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Abstract

Yang-Mills theory is a non-Abelian field theory that constitutes the cornerstone of the strong
interaction (QCD) and is at the core of the unification of electromagnetic and weak interactions
(electroweak). Developing an approach which can monitor and extract its physical properties
at all energy scales, while at the same time maintain certain desired symmetries is a task that
is as challenging as it is interesting. In this thesis, we concentrate on the sector of QCD that
does not include quarks, i.e. pure Yang-Mills, for which we investigate different BRST-invariant
realizations in perturbative and non-perturbative settings. Such an analysis yields information
regarding long-range physics and the effect of BRST symmetry.

Following the off-shell prescription of the Faddeev-Popov quantization, we set up a gauge-
fixing action that is linear in the gauge-fixing condition by choosing instead of the conventional
Gaussian, a Fourier weight. This comes at the expense of introducing an external Nakanishi-
Lautrup field v. The v field can be considered as a spacetime-dependent set of gauge parameters
in the adjoint representation. Then, by employing the background field method we construct an
IR regulated background and BRST-invariant action. This is achieved by an appropriate choice
of a non-linear gauge-fixing condition that includes regulator-mass parameters.

Following a one-loop perturbative analysis, we find no v-field dependencies for the one-loop
effective action which leads to the universal one-loop beta function. The effects of the mass pa-
rameters are explored with a phenomenological study of the effective action. Then, we infer that
the inclusion of BRST-invariant mass parameters suffices to cure the Nielsen-Olesen instabilities
for constant magnetic backgrounds within a certain range of validity. Furthermore, assuming
covariantly constant and self-dual backgrounds, we circumvent such tachyonic modes and we
observe the presence of a non-trivial minimum which is justified as a manifestation of dynamical
breaking of scale symmetry.

An explicit investigation of the v-field dependence as it appears in the one-loop Schwinger
functional reveals no additional divergences coming from nonlocal interactions. Furthermore,
we classify all possible forms of the associated two-point v-dependent correlator, which vanish
in the limit of the Landau gauge.

Finally, we concern ourselves with the extension of our model to mass-dependent renormal-
ization schemes and more precisely within the functional Renormalization Group. For that, we
promote the mass parameters to regulators that are introduced in our theory through suitable
non-linear gauge-fixing conditions and we construct truncated flow equations compatible with
BRST symmetry at any scale. In the absence of a background field, we derive a v-dependent
beta function that can be aligned with the universal one-loop beta function by averaging the v
field with an appropriate Gaussian distribution. In the presence of a background field, we find a
truncated flow equation which is similar to the one found in the literature and reproduces proper
universal results without any further restrictions.



Zusammenfassung

Die Yang-Mills-Theorie ist eine nicht-abelsche Feldtheorie, die den Eckpfeiler der Starken Wech-
selwirkung (QCD) bildet und den Kern der Vereinigung der elektromagnetischen und der schwachen
Wechselwirkung (elektroschwach) darstellt. Die Entwicklung eines Ansatzes, mit dem die physikalis-
chen Eigenschaften der Theorie auf allen Energieskalen iiberwacht und extrahiert werden kon-
nen, wahrend gleichzeitig bestimmte gewiinschte Symmetrien erhalten bleiben, ist eine ebenso
anspruchsvolle wie interessante Aufgabe. In dieser Arbeit legen wir den Fokus auf verschiedene
BRST-invariante Realisierungen in perturbativen und nicht-perturbativen Einstellungen in dem
Sektor der QCD, der keine Quarks enthalt, d.h. die reine Yang-Mills-Theorie (pure Yang-Mills
theory). Eine solche Analyse liefert Informationen iiber die Langstreckenphysik und den Effekt
der BRST-Symmetrie.

In Anlehnung an die Off-Shell-Vorgehensweise der Faddejew-Popow-Quantisierung richten
wir eine Eichfixierungswirkung ein, die linear zur Eichfixierungsbedingung ist, indem wir eine
Fourier-Gewichtung anstelle der konventionellen Gaul3-Gewichtung wéahlen. Dies geschieht auf
Kosten der Einfiithrung eines externen Nakanishi-Lautrup Feld v. Das v-Feld kann als raumzeitab-
héngige Menge von Parametern zur Eichfixierung in der adjungierten Darstellung betrachtet wer-
den. Dann konstruieren wir mit Hilfe der Hintergrundfeldmethode eine IR-regulierte, Hintergrund-
und BRST-invariante Wirkung. Dies wird durch eine angemessene Wahl einer nichtlinearen Eich-
fixierungsbedingung erreicht, die Regulatormassenparameter enthalt.

Nach einer Storungsrechnung der Ein-Loop-Ordnung finden wir keine v-Feld-Abhangigkeiten
fiir die effektive Ein-Loop-Wirkung, die zur universellen Ein-Loop-Betafunktion fiihrt. Die Auswirkun-
gen der Massenparameter werden mit einer phdnomenologischen Studie der effektiven Wirkung
untersucht. Daraus folgern wir, dass die Einbeziehung von BRST-invarianten Massenparametern
ausreicht, um die Nielsen-Olesen-Instabilitdten fiir konstante magnetische Hintergriinde inner-
halb eines bestimmten Giiltigkeitsbereichs zu heilen. Unter der Annahme von kovarianzkonstan-
ten und selbstdualen Hintergriinden umgehen wir auferdem solche tachyonischen Modi und
beobachten das Vorhandensein eines nicht-trivialen Minimums, welche als eine Manifestation
der dynamischen Brechung der Skalensymmetrie zu begriinden ist.

Eine explizite Untersuchung der Abhingigkeit vom v-Feld, wie sie im einteiligen Schwinger-
Funktional auftritt, zeigt keine zuséatzlichen Divergenzen aufgrund nicht-lokaler Wechselwirkun-
gen. Aullerdem hinaus klassifizieren wir alle moglichen Formen des zugehorigen 2-Punkt-v-
abhingigen Korrelators, welche im Limes der Landau-Eichung verschwinden.

Schlief3lich reformulieren wir unser Modell fiir massenabhingige Renormierungsschemata
und zwar innerhalb der funktionalen Renormierungsgruppe. Dazu machen wir die Massenpa-
rameter zu Regulatoren, die in unserer Theorie durch geeignete nichtlineare Eichfixierungsbe-
dingungen eingefiihrt werden, und konstruieren wir trunkierte Flussgleichungen, die mit der
BRST-Symmetrie auf jeder Skala kompatibel sind. In Abwesenheit eines Hintergrundfeldes leiten
wir eine v-abhingige Betafunktion ab, die mit der universellen Ein-Loop-Betafunktion in Ein-
klang gebracht werden kann, indem das v-Feld mit einer geeigneten Gaul3-Verteilung gemittelt
wird. Unter Beriicksichtigung eines Hintergrundfeldes finden wir eine trunkierte Flussgleichung,
die die richtigen universellen Ergebnisse ohne weitere Einschrankung reproduziert und mit der
Literatur iibereinstimmt.

ii
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CHAPTER 1

Introduction

The journey for a complete description of the fundamental constituents of Nature has led us to
the conclusion that all visible matter is composed of a few basic building blocks, known as the
elementary particles, governed by the four fundamental forces. These four fundamental forces of
Nature are the gravitational, electromagnetic, weak and strong forces. According to our current
understanding, the gravitational force emerges from the curvature of spacetime, while the other
three forces are mediated by bosonic force-carrier particles between the fundamental fermions
that constitute the matter particles and contribute over different energy ranges with varying
strength.

The successful integration of the electromagnetic, weak, and strong forces within a unified
theoretical framework, known as the Standard Model (SM) of particles, represents a significant
achievement of theoretical physics in our quest to comprehend the workings of Nature. The
development of the SM is predicated on the preservation of certain symmetries, which play a
critical role in its construction. As it turns out, the model is described by gauge theories that are
invariant under certain local gauge transformations.

The SM enjoys a far-reaching compatibility between theoretical predictions and experimental
observations in the subatomic world. Notably, the discovery of the Higgs boson [1, 2] was a major
triumph for the SM, as it was conjectured to be responsible for particle mass generation [3-5].

Quantum Chromodynamics (QCD) encodes the physical content of strong interactions in the
SM. The force-carrier particles of the strong interactions are called gluons, while the matter par-
ticles are referred to as quarks. Together, they build up hadrons, such as the proton and the
neutron.

Several interesting phenomena arise from the study of QCD at different energy scales. At
short-range scales, the coupling strength weakens and renders the theory asymptotically free, as
was first discovered by Politzer, Gross & Wilczek [6, 7]. However, at lower energies (long-range),
perturbation theory exhibits a Landau pole, i.e. the coupling strength diverges at a finite energy
scale Agcp ~ O(100)MeV. Such a breakdown does not indicate a pathological inconsistency of
the theory but rather a limitation of the perturbative methodology used to describe the physics at
these scales. Consequently in this infrared (IR) energy regime, non-perturbative (in terms of the
coupling) methods should be employed. Another interesting aspect which arises in this energy
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regime of QCD is the origin of mass generation which is associated with both the quark and the
gluon sectors.

The origin of the mass generation in the quark sector can be understood by comparing the
masses of light hadrons with their current quark masses, acquired through the Higgs mechanism.
Given that the current quarks account for only a small fraction of the hadron’s total mass, the
bulk of the mass is attributed to QCD binding energy obtained from chiral symmetry breaking.
Such mass generation has been investigated with various approaches [8-13].

For the gluon sector, this problem is tied to gluon (color) confinement which in turn is related
to the emergence of a mass gap in pure Yang-Mills (YM), i.e. QCD without quarks. Such phenom-
ena are less understood and manifest themselves in the correlation functions at the IR energy
regime. Therefore, a sophisticated description of pure YM and its building blocks as described by
the correlation functions at different energy scales needs to be developed.

For (pure) YM theory, in order to determine finite gauge invariant quantities, the Faddeev-
Popov (FP) method is generally employed. Following this procedure, one imposes an appropriate
constraint equation which affects the field configuration space, so that as many symmetries of
the non-gauge fixed action pass over to the corresponding gauge-fixed action. Additionally, the
resulting action should be unitary. The gauge-fixing method is based on the underlying philoso-
phy that one can impose a constraint condition that appropriately selects a unique representative
of each gauge-equivalent field configuration, thus fixing the gauge. Such an idealized realization
is unfortunately at odds with the current conventional choices.

Gribov was the first to notice that finding a well-behaved constraint equation, also known as
gauge-fixing condition, is a highly non-trivial task due to the existence of Gribov copies, [14].
These are certain over-counted or under-counted gauge equivalent sections in configuration
space. Singer later extended Gribov’s work to a larger class of gauge-fixing conditions, [15].
Furthermore, Neuberger analyzed the effect of these Gribov copies on physical observables, par-
ticularly on reproducing undetermined % results, a problem known as the Neuberger problem,
[16, 17].

To eliminate the effect of Gribov copies, Gribov proposed a strategy based on exploring the
zero modes of the associated Faddeev-Popov (FP) operator!. This method involves restricting
the analysis to the region where the FP operator is strictly positive-definite, known as the first
Gribov region. This is equivalent to finding the gauge configurations that minimize the quadratic
gauge field functional try (A2), as discussed in several works, cf. [21-26]. As a result, the
IR gluon propagator is found to be suppressed and no longer possesses a valid Kéllen-Lehmann
spectral representation. Conclusively, it implies the confinement of gluons, affected by the struc-
tural properties of the modified theory. An enhanced IR ghost propagator was also deduced, cf.
[14]. Zwanziger achieved a successful reformulation of Gribov’'s domain constraints to a local
renormalizable theory, at the expense of introducing additional auxiliary fields, known as the
Gribov-Zwanziger (GZ) model [27-29]. The gluon and ghost propagators obtained from the GZ
action display similar IR behavior as the ones from Gribov’s study, cf. [30, 31].

However, it was later shown in [19] that the first Gribov region still contains additional Gribov
copies, necessitating a further restriction of the configuration space to only include the set of ab-
solute minima of the associated gauge functional. This restricted space is called the fundamental
modular region (FMR). Although analytical calculations within that restricted region are highly

!See [18-20] for an explicit construction.
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challenging, geometric arguments indicate that the presence of Gribov copies are expected to
impact the IR dynamics of non-Abelian field theories [19, 21, 29].

Hence, the presence of Gribov copies can cause inconsistencies in the FP procedure at certain
energy scales, when Lorenz-like gauges are considered. In principle, perturbation theory can pro-
vide an accurate description of short-range phenomena to a certain extent, due to the irrelevance
of Gribov copies. However, perturbation theory beyond a certain validity domain, restricted by
the magnitude of the coupling constant, becomes unreliable due to the existence of a Landau pole
at finite energy scales, which produces large values of the couplings in the IR regime. Therefore,
to study the effects of the IR region, various sophisticated continuous and discrete approaches
have been devised in addition to the techniques mentioned previously.

Many studies of the IR properties of non-Abelian field theories focused mainly, but not ex-
clusively cf. [39], on computing the form of the ghost an gluon propagator. This is because the
ghost-gluon vertex allows for a determination of the beta function in the Landau gauge. Tay-
lor’s non-renormalization theorem for the ghost-gluon vertex function yields a propagator-based
definition of the beta function, cf. [37, 38]. However, several computations of associated correla-
tion functions beyond the Landau gauge have been performed, cf. [32-36] for a non-exhaustive
literature.

On the discretized front, lattice simulations have been used to derive the IR behavior of rele-
vant correlation functions [40-69]. Lattice computations do not need an implementation of the
gauge-fixing condition but the use of gauge fixing allows for a direct comparison with analytic
approaches. For gauge-fixed studies on the lattice, the minimum Landau gauge was mainly used,
where one chooses an arbitrary minimum of the gauge functional. This corresponds to a random
choice of a Gribov copy. As a result, various lattice simulations have inferred a finite ghost dress-
ing function (form factor of the ghost propagator) in the deep IR, along with a saturated and
finite IR behavior for the gluon propagator.

On the continuum front, non-perturbative methods such as the Dyson-Schwinger equations
(DSE) and the functional Renormalization Group (fRG) contributed to the analytical study of the
IR properties of non-Abelian field theories, constructing solutions at different truncation schemes
for the behavior of the ghost and gluon propagators [35, 39, 70-99]. The DSE approach treats the
correlation functions as self-consistent solutions of a set of integro-differential equations, while
the fRG studies the form of the correlation functions by evolving their generating functional with
a floating momentum scale, thus potentially exploring the whole energy domain.

Broadly speaking, one can classify the solutions which characterize the long-range behavior
of the gluon and ghost propagators into the scaling and the decoupling solutions. While there have
been numerous studies on the effects of these solutions at various dimensions, we will focus on
the results in d = 42. The scaling solution provides a vanishing saturated gluon propagator and
an enhanced ghost propagator in the deep IR, cf. [72-80]. Note that such behavior of correlation
functions is consistent with the Kugo-Ojima (K-O) confinement scenario, which is based on global
color and Becchi-Rouet-Stora-Tyutin (BRST) invariance, cf. [93, 101, 102]. On the other hand,
the decoupling solution predicts a gluon propagator that saturates at a constant value and a finite
ghost dressing function. This behavior is similar to the tree-level divergent ghost propagator, in
the deep IR [35, 39, 85, 88, 93-99].

2See [100] for an analytic study of IR aspects of YM correlation functions at various dimensions in the context of
the DSE.



Overall, the results from the continuum approaches seem to be in agreement with the basic
features observed in lattice simulations. However, a more detailed quantitative comparison be-
tween the lattice predictions and the available non-perturbative solutions indicate a remarkable
agreement with the decoupling solution [46].

Furthermore, compatibility between the GZ scenario and lattice simulations was observed,
for the IR behavior of gauge theories. This was achieved through a refined version of the GZ
model that incorporates dimension-two mass condensates [96, 97, 103-105].

On an alternative continuum front, motivated by the the concept of a massive gauge-fixed YM
action, put forth in the Curci-Ferrari model [106], the idea of dynamical mass generation gained
traction. Such a realization focuses on the resolution of the Gribov ambiguities and reproduction
of discretized observed IR properties of the correlation functions by means of a decoupled gauge
field massive sector [89, 107, 108]. However, ad hoc mass deformed actions are incompatible
with conventional BRST symmetry (absence of nilpotency), potentially affecting the renormal-
izability and unitarity of the theory [50, 77, 88, 90, 98, 106, 109-114]. Studying models of
massive propagators, by considering such modifications at face value, were found to provide
quite accurate phenomenological descriptions of the IR physics in non-Abelian field theories, in
accordance with lattice simulations [46, 59, 91, 95, 107, 108, 115-120].

Following the aforementioned philosophy of deforming the gauge-fixed action, a recent study
[121] explored a novel approach of including such (non-)perturbative regulator deformation con-
tributions, in a BRST respecting manner. As such, a non-linear and Fourier weighted gauge-fixing
condition, with a modified version of the mass sector of the often called Curci-Ferrari-Delbourgo-
Jarvis (CFDJ) gauge [106, 117, 122], was utilized to incorporate the regulator dependencies
as part of the renormalization procedure. This technique provides different avenues of explor-
ing gauge systems while maintaining the well-established FP procedure. Implementation in the
context of the fRG led to a one-loop and BRST-exact flow equation, cf. [121].

The main focus of this work will be around this newly developed framework and our goal will
be to examine the properties of such a methodology through the lenses of both perturbative and
non-perturbative renormalization schemes.

On the perturbative end, we will recast the aforementioned approach within the framework
of the background field method and explore its one-loop perturbative behavior. Its underlying
philosophy is based on splitting the gauge field into a fixed background and a fluctuating part.
Such formalism introduces a particular class of background covariant gauges, which give rise
to correlation functions that ought to respect invariance under a subset of local gauge transfor-
mations [123]. The background field method constitutes a powerful tool that greatly facilitates
both perturbative [124, 125] and non-perturbative [126-146] calculations implemented at var-
ious renormalization and truncations schemes. Such a realization will provide us with a better
understanding of how the dynamically generated terms affect different aspects of the theory. In
addition, the consideration of the modified mass CFDJ sector will allow us to mimic the decou-
pling solution and gain further information on its effect.

Note that the background formalism presents a promising avenue for addressing the problem
of Gribov ambiguities. Early attempts to utilize the formalism in the GZ framework, motivated by
[23], were hampered by a lack of background and BRST invariance [147, 148]. However, recent
refinements to the model have resolved these issues by introducing a Stueckelberg-type field,
although this has made manipulations of the theory at finite temperatures more challenging,
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[149]. Alternatively, a competing formalism was proposed in [150].

On the non-perturbative end, in this work we will study the truncated one-loop flow equation,
derived in [121] using conventionally simulated gauges. This will enable us to derive a set of flow
equations for the contributing renormalization factors and gain explicit access to the form and
behavior of the beta function at varying couplings. By doing so, we will be able to investigate
the non-perturbative effects of the dynamically generated terms while maintaining explicit BRST
invariance at all energy scales. Such an approach can provide valuable insights into the nature
of YM theory and its properties in the deep IR.

The contents of the thesis are organized as follows. Chpts. 2 & 3 are dedicated to setting up a
BRST-invariant pure YM model and motivating the need of developing a BRST/gauge-invariant
formalism. In Chpt. 4 we perform an explicit study of the model within the background field
method (BFM) with the inclusion of an appropriate non-linear gauge-fixing condition. A one-
loop perturbative study and phenomenological results of the one-loop Effective Action (EA) are
also stated. For Chpt. 5, we turn our attention to the v-dependent part of the Schwinger func-
tional, whose form is investigated after imposing several constraints for the v field. Afterwards,
we abandon the perturbative method and in Chpt. 6 we perform a non-perturbative study of
the associated flow equation within a certain truncation scheme without any background field
and in the presence of it, for which we derive and discuss a Renormalization Group (RG) im-

proved/resummed version of the beta function.

The compilation of this thesis is solely due to the author. However, parts of this work have been de-
veloped in collaborations with members of the Theoretical Physical Institute in Jena and the National
Institute for Nuclear Physics in Bologna. The results on the one-loop Effective Action and Schwinger
functional within a background and BRST-invariant framework, presented in Chpts. 4 & 5 respec-
tively, have been discovered in collaboration with H. Gies & L. Zambelli and published in [151]. The
development of a background and BRST-invariant functional renormalization group equation and
the complete computation of the beta function for BRST-invariant flows, as displayed in Chpt. 6, is
based on completed but so far unpublished material that has been developed in collaboration with S.
Asnafi and L. Zambelli [152].
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CHAPTER 2

Theoretical Background

In this Chapter, we lay the theoretical foundations for the proper description of non-Abelian
gauge theories and introduce the framework that will be adopted in Chpts. 4-6 during the study
of pure YM theory. In particular, after formulating, the action for the pure YM theory, within a
geometrically focused framework, we explore different ways one can follow in order to properly
quantize such a theory. Among these different but ultimately equivalent considerations, we focus
our attention on quantization with a constraint equation that includes an isolated stochastic
sector. Such a procedure, explored in the literature for the description of field models where the
field configurations are constrained by stochastic differential equations, e.g. Langevin equations,
provides a valuable input for the implementation of the gauge-fixing condition which can be
exploited for gauge theories. From the off-shell quantization procedure of pure YM theory, we
observe the emergence of a global supersymmetry called the BRST symmetry. Finally, we discuss
the importance of such a symmetry for a well-defined unitary gauge theory via the separation of
particle modes to physical and unphysical states with the method of the quartet mechanism from
which one is able to deduce, under a certain set of conditions, color confinement. The connection
between BRST and gauge symmetry will also be explored.

2.1 Non-abelian gauge theories

We begin by investigating the gauge-invariant action of pure YM theory. To do so, let us construct
the underlying symmetric action from first principles by focusing on the geometric interpretation
of the building quantities. Note that for our considerations in Miknowski spacetime, the mostly
positive metric g,, = (—,+,+,+) is considered. Let H be a semi-simple compact Lie group,
referred to as the gauge group of our system and h = Lie(IH) the Lie algebra which spans the
infinitesimal group transformations. We want to construct a field theory where the action is
invariant under space-dependent group transformations of the fields, called local gauge transfor-
mations, denoted by U(x) € H.

Let us introduce the parallel transporter C(y, 2z) which is a curve-dependent element of the
group representation, called the comparator or Wilson line, which joins the spacetime point y to
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x. Under local gauge transformations the Wilson line changes as,
C'(y,z) = U(y)C(y,2)U (), (2.1)

with the boundary behavior of C(z, x) = 1. Consider a differentiable curve connecting these two
distinct spacetime points which can be parametrized in terms of A,. Infinitesimally it can be
represented as y,, = x,, + dx,. Performing a Taylor expansion of the Wilson line, this leads to

C(z +dz,z) =1+ igA,(z)da", (2.2)

where an arbitrary constant g has been extracted. Expanding Eq.(2.1) at first order in dz,,, one
determines how the quantity A ,(z) changes under local gauge transformations,

1

AL(x) = Ue) A, ()0 (x) -~ (0,U()) U™ (@) (2.3)

As it can be seen in Eq.(2.2), from a geometric point of view, the quantity A ,(x) corresponds to
a connection which parametrizes an infinitesimal Wilson line. Equivalently, Eq.(2.3) shows that
under local gauge transformations, A ,(z) corresponds to a local dynamical field called the gauge

field.

With the aid of the Wilson line and the connection, we can construct the covariant derivative,
D, =19, + igA,, (2.4)

which changes as a tensor under local gauge transformations of the symmetry group,
D), = U(z)D,U (). (2.5)

From a geometric perspective, the covariant derivative establishes a sensible notion of derivative
by comparing neighboring field configurations on an equal footing. In addition, as far as the
symmetry group is concerned, the covariant derivative corresponds to a tensorial differential
operator.

Taking the commutator of the covariant derivative, we find the curvature tensor

F, (z)=[D,D,))=0,A, —0,A,+[AL A, (2.6)
where under local gauge transformations,
F, (z) = U(z)F () U (). 2.7)

The curvature tensor can be associated with the parallel transport of an infinitesimal closed Wil-
son line and is called the field strength tensor since it provides the generalization of the electro-
magnetic tensor of Quantum Electrodynamics (QED) to non-Abelian field theories.

Finally, we can consider infinitesimal local gauge transformations

U(w) :=U(z) =1+igw(z) + O (w2) (2.8)

where the infinitesimal parameter w € b, under infinitesimal local gauge transformations be-

10
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comes
W'(z) = U(z)w(z)U (). (2.9

The YM action is given by
1 2
SYM[A] == _Z trFuw (210)

where fx =/ d%z. As it can be seen from (2.7), it is invariant under local gauge transformations
of the gauge group.

Let {7%} be a complete set of generators of H, i.e. a basis of the Lie algebra § of the under-
lying gauge group. In order for {7%} to span the Lie algebra of the theory, then the following
commutation relations must be satisfied

[r, 7] = ifeer, (2.11)

where f%¢ correspond to the antisymmetric structure constants and tr(7%7%) > 0. This leads to
the following Jacobi identity for the structure constants

fadefbcd + fbdefcad + fcdefabd —0. (212)

The component form of the generators will be determined by the choice of the group representa-
tion and equals the dimension of the vector space in which the representation of the group exists
whereas the number of the independent generators is associated to the dimension of the vector
space spanned by the generators. Thus, the matrix representation of the Lie algebra generators
can vary depending on the particular choice of representation. For our purposes, we restrict our
attention to Hermitean generators of the adjoint group representations

(&) = if**. (2.13)
Note that in the adjoint representation, the following relation holds
facdfbcd — 02(G)5ab’ (2.14)

where C5(G) is called the quadratic Casimir operator, and is a representation-dependent quantity
that commutes with the generators of the Lie algebra.

In order to translate the YM action into a component form, we choose, according to the
desired properties, the gauge group H = SU(N,) with the Lie algebra h = su(N,.) and work in
the adjoint representation. Then, the fields and differential operators of the action will transform
accordingly and the dimension of the Lie algebra denoted by the adjoint indices will be referred
to as colors. Thus, the gauge field is written as

A, (x) = Aj(x)15. (2.15)

11
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The covariant derivative in the adjoint representation reads as
Dib = 9,6 + g A, (2.16)
and the components of the field strength tensor F,,, = Fj, 7¢ are
Ff, = 0,A% — 0,A% + g™ AL AS. (2.17)

It is worth noting that the components of the aforementioned quantities in the adjoint represen-
tation exhibit the same transformation rules under local gauge transformations as their corre-
sponding representation-independent counterparts, cf. Egs.(2.3), (2.5) & (2.7). In addition, in
the adjoint representation a finite local transformation takes the form

afacb

U(w) = e99"76 = e (2.18)

and infinitesimally,
0, A% = Do (2.19)
Thus, we can now readily find that, the YM action in the adjoint representation takes the form
1 a papy
Sym[A] = 1) By, P (2.20)

The YM action is still invariant under local gauge transformations. However, due to Eq.(2.18) it
gives rise to cubic and quartic gauge-field self interactions. Such a novel characteristic arises due
to the non-Abelian character of the gauge group and extends the spectrum of possible interactions
with very interesting implications. Finally, note that in the adjoint representation of the SU(N,)
gauge group, C5(G) = N,.

2.2 Gauge fixing

In order to implement YM theory for the description of physically interacting systems, the next
step is to quantize it. Thus, let us introduce the generating functional of quantum YM theory,

Z :/ DA exp [z (SYM[A} + /jZA‘”‘)], (2.21)
A x

where we have inserted a source j;; for the gluon gauge field Af, to aid in the construction of
the building blocks of the theory. A naive attempt to define a sensible quantum field theory from
Eq.(2.21) fails due to the fact that the functional integral is ill-defined. The reason is that the
functional integral, defined over all possible gauge field configurations, contains a huge redun-
dancy which comes from the physically equivalent field configurations and renders the quantity
divergent.

To illustrate this point, let us determine the inverse free gluon propagator operator which
corresponds to the quadratic part of the YM action, Eq.(2.20),

Gl = (-P1+000) . (2.22)

12
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The free gluon propagator is singular with vanishing eigenvalues for the longitudinal component
of the gauge field. In addition, local gauge invariance, (2.18), yields an infinite number of such
equivalent gauge field configurations. A proper definition of the generating functionalrequires to
remove these redundancies from the functional integration.

The procedure of removing these gauge equivalent redundant degrees of freedom in a consis-
tent manner is called gauge fixing. Even though there are different but equivalent ways on how
to perform gauge fixing, the underlying idea is the same. In particular, we wish to impose an ap-
propriate constraint, called the gauge-fixing condition, which will restrict the field configuration
space over only gauge inequivalent configurations. In other words, we wish to pick one and only
one representative out of each set of gauge equivalent configurations, called gauge orbits. The
task of finding such a gauge-fixing condition turns out, to be highly non-trivial due to the exis-
tence of Gribov copies, [14, 15]. As we focus mostly on perturbative applications in this thesis,
we will not consider potential modifications of the theory arising from the inclusion of nonlocal
terms which account for the existence of Gribov copies and lead to the Gribov-Zwanziger action
with implications on the IR behavior of non-Abelian gauge theories cf. [27, 30, 153].

Next, let us review the conventional procedure of gauge fixing. In Subsecs. 2.2.1, 2.2.2 &
Sec. 2.3, we further explore the different ways with which one can implement it and the respective
advantages of each method. The YM functional integral, Eq.(2.21), is defined over the space of
all gauge equivalent field configurations, cf. Eq.(2.3) & (2.18)

A={AY:=A/|U(w) € SUN)}. (2.23)

Then the physically inequivalent configurations will belong to the quotient space of all the con-
figurations over the ones obtained under a gauge transformation, denoted by

A [SU(N) = {Au ~ ALIA, € A Uw) € SUN.)}

Then, we can redefine the path integral in order to extract the contribution of the physically
equivalent and inequivalent terms as

APA%/DU/@W&

where DU and Dpu[A] are measures over gauge equivalent and inequivalent field configurations
respectively. Then, we can factor out the contribution of the first part which is equivalent to
choosing a representative from each gauge orbit [154]. To perform such a decomposition, we
introduce the gauge-fixing condition

F[A] =0, (2.24)

which ideally has a unique solution for each gauge orbit, i.e. F[AY] = 0. Next, rewriting the
partition of unity as the path integral over gauge equivalent configurations of the delta functional
times the Jacobian determinant as follows

1:/Df5uL:/DU5ppWHAwMW,

13
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leads to the following decomposition of the functional integration,
/ADA = /DU/ADA S[F[A]] App[AY] = /DU/DM[A].
Inserting it into Eq.(2.21), leads to
Z = /A DA §[F[A]] App[A] "SmlAl (2.25)

where [ DU has been neglected as it contributes an overall factor which will not affect the cor-
relation functions. Moreover, the gauge-invariant Jacobian determinant of the transformation,
known as the Faddeev-Popov determinant is given by

B _ OF[A] _ O0F[A] A
App[A] = |det Mgpp[A]|, where Mpp[A] = 5 ‘wO = 54 50 L (2.26)
Thus, we obtain the following form of the gauge-fixed YM generating functional,
Z= /DA d [F[A]] det (Mgpp[A])exp [z (SYM[A] + /jl‘jA““ﬂ, (2.27)

where functional integration over the space of gauge equivalent field configurations is implied
and the modulus signs for the Agp have been dropped, which holds in the perturbative domain.
The conventional method of dealing with the FP determinant is to replace it with an additional
functional integration over some Hermitian auxiliary bosonic Grassmann-valued fields ¢ and ¢
called Faddeev-Popov ghosts and antighosts respectively, as follows [155]

det (Mpp[A]) = /Dch exp [z/ ()M (z, )P (y) | (2.28)
.,y

Note that upon substitution of Eq.(2.28) in Eq.(2.27), we observe that implementation of the
gauge-fixing procedure results in the insertion of two contributions in the YM generating func-
tional. The Dirac delta functional part is closely associated to the implementation of the gauge-
fixing condition, according to the properties discussed before. The FP determinant which gives
rise to a deformation of the action originates from the Jacobian of the change of the functional
measure over gauge equivalent configurations, cf. Eq.(2.25). However, both additional terms are
dependent on the gauge-fixing condition F[A]. Thus, the form of the gauge-fixing condition is
expected to affect the generating functional. Moreover, the gauge-fixing procedure lifted the local
gauge invariance of our generating functional. In the following we construct concrete expressions
for the YM generating functional for an arbitrary gauge-fixing condition, following an on-shell
and an off-shell approach. The off-shell approach utilizes the additional freedom of inserting an
auxiliary field and encodes information concerning an additional global supersymmetry, called
BRST symmetry.

14
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2.2.1 Fixing the gauge on-shell

In order to arrive at the on-shell YM generating functional, we consider an extended class of
gauge-fixing conditions of the form

FlA] —f(z) =0, (2.29)

where f(z) = f%(z)(t3)" is an arbitrary test function. We rewrite the delta functional as

SIFIA] — / Df S[F[A] — ] exp <_;§ /x fafa) (2.30)

with a real constant ¢ called the gauge-fixing parameter. Note that different values of ¢ result
in a different implementation of the gauge-fixing condition. Thus, they correspond to different
gauges. The most frequently used gauges and the ones that we exclusively consider in this thesis
(with some modification) are the Landau gauge where £ — 0 and the Feynman gauge where £ = 1.
In the Landau gauge, Eq.(2.30) approaches the delta functional up to an overall normalization
factor.

Inserting it into the YM generating functional, while integrating over the test function results
in an additional contribution to the action. Writing,

2lj] = [ DA det (Mupl)) exp { (sm + [ jzAWﬂ (2.31)
the gauge-fixed YM action is given by

SalA] = Syu[A] — 215 / Fore. (2.32)

2.2.2 Fixing the gauge off-shell

The generating functional (2.31), is sometimes referred to as an on-shell formalism in the sense
that all fields are dynamical. In this part, we deviate from the aforementioned procedure and
construct an off-shell gauge-fixed YM generating functional by means of an auxiliary Nakanishi-
Lautrup (NL) field b(x) = b%(x)(t&)", initially introduced in the context of QED in [156, 157].
The procedure of rewriting the delta functional is similar to Eq.(2.30), with the difference that
we introduce the NL as the weight of the delta functional of the extended class of gauge-fixing
conditions, i.e.

SIFA]] — / DFDb exp {—22 / o / b (F7 — f“)]. (2.33)

Completing the square and ignoring any constant contributions, we find the following YM
generating functional

2[j] = / DADD det (Mep[A]) exp [z <SA[A, b+ / ngW>], (2.34)
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where
SalA,b] = Sym[A] — /b“]-"“ + g / b*b*. (2.35)

Eliminating the contribution of the NL field from Eq.(2.35), by means of its equations of motion
yields the on-shell gauge-fixed generating functional, Eq.(2.31). This illustrates the equivalence
between the methods used for implementing the corresponding gauge-fixing condition. From
Eq.(2.35) one can naturally interpret the NL field in the Landau gauge as a Lagrange multiplier
which implements the constraints of the gauge-fixing condition.

Even though the two previously developed ways of finding the gauge-fixed YM generating
functional are equivalent on-shell, the off-shell formalism exhibits, due to the presence of the
NL field, invariance under a new global supersymmetry, discovered by Benchi, Rouet and Stora
[158] and independently by Tyutin [159, 160], called the BRST symmetry'. Invariance under
BRST transformations can be readily displayed by rewriting the FP determinant in terms of the
FP ghosts, cf. Eq.(2.28), thus finding the following off-shell YM action

S4A,b, ¢, e = Sym[A] — / ba]-"a+§ / b + / () ME(z, 1) (). (2.36)
T T z,y

Introducing a Grassmann BRST operator s which acts on the fields, the BRST transformation

reads _
9 rabc b c
(sA) = D, (s¢) = =2 f2cbc,
(se)* =1b°, (sb)* =0.
One very important property of the BRST operator is its nilpotency, i.e. s> = 0. This trait can be
used to show the BRST invariance of the gauge-fixed YM action. Using Eq.(2.26) we can rewrite
the YM action, Eq.(2.36), as

Sa[A,b, ¢, = Sym[A] + sU[c, A], (2.38)

where U[¢, A] = ¢*F°[A] and spacetime integration is implied. This was first observed in the
context of covariant gauges in [161]. Note that for the gauge field, the BRST transformation
corresponds to an infinitesimal local gauge transformation, cf. Eq.(2.8), with the infinitesimal
parameter replaced by a ghost field. This is justified due to the anticommuting character of the
BRST operator. Therefore, the YM part of the gauge-fixed action is BRST invariant. In addition,
due to the nilpotency of the BRST operator we can readily deduce that

sSalA,b,c,c] =0. (2.39)

This shows that the off-shell gauge-fixed YM action is indeed invariant under this residual BRST
symmetry generated by the transformations in Eq.(2.37), as long as the BRST operator is nilpo-
tent.

!Note that BRST symmetry does not necessarily require the presence of the NL field. But with the NL field, BRST
is nilpotent.
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2.3 Gauge fixing with a stochastic variable

The gauge-fixed YM action that we have obtained after implementing the gauge-fixing procedure
describes a constraint system of gauge field configurations, governed by the dynamics and so
on of the underlying pure YM theory that solve the constraint equation (2.24). For such an
action, we have observed the natural emergence of a global supersymmetry on the quantum
level, the BRST symmetry. The various implications of such a symmetry in the context of non-
Abelian field theores will be discussed in Sec. 2.4. In this section, within the framework of gauge
theories (which is where conventionally but not solely BRST symmetry is studied), we explore the
connection between field theories with field configurations satisfying a constraint equation and
BRST symmetry. This alternative and well established viewpoint provides a valuable assistance in
the understanding of the gauge-fixing procedure. This section, motivated by [162, 163], is one
of the ingredients for the results derived in Sec. 2.2 and its underlying philosophy is an integral
part of the framework developed in this thesis.

Note that BRST symmetry arises naturally not only in the framework of gauge theories but
also in statistical field models governed by Langevin equations [162]. Langevin equations corre-
spond to linear in time stochastic differential equations related to stochastic processes such as
diffusion and Brownian motion, [164-166] and have been proposed to describe the dynamics
of critical phenomena, cf. [167-173]. By introducing a stochastic field configuration n(z) called
the noise field, one can impose the corresponding Langevin equation and construct a generating
functional for the constraint system. The noise field is conventionally implemented as a Gaus-
sian distribution (Gaussian white noise) and effectively reflects the way by which the Langevin
equation (constraint equation) is imposed. Such a system exhibits invariance under an associated
BRST symmetry. Given that the solutions of these equations exhibit divergences on a perturbative
level, the emergent BRST symmetry of the associated action which arises through the implemen-
tation of these constraint equations allows to prove the stability of the Langevin equations under
renormalization.

Therefore, it is worth exploring the appearance of BRST symmetry on a more generic setting
and more specifically for a system subject to a stochastic constraint equation with a decoupled
stochastic sector. By adopting this method for pure YM, we will show how to relate it to the
conventional gauge-fixing result derived in Sec. 2.2, while having an additional degree of freedom
encoded in the noise field.

We begin our study by introducing a stochastic gauge-fixing condition, with the stochastic
variable n(z) = n(t%)* € SU(N,), as follows

E[A,n] = F[A] — ¢(n) =0, (2.40)

where ¢(n) is an arbitrary function of the stochastic variable or noise and the noise field has a
normalized probability distribution, Dn. Similarly to Sec. 2.2, taking the variation of Eq.(2.40)
with respect to the infinitesimal gauge transformations, Eq.(2.8), results in the Faddeev-Popov
matrix, i.e.
OE[A,n] IF[A] 6A
A — = — .
Ml 4] ow | 0A dwl,_,

w

(2.41)

Next, we shall derive a generic form for the unity under the generalized constraint (2.40). To
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do so, let us first derive the formal expression for an arbitrary function ®(A) after imposing the
gauge-fixing condition, Eq.(2.40). Due to the stochastic character of the gauge-fixing condition,
we are ultimately interested in expectation values of functions of gauge fields, i.e.

(®(A)), = / DEDn S[E[A,n]] B(A) = / DUDn §[E[AY,n]] J[AY] & (AY), (2.42)

where similarly to Sec. 2.2, the Jacobian of the transformation for the stochastic gauge-fixing
condition takes the form

3[AU] = N det (MFP[AU}) = ./\//DCDE exp [2/ E“(:L’)Mgg[AU]Eb(y)], (2.43)

Y

with A an overall normalization constant. Next, we rewrite the delta functional in the Fourier
representation as

SE[A]] — /Db exp [—i/baga[A, n]] (2.44)
Inserting Egs.(2.43) and (2.44) in Eq.(2.42), we arrive at
(®(A)), =N / DUDLDn det (Mpp[AV]) B(AV) =" 1A, (2.45)

where integration over spacetime points is implied.
Thus, the partition of unity can be written as

1=N / DUDVDn App[AY] e~ E (A7), (2.46)

Taking into account that the inverse Jacobian is a gauge invariant quantity and changing AV —
A, we find that up to an irrelevant normalization factor, the gauge-fixed YM generating functional
reads

Z= / DADcDEDYDn e SalAccbn] (2.47)
with the gauge-fixed action
SalA, ¢, & b,n] = Sym[A] — b*"F® + Snoise[b, n] + EMEBcL. (2.48)

The noise action Speise[b, 7] comes as a result of the stochastic gauge-fixing condition, Eq.(2.40).
We can radily integrate out the noise field

eiSNL[b] — /Dn eiSnoise[bvn} (249)

and associate it with the NL auxiliary field that appears during the off-shell quantization, cf.
Subsec. 2.2.2. The importance of this method lies in the fact that by inserting the noise field as
an extended sector of the gauge-fixing condition, we gain an additional degree of freedom, by
properly manipulating the noise field, on the gauge-fixing procedure. In extension, integrating
out the noise field gives us direct access to the implementation of the gauge-fixing condition in
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our theory. Note that as long as we consider a sensible form of the noise action, BRST symmetry
of the action is manifest. In the following, in order to make contact with well-known results and
also exploit our additional freedom to facilitate further calculations, we choose to integrate out
the noise field using Gaussian and Fourier distributions.

2.3.1 Yang-Mills action with a Gaussian noise distribution

Let us now determine the form of the gauge-fixed YM action by choosing a Gaussian weight for
the noise action of the form [121],

1
Shoise [b7 n] = _?fnana —b'n". (2.50)

Averaging over the noise field and associating it with the NL field according to Eq.(2.49) we find
that

§

Swulb] = 3

bbe, (2.51)

which reproduces the BRST-invariant off-shell YM action, cf. (2.36).

2.3.2 Yang-Mills action with a Fourier noise distribution

In this case, we choose a Fourier weight for the noise action of the form [121, 151],
Snoise[ba n] = na(va - ba)7 (2.52)

where v = v%(t&)" corresponds to an external NL-type scalar field which extends the space of
colored fields of the theory. Integrating over the noise field, according to Eq.(2.49), we find that

el — /’Dn e~ =V — N[BT — 0. (2.53)
As a result, the gauge-fixed generating functional becomes

Z = / DADcDEDD §[b* — v°] exp [z (SYM — bOFe 4 aaMg{;cb)} = / DADcDe ' alAeen]
(2.54)

with the gauge-fixed action
SalA, ¢, Ev] = Sym[A] — v*F* + & MEBcL. (2.55)

Next, let us address the BRST invariance of the generated action. Firstly, note that due to the
presence of the auxiliary v field, the gauge-fixed action, Eq.(2.55), is still off shell. As mentioned
in Sec. 2.4, the existence of an auxiliary NL field is essential for a BRST-invariant action. This
role is played by the v field. Indeed, the off-shell action is invariant under the following BRST
transformations,

(SAPL)G/ _ Dzbcb’ (SC)a _ _gfabccbcc7 2.56)
(se)® = v°, (sv)* = 0.
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This can readily be seen by bringing Eq.(2.55) in the form
SalA, ¢, ¢,v] = Sym[A] + s¥[c, 4], (2.57)

which is similar to Eq.(2.38). Thus, taking into account the nilpotency of the BRST operator, we
verify the BRST invariance of the action, i.e.

sSa[A, e, ¢, v] = 0. (2.58)

Notice the mutual connection between the different steps followed in this section. In summary,
by extending the gauge-fixing condition by a noise sector decoupled from the dynamical fields,
we were able to get access to the way with which the gauge-fixing condition is implemented
in the action by properly tuning the corresponding form of the noise action and associating it
with the NL field, cf. Eq.(2.49). The choice of a Gaussian weight reproduced the conventional
off-shell gauge-fixed YM action which upon integration of the NL field will depend quadratically
on the gauge-fixing condition, cf. Eq.(2.32). Choosing a Fourier weight for the noise action
at the expense of introducing an additional NL-type v field, we obtained a modified version of
the gauge-fixed YM action, which upon integration over the b field was linear to the gauge-fixing
condition, cf. Eq.(2.55). In addition, we deduced that the off-shell action enjoys invariance under
BRST transformations, cf. Eq.(2.56). Given that the upcoming Chapters deal with a non-linear
form for the gauge-fixing condition, a linear dependence on the action is a very desirable trait
since it does not give rise to complicated interactions that require more computational power. It
makes any non-trivial inclusion through the gauge-fixing condition straightforward. Due to this
reasoning, the following parts of the thesis rely exclusively on the Fourier weighted gauge-fixed
YM action given by Eq.(2.55).

2.4 Importance of BRST symmetry

Even though the invariance of the YM action under the BRST transformations seems to have
appeared arbitrarily, BRST symmetry is a fundamental symmetry of gauge theories with tremen-
dous physical implications. Here, we shall present the most important aspects that highlight the
physical meaning of a BRST-invariant theory in the context of non-Abelian gauge theories. Note

that the results mentioned below were established on covariant (mainly Lorenz) gauges.

2.4.1 Unitarity and the quartet mechanism

The power of the FP method lies in the formal introduction of the FP ghost fields. The reason
behind it is that in non-Abelian theories, as opposed to Abelian theories, unitarity is only main-
tained as a virtue of the inclusion of the FP ghosts. The inconsistency of unitarity for non-Abelian
theories when only intermediate contributions of gauge fields are considered, was initially pin-
pointed by Feynman for the case of a fermion-antifermion scattering to lowest non-trivial order
of the coupling constant, [174-176]. Inclusion of ghosts in closed loops gives rise to additional
graph contributions essential in order to obtain a unitary S-matrix element as outlined in [177].

The main goal of this subsection is to motivate, from a physical point of view, the fact that in
the context of non-Abelian gauge theories, unitarity is closely connected to the construction of a
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well-defined physical Fock space Hppys, which itself is related to the BRST symmetry. The key for
such an identification comes from the analysis of the structure of the state vector space V.

Given that BRST symmetry is a global symmetry, from Noether’s theorem, it comes with an
associated BRST charge, Qg, which itself generates the BRST transformations?. The introduction
of @ facilitates the definition of the physical subspace Vypys. In particular, an elegant subsidiary
condition was proposed by Kugo and Ojima [178, 179], where

@); |phys> =0, Vphys = {|¢> ‘ QB ‘é) = 0} . (2.59)

In a covariant formulation of gauge theories, the state vector space V), contains potentially
also negative norm states. This translates to the fact that V is a vector space with an indefinite
metric. For a meaningful interpretation of the underlying theory, one must properly consider a
physical subspace of the state vector space, Vpnys = {|phys)} that exhibits norm positivity.

To clarify this point, it is worth to make a distinction between genuine unitarity of the physical
S-matrix with respect to physical states with positive norm and (pseudo-)unitarity of the total
S-matrix with respect to states of indefinite norm in V. For a physical S-matrix between states
in V,pys that satisfies genuine unitarity, the following conditions should be met:

(i) (Pseudo-)unitarity of the total S-matrix. Such a criterion is equivalent to having a Her-
mitian Lagrangian, which motivates the consideration of the FP ghosts in (4.16), such that
¢t =candét =g cf [179].

(i) Temporal stability of V. In other words, the physical subspace should not be affected
by the total S-matrix. This criterion is automatically satisfied due to the conserved nature
of the BRST charge Qs.

(iii) Positive semi-definiteness of V. This criterion is translated to

¥) € Vonys = (¢[¢)) = 0. (2.60)

Satisfying this criterion is non-trivial and model dependent. However, such an analysis
results in a general norm-cancellation mechanism called the quartet mechanism. Kugo and
Ojima [101], introduced this mechanism which was a breakthrough in understanding the
role of BRST symmetry in gauge theories. The quartet mechanism is a generalization of
the Gupta-Bleuler formalism [180, 181] to non-Abelian theories. In order to be able to
appreciate this machinery to its full extend, we should fix some relevant terminology.

BRST cohomology

Nilpotency of the BRST operator, s> = 0, infers the nilpotency of the BRST charge, Q% = 0. Then,
any state can be classified according to the dimension of the representation of Qg to a BRST
singlet and a BRST doublet, cf. [182].

Any state |#) € V : |0) = Qg |¢) # 0 is called BRST exact. The two state vectors |¢p) & |0) are
called a parent state and a daughter state respectively and they constitute a BRST doublet. The
parent state |¢) € Im(Qp).

’In canonical quantization, the BRST charge is promoted to an operator by noting that [Qs, ®] = s®, which
generates the BRST symmetry [178, 179].
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Any state |©) which satisfies the subsidiary condition, Eq.(2.59), is called BRST closed with
|©) € Ker(Qp). If a BRST closed state is accompanied by a parent state, i.e. |©) = Qg |¢), then
it is the daughter state of a BRST doublet whereas otherwise it corresponds to a BRST singlet.
BRST-exact states have zero norm and are orthogonal to BRST closed states. Hence, we write
Im(Qg) = Vo.

There is an ambiguity in identifying a BRST singlet state and a parent state in a BRST dou-
blet due to the arbitrary addition of daughter states. Such an ambiguity can be alleviated by
considering the BRST cohomology group, i.e.

Ker(QB) Vphys

H(QB) = m(Qp) ~ Vo | (2.61)

‘H(Qg) consists of BRST singlet states where their difference is given by a daughter state. In other
words, we create equivalence classes of BRST closed states differing only by a BRST-exact one.
Such states have the same norm. Thus, all physical contents of the theory should correspond to
BRST singlets in H(Qp).

Classification of BRST states

With the help of the FP ghost numbers, Ngp, assigned to particle states, we can classify the state
space to different classes which encode the physical and unphysical content of the underlying
theory. Note that from the study of the BRST cohomology, any state with non-vanishing Ngp
requires the existence of an additional FP conjugate state with opposite FP ghost number, — Ngp,
[182]. In particular, the BRST singlets can be decomposed into the following classes:

(I) BRST singlets with Ngp = 0. Under the assumption of asymptotic fields in the state space,
cf. [101], it was deduced that the states of this class constitute the genuine particle states
of the theory.

(II) BRST singlets with Ngp # 0. This class can be further divided into the following subclasses:

(a) Unpaired singlets. They correspond to BRST singlets with a FP conjugate state as an
unphysical parent state in a BRST doublet.

(b) Singlet pairs. They correspond to FP conjugate pairs in two BRST doublets.

In view of generic arguments discussed in [182], the BRST singlet states with Ngp # 0 do
not enter the physical state space and thus this class of states can be neglected.

For the case of BRST doublets, an additional BRST doublet to the original one is required which
implies the final category:

(IIT) Quartets. They correspond to FP conjugate pairs of BRST doublets. Quartet states appear
in gauge theories [101, 183].

From the aforementioned classification, we can conclude that the relevant states which can
potentially affect the physical contents of the theory enter as BRST singlets with Ngp = 0 or as
quartets. However, quartets only contribute in zero norm combinations, thus not affecting the
properties of H(Qg) which is shown with the aid of the quartet mechanism.
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Quartet mechanism for off-shell YM theory with unbroken global color symmetry

In order to implement the quartet mechanism, one introduces a projection operator P(™), which
projects the particle states onto the sector of state space with n unphysical particles, cf. [178,
179]. Then, it can be deduced that every quartet state enters in the physical theory as zero norm
combinations. Through the projection operator, one defines a physical Fock space of genuine
states, Hphys, Which is isomporphic to the BRST cohomology H(Q3p), i.e.

POY = > H(Qp) = Vohys (2.62)

phys B Vo ! .

This ensures a semi-positive norm of genuine physical particles and the condition (iii) is met,
which further guarantees, the unitarity of the physical S-matrix. Eq.(2.62) clearly displays that
in a gauge theoretic framework, a seemingly arbitrary global symmetry turns out to be an integral
part for the establishment of a sensible theory.

An essential property of the construction of the aforementioned mechanism is the nilpotency
of the BRST operator. The importance of the nilpotency can be viewed by considering an explicit
mass term in pure YM theory. Such a contribution will result in the breaking of this property and
a non-unitary S-matrix [109].

Implementing the quartet mechanism in the description of the off-shell pure YM theory with
an unbroken global color symmetry®, while ignoring potential IR divergences, results in the clas-
sification of the corresponding field configuration modes [184, 185]. In particular, it turns out
that the modes of the transverse gauge field are associated with positive norm BRST singlets
which are classified as genuine physical particle states. The unphysical modes of the longitudinal
gauge field, the NL field and the FP ghosts constitute the so called elementary quartet and as such
are confined, maintaining the norm positivity of ;. Here, one must highlight the presence of
the NL field which is essential for the proper norm cancellation in the quartet mechanism of pure
YM.

Note that, as previously mentioned, for the study of the norm positivity of the physical Fock
space in pure YM, the presence of IR divergences can affect the unitarity property of the S-matrix.
However, in such a case one departs from the perturbative regime and should explore alternative
non-perturbative routes, e.g. lattice methods, fRG, etc. Considerations of such generalizations
will be addressed on the level of the fRG but their structural effect on the theory in terms of the

K-O construction will not be further explored in this thesis.

2.4.2 The Kugo-Ojima color confinement scenario

Based on global color invariance, Kugo & Ojima derived a scenario [101], in view of the conserved
color charge, that ensures color confinement in non-Abelian theories. Initially, from the equations
of motion for the gauge field, one obtains the following Maxwell-like form [186]

9ip=0"Fj, +{Qs,(Dy0)*}, (2.63)

*Invariance under global gauge transformations is to be understood when global color invariance is mentioned.
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where jj, is the Noether current of global color symmetry. This current yields the global color
charge %, of the global color symmetry, given by

JI=G"+ N = / 0iFg; + / {@8, (Do)}, (2.64)

with [ = [ d3x. Note that G® & IN® are conserved charges of the associated conserved currents
that constitute jj;.

Due to the ambiguity of Noether’s current, one can add an arbitrary anticommuting term
without affecting the dynamics of the theory, thus rewriting the color charge as

Q= /X [jg - ;aing} = ;/X{QB,(DOE)“}, (2.65)

which takes a BRST-exact form. Then, any genuine physical state (BRST singlet) when acted by

Qa
Q* |phys) = 0, (2.66)

since, according to the quartet mechanism, the genuine physical states obey by definition the
subsidiary condition Eq.(2.59). Eq.(2.66) implies that colored elementary particles (which can
appear as final states) are confined to the unphysical part of the Hilbert space and all final particle
states are color singlets. Such a result would generically impose color confinement.

However, the global color charge, defined in Eq.(2.65) is not well-defined, due to non-convergence
of the spatial integration. Hence, we turn our attention back to Eq.(2.64) and study each con-
tributing charge individually. Note that G* is explicitly related to gluons, whereas IN mixes
different field configurations.

Study of the G° part

If the conserved current, 9" F}, contains no discrete massless pole, then
G* =0, (2.67)

as it corresponds to a spatial integration over a total derivative. In addition, Eq.(2.67) is satisfied
even for massive genuine gauge fields as the unphysical (longitudinal) configurations drop out
for both the massless and massive case due to the antisymmetry of the field strength tensor.

Study of the IN® part
In order to examine the behavior of the IN® charge, we introduce the dynamical parameter u®,
called the K-O function as the IR limit of the two-point correlator of the composite operator

(Da(x) — gfabcAch’

[ o[, @0 w10 = (g - 25 ) ). (268)

xT

The well-definedness of IN is realized from the study of the asymptotic behavior of (D,¢)"
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which contains the aforementioned composite operator O°. Then,
(D@V@gﬂiiﬂ(wh+w§@ﬁﬂ. (2.69)

where 4%(x) corresponds to the massless asymptotic field of ¢*(x). Eq.(2.69) entails that if the
following condition (written in matrix notation), called the color confinement criterion, is satisfied

u(0) +1 =0, (2.70)

then the conserved IN® charge generates a well-defined global color charge, which in combination
with Eq.(2.67) equals to Eq.(2.65).

Color confinement

We can collectively formulate the previously obtained results from the study of each constituting
charge in the following concluding statement. Color confinement, is realized as a well-defined
color charge Q**, where

Q" =0, inHppys, (2.71)
or equivalently,

(0lQ) =0, V[),|d) € Vphys- (2.72)
Such condition is met if the two following confinement criteria are satisfied:
() There is no discrete massless pole in 0" F};, for massless/massive gauge field configurations.
(ii) The IR pole residue of the composite operator O%(z), u(0), satisfies Eq.(2.70).

In other words, when the K-O color confinement criteria (i) & (ii) are met, then elementary
particles correspond to confined colored states and genuine physical particle states appear only
as color singlets. The K-O confinement scenario encapsulates both quark and gluon condensate
depending on the underlying theory. The K-O confinement criterion, Eq.(2.70), was found to
be a necessary condition for the restoration of a broken residual local gauge symmetry [187,
188], thought of as combinations of global gauge transformations with spacetime independent
parameters [189, 190].

One important consequence of the K-O confinement scenario, as computed in [191] is an
IR enhanced ghost propagator. In particular, the ghost propagator in the Landau gauge can be
parametrized as

2
D (p®) =z——5ab§§féil, (2.73)
p
with
nmC(Qy——QL—— (2.74)
poo T (o) '

“This is equivalent to the statement that global color symmetry is not spontaneously broken.
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Finally, following a perturbative study, the stability of the K-O function, Eq.(2.68), was ex-
plored in the IR regime which naturally furnished the K-O confinement criterion, Eq.(2.70), cf.
[101].

2.4.3 BRST symmetry and gauge invariance

Most interestingly, BRST symmetry inherits the essence of local gauge transformations. In partic-
ular, Refs. [192, 193] were motivated by the Maurer-Cartan structure of the ghost BRST transfor-
mation, cf. Eq.(2.37) and provided a geometrical interpretation of the FP ghosts as Maurer-Cartan
forms that live on the gauge group of infinitesimal gauge transformations. They achieved a re-
striction of the gauge group over solely infinitesimal local gauge transformations by expanding
the finite local gauge transformations, Eq.(2.18) and truncating at order O (gz). In such a way,
one promotes the approximate relation of the infinitesimal gauge transformations to an exact one
which becomes identical to its finite transformation. In addition, with an appropriate identifica-
tion of the nilpotent BRST operator, they discovered a mutual relation between the nilpotency of
the BRST operator, the BRST transformation of the ghost and preservation of closed Lie algebra
structure (Jacobi identity in the adjoint representation). Providing two of the aforementioned
conditions, the BRST transformations and the corresponding nilpotency follows. Therefore, by
identifying the FP ghosts as Maurer-Cartan forms, they concluded that invariance of the theory
under BRST transformations entails invariance under infinitesimal gauge transformations.

On the same year, [194] promoted the BRST symmetry as the fundamental symmetry of
gauge theories and by constructing BRST invariant actions of physical and ghost fields from first
principles, elaborated that they lead to gauge independent theories. Such a procedure, not only
facilitates the construction of the theory by providing a consistent underlying symmetry which
is not affected by the procedure of gauge fixing, but it can also be related to the conventional FP
approach for linear gauges fixing conditions on-shell. This construction serves as an improvement
of the conventional FP approach. Moreover, constructing an off-shell BRST invariant action allows
for the presence of quartic ghost interactions, as required in [195, 196] but are absent in the FP
method.

We see that there is quite a lot of motivation towards adopting the off-shell quantization
procedure of YM and maintaining BRST invariance. This argumentation in combination with
the study of an extended gauge-fixing condition with a stochastic variable, carried in Sec. 2.3,
corresponds to the main motivation of developing our theory in an off-shell framework.
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Functional Methods

This chapter will be dedicated to introducing all essential concepts and quantities that will be
instrumental later on in the construction and renormalizability of a manifestly BRST-invariant
theory. By enforcing BRST symmetry, we will promote invariance under underlying symmetry
transformations in correlation functions, albeit at the expense of introducing functional constraint
equations. As we will examine both perturbative and non-perturbative renormalization schemes
in this thesis, we aim at a transition from the (perturbative) RG to the fRG and provide a brief
introduction to the basics of the fRG. We conclude this chapter by investigating the compatibility
of the underlying symmetries for mass-dependent renormalization schemes, such as the fRG,
encoded in the aforementioned constraint equations, with the associated flow equation.

3.1 Basic functional tools

This section will serve as a short introduction to the definition and form of the generating func-
tionals required to perform perturbative and non-perturbative calculations, adjusted for pure YM
theory.

As found in Subsec. 2.3.2, cf. Eq.(2.55), the action functional for pure YM theory, when a
Fourier weight is considered, reads

SalA,v] = Sym[A] — v* F°. (3.1
From this action, the following path integral is generated
Z[j;0] = / DA det (Mgp|A]) ef(SalAn+izA™), (3.2)

To facilitate further computations, we perform a Wick rotation of the gauge-fixed generating
functional, Eq.(3.2). Then, the Euclidean path integral takes the form

2ji0] = [ DA det (Mpl]) e~ (SH1A47), (33
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with a Euclidean gauge-fixed action

Sg[A,v] = Sym[4] + v*F*¢ (3.4)
and a Euclidean YM action
1 a a
S = 3 F Fi, (3.5)

Note that we have suppressed the subscript E which highlights the Euclidean character. Given
that we mostly work in Euclidean spacetime we do not bother about the position of spacetime
indices.

The FP determinant is generated by the following Euclidean integral,

det (Mep[A]) = / DeDe o~ SnlAcal, (3.6)
with the Euclidean ghost action
Senl4, ¢, = —"Mgp[A]. (3.7)

In order to promote the FP ghosts to elementary fields, we introduce appropriate sources (77,7)
for (c, ¢) respectively, so that these fields are treated on an equal footing as the gauge field. After
this addition of extra sources, we find the generating functional

Z[j,n,mv] = / DADCDE ¢~ (Sl e+ Siou), (3.8)

where
S[A, c,¢,v] = Sym[A] + v F* + Sgnle, €, (3.9
Ssou = _jZAZ - ﬁaca - Eaﬁa. (3.10)

Eq.(3.8) corresponds to the generating functional of the full correlation functions. The gen-
erating functional of the connected correlation functions, denoted by W j, n, 77; v] and called the

Schwinger functional, is given by
Z[j,n, ;0] = VAl (3.11)
The Legendre transform! of the Schwinger functional, known as the effective action (EA),

[[A, ¢, ¢ 0] = sup {j A5, + 7% + & — Wj,n,7; 0]}, (3.12)
Jimsf

generates the one-particle irreducible (1PI) correlation functions. It is worth noting that at the

!The Legendre transform is a mathematical tool used in physics to establish a connection between conjugate quan-
tities. Note that even though the Legendre transform of a convex function is convex, this is not an invertible statement,
meaning that a convex Legendre transformed function does not guarantee the convexity of the original function. A
prime example is the Schwinger functional which can be non-convex whereas its Legendre transform is a convex
functional. Furthermore, it relates functions of velocity, the Lagrangian in classical mechanics and the Helmholtz free
energy in statistical mechanics, to functions of momentum, the Hamiltonian and the Gibbs free energy respectively,
[124, 197, 198].
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supremum, the sources are functionals of the classical fields, which correspond to the expectation
values of the associated quantum fields. Furthermore, in a common abuse of notation, we will
refer to the classical fields using the same notation as the quantum fields.

Eq.(3.12) entails that the classical fields, conjugate to the sources, satisfy

SW SW SW 5
Al = — C= — = =W-—. 3.13
1 5]Z v € 57711 € 577a 57711 ( )
Combining Eq.(3.12) with Egs.(3.13), one deduces the quantum equations of motion
6T 6T 6T 5
¢ = a - _a:—izl—‘i. 3.1
=g T T e T e T ben G149

3.1.1 Gauge and BRST symmetry generators

Let us now introduce a useful tool that will aid the construction of the functional constraint
equations, as discussed in Sec. 3.3. Promoting the FP ghosts to dynamical fields and considering
a Fourier noise distribution results in the off-shell generating functional of Eq.(3.8) with an action
given by Eq.(3.9). As discussed in Sec. 2.4, the gauge-fixed theory still exhibits manifest global
color invariance. Global gauge invariance, i.e. invariance under the transformations with the
Lie-valued parameter w = const, dictates that the additional fields change homogeneously under
local gauge transformations. Combining their change with the change of the gauge field, Eq.(2.3),
we find the off-shell extended finite local gauge transformations

A7 =UA, U (0,0)Ut, cY=UcUu™!,

i
g (3.15)
¢V = UcUu, vU =UvU .

Then, one finds the set of off-shell extended infinitesimal local gauge transformations

oAy, = Dzbwb, 8,c® = Gfawbee,

(3.16)
5wéa — gfacbwbéc’ 5wva _ gfawab’Uc.

Equivalently, Eqs.(3.16) are induced by the off-shell generator of infinitesimal extended local
gauge transformations which correspond to the following functional operator

a a a a (5 — rac 5 _c 5 c (5
glocal = gglobal + g(a) = Dubm + gf b <CC(SCb +c @ +v (va> . (3.17)

Note that the off-shell generator of global color rotations corresponds to a homogeneous change
in all fields and reads

1) 1) 1) 1)
a — rach c c —c c
gglobal =gf <AM 5712 +c 5cb +C 5o +v (5Ub> (3.18)

and gga) = 8M%. Indeed, Eq.(3.17) reproduces the infinitesimal off-shell transformations, as it

can be seen from

"")bglbocal(a;r = 6w®;'[7 (3.19)
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where a spacetime integration is involved, cf. [199]. Note that we have introduced the following
collective representation which includes all fields

(H);f _ (AZv _Ca’ Ea’ Ua) ., 0, = . (3.20)

Even though at this stage, the gauge-fixed action, Eq.(3.9) and as a consequence the generating
functional Eq.(3.8) are not invariant under local gauge transformations, Eq.(3.17) will be of great
assistance in the formulation of the functional constraint equation when we restore manifest local
gauge invariance on the level of the path integral, see Subsec. 3.3.2.

Finally, we formulate the BRST transformations, Eq.(2.56), with the aid of the BRST genera-
tor, which corresponds to a non-linear to the fields functional operator of the form

d o gfabccbcci 4 ® 0 S@)z i (3.21)

GersT = (D) — - — =
P64 2 de dc 5@1

Note that the BRST generator is nilpotent, i.e. Gazer = 0 in agreement with the BRST operator.
In contrast to Eq.(3.17), the BRST symmetry is non-linear to the fields and as such when incorpo-
rated in the theory can make the renormalization procedure more intricate, a fact that can give
rise to nonlocalities. Similar to the previous case, the BRST generator will help to restore mani-
fest BRST invariance for the generating functional using the Zinn-Justin equation, as explained
and derived in Subsec. 3.3.3.

3.2 Fundamentals of the background field method

In this section, we briefly go through the main idea behind the well-established, in different con-
texts, BFM [200], applied to the gauge-fixed YM action. Even though the gauge-fixing procedure
followed in Sec. 2.2 resulted in an action which is no longer invariant under local gauge transfor-
mations, but rather the residual BRST symmetry, the BFM allows to maintain the local symmetry
of background gauge transformations in a manifest way. Such a manifest invariance significantly
simplifies the renormalization procedure by allowing only contributions that are consistent with
the background gauge symmetry and filtering out the rest. More importantly, without any loss
of information, such symmetry properties can be associated with the full EA, cf. [123, 201].

In order to transition to the BFM, let us strip off any FP ghost dependence from the generating
functional, Eq.(3.8), i.e.

Z[jiv] = / DA det (Mgp[A]) e~ (S1A2I=35A%) (3.22)
Then, we decompose the gauge field Af,
A% — A% 4, (3.23)

into an auxiliary non-dynamical field A?, called the background field and its quantum fluctuations,
denoted by af,. Such a split will affect all contributing quantities of the theory. In particular, the
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field strength tensor becomes,

Fi, = F, + (Dyay)” = (Dyay)” + gf*ayaj) (3.24)

with the background field strength tensor,
Ff, = 0,A% — 0,A% + gf** A} AS (3.25)
and the background covariant derivative in the adjoint representation
DI = 9,6 — gf*AC,. (3.26)
The action now becomes
Sla, A,v] = Symla, A] + v*F?a, A],. (3.27)

where we allow the gauge-fixing condition F° to depend separately on A and a.
Next, the background generating functional is related to a full generating functional via the
relation?

Z[j, A;v] = Z[j, A; 0] e ik, (3.28)

as obtained by shifting AZ — flz — aj, and keeping a fixed background which entails that the
functional integration is carried entirely over the quantum fluctuations, i.e. DA — Da. Note
that the shift of the background, which in scalar theories connects the conventional and the
background functionals, is spoiled in gauge theories due to the field dependence in the gauge-
fixing condition. As a result, the full gauge obtained from the shift of the background may take
an unusual form, 7' = F[A — a, A]. Such unconventional gauge-fixing condition leads to the full
generating functional Z[j, A;v] which differs in general from the conventional one, cf. Eq.(3.22).
From Eq.(3.28), the background Schwinger functional is found to be

Wi, A;v] = W4, A; v] —jﬁfiﬁ, (3.29)
where W[j, A; v] corresponds to the full Schwinger functional. Taking the Legendre transform of
Eq.(3.29), one finds the background EA

['[a, A;v] = sup {]ﬁ 0 W3, A; U]} = sup {]ﬁ (az + AZ) —Wlj, A; v]}, (3.30)
j j

computed at the supremum j = j[a]. The background classical field af, and the quantum equation
of motion are given by

SWj, A; v] o Ola, A;v]
a _ a _ — . 31
o oje 7 T sas, (3.31)

%In this context, the term full generating functional implies that its associated source couples to the full gauge field
as opposed to the background generating functional where the source couples only to the fluctuations.
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Taking the functional derivative of Eq.(3.30) with respect to the source, results in

ay, = A% — A% (3.32)

which relates the background with the full classical field. The relation between the background
EA and the full EA is obtained by inserting Eq.(3.32) in Eq.(3.30). Setting A = A, one finds that

L'[0, A;v] = T[A;v],. (3.33)

where the full EA, on the right side of the relation, depends on the background field both through
the gauge-fixing condition and because A = A, [123, 201-203]. Even though, the shift property
is no longer guaranteed, it allows to preserve background invariance which yields the same ob-
servables as the usual full gauge, despite the difference in the correlation functions reflecting the
choice of the gauge [123, 201].

Hence, the driving force behind adopting the BFM is unveiled when one considers local gauge
transformations. Due to Eq.(3.23), there are different ways of writing the local gauge transfor-
mations in terms of the decomposed gauge field.

The quantum gauge transformations transform only the fluctuation field, e.g.

_ 3 i B _ _ _
a) =U(A,+a,) U - 7 0, U)U ' —A,, AJ=A, (3.34)
and infinitesimally,
6Qaf, = (Duw)®, 62A% =0. (3.35)

The background gauge transformations affect both the background and the fluctuation fields, e.g.

i

a;) =Ua,U™', AJ=UA,U"! p (0,U)U (3.36)

or infinitesimally;,

0Ba = |Da+ A) - D | = gp*ular,,  oBAG = (Dyw)”. (3.37)
Note that both the quantum and background gauge transformations add up to the local gauge
transformations of the full gauge field, cf. Eq.(2.3), as they should. In addition, it is the quantum
gauge transformations which must be fixed during the gauge-fixing procedure to make sense of
the path integral in perturbation theory and thus their breaking gives rise to the residual global
BRST symmetry.
Reinstating the FP ghost contribution, as in Eq.(3.6), results in the ghost action in the BFM

Sgnla, 4, ¢, e,v] = —*M¢hla, A, v]c". (3.38)

At this point one should mention that no FP ghosts or v-field background split took place. This
can be justified since these fields appear as the product of the gauge-fixing condition and their
decomposition would be irrelevant on the level of the EA in the limit A = A. Hence, their classical
fields and sources are identical to the ones in Egs.(3.13) & (3.14) respectively.
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However, the introduction of a v field through the Fourier weighted gauge-fixing condition
in combination with the BFM can provide valuable insights into its properties. The v field has
been treated as a background/external field, in the sense that it is not an integration variable
as a consequence of the Fourier weight chosen during the gauge-fixing procedure and as such is
unaffected by the background decomposition. Even though it differs from the NL b field, they
are both products of the gauge fixing and affect the same sectors of the theory. Therefore, it is of
interest to investigate whether one can relate these field configurations by exploiting the BFM.

An alternative approach to understanding these fields is to view the v field as the background
field of the NL field. This can be illustrated by examining the Fourier weighted NL sector. Manip-
ulating Eq.(2.53), one can find that

/ Db e~ Snulbtv]—b"F ot T (3.39)

The relation above suggests that the v field can be considered as a background field, while the b
field corresponds to the fluctuations of the NL field, i.e. B* = b* + v®. Then, the Fourier noise
prescription encoded in Eq.(2.52) leads to the right side of Eq.(3.39) and corresponds to the
limit where the fluctuations of the NL field are frozen, leaving only the fixed background v field
to contribute.

Such a behavior is attainable in regimes where the NL field can exhibit a preferred non-
vanishing expectation value and thus be described to first approximation by the considered limit.

3.2.1 Background gauge and BRST symmetry generators

Similarly to Subsec. 3.1.1, one can extend the background gauge transformations, to include a
homogeneous transformation of the remaining fields (¢%, %, v®). Thus, we are led to the off-shell
extended background gauge field transformations

a, =Ua, U, AJ=UA,U'--(9,U)U",

1
g (3.40)
cV =UucU!', dV=vueUul, vU=UuvUl
or infinitesimally,
5gaﬁ = gf“bwbaz, 55[12 = (Duw)a,
(3.41)
5L]:’z)ca — gfacbwbcc, 556a — gfacbwbéc’ 5EUa — gfawab’UC.

Note that the homogeneous change of the remaining fields under the extended background
transformations is governed by the condition that background gauge invariance is manifest on
the level of the gauge-fixed action, Eq.(3.27). This places a restriction on the class of admissible
gauge-fixing conditions.

The extended off-shell background gauge transformations are generated by the background

functional operator G§, such that

_ _ 0 ) 1) ) ) -
apa a ;yab — rach, a c c —c c B
w'Gg = w* D —5;12 + gf*w <a“5az +c 5o +c 5 +0 5vb> = (5w@i)

where ©; represents the collective field in the BFM, an extension of Eq.(3.20) which trivially
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includes the background field.

Moreover within the BFM, the action can be brought into the same form as Eq.(2.57), which
implies invariance under the following nilpotent BRST transformations that derive from the quan-
tum gauge transformations

(sau)a = (Duc)a, (SAM)Q = 0,

g (3.43)
(se)* = —§f“bccbcc, (s6)* =0,  (sv)* =0.
The BRST generator of Eq.(3.43) takes the same form as in Eq.(3.21) with the difference that
the BRST transformation of the full gauge field is carried by the fluctuating field, i.e.

1)
da

_g abcbci a Y &
2f e 650_(86)

J

ot (3.44)

Gerst = (Dpuc)* —
1

Note that the form of the extended BRST transformations in the BFM, Eq.(3.43), is not unique.
In fact, there are alternative extended versions of the BRST transformation for the BFM, un-
der which the background field changes as a BRST closed ghost field, thus extending the color
space, cf [204]. Such realizations are motivated from the simplicity of the associated Zinn-Justin
equation and have been further implemented in various models in [205-208]. Such potential
deformations of the BRST transformations will not be explored in this thesis.

3.3 Functional constraint equations - Ward identities

Constraint equations are a crucial aspect for a theory to be well-defined. As illustrated in Chpt. 2,
during quantization of pure YM, a constraint equation at the level of the gauge field configura-
tions, the gauge-fixing condition, was required to obtain a finite generating functional, at the
expense of breaking manifest local gauge invariance. However, this gave rise to an additional
global supersymmetry of the action, the BRST symmetry, which turned out to be a vital compo-
nent for many physical aspects of the theory, as discussed in Sec. 2.4.

To compute the building blocks of the theory, such as correlation functions, the EA etc., which
were introduced in Sec. 3.1, source terms must be introduced for each associated dynamical field
configuration. Generally, we want to investigate under what circumstances a symmetry or pre-
viously valid symmetry of the action can be realized at the level of the generating functional
and, in turn, for the EA. To achieve this, one imposes manifest invariance under a desired sym-
metry at the level of the EA, which yields a set of functional constraint equations known as the
Ward Identities (WIs). In principle, these WIs correspond to constraint equations of the theory’s
functionals that, once obeyed, guarantee invariance under the associated symmetry. It should be
highlighted that the difference between the constraint equation, introduced in Section 2.2, and
that of the functional constraint equations is that the former was imposed at the level of the field
configurations, restricting the space of integration, whereas the latter is employed at the level of
the functional itself, restricting its admissible form as an effect.

3.3.1 Ward identities from global color invariance

Before we embark on the study of more complicated forms of WIs, it is more instructive to mo-
tivate their structural importance with a simpler example within the context of YM theory. In
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particular, let us consider global color rotations. These transformations can be realized linearly

to the fields and are generated by G2 cf. Eq.(3.18). Under global color rotations, the action

global’
and the functional measure remain invariant.

Enforcing such a symmetry on the level of the generating functional translates into

_ YGgiobar 21T V]
- 2T

1 o o —(5[6]+Se0u
= Z[,_’] 7)] /D(I) gglobal € (S1e1+ )- (3.45)
The generator of global color rotations will act on the action as

0= j 1) /D(I) globalS[ ]+~7 (gglobal )} 67(5[9}+Ssou)7 (3.46)

where ©); is the same as in Eq.(3.19) and we collect the dynamical fields and their associated

sources as
Al
@1— - (AZ, _Ca,éa) s (I)Z = Ca R
—_c®
‘ (3.47)
Ju
l-7z]L = (jzaﬁa7na) ) u7z - 7_](1
7,’0,
Eq.(3.47) was chosen such that
Seou[®] = ~T®; = ~3]7; (3.48)

and will significantly compactify the upcoming computations. Hence, Eq.(3.46) leads to the
equality

<gglobal [ D = <gglobalSSOU[(I)]> (3.49)

In order to extract the physical meaning of the constraint, we observe that the first part of
Eq.(3.46) corresponds to the expectation value of the variation of the action under global color

rotations whereas the second term can be manipulated as follows

a 1 a 0 _
0= — (Ggiopar®[©]) + 270 /D‘I’ VA <ggloba15jr> e (S[OHSkou) (3.50)

Exchanging the functional with the implied spacetime integral of the source action, we arrive at

0Z[T;
“7: ( global 5[:;; U]> . (3.51)

0= — (GgobarS[©]) + Z[j ]

EqQ.(3.51) can be rewritten in terms of the Schwinger functional, (3.11), as

a ,U j, )
0 = — (GopaS[O]) + T 7 ( global 5f7-T v]) e, (3.52)
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In the collective field representation, the EA, Eq.(3.12), can be rewritten as
T[®; ] = sup {jj@i — W[ v]} . (3.53)
Ji

In addition, the equivalent expressions of Egs.(3.13) & (3.14) that connect the classical fields
and their sources with the Schwinger functional and the EA respectively in the collective field
representation reads,

—

q)i:(ﬂ/‘;[‘j;v]a ‘PI-:W[J;U](SI;
5r[<1>ji ] 5 “ (3->9)
- _ v T o] 2

Performing a Legendre transform at the supremum, cf. (3.53), then 7; = J;[®] which results into
a mutual cancellation of the exponential terms of the Schwinger functional. In addition, using
Eq.(3.54), we are left with

—

0
0 = — (GiobarS16]) + T10: )5 (Gipm 1) - (3.55)

where the fields involved in the second term should be realized as the classical fields. Finally,
noting that

—

0
Getoba L 123 0] = L'[® + Gaioba1 @5 v] — I[@; 0] = I[®; 0] - (gglobalq’i) :
helps us obtaining
Gelobarl [P5 v] = (GglopaS[©)]) - (3.56)

In a broader context, the relationship illustrated by Eq.(3.56) indicates that a linear trans-
formation in the fields that preserves the action corresponds to a symmetry of the EA, provided
that the functional measure remains invariant. The above relation corresponds to the Ward Iden-
tity for global color rotations in YM theory and yields a symmetry of the EA since the off-shell
gauge-fixed action is manifestly invariant under the off-shell global gauge transformations, i.e.
Fglobal 5 [Oi] = 0.

However, the WIs associated with local gauge symmetry, which is no longer a manifest sym-
metry, and with BRST transformations, which are non-linear in the fields, exhibit a more intricate
structural form. To clarify the terminology, we shall refer to the WIs of local gauge symmetry as
Ward-Takahashi Identities (WTIs) and those of BRST symmetry as the Zinn-Justin equation or con-
ventionally as the Slavnov-Taylor Identities (STIs), as originally proposed in [37, 209], albeit from
a different perspective. The Zinn-Justin equation is also known as the master equation since, as
argued in Subsec. 2.4.3, it embodies the information about local gauge transformations. Further-
more, when deriving the functional constraint equations, we will not assume any specific form
of the gauge-fixing condition, but rather treat it as a generic functional of the relevant field con-
figurations. The investigation of these functional constraints in diverse contexts will be the topic
of the forthcoming Subsecs. 3.3.2-3.3.4.
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3.3.2 Ward-Takahashi identities

Let us now study the WIs which correspond to the functional constraints of the EA when enforcing
local gauge invariance. During the gauge-fixing procedure, local gauge invariance is spoiled on
purpose by additional contributions in the action. For clarity, we rewrite Eq.(3.9),

S[O] = Sym + ng + Sgh-

Given that the YM action, Syy is invariant under local gauge transformations by construction, i.e.
Gpa1Svm = 0, then the Ward-Takahashi Identity reads

gl%calr[q); U] = <gﬁ)cal (ng + Sgh)> . (3.57)

Recalling that functional derivatives of the EA with respect to the classical fields reproduces
the 1-Particle Irreducible (1PI) correlation functions, the solutions of Eq.(3.57) clearly place a
constraint on the underlying building blocks of the theory and the admissible form of the EA with
vital implications for the renormalization of the theory.

For a Lorenz gauge-fixing condition in the Landau gauge expressed in terms of the bare fields
and couplings, Eq.(3.57) connects the 1PI correlation functions at L-loops with up to (L + 2)-
loop corrections to the connected ghost, gluon propagators and ghost-gluon vertex function, see
[199]. In addition, an explicit inclusion of a gluon mass parameter in this gauge is prohibited
according to the WTIs.

3.3.3 Zinn-Justin equation

Next, we focus our attention on the derivation of the WIs for BRST symmetry, the so called
Zinn-Justin equation or STIs or master equation. BRST transformations are generated by the
non-linear generator Eq.(3.21). If we were to follow the same steps as for the global and color
gauge transformations, such a non-linearity would propagate into the WIs, e.g.

(GBRrsTSs0u) = 0. (3.58)

Note that the generator of BRST transformations is non-linear to the fields and as such the study
of the 1PI correlation functions as solutions of the WIs, Eq.(3.58), ends up being more involved.

Following [210, 211], one obtains a simpler expression for the associated WIs, by introducing
appropriate BRST-exact sources of the BRST variations of the fields, extending the source action
to

Seou = — P} J; + K& (sA)% + L7 (s¢)*, (3.59)

with K| and L* being anticommuting and commuting sources respectively. The WIs for the ex-
tended action (including the BRST sources) take the expected form, cf. Eq.(3.18)

dSsou
Ssou) = ((s©), =0. 3.60
(GBRsTSs0u) = ((s9); ( 5@;[ >> (3.60)
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Inserting Eq.(3.59), we arrive at
(s®]) J; = 0, (3.61)

because the contribution of the additional sources vanishes due to their BRST-exact character,
i.e.

(Gerst K, (34)5,) = (GprsT L* (3¢)*) = 0.
Expanding the collective fields and sources in Eq.(3.61), one finds
Ju {(sA)) — 1 {(s0)*) +n* {(s€)*) = 0. (3.62)

Given the inclusion of the BRST source, one can establish a relation between the expectation
values of the BRST transformation, which appear in the WIs and the EA. Then, one finds that

(sA)2) = s ((50)°) = s ((50)%) = 0" (3.6

Substituting Eq.(3.63) into Eq.(3.62), we get

6T 6T 6T T o
o L _y, 3.6
545 6K+ seasLe TV g ! (364

The WIs of Eq.(3.64) correspond to the so called Zinn-Justin or master equation for the gauge-
fixed YM action, cf. Egs.(3.9) & (3.59), i.e.

S[A, ¢, ¢,v,K, L] = Sym[A] + v*F* + Sgp[c, €] + Ssou-

The Zinn-Justin equation, is satisfied by the total action, thus

58 85 8868 .08
T R R (3.65)

which encodes the BRST symmetry of the action and entails that I'[®; v] = S[©, K, L] is a solution
of the Zinn-Justin equation. The significance of Eq.(3.65) as a solution of Eq.(3.64) lies in its
predictive power for constructing a renormalizable theory. As elaborated in [163], a construction
of a renormalized action from first principles and building on Eq.(3.65)is possible by virtue of
power counting at the expense of an emerging BRST-exact term quartic in the FP ghosts. In
that case, Eq.(3.65) is stable under renormalization and BRST symmetry is ensured. Hence, we
see that the Zinn-Justin equation translates the connection between renormalization and BRST
symmetry to a restrictive class of admissible actions.

3.3.4 Ward identities in the background field formalism

During the BFM, we have imposed on the level of the action manifest invariance under BRST and
background gauge transformations, cf. Eqgs.(3.43) & (3.41), generated by Egs.(3.44) & (3.42)
respectively. Motivated by [212, 213], we derive a compatibility relation between the background
gauge and BRST generators which entails a necessary condition for the form of the gauge-fixing
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condition.
Firstly, let us rewrite the action in the BFM in a BRST closed form,

Sla, A, ¢, ¢, v] = Symla, A] + GprsT¥[a, A, ¢, v], (3.66)

with ¥a, A, ¢,v] = e F%a, A, v].
Manifest background gauge invariance implies that

G35[6] = 0. (3.67)
Furthermore, manifest BRST invariance of the action translates to the following condition
GersTS[O] = 0. (3.68)

One can verify, that the BRST and background gauge transformations generators commute with
each other [212],

(G, Gerst] = 0. (3.69)

Applying Eq.(3.68), while considering Eqs.(3.66) & (6.27), one readily derives that

GET = (556),) (SE)T\P — 0, (3.70)

Expanding the ¥ functional in Eq.(3.70), then

o

62O,
(026:) 561

T =wPGyF® = g Pu’Fe. 3.71)
Eq.(3.71) shows that under background gauge transformations, the gauge-fixing condition must
change homogeneously in order to maintain manifest background gauge invariance. This condi-
tion implies that within the BFM, non-linear gauge-fixing conditions are valid and in accordance
with the underlying symmetries, as long as they are constructed from tensorial quantities of the
gauge group. Such a remark will be exploited in Chpts. 4 & 5.

Finally, suppressing the FP ghost dependence for a moment, manifest background invariance
imposes a functional constraint on the background EA and gives rise to WIs of the form

Gal'[A;v] = 0. (3.72)

However, as shown in Eq.(3.33), the background EA can be related to a full EA in the limit of
A = A. In that case, G§ — G ;. Thus, Eq.(3.72) reduces to

gﬁ)calr[A; U] =0, (3.73)

which implies that the full EA constructed within the formalism of BFM is a gauge invariant quan-
tity and thus consists of only gauge-invariant building blocks, resulting to appropriate physical
observables.

Hence, we infer that invariance of the theory under the auxiliary background gauge trans-
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formations is associated to the local gauge transformations of the full gauge field, since it leads
to a gauge invariant full EA, which can differ from the standard EA but yields the same physi-
cal observables. Therefore, it is sensible and many times computationally advantageous to work
within the background field formalism without loss of information.

3.4 From RG to fRG

The effective action (EA) is a crucial quantity in the study of a theory as it provides information
about the theory’s long-range behavior and the realization of symmetries. Physical information,
encoded in the EA, can be extracted using perturbative or non-perturbative techniques. To briefly
elaborate on this point, let us rewrite the EA of Eq.(3.12), in terms of a functional integral in
which, for the moment only, the macroscopic dynamical collective fields are denoted by @', and
an ultraviolet (UV) cutoff scale is introduced (cf. Subsec. 3.4.2),

6T

, —S[e+@’ v+ o] oL
e TP — / Db e R (3.74)
A

Eq.(3.74) implies that solving a set of first-order non-linear functional differential equations
yields the EA. One way to do this is by performing a vertex expansion and determining the ex-
pansion coefficients that correspond to the 1PI proper vertices, which results in a set of integro-
differential equations known as the Dyson-Schwinger equations, cf. [214-217]. Such an imple-
mentation of functional methods allows access to the non-perturbative regime of gauge theories
at the cost of introducing appropriate truncation schemes to obtain an approximate solution of
the corresponding EA.

3.4.1 The procedure of perturbative renormalization

In the context of perturbative treatments, the EA can be expanded to small values of the coupling
constant. The resulting perturbative series expansion can be organized in terms of loop contri-
butions, providing a useful approach for analyzing the theory. However, it should be noted that
this approach has a limited range of validity. This technique can be used to derive an explicit
expression for the EA up to a certain loop order, by writing the right-hand side of Eq.(3.74) as
a Gaussian of the dynamical fields and then explicitly performing the functional integral. In this
way, the one-loop perturbative EA can be brought to the conventional form of

=5+ %tr InS®), (3.75)

as found in Chpt. 4, where S is to be understood as the Hessian of the action in terms of the
dynamical fields.

Further computation of associated correlation functions may result in the appearance of di-
vergences arising from loop integrals. Nonlocal interactions can be a source of these emerging
divergent contributions. In perturbation theory, these divergences can be handled through the
process of renormalization. Renormalization is a valuable tool in the study of quantum field the-
ory, allowing for the removal of infinities that arise in loop calculations.

There are various methods that can be used to renormalize a theory and remove its diver-
gences. In Chpt. 4, a two-step procedure will be employed to achieve this, first by regularizing
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the divergences and then by reparametrizing the field and coupling constant accordingly. This
adjustment requires the introduction of renormalization constants which serve as counterterms
and connect the initial or bare quantities to the reparametrized or renormalized ones. By adjusting
these constants to counteract loop divergences, the resulting theory will have finite correlation
functions. The degree to which the theory can be renormalized is determined by the number of
independent divergent loop contributions that must be regularized using the available parame-
ters that can be reparametrized. In Chpts. 4 & 5, the perturbative study of the one-loop EA and
1-Particle Reducible (1PR) correlators for pure YM with nonlocal interactions is explored.

However, it is possible to achieve renormalization of a theory in a more controlled manner.
It is important to note that there is not a unique method of renormalization and that observ-
ables must ultimately be independent of the chosen renormalization scheme. As a result, during
renormalization, a mass scale k£ can be introduced into the theory which makes the couplings
scale-dependent. By appropriately varying the renormalization mass scale, new couplings are
induced at the newly varied scale. Repeating this procedure results in the RG, that generates a
set of scale-dependent couplings which in turn are associated with the correlation functions at
that scale. This approach provides an algorithmic method for dealing with divergences by con-
sistently screening the energy scale at which they appear, but their effect remains integrated in
the scale dependence of the effective couplings.

This scale dependence is described in terms of a beta function for the corresponding coupling
gi, defined as

Bg; = k% (3.76)

The RG machinery offers valuable insights into the effects of microscopic degrees of freedom by
studying the macroscopic aspects of a determined Effective Field Theory (EFT). This approach
establishes a useful interplay between energy scales and renormalization, revealing information
of the "full" theory from the structural study of an EFT confined within a well-defined scale do-
main. Ultimately, the RG provides a powerful tool for analyzing the behavior of a theory and
extracting valuable information regarding its underlying structure. Therefore, renormalization
plays an essential role in quantum field theory, enabling precise predictions and facilitating a

better understanding of the behavior of quantum systems at small and large scales.

3.4.2 Functional renormalization group

Other successful non-perturbative versions for obtaining approximate solutions of the EA by solv-
ing a set of exact functional RG equations have been devised throughout the years [218-226]. In
this work, we shall concern ourselves with the functional renormalization group (fRG) approach
[227-231] which has been successfully implemented in the investigation of different physical
models, cf. [232-251] for a non-exhaustive list and cf. [71, 136, 199, 244, 246, 252-254] for a
sample of reviews on the topic.

The fRG is a non-perturbative approach to solve Eq.(3.75) by implementing the Wilsonian
RG formulation [219-221, 255-259]. According to Wilson’s idea, one can construct an EFT of
low energy modes (long distance) by integrating over high energy ones (short distance). Such a
procedure is based on the philosophy that the contribution of long range fluctuations, also called
slow modes, is not affected by the short distance fluctuations or fast modes and as such they can
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Figure 3.1: Graphical depiction of the possible energy scales of a regularized theory, as indicated by the cutoff A and
integrating out modes by following Wilson’s RG and fRG approaches. The central image shows the energy scales of
the theory, with the cutoff A at the top. To the right and left of it, the underlying philosophy of integrating out modes
by following Wilson’s RG approach and fRG is shown in an intuitive manner. The blue shaded region corresponds to
the energy domain of modes that contribute in the corresponding flows whereas the red shaded region represents the
energy domain of modes that are integrated in the microscopical flow of Wilson’s approach or that will be integrated
in the macroscopic flow of the fRG. The role of the RG scale k, can also be clearly observed, where in Wilson’s RG
corresponds to a UV cutoff whereas in the fRG to an IR cutoff.

be integrated out.

Wilson’s approach to the RG involves starting with a QFT that has been regularized up to
a cutoff scale A. This cutoff scale is related to relevant microscopic scales, such as an inverse
lattice spacing in a discrete setting and governs the microscopic dynamics. Consequently, the
functional measure is restricted to an integration over fields with momenta up to the cutoff scale,
ie. [D® — [, D®. By employing the RG procedure, one can reformulate the underlying theory
up to a different energy scale k, potentially experimentally accessible, by integrating out the fast
modes and studying the effects of such a scale reduction on the microscopic dynamics.

The RG is generated by employing infinitesimally, coarse graining and successively a scale
transformation in an iterative fashion. Coarse graining is responsible for modifying the theory’s
scale down to the desired scale k, providing an EFT for the slow modes with momenta p < k,
above which all quantum fluctuations are integrated out. Computationally, this is achieved by
splitting the slow from the fast varying modes and then integrating over the fast modes on the
partition function. This results in a modified action. In such a way, there might not be an explicit
dependence of the partition functional on the integrated out fast modes, but their information is
encoded in the modified action.

However, as noted in Subsec. 3.4.1, each modified action can be associated with a modi-
fied correlation function at each scale. In order to extract meaningful information, the correla-
tion functions from different energy scales need to be comparable, which can be performed by
rescaling the momenta and field configurations to match those of the previous iterations. This
is accomplished by applying an infinitesimal scale transformation on top of the coarse graining
already applied. Repetition of the aforementioned procedure will result in a history of modified
actions, generated at each coarse graining step, that interpolate between the cutoff scale A and
the desired scale k. Such a dataset of modified action traces a trajectory in the space of actions,
called the RG trajectory.
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In the spirit of Wilson’s idea, the fRG adopts an "inverse" logic and by employing functional
methods manipulates the RG on a macroscopic scale, in contrast to the previous microscopic level.
The main feature of the fRG is that instead of computing the history of modified actions of the
slow modes, one derives a one-parameter family of scale-dependent EA, called Effective Average
Action (EAA) of the fast modes, generated by the RG machinery. This approach shifts the focus
of the RG procedure from the microscopic action to the macroscopic EAA, thereby enabling the
exploration of the system’s properties at different energy regimes by appropriately adjusting the
scale k. Notably, the scale k no longer corresponds to a UV cutoff for the contributing slow modes,
but instead to an IR cutoff regulated by the fast modes. Consequently, the IR limit corresponds
to k — 0, whereas the UV limit of the regulated theory corresponds to & — A. When the
UV regulator A is removed, i.e., A — oo, we gain access to the deep UV domain. A graphical
representation of the two differing methods is depicted in Fig. 3.1.

Thus, according to the aforementioned structure, the EAA must interpolate between two fixed
asymptotic behaviors. The microscopic bare action at the UV cutoff k¥ — A, since at that limit
there are no integrated out fast modes and the full quantum EA of the theory at the IR limit
k— 0,

lim Ty [®;v] ~ S[®;v], lim ['y[®;v] = T'[®; v]. (3.77)
k—A k—0

In order to build the EAA, due to the underlying principle, one should decouple the slow

and fast varying modes of the theory on the level of the generating functional. This can be

achieved by associating a large mass to the slow modes, by explicitly implementing an IR regulator

ASy[®] in the generating functional. Thus, one finds an IR regulated, scale-dependent generating
functional

Zi[T5v] = / DP o SOI-ASEI+T[ @i — WilT ] (3.78)
A
where in general, the IR regulator has a momentum dependent mass form

ASi[#) = 5 [ A(-p) (BD)) 4500 + [ () (BO0) () 379)

where for each associate sector, appropriate gluon and ghost regulators were introduced. Next,
we can define the Effective Average Action (EAA) as a modified Legendre transform

[4[®; 0] = sup {jj@ Wil v]} — AS[@]
J (3.80)
= I'[®;v] — ASL[D].

Furthermore, at J = Jsup, We find the scale-independent macroscopic fields and scale-dependent
quantum equations of motion, (fRG extension of Egs.(3.54)),

ENA 6J,
5r[<1>l | OAS,[®] 5 5 (.81
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At this point, we can study the expected behavior of the regulator function Ry(p) of Eq.(3.79).
In particular, it must satisfy the following conditions:

* At k — 0, when all quantum fluctuations are integrated out, it should vanish in order to
ensure that the generating functional coincides with the scale-independent one i.e.

Ll Ri(p) =0 lim 2, [T,v] = Z[T, ). (3.82)

* At k — A, when no quantum fluctuations are integrated out, then, in order to reproduce
the proper behavior of the EAA, cf. Eq.(3.77), the regulator function must diverge,

lim Ri(p) — oo & lim I'[®] = S[®] + const.. (3.83)
k2—A k2—A

Note that these requirements can be justified by exploiting the convex property of the EAA
through a saddle point expansion of the corresponding action and regulator. At one-loop or-
der and taking into account the scale-dependent quantum equations of motion in Eq.(3.81),
any first functional derivative contribution will vanish and only the Hessians of the action
and the regulators will survive in the functional integral. However, imposing the condition
Eq.(3.83) will result in a Gaussian integral in terms of the field-independent Hessian of the
regulator, i.e. (AS,(f)) ~ Ry. Performing the remaining Gaussian functional integral
explicitly will result in a field-independent constant contribution which can be filtered out,
thus reproducing the desired behavior of Eq.(3.77). Similar behavior will be exhibited if
one considers the deep UV region, k? — A — oo.

* At0 < k < A, then the fast modes should be unaffected by the regulator whereas the slow
modes are regularized in a mass-like fashion, m? ~ k2,

pQ}}gIQH_}O Ry(p) > 0. (3.84)

The flow equation of the EAA with respect to the RG scale & is described by the Wetterich
equation, cf. [231, 260-262],

1 -1
oLy, = 5 tr [(@Rk) (F,(f) + Rk> ] (3.85)

where ¢t = log k, is called the RG "time", (I‘,(f)) o6 %Fk%j represents the Hessian of the EAA
in terms of all dynamical macroscopic fields and tr accounts for all relevant field dependencies
and contributes an additional minus in fermionic sectors.

Long-range physics should be independent of the choice of the regularization scheme and in
extend from the choice of the regulator. This can be achieved by finding an exact solution for the
associated flow equation, subject to an appropriate adjustment of the initialization of the action,
which is a very involved task.

In practice, we employ certain approximations/truncations of the EAA which in turn can
spoil this expected behavior. Therefore, it is important to select an optimized regulator that
minimizes the effect of this breaking and yields the appropriate physical observables. Despite the
aforementioned restrictions there is still a large class of possible regulators. For convenience, let
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us reparametrize the regulator function as
R(p*) = p*r(p°) (3.86)

where r(p?) is called regulator shape function. In this work we shall exclusively choose the Litim
regulator shape function for concrete computations, [263], which reads

k2
r(p®) = <p2 — 1) 0(k* — p?). (3.87)

Due to the presence of the step function 8(k% — p?), the behavior of the shape function is not
smooth for varying RG scales. It should thus be used with care during the derivative expansion
[264].

3.5 Towards BRST/gauge invariant fRG flows

In Sec. 3.3, we discussed the introduction of functional constraint equations or WIs as means of
monitoring global and local symmetries on the level of the building blocks of non-Abelian field
theories. Among the different symmetries involved, we highlighted the importance of BRST sym-
metry and its close relation to gauge invariance, cf. Sec. 2.4. On that note, we incorporated
the information of BRST symmetry on the level of the correlation functions spanning across all
loop orders, as a functional constraint equation called the master equation, cf. Subsec. 3.3.3, at
the expense of introducing additional BRST sources in the generating functional, Eq.(3.59). Fur-
thermore, we argued that such a master equation provides a valuable tool to extract information
for various aspects of the theory, among which is the stability under renormalization. Thus, it is
natural to examine the possible modification of certain WIs within the context of mass-dependent
regularization schemes and more precisely the fRG, cf. Sec. 3.4.

At the setting of the fRG, the presence of the regulator in the EAA, Eq.(3.79), affects the
underlying symmetry invariance of the theory and in extent results in a modification of the as-
sociated functional constraints, leading to the so called modified Ward Identities (mWIs). Note
that at the physical limit of £ — 0, the mWIs must agree with the WIs of the scale-independent
theory, cf. [265-269].

Formulating the mWIs of the explicitly broken local gauge symmetry, i.e. the WTIs, in the
fRG setup, one finds [199]

Wi = Giocall 'k [P; V] + Giocar ASk[P] — (Giocar (Sgf + Sgn + ASk)[O]) =0, (3.88)

which correspond to the modified Ward-Takahashi Identities (mWTIs). Comparing Eq.(3.57) to
Eq.(3.88), we observe that the explicit breaking of local gauge invariance is enhanced by the
presence of the regulator contributions.

Due to the close interconnectivity between BRST and gauge symmetry, cf. Subsec. 2.4.3, in
order to gain insight into the gauge invariance of the theory one usually studies the implications of
the WIs of the BRST symmetry, i.e. the master equation or STIs, cf. Subsec. 3.3.3. The elegance
and practical accessibility of the master equation, Eq.(3.64), lies in the systematic way with
which one can construct iteratively perturbative correlation functions by employing algebraic
cohomological methods. Furthermore, its resolution does not require the computation of loop
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terms. In the context of the fRG, the corresponding mWIs of BRST symmetry read
Sk = (GBRsTSsou) + GBRSTASK[P] — (GBRSTASK[P]) = 0, (3.89)

called the modified Slavnov-Taylor Identities (mSTIs). The mSTIs encode the gauge invariance of
correlation functions generated by the EAA for fRG flows. Moreover, Eq.(3.89) reproduces the
STIs, Eq.(3.58), at the physical limit # — 0. Maintaining this limit is important to guarantee
physical gauge invariance. Since R; — 0 eliminates the regulator-dependent contributions, we
rediscover the standard STIs in the physical limit of & — 0. Furthermore, in [261], the mSTIs
were rephrased in terms of a regulator-dependent extension of the master equation Eq.(3.64),
called the modified master equation (mME). For further details see reviews [136, 199, 253, 254,
270].

Owing to the quadratic structure of the regulator Eq.(3.79), the regulator-dependent terms
introduce one-loop contributions which make the resolution of the mSTIs more involved [271,
272]. Furthermore, due to the presence of the regulator, manifest BRST invariance is lost during
the functional RG flow at finite scales k. However, the structural form of the mSTIs signifies the
soft breaking of BRST invariance and as an extension of gauge invariance, since at high energies
the operators associated to the regulator are suppressed, cf. [254] and references therein.

The flow of the mWTIs can be compactly written as [199]

5

oy (3.90)

1 o
5th = — §G?BatR]?CGgDEWk
D

where Gi18 = (F@fﬂ%) corresponds to the AB component of the fully dressed propagator
k k/ AB
of the theory. Note that in order to avoid confusion with the notation of the collective fields and

the RG scale, we denote the collective indices as {4, B,C, .. .}.

Eq.(3.90) dictates how the mWTTIs and in extension the functional constraints between cor-
relation functions change at different RG scales. Most importantly, Eq.(3.90) entails that the
resolution of the mWTIs, i.e. W, = 0, is a fixed point of the flow, i.e. 9,V = 0. This ensures
that if the mWTIs are respected at some scale k, at which a 'y, is generated, then they are also
met at a different scale &’ with I/, [199].

Broadly speaking, the flow of the mWTIs or mSTIs monitors potential violations of gauge
invariance in the case of mWTIs, or BRST symmetry (and in extension gauge symmetry) in the
case of the mSTTs, in mass-dependent regularization schemes such as the fRG. They describe the
limit where the symmetry is softly broken due to the inclusion of regulators and is reinstated
at the physical limit £ — 0. However, such a description is unambiguously valid when one can
derive the corresponding histories of generated EAAs that exactly solve the flow equation. In the
case of gauge theories, the flow equation is solved approximately, which implies that the EAA
is subject to the chosen truncation scheme. To that extent, the confidence level of the flow of
the mWIs is directly related to the selected approximation scheme. Hence, potential violations
of the underlying symmetries, as encoded by the flow of the mWIs, can arise from relevant or
irrelevant RG operators. Thus for practical applications where truncation schemes are inevitable,
the mWIs control the corresponding truncation by providing self-consistency and stability checks
[271, 272].

Even though irrelevant symmetry violating RG operators do not affect the flow at the physical
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Wi: manifold on theory space
spanned by the mWTIs

W: manifold on theory space
spanned by the WTls

Figure 3.2: Graphical depiction of gauge invariant flows in theory space realized by the associated constraint
equations and truncation schemes [199, 274]. In the above:

*: Generates a history of gauge invariant action functionals as determined by the WTIs.

*: Generates a history of gauge invariant EAAs as determined from the flow of the mWTIs and agrees with the WTIs
in the physical limit of K — 0 where the symmetry is softly broken due to the regulator insertion. However, it requires
an EAA that solves the fRG equation exactly, which constitutes a strong constraint.

*: Belongs neither on the WTIs nor the mWTIs spanned manifolds and its flow depends on the chosen truncation
scheme, thus potentially diverging the flow from the physical limit. Resolution of the truncated flow equation in
accordance to the scale-dependent mWTIs dictates the class of admissible operators.

(1): Resolution of the flow equation within a truncation where the deviation from the W, subspace is given only by
RG-irrelevant operators, thus reproducing the correct physical limit.

(2): Resolution of the flow equation within a truncation where the deviation from the W, subspace is given also by
RG-relevant operators, which can result to a divergent trajectory and should be avoided.

limit, thus resulting in a resolution of the underlying functional constraint equations, violations
induced by relevant RG operators as part of the truncation can potentially affect the behavior in
the physical limit. Consequently, we require computational tools that will alleviate this ambiguity.
A naive classification of the operators with power counting methods in the fRG setup falls short.
As it turns out, resolution of the associated mWIs works hand in hand with that of the flow
equation, such that seemingly relevant RG operators are suppressed at k — 0, [87, 273].

In other words, the mWIs assist during the RG flow, by regulating the considered approxima-
tion according to the symmetries, in a controlled manner, realizing possible classes of admissible
operators that become RG irrelevant in the physical limit. This procedure can be generalized to
the mSTIs. A graphical depiction of the aforementioned procedure, for the case of the flow of the
mWTIs can be found in Fig. 3.2.

Furthermore, consistency of a truncation in terms of the mWIs is linked to the IR behavior
of correlation functions [87, 90, 93], which governs the physical properties of the system, cf.
Chpt. 1. Therefore, the development of a procedure that applies the fRG flows coupled to the
resolution of the underlying mWIs beyond perturbation theory, is a key ingredient in the under-
standing of gauge theories and there are several proposals for such a procedure for truncated
fRG flows [79, 93, 271, 275].

A convenient option to devise non-perturbative truncations in gauge theories relies on the
BFM with the construction of background gauge invariant flows. Such an approach, not only
preserves gauge invariance encoded in mWTIs/mSTIs, but also includes constraint equations
which monitor the gauge/background independence of correlation functions. These constraint
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equations are known as modified Nielsen Identities (mNIs), which, in the absence of regulators,
reduce to the Nielsen Identities (NIs) and on-shell incorporate the background independence of
proper vertices, g—g =0, [136, 254]. In practice, they have been treated on an approximate level
[132-135, 143, 145, 146].

In another approach, gauge-invariant functional flows that are stable under renormalization
were constructed, at the expense of introducing composite operators that lead to regulator-
dependent BRST transformations for the renormalized fields. Such a construction infers a modi-
fied version of the associated symmetry constraint equations [270, 276-278]. Applications of the
compatibility of the derived constraint equations and their functional flows have been studied in
the context of QED [279, 280] and perturbative YM theory [281].

Alternatively, the authors in [282, 283] constructed manifestly gauge-invariant exact RG
flows, without the use of gauge fixing, for SU(N) pure YM theory. This was achieved by em-
bedding the theory into a supergauge group using a higher derivatives regularization scheme
and a manifest spontaneous breaking of supergauge invariance SU(N|N) — SU(N) x SU(N).
Following this gauge-invariant approach, several loop computations for various theoretic frame-
works were carried out, including that of the one-loop and two-loop YM beta functions [253,
284-289].

Due to the conceptual and computational accessibility of the gauge-fixing procedure, it re-
mains advantageous to explore the behavior of non-Abelian field theories at different energy
regimes by employing the FP quantization. Built on this reasoning, the authors of [121] derived
BRST-invariant flows through an fRG equation, compatible with the extended STIs in a suitable
truncation scheme.

A novel feature of this method is that the BRST-breaking regulators are incorporated as part
of the regularization procedure by imposing a non-trivial gauge-fixing condition. As discussed in
[121] & Sec. 2.3, such a modification comes at the expense of extending the color space with the
inclusion of a NL-type v field which is expected to appear in the generated loop graphs. Further-
more, the truncation scheme, due to the inclusion of extra BRST sources, allows for additional
regulator-dependent vertex interactions. Therefore, it is of interest to examine whether one can
reproduce the universal one-loop beta function from the associated flow equation, considering
the additional degrees of freedom which come from the v field. A preliminary study of the gluon
anomalous dimension compared quite favorably with existing literature results for an appropriate
choice of the weight of the v field, [121].

The computation of the one-loop beta function in a manifestly BRST-invariant manner is the
subject of study in Chpt. 6.
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CHAPTER 4

Background and BRST-Invariant One-Loop EA for Non-Linear Gauge Fixing

This chapter focuses on the perturbative analysis of our model within the BFM. The goal is to
construct a modified background invariant non-linear gauge-fixing condition with a decoupled
mass-regulator sector. The Fourier weighted gauge-fixing procedure used in Subsec. 2.3.2 intro-
duces a v-field dependence in the bare action, which affects the classical equations of motion.
This, in turn, constrains the admissible forms of the v field. However, the gauge-fixing condi-
tion introduces nonlocal terms, which may cause additional divergences. To address this, we
study the perturbative stability of our model obtaining explicit expressions for the one-loop per-
turbative EA and Schwinger functional in the BFM. The focus will be on the presence of the v
field in the structure of these quantities and the impact of the regulator parameters. This anal-
ysis reveals a v-independent EA and a v-dependent Schwinger functional, which will be further
studied in Chpt. 5. Next, from the renormalization of the one-loop EA we determine the asso-
ciated beta function under various regularization schemes. Finally, a phenomenological study
of the potential-like quantity in terms of the action density provides insight into the role of the
regulator parameters that govern the IR dynamics of the model.

4.1 Background-invariant non-linear gauge-fixing condition

In order to proceed with further calculations in our framework, let us turn our attention to deter-
mining a concrete form of the gauge-fixing condition, in accordance with the desired symmetries.
For that, we impose the BFM. As mentioned in Chpt. 1 and introduced in Sec. 3.2, the BFM con-
stitutes a valuable tool that can greatly facilitate (non-)perturbative calculations due to manifest
background gauge invariance, which can be associated to a gauge invariant EA, cf. Subsec. 3.3.4.
Furthermore, in Subsec. 3.3.4, we deduced that manifest BRST and background gauge invariance
of the action restricts the class of gauge-fixing conditions to those that change in a tensorial man-
ner which, in turn, dictates the admissible construction terms, cf. Eq.(3.71). Building on this
principle, one can generically choose a set of Lorenz-like linear covariant gauges [123, 201].
However, we deviate from this conventional choice. Following [121], we choose a non-linear
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background gauge-fixing condition of the form with a decoupled modified mass CFDJ sector

Fa, A, v] = aZQZl,’,Ca,C, + Sﬁbaz, 4.1)
where .
abc __ v _ 2 ¢be A P \bc
[ 2|v|2 [m 6!“’ B E (DuDV) ] )
_ (4.2)
Eab _ 1 + mgh Dab
72 _D2 7

Here, we have used the condensed notation,

b 1 “ mzh b
_ _9 _ _ _

The choice of the non-linear gauge-fixing condition, may appear arbitrary at first sight but it

becomes clear when writing down the resulting gauge-fixed action,

ng[a7 A, U] = SLorenz [CLJ A] + SmCFDJ[‘% 1217 U]

1 _ 72 m2 0\ _ (4.3)
e (DuDy)abaI;_i_miaaaa + 0 <1+ gh)DabCLb.

25# 9 THTH —D2

Note that the quadratic contribution reproduces the conventional background gauge term Sy orenz,
whereas the combination of the linear and quadratic parts gives rise to the mass-regulator parts
for the dynamical fields. In particular, Sy,crpy corresponds to a modified version of the CFDJ gauge
[106, 117, 122], adjusted for the Fourier weight distribution that was chosen during the FP pro-
cedure. Here, let us highlight once more that, even though the inclusion of a ghost mass regulator
seems to be at odds with associated considerations, such an IR contributing effect will be respon-
sible for potential regularization of emerging divergences in mass-dependent renormalization
schemes such as the fRG. It will also provide the means of simulating on a perturbative level the
effects of the well-established, on a non-perturbative level, decoupling solution, cf. Sec. 4.5. In
such a way; it creates a bridge between perturbative and non-perturbative treatments, while still
maintaining the FP procedure and respecting the desired symmetries. Such a modifications of
the gauge-fixing condition comes at the cost of the inclusion of the NL-type v field and a nonlocal
action. Both points require further investigation, which will be carried out in the following.

For the ghost sector, the FP determinant can be cast into a nonlocal ghost action, according
to Eq.(3.6), which reads

_a v? _ 1,2 = (b c 1 c /™ = \¢b
Senla, A, c,¢,v] = {2|v|2 [2m2az ~f (DuDy)™ ag, — ga,j (D,D,,) ]
2, (4.4)
na b
+ 1+ _zg)2> Db 4 (Dye)’.

It is a straightforward task to prove the invariance of the generated action under background
gauge transformations, Egs.(3.40) & (3.41). In particular, noting that the background covari-
ant derivatives change homogeneously under background gauge transformations, Eq.(4.1) im-
plies that the gauge-fixing condition changes homogeneously as well. Thus, as discussed in Sub-
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sec. 3.3.4, this is a sufficient condition to ensure invariance of the generated ghost and gauge-
fixing actions under the extended background gauge transformations. Furthermore, the fact that
the modified contributions were introduced through the gauge-fixing sector entails that the action
can still be organized in the form of Eq.(3.66) which implies manifest BRST invariance.

4.2 Equations of motion in the background formalism

As the v field enters the action, it is expected to affect the associated background field equations
of motion. Firstly, using Eq.(3.24), one writes the YM action, Eq.(3.5), in the background field

formalism as ) 1
FaFa, + By (Dya)” = 5 (Dyan) (Dyay)”

SYM[a7A]24 uvt py

e 2 “.5)
+ 3 (Dpay)” (Dyay)® + if“chﬁyaZa,cj + O(a®).

We introduce the following shorthand notation for the vector boson’s action, i.e. the total action
at vanishing ghost fields,

Syla, A,v] = Sym[a, A] + Sgfla, A, v]. (4.6)

Inserting, Egs.(4.4) & (4.5) in Eq.(4.6), one obtains the relation

-2
1 1 ma oa a mgh 2 a
Syla, A, v] :ZFW + [F v (1 + —D2> (Duay)
1 _ 1\ ;2 = \a 4.7
wya{[- @)+ (e ) @) 4D

+ gf“bcai;af,ﬁﬁy + 0O(a®).

For the classical equations of motion in the BFM, we assume a vanishing classical configuration
of the FP ghosts, which eliminates the Sy}, contribution from the equations of motion and set the
quantum field fluctuations to zero. Thus, the classical equations of motion are obtained from the

following relation

§Sy[a, A, v]

a
dal

=0. (4.8)

a—0

Taking Eq.(4.7) into account, the classical equations of motion in the BFM for the non-linear
gauge-fixing condition Eq.(4.1) are written as
DIFP = —JAA, 0], (4.9)

p

where the information associated with the non-conventional gauge-fixing procedure is encoded

in an external current
_ _ m2,
JiA,v] = D& (1 + §> o, (4.10)

In other words, such a term expresses the deviations from the classical equations of motion, i.e.

DF = 0, as a result of the novel linear consideration in the gauge-fixing condition. However,
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background covariant current conservation places a constraint on the admissible class of v-field
configurations, as they must satisfy a massive Klein-Gordon equation governed by the ghost reg-

ulator mass, i.e.
Db =04 (D? = ) o = 0. (4.11)

Thus, in order for the background equations of motion Eq.(4.9) to be consistent, the v field is
restricted within a class of solutions dictated by Eq.(4.11). Such a realization will be exploited
during the forthcoming Chpt. 5 and corresponds to the background field generalization of the
massive Klein-Gordon equation found in [121].

4.3 One-loop Schwinger functional and effective action

The goal of this section is to investigate the explicit form the one-loop EA and Schwinger func-
tional. The study of such quantities is of vital importance since they provide a linkage between
the non-linear character of the gauge-fixing condition, the mass-regulator parameters and the
correlation functions generated by the modified generating functionals. Such a modification can
potentially affect the stability of the theory under renormalization with the emergence of addi-
tional divergences. In the following, we will drop the bar of the background field, i.e A — A and
denote the quantum fluctuations as a’ in order to distinguish them from the classical fields, for
clarity’s sake.
In order to carry out a one-loop perturbative study of our model, we expand the corresponding
action Eq.(4.7) to second order around small quantum field fluctuations,
ISy[A,v]

Syla', A, v] = Sy[A,v] + ————a

b b
5aLa ;ia a,/uaMsy[A7 U]a;/ . (412)

1
2
Inserting the one-loop expansion in the background Schwinger functional, Egs.(3.28) & (3.29),
one obtains the integral equation

/aprab /b Sy .7 a
a,*Mjpa, +Wa

. _1
Wulh Al — o =SlAv]l AppA, o] /Da’ e ? " " (4.13)

Completing the square in the exponent of the integral equation reproduces a Gaussian integral
which upon computation leads to the Schwinger functional

) 1 )
—WiL[j, 4;v] = Sy[A; v] — In App[A4] + 5 Indet M[A] — Wsource[4, 4; 0], (4.14)
where
1 a a
Sv[A] = L E Flis (4.15)
Map 9\ ab
a 1 a

MbAs €] = m?3jl, + 251 Fy,, — (D)™ 6, + (1 - 5) (DuDy)" (4.17)

) 1, ., a _1\a .
Wsource[]7A§U] = 5 (ICM[AJJ] +]M) (M 1)wa [A] (ICS[AJ)] +]S) . (4.18)
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. . 2 . .
Here, we denote the Hessian of the gluon action as M = %, which in turn represents the

inverse gluon propagator in the background field formalism. We have also introduced

05,4, 7]

ICZ [A7 U] = 501;101

= (DyFypu)" + J5[A, 0] (4.19)

The effect of the choice of the non-linear gauge-fixing condition can be observed both in the
form of the FP determinant, Eq.(4.16), as well as that of the gluon fluctuation operator, (4.17).
In particular, both quantities are shifted by a corresponding mass regulator as compared to their
respected form in the linear gauge, cf. [202, 290, 291]. The result for the Schwinger functional
however is also interesting due to the appearance of the novel Wyource contribution which is a

direct consequence of the particular non-linear choice of the gauge-fixing condition, Eq.(4.1) and
85y
da;,@

of the bare action. In addition, during the computation of the integral equation, we consider that

carries all the v-field dependence. It explicitly enters from the linear part in the expansion
the gluonic fluctuation operator M is invertible, with the computation of the form of the inverse
to be of main interest in the upcoming sections.

Next, let us determine the form of the one-loop EA. Taking the exponential of Eq.(3.30), one
finds

la_ l[a,Av] 4

rfaA; —Sila’ A ]+ S ;
o~ Tla,As] :/Da/e vla’, A sag Sag % AFp[a’,A,U]- (4.20)

By performing the shift «’ — a’ + a, Eq.(4.20) becomes

6l[a,Aw] /4

o Tla,As] _ /Da/ e—Sv[a +a,Av]+ sag AFP[QI Ta, A, v]. (4.21)

Next, we perform an expansion to Gaussian order, similar to Eq.(4.12). Then, the constituents
of Eq.(4.21) take the form

5SV[CL7A’U]G/CL lala(sQSV[a’A]a/b
dag B2l Satdal

Appld’ + a, A, v] = Appla, A,v] + O(d').

Svla' +a, A, c] = Syla, A,v] + +0(d?),

This expansion corresponds to one-loop order. The EA in the background field formalism is
related to the full EA according to Eq.(3.33). Then, we obtain the integral equation for the
full one-loop EA in the limita — 0

a 6T°[0,A;v]
<Kubxv}% a

e Tl0AR] — =SvlAn] ALTA o] /Da’ o H ) h" o hal o MebAiglal? (4.22)

oI'[0,A;v]
)

The term =5z~ requires a more detailed study. In general, one can decompose the EA into
M

the bare action plus some loop corrections as follows

[la, A;v] = Sy[a, A;v] + ATy [a, A; v]. (4.23)
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Taking the functional derivative in the limit where a — 0 results in

OT[A; ] AT [A; v]

= —K%A; . 2
S ICM[ ;v] + Sas (4.24)
Inserting Eq.(4.24) into Eq.(4.22), we get
! a a ! 5AFV[A] ! a
e—FlL[A] — e—SV[A} AFP[A] /Da/ e*%au Muﬁayl%wau . (4.25)

The linear part which is proportional to the external current gets canceled by the first functional
derivative of the EA. Performing the Gaussian integral by completing the square results in the
following form of the one-loop EA

B 1 1 AT [A] _1yab 0AT[A]
FlL[A] = SV[A] In AFP [A] + 5 In det M[A] + QW ( >MV W (426)
The effect of Eq.(4.24) appears as the last term in the EA. However, such a term is a higher-loop
contribution and thus it does not contribute to one-loop order.

Thus, the one-loop EA for the non-linear gauge-fixing condition takes the form
1
IL[A] = Sy[A] — In App[A] + 5 Indet M[A]. (4.27)

One can notice that the quantum corrections which arise on the right side of Eq.(4.27) corre-
spond to the expected ones from the ghost loop and gluon loop. The kinetic operators appearing
in these loops are, for the present gauge fixing choice, the usual background covariant Lorentz-
DeWitt operators, augmented by two standard mass terms featuring regulator-mass parameters
m? and mzh for the gluons and ghosts respectively. In order to further evaluate these quantities,
conventional heat-kernel techniques can be employed. This is explored in the Sec. 4.4. Notice
that, as seen from Egs.(4.16) & (4.17), the fact that the mass matrices are proportional to the
identity will simplify our computation. Furthermore, even though the one-loop EA came out
to be v-field independent, we found that the one-loop Schwinger functional indeed exhibits a
v-field dependence, Eq.(4.14), due to the presence of Wource Which is closely related to the back-
ground equations of motion. From a structural perspective, the EA and the Schwinger functional
represent generating functionals of the 1PI and 1PR correlators. Thus, the Wyource contribution
has a structure of a 1PR correlator with an internal gluon propagator. In the background field
formalism, the difference between the Schwinger functional and the EA on the level of the 1PR
correlators can be constructed also at higher-loop orders [292-296].

4.4 Stability under renormalization to one-loop order

Despite using a non-linear gauge-fixing condition, we have derived a one-loop EA that takes on a
standard form, comprising the bare action, the ghost and gluon sectors. Importantly, this process
ensures manifest background gauge and BRST invariance of the theory. However, this has come at
a cost of introducing an auxiliary v field and modifying the form of the quantities involved in the
EA, namely the FP determinant and the gluon fluctuation operator. While the dependence on the
auxiliary v field drops out at one-loop order, the form of these quantities is modified by a shift of
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the corresponding mass regulators, as shown in Egs.(4.16) & (4.17) respectively. Consequently,
a natural question arises as to whether such novel contributions have an effect on the stability of
the renormalization procedure.

To address this question, we employ perturbative renormalization, within various renormal-
ization schemes, outlined in Subsec. 3.4.1, such that we determine the RG flow of the coupling
constant encoded within the one-loop beta function Eq.(3.76). This incorporates information
about the change of our model across different scales. To facilitate comparison with existing
literature, we will focus on covariantly constant background fields in this section, which by defi-
nition obey

(D, F,,)" = 0. (4.28)
Consequently, under this assumption and by choosing the field strength tensor to be solely

dependent on the constant magnetic field, cf. Eq.(A.4), the bare action can be written as

1 1
Sy[A] = ZF,f;,,Fg,, = 532. (4.29)

To accommodate further manipulations, we briefly introduce the eigenvalues v, of the color ma-

trix 7% (r¢)*, with £ = 1,..., N2 — 1 and B, = gBu;. For further clarification and a discussion

on the implications of covariantly constant backgrounds see App. A and references therein.
Finally, let us rewrite the one-loop EA of Eq.(4.27) as

PlL[A] = SV[A] + Ath[A] + AFgf[A]. (4.30)

4.4.1 Study of the ghost sector

Let us begin by examining the ghost sector. Write Eq.(4.16) as,
log App = log det <D2 - m§h> = tIycL [log (D2 — méh”, (4.31)

where the relation log (det A) = tr (log A) for a matrix A was used. To simplify our notation, we

have introduced the functional trace, which depending on its corresponding indices can denote,

integration over spacetime points (x), summation over all color (c) or Lorentz (L) indices.
Multiplying both sides of Eq.(4.31) with log (det (—1)), results in

log (— App) = trxcL [log (—D2 + mgh)} . (4.32)
Subtracting the divergent vacuum contribution of the functional supertrace as an overall constant
leads to
—D? + gy,
Ath[A] = — tTIycL lOg Tfnzh . (433)

One can further simplify the functional trace by introducing the proper-time representation
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of the logarithm of a fraction, see Eq.(B.26) and [297, 298]. Then, Eq.(4.33) becomes

ATgy[A] = / %trx [68(82+m§h>] - / %trm [eS(D”m?h)]. (4.34)
0 0

Employing conventional heat-kernel techniques, discussed in App. B, by using Eq.(B.15) for each

functional trace and then substituting Eqgs.(B.19) & (B.17) for the first and second functional

traces respectively, one finds in d-dimensions

N2-1

Qd ©  ds —m2 s SBg
ATy = — h 1— —— .35
gh (47)d/2 /0 sz ¢ F ; { sinh (SB[)] ’ (4.35)

where , is the d-dimensional spacetime volume. The integral is divergent at the lower bound

of the proper-time parameter, thus resulting in the emergence of a UV divergence.

4.4.2 Study of the gluon sector

We continue with the contribution of the gluon sector. First, we rewrite the gluon fluctuation

operator, Eq.(4.17), in terms of the transversal kinetic operator. For convenience, we perform the

computation in the Feynman gauge £ = 1, which eliminates the dependence on the longitudinal

kinetic operator and reduces its form to

MP[A; & = 1] = m*650 + (D1)y (4.36)
where (@T)/‘f/ = —0u (DQ)ab + 2igF .} denotes the spin-1 Laplacian. Subtracting the divergent

vacuum contribution from the gluon loop, we obtain

M)} . 4.37)

1
AT'g[A] = 5 tr [ln <m2 T o100]

Following similar steps as in the preceding case, while tracing over the spectrum of the transversal

kinetic operator, Eq.(B.18), one finds in d dimensions:

NZ-1
Oy d ®© ds _ .2 sBy 4sBy .
Al = mes 1- — h(sB .38

&= 9 (4m)drz / si+d/z ¢ ; [ Snh (sB)  a Smb(sBe) (4.38)
Similarly to the ghost sector, the integral expression exhibits a UV divergence.
4.4.3 One-loop running coupling
Substituting Egs.(4.29), (4.35) & (4.38) into Eq.(4.30),

1 m2 s SBg

Iy = =QyB% + d Z / [ Mg (1 — )
/2 1+d/2
2 s sinh (sBy) (4.39)

—m2s sBy 4sBy .
—— 1-— — h(sB .
2 e < sinh (sBy) a M (sBe)

In order to address the UV divergences which arise in the ghost and gluon sectors, we reparametrize

our field and coupling parameters by introducing a renormalized coupling gr and renormalized
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field parameters. Note that Br can be associated to the gauge field under the assumption of
covariantly constant backgrounds Eq.(A.4). Manifest background gauge invariance implies that
the wave-function renormalization of the background field and the renormalization constant of
the coupling, denoted by Zr and Zj, are related with each other as, cf. App. C and [123, 201]

Z5 =\ Z. (4.40)

Therefore, the bare and renormalized quantities in our framework are associated with each other

B

9r =V Zrg, Br=—F. (4.41)
V 2y
In terms of the reparametrized quantities, we can rewrite the one-loop EA as
Qd Qd
Iy, = 73{{ + ATg + Algy — —7(1 = Zr)B3
Q

= ?dBl% + AFgl,R + Ath,R. (4.42)

We have chosen Zf so that the UV log-divergences from the bare loop contributions ATy g1, are
canceled and render finite renormalized quantities Al'g /g . It is worth noting that in d = 4,
only terms quadratic to the renormalized constant field will diverge at the lower bound of s due
to the form of the integrals in Eq.(4.39). Consequently, by performing a weak field expansion
Br — 0, we can identify the divergent contributions in the ghost and gluon sectors.! As it turns
out,

o0
=1t 6(1217;)95{/2 /0 s—ffd/Q [(24 —d) ™ 2T (4.43)
where we have used Eq.(A.5).

After isolating the divergent contributions by means of a redefinition of the associated terms,
the next step is to regularize them. This procedure serves a two-fold purpose for studying the sta-
bility of the theory under renormalization. Firstly, it provides an algorithmic asset for extracting
an analytic expression of divergent contributions which can be further manipulated during renor-
malization. Regularization introduces a notion of a mass scale which is then used to study the
underlying theory at different energy regimes. This step enables us to derive the one-loop beta
function, which characterizes the running of the coupling constant at one-loop level. Although
different regularization schemes may not be expected to yield the same one-loop beta function,
the one-loop beta function of Yang-Mills in d = 4 is known to be universal and hence renor-
malization scheme independent under certain assumptions [124]. Therefore, it is instructive to
compute the one-loop beta function by choosing different regularization schemes and compare
the results. In our study, we will compute the one-loop beta function using both dimensional reg-
ularization with the MS scheme and also employ a sharp UV proper-time cutoff. In the following
we shall concern ourselves not only with different regularization schemes but also with different
renormalization scales.

IThe form of divergence is obtained in but not restricted to the weak field expansion Brx — 0 but it is valid for
arbitrary magnetic fields.
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4.4.3.1 Dimensional regularization and MS

In this case, we express the divergent integral Eq.(4.43) in terms of a dimensionless coupling by
introducing an arbitrary mass scale ;1 and subsequently analytically continue to d = 4. This will
allow us to regularize the divergent quantity through dimensional manipulations. For the first
step, we define the dimensionless renormalized coupling as

7 = g2, (4.44)

Choosing d = 4 — 2¢, then

Ncg2,u2€ /oo ds
0

Sl—e

[(10 te)e ™ 4 e‘mihs} . (4.45)
Expanding around ¢ — 0 within the MS scheme, while considering Eq.(B.29) results in

(4.46)

2N [ 1 11 w2 1, m 1
Zp=1- - 11|’

b N DI PRI it L R - —
6(47r)2 6+1On,u2+11n,u2 n4m + Vg

where ~g corresponds to the Euler-Mascheroni constant. It is worth mentioning that only loga-
rithmic divergences arose from the gluon and ghost sector as can be seen from Eq.(4.46) (due to
the % form).

The divergent part which appears in Eq.(4.46) is of the form discussed in App. C, cf. Eq.(C.6).
Therefore, the one-loop beta function, taking into account Eq.(C.8) reads

dg* 22N, 4

ﬁg2 = /.La = —3 (47T)29 N (4.47)

which corresponds to the universal one-loop beta function for Yang-Mills theory in d = 4 [124].

4.4.3.2 Sharp UV proper-time cutoff

Next, let us derive the one-loop beta function by regularizing the divergent integral in Eq.(4.43).
For this, we impose a sharp proper-time cutoff at the (divergent) lower bound of the integral (UV
region). Then in d = 4, gr = ¢ and the computation of the divergent integral is possible. The

wave-function renormalization becomes

Nc 2 o T —m;, S
Ze =1+ —T / ds (20 7™ 4 207 ™0), (4.48)
6(4m)” J L s

with A corresponding to a UV regulator. The corresponding integral was computed in Eq.(B.35).
Then, the wave-function renormalization becomes

N 92 m? mgh
ZF:1+3(47T)2[10F<0,A2>+P< VR . (4.49)

Identifying the sharp UV proper-time cutoff A as the renormalization scale, the one-loop beta
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function can readily be deduced

2 NC 4 m2 m2h
By = _AC;LA = o i? (49)2 <20 e AT £2e A2 |. (4.50)
™

During the previous calculation we have kept A finite in order to obtain a generic expression
for the one-loop beta function. However, setting A — oo or m?, mgh — 0 one reproduces the
universal one-loop result for the beta function, cf. Eq.(4.47).

Finally, it is worth exploring the form of the one-loop beta function following the same regu-
larization procedure but considering a different RG scale. For convenience and independently of

the scheme, we choose a common (renormalization) scale & for the ghost and gluon masses,
K =m? =my,. (4.51)

In d = 4, the wave-function renormalization becomes

22N, g° < I<:2)
Ze=14+"22%1(0,- ). (4.52)
g 6 (47)2 A?

Considering a finite A, the one-loop beta function takes the form

dg? 22N, g* _»2
=k—Z = _ 2, .53
B = kg 3 (47)? ¢ (453)

Once more, Eq.(4.53) agrees with the universal one-loop beta function result of Eq.(4.47) in the
limit of A — oo or k — 0.

In summary, the results of various one-loop beta functions computed either in different regu-
larization schemes or at different renormalization scales show an agreement in the appropriate
limits. This finding is consistent with the expected universality of the YM one-loop beta func-
tion in d = 4. Additionally, a mass-dependent scheme with a finite A contribution, results in a
beta function with a threshold behavior when the mass scale surpasses the UV regulator. As the
mass scale dominates over the UV regulator, integrated out considerations become incompatible,
leading to a beta function that approaches zero, indicating mode decoupling.

4.5 Phenomenological study of the action density

Let us now turn our focus towards the implications of the inclusion of mass parameters within
our theoretical framework from a phenomenological standpoint. Specifically, we will investigate
the behavior of the action density, which is the finite part of the one-loop EA, Eq.(4.42), for
various values of the coupling. To accomplish this, we will utilize different assumptions for the
background field, enabling us to explore a wider range of coupling constant validity. A discussion
on the applied set of assumptions for the background field can be found in App. A and [146, 291].
As the one-loop EA we have derived for pure YM only differs from the conventional one-loop EA
due to the presence of mass parameters, any changes in its form will be a direct consequence of
the mass deformation. Thus, the study of the action density can provide insights into how the
mass parameters affect the underlying YM theory.
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4.5.1 Action density for constant magnetic backgrounds

Let us begin our study by considering the same set of assumptions that were introduced in
Sec. 4.4, i.e. covariantly constant backgrounds and a constant magnetic field, cf. Egs.(4.28)
& (A.4) respectively. Then, the renormalized one-loop action density, after subtraction of the
counterterms from the ghost and gluon loops takes the following form

N2_1 _ _
M 1, 1 /°° ds o 11(sBy)? sBy . _
— =-B — — s 1 — — — 2sB h (sBy) |.
Q2 RT (4m)? J, 53 ° Zz:; * 6 sinh (sBy) sBesinh (s5¢)

(4.54)

The first term in the action density corresponds to the classical contribution whereas the
second one encodes the one-loop quantum corrections. The latter consists of four terms in the
proper-time integral of Eq.(4.54). The first two terms correspond to the contribution of the
vacuum subtraction and the inclusion of the counterterms, which render the one-loop action
density finite. The third term arises from the functional trace of the heat kernel of the covariant
Laplacian of gluons and ghosts, cf. Eq.(B.17), whereas the last term comes from the functional
trace of the gluonic heat kernel of the transversal kinetic operator, ®tin d = 4, cf. Eq.(B.18). Such
functional trace computations involve tracing over the spectrum of the corresponding operators,
which under the assumption of covariantly constant magnetic background can be found in [143]
(see App. B within). A particularity comes from the spectrum of ©t which contains negative
modes. Such "tachyonic" field fluctuations are called Nielsen-Olesen unstable modes and tend to
destabilize the Savvidy QCD vacuum [299]. Several attempts have been made to address this
instability, leading to modified QCD vacuum models ("Spaghetti vacuum") [300-304] or formal
mathematical techniques [305, 306].

In general, the existence of such modes spoils perturbative calculations [307-310]. However,
in our formalism, the inclusion of symmetry respecting regulator parameters provides a natural
tool to handle these gluonic modes, for k? > B,. This implies that a sufficiently large BRST in-
variant mass scale k2, suppresses the divergent contribution of the unstable modes, allowing us
to investigate the behavior of the action density, Eq.(4.54), within the corresponding range of
validity. Fig. 4.1 displays such a study of the action density in terms of the dimensionless param-
eter ( = % for various values of the coupling constant. Note that the computation of the action
density was restricted within the range of validity, k> > B, as in further regions the unstable
gluonic modes dominate over the mass scale leading to an IR divergent result. Furthermore, we
restricted our computation of the action density to the SU(2) gauge group, which produces color
eigenvalues vy = —1,0, 1.

In Fig. 4.1, we observe that for small values of the coupling constant, the classical contribution
dominates over the quantum corrections in the action density. As we approach the boundary ¢ =
g‘}ﬂ# = 1, the quadratic increase begins to stabilize due to the effect of unstable modes, as seen

9 _
4 T

higher values results in a reversal, where the quantum corrections become increasingly dominant

in the upper part of the line with gg = 3.5 or a = 0.98. Increasing the coupling constant to
over the classical contribution. At a critical value of gt = 7.94 or i = 5.02, the quantum
corrections become of the same order as the classical contribution. An ad hoc further increase
in the coupling results in an overtaking of the classical by the quantum corrections, as seen
in the line with gg = 12 or @« = 11.46. As a preliminary conclusion, we can deduce that our
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system exhibits a tendency of deviating from the conventional minimum, signaling the existence
of a gluon condensate, even though our considerations for the coupling constant lie outside the
regime of perturbation theory.

The aforementioned consideration of the action density at varying values of the couplings,
despite the presence of unstable modes, is a novel aspect of our one-loop model that originates
from the inclusion of mass-regulator parameters. In particular, our modified gauge-fixing proce-
dure allows us to rigorously control the instabilities, thus extending the validity domain of the
one-loop EA, without the need for an analytic continuation of the gluon determinant. The latter
is required in a conventional one-loop treatment. In such cases, the corresponding counterterm
contribution % (sB)2 dominates in the proper-time integral, thus imposing a B? In %22 behavior
which also displays a non-trivial minimum [311].

The expression given in Eq.(4.54) represents the one-loop EA for the background field, which
depends on the renormalized coupling, field strength and an IR regulator parameter k intro-
duced through the gauge-fixing condition and regularization of loop integrals. It is expected
that this dependence on k should be removable, as gauge-fixing parameters should not affect
BRST-invariant quantities and regularization scales should not affect observables. This expec-
tation is indeed realized through a systematic cancellation of the gauge-parameter dependence
in any renormalization scheme by redefining the essential coupling constants of the gauge the-
ory, as has long been established [312-315]. Similarly, the independence of observables from
the renormalization scale is guaranteed by the transformation of coupling constants under RG
evolution.

Therefore, our study highlights the significance of incorporating suitable mass parameters in
pure YM theory, which screen the unstable modes, within a certain validity domain and provide
a consistent way to handle such instabilities for a wide range of coupling values. This approach
entails valuable phenomenological conclusions for non-perturbative phenomena (e.g. gluon con-
densate). The absence of a non-trivial minimum of the action density, which would more con-
clusively indicate the existence of a gluon condensate, can be attributed to two factors. Either a
different set of assumptions that makes better use of the perturbative form of the action density
is needed to obtain more definitive results, or higher-order loop contributions could modify the
action density and drive the system to a finite non-trivial minimum. The former reasoning will
be explored in the next section where we will consider the behavior of the action density under
a different set of assumptions.

4.5.2 Action density for self-dual backgrounds

Considering a constant magnetic field led to a finite action density within a limited range of
validity which was controlled by the BRST invariant mass parameters. Beyond this range, the
Nielsen-Olesen unstable modes spoils the behavior of the action density which made it difficult
to draw conclusions. Therefore, it turns out to be advantageous to choose a different set of
assumptions in order to extend the domain of study of the action density and possibly reach
phenomenological conclusions.

Therefore, we shall use a known choice for the background field which is stable, i.e. co-
variantly constant and self-dual backgrounds [316-319]. The basic considerations for self-dual
backgrounds is briefly addressed in Appendix A. By analyzing the spectrum of D, cf. Eq.(A.12),

we no longer encounter negative modes, which previously led to instabilities. However we do find
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Figure 4.1: Numerical result for the dimensionless action density, as determined in (4.54), in terms of the di-

mensionless parameter { = % < 1, for various values of the renormalized coupling constant. Increasing the

renormalized coupling gr results in an increasing but finite contribution of the quantum part of the one-loop EA even-
tually dominating the classical one.

zero modes which at d = 4 have a multiplicity of 2. These modes, called chromons, [318, 319],
can significantly contribute and their effect on the action density requires a careful treatment.
First, let us rewrite the bare action as follows

Sy[A] = iFgVng = f? (4.55)
Choosing a self-dual field strength tensor, see Eq.(A.9), the functional traces in the one-loop EA,
EqQ.(4.27), can be written in terms of f; = gfvy.

As an additional consideration, we choose a vanishing ghost mass mgj, = 0 and a finite gluon
mass m > 0 parameters. Such a choice of the mass parameters is motivated from non-perturbative
studies and is constructed so that it mimics on a perturbative level the so called decoupling solu-
tion, which corresponds to a non-perturbative solution of the DSE that describes the IR properties
of the fully dressed propagators of gauge theories [35, 39, 46, 66-70, 88, 94, 96-99, 320].

Hence, similarly to the case of a constant magnetic field, we encounter the heat kernel of the
operators —D?, Dr for self-dual backgrounds. Their form is determined in App. B, cf. Egs.(B.20)
& (B.21), where one can notice the explicit contribution of the zero modes. Renormalizing the
divergences in the ghost and gluon sectors, we relate the bare with the renormalized quantities
as follows

_ /
= \/Zzg, =2 4.56

Subtracting the divergences appropriately in d = 4 and abbreviating f; = gr frve, we find the

62



4.5. PHENOMENOLOGICAL STUDY OF THE ACTION DENSITY

finite action density

T o, 1 ds & e[l 1R 22 s
— =R+t 2/0 3 Z {e [2+ 3 b (575) 4(sfo)

Notice that the counterterms have been subtracted entirely from the gluon loop, resulting in a

(4.57)

well-defined proper-time integral. This implies that the one-loop quantum corrections in the ac-
tion density are both UV and IR convergent. By contrast, subtracting the divergences separately
from the ghost and gluon loops would artificially induce an IR divergence in the ghost term,
rendering the action density IR divergent. This would become visible at the upper bound of the
proper-time integral. This unregularized divergence is an artifact of the specific choice of mass
regulators used to simulate the decoupling solution, rather than a natural occurrence within the
ghost sector and as such it can be circumvented with an appropriate placement of the countert-
erms. The current prescription ensures a pure UV subtraction scheme, as required from the ghost
and gluon loops.

An interesting aspect of the action density comes from the last term of the first line in the gluon
loop, i.e. —4 (s ng)Q, which arises from the zero mode contribution. This term has a significant
impact on the behavior of the action density. In the large field limit, it decreases as —f2In é—%
which dominates the quadratic increase of the classical contribution, i.e. f3. This spoils the large
field behavior of the action density which becomes unbounded from below. Hence, an inherent
IR attribute of our theory, such as the zero modes ends up affecting the large field behavior. Such
an effect illustrates the interplay between UV and IR properties, discussed within the framework
of QED in [321]. However, one can regulate the large field effect of the zero modes in a consistent
manner, by an ad hoc inclusion of an IR suppressing regulator for the corresponding term, for
instance

52
—4 (sfo)® = —4(sfr) > exp <L4> (4.58)

where L > % After addressing the seeming inconsistency of the unboundedness from below of
the action density in the large field limit, it becomes possible to focus on the well-behaved regime
of the theory in the small field domain.

In Fig. 4.2, we present a study of the behavior of the action density for SU(2) by fixing differ-
ent values of the renormalized coupling constant in gluon mass units, as we did for the constant
magnetic field case, cf. Fig. 4.1. The results show that for small values of the renormalized cou-
pling, the classical contribution dominates over the one-loop corrections in the action density, as
seen in the upper line with g = 4 i.e. ag = 1.3. This behavior persists up to the critical coupling
OR,crit ™ D, 1.€. apcrir =~ 2, above which the quantum corrections drive the system to a non-trivial
minimum for small values of the field, as seen in the middle line with gg = 7.5 i.e. agp = 4.5.
Increasing the renormalized coupling even further drives this minimum to larger values of the
field, as seen in the lowest line with gg = 8 i.e. ag = 5.1. Such a behavior implies the existence
of a phase transition to a gluon condensation phase.

It remains to demonstrate the order of the phase transition. To this end, in Fig. 4.3 we il-

63



CHAPTER 4. BACKGROUND AND BRST-INVARIANT ONE-LOOP EA

0.00012 - — gp=4
_— gR=7.5
0.00010 |- gr=8

0.00008 -
——= 0.00006 -
Qy

0.00004 -

0.00002 -

0.00000 [

I I I I I I I
0.000 0.002 0.004 0.006 0.008 0.010 0.012

8rfr

Figure 4.2: Action density for a self-dual background field, Eq.(4.57), in terms of the parameter gr Br. All quantities
are plotted in units of the gluon mass which we choose as m? = 1 here. An increase of the renormalized coupling
beyond a critical coupling gr it ~ 5 results in the appearance of a non-trivial minimum which can be taken as an
indication for a gluon condensate.

lustrate the location of the minimum of the action density, as determined from Eq.(4.57), as a
function of the renormalized coupling. The graph shows the appearance of a non-trivial minimum
above the critical value of the coupling ag it ~ 2 which initially displays a quadratic increase, fol-
lowed by a linear increase as the coupling is increased further. This structural behavior suggests
a second order phase transition to a gluon condensate phase.

Our perturbative study of pure YM theory reveals that the action density for self-dual back-
ground displays a non-trivial minimum as the coupling strength increases. Such novel behavior
is a direct consequence of the inclusion of mass-regulator parameters and is qualitatively con-
sistent with non-perturbative fRG studies, although performed for the so-called scaling solution
[146]. Therefore, a sensible incorporation of these parameters allows for the appearance of previ-
ously observed non-perturbative phenomena, such as the gluon condensate, within a perturbative
framework. However, it should be noted that our perturbative study extends to couplings outside
the regime of perturbation theory. Despite this, the agreement of our results with the literature
within the perturbative range, as well as the behavior observed outside that domain, provides an
additional validation of our phenomenological results.

The consistent qualitative behavior of our model seems to be at odds with quantitative es-
timates and warrants further investigation. In our model, the value of the condensate depends
on the choice of an appropriate IR scale, which is determined by the energy range of interest
and governed by the gluon mass parameter and an additional input for the IR properties of the
coupling. For instance, selecting an IR bound at a typical hadronic scale of m = 1 GeV and an ob-
served IR coupling range of ag € [2, 8] yields a condensate of the order of fg minm? =~ 0.21 GeV?
in our conventions, which deviates from phenomenological estimates [322]. Such a quantitative
discrepancy can be attributed to the limitations of the one-loop expansion. Thus, our one-loop
consideration still leaves open the question of how higher loops would modify the observed be-
havior.
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Figure 4.3: Gluon condensate fx min, in units of the gluon mass, corresponding to the non-trivial minimum of the

2
action density as a function of the renormalized coupling ar = 4&. Our result shows a continuous increase of the
condensate beyond a critical coupling ar > arerit >~ 2.
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CHAPTER b

Schwinger Functional and the Two-Point Correlation Function

In this chapter, we investigate the impact of the v-field-dependent source term in the Schwinger
functional, Eq.(4.14), which is of nonlocal nature and hence requires an in-depth analysis. To this
end, we deduce a vanishing contribution in the large gluonic mass expansion (LGME) limit, for
covariantly constant background Eq.(4.28) and covariantly conserved external current Eq.(4.11).
Next relaxing these constraints, we use heat-kernel techniques and treat the v field as a disorder
field, which yields a v-independent result free of divergences and consistent with the conventional
theory in Landau gauge. Furthermore, we examine the effects of this term on the construction
of the building blocks of the theory, e.g. two-point correlators. To that extent, we explore the
contribution of the v field on the level of a two-point correlator at various settings and comment
on its asymptotic behavior. We conclude the chapter by organizing all adopted approaches and
the associated form of the two-point correlator in a tabular form.

5.1 Source term in the LGME limit for covariantly constant back-
grounds

In our previous work, we investigated the effect of a non-linear gauge-fixing condition, which
resulted, among others, in the emergence of a source term with a non-conventional form, as
presented in Sec. 4.3 and expressed by Eq.(4.18). This source term, beyond the structural differ-
ence, introduced a dependence on the v field, which is a consequence of the chosen gauge-fixing
procedure and should not affect observables. However, to fully understand the implications of
this term, it is crucial to study its form and behavior. We will focus on examining the case of

vanishing external sources (j = 0), which simplifies Eq.(4.18) to
Wiource[A; v] = L 1A, 0] (M)™ [AIKL[A, v, (5.1)

9"V h v p

where K = DF + J is given by Eq.(4.19).

The study of Eq.(5.1) requires to determine the inverse gluonic fluctuation operator, M ~'.
We begin by calculating such a contribution in the approximate case of the LGME limit. To do
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so, we rewrite the gluonic fluctuation operator, given by Eq.(4.17), as

1
My A5 €] = o, + Qi [As €] = m* (65’; + Ol 5]) : (5.2)
where .
Q[ A;€) = —2gf " Fg, — (D*)" b + <1 - 5) DDy (5.3)

Schematically M and M ! can be written as

9 _ 9 1 _ —-2 1
M—m[]l+m Q], M =m [1+m2Q]

Considering a large gluonic mass, we expand these formulas in powers of the operator Q and
obtain the Neumann series

e e} i 2n+2
() = - > [(m) (Q")ff;], (5.4)

where for the product of the Q operators, the following condensed notation was adopted

ab d b
(Q")w = Lo+ Lr Q7 -

n times

Up to this point, we have not considered any restrictions on the form of the background and
v field. One can immediately deduce a vanishing contribution of this term in the case where
the background equations of motion are satisfied, Eq.(4.9), since in that case the current J[A, v]
vanishes as well. However, our goal is to display the form of this novel term as accurately and
generically as possible. To that extent, certain soft constraints will be placed on the background
and v field.

In the LGME limit, it turns out to be appropriate to choose covariantly constant backgrounds
and current conservation of the source, cf. Egs.(4.28) & (4.11) respectively. For these choices of
field configurations, the source contribution, takes the form

Weoureel 450 = 3214, o] (M1)2% [A)2[A, . (5.5

For the study of the inverse gluonic fluctuation operator to all orders, we shall rewrite it in

terms of the longitudinal ®;, and transversal ©r kinetic operators

(Dr)5 = = O (D)™ = 2igFL, (5.6)
ab ac ycb
(@) =~ DD (5.7)

These are further discussed in App. D and are motivated by [132, 133, 323]. The operator Q,,,,

splits into the sum

gibia = @~ (1- ) @uh. 5:8)
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Some useful properties of the kinetic operators that will be used in the following are

[©1,D1]%, =0, (5.9)
@) T =0, Ji (D)0 =0. (5.10)

ab
pw
Eq.(5.9) is proven in App. D, and is a consequence of the assumption of covariantly constant back-
ground field. Moreover, Egs.(5.10) are a direct consequence of the definition of the longitudinal
kinetic operator given by Eq.(5.7) and of current conservation, Eq.(4.11).

The source contribution to the Schwinger functional, Eq.(5.5), in the LGME limit takes the
following form

1 o0 . 2n+2 "
Wsource[A;v] = —§Jﬁ Z [(;}) (@%)MI; Jl,, (5.11)

n=1

which implies that there is no contribution from the longitudinal kinetic operator and hence no
dependence on the gauge parameter. Thus, all possible nonvanishing contributions will come
from the transversal kinetic operator ©t. This result holds true to all orders of the expansion.

It remains to be determined whether this term provides a nonvanishing contribution to the
one-loop Schwinger functional. To that extent, we must examine how the transversal kinetic
operator acts in the expansion, Eq.(5.11). This is done by employing the commutation relation
of the covariant Laplacian with the covariant derivative for covariantly constant background fields

[D?,D,]" = 2ig (FapDa)™. (5.12)

Then,

e e} . 2n+2
a —1y\ab 4 a n—1)ac c
==Y (L) e g

m
n=1

Considering, Egs.(5.6), (5.12) & Eq.(4.10),

[ee} 2n—+2
a —1\ab L a ((k—1\* Hed ndb 7b
JE (M) gt = Zl (m> [JM (@T )W Dpedpdb gt
_ 2ZgJZ, (@Z}“—l)ac Fchb
P

pvYv

ac

+2ig.J" (Q’;*)W Fgﬁjﬁ} .

However, from current conservation follows that the first term is zero and the other two exactly
cancel each other. Hence we conclude that

Wiource[A] |DF:0,D-J:0 =0, (5.13)

which is valid to all orders in the LGME limit. This leads to a one-loop Schwinger functional of
the form

1
—WiL[A] = Sy[A] ~ In Arp[A] + 5 Indet M[A], (5.14)
DF=0,D-J=0

68



5.2. SCHWINGER FUNCTIONAL WITH A DISORDER v FIELD

where one can notice the absence of any v-field contribution. Therefore, for covariantly constant
background fields and covariantly conserved external current, the one-loop Schwinger functional
has a conventional form which is exhausted by a ghost loop and by a gluon loop.

5.2 Schwinger functional with a disorder v field

In our investigation of pure YM theory, we have succeeded in developing a formulation that is
both background and BRST invariant. However, achieving this required implementing a Fourier
weight during the gauge-fixing procedure, see Subsec. 2.3.2, leading to a v-dependent generat-
ing functional, Eq.(3.8). The dependence of the v field is inherited by the FP determinant and
subsequently affects the ghost action through the gauge-fixing procedure, see Eq.(4.4).

At one-loop, this v dependence drops out of the FP determinant, Eq.(4.16) and provides a
v-independent one-loop EA which exhibits a regulator deformed structure, see Secs. 4.3-4.5.
However, the v field still plays a role in the Schwinger functional through a novel source contri-
bution, Eq.(4.18), potentially affecting the 1PR correlators. Therefore, it is of interest to study
the impact of the v-dependent terms on the correlation functions and their effects, e.g. potential
emergence of additional divergences.

One approach to do so is by directly computing the contribution of these terms to the 1PR
correlation functions, which will be the subject of Secs. 5.3 & 5.4. Another method is to integrate
out the external v field. Although the v field itself is not expected to affect the observables,
the terms arising from it may have an impact. Therefore, averaging over the v field is a great
way to eliminate the contribution of an external field while studying the results it entails. Either
method of study requires a thorough understanding of how to handle the v field in the Schwinger
functional Eq.(4.14).

In Sec. 5.1 we proved that such a v-field dependence drops out on the level of the Schwinger
functional when certain consistency and/or on-shell conditions are satisfied, cf. Eq.(5.13). How-
ever, it is beneficial to investigate the structural form of the Schwinger functional from a broader
perspective, i.e. when no such conditions are imposed. To achieve this, we treat the v field as an
external stochastic field, similar to a disorder field in a statistic field theory.

In statistical physics, the disorder field can be treated through either the annealed or the
quenched average disorder methods. These two methods differ in the way they average over
the disorder field. The difference between these two methods can be understood from the two
following relations of the disordered-independent Schwinger functional

(W), 4, Al = Nlog [/ Duv dp(v) Z1Llj, A;v]| = N log (Z11]4, A;v]), (5.15)
for an annealed average, whereas for a quenched average,

(Wi [j, 4] = N / Do dp(v) log (Zuilj, A;v]) = N (log Zulj, Aivl).  (5.16)
Note that dp(v) denotes the probability distribution of the disorder field which in our case will
be considered to have a Gaussian form. Egs.(5.15) & (5.16) correspond to different ways of

averaging over the disorder field and typically result in different disorder-independent correlation
functions.
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In Eq.(5.15) the disorder field and quantum fluctuations are treated on the same footing,
making the disorder yet another degree of freedom. Alternatively, Eq.(5.16) first integrates over
the quantum fluctuations, i.e. quantum degrees of freedom to obtain the disorder-dependent
Schwinger functional and subsequently averages over the disorder field with an appropriate dis-
tribution. In such a way, the disorder degrees of freedom are "frozen".

To study the Schwinger functional, we will use the quenched average method to integrate
out the disorder v field. This choice is motivated by the fact that in our case, the v field, as
the product of the gauge-fixing condition, should not be viewed as an extension of our theory
but rather as a removable external contribution and as such should be integrated out indepen-
dently of the field configurations. Additionally, the quenched average method is appropriate for
statistical field theoretic systems with disorder contributions that exhibit self-averaging proper-
ties [324]. Self-averaging quantities are statistically stable and their disorder-independent value
can be obtained by averaging over the disorder [325]. The Schwinger functional is an example
of a self-averaging quantity, while the partition function is generally not self-averaging. There-
fore, using the quenched average method is expected to yield consistent disorder-independent
observables.

Let us begin our study, by performing the quenched Gaussian average over the disorder v field
of the Schwinger functional, then

(W) [A] = A / Do e~ SNul 7y, [ As ), (5.17)
d v?
Snplv] = /d T %0 (5.18)

where N is a normalization constant determined by the constant condition (1) = 1. Note that we
dropped the subscript q from the average. Since only the source contribution in Eq.(4.14) will
be affected by the averaging, it is useful to denote

__N

<Wsource> [A] = 9 /DU e_SNLM Wisource [A§U]- (5-19)

In the following, we perform an explicit study of the source contribution.

5.2.1 Functional traces of nonlocal operators

As mentioned before, the study of the source contribution Eq.(5.19) is of particular interest. It
corresponds to a new term which arises due to the choice of the non-linear gauge-fixing condition,
Eq.(4.1), in order to maintain BRST and background invariance. Inserting the definition of the
current J;; Eq.(4.10) one obtains four terms of the following form up to a normalization constant
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(Waouree) [4] = (;) [Pee I (D0 (175 (Do) o)
— 2, (D) (M) (Dl, <;2> v>b (i)
md, <Du <1;2> v>a (M) (D)’ (i)
+indy (DH (;) v>a (M) <DV (;) v> b] L)

(5.20)

Performing the Gaussian functional integral and recombining the remaining terms to functional
traces, the four previously determined terms become

. o _
() = (5) trye [Du M1 D, (5.21a)
. am;h 1 -1
(i) = (il) = — 5 tTxe ﬁDuMuu D,|, (5.21b)
. Qg 11 .
(IV) = 9 trxc |:D2 EDNM,U—V DV:| 5 (5.21C)

where the cyclic property of the trace has been taken into account. In addition, for the last three

functional traces the following identity of the inverse Laplacian was employed (ﬁ)iz = (%)ZZ
Finally, one can notice that (ii) & (iii) are equal to each other.
The aforementioned functional traces can be further simplified to the following form

. o 1 9

(= (—) trye | ———————D*|, (5.22a)
2 m2 — (1) D2
3

am2h 1 1

(i) = (ii) = — 8 ) trye | — ——+———D?|, (5.22b)
. gy 11 1 )

(IV) = T trXC 1)2D27/TL2_<2>D2D . (5.22C)

In App. E, an explicit derivation of the functional traces Egs.(5.22a)-(5.22c) from Egs.(5.21a)-
(5.21c¢) can be found. The assumptions made in this derivation include the existence of an in-
verse gluonic matrix M ! and the condition of a covariantly constant background, as given in
Eq.(4.28). It should be emphasized that the assumption of a covariantly constant background
plays a crucial role in simplifying the four functional traces Eq.(5.21a)-(5.21c). Specifically, this
condition allows for a cancellation of terms, which greatly facilitates the implementation of di-
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agonal heat-kernel techniques in studying the functional trace behavior. Furthermore, there is a
convergence limit in the Landau gauge, £ — 0, where all functional traces vanish.

Finally, the functional traces have an unconventional structure as they involve different powers
of the nonlocal operator 5. This raises the question of whether such a novel term introduces
additional divergences that could affect the 1PR correlators of the theory through the Schwinger
functional. To address this question, we employ heat-kernel techniques to regularize each trace.

Study of the (i) functional trace

In this section, we adopt the conventional approach to handle functional traces of functions of
the Laplacian. We achieve this by Laplace transforming each function in the functional trace,
resulting in an integration over the Laplace transformed function and the heat kernel of the
Laplacian. The integration variable corresponds to the proper-time or Schwinger parameter.
Once we substitute the expression for the heat kernel of the Laplacian, as given in Eq.(B.17), the
computation reduces to a proper-time integral. For a more comprehensive analysis, see App. B.2.

Starting from the first functional trace, Eq.(5.22a), we write symbolically the auxiliary func-
tion in the trace as

&x

which makes the trace

trxe [h(2)]] o p2 = trxe [&C} (5.24)

x + Em?

r=—D?2

Similarly to the ghost and gluon loops, cf. Sec. 4.4, we subtract the infinite vacuum field
contribution. Then, by considering the Laplace transformation of the function, Eq.(B.22) and the
corresponding heat-kernel relations, Egs.(B.17) & (B.19), we obtain

trxe [h (=D?) — h (=0?)] = — 2 Z / m)? e €M’ 255(5)} [snfh%m -~ 1] :
(5.25)
At the lower boundary of the proper-time parameter, §(s) is to be understood as contributing half
of its weight, cf. Eq.(B.2). Considering a weak field expansion, see Eq.(5.34), then according to
Eq.(B.9) we have

Oy NEZE oo g 2 (sBy)*
e [0 (-0%) -~ (-57)] = 5 3 [T 8 [empestt - aeae)] CHE L 26
(47) = Jo S
Computing the convergent integrals leads to
B4
(l)vs =0+ 0( > (5.27)

where the index vs denotes the subtraction of the infinite vacuum field contribution.
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Study of the (ii), (iii) functional traces

For the second and third functional traces, we abbreviate the function inside the trace as

§

g(z) =

Following similar steps to the first functional trace, while considering Eq.(B.23) for the Laplace
transformation of the function, we obtain

£ Nl oo g sB
P2 o (—82)] — —&m?s £ _
o (-0%) =g (0)] = 3 [ e (-1 G2

Performing a weak field expansion to second order, see Eq.(5.34), we are left only with a
convergent integral of the form

2 = 2 Nc B4

where we have used Egs.(A.5) & (A.6).

Study of the (iv) functional trace

For the fourth functional trace, Eq.(5.22c), the situation is a bit more involved. In particular, the

function under consideration reads

§

fz) =

which leads to the following vacuum subtracted functional trace

N2-1 00 2
trxe [f (—D?) — f (-0%)] = - 2 ZBA/ ‘g[1_e‘£3zl””M :” _1}, (5.32)
=1 0

(47m)? sinh

where © = s|By|. A linear dependence in the constant magnetic field seems to exist. A naive
weak field expansion of the form |B;| — 0 would not take into account all contributing terms
and would result in possible fictitious divergences. In addition, due to the variable change, it
would also create problems with the upper boundary of integration since it would correspond to
an undetermined value. Hence, one needs to use a different method to treat the integral. This
can be done by splitting the full integral into its divergent and convergent parts. Then, we can
regularize its divergent parts, whereas its convergent part can be trivially calculated. Only after
the divergent integrals have been regularized and brought to an appropriate form, we impose a
weak field expansion.

For the regularization of the divergent integrals, we introduce a convergence enforcing term
lim._,o €. We have the freedom to introduce such a term, without the appearance of an extra
mass scale, since by dimensional analysis one can see that xz is dimensionless. In particular, in
d = 4 we find that [A,] = 1 which means that [F},,] = 2 = [B] and [g] = 0. This implies that
8] = [%} = 0 and subsequently [z] = 0. The explicit form of the divergent integrals, treated
with the e technique is given in Egs.(B.30) & (B.31).
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Computing the full integral, the divergences of the contributing integrals exactly cancel with
each other, cf. App. B see Eq.(B.34). The vacuum subtracted fourth functional trace then takes
the form

Lo (N (gt oy |y I N
@ = - (M) (m) (%) [m iy D13+ e 0B

Note that for the computation of the aforementioned relation we have assumed a weak-field ex-

4
+ (’)(ng) (5.33)

pansion, via the following condition

| Be
— < 1. 5.3
em? < (5.34)
Consequently, Eq.(5.34) is to be understood as the range of validity for the weak field expansion.
In support of the analytic result of the fourth functional trace, we have performed a numerical
computation of the same integral as in Eq.(5.32). According to the weak-field expansion, we

compute the integral within the following range of values

| By

2 € [107%,0.3] . (5.35)

Considering a linear line fitting of the numerical values of the integral in terms of our range of
values, we find

| By|

1By _ _ 1B
1( ey ) = 0693+ 0166 . (5.36)

Inserting the numerical result for the proper-time integral of the functional trace, Eq.(5.36), in

4
+O<B8>~
m

(5.37)

the vacuum subtracted expression, Eq.(5.22c),

1, 1\? (mgn\* /ax e 0.166N
m(w)“‘lm_—<4w> (m> (5) [-0693m ;|Bg+ e 0B)

At the outset, we observe that both the numeric and analytic approaches yield similar struc-
tural forms, as they both exhibit contributions from linear and quadratic magnetic fields. Specif-
ically, a comparison of the prefactors obtained from the analytic calculation in Eq.(5.33) with
those from the numeric calculation in Eq.(5.37) confirms this agreement up to the third decimal
point, thereby validating the analytic result. Notably, the analytic method provides a solution
to a question that arises during the numerical integration. To be more precise, the range of our
parameter does not start from zero but close to it, cf. Eq.(5.36). Analytically, this is due the
variable change which results in an undetermined value of the upper boundary of the integral.
Numerically, this reasoning is no longer valid since we have considered well-behaved integration
limits. Therefore it most probably corresponds to the inability of Mathematica to perform the
numerical integration at that point. This raises the question of whether this is a shortcoming of
the method of numerical integration that was considered or an inherent feature of the integral,
possibly resulting in divergences at |By|/ (§m2) — 0. Here, the analytic computation is decisive,
demonstrating that such possible divergences cancel out. Thus, the analytic method complements
the numeric method, with the numeric result offering justification for the validity of the analytic
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result! We proceed with the elegant analytic result.

5.2.2 Study the form of (Wsource) [A]

Collecting the results deduced for the functional traces in the small magnetic field expansion, e.g.
Egs.(5.27), (5.30) & (5.33) and inserting them into the source contribution to the Schwinger
functional, Eq.(5.20), we determine

. (5.38)

= N2-1 _ _9
— Qy Mgh ? @ =2 1 g2Nc mgh 2
Waouree) [ 4] = (47)? <m> (5) —mhng lel Bel+ = (- ) P

An important finding is that the contribution from the disordered source, which arises from the
dependence on the v field, itself stemming from the non-linear gauge fixing condition, produces
a finite term in the relevant part of the disordered one-loop Schwinger functional,

— (Ww) [A] =S[A] — In App[A] + % Indet M[A] — (Wiource) [A]. (5.39)

It is in order to comment on the results that we derived. Starting off from the functional traces,
Egs.(5.22a)-(5.22c¢), there exists two significant convergence limits. In particular, in the Landau
gauge, ¢ — 0 or at vanishing disorder parameter o — 0, all functional traces vanish and give a
zero contribution of (Wource) [A]. However, such a convergence limit seems to be lost on the level
of the disordered one-loop Schwinger functional, Eq.(5.39). In that case, the convergence limit
a — 0 is still valid, however in the Landau gauge we no longer obtain a vanishing result. The
assumption behind this illusive inconsistency is the range of validity of the weak-field expansion.
Performing such an expansion implies that we restrict our quantities within the corresponding
range denoted by Eq.(5.34). However, in that range, we can no longer consider the Landau gauge,
& — 0. Therefore, the inconsistent dependence of (Wource) On the gauge parameter £ between
Egs.(5.20) & (5.39), is merely an artifact of the weak-field expansion we chose to perform for the
computation of the functional traces rather than an inconsistency of our calculational procedure.

Lastly, as it can be seen from Eq.(5.39), considering m;h = ¢&m? eliminates the quadratic
magnetic field dependence from the source contribution. In that case, we obtain

_ 2 N2-1
<Wsource> [A] = h <Tngh> (52&) m21n?2 Z ’Bg‘
=1

m

Q (Mg \? /a N 540
g —
e (i) (5) 7o 32 12
=1

5.3 Two-point correlation function of Wyoyrce[A4; ]

In Sec. 5.2, we discussed an important aspect of our formalism which pertains to the v field and
its potential contribution to the building blocks of the theory, when considered as a disorder field
and the quenched average method is applied. Although not expected to contribute at the level of
observables, it is nevertheless worthwhile to study its effects on the correlation functions while
keeping an explicit v dependence. Thus in this section and the following, we focus on the study
of a two-point correlator that stems from the source term of the Schwinger functional, Wsource,
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Eq.(5.1). To this end, as long as it is computationally feasible, we shall maintain an explicit v
dependence. By employing different assumptions for the v field, we shall determine its impact

on the following two-point correlator

W(Q) _ 52Wsource[A§ U]

f SAsA , (5.41)

A—0

in the limit of vanishing backgrounds A — 0. Note that up to this point, no assumption for the
form of the v field has been made, only on the vanishing form of the background.
Computing the second functional derivative of Eq.(5.1), we find that

ed 0K 5K 5K SKCE
(2) — H —1\ab v o —1\ab v
( >a5 sac M D sar|  tgar M Sae (5.42)
For the derivation of the Eq.(5.42), we have used that
Kilaso = Jilaso =0 (5.43)

which makes use of current conservation, Eq.(4.11). For a generic proof of this result, see
Egs.(F.9) & (F.11) in App. F.

Finally, the two missing pieces in the computation of Eq.(5.42) are the inverse gluonic oper-
ator M~'|, . and o

51 ‘ Ao Schematically, the inverse gluonic operator for vanishing fields in
our gauge reads

1 1
-1 o
M {A—>0 = <m2 — (‘92) It + (M) I, (5.44)
£

where we have introduced the longitudinal and transversal projectors

(HL)ab _ <8May) 5ab7 (HT)ab — 5/“/5(1(; . (HL)ab . (545)

uv 82 uv ny

The second important piece of the puzzle has been computed in Eq.(F.11). Then, collecting all
aforementioned results, we can determine the form of the two-point correlator by implementing

different or no extra constraints on it.

5.3.1 wv-dependent two-point correlator

A straightforward insertion of the results mentioned before in Eq.(5.42) leads to the following
two-point correlator

2
2)\ d__ D1 2
(W5 ))a 5 (Prop2) =07 s e (P10ap — PraP15) Opr.—ps
_ (2¢ +p1), (24— p2)
+ g2fab0faed / - q2a _ 8 ’Uiq—pl ,Ug—pg )
qg m =+ ? q
The term in the first line, which is diagonal in momentum space and v-independent comes from

2 -1 —
the %  term. The v-dependent contribution comes solely from the 9*/2_"J

A— A—0
part of the two-point correlator. Finally, the %‘A . vanishes. Thus, Eq.(5.46) corre-
—

(5.46)
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sponds to the two-point correlator of the Schwinger functional at vanishing background and
sources when the auxiliary v field is restricted to obey the massive Klein-Gordon equation, as
implied by current conservation, Eq.(4.11).

5.3.2 wv-independent two-point correlator

From the form of the two-point correlator, Eq.(5.46), we see that there is indeed a contribution
coming from the v field that enters at the level of the correlation function. It is interesting to
study the effect that the v-dependent term has on the two-point correlator by averaging over the
auxiliary v field. However, unlike in the previous case, cf. Sec. 5.2, the v field is constrained
to obey the massive Klein-Gordon equation as a result of current conservation. This will be
implemented as an additional constraint by means of a Lagrange multiplier A” on top of the
Gaussian average of the v field.

Another important distinction to the previous case is that the averaging takes place on the level
of the correlation function, instead of that of the Schwinger functional as before. The averaged
two-point correlator is

(WO (pr,p2) = N / XDt () E 1 (1 ). (5.47)
Substituting the v-dependent two-point correlator, Eq.(5.46), in the above quantity there is a
constant and a quadratic contribution of the v field to the Gaussian integral coming from the
first and second term in the two-point correlator respectively. These Gaussian integrals have
been computed in App. G, cf. Egs.(G.8) & (G.10) for the contribution of each term. Thus, the
complicated quadratic v-field contribution drops out, leaving

4
WYL (o, py) = 64— PL__ <5a —plapw) Sy - 5.48
(Wy >a6 (p1,p2) m2+p% B p% P1,—P2 ( )

Notably, the asymptotic behavior of the propagator-like quantity <Wv(2)> is of interest. In
—1
particular, at large momenta it exhibits a usual decay as <W1§2)> ~ z%’ indicating a tree-like
1
behavior of the S-matrix in the perturbative domain. At the other end of the spectrum at small

-1
momenta, we observe an enhanced decay of ( U(Q)> ~ z%’ reminiscent of IR slavery that agrees
1

with non-perturbative realizations of the underlying regime, i.e. mass gap of the background
field excitations.

5.3.3 Two-point correlator for a localized v field

Finally, let us study the form of the two-point correlator by choosing the following constant

ve =/ (2m) " (q). (5.49)

In that case, the class of possible v fields is restricted by current conservation Eq.(4.11), which at

localized form for the v field

vanishing background becomes a massive Klein-Gordon equation. Then a constant solution for
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the external v field is admissible only at vanishing ghost mass mgp, = 0:
%0 = 0.

Incidentally, this scenario is in line with the decoupling solution used in Sec. 4.5. Performing the
computation for a vanishing my,, leads to

cd 1 1

_ P1aP1 P1aP1
(quQ))aﬁ (p) :g2fab0faed,ub,ue(5m’ip2 |:60¢6 _ ;;2 18:| — +p2_|_ ;;2 B — p%
L ! Loma+ 7 (5.50)

4

d D1 P1aP1p

+ ¢ m2+p2 <5a6 - ;2) 5p1ﬁp2-
1 1

Note that for a constant v field the two-point correlator turns out to be diagonal in momentum
space.

In summary, the two-point correlators obtained with an explicit v dependence, given by
Egs.(5.46) & (5.50) for a general gauge-fixing parameter, display both longitudinal and transver-
sal contributions. However, in the Landau gauge, £ — 0, the longitudinal part decouples leaving
only a purely transversal contribution. Remarkably, in the Landau gauge, the two-point corre-
lator Eq.(5.46) becomes v independent and equal to the two-point correlator with an annealed
disorder, Eq.(5.48), whereas the two-point correlator for a constant v field, Eq.(5.50), retains its
v-field dependence.

5.4 Two-point correlation function of Wyoyrce[A, v[A]]

In our study, we initially considered a v field without any constraints up to the level of the
Schwinger functional, where it entered through the source term contribution Wsgyrce, as given
in Eq.(4.18). In order to gain a deeper understanding of the form and impact of this term on
our theory, we subsequently imposed the condition of current conservation at various stages, as
described in Secs. 5.1 & 5.3. This restriction limited the admissible v fields to those that satisfy
the massive Klein-Gordon equation. In this section we will consider current conservation from
the start, which entails a background-dependent v[A] field. Using the same approach as before,
we shall study the new form of the two-point correlator w2 at vanishing background which is
expected to differ from the one we determined in the preceding section.
A background dependent v[A] field gives rise to an external current of the form

m2
<1 + g;) V] Al

The functional derivative of the external current provides an additional contribution to the result

b
(5.51)

Je[A,v[A]] = DY

of the previous section as found in Eq.(F.11),

0J[A,v[A]] _ 6J[A, 0]

5A SA + N. (5.52)

v=v[A]

The second term comes due to the background dependence of the v[A] field. At vanishing back-
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ground N becomes

(Nie) oy

T (5V% =2 1 w 5V'[Llu
Ao~ O <5A3y) mgh/ﬂ <82>m O (May)’ (5:53)

ove ov®

SAC — JAC

«Q

where we have denoted

v = 0%[A — 0], (5.54)

A—0

In order to compute the novel term /N and hence the extra contributions to the two-point cor-
relator, we first need to specify the form of %' To do so, we make use of the current conservation
condition,

(D? —mZ)v[A] = 0. (5.55)

Functionally differentiating this relation with respect to A and then setting A — 0, we reach to
the following equation

g (DQ)ZZ b 2 =2 ovy

A—0

Multiplying both sides with the inverse of the kernel of the massive Klein-Gordon operator results
to the desired equation. Performing a Fourier transformation, we find that it reads in momentum
space

ove

1
4 — g | ——— | (2¢—p). v2_. . (5.57)
A, m§h+q2 ( JaVa—p

Inserting it into Eq.(5.53) and then into Eq.(5.52) we determine the functional derivative of the

external current at vanishing background for a background-dependent v[A] field,

O _ gporetn(21=P)y T ] (5.58)
SAC =9 q2 m2 + qz q—p- :
aplA—0 gh

5.4.1 wv[A]-dependent two-point correlator

Having computed all the essential elements, we insert them into the two-point correlator, which
is given by the same relation as before, Eq.(5.42). After a straightforward computation we find
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that

2
2 cd d b1 2
(v )>a 5 (P1oP2) =0 (Pidas = P1ap1s) O

grter [ (- — LV (5) @a+m), 20—,
m2 + q

<m e ) p1+2P1'Q) (p%_zl’?’q)

(P3 —2p2-q)  (pi+2p1-q)
ma, +q° ma, +q°

b e
1 Vg Vogpr -

(5.59)
The background-dependence resulted in the appearance of extra terms in the two-point function

in relation to the one we found in the preceding section, cf. Eq.(5.46), as a consequence of the
consistency condition. These are the terms which depend on the g, in the square brackets.
Therefore in the limit of large ghost mass, mg, — oo, we recover the background independent
result. Finally, let us remark that the structure of the two-point correlator is the same as the one
in the background independent case.

5.4.2 wv[A]-independent two-point correlator

Similarly to the previous section, let us average over the v[A] field in the two-point correlator,
Eq.(5.59), under the constraint of current conservation. The structure of the two-point correlator,
computed in this section and the one found in Eq.(5.46) have a similar structural form. For the
computation we will require the same Gaussian integrals as before, i.e. Egs.(G.8) & (G.10).
Substituting them we find

4
W@y _ged _PL (5 PP s 5.60
< v >o¢ﬁ (p17p2) m2+p% B p% P1,—D2 ( )

Thus, after averaging over the v[A] field on the level of the two-point function, one discovers the
same result for the two-point function regardless of the assumption of a background-dependent
or background-independent v field.

5.4.3 Two-point correlator for a localized v[A4] field

Let us conclude this section with a computation of the two-point correlator for a constant v[A]
field solution, cf. Eq.(5.49). In that case, we find that

cd 1 2

_ P1aP1 P1aP1
(117752)> (p) 2fabcfaeclvbve(sp17 . |:5C¥B a2 5:| — 5 a2 B —
Py ! b1 b1 m* + 3 (561)

4
d D1 P1aP1p
+ 0° m2 —l—p% <5a6 - ;% >5p1,—p27

which up to a constant factor of 2 in the longitudinal part, agrees with the background-independent
result, Eq.(5.50). In the Landau gauge these results agree in full since in that case the longitudi-
nal contribution decouples.
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DIFFERENT APPROACHES

Section 5.1 5.3 5.4
Background (A) D,F,, =0 A—=0 A—0
v-field (D2—m2>v:0 (82—m2)v:0 (Dg—m2>v[A]:0
constraint gh gh gh
M~1A] Eq.(5.4) Eq.(5.44) Eq.(5.44)
Wisource [Av U] 0 0 0
Wi (p1. pa) - Eq.(5.46) Eq.(5.59)
<Wv(2)> (p1,p2) - Eq.(5.48) Eq.(5.60)
w? (p) — Eq.(5.50) Eq.(5.61)

Table 5.1: Summary of the approaches adopted in the evaluation of the new source-like contributions to the back-
ground connected correlation functions, associated to the special gauge-fixing sector constructed in Sec. 4.1. These
contributions depend on two external fields: the background gluon field A, and the Nakanishi-Lautrup field v, which
have been chosen as specified in the second and third rows respectively. Notice that the v[A] of the third column differs
from the v of the second column, in that we consider the v field as a functional of A before taking functional derivatives
w.r.t. an arbitrary A. The main actor in the evaluation of the source-like contributions is the gluon propagator M ~*,
for which we refer to the corresponding explicit expression. Under each assumption considered, we report the con-
tributions to the zero-point function Wioure[A] and to the two-point function w? (p1, p2). Special forms of the latter
have been obtained, either by averaging over the v field with a constrained Gaussian distribution, or by assuming v
to be constant. The corresponding results are respectively recalled in the last two rows. The empty entries in the
lower-left corner correspond to computations of the two-point correlator in non-vanishing backgrounds and are left
for future studies.

In Tab. 5.1 we have summarized all different approaches and assumptions that were consid-
ered in this chapter for the study of the novel source term in the Schwinger functional Wsource
with their corresponding sections.
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CHAPTER 0

fRG Study of BRST-Invariant Flows

As motivated in Sec. 3.5, this chapter extends the work of [121] to the computation of the one-
loop beta function and the model developed within the BFM in Chpts. 4 & 5 to a non-perturbative
setting. Consequently, in the forthcoming parts, initially we shall abandon the BFM and analyze
the implications of the associated fRG equation and then continue this non-perturbative study
within the BFM. In both cases the generated flows will be compatible with BRST symmetry.

6.1 Non-linear gauge fixing in the fRG

In order to transition the non-linear gauge-fixing condition to the fRG setup, it is natural to
promote the mass parameters, initially introduced in Eq.(4.2) in the BFM, to IR regulator kernels
each associated with the fields to be regularized. In particular,

28, — Ru(9),

—2 2 2 (6.1)
Mgy — Rgh(0) = (—07)rgn(—9).
Next, we consider the following non-linear gauge-fixing condition
FUA v] = ALQUNCAS + LAY (6.2)
where,
are _ ) s Q= Rw(d) — 20,0
1% _2”U|2 puv 3 pr — Lluv E nv, (63)

L5 = (14 rgn(—0%)) 9,6

Given that R, is a symmetric tensor and an even differential operator, a possible choice of its
form reads [121]

RM(9) = Ry(—0*)II" + Ry (—0*)IIL". (6.4)

Note that Ry, 1, are the associated IR regulators that appear in the flow equation, exhibiting a
behavior in momentum space as described in Subsec. 3.4.2.
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6.1. NON-LINEAR GAUGE FIXING IN THE FRG

The gauge-fixing action for the non-linear gauge-fixing condition Eq.(6.2) is given by
1 a a a a
Sef[A,v] = §AMQWAM + v (1+ rgh(—82)) oA, (6.5)

whereas the associated ghost action reads

SenlA, ¢, 2,0] = — 2 (1 + rgn(=0%)) (B, Dpuc)® — ﬁa“ [(QuAL) (D) + A4Qu (De)!]
(6.6)
Next, we extend even further the source action, cf. Eq.(3.59), by introducing further BRST
sources coupled to appropriate composite operators [121], denoted as

a_ Y ~bga
Q) |UL26 Al o
Al = ’ZPC* (Dye)”
Then, the source action takes the form
Ssou = J; ®; + SERST
= T/ ®; + K (sA)% + L7 (sc)* + 1905 — MEAY. (6.8)

Note that {I}}, Kj;} correspond to anticommuting sources whereas {L*, Mj;} to commuting ones.
Furthermore, the BRST variation of the composite operators infers that they are both nilpotent
and the difference (sQ);, = Af, — Aj, is BRST exact and as such, {A},, A7} belong in the same
cohomology class. For compactness and following a logic similar to Eq.(3.47), we collect all BRST

sources using the following collective notation

K
t L?
a 1a a 1a
I’i = (K,U’L ’MM?IM)7 Iz - Ma‘ . (69)
o
L

Then, in the collective field representation we obtain the following generating functional

Z|T,T;v] = VTl = / D 5101 Sl 0] (6.10)

where, S[O] corresponds to the BRST-invariant nonlocal action which contains the gauge-fixing
and the ghost actions Egs.(6.5) & (6.6), i.e.

S[0] = Sym[A] 4 Sgf[A, v] 4 Sgn[A, ¢, ¢, v]. (6.11)

As it was anticipated in our previous study within the BFM, we inferred a nonlocal but BRST-
invariant action. This result highlights the trade-off between manifest BRST invariance and non-
locality on the level of the action. In the fRG setup, the inclusion of regulators through the gauge-
fixing condition can result in non-trivial regulator-dependent interactions, e.g. in the ghost-gluon
vertex and as such their effect merits further investigation.
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In our approach, a unique feature is the introduction of additional BRST sources of composite
operators. This is motivated by our requirement to establish BRST invariance on the level of the
EAA and serves a dual purpose. Firstly, their inclusion in the generating functional is essential
for deriving a one-loop flow equation (Wetterich-like) [136]. Secondly, the extra sources aid in
monitoring BRST symmetry on the level of the associated EAA, as encoded by the master equation,
by bringing it in a compact form. Then, with an appropriate truncation of the EAA one can verify
the compatibility between the flow and the master equation, thereby ensuring BRST-invariant
flows, cf. Sec. 3.5.

6.2 BRST-invariant flow equation

Next, we sketch the derivation of the flow equation which arises within our framework, see
[121] for a more detailed derivation. We denote by I, the Legendre transform of the regularized
Schwinger functional Eq.(6.10), which we call Legendre EA

[[®,7; 0] = sup {jj@i —WIJ,T; v]}, (6.12)
Ji

as opposed to I' which represents the EAA and is obtained after subtracting the regulator depen-
dence in accordance with Eq.(3.80), i.e.

[[®,Z;v] = T[®,T;v] — AS[®;v]. (6.13)

Furthermore, AS incorporates both the gluon and ghost regulator dependencies as they con-
tribute to the gauge-fixing and ghost sectors,

AS[®;v] = ASgf[A;v] + ASgy[®; 0], (6.14)
where

ASg[A;v] = %AZR,WAg 0% rg (—0%)8, A2,
Ua b o615
ASgh[®;0] = —&rgy(—02) (B, Dyc)® — o7 [(RWA*;) (Due)’ + A% (R Do)’ .

Making use of the functional relations for standard sources and fields, Eq.(3.54), one can
determine useful relations between the Hessians of the Schwinger functional and Legendre EA,
abbreviated with the following shorthand notation

—

@ _ 0 1.0
g _ (6.16)
PO O fe, T -
DDy 6(I)T Y 6@]

Therefore, {W () T'?)} can be thought of as matrix operators with entries classified by the asso-
ciated functional differentiation. Hence, one can easily derive a relation between their diagonal
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6.2. BRSTINVARIANT FLOW EQUATION

elements. In particular,

Pi®; (6.17)

For the non-diagonal elements of the Hessians, the following slightly non-tivial relations hold,

@ _  (22\ ' 2@
Wi = (@) T,

@ _ 52 (pe) !
w2, = -1, (T ><1>k<1>j'

(6.18)

Having associated all relevant Hessian components, the form of the flow equation can be
determined after some algebraic manipulations, by considering the scale derivative of the gener-
ating functional, Eq.(6.10) and translating the result in terms of the Schwinger functional. Then,
one finds

1 % 5 @ oW 5 @ W[ § (2)
oW =5 (OuRuwd )LM“ (Wéyb> Wi * 51 \ W ) T Ve = 550 \ Wagn ) — W
“w v H v K v
ow W 5 (2)
+ (07gn0,0% [vb —— (W) — Wia b] -
( 8 ) R K
(6.19)

Relating the Schwinger functional to the Legendre EA, Eq.(6.12), its first functional derivative to

the associated dynamical macroscopic fields, Eq.(3.54) and its Hessian to that of the Legendre
EA, Egs.(6.17) & (6.18), one arrives at the flow equation of the Legendre EA

ot N O O T AT I Y
o =L (3R )[(r ) (F9) 40, et (257) (P

m
) |72 (7)) , oT
+ (a“rgha“‘s ) [FKZ‘I%' (F( )><1>,.<—ab) ~ e + OB Sy

(6.20)

Note that according to the condensed notation, cf. App. F, differential operators acting on 6

imply differentiation with respect to x,. Eq.(6.20) can be rewritten in terms of the EAA, Eq.(6.13)

and yields a Wetterich-like flow equation [121]. The last term denotes the scale derivative of the
regulator dependent part in the gauge-fixing sector, given in Eq.(6.15) and reads as

1
OASgr = 5 (00 ) ALAL + (Drrgn0,0™ ) vV A5 (6.21)

To further computational manipulations, we require a suitable class of truncations for the
Legendre EA that reproduces flows of the associated functional, compatible with the BRST sym-
metry. As determined in [121], such a behavior for the Legendre EA can be realized in a trunca-
tion scheme where the BRST sources, collectively denoted by Z and found in Eq.(6.8), contribute
in a linear fashion similar to the bare action, i.e.

[y[®,Z;v] = T[®; v] + SERST(®, 7; ). (6.22)

Then, Eq.(6.22) can straightforwardly be translated in the language of the truncated EAA, which
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takes the form
[[®,Z;v] = T[®; 0] + SEBST(®, 7; ). (6.23)

For this family of truncations, the flow equation for the BRST source-independent part of the
truncated EAA simplifies to

+ % (O0Fty0) P, (f@))_l

or[; 0] = (aR6) (FO) 5L

Aa Ab
o T (6.24)
ab) 1a(2 m(2)
* (8trgha”5 ) s, (F )@(,Eb)'

Let us turn our attention to the compatibility of the aforementioned truncated flow equation
with the (modified) master equation of the theory. Due to the inclusion of the additional BRST
sources of composite operators, BRST symmetry is encoded in a scale-dependent constraint equa-
tion of the following form
) ) 4]

5 5
— a AT a_Ma Iai _Ia
sl <]“5KZ e 0 T Mugge T uge T ugme

) W = GgrstW = 0. (6.25)

The compatibility between the flow equation and the (modified) master equation, was proven in
[121] and translates on the level of the generating functional as

0:SIW] = GSIW], (6.26)

where G, corresponds to the generator of the RG transformations of the Schwinger functional,
EqQ.(6.19). One can verify the compatibility relation, Eq.(6.26), by noting that the generator of
the RG transformations and the BRST generator, commute with each other, i.e.

[GersT, Gi] = 0. (6.27)

Thus, the compatibility relation describes the flow of the associated master equation and in-
corporates information both for the flow equation and the underlying BRST symmetry. In partic-
ular, it denotes that the (modified) master equation S[W] = 0 is a fixed point of its flow equation
and as such it is satisfied at all scales by a Schwinger functional that solves the associated flow
equation, cf. Eq.(6.19), subject to the requirement that at an initial scale ¥ = A the master equa-
tion is met. Such compatibility statement can be straightforwardly generalized to the Legendre
EA (and in extend to all other associated quantities), in the (modified) master equation,

S = 5(2% 551% + %(?TI; + v“% + MZ;ISZ + ALL + (;;};ZIZ = 0. (6.28)

In this section, we have introduced various quantities that are related to the EA. To summa-
rize, in EqQ.(6.12), we defined the Legendre transform of the Schwinger functional, which we
called Legendre EA and denoted by I'. The Legendre EA was associated with the EAA, denoted
by I" in Eq.(6.13). Note that due to the gauge-fixing procedure, scale dependence, introduced via
the regulators, enters from the non-linear gauge-fixing condition, Eq.(6.2). This implies that both
the Legendre EA as well as the EAA are scale-dependent quantities and as such one can determine
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a flow equation for each one, cf. Eq.(6.20) for the flow equation of the Legendre EA. Further-
more, we introduced truncated versions of both quantities as realized in Egs.(6.22) & (6.23) and
denoted by T'; & I'j, for the truncated Legendre EA and the truncated EAA respectively, which
have corresponding truncated flow equations, cf. Eq.(6.24) for the flow equation of the truncated
EAA. This truncated flow equation for the EAA in combination with the vertex functions, dictate
the contributing terms in the associated flows of the coupling at vanishing macroscopical fields.

6.3 Renormalized flow and simulated conventional gauges

Having chosen an appropriate truncation scheme, Eq.(6.22), for the Legendre EA and in exten-
sion for the EAA, Eq.(6.23), it is left to specify the form of their BRST-independent truncated
parts. We use the ansatz that they take a form identical to the bare action. Thus, the BRST
source-independent part of the truncated Legendre EA reads

L[®@;0] = Zt Sym[A] + Tgf[A; v] + Tgn[@; 0], (6.29)
where, from Egs.(6.5) & (6.6)

f‘gf[A; v] = %AZQWAI% + v Zgp (1 + rgh(—82)) 8HAZ,
Fanl®: 0] = ~Zghe® (14 rgn(~0%) (0uD)" — 556 [ (QuoAL) (D)’ + ALQu (D))
2’1)‘2 H
(6.30)
Note that wave-function renormalization constants have been appropriately included. To fur-
ther the renormalization procedure and reproduce the renormalized BRST source-independent
truncated Legendre EA (and EAA) with a form similar to the renormalized bare action, it is neces-
sary for the differential operator Q,,, to depend on the longitudinal and transversal wave-function
renormalization constants. This can be achieved by performing a rescaling,

Rt — ZtRy, §— Zia
P b (6.31)
Ry, — ?LRL, T'gh — Zghrgh'
Then, the BRST source-independent part of the truncated EAA
L[®;v] = Zt Sym[A] + Tge[A; 0] + Tgn[@; 0], (6.32)
consists of
Ao = 2L (9,49)? + Zgy®0, A
gl ’U]_i( [ u) + Zgnv Op Ay,
a (6.33)
—a a LY —q
Tapl:0] = ~Zghe" (0uDue)” + 510 [(am,a’;) (Dye)” — A%0,0, (D,,c)b} .

As it is convenient to proceed with the calculations within a certain gauge by specifying the
gauge-fixing parameter £, an identification of the corresponding gauge from the gauge-fixing pa-
rameter is not guaranteed due to the non-linear gauge-fixing condition, Eq.(6.2). In the following,
we present a prescription that allows us to identify the commonly used gauges, i.e. Feynman and
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Landau gauge, within our framework.

One way to identify the Feynman or Landau gauge in the non-linear gauge-fixing condition
is to specify the gauge-fixing parameter ¢ that yields the expected form of the associated gluon
propagator. In the Feynman and Landau gauge within the Lorenz gauge-fixing condition, the
gluon propagator has certain properties that allow for a different approach. For instance, in the
Landau gauge, the gluon propagator is purely transversal. Thus, instead of specifying a value
for £, we can characterize gauges based on the form of the gluon propagator. This leads to a
constraint relation which unambiguously identifies the gauge within the non-linear gauge-fixing
condition, but can involve a larger number of parameters. Therefore, the key ingredient in this
construction is to note the properties of the gluon propagator at the underlying gauges.

Hence, from Eq.(6.29) we find that in momentum space, the kernels of the transversal and
longitudinal gluon propagators correspond to

1 1

= (B 1 Gi(p) = (6.34)

Gr(p) 2 (Ru(p) +p%)

Landau gauge

In the Landau gauge, the gluon propagator is purely transversal, which according to Eq.(6.34)
corresponds to the choice

£=0, Rr(p*) = RL(p?). (6.35)

Therefore, we find that we can reproduce the Landau gauge of the Lorenz gauge-fixing condition
within our non-linear gauge-fixing condition by choosing appropriate constraint relations.

Feynman gauge

In the Feynman gauge, the longitudinal and transversal parts of the gluon propagator are equal.
According to Eq.(6.34), this holds true for

Zr = 7= Z, Rr(»*) = Ru(p?), (6.36)
Similarly, Eq.(6.36) corresponds to the generic constraint which allows us to simulate the conven-
tional Feynman gauge of the Lorenz gauge-fixing condition within our non-linear gauge-fixing
condition. Furthermore, for £ = 1 we obtain the special solution which was used in [121]. We
proceed by employing the generic Feynman gauge constraint relations.
We reparametrize the gluon and ghost regulator according to Eq.(3.86)

R(p*) = p*r(p®), ren(p?) =r(p°), (6.37)

for which we choose the Litim regulator shape function, Eq.(3.87). Finally, in d = 4 for the
Feynman gauge we define the dimensionless renormalized couplings and fields as
Zghg a

s 7
g :?a v = Zk‘2v . (638)
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6.4 Beta function from BRST-invariant flows

We have reached a stage in our analysis where we can implement our chosen truncation scheme
in the flow equation and extract the flow of { Zr, Zg,, g} by studying different vertex interactions.
These flows are generated from one-loop diagrams with regulator-dependent vertices that may
receive contributions from the v field, as prescribed by the truncated fRG equation, Eq.(6.20).
The momentum space representation of the truncated fRG equation as well as all relevant n-point
vertex functions are detailed in App. H.

Our goal is to obtain the beta function, generated by BRST-invariant flows, in the presence of
regulator-dependent vertex interactions and a fixed external/background v field. Furthermore,
we aim to examine the impact of the v field on the renormalizability of the theory and whether
universal results can be reproduced by properly treating it. Such an investigation can facilitate
more involved v-field calculations and provide insights on the consistency of the theory.

In the course of our calculations, we must handle external and loop momenta contributions
carefully. To do so in accordance with the considered truncation scheme, we assume that the
external momenta are small compared to loop momenta [124] and collect from the non-vanishing
contributions terms of the same order as those on the left side of the associated flow equation. This
momentum expansion is also expected to affect the regulator-dependent terms. Note that such
novel features (regulator-dependent vertices) serve as a check on whether the Litim regulator is
a valid choice for the description of our model. With these considerations in mind, we proceed
to study the one-loop generated contributions to the gluon and ghost anomalous dimensions, as
well as the ghost-gluon vertex.

In order to provide a more holistic and intuitive depiction of the contributing terms in the
associated flow equations, we introduce a Feynman diagrammatic representation within our
framework. This representation allows us to easily identify contributions from all relevant v-
field sectors, including the v-independent, v-dependent, and v2-dependent sectors. An overview
of all non-vanishing diagrams that contribute in the associated flow equations, are depicted in
Fig. 6.1.

In particular, Fig. 6.1 illustrates the non-vanishing contributions of the transversal wave-
function renormalization Zr, which determines the transversal gluon anomalous dimensions 7r,
the ghost renormalization Zg,, which determines the ghost anomalous dimension 7}, and the
ccA-vertex. The BRST source and regulator-dependent character of the truncated EAA introduces
novel vertices, which can be found in App. H.2 and are diagrammatically represented according
to the following notation. Regulator dependencies can appear both in the gluon and ghost in-
ternal lines as {0, R, O;7gn } respectively, as well as on vertices and are displayed with a crossed
circle. Vertices denoted with an empty circle or a full square are obtained by acting with the
{M, K} BRST sources respectively. Full dots represent conventional 3 & 4-gluon vertices. Finally,
the v field has been treated as a fixed background/external field and as such it can contribute to
the form of vertices. Therefore, vertices with an anchored field indicate the presence of a v field.
The symmetry factor which appears in front of some graphs corresponds to an exchange of the

external gluons legs.
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Figure 6.1: Diagrammatic representation of all non-vanishing contributions which arise from the truncated flow
equation, Eq.(6.24).

6.4.1 Gluon anomalous dimension

In the study of the wave-function renormalization, we observe that only a subset of graphs are
non-vanishing. Several generated contributions either cancel, vanish after projecting onto exter-
nal momenta or identically drop as a result of the considered truncation. All vanishing diagram-
matic contributions can be found in Fig. 6.2. Then, one arrives at the following flow equation

1 999b 1 Neh
ab __ 2 = i ab - _ g
(04 27) 0% = Z1g*2v4 5 (19 — 5nr) N6 + 4‘5’43( o )] , (6.39)

where we have used the abbreviation v;' = 2d+17r%1“(%). The color index notation on both
sides indicates that also the right side still has to be projected onto the terms proportional to §?°.
Outside of the v contribution, notice the explicit dependence of the right side on the anomalous
dimensions

nr=—0InZr, nen=—0;InZg,, (6.40)

which originate from a resummation of a large class of diagrams, manifesting the "RG improve-
ment". Ignoring any resummation contributions, our result agrees with the perturbative one
obtained in [121].

6.4.2 Ghost anomalous dimension

Following the same line of reasoning, we arrive at the flow equation for Zg;,

¢ 3 9991 109 19
0 Zgh) 0% = Zgng®2vy | fe——— 2 4 L0 " g9y = . 6.41

(91 Zgn) g 2ve | [ or e T s 30 T 7q"en (6.41)
The vanishing contributions of the flow of Z, are represented in Fig. 6.3. It is worth mentioning
that due to the antisymmetry of the structure constants and the cancellation that occurs between
different diagrams, all v-dependent graphs with a fixed v anchored to the external antighosts
vanish. Furthermore, all v-independent contributions drop out within our truncation.
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; “i’\/\/\/ + ’\/\/\/\..: : = 0

Figure 6.2: Vanishing contributions from the gluon anomalous dimension.

6.4.3 Ghost-gluon vertex

The study of the ghost-gluon vertex turns out to be more intricate and a careful treatment is
required in order to extract the associated flow equation. The relevant graphs that contribute in
the flow equation are determined by taking appropriate functional derivatives of the truncated
flow equation. In the case of the ghost-gluon vertex this is achieved by computing

b 5 5 5 b 5
— o, = ——— [R.H.S. of Eq.(H.1)
S () 0 an) " 0 (@) |, A (a) 0] LD @)

—0

(6.42)
P—0

Due to energy-momentum conservation, we find an overall §(¢; + g2 + ¢3), which imposes the
condition ¢; +¢2 4¢3 = 0. This constraint fixes only one external momentum in terms of the other
two, leading to an ambiguity when expanding in external momenta. Since we have to expand
up to ¢, then we are left with two possible choices for the remaining momenta. One is to keep
¢ fixed and expand around ¢; = —q3 = ¢ — 0, or fix ¢3 and expand around ¢; = —¢2 = ¢ — 0.
The latter leads to divergent graphs that do not cancel whereas the former results in convergent
and vanishing graphs Fig. 6.4. Note that such issues do not arise in the case of the gluon and
ghost anomalous dimensions since in that case energy conservation fixes the external momenta
uniquely as ¢; = —¢o = ¢. This serves as the motivation for adopting the scheme where we fix
the ghost external momentum.

Thus from the ghost-gluon vertex, we arrive at the following flow equation

J0n (9Zgn/71) = g; v/ Z12vs [f“chc (2 - 5?) - fdj;’; (1- ”6?)] L (6.43)
Notice that the flow equation exhibits non-vanishing contributions up to O(v?) order. However,
similarly to the BFM case such novel contributions do not give rise to any divergences within a
suitable scheme.

Prior to deriving the one-loop beta function it is of essence to test the validity of the derived
flow equations, Eqs.(6.41)-(6.43), by rediscovering established results in the perturbative limit.

6.4.4 Rediscovering perturbative results

The confidence in the aforementioned flow equations within our considered truncated framework

can be put to the test by reproducing the associated perturbative results. To achieve such a
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Figure 6.3: Vanishing contributions from the ghost anomalous dimension.

comparison, we start from a modified version of the truncated EAA and repeat the same procedure
as before. In particular, the form of the truncated EAA is determined as follows. Firstly we
strip-off the regulator dependence from the vertex functions, next we neglect any generated
RG-resummation terms from the flow equations and finally we replace the v-field contribution
appropriately.

In order to obtain regulator-independent vertices, it is sufficient to set in Eq.(6.3)

Qu (1)) gy = ZPupv- (6.44)

The effect of such a replacement in the ghost-gluon vertex is depicted in Fig. 6.5. Furthermore,
neglecting any RG resummation terms is equivalent to setting nt = 7, = 0 on the right side of
the generated flows when such terms appear. Tuning the v field appropriately is an important
step in this comparison, since it appears in the flow equations as the product of the gauge-fixing
procedure. For that, we replace —°%°/ (4|5|*) by 6%°¢?N.. Such a procedure, reproduces the
perturbative ghost-loop contribution in the Feynman gauge [121, 124].

Note that Eq.(6.44), directly affects the form of the truncated EAA. This, in turn, generates
a different class of diagrams when inserted into the fRG equation. Therefore, a naive imple-
mentation of the aforementioned perturbative conditions on the already derived flow equations
will not accurately reproduce the perturbative limit. To achieve this, one needs to first input the
perturbative conditions and subsequently compute the associated flows.

At the perturbative limit, the flow of Zg, generates a single one-loop diagram, cf. Fig. 6.5.
Then, one finds the perturbative ghost anomalous dimension

N
gh = ( 47T)292 +0(g"), (6.45)

which agrees with current literature [124].

6.4.5 Beta function

Our final task is to determine the YM beta function within our BRST-invariant framework. Com-
bining all flows Egs.(6.41)-(6.43), one finds that

1 5 by 37 109
ab _ 3 v ab - _
B(g)0" = —g°2vy [12 <7 477T> NP + 1o 6 (29+ 4077gh 10 UT)

f)df)@ facdfbce (1 B ﬁ)
A[5[F 2N,

(6.46)
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® ® .

Figure 6.4: Depiction of vanishing graphs when ¢ is kept fixed that diverge in the case of a fixed g3 from the
ghost-gluon vertex.

Note that terms of the order O(v) in the ghost-gluon vertex were neglected, due to computational
complexity and since in our scheme such contributions will drop out after averaging over the v
field.

As the v field corresponds to an external/background field, it can be treated appropriately.
Thus, we choose to integrate out the v field with a Gaussian weight of an adjusted width of the
following form

o990 37

il ab
T~ 6a Ve (6.47)

Interpreting the v field as a quenched disorder field, Eq.(6.47) fixes the disorder amplitude. This
leads to the beta function

3
#N. (11 6373 37
_ _ , 6.48
Al9) =~ T2 (3 15360 " 1536 (6.48)

Combining the flow equations in Egs.(6.39) & (6.41), one can find an analytic expression for
the resummation contributions in the one-loop beta function in different powers of the coupling,
cf. Eq.(I.1). Expanding these expressions to lowest order and inserting the result into Eq.(6.48),
one arrives at an estimate for the two-loop beta function

3o/ 11
B0) =~ (5 N+ 5520 ) + Ol (6.49)

which to lowest order in the coupling reproduces the universal one-loop beta function.

Note that in order to arrive at Eq.(6.48), we had to adjust the v-field contribution by appro-
priately choosing the width of a Gaussian distribution. Tuning the width of the Gaussian weight
corresponds to an additional degree of freedom. Different widths are expected to affect differ-
ently the underlying flow equations and correspondingly the beta function. However, universal
results, such as the one-loop YM beta function in d = 4 alleviate this ambiguity and fix this
seemingly extra degree of freedom in a unique manner.

One would naively anticipate the substitution performed for the v field in Subsec. 6.4.4 to
persist in the derivation of Eq.(6.48). Such a reasoning would not take into account that we
ad hoc eliminated the regulator dependence from the vertices in the perturbative limit. Such a
consideration, reproduces the same diagrammatic contributions as in the perturbative case, but
alters the form of the truncated EAA. In this modified truncation scheme, the specific substitution
of the v field, as discussed in Subsec. 6.4.4 is sufficient to reproduce the universal one-loop beta
function. However, in the case where the truncated EAA is given by Eq.(6.32), the flow equation
gives rise to an extended class of diagrams which differ from those at the perturbative limit exactly
due to the presence of regulator-dependent vertices. In that case, selecting a Gaussian weight
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Figure 6.5: Graphical depiction of the vertex and diagrammatic modifications for the ghost anomalous dimension.

with a width dictated by Eq.(6.47) reproduces the universal one-loop beta function.

In other words, our formalism seems to provide an extra degree of freedom with the inclusion
of a novel v field. Such a condition is constrained and uniquely determined by associated uni-
versal results, unless there are additional divergences. Therefore, we can draw a correspondence
between changes in such a condition and novel contributions within our formalism.

At two-loop level, even though the beta function Eq.(6.49) is in qualitative agreement with lit-
erature results obtained both perturbatively and within mass-dependent renormalization schemes,
the quantitative comparison is not favorable [143]. To improve the results of the associated flow
equation, two approaches can be considered. Firstly, an appropriate modification of the selected
truncation scheme can be made to include a larger class of contributions, thereby potentially
enhancing the accuracy at higher-loop orders. Secondly, an alternative framework for our non-
perturbative model, such as the BFM, can be adopted. The former approach extends the admissi-
ble diagrammatic contributions of the previously established flow equation Eq.(6.20), while the
latter can alter the form of the flow equation and is explored in Sec. 6.5.

6.5 Background & BRST-invariant RG flows

We close this Chapter by deriving an explicit BRST-invariant flow equation in the BFM. To achieve
this, we apply the BFM as introduced in Chpt. 4, within the previously developed non-perturbative
setup, for which we derive the associated fRG equation. Given that the forthcoming construction
is quite close to the one followed in Secs. 4.1, 6.1 & 6.2, to avoid repetition, we refer the reader
to the relevant relations and only highlight any minor modifications as necessary.

We commence our background-field analysis by constructing a background-invariant gauge-
fixing condition. Motivated by Sec. 4.1, this can be achieved by replacing the mass parameters in
Egs.(4.1) & (4.2) with regulators, as in Eq.(6.1), that now depend on the background covariant

derivatives/Laplacian. Then, the background-invariant gauge-fixing condition corresponds to

a A _ _bAabe, ¢ ~ab b
Fla, A, v] = a, Q) a;, + L a,, (6.50)
where,
_ 1)0‘ — — — 1 = = ab
Qi =5 Qd%, Qi = RiY(—=D?) — £ (DuD,)",
w2 . p(=D7) §( wD2) (6.51)

Fab H21) %€ b
Ly = (1 +rgn(—D7%)) Dy .
Note that due to background invariance, the regulators can be represented as non-diagonal ma-

trices in color space.
The background gauge-fixing action is given by

1, - b
Sla, A,v] = SasQphal, + 0" (L4 rgn(=D?)) " (D), (6.52)
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whereas the background ghost action reads

a

Senla, A c,ev) =" (1 + rgh(—[?Q))ab (D“DMC) T |2

& | (Quav)" (D) +d, (QuuDue)’|
(6.53)
As expected, the background gauge fixing and ghost actions are associated with the previously
determined Egs.(6.5) & (6.6) respectively by replacing the full gauge field with the field fluctu-
ations, Aj, — ay, and the partial derivative with the background covariant derivative, 9, — Dzb.
This will be the recipe that shall connect most background quantities with the ones without back-
ground.
Further, in order to ensure the compatibility of the generated background flow equation with

the BRST symmetry as in Eq.(6.26), we introduce additional BRST sources of composite operators

of the form
Q¢ = U—é’aa,
Bl
b (6.54)
a Uy a
./4” — TPC (DNC)

Similarly to Eq.(6.7), we find that the composite operators are nilpotent with (SQ)Z =ay, — A},
which implies that {af;, Af} belong in the same cohomological class.

Introducing the collective field notation for the BRST sources as in Eq.(6.9), while replacing
into Eq.(3.47) the entry for full gauge field with its field fluctuations, we arrive at the background
Legendre EA and EAA that are of the same form as in Egs.(6.12) & (6.13) respectively. The gauge
fixing and ghost sectors of the regulators, in the presence of a background field take the form

- 1
ASgfla, A;v] = iazR%’,alb, + var“b( D?) (Duau)b,
a (6.55)

A ~a,.a N v ~a
A8 [, 4 1] = ~e'rgh(=D*) (DuDye)” = e [(Ruwar)” (D)’ + (B Do)’

Now we are in a position to derive the background flow equation for the Legendre EA

N L Tt T 1y AN
() g+ 88, (F)  Ei gt~ () (FM)]
nov g v

af = (arct)

= \ab [ =(2) @) ! _ , oL
+ (9rrgnDy) [rK! D, (T )q)( w5 | T OAS
(6.56)
where
9AS. = ~ (8,R®) atab + (yran D)™ vPal (6.57)
0 gf—§ 1T, auay+(trgh u) vea,. .

Choosing a truncation linear to the BRST sources for the background Legendre EA and EAA,
as in Egs.(6.22) & (6.23) respectively, we arrive at the truncated background flow equation for
the BRST source-independent part of the EAA,

O, Ao :é (atR,‘j’;) <F(2)>aa1ab %(atsz;) e, (f(2));

e “ (6.58)
+ (atrghD#)a FI(<Z)<I>i (F(2))<I>i(_5a) )

95



CHAPTER 6. FRG STUDY OF BRST-INVARIANT FLOWS

Similarly to Eq.(6.29), we consider the BRST source-independent part of the background
truncated Legendre EA and EAA to be of the form of the bare background action with gauge
fixing and ghost parts according to Egs.(6.52) & (6.53) respectively. Thus, we have

- _ 1 .~ = b= b
Fgf[aaAQU]:§aZ ZzbjarlZ"i_Ua gh (l‘f’rgh(_DQ))a (Duau) )

a
Tanl®, A;0] = —Zgne® (1 + rgn(—D*))™ (DuD,c)’ — ﬁéﬂ [(Quan)’ (Do)’ + by (QuDue)’]
(6.59)

However, we are interested in the form of the flow equation in the limit where A = A and ®; —

0 after taking the associated functional derivatives. Furthermore, due to the linear dependence
of the chosen truncation on the BRST sources, the non-vanishing vertex interactions that appear
in Eq.(6.58) and involve BRST sources, have the same field dependence as the one presented in
App. H, with the distinction of replacing Af, — af; when needed. This implies that f‘I(Vi)D oo 0
which eliminates the second term from the first line in the truncated background flow equation.

Then, we find that

+ (atrgthf’) NG (f<2>) o (6.60)

b e
Kuc‘ ce(—c®)

oAl = % <8tRZl;) (f(2)>A0Aﬁ

Recalling that r® _ poe Eq.(6.60) becomes

Kz ce w2

-} (o) (), - () (1) e
"

where we have used that Rgy,(—D?) = (—D?)rg,(—D?). This reduced flow equation displays an
identical form as the conventional background flow equation for pure YM theory found in the
literature [199]. Furthermore, it does not exhibit any v-field dependence, in agreement with the
background one-loop perturbative study that was carried in Chpt. 4.

In the derivation of Eq.(6.61), other than the linear dependence of the truncated Legendre EA
on the BRST sources, cf. Eq.(6.23), we did not make use of the ansatz Eq.(6.59). We can further
exploit Eq.(6.59) in order to align our result with the one found in the literature. In particular,
performing the rescaling

Rl — ZRiY,  r(—D?) — Zg ri(—=D?), £ — % (6.62)
one finds inverse regularized gluon and ghost propagators of the form
Gih=Z@1+R), Gi'=Zg (—D*+ Rg). (6.63)

Upon insertion into Eq.(6.61) and further specification of the gluon regulator as R = D1 (D7)
and Zg, = 1, one reproduces the same background flow equation which has been established to
reproduce the universal one-loop beta function and is even in line, within a small margin of error,
with the associated two-loop result [199].
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Outlook and Optimization

In this thesis, we have dealt with BRST-invariant representations of pure quantum YM theory. The
preservation of BRST symmetry is integral for the construction of non-Abelian field theories, as
it has implications for the IR regime of the theory which is governed by non-perturbative effects.
Consequently, through the lens of BRST invariance, our work has aimed to serve the purpose of
both analyzing the stability of the model under perturbative and non-perturbative renormaliza-
tion schemes and also performing a phenomenological study at different energy scales.

For our investigation, we have adopted the off-shell FP procedure as outlined in [121], which
enabled us to derive a gauge-fixed bare action that exhibited a linear dependence on the gauge-
fixing condition, at the expense of introducing an additional background/external v field. This
was achieved during the gauge-fixing procedure, after choosing a Fourier weight for the noise
action instead of the conventionally used Gaussian weight. In that way, we were able to study
the stability and properties of the model, by introducing appropriate mass-regulator parameters
in a BRST-invariant manner, thus bridging the chasm between perturbation theory and non-
perturbative aspects of non-Abelian field theories, without deviating from the computationally
accessible FP procedure.

Our perturbative study was carried out in the BFM, which greatly facilitates perturbative
calculations. We then examined a modified version of the non-linear gauge-fixing condition pro-
posed in [121] that includes gluon and ghost mass-regulator parameters and reduces to the
conventional Landau-DeWitt gauge in their absence. From the background equations of motion
we found that the v-field dependence acts as an external current and its conservation places a
constraint on the class of admissible forms of the v field. Using perturbative functional analysis,
we determined that the one-loop 1PI EA still comprehends the standard contribution of ghost and
gluon loops, augmented however by the associated mass-regulator parameters, while the struc-
tural form of the Schwinger functional is v dependent as observed in an isolated source sector,
Wiource-

We proceeded to investigate the stability of our model under renormalization, where we
deduced the universal one-loop beta function by employing dimensional regularization in the
MS scheme. Additionally, we applied a proper-time regularization scheme to obtain an analytic
form for the renormalized one-loop EA and the one-loop beta function. Our analysis revealed a
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threshold behavior for the beta function, which nevertheless reproduced the universal result in
the deep UV limit and/or at vanishing mass parameters, as it should.

Based on the renormalized one-loop EA, we discovered that by introducing sufficiently large
mass parameters, the Nielsen-Olesen instabilities arising from covariantly constant pseudo-Abelian
magnetic backgrounds can be mitigated within a specific range of applicability. Additionally, it
was found that quantum corrections progressively overtake classical contributions and dominate
above a critical value of the coupling, indicating the tendency towards a non-trivial minimum.
However, beyond this range of validity, the unstable gluonic modes destabilize our system thus
rendering any concrete results inconclusive.

To avoid instabilities caused by these "tachyonic" modes, we utilized covariantly constant and
self-dual backgrounds, which is a stable approximation for the background field. Within this
approach, we incorporated non-perturbative information for the gluon and ghost propagators,
allowing us to mimic the decoupling solution. As it turned out, this extended the domain of
validity up to certain large field values, above which zero gluonic modes prevailed. However
by introducing a suitable IR regulator, we demonstrated that the one-loop EA, supports a gluon
condensate beyond a critical coupling. This result compares quite favorably with non-perturbative
studies [146, 326] and is in agreement with the indications observed from the previous set of
approximations.

Such computations provide valuable insights into the interpretation of the mass-regulator
parameters. Given that these parameters enter through the gauge-fixing sector, they correspond
to BRST-exact deformations of the classical action. Hence, one might expect the associated scale
symmetry breaking to remain confined within the unphysical BRST-exact sector. However, as
elaborated from the study of the one-loop EA, the dynamical breaking of scale symmetry is driven
by quantum corrections which are structurally affected by the mass parameters. Therefore, we
infer that the tree-level scale symmetry breaking that occurs in the BRST-exact sector due to
the inclusion of the mass parameters manifests itself in the quantum corrections and as such
propagates by radiative corrections to the physical sector of theory space. We can further draw a
correspondence between our perturbative treatment of the non-linear gauge fixing condition and
mass-dependent renormalization schemes. For the latter, such phenomena emerge as part of the
inherent renormalization scale at the cost of BRST invariance, while in our case such a floating
scale is replaced by BRST-invariant mass parameters in a BRST-respecting manner.

To our knowledge such a novel perturbative technique to investigate pure YM theory in a
BRST-respecting manner has not been carried out in the literature and as such a higher-loop
study that analyzes the structural form of the EA provides an intriguing optimization avenue for
future research.

Having addressed the v-field independence of the one-loop EA and elaborated the role of the
mass parameters in the BFM, we focused on the v-dependent part of the Schwinger functional
in different settings. Firstly, we derived an analytic expression at the LGME limit which vanishes
by assuming covariantly constant backgrounds and color current conservation, thus reproducing
the conventional one-loop Schwinger functional.

Relaxing the aforementioned constraints, we followed a different approach where the asso-
ciated background two-point correlator at vanishing backgrounds was computed by imposing
color conservation at different stages of the calculation. In one approach, this constraint was
imposed after varying the Schwinger functional with respect to the background field. In an-
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other, color conservation was assumed from the start, which entailed a background-dependent
v[A] field. In both cases, we deduced v-dependent correlation functions that were classified to
appropriate longitudinal and transversal parts after averaging over the v-field contribution with
a suitable Lagrange multiplier to account for current conservation or by considering a constant
(i.e. homogeneous) v field as in [121].

Alternatively, we explored the potential emergence of divergences in the Schwinger functional
due to the novel v-field contribution by treating it as a quenched disorder field. This allowed us
to employ conventional heat-kernel techniques and investigate in detail the structural form of
Wiource to which we inferred no additional divergences. Our analysis supported the previously
found finite form of the corresponding two-point correlator. Thus, our findings for Wource further
substantiated our conclusion that at one-loop order no major interpretational novelties appear.

We then departed from the BFM framework and delved into the non-perturbative extension of
the pure YM theory which has been developed in the literature. The transition from our previously
discussed model to a non-perturbative study occurred by a mere replacement of the regulator-
mass parameters with associated scale-dependent regulators which translates to the appearance
of regulator-dependent vertices in our theory. In particular, the construction of a BRST-invariant
functional RG equation was discussed, at the expense of introducing additional BRST sources.
Choosing an appropriate truncation linear to the BRST sources, we extended the work of [121].

Deviating from the conventional approach in the literature, we generalized the conditions for
the most usual gauges, i.e. Feynman and Landau gauge, within our truncation scheme. For the
purposes of this thesis, we considered the Feynman gauge. As an internal consistency check, we
introduced perturbative conditions by dropping the regulator dependencies on the vertices and
ignoring higher-loop resummation terms. Then, the perturbative ghost anomalous dimension
was rediscovered through an appropriate treatment of the v field. In this case, the v field was
viewed as an auxiliary degree of freedom that upon integration reproduces expected or universal
results. Even though such an interpretation seems abstract, further confidence on our results
is gained by noting that following the same treatment for the v field within the perturbative
limit reproduces the one-loop ghost loop and ghost anomalous dimension found in literature
[121, 124]. Even though it has not been explicitly computed yet, we anticipate that a similar
calculation for the ghost-gluon vertex in the perturbative limit will yield conventional results,
thus after combination with the ones found before they shall reproduce the universal one-loop
beta function in a perturbative setting.

After finding an analytic expression for the flow of the ghost, gluon renormalization fac-
tors and the ghost-gluon vertex from the truncated BRST-invariant flow equation, we adopted a
suitable diagrammatic representation of the underlying interactions that includes the v-field de-
pendence. Further algebraic manipulations resulted in a v-dependent beta function, which was
brought into the universal one-loop beta function by averaging over the v field with a Gaussian
weight of an adjusted width.

Further interesting conclusions can be inferred from the form of the beta function. In partic-
ular, the beta function depends on both the ghost and gluon anomalous dimensions which enter
with an opposite sign. These resummation contributions combine in such a manner that they pro-
vide a two-loop beta function with the correct sign. In addition, the form of these RG-improved
terms feature a beta function which is free from singularities. This is an improvement compared
to earlier fRG studies where a pole necessarily results from RG resummation terms in low-order
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truncations [131].

In the last part of the thesis we introduced the BFM into our non-perturbative setup. By con-
structing a background-invariant non-linear gauge fixing condition, we derived the associated
truncated background flow equation. From a structural perspective, the truncated background
flow equation was found to be v independent with a conventional form. Such a flow equation
leads to interesting conclusions. Initially, it extends the class of generated graphs due to resum-
mation contributions. This implies that even beyond one loop and up to the extend specified by
the background flow equation, our model remains v independent with a form that is found to
reproduce universal results [199]. Furthermore, phenomena that were observed in our pertur-
bative study but could not be verified with certainty due to the limitations of perturbation theory,
are expected to manifest in our non-perturbative model.

Moving forward, a detailed analysis of our model and the study of emergent phenomenologi-
cal properties would be a natural continuation of our work. Additionally, the coupling of our YM
theory to matter presents an exciting opportunity for further investigation and study.

A critical view on our non-perturbative studies gives rise to the following question. How is it
that the truncated flow equation in the absence of a background field exhibits an additional free
parameter, as displayed with the appearance of the v field, whereas such a dependence does not
arise in the truncated background flow equation?

Although we currently lack a definitive answer, one potential explanation for this discrepancy
can be traced to the introduction of the new BRST sources. Recall that in order to derive a flow
equation that is compatible with BRST symmetry, we introduced two additional sources {2, A} }.
In the absence of a background field, we found that Qf, oc Aj,. However, in the presence of a
background field, Q2 oc aj, i.e. it is related to the field fluctuations. This modification induces a
difference in the source action, which due to the selected truncation scheme, is reflected in the
associated flow equation thus rendering their direct treatment on an equal footing inconsistent.

In that case, a possible resolution could be to introduce €2, — QZ oc Aj; instead of Qf o af, in
the source action and then compute the corresponding background flow equation. Preliminary
calculations indicate that such an inclusion induces an explicit v-field dependent deformation
of the gluon and ghost sectors in the background flow equation, which is in line with the ob-
served behavior of the flow equation in the absence of a background field. However, further
computations must be performed in order to deduce more conclusive results. Such an extension
corresponds to another promising avenue for future research.
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APPENDIX A

Covariantly Constant Backgrounds

Here, we mention the implications of considering covariantly constant backgrounds. This was
an essential assumption in the computation of various quantities in the main body. We start by
imposing the covariantly constant condition which reads

(D, F,,)* = 0. (A.1)

If such a condition holds true, then the gauge field can be written as

1
Ay =n"(t")pe | —sFwwzy —

5 GU)UTH, (A2)

1
g
which demonstrates that the gauge field is Abelian for covariantly constant fields, up to a pure
gauge term. Therefore, we can always consider an Abelian gauge field by performing an appro-
priate gauge transformation which will eliminate the pure gauge contribution, [291]. The gauge
field and subsequently the field strength tensor take the form

A% = A, = F = 7°F,, (A.3)

where A, & F,,, correspond to the Abelian gauge field and field strength tensor.

At this level, we still have the freedom to consider an explicit form for the Abelian field
strength tensor. In order to compare with current literature results, we choose to work with
a field strength tensor proportional to a constant magnetic field and with a self-dual one, cf.
Subsecs. 4.5.1 & 4.5.2. In the following we explore the implications of each set of assumptions.
Within the BFM, such a specification on the form of the field strength facilitates perturbative cal-
culations since only terms proportional to F? = Fg, Fy,, are relevant due to background gauge
invariance.
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A.1 Constant magnetic field

For our purposes it is convenient to choose
Fuo =0,A, —0.A, = Befw = constant. (A.4)

The gauge field then represents a constant magnetic field in the direction of the constant unit

vector n® in color space, n®n® = 1. Furthermore, eﬁy

by the constant magnetic field, i.e. F1o = —Fy; = B for a magnetic field pointing into the

corresponds to the spatial directions affected

3-direction.
Then, the Euclidean bare action, Eq.(4.15), can be brought into the form

1
SV[A] == §B2

Due to this pseudo-Abelian field consideration, all color dependence is expected to come in
the form of 7% (t%),, = —in® £, for SU(N) in the adjoint representation. Thus, we consider v,
with £ =1, ..., N? — 1 to be the eigenvalues of the structure constants. For the contribution to the
constant magnetic field, the following identity shall be used

N2-1
> vi=N. (A.5)
(=1

Finally, in terms of the eigenvalues v, let us denote
By = gByy. (A.6)

Such a diagonalization in color space enables us to compute the spectrum of a series of oper-
ators which constitutes an essential tool in the computation of functional traces using the heat-
kernel technique, cf. App. B.2. During our study such functional traces appear in the the one-loop
EA, Eq.(4.27). In particular, the spectrum of the ghost and gluon operators, cf. Egs.(4.16) &
(4.36), need to be specified. In d = 4, the relevant spectra required for their specification read
[143],

Spec{~D?} =+ (2n+1) By, n=0,1,.., (A7)
¢®+ (2n +1) By, multiplicity 2

Spec {D1} = < ¢> + (2n + 3) B;, multiplicity 1 (A.8)
q® + (2n — 1) By, multiplicity 1,

where ¢, corresponds to a 2-dimensional Fourier momentum in the spacetime directions not
affected by the magnetic field and n is the quantum number which labels the Landau levels.
Notice the existence of negative modes in the spectrum of the transversal kinetic operator, Dr,
for small enough momenta for n = 0. These correspond to the Nielsen-Olesen modes, which are
discussed in Sec. 4.5.
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A.2. SELF-DUAL FIELD STRENGTH TENSOR

A.2 Self-dual field strength tensor

Another assumption for the field strength which we employed in the main text corresponds to a
self-dual field strength tensor, F}}, = Fﬁy. This results in a covariantly constant self-dual back-
ground which is free from the unstable Nielsen-Olesen instabilities.

In order to reproduce self-duality of the field strength tensor, we choose the components of
the Abelian field strength

Fi» = F34 = f = constant
FMV _ 12 34 f (Ag)
Fij =0, otherwise,

where f? = %FﬁyFﬁy. In that case, it is straightforward to show that we obtain a self-dual field
1

strength tensor, i.e. Fyj, = ng, with Fﬁy = 3€uwpo Py, representing the dual field strength.
Similarly to the constant magnetic field case, we diagonalize the color matrix contribution
—in® fo¢ in the adjoint representation and express it in terms of its eigenvalues v,. This entails

that the spectra of the operators, —D? D, are in terms of

fe=gfve. (A.10)

Computing the spectra of the relevant operators in d = 4 gives [146]

Spec {-D*} =2(n+m+1)f;, n,m=0,1,.. (A.11)
2(n+m+2) fr, multiplicity 2

spec (Dr} = 4 2 ) ft prety (A.12)
2(n+m) fo, multiplicity 2.

Note that the spectrum of the transversal kinetic operator, ©r, does not exhibit negative modes
but it contains zero modes for n = m = 0. When heat-kernel techniques are implemented, the
contribution of these zero modes requires an independent and careful treatment, as followed in
Subsec. 4.5.2.
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APPENDIX B

Computation of Functional Traces

Computation of functional traces using heat-kernel techniques has been extensively used in QFT

for perturbative and non-perturbative calculations. As a result, in several Sections of the main

text, such functional traces appear. The goal of this Appendix is to provide a step by step treatment

of dealing with such quantities and to highlight the computational power of the heat kernel in

performing analytical calculations. Even though the integrals to be discussed correspond to the

ones that appear in our theory, the different steps provided can be generalized to more generic

forms of the heat-kernel operators.

B.1 Elementary relations

Euler-Mascheroni Constant:

e =0.57721....
Step function:
1 forz <0
0(—z) = / dz d(z) = % forz=0
0
0 forz>0
1-function:
_T'(») /
¥e) = fi = ()
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B.2. FUNCTIONAL TRACES WITH HEAT-KERNEL TECHNIQUES

e-expansion:

o “=1—¢€elna+ % (elnoc)2 +0 (63) (B.4)
1 1 2
0= 2wt (R4 ) e+ 0() ®:5)
1 1, w2 9
F(G_l):_6+(7E_1)+<_2'YE_12—1+’YE>€+O(€) (B.6)

e 2
F(e—n):(nl!) {1—1—1/}((714—1)—!—;[3—l—(q/)(x—i—l))z—w/(n—l—l)]e—l—(9(62)} ®B.7)

Cle0) = % Cat el (0,0) +O (). (B.8)

Asymptotic behavior for |z| — 0:

2

z .z 4
sinhz 1 6 + O(Z ) (B.9)
zsinhz = 2% + O(2%). (B.10)
Asymptotic behavior for |z| — oco:
InT'(2) —I—1 Inz— +11n2 —i—i—i-(’) 1 (B.11)
z z ) z z B ™ 192 23 .
1 1
ln(z+l):1nz++(’)<2> (B.12)
z z
I'0,z) =—Inz—~g — i (_1)kzk (B.13)
’ prt k (k')
C0,2) =mT(z) 4+ ¢(0) B2 (- Mmooy L oL (B.14)
A - 2 122 23 ) '

B.2 Functional traces with heat-kernel techniques

During the study of the one-loop EA and Schwinger functional, we are required to calculate
different functional traces, see Secs. 4.4 & 5.2. The power of the heat-kernel formalism comes
from relating the functional trace of the heat kernel with functional traces that are a function of
the covariant Laplacian. This is achieved by computing the Laplace transform of the so called
Schwinger or proper-time parameter s. The relation follows as

tr[i(2)]],__pe = /O  ds i(s) tr [e—s(—fy)}, (B.15)

where the the trace of the covariant Laplacian which appears on the right side of the equation is
a well-known quantity and

i(x) = £{i(s)} = / ds i(s) e, (B.16)
0
is the Laplace transformation of i(x).

Next, our task is to compute the trace of the heat kernel. Thankfully, this has already been
worked out extensively in the literature, thus we only need to find the appropriate formula of the
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APPENDIX B. COMPUTATION OF FUNCTIONAL TRACES

trace of the heat kernel that is in accordance with the assumptions for the field configurations.

Trace of the heat kernel for a constant magnetic field

In our case, we have considered covariantly constant backgrounds, see App. A for more details.
By tracing over the spectrum, the trace of the heat kernel has been worked out to be,

N2-1 d

(2 2572 sBy
trea, [ e 2] = 0q . , (B.17)
; 2(471.)% sinh s By

where Qg = [ d%x is the d-dimensional spacetime volume and B, = gBv, , [143].

For the gluon sector, in Sec. 4.4, we need to compute the functional trace of the logarithm of
the gluonic fluctuation operator which is a function of the transversal kinetic operator Eq.(5.6),
cf. Eq.(4.37). This entails, according to Eq.(B.17), the computation of the functional trace of the
aforementioned operator. However this has also been worked out in [143], by tracing over the
spectrum, yielding

N2-1 d
2572 B
el [G_SQT} =Qq Z ° 2d <d .S £ | 4sB,sinh sBe). (B.18)
= 2(4m)2 sinh s By

In addition, we need to subtract from the functional traces the divergent zero-field contribu-
tion. This is achieved by subtracting the same functional trace at vanishing field configurations.
In our case, it gives rise to the heat kernel of the d’Alembert operator, which can readily be
determined to be

d

try [e—s(—az’)} _0, 2 (B.19)
2 (4m)

e

Another advantage of using the heat-kernel technique is that the function, we wish to trace,

can also contain nonlocal operators as long as they are functions of the covariant Laplacian, e.g.

1 1
D2 DIv

manner. Such a study of the functional traces of terms with nonlocal contribution appears during

... In that way, one can study the structural form of such terms in a straightforward

our study of the one-loop Schwinger functional for a quenched field, cf. Eqs.(5.22a)-(5.22c). In
the next part we shall focus our attention in the computation of the Fourier transformation of
these novel nonlocal functional traces.

Trace of the heat kernel for a self-dual background

Considering the alternative choice of a self-dual background, then the trace of the heat kernel of
the covariant Laplacian operator —D? equals to

Q N2-1 f d
trye [e P = = < ‘ ) : (B.20)
xe [ } (471')% ez_; sinh s f;

where f, = gfvy.
Incidentally, the trace of the heat-kernel of the ©1 operator can be expressed in terms of
the trace of the heat kernel of —D? and the contribution of the zero modes of its spectrum, see
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B.2. FUNCTIONAL TRACES WITH HEAT-KERNEL TECHNIQUES

Eq.(A.12), ie.

[}

—sDr] _ d Qg NP1 fe 2 %71 %
B ey R

Laplace transformation

The task of this section is to determine the inverse Laplace transform of the functions inside the
following functional traces:

1 ) 11 )
trxc [mQ_éDQDla tre [D2m2—éD2D]7
11 , 111 )
trxc [D2m2 _ %DQD ], trXC [DQZDQmQ _ %DQD ]

The inverse Laplace transform of the functions inside the trace reads

X

h(z) = o & &7 {h(x)} = h(s) = —a e ® +d(s), (B.22)

o) = —— e £ {gla)} = gls) =, (8.23)
1 - r 1 —as

f(x):m<:>£1{f(x)}:f(s):&[1—e ], (B.24)

where £{...} denotes the Laplace transformation. The validity of the previously determined
quantities can be verified by substituting the result we obtained in the Laplace transformation
Eq.(B.16). Then, it reproduces the initial function.

Therefore, once the Fourier transformation of the underlying function is determined, given
that the trace of the heat kernel is a well-understood quantity, one can complete the computa-
tion by calculating the integral which is the goal of the following part. Furthermore, we have
restricted our attention to the study of the Fourier transformation of the functions included in
the aforementioned functional traces since in our study, they are the only non-trivial functions
which require the computation of the inverse Laplace transform.

However as it can be seen in Sec. 4.4, one is required to compute the functional trace of the
logarithm of an operator. To do so, one needs to follow a slightly different strategy in order to
bring the functional trace to a form of a proper-time integral.

Functional trace of the logarithm of an operator

The main goal of this part is to bring the functional trace of the logarithm of an operator to a
form where one can apply the heat-kernel tools in order to simplify the resulted calculations.
Such a procedure is facilitated significantly by considering the proper-time representation of the
logarithm. This will change the functional trace of the logarithm to a functional trace of an
exponential. Then, employing the relations for the heat kernel will bring the functional trace of
the logarithm to a mere computation of an integral over the proper-time parameter. However,
the computation of the functional trace of the exponential is not a trivial task given that its form
depends of the function on the logarithm. Thankfully, the traces of the heat kernel that appear
in the main text, cf. Sec. 4.4, are well understood quantities, see Eqgs.(B.17)-(B.19).
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APPENDIX B. COMPUTATION OF FUNCTIONAL TRACES

Let us summarize the most basic identities of the logarithm in the proper-time representation,

logar — Tim |1 — /Ood e~lg=sT (B.25)
ogz = lim | - 10 Jo 58 e , .

tr {log <z>] = — /oo % [tr e %% —tr efsy], (B.26)
0

where due to the implementation of the e-technique, a mass scale ;2 has to be introduced in
order to render [;*“s] = 0. In addition, Eq.(B.26) follows straightforwardly from Eq.(B.25).

B.3 Proper-time integrals

After the implementation of heat-kernel techniques, the functional trace has been reduced to the
computation of a proper-time integral. In general such a computation is non-trivial since the
computation of the integral depends on the form of the function in the functional trace and di-
vergences can occur. In order to regularize the divergent proper-time integrals we shall consider
the e technique by introducing an appropriate factor. The underlying idea is based on the di-
mensional regularization scheme where an analytic continuation of the divergent quantity gives
rise to the e factor that assists to isolate the corresponding divergences. Another technique to
regularize an infinite integral comes by by introducing a sharp regulator, which we will call A,
on the divergent boundary of integration, e.g. [ A(s) — flo/oAz A(s) < oo. Both regularization
schemes are used in various Sections of the main text, thus we will summarize all the results for
the integrals which appear.

General integrals

Stating relevant integrals from [327],

/ ‘ff ous = L0V [Rep > 0,Rev > 0], (B.27)

0 S A\ HV

/OO ds e _ 2174 () ¢ 1( +1) [Reu > 1,Rea > —1] (B.28)
o slWsinhs Wsh g e = LR ’ '

we present the general form of the integrals which appear in the main text.

Computation of divergent and convergent integrals

We provide the computation of the divergent integrals that appear in Secs. 4.4 & 5.2 as part of
the corresponding regularization schemes that were chosen.

Divergent e-Integrals (o > 0):

*d 1
/ Sli e =a T(e) ®2) o Ino — g, (B.29)
0

> d
/ 2i e =ol TT(1—¢) B9 _Z 4 alna+ a(vg—1), (B.30)
0 S €
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/OOO ds oo _ 21€I‘(e)([6,;(o¢+ 1)]

sl—¢sinh s
®5), (B8 A
- €
(B.14), (B.12) O
N 6o

where in the last equality an expansion for |« — oo was considered.

Convergent Integrals (o > 0):

* ds s _as (B.30), B.31) 1
(1) O
0o S sinh s 6a

> ds S 1
B yoml,
o s* \sinhs 2

° ds _ s (B.32), .33) , 1
(1 - as ( _ 1) £ In=
/0 2 (1—e™) ng

sinh s

Divergent Integrals with a Cutoff Regulator A:

18 T A2

A2

1
—E—l——+cxlnoc+o¢(7E—1),

© q 2 2
/ se—“Qszr(o “) B e 1~

1
— (o + 1)+2C’[O,2(cx+ 1)] +ayg + aln2

where O(X—Z) =—->7, (k_(i?; (%)Qk signifies all higher-order contributions.

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)
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APPENDIX C

One-Loop Beta Function in the Background Field Formalism

This appendix is dedicated to the derivation of the generic form of the one-loop beta function
by considering covariantly constant backgrounds. The discussion will provide essential results of
the counterterm renormalization procedure in the BFM.

Let us begin by relating the renormalized with the bare quantities. Due to the covariantly
constant background assumption, there is a proportionality of the background gauge field A,
with the magnetic field B, cf. Egs.(A.2) & (A.4). Then, the bare and renormalized quantities
would correspond to

= \/7—1:7 IR = Z59, (C.1)
where Zy, Z5 correspond to the wave-function and coupling constant renormalization constants
respectively. In addition, Bg, gr corresponds to the renormalized field and coupling constant
whereas B, g represent the bare field and coupling constant.

Manifest background gauge invariance on the level of the EA, implies that gauge covariant
quantities must remain RG invariant. Such a quantity corresponds to the covariant derivative
which entails the product gA,,. For covariantly constant backgrounds this product can be identi-
fied by gB which must also remain RG invariant. Such a condition holds true if

Z5 =\ Zg. (C.2)

Then Eq.(C.1) gives Egs.(4.41) & (4.56) for covariantly constant background and for self-dual
background.

In d-dimensions, the dimensionless coupling is related to the bare coupling via the wave-
function renormalization as

92 = Zppd g (C.3)
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Then, the beta function can readily be deduced to be equal to

dg* dz
9 _  d-4 NJ—Q

_ ag” B 2
2 _'udu 1 m (d—4)Zg| g°. (C4)

By

Choosing d = 4 — 2¢ and taking Eq.(C.3) into account, the preceding equation takes the form

dln Zg

_ 2
592 = —269 + TQQ

By2g”. (C.5)

We can further determine Eq.(C.5) by specifying the form of the wave-function renormaliza-
tion Zg. In particular, during our study of divergent contributions which arise in the one-loop
EA from the gluon and ghost sectors following dimensional regularization, we employed the
MS scheme, cf. Subsec. 4.4.3. In this renormalization scheme, we absorb both the infinities and
a universal constant which appear in the EA by introducing counterterms as parts of the infinite
renormalization constants. Doing so then in general the wave-function renormalization, has the
form

Z(")

“E oy, (C.6)
€

0
ZF:1+Z
n=1

where n represents the generated number of loops and C(™ the universal constant which appears
at n loops. However, given that the beta function must be finite, whereas Zr contains a sum over
loops that runs over arbitrary powers of %, then the only possible finite combination comes when
the linear to e part of the 3. is multiplied with the one-loop expansion of Z¢. In that case, one
finds that

az®V  acm
Bg2 = —2¢g® — 2¢* dgFQ € e (C.7)
For ¢ — 0, then
dzW
B, = —2g°* dgF2 , (C.8)

which corresponds to the one-loop beta function in the BFM. Here one should highlight the fact
that the form of the beta function would have been the same had one chosen to employ the MS
renormalization scheme since the universal constant C'™) drops out on the level of the one-loop
beta function.
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APPENDIX D

Longitudinal ®| and Transversal ®1 Kinetic Operators

Motivated by [132, 133, 323] and due to the form of the Q operator that determines the in-
verse gluonic fluctuation operator, it is essential to introduce and discuss some properties of the
following longitudinal and transversal operator matrices

(D1),, = = 6w D? + 2igFpu, (D.1)
(D), = — DD, (D.2)

These operators will help to parametrize the inverse gluonic fluctuation operator and de-
termine a systematic study of its form to all orders in the LGME limit. However, it is of vital
importance to discuss some important properties of these operators that will apply in our study
as well. The goal of this Appendix is to determine the commutation relations of the longitudinal
and transversal operators for covariantly constant backgrounds. Consequently, the operators in
the adjoint representation take the form

a ab . a

(@T)/}; =— 0 (DQ) + QZQFMS, (D.3)
ab __ ac Mcb

(D)% = — DD (D.4)

For our subsequent study, we require the following relations

(D2, D,]* = —2igFac D,
Dy, Fu]®® = 0.

Then, the commutator of the transversal and longitudinal operators takes the form

(D, QL]Z?/ = (D7), (@L)ZIL — (D) (QT);?,

— (D))" DD — DDy (D) — 2ig | FasDE'DE — D Fae DY)
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However, from the commutator of the Laplacian with the covariant derivative, we obtain that

— (D,D?)" - 2igF2 D

ap“a

db b .
(D,D*)” = (D*D,)™ + 2igFd D,
where inserting in the commutator we arrive at

[O1,91), =0. (D.5)

ab
nuv
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APPENDIX E

Simplification of Functional Traces

This Appendix is dedicated to the derivation of the functional traces Egs.(5.22a)-(5.22c). As
mentioned in the main text, for the following only the assumption of covariantly constant back-
grounds will be considered. We shall make use of the following relations

[Dua Fw/]ZZ =0, (E.D)
ab . a
[D?,D,]5 = —=2ig (Fu D, - (E.2)

Furthermore, the definition of the gluonic operator will be used so it is instructive to display its
form here explicitly,

a _ 2 ca . a ab 1 a
(Mw’j)xy = 2000 + 2ig (Fib) 8oy — (D)) 0 + (1 - §> (D.D,), (E.3)

where we have denoted F%b = —if*°Ff, and 6(z — y) = 0yy.

Taking into account that M M ~! = 1 and reinserting all contributing indices, then
_ b —1\be
5,3;6%1 B \/Z <Msy>mz (Myp )zy
1

- / [m%gl;am — (D)2 b + 209 (Fib) dns+ (1 = §> (DMD,,);Z} (M), (E4)

Next, we multiply Eq.(E.3) by [, (Dﬁ“)wz from the left (the direction is irrelevant due to the form
of the covariant derivative but for completeness it shall be mentioned), then

[ (o), oee = (i) (0P 2 (D) (22)
(1 7) (o), 0uD2] (0105 = (D)

Combining the color indices, performing the delta integration and employing Eq.(E.2) for the
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second term and Eq.(E.1) for the third term of Eq.(E.5), we find that

[m%ac - (é) (DQ)ZC} (Do = (Do) " (E.6)
where we have changed the spacetime index not affected by integration from w — x. In addition,
one should notice the difference between covariant derivatives with one and two spacetime in-
dices. In particular, covariant derivative with one spacetime index as the one that appears inside
the square brackets on the left side of Eq.(E.6) denotes an operator that acts on every quantity to
its right with the same spacetime dependence. To be more precise, (Dg) = §°9% + gf** A¢,,
whereas the one in the covariant derivative with two spacetime indices indicates the existence of
a delta function in their definition is implied and corresponds to the one used extensively in the
main text. Therefore, one should be careful on how the covariant derivatives are moved in an
equation since the ones with two spacetime indices can be freely moved whereas the ones with
one index can be moved only through partial integration. Finally, for convenience, let us denote

the operator in the square brackets of Eq.(E.6) as

0% — 25 — (2) (D*)?, (E.7)

which makes Eq.(E.6),

0% (D,M,,))% = (ng)w . (E.8)

Next, let us multiply Eq.(E.8) by [, (Dge)yz from the right. Then,

ac -1 cb 2
0 (DM, D,); = (D), (E.9)
where we have renamed some Lorentz indices and renamed z — y.
Finally, we multiply by (O;!)™ from the left, then
_ ab _ ab
(DuMpy D), = (07'D?) 7 bay. (E.10)
Considering Egs.(E.7), then Eq.(E.10) takes the form
ab
-1 ab 1 9
(DuM,, D, = - (;) P D2 by (E.11)
I3 x
Inserting the identity
2 1 «“ _ 5ca5
in both sides of Eq.(E.10), we arrive at
d 1 bd b
2\¢ -1 —1112\¢
(D3) (DQDMMW DV> = (07'D?) 6.y, (E.13)
zy
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Multiplying by (3z)° from the left, we have

ab ab
1
1 _ —1p2
<D2D M, D ) = <1720 D ) Oy, (E.14)
xy T
or by inserting Eq.(E.7),
ab
( ab 1 1 )
D, M,,'D > = <> —————D2| by (E.15)
D2 - D% m2 — (%) Da2:
Similarly, one can readily deduce that
1 1 . ab 1 I ab
<D2 DQD M, D ) <D2D20 D Oay- (E.16)
xy x
or by inserting Eq.(E.7),
b ab
1 “ 1 1 1
— DM, D > = () () ————D2| by (E.17)
<D2 D? vy D2)\D2) 52 _ (%) D2

Taking the trace of Egs.(E.11), (E.15) & (E.17), we deduce the functional traces which appear in
Sec. 5.2.
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APPENDIX [

Useful Relations for the Background Two-Point Correlator

In this Appendix we will summarize all useful results in position and momentum space, used in
Secs. 5.3 & 5.4 that lead to the two-point correlator. However, before doing so, it turns out to be
more trustworthy for the validity of the final results if we were to reinsert the explicit spacetime
dependence of the underlying quantities. This will will also facilitate the computation of certain
inverse operators. Therefore, we shall deviate from the condensed notation which was mainly
employed in the main body. By condensed notation, one means that the color indices represent
spacetime indices as well. For instance, the covariant derivative in the condensed notation is

written as
Dzb = 9,8% + gfocb Ac,
Reinstating the explicit spacetime dependence
D (,y) = (5abazu +3 faCbA;<x)) 5z —y).

Let us begin by establishing our Fourier conventions

(p;::/ 7zpzq)2 CI) / szq)z
p
b= [

/p /27rd’ / /dd

In this slightly more compact convention, we can write the covariant derivative as

(F.1)

where

(D3),,, = (605 + 31" 45 ) 8

Having set our conventions, in the following, we provide all intermediate steps for the com-
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putation of the two-point correlator. For the Laplacian in position space,

ab a — £AcC x Xz — £acC X (& - ac coe e
(D)2 = 67002 + 2P AL, 0% + G 1 (05 AL,) +5°F“ f° AL AL, | 6uy, (F.2)
whereas its functional derivative at vanishing background reads
0 (DQ)ZS — prach T — rach [ qx
5Ac = 29f 5932 (601533?;) + gf (8a(5$z> 633y- (FB)
“ A—0
The inverse Laplacian at vanishing background,
1 ab
<D2> = 0K (z —y), (F.4)
LYl A—0

where K (x —y) corresponds to the kernel of the massless propagator in position space and obeys
aa%K(x —y) = Ozy -

For the functional derivative of the inverse Laplacian operator at vanishing background, we
make use of the following relation for the functional derivative of the inverse of a generic operator,

0 (@71)(11; _val (6O N
Tf)u:_(e 1)u>\ ( 5A/\§) (@ 1)/{1/' (FS)

Then, one can deduce the derivative of the inverse Laplacian operator at vanishing background
which in momentum space reads

) 1\ . p (a1 + q2)
— = = —igfr 52 (F.6)
5Agp <D2>q1q2 gf %q% q1492p

where we have abbreviated §(¢1 — g2 — P1) = 64101 -
External current conservation, Eq.(4.11), at vanishing backgrounds constraints the external
v field to obey a massive Klein-Gordon equation

(D;jb) Bl == (a}; - mgh) Ve =0, (F.7)

xy A—0

which in momentum space takes the form
(2 +m2,) vg =o0. (F.8)

The external current can also be computed in momentum space. However, its form depends
on whether external current conservation holds true or not. In particular

_ o
—iqu <1 + ngh) Ua(q)v D- J‘A—)O #0

(F.9)

Jl?q ‘A—>0 =

Finally, collecting all pieces one can determine the functional derivative of the external current
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at vanishing background. Therefore, when Eq.(F.8) is not imposed as a constraint, then

873
JAS,

) qu (2 — p)
— rabc =2 po —2 4p « b
=—gf° [(5W—|—mh +Mgy 5 | Vo_ps
8 (q p)2 & q? (q p)2 r

whereas imposing the constraint from current conservation, leads to

A—0

075,
dAS

ap

_ 1
= 3/"q. (20 — p), <q2> v

A—0

(F.10)

(F.11)
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APPENDIX (5

Elementary Gaussian Functional Integrals

In this Appendix, we shall mention some elementary results from Gaussian integrals which are
used in Secs. 5.2-5.4, during the procedure of averaging over the external/disorder v field by
introducing a Gaussian weight and additional constraints via Laplace multipliers. Note that the
condensed notation has been adopted where repeated color indices are extended to represent
integration over the corresponding spacetime points as well.

G.1 Standard Gaussian functional integrals

Normalization condition:

’02 a a
(1) :N/Dv e 5 :N/Dv e 22V K"" — A7 (det K) 72 = 1. (G.1)
Normalization constant:
K\ 2
N = det <> . (G.2)
a
Single v-field contribution:
’U2 a a
(v%(x)) :N/DU v(z) e 2 :N/Dv v (x) e 2" K" — . (G.3)

Quadratic v-field contribution:

W (z)vb(y)) = N/DU v (x)vb (y) e_% = N/Dv v (x)0(y) e 2a VK 65 (x — y).
(G.4)

Fourier Transformation of K to momentum space:
K®(a,y) = 68(x —y) — K™(p,q) = §"6(p + q)- (G.5)

In Sec. 5.2, the Gaussian functional integral in Eq.(G.4) appears.
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G.2. GAUSSIAN FUNCTIONAL INTEGRALS WITH A CONSTRAINT

G.2 Gaussian functional integrals with a constraint

Next, we study the Gaussian functional integrals that contain an extra constraint. The com-
putation of these kinds of Gaussian integrals is mainly based on completing the square of the
integrated quantities.

v-field constraint:
At = (~0% +m,) 0. (G.6)
Normalization condition:
(=N / DADy XN s = / DANDy o 2= (v —iadmA?)? (=5 X2 (AF,) "7
- N / D o= SN (2%) "N / Dy o vKD

L1 (G.7)

N|=

= N det (AZpK) ™

Normalization constant:

N

N = det (AgpK)2. (G.8)

Single v-field contribution with a constraint:

02

(W'(z)) =N / DADw v (z) N BV 52
:N/D)\ e—%A“(AgP)ab/\b /DU ’Ua(ﬂf) e_ivaKabvb
- (G.9)

Quadratic v-field contribution with a constraint:

02

(w(z)vb(y)) = N/D)\Dv v (z)0 () N A 30 = 0, (G.10)
where for the derivation of Eq.(G.10) we completed the square in the exponent and introduced

vanishing sources that couple to the Lagrange multiplier A*. We make use of this result in the
Secs. 5.3 & 5.4.
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APPENDIX H

Flow Equation and Vertex Interactions in Momentum Space

In this Appendix, we summarize all relevant results that contribute in the derivation of the asso-
ciated flow equations which constitute the one-loop beta function. Furthermore, we provide the
expanded version of the truncated flow equation in momentum space, upon which the computa-
tions for the derivation of the one-loop beta function are built.

H.1 Flow equation in momentum space

The flow equation in momentum space according to the class of truncations which couple the
effective average action linearly to the BRST sources cf. Eq.(6.23), reads

-1

1 -
ar:/ 0,7 (py) (E@
' 2 Jp ' (p1)< )AZ(Pl)Aﬁ(—m)
i 00 (Zgnran(p3)) Pl (f@))*l o) 501+ po)
P1,P2,P3 t\TehTehlF2))E Al (p3)ee(—p1) Ab(—p3) K2 (—p2) 1 2
oy —1 -
N Z/ at(Zgthh(p%))pg (F(2)> z ng—m)Kﬁ(—pQ)é(pl +p2)
p1,P2,P3

i / O (Zanran (v2))
P1,P2,P3

1 ~(2) ~2)) 7! =(2
s nz (2) (2)
*3 OB (p1) [Pfﬁ(m)K’u’(pz) +/ (F )Ag(pz)Ag(_pl) FA,%(fpz)Mfi(pl)

p1 p2

(—ps)K(—pa)0 (PL T P2) (H.1)

1 ~ -1 -
— uv (2) (2)
+ 2 /pl’p2 8tR (pl) (F )Cc(p2)Ag(_p1) FCC(*I’Z)MIZ’,"(pl)
-1

1 = ~
— uv (2) (2)
i 2 /pl,pz Oft (pl) (P )56(1?2)143(—171) FEC(_pQ)Mﬁ(Pl)'

H.2 Propagators and vertex interactions

As one can observe from the right side of the expanded flow equation, Eq.(H.1), several regulator-
dependent and independent interactions can arise as a result of the truncation scheme. Let us
summarize the form of all contributing interactions in our theory.

122



To that extent, we begin by rewriting the relevant quantities from which one can read off all
associated interactions, which correspond to the chosen form of the truncation of the Legendre
EA Eq.(6.22) as well as its building blocks, Egs.(6.29) & (6.30)

T4[®,Z;v] = Zr Sym[A] + Dge[A; v] + Tgp[®; 0] + SERST[@, T; 0], (H.2)

T 1 a a a a
Dgf[A; 0] = §AMQWAV + v Zgn (1+ rgh(_a2)) OuAy,

Tyn[®; 0] = — gh(1+rgh(—32))aa(aupuc)a—2‘ 2 e [(QuAL) (Do) + ALQu (Do)
(6.30)

Then, the following n-point vertex functions contribute in the associated flow equations

p@) " §%6(p1 + p2)
r® _  SS(p1 4 o)
( )Ea(pl)cb(pz) Zgh (p% + R(p1)) (p1 + p2)Ggn(p1)
! 6ab5 5(]91 —|—p2)
I‘(Q) pv _ 5ab6 o n a
(™)., se0ALe)  Z (p2+ R(p1)) wd(p1 + p2)G(p1)

F g o = P 7002 4 + 357 [ 4500000 2 )

fii)(pl)Ab (p2)c<(ps) = igf* Zgnpru (1 + rgn(p1)) 6(p1 + p2 + p3)

a

. v
—1
2Jvf?

8" [Quv(p2) + Quv (p3)] P3v 3(p1 + P2 + p3)

® _ - pabd
c b(—p3) Ad(q1)KS (—p2) af 5up5(Q1 —p2— p3)
(

fj(z(pl)Ag(pQ)Ag(ps) = iZ1gf" |8 (01 = D2),, + 0up (D2 — 13),, + 4p (D3 — D1),,| 6(D1 + P2 + )
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Ca (p1) AL, (p2) Ag (p3)cd(pa) —
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APPENDIX 1. RESUMMATION TERMS

APPENDIX |

Resummation Terms

In this Appendix we present the analytic expressions for the gluon and ghost anomalous dimen-
sions. To do so, we rewrite the left sides of Egs.(6.39) & (6.41) in terms of the gluon and ghost
anomalous dimensions respectively, Eq.(6.40). Then, we obtain a system of two equations with
two unknowns. Upon solving this system, one finds that

- 2
30486437 _ 9 2v4 Ne
1+ g22vy N, A7 PT00 14552 g%2vy
4:¥c 812032 14703 g290, N, 4 L9221 g1 (2v4)2N2
793 5120 €7 1966080 1+5]gc g22vy

192 14 22 g20y, ’ (1.1

2 86437 1
L+ 972vaNe 15350 1+ 582 70y,

37
Ngh = — g°2vaNeTo

¢ 703 92 149221 4 2 A2 1
161 + 5155972valNe + 1650809 (2V4)* NG 1+ e g2ay,

With the help of Eq.(I.1), we find an estimate for the two-loop beta function Eq.(6.49).
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Acronyms

1PI 1-Particle Irreducible

1PR 1-Particle Reducible

BFM background field method

BRST Becchi-Rouet-Stora-Tyutin
CFDJ Curci-Ferrari-Delbourgo-Jarvis
DSE Dyson-Schwinger equations

EA Effective Action

EAA Effective Average Action

EFT Effective Field Theory

FMR fundamental modular region

FP Faddeev-Popov

fRG functional Renormalization Group
GZ Gribov-Zwanziger

IR infrared

K-O Kugo-Ojima

LGME large gluonic mass expansion
mME modified master equation

mNIs modified Nielsen Identities
mSTIs modified Slavnov-Taylor Identities
mWIs modified Ward Identities

mWTIs modified Ward-Takahashi Identities
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NIs Nielsen Identities

NL Nakanishi-Lautrup

QCD Quantum Chromodynamics
QED Quantum Electrodynamics
RG Renormalization Group

SM Standard Model

STIs Slavnov-Taylor Identities
UV ultraviolet

WIs Ward Identities

WTIs Ward-Takahashi Identities

YM Yang-Mills
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