Z in the short distance limit, since it is in this regime where we
have a strong degeneracy between the 3, and I, states. Accordingly, we will not calculate the
matrix elements for the full 1/m Hamiltonian, but only for the leading order in the multipole
expansion. The importance of each term can be determined by the standard power counting of
weakly-coupled pNRQCD. All powers of 1/r including derivatives in 7 scale as mv with v < 1,
while all other dynamical fields scale as the next lower energy scale, which can either be Agcp
or mv?, which is the scale of the potential terms. In this case the hierarchy mv > Aqcep > mo?
seems more appropriate.

In the octet sector the 1/m pNRQCD Hamiltonian is given by

2 sab 2 \ab (1) ab
_ Vot (DR VO O'(r,R).  (3.33)

m 4dm m

HWY = / R 0°1(r, R)

Here we have assumed for simplicity that the quark and the antiquark have the same mass
m, otherwise we would have to distinguish between reduced and total mass, i.e. replace the
first denominator by 2mqgmeg/(mg + mg) and the second by 2(mg + mg) etc. These are not
all 1/m operators, the dots contain other terms that involve the gauge fields E and B at the
same or higher orders in the multipole expansion, including spin interactions.

According to the power counting, the first term of H®), which is the kinetic term for
the relative distance, scales as mv?, while all other terms scale at most as Ajep/m (in the

weak coupling regime V() is of order m2v* [64] [65]). We will include only the kinetic term,
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which means that our calculation will be valid up to corrections of order A?QCD /m. The static
Hamiltonian H(© itself is of order mwv? in the heavy quark part, which contains the singlet and
octet potentials, and of order Aqcp in the Yang-Mills part, which gives rise to the gluelump
mass. So we see that at least the potential term of H® and the kinetic term of H™) are of the
same order, which is in accordance with the virial theorem of standard quantum mechanics.

In the long-distance limit, we cannot rely on the multipole expansion. Both E,SO) and ESB]
may be expressed as the expectation value of some generalized Wilson loop acting on quark-
antiquark color singlet states. These generalized Wilson loops, involving the insertion of gauge
fields in a static Wilson loop, can in principle be determined from lattice calculations. They
have been in the case of Ey(LO), see section , but they have not been in the case of ESL
Hence we will be able to use the full non-perturbative information only for the static energies,
while we will have to rely on short distance approximations, and in particular on the leading
order term in the multipole expansion, in the case of the 1/m terms. This is a reasonable
approximation for the lowest hybrid states that are expected to lie near the minimum of the
potential, which is sufficiently close to the origin (a quantitative analysis can be found in
section [3.6).

In summary, we will use nearly degenerate perturbation theory for the static states Il, and
Y. belonging to the same 17~ gluelump multiplet at short distances. We will use both per-
turbative and non-perturbative information for the static energies, ESLO), while we will evaluate
E,(jzl at short distances at leading order in the multipole expansion.

We turn to the evaluation of the matrix elements of the kinetic term in the short distance
limit, which will lead to a coupled Schrodinger equation. The kinetic term acts on the static
states corresponding to the lowest gluelump in the following way:

2
Hkin |ﬂ, Iy, $2>(0) ; — |:/ ng/ d37", Oa/T(’r,, R/)%Oa/<r/7 Rl)? OaT(ra R) ’ﬁ‘ : G%(R) |O>

- <Vroﬂ(r R)) - G%H(R)|0) , (3.34)

where 7 can be either # or 7= for ¥ or II,, respectively. The matrix elements are then given
by

O (0 @', &l | Hygn |15 @1, 2)©
(07" GY(R) [Oa%r',R'), (Vroaw R))] - G3(R)|0)
V2

=~ (017" - Gy(R) - G(R) [0) 20 (r )0 (R~ R)

~lx/pl I ~ Vr / /
=-Nn (6,@)-n(9,g0)m (3)(r—r)5(3)(R—R). (3.35)

To evaluate the expectation value of the gluonic operators we have used the fact that the
gluelump operators create orthonormal states. The dependence on the coordinates of the
projection vectors has been made explicit in the last line.

If we now let the differential operator corresponding to these matrix elements act on the
wave functions, which is equivalent to a convolution of Eq. with ng) (r), then we obtain
the following differential equation (replacing ' with )

S w0 (- BV ) a0, 00 ). 639

m
n=x, 1%
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Comparing this result with Eq. , the scalar product of i/ and 7 gives the 9,,, in front of
the static energy, and the first term gives the differential operator ESL, which will have a more
complicated expression, because the derivatives act not only on the wave function, but also on
7. The wave functions only need to depend on r, because we have neglected the kinetic term
for R, so the center-of-mass coordinate is still a good quantum number. This corresponds to

a hybrid at rest without any recoil effects between heavy quarks and gluons.

3.5.2 The Radial Schrodinger Equation

The Laplace operator V2 can be split into a radial and an angular part, such that

v: o1

m mr? 1—22 %

(ar 1?0, + 0, (1 — %) 0, + L 82> : (3.37)

where we have replaced the angle 6§ by x = cosf. The radial part 9,729, acts only on the
wave function ¥, (r), and the scalar product of the projection vectors just gives a Kronecker
delta: 7/ - 7o = O,

The angular part usually has eigenfunctions in the spherical harmonics, however, the pres-
ence of the projection vectors modifies the defining differential equations in the diagonal entries
n’ =n to

—10: (1—2%) 0, + (8@—22‘%%—%)} V() = W+ D)0 (2,9), (3.38)

1— 22

where A labels the different projection vectors, A = 0 for # and A = £1 for #*. An explicit
solution for these orbital wave functions can be given as

\ (—=1)m+tr 21 +1 (I —m)! N -
Ut (5 7) 2 4 (L4+m)1 — M1+ N)! () (3:39)
Pl?\m(m) _ (1 . x)(m—/\)/Q(l + I)(m+>\)/2 ai—i—m(l, . 1)l+>\(l‘ + 1)l—>\' (340)

A derivation of these functions can be found in textbooks such as [75]. They are defined for
|m| <l and |\| <, and for A = 0 they are identical to the spherical harmonics.

The quantum numbers [ and m correspond to the eigenvalues of the angular momentum
L = Ly + K, where L is the angular momentum operator of the heavy quarks, and K is
the gluon angular momentum operator. These eigenvalues appear when the operator acts on
the state, not only the wave function:

LQ/dQ (v} P - GLOT) [0) = 1(1 + 1)/dQ (V) P - GHOT) [0), (3.41)

Ly / a9 (o}, 7 - G%0°1) [0) = m / a0 (o},,# - G4 0°1) [0). (3.42)
The states with the orbital wave functions vﬁm are eigenstates of the angular momentum,
but not yet of parity and charge conjugation, because acting with P or C' turns A into —\.
We list here the transformation properties of all elements of the states:

0 (D)o w5 (Dl (3.43)

lym

5 (e R N (3.44)

Y

,";/\
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[[JPC s =0,5 =1} EY
H1[{1,00,1,2) "} |2
Hy[1]{17%,(0,1,2)""}| TI,
H3|0)  {0*tT 1t} X
2
2

H4 {2++7 (17273)+_} X,
H; 12/ {277,(1,2,3)" "} | 1I,

Table 3.2: JPC multiplets with [ < 2 for the ¥, and II, gluonic states. We follow the naming
notation H; used in [I7, [83H85], which orders the multiplets from lower to higher mass. The
last column shows the gluonic static energies that appear in the Schrodinger equation of the
respective multiplet.

a P a a
G, — Gy, G%
a b a a
07 — —0¢, 05

C a a
G —(-yay, (3.45)
5 (—1)°(—) 0" (3.46)
The factor (—)® comes from T = (—)*(T*)T, but since it appears in front of the octet field and
of the gluelump operator, it cancels for the gluelump states. The quantum number s labels
the total spin of the quark and the antiquark and can have values 0 or 1.

For A = 0 we already have parity and charge conjugation eigenstates:

o 7GR0 0) B (—1) W R G 00T|0), (3.47)
o GO 0) S (1) R G 00T|0). (3.48)

For |A\| =1 we can define even and odd parity or charge conjugation states:

(v}, 7t £o L 77) - GE 00y 5 F(—1)!

,m

(v} T £ 77) - GHOTI0), (3.49)

,m

(VL m P £, 77) - G5 OT]0) 3#—1)”5—2(1»1 P+l #7) -G 0T|0) . (3.50)

1
V2
1

\/— L,m
We see that the combination with a relative minus sign has the same P and C transformation
properties as the A = 0 state, while the positive combination has opposite behavior.

Now the angular momentum L and the spin S can be combined with the usual Clebsch-
Gordan coefficients to form eigenstates of the total angular momentum J = L+S. Since at this
level of the approximation nothing depends on the spin, all the different spin combinations have
the same energy and appear as degenerate multiplets. The J¥¢ quantum numbers are then
{I%5; (1 — D)FF 157, (1 + 1)*F}, where the first entry corresponds to the spin 0 combination
and the next three entries to the spin 1 combinations. For [ = 0 there is only one spin 1
combination as well as only one parity or charge conjugation state (see below), so we have
{0F*, 17~ }. In Table |3.2| the first five degenerate multiplets that can be obtained are shown,
arranged according to their energy eigenvalues (see section .

The A = 0 state will be convoluted with the radial wave functions w(ZN)(r), while the radial

wave functions @Z)gT) (r) will be convoluted with the |A| = 1 states that have the relative 4 sign
between the two projection vectors and orbital wave functions. The differential term A’ - V2 #
in the coupled Schrodinger equation not only changes the differential equations for the orbital

74



wave functions, it also adds additional diagonal and offdiagonal terms. The offdiagonal terms
change the radial X wave functlon to IT and vice versa, however they can not change the parity
of the states. This means that sz mixes only with 1/)( and w b decouples We then have
the following coupled radial Schrodinger equation for one parlty state,

o0+ 1 (+1)+2 2/11+1) N EY (20) %3 e %z |
mr? (DY (N
(3.

2/1(1+1)  I(1+1) 0
51)

and for the other we get the conventional radial Schrédinger equation

(141
{—— 0,120, + (mr2 ) 4 Ef{’)} o = en ety (3.52)

mr?

There is a special case for [ = 0 in that the offdiagonal terms in the coupled equation
vanish, so the radial Schrodinger equations for w(ZN) and w(ﬁf also decouple. In fact, ¢£]\r[1) is
irrelevant, since there are no orbital wave functions with |A] = 1 for [ = 0. The same applies
to wﬂ?. So for [ = 0 there exists only one parity state, and its radial wave function is given

by an almost ordinary Schrodinger equation with the Eg)) potential, the only unusual element
is that the angular part is 2/mr? even though [ = 0.

In appendix we describe the derivation of the radial Schrodinger equations in more
detail. For the uncoupled radial Schrédinger equations there exist well established numerical
methods to find the wave functions and eigenvalues. These can also be extended to the coupled
case, more details on the specific approach that we chose to get the numerical results are given

in appendix and [101].

3.5.3 Comparison with Other Descriptions of Hybrids

We now compare the pattern of hybrid spin-symmetry multiplets that we have obtained in our
approach with the one obtained in different pictures. The BO approximation for hybrids, as
it has been employed in Refs. [17, [70, [72} [73], 84], 85], produces spin-symmetry multiplets with
the same JT¢ constituents as our H; multiplets in Table however, in all the existing BO
papers the masses of opposite parity states are degenerate.

In Ref. [I77, 84, B5] the underlying assumptions of the BO approximation are given in more
detail. Two main points are identified, an adiabatic approximation and a single-channel ap-
proximation. The adiabatic approximation states that the time scales for heavy and light
degrees of freedom are very different, such that the light degrees of freedom adapt instanta-
neously to changes in the quark and antiquark positions and therefore always form a static
eigenstate. This is equivalent to the 1/m expansion we have used here, where the hybrid
states are expressed in terms of static states. The single-channel approximation states that
at leading order the light degrees of freedom remain always in the same static eigenstate, be-
cause transitions to other states are suppressed by a mass gap of order Aqcp. We make the
same assumption regarding transitions to static states corresponding to excited gluelumps, but
for the lowest gluelump states we go beyond the single-channel approximation, since at short
distances they are nearly degenerate.

Consequently, we obtain terms that mix the static states through a coupled Schrodinger
equation, in a way that is firmly based on QCD. Taking into account these mixing terms, we
find that the degeneracy between opposite parity states is broken. In the BO approximation
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in the context of atomic molecules this effect is also known as A-doubling [75]. In the context
of hybrids, A-doubling and the modified orbital wave functions vf,m have been discussed here
for the first time.

In the constituent gluon picture [71], hybrids are assumed to be composed of a gluonic
excitation bound to a heavy-quark antiquark pair. The gluons are assumed to appear in J7¢
representations unlike the case of pNRQCD or BO descriptions, in which the gluonic states
appear in A7 representations. The quantum numbers of the resulting hybrid are obtained by
adding those of the gluon and those of the heavy-quark antiquark pair using the standard rules
for addition of angular momentum. In this way one gets the same J¢ quantum numbers as
we do, but they are arranged in larger multiplets.

If, in the constituent gluon picture, we couple a chromomagnetic (i.e. 177) gluonic ex-
citation with an S-wave heavy-quark antiquark pair in a spin singlet {0~"} or spin triplet
{177} state, then we get exactly the quantum numbers of H;. Similarly, for P-wave quarko-
nium with quantum numbers {177, (0,1,2)*"} (corresponding to different spin states) we get
Hy;UH3UH,. Hs would then be included in the combination with the next quarkonium quan-
tum numbers. Since for pNRQCD in the limit » — 0 we recover spherical symmetry, we can
see the constituent gluon picture as the short distance limit of the pPNRQCD or BO pictures.
Furthermore, one can interpret the finer multiplet structure of pNRQCD with respect to the
constituent gluon picture as the effect of the finite distance r between the heavy-quark pair.

The flux tube model [68] 69] (for a more recent comparison of the flux tube model with
the constituent gluon picture see e.g. [I102]) arises from the idea that for QCD in the strong-
coupling regime one can think of the gluonic degrees of freedom as having condensed into a
collective stringlike flux tube. In this picture the spectrum of gluonic static energies can be
interpreted as the vibrational excitation levels of the string. The lowest excitations of such a
string will correspond to non-relativistic, small, transverse displacement oscillations and as such
should be well described by the Hamiltonian of a continuous string. The eigenstates of such
a Hamiltonian are characterized by the phonon occupation number and their polarizations,
while the spectrum corresponds to the different phonon occupation numbers.

The hybrid quantum numbers are constructed by specifying the gluonic states via phonon
operators. The value of A corresponds to the number of phonons with clockwise polarization
minus the number of phonons with anticlockwise polarization. From here one can construct
the JP¢ quantum numbers of the hybrid states in an analogous way to the BO picture. The
first excited energy level is a one-phonon state, which necessarily corresponds to a A = 1 state,
unlike in the pNRQCD case, where the first excited energy level can be A = 0, 1. Thus, the
pattern of the spin-symmetry multiplets emerging from the flux tube model in the case of the
first excited static energy is the one in Table except for the nonexistence of Hs.

3.6 Solving the Schrodinger Equation: Hybrid Poten-
tials and Masses

In order to obtain the hybrid masses, we have to identify the specific form of the hybrid po-
tentials Ex(r) and Er(r) to be used in the coupled Schrodinger equations in and (3.52).
In section we have reviewed the EFT understanding of these potentials arriving at the
expression for the short distance hybrid potential in Eq. and the matching condition
with the static energies given in Eq. (3.25).
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It is well known that the quark mass depends on the renormalon subtraction scheme used.
This dependence is canceled in standard quarkonium by the analogous dependence of the
singlet potential V; [103], 104], leaving the total static energy of the singlet, which corresponds
to the physical observable, scheme invariant. Similarly, the hybrid static energies are scheme
independent, but not V, and Ay, which depend on the renormalon subtraction scheme used.
It has been shown that in the On-Shell (OS) scheme the perturbative expansion of the octet
potential has a poor convergence. This bad behavior is due to the presence of singularities in
the Borel transform of the perturbative series. These singularities are, however, artificial and
cancel out in physical observables such as the static energies.

One of the several possible schemes to improve the convergence of the matching coefficients
is the so-called Renormalon Subtracted (RS) scheme. In the RS scheme the singularities in
the Borel plane (renormalons) are subtracted from the matching coefficients. In Ref. [105]
this scheme has been worked out for the heavy quark mass and the static singlet potential, in
Ref. [99] the analogous work was done for the octet potential and the lowest gluelump mass.
Note that, when working in the RS scheme for the octet potential and gluelump mass, the
quark mass in the hybrid static energy also has to be taken in the RS scheme. We have used the
RS octet potential V.#9(r) up to order a? in perturbation theory and A%ZS at the subtraction
scale vy = 1 GeV. We have summarized the necessary formulas for the octet potential in the
RS scheme in appendix

The next-to-leading order corrections to the hybrid static energies at short distances are
proportional to 2. The specific proportionality constant depends on non-perturbative dynam-
ics and can be expressed in terms of chromoelectric and chromomagnetic field correlators in
the EFT. It could be calculated on the lattice, but no calculations of these objects exist at the
moment, or in QCD vacuum models.E] We choose to fix this coefficient through a fit to the lat-
tice data for the static energies. We are going to consider that this term takes different values
for hybrid static energies corresponding to different representations of D, thus breaking the
degeneracy of the short range pNRQCD description of the II,, and ¥, static energies at leading
order in the multipole expansion. The final form for the short distance hybrid potential we

are going to use is then [cf. Eq. (3.25))]
E.(r) = VIS we) + A () + b,r? ) vy =1GeV, (3.53)

and the values of the heavy quark and the 17~ gluelump masses in the RS scheme at vy = 1 GeV
are: mi* = 1.477(40) GeV, m{* = 4.863(55) GeV, and ALY = 0.87(15) GeV [99, [105].

We have prepared two different fits for the hybrid potentials to be used in the Schrédinger
equations. The first relies only on information from the short distance regime and fits the
quadratic term to the lattice data only up to distances where weakly coupled pNRQCD no
longer makes sense. Going to larger distances in this potential is inconsistent. The second fit
uses the short distance expression for the potential only for distances where weakly coupled
pNRQCD is expected to work well, and uses some generic fit function to describe the lattice
data of the static energies for larger distances. Comparing the results obtained from both of
these fits gives some idea of the importance of the long range regime for hybrids.

In order to obtain the short range quadratic coefficients b,, of Eq. in either case, we
use lattice data from Refs. [8T}[99] described in section [3.4] To do these fits, it must be taken
into account that the two sources of lattice data have different energy offsets with respect to
the theoretical hybrid potential due to the different methods for the subtractions of the mass

°For a computation in the framework of the stochastic vacuum model see [106].
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Figure 3.2: Lattice data from Bali and Pineda [99] is represented by red squares, the data from
Juge, Kuti, and Morningstar [81] is represented by the green dots. In the left (right) figure we
have plotted the data corresponding to ¥ (IT,). The lattice data has been corrected by the
offsets of ([3.55)). The black dashed line corresponds to VE(O'5) (Véw)), the blue continuous line
to VE(O‘Qs)(VéO'25)), see text.

divergence of the lattice calculations. We extract b,, and the energy offsets from both sets of
lattice data by fitting the function

V(r) = VES 4 ¢+ byr?, (3.54)

with ¢ and b,, as free parameters.

The RS scheme does not affect the coefficient of the quadratic term b,. The constant
term c is affected both by the RS scheme and by the subtraction scheme used in the lattice
calculation, however, at leading order in the multipole expansion the II, and X, potentials
are degenerate. Therefore, we perform a fit of both potentials of the form to the lattice
data of both groups, restricting the value of ¢ to be the same for both potentials but different
for each group and, conversely, restricting the value of b, to be the same for both groups but
different for each potential.

We first give the results for the short range fit. The weakly-coupled pNRQCD description
of the hybrid static energy of is only valid up to r < 1/Aqep. Taking perturbation
theory up to its limit of validity, we fit to lattice data in the range of r = 0 — 0.5 fm.
We obtain the following offsets for the two lattice data sources

CBp — 0.105 GeV, CKIJM = —0.471 GeV, (355)
and the values for the coefficient of the quadratic term are
p0% = 1112GeV/fm?, b9 = 0.110 GeV/fm? . (3.56)

The potentials obtained from using the coefficients of the quadratic terms of in Eq.
will be called Vl_(10.5) and Vz(o.s) respectively (corresponding to the II, and ¥, configurations).
We have plotted Véo's) and Vz(%) in Fig. with the lattice data corrected for the different
offsets using the values from (|3.55]).

For the second potential fit, which includes as much information as possible from the long
range lattice data, we proceed as follows. For r < 0.25 fm we use the potential from (3.53]) with
different b,, factors for each of the low lying hybrid static energies II, and ¥, . Accordingly,
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we will call the potentials from this fit V(©2%). The b, factors are obtained through a fit of the
function (3.54) for each potential to lattice data up to r = 0.25 fm from both sources with the
offsets of (3.55)). The quadratic term factors resulting from this fit are

by = 1246 GeV /fm®,  by™ = 0.000 GeV /fm”. (3.57)

For r > 0.25 fm we use a fit of the function

V(r)= % + \/CLQTW,‘I— ay , (3.58)

to all the lattice data with » > 0.25 fm using the offsets of (3.55)). The particular form of
is not related to a specific model, but approaches the generally expected behavior at short and
large distances. Indeed, in the long distance a linear behavior in r is expected as a string
picture emerges [81), T07HI09]. The parameters have been left unconstrained (e.g. no universal
string tension or short-range coupling have been imposed) to better reproduce the lattice data
in the distance region where it is available. To ensure a smooth transition between the two
pieces of the potential, we impose continuity up to first derivatives. The parameters obtained
are

ar = 0.000 GeVfm, ay = 1.543GeV?/fm?, a3 = 0.599GeV?, a3 =0.154GeV,
ail = 0.023GeVim, aj =2.716GeV?/fm?, a} = 11.091 GeV?, af = —2.536 GeV . (3.59)

In Fig. we can see both potential fits together with the lattice data. The V(2% po-
tentials do a good job reproducing the whole range of lattice data, in fact, fitting with a
potential of the form also for r < 0.25 fm does not change the results significantly. The
V(05) potentials describe the lattice data well up to 7 < 0.55 — 0.65 fm, which corresponds to
1/r 2 0.36 — 0.30 GeV.

We have solved the coupled Schrodinger equations with both V(0% and V(0% potentials
using the RS heavy quark masses. The results are displayed in Table The states obtained
with V(2%) Jie above the ones obtained using V(®%). The masses of the states with smaller sizes
have a better agreement, since both potentials agree in the short range. The largest source
of uncertainties for the hybrid masses lies in the RS gluelump mass, which is known with an
uncertainty of +0.15 GeV.

If we look at the results obtained with V(%) for the average of the inverse distance (1/r),
which are displayed in Table we see that for the lowest states the condition that (1/r) falls
inside the region where the lattice data is well described by the fit is only marginally fulfilled.
The condition that (1/r) = Fy,, which is at the base of the multipole expansion, is instead
fulfilled by almost all the states. Interestingly, adding a long range tail to the potential, as
we do for V(025 pushes the heavy quarks closer together, in this way better justifying the
short distance expansion of the matrix element of H,;, that we performed in . For this
reason we will use the V() potential in the following section as our reference potential for
the comparison with data and other approaches.

3.7 Comparison with Experimental Data and Other De-
terminations of the Hybrid Masses
We compare our results for the hybrid masses with experimental observations in section [3.7.1]

predictions obtained using the leading Born-Oppenheimer approximation in section [3.7.2] and
direct lattice results and sum rule calculations in sections and |3.7.4] respectively.
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gPC cc be bb

multiplet

mH‘<1/T>‘Ekin PH mH‘(l/rﬂEkin PH mpg ‘<1/7’>‘Ekin PH
H, (1-.(0.1,2)~) 4.05| 0.29 [0.11]0.94|[7.40| 0.31 |0.08|0.94/10.73| 0.36 |0.06]0.95
H; Y 4.23]0.27 0.20/0.917.54| 0.30 |0.16/0.91|/10.83| 0.36 |0.11|0.92
H 4.09] 0.21 [0.13]1.00{|7.43| 0.23 |0.10{1.00//10.75| 0.27 |0.07|1.00

>l 0,1, R

H,, 4.30| 0.19 [0.24/1.00|7.60| 0.21 |0.191.00//10.87| 0.25 |0.13|1.00
Hj {0FF, 177} ||4.69] 0.370.42]0.007.92| 0.42 |0.34|0.00(11.09| 0.50 |0.230.00

Hy  [{27F,(1,2,3)"}{|4.17] 0.19 |0.170.97/7.49| 0.25 |0.14|0.97(10.79| 0.29 |0.090.98
H;  [{277,(1,2,3)""}{|4.20] 0.170.18/1.007.51| 0.19 |0.15|1.00{10.80| 0.22 |0.10/1.00
H, (1--.(0.1,2)~) 4.15( 0.42 |0.16]0.827.48| 0.46 |0.13]0.83(10.79| 0.53 |0.09/0.86
H; Y 4.51]0.34 |0.34]0.87|/7.76| 0.38 |0.27|0.87|/10.98| 0.47 |0.19|0.87
H 4.280.28 [0.24/1.00||7.58| 0.31 [0.19]1.00//10.84/ 0.37 |0.13|1.00
;{01,277
H,, 4.67|0.25 [0.42|1.00{|7.89] 0.28 |0.34/1.00/[11.06| 0.34 |0.23|1.00
Hj {0+, 1t} |[4.59] 0.32 [0.32/0.00(/7.85| 0.37 [0.27|0.00||11.06| 0.46 |0.19]0.00

Hy |{2++,(1,2,3)*}[4.37] 0.28 [0.27]0.83] 7.65] 0.31 [0.22]0.84[|10.90| 0.37 |0.15|0.87
Hy [{27,(1,2,3)~+}|4.48] 0.23 [0.33]1.00(7.73] 0.25 [0.27[1.00[|10.95 0.30 |0.18[1.00
Hg |{37,(2,3,4)~+}]4.57] 0.220.37]0.85]7.82] 0.25 |0.30]0.87||11.01] 0.30 [0.20]0.89
Hy |[{3%+,(2,3,4)"}]4.67] 0.190.43[1.00]7.89] 0.22 |0.35]1.00[|11.05[ 0.26 [0.24|1.00

+

Table 3.3: Hybrid energies obtained from solving the Schrodinger equation with the RS heavy
quark masses for the V(%) potentials (upper table) and for the V(2% potentials (lower table).
All values are given in units of GeV. The values of the heavy quark and the 17~ gluelump
masses in the RS scheme at v; = 1 GeV are: mf = 1.477(40) GeV, m{* = 4.863(55) GeV,
and AR = 0.87(15) GeV (see [99, [105]). For the b¢ systems we have used the corresponding
reduced mass in the Schrodinger equation. The first row for each multiplet corresponds to the
ground state, the second row corresponds to the first excited state. Py is the integral over
the square of the wave function associated with the II, potential. It can be interpreted as
the probability to find the hybrid in a II, configuration, thus it gives a measure of the mixing
effects.

3.7.1 Identification of Hybrids with Experimental States

The list of candidates for heavy quark hybrids consists of the neutral heavy quark mesons
above open flavor threshold. An updated list [I] of the states fulfilling these conditions can be
found in Table [3.4 Most of the candidates have 17~ or 07" /27" since the main observation
channels are production by ete™ or 7y annihilation, respectively, which constrains the J¢
quantum numbers. It is important to keep in mind that the main source of uncertainty of our
results in section is the uncertainty of the gluelump mass A%% = 0.8740.15 GeV. We have
plotted the candidate experimental states in Fig. [3.3] except for the single one corresponding
to the bottomonium sector, overlaid onto our results using the V(%) potential with error
bands corresponding to the uncertainty of the gluelump mass.
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Figure 3.3: Comparison of the experimental candidate masses for the charmonium sector with
our results using the V(2% potential. The experimental states are plotted in solid blue lines
with error bars corresponding to the average of the lower and upper mass uncertainties (see
Table . Our results for the Hy, Ho, Hy and H] multiplets have been plotted in error bands
corresponding to the gluelump mass uncertainty of +0.15 GeV.

Three 17~ states fall close to our mass for the charmonium hybrid from the H; multiplet ]
the Y (4008), Y'(4230), and Y (4260). The 17~ hybrid from the H; multiplet is a spin singlet
state, and as such the decays to spin triplet products are suppressed by one power of the heavy
quark mass due to heavy quark spin symmetry. All these three candidate states decay to spin
triplet charmonium, which in principle disfavors the hybrid interpretation. Nevertheless, there
might be enough heavy quark spin symmetry violation to explain those decays [I10]. On the
other hand, the interpretation of these states as charmonium hybrids would make the decay
into two S-wave open charm mesons forbidden [I11], which would explain why such decays
have not been observed for the Y (4260). Nevertheless, the recent observation of the transition
Y (4260) — X (3872)y [112] makes the identification of Y (4260) as a hybrid highly unlikely.

The Y (4220) is a narrow structure proposed in [I13] to fit the line shape of the annihilation
processes ete™ — h.rtn~ observed by BESIII and CLEO-c experiments. Its mass is quite
close to the one of the H; multiplet. Like the previous states, it is a 17~ state that would
be identified as a spin singlet hybrid. However, unlike the previous states, the Y (4220) has
been observed decaying to spin singlet quarkonium, which makes it a very good candidate for
a charmonium hybrid. However, the Y (4220) falls very close to the Y (4230) [114] and it is
possible that they are the same structure observed in different decay channels.

The JP¢ quantum numbers of the Y (4140) and Y (4160) have not yet been fully determined,
however, their charge conjugation and mass suggest that they can be candidates for the spin
triplet 1" member of the H; multiplet. Nevertheless, their mass is also compatible within
uncertainties with the spin singlet 17+ member of the H, multiplet. In the case of the Y (4160),
it decays into D*D* which favors a molecular interpretation of this state.

If the X(4350) turns out to be a 27 state it can be a candidate for the spin singlet

SNote that our hybrid multiplets are spin degenerate, i.e. do not include corrections to the mass due to spin
effects.
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State M (MeV) I' (MeV) JFPC Decay modes 1% observation
X(3823) 38231419 <24 77 xay Belle 2013
X(3872) 3871.68 £0.17 < 1.2 1+ J/fprta, J/patr a0, Belle 2003

DODO70, DO PO,

J/y, p(2S)y
X(3915) 3917.54+1.9 2045 0t J/pw Belle 2004
Xe2(2P) 39272426 2446 27T DD Belle 2005
X (3940) 394279 37tar 7"+ D*D, DD* Belle 2007
G(3900) 3943 + 21 52411 1=~ DD Babar 2007
Y (4008) 4008712} 2264+97 17 J/Ymta Belle 2007
Y (4140) 4144.5+26 15t1 T/ CDF 2009
X(4160) 4156722 139734 2 D*D* Belle 2007
Y (4220) 4216 + 7 39417 17— h(1P)mxtn™ BESIII 2013
Y (4230) 4230 + 14 38¢14 177 Yow BESIII 2014
Y (4260) 4263*5 9%5+14 17 J/rta, J/pa7%  Babar 2005

Z,(3900) 7
Y (4274) 4293 + 20 35416 7 J/po CDF 2010
X (4350) 4350.6726 1337184 /2t J/ ¢ Belle 2009
Y (4360) 4354 +11 78+16 17 (28 wta Babar 2007
X (4630) 4634",° 9273, 17~ AFA; Belle 2007
Y (4660) 4665 + 10 53414 17— ((2S)wta Belle 2007
Y;(10890) 10888.4£3.0 30.7"%2 17— T (nS)rtn" Belle 2010

Table 3.4: Neutral mesons above open flavor threshold excluding isospin partners of charged
states.

charmonium state of the H, multiplet, although its decay violates heavy quark spin symmetry.

The three higher mass 17~ charmonia, the X (4360), X (4630), and Y (4660) [ have a mass
that is compatible with the excited spin singlet member of the H; multiplet within uncertain-
ties, although none of them falls very close to the central value. The X (4360) and Y (4660)
decay into a spin triplet product, which violates heavy quark spin symmetry.

There is so far only one bottomonium candidate for a hybrid state, the Y;(10890), which
can be identified with the spin singlet 17~ state of the H; bottomonium hybrid multiplet.
However, its decay to the T violates heavy quark spin symmetry, which is expected to be a
good symmetry for bottomonium states.

3.7.2 Comparison with the Leading Born-Oppenheimer Approxi-
mation

In a recently published paper Braaten, Langmack, and Smith [17], [84], [85] used the BO approx-
imation to obtain the hybrid masses from the gluonic static energies computed on the lattice.

It has been suggested that X (4630) and X (4660) might actually be the same particle [I15].
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cgc | bgb

H,/5|4.246|10.864
Hj [4.566|11.097
H,/5|4.428|10.964
H{/z 4.596|11.071

Table 3.5: Predicted multiplet masses from [I7, [84) 85] before adjusting to lattice data. The
prime on a multiplet stands for the first excited state of that multiplet. All values are given
in units of GeV.

They did not consider the hybrid potential mixing in the Schrodinger equation, which leads to
the A-doubling effect, cf. section [3.5.3] Considering the mixing terms results in the breaking of
the degeneracy between the H; and H, multiplets as well as the Hy and Hs multiplets. In their
approach they account for the breaking of this degeneracy by using different energy offsets for
positive and negative parity potentials. These offsets were set in the charmonium sector to
reproduce the spin averages of the hybrids from the direct lattice calculations of Ref. [I16] and
in the bottomonium sector to reproduce the mass splittings between the 1=, 1**, and 0%+
states from the NRQCD lattice computations of Ref. [83].

We have listed the results from [I7, 84, 85] suitable for comparison with our results in
Table and we have plotted them together with our results obtained using the 1/(0-2%)
potential in Fig. for both charmonium and bottomonium hybrids. The predicted H; s
mass from Braaten et al. (before adjusting to lattice data) should be compared with our Hj
mass, since this multiplet is a pure II, potential state. Similarly, their Hy/s mass should be
compared with our H5 mass. The H3 multiplet is a pure X potential state in both approaches
and can also be compared. We can see that there is a good agreement with our results from
Table . If we shift the masses by the difference in the H /, state ~ 30 MeV, then the other
states agree within 40 MeV. The mass shift of 30 MeV should be accounted for through the
uncertainty of the gluelump mass and other systematic errors, so we can take the 40 MeV
discrepancy between our results and those of [17, 84, 85] to be the uncertainty coming from
the fitting of the potentials and the solution of the Schrodinger equation. Overall, comparing
with the results from [I7, 84, R5], we can see that the effect of introducing the A-doubling
terms lowers the masses of the multiplets that have mixed contributions from the two hybrid
static energies.

3.7.3 Comparison with Direct Lattice Computations

The spectrum of hybrids in the charmonium sector has recently been calculated by the Hadron
Spectrum Collaboration [116] using unquenched lattice QCD. The calculations were done using
an anisotropic lattice with a Shekholeslami-Wohlert fermion action with tree-level tadpole
improvements and three-dimensional stout-link smearing of the gauge fields. The calculations
were performed on two lattice volumes 16% x 128 and 24% x 128 with a spatial spacing of
~ 0.12 fm. The light quarks were given unphysically heavy masses equivalent to a pion mass
of =~ 400 MeV.

To interpret their results, the Hadron Spectrum Collaboration organizes the hybrid states
into spin-symmetry multiplets. They generate these spin-symmetry multiplets in the con-
stituent gluon picture. The spin-symmetry multiplet resulting from combining a 1t~ gluonic
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Figure 3.4: Comparison of the hybrid multiplet masses in the charmonium (upper figure) and
bottomonium (lower figure) sectors obtained by Braaten et al. [17, 84, 85] (before adjusting to
lattice data) with the results obtained using the V(2 potential. The Braaten et al. results
correspond to the dashed lines, while the solid lines correspond to the results obtained using
V©2)  The degeneracy of the masses of the Hy» and Hy/s multiplets in Braaten et al. is
broken by the introduction of the mixing terms in our approach.

constituent with an S-wave heavy-quark pair generates the J©¢ quantum numbers correspond-

ing to our H; multiplet. The P-wave heavy-quark pair generates a multiplet with the JF¢
quantum numbers corresponding to the ones in our H,, H3 and H, multiplets. Then the lattice
results can be assigned to the S-wave or P-wave multiplets according to their JF¢ quantum
numbers. The Hadron Spectrum Collaboration then argues that the closeness in the masses
of the states of each multiplet validates the constituent gluon picture.

Similarly, the direct lattice results can be assigned to the pNRQCD (or BO) multiplets of
Table , however, this assignment is ambiguous because some J¢ quantum numbers appear
more than once in the Hy, H3, and H, multiplets. We choose to work with the same assignment
as was used in [17, 84] [85] (see Table , which assigns states to a specific multiplet based
on the closeness in mass. Looking at Fig. [3.5 the direct lattice calculation seems to support
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multiplet|J¢ m spin average

Hy |17 |4.285(14)| 4.281(16)
0-+{4.195(13)
1=+ [4.217(16)
27+ 4.334(17)
Hy, [1++]4.399(14)
07 [4.386(09)
1+ ]4.344(38)
2+ 14.395(40)
(30)
(19)
(21)
(39)
(18)
(22)

4.383(30)

H; 0+ 14.472(30
177 14.477(19
H,y 2+114.492(21
177 14.497(39
21714.509(18
317 14.548(22

4.476(22)

4.517(23)

Table 3.6: Spectrum of charmonium hybrids calculated by the Hadron Spectrum Collabora-
tion [116]. We have added the experimental value m,, = 2.9837(7) GeV. All values are given
in units of GeV.

the result of the pNRQCD and BO approaches that the hybrid states appear in three distinct
multiplets (H,, Hs, and Hy) as compared to the constituent gluon picture, where they are
assumed to form one supermultiplet together (cf. also the discussion in [17, [84] 85]).

The results from [I16] are given with the 7. mass subtracted and are not extrapolated
to the continuum limit. In Table [3.6] we list their results with the experimental value of
my,, = 2.9837(7) GeV added. In Fig.|3.5the results from [I16] have been plotted together with
our results using the V(025 potential. We have also computed the spin averaged mass of each
multiplet in order to compare with our results from Table [3.3]

Comparing the spin averages of the masses of the hybrid states from [I16] to our results,
we see that the masses obtained using the V(2% potentials are closer to the direct lattice
calculations than the ones obtained using the V(%) potentials. For the states obtained from
V(025 our masses are 0.1 — 0.14 GeV lower except for the Hs multiplet, which is 0.11 GeV
higher. It is interesting to note that the Hs multiplet is the only one dominated by the X
potential. For the states obtained using V(5 the differences roughly double.

To further illustrate this comparison, we give the mass splittings between the different mul-
tiplets in Table [3.7] Again, we find a better agreement of the lattice data with our calculation
with the V(2% potentials. In particular, the mass difference between H; and H,, which in
our calculation is directly related to the A-doubling effect, is very close to our mass difference.
The worst agreement is again found for the H3 multiplet.

In the bottomonium sector direct lattice calculations have been carried out by Juge, Kuti,
and Morningstar [83] and by Liao and Manke [117]. Juge, Kuti, and Morningstar did quenched
simulations using anisotropic lattices with improved gauge-field actions for the gluons. The
heavy quarks were treated in NRQCD for anisotropic lattices containing just a covariant tem-

85



Mass(GeV)

46
L H, i
L H, i
4.4+ H;
A e
-
421 e -5
40 —
. D,D; Threshold _ _
38+ .
b o el DD Threshold _ _
| | | | | | | | | | | | | |

1= 0*t 1-* 2% 1*t 0ot~ 1t 2t Qft 1t 2t [t 2+ 3+

Figure 3.5: Comparison of the results from direct lattice computations of the masses for char-
monium hybrids [I16] with our results using the V(%) potential. The direct lattice mass
predictions are plotted in solid lines with error bars corresponding to the mass uncertain-
ties. Our results for the H,, H,, Hs, and H,; multiplets have been plotted in error bands
corresponding to the gluelump mass uncertainty of +0.15 GeV.

splitting | Ref. [116]|V/(0-5)|1/(0:25)
Smu,—m,| 010 |0.04 | 0.13
Smpy,—m,| 024 [0.12]0.22
Smpyg,—m,| 0.13 ]0.08| 0.09
Smus—_m,| 020 |0.64| 0.44
Smpy,—m,| 0.09 [0.60| 0.31

Table 3.7: Mass splittings between H,, Ho, H3, and H,; charmonium hybrid multiplets for the
potentials V(5 and V(02 compared with the spin averages from the direct lattice calculation
of [116]. All values are given in units of GeV.

poral derivative term. Since the hybrid masses were expected to be large, anisotropic lattices
with the temporal lattice spacing much smaller than the spatial spacing were used to reduce
the statistical fluctuations. Two lattice volumes were used, 15% x 45 with 3 = 3.0 and 103 x 30
with 5 = 2.6.

They studied the correlation functions of five operators on the lattice, three of them corre-
sponding to hybrid operators. They identified three hybrid states corresponding to the ground
states of the Hy, Ho, and H3 multiplets and one excited state of the H] multiplet. Since no spin
(or any relativistic) effects were included, the results given by Juge, Kuti, and Morningstar
are the masses of the degenerate multiplets, which correspond to the ones in Table [3.2]

In Ref. [83] the values of the multiplet mass splitting are given in units of ry relative
to the mass of the 15 bottomonium states. We have used the most up-to-date value for
ro = 0.486 £+ 0.004 fm from [5]. Using this value as well as the spin average of the 1S
bottomonium mass states we have computed the values for the multiplet masses from their
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multiplet| Ref. [83] ||.J7¢(multiplet)|Ref. [117]
Hi 10.83030)| 1T(H,) [11.39(15)
Hy [10.865(54)| 0+ (Hy) [10.99(33)
Hy [11.138(28)| 2+~ () |12.16(14)
o |11.216(37)

Table 3.8: Masses of the bottomonium hybrids from direct lattice calculations. We present
the results of the runs with size 10® x 30, 8 = 3.0, and spatial lattice spacing a ~ 1.13 fm of
Ref. [83] and with size 163 x 128, 8 = 6.3, and a ~ 0.0521 fm from Ref. [T17]. All values are
given in units of GeV.

splitting [Ref. [83]|V (05 |1/(©-29)
Smp,_m,| 0.04 |0.02| 0.05
omur,—m,| 0.31 [0.36| 0.27
omur,_m,| 0.27 |0.34| 0.22
Smp—m,| 0.39 [0.10] 0.19

Table 3.9: Mass splittings between the H,, Hs, Hs, and H| bottomonium hybrid multiplets
for the potentials V(*? and V(%) compared with the values from Ref. [83]. All values are
given in units of GeV.

largest lattice volume in Table 3.8

Liao and Manke [I17] calculated the bottomonium spectrum using quenched lattice QCD
on an anisotropic lattice. They were able to go beyond the non-relativistic approximation by
using a very fine discretization in the temporal spacing, which also allowed them to extrapolate
the results for the hyperfine splitting of the standard bottomonium to the continuum. They
used a standard Wilson action for the gluons with various link smearing, while for the heavy
quarks in the gluonic background they used an anisotropic clover action. They explored five
different lattice spacings from 0.04 fm to 0.17 fm and two anisotropy ratios.

They determined the masses for three bb mesons with explicit exotic quantum numbers.
The results for the level splittings are presented in an analogous way to the Juge, Kuti, and
Morningstar paper, and we have used the same spin independent masses for the 1.5 and 1P
bottomonium states in order to generate the values displayed in Table [3.8]

We have plotted the results from Juge, Kuti, and Morningstar and the ones from Liao and
Manke together with our predictions for the masses of the bottomonium hybrid multiplets in
Fig.[3.6] If we compare our results from Table[3.3|with the values from direct lattice calculations
from Table [3.8 we observe that our results are systematically lower by 0.05 — 0.15 GeV
except for the excited Hj state, for which the deviation is larger: 0.4 GeV and 0.26 GeV for
the potentials V(% and V(025 respectively. To eliminate possible systematic uncertainties
we can look at the level splitting displayed in Table [3.91 The values of the level splitting
show considerable agreement, improving from using the V() potentials to using the V(025
potentials, with the only exception of the Hj state. In particular, the A-doubling effects seen
in the mass splitting between H; and H; agree quite well with lattice predictions.

In general, the comparison of our results with direct lattice computations of hybrid masses
shows a systematic energy offset but a reasonable agreement for the mass splittings between
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Figure 3.6: Comparison of the results from direct lattice computations of the masses for
bottomonium hybrids from Juge, Kuti, and Morningstar (JKM) [83] and Liao and Manke
(LM) [I17] with our results using the V(2% potential. The direct lattice mass predictions
are plotted in solid lines with error bars corresponding the mass uncertainties. Orange lines
correspond to the results of JKM and blue lines to the ones of LM. The JP¢ quantum numbers
in the figure correspond to the LM states. Our results for the Hy, Hs, H, and H| multiplets
have been plotted in error bands corresponding to the gluelump mass uncertainty of +0.15 GeV.

multiplets, particularly for the lower mass ones. The bottomonium sector results show more
consistency with direct lattice computations than the charmonium sector, as expected.

3.7.4 Comparison with QCD Sum Rules

The method of QCD sum rules consists of a treatment in which hadrons are represented by
their interpolating quark currents, taken at large virtualities, instead of in terms of constituent
quarks. The correlation function of these currents is treated in the context of the operator
product expansion, where the short and long distance physics are separated. The former is
calculated using perturbation theory, whereas the latter is parametrized in terms of universal
vacuum condensates or light-cone distribution amplitudes. The result of the calculation can
then be related via dispersion relations to a sum over hadronic states.

A recent analysis of QCD sum rules for hybrid operators has been performed by Chen
et al. for bb and cé hybrids in [118] and for b¢ hybrids in [I19]. Using hybrid operators and
computing correlation functions and spectral functions up to dimension six condensates, they
stabilized the sum rules and gave mass predictions for the heavy quark hybrids.

The pattern of hybrid states encountered by Chen et al. in [I18], which we show in Ta-
ble and, plotted against our results using the V(%2 potential, in Fig. [3.7] is the same for
cc and bb hybrid states. The lightest set of states they found corresponds to our H; multiplet.
The next set of states consists of 07—, 17, and 17", which belong to the H, multiplet, 2+
and 07", which are part of the multiplets Hs and Hy, respectively, and 0=, which does not
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multiplet| J¢  c¢ bb JE e
H, 177 3.36(15) 9.70(12) |1~ 6.83(16)
0~ 3.61(21) 9.68(29) |0~ 6.90(22)
171 3.70(21) 9.79(22) |1~ 6.95(22)
271 4.04(23) 9.93(21) |2~ 7.15(23)
Hy |0%~ 4.09(23) 10.17(22)||0" 7.37(31)
177 4.53(23) 10.70(53)|| 1T 7.77(24)
17 5.06(44) 11.09(60)| 1T 8.28(37)
Hy |271 4.45(27) 10.64(33)||2" 7.67(18)
H; |0+* 5.34(45) 11.20(48)[|0* 8.55(44)
0~ 5.51(50) 11.48(75)[ 0~ 8.48(67)

Table 3.10: Left panel: masses of the c¢é and bb hybrids obtained using QCD sum rules
from [I18]. Right panel: masses of b¢ hybrids from [I19]. All values are given in units of
GeV.

appear in any of the multiplets we have considered.

For charmonium the masses of the H; multiplet are between 3.36 GeV and 4.04 GeV with a
spin average of 3.75(20) GeV, which is lower than our result for the H; multiplet (see Table[3.3).
The elements of Hy show an important dispersion, but overall tend to be larger than our value
for the mass of the H, multiplet, like in the case of the 27 and 0™ masses when compared
with our results for Hy and H,. A similar pattern emerges for bb hybrids. The H; multiplet
ranges between 9.7 GeV and 9.93 GeV with a spin average of 9.81(19) GeV, which is about
1 GeV below our estimates. Nevertheless, the 17—, 1t+, 27 and 0 states are within errors
of our results.

The b¢ hybrids have also been studied with QCD sum rules by Chen et al. in [119]. In
this case, since the heavy quark and antiquark are not the same, the interpolating currents
that couple to the hybrids have no definite C-parity. The assignment of the b¢ states to each
multiplet has been done by analogy of the interpolating currents that generate these states in
QQ and bé. In Fig. the results from Chen et al. for b¢ hybrids are plotted alongside our
results using the V(2% potential. The spin average for the bé H; multiplet is 7.00(16) GeV,
which falls about 0.5 GeV below our result.
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Figure 3.7: Comparison of the mass predictions for charmonium hybrids in the upper figure
and for bottomonium hybrids in the lower figure, obtained using QCD sum rules [I18], with
our results using the V(2% potential. The solid lines correspond to the QCD sum rules masses
with error bars corresponding to their uncertainties. Our results for the Hy, Ho, H3, and Hy
multiplets have been plotted in error bands corresponding to the gluelump mass uncertainty

of £0.15 GeV.
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Figure 3.8: Comparison of the mass predictions for b¢ hybrids, obtained using QCD sum
rules [I19], with our results using the V(%) potential. The solid lines correspond to the QCD
sum rules masses with error bars corresponding to their uncertainties. Our results for the Hi,
H,, Hs, and H; multiplets have been plotted in error bands corresponding to the gluelump
mass uncertainty of £0.15 GeV.
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Chapter 4

The Polyakov Loop and the Polyakov
Loop Correlator at NNLO

4.1 Introduction

The Polyakov loop is an order parameter for deconfinement in pure SU(N) gauge theories at
non-zero temperature 7. It is defined as the thermal average over the trace of the Polyakov

loop operator'}

L= (TL(r)) = di Tr <7>exp {Z’g /0 A r)} > | (4.1)

R

where P denotes path ordering of the exponential of the temporal component of the gauge
field Ay integrated along the compactified imaginary time direction, and ¢ is the coupling
constantﬂ Here we have defined the Polyakov loop in a general representation R of SU(N), so
the gauge fields are understood as matrices in this representation 1, and the normalized trace
Tr is divided by the dimension dp of this representation. The thermal expectation value of a
single Polyakov loop is invariant under translations, so we can choose it to be at the origin in
the following.

The non-zero expectation value of the Polyakov loop above some temperature indicates the
onset of color screening and thus deconfinement [120]. Early lattice studies of the Polyakov
loop and its correlators were instrumental in establishing the existence of a deconfinement
transition in non-Abelian gauge theories from first principle calculations [121) [122]. The phys-
ical interpretation of the logarithm of the Polyakov loop expectation value is the free energy
of a static quark Fip/T = —In L (see e.g. discussions in Ref. [122]). The free energy of a static
quark in a gluonic plasma is finite due to color screening, but becomes infinite below the phase
transition temperature 7..

While in the presence of ny > 0 flavors of light quarks the Polyakov loop is no longer an
order parameter for deconfinement [123], its value at sufficiently high temperatures is still a
measure of the screening properties of the deconfined medium. It is easy to see that at leading
nontrivial order the Polyakov loop expectation value is L = 1 + Crasmp/2T, or equivalently

'We will use the symbol L both for the (matrix valued) operator and its traced thermal expectation value.
It should be clear from context, i.e. whether it appears inside a thermal average or not, which one is meant.

2Note that this definition implies Dy = 9y —igAg, which we choose simply to minimize the number of minus
signs.
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Fog = —Cgrasmp/2, where Cf is the quadratic Casimir of the representation R defined by
TETE = Cglg,. For the fundamental and adjoint representations, the quadratic Casimirs are
Cr = (N?—-1) /2N and Cy = N. The Debye mass mp is given by

N n
m3, = (3 + %) g°T?, (4.2)
The next-to-leading-order (NLO) contribution to the Polyakov loop is of O (g*). The first
calculation of the NLO contribution was performed long ago [124]. However, several years
later, it was shown that this calculation was not correct and the correct NLO contribution was
calculated independently by two groups [125] [126].

The Polyakov loop has been studied in lattice QCD both in SU(N) gauge theories [127-130]
and in the physically relevant case of 2+ 1 flavor QCD [4] 5, I3THI36]. For the understanding of
the screening properties of the deconfined medium it is important to connect lattice calculations
with perturbative calculations at high temperatures and to see to what extent these calculations
agree. In this perspective it is important to compute next-to-next-to-leading order (NNLO)
corrections, which will considerably reduce the uncertainties of the NLO result by fixing the
scale dependence of the coupling constant at leading order. The computation of the Polyakov
loop at NNLO accuracy is one purpose of this chapter.

One feature of the lattice results on the Polyakov loop is Casimir scaling [130], the property
that the ratio of static quark free energies in different representations should be given by
the ratio of the quadratic Casimirs of those respective representations. One outcome of our
analysis is that Casimir scaling holds up to O (¢”). This is important for understanding the
lattice results for the Polyakov loops in higher representations [130, 137, 138].

In analogy to a single Polyakov loop, the correlator of two traced Polyakov loops gives the
free energy of a static quark-antiquark pair [122]. This operator does not have an interpretation
as an order parameter, since a quark and an antiquark are also allowed to exist in the vacuum
in the form of a quarkonium bound state. But the Polyakov loop correlator is related to the
interactions of heavy quarks in a thermal medium and may be an important quantity to study
the thermal modifications of interquark potentials. It can be decomposed into color singlet
and adjoint contributions, which is why the related free energy has also been called the color
averaged potential.

The Polyakov loop correlator has been extensively studied on the lattice both in pure
SU(N) gauge theories [127], 129 139] as well as in QCD [136], 140}, 141], calling for a more
thorough understanding in analytic calculations for weak coupling. It is presently known at
NNLO [122, 126], and a matching to pNRQCD in the small distance limit has also been
performed, clarifying the relation to singlet and adjoint contributions. The new result for the
Polyakov loop will allow us to give the correlator at one higher order. We will also present an
exponentiated expression for the Polyakov loop correlator, which greatly reduces the number
of relevant Feynman diagrams, and in which a separation into singlet and adjoint contributions
naturally emerges. This however is not identical to the one in pNRQCD, which we will clarify
in a matching.

The rest of this chapter is organized as follows. In the next section we outline our strategy
for the perturbative calculation to O (g°) and discuss the power counting. The calculation of
the necessary loop integrals is presented in section [4.3] which also contains the main result of the
chapter. In section [4.4] we comment on the higher order perturbative terms discussing Casimir
scaling and outlining the O (%) calculation. In section[d.5] we compare the perturbative O (g°)
result with available lattice results.
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The Polyakov loop correlator, its exponentiation, and its relation to singlet and adjoint
free energies is then explained in more detail in section [4.6 The explicit calculation is given
in section [4.7] and finally section discusses the matching to pNRQCD. Several technical
details of the calculations are presented in appendices [B]

4.2 QOutline of the Perturbative Calculation

In this section, we will outline the perturbative calculation of the Polyakov loop. We will
perform calculations directly in QCD as well as using the effective field theory approach. The
direct calculation of the NNLO correction to the Polyakov loop is rather involved and its details
will be discussed in the next section. On the other hand, as we will see, the calculation that
relies on the effective field theory approach is rather simple, because we can draw on previous
results.

4.2.1 The Structure of the Perturbative Series

The following way of defining the path ordered exponential is particularly suited for pertur-
bative expansions:

L= diTr<77 exp {ig /Ol/T dr Ao (T, O)}>
g ig) /l/T / dry - / 7 dr, éTT<A0(T1, 0)Ap(72,0) - Ag(7,,0)) . (4.3)

The Feynman diagrams for the Polyakov loop can then be drawn as a straight line from 0 to
1/T in the imaginary time direction to which n gluons are attached. The line represents the
contour integrations over the gauge fields. In the gauges we are going to use for this calculation,
where the gluon propagator is diagonal in color space, it is possible to split each diagram into
a color coefficient and a kinematic part. The color coefficient contains the trace over the color
matrices from the gauge fields and any structure constants coming from interaction vertices
as well as symmetry factors, while the kinematic part contains the integrations over Euclidean
time, spatial momenta, etc., as well as the propagators and the Lorentz structures ]

It has been shown in [142] [143] that the perturbative series for any closed Wilson line can
be rearranged such that it takes the form of an exponential of a series over the same diagrams
but with altered color coefficients, several of which are zero. This result has been generalized
in [144], [T45] for the exponentiation of any Wilson line operator. In the case of the Polyakov
loop we have

L=1+K CR& + 0% 2.2 4 oy (CR—g) % +C}%§§§%
— exp {cw(ﬁz%%) %cwzc(%)«.} —exp(Dy+ Dyt ...), (44)

3Since three- and four-gluon vertices contain a sum over several terms, it may be necessary for some diagrams
to split each term separately into color coefficient and kinematic part. This is not required for any diagram
appearing in this chapter; only in the case of tadpoles there appear two terms from the vertex, but they give
the same contribution, so we just include a factor 2 in the color coefficient.

95



where we use K for the kinematic part of a diagram. Here we have written the color coefficients
explicitly, but in the following we will generically use the symbol C for the color coefficient of
a diagram and C for the exponentiated coefficient. The gluon propagators are understood as
resummed. The dots represent diagrams with three or more gluons, which are at least O (¢°)
and therefore beyond our accuracy. There is also a diagram with three propagators connected
by a three-gluon vertex, which would be O (g*) at leading order, but since a three-gluon vertex
with only temporal indices vanishes, this diagram gives no contribution in all gauges where the
propagator is block diagonal in the temporal and spatial components, so it has been neglected
in the expression above. We note that the free energy of the static charge corresponding to
the above expression is proportional to C'r and thus obeys Casimir scaling at this order. We
use the abbreviations D; and D, for the product of kinematic part and color factor of the
remaining one- and two-gluon diagrams in the exponent.

First, we perform the integral over the Euclidean time in the expression for D; and D to
get

D1 CR lg / / dTQ ¥ zko (ri— TQ)DOO CRg /DOO 0 k (45)
1/T . .
DQ = —§CRN<ZQ)4/O dTl/O dT2/0 d7'3/0 d7'4 g leO(Tl77—3)ezqo(mim)DO()(K)Doo(Q)
TQ

ORN94 /
4T

The sum with a prime denotes a Matsubara sum without the zero mode. Up to this point
the discussion is independent of the choice of gauge for the perturbative calculations. In this
chapter we will use Feynman gauge, static gauge, and Coulomb gauge. In appendix B.I], we
discuss the gluon propagators and self-energies in these gauges.

The integration momenta k and g can either be of the order of the temperature scale 77" or
of the scale of the Debye mass mp. In principle, they may also scale with the nonperturbative
magnetic mass my;. The magnetic mass enters the temporal propagators not directly but
only through self-energies. Hence, as we will show at the end of this section, momentum
regions scaling with my,; contribute only to O (g”). We use dimensional regularization to
treat both infrared and ultraviolet divergences. In this regularization scheme the different
momentum scales can be separated by expanding the integrand according to the hierarchy
7T >m D >m M-

We start considering D;. Separating out the contributions from the scales 7T, mp, and
my; we write

CRg2 / 1
Dl = — B
2T Jp k2 +11(0, k)

T I (0.k) /
B 2T k~nT kA k~mp

- ! dH(Tl)(o 0) k2 + 11£(0,0) + 12 (0, k) + 11 (0, k)
(k’Q +m2D)2 de ) T ’ mm

1
—+7D00(0, k) Doo (0, q) Z ?Doo )(2Dgo(0, q) — Doo(kOJI))] :

12T

(4.6)

1 oy (0,5) , Hoap, (0, k)
Rtmp (kR +mp) (k2 +md)’

}+(’)(g6).

(4.7)
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Here Hgf), H%)D, and H%)M denote the contributions to the self-energy of the Ay field at i-loop
order coming from loop momenta of order 7T, mp, and my;. There can also be self-energies
where the loop momenta are not all of the same scale, but these do not contribute until
O (g%). The self-energies entering the above equation depend on the choice of gauge. The
terms proportional to ngl ) and H%L, together with tree-level Ds, give rise to the known O (g?)

term in the expression of the Polyakov loop [125] 126]. The 2-loop scale 7T contribution to the

(1)
(2)
T

self-energy I1;” as well as the d—sz(O, 0) k? term give rise to terms of O (g°), some of which

have been identified in Ref. [126] and are related to the running of the coupling constant. The

terms proportional to Hgé and (HSL)D)2 are new and also contribute at O (¢°) to the Polyakov

loop. In section , we will discuss the calculation of these terms in detail. Finally, the term
proportional to IT,),, does not contribute to the Polyakov loop at O (¢°) and O (¢°). This will
also be shown in section (4.3

Concerning Ds, it is easy to see that the leading order contribution of the first term in
Eq. in any gauge comes only from the scale mp and is of O (¢°), which is beyond the
accuracy of this calculation. It was already identified in Ref. [126]. The second and third
terms in Eq. do not contribute in static gauge because Dyo(K') vanishes for non-zero k.
In Coulomb gauge the second term starts to contribute at O (¢7) and the third at O (¢®), since
the leading order propagators with non-zero Matsubara frequencies are scaleless and need at
least one loop insertion in order not to vanish. In Feynman gauge the second term in Eq.
contributes already at O (¢°) for k ~ 7T and ¢ ~ mp, while the third starts to contribute at
O (g*) when both momenta are of the scale 7T". There is no O (g°) contribution from the third
term, since the scale mp can only enter Feynman gauge propagators with non-zero frequencies
through loops, which would at least be of O (g7).

In summary we see that the O (¢°) contribution to the Polyakov loop receives two different
contributions. The first comes from terms with mixed scales like the two-loop self-energy at a
scale mp with loop momenta of order 71" or two-gluon exchange. The second comes from the
two-loop self energy with loop momenta of order mp. In the effective field theory approach
that will be discussed in the next subsection these two contributions correspond to two different
steps of the calculation: the determination of the matching coefficients and the calculation of
the correlators in the effective theory, respectively.

4.2.2 The Polyakov Loop in an Effective Field Theory Approach

The separation between the scales 71" and mp that was used in the calculation of the previous
section can also be achieved with EQCD, which has already been described in the introduc-
tion [I.4.2] In this chapter we will also need the effective four-field interactions, for which the
Lagrangian is given by:

1 .12 o 2 ~
toqep =51 [F2] 4 1 | (B ] | 4 1 2]
—1\2 | < - 1 7\ 2
A (Tr [AO]) (T [AO} -5 <Tr [AOD . (4.8)
where at leading order A\g = (6+ N —n;)g*T/247% and A\g = (N —ns)g*T /1272 (see e.g. [38]).
In this case it is more convenient to write the fields as matrices in color space in the usual

way Ay = A§T*, where the color matrices are understood in the fundamental representation.
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The second quartic interaction is a vanishing operator for N = 2 or N = 3, so any result
can only depend on Ag if N > 3. The couplings gg, Ag, and A\g have been calculated to
next-to-leading order (NLO) [38]. The three-dimensional gauge coupling gg is known to next-
to-next-to-leading order [146]. The NLO correction to m% has been calculated in Ref. [37]

5 2
2 _ _ _ 22
my =m [1+4 <3N—|— 3N (1—-41In2)+ 20, <7E+1n4 T))} Cpnga;T=.  (4.9)

Here and in the rest of this section we express all matching parameters in terms of the renor-
malized coupling. Thus the pole that appears with the first coefficient of the beta function
Bo = 11N/3 — 2ny/3 has already been canceled.

In EQCD we can write the Polyakov loop in the following way [125]

2 4

L=2— ZQQdR Tr(A2) +Z4mTr<ﬁg> +.o.. (4.10)

The matching coefficients Z,, are equal to 1 at leading order; at higher orders they can be
written as an expansion in a, i.e. only in even powers of g. In the power counting of EQCD,
every power of Ay counts as /g7, so the term proportional to Z, starts to contribute at O (¢°).
In EQCD only the scales mp and mj; are still dynamical, which means that no loop momenta
of order 71" appear in the evaluation of the Feynman diagrams. The contributions of such
loops are contained in higher order corrections to the matching coefficients Z,, and the EQCD
parameters.

For the determination of Z, and Z; from QCD it is convenient to use the static gauge. In
this gauge we can write

2 4

2dRT2 Tr (45 >+24dRT4

L=1- Tr (A3 +... . (4.11)

Now we can separate each contribution into a static and a nonstatic piece, i.e. we can write
(AZ) = (A + (A]) (4.12)

The notation (... ),s means that there appear only loop momenta of order 77" in the evaluation
of the corresponding Feynman diagrams, which corresponds to a strict perturbative expansion
in g without any resummation of self-energies. The notation (...)s then means that some or
all loop momenta are of order mp or my,;. The corresponding Matsubara frequencies have to
be zero, hence the name “static”. We can write down a similar decomposition for Tr(A3).

The sum over all nonstatic pieces exactly gives Z,. Since in static gauge the scale 7'I" can
enter the temporal propagators only through loops, the nonstatic part of the A3 contribution
will contribute first at O (al). The leading order result for the A2 piece can be found in
Ref. [126] and gives

2

Cro? 1
Rl {N (2 +1— 7+ ) —nf1n2} +0(a?) . (4.13)

Zy=1+

The pole in € is not related to charge renormalization, but corresponds to an infrared divergence
in the nonstatic part that cancels against an ultraviolet divergence in the static piece, or
equivalently in the EQCD calculation.
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The sum over the static pieces then contains all contributions from the scales mp and
myy and thus corresponds to the EQCD representation of the Polyakov loop without the unit
operator. Up to O (¢°) it is sufficient to consider only the quadratic terms, i.e. <A§>S = Z,(A}).
The two gauge fields in <A§>S themselves can carry either momenta £k < 71" or k ~ 7T,
however, in the latter case they only start to contribute to the static piece at three-loop order.
The first loop from the two gauge fields in the correlator is scaleless, so another loop is needed
to introduce the scale 71" and a third one to include the scale mp in order to be counted
towards the static piece. This corresponds to diagrams like Lig and L5 in Fig. when only
the tadpole or the subloop momentum is of order mp and the two other momenta are of order
7T. The two scale 7T integrations give a contribution of O (a?) to Z, and only one propagator
with a momentum of order mp remains, which corresponds to the leading order of <Z§>

In the former case we can relate the QCD field Ag to \/72110 in EQCD, where the wave
function normalization constant Z, can be obtained from the small momentum expansion of
the propagator:

DP(k < nT) = ZoDg 2P (k) + ... . (4.14)

The dots stand for higher powers in the small k% expansion, which correspond to higher order
two-point interactions in EQCD. From this expression it follows that

dily , -
@:O+m§@:m), (4.15)

and with the result from [126] we have up to corrections of O (a?)

11 2
Zy = Z2—1—|—4— [3N+3nf(1—41n2)~|—250 (’yE+ln4 T)] (4.16)

Now that we have determined the matching coefficients to the desired order, we can write
the weak coupling expansion for <A > as

1 Crm 2 4 6 A
—TY<A >—— RTE (1-'- 1g—+a29—g+agg—E3+a4—E+...) s (417)
dr mg miy my mg

using simple dimensional analysis. In the above expression we explicitly wrote down all the
terms contributing up to O (¢%) and ignored the magnetic mass scale my;. We will return to
the contribution from the scale m;; later. B

In Eq. the terms proportional to a; come from the i-loop self-energy of the A
field. The coefficient ay is known [125], [126]. We are primarily interested in the NNLO, i.e.
O (¢°) contribution to L. It is evident from Eqs. (4.9), (4.16]), and that the mixed
scale contributions from the previous section come from the O (ay) corrections to Z9 and m%,
while the pure scale mp term comes from the two-loop self-energy contribution contained in

the coefficient a,. One can perform a similar analysis for (Aj) and see that it contributes at

orders a?m3, admp, etc. It is also easy to generalize the analysis for </T%”>, n > 3, and see

that these terms do not contribute at O (¢°).
The only remaining task is now to calculate the coefficient as. This can be done using the
EQCD calculation of the pressure [37]

p=-T (fE + fm - %hl ZMQCD) : (4.18)

99



Here we use the same notation as in Ref. [37], i.e. fg denotes the contribution from the scale
7T, fa denotes the contribution from the scale mp, and Zyqep is the partition function of
MQCD, which is completely nonperturbative. Ignoring the contribution from MQCD it is easy
to see that since

1 o~
fur = —Vln/DASDA? exp {—/d?’w EEQCD} : (4.19)
it follows that o 2 Of
—Tr(A) = B (AvAe)y = 28 I 4.20
an ) = e A = T 5 (4.20)
Using the expression for fy, from [37] we get
1 ~, Cpmgp CgpNgx[1 1 7’
S Te(A2) = — E\ 42 o+
dr v(45) 4 (4m)? |2€ i 2 B +n m2,
2C0rN? g3 (89 11 w2 4
——— = —=——In2+ — @ . 4.21
Tar e \s T2 ) (s") (421)

The first term corresponds to the well-known leading order result. The second term is
identical to the O (g*) static contribution to (AZ2) (cf. Eq. (44) of Ref. [126]). The 1/e pole
in this term is exactly the ultraviolet divergence that cancels against the infrared pole in the
nonstatic contribution to <A(2)> [126]. The scale dependence cancels in the same way. The last
term gives the coefficient a, we are interested in.

We still need to calculate the O (g°) contribution arising from the O («g) corrections to
mpg and Z5 times the leading order result for Tr<gg>/d3 = —Crmp/4n. Using Egs.
and we find that this O (¢°) contribution is

3CROész 2 1% CRCanOé?’T
ST 3N 4 Sng(1 - 4n2) + 260 (v +In ot ) | - = 4.22
167T gy =42 260 (e +In g dmp (4.22)
With this result and Eq. (4.21)) we find the O (¢°) contribution to the Polyakov loop
3CRra2mp 2 U
L| | == 13N 4+ ong(1 - 41n2) + 28 (v + In 1)
¢ 16aT gy 4220 (e +In g
N2a3T 11 2 5T
_ CeNTa T (89 ALy o ™) - CrCengaiT (4.23)
mp 8 12 12 dmp

The above equation is one of the main results of this chapter. In the next section we will
obtain this result via direct calculations in QCD.

The contribution from the scale mj; to <A(2)>, which we have neglected so far, can be
calculated using MQCD, the effective theory obtained from EQCD by integrating out the
electric scale mg ~ mp. The only scale in MQCD is the dimensionful coupling constant
gm ~ +/myr, which is given at leading order as gy = gg. Since in this theory we have only
the three-dimensional gauge fields, we write

M
1

Z
L=2"+

Fofa
2m3, <

GG vqep T (4.24)

The matching constant ZJ? contains the contributions to L from the scales 77" and mp, so
ZM = L up to O(g%). The matching constant ZM has been calculated in Ref. [147] for
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the fundamental representation. We have repeated that calculation, but allowed for general
representations; the result is

CRNOJEW

ZM = 2 s
b 12(N2—1)

+0(g°) , (4.25)

and for Cr = CF one obtains the expression from [147]. Since <ﬁ£ﬁ£> ~m3, ~ g%, we see
that the contribution from the magnetic scale first appears at O (¢7). Through the explicit cal-
culations presented in section and appendix [B.3| we will see that the magnetic contributions
at O (¢°) and O (¢°) indeed vanish.

The O (g7) contribution to the Polyakov loop can be obtained using lattice calculations
in MQCD. However, for interesting temperature ranges the separation of the scales mp and
myy is not obvious. Therefore, it is more practical to calculate <A3> using lattice calculations
in EQCD. Such lattice calculations have been performed with the aim to estimate the QCD
pressure using the EQCD approach in Ref. [I48]. We will use this lattice EQCD result when
comparing the weak coupling expansion of the Polyakov loop with lattice results in QCD in

section [4.5]

4.3 Calculation of the O (95) Correction to the Polyakov
Loop

In this section we will present the calculations of the O (¢g°) contribution to the Polyakov loop
directly in QCD. From the discussion in the previous section it is clear that the diagrams that
contribute at O (¢°) always have at least one momentum integral of order mp, while the self-
energy contributions may arise from the scales 7T, mp, or my;. In what follows we will refer
to them as contributions from the scale 77T’ mp, or my,, even though all the loop diagrams
also involve the scale mp. We will perform the calculations in Coulomb gauge and in Feynman
gauge. The contribution from the diagram Ds is only relevant in Feynman gauge. It involves
one integral over the scale mp and another sum-integral over the scale 7T, so we will refer to
it as a part of the contribution from the scale 77T

4.3.1 Contribution from the Scale «T

All self-energies relevant for the contribution from the scale 77" in Feynman gauge are known
and can be found in Ref. [37] (they use a slightly different convention for the MS-scheme,
which can be converted into our convention by replacing the renormalization scale A? in their
expressions by 4mwe™7E 4?):

22 / 2
W0 gy = 2 () — L 1 ¢(=1) p
I1:7(0,0) = mp(e) = 3 {(N—l— 5”}7) + N (—’yE—i—QC(_l) +1In T2 ) €
1 ¢(=1) >
- 1-— 2 1 4.2
+ an( YE + 1) + Dy )€l (4.26)
dnt) @[5 /1 1 112 2 /(1 Ap?
. ON(Z-: 1 R (| In
dk? (0.9 (4m)% |3 e 5 e T 37\ e e e )|
(4.27)
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1
E {2]\7 5(6) (E + 149 +1n 47‘:T2) — g2TQC’an} . (4.28)

In the last line we have reexpressed some terms through m%(e), i.e. the leading order Debye
mass with O(e) corrections. This will be crucial for the cancellation of the 1/e-poles. The O(e)
terms of m%(€) are necessary at this point.

With these we can calculate the first scale 77" contribution from diagram D; at O (¢°) in
Feynman gauge (FG):

PG Cgrg? 1 iy’ 2 1@
D = 0,0) & 4 11;7(0,0
1 g5, 7T 2T /kNmD (k2+m ) ( dk? ( ) T ( ) )

2 1 2 2 2 1 1 242
:MFN(_+—3+M £ )——nf(—+—+21n g )}
€ €

CRCFTLfOé3T
o AR s 4.29
e (4.29)
The scale 7T’ contribution from D, is given by
rG O N
D, R g Z / / .
T wonT ey @6 (@G + q )(k +m3)
CRNa mD( ) (1
_— 4+21 4.
irT P T szD (4.30)
and together they give
FG CrCrnsaT
(D4 Dy)| = it s Tl
g°, T 4mD
2 11 1 1 2 2 1 1 2412
| 3Cmacmp(e) |11, (L TL oy K ny Saom )L (431
167T 3 33 2Tmp) 3 3 Tmp

We see now that the coefficient of the 1/e-terms is proportional to the first coefficient
of the beta function fy = 11N/3 — 2ns/3. This suggests that they are removed through
charge renormalization, which is indeed the case. The first counterterm comes from charge
renormalization of the O (g3) term. We need to be careful with the ¢ — 0 limit, so we will
keep the dimension d general until the last step:

ol _0392/ 1 Crg’T(1-§)mp p*
oo = 2T Sy B2 M3 2(47)5T
Crg?l (1 o2 d 1
snmgn _Crg (2(4 )):;D (e)p* {1 B 5oz;[jo <Z B 7E—|—ln47r) o) (ag)] . (4.32)
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The factor d/2 comes from the power of aj: g2m%_2 x adl?, Including the counterterm for the
charge renormalization we get the full contribution from the scale 771"

2 LA
2
_ BCROID N 4 2y (1 - 41n2) + 26, (7 + In -2

D, + D _ 2YR%MD (
(D1 + Do) e 167T 3 BT T

4m D
(4.33)
We no longer indicate Feynman gauge in this final result for the scale 77" contribution, because
it is gauge invariant.
The corresponding calculation goes the same way for both Coulomb (CG) and static gauge
(SG). Dy is scaleless at O (g°), so only D; contributes. It has been shown in [37] that the
electric mass parameter mg of EQCD is given up to O (a?) by

>:| _ CRCFTLJCO[ST

dH(l)
mip = 10 (0,0) + 1177(0,0) — 17 (0,0)—£-(0,0).. (4.34)

Since mg is a gauge invariant parameter, we can eliminate Hg)(0,0) in Coulomb or static
(1)
gauge from this equation and express it through the Feynman gauge results and d—kg(o, 0),

which is the same for Coulomb and static gauge and can be found e.g. in [1206]:

dIL;) @ 11 2 ] 2
0,0) = — —N+-ns(1—4In2 - 1 . 4.35
dk2 (0,0) (4m)2 | 3 +3nf( n2)+ fo . +7e + N ( )
With this we have
5| CG/SG ) AT [FC AT |CG/SG
H(T) = H(T) —m7(e) d]:; mp(e) dk:g

2
g

“amy BN g T Crny). (430

The contributions from the scale 771" are now

CG/SG  (Crg? 1 A1
D = 0,0) +11?(0,0
1 g5, 7T 27 /kme k2 +m2D dk2 ( ) )+ ( ) )

3CRa2mD(e) 71 2 1 /ﬂ
= RGP N 2 (14 121n2 Z 421
6T |0 gn (L1224 G (T 2ln o
CRCanOéST
_ ZRTEROST 4.37
- (4.37)

This is the same result that we got in Feynman gauge from D; + D5, so including the coun-
terterm we obtain the same scale 77" contribution in Coulomb and static gauge:

CRCFTLfOégT
4mD ‘
(4.38)

2
. BCRaSmD

D D =
( Lt 2) g5, T 167T

2 p

4.3.2 Contribution from the Scale mp

The contribution from the scale mp consists of the two-loop self-energy and the square of the
one-loop self-energy. It corresponds to the full g3, contribution of <A3> in EQCD. The relevant
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Figure 4.1: All Feynman diagrams contributing to Hg%(o, k ~ mp). Dashed lines represent

temporal gluons, curly lines spatial gluons, and dotted lines with arrows are ghost propagators.
The diagrams are labeled Ly, ..., L5 from top-left to bottom-right. L7, ..., Lo are self-energy
insertions into one-loop diagrams, while L1, ..., Lg are new two-loop configurations.

diagrams for the two-loop self-energy are given in Fig. [£.1] The contribution from the square
of the one-loop self-energy is not displayed, it corresponds to two one-loop insertions into the
temporal gluon propagator. Together they also give a gauge invariant result:

I 0.) |, (0. k)?]

Cry?
Dl = 212 2\3
9%, mp 2T Joemp | (K2 +m2)° (k2 +m2)
CrN?a3T [89 7 11 ]

(4.39)

mp 48 + 12 12

The calculation itself is quite involved, so we will not go into further details here. We use
the method of integration by parts to reduce the three-loop integrals corresponding to each
diagram down to a handful of known master integrals. A list of all integrals and their results
in different gauges is given in appendix

4.3.3 Contribution from the Scale m),

Finally, we have to consider the contribution from the scale mj;. The temporal gluon mo-
mentum k cannot be of order m,;, because then the propagator would have to be expanded
in 1/m?%, and the k integration would be scaleless. But the loop momenta in the self-energy
diagrams may be of order my; and such diagrams start to contribute at O (g°). However, by
the arguments from EQCD and MQCD in the previous section we expect the scale my,; to
enter the Polyakov loop only at O (¢7), so the O (g°) contributions have to vanish, which is
indeed the case.

There are two diagrams at this order (cf. Fig. ; both have one spatial gluon that carries
the momentum of order m,;. The first is the diagram, where the spatial gluon connects at two
three-gluon vertices, and the second is the tadpole diagram, where the spatial gluon connects
at a four-gluon vertex. From the three-gluon vertices there comes a factor (2k + ¢);(2k + q);,
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Figure 4.2: All O (¢°) diagrams that can give a contribution from the scale my;. The bubble
stands for the resummed propagator.

where £ is the momentum of order mp and ¢ is of order my,, but only 4k;k; needs to be kept,
because the rest is of higher order. According to the power counting, each power of ¢ in the
numerator adds a power of g to the result, while terms with odd powers of the momenta in the
numerator vanish. So the first higher order contributions (i.e. the terms quadratic in ¢) are of
O (g"). For the same reason, we only have to expand the propagator of the temporal gluon
with momentum k + q in the left diagram of Fig. to leading order in ¢. Then we have

5 _ Cig? / I (0. k)
1 g5va 2T k~mp (kQ + m2D>2
T2 / Dij(Oﬂ)/ A T g i)
g~mu keomp | (K2 +mp) (k* +mp)

_ CrNg* r2-95)

4T (1+ ¢
2 / DZZ(O7q) a 4—d - ( 2)
g (4m)zmp,

dT(3)r (5)

=0.  (4.40)

Also the O (g%) contributions from the scale mj; need to vanish. These are the two-loop
self-energy diagrams with one loop momentum of order mj,;. We have also checked their
cancellation explicitly; the details of this are given in appendix [B.3]

4.3.4 Result

Now we have all contributions to the Polyakov loop at O (g°):

2 1 2
Il — CROdst + CRaS |:N (_ +1n @) —ny 1H2:|

oT 2 9 T2
3CRoz2mD 2 % CRCFTLfOé?’T
CERTS TP SN 4+ Znp (1 —41n2) + 2 ( 1—) _ ZREFT s
1677 +3m( n2) + 20 (ve +In g o dmp
CrN2a3T [89 #2 11
— = s 4 a2l +0(4% . 4.41
mp s T2 e (9°) (4.41)

The second line contains the contribution from the scale 77" and the third line the contribution
from the scale mp.
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Figure 4.3: Connected three-gluon diagrams.

4.4 Higher Order Contributions

4.4.1 Casimir Scaling

It is known from lattice calculations that the logarithm of the Polyakov loop obeys Casimir
scaling, at least approximately [I30] 137, [138]. Casimir scaling is observed by any quantity,
in our case the free energy Fy of a static charge in representation R, if it is proportional to
the quadratic Casimir operator Cg of that representation. In other words, Fy/Cg should be
independent of the representation R.

A necessary condition for the breaking of Casimir scaling is the appearance of a term not
proportional to Cg. A term like that was identified for L — 1 in Ref. [126] at O (¢°). The term

1S
. 1 CRast 2

This term, however, does not break the Casimir scaling of the free energy Fy, since it is nothing
else than the second order term in the expansion of exp(—Fy/T"), when Fy, is taken at leading
order. In fact, this term does not appear in F. Note that the exponentiation formula given
in provides a way of calculating Fy directly. It is then clear that at the level of two-gluon
diagrams there is no breaking of Casimir scaling. Hence, we may ask, to which order of the
perturbative series can Casimir scaling be observed?

There are several equivalent prescriptions on how the color coefficients in the logarithm of
a closed Wilson line can be determined. It will not be necessary here to go into details on
how they are calculated exactly (see appendix and section ; it is sufficient to know
that for so-called connected diagrams, where every gluon is connected to every other gluon
through gluon, ghost, or light quark propagators, the standard color factor and the one in the
logarithm are the same.

At the three-gluon level we have several unconnected diagrams (cf. Fig. and a few
connected diagrams. By three-gluon diagrams we mean diagrams that correspond to three
sum-integrals. We exclude sum-integrals from self-energy or vertex-function insertions from
this definition, because if the corresponding tree-level diagram obeys Casimir scaling then also
any self-energy or vertex-function insertion does.

The unconnected three-gluon diagrams are all scaleless in Coulomb or static gauge unless
each gluon carries a momentum of order mp, which means that they start to contribute at
O (¢%). We will see below that Casimir scaling is already broken at a lower order, so we can
ignore the unconnected three-gluon diagrams in Coulomb gauge on the basis of this argument.
In other gauges these diagrams contribute at O (¢°), but, as we will show in appendix
their color coefficients obey Casimir scaling.

The connected three-gluon diagrams are shown in Fig. Their color factors are all given
by —CrN?/4, except for the second from left where it is 0. All of these depend linearly on
Cr, so at the three-gluon level Casimir scaling is still observed.
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In general, the color factor of any diagram without light quarks is given as the trace over
a product of color matrices in the respective representation divided by the dimension of the
representation, where every color index is contracted with that of another color matrix or a
structure constant from the interaction vertices. By repeated use of the commutation relation,
the Jacobi identity or the quadratic Casimir

[T}%, Tf{} — ifabCT}C%, fabefecd + fbcefead + fbd@feca — O7 (443)
TeTs: = Crl, facd fhed — Ngab (4.44)

one can express every such color factor as a combination of the following terms
N o |
CI(%) = fhaiiz pizais flnanllﬁTr [TEI Té .. T}%n] (4.45)

and Cr or N.
Cg) is trivially zero and Cg) and C’g') can be calculated independently of the representation:

C? = —CyN, O = —7CrN?. (4.46)

But starting from CI(;?) there is no longer a simple unique formula like Eq. valid for all
representations. For the fundamental and the adjoint representation one can replace every
structure constant by color matrices and then use the Fierz identity to calculate the Cﬁz")
explicitly:

[ ==2iTr [T} [T}, TE]] (4.47)
(T5)y; (Ti)y = % (5il5kj - %5@%) : (4.48)

In this way we obtain
oW %CFW (3N — 4C) | cw = %N?’ (13N — 24C}) | (4.49)

or alternatively

) Cp N?+2 150

c® NN +12° (4.50)
If we can find a diagram whose color coefficient is given by C’g), then we have found a Casimir
scaling breaking term. Such a diagram can appear only at O (¢®) or higher, because in the
Feynman rules of QCD every color matrix and structure constant comes with a factor of
g. Figure shows some similar diagrams where the dependence on C’gl) is immediately
apparent. The diagram on the left has the color coefficient C'](f) exactly and the other two have
Cg) +CrN3/8, because in both cases two color matrices have to be commuted to get the form
of Cg) and the commutator gives iC’g’)N /2.

If we add up the contributions proportional to C’g) from all three diagrams, then the
contour integrations simplify a lot and we get Kronecker deltas for the Matsubara frequencies
of each of the four gluon propagators attached to the Polyakov loop contour times a coefficient
of 1/8T. One of these four Kronecker deltas is redundant and the Matsubara frequency in the
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Figure 4.4: Diagrams at O (¢®) with a color coefficient C’}(;l).

internal loop (the square in the left diagram, or the twisted square in the other two diagrams)
remains different from zero. So the momentum integrals are not scaleless, because the scale
7'T" remains in the calculation, and we have a possible genuinely nonvanishing contribution at
O (¢®) that breaks Casimir scaling.

There are other diagrams similar to these three, which can be obtained from Fig. by
contracting one or two propagators in the internal loop to a four-gluon vertex. Their color
coefficients also involve C’g), so they will give other terms of O (¢®) that break Casimir scaling.
In principle, light quark loops can also give rise to color factors that break Casimir scaling.
If such a light quark loop has two or three external gluon legs, then it can be included as a
contribution to the self-energy or the vertex function and it will not affect Casimir scaling.
With four or more external legs the color factor is no longer proportional to the quadratic
Casimir, which can be checked in a similar calculation to the one above replacing the internal
gluons in Fig. [£.4 with light quark propagators, but such diagrams also start to contribute at
O (¢%).

One could in principle imagine that all those terms cancel and only Casimir scaled terms
remain, but that would imply some underlying mechanism that enforces Casimir scaling to
all orders of perturbation theory. Such a mechanism, if it exists, has not been discovered so
far. The approximate Casimir scaling observed in lattice calculations may be explained by the
strong suppression of the O (¢®) contributions that possibly violate Casimir scaling.

4.4.2 Qutline of the O (gﬁ) Calculation

We will outline here the necessary steps for the calculation of the O (¢°) contributions, the last
order accessible by perturbation theory. The amount of work one has to do is greatly reduced by
choosing the appropriate gauge. As explained above, all the unconnected three-gluon diagrams
(see Fig. are scaleless at leading order and start to contribute only at O (¢°) in Coulomb
or static gauge. In Feynman gauge, however, the six diagrams of Fig. whose modified color
coefficients in the logarithm of the Polyakov loop do not vanish all contribute at O (g°), so
this is not the most efficient gauge to perform this calculation.

There are also unconnected three-gluon diagrams consisting of only two unconnected pieces,
a single gluon and a piece of three propagators connected by a three-gluon vertex. These are
not displayed in Fig. because in gauges that are diagonal in temporal and spatial indices
they vanish on account of the three-gluon vertex with three temporal indices, just like the
corresponding two gluon diagram, but in nondiagonal gauges they also have to be considered.

The connected diagrams of Fig. can only contribute at O (¢°) when all momenta are
of the scale 7T'; the scale mp contributions are of higher order. However, in Coulomb or
static gauge all of them vanish. The first three diagrams are essentially the same gluonic
configuration, but with different path ordering prescriptions along the Polyakov loop contour,
so we will only discuss the leftmost diagram; the others are analogous (apart from the second
having a vanishing color coefficient). In static gauge all Matsubara frequencies have to be zero
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because of the temporal propagators, so the integrals are scaleless and vanish. In Coulomb
gauge the Matsubara frequencies are not necessarily all zero, but the integrand vanishes by
itself: Call k the momentum flowing from the first to the last point on the Polyakov loop
contour, p the momentum flowing from the first to the second point, and g the momentum
flowing from the third to the fourth point. The results of the p and g integrations can only
be proportional to k because of rotational symmetry, where each vector comes from the three-
gluon vertices. But these vectors k are then contracted with the transverse projector from the
spatial propagator, which gives zero. The rightmost diagram in Fig. vanishes because of
the four-gluon vertex in all gauges where the gluon propagator is diagonal in temporal and
spatial indices.

The two-gluon diagram Ds has already been discussed above; only the first term in Eq.
contributes in Coulomb or static gauge at O (¢°). It gives a contribution of —CrNaZm? /48T
when both momenta are of the scale mp. When one or both momenta are of the scale 7T,
then the first nonvanishing contribution is of O (g7) or O (¢®), respectively.

The O (¢°) contribution from diagram D; contains several different elements: the three-
loop self-energy with all momenta of order mp, products of one-loop and two-loop self-energies
[essentially the last line of Eq. times TI%) (k) / (k% + m3)] or the one-loop self-energy cubed
from the expansion of the resummed propagator, the two-loop self-energy at the scale mp with
one loop momentum of order n7" and the other of order mp, and the two-loop or square of
one-loop self-energy with all momenta of order 7T

Fortunately, most of these contributions can be inferred in the EFT approach from an
already existing EQCD calculation. As explained previously [see Eq. ], the correlator of
two A fields in EQCD can be obtained from the pressure or vacuum energy density, which
has been calculated at the four-loop level in [149]. From this we get

1 ~ C’RmE CRNQ% 1 1 7T,LL2
—Tr(AZ) =~ — - In £
dg r(4o), 4r (4m)% | 2€ o moetn m
20pN? g3, (89 11 w2
JE (27 o4 T
T e\ T2
OR<N2+1)AE CRXE 4N2_6_N2_1
2(4mr)? 4(47)? N
CrN3gS (43 49177 .
—— | — — : 4.51
T amme \1 s ) 7O (s°) (4:51)

If we now insert the explicit expression for Az and Ag in terms of g and the one-loop corrections
to gg, mg, and Z,, then we have almost the full O (¢%) contribution to the logarithm of the
Polyakov loop. The only thing that is missing is the contribution from Dy given above and
the two-loop and square of one-loop self-energy contributions with all momenta of order 7«7
in Coulomb or static gauge.

The one-loop correction to the EQCD coupling constant is given by [3§]

1 8

. 1 M?
2 — 2714+ B 2N =22 Z 1 . 4.52
9 =9 +47T 3 3nfn + B 6+7E+ 1r147TT2 (4.52)

Because of the 1/e pole in the g% term in Eq. (4.51) we also need the O(¢) terms of both
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g% [146] and Z,:

Q€ 1 w2 > )
= 1 — =2y — 4
o~ dn [B (2 (7E+ N T2) t e dn

11 2 2 2
+ < 3 N + 3nf(1 —41n2)> (’yE—I—ln F ) + 3N— gnf(ln2) ] . (4.54)

A7T? 3

Here v, is the coefficient of the linear term in the expansion of (1 —x) for small z. Combining
all these terms and inserting the renormalized coupling, we then have

2
BoN ( (’YE-i-ln ) +Z —2”)/E 4’)/1>
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N | 2N (1-8In2) |

+ ( +nf SD)(E+D4T2>
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CROé
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) ) + 4CF7Lf
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47T 2e mi
CrNaiT? 43 49172 1 CrNa?m?
I st (N2 2 Z _Zat s D
m? 8 " is36 ) T2t IRT?

CRg2 / 1
2T k~nT kﬁ

. /1 ’
(4.55)

The first 1/e pole, a UV divergence from the scale mp, has to cancel against a corresponding
IR divergence in the scale 77" integrals. The 1/e pole in the last line comes from the charge
renormalization in the MS scheme of the O (¢g*) contribution from the scale 7T, i.e. the first
term in Eq. , and it cancels the UV divergence in the one-loop vacuum part of the self-
energy.

There are also O (¢°) contributions from two-loop diagrams with two momenta of order
mp and one momentum of order my;. From the MQCD analysis of the Polyakov loop we know
that the scale my; can only appear first at O (g"), so these contributions ultimately have to
cancel. We have checked this cancellation explicitly in appendix [B.3
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Figure 4.5: The free energy of a static quark Fg for the SU(3) gauge theory in weak coupling
expansion at LO, NLO and NNLO. The bands are obtained by varying the renormalization
scale p between 77" and 677". Also shown are the lattice data for Fiy obtained on lattices with
temporal extent N, =4 and 8 [137].

4.5 Convergence of the Perturbative Series and Com-
parison with the Lattice Results

In this section, we discuss the convergence of the perturbative series for the Polyakov loop,
or equivalently the free energy of a static quark, and compare the weak coupling results with
lattice QCD results. For a reliable comparison of the lattice and the weak coupling results we
need to consider a temperature range that extends to sufficiently high temperatures. We will
start with a comparison to pure SU(3) lattice data (i.e. ny = 0), which have been calculated
in [I37] up to temperatures of 24T, with T, being the deconfinement transition temperature.
Later we will also comment on the results of a more recent full QCD calculation with ny = 3
published in [TI50].

In Fig. [4.5 we show the perturbative results for the free energy of a static quark at various
orders in perturbation theory for pure SU(3) gauge theory (n; = 0). We use one-loop running
for 5. To determine the renormalization scale for different values of T'/T,. we used the relation
roT. = 0.7498(50) [151], where 7 is the Sommer scale [152]. The value of Ay was determined
in Ref. [96]: roAzg = 0.6371) 035, With this we get T,./Azg = 1.177. One can see that the scale
dependence of the leading order (LO) results is quite large and becomes even larger at NLO.
The scale dependence of Fy is first reduced at NNLO and is, in fact, quite small, making a
meaningful comparison with the lattice results possible. In Fig. [£.5] we also show the lattice
results for the static quark free energy for ny = 0 from Ref. [I37]. The lattice results appear to
agree with the LO and NLO results, given their large scale uncertainty, but are slightly larger
than the NNLO results at small 7.

We should keep in mind, however, that the comparison of the lattice and the perturbative
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Figure 4.6: The entropy of a static quark Sg for ny = 0 (left) and ny = 3 (right, picture taken
from [I50]) in weak coupling expansion at LO, NLO and NNLO. The bands are obtained by
varying the renormalization scale p between 77T and 67T (left) or 47T (right). Also shown
are the lattice results for Sgp; cf. the description in the text.

results for Iy is not as straightforward as Fig. may suggest. This fact seems to be generally
overlooked in the literature. The perturbative calculations are performed in the MS scheme,
while on the lattice the calculation is performed in a scheme in which the static quark-antiquark
energy at zero temperature is normalized such that it is equal to the string potential V' (r) =
—m/(12r) + or at large distances, with ¢ being the string tension. To match the two schemes
one has to normalize the static energy at zero temperature in the perturbative calculation at
each order to the lattice potential at short distances. This then corresponds to a constant shift
Cinige in physical units of the perturbative static energy, which is different at different orders
of perturbation theory.

This matching has been carried out for both ny = 0 [96] and n; = 3 [97]. The shift of the
static energy implies that one has to add Cgpiti/2 to the perturbative result for Fi; before the
comparison with the lattice results can be made. However, Cy;¢ is sensitive to the perturbative
order, to the resummation of the logarithms associated with the running coupling constant,
as well as to the ultrasoft scale (see e.g. discussions in Ref. [98]). Thus, the uncertainty in
the determination of Cg,e will be the dominant systematic uncertainty in the comparison of
the weak coupling and lattice calculations for Fyy. For this reason we did not add Cgg in the
comparison of the lattice and the perturbative result for F in Fig. .

We can avoid this problem by calculating the entropy of the static quark defined as

OFo(T)

In this quantity the normalization constant Cg drops out. In perturbation theory it is
straightforward to calculate the entropy of a static quark by taking the temperature derivative
of Eq. times T'. In order to calculate the entropy of a static quark on the lattice, we use
the lattice data on the renormalized Polyakov loop obtained on N, = 4 lattices in Ref. [137].
We interpolate these data using different smoothing splines and calculate the derivatives of the
splines using the R package [153]. The statistical errors of the interpolation and the derivative
were calculated using the bootstrap method. Furthermore, we considered different spline
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Figure 4.7: EQCD type and mixed contributions to Fg at O (¢°) (upper panel) and O (¢°)
(lower panel) for ny = 0. The bands correspond to the variation of the renormalization scale
from 7T to 67T. The thick black line corresponds to the higher order EQCD type contributions
from lattice EQCD estimated in Ref. [148] for the renormalization scale p = 47T} cf. the
description in the text.

interpolations, varying the number of knots and the value of the smoothing parameter. We
enlarged the statistical error to take into account the difference between the different splines, if
those were outside the statistical error. In this way we obtained the total error for the entropy
in lattice QCD.

In Fig. we compare the entropy of a static quark estimated in lattice QCD and in the
weak coupling calculations. As in the case of the static quark free energy, the scale dependence
of the LO and NLO results is quite large. Within this large scale uncertainty the perturbative
calculations and the lattice data agree. The scale dependence of the NNLO result is much
smaller. The NNLO result, however, lies below the lattice data. The same also applies for
the ny = 3 lattice data from [150] also shown in Fig. [4.6] (taken directly from that reference).
The analytic plots in that picture were created using the result of this work, and one-loop
running ag with Agep = 315 MeV. The agreement for larger temperatures is somewhat better
for ny = 3, though still not perfect. This implies that higher order corrections in the weak
coupling expansion may still be important. In view of this, below we discuss some higher order
terms in the weak coupling expansion of the static quark free energy and have a closer look on
the convergence of the perturbative series.

As discussed above, in the weak coupling expansion we have three types of contributions,
purely nonstatic, i.e. arising from the scale nT', purely static contributions corresponding to
the scales mp and my;, which can be calculated within EQCD, and mixed contributions,
where some loop momenta are of order mp or mj; and others are of order 71. Here we
will discuss the latter two types of contributions, referring to them as EQCD type and mixed
type contributions, respectively. Together they have been called the static contribution in the
previous sections, but here we want to distinguish between them.
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The EQCD type contributions arise from the weak coupling expansion of Tr<121/8> with the
expansion parameter Ngz/(4mmpg) [c.f. Eq. (4.51))], using only the leading order results for
the matching parameters Z, gg, and mg and neglecting quartic or higher order interactions.
Beyond four-loop order the condensate Tr<A%> contains a nonperturbative contribution of
order ¢%/m%, which was calculated using lattice simulations of EQCD [148]. Furthermore,
in Ref. [148] a simple parametrization of those higher order contributions to the condensate
beyond four-loop order was given.

In Fig. we show the EQCD type contributions at O (¢°) and O (¢°) as well as the sum
of all higher order contributions calculated in lattice EQCD, which we plot using Eq. (4.1) of
Ref. [148]. The bands shown in the figure correspond to the variation of the renormalization
scale p from 77T to 67T. The magnitude of the different contributions is decreasing with
increasing order, the O (¢%) contribution is smaller than the O (¢°) contribution, and the sum
of all the higher order contributions to ¢*/(2Tdg) X Tr<g§> [starting from O (g")], which
includes the nonperturbative contributions, is about the same size as the O (¢°) contribution.
Thus, we conclude that the weak coupling expansion for the purely static contribution is
converging reasonably well and there are no large nonperturbative corrections to the Polyakov
loop from the static chromomagnetic sector. Furthermore, as shown in Fig. 4.7 the sum of
the higher order corrections to the static quark free energy is positive and thus would shift the
perturbative result away from the lattice data.

Now let us discuss the mixed contributions, which come from higher order corrections to
the matching parameters and higher interaction terms in EQCD. In Fig. We show the O (g°)
and O (¢°) mixed contributions. The latter is evaluated by using Eq. and omitting the
last two lines as well as the 1/¢ pole. In contrast to the EQCD type contributions, the mixed
contributions can be positive or negative depending on the choice of the renormalization scale.
At O (g°) the mixed contribution is smaller than the EQCD type contribution, while at O (¢%)
the mixed contribution is of the same size or larger (depending on the renormalization scale).
Furthermore, the two mixed contributions are about the same size, which means that the full
O (¢%) contribution might be large. Clearly, for rigorous statements about the convergence of
the weak coupling expansion and comparison with lattice QCD results a complete calculation
of the O (¢%) contribution will be necessary.

4.6 Free Energies for a Static Quark-Antiquark System

In analogy to the relation between the free energy of a static quark and the Polyakov loop,
the free energy of a static quark-antiquark pair is correspondingly given by the Polyakov loop
correlator [122]:

Foa(r)

exp [_ e }:%m[m)m L)) . (4.57)

The dagger on the second Polyakov loop, which corresponds to the antiquark contribution,
turns the fundamental into the antifundamental representation. This quantity depends only
on the relative distance r. Just like for the single Polyakov loop, the free energy is defined with
respect to the medium, i.e. Fiyg is the difference between the free energy of the medium in
the presence of a static quark-antiquark pair and the free energy of the medium without static
quarks. This time we will restrict ourselves to quarks in the fundamental representation.

In the weak coupling regime (i.e. for large temperatures) this quantity can be calculated
in perturbation theory. For the Polyakov loop we have found an exponentiation formula in
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Sec. [4.2] which makes it possible to express the free energy directly through a set of Feynman
diagrams. For the correlator we will also obtain a similar expression here (cf. also appendixm
for an alternative though less useful exponentiation).

The method we use is the replica trick for Wilson lines [144] [145], which we will outline
here. First, consider the Polyakov loop correlator as an amplitude with uncontracted indices:

Foal0)] D0 (1 L0 = 220 M, (4.58)

exp [—

where i and k are the color indices of the Polyakov loop operator at imaginary time 7 = 1/T,
while j and [ are at 7 = 0. Then define a multiplication of amplitudes A and B as A;jr ki Bjj, 11
(note that herein lies the difference to appendix , where the indices k and [ are exchanged).
Exponentiation is to be understood as a power series with respect to this multiplication. In
order to find the exponentiated expression of the thermal average of the amplitude (M), we
have to determine an amplitude that can be interpreted as the logarithm of (M).

Now consider the nth power of this amplitude and expand in n:

<M>Z} Kl — exp[n 111<M>]ij, kl = 5z'j5kl + Tlhl(./\/l>ij7 K+ @) (Tl2) , (459)

so in order to find the logarithm of (M), we have to calculate the linear term in an expansion
of (M)™ in n. There is an alternative way of doing this. We can define a theory that contains
n exact copies or replicas of the QCD fields, which interact like in QCD for each replica, but
there is no interaction between different replica fields. In this theory, we can write the nth
power of the thermal average of the amplitude as the thermal average of n replicas of the
amplitude:

J'3, U1

<M>Z] kl — <M( k‘k"M ;1511 k’k’" tre M(}) > 5 (460)

where the upper indices label the different replicas.

The Feynman diagrams in this replica theory are almost the same as in QCD, except that
now there is replica path ordering: all color matrices associated to gluons of a higher replica
index p are to be placed to the left of those associated to a lower index, regardless of where
the gluons are attached to the Polyakov loop contours. Again, this is to be understood in
the context of splitting the Feynman diagrams D into a color and a kinematic part, where
the color part C contains all color matrices, structure constants, or symmetry factors, and the
kinematic part K contains all propagators, contour integrations and other coefficients:

DY}, = CYL(D)K(D), (4.61)

where {p} denotes the set of all replica indices, while the absence of such an index denotes the
corresponding expression in QCD without replicas. Replica path ordering affects only the color
coefficients, the kinematic parts are just like in QCD, so the sum over different replica indices
and the expansion in n can be performed exclusively in the color part. Consequently, the
amplitude (M) and its logarithm can be written as a sum over the same Feynman diagrams,
but the color parts for each diagram have to be modified in the following way:

: (4.62)
ij, kl

M)ij o = ZCZ%’“’ (D) = exp [ln</\/l>}ij7 L = XD [Z 5(1) K(D
D
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where B
ZCZ{JP}];,l( ) = 6ij5kl + nCij, kl(D) + @ (TLZ) . (463)
{r}
We will present an explicit example of such a determination of the coefficients of the logarithm
shortly.
First, we will show how the exponential can be evaluated, after the coefficient has been
determined. In principle, it is nothing but the matrix exponential of an N? x N? matrix,
however, in this case it will turn out to be much simpler. We can use the Fierz identity

1
0ij0r = 7 0udyy + 2T 15 = (Ps)ir(Ps); + (Pa)f(Pa)} (4.64)

where the first part can be understood as a projector on the color singlet space with (Pg);, =
Sir/V'N and the second part as a projector on the color adjoint space with (P4)% = v/2T%.
As projectors they satisfy

(Pr)i (Pr)ix = Orr 6™, (4.65)

where the representation indices R and R’ can stand for either singlet S or adjoint A, and the
color indices a and b are absent for the singlet or run from 1 to N? —1 for the adjoint projector.
With these projectors we can split any amplitude A like

Aij, kl — (PR)zk(PR) /k'-Aw/ k/l/(PR’) /l/(PR’)]z = (PR) k'ARR’<PR’)]l ) (4-66)
and because of the orthogonality of the projectors the exponential of A can be expressed as
expl Al = exp[PpARp Prlij i = (Pr)j explAlRw (Pr)ji (4.67)

In principle, what we did up until now is nothing but a basis transformation for the amplitudes;
the matrix exponential with the new indices R, R and a, b still has N? x N? elements. But
through the specific nature of the Feynman diagrams the exponential in this basis will be
greatly simplified. N

All color coefficients C can be expressed as linear combinations of products of color matrices
with all color indices contracted. We can use the Fierz identity to show that any
two fundamental color matrices with their color indices contracted can be expressed entirely
through Kronecker deltas, so we can write any color coefficient as:

Cij.ht = 10530k + Cadinj1 (4.68)

With this and the other properties of the fundamental color matrices, i.e. tracelessness and
orthogonality, it is straightforward to see that the projected color coefficients satisfy

Cit = (Pr) Cijo1a(Prr)%y = Cropmd™ . (4.69)

This means that In(M) is diagonal in this projection and exponentiation is trivial:

oo | _ 0ijdm 5kz
o | 2] = Mt e | S cioD)|

D RR’
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1 (P [; Ca(DIK(D)] (4]
+ (Pa)lexp [; Co()|(Pa)y )

- %exp |:; 5S(D)IC(D)} " %exp {; C~A('D)IC(D):|
] { Fs] . Nj\; Lo {_%] .

In this way we have split the free energy of a static quark-antiquark pair into a singlet and
an adjoint free energy, which can be defined directly as

(4.70)

exp {—%] = %<Tr [L(r)L'(0)]) , (4.71)
exp {—%] = N22_ . (Tr [L(r)T*L1(0)T°]) . (4.72)

This procedure can easily be generalized to similar correlators of Polyakov loops in different
representations or with more than two loops. For example, in a diquark Polyakov loop corre-
lator (i.e. a correlator of two Polyakov loops without complex conjugation) one has antitriplet
and sextet projectors (or rather N(N =+ 1)/2-plet projectors for general V) that together form
unity instead of Eq. , and the projected color coefficients are still diagonal as in Eq. @ ,
which gives an analogous deﬁmtlon of antitriplet and sextet free energies (cf. appendix @

Or in the case of a baryonic Polyakov loop correlator (consisting of three Polyakov loops
with N = 3), one has one singlet, two octet, and one decuplet projector, but the projected
color coefficients are no longer fully diagonal: the two octet representations can mix, reflecting
the ambiguity in which color indices to (anti)symmetrize, so Eq. has to be modified as

CRR/ CRR’(Sd d(Rl 5&1) 5 (473)

where d(R) is the dimension of the respective representation. In fact, this version of Eq.
also applies to the diquark or quark-antiquark Polyakov loop correlators, so it may be true for
any combination of representations and loops, although we will not attempt a general proof
here. In any case, this projection of the amplitudes in the baryonic Polyakov loop correlator
then defines a singlet and a decuplet free energy through simple exponentials and two octet
free energies through the trace of the exponential of a 2 x 2 matrix:

Fol 1 £l 8 1 (Fy Fuy 10 Fio
SR a2 4 Sy - exp | =220 (474
exp { ] exp { ] + T {exp T (stg FS’S’) }+ T exp [ T } (4.74)

T
There are, however, two major problems related to the definition of singlet, adjoint, or
other free energies such as these. First, the definition is gauge dependent, and second, each
of these free energies contains UV divergences, which cancel only in the full expression for the
Polyakov loop correlator.
Let us first discuss the divergences (and return to the quark-antiquark case). There are
two types of divergences, the first is a linear divergence proportional to the length of a Wilson
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line, so in this case 1/7, and can be understood as a mass correction to the (infinite) mass of
the static quark. They factorize, which means that they affect singlet and adjoint free energies
in the same way, and can be removed by multiplication with exp[—2Ar/T], where Ap is a
divergent constant and the index F' refers to the fundamental representation. In dimensional
regularization such divergences are absent.

The second kind of divergence is logarithmic and comes from gluons clustering around the
endpoints of a Polyakov loop [154H156]. All gluons contributing to this divergence have to be
contained in an infinitesimal area around the endpoints, which means that the divergence does
not depend on any characteristics of the Wilson line like length or curvature, except for when
two or more endpoints coincide (i.e. at cusps or intersections), in which case the divergence
also depends on the angles at this point. There may also be more than one divergent cluster, in
which case the ones closer to the singular point constitute a subdivergence with respect to the
other ones. Such divergent clusters can be added to any Feynman diagramff and will factorize
from the sum over all diagrams (cf. figure 16 in [I50]), so the divergence of the correlator is
proportional to the correlator itself.

Keeping in mind that the divergences at the endpoints of the two Polyakov loops are
unrelated, we can write for the divergent part of the amplitude:

DiV<M>ij, kl — Aii/,jj’ <M>i/j’,kl + <M>ij, k’l’All’,kk’ - Aii’,jj’ <M>i’j/,k/l/All’,kk’ ) (475)

where we have used the fact that both Polyakov loops have exactly the same configuration at
their endpointsﬁ, so accordingly the divergences A have to be identical. The last term is there
to remove a double counting of terms with divergences at both Polyakov loops.

Then we define the renormalized correlator through the subtraction of the divergent part:

(M) = (Mg — DivIM) g = (5855 — D7) (Mt o (SwSrae — Auw i)
= Zi i (M)irjr v Zu i - (4.76)

We can invert this relation and insert Eq. (4.75) iteratively to further illustrate the divergence
structure:

(M) = (M)F) + DiviM) = <M><R> + A(M) + (M)A — AIM)A
= (M)W £ AM)T 4 (M)
+ A2 (M) + A(M)A + <M>A2 A2(M)A — A
= (M)B L AMYBE) 1 (MYBA £ A2 MYB - AMYBIA + (M)BIA?
+ A M) + A2 (M)A + AMIA? + (MYA® — AP (MIA — A2 (M)A? — AM)A?

- .= (i Am) <M>(R) (i Aﬂ) _ (4.77)

So with Eq. (4.75) the divergences and subdivergences for each loop really do form a geometric
series (which was implicit in the previous discussion), wherein A corresponds to irreducible
gluon clusters, and the renormalization tensors Z are the inverse of that series.

4If that diagram is already divergent, then adding such a cluster generates a subdivergence.
5 A Wilson line with final endpoint k and initial endpoint { in the antifundamental representation is equivalent
to a Wilson line with final endpoint / and initial endpoint k in the fundamental representation.
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Again, we can use Eq. (4.64]) to argue that
Zii’,jj' = Zléii’éjj’ —f— 225ij6i’j’ . (478)

Of course, we can multiply the renormalization tensors Z;; ;i by some finite tensor, which
corresponds to a different renormalization scheme. The scheme also depends on which finite
terms are included in A. If we take the traces over the Polyakov loops, then the contour is
smooth at this point, which means that there are no logarithmic divergences [154] [155]. So we
can partially fix the renormalization scheme by requiring that the renormalized Polyakov loop
correlator be identical to the unrenormalized one with respect to the logarithmic divergences,
SO 5@' Zii’,jj’ = 5@"]”; from which it follows that

If we now use the same projectors for the renormalized singlet and adjoint free energies as for
the unrenormalized, then we have:

(R)
F * *
exp [——; = (Ps)i (MO (Ps)it = (Ps)iuZiv, iy M gr v Zu v (Ps) j

* FS *
= (PS)ikZii’,jj’ ((P5>i’k’ exp [—?1 (PS)j’l’

F
+ (PA)?/k’ exp [——A] (PA)?/?/) le’,klc’(PS)jl

T
FS] o= { FA]

14+ (N?—=1)22
LEDL RN by

N2

T

T

Fs Fa

-z [-2] e[ 51] am

1 a* R a 1 a* a
=~z 7 (Pa)ii (M) (P = Nz 7 Pk Ziv, gy (Mg wv Zuw i (Pa )

F®

exp

1 Fg

— _N2 — 1<PA)"LI]€* i, 55 ((Ps)i’k’ exp |:—?:| (PS);/ZI

F
+ (PA)?/]C/ exp |:—?A:| (PA)?;;/) le’,k’k’(PA)?l

1z Fs| , N? - 144 F,
TN T N2 T

= Z,exp {—%} 4 (1= Za)exp [_%1 . (4.81)

So we see that the singlet and adjoint free energies mix under renormalization, which makes
their definition somewhat ambiguous.
Here we have introduced the renormalization constants

N2 -1
e (1—2%), (4.82)

Zg=(N?—1)Zy =

such that Zg, Z4 = O(as). These relations can also be inverted as

Fi B Jas2 _ (R)
exp [—?} = (1 — Zg) €xp —% + Zgexp —% ’ (4.83)
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+ (1 _ ZA) exp [—?] , (4.84)

with

7 N2_-122-1

Zs=(N*—1)Zs = =
5= R R A E R

(4.85)

We also see that we can construct a multiplicatively renormalizable quantity through

o [ ] < 2 2 (o [ 2] e[
=23 <eXp {—%} — exp {—%D : (4.86)

As it turns out, both singlet and adjoint free energy seem to be free of logarithmic di-
vergences in Coulomb gauge, at least up to the currently known perturbative orders. This is
why they are usually calculated only in this gaugdﬂ. The general renormalization properties
demonstrated here may give another motivation that considering these gauge dependent quan-
tities in Coulomb gauge may be meaningful: in general gauges the separation into singlet and
adjoint is somewhat arbitrary, since both free energies have to be mixed in order to obtain a
finite result. But if there are no divergences in Coulomb gauge, then Zg/4 = 0 and there is no
mixing between singlet and adjoint.

It is quite interesting to note that performing a gauge transformation leads to expressions
of exactly the same form. Under gauge transformations described by the local SU(N) matrix
U(x) the uncontracted Polyakov loop correlator transforms as:

(M)ij = Uiin (1)U (0)(M)irjo e US50 (7)Unr (0) (4.87)

where we have suppressed the imaginary time argument 7 = 0. The singlet and adjoint free
energies then transform as:

F
exp [ <] = (PRI U5 0N M U (1)U O) P

— (Ps)y U () U (0) ((Psm xp [—@] (Ps)in

T
+ (Paltw oo | <] (P25 ) U3 (1)U 0)(Pe)
_ %Tr U(r)UH(0)] T [U(O)U (r)] exp {—%}
+ %Tr [U(r)T*U"(0)] T [U(0)T*U'(7)] exp [—%]
= (1 — u(r)) exp {—%} +u(r) exp {—%} | (4.88)

6 Another reason is that in the small distance limit they reproduce the vacuum static potentials divided by
the temperature.

120



exp [~ 2] = (PAR V(1)U O M U (1)U O) P
— (P2 Ur) U3 0) ( (Pohnroxw | =2 | (Pl

+ (Pabe oo | =2 (P ) U3 (U O)(Pa)

T
_ ﬁﬂ [UHO)T*U(r)] T [U(7)TU(0)] exp [_%]
Ty [UTO)T*U (#)T°] Tx [UT(r)T*U(0)T"] exp [ };4]
S O O

Again, the transformed free energies, expressed through the old free energies, depend only on

one quantity:
2

(4.90)

ulr) =1 | T U0 0]

Also here we see that the separation of the Polyakov loop correlator into singlet and adjoint
free energies is not unique, as performing a gauge transformation mixes the two expressions.
Here the transformation constant may also depend on the distance between the two loops, in
contrast to the renormalization constant.

In this calculation we have assumed that the gauge transformation does not depend on
the gauge fields themselves. However, this does not include all possible transformations. In
order to go from Feynman to Coulomb gauge, for instance, there is not one local SU(/V) ma-
trix U that turns every gauge field that satisfies the Feynman gauge condition into one that
satisfies the Coulomb gauge condition. Different field configurations will need different trans-
formation matrices, so in order to go from one gauge to the other, we need a field dependent
transformation. This means that it is not possible to pull such matrices out of the thermal
average.

However, we may perform the above calculation just as well for the operators inside the
correlators for the singlet and adjoint free energies given in Eqs. and before taking
the thermal average. The corresponding expressions for the transformation behavior of those
operators are valid also for field dependent transformations. This will be relevant for the
matching to pNRQCD in section [4.8|

4.7 Calculation of the Normalized Polyakov Loop Cor-
relator

The great advantage of exponentiated formulas, such as were derived in the previous section,
is that they reduce the number of Feynman diagrams one has to calculate at a given order in
perturbation theory, since many of the color coefficients in the exponent are zero. We will show
this explicitly for the two-gluon diagrams. First, all diagrams where no gluons are exchanged
between the two loops have color coefficients that are proportional to the identity d;;0x;, so they
trivially factorize out of the exponentiation. They give a contribution that corresponds to the
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nHxrT

Figure 4.8: All unconnected diagrams. Some diagrams can be flipped to give four other
diagrams that are not explicitly displayed. The line with the right arrow is the Polyakov loop
for the quark, and the line with the left arrow corresponds to the antiquark.

individual contributions of each Polyakov loop, i.e. exp[—2Fg/T]. So it makes sense to divide
the Polyakov loop correlator by these two Polyakov loops, which corresponds to calculating
Fog —2Fg and can be interpreted as the interaction part of the correlator, because it contains
only those diagrams where gluons are exchanged between the loops.

For connected diagrams, i.e. diagrams where every gluon is connected to every other gluon
through vertices or propagators, the color coefficient in the exponent is the same as the standard
coefficient in QCD, so the first diagrams where the modification of the color coefficient obtained
from the replica trick becomes relevant are the two-gluon diagrams shown in Fig. For each
diagram we have to sum over every possible assignment of replica indices and perform the
corresponding replica path ordering:

%C{p} E@)-nnqc( )*”%@)

%}:C{p} E) n(n—1)C Eg)ﬂw(g)

%C{p} ﬁ) ”—1(,’( ) n—1)c(E>+nc<€)7

%C{p} §>=w6<§)+wc<ﬁ>+nc (E) (4.91)

where the first term counts the possibilities of having two gluons with different replica indices
and the second term counts the possibilities of them having the same replica index. For the
latter two diagrams the first term is split into the possibilities of one gluon having a higher
or a lower index than the other gluon, a distinction that is in fact unnecessary, because both
orderings have the same standard color coefficient.

We see that for the first diagram the terms linear in n cancel trivially, so this diagram does
not contribute to the logarithm of the Polyakov loop correlator. For the third diagram it is
straightforward to see that both standard color coefficients are equal, since the gluon attached
only to the top Polyakov loop contributes only with a unity matrix to the color coefficient,
because (T*T*);; = 6;;(N* — 1)/2N, so also here the linear order of n cancels. These two
diagrams are the first examples of a more general statement: whenever one can draw a line
crossing both Polyakov loops such that there are gluons on both sides of it but no gluon crosses
the line, then this diagram does not contribute to the logarithm of the correlator.
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This can be shown in the following way. Whenever it is possible to draw such a line, then
the color coefficient C can be written as a product of two coefficients A and B, one for the left
and one for the right part. The statement that each color coefficient can be written through
Kronecker deltas applies to both parts separately, so we can write

Cijori = Aijr ki Bjrj. i = (10505 + a20ix0511) (b19100 + badjrr0 1)
= a1010;;631 + (a1b2 + a2by + agba N )i 051 = (b16i5/ 0k + b20i0,01 ) (@160 + a201051)
= Bij’,k’l’Aj’j7 Ul (492)

which means that the two parts (and in fact any two color coefficients) commute. But then
the replica path ordering and counting of replica indices can be done for each part separately:

Sl = AL S 5

{r} {p1} {p2}

Since each part is at least of order n, the sum over every replica index combination for the
whole color coefficient will be at least of order n?.

Before calculating the projected color coefficients for the nonvanishing diagrams, we will
clarify some conventions related to the complex conjugation on the antiquark Polyakov loop.
There is a minus sign from the 7g factor in the exponent, which we will use to revert the
direction of the contour integration in the kinematic parts of the diagrams (indicated as an
arrow to the left in Fig. [.8), so for the calculation of the color coefficients we will only use
charge conjugated color matrices without this minus sign. Then we have

Cs (E =Cs| |

1 2
SN -1). (4.94)

z(saa* 1 ara
LT = [T =

2Tb *Tb 2 1

)-
@(E:Q E) TS = s [T T T = o (4.95)
Cs (g = Cs ) Cs ( ) = %[(T@Th)ijm*w*)k, — (TT") 5 (T T"")]
TT'T*T — T*T*T*T*] = E(Aﬂ——l), (4.96)
G, (g) _c, ( ) ( > ﬁi*_Tl [(TaTb) (T** %) — (TaTb)ij(Ta*Tb*)kl}
W—l Te[T*T*TT*T"T" — TWWTWWﬂ:i (4.97)
Cs (E) ~ ¢ (?) e (ﬁ) = ST T — (17T T
:%ﬁpWWWRJWWWﬂZ—QW—Q, (4.98)
(1) e (1) -er (1) - BThterrrsay - rv s
:NiﬂﬁﬁWWWTW%TWWWTWﬂZE (4.99)
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Continuing in the same way for the three-gluon diagrams, we get

Bt e S T (X T )52 (T e
- §+§+%+g+g+§+§+

(4.101)

where the dots include four-gluon diagrams and higher. Here we have neglected several other
diagrams that vanish trivially in gauges where the gluon propagator is diagonal with respect
to temporal and spatial components, such as Coulomb gauge, static gauge, or Feynman gauge.
At the present order, there are 22 diagrams that vanish because a three-gluon vertex with
three temporal indices gives zero, and 3 diagrams that vanish because a four-gluon vertex with
four temporal indices gives zero.

We can expand the resulting expression for the normalized Polyakov loop correlator:

T T
N (N? —1) (N?

2FQ—FQQ:| _ 1 |:2FQ—FS:|+N2_1
T

2F, — FA}

exp { exp [

N N;]; K <£> K (E * ﬁ g) +0 (ag) - (4.102)

Note that this expansion is only valid for ag(1/r) < T, since the leading term in each free
energy is the singlet or adjoint static potential, which are proportional to as(1/r)/rT. So if
rT is too small, then the denominator overtakes the ag-suppression from the numerator and
the whole expression becomes large. In this case the Polyakov loop correlator is essentially
given by the singlet free energy alone, since the contribution from the adjoint free energy is
exponentially suppressed and the singlet term is exponentially enhanced.
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The kinetic parts of the remaining diagrams will be determined through the method of
integration by regions. This means that the integration over each gluon momentum is split
into regions where the momentum scales the same as one of the relevant physical scales of the
system, as was also explained in section . In this case we have the inverse distance 1/r
between the two Polyakov loops, the temperature scale 771", and the Debye mass scale mp,
and we assume the hierarchy 1/r > 7T > mp. The magnetic mass scale m; is also present,
but does not enter the calculation at this order. In each region the integrand is expanded
according to this hierarchy. Depending on the scale of the gluon momentum, the propagator
can either be free or resummed.

The evaluation of the kinetic parts becomes particularly simple in Coulomb gauge, because
then all unconnected diagrams except for the one-gluon exchange vanish at this order. This
can be seen by calculating the free propagator for the temporal gluons in position space:

ikoT+ik-r F d _ 1
Doo(7,7) =¥6 o= (3 _) >a(r- %) . (4.103)

d—2
Amar -

For all practical purposes, only the §(7) term is relevant, since the argument of the propagator
will always lie inside (—1/7,1/T"), and the endpoints do not contribute to any integral. This
delta function requires the propagators to have the same imaginary time arguments at both
ends, so any two- or three-gluon diagram in Eq. with crossed propagators vanishes
when the free propagator is used, which happens for k ~ 1/r and k ~ «T. For k ~ mp one
has to use a resummed propagator, which depends on ky and this relation cannot be used. We
will discuss this case in more detail below.

We want to calculate the normalized Polyakov loop correlator in the short distance limit up
to order ¢”, which means that we have to calculate the one- and two-gluon exchange diagrams
up to order ¢° and the three-gluon exchange diagrams up to order ¢’. We will label the
kinetic parts of the one- and two-gluon diagrams by D;, Dx and Dr, such that the last line
of Eq. reads —(N? —1)/8N x D;(Dx + 2Dr) (the last two diagrams are identical for
symmetry reasons, so each of them gives D). We will start with the calculation of D;:

29 / / dTg¥ ZkO(Tl T2 -Hk:'rD (kg,k})— T/ zkrDOO(O k) (4‘104)
1/T

Splitting the integration into the different momentum regions, we have for k ~ 1/r:

2 zkr
g9 I1(0, k > «T)
Dy = T/k » < I TR + 0O (94)

2 zkr 2

g g 31 10 L
- N - 128, E

T/,M/T ( (47r)2{9 g "1 T 2ol

NeT (ﬁN ! )g 2L Lo ((T/k)6,94))

18 k2 225 45 k4
Qo 31 10
== (1 N — — 2 1
T’T( +47r{9 gnf+ Bo(ve + nl”)])
N 22 7
o | (G + g ) (7D RO (Tl | (a0
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Here we have used the (charge-renormalized) temporal gluon self-energy in Coulomb gauge,
expanded for momenta much larger than the temperature. The second line gives the result for
loop momenta of the same order as k, which corresponds to the vacuum part, while the third
line gives the contributions coming from loop momenta of order 77", which corresponds to the
matter part. Accordingly, the first part of the result gives the static potential in the vacuum
(without the color factor) and the second part gives thermal corrections as a series in r7T.

The next contribution comes from the region &k ~ nT, where we have to expand the
numerator exp|ik - r| for small r:

Dy /NTFT 1-1 k: r)? (1 - H(O,k;k;v ) | o ((kr)47g4>)

2
= o [N (—2—15 —1+vg+In %) +npIn2+ (§N+nf) g(3)(rT)2} +0(a?) .
(4.106)

The first term in the expansion of the numerator does not depend on r and is exactly the same
as —2 times the scale 71" contribution to a single Polyakov loop (without the color factor),
which can be found in [126]. The second order term in this expansion can be calculated by
the same methods. The integrals without the self-energy are all scaleless, and it can be shown
that the higher powers in r all vanish in the integral with the one-loop self-energy, so there are
o (rrT)* or higher thermal corrections at order o. There also exists a result for all orders
of raT in [125], which corresponds to Dy + D],KT, see appendix |B.7 -
The last contribution comes from the region k ~ mp, where again the numerator is ex-
panded, but now also the expansion of the denominator in terms of the self-energy is different:

b, :g_z/ 1-L(k-r)? 1_H(O,k~mD)—m%+(H(O,kme)—m%)Q_
mp T ko k2+m2D k2+m2D (k2+m2D)2
asmp o1 1 T’ (N? = 1)ng 2T
7 TN {25+2 ’VEJan%]JF AN mp
30mp fan 4 20 (1= 4n2) + 23 ( +1 )
- — —ns(l—4In n—
SrT 3! o\TE T T
N2a3T [89 #2 11 asms
— = —In2| - 20T +0(a?) . 4.107
mp {24+ 6 6 } ore T+ 0(e) (4.107)

Again, the terms coming from the zeroth order expansion of the numerator are equal to —2
times the scale mp contribution to a single Polyakov loop. The second order term in this
expansion is a standard integral in dimensional regularization. Higher terms in r also come
with higher powers of mp by dimensional analysis, so they are suppressed by additional powers
of g.

Combining the contributions from the different scales, we have:

s 31 10
D; = Sl (1 + — ppm [ N — —ny +2ﬁo(’yE—|—ln/ﬁ)]>

r’T 9 9
s 1 T°
_amD+a§ N{—-c+In— | +nsIn2
T 2 m2,
3a2mp 2
———— 3N+ -ns(1 —4In2) 4+ 2 ( 1 —)
8T [3 gnsll = 4ln2)+ 20 7E+H4T}
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N2a3T 21 N2 -1 5T

mp 6 6 4N mp
Na? 4 Smj
- 5%¢r+ﬁ(§N+nOg@mTf—ig?@ﬂ2
—a? 2N + L ¢ ) 7T + O ((reT)°, o) (4.108)
675 270 TS '

where the terms are ordered with increasing power of  and g. The scale of oy is u everywhere
(so as yet undetermined); however, the logs of p can be absorbed in an «y evaluated at a
different scale, which is identical to this expression up to terms of higher order:

as(1/7) a? [31 10
D; = | —N— — 2
1= Ter o T g
sArT AT 1 T?
_ as(mT)mp(dr >+a§ N{-z+In— ) +nsln2
T 2 m2,
3aZmp

2

N2a3T @—FW—Z—EI 5 (N2—1)nfa§T
4N mp

24 6 6

mp

Na 4 s asmd 9
5 “rrT + o (gN + nf> C3)(rT)* — e (rT)
- 2N + l (reT)* + O ((rrT)°, o) (4.109)
675 270 ) ‘

This transformation is to a certain extent arbitrary, since e.g. also the [yyg terms may be
included by an extra factor exp[—7g| in the scale of ag. We choose not to do this simply
because it is rather unconventional.

For the Polyakov loop correlator we need the square and cubic powers of this expression

up to O (g7):

2
2 a2(1/r)  as(1/r)a? [31 10
Dr = 7272 + 2mwr2T? EN B E”f +2B0E

 205(1/r)as(4nT)ymp(4nT) N alag(4rT)mp(47T) [31 10

N — —nf + 250’}/]5

712 27112 9 9
204(1/7)a? 1 T? (N2 — Dngag(1/r)ad
——= 2 IN|—=+In— In 2 =
- rT 2 o m3, gl 2N rmp
3as(1/r)aimp 2
— - N+ -ng(l—4In2)+2
i I I WS
2N%ag(1/r)a? 9 w2 1 _ 2nNas(1/r)a 2 Q2ArT)m% (4nT)
y s 1 2 & In2 +
rmp 6 9 T2
20504 4 T (47T) T?
asas(4rT)mp(dr [N(———i—ln—)—i—nflrﬂ}
mp
1/7")04st 2r Na2ay(4nT)mp(47T)
+ 2a5(1/r) ( N+ng)C(3 — 3 rT + oT rT
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~ 9rau(1/r)a? <2N+i f> (raT)?

675 270
2
 2afas(4rT)mp(47T) (EN N nf) (3T
T 3
202054 T)mp(47T) ([ 22 7 . Y 4

+ T (675N+ﬁ ) (raT)’ + O ((rrT)", o) (4.110)

a(1/r)  3a2(1/r)as(4nT)mp(4nT
pj = ) B TR 0 (o). )

We have explicitly kept the same scale dependence of oy as in Dj.

We will next discuss the third line of Eq. (£.102). This is a product of two diagrams. Since
the first is at least of O(ay), the others need to be calculated at O (¢°), so we do not have to
consider loop insertions. All these diagrams have crossed gluons, so in Coulomb gauge they all
vanish at tree level (see above). Tree level propagators are used when the gluon momentum is
of order r or «T’, for mp one uses the resummed propagator and diagrams with crossed gluons
no longer vanish. But since gluons with a momentum of order mp increase the order of the
diagram by ¢, only one gluon is allowed to have such a momentum, otherwise the diagram
would be O (a2).

In the two D7 diagrams, if the scale mp momentum is carried by the gluon connecting
the two Polyakov loops, then the other gluon gives a scaleless integral. If this gluon carries
a momentum of order nT" instead, then this integral is scaleless without loop insertions. So
the only contribution to Dr comes when the gluon connecting the Polyakov loops carries a
momentum of order 1/r and the other of order mp. Also in Dy one gluon momentum needs
to be of order 1/r and the other of order mp, but here there are two possible distributions of
these momenta.

We will now show that at leading order the sum of Dx and 2D vanishes. This can be seen
in the following way: for the gluon with the scale mp momentum the separation r between
the two Polyakov loops vanishes at leading order, and the time arguments of the other gluon
are identical because of the delta function in the Coulomb gauge propagator. So the scale mp
gluon in Dx has the same contour integration as in D7 (one endpoint to the left and one to the
right of the other gluon), but there is a relative minus because of the opposite orientation of
the two loops. In Dx there is also a factor 2 because of the different possibilities to distribute
the momenta. In the multipole expansion of Dx there are higher terms m?%r? etc, which are
not canceled by 2D7, but those are suppressed by higher powers in g and can be neglected.

We will now show this in the explicit calculation. We can use the Coulomb gauge propaga-
tor With d = 3 (there are no divergences at this point), and the d-dimensional integral
of (/~c2 + mD)_ gives —mp /4w for d — 3. Then we have

(ig)* //Tdﬁ //Td72/ dTg/ dry <T5 T T(S(T?_”))/Wim%
( Mhm/m#ﬁﬁﬂg;>(gw
/ 1(‘71(?71)‘%(%”1))(ﬂil))

3STT2 ’ (4.112)

0(9
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=% (4.113)

where we labeled the imaginary time coordinates in clockwise order starting from the antiquark
loop. So the combination Dx + 2D is O (¢7) and therefore the third line of Eq. does
not contribute to the Polyakov loop correlator until O (¢%).

A similar thing happens to the unconnected diagrams of the second line of Eq.
(i.e. all except for the last two). We need to calculate these diagrams at O (¢7). If all gluon
momenta are larger than mp then each of these diagrams vanishes in Coulomb gauge because
of the crossed propagators, but on the other hand only one gluon may carry a momentum
of order mp, because otherwise it would be O (al) or smaller. For the first two unconnected
diagrams and the last one it does not matter which gluon carries the scale mp momentum; any
choice leaves two other gluons of higher scale momenta that are crossed and therefore vanish
in Coulomb gauge. For each of the remaining four diagrams there is only one possibility to
choose the scale mp gluon such that the other gluons are not crossed. The scale 71" does not
appear, since the corresponding integrals are scaleless at tree level, and loop insertions are not
allowed at this order in g, so the remaining gluons each carry a momentum of order 1/r.

Again, the sum over all these unconnected diagrams, which we will collectively call D3,
vanishes at leading order. The argument is analogous to the previous case: the scale mp gluon
does not distinguish between the two Polyakov loops, it starts in front of and ends behind the
two parallel gluons connecting the two loops in each case, but for two of them the direction of
the integration is the opposite of the other two. We also give the explicit calculation (where
we use the fact, that a diagram turned upside down is identical to the original diagram for
symmetry reasons):

Dgg 2(ig) / dﬁ/ dTg/ dTg/ d7'4/ d7'5/ dTg
1/T /T
XT571—7'5) 7'2—7'4 /
(47r)? k2 +m3,
1T
+ 2(ig) / dﬁ/ dTg/ dTg/ d7'4/ d7'5/ dTe
1/T 1/T 1/T
XT5(T2_7—6)5 T3—T5 /
(47r)? k% +m?%
1/T Tm
— —29 / dTg/ dT4/ dT5/ d’/‘()( (dn 31;2)
T
_29 / dTl/ dTg/ dTg/ ( m3D2>
1T yr  Jyr s Am)3r

Of sMp a sMp
= — =0. 4.114
12r273  12r273 ( )
In this calculation, the first two lines give the sum of the third and fourth diagram in the
second line of Eq. (4.102), while the next two lines correspond to the fifth and sixth diagram.
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The remaining contributions to the Polyakov loop come from the last two diagrams in
the second line of Eq. . The sum of those, which we will call Dy, is much simpler to
calculate than the individual diagrams, because in this case the contour integrations can be
combined in such a way, that they yield the condition that all Matsubara frequencies in the
gluon propagators have to be zero. So Dy is given by ¢g*/2T times the spatial momentum
integrals for the gluon propagators and vertices, which we will call D7;.

This can be shown in the following way. We will label the gluon momenta in the two
diagrams in the same way, so that they are easier to combine. In the H-shaped diagram, the
momentum k flows from the antiquark loop to the quark loop along the temporal gluons on the
left side, the momentum p flows from the antiquark loop to the quark loop along the temporal
gluons on the right side, and the momentum ¢ flows through the spatial gluon connecting the
two temporal gluon legs from left to right, starting and ending on the quark loop. So if we
again use the same labels for the imaginary time coordinates as before, then 7; connects to a
propagator with momentum k, 7, to p, 73 to p + ¢, and 74 to k£ — ¢. In the case of the second
diagram, the lower two temporal gluon legs are crossed, so 7 and 75 change their roles.

In Coulomb gauge and with these momentum labels, we may drop the g-terms from the
three-gluon vertices, since those cancel in the product with the spatial propagator. The other
momenta appear with a factor 2 in the vertices:

Dl (Ko, po. qo) = 492/k// ™" Doo(K) Doo(K — Q) (ki Dij(Q)p;) Doo(P) Doo (P + Q)e™™ .

(4.115)
The result of the contour integrations is:
zg / dTl/ d’]‘z/ dTg/ dT4
/T 1T
(6 ikoT o =iPoT2 { =iPOTI o= zko‘m) i(p0+q0)7'3ei(kof‘IO)T‘*DlH(ko,po,QO)
ko,po,q0
=g (/ dT1/ dTg—l—/ dT1/ de)/ dTg/ dry
/T 1/T 1/T T1
ZkOTle PoT2 z(p0+q0)T3 Z(ko q0)7'4D/ (kOapOaQO)
ko,Po,QO
1/T Oky O, p k /
— / / Z —0 20 pilpotao0)s ko —a0)ms 1) (o po, qo)
k0,p0,90
oo
= 942 ‘5 Di(0,0, o)
2T2 CigeT o
gt
9 b 0.0.0 4.116
= 404(0.0.0). 1o

where in the second step we exchanged the integration variables 7 with 75 and rewrote the
boundaries of the integrations, i, means a Kronecker delta that selects the zero mode (so
Ok = Oon,, for kg = 2mT'ny), and the second term in the next-to-last line vanishes because it is
odd in gy while D', is even.

130



In the calculation of D7, again only the scale 1/r contributes at leading order, since the
scale 7T in any of the propagators leads to scaleless integrals. The result reads:

D, (0,0,0) = - (5-T) 4 oy 4117
H(?v)__W _Z‘F (9) (4. )
We have calculated this result explicitly (see appendix, however, it can also be obtained by
comparison to the O (a?) result for the Polyakov loop correlator from [126] (where static gauge
was used instead of Coulomb gauge); we will see when we collect the different contributions to
the final result for the Polyakov loop that with this value for D, the two calculations agree.

In order to study if there can be a contribution of O (¢*) from DY;, we will discuss the cases
when one, two, or three momenta are of scale mp. If only k or p are of scale mp while all other
momenta are still of order 1/r (in order to avoid scaleless integrals or higher powers of g), then
we get an O (g°) contribution, because there is always a power of k or p in the numerator and
another power is required from the expansions of the propagators or exponentials in order to
obtain an integrand that is even in the momenta, so the result is proportional to m3,. If only ¢
is of the scale mp then there is no contribution, because all propagators except for the spatial
have to be expanded in ¢, and mp does not appear in the spatial propagator, so that integral
is scaleless.

Also when k ~ g ~ mp and p ~ 1/r (or equivalently p ~ g ~ mp and k ~ 1/r) the scale
mp integrations of the leading order expansions of the propagators and exponentials are odd
under a simultaneous sign change of both momenta, so only the next order in the expansion
contributes, which leads to a result proportional to m?%, and therefore of O (g*).

This leaves only the case when all gluon momenta are of the scale mp and both exponentials
need to be expanded:

D7(0,0,0)

. (k-p)g*—(k-q)(p-q)+...
o / / / (k2 +m3) (k= q)* +m3) (@) ((p+ q)? + m3) (p* + T%» | )
4.118

The k and p integrations both have a vector k or p in the numerator, and the only other mo-
mentum in the denominator is q, so the results of both these integrals have to be proportional
to q for symmetry reasons. When these are then contracted with the transverse projector
from the spatial gluon propagator, then they also vanish. This means that only the first order
contributions from the expansions of both exponentials contribute, which is of O (¢°). So there
are no contributions to D’ at all at O (¢g*), and we have:

Dy=-2 (§ - W—Q) +0(af) . (4.119)

We now can put all the different contributions together to get the final perturbative result
for the Polyakov loop. We will first collect all terms up to O (o) and compare with the result
from [126]:
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+ 205(1 /1) (%N + nf) C(3)rT

This result agrees exactly with the one in [126], except that we have added a few more powers
of roT', and that we could also fix the scale of ag in some more terms through the relation to
the one-gluon exchange diagram.
The next order is then:
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4.8 Free Energies in pNRQCD

The Polyakov loop correlator can be written as the correlator of static color sources v and x
at a distance r from imaginary time 0 to 1/7":

exp [_FéaQ] — NZ(;G(O)Tr<(¢(1/T,T)XT(1/T, 0)) (x(0,0)%'(0,7))) (4.122)

Accordingly, the singlet and adjoint free energies are given by:

exp [_%} N; (Tx [$(1/T, )X (1/T, 0)] Tr [x(0,0)7(0,7)]) . (4.123)
exp {—%} = (W—Qmm [T%(1/T,7)x"(1/T,0)] Tt [T*x(0,0)41(0,7)]) . (4.124)

Since the sources are static, their dynamics involve only the (imaginary) time direction. So
one only has to add the following terms to the QCD Lagrangian:

Lyy = / d*z [' Doty + x"Dox] - (4.125)

This corresponds to the NRQCD Lagrangian at leading order in the 1/M expansion, which is
also called the static limit. In this theory, ¢ is the operator that annihilates the heavy (static)
quark, and x is the operator that creates the heavy (static) antiquark. The spin indices that
are present in NRQCD are to be neglected in this case.

Since we have assumed the hierarchy 1/r > 7T > mp, we may use another EFT where
the expansion for small r is systematically incorporated: pNRQCD. In this theory, the effective
degrees of freedom are quark-antiquark fields in color singlet or octet configurations: S and O®.
Up until this point we have always kept the number of colors N general, however, pNRQCD
is usually defined only for N = 3, hence the name octet for the adjoint field. But since the
generalization to arbitrary N is straightforward, we will keep N general while still calling the
adjoint field “octet” out of convention.

The Lagrangian density for static fields up to linear order in r is given by:

»CpNRQCD :/d T [ST(ao —I— V)S+ OTG (Dab —|— V5ab) Ob} + Fa Fa —|— qu M’)/Mql

gt
o /d37’ & (ST(T‘ . ,l'gEa)Oa + OTa<,r. . ’lgEa)S) VBdabcoTa(r ZgEb)O
V2N 2

(4.126)

where the singlet and octet fields S and O* depend on both the relative coordinate r and the
center-of-mass coordinate R, while gluons and light quarks depend only on R. The Wilson
coefficients at next-to leading order are given by

Vi) =~V = () = T e (BE IO g0,

Va(r) = Vg(r) = 1. (4.127)
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In this theory, one can also define singlet and octet (adjoint) free energies:

% = - ln% (S(1/T,R,7)S"(0, R, 7))
- _ N;; 10@51%” {1 Z—; (% — 10% +2507E)} + g (N? = 1) a2rT
N;; 1 (g . nf> C(3)a2r°T? + <N212—N1>a5 an,; 2T O (T08) . (1198)
% = - lnm (O“(1/T,R,7)0*"(0, R, T))
_ N21_ 1% B Nozs(47r7;);np(47rT) N N;g {N (_% —i—lnﬂj;—;) —|—nfln2}
- % {3N + %”f(l —4In2) + 26071;} + NZ;)‘ET [% + 7;—; - %m}
n (N? = )ns T L O (T a?) . (4120)

8 mp

We have taken these results from [126] and added the information from Sec. 4.3|about the O (g°)
Polyakov loop. The value of the center of mass coordinate is irrelevant because of translational
invariance, however, by comparison to the expressions for the NRQCD correlators we set it to
R = r/2. We can also express the Polyakov loop correlator with these free energies:

exp {_@} L {_JH + %exp {_JH +0 (') . (4.130)

If we compare them to the free energies defined with the exponentiation formula (in
Coulomb gauge):

Fs  N?-1 2F,

== gy Dt 0(), (4.131)
Ao D 2240, (4.132)
% = — (V" — 1)asi§l\7frg)mD(4WT) + (N24_N1)a§ [N (—% +In %) +nyln 21

_ 3(N;2_N173;3ml’ [3N + gnfu —4In2)+ QBWE]

. N(NQT;Dl)Oz?T {% ;r_z_ I nz} . (NzlgNg?nf (i’f +O(a?) . (4133)

we see that they almost agree, but there is a difference of a factor 2 in the linear term in 7.

In order to understand this difference, we must match the two correlators in both theories.
It is rather straightforward to see that they are not the same in principle; after all, Fs and Fs
depend on the choice of gauge while f, and f, do not. In addition, fs and f, give the Polyakov
loop correlator only at leading order in the small r expansion. But still we can quantify the
difference by a proper matching calculation. o

More specifically, we will match the operator ¢ (r)x(0). This transforms as N, x N,
under gauge transformations, which in principle also the matching pNRQCD operators have
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to satisfy. However, all pNRQCD operators transform locally at the center of mass in either
representation. We therefore have to introduce spatial Wilson lines ¢ in order to transport the
gauge dependence to the quark or antiquark positions from NRQCD:

o(x1,x2) = Pexp [ig/o ds(xy — x2) - A(sxy + (1 — s)x2) | (4.134)

where we suppressed the imaginary time argument.
But in pNRQCD all gauge fields need to be multipole expanded. So the Wilson lines going
from R to R+ r/2 have to be rewritten in an expanded form:

1
¢(Rj:r/2,R):1ﬁ:1/ dsr-igA(R +£ sr/2)
2 Jo

+i/0 dsl/osl dsy (7 - igA(R % 517/2))(r - igA(R £ 857 /2)) + ...

=1+ %r -igA(R) + é(r -Vg)(r-igA(R)) + %(r igA(R))* 4+ O (%) .
(4.135)

This expansion of the Wilson line does not include matching coefficients, because the gauge
transport only works if all coefficients are exactly like in the expression above.

So the matching of 1(r)x'(0) consists of a series of pNRQCD operators with these ex-
panded Wilson lines to the left and right. The other operators also need to have the same
behavior under P, C, and T transformations, which S1 and O*T* as well as the Wilson lines
automatically satisfy. Since all operators need to involve exactly one singlet or octet field be-
cause of heavy quark number conservation, the additional operators need to be neutral under
P, C, and (1|

So at O (r?) in the multipole expansion, we have:

Zs
VN

(r-igE") O + V2Zp, d™ r (r - igE*) O'T" + O (r*) | ¢(0,7/2).
(4.136)

Y(r)x"(0) = o(r,7/2)

ZEOT

VN

S14V22,0°T +\2Zg,r (r-igE®) ST®

All the fields inside the square brackets have R = r/2. The matching coefficients have been
chosen such that Z; and Z, are 1 + O(ag). The different projections of this operator which
generate Fs and F4 are then given by:

1
ﬁTr [vx'] = Z,5 + \/Z;_N (r-igA®) O + 42]; (r-igA®)(r-igA*) S

+ zjﬁdabe (r-igA®) (r-igA”) O° + Zgor (r - igE*) 0" + O (r*) ,
(4.137)

"Note that in imaginary time 7 = it — (—i)(—t) = 7, and thus Ay L 4,AL —A andEL —E,
while all coefficients are still complex conjugated.
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Zo
(r-igA®)S + >

(r-igA®) (r-igA°) S + ZLZ_N (r-igA®) (r-igA®) O

V2Tr [TyxT] = Z,0" + d™ (r - igA®) O°

Zs
V2N
T

42N
g (1 igA%) (r g A) O 4 T2 (1), (7 g A”)] OF
+ Zpsr (v igE®) S+ Zpy dr (r - igE") O° + O (1) . (4.138)

Now we can calculate the corrections to the pNRQCD free energies, by inserting these
matching relations into the respective correlators}

e |~ = gy (T WO/DN /D) o (00! 0)])
LR
T VaNe(0)

r-igA®) O*(1/T)5%(0))

\/%f;( 0) (S(1/T) (r - igA") 0*7(0))
+ 2'%6’(20) ((r-igA?) (r-igA®) S(1/T)S'(0))
- 2]|VZ5—6|(20) ((r-igA®) (r-igA") O*(1/T)0"1(0)) + O (*) . (4.139)
(N? —1)exp [—%} = [To(1/T)x (1/T)] Tr [Tx(0)¢ (0)])
\ !2 77,

= (0*(1/T)0*(0)) —

50 r-igA”) O"(1/T)S'(0))

\/_56()<(

YAV . da\ Na
S0 040070
R (A (A% S0/T)SO)
+ Z ) ((r-igA®) (r-igA”) O*(1/T)O1(0)) + O (1) . (4.140)

2N65(0

We have suppressed the time arguments of the gauge fields; since they obey periodic boundary
conditions, it does not matter if they are evaluated at imaginary time 0 or 1/7". Some terms
have been neglected, because they do not contribute at this order in r, and several terms
cancel. We see again that the corrections to the pNRQCD free energies are gauge dependent,
because they involve the gauge fields A instead of the gauge invariant combinations E or B.

The calculation of the correlators for the leading order corrections can be done in the

8We have seen in sectionthat singlet and adjoint free energies are in general mixed under renormalization.
Since f; and f, are finite, such a divergence structure can only be reproduced in pNRQCD, if also in the
matching the two correlators are mixed. However, as we have seen before, these divergences are absent in
Coulomb gauge. So we may ignore any mixing effects and thus get a consistent result in the way presented
here.
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following way. The quark-antiquark fields can be replaced by the leading order propagators:
{(r-igA®) (r-igA®) S(1/T)S1(0)) = 6°(0)e™"*/" ((r - igA®) (r - igA®)) + O (1) |,
{(r-igA®) (r-igA®) O*(1/T)O"1(0)) = 5°(0)e /T (v - igA?) (7 - igAY)) + O (g% ) .

(4.141)
When both singlet and octet fields appear, then the insertion of a vertex is necessary:
((r-igA") 0°(1/T)S1 (0)) = L2210 / e T g B () (1 1gA%)
2N Jo
+0(g°,r"), (4.142)
_ Va0%(0) /”T VAT . .
r-igA®) S(1/T)0%1(0)) = dr e Vs WT=1)=VoT (g B(7)) (7 - ig A

((r-iga") S/T)O"(0)) = =2 | (7 igB"() (r - igA"))

+0 (g% 1) . (4.143)

The leading contribution from the electric fields comes from the —0, A term, and we can use
the imaginary time derivative to integrate by parts:

1T
| dr T (g B ) (1 igA) = (T = ) (g A%) (- igA”)
+0(a?) (4.144)
1/T
| dr e O (g B ) (1 igAT) = (T = ) (g A%) (- igA”))

+0(a) . (4.145)

We can also replace the coefficients Z,, Z,, and V4 by 1, because higher order corrections
to these coefficients are beyond the accuracy of this calculation. The corrections to the free
energies then simplify to:

F —Vo/T _ —Vi/T
o {_TS} - {_% e ((rigAY) (7 igAY) + O (¢707) L (4.146)

—Vo/T _ —Vs/T
exp {_%} - {_ff} - 62N(N26_ py (g A%) (r - igA) + O (9%7%) . (4.147)

For the calculation of the gauge field correlator, we need to use the same gauge as for Fjg
and Fly, i.e. Coulomb gauge:

2k2 — (1 - k)?) 5o d—1 r2
CigAY) (r-igAY)) = — g2 (r = —¢*(N? -1
\(r-igA%) (r - igA")) gg k2 (k3 + Kk2) A )™ ¥k§+kz2
2 2 2md—1,,3—d
G*(N* = 1)r*T* =4 d — 1
= — e T (1-9)¢(2—-4d)
=3 %T(N2 — 1D)aer®T?. (4.148)

When we insert this into the expression above, then we also expand the exponentials of the
potentials, since they also are of O(as). Then the leading order corrections are:

F s

o [‘?] - [‘ff] + gVt = Dalr T+ O (dr) (4149
F o

|| = e || - et T 0 () (1.150)

137



In this way we can exactly reproduce the difference between the free energies in NRQCD and
pNRQCD at the given order.

We have seen that there are no corrections at O (g°). However, there are several contribu-
tions at this order that we have neglected in this calculation. We do not attempt here to show
that they all cancel, but this should be a straightforward extension of the arguments presented
here.
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Chapter 5

Conclusions and Outlook

In this thesis, the behavior of heavy quarks has been studied both in the vacuum and in a hot
medium. For the vacuum part, this work constitutes the first treatment of hybrid quarkonia
in an EFT framework. At finite temperature, we present a new perturbative order in the
calculation of both the Polyakov loop and the Polyakov loop correlator for weak coupling. In
all these studies, effective field theories have proved to be an extremely useful tool, for whose
construction the study of the symmetries of the respective system is pivotal as a guiding
principle. Therefore, in the first part of this work, we have first studied how the hidden boost
symmetry in non-relativistic EF'Ts can be used to derive exact relations between the matching
parameters in chapter [2|

The following application of NRQCD and pNRQCD to the description of hybrids in chap-
ter |3|is only the first step towards a fully consistent framework for hybrids. Still, this first EFT
discussion of hybrids has already yielded some advancements over previous work, introducing
the concept of A-doubling, which has been known in the context of atomic molecules and is
responsible for the mass splitting between nearly degenerate states with opposite parity. This
is reflected in the appearance of coupled radial Schrodinger equations for the heavy quark
content of the hybrid states, which mix contributions from different static states. Our results
are in agreement with lattice calculations and also fall into the mass range of experimental
candidates for exotic quarkonia, although a clear identification is not yet possible.

In chapter [d, we have calculated the Polyakov loop in perturbation theory at the third
non-trivial order, in an EFT framework as well as in a direct calculation. In a comparison
to existing lattice data in a temperature range well beyond the critical temperature, where
perturbation theory is supposed to work, we found that the perturbative result is reasonably
close, but still does not quite agree with the lattice result within statistical errors (at least in
the pure gauge case ny = 0). We conclude that there is still room for the disagreement to
be settled with the next perturbative correction. This is an issue that should be addressed in
the future by calculating the next order of the Polyakov loop in perturbation theory. Beyond
this order the perturbative expansion breaks down due to effects at the magnetic scale, so this
result would give the best attainable (purely) perturbative expression for the Polyakov loop.
A better knowledge of the Polyakov loop would in turn lead to new results for the correlator,
in the same way as has been demonstrated in the latter half of chapter [d where we have
calculated the correlator to NNNLO in the short distance limit.

This research provides ample opportunity for extension in some of the following directions.
The principle of using non-linear field transformations for not explicitly realized symmetries
can be applied to any other EFT as well, whenever a symmetry is not explicitly realized in
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the EFT but has to be hidden in some form.

In order to improve our theoretical knowledge about the hybrids, studies that go beyond
leading order in the expansion parameters are required for more reliable results. In particular,
the inclusion of spin dependent terms would be very interesting, since the effects of these
terms, while not being NLO because of their higher suppression in 1/M, would still give very
clear signals as they are the only contributions that can differentiate between the otherwise
degenerate spin-symmetry multiplets. Another important direction is the description of decays
and production mechanisms of hybrids. Then, this framework may also be applied to the study
of tetraquarks, as proposed in [I7]. This would require the determination of the static energies
with a non-trivial light-quark content, but the derivation of coupled Schrodinger equations
would be analogous and the discussion on the quantum numbers would apply as well.

At finite temperature, there are several other quantities which can be expressed through
Wilson line operators apart from the Polyakov loop. Among these are the jet quenching
parameter or the heavy quark diffusion coefficient, which describe energy loss in the medium.
As such they are relevant for comparisons with experimental results, so an improved theoretical
knowledge is desirable. The methods for the Polyakov loop calculation, and maybe also to some
extent the results, can be used to study these parameters.

The Wilson line operator that relates to the interquark potential is the rectangular Wilson
loop, both in the vacuum and at finite temperature. This operator depends on a rectangular
path in space-time. If like in this case such a path has corners, so-called cusps, then there are
divergences associated to these cusps and the corresponding renormalization group equation
depends on the cusp anomalous dimension. This cusp anomalous dimension is a universal
function that depends only on the angles at the cusp, and has applications to many other
quantities related to Wilson line operators. For example, it has been shown that the cusp
anomalous dimension and the static potential agree in a certain limit at low orders in per-
turbation theory. At higher orders [I57] deviations from this relation are expected, but it
should be possible to calculate them with the same techniques as for the potential. Since the
cusp anomalous dimension has many applications to other fields in QCD, like heavy quark
production or parton distribution functions, such a study would definitely be worthwhile.

Another very promising approach to obtain results at finite temperature is through a spec-
tral function representation. If a Euclidean expression is written as the Laplace transform of
a spectral function, then the Minkowski analog is given by the Fourier transform of that func-
tion. This makes the spectral function a very powerful tool, because it contains information on
both the real and the imaginary time behavior. Unfortunately, the extraction of the spectral
function out of a finite set of lattice data is a mathematically ill-posed problem, so some prior
knowledge on the function is required. Therefore, an analytic study of the spectral function
would be of great importance.

In all these proposed directions, effective field theories may lead to very elegant descriptions
of the respective problem, enhancing our knowledge of the physical processes of the system
and guiding theoretical approaches through the systematic use of fundamental or emergent
symmetries.
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Appendix A

Vacuum

A.1 Symmetries of the Static System

A system of two static opposite color sources (in our case the system formed by a heavy quark
in position x; and a heavy antiquark in position @;) remains invariant under the following
symmetry transformations: rotations R(a)) by an angle « €] — 7, w| around the axis defined by
the two sources, space inversion P in combination with charge conjugation C, reflections M
across a plane containing the two sources, and combinations thereof. These transformations
form the group D, which is the symmetry group of a cylinder.

Since the static Hamiltonian is invariant under these transformations, we can use the
quantum numbers of the representations of D, to label its eigenstates. The conventional
notation for the representations of Duy is A7. A is the rotational quantum number, it can
take non-negative integer values 0,1,2,3,..., which are traditionally represented by capital
Greek letters »,II, A, ®,... corresponding to the atomic orbitals s,p,d, f,..., respectively.
The eigenvalue of C'P is given as the index 7. It can take the values +1 or —1, for which the
labels g (gerade, i.e. even) and u (ungerade, i.e. odd) are used. The other index o gives the
sign under reflections as + or —, however, it is only written explicitly for the Y-states, because
for A > 1 the states with opposite o are degenerate with respect to the static energy.

Physically, this can be understood in the following way. The static system itself has no
preferred orientation for the plane across which the reflections are defined. In fact, through
a combination of rotation and reflection operations one can define a new reflection operation
M' = R(—a)M R(«), where the reflection plane is rotated by an angle . The Y-states are
rotationally invariant, so M and M’ give the same eigenvalue, but for A > 1 they do not. If in
the simplest case « is chosen to be 7/2; then M and M’ have opposite eigenvalues. However,
the static Hamiltonian H® does not depend on the choice of M or M’, so consequently its
eigenvalues, the static energies, cannot depend on ¢ unless A = 0.

Mathematically, this can be explained by looking at the irreducible representations of D.p,.
We can write Do, = O(2)® Zs, where Zy corresponds to the sign n under C'P transformations.
There are two different one-dimensional irreducible representations of O(2) and countably
infinite two-dimensional ones. The two one-dimensional representations both map the rotations
to unity and differ by the sign under reflections. These correspond to A = 0 and positive or
negative o.
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The two-dimensional representations are given by

R(a) = ( CO{.SACL/ SinAa) | M= (1 0) ‘ (A1)
—sin Ao cos A 0 —1
The basis for these representations was chosen such that M is diagonal. It is possible to make
a basis transformation that takes M — —M while R(«) remains the same. This means that
the sign under reflections is irrelevant for the two-dimensional representations and o cannot
label different representations. Since the static energies depend only on the representation,
they must be independent of o for A > 1.

It is also possible to make a basis transformation that takes R(a) — R(—«) while M
remains the same. This means that negative values for A do not correspond to a different
representation but just to a different choice of basis, so by convention A is defined to be non-
negative. A can only take integer values, because R(2m) is required to be unity. Note that for
A = 0 the two-dimensional representation is diagonal and reduces to the two one-dimensional
representations.

In the context of the spectrum of the static Hamiltonian, the two-dimensionality of the
irreducible representations of D, means that any eigenstate of H(®) with A > 1 consists of
two components, which correspond to ¢ = 41 in the basis given above. For the calculations
in this chapter it is advantageous to choose a different basis such that R(«) is diagonal:

eiAa ok
R(a) = ( 0 e—?Aa> ., M= (024 8”) : (A.2)

There are many ways in which one can make such a basis transformation, and this manifests
itself in the phase o), appearing in M, which is completely arbitrary. In this basis we can label
the two components by A = £A such that they transform with e*® under rotations. Because
M now is offdiagonal, irrespective of the choice of 0,7, the two components are exchanged

under reflections, i.e. A M

The advantage of this choice of basis is that, if we introduce the angular momentum operator
K of the light degrees of freedom, then A is the eigenvalue of 7 - K, where  is the orientation
of the quark-antiquark axis. A is then given by the absolute value of # - K, which is also
true for A = 0. The operator K? represents the fully three-dimensional rotations, i.e. the
group SO(3), so the static states are not eigenstates of K? except for the limit of vanishing
quark-antiquark distance, where this symmetry is restored.

A.2 RS Scheme

The RS octet potential is defined as follows [99] [105]

VS (vp) = Vo = 6V, 5 (vy) (A.3)

with
Vilr,v) = (% - OF) al), (A1)
OV, (vy) ZNvon < ) ay ™ (vy) chr (;l(iri;;_b ;)k) : (A.5)



The value of Ny, = 0.114001 was computed in Ref. [99]. The value of ay, up to order o is
given by [15§]

3
() =)~ (3= 1) Rt + 0 a) (A6
where ay, is
ag (v
e () = ) (14 (n + 2905
m 2 2 aZ (v)
+ ’}/E(4CL1 + ﬁo + 2ﬁ1) + 3 + 4"}/E 60 “+ ag 1671'2 . (A?)
The parameters b and the first three ¢;, appearing in §V.% are given by
S 1 (8
b = — — 1
QBS ) Co 9 C1 = 4b50 ﬁo 62 )

Bi + 4556182 — 2806162 + 55 (B3 — 287) — 28;6s) - (A.8)

Cy =

1
326(b — 1) (

A.3 Derivation of the Radial Schrodinger Equation in
Detail

The Laplace operator V2 can be split into a radial and an angular part, such that
v _ 1 2
— p Qp) , (A.9)

m mr?
with the variable x = cosf. The angular part of this acts on both the wave function and the
projection vector in (3.36)), and since we know 7 explicitly for the 17~ gluelump, we can work
out the action of the angular part of A’ - (—=V?/m)f in the form of a matrix acting on the
three-component wave function W), Then we get

<8r d, + 0, (1—952)395+1

——8 720, —|— (A +A,) + V('r)] TN () = EyTM () (A.10)

where we have defined V (r) = diag (E( )( ), El(-?)(r), El(-l)(r)) and

~9, (1—2%) 9, +2 —v20,V1 — 22 —v20,V1 — 22
Aaz — \/§v1—1’2ax —6’90 (1—.%’2) (%ﬁ—ﬁ 0 ,
V2V1 — 220, 0 —0, (1 —27) 0, +1_1x2
(A.11)
1, V2o V2 o
- 10, - 10,
1—a27 V1 — 22 V1 — 22
V2 o 1 .
A, = — i0, — 3 (82 — 22id,,) 0 : (A.12)
V2o 1 .
—m@, 0 1 (92 + 2210,)
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The three columns correspond to i = #, 71,7~ and the three rows to i/ = #,7#7, 7~ in that
order.

This is a coupled Schrodinger equation, which differs from the standard example of the
hydrogen atom by the appearance of different potentials for the different wave function com-
ponents and the more complicated angular part. But like the hydrogen atom, it can be solved
by a separation ansatz W) (1) = 4, () ¢y (x) ™) (r). The angular wave functions () and
Yy(r) are matrices acting on the vector 1™)(r). They are eigenfunctions of their respective
differential operators A, and A, in the following sense:

Apm(p) = bm(@)M , and  (Az + M)ihi(x) = u(x)L, (A.13)

where M and L are matrices. If we also require v,,(¢) and v;(x) to commute with the
potential matrix V(r), and in addition ,,(¢) to commute with A,, then the full Schrédinger
equation reduces to a coupled radial Schrédinger equation for 0™V) () with an effective potential

Verp(r) =V(r) + L/mr*

1 1
0= [~ a0 0 o (At )+ V() — | dnlie) tn(a) 50)

= () {_#ar r2 0, + # (Ap + M) +V(r)— 5N] () ™ (r) (A.14)
= Y(©) () [—#a, r2 0, + #L +V(r) - EN] YW (r) (A.15)
= m (@) () {—#@« 12 O 4 Vegs(r) — 5N} M (r). (A.16)

We will now show that such matrices do indeed exist. A solution for ¢,,,(¢) can immediately
be found by making the ansatz v,,(p) = ¢™# 1, where 1 is the unit matrix. With this we have

m? \/ﬁm V2m

1\—/_x2 V-2 -z
2m  m? —2mx
V2m 0 m? + 2max

V1—a? 1 —2z?
Also for the next wave function ¢;(x), a solution in the form of a diagonal matrix can be

found, although now the diagonal entries differ from each other. The diagonal elements of
A, + M (without constant terms) all have the same form

m2 — 2 xmx + \2
2 b

— 0, (1—2%) 0, + (A.18)

11—z
with A = 0,1, —1 for the first, second, and third entries, respectively. The eigenfunctions of
this differential operator are generalizations of the associated Legendre polynomials, for A = 0
they even coincide, and their derivation can be found in textbooks such as [75].

Including the factor e and proper normalization, they are given by

(—1)m > [21 41 I —m)! s
Ui (2, 0) = 2)1 \/ U+ m)!((l = )\;!(l ! Fim(@)e™?, (A.19)
P (x) = (1= )7 (14 2)"5 9" (z — 1) @ + 1)1, (A.20)
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The eigenvalue is [(I + 1), and just like for the spherical harmonics, solutions exist only for [
a non-negative integer, |m| <[, and |A\| < I. They are normalized such that

/dQ Ul)’\,*m’ (l’, (P)Ul):m(xa ()0) = 5l’l5m’m ) (A21)
and they also satisfy the orthogonality relations
!
' 204+ 1
Z Uli\m(xa@)vl/\,m(xaso) = ?(V\)\, (A22)
m=—I
l
x 20+1
Z lem’(l‘? (,D)Ui\m(l'7 (,0) = ?&n m - (A23)
A=—1

The easiest way to construct these functions is to use ladder operators for m and \. These
operators and their action on the vl functions are given by

A
<:F\/1—x O —ﬁ) e ) (x, = VIl +1) - m(m£1) ), (z,9),  (A.24)

m — )\x
V11— 1220, - ——= | v}, (g, I(I4+1) =AM £ 1) o) (z,0). A.25

If we now look at the offdiagonal elements of A, + M, we see that they are given exactly
by the ladder operators for A. So for i (¢) ¢y(x) = diag (v),,(x,¢), v} (2, 0),v (2, ¢))

Eq. (A.13) becomes

+1)+2 2001+1) —/20(1+1)
(Az + A0) Ym(p) Yu(w) = Pm(p) u(x) | 20 +1) I+ 1) 0 - (A.26)
2010+ 1) 0 I(1+1)

Before we write down the resulting radial Schrodinger equation, we will exploit the fact that
we are free to multiply this expression by any constant matrix, which gives another solution to
the angular differential equation with a modified but equivalent eigenvalue matrix L. If this
constant matrix is (1,2)-block diagonal, then also V(r) remains unchanged. In this way we
will define a new orbital wave function matrix v ,,,(x, ) as

L[Vl 0 0
%,m(l’, 90) = ﬁ 0 ’Ull,m(ajv 90) vll,m(ma 90) : (A27)
0 —v o (2,0) v (2, )

The advantage of this redefinition is that now in the radial Schrodinger equation the effec-
tive potential is (2, 1)-block diagonal.

1 1
— 0120+ — 5 (Bt D)+ V) | G, 0) 9 (0)

X (+1)+2 2/i(+1) 0
= Vum(@,9) | =—50,1 0 + — | 211 +1) (I +1) 0 |+ v | v™e
0 0 1(1+1)

= En Yrm(z, ) 0N (r). (A.28)
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We see here explicitly the decoupling of the opposite parity states described in the main part
T T
of this chapter. One solution is of the form (@D(N)( ), @ZJ(_]E) (r), 0) , the other (0, 0, %:\Q (r)) :

If those are multiplied by the orbital wave function matrix ¢ ,,(x, ), and spin and an-
gular momentum indices are combined through Clebsch-Gordan coefficients, then we get the
following expressions for the hybrid states:

my, Ms ~ N 1 ~ —1 A— N a a
Z /d?»r e [v?,mlw(z ) 4 = (0 o — o 7 )wﬁrg] CGHOT [0),  (A.29)

my,Mms

> [ e s sk ) o G50 (A0
mp,Ms

The first gives the hybrid multiplets Hy, Hj, H3, Hy, and Hg, the second gives Hy, H), Hs, and

H-, for different values of [, s, and N. Note that the different P and C eigenstate combinations

come out correct.

We will now show that the hybrid states we have constructed are in fact eigenstates of the
total angular momentum operator L = Ly, + K, where K is the angular momentum operator
of the gluons and L the one of the relative coordinate of the quark-antiquark system. The
center-of-mass coordinate R is fixed in the current approximation, which corresponds to a
hybrid at rest, so there is no contribution to the total angular momentum from this coordinate.

The 17~ gluelump operator is a (pseudo) vector, so K acts on it as

[Ki, GaBj} = ieijkG?Bk . (A31>

The relative angular momentum operator in the octet sector is given by

. . i Cos
—iv1 — a2sin &ﬁ——@
Y% v T O

LQQ = /d3rd3ROaT(r,R) V1 — 22 cospdy + %8@ O%r,R). (A.32)
_id,

Acting with Lgg on the hybrid states is equivalent to acting with the differential operator
between the two octet fields on the wave functions and projection vectors. In a slight abuse
of notation, we will also use the symbol Ly for this differential operator. It should be clear
which one is meant by whether it acts on a state or on a wave function.

It is straightforward to show that

—10, —1i 0
—i0, A" (z,0) =R (z,0) | i —id, O for all 7 =7, #*, (A.33)
0 0 —id,

and by construction the orbital wave functions satisfy —id, vf:m(x, ©)=m v[}m(x, ©). So acting
with Lz on the hybrid states (before combining spin and angular momentum indices) gives

Ly / 0" (r, R) S (i, 9) G (R)WN) (r)]0)

n,t

—10, —1 0 0 2 0
_ / @0t R)S i) || i i, 0 |+ =i 0 o] G, RENME)o)
noisg 0 0 —id, 0 0



= [0t R Y e )Gy (B) (i0, 1) [0

n,t

—m/d?’rOaJr r,R) an (R)TM ()|0) . (A.34)

For L? we can write
L* =L} +2Lgs - K+ K*. (A.35)

We already know the effect of L o on 7. from the previous section:

3, ﬂ_(_ax(1_x2)a 1_I2 Sa)n_X: (A +A,) , . (A.36)

Note that here and in the following we use the indices n and n’ to denote matrices that are
defined in the basis of the different static states, ¥, and II, which correspond to the projection
vectors # and 7T, respectively. In contrast, the indices 7 and j will always be used for the
components of vectors and matrices defined in three-dimensional position space.

The last term in Eq. K? just gives a constant factor k(k + 1), which is equal to 2
in our case. So there only remains to determine the effect of L,g - K on fi. We can write it
as a matrix of differential operators, where the matrix nature comes from the action of the K
part on the gluelump. An explicit calculation gives

0 0 —V1 — 22 cos 0,
Lo - Ky :Z 0 0 —V1 — 22 sin 0, n;
7 \V1 —22cosd, V1 — xZsin o, 0

ij

rsing
0 B
2 oS A
20 % 0 VT
rsin xcosgpa 0

V 1-— .flf2 v \/ ZEQ ij

1 1
—2 —0,V1— 22 —8,V/1— 2
) NG !

1
_ N 2 _
_EI ) \/5\/1 220, 1 0
" 1
——2\/1—.’13'2(936 0 —1
1 1 1 1
0 - 0, — 9,

~/
+nzni \[m 0, 0 0 . (A.37)
\/_\/1—1'2 90 n'n

We now see that in L), +2Lgqg - K + K? all offdiagonal elements of A, and A, cancel,
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as well as all constant terms in the diagonal elements. What remains is

(LgQ +2Log K + K2) S iz, )TN (r)

2
Fag piad) +1 "
. 2 X0y
=> A | O Logt T2 0 v (r)
' 2 ¥
0 0 Loo+ —— »
=1(1+1)> Az, )T M(r). (A.38)

n

The last equality follows, because the diagonal entries are exactly the defining differential
equations for the orbital wave functions.

A.4 Numerical Solution of the Schrodinger Equations

The Schrédinger equations in (3.51)) and can be solved numerically (see e.g. [159, [160]).
In the uncoupled case the nodal theorem can be used to determine the energy eigenvalues. Any
value £ one inserts in these equations in the place of £y defines a linear differential equation
of second order. These have in general two linearly independent solutions. Such a solution can
only be interpreted as a wave function, if it is normalizable.

Two independent solutions can be distinguished by their behavior at the origin,

wil\l?(r) o rt + O(r') or 1/19{1) (r)ocr™=1 40 (r’l) . (A.39)

The second expression is singular at the origin and therefore not normalizable. The first
expression defines initial conditions for the wave function and its derivative, such that for any
value of £ the differential equation has a unique solution. This solution generally diverges
for large r, only for particular values of &€ = £y does it approach zero and is normalizable.
These are the desired wave function solutions of the Schrédinger equation. The order N of the
eigenvalue is equal to the number of zeros in the wave function. For the special case of [ = 0
the initial conditions for w(EN) are the same as for 1/15:\1[1) with [ = 1.

A similar approach can be used to determine the energy eigenvalues of the coupled Schro-
dinger equation for [ > 1. A system of two linearly coupled differential equations of
second order has in general four linearly independent solutions, of which now two are singular
at the origin. The remaining two can also be distinguished by their behavior at the origin,

which is given by
(N1) -1
s (1) Vir !
@ , A .40
<w<f¥£><r>> B <—\/_l+ w—l) ror) (8.40)

(N2) (. T 1 i+t
(i) (Yo" v .

Again, the solutions to the two coupled differential equations with these initial conditions
diverge for general £ at large r. For particular values of &€ = &£y there exists one linear

or
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combination
(M), (ENI) . (ENZ) .
B -E). we

which approaches zero for large r, while any other combination with a different v will still
diverge. This gives the desired wave functions.

So now one has to tune two independent parameters in order to find the solutions, £ and
v. Fortunately, the two can be determined separately. Instead of counting zeros of the wave
function in order to find the eigenvalues £y like in the uncoupled case, one now has to look at
the determinant of the two independent solutions [161]

(N1) r §N2) r
vy = de (ﬁfﬁ;)ﬁri i 8) ' A

This function diverges in the large r limit for general £ but converges for £ = £y and then
has exactly N zeros. In this way €y can be determined without knowledge of v.
Then in order to obtain the wave functions w(EN) (r) and w(f\lf[) (r) one can determine v through

)
oo @D(ENZ) r) = - Tlglgo m , (A.44)

after £ has been fixed to the eigenvalue £y from the previous step. Alternatively, (1,v)7 is
the eigenvector of the wave function matrix (i.e. the matrix of which U(r) is the determinant)
at r — oo with eigenvalue zero.

These properties of the solutions of the radial Schrodinger equations can be exploited in
an algorithm to numerically find the eigenvalues and wave functions. The details of this will
be described elsewhere [101].
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Appendix B

Finite Temperature

B.1 Gluon Propagators

B.1.1 Feynman Gauge

Feynman gauge is obtained by adding the gauge fixing term (0NAZ)2 /2 to the Lagrangian, as
well as the ghost Lagrangian (9,¢%) Dzbcb. Then the free propagators for gluons Dy and ghosts
Gy are given by
) 1
Dy=—-"—~ and Gy=—+—-.
TR+ R TR R
We will not explicitly display color indices, because they only appear in Kronecker deltas.
For the resummed gluon propagators we need to sum over all one-particle reducible dia-
grams, i.e., over all bubble insertions in a propagator, where the bubbles define the self-energy
tensor —II,,,. We can parametrize the self-energy tensor in the following way

- Ioo M akok; ’ (B.2)
I akiko 1goi; + Hokik;

(B.1)

which comprises all tensor structures allowed by rotational symmetry. Even though Feynman
gauge is designed to be fully covariant under Lorentz transformations, the existence of the
medium explicitly breaks the full Lorentz symmetry down to the rotational symmetry in the
rest frame of the medium, so that the temporal and mixed components of the self-energy tensor
[Iyo and II; = Ilp; may have different coefficients than the corresponding tensor structures in
the spatial components II;;. In other words, Ilgg # I + IIck? and 114 # Ic.

The sum over one-particle reducible diagrams constitutes a geometric series. So the re-
summed propagators are given by

D = Dy i(—HDO)” = Do(1+1Dy) " = (Dy +10) ™, (B.3)

n=0
and similarly for the ghosts. By inverting this matrix we get

ki + k% +Tlp + Hok?
(k2 4+ k2 + o) (k¢ + k2 + 1 p + Hck?) — T3 k3K
—I14k;ko
(k§ + k2 4+ Tloo) (k§ + k2 + Hp + Hok?) — II%kGk2

DOO =

Diy =
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D 1 Rk N k3 + k* + oo kik;
YRR+ Y k2 (kg 4+ k2 4+ o) (k2 + k2 + 1l + [ok?) — TIK2K2 k2
(B.6)

We can rewrite these expressions in terms of the self-energy tensor as

1 1 kik; 1 kik;
DOO — m and ng B - — (62] - ]> + J (B?)

EENENE k)RR D, R
where
H2k2k2 11,11,
1T = Moy — 4% — Mo — L B8
O R R+ g+ Ok T Y K+ k2 + ki R o
1= d—l(” kQ)’ >
12 k22 ..k k. I 11,
Sy = I + Mok? — ——A470 e A > o B.10
2= Ml e o e ™ A2+ T B
and I1
Dy — —llo (B.11)

(k§ + k% 4+ o) (kG + A2 + TLkik; k%) — T 1L
We see that, although the free Feynman propagator is diagonal, the resummed propagator is
not.

The free ghost propagator G as well as the ghost self-energy I' are scalar functions, so the
resummation of the geometric series for the full ghost propagator G is trivial:

1 1

- TTEIT (B.12)

G=(Gy'+TI)

B.1.2 Static Gauge

Static gauge [41] satisfies the gauge condition dyAy = 0, but this condition alone does not
give an invertible propagator, so we need to modify it in order to fix the gauge also for the
spatial gluons. This can be done by adding the gauge fixing term ((%Ag +\/a/EV - A“)2 /2
and taking the limit o — 0, which gives back the original gauge condition. This limit would
diverge in the Lagrangian, but leads to a finite propagator. The freedom in how to fix the
gauge for the spatial gluons is reflected in the residual gauge fixing parameter £. The gauge
condition on the spatial gluons is lifted for £ — oo and accordingly the propagator diverges in
this limit.
The inverse of the free propagator can be read from the Lagrangian:

hig + k2 (1 L > kok
o _ — —— ) kok;
o v/
Dyl = 1 o 1 , (B.13)
— 1 - — ) Kk k2 + k2 51-—(1——)1@-]9
( \/Oé_§> 0 ( 0 ) J 5 J
which can be inverted to
o (EkE + k?) (o€ — Vak) kok;

(VER; +vak?)’ (VEks +vak?)*
(a€ —V/ag) kiko 1 <5.. B kikj) n £ (kg + ak?®)  kik;
(VERE -+ vake)® KRR (Ve + Vake)t ke
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a—0 k

B 0 1 — O, i — kik; + % 5 — (1 — 5)% ’ (B.14)
K+ k2 \ Y k2 k2 \ Y k2

where by 0, we mean for ky = 2nTn with n € Z that oy, = don, i.€., selecting only the zero
mode in the Matsubara sum. We see that the free propagator explicitly distinguishes between
zero and non-zero modes. In particular, the 00 component of the propagator contains only
the zero mode, which means that in position space it does not depend on the imaginary time
coordinate, as required by the gauge condition.

The ghost Lagrangian is given by

L 1
Va Ve

from which it follows that the free ghost propagator is

VAT s VE
TVER VR R

There is a ghost vertex with a temporal gluon that is proportional to 1/y/ca, so the @ — 0
limit may potentially be problematic in this interaction. However, this vertex is also propor-
tional to the Matsubara frequency kg of the outgoing ghost propagator, which means that
only non-zero modes can participate in this interaction. The number of ghost propagators and
ghost-gluon vertices is always the same in any loop diagram, so in the most singular diagrams,
where all vertices are with a temporal gluon, the powers of y/a cancel exactly between the
vertices and the numerators of the propagators. Then the o — 0 limit can be taken without
problems and all propagators are given by 1/kZ, which is not singular because the zero-modes
do not contribute. This makes all loop integrations scaleless and therefore vanish. If there are
some vertices with spatial gluons, then there are more powers of \/a in the numerator than in
the denominator and the diagram vanishes trivially in the v — 0 limit.

So we see that the ghosts completely decouple from the temporal gluons. For the interac-
tions with the spatial gluons the o — 0 limit is unproblematic. There is a factor of 1/4/¢€ at
each vertex, which exactly cancels the /€ factor in the ghost propagators. So we can in fact
simplify the ghost sector considerably, because as we have just shown the non-zero Matsubara
frequencies, the parameter £, or interactions with temporal gluons are irrelevant. Therefore
the modified ghost Lagrangian and free propagator

Loy = — (008" D’ + — (V&) - D*c" (B.15)

Go

(B.16)

Ly =(VE) - D" and Go= -2 (B.17)

with static (i.e., independent of the imaginary time coordinate) ghost fields give exactly the
same contributions as the more complicated Lagrangian given above.

For the resummed propagator we can use the same parametrization of the self-energy tensor
as in Feynman gauge. Then we get

Do — kg 4+ k?/€ + 1l + Hck? as0 O
P (k2 Ja+ k2 + ) (K2 + K2/€ + T + Hok?) — (1— 1/y/af — ) %k2k2 K2+ 1Tlop
(B.18)
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(1 —1/Va€ — ) kiko az0
(k2/o + k2 + Tog) (K2 + k2/€ + Tl + Tok?) — (1 — 1/y/a€ — T1,4) k2?2

Djy =

)

(B.19)

1 kik;

Di':— (51"— el

! k3+k2+HB<] k2)
k?(z)/Oé + k’2 -+ HOO kzk]

+
(k2/a+ k* + oo) (k3 + k2 /€ + g + 1Ick?) — (1 —1/y/af — HA)2I<:31<;2 k?
o =0y (o (=Ho)kiky \ Gk (s (1=&+€llo) ik
K+ k24T \ Y k2 + g+ Ick? B2+1 Y R+E(p+1ck?) )
(B.20)

Or in analogy to the functions II, ¥, and Y5 that we defined in Feynman gauge we can also
write

O,

Dy = 0 B.21
DiO == DOj == 0, (B22)
o 1 — oy, 5. kik; n 1 — 0k, kik; n Oko 5o kik; n E0ky  kik;
YRR+ Y k2 ki + Xy k2 K2+, Y k2 k2 + €%, k27

(B.23)
where now

1 IL;k;k;

=1y, ¥ =Ig= e (K*Iy; — Mkik;) , and Sp =g+ Ick® = #
(B.24)

The resummed ghost propagator follows trivially from the modified ghost Lagrangian.

Ok
= : B.2

¢ k2 +T (B.25)

For ¢ = 1 the static part of the gluon propagator (i.e., kg = 0) has the same form as in
Feynman gauge, which is why this choice is also called Feynman static gauge. The self-energy
functions still differ between the two gauges. For & = 0 the static part of the propagator has
the same form as in Coulomb gauge, so this choice could be called Coulomb static gauge.

B.1.3 Coulomb Gauge

Coulomb gauge is defined by the gauge condition V - A* = 0. It can be implemented by
adding the gauge fixing term (V - A%)* /2¢ to the Lagrangian as well as the ghost Lagrangian
(Vcr)- D% with the limit € — 0. If we compare this to the gauge fixing term in static gauge,
we see that Coulomb gauge can also be obtained from there by first taking the limit o — oo
and then £ — 0, so we can reuse all results from the previous section.

The free propagator is then given by

1

— 0
k2
D, == (B.26)

1 kik;\ |
VR (5”_ k2 )
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and the resummed propagator by

1
k2 +11

0

1 s ki)
B+ k2+%2 Y k2

where the self-energy functions II and ¥; are defined as in static gauge.

The temporal component of the propagator is the same as in static gauge, except that in
Coulomb gauge also the non-zero Matsubara frequencies are allowed (although they do not
appear explicitly in the free propagator). The spatial part of the propagator is transversely
polarized with respect to k and the mixed temporal and spatial components vanish, such that
the gauge condition is explicitly satisfied as k;D;, = 0. This relation holds for both the free
and the resummed propagator, and only the coefficient ¥; of the transversely polarized part
of the self-energy tensor remains in the propagator after the resummation.

After a redefinition of the ghost fields (¢, c) — £/4(¢, ), the limit ¢ — 0 eliminates the first
term in and the free and resummed propagators are given by

D= (B.27)

1 1
Go=— and G =

_ B.2
2 K2+ T (B:28)

The ghosts only couple to spatial gluons like in static gauge.

Quantization in Coulomb gauge generates the so-called Schwinger-Christ-Lee term [162]
163]. This term is an o2 suppressed term that involves a nonlocal interaction with transverse
gluons. It is beyond the accuracy of the present work.

B.1.4 Phase-Space Coulomb Gauge

There exists an alternative formulation of Coulomb gauge QCD that is defined in the so-called
phase-space formalism [164], which we will adapt here to the Euclidean space of the imaginary
time formalism. An auxiliary field FE is introduced in the action S:

1/T 5 1 1
0

1/T 1 1
—/0 dT/dgm (ZE‘}Fi‘}+iEfF&+§ gEg)

This step can be interpreted such that now the chromoelectric field is treated as a dynamical
variable. This interpretation originates from the equations of motion for the E-field, which are
E¢ = —iF§; (the factor ¢ is an effect of the imaginary time formalism, in Minkowski space it is
absent). So we will call E the electric field for the rest of this section. One can easily return
to the original action, up to some irrelevant constant N, by explicitly carrying out the path
integral over the electric field, which is possible because it only appears in quadratic terms in
the exponential.

With this new action we can calculate as if there was a seven-component gluon field A,,
where o« = 0 corresponds to Ag, « = 1,2,3 to A, and o = 4,5,6 to E. The free propagator
(Do)ap Will be the 7 x 7 matrix given through the quadratic terms of this gluon field as

e™d = exp
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Aq (DE 1)a 5 Ap. In order to distinguish between the spatial gluon and electric field components
in this unified description, we will use the propagator indices i, j and m, n exclusively for
a,f=1,2,3 and a, = 4,5, 6 respectively.

In order to fix the gauge we again introduce the terms (V - A%)* /2¢ and (V&) - D®¢® into
the Lagrangian. The ghost sector remains unchanged compared to standard Coulomb gauge,
so we will only discuss the gluonic sector. Going from position to momentum space in the free
action,

Sy = l/T dx 8Aa 0,A% —l 0,A%) (0.A? — (0, AY) (0, A%
0 o (2 J) 2(1 ])(] z)+2€( )(] J)

1
B AL — i BP0, AL + 5E§E§}

= %ﬁ% {A?(—K) (’f25ij - %k%) AY(K) — BN (—K)ko AL (K) + AN (= K)ko E{ (K)

F B (—KkAG(K) — A (KRB (K) + B~ K)* B (K)

- %6 BAZ(—K) (D5") 0 Ag(K)} : (B.30)

we get the inverse of the propagator as

0 0 —ky,
Dyt=10 k68— (1 —1/&) kik; kobin | (B.31)
km _kO(Smj 5mn

where we have written the 7 x 7 matrix in terms of (1,3,3) x (1,3,3) blocks. Inverting this
and taking the & — 0 limit, we get the free propagator:

1 k,,
@ 0 @
1 kik; ko kik
_ = (s M __M (g5 _ lifn

kKo s b B (s kb
k2 k2R k2 R4k k2

We see that the temporal and spatial components still have the same propagators as in the
standard formalism, in particular they do not mix with each other for & = 0, but both do
mix with the electric field. Also note that DI (K) = Dy(—K). This is of relevance for the
off-diagonal terms, which have odd powers of the momentum in the numerator (the reason is
that Ay and A are of mass dimension 1, while E is of dimension 2).

The interaction part of the action is given by

1/T 2
Sint = /0 / >z { fe(8,A%) A’;A§+gZ ferepete A AL AT AL —ig fCAGEVAS| . (B.33)

This gives the same three- and four-gluon vertices as in standard Coulomb gauge if only spatial
gluons are involved, but the temporal gluons now interact with the spatial gluons only through
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Figure B.1: All free propagators and interaction vertices in phase-space Coulomb gauge. When-
ever there is an arrow specifying the direction of a momentum over a mixed propagator, op-
posite momenta will give the negative propagator.

a three-field vertex with an additional electric field and the simple coefficient ig f®°6;,,. All
Feynman rules of phase-space Coulomb gauge are shown in Fig.

For the resummed propagator we need to introduce a new parametrization of the self-energy
tensor in the form a 7 x 7-matrix:

Htt kij Hts _kn Hte
I = ksz Hts Hssl 5ij + HSSQ k_; kO (Hsel 5m + HseQ ?) , (B34)
kpmk; kmbkn,
km Hte _kO (Hsel 5mj + HseQ ?j) 1_[eel 5mn + HeeZ 7

where the labels t, s, and e stand for temporal, spatial, and electric respectively. Then the
resummed propagators are

1 + Heel + Hee2

Doo = — 5 : (B.35)
k (1 + Hte) + (1 + Heel + Hee2) Htt
Doj = Dip =0, (B.36)
1+ 11.) k,
Dy, = 2( 1L : (B.37)
k2 (1 + Ht@) + (1 + Heel + Hee2) Htt
— (1 + II) Ky,
Dy = 2( Il , (B.38)
k2 (]- + Hte) + (]- + Heel + HeeZ) Htt
1+ 11, kik.;
D;; = 3 T e <5ij - 2]) : (B.39)
K3 (14 Tger)” + k2 (1 4+ Teer) + (1 + ey ) Ty k
— (1 4+ 1) & k;k,
in = — . L+ ) Ko (@ - —2> : (B.40)
kO (]‘ + Hsel) + k2 (]- + Heel) + (1 + H@@l) Hssl k:
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1411 .
- e (w-52) . may
kg (14 ger)” + k2 (14 Teer) + (1 + Tleer) s k

mj
D k2 + I, ((5 kmkn)
TR (A4’ R (14 ) + (1 + Ty Iy \ K2
Htt kmkn

—+ kQ (1 4 Hte)2 + (1 + Heel + Hee2) Htt k2 (B42>

We see that the self-energy components that are proportional to k; or k; (i.e., Ili, Ils0,
and Ilso) do not appear at all, while the ones that are proportional only to k,, or k, (i.e.,
1. and Il..), appear only in Doy, Do, Don, and D,,,. The reason for this is that every
free propagator with a spatial gluon index i or j is proportional to the transverse projector
8ij —kik;/ k2, so the self-energy components Il;,, 1,5, and Il .5 drop out of the geometric series.
Since only the ¢;; self-energy terms remain in the geometric series for D;;, D;y,, and D,,;, also
the resummed propagators are proportional to the transverse projector. A mixing of temporal
and spatial gluons is still not possible, because (Dy);, and (Dy),; are zero from the outset
and intermediate electric field contributions like, e.g., (Dy);, Hym (Do),,0 0t (Do);,, o (Do)
always involve a contraction of the transverse projector with the momentum k,,, either from
the self-energy or the (Dy),,, propagator. In the case of the propagators Doy, Dyno, Don, and
D, there appear terms in the geometric series without any transverse projectors, so those
propagators also depend on the self-energy terms Il,. and Il..;. Also note that, in contrast
to the free propagator, the resummed D,,, contains a part that is not proportional to the
transverse projector, which comes, e.g., from terms like (Dy),,o Hoo (Do)g,,-

B.1.5 Expansions of the Propagators

In the small coupling case the two energy scales 7T and mp ~ g1 are well separated, so we
expand the propagators accordingly. The Matsubara frequencies are always of order 77" and
the momentum k can be either of order 77T or mp. The self-energy functions are at least of
order ¢?T?, so if k is of order 7T then the propagators have to be expanded in the self-energy,
which is equivalent to using free propagators instead of resummed propagators.

If k is of order mp but kg is not zero, then the propagators also have to be expanded in
k%/kZ, which leads to scaleless integrals in most cases (and in all integrals appearing in this
chapter). An exception to this are the temporal propagators in static and Coulomb gauge,
which do not have a k2 term in the denominator.

If k is of order mp and kj is zero, then the leading term of the self-energy may be of the same
order as k? and the propagator has to be expanded in the next-to-leading terms. It is known
that only the self-energy in the temporal propagator has a term of order g7, which is gauge
invariant and given by the square of the Debye mass m?%, see Eq. . In Coulomb gauge, the
free propagator is independent of the Matsubara frequencies. The self-energy, however, is such
that it is of order g?T? for the zero mode, while it is of higher order for the other frequencies.
The self-energies in the spatial propagator start at order ¢g*72, therefore the spatial propagator
has to be expanded and we can use the free one.

It is a straightforward calculation to show that also in the phase-space Coulomb gauge
(PSCG) only II has a term of order g*T* and this is again given by m?3,. All other self-energies
need to be expanded; see Egs. -. Therefore, the spatial and mixed spatial-electric
propagators remain massless, but the electric and mixed temporal-electric propagators also get
massive denominators.
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We summarize here the propagators in different gauges in the leading order expansion for
ko =0and k ~ mp.

1 1
_ . — 0
k2 2 k2 + m2
DFG _ +mp } . DSG = D 1 L . (BA3)
1 ()
0 k—; 0 2 (51']' - (1= f)_kg )
1
S 0 _
k2 +m3, k2 +mj,
1 kik;
G _ pSG PSCG _ i
 ka 0 ks
k2 4+ m kR md,
(B.44)

B.2 Electric Scale Two-Loop Integrals

In this appendix, we will explicitly write down the integrals and their results for all the two-
loop self-energy diagrams at the scale mp. In order to calculate the integrals we make use of
an algorithm that systematically reduces the integrals to a handful of master integrals by the
method of integration by parts and then replaces these master integrals by their known values.
More details on this algorithm can be found in appendix [B.4

All relevant diagrams for H%D (0,k ~ mp) are shown in Fig. , where also the diagrams
labels are explained. As explained in appendix [B.1.5 only temporal gluons carry the Debye
mass in the propagator, so it makes sense to visually distinguish between temporal and spatial
gluons in the diagrams. All Matsubara frequencies are assumed to be zero, which means that
a vertex with one temporal gluon and two spatial gluons or ghosts (if they are required by the
chosen gauge) cannot appear, because it would be proportional to the Matsubara frequencies.
This is why there are no three-gluon vertices with just one temporal gluon in all the diagrams
of Fig. {.1] Tadpole diagrams with only spatial gluons or ghosts are scaleless and therefore
have been omitted in Fig. {.1 Fermion propagators do not have zero-modes, so also light
quark loops cannot contribute to Hg;(o, k ~ mp).

We will do the calculation explicitly in Feynman, Coulomb, and phase-space Coulomb
gauge. In the case of the static gauge we will not perform the calculation for a generic gauge
fixing parameter £. For € = 1 and £ = 0 the calculation is identical to the one in Feynman
and Coulomb gauge, respectively.

The color factors of the two-loop self-energy can be calculated using the quadratic Casimir
of the adjoint representation and the Jacobi identity:

Tr [TZTZ} _ (_ifacd)(_ifbdc> _ facdfbcd — N 5ab ’ (B45)
fabefecd + fbcefead + fcaefebd =0. (B46)
With these we get
facd pdee pegh ghab — (_ N §o¢)(— N §¢) = N2 5 | (B.47)
facdfdghfhgefecb _ _Nfacdfdcb _ N2 5ab ’ (B48)
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facdfcgefdehfhgb — _%facd(fcgefedh 4+ fchefegd) fhgb facdfdcefeghfhgb N2 5ab (B49)

All color factors are given by these expressions or combinations thereof. Symmetry factors
appear only when gluons of the same type (temporal or spatial) can be exchanged, which is
the case for Lz, Lg, Lg, Lig, and L1, although in the case of Lz, Lg, and Lo one symmetry
factor 1/2 is compensated by a factor 2 from the four-gluon vertices. From the vertices we
either get (ig)*, (ig)*(—g?*) or (—g?)?, which is equal to g* in each case. So no additional signs
arise from the vertices, but the ghost loop gets a minus due to its Grassmann nature. Then
we have

C(L1) = C(Ls) = ~C(Ls) = C(Lo) = C(Lug) = 3N, (B.50)
C(Lr) = —C(L1y) = —C(Lys) = N7, (B.51)
C(Ly) = —C(Ly) = —C(Ls) = —C(Lg) = gNZ. (B.52)

B.2.1 Feynman Gauge

We will call the momenta in the diagrams of Fig. in such a way that k appears in each
temporal gluon propagator (even in the temporal gluon loops in Lg, Lip and Ljy through a
shift of the loop momentum by k), while the additional loop momenta will be called p and
q. In the denominator only the combinations k + p, k + q, and either kK +p+ q or p — q
can appear. The reason for this choice is that with this momentum configuration the integrals
are already in the form required by the algorithm described in appendix [B.4 We will use the
abbreviation P(k) = k? + m%. Ls and Lg are the same up to a relabeling of the momenta, so
we will calculate them together. Then we have

L= CRN2 : /// 2T (2k; + pi) (P*6i; — pivs + %05 — iq; — (P - @)0ij + pig;)(2k; + ¢5)
p*(p—q)*q* P(k+p)P(k+ q)P(k)?

k,p,q~mp
CRN2a3T 1 7 3 7 3 7T/L
CpiNoos Ty L 7 3 ™ _ 3, o B.53
32¢ 32 TR T TR e T (€) (B.53)

Lo ORN“/// [(2k +p) - (2k + p+2q)] [(2kz+q)-(2kz+2p+q)]
2 p*q*P(k+p) P(k+q) P(k+p+q) P(k)>

k,p,q~mp

CRN2 ST{ 1 1 3 7 3 7’

T3¢ 1T T 12 32 " 25emg

b=~ 3CRN26/// " (p— q?ggwqu)?

k,p,q~mp

CRN2 3T{ 9 3 27 27

+ O(e)} , (B.54)

————+—7E——ln

g 39 39 m—% + O(E)} s (B.55)

3(JRN2 6 2k +p) - (2k + q)
La= ///pq2pk+p>P<k+q>P<k>2

k,p,q~mp
CRN2063T 39
=— =40 B.56

162



Lo 3CRN2 6/// 2T (2k + p) - 2k +p + q)
P 2(p—q)* P(k +p) P(k + q) P(k)?

kqumD
C’RN2 35T 19 27 7 27wt
—n st - = 4+ In O B.57
mp |32 6 pEty Ty H0E) (B:57)
I _ CrN%g 6/// T (2k +p)? (2k +p + q)°
! (p—q)* P(k+p)? P(k + q) P(k)?
k,p,g~mp
CRN2a3T 1 9 3 3. wu?
S s | 4 SN —CSn B.
% 3 T3ET3 mD+O() (B.58)
I CRN26/// T (2k +p+ q)?
8 —
(p—q)?)" P(k+p)P(k+q)P(k)?
k,p,q~mp
CRN2 3T 1 3 3wl
S s | Sy — —In— B.
|: +32’7E 32Dm +O() ( 59)
L CRN2 6/// (2k; + pi) (2k; + p;)
T P(k +p) P(k)?
k,p,q~mp

" (5p°0i; — (6 — d)pip; + 24%0;; — (6 — 4d)qiq; — 2(p - q)di; + (6 — 4d)p;q;)
(p>)*(p — q)% ¢

CRN2 ST 713 19 39 39 wu?
_ 2 _ = In B.
mp |:646 32 64%9 Tz TOO] (B.60)
I CRN”/// T [(2k +p) - 2k + p + 2q))°
v S (w2) Pk +p) Pl +q) Pk +p+q) P(k)?
s P, q~mMp
ORN2 ST 5 1
Zht s |2 1 .61
[ 48+6n2+(’)(6)}, (B.61)
L11_ORN2 6/// (2k+p (-q)] [(2k+p)- (p— q)
(p*)* (p— 9)* @ P(k + p) P(k)?
k,p,q~mp
_CrN*ET[1 1 3 3wl
_ - _ = In == B.62
Mo |:64€ 32 647E+ 64 m3 +O(E)} ’ (B:62)
i
2 Pk + p) P(k + q) P(k)?
k,p,q~mp
CrN203T [1
= [ - o<e>} (B.63)

We also have to include the contribution from the square of the one-loop self-energy in
order to get a gauge invariant result. This contribution can also be put into the form required
by the algorithm:

_0392/ (I (0,K)) (JRN2 6 /// T (2 + p)® (2k + q)°
2T Jymp (K2 +m2)? p’q* P(k+p) P(k+ q) P(k)?

k,p,q~mp
CRN2 3T 5 ’/T
S L O B.64
mo 6 120 (B.64)
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The sum of all these terms then gives the O (¢°) contribution from the scale mp:

ORNQCKP)T 89 7T2 11
D _ _RVAT NS T e B.65
Hgs mo mp |18 12 12 (B.65)

B.2.2 Coulomb Gauge
In Coulomb gauge we have

__CRNggﬁ —16T
br==—"4 ///p2(p—q)2q2p(k+l’>P<"’+‘1)P("’)2

ko gﬁ_gggz_ﬂl) (1+-E4££;t22>

X[(k,q_(k-pz))gp q)) (k‘p 2
" (k2 <kpp) ) (k'p_ (k'q«?ﬂp q>> (1 (p 32(1)2)
+(k,q_(k-p)p-q))(k2_(k-q)2 <1_ p’ )

p? q> (p—q)?
P -(p -2q)2 <k2 (K -5)2 (K -2q)2 Lk p)(k;- %)(p'Q))}
(p—q) P q p’q
:9%f£{é_%+0@y (B.66)

__CRNQ 6 16T
Ly = 1 ///p2q2p(k+p)P(k+q)P(k+p+Q)P(k)2

k,p,q~mp
x[k.(kJrq)_( p)( f+p q)} {k-(ker)—( q)( 2q+10 Q)}
p q
2 3 2
Gl ﬁm_%w( | e
30 N2 6 N2
e ] 12+ 2]
) quk+p+q)P(k) P’q
s P, g~mMmp
C’RN2 5T 9 3 27 27  wu?
el It el - hn B.68
{ 64 64+64 B g My OO (B.68)

L= ZﬂORN2 6/// AT [k*p? ’Z p)’q’ — (k-q)’p*+ (k-p)(k-q)(p-q)]
p%)? (%)’ P(k + p) P(k + q) P(k)>

k,p,q~mp
CrN23T [15 2
_ ol |15 7 B.69
mo [8 g 1O, (B.69)
2.6
L+ Lg = w/// AT
2 p’q* P(k +p) P(k +p + q) P(k)?
k,p,q~mp
g2 kP (k-q)(k-g+p-q) L (k-p)k-gtp-q9)(p-q)
p2 q2 p2q2
N2 3T 2
mp 2 4
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Ly=— CrN’g 6///16T p — (k-p)?ll(k+p)°q — (k-q+p-q)
)’ P(k+p)2P(k+p+q)Pk)?
k,p,q~mp
2 3
o [—9+0(e)} , (B.71)
/ CRN”/// AT [(k+q)’p* — (k- p+p-q)°]
S ) P(k+q) Pk +p+q) P(k)?
s P, q™~mMp
CRN2 ST 1 3 3. mu?
L CRN”/// 16T
i 2q* P(k + p) P(k)?
kqumD

<[ (1 (k%) w07 (oot o)
ea- Cm ) (4]

D (Pp—aq)*q
_CRN%IT [543 15 15 mu
CrIV gl _ | 1, B.73
mo {325 61 32" TRy T ()} (B.73)
I _ CrN%g 6/// 16T (k> +k-q)p>— (k-p)(k-p+p-q)
0= ) P(k+p) Pk +q)P(k+p+q) Pk)?
y P, g~mp
CpN2a3T [ 5
_cuvet {__ Lo o >] oo
LH_CRW 6/// 4T (K - qp —(k-p)(p-q)
q> P(k + p) P(k)?
kqumD
_ CpN%PT [ 1 13 3 wu
CrIV gl L2 “ B.
o {645 2 6P nmgﬁ%)}’ (B75)

- CRN2 6 / / / 4Tkki ;)P((l’: ;rpc?P(k:P

k’qumD
N2a3T [1
:Q&_L-P+O@}. (B.76)

mp 8

The square of the one-loop self-energy from the scale mp gives the contribution

_ch?/ (15, (0.k)° _ CrN%g 6/// 16T k:2 2 _ (k. p)?| [k2q® — (k- q)?]

2T (k2 +m3)” i P(k+p) P(k+q) P(k)?
N2 ST 5 =2
_t_ B.

and after summing up all these terms, we again obtain the same result as in Feynman gauge:
CRN2Oé§T |:89 71'2 11 :|

B.
48+12 12 (B.78)

g%, mp mp
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Figure B.2: All diagrams relevant for the cancellation of the non-zero modes in the one-loop
spatial gluon self-energy in Coulomb gauge.

There is a subtlety in Coulomb gauge regarding the non-zero modes. In Feynman gauge
all Matsubara frequencies have to be zero, because otherwise the necessary expansions of
the propagators only lead to scaleless or higher order contributions. But in Coulomb gauge
the frequencies do not appear explicitly in the temporal gluon or ghost propagators, the only
dependence on the frequencies is that the Debye mass appears in the temporal gluon propagator
only for the zero mode. So, in principle, the propagators do not have to be expanded and there
is nothing preventing also non-zero frequencies to appear in the Matsubara sums, as long as
they do not appear in spatial gluon propagators.

In most diagrams there is only the zero mode because of the contour integration, but in
diagrams Lg, Lig, Li1, and Lis the momentum of the temporal gluon or ghost loop can have
a non-zero frequency without it entering a spatial gluon propagator. This poses a problem,
because those loops do not depend on the frequency, so the Matsubara sums contain an infinite
sum over a constant, which is divergent and not regulated by dimensional regularization.

However, these sums are canceled by a diagram that we could ignore so far, because it
vanishes for the zero mode. This is the last diagram in Fig. and the Matsubara frequencies
in the numerator from the vertices exactly cancel the denominator of the spatial gluon after
it has been expanded. Then the sum over all diagrams of Fig. gives from left to right

2 Tl 44y 44, 0ij % 1 < %%‘)]
¢*N [— - - + e —0. (B.79
g 2(p-a9)¢® (P-9’¢ (@P-9* P-9*¢\" & (B.79)

We have used the momentum p — q instead of just g in the tadpole loop so that its cancellation
becomes more apparent, and we do not have to consider the higher order expansion terms of
the spatial gluon propagator in the last diagram, because they only contain scaleless integrals.

So even though each diagram contains a divergent series, the sum of all four of them is
finite, because for each particular value of the frequency the sum cancels. In static gauge with
¢ = 0 this problem does not arise, because the temporal gluon and ghost propagators vanish
for non-zero frequencies. Since the last diagram of Fig. gives no other contribution apart
from canceling the non-zero-frequency contributions of the other diagrams in Coulomb gauge,
the corresponding diagram has not been displayed in Fig. [4.1]

B.2.3 Phase-Space Coulomb Gauge

In phase-space Coulomb gauge there are less diagram types, because temporal gluons only
couple in a three-gluon vertex. These types are shown in Fig. [B.3] But because the massive
propagators now can be temporal, electric, or mixed, there are more diagrams in total. How-
ever, it is possible for each diagram type to factorize the massive propagators from the spatial
gluon propagators, so that we can sum over all possibilities for the massive propagators before
multiplying them with the spatial gluons. This sum over all massive propagators is represented
by the double-line propagators in Fig. [B.3|
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Figure B.3: All two-loop diagram configurations in phase-space Coulomb gauge. The double-
line propagators can represent either a temporal, an electric, or a mixed propagator. Also the
diagram with two one-loop bubbles is displayed in the bottom-right corner. We will label the
diagrams L, ..., L; from top left to bottom right.

We have included the one-particle reducible diagram Z7 in Fig. which corresponds to
the second order expansion of the resummed propagator. In this case the reexpanded temporal
propagator depends on several different self-energy functions, so it is easier to just calculate
this diagram explicitly.

We will denote the sum over massive propagators by D73 (Ko, k1, ks, ...). The indices
m; correspond to the vector indices at each vertex i, which can then be contracted with the
spatial gluon propagator. The initial momentum of the series of propagators is kg and the k;
are the incoming momenta at each vertex ¢. The final and initial indices of the propagator
series are o and f3, respectively. We will need temporal indices for most diagrams, but also
mixed indices for the double line loop in diagram Ls.

We will show the summation over massive propagators explicitly in one case for illustration
and just give the result for the other relevant cases. Figure[B.4]shows the double line propagator
with two vertices in terms of temporal, electric, and mixed propagators. By the phase-space
Coulomb gauge Feynman rules this gives

D™ (ko, k1, ko) = — Doo(ko + k1 + k2) Dy, (ko + k1) Doo (ko)
+ Doo(ko + k1 + k2) Dinyo(ko + k1) Dy o(Ko)
+ Do, (ko + k1 + k2) Doy, (Ko + k1) Doo (ko)
— Dom, (ko + k1 + ko) Doo(ko + k1) Diyo(ko)

- 1 <5 (ko + K1)y (ko + kl)ml) 1
Plko + ky + k) \ "™ P(ko + k1) P (ko)
1 — (ko + k1)my —(ko)m,
_|_
Plko + ki + k2) Plko+ k1) Plko)
(ko + k1 4+ k2)my (ko + k1)m, 1
P(ko + K1 + k) P(ko + k1) Pko)
(ko + k1 + k2)m, 1 — (ko) m,
P(ko + ki + k2) P(ko + k1) P(ko)
1 4(ko + k) (Fo)my | 1
" Plko+ky + k) (5”“”” ~ P(ko+ k) ) P(koy) (B-80)

Here we have used the fact that all vector indices are contracted with gluon propagators that
are proportional to the transverse propagator, which means that all terms (k;),,, cancel in the
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Figure B.4: Explicit expression for a double line propagator with two vertices in terms of
temporal, electric, and mixed propagators.

numerator and can be neglected. The different signs in front of the propagators come from
the two color structure functions in the vertices, which are even or odd depending on whether
the temporal, electric, and spatial fields are attached with the same ordering or the opposite
one compared to the three-field vertex shown in Fig. [B.1]

In the same way one can calculate double line propagators with more vertices or different
initial and final indices:

Dgg ™™ (Ko, k1, kg, k3)
_ 2(ko + k1 + k2)ms Omoma n 20m5ms (Ko )m,
P(ko+ k1 + ko + k3)P(ko + k1 + ko) P(ko)  P(ko+ k1 + ko + k3)P(ko + k1) P(ko)
8(ko + k1 + ko)ms (ko + k1) my (Ko)m,
B P(ko + ki + ko + k3)P(ko + k1 + k2) P(ko + k1) P (ko) ’
Dggt ™™™ (Ko, k1, kg, k3, k)
B 1 A(ko + ky + ko + k3)m, (ko 4 k1 + k2)ms
"~ P(ko+ky + ko + ks + Ey) <m4m3_ P(ko + ky + ko + ks3) )
y 1 ( s Akt kl)m2(k0)m1) 1
P(ko+ ki + ko) \ "™ P(ko + k1) P(ko)
4(ko + k1 + o + F3)my Omams (ko) m,
— P(ko+ ki + ko + ks + ks)P(ko + k1 + ko + ks)P(ko + k1) P (ko)

mi o 1 2<k0)m1(k0>n
Dy, (ko, k1) = " Plko + kr) <5m1n - Tko)) : (B.83)

(B.81)

(B.82)

With these we can write the phase-space Coulomb gauge diagrams in a rather compact
form:

~ C' N2 6T Di
Ly == /// i (k,p,q — p,—q) Diis(p) D} (q — p) Dur(—q)

k,p,q~mp

X [0 (2p — @) + 050 (29 — D)y — Ovir(p+ q) 5]

CrN?a3T [1 72
R—|:__7T__|_O( )} (B.84)
- CN2 6T o
L,— - GeVoT / / / DY (k. p, q. —p, —a) Dis () Dy (q)
k,p,g~mp
CpN23T [ 3 15 9 a2 3 9 u
AN P S T %me— 2 B.
mp PR VIR Ry ey +O(€)’ (B.85)
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~ C N2 6T ijj'i
L3: R ///Djj k »P,4q,—4q, _p)DZZ/(p)DJ]/(q)

k,p,q~mp
CRN2a3T 369 9 9w
A I Pl ol B.
e 32 2T mlag P09 (0
- =5 2
L, = o(k,p, —p) Dy (p) Djj (—P) ——5
4 ( ) J]( )(p_q)2q2
k,p,q~mp
1 1 p’q’ — (p-q)?
2 2 2
x| (pg—(p-q —+—)5w+<d—1— iy’
{( ®-97) (q2 (p—q?/) " (p—a)’q? !
_ CaN%a3T [543 15 15, 7w
CrNTAGT 2 el BTG B.87
mp 32 61 3 E gy O (B0
- C N2 6 /
Ly = — /// o(k. P, —p)D;y(p) Djj(—p) Dy, (k + g, p)dim
k,p,q~mp
CRN2a3T 1 1 3 1 3 T
g2 T3 TpE g2 e H O (9
_ CRN2 6T // qirq;
Le — D)y (k, p, —p)Diyr(p) Djjr (—p) ——2s—
6 ( ) J]( )(p_q)QqQ
k,p,q~mp
_CpN*a}T[1 1 3 3 mp
CrNTAGT - _ 2 2™y B.89
mp |:646 647EjL 64 " my, +00e) ( )
- C N2 o7 ii
Ly=——f— 2 /// D™ (k. p, —p, a4, —a) D (P) Dy (q)
k,p, quD
_ CpN%QT [5 7
CrRIVCOL 10 T ay | B.90
i {8 - (e)} (B.90)

We have changed the momenta in the double line loop of diagram 25 from p 4+ q and q to
k + p+ q and k + g by a shift of the integration momentum q, such that the integrals are all
of the form required by the algorithm of appendix [B.4]

We see that the sum of these integrals gives the same result as in standard Coulomb
gauge and in Feynman gauge. But we can make the correspondence between phase-space and
standard Coulomb gauge even clearer. The propagator of the electric field [cf. Eq. ]
contains a part that is just a Kronecker delta, which gives exactly the same contribution as
if the electric propagator were contracted to a point and replaced by a four-gluon vertex in
standard Coulomb gauge. The second part of the electric propagator contains components of
the momentum in the numerator and a massive denominator. This term has the same form
as a corresponding three-gluon vertex in Coulomb gauge, where the momentum components
in the numerator come from the vertex and not the propagator. The same applies for mixed
temporal-electric propagators.

The correspondence is not one-to-one, for example diagrams L, and Zg both give diagram
L3 in standard Coulomb gauge when we replace the second and fourth double-line propagator
by a Kronecker delta. But if we look at the color coefficients CrN?/2 of L2 and CrN? of Ls,
we see that they add up exactly to the color coefficient 3CrN?/2 of Lz. So ultimately it is
only a matter of combinatorics to see that phase-space and standard Coulomb gauge generate
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Figure B.5: Additional diagrams carrying the scale my; at O (g°%).

exactly the same integrals.

A simpler check of this statement is to compare certain classes of diagrams between phase-
space and standard Coulomb gauge, which have unique configurations in both gauge formula-
tions. In our case, L; and L, are the only diagrams with a vertex of three spatial gluons, and
diagrams Lg, ..., Lo, and Ly, ..., Lg are the only ones with a one-loop self-energy in a spatial
propagator. So accordingly, we find the equalities

L =1Ly, (B.91)
Lo+ Ls+Ly=Lo+Ly+Ly+ Ls+Lg+ L+ L3, (B.92)
Ly+Ls+Le=Ls+ Lo+ Lig+ L1y + Lo, (B.93)

where we used L3 to denote the contribution from the square of the one-loop self-energy at
the scale mp.

The cancellation of the non-zero frequency contributions is a bit simpler in this formulation
than in standard Coulomb gauge. The double-line loop in diagram Lj of Fig. gives rise to
two contributions, one where the loop contains a temporal and an electric propagator and one
where both propagators are mixed temporal-electric. The first contribution is unproblematic,
since the electric propagator for non-zero frequencies contains the denominator ¢2 + ¢2, for
which the Matsubara sum is finite. The second contribution exactly cancels the ghost loop
diagram.

B.3 Magnetic Scale Cancellation at O (96)

We will list here all contributions at O (¢%) that involve the scale my;. At O (g°) those were
one-loop diagrams where the spatial gluon carries a momentum of order mj; and the temporal
gluon carries a momentum of order mp (see Sec. [4.3.3). At O (¢°) it is the same principle:
two-loop diagrams with all propagators carrying momenta of order mp except for one spatial
gluon with a momentum of order m,,;. In three-gluon vertices only the momenta of order mp
are to be kept in the numerator.

We refer again to Fig. [4.1] which essentially gives all relevant diagrams for this calculation.
In diagrams L4, ..., Ly any of the spatial gluons can be the one that carries the scale m,;, in
diagram Lg it is only the gluons in the subloop. So L; contains three and Lo, ..., L7, Lg each
contain two different contributions. In addition, there are two new diagrams not displayed in
Fig. [4.1] which we give in Fig.[B.5| They correspond to the diagrams L; and Lo from Fig.
with the subloop replaced by a tadpole, so we will include the contributions of the left and
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right diagram in Fig. in the following expressions for L; and Lg, respectively. Diagrams
Lg, Lig, and L1 do not contribute, because if the spatial gluons were of the scale my;, then
these would correspond to the one-loop diagram with a resummed spatial propagator, which
we have already considered in the O (¢°) calculation. Diagram L;; with one ghost propagator
of the scale m); does not contribute, because from the gluon-ghost vertices there is a factor of
the loop momentum squared in the numerator, so this diagram is of O (¢®).

We will do this calculation in Feynman gauge, because the expressions are somewhat
shorter. We will label the momenta such that k,p ~ mp and ¢ ~ mj;. Since we have to
expand everything in ¢/mp, we can just ignore ¢ in all other propagators at leading order.
This simplifies the ¢ integration, which now contains only one propagator:

_ 0y
qg~mg q~mpg

The Kronecker delta can then be used to contract all indices in the k£ and p integrations, which
can be carried out by the same methods as in the O (¢°) calculation.

The calculation of the different diagrams gives

N2 4 (k*p* — (k- p)?) 2(k’p*— (k-p)*) \ Di(0,9)
= ~Crl'g T/ / /( k:+p>P<k>3+<p2)2P<k+p>2P<k>2) a

k,p~mp,q~qn

2 N2 8T

— ”CR / Dui(0,q), (B.95)
qr~mpyg
2
Ly = —CpN? 6T/ / / (2k +p)* (k* + k- p) Dii(0,9)
p? P(k + p)? P(k) d
k,p~mp,q~qn

or C’ N2 ST

= TR G / Dii(0,q), (B.96)

q~mpg

__§ 2 6 // / d Dii(OaQ>
Ly = =3CrN°g'T p?P(k+p)P(k)? d

k,p~mp,q~qn

30N23T
7TR /D

:#(0, q) (B.97)

q~mag

3(2k*+k-p) Dy(0,q)
2 6 1i\Yy
b= Ca’g T/// Pl PR

k,p~mp,q~qm
CrN2a3T

mp
qg~mpar

2 6 2k +p) - (k+p) 3(2k*+k-p) D;;(0,q)
Ls + Lo = CrN'yg T///(2pk+p2p(k) +p2P(kz—|—p)P(k:)3) d

k,p~mp,q~qm

CrN2a3T
— g CrN T / Di(0,9), (B.99)
m
D

q~mpg
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- 2 6 (2k + p)*(k + p)? 4> (2k + p)”
— ON T///( 2 P(k + p)® P(k)? +p2P(k+p)P(k)4

k,p~mp,q~qn

P Pkip?Pk?)  d
_ 5” CRN2 T / D;:(0,q) (B.100)
I PO 20k*p? — 4(6 — d)(k - p)* — 4(1 — d)(k - p)*p* — (1 — d) (p*)’
=50 T/ m/ / M< ©°) Pk + p) PR
=Dk +p) ) D;i (0, q)
(p?)* P(k+p) P(k)?) d
_ g%z—;T / D4(0,4). (B.101)

From the square of the one-loop self-energy we have

 Crg? / 115 (0, k)G, (0, k)
2r (k* + mD)

k~mD

= RN GT/ / / ( Qikzlﬁ; Z)(k:)‘l T p? g(gi;)p I)DQ(k:)?’) Dii(c?m

k,p~mp,q~qn

C N2 T
_ TYRA % / D;i(0,q). (B.102)

q~mpag

The sum of all these terms gives zero.

B.4 Automatic Reduction to Master Integrals

The method of how to solve the three-loop integrals appearing in this calculation has been
described in [165]. Minimal modifications are required in order to account for the Euclidean
metric. All integrals can be put in the two following forms:

B (i1, 2, 13, 14, 15, 1) = /k/p/q (P?)((p—q)?)2(q?)3P(k + p)+P(k + q)=P(k)’’

(B.103)
11, 19,13, 14, 15, 16) = . . A . ‘ —
M ) )y Jo %) (@)= Pk + p)s P(k + @) P(k + p + @) P(k)'s
(B.104)
with P(k) = k* + m%. In this framework, the exponents iy, ..., are integers.
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By relabeling or shifting the integration variables k, p, and q several identities between
the different Bj; and By can be established:

B (i, i, 13,14, 05, 76) = Bar(i2, 11, 13, 4, 6, i5)

= Bu(i3, 11, 92, ¢, 14, i5) = Bar(is, 12,11, 15, 14, 16)

= By (i, 13,11, 15, 96, 74) = Ba(i1, 13, 19, U6, i5, 14) (B.105)
By (i1, 92,13, 14, 15, i6) = By (i1, 12,15, 16, i3, i)

= By (i1, 92,14, 3, %6, 15) = B (i1, 12,16, i5, 14, 3)

= By (i, 11, 14,13, i5, i6) = Bn/(i2,11, U5, 6, 14, i3)

= By (i2, 11,13, 14, 96, 15) = B (i, 11,16, 15,13, 14) . (B.106)

In addition, any By with an index i3, ..., zero or negative can be turned into a B)y;. The
obvious relation is

BN(ila Z.27 i37 i47 07 ZG) = BM(ila 07 i?a Z.3) i47 16) : (B]'O?)

If 75 is negative, one can expand the numerator after substituting

(k+p+q)’+m)p=p"—(p—q)’+@+ ((k+p)°+mp)+ ((k+q)° +mp) — (k> +m})

(B.108)
All these terms appear to some power in the denominator, so they can be canceled to give
proper B, integrals. If any of the other indices 13, ..., is zero or negative, then one can use

the identities above to shift that to the fifth position and then use the relation for i5 < 0.

Other identities can be found by acting with V, - k; on the integrand, where k; and k; can
be any of the three loop momenta. The total expression has to be zero, since it is an integral
over a total derivative, but calculating the derivative explicitly gives a number of other B,
and By integrals. These new identities include integrals with changed indices i1, ..., %, while
the identities above just shift them:

(d — 2iy — iy — i) B (i1, 2, 3, ia, 05, i)

= i9Bn (i — 1,92 + 1,143,144, 95, 1) — 12Bam (41,72 + 1,93 — 1,44, 15, )

+igBys (i1 — 1,49, 43,04 + 1,5, 46) — i4Bas (i1, i2, i3, 44 + 1, 15,46 — 1) | (B.109)
(d — iy — i5 — 2ig) Bas (i1, ia, i3, ia, i5, ig) = —2igm> By (i1, i2, i3, ia, i5, ig + 1)

iy Bay iy + 1,9, i3, d4,i5, i — 1) — i1 By (in + 1, i, i3, 44 — 1,45, ig)

+i5Bay (i1, i, i3 + 1,44, i5, 16 — 1) — i3 Bay (i1, 4o, 65 + 1, 14, i5 — 1, 45) (B.110)

(d - le - 2Z4 - 26) BN (7:172.27 i37 Z'47 7:57?;6)
= i1 By (i1 + 1,d9,43,14 — 1,45,46) — i1 By (i1 + 1,12, 3, 14,15 — 1, i)

+ 6By (i1, 12, 13,94 — 1,145,196 + 1) — i6Bn (i1, 92 — 1,143, %4, 15, 66 + 1)

— 2iym¥ By (iy, ia, 3,14 + 1,15, 16) — 2igm By (i1, i2, i3, 44, 45,16 + 1) , (B.111)
) ) . ) ) . 3d L
i+ lg i3+ iy + 15 g — 5 By (i1, 12, 3, 14, i35, 16)
= ismp By (i1, da, i3 + 1,14, 15, 16) + iam» By (1,49, 43,14 + 1,15, 6)
+ism3, By (i1, 12, 13, 14,5 + 1, 1) + igm% By (i1, i2, i3, 14, 15,76 + 1) . (B.112)

There are 16 further identities, which can be obtained from these four by combining them with
the index shifts given above.
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By repeated use of these identities every By integral can be reduced to By(0,0,1,1,1,1)
plus a bunch of B, integrals. In the same way, every Bj; integral can be reduced down
to Bp(0,0,0,1,1,1) plus By, integrals where at least one of the indices iy, ..., is zero or
negative, for which there exists a general solution. So all integrals appearing in our calculation
can be put into the form of a few master integrals. The needed results for those can be found
in [37, 165, 166] [

B.5 Calculation of the Master Integrals

For the sake of completeness, we attach here how the master integrals, whose results are given
in [37, [165] [166], can be calculated. The simplest one is By,(0,0,0,1,1,1), because in this case
all three loop integrations decouple by shifting p — p — k and ¢ — q — k:

1\ r@a-9>°
BM(O,O,O,l,l,l):(/ ) = ( 33) mi. (B.113)

k K2 +mi, (4m)=

For the other B, integrals instead of a closed expression we will rather give another al-
gorithm for their solution. We will assume that the zero or negative index is i4, because if
it is i5 or ig instead then one can exchange those with 74 by one of the identities. After also
performing the shift p — p — k and ¢ — q — k we can integrate over p without problems,
because it no longer appears in a massive denominator:

/p ((p ij 5 m%)_”
21 + Zz / / (P> +m3) (1 — g)iz~!

[(iy (p? —2zp-k—2(1 —2)p-q+ xk?+ (1 — x)g?)ati
21+12 / / (p+ak+ (1 —2)q)2+m3) “ a1 — z)=2!
(P* +2(1 —z)(k — q)?)1+" '
Now we have to expand the numerator, which we can do because —i4 is a non-negative integer,
and then use the identity

v E (2 2 dpy
/p(p a)"f (»°) = (47r) = dT / / dp, pT*(pya)" f(p” +p7)

(B.114)

(v 1 —a? p) (zpg)" f (p°)

Q..

d d:r;

(5% / ! vl —5’32

= VT / dp/ de(1— )% 2% p*= g f (p?)
2

F( 21) (%) nonp (2 I'(n)T (g) nong (2
:W/pp”(p) s (e P 0 B0

if n is even, or 0 if it is odd. Then the expanded numerator consists only of a sum of powers
of p?, m%, and (zk + (1 — x)q)?, the last of which can be reexpressed as

(wk +(1—-2)q)* =z(k* +m}) —2(1 —2)(k —q)* + (1 —2)(¢* +m3) —m%. (B.116)

(4m) 5

'As a check that our programs are running correctly we have calculated all the integrals given in the
appendix of [37] and reproduced their results.
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The p and z integrations now all have the form

/1 " Iafl(l _ :L,)Bflp?y
0

_ F(6—y—9HT(¢+9) /1 . g1 (] Bt
(4m)5T(6)T () 0 ((k — q)z)&%%
D (6—v—2)r (¢

(B.117)

+7)F(a+7+§—6)1‘(ﬁ+7+4— )

We see that the remaining loop momenta k and q appear only in the combination (k — q)*
in the denominator, which can be combined with the term ((k — q)?)"” from the original
By, integral. The numerator has already been expressed through terms appearing in the
denominator, which can also be combined so that we have a sum of integrals of the form

// k—q)? k2+1mD) A+ mp)

I'(a + /3 / // (1 — ) taft
k2 4 (1 - x)q2 +amp)* (g + mp)

e IR AR
- (4m)ET()D(8) Jo (1—1‘61 +m, ) 2(q +m D)

B (a + B + v — g / / 1 _ x —a— 1(1 _ y)'yflya—i—,@—g—lu:sfd
(47T)2F )T(y) ((1— :I:'y)q +m )a+ﬂ+wf%
g_a 1 otB—d_1 6
o (O‘+5+7 d / / dy 1y 1(1—y)'y Ly +6-5 1,6-2d (B.113)
(47T)dr (1 i xy)gm%a-iﬂﬁ-i-?'y—?d ) )

If we now perform the substitution

(1—y)x 1—x l—y
= — 1—2z= dz = ——dx B.119
: 1—ay ' : 1—xy’ : (1 —xy)? ( )

where for z from 0 to 1 also z ranges from 0 to 1 independently of y, then the two Feynman
parameter integrations decouple:

1
// (k —q)? k2+mp> (q”m%)W

B Oé‘i‘ﬂ—F’}/ d dz Z%—a—l(l _y)a—i-'y 2 lya+ﬁ—f—1,u/6 2d
(47T)dF m2Da+25+2772d
(a+5+’y d) (——Oz) (Oz—{—ﬂ——) (a—i—fy—c—l),u6_2d
2a+2p3+27—2d : (B.120)
(4m)(B)T (V)L (§) T2 + B+ v — dympy =777
In this way all Bj; integrals with a zero or negative index i4,...,75 can be expressed through

gamma functions.
The final missing integral By (0,0,1,1,1,1) is more complicated and we are not aware of
a solution for general d, so we will show how to calculate it to O(¢?). In fact, it is easier to
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calculate By(0,0,2,1,1,2), because unlike By (0,0,1,1,1,1) this integral is finite. Through
the algorithm described above we get the relation

3 3 3d—9
(3d — 8)(3d — 10)(d — 3)BN(0,0, LI (d—2)°T (1 - ) m
64(d — 4)m4 32(d _ 4)( ) m%dfﬁ
(B.121)
We see that, because of the coefficient (d — 3), in order to get By (0,0,1,1,1,1) to O(€®) we
need to calculate By(0,0,2,1,1,2) to O(e!). After performing the shift p — p — k the p and
k integrations are identical:

By (0,0,2,1,1,2) =

1
By(0,0,2,1,1,2) = /// 5
ptq (P2 +mh)" ((k+q)?+m}) ((p+ q)* + mip) (k2 +m3)

:/q /k<<k:+q> +m3 ><k2+mD>2>

:/q / /k2+x1—x)q —i—mD))
(3-4) - 2

:/q F<ir> / dx(x(l—:o: +m%>3‘3>

2
e8] 2qd_1,u3_d 1 ( ILL27T > tanfl ﬁ
= dq l—ype+In—¢€) + 2 ¢
/0 (g) 8rmp (¢> + 4m3,) g m2, 21q (¢ + 4m7,)

o] 6.3 8
:/ dq s (1+26—3'yEe+ln M47T2€—|- than*LE)
0 12874 m? (¢ +mD) mpq q 2mp
2
_ nem 2

From these two results we obtain

2

1
Bx(0,0,1,1,1,1) = (Z::;g (_E 8+ 3yp +4n2 — 31n m—ﬂ> +0(e). (B.123)
D

B.6 Color Coefficients of the Unconnected Three-Gluon
Diagrams

All unconnected three-gluon diagrams are given in Fig. [B.6] The standard color coefficients
are labeled C;; according to the caption, while the coefficients that appear in the logarithm
are called C:J These indices bear no relation to and should not be confused with the color
indices used for the coefficients of the uncontracted diagrams appearing in the calculation for
the Polyakov loop correlator.

The most straightforward prescription to calculate the coefficients in the logarithm comes
from the replica trick [144] [145]. First one attaches an index from 1 to n to each gluon, where
n is some integer, then rearranges each diagram such that gluons with a higher index are
moved along the Polyakov loop contour to the right of gluons with a lower index, while gluons
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Figure B.6: All unconnected three-gluon diagrams. The corresponding color coefficients are
labeled C;;, where ¢ denotes the row and j the column in which the diagram is listed.

with the same index keep their current configuration. After summing over all combinations of
indices one expands in n and takes the coefficient of the linear term.

Here we have three different possibilities: either all three gluons have a different index,
two have the same but the third index is different, or all three indices are the same. It is
then only a matter of combinatorics to count the number of possible index combinations. For
three different indices there are n(n — 1)(n — 2) possibilities, while when all three are the same
there are n. When only two are the same there are n(n — 1) index combinations and 3 ways
to choose the one gluon that has a different index. Rearranging the gluons according to their
index number always gives C;; = C% for three different indices and the standard (i.e., QCD)
color coefficient when all indices are the same. When only two are the same, then in half of the
index combinations the single index will be smaller then the double index and larger for the
other half, but in both cases the color coefficient is the same, so we do not have to differentiate
between them. The 3 different ways to choose the single index gluon may or may not give
different color coefficients after rearranging the gluons according to their indices.

The standard color factors are

1
Ci1=Ch, Co =Ch (OR_ﬁN) ; Cy = C,
2
) 1 1 ) 1
Ci2 = Ck (CR—§N>7 Co2 = CRr <CR_§N) ) Csy = Cp (CR_iN)y
. 1 1 \°
Ci3 = Ch, C3 =CRr CR_§N (CR=N), Cy3=Cr CR_EN ;
2
N _ L Y e
Cii=C}(Cr—5N) . Cui=Cr(Crn-3N) Cai = C4 (Cr— 5N ),
1
615201?%, 6252012% <CR—§N), C35:C}33. (B124)
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Then we can calculate the coefficients in the logarithm:

511 = nCﬂ + 3”(” — 1>Cll + n(n — 1)(n — 2)611 o) = 0, (B125)
Cio = nCia + 2n(n — 1)Cyy + n(n — 1)Ciz + n(n — 1)(n — 2)Cny o 0, (B.126)
Ciz = nCis + 2n(n —1)Ci1 +n(n — 1)Ci3 +n(n —1)(n — 2)Cpy : =0, (B.127)

Cis = nCyy + n(n —1)Ci; + n(n — 1)Cia + n(n — 1)Ci13 + n(n — 1)(n — 2)Cny

O(n)

=Ci —Ci2—Ci3+Ciu =0, (B.128)
515 = 71015 + TL(TL — 1)611 + 2n(n — 1>C13 + n(n — 1)(n — 2)011 om)

= CH — 2C13 + C15 = 0, (B129)
5'21 = TLCQl + Qn(n — ].)Cll + n(n — 1>C21 + n(n — 1)(n — 2)011 o) = 0, (B].SO)
522 = nCag + 2n(n — 1)Cy1 + n(n — 1)Cy; + n(n — 1)(n — 2)Cpy o

1

=Cop — 20y +C11 = ZCRN2 : (B.131)

Cos = nCas + 3n(n — 1)Ca1 + n(n — 1)(n — 2)C1y .
1

= Co3 — 3Co1 + 2C11 = 5(JRN2 : (B.132)

Cos = nCoy + 2n(n — 1)Coy + n(n — 1)C31 + n(n — 1)(n — 2)C11‘O( )
1

- 624 - 2621 - 631 ‘|‘ 2611 - ZCRN2 5 (B133>
525 = nC25 + n(n — 1)621 + 2TL(7’L — 1)031 + n(n — 1)(n — Q)Cll‘o( )

= 625 — 621 — 2631 + 2611 = 0, (B134)
Cs1 = nCs1 + 2n(n — 1)Ci1 4 n(n — 1)Cs1 + n(n — 1)(n — 2)C1y I (B.135)
Cay = nCsp + n(n —1)Ci1 +n(n — 1)Cay + n(n — 1)Cs; + n(n — 1)(n — 2)Cyy o

= 632 — 621 - 631 + CH = 0, (B136)
Cs3 = nCs3 + 2n(n — 1)Ca1 4 n(n — 1)Cs1 + n(n — 1)(n — 2)C1y o

1

= C33 —2Co1 — C31 +2C11 = ZCRNQ ) (B.137)
Cay = nCay + n(n —1)Cy1 + 2n(n — 1)Cs1 + n(n — 1)(n — 2)011‘0( |

- Cg4 - 021 - 2631 -+ 2011 == 0, (B138)
Cas = nCss + 3n(n —1)Cs1 +n(n —1)(n —2)Cyy o

=C35 —3C31 +2C1; =0. (B.139)

Here we see the general property confirmed that only two-particle irreducible diagrams
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appear in the logarithm. This means that the color coefficient in the logarithm vanishes for
any diagram where one can cut the (closed) Polyakov loop contour in two points such that
there are no gluons connecting from one segment of the contour to the other. These are the
so-called two-particle reducible diagrams, the diagrams where this is not possible are called
two-particle irreducible. Here the considerable reduction in the number of diagrams is even
more apparent than in the two-gluon diagrams: out of 15 unconnected three-gluon diagrams
only 4 survive in the logarithm.

We also see that all higher power terms of Cr are canceled; only the linear term remains
and only the two-particle irreducible diagrams have a linear term. This is in accordance with
the theorem shown in [I45] that the color coefficients in the logarithm all correspond to those
of fully connected diagrams. The coefficients of fully connected diagrams depend only linearly
on Cg or the Cl(%n). So the only terms that can break Casimir scaling come from the Cl(%n), see
Eq. (4.45).

B.7 Unexpanded Result for Dj

In Ref. [I125], an unexpanded result for the contributions to diagram D; from the scales 1/r
and 77T has been presented. This result is also valid when 1/r ~ 7T, and when it is expanded
for small r, then one obtains the expression given in the main section. We add the contribution
from the scale mp, for which we still assume 71" > mp.

Qg as 1IN 2ny 1
Di=—<1+—|—+ —(1—4In2 2 ( | —)
! TT{ +47r[3 Ty (I-dl2) + 25 7E+°g47ri[’H

1 1o 11
2
N <_247‘2T2 * 7‘7TT/1 de <_1 tTeT ﬁ) log (1 = exp [_4WT$D>

1 e 1 1 1+ exp [-2rnTx] 2N np\
dr | - — — |1 — + = T
2T7TT/1 v (xQ x4) . exp [—2rnT'z] * 3 * g )T

(N2 — 1)Tlf OéST

+ oz?nf

&MD +2Na?[l —yg —In2 — Inrmp] +

4N mp
3aZmp 2 L
_ 29D N L 2 (1 — 41n2) + 2 ( 1 —)
8T { T3l = 4n2)+ 26 (s +1In 77 ]
N2a3T [89 72 11 a.rim3
STl 4 T n2l - =L 0. B.140
T T [24+ 6 6 ] o tO) (B.140)

We see that here the natural scale for oy seems to be 47T also for the leading 1/rT term,
which makes sense considering that this result is appropriate for 1/r ~ «T. For 1/r > «T
the expansion of the integrals yields some nonanalytic terms that cancel the temperature
dependence in the logarithms of the first line and change the natural scale for ag back to 1/r.

In that paper, also a result valid for » ~ mp was given. However, this is only available at
O (g*), and it is not possible to infer the next order from the Polyakov loop at O (g°) like for
r > mp (because then it is not allowed to expand explik - 7| in the scale mp contribution to
Dy), so we do not include this result here in order to consistently work at O (g°).
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B.8 The H-Shaped Diagrams

Using the same labels for the gluon momenta as in the main section, the O (a?) contribution
from the H-shaped diagrams in Eq. (4.102) is given by:

/// (k-p)g* = (k-q)(p-q) P (B.141)
»Jq k2(k — q)2(¢%)* (p + q)*p?

We shift the momenta k — k — p and ¢ — q — p. Then the integral contains only one
momentum in the exponential:

_2° /// (k — p Jij q p)> — (¢ —pilg ;p)j)pje““'r ‘ (B.142)

pJq p)*(k —q)*((q — p)?*)" ¢°p?
The p and ¢ integrations can be put into the form of general k-dependent integrals:
Ii.(n1, ng, ng, Ny, n5) E// 7 nl 7 D g -
pJq (B—p)*)" ((k—q)*)™ ((p—q)*)" (P*)" (¢*)™

Through redefinitions of the integration momenta one can show the following identities:

(B.143)

I.(n1,n9, n3, nyg, n5) = Ix(ne, ny,ng, ns,ng) = Ip(ng, ns, n3, ny, ne) = Ix(ns, ng, ng, no,ny) .
(B.144)
Reexpressing the numerator through terms that can be canceled against terms in the denom-
inator and using these identities, we get:

6
' 1
DH = %/le.r |:[k:(17 0, 2, 1, O) - [k’(17 07 27 Oa 1) + §Ik(17 1’ 07 1’ 1)
k

—21,(1,0,1,1,1) + K*1,(1,1,1,1,1) (B.145)

In the first integral of this expression, the ¢ integration is scaleless, so I;(1,0,2,1,0) = 0.
The other integrals except for the last can all be calculated with standard methods. In order
to simplify the last integral, we can use integration-by-parts relations. In order to obtain these,
we insert V, - p or V,, - g into the general expression for I;(nq,ng, ns,n4,ns). Because it is
an integral over a total derivative, each of these expressions vanishes, but if one calculates the
derivatives explicitly, then one can also express it through other integrals of this type. Other
relations can also be obtained, but in this case those two are sufficient.

1
0= / P G (k=) (= 9™ ) (@)

= —mlp(ng + 1,n9, 3,14 — 1,05) + n1k> I (ng + 1, ng, 13, 14, 05)

—ngli(ny,no,ng + 1,4 — 1,n5) + ngly(ny, no,ng + 1,n4,n5 — 1)
+ (d — ny — n3 — 2nyg) I (ny1, na, 3, Ny, Ns5) | (B.146)

1
0= | [ O G = = e
= —nylg(ny + 1,0y — 1,n3,n4,n5) + 1l (ng + 1,n9,n3 — 1,04, n5)
)
)
+ nylx(ny,no,m3 — 1,ng + 1,n5) — ngly(ng, ng,n3, ny + 1,5 — 1)
+ (n3 — ng) Ix(ny, ng, n3, ng, ns) . (B.147)

(
—nplp(ng + 1,n9,n3, 14 — 1,05) + n1k* I (ny + 1,09, n3, Ny, 135
(

— nglp(ny, ng,ng + 1,14 — 1,n5) + nsly(ng, ne, ng + 1,14, n5 — 1)
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In both expressions one can write Iy(nq, ng, ng, n4, ;) in terms of integrals where one index
is raised and one is lowered. The only exception to this are the two integrals with a k2
coefficient. But if we subtract the second relation from the first, then this term vanishes:

0 = (d — ny — 2ng — ng) I (n1, ng, N3, N4, N5)
+ nljk(nl + 17”2 - 17”37”47”5) - n1[k<77/1 + 17”27”’3 - 17”47”5)
— n4]k(n1,n2, ng — 1, Ny —f- 1, n5) —f- n4]k(n1,n2, Nng, Ny —I— 1, ng — 1) . (B]_48)

This relation can be used repeatedly to lower either the index no, ns, or ns to 0, at which
point the integral is straightforward to calculate. In the case of I(1,1,1,1,1) one iteration is
enough:

I(1,1,1,1,1) = 1,(1,2,0,1,1), (B.149)

I(2,0,1,1,1) —

—d

where we have used the symmetry relations again.
We now give the results of the integrals when one index is 0. Because of the symmetry
relations we only need to consider two cases:

—d

1 1
[k(nl,(),ng,n4,n5) = /]; ((k — p)2>n1 (pz)ml /q ((p _ q)z)NB (qz)ns

__/ 1 AT (g + s — 4T (4= n5) T (4= o)
((k=p)2)"™ (D)™ (47)d/2 (p2)"* "5~ Y2 D (ng)T(ns)L(d — ns — ns)

()" () (4 ) (3 =)

(4m)? I'(n1)I'(n3)I(ns)
y F(n3+n5—g)F(d—ng—n4—n5)F(n1+n3+n4+n5 d)
F(d—ng—n5)F(n3+n4+n5—g)F(%“i—nl—ng—m—ng,) ’
(B.150)

1 1
Ik(”17”2707n47n5) = /p ((k _p)2)n1 (pQ)m /q((k — q)Q)n2 (qz)”s
AT (g g = )T (4= ) T (4= o)

(
" pudir (ng +ns — g) r (g — nQ) r (4 — n5)
(47) /2 (Kk2)" "2 T (ng)T(ns)T(d = mg — m5)
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L (nat e~ &)T a1y — )
['(d—mny —ng)T(d —ng —ns)

Then we have:

6
. 1
Dy = QT/ém [_jk(1,0,2,0, 1) + §Ik(1, 1,0,1,1) — 21,,(1,0,1,1,1)
k
2k2 22
1,(2,0,1,1,1 1,(2.1,0. 1.1
+4 dk( 777) _dk(77a7)
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Ax¥r=3;T | (4—d)2 \2 L'(5—d)I*(d - 2)
For d = 3 this gives:
ol 3 w2

Dy=— -S4+, B.153
=T ( 2" 8) ( )

B.9 Relation to Other Forms of Resummation

The results of section relate to a calculation published in [167], which we will discuss here.
The authors performed a partial resummation of the perturbative series for the Polyakov loop
correlator and the singlet free energy correlator (which they call Wilson loop, but since they
neglect any contributions involving the spatial Wilson lines, both functions are identical), and
they find an unexpected behavior at short distances. While the calculation itself seems to be
correct, some of their conclusions may not be.

The resummation includes all diagrams where tree-level gluons of momentum ~ 1/r are
exchanged between the two Polyakov lines, while any loop contributions are neglected. As
such it is well-defined, but gauge dependent starting from the two-gluon exchange. They
choose static gauge dyAy = 0 and we believe this to be the source of their unexpected results.
Performing the same kind of resummation in Coulomb gauge leads to a different result.

We may use the exponentiated expression of . In the corresponding discussion, we
have already argued that all diagrams where gluons can be separated into a left and a right
part by a line connecting the two Polyakov loops such that no gluon crosses this line do not
contribute to the exponent. In other words, it is a necessary condition for tree level diagrams
of any order to appear in the exponent that the gluons cross. However, for such diagrams the
delta function in the tree level propagators renders all diagrams with more than one gluon
equal to zero. So the result of this resummation in Coulomb gauge is simply the exponential
of Dy.

Comparing this result to the one in static gauge from [167] for SU(2), we have

3
Wsa =~ (1 + z) cosh(z) + (2 + z) sinh(z) =1+ 3z + 522 +... (B.154)
9
Wee =~ exp(3z) =1+ 3z + 522 +... (B.155)
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where z = ¢?/16mrT and we have expanded for small z. We see that the first order term is the
same, but the second order is not. This confirms our previous statement that starting from
two-gluon exchange diagrams this resummation is gauge dependent.

But since the Wilson loop is gauge invariant (if the spatial Wilson lines are included),
the difference between both gauges must be contained in terms that were neglected in this
resummation. The intention of [167] seems to be to resum all terms where 1/rT appears
to the same power as ¢2, in other words terms of order z". But in static gauge this is not
equivalent to resumming all tree level diagrams. We will show this at O (22).

There are two sources for the discrepancy between both gauges, the first comes from the
singular part in the static gauge gluon self-energy. At one-loop order this is given by (see

e.g. [126])

Ng*|k[®
IT Tsing = ————. B.1
00(07 k >m )szng 1927 ( 56)
If we include this contribution in the one-gluon exchange, we get
392 ezk-'r' 3 94 22
- = =3 — 4. . B.157
AT /kk:2 1L, 16mrT © (16m)22T2 T SR (B-157)

So instead of z one should insert 2 = z + 2%/3 + ... into the resummed expression for Wgg in
SU(2) in order not to neglect any contributions of order z".

The second source of the discrepancy comes from the neglected contributions of the spatial
Wilson lines. There are three diagrams with one gluon between the two Polyakov lines and one
gluon connected to the spatial Wilson lines. In one of them the two gluons cross and in the two
others they do not. The former has a color factor —(N%—1)/4N? and the latter (N?—1)%/4N?
and it is straightforward to show that the sum of the three diagrams is equivalent to the crossed
diagram survives with a coefficient —(N? — 1) /4.

The spatial gluon propagator for large momenta has a term of order 1/7:

ik, 1
Dk 7 0.k) = 1575 + O (E) . (B.158)

With this the crossed diagram gives a contribution of order z? (again with N = 2):

3 g2 zkr -
5W:_Z (T/k ) Zg / dSsz/ dSQ’I"]¥ et r(s1—52) ksz

3( ¢ 9 2
== = 22°. B.1
4 (47rrT) ( 247TT‘T) : (B.159)

Coulomb gauge has neither a singular part in the one-loop self-energy nor a term of order
1/T? in the spatial gluon propagator, so the tree-level one-gluon exchange diagram already
contains all terms of order z". If we put all contributions in static gauge together, we indeed
get now the same result as in Coulomb gauge for the SU(2) Wilson loop:

3 2

The other part of [I67] deals with the large N limit. The result they obtain in this case
for the Wilson loop is given by a Bessel function:

1
Wse=1+3 <z + —22) + 3, +22°+ 0 (20, 2°) =1+ 32+ ng + 0 (za,2%) . (B.160)

1
WSG:]0(2\/Z):1+2+Zz2+..., (B.161)
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where now z = g N/8mrT. For Coulomb gauge nothing changes, so taking the planar limit we
have

1
chzexpz:1+z+522+.... (B.162)

Taking the planar limit for the other two results we get 22/12 from the singular part of the
self-energy and 2%/6. We see also here that if we add these two contributions to the tree-level
one-gluon exchange result in static gauge, then both gauges agree up to O (z?).

So far we only considered the small z expansions. There is also a discussion of the large z
limit in [I67], which corresponds to T < ag or T < agN, and this is where we disagree with
their conclusions. In order to take the limit z — co one really has to include all terms of order
2" in the resummation, and as we just saw, this has not been done in [167]. There will also be
higher powers of z from multiple gluon exchanges between the spatial Wilson lines and higher
powers in the expansion of the propagators in the singular self-energy. Since those terms were
not included in the resummations, the results for large z cannot be trusted. The authors have
commented on a strange behavior of the Wilson loop for large z and interpreted it as a side
effect of the planar limit, while in our view it is rather due to an incomplete resummation and
gauge dependence.

In Coulomb gauge there are no contributions of order 2™ from gluon exchanges between
the spatial Wilson lines and there are also no singular terms in the self-energy up to one-loop
order. We do not know if at a higher loop order a singular term can appear in the self energy,
but assuming that it does not, then the resummed result of the Wilson loop is also valid in
the large 2z limit and shows exactly the Coulombic behavior that is expected.

Apart from the Wilson loop, Ref. [167] also discusses the Polyakov loop correlator. There
the picture is similar, the leading term in the small z expansion of their resummed result
reproduces the known expression, but the next order term is missing the contribution from the
singular part of the self-energy (compare the cubic part in Eq. or Ref. [126]). Then the
large z limit does not reproduce the right behavior, because the resummation is incomplete.

Assuming that Coulomb gauge does not have singular contributions from the self energy
at higher orders, we may take the z — oo limit in Eq. without problems. The contri-
bution from the adjoint self energy becomes exponentially suppressed, and the Polyakov loop
correlator is given by the exponential of the singlet free energy alone.

B.10 Alternative Exponentiation of the Polyakov Loop
Correlator

Instead of the expression given in Eq. (4.58), we now write the Polyakov loop as:

Fagl] = 000 1) (1), 0) = S0 M, (B1G9

ex |-

where 7, k are final and 7, [ are initial indices with respect to the direction of the Polyakov
loops (i.e. from 0 to 1/T for the quark loop and from 1/T to 0 for the antiquark loop).
Exponentiation is now understood with respect to the multiplication:

kg1 = Mk Mg g -+« M g1 . (B.164)

Note that now also the replica path ordering is different. In section gluons with a higher
replica index are ordered such that they are closer to 1/7" than gluons with a lower index, but
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here they are ordered such that they are closer to the endpoint of their respective Polyakov
loop, which can be 1/T or 0 for the quark or antiquark loop.

Because of the Fierz identity , there remain only two possibilities in which the initial
and final indices can be combined in fundamental tensors:

(t1)ikjt = 60k , (t2)ikj1 = a0k - (B.165)
Then the color coefficients of the one- and two-gluon exchange diagrams are given by

- 1 1 1
Cir.it (E) = Cir.ji <E) TiTy = (5iz5kj - N&ﬁu) = 2N<t1)zk it Q(tz)ik,ﬂa

(B.166)
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4 t2 ik,jl » (B167)

TL — 1 ik,jl (E —+ nCik,jl E =0, (B168)
évik,jl (ﬁ = TL - 1 ik,jl (ﬁ + nC,-W ﬁ =0, (B169)
@k,ﬂ (ﬁ = Cik,ji <§ +nCikji E = Cikji (ﬁ) — Cirji (ﬁ)

O(n)
T“TbT“ Z]T,i’l (T*T*T") T}, = T¢ Tb ToTY — T2 T TO. TP,

1
- tl zk]l+

imTmnnj imTmnnj

1 1 1
- 4_1 <5zn5mm - Nézm(smn> (5kzj5nl - Nénjékl)

1 N
= Z(h)ik,jl - Z(tQ)ik,jl : (B.170)

In the tensor space of ¢t; and ts, t; is the unit element, and ¢, has the property t% = t;. The
exponential of a linear combination of ¢; and ¢5 is therefore given by

exp[At; + Bty] = exp[A] (cosh[B]t; + sinh[B]15) . (B.171)
We can again factorize the unconnected diagrams, because they are always proportional to

185



only t1. With 8;;01(t1)ir.s = N? and 60 (t2)ixjy = N we get for the connected part:

exp {%} = exp [—%K(E) —im<§—§—£>+m

< ite (1) - e (1)
+N;§1K<E>K<E§—E—g>+m. (B.172)

This looks very different than the result we obtained in the calculation of the main section,
in particular the appearance of the uncrossed two-gluon diagram and the absence of the crossed
diagram. However, we can see the equivalence between both expressions in the expansion of
the exponentials, also noting the identity:

(1)e(r)<(x) e

With this the square of the one-gluon diagram as well as the product of one- and two-gluon
diagrams are the same in both results. The cubic power of the one-gluon diagram does not
come out right yet, because there is a similar identity for the three-gluon diagrams, and since
we did not include those here, we are missing a contribution.

The second expression for this way of exponentiation is also very interesting. The coeffi-
cients (N+1)/2N are exactly the dimensions of the irreducible representations of a quark-quark
combination divided by N? (in the case of N = 3 those are an antitriplet and a sextet). The co-
efficients of the one-gluon diagram in the exponents are also exactly those of the corresponding
potentials, only the sign of the diagram itself is wrong.

This is no surprise. We can turn the Q@ Polyakov loop correlator into a Q@ correlator sim-
ply by flipping the lower line in all diagrams. The exponentiation performed in this appendix
is not affected by this, but the multiplication we have defined here then corresponds exactly to
the one used in the main section. The different orientation of the lower contour gives a minus
sign for all diagrams with an odd number of gluons connecting the two loops and turns the
uncrossed two-gluon diagram into the crossed one. Then we get exactly the expected result,
the Q@ Polyakov loop correlator decomposes into N (N £1)/2-plet free energies, each of which
is given by the corresponding static potential at leading order (now with the right sign).
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