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Introduction

One of the most important areas of research in Physics is fundamental physics, in
particular elementary particle physics. As the names suggest, it is the study of
the universe in terms its most fundamental and elementary forces, particles and
mechanisms that regulate the World.

During the 50s, physicists elaborated a mathematical framework in which they
could formalize the concepts of fields and particles in a way consistent with the
well established principles of special relativity and quantum mechanics. This con-
struction, namely Quantum Field Theory, is still today the framework in which
microscopic phenomena are studied. A central role in the formulation of quantum
theories of fields is played by the concept of symmetry, in particular of local, or
gauge, symmetry.

With the developing of theoretical studies, physicists had to face the fact that
some of the processes they wanted to compute gave an unphysical divergent result.
Such infinities arise in the computation of quantum corrections to the classical results
that become relevant when considering the effects of the higher energy physics.
For some theories, a systematic procedure of dealing with these infinities was then
discovered. The parameters of such theories can be rescaled in order to re-absorb the
divergence in unobservable parameters; in doing this renormalization it was realised
that, generally speaking, physical quantities must then depend on the scale they are
considered at. These ideas give precise observable results that have been tested with
high precision. The running of a coupling g with the scale p is captured by the £
function
dg

B(g) = Ha

In theories with positive 8 the coupling increases with the scale, possibly diverging
for some finite value of i (though usually exponentially high); this is the case, for
instance, of Quantum Electrodynamics. In theories with negative 8 the coupling
diminishes while increasing the energy and approaches zero as the scale goes to
infinity, thus motivating the idea of asymptotic freedom; this is the case of SU(n)
Yang-Mills theory.

Not all theories, however, can undergo this systematic procedure. Non-renor-
malizable theories can still be useful, for instance, when the system is considered
at a scale in which the high energy physics that would correct the unphysical di-
vergences is negligible, or it is even unknown. Examples are the Fermi theory of
weak interactions, the effective theory of the interaction between nucleons or even
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INTRODUCTION

General Relativity.

The fundamental theories describing the microscopic world, unified together in
the Standard Model of Fundamental Interactions, are renormalizable quantum gauge
theories of fields. This model, formulated in the 70s and tested with higher and
higher precision and success, is known not to be complete: Some phenomena are
not described, for instance dark matter and the mass of neutrinos; General Relativity
and dark energy cannot be included in a consistent and natural way.

It is believed that the quantum effects of gravity become dominant at the Planck
scale, that is ~ 10'® GeV. This brings us to another issue that the Standard Model
suffers of: The hierarchy problem. It lies in the fact that the mass of the Higgs,
experimentally my ~ 125 GeV, depends quadratically on the momentum cut-off,
and therefore it is unclear why the Higgs boson is so lighter than the Planck mass,
since setting the cutoff at the Planck scale would require the bare Higgs mass to
be extremely fine-tuned in order to cancel the quadratic correction. This is very
unlikely to happen by chance, hence suggesting the existence of some underlying
mechanism for the cancellation of the divergence. It is nowadays believed that the
Standard Model is a low energy approximation of some more complex theory unifying
all fundamental interactions and solving the problems of the Standard Model itself;
given the scale of the Higgs mass, one would then expect new physics to appear
already at the scale ~ 1 — 100 TeV.

It can be shown that, under quite general hypotheses, a theory is renormalizable
if all the couplings have non-negative mass dimension, and this constraints the form
of the Lagrangian densities for renormalizable theories. Indeed, since the fields have
positive canonical dimension and the derivative operator has mass dimension 1, only
a small number of independent terms can be constructed. Therefore, the presence
of derivative interactions is often linked to non-renormalizable theories.

A loophole in the previous result is the fact that it assumes that the propaga-
tor scales, for high energies, as the inverse of the squared momentum, but with a
carefully chosen derivative term in the equations of motion one can improve the
ultraviolet properties of the theory. Indeed, one way to deal with divergent compu-
tations in QED, introduced by Pauli and Villars, is the substitution of the photon
propagator with

ingu _ ingu My imwmz unm
p p

T2 —m? _pz(pQ — m2) ~ (p2)2’
recovering the original theory taking the limit in m? — oo at the end of the com-
putation. Lee and Wick, in [34, 35], investigated the properties of promoting the
new term arising from such substitution to a fundamental degree of freedom. In
the Abelian gauge theory one can obtain such result by adding to the Lagrangian
a term with the structure ~ F,,0°F*” /m?. Notice that this kind of modification
is peculiar for it is quadratic in the fields, that is the reason why it modifies the
propagator.

These motivations suggested Grinstein, O’Connell and Wise to discuss in [24,
25, 26, 53] a whole extension of the Standard Model inserting a quadratic differen-
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tial operator in the conventional kinetic term. This was done for all the fields in
the theory. This model enjoys many interesting properties thanks to the improved
ultraviolet behaviour; for instance, the Higgs boson mass is free of quadratic diver-
gences in the cut-off, so that the hierarchy problem is solved, and this theory is also
compatible with other known possible extensions of the Standard Model such as the
see-saw mechanism to account for neutrino masses, as discussed in [12]. Despite the
desirable properties, results from LHC seem not to be compatible with an extension
of this form ([41]). However, such models are interesting from a theoretical perspec-
tive for their properties and because they arise in various contexts. They also serve
as toy models or low energy approximations of other theories, as we are going to
discuss.

Quite remarkably, it was discovered (see [46, 15, 4]) that there exists an exten-
sion (actually, a two-parameter family of extensions) of General Relativity in which
the Lagrangian contains quadratic terms in the Ricci tensor that turns out to be
renormalizable. This is once again a reflection of the fact that these kind of opera-
tors improve the ultraviolet properties of the theory. Also in modern developments
of theoretical physics, higher derivative couplings arise as low energy expansions of
string theory models, such as the low energy expansion of conformal theories (see
for instance [47, 8]).

All these nice properties of the higher derivative theories that we are consid-
ering come at some cost. We can understand this already at the classical level.
The equations of motion are fourth-order differential equations, so that they admit
not only oscillatory solutions, but also solutions that grow exponentially with time
(both in the past and in the future). This instability is manifested in the quantum
mechanical formulation for the presence of ghost states: Indeed, as suggested in
the expansion of the propagator considered above, the four-derivative theory can
be expanded into a couple of ordinary-derivative theories, in which one of the two
fields has an extra a negative sign in front of the kinetic term, that implies, upon
canonical quantization, the presence of negative norm states. The presence of these
extra propagating degrees of freedom is represented also in the fact that the prop-
agator has more poles than in the usual-derivative case; these actually make the
Wick rotation problematic, since a proper definition of the contour of integration is
a difficult task.

These problems can be partially cured in different ways. One is to impose future
and past boundary conditions on the solutions, requiring that in the initial and final
states no ghost particle are present. This can be done with a careful definition of the
contour of integration that defines the Feynman propagator; this violates the usual
causal relations, but ghost partner particles would then contribute only to virtual
processes without spoiling the unitarity of the theory. Other approaches, like in
[27, 22], allow for a violation of unitarity in spite of maintaining the causal structure
of the theory. However such problems might not be an issue if the theory is an
effective theory in which the violation of causality or unitarity arises in a region of
the parameter space that is out of the regime of applicability of the theory.

Another popular candidate ([6, 52, 45]) to describe physics beyond the Standard
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Model is supersymmetry. It is a symmetry relating the bosonic and fermionic fields
in a given model, so that the two kind of degrees of freedom, in a quite broad mean-
ing, balance each other. Supersymmetry in this way provides candidates for dark
matter; since bosons and fermions tend to give an opposite contribution to a given
process, it also improves the ultraviolet properties of the theory, solving in particular
the hierarchy problem discussed above. Supersymmetry also allows for a systematic
cancellation of the vacuum energy contribution between the fields, thus hinting to a
possible explanation to the smallness of the observed cosmological constant. Super-
symmetry is not a manifest symmetry of nature, and therefore it should be broken
at our energies. It also ties very well with string theory, that is another widely
believed framework in which to unify the Standard Model and General Relativity,
and many aspects of modern fundamental physics are nowadays driven by super-
symmetric principles. It is then natural to wonder how supersymmetry relates with
higher derivative theories, both in considering fundamental models and in dealing
with low energy effective theories.

A further motivation to work in this direction rises when considering renormal-
izable theories in higher dimensional spacetime. It is nowadays widely accepted
the idea that our four-dimensional Universe is actually a submanifold embedded in
some higher dimensional structure; it is then of interest to consider the question of
finding renormalizable and supersymmetric theories in such spacetime. As discussed
in [44, 30], besides supersymmetry and renormalizability, another desirable require-
ment for the fundamental theory, that would ensure its ultraviolet completeness,
is the invariance under conformal symmetry. This symmetry extends the Poincaré
group essentially to include also circular inversions and dilatations. Superconformal
algebras have been studied and classified ([38] is a review), and it turns out that
the highest possible dimension in which superconformal symmetry can be realised is
six. Renormalizability is in general a property that is not preserved if one considers
a theory in an extended dimensionality; for example, the pure Yang-Mills theory is
non-renormalizable in six spacetime dimensions. On the other hand, adding a higher
derivative term of the form discussed above improves the ultraviolet properties also
in this case, and exploiting this fact one can formulate renormalizable theories also
in higher dimensions. Indeed, a theory with the structure F, W(?QF # [ £2 is renormal-
izable in six dimensions keeping the canonical dimension 1 for the gauge field, with
f dimensionless. Therefore, a theory in four dimensions with an extra quadratic dif-
ferential operator in the free sector, is also of interest as a low-energy manifestation
of such more fundamental theories satisfying the aforementioned requirements.

Another aspect to keep into consideration is that, adding a quadratic differential
operator, the auxiliary fields, necessary for the supersymmetry algebra to close off-
shell, in general become dynamical and appear as ghosts. However, the link between
supersymmetry and higher derivative theories deserves to be studied more deeply. In
simple models (some partial result is discussed in [13]) one can show that some kind
of supermultiplet structure arises in considering higher derivative supersymmetric
theories. Then, one can construct supersymmetric theories with higher derivative
terms that do not have a dynamical auxiliary field; this is relevant because they
are thought to be non-dynamical, and the Euclidean functional integral over the
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auxiliary field is divergent, while that on the physical fields is formally convergent.
Moreover, in simple cases, it has been shown that the elimination of the dynamical
ghost-like auxiliary field can provide mechanisms for supersymmetry breaking, as
discussed in [17, 18].

In this work we will study the main properties and the one-loop renormalization
of a Yang-Mills theory in which the kinetic term contains also an extra quadratic
differential operator of the type described above, as well as the usual contribution.
Then, we will consider its supersymmetric extension.

In detail, we consider an Euclidean Lagrangian density of the form

L= —2192 tr F Fl, — m;gZ tr [(VHFW)2 +9 Fu [Fun Fall
in which we allowed for adding the most general contribution of mass dimension six.
The B function for this theory was computed for the first time using heat kernels in
[15], that studied this Lagrangian as a toy model for higher derivative gravity. More
recently, [26, 42] considered the theory as a viable extension of the Standard Model
and performed the computation with a diagrammatic approach finding a different
result; up to now there is no consensus on the correct value of 8. We repeat in this
thesis the computation using heat kernels, and we will confirm the latter result. We
also consider some models of coupling with matter.

We then study the supersymmetric extension of the Lagrangian given above;
formulating a supersymmetric higher derivative theory is actually a nontrivial task
because of the complicate structure of the higher derivative term. As we will moti-
vate, supersymmetry requires restricting to the case v = 0. The supersymmetric case
was somehow discussed in [8] in terms of superfields, but some contributions have
been ignored; [21] considered the higher-derivative extension of QED. However, an
explicit and systematic formulation of the N = 1, 2,4 supersymmetric non-Abelian
theory is still missing. Here we will make use of the (unextended) supersymmetric
higher-derivative Lagrangian density for the Yang-Mills field in six dimensions ob-
tained in [30]. In that case, the only higher derivative term is ~ (VF)2, weighted
with a dimensionless constant, as we mentioned above; by dimensional reduction we
will then obtain the NV = 1 and N = 2 supersymmetric higher-derivative super-Yang-
Mills Lagrangian in four spacetime dimensions, and we will evaluate the one-loop
B function for such systems. Remarkably, we will be able to deduce the g function
also for the case N = 4.

The work is organised in three main Chapters and three Appendices, as follows.

In Chapter 1 we introduce all the technical tools needed for the computation.
The general setting of the path integral is introduced, with particular attention to
the background field technique. The main technical tool that we will employing to
perform the computations, namely the heat kernel method for the computation of
functional determinants, is introduced.

In Chapter 2 the higher-derivative extension of Yang-Mills theory is considered.
Some of its properties are described, and in particular the one-loop renormalization
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is performed and the 8 function of the Yang-Mills coupling is computed. Simple
models of coupling with matter are discussed too, in particular we show that the
mass of the scalar field in a class of higher-derivative theory is free of quadratic
divergences.

Chapter 3 is devoted to the supersymmetric extension of the higher-derivative
Yang-Mills theory studied in the previous Chapter. The nontrivial aspects of this
generalization are introduced, and in order to overcome them the theory is then
formulated in six spacetime dimensions. The relevant Lagrangian with N = 1 and 2
supersymmetries in four dimension is then obtained by dimensional reduction. The
B function of the N = 1, 2 and even 4 supersymmetric extension is then computed.

In Appendix A the notation is established. In Appendix B the basic facts about
four dimensional supersymmetry are given. In Appendix C some technical compu-
tations are reported, given here favouring the readability of the text.




Chapter 1

Prolegomena

This Chapter is devoted to introducing the necessary technology to perform com-
putations in quantum fields theory and to fix the relevant notation. We will mainly
quote results from the literature and show how to use them to tackle problems
of interest for this thesis; the reader interested in a more detailed and systematic
derivation and mathematical theory is invited to check the references.

The literature covering the basic aspects of Quantum Field theory is wide, and
we will mainly refer to [39, 40, 50, 51].

In this Chapter we consider Quantum Field Theories and the path integral in
the Euclidean spacetime. This is done to slightly simplify the notation and to deal
with a formally convergent functional integral. We will ignore the subtleties in the
definition of the Wick rotations, or the insights that Euclidean QFTs might give in
other contexts.

1.1 Path integral in Quantum Field Theory

Let us consider a relativistic theory describing several local bosonic and fermionic
fields. Bosonic scalar fields are described by real scalar functions ¢;(x), being i
an index labelling the independent components; in this notation complex fields are
represented through their real and imaginary part. Fermionic fields are represented
with complex Grassmann functions t;(z) and their complex conjugate 1;(z), again
j labelling independent fields. The fields might as well transform in some represen-
tation of a symmetry group, and therefore the functions ¢; or 1; may carry other
internal indices. We will consider vector fields as they arise when dealing with gauge
theories.
The dynamics of the system is determined assigning a Lagrangian density

L = L{bi, 1y, 3, (1.L.1)

where we made explicit the functional dependence on the fields. The Lagrangian de-
pends also on derivatives of the fields themselves; usual theories contain, when suit-
ably integrated by parts, up to second derivative of bosonic fields and first derivatives
of fermionic ones. We will consider only local theories, namely theories for which £
depends on one spacetime point only.




CHAPTER 1. PROLEGOMENA

1.1.1 Generating functionals and the effective action

The main tool that we will be employing in order to study the quantum properties of
field theories is the path integral. All properties of the system can be encapsulated
in the generating functional, that for a Euclidean theory reads

2= [ Do DY DI exp |~ (S8 053] - S| . (112)
where
Sln, by 03] = /d%; Ll B](a). (1.1.3)
is the action of the system seen as a functional of the fields,
Do Dy Dy = [[Dér [T Pw; [] oy, (1.1.4)
i J J

is the formal integration measure, and the source term reads
Sumces = [ @l J(a) 6i(a) + [ dla (@) @) + [ dlo dila) @), (115)

being J¢, n' and 7 generic sources. We assume here that the measure of the integral
is normalized in such a way that the condition Z[0] = 1 is satisfied. We might also
use the notation

J ¢ = /d%: JH(z) ¢i(x). (1.1.6)

In the rest of this Chapter we will restrict to the case of bosonic fields only; this
simplifies the notation without significant loss of generality — the main differences
for fermions stem from the fact that it is necessary to distinguish between left and
right differentiation because of anticommutativity. We will give the relevant results
also when fermions are present.

The path integral formalism provides, at least formally, a straightforward way
to compute Green’s functions. Indeed, they can be obtained differentiating the
functional Z with respect to the sources; for instance, the n-point Green function
can be expressed as

" Z|J]
Jn (1) ... I (xy)

OIT @iy (x1) - - - - - @i, (20)]0) = (1.1.7)

J=0
Such Green’s functions are known to be disconnected objects: Though describing
physical processes, they do not turn out to be fundamental, at least from a formal
perspective. Their building blocks are the unfactorisable, i.e. connected, compo-
nents; they are generated by the functional E[J,7,7], given in terms of Z by the
relation

1
Z[J] = exp <_hE[J]) . (1.1.8)
The n-point connected Green’s functions are then
o"E[J,n, 1]

G

ia (@00 80) = = S S T ) (19

J=0
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1.1. PATH INTEGRAL IN QUANTUM FIELD THEORY

An even more restrictive category of Green’s functions is that consisting of one-
particle irreducible functions. By this expression we mean those Green’s function
that remain connected after the elimination of one internal propagator. To start
with, consider the position

SE[J,n, 1 1 8Z[J]
C8Ji(x)  Z[J]6Ji(x)

D,(x) := (1.1.10)
that is the average value of the field in the presence of the current J, often called the
‘classical’ field. The relation (1.1.10) is assumed to be invertible, so that it can be
used to define J[®] as a functional of some given configuration ®. J[®] is then the
source term for which (1.1.10) holds. Such implicit definition is employed to define
the quantum effective action functional I'[®] through functional Legendre transform

[[®] = E[J] + J - ®. (1.1.11)

An interesting property of I' is that it generates the vertex functions, i.e. the one-
particle irreducible correlation functions, by differentiation; considering only the
bosonic fields,

5T [®]
0D, (1) - 0P;, (%) |p—p

Diin (g, xp) = (1.1.12)
is the n-point one-particle irreducible Green’s function.

Let us now discuss some remarkable properties of the effective action. As a
starting point, consider the relation (1.1.11) and differentiate with respect to the
classical field ®; simple algebra shows that

or
0P;

= J'[®](z). (1.1.13)

Considering free systems, i.e. setting the current to zero, the previous relation shows
that the the external fields ® make I" stationary. This situation is analogous to the
classical picture in which solutions of the classical equations of motion are stationary
points of the action S itself and if a driving force is present, the variation of the
action is indeed proportional to it.

A useful expression for I' is

exp {—}111“[@]} = /Dgzﬁ exp {—711 (S— /d4x 5;@(@ —<I>i)>} . (1.1.14)

obtained combining the definition (1.1.11) and the expression for the generating
functional (1.1.2).

The effective action I' can be expanded in powers of h, reading, at least as a
formal expansion,

I'=> KTy =8+ +0(h) (1.1.15)
L

where I'(7) is the L-loop contribution to the effective action. In particular, S = I'(g)
is the classical tree-level action and I'(y) is the first quantum correction. A similar
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CHAPTER 1. PROLEGOMENA

computation shows that the generating functional £ can be computed with the tree
level diagrams generated by I', and according to (1.1.15) this is enough to take all
the quantum corrections into account, at least perturbatively.

The nomenclature of ‘loop’ expansion originates from the diagrammatic approach
to quantum field theory. Consider indeed any connected Green’s function. Differen-
tiating (1.1.11) with respect to the sources one can express all the connected Green’s
functions using the vertex functions and propagators. Green’s functions can then
be represented with Feynman diagrams, where the propagator is represented by a
line and vertex functions by vertices.

The relation between the number of vertices (including those connected to the
sources) V, the number of propagators I and the number of internal momenta L is
L =1 -V +1; since every vertex brings a factor of A~ and every propagator comes
with A, the full diagram is of order A=Y = AX~!. Comparing with (1.1.15), we can
therefore recognise I'(,) to be the n-loop vertex function.

We have therefore seen that I behaves in a way analogous to the classical action,
can be computed in terms of a formal parameter i parametrizing the quantum ef-
fects and generates the one-particle irreducible Green’s functions. These remarkable
properties justify the name ‘quantum effective action’; more detailed discussions can
be found in [51].

1.1.2 The case of gauge theories

In this work we are mainly interested in studying gauge theories, whose generating
functional obtained from a naive extension of (1.1.2) is known to be ill-defined.

In general the theory under consideration can be invariant under the action
of some symmetry group G, so that every field ¢; or v; transforms in a given
representation of the group itself according to

6i(z) = w di(z) = w* T di(), (1.1.16)
6Yj(x) = wj(x) = w* TG v;(x)

where T(;) (1(;)) are the generators of the representation under which ¢; (1) trans-

forms and w = w“T&j) is an element of the Lie algebra of G.

This means that, generally speaking, every field is actually a multiplet of fields,
enumerated by an internal extra index. In order to make the symmetry local and con-
sider position-dependent transformations parametrised by Lie algebra-valued fields
w(x) in (1.1.16), a gauge field connection must be introduced to ensure covariance
of derivative terms under gauge transformation. Explicitly, the minimal coupling
prescription consists in the replacement

8y — V= 0y + Ay, (1.1.17)

where A, is a Lie-algebra valued field acting on the representation in which the fields
are transforming according to

0A, = 0w+ [w, Al = —V,w (1.1.18)

12



1.1. PATH INTEGRAL IN QUANTUM FIELD THEORY

where the covariant derivative is in the adjoint representation. After that, a ki-
netic term for A, can be considered in order to make gauge fields dynamical. The
conventional kinetic term is

1 1 "
La= ngtrFuquj = _ngFﬁyFuy (1119)
with
Fu =[Vu, V)] =0,A, — 0, A, + [A, A)] (1.1.20)

being the Yang-Mills field strength, or curvature tensor, associated to the covariant
derivative V. Notice that the covariant derivative and the field strength transform
in the adjoint representation:

6v,u = [w¢ VALL 5F/u/ = [W7 F;w]- (1121)

The problem with the definition @ la (1.1.2) lies in the redundancy of the de-
scription of the physical observables. Indeed, physical quantities are invariant under
the action of the gauge group: this means that solutions of the equations of motions
that differ by a gauge transformation should provide the same observable quantities.
The path integral measure in (1.1.2) ignores this redundancy in the description of
the same physical system and the integration is performed over the infinite orbit of
the action of the gauge group. A good definition of the path integral measure should
therefore single out just one physical representative for the fields of a given system.

A solution to this issue consists in introducing a gauge-fixing condition G[A](z) =
O(x), where G is some invertible non-gauge-invariant functional of the gauge field
and 6 is a function, and restricting the integration in (1.1.2) to the fields satisfying
such gauge condition. Up to a redefinition of the normalization of the measure in
(1.1.2), Faddeev and Popov have shown that a well-defined path integral is

217 = / Dé DA det MIA] 6(G — 6) exp =S + Ssourcee] (1.1.22)
with 5G4
1A, 9) = MIA@)6 (& —y) = 2E2] R (1.1.23)

M being a differential operator and d(-) a Dirac delta-like functional. The func-
tional Jacobian determinant M is computed from the variation of the gauge fixing
functional G[A](x) with respect to a gauge transformation parametrized by the ele-
ment w(y). Internal indices of such determinant are therefore of the representation
in which the gauge fields are.

In the case of the Yang-Mills field, M has therefore indices in the adjoint repre-
sentation, and the transformation A“ is (1.1.18). A common option for the gauge
fixing is G[A] = 0, A,,; with these choices, the operator M reads

- 442

and therefore M = —0,V,, with V,, in the adjoint representation.

=—0,V,uo(zr —y) (1.1.24)
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CHAPTER 1. PROLEGOMENA

Integrating (1.1.22) with the respect to the function # with a Gaussian weight

det exp{— / Az tr0(z) H(z) G(x)}, (1.1.25)

H(z) being a generic differential operator independent of the quantum fields, one
gets the well-known expression for the generating functional for gauge theories

1
= /Dqﬁ DA det MV det H exp [_h(StOt — Ssources)} i (1.1.26)
with
&m:S+/fquHG (1.1.27)

Often in diagrammatic computations the determinants are represented by intro-
ducing ghost fields in the exponential, effectively modifying the Lagrangian density.
We do not need to follow this paradigm, since we are interested only in the renormal-
ization properties and in Section 1.3 we will explain how to compute determinants
directly looking at the form of the operators.

The definitions given in the Section 1.1.1 and the results presented are naturally
extended to the generating functional (1.1.26). In particular we have the definition

oE

Ay = 57 (1.1.28)
which brings us to the definition of the effective action I'[®] as
1
exp [—hF[Q,A]} =
(1.1.29)

/D¢ DA det M /det H exp [—;(Stot — Ssources) | »

where, with abuse of notation, the source term is intended

M@A ST[®, Al o
Ssources - /d4 (I) /d4 5Aa (AM B ‘Au)

1.2 One-loop effective action

In this section we exploit the formalism introduced to explain how it can be used
to compute one-loop corrections. We identified the one-loop correction as the first
nontrivial term in the expansion of the effective action I' in terms of h; we will
therefore expand the relevant quantities in order to get such contribution. This
approach is discussed in a modern fashion but with different levels of depth in
[4, 51, 39].

We will do the explicit computations for the generating functional (1.1.14) con-
taining only scalar fields, only sketching the solution for the general case with
fermions and gauge fields.

14



1.2. ONE-LOOP EFFECTIVE ACTION

Expanding the effective action according to (1.1.15) in the expression (1.1.29)
and shifting the integration variables

o=+ Vhe, (1.2.1)

one can determine, order by order in A, the quantum effective action I". At the
lowest order in A, this expansion can be understood as a semi-classical perturbation
of a classical background ®, but it also encapsulates higher order corrections that
can in principle be computed order by order in A. Notice that

6S
528
6¢i(2)d5(y)

where the functional derivatives of the action are evaluated at ®. The second term
of this expansion is nonzero, since ® makes I', and not S, stationary, so that d4S[®]
is of order h — it could be then ignored in this expansion, however it cancels with
the contribution from dgI" (yet they contribute to higher order effects). The left-
hand-side of (1.1.14) indeed gives, truncating the expressions at the relevant power
of h,

vi(2)
® (1.2.2)
. wi(z)e;i(y) + O(h?)

ﬂ@+ﬁM=S@Hﬂ%/&x

—I—h/d41: d*y

mp[;ﬂmrm@ﬂ (1.2.3)

while the right-hand-side reads, thanks to the expansion (1.2.2)

2
/D(\/ﬁ@ exp {—;S[q’] _/d% &y Mz‘(j);;ﬁj@)

the constant factor exp[—S[®]/A| simplifies between both sides of the expansion, and
remembering the rule for functional integration over bosonic fields

1
/Dqﬁ e PAd — VTN (1.2.5)

goi<:c>soj<y>] . (124)
[

we arrive to the result

r —llo det A ith Ay = 5275
(1) = 5% ¢ W P 66u(@)00; (W) e

The operator obtained differentiating twice the action in (1.2.6) is more easily
obtained explicitly expanding the action, or rather the Lagrangian density, about
the solution ®. Notice that ® is really, in the absence of sources, a stationary ‘point’
of the quantum effective action I'. However, we can use any classical solution, i.e.
any stationary point of the action 5, since the difference is of order i and thus result-
ing in higher-order corrections. For this reason, when choosing a background field
configuration we can make considerations purely based on the classical equations of
motion.

(1.2.6)

15
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It is easy to extend this result in order to include gauge fields, whose generating
functional is (1.1.26). We assume here that the solution (®,.A) provides an operator
in (1.2.6) that does not mix fields with different spin. The operator for the gauge
field is obtained differentiating the total action Sio given in (1.1.27); gauge fields are
just bosonic fields so they contribute with another factor ~ 1/1/A4. The presence
of a gauge symmetry, as we discussed, modifies the generating functional to (1.1.29),
adding the contributions det M and v/det H. The former does not contain any factor
of A, so it can be simply evaluated on the solution ®, being the difference of higher
order (remember the shift (1.2.1)), and we will write M[®] = My. The latter is
independent on the quantum field.

Fermionic contributions are slightly more delicate since in (1.2.2) the functional
derivatives should be taken acting first on the right on 1); and then on the left on
@Z_Jj. This is indeed natural when computing the expansion ‘by hand’, since the rule
for functional integration is

/sz Dip A% = det A. (1.2.7)

for complex Grassmann fields.
Explicitly, the one-loop contribution to the quantum effective action for the
theory defined by (1.1.26) reads, considering also fermionic matter,

(det My)? det H [1;(det Ay j)?
det Ay det ], Ay '

Ty = %log (1.2.8)
Now that we have isolated the one-loop contribution, we set h = 1.

An important feature of the expansion (1.2.1) is that the effective action I' ob-
tained with this method can be constructed so that it is invariant under (formal)
gauge transformations of the background field. This can be done by choosing a
proper gauge-fixing functional — that might look like quite unusual in the conven-
tional framework. We stress here that it is not a ‘true’ gauge transformation because
the background field is not a dynamical variable, it is just an assigned function. The
necessary condition for this invariance is that H transforms covariantly in the adjoint
representation under a gauge transformation of the background field.

The shift of the gauge field can be explicitly written

Al — A+ A (1.2.9)
and the gauge fixing functional that allows for the desired property is
GlA](z) =V, Ay = (Ou + Ap) (A — Ap). (1.2.10)

where we used V, to denote the covariant derivative over the background field only.
This will be done in the rest of the work as well: After the shift of the fields, implicit
expressions such as V,, and F},, are intended as functions of the background field
only. The Jacobian determinant for such gauge-fixing reads

MIA] = —V,,(8, + A,); (1.2.11)

16



1.2. ONE-LOOP EFFECTIVE ACTION

notice that M is computed considering real gauge transformations on A,. After the
shift (1.2.9), the gauge-fixing becomes

GIA+ Al =V, (A, +Ay) = (0, + ApAL (1.2.12)
and the Jacobian reads
MA+Al=-V, 0, +A,+A,) ==V, (V. +A). (1.2.13)

We are interested in considering formal gauge transformations of the background
field expressed in infinitesimal form by

Ay — Ay — V0. (1.2.14)

We want to prove the invariance of the right-hand-side of (1.1.29) In order to do
this, we change the quantum field under integration according to

Ay — A+ w, Ay (1.2.15)
we then get that the original shifted field (according to (1.2.9)) transforms as
(A + AL =—Vw+ [w Ay = 0w+ [w, Ay + Al (1.2.16)

This is precisely a gauge transformation in terms of the field prior to the shift, and
therefore the action S[A + A] is invariant under such transformation. Then, since
(1.2.15) is a gauge transformation in the adjoint representation and (1.2.14) implies
that V, transforms in the adjoint representation too, G[A+ A] = V,A,, transforms
covariantly in the adjoint and the same is true for M, whose determinant is there-
fore invariant. The invariance of the source term is apparent provided the sources
transform in the same representation of the respective fields. As anticipated, if H
transforms in the adjoint representation, its determinant is invariant and therefore
such are all terms in Syor. We conclude this paragraph observing that M in (1.2.13)
evaluated at the classical solution reads

My = —V? (1.2.17)

We just proved that background field method provides an effective action that
is gauge invariant in the background field; this fact strongly constraints the terms
that can appear in its expression. In particular we see that the one-loop correction
in (1.2.6) is gauge invariant and therefore a limited number of local functions can
be present in its expression.

Notice that, since we are dealing with local theories only, the two-point operators
A(:r, y) are actually diagonal in the spacetime coordinates and can be expressed in
the form A, 8@ (x—1), being A, a local differential operator. The determinant of A
therefore factorises in the determinant of the differential operator, depending on the
background field, and the constant contribution of the delta function that we will
ignore for it does not contribute to the divergence. For the integral over commuting

17
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variables to be convergent, we require A —or equivalently the differential operator
A — to be positive, that means

¢-Ap = / d'z d'y ¢*(z) Az, y) d(y) = / d'z ¢*(z) Az p(x) >0 (1.2.18)

for any function ¢. Grassmann variables do not need such requirement since the
exponential actually expands to a finite number of terms.

1.3 Renormalization

Let us go back to the expression (1.2.8). In the diagrammatic approach to Quantum
Field Theory, the determinants can be evaluated considering loop processes. We will
not follow this path, but let us just assume for now that we have some machinery
that allows us to evaluate them, and that we similarly get divergent results. Let us
also assume that we can parametrize the divergence with an ultraviolet cut-off A,
and that the only relevant divergences are the logarithmic ones.

The essence of the renormalization procedure is the redefinition of the coupling
constants and wavefunctions in order to reabsorb the divergent contributions. Sup-
pose that the action contains a term that can be written in the form

S = ayS° (1.3.1)

with a. being a (bare) coupling constant and S° the spacetime integral of some
local function of the fields. The quantum effective action up to order A is given by
the sum of the tree-level contribution (1.3.1) and the one-loop term (1.2.8); if the
divergent contribution coming from the latter has the same structure, namely can
be written in the form _

A p

A
_ 0

we can realise that the parameters of the bare Lagrangian do not correspond to
measurable quantities, and therefore we conclude that, in order for the result to be
finite as the physical system is, the bare parameters are actually divergent in such
a way that they cancel the divergence. We introduced the energy scale p that has
to appear for dimensional reasons.

In the case that no wavefunction renormalization is necessary, the requirement of
S+ Fé\l) to be finite in the limit A — oo becomes a redefinition of the bare coupling
to depend on A in such a way that the renormalized coupling is independent of it,
but we allow for a possible dependence on the scale p. In formulse, we are requiring
that the final result

Sren 2 a,S° = apS° — P os0igt sy Ty, (1.3.3)
1672 1
where ap is the bare coupling, now depending on A, and a, is the renormalised
coupling, is finite in the renormalised action S,en. This brings us to the relation

B A
log —. 1.3.4
TonZ 8, (1.3.4)

ay = ap —
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2

In the case a = g~*, we obtain

o 5 B A

= — ——log —; 1.3.5
In In 1672 o8 i ( )
we can also express the running of the coupling by means of the g-function

_ gy 92

B. (1.3.6)

From now on, the dependence of the renormalized coupling constant g, on the scale
u will be understood. This discussion extends naturally to the case in which different
couplings are present.

We have implicitly chosen a minimal subtraction scheme for the divergences:
Indeed, one can rescale the bare coupling in (1.3.4) of also a finite quantity, but this
is not of interest for our purposes.

This procedure holds as long as no wavefunction renormalization is necessary;
indeed, this turns out to be the case of interest for the present work since wave-
functions for gauge fields do not get renormalised. This is a consequence of the
fact that the effective action is gauge invariant with respect to the background field.
This implies that the one-loop effective action I'(}) is a gauge invariant expression
of the background field too, and therefore it must be written as the trace of covari-
ant expressions, the only available with gauge fields being V,, and F),,. These are
not homogeneous functions of the gauge field A,: Rescaling such field of a Z4, one
obtains

V= 0u+2ZaAu,  Fu— Za(0,4, — 0,A,) + Z4[Au, A, (1.3.7)

but in order for the result to be gauge covariant they should be some combination
of V,, or F,,, but this clearly implies Z4 = 1.

We will now describe how to explicitly evaluate the divergent contribution for
determinants of operators of interest.

1.4 The Heat Kernel method

We now define the Heat Kernel of a differential operator, and describe how this
tool can be used to evaluate the determinants that appear in the expression for
the one-loop effective action. Mathematical treatment for finding the Heat Kernel
coefficients can be found in [49, 23] while for a more physically motivated procedure
the reader should consult [10, 15].

Let us consider the initial-value problem for the evolution under A, a positive
self-adjoint differential operator of order r defined in R?, that might carry also
internal indices, with a formal time ¢,

(0 + Az)u(x,t) =0, u(z,0) = f(x) (1.4.1)
with f(z) a given function. The solution to this problem can be formally written as

u(z,t) = e e f(x). (1.4.2)
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An alternative expression for the solution can be given as the convolution with an
operator K (t;x,y, A)

u(x,t) = /da: Kt z,y,A) f(y) (1.4.3)
provided that K satisfies the differential equation
(10 + A K (82, y; A, =0 (1.4.4)
with the boundary condition

K(0;z,y; A)ij = 5ij5(x —v). (1.4.5)

From (1.4.3), writing f(z) = (z|f) where |x) is a set of eigenkets of the position
operator, we see that we can express the heat kernel as

K(t;z,y; A) = <x]efm\y> ) (1.4.6)

We can now go a step further towards the definition of the determinant of the
operator A through the relations

logdet A = Tr log A = Tr [—/ ite_m] (1.4.7)
0

where Tr is the trace over spacetime indices as well as internal ones. In order to
understand the last equality recall that, being A self-adjoint, it admits a complete
basis of eigenfunctions {|n)},, where f,,(z) := (z|n) has eigenvalue \,,, i.e. Af,(x) =
An fn(2); the operator in the square brakets then reads

[eS) —tA [%S) —tAn
<x|/0 dt —|n) = (1:]n>/0 dt — = fulx)log M (1.4.8)

using the formal equality log A = fooo dt e7"/t up to an infinite constant (indeed,
one can ‘verify’ this relation by differentiating A\). Computing then the trace over
spacetime indices in (1.4.7), we therefore obtain the sought relation

o dt o dt
logdet A = —Tr/ 7(x\e_m|x> = —/ t/dA‘x Tr K(t;z,z;A).  (1.4.9)
0 0

This integral is in general divergent over in both limits. Since ¢ has canonical
dimension [t] = —r < 0, and we are interested in studying the ultraviolet behaviour
of the theories, we consider only the possible divergence in the lower bound.

An asymptotic expansion for the trace of the heat kernel near t = 07 is known
in the general case of a self-adjoint differential operator of order 7:

2
TI' K(t, T, T, A) ~o+ Z ka(x) t(k_4)/r, (1410)

k>0
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where the so-called Seeley-deWitt coefficients by can be expressed in terms of local
invariants computed from the operator A. The reason for the strange normalization
will be clear later. We also introduce the definition

By(A

x b(x). (1.4.11)

Comparing the asymptotics (1.4.10) with (1.4.7) it is clear that the integral is
indeed divergent at the lower bound. There are many ways to regulate it, such as
dimensional or (-function regularization; here we will simply introduce an explicit
UV cut-off A, so that the divergent contributions read

. 2 dt ¢\ =D/
A) =-2 S (-
<logdet )A /(A <,u”> By (A)

_
/W77 k>0 (1.4.12)

A
= —2Bylog—+ ...,
I

where we omitted power-law divergences. Notice that the log A-divergence is given
by the by coefficient regardless of the order of the differential operator. This indeed
gives the divergent contribution that we were looking for, and therefore one can use
the Heat Kernel method that we just described for finding the 8 function.

Considering the effective action in (1.2.8), we can apply elementary properties
of the logarithm function and we see that the overall coefficient for the logarithmic
divergence in the effective action (1.2.8) is

O ]' O
Bt = )2 /d4x bt () (1.4.13)
with
D" = by(An) — 2b4(Mo) — by(H _zzb4 Ayj) +Zb4 Do) (1.4.14)
If the decomposition
Biot = / d'z b (e g (1.4.15)
167r ~ 1672

holds, then the divergences have the same structure of the terms already present in
the Lagrangian, and the renormalization programme that we outlined in the previous
Section can be carried out.

After these formal considerations, the algorithm to compute one-loop corrections
is clear: We start with any Lagrangian, then we expand it to the second order about
a classical solution and then we extract the operator and we evaluate the coefficient
b4. In the following pages we will obtain expression for such coefficient for operators
of interest.
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1.4.1 Determinants: Second order differential operators

Let us start by analysing convetional two-derivative theories containing only bosonic
fields; these kind of operators can be treated almost explicitly and constitute the
fundamental building block for evaluating all the other relevant cases.

In order to understand the definition that we gave in the previous paragraphs, we
start by considering a trivial case that can be worked out explicitly, that is the case
of the scalar Laplacian A = —0,0, (the minus is added to ensure the positivity).
It is easy to verify that the solution to the heat equation (1.4.4) is the family of
Gaussian functions

K (tyz,y;A) =

exp [—W] . (1.4.16)

(47t)? 4t

The expansion (1.4.10) is then trivially given by by(z) = 1 and b,(x) = 0 for all
other coefficients with n > 1.

Let us move on to a more general case. The most general positive, self-adjoint,
second order differential operator is

Ay =-V?>4+ X (1.4.17)

where V, is some covariant derivative! and X ij (x) is a function, possibly dependent
on the background field.

Considering the explicit solution (1.4.16), one could try to consider a power-law
correction of the form

T — 2
K (t;x,y; A) = (4;5)2 exp {—“ﬁy)] ;)an(x,y)t”; (1.4.18)

indeed, plugging this into the heat equation for the operator A we find a set of
recursive differential equations between the coefficients that, in principle, one can
solve. The algebra is quite lengthy but in principle doable n by n; comparing with
the asymptotic (1.4.10), after some work one gets

bo(z) = Trag(z,xz) =Tr1 (1.4.19)

by(z) = 0 (1.4.20)

ba(z) = Trag(z,z) = Tr X (1.4.21)

by(z) = 0 (1.4.22)
1 1

by(z) = Trag(z,xz) = Tr EF/“/F/’”’ + §X2 , (1.4.23)

where F,, = [V, V,] is the curvature tensor associated to the covariant derivative
in the representation under which the fields transform. For our purposes, F},, will
be the gauge field strength tensor.

!Notice that it might not be the obvious one: The expansion of the action could give also a
contribution of the form ¢,V, for some functions c,, but such contribution can be reabsorbed
introducing a new covariant derivative and redefining X.
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As we previously mentioned, we can also study other kind of operators starting
with the second order case. The key relation to study other operators is

det (AlAQ) = det Ay - det Aoy, (1.4.24)

valid for any self-adjoint operators Aj . Comparing the expansion (1.4.10) and the
relation (1.4.24), we get a relation between the by coefficients

ba (AlAg) = by (Al) + b4(A2) (1425)

as it follows by applying the definitions and comparing the terms proportional to ¢°.

1.4.2 Determinants: First order differential operators

An immediate application of (1.4.25) is the computation of the b4 coefficient for a
first order differential operator, that is the case relevant when dealing with spinor
fields.

The most general first-order self-adjoint differential operators that can act on a
two-dimensional Weyl spinor are

Ay =gV PV, Ay = —io¥ .V,. 1.4.26
af

Consider now the composition Ay, 1 = Ay - A1, that is, remembering V.V, =
V (V) + 5Fuw, and the definition (A.1.2)

; . 1 .
2\ (e 2 T opra
(A1) =05V + 50" "3 Fo (1.4.27)

that has the structure of (1.4.17), and therefore (1.4.23) applies. Conversely, we
then have det A; = det A; since dete = —1 and the relation between o* and * is
(A.1.1), implying

- 1
by (A1) = by (Ar) = 5b4 (Ar41) - (1.4.28)
Performing the computation one gets

1

ba(A1) = 5ba(Ay41)
1 1 1/ 4 2
=5 Tr JrEFuuF;w + 3 (20PV aﬁ,ppy) (1.4.29)
1
= ——tr [FuFu)
6
where the identity (A.1.14) has been used.
1.4.3 Determinants: Fourth order differential operators
The kind of operators that we will be dealing with has the structure
Aggt =V +V V0V + NV, + VN, + U (1.4.30)
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where the derivatives act on everything at their right and the matrices of the gauge-
covariant coefficients satisfy

Vi =Vou, Vo, =V, NI=-N,, U =U, (1.4.31)
where superscript 1" indicates the transpose with respect to internal indices. This
is the most general self-adjoint fourth-order operator without a term cubic in the
covariant derivative. This is an important feature because this is the form of an
operator that is obtained when composing two second order differential operators
with the structure (1.4.17).

The requirement that the coefficient b4 is a scalar and a local expression of mass
dimension 4 implies that it is the trace of some linear combination of F,, F},.,, V., Vi,
(Vuu)? and U. Other possible invariants such as VN, are total derivatives vanishing
when integrated to get the trace in (1.4.7). This observation, and the comparison
with the result for the composition suitably chosen second order operators using the
rule (1.4.25), provides enough information to reconstruct

1 1 1
ba(Dast) =t | < Fy B + 5 Vi Vi + 4—81/2 ~Ul. (1.4.32)

Also in this case the algebra is straightforward but lengthy; the computation is
technical and we will not reproduce it here.

Notice that (1.4.30) is not the natural expression for the operator that one obtains
expanding a Lagrangian up to the quadratic order in the fluctuations. In that case,
the natural form for the operator is

Ay =V +V,,V,V, +2N,V, +U; (1.4.33)
with, again,
V=V, Vb=V, NI =-N, U'=U (1.4.34)

However, it is immediate to relate the coefficients with those of (1.4.30); it is easy
to find that the difference is only given in terms of total derivatives, that do not
contribute after the integration performed in (1.4.7). It is therefore justified to use
in our computations the expression

1 1 1
— - nv —V.V 7‘72 o

slightly more immediate given an operator of the form (1.4.33).

As implicit in what we just said, N, does not enter into the computation, hence
we will not consider its contribution in the expansion (1.4.33).

This method of computation allowed [15] to obtain for the first time this result.
The interested reader can find the coefficient for a generic fourth order differential
operator, with the ~ V3 term, in [5, p. 54], however we will not need that result.
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1.4.4 Determinants: Third order differential operators

This case is relevant for the spinor field operator with higher derivatives. The
self-adjoint version of the relevant operator is

(AS)(XB = ZV#JQBVPV“ + iKZﬁvM + §VNK§,3 + Baﬂ (1436)

being K* and B matrices with respect to internal indices and hermitian for all the
indices. The determinant of such an operator can be obtained by the previous ones
via composition with a suitable first order operator. Considering self-adjoint opera-
tors, defining Az = As- Ay, given the leading symbol of (1.4.36), a suitable choice
is A = ig” %9V, whose determinant was evaluated in (1.4.29). Using (1.4.25) once
more, we can then find

bs(A3z) = by(Azy1) — ba(A1)

1 (1.4.37)
= b4(A3+1) + 8 tr [F/WF;W]

The explicit evaluation of the operator As;q does not yield an insightful general
formula because of the presence of the sigma matrices; it will be directly evaluated in
the case of interest. However, a few comments are in order to make the computation
slightly easier. Notice that, after the composition with the first order operator, the
coefficient B in (1.4.36) becomes the coefficient N, of (1.4.35); since the latter effec-
tively does not enter into the computation, we can discard the B-term in (1.4.36),
that will be systematically ignored from now on. Then, we can see that the operator
(1.4.36) can be rewritten in the more natural form

Az = z’aZB(vuﬁv,, + szgﬁ.vu (1.4.38)
that, after the composition with Ay, gives the same operator As;; of (1.4.36).

This kind of technique has employed for the first time to compute the determi-

nant of higher-derivative spinor operators in [16].

1.5 Examples

As a warm-up, before dealing with the higher-derivative theories, we are now going to
compute one-loop correction to the gauge sector of conventional Yang-Mills theories.
In this way we will also show how to apply the rather abstract formalism discussed
so far to concrete Lagrangians. We will consider the pure Yang-Mills case first, and
then we will consider matter fields as well, specialising the final result to the N =1,
2, 4 supersymmetric extension.

We are interested in the renormalization of the Yang-Mills coupling g that ap-
pears in front of the kinetic term for the gauge field (1.1.19). Since the quantum
effective action is symmetric with respect to gauge transformations of the back-
ground field, all contributions must be (traces of) combinations of F*¥ and possibly
V. As we discussed, these quantities are not homogeneous on the background field
and no other internal parameter is present, so there cannot be any wavefunction
renormalization. The procedure outline in Section 1.3 therefore applies.
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1.5.1 Pure Yang-Mills

We consider the Yang-Mills Lagrangian in euclidean spacetime

Lyni = —2192 0 By Fly = ZL;QFL‘Z,,F;}V (1.5.1)
where F,, = [V, V,] is the field strength tensor for the covariant derivative V,, =
Ou+ A,. We will use the gauge fixing functional defined in (1.2.10) to ensure formal
gauge invariance of the effective action; we postpone the choice of the integration
weight in order to show how it can be made to simplify the Lagrangian density.

We now proceed expanding the Lagrangian around the background field config-
uration By, shifting the quantum field

A, = A, + B,. (1.5.2)

We will make the quantum field A, explicit in all expressions; V,, and F},, in the
expanded Lagrangian are intended as functions of B,, only. The covariant derivative
and the field strength tensor transform according to

V= Vi + A (1.5.3)

and
Fuo — Fu+V,A, -V, A, +[ALA) (1.5.4)

In order to determine the operator for the quantum fluctuation, we have to
expand the Lagrangian keeping only quadratic contributions in A,. Following the
previous formulse, we get

(FW)2 — (Fuw + Vi Ay — VA, + [A, Au])z

(1.5.5)
~ 2F,[Ay, Ayl +2(V AL) (Vi Ay) = 2(VAL) (VL AL).
Performing the trace over gauge indices the previous expression reads
a 2 a Cc rabc a a a a
(Fg,)" — 2F%, AL A £ + 2(V,, A%) (V,,AL) — 2(V, AL (V, A%). (1.5.6)
and integrating by parts, dropping total derivatives,
a 2 a a a m Lam
(F)® = 245 | (V) %60, + (7, V) = 2B o AL (15.7)

It is convenient, in order to slightly simplify the expressions in the higher-derivative
case, to adopt a compact notation; using the fact that the fields are in the adjoint
representation, we can suppress the indices and write

(Fo)? = 24, - [~(V2)ou + (VuVo) — 2F] A, (1.5.8)

The quadratic sector in the expanded Lagrangian density therefore reads

1 a ab
Lynaz = ﬁAu [—(V®)d + (V. Vo) — 2F,, )" AL, (1.5.9)
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1.5. EXAMPLES

It is now instructive to choose the gauge fixing functional G and integration
weight H. As discussed, the convenient gauge choice in the framework of the back-
ground field quantization is G[A+ A] = V,A,,, with H = 1/¢°. In this case det H is
trivial because it is independent of the fields and therefore can be reabsorbed in the
overall normalization of the path integral measure; had we used any different weight
we would have needed to take into account its contribution as well. The gauge fixing
term can be written as, integrating by parts,

1 a
/GHG = —/d4a:2g2Afj (V, V)" AL (1.5.10)

The contribution of det My must be taken into account, since, as computed in
(1.1.23), My = —V? clearly depends on the background field.

We are now ready to obtain the operator related to the gauge field, that is,
following (1.1.27) or equivalently the total Lagrangian density Ly 42 — GHG

(Ax)uw = = (V)0 — 2F; (1.5.11)
or, in terms of operators in the adjoint representation,
Ap=-V?-2F. (1.5.12)
The coefficients of the determinants are ready to be evaluated; using (1.4.23),
the gauge-fixed operator for the Yang-Mills field (1.5.12) contributes with
1 1
b4(AA) =Tr EFW,FM,(SQB + 5 -4 FaﬂFHﬂ
. (1.5.13)
= tr gF;wF;w —2F, F, -9
5 a a
- gCQF#VF/“/

where we used (A.0.4); the Jacobian Mj contributes with (notice the different index
structure)

1 1 o N2
b4(M0) = tr |:12FMVFHV:| = _ECQ(FMV) . (1514)

The total coefficient introduced in (1.4.14) (with the convention by(H) = 0) is
easily evaluated and gives

11
bt = E02F2 (1.5.15)
and comparing with (1.3.5) and (1.3.6), we get
22
B=%50 (1.5.16)

yielding the familiar result

. 2205/3. A
g}f:gAZf 6.2 logﬁ. (1.5.17)
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CHAPTER 1. PROLEGOMENA

The B function, according to (1.3.6), reads

3
1672

in agreement with the literature, as in [40, 51]. The interpretation of this result is
that the coupling ¢ diminishes with increasing scale u, and the first-order solution
suggests g — 0 as u — oo, that is asymptotic freedom. In contrast, for finite scale p
above a low-energy threshold, g remains finite and the gauge field is self-interacting.

11
Bym = : 302 (1.5.18)

1.5.2 Yang-Mills fields with matter

The Euclidean Lagrangian describing the theory is
L=Lym+Ly+ Ly (1.5.19)
with Ly defined in (1.5.1) and

Ly = (vu¢i) (qub,-) ) (1.5.20)
Ly = oVt (1.5.21)

again, we employ the gauge fixing condition G[A] = V (A, — A,) weighted with
H = 1/¢? whose determinant drops from the computation. The contraction of
internal indices is understood. As we are going to comment, this is the most general
Lagrangian density for the renormalization of the gauge coupling; it is interesting
to notice that, since the matter fields appear just with their kinetic term, the 3
function is determined knowing only the field content of the theory.

As we have already mentioned, the gauge invariance over the background field
implies that it is enough to compute the divergence proportional to F2. In order
to do this, we can expand the Lagrangian about a solution with vanishing matter
fields. A consequence of this is that, even if we added a gauge invariant potential
V (e.g. a Yukawa coupling) it would not contribute to the term that is quadratic in
the fluctuations, and therefore it would be ineffective for our purposes. In formulse,
the the expansion reads

AN — AM + BM’ ¢; — gf)i, ¢j — ’l,Z)j. (1522)

The shift of the gauge field is therefore again (1.5.2), and we will simply call the
fluctuation of the matter field without changing symbol.

The expansion is therefore relatively simple. The operator of the gauge fields was
already obtained in (1.5.12); as far as matter fields are concerned, the Lagrangian
is already quadratic in them, and therefore it is enough to evaluate the covariant
derivatives on the background field. Up to total derivatives the the operator for
scalar fields is obtained simply by integrating by parts,

Ny =—V? (1.5.23)
and that of spinors is obtained simply stripping spinor the fields, i.e.

(Ayj)ap =105V (1.5.24)
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The relevant Seeley-deWitt coefficients for the Yang-Mills field and the gauge
fixing contribution have already been evaluated in (1.5.13) and (1.5.14). Applying
(1.4.23) and (1.4.29) we can immediately evaluate the coefficients for the matter
fields, obtaining

1 a a
bi(Agi) = _EC¢,Z'FWFW (1.5.25)
and
1 a a
ba(Ay ) = ngdFWFW. (1.5.26)
The total coefficient reads
b = ba(Aym) — 2b4(M o) + > ba(Agi) =2 ba(Ay) (1.5.27)
i J
o a 11 1 1 [ S
= Fi b | 50— 53 ZC"” -3 Z Cuj | = JFiFruB (1.5.28)
i J
and leads to
5()__i6__£ Ec_iZC._EZC 4 (1.5.29)
9= T3052P T Ty 6212i¢’13j“”' h

It is now interesting to compute the beta function in some relevant cases studied
in the literature.

Let us consider Quantum Chromodynamics (QCD) with n. colors. It is a theory
of ny Dirac fermions in the same representation of the gauge group. There are
therefore no scalars; then, Cy ; = Cy that factorizes, and considering the doubling
of the Weyl components in each Dirac spinor one gets Zj Cj = 2nsCj. (1.5.29)
therefore reads

d S (11 4
Blg) = Mﬁ = —12;2 <3Cz - 3nf0w> : (1.5.30)
For an SU-invariant theory, Co = C2(SU(n.)) = n.. This is the classical result
usually computed with diagrammatic techniques; the coupling g is asymptotically
free for small number of fermions; on the other hand for big ns, depending on the
representation in which the spinors are, the one-loop result suggests the presence of
a UV Landau pole.

1.5.3 Super-Yang-Mills

Let us specialise (1.5.29) to the supersymmetric case. Some details on supersym-
metric theories in four specetime dimensions are given in Appendix B. In terms of
N = 1 supermultiplets, at our disposal we have the chiral multiplet (one complex
scalar and one Weyl fermion) and the vector multiplet (one gauge field and one Weyl
fermion); systems with extended supersymmetry can be represented using N = 1
supermultiplets.
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N =1 super-Yang-Mills

This is simply the vector multiplet: no scalar fields are present in this model, so
formally > Cy; = 0; other than the gauge field, there is one Weyl fermion in the
adjoint representation, so that Cyy = C3 and the final result is

3 3
A
Blg)=—53 ( c 3> Cy = —1553Ca. (1.5.31)

N = 2 super-Yang-Mills

The field content is one complex scalar, two Weyl fermions and the gauge field, hence
in terms of NV = 1 superfields, this theory contains exactly the vector multiplet and
the chiral multiplet. Being all the fields in the adjoint representation, > Cy, ; = 2C5
and since the complex field splits into real and imaginary components, ) Cy ; = 2C5.
Therefore,

3 3
Blg) =~ (11 e 2) Cy = —9702. (1.5.32)

N = 4 super-Yang-Mills

This theory describes three complex scalars, four Weyl fermions and the gauge field;
that are three chiral multiplets and the vector rmultiplet. As usual, all fields are
in the adjoint representation, so that ) Cy = 4C5 and ) Cy = 6Cy obtaining the
celebrated result

Blg) = ' (11 . 4) Cy = 0. (1.5.33)

30



Chapter 2

Higher-derivative gauge theory

This Chapter is organised as follows. In Section 2.1 we define the higher-derivative
gauge theory that we want to consider and study some of its properties; then,
in Section 2.2 we explicitly compute the one-loop S function for the Yang-Mills
coupling. In Section 2.3 we consider also the presence of matter fields, allowing for
a higher-derivative Lagrangian for them as well.

2.1 Pure-gauge higher derivative theory

Let us consider a pure-gauge theory invariant under the action of a semisimple
gauge group G; for the notation and the definition of the mathematical structures,
see Appendix A. The theory that we are considering describes a set of gauge fields
Af, where a = 1,...,dim Lie G is the ‘color’” index.

The higher-derivative extension of the Yang-Mills Euclidean Lagrangian density
that we are going to consider is

L% = —21g2 tr Fy Fly — m;gg tr [(V“FW,)Q +9 Fuw [Fun, Foll (2.1.1)
where V,, is the covariant derivative of the gauge field A, and, as usual, F,, =
[V, V,]; v is a real dimensionless parameter, whereas m has dimension of mass, as
the name suggests. In components, the Lagrangian density (2.1.1) reads
ﬁhd — LFQ e 4 1 [(v Fe )2+ facha Fb Fci| (2 1 2)
YM 492 puvt py nggg mE py Y urs pAt A | M
In (2.1.1) we added to the Yang-Mills Lagrangian density the most general con-
tribution that can be written from terms of mass dimension six preserving gauge
invariance. Such new terms enjoy interesting properties. This can be understood
observing that (V,,F),,)? is a kinetic-like term, because it contains contributions that
are quadratic in the fields. Indeed, this contribution is not studied in perturbation
theory: It can be resummed in an additional term modifying the propagator, that,
after a proper gauge fixing, for high momenta scales with p~*. Such UV behaviour
results in an improved scaling of loop integrals that is a first hint to the fact that
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CHAPTER 2. HIGHER-DERIVATIVE GAUGE THEORY

this kind of theories have, in general, better renormalization properties than usual-
derivative theories. As we are going to discuss, despite having a parameter with
negative mass dimension (i.e. 1/m?), the scaling of the propagator at high energies
is such that the theory turns out to be renormalizable.

2.1.1 Degrees of freedom

In this subsection we will comment on the structure of degrees of freedom of the
theory (2.1.1). Since the kinetic term is unconventional, we first specify what we
actually mean when we consider the degrees of freedom. We will distinguish between
‘off-shell” and ‘on-shell” degrees of freedom. The former is the number of independent
real fields that are used to define the Lagrangian density, regardless of the dynamics;
the latter is half the number of initial real data necessary to specify a solution of
the equation of motions. These definitions are motivated by the comparison with
ordinary-derivative theories.

The theory describes a vector field with gauge invariance, hence it has 4 —1 =3
off-shell degrees of freedom for each color index.

Taking the dynamics into consideration, the Lagrangian density contains terms
with up to four derivatives, so that the equations of motions derived from it are
fourth-order partial differential equations. The component A° of the gauge field is
still non-dynamical, since, as in the usual Yang-Mills case, F°° = 0. The number of
on-shell degrees of freedom is therefore 2 -3 — 1 =5 for each gauge index.

For comparison, recall that the conventional Yang-Mills action ~ tr F},, F},,, prop-
agates 3 — 1 = 2 on-shell degrees of freedom for color index. The additional number
of degrees of freedom in E%\/I can be made manifest rewriting the Lagrangian den-
sity in a suitable fashion; as we are going to show, the degrees of freedom can be
realized through a conventional Yang-Mills field interacting with a massive vector
field conveying the 3 missing degrees of freedom.

For simplicity, and since we are interested only in the structure of the degrees of
freedom, in our discussion we will consider only the extended kinetic term

1 1
hd 9
Eu|, = ~og7 W FwFuw = Jas 1 (ViFiw) (2.1.3)

Let us introduce an auxiliary field A;L transforming in the adjoint representation

of the gauge group. Let V, and F), denote the covariant derivative and the field
strength tensor of the field A,. The Lagrangian density

1
L=t [QFWFW AL, 2,V A, (2.1.4)

gives back the original (2.1.3) on equations of motion of the auxiliary field
gm* A}, =V, Fy,. (2.1.5)

Shifting A, — A, + AL, the auxiliary field becomes dynamical and the mixing
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2.1. PURE-GAUGE HIGHER DERIVATIVE THEORY

~ tr FV A’ exactly cancels:

1
£z%{(&ﬁVM}Vﬁ“¢%%W—W%%

2
_z(p¢_+vuA;—suA;+¢A;ng(vMA;+¢A;ng} (2.1.6)
1 1
= —tr [2 wFu — 3 (VHAL — VVAL)2 — mzA;LA;L + interactions}

where in the last equality we focused on the kinetic term.

Notice that, in this decomposition, both the kinetic and the mass term for the
massive fields have the wrong sign. Already at the classical level this is known to be
a problem because the equations of motion allow for modes growing exponentially
at infinity, that upon canonical quantization result in negative norm states in the
Hilbert state space.

These aspects of the theory could lead to a violation of causality; this problem
can be solved by imposing future boundary conditions, or modifying the contour
of integration in the definition of the propagator so that the particles associated to
negative-norm decay in every physical process. It can also be shown that the theory
with v = 0, at least in the non-abelian case or at low energies (smaller than the scale
dictated by m) is perturbatively unitary. Anyway, dealing with these problems goes
much beyond the aim of the present work, since we are interested in the one-loop
renormalization properties, therefore we will not investigate further these issues.

2.1.2 Renormalizability

We are now going to discuss the properties of renormalizability of the theory (2.1.1),
showing that, as anticipated, it turns out to be renormalizable despite having a
parameter with negative mass dimension. We will do so by performing an explicit
power counting of the divergences in Feynman diagrams and without considering the
background field approach. Since this approach is somehow tangential to the main
topics of the present work, we will outline the main steps in the derivation without
all details and explicit expressions. Notice that we are not using the background
field technique outlined in the previous Chapter.
We choose the gauge fixing to be

GIA] = 8,4, (2.1.7)

integrated with weight
1 1

=500+ . (2.1.8)

m292

so that the Lagrangian density picks up the contribution
1 1
AGE = —5 tr |:8;U'A,U» <1 — "1261,8”> apAp:| (219)

Notice that the first term, i.e. the ‘1’ in the expression of H, is the same Lorenz
gauge-fixing contribution in the case of the Yang-Mills Lagrangian cancelling the
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CHAPTER 2. HIGHER-DERIVATIVE GAUGE THEORY

contribution 9,4, 9, A,, from the expansion of F},, F},,; the second cancels the anal-
ogous term originating from (9, F),,)? ~ 8,0,,A, 0,0,A,.

The factor det H is just a numerical contribution independent of the fields, there-
fore it can be reabsorbed in the definition of the integration measure. This choice
of G gives the Jacobian contribution (1.1.24)

M= -8,V,. (2.1.10)

In order to evaluate the determinant in a diagrammatic framework, we represent it
by introducing (anticommuting) Lorentz-scalar ghost fields ¢ and ¢ via

det M = /Dc Dé exp [/dA‘x cM c] (2.1.11)

that effectively adds a new contribution to the Lagrangian density
AL =tr|[—¢ 0,V ,]. (2.1.12)

Considering the kinetic term (2.1.3) with the gauge fixing contribution (2.1.9),
it is apparent that at high momenta p the Feynman propagator for the gauge field
scales as
5ab5ﬂy
®*)?*’

while the ghost fields have the usual propagator behaving at high energies like

D (p) ~ (2.1.13)

6ab

l)ab P )
()~ 32

(2.1.14)

Let us consider a Feynman diagram with n4 internal gauge lines, n. internal
ghost lines, V,, vertices with exactly n gauge field lines and V. ghost vertices. From
the interaction terms in (2.1.1), it is clear that n takes the values 3, 4, 5 and 6. The
number of loops in the diagram is

6
L=ng+nc—Y Vo=Vet1 (2.1.15)
n=3

the number of external particles is

6
Ex=Y nV,+ V.- 2ny, E.=2V.—2n,. (2.1.16)

n=3
Combining these results the superficial degree of divergence is
6
d=4L—4np —2n.+ » (6 —n)V, + Ve

n=3
=6—2L— FE,—2FE,

(2.1.17)
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This result is enough to prove the renormalizability of the theory. Indeed, at one-loop
level the only candidates for a non-renormalizable divergent result are the two-point
function of the gauge field and the ghost two-point function. The former is ruled
out by gauge invariance; the latter, in principle logarithmically divergent, is actually
finite since one derivative acts on one external ghost line. All other diagrams with
two or more loops are finite. This proves that the theory is super-renormalizable, in
the sense that only a finite number of diagrams are divergent.

2.2 One-loop renormalization of the gauge sector

In this Section we will compute the one-loop quantum correction to the gauge cou-
pling g. We follow the path outlined in the first Chapter using the background field
method. As discussed for the usual Yang-Mills theory in Section 1.5, we have to
compute the divergence proportional to tr F},, F},,, and therefore a clever choice of
background solution is one with vanishing matter fields. The expansion therefore
reads, as in (1.5.2),

A, — A+ By (2.2.1)

with the same notation as before; in particular the covariant derivative V,, and the
field strength tensor F),, are expressed in terms of the background field only. Their
expressions have been given in (1.5.3) and (1.5.4).

We now expand the Lagrangian density about the classical solution. The ex-
pansion of the kinetic term ~ tr F),, F),, can be straightforwardly read from the
Yang-Mills case studied in Section 1.5.1; up to a total derivative, (1.5.8) reads

(Fo)? = 24, - [~(V)oap — 2F0] Ay — 2(V,4A,) - (V,A) (2.2.2)

where all the fields are written in the adjoint representation.
The expansion of the other two terms is quite lengthy and technical; the results
are

(VuFs)® = Aa - 005V A5 + (VuA,) - V2(V,4,) (2.2.3)
+4 A, - Fa5V2Aﬁ +4 A, - Fa,uF,uBA,B

FOFS, FOFSy = Aa - [BFu0ap + 3Fagduy — 6F,500,] V, Vi Ag. (2.2.4)

These formulae are derived in Appendix C; in the rest of this Section we manipulate
these expressions in order to get the final operator and perform the computation of
the divergence.

Putting together the contributions (2.2.3), (2.2.4) and (2.2.2), the part of the
Lagrangian that is quadratic in the fluctuation reads

1 ab
hd a v b
L = 504 SapVi+ WHIV LV, + Usg| A 225
1 a ab b o
— W(VNA#) [—V2 + m2] (VVAZ/) y
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where

W/“’ = [((4 + 3’7)F06,3 - m25a6) 5,uu - 6’7F(u|65\u)a] y (226)

[}

3
Ung = 57 FuFiudas = 2m* Fog + (44 37) FapFyp. (22.7)

With this result, we are now ready to proceed to the quantization of the theory
and to the determination of the divergences in the one-loop effective action. The
gauge fixing functional that we will use to perform the computation is again

GlA+ Al (z) = V, A, (2.2.8)

The form of the expanded Lagrangian density (2.2.5) suggests to use the integration

weight functional
1 1

Vit =,

92m? 2

H=-— (2.2.9)
that cancels exactly the terms written in the second line of (2.2.5). The ‘1’ is the
same contribution for the Yang-Mills case with the background field approach; the
Laplacian cancels the analogous term originating from (VF)2. As we anticipated
before, the choice that we made for the functional G' and the operator H is motivated
by the fact that they make the Lagrangian density simpler. Indeed, it exactly
cancels against the term in the second line of the expanded Lagrangian (2.2.5). The
contribution of the Jacobian determinant of the gauge fixing functional has already
been evaluated in (1.2.17), hence here we recall that the relevant operator is

My = ~V,V,. (2.2.10)

Considering he Lagrangian density (2.2.5), the quantity in brackets in the first
line of closely resembles an operator of the form (1.4.33). In order to apply the
procedure described in Section 1.2 and 1.3 to compute the divergences and the
function, we have to make sure that the operators involved are self-adjoint, up to
total derivatives: we have to define the coefficients with the symmetries described
in (1.4.34).

Let us consider the coefficients of dimension two, i.e.

W2 = [(4+ 34) Fag — m*0ag] 8" — 67F ' 6; (2:2.11)

« B o

some indices have been raised for notational purposes but without any meaning since
we are in Euclidean spacetime. We have to implement symmetry with respect to
the transposition of the A,’s; this corresponds to swapping simultaneously both the
gauge indices and the spacetime indices — with the notation of (2.2.5), the couples
(a,a) and (b, 3). This operation has different consequences on the three terms of
W Indeed, the first and the third terms are antisymmetric under the exchange
of the gauge indices, whereas the second one is symmetric; hence, the spacetime
indices must be respectively antisymmetrized and symmetrized.
Therefore the coefficients of dimensions two for the self-adjoint operator read

(V™) o5 = [(4 4+ 37) Fag — m*dag) 0 — 67F ¥, 57). (2.2.12)
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The non derivative term, on the other hand, is already symmetric, and hence (2.2.7)
is the correct coefficient.
The relevant operator for the gauge field therefore reads

Ap=V 4+ VY, V, +U (2.2.13)
with V# and U given in (2.2.12) and (2.2.7), and we can proceed to the evaluation
of its Seeley-deWitt coefficient.

2.2.1 Divergences

We are now ready to perform the computation of the divergences of one-loop quan-
tum effective action.

Comparing with the general expressions for I'(;), we can see that our total coef-
ficient (1.4.14) reads the same of Yang-Mills Lagrangian

bEo = by(A ) — by(H) — 2by(My). (2.2.14)

Let us now evaluate the first contribution, bs(A4), according to (1.4.35). We
start by computing the trace on ‘external’ indices of V*¥

Vag = (V)05 = 4(4 + 37) Fap — 4m®dap — 67F"| 01

(2.2.15)
= (16 4 67) Fop — 4m?>3,p.
Then the the relevant contributions read
Tr V2 = tr [(16 + 67)*FopFpq + 4 - 16m? 1] (2.2.16)
= 4(8 + 37)*CoFl, Fi, + 64m* dyq o
Te VAV = tr [4(4 + 37)? FapFpa + 367 FapFpa
— 12y(4 + 37) FapFpa + 16m* 15} (2.2.17)
= (367 + 64 + 48)Co F s, Ft, 4 16m* dag
TrU = tr [67FuwFu + (44 37) FopFlual (2.2.18)
= (4 - 3’7)02FZIIFSIJ o
where we used ( : : )
Boosv) Boos)
Fl 6, 0y = Fry Y 60 = —FupFug (2.2.19)

and (A.0.4). dag = tr 1Sd = dim Lie G is the dimension of the adjoint representation,
i.e. the number of colors.

We can now sum up the contributions with the correct weight in order to get
the coefficient the fourth order operator, obtaining

9 10
ba(Ay) = <4’y2 + 9y + 3) CoF 2, F2, + 2m*dyq (2.2.20)
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The gauge fixing contribution M has been evaluated in (1.5.14)

1
ba(M) = —CaF} (2.2.21)

the integration weight H contributes, using (1.4.23), with

4

1 m
The total coefficient (2.2.14) reads
9 43 3

A remarkable feature of this result is that the the one-loop effective action contains
only a contribution proportional to usual the Yang-Mills kinetic; this implies that
only a renormalization of g is necessary. The second contribution is just a constant
independent of the fields contributing to the vacuum energy.

We can then identify, according to (1.4.15) and (1.3.5), the required renormal-
ization

oo B A
gu - gA - 16772 log ;) (2224)
where
- 43
B = (97 + 36y + 3> Co (2.2.25)
that gives, applying (1.3.6), the beta function for the Yang-Mills coupling g
3 3
9° g°Ca (9 4 43
_ _ o218y 2. 92.2.2
Blo) = —3538 = g2 (27 18y + = ) (2.2.26)

Figure 2.1 shows a plot of 8 as a function of the parameter ~.

A few comments on the one loop result are in order. As already mentioned, the
divergent contribution turns out to be proportional to the term tr F2 only, so that
g gets renormalized but the product gm and + do not. This implies that m runs in
the opposite way than g.

Then, the 8 function is independent of m, but depends on the parameter v that
can be fine-tuned to make the former zero; in this case the flow of the renormalization
group is trivial and conformal symmetry is not broken at quantum level. The values
of v that make the 8 function vanish are

65
i =-2+ ,/27 ~ —3.55, — 0.45; (2.2.27)

we can therefore distinguish the two regimes v_ < v < ~4 where f < 0, and
v < -V~ > v4 that gives 8 > 0. We also observe that ( is maximized when v = —2
and its value is 8(g) = 65g3C2/937% but this does not seem to have any deeper
implication. These considerations are actually meaningful since, as mentioned,
does not run under renormalization.
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B function for EI{,‘%\/I

)

1672

93Cb

N

Figure 2.1: [ as a function of the parameter . External to vertical lines: 8 < 0, i.e.
asymptotic freedom; internal: 5 > 0, i.e. UV Landau pole.

In the first case the theory is asymptotically free, that is the same situation of the
usual Yang-Mills theory; the coupling decreases towards zero with increasing scale,
and according to this one loop result has an infrared Landau pole. Conversely, in
the second case, the coupling g grows with energy and the theory has a UV Landau
pole.

It is also interesting to notice that for v = 0 the 8 function differs from the
Yang-Mills case. Indeed, the coupling runs roughly twice as fast; this is nothing but
a consequence of the additional degrees of freedom in the Lagrangian discussed in
(2.1.6).

In the literature two different values for the beta function (2.2.26) were reported.
In [15] the computation techniques discussed here was employed, but the reported
result is different. In its preprint [14] few more details are given, and some inconsis-
tencies can be found already observing the symmetry properties of the coefficients
of the derived operators. On the other hand, [26] and [42], using a conventional
diagrammatic approach to the computation, obtained a result equivalent to ours,
confirming the computation.

2.3 Gauge theory with matter fields

In this Section we consider the higher-derivative gauge theory with Lagrangian
(2.1.1) coupled to matter fields. We will consider both (real) scalar and Weyl fer-
mionic fields, studying the renormalization properties of the gauge sector only.

We are interested in the renormalization properties of the gauge sector, hence
the computation we are going to do here is in fact similar to that we did for the usual
Yang-Mills field in Section 1.5.2; for the same reasons we need just the divergence
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proportional to tr F},, F},,, and therefore we choose a background with vanishing mat-
ter fields and non-zero gauge fields B,,. The expansion therefore will be performed
as in (1.5.22) that we repeat here for clarity,

Ay — Au+ By, ¢i = &5, P — by, (2.3.1)

with the same notation as before, that is ¢, ¢ and A, are the quantum fluctuation.
Again, V,, and F),, are expressed in terms of the background field only.
The structure of the Lagrangian that we are going to consider is then

L=LY+ L+ Ly, (2.3.2)

where £19, is (2.1.1); L4 and Ly, are the matter field Lagrangian densities with at
most quadratic contributions in matter fields and with minimal coupling with gauge
fields. We are ignoring interactions between matter fields because they would be
terms at least of third order in the fields themselves, and for the background about
which we expand the Lagrangian they do not contribute to the terms quadratic in
the fluctuations.

Considering usual-derivative matter fields, power counting arguments analogous
to those performed in Section 2.1.2 lead to the conclusion that such theories are
renormalizable if all the coefficients of the terms containing ¢ or i have mass di-
mension grater or equal than zero. For higher-derivative matter of the type we are
considering here, the mass dimension of any coefficient can be greater or equal than
—2 without spoiling renormalizability. Going through these results would be long
and not very instructive since it is just matter of playing with identities about graph
topology, therefore we just accept this result and explicitly verify the renormaliz-
ability of the gauge sector under one-loop corrections.

We quantize the theory with the same gauge-fixing functional used above, i.e.
G[A+ A] = V,A,, and we will consider the same integration weight H = 1/¢* —
V2/g?>m?. As a consequence, the heat kernel coefficients by for the gauge fixing
terms and for the gauge field are unaffected by the matter sector, and therefore are
again those computed in (1.5.14), (2.2.22) and (2.2.20).

Considerations similar to those outlined for the Yang-Millsfield coupled matter,
bring us to the conclusion that, applying (1.2.8), we have to compute the total
coefficient

D' = ba(Aa) = 2ba(Mo) — ba(H) + ) ba(Bpi) =2 ba(Ay). (2.3.3)
i j

In the following we analyse the cases of usual-derivative matter and higher deriva-
tive matter. Mixed combinations could also be considered, but the number of free
parameters makes the situation quite involved. For simplicity we will consider mass-
less matter only.

2.3.1 Usual derivative matter fields

First we briefly cover the somewhat trivial theory describing higher-derivative gauge
fields coupled with usual-derivative matter.
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Given the restrictions that we imposed on the terms that can be present in the
Lagrangian density, the contribution for scalar fields can only read

E¢ = (Vu¢i) (vu¢i) (2.3.4)

and that of the spinor field is
£¢ = iij"uVlﬂEj. (2.3.5)

i and j are generic indices enumerating the matter fields ¢; and 1);; no structure
related to the gauge symmetry is associated with these indices, that are summed
when repeated. The fields might transform under any representation of the gauge
group, that means that ¢; or 1; could carry internal indices, whose contraction is
understood.

The Langrangian densities are the same of the matter sectors studied for the
usual Yang-Mills theories in Section 1.5, so that we can directly take the results
(1.5.25) and (1.5.26), i.e

ba(Agi) = C’¢7 P Fy, (2.3.6)
for scalar fields, and

for spinor fields.
The total coefficient (2.3.3) now reads

9 43 1 1
tot 2
b40 FﬁyFﬁV 4 +9 +ﬁ_ﬁ ¢’1_3ZC¢’J:|
J (2.3.8)
3
+ §m4dad

that again implies a renormalization of the Yang-Mills coupling g only, and includes
the vacuum energy contribution. Such divergence gives the § function

3

9 1
Blg) = 89 5 7 + 97+ 1—2 Z 6i " 3 ch,,]} (2.3.9)
j

This result is of course just the same as in the case Yang-Mills with matter with
the difference that the gauge field contribution is given by (2.2.23). Depending on
the value of v and the representation in which the matter fields are, the computed
[ function can cause different renormalization group flow behaviours.

2.3.2 Higher derivative matter fields

Now we extend the Lagrangian densities for the matter fields in order to include
higher derivative contributions.
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The most general contribution that we can have in the scalar sector is

01,
2g%m?

£y = —2192¢N2¢i + ¢i (V) + 02, F Flu] ¢4, (2.3.10)
where 0y ; are generic real coefficients. This is a quite general expression at least
for our purposes: There cannot be any term ~ V,V,, since no rank-2 symmetric
Lorentz-scalar tensor of mass dimension 2 is available to contract those indices;' any
mixing like ¢;%;;F),, F,,,¢; can be eliminated by diagonalising ¥;; since the kinetic
term is proportional to ¢;;; a contribution of the form ~ V,F,,,V, is a N, term (in
the notation of (1.4.33)) so it does not contribute to the divergence.

The operator for (Weyl) spinor fields that we will consider is

1 -
E?Dd :gfzz/’jwuvu%‘

T1,j . _ . ) -
; N Y v p ) BT PNT ) .
2m2¢] 10"V, 0"V ,0°N ) — iy j Fr 0™ 0PNy —i13 i F 0,V | )

(2.3.11)

_|_

where 7 ; are generic real coefficients. This is less general than the Lagrangian
for the scalar field: the spinor index structure allow also for other combinations of
sigma matrices, and we are ignoring possible mixing between the spinors; (2.3.11)
is a general expression and we dropped total derivatives or ineffective contributions
as described for the scalar field.

2.3.3 General aspects

Similarly to the pure-gauge case, the theory defined by £ = £4, + Egd + Lﬂjd enjoys
some interesting renormalization properties. In particular we will see that a class of
this kind of theories is not affected by the hierarchy problem.

Degrees of freedom

As done for the pure gauge Lagrangian, it is interesting to count the degrees of
freedom conveyed by these kind of theories and see how they can be thought of in a
different way. As outlined in [36, 26] We will consider scalars first, and then spinors;
we will focus only on the kinetic term, since we are just considering the structure of
the degrees of freedom. We will consider only one field at time.

Scalar fields. The higher derivative Lagrangian density reads

1 1
L= iauqbau(ﬁ + 2—”12(8%)2. (2.3.12)

Off-shell each real scalar field describes, of course, just one degree of freedom; on
shell, since the equation of motions are fourth order differential equations, one has to
specify four initial data for each real field, corresponding to two degrees of freedom.

LOf course a choice could be m?5**, but it is actually the ordinary-derivative contribution already
taken into account in the Lagrangian density (2.3.10).
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These additional degrees of freedom can be made manifest by introducing a real
auxiliary field ¢':

Lo = 504006 — 5m*6” — ¢, (2.3.13)

upon equation of motion ¢/ = 9%¢/m?, (2.3.13) gives back the original kinetic term.
Shifting the field ¢ — ¢ — ¢’ in order to make the derivative term diagonal, we
obtain

1 1 1
Ly = 5(9“(]58,@ - 58,@’ u¢/ - §m2¢’2. (2.3.14)

In this Lagrangian density, the degrees of freedom are decomposed in a massless
scalar field and a massive scalar field (with mass m), the latter having an unusual
sign in front of its kinetic and mass terms. The number of degrees of freedom
is conserved, since in the theory defined by (2.3.14) each scalar field propagates
one degree of freedom. Similarly to the gauge field case, the massive particle is
a ghost corresponding to the exponentially growing modes of the higher-derivative
formulation of the theory.

Spinor fields. Off-shell there are 4 degrees of freedom; the higher derivative equa-
tions of motion are third order partial differential equations, so that the number of
propagating degrees of freedom is 4 - 3/2 = 6. In order to make such degrees of
freedom manifest, we rewrite the Lagrangian as

Ly = Pic" ) — m(P" + /") (2.3.15)
i b + Pigt O, — ¢ io 9, -

where we introduced two Weyl spinors ¢’ and ¢/, whose classical equations of motion
read

ioh 0, —ma)” =0, it 0" +myp’ = 0. (2.3.16)

A diagonal kinetic term is obtained by shifting 1) — 1) — 4, so that the Lagrangian
now reads

Ly = pic" 0 — 'ic" 0, — ¢"ic" 0,0
—m(P" ") (2.3.17)
= ichd,h — Vil — mI ¥

where we emphasized that the two new spinors group together into a (massive) Dirac
spinor W := (3/,4") as it is required for charged spinors in order to have a mass
term. Since a Dirac spinor propagates 4 degrees of freedom, and the Weyl spinor 2,
the total number of dynamical degrees of freedom is conserved. Again, the auxiliary
massive field has an extra minus sign in the Lagrangian that classify it as a ghost
particle.
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On the hierarchy problem

A particular class of such theories, moreover, solves the hierarchy problem, because
the mass of the scalar grows only logarithmically with the cut-off, while the scalar
mass in usual theories gets also quadratic corrections. The theory that we will
consider here are those in which the higher derivative contribution is only on the
kinetic term, so that the scalar field has a Lagrangian of the form

Lo~ (u8)(Vab) — —5(V20)(V29) + V(9) (2315)

where the potential satisfies the usual renormalization prescriptions for conventional-
derivative theories, i.e. it is a polynomial of degree at most four. We ignore spinor
contributions for simplicity, even though it is easy to see that Yukawa couplings
would not change the result.

This remarkable feature is again a consequence of the improved UV behaviour
of the propagator, scaling with p~* instead of p~2. The proof of this fact relies on
an explicit power counting argument on Feynman diagrams, that we will not go
through. From [26] we quote that the superficial degree of divergence is, denoting
Ex the number of external lines for the field X,

d=6—2L—Ey—2E,— Ey, (2.3.19)

so that the only possible quadratic divergence for the two-point function of the scalar
field is at one loop. We will now explicitly show the vanishing of the coefficient of
A? in the one-loop effective action in the context of the formalism that we are using
in this thesis.

We need to compute the divergences for the coefficient of ¢? and the possi-
ble wavefunction renormalization; we therefore need to choose a background with
non-vanishing scalar ¢y, while fermion and gauge fields can be set to zero. The
operator obtained expanding the fields will be a fourth-order differential operator
of the form (1.4.33); the power divergence is weighted with the heat kernel coeffi-
cient a; (equivalently bs) that can be computed using the techniques described in
Section 1.2 and turns out to be proportional to V,,,. But let us check what could
contribute to V,,: We would need a rank-two symmetric tensor with mass dimension
2 containing gb%kg, but the Lagrangian density (2.3.18) does not allow for it, since it
requires a contribution with the structure ¢$*V¢V¢ to appear. For the same reason,
since no divergence proportional to (V¢)? can be present, the wavefunction does
not get renormalized, at least at one-loop level, and this shows that there is no mass
counterterm with power-law dependence on the cut-off.

2.3.4 One-loop renormalization

As mentioned above, being the Lagrangian densities (2.3.10) and (2.3.11) already
quadratic in the matter fields, the expansion about the background solution is im-
mediate.
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Scalar fields. The operator relevant to the scalar field reads

m? uw
7(5 v,uvu“"d?),inquu (2.3.20)
i

Agi = (VH2 4
'

The by coefficient is ready to be evaluated using (1.4.35), and the result is

m4

1 a ra
b4(A¢’i> = — (6 + (53’1') C¢,iFuuFuu + Wd@ (2.3.21)

where dg, = tr 1, ; is the dimension of the representation of the scalar ¢;.

Spinor fields. The operator for the spinor field reads

2
m
Ay =i0'c"o’V ,V,V, =ity jFl 0" 0N |, —iT3 i F,0,V ), + ?ia”vﬂ (2.3.22)
J

In order to compute its contribution to the divergence, we apply the procedure
described in (1.4.37). The Seeley-deWitt coefficient therefore reads

1 1 1 1
ba(Byj) = | =5 + 725 = 572785 — 5(125)" = 5 (735)° | tr Fu Fl
\ (2.3.23)
_m
NN

where dy j = trly ; is the dimension of the representation of the field ;. The first
term is confirmed from the immediate calculation when the 7’s are all zero, since the
operator factorizes Ay, = A1A1Aq, and therefore by(Ay) = 3bs(A1) = —% tr F Fy.

Computation of by(Ay)

In this section we go through the steps that bring to (2.3.23). For simplicity of
notation, we understand the index j.

Considering the leading symbol in the operator the right choice of first-order
differential operator to compose it with is A; = —ig#V,,, and we get

Api1 =0y Ay = (V)2 + VYV, V, +U (2.3.24)
with coefficients

2
ver= (14 %) Flyota" s — Pl o¥glo) 4 %5’“ (2.3.25)
1 2
U= (1= 1) Fu Fyr 5" 05 — 2 Fyu Fpo 0" + %Fuuo“c‘r” (2.3.26)

where symmetric and antisymmetric parts of the product of two covariant derivatives
have been separated in order to ensure the correct symmetry properties.
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As a starting point we perform the trace of V' over external indices

2

V = V'u“ - (_4 + 27'2 + T3) FMVO-#&V + 4m7 (2327)
T1

and now we have all the necessary ingredients to compute the relevant traces. By
using (A.1.13) we get

Tr V2 = (4 + 21 + 13)2 tr F,, Fpp troPolcc"

=—4 (16 + 4(19)? + (13)% — 1670 + 4d1o73 — 873) tr Fl F,
2
m
16—d
+ 71 "

(2.3.28)

and using (A.1.7)

1 )
TU = J(1=72) tr Fu By fr 06”057 + %2 tr F F (2.3.29)

=—(1—m—m3)trFuF.

Tr VYV is a trickier for its spinor index structure. Expanding the contraction
one gets

2 ~
T VHVH =4 <_1 + %) tr Fyu Fy. tr ot o’c"

+ (13)% tr F, F(p|u trovar ot

- 2.3.30
+ 13 (=2 + ™) tr Fy Fp, trot'c”o’c"” ( )
2
m
—d
+ 7_1 ¥

The first term is of the kind discussed above. The third term, using again (A.1.9),
reads

73 (=24 1) tr F Fpy troteP = —473 (—2 + ) tr FuFu. (2.3.31)
Splitting the symmetrization in the second one we get

(7-3)2 T U= =\ (7_3)2 —p V=X _u
5 trF,, F,, tra”c"ota —i—?teryFM trafo”a" ", (2.3.32)

where we also used the cyclicity of trace. They can be evaluated with the same
techniques already seen; indeed we get

—2(m3)% tr F,F, - 2(73)% tr F.,F,, = —4(73)% tr F.,F,,. (2.3.33)
The result is

Tr VWV = —4 [4 — A1y — 213 + 773 + (12)% + (13)%] tr Fp Fluw

m (2.3.34)
4——rd,,.
e
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Summing those contributions together according to (1.4.35) we arrive at the
partial result

2 1 1 1
b4(A¢+1) = —g + T — 57’27’3 — 5(7’2)2 — 1(7’3)2 tI‘FM,Fw,
4 (2.3.35)
Lomt
2(r)2 "

the coefficient for the spinor operator is obtained subtracting the coefficient for Aq,
and the result is (2.3.23).

3 function

In order to evaluate the divergence we just apply (2.3.3) with (2.3.21) and (2.3.23).
The resulting expression is long and not insightful. Again, the divergence is propor-
tional to the Yang-Mills contribution only, so that g gets renormalized but ~, gm,
7’s and ¢’s do not run. The S function reads
3
g 9 4 43 1
=— = 18 — | Cy — —+203,; | Cy;
B 167T2|:<2’y + 18y + 6 2 Z 3+ 3,4 ¥

%

1
+32 <—1 + 2795 — T2 735 — (T25)7 — 2(73&-)2) sz}
;

(2.3.36)

The renormalization group for this theory is rich and variable depending on the
values of the parameters, and a complete discussion is impossible. As in the pure-
gauge case (2.2.26), there is the possibility of a fine-tuning of the constant in order
to have a vanishing 8 function; this is consistent because the expression (2.3.36) is
an invariant of the flow of the renormalization group.

A diagrammatic computation for a similar system has been performed in [26].
The gauge field and scalar contributions agree with those obtained here; the same
is true for the spinor contribution with 7 = 0.
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Chapter 3

Supersymmetric
higher-derivative theory

In this chapter we are going to discuss the supersymmetric generalization of the
higher-derivative Yang-Mills Lagrangian (2.1.1).

In the first Section we will give some introductory observations about the prob-
lem, and we will motivate the need of formulating the theory in six spacetime di-
mension and then dimensionally reduce it. In Section 3.2 supersymmetry in six
dimension is briefly discussed, and the formalism of harmonic superspace is pre-
sented, being the natural framework in which six dimensional supersymmetry is
realised. After that, gauge theories are discussed and the higher derivative action
for the vector multiplet is formulated. In Section 3.3, the dimensional reduction of
the theory is performed, and in the following two Sections the d = 4, N = 1 and
2 supersymmetric higher-derivative Yang-Mills Lagrangians are formulated and the
B function of the gauge coupling is computed. In Section 3.6 the linearised d = 4,
N = 4 Lagrangian is discussed and the 8 function evaluated. Section 3.7 is devoted
to some concluding comment.

The basic facts and notation about supersymmetric theories in four spacetime
dimensions are given in Appendices A and B.

3.1 Introductory considerations

The Lagrangian (2.1.1) that we are considering contains higher derivative of the
gauge field; since supersymmetry mixes the fields in the Lagrangian, we expect
the matter fields to have higher-derivative contributions as well. What may be
less obvious is that also the auxiliary fields get an higher derivative contribution,
therefore becoming dynamical, as we are going to motivate in a few paragraphs.
To start with, let us consider for simplicity the case of an Abelian symmetry
group, namely Maxwell theory. This case yields a somewhat trivial supersymmetric
extension, but it points out many relevant features and serves as a ‘base case’ against
which we will verify more advanced techniques. The higher-derivative Maxwell La-
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grangian can be obtained from (2.1.2) and reads

1
,CM - TgZFNVFMV - WFNVDFNV' (311)

where we also used (A.0.9) and integrated by parts to rewrite the higher derivative
term in this fashion. The term from the commutator of course vanishes being the
theory Abelian. We already know the N = 1 supersymmetric Lagrangian containing
the first contribution, namely the Lagrangian for super-Maxwell theory,

1 1 T
Ly = @ <2FMVFHZ, + 211/}0“@4!) — D2) , (3.1.2)

whose action can be expressed in terms of a superspace integral as

S = % / d*z d*0 [WW + h|, (3.1.3)

W being the superfield strength.

Let us now notice that the higher derivative contribution in (3.1.1) consists in a
simple insertion of a —[1 = —9,,0,, inside the ordinary kinetic term. This suggests to
insert such operator between the two factors of W in the superspace action (3.1.3)

1
™M= /d4x d*0 [WOW + he]. (3.1.4)

Since W and [0 are all gauge-invariant operator, this action is gauge invariant. In
terms of component fields the Lagrangian density corresponding to Sev + Sy, reads

1

N=1
‘ChdsM :@

1 _
(QFWFW + 205" 9,0 — D2>
(3.1.5)

1 1 T
W <_2F,U,VDFMV + 2Z¢U“Dau¢ -+ DDD) ,

In [21] this model was used to construct a higher-derivative extension of QED, also
adding matter fields.

The Lagrangian (3.1.5) is quite interesting and points out a number of features
that must be taken into account in writing a supersymmetric theory for the higher-
derivative Yang-Mills field. Though, it is still trivial in its dynamics, since it is a
free theory also at the higher-derivative level.

As anticipated, the auxiliary field becomes dynamical. According to the compu-
tation of the degrees of freedom described in the previous Chapter, (3.1.5) describes
5 (Ay) + 1 (D) bosonic and 6 (1) fermionic degrees of freedom, and hence the
propagation of D is indeed necessary to make the number of bosonic and fermionic
degrees of freedom equal on-shell. Its kinetic term, however, has the extra minus
sign that indicates its ghost nature.! Notice that the presence of unphysical degrees

'Remember that the euclidean Lagrangian density is the energy.
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of freedom was already recognised in the formulation of the higher-derivative the-
ories in terms of two-derivative fields; this kind of multiplet structure of the ghost
fields will be discussed later in some detail.

The non-Abelian generalization of this result is highly nontrivial for many rea-
sons. We used the identity (A.0.9) that in the case of a non-Abelian gauge group
adds also another contribution. Moreover, the partial derivative, and as a conse-
quence [, is not a gauge invariant object any more; nor is the Yang-Mills superfield
Wa, and it is not clear how a super-invariant can be constructed.

In the case of Maxwell theory the term proportional to y in (2.1.1) vanishes since
the gauge group is Abelian. However, we can argue that in general for a supersym-
metric theory there cannot arise any also in the non-Abelian gauge symmetry. This
is a consequence of the superfield formulation of the theory: The vector superfield
W cannot construct a scalar Lagrangian density that is cubic in itself. We will
therefore restrict to the case v = 0.

We want to find the N =1, 2 and 4 extension of (2.1.1), or at least to evaluate
the one-loop ( function for such theories. Instead of trying to find a supersymmetric
formulation in four spacetime dimension, we will obtain the corresponding theory
in 5 + 1 spacetime dimensions and then dimensionally reduce it to four dimensions.
This is motivated by many reasons.

The unextended supersymmetry algebra in six spacetime dimensions is indeed
very similar to the NV = 2 algebra in four spacetime dimension; this comes, of course,
with no surprise, because the dimensional reduction of the former yields automati-
cally the latter. In this context, working in six spacetime dimensions simplifies the
multiplet that we have to deal with, because it consists only of the gauge field, of
one spinor and of the auxiliary fields; the rest of the N = 2, d = 4 supermultiplet is
generated via dimensional reduction. We will also see that studying N = 2 higher
derivative super-Yang-Mills will provide enough information to compute, at least at
one-loop, the § function of the 8 function for the extended N = 4 case.

3.2 Preliminaries

In this Section we will give some generalities of the six dimensional spinors and
supersymmetry algebra. We will then introduce a superspace that represents in a
manifest way the group structure associated with the relevant fields, namely the
harmonic superspace. This will allow us to formulate the gauge theory in six dimen-
sions, then to be dimensionally reduced to four spacetime dimension. Appendix B
gives a review of supersymmetry in four spacetime dimensions

As will turn out in the computation, the construction of a higher derivative
Lagrangian in d = 6 is much more straightforward than the formulation of the usual
Yang-Mills action. This could be related to the fact that in six dimensions such
theories might be more natural, since the coupling of the higher derivative term
happens to be dimensionless (while in (2.1.1) it has dimension —2).

Six dimensional Minkovsky spacetime is the natural generalisation of the four
dimensional one. It is described by coordinates ™, M = 0,1,...,5; here we will
be working with the mostly metric n™?~ = diag(— + 4+ + ++), and Wick-rotate the
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Lagrangian at the end, in order to get a formally convergent functional integral to
proceed as discussed in Chapter 1. As mentioned in the Introduction, though, this is
not a well-defined operation and we use it as a formal tool to simplify the notation,
but such subtleties are not of interest for this work.

For completeness and future reference, the covariant derivative and the field
strength tensor are

Vi =0m+ Ay Fyn = [V, Vil (3.2.1)

The Laplacian is denoted with V2 = VMV, the tilde serving to distinguish it from
the four dimensional one. Gauge transformations act on the gauge fields as

5wAM = —VMOJ 5wFMN = [w, FMN]' (3.2.2)

3.2.1 Six-dimensional spinors

In this Section we recall some facts about spinors in the six-dimensional Minkovsky
spacetime R, A complete treatment of the spinor representation in six (and other)
dimensions can be found in [33, 38].

In order to describe spinor fields we start by considering the relevant Clifford
algebra CI(1,5) defined by the anticommutation relation

{TM TN} = oMV (3.2.3)

for M,N =0,1,...,5. I'jp; can be represented using 8 x 8 complex matrices. In full
analogy with four dimensional spacetime,

I} = ~To, Ij=T; I=1...5 (3.2.4)

and
T, = —TouTy ' (3.2.5)

We also define the matrix T'7 as
" =rort...ro (3.2.6)

such that (I'")2 = 1, by means of which we can construct the chiral projectors
Pizl(liﬁ) (3.2.7)
5 . 2.

As in four dimensional spacetime these are good definitions because I'” anticommutes
with all other I'M matrices.

As it is well known, one can choose different representations for the T'™ matrices;
since I'M* still belongs to the same Clifford algebra (being the metric real), it always
exists a matrix B realising the change of basis, that is

M — _p-irM=p (3.2.8)

with B such that B*B = —1. In six spacetime dimensions the complex conjugation
does not mix the two chiral projections; in other words, spinors do not change
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chirality under complex conjugation, nor with any other covariant operation. This
is an important difference with the d = 4 spinor representations.

All these considerations imply that the spinor representation is completely re-
ducible, since chiral constraints can be applied covariantly, but no Majorana condi-
tion can be imposed, since it would require B*B = 1. Dirac spinors have 8 complex
components; Weyl spinors have 4 complex components. From now on, we only
consider Weyl spinors .

It is convenient to consider, instead of one chiral spinor, a couple of spinors ¥;
with ¢ = 1,2 and SU(2) index, with the additional pseudo-Majorana constraint

— - . 0 1
Ve = —Cg(\I/i) =y, Cy = (_]1 O) ; (3.2.9)
where * is the complex conjugation and C*C = —1 (C it is the restriction of B to

Weyl spinors), implying that ' =~ for any spinor 0%

This arises from two motivations. First, it allows us not to consider dotted
indices, making explicit the fact that the two chiralities are not mixed under con-
jugation; second, after dimensional reduction it becomes the R-symmetry of the
N =2, d = 4 superPoincare algebra. For this reason we will refer also to the SU(2)
symmetry introduced in (3.2.9) as R-symmetry. Notice that the pseudo-Majorana
condition does not modify the number of degrees of freedom; that is, a pseudo-
Majorana-Weyl spinor still contains, off-shell, 4 complex degrees of freedom.

A convenient realization of I' matrices is the chiral® one

(Ca)a = (@Ew (Ej‘g)“”> , (3.2.10)

where
Cwa = (1,2 (Sa)® =(1,-%0) (3.2.11)

with E% are the 6d antisymmetric Weyl matrices that, splitting the indices as
a ~ (o, @), read

0 o —1ie 0 —€ 0
B of 4 _ af 5 _ of .
Eab <_O_ZB 0 ) ’ Eab ( 0 +7;€d,6"> ) 2ab < 0 _Ed/3> y

the usual hermitian matrices are obtained contracting E% with Cé’ :

(Em)ab = _Céb(ZM)aj,- (3.2.12)
Then,
nMab — %e“bcdzé‘g, (3.2.13)
where £1234 = £1934 = +1, so that
Sy ab _ < 0 —o* 0‘5> S ab _ <—i5aﬁ 0> 5 ab _ <5aﬁ 0) .
gh aB 0 ’ 0 %)’ 0 48
2The chiral character of this representation can be seen realising that 'y ~ o' ®..., T ~ 62®...

and therefore Tz ~ 01 (6?)° ® ...~ 0® ® .. ..
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The generators of the Lorentz group in the (1,0) spinor representation are

()} = (5N’ = 2 (sMsy - gve)’

a a

W« R e
g _ o 3 . 9@ gpia _ 0. 10 5
b 0 O'M 5 ’ b Zva_u aﬂ 0 )

uwo .
sHsa _ 0_ 05 ssa _ g 0
b " oalB 0 ) b 0 _iég .

We conclude this review of spinors in six spacetime dimensions by underlying
that the nontrivial aspects of this spinor algebra are the the fact that in the right-
hand-side of (3.2.10) there is a minus sign (instead of a plus) and the fact that
B*B = —1 instead of 1. Such signs are determined by the signature of the metric,
and they can be proven to be the only consistent combination in 5 + 1 dimension.
We could have as well obtained these results by studying the representations of the
universal covering group of SO(1,5), that is Spin(1,5) ~ SL(2, H) ~ SU*(4),* that
is equivalent to the approach outlined here.

l.e:

3.2.2 Six-dimensional supersymmetry and harmonic superspace

The six-dimensional supersymmetry algebra can be obtained as the immediate ex-
tension of the four-dimensional algebra (B.1.1)-(B.1.5), by extending the Lorentz
indices and imposing the pseudo-Majorana condition (3.2.9). The commutator of
supersymmetry generators then reads, following [20, p. 32] and [28]

{QL.Q]} =265l Py, (3.2.14)

In full analogy with the four dimensional case, one can study the representations
of the six-dimensional supersymmetry algebra. Since we are employing an explicit
SL(2, C)®SL(2, C) notation, we will not go through all the derivation again, since the
steps are basically the same up to a doubling of the indices. We briefly mention that,
since we are studying massless representations, we can diagonalise the momentum
operator to Py = (—F,0,0, E,0,0) and from this follows that only one supercharge
is nontrivially realised, and raises the helicity of 1/2. The vector multiplet therefore
is made of the gauge boson and the massless spinor, with both helicities because of
CPT invariance. Notice that, off-shell, the spinor carries 8 real degrees of freedom,
while the vector boson only 6 — 1 = 5 (one is killed by gauge invariance), therefore
we expect 3 bosonic real auxiliary fields to appear.

The algebra (3.2.14) can be realised in the conventional superspace, called the
real superspace R?I1, where points are described with coordinates

(=M, 07) (3.2.15)

3In ¥ QB the extra minus sign is due to the conventions for contracting spinor indices in o#”.
4The notation SU*(4) identifies the subgroup of SU(4) to which SL(2,H) is injected through the
conventional representation of quaternions via SU(2) matrices.
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where M

are (commuting) spacetime coordinates and 6§ are complex Grassmann
numbers satisfying the pseudo-Majorana condition (3.2.9). In this superspace the
supersymmetry algebra is realised through the transformations parametrised by the
pseudo-Majorana-Weyl spinor &

oM = (g sMgb _ gia M b) : 500 = €o. (3.2.16)

ab Si
In the real superspace we then introduce the spinor covariant derivatives
DY = 9% — 0" 0y, (3.2.17)
where the partial derivatives are defined as
Do = %E%aM ok gt — 5b st (3.2.18)
We also introduce the notation, valid in general for vector indices,
M = %zg‘gm“b. (3.2.19)
The spinor derivatives satisfy the algebra
{ij,DZ} — 2k, (3.2.20)

The covariant derivatives (anti)commute with supersymmetry generators and there-
fore are used to construct objects that transform covariantly under supersymmetry.
However this is of little help in this case, in contrast with the unextended super-
symmetry in four dimensions, because it is not possible to formulate off-shell super-
symmetric theories in six dimensional spacetime in this superspace, as follows from
a degree-of-freedom counting argument as discussed in [28, 20]. This no-go theorem
drove physicists to look for other kind of superspaces. As we will see, the loophole
to this result is to find a superspace that allows for the introduction of an infinite
number of auxiliary fields.

There are also other choices of coordinates that one can make. In particular we
will deal with the harmonic coordinates, that we are now going to construct. For
a complete discussion of the construction, of the properties and the superfieds that
can be introduced in four and six dimension the reader should check [19, 20, 29].

Let us introduce the bosonic variables ul?t, i being a SU(2)r index, such that
u; = (ut)* and

7

utu; =1, (3.2.21)

utul =0 =u""u; . (3.2.22)

They are charged with respect to a U(1)r subgroup of SU(2)r with charges +1
according to the notation. These properties allow us to define, for any spinor W?,
its U(1)g projections ¥+ = \Iﬂu?E and to decompose it according to

Yl =u T — T (3.2.23)
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The harmonic variables effectively correspond to assigning an SU(2) matrix

+ —
Uy U
<u2+ u2> (3.2.24)

where the requirement of unit determinant is exactly the condition (3.2.21). The
action of U(1) can be then rewritten as

ul e ue W ul U\ e
(v o) = (i o) o229
where o3 is the third Pauli matrix and %" € U(1)g. Not all SU(2) matrices
can be represented as (3.2.24), while (3.2.25) parametrises the whole group; we are
effectively considering the coset SU(2)r/U(1)g, that is diffeomorphic to the two
sphere S2. This also proves that U(1)y is the only component of SU(2)g linearly

realised, as a consequence of coset theory.
We also introduce the following integration rules for the harmonic variables

/du 1=1, /du ugl g oy =0, (3.2.26)

with the second one holding when n 4+ m # 0.

There are different kind of conjugations that we can define over the harmonic
variables. We already considered complex conjugation *, that affects both the
SU(2)g and the U(1)g indices; we now define the conjugation —, that affects only
the latter:

uwFi=u"  u =—ul. (3.2.27)

This conjugation preserves the defining properties of (3.2.21) and (3.2.22) and
squares to minus the identity. Then, we can define the conjugation ~, that is
the composition of * and ~; on scalars and Grassmann numbers it is the complex
conjugation, whereas on the harmonic variables it takes the value

ut =t (3.2.28)

it therefore squares to the identity for complex and Grassmann numbers, and to
minus the identity for harmonic variables. This implies that for an harmonic function
of charge ¢,

F@) = (=)15@), (3.2.29)
In the particular case of even ¢ = 2k, we have that we can impose the condition
f2k = §(2k) (3.2.30)
or equivalently o
IR = ey i [ (3.2.31)

We are now ready to introduce the real harmonic superspace HR, that is the space
described with the set of coordinates

(z,u) = (M, 07, u™) . (3.2.32)
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This superspace is therefore diffeomorphic to R x S2, where only part of the
R-symmetry (the U(1)g subgroup) is now linearly realised on the coordinates, while
in the conventional superspace the whole SU(2)g is linearly realised. In the su-
perspace HR we still have the spinor covariant derivatives (3.2.17); in addition we
can introduce derivatives (automatically covariant, since the harmonics do not have
spinor indices) for the harmonic variables,
v 0 0

0 =u"'"—F— DY =yt 0 u™ - (3.2.33)

ot = —
Ou~—*’ Outt’ Outt ou~t

=Uu

Notice that a superfield of definite U(1) charge is eigenvector of D? with eigenvalue
the charge.
An alternative coordinate system on this superspace is represented by the ‘ana-
lytic’ coordinates,
(Za,u) = (¥, 6% u) (3.2.34)

)

where

a

0f =giut oY =M 4 %eg S gh gy -kl =10, (3.2.35)

Another superspace that can be now introduced, whose importance will be clear
soon, is the Grassmann-analytic (G-analytic for short) superspace HRT, that is
spanned by the coordinates

(Cu) = (a0 uF), (3.2.36)
namely we dropped dependence on the coordinate #~. This new superspace turns
out to be very useful because the restriction to it is supersimmetric invariant, as it
happens in four spacetime dimensions with the chiral superspace. This can be seen
by noticing that the supersymmetry transformations can be realised as

szM = 9 (gw SMgth _grayM g“’) uD, o 608 =&t Suf =0, (3.2.37)

where again £ is the parameter of the supersymmetry transformation. It is clear
that such transformation leave the G-analytic subspace invariant.

With respect to analytic coordinates, the covariant derivatives in the analytic
basis become

Df =0, (3.2.38)
D, = —0yq — 200 %0y, (3.2.39)
PO yti i 2 + 6070, — 070 (3.2.40)
Outi ou~t ta — o
D =9t 10000, 4+ 670, (3.2.41)
D" =0 40070 0y + 07014, (3.2.42)
where 04,0t = 52. The following commutation relations hold:
{D}. Dy} =2i04, (DY, D] =D°, (3.2.43)
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D™, D;1=D;, [D,Df]=Dg, (3.2.44)
(D, Dy]=0=[D"",D,], (3.2.45)

as one can verify by direct computation. Notice, however, that in the usual (non-
analytic) ™ coordinate we can write, with abuse of notation, DF = ufDZ
We also introduce the notation

1
(D*)" = — ;e Dy Dy DED; (3.2.46)

and the integration measure
d¢Y = dbz, (D). (3.2.47)

Notice that with these definitions the only nonvanishing superspace integral is

/ dcD (M)t = / dSz 4. (3.2.48)

Consider now a superfield ®. A first constraint that we can impose is Grassmann-
analiticity, that is said to be satisfied if a field depends only on the variables
(Cu) = (:E%,HJ“’,uii) , l.e. it is independent of #~®. Notice that the constraint
can be written in differential form as

DfFd =0 (3.2.49)

by virtue of (3.2.38). This is analogous to the chiral constraint in the four dimen-
sional superspace (B.1.11).

Since U(1)g is linearly realised, superfields transform in representations of it,
and this fact allows us to classify them according to their charge. Any covariant
function f(@ with charge ¢ > 0 can then be decomposed in series of harmonics as

o0

£@) = Z fOrtngadidn)y oot Ty (3.2.50)

i1 in+q 01 in
n

an analogous decomposition holding for ¢ < 0. Every f transforms in an irreducible
representation of SU(2)r. Therefore, given a superfield of definite U(1) charge, it can
be expanded according to the previous formula; this allows for the infinite number
of auxiliary fields that we mentioned before.

We have now introduced all the superspace technology that we need in order to
work in six dimensional supersymmetry.

3.2.3 Gauge theory in harmonic superspace

General framework

We want to consider fields that are not necessarily G-analytic, that is they are func-
tions ® of all the real superspace coordinates (27, 6¢). Notice that also this subspace
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is closed under the supersymmetry transformations considered above. Consider a
symmetry transformation of the form

' (,0)) = "D (x,0), T =rkTk (3.2.51)

with 7 real and being T* the generators of the representation of the symmetry group
G under which @ transforms. We want to gauge such symmetry transformation
allowing for 7 = 7(z,0!), by consistency independent of the harmonic variables u,
that is

ot =0, 0"~ 1=0. (3.2.52)

Let us start gauging the real-superspace derivatives D! and d,; by introducing
a gauge connection A(x,6¢)
Vi=D+ AL(a,00), V= 0w+ Au(.6]). (3.2.53)

The field strength tensor in superspace is then constructed by taking (anti)commu-
tators of such covariant derivatives

Frj=[V,V}—t,5Vk, I,J,K = (ab~ M, 1) (3.2.54)

’a

where ¢ is the torsion coming from the commutators of the superspace (non-gauged)
covariant derivative (3.2.45). The relevant components read

(Vi Vi) = Fif + 76,00V . (3.2.55)
{vabv vcd} = Fab cd)» (3.2.56)
(Vo Vie] = Fape: (3.2.57)

The field strength tensor obeys a number of Bianchi identities, but the represen-
tation still contains a big number of fields, as usual in such approach in superspace.
Constraints must be imposed on the field strength in order to extract the desired
multiplet.

The constraints to impose to describe the six dimensional gauge theory have
been studied in the literature, see for instance [37, 32], and read
F=0; (3.2.58)

a

even though we will not work in this superspace we solve the constraint to show the
ideas that will be employed in the harmonic superspace. The constraint is solved by

Al = e7UDleY (3.2.59)

for some real superfield v = v(z™, 0?) = v*T*. Notice that v is not uniquely
determined: The substitution e’ — e®e? yields the same A? as long as Dix = 0;
by consistency with the initial restriction to the subspace RY?I1, this means that &
is real and depends only on z. Then, requiring covariance with respect to gauge
transformations parametrized by 7, one has the full gauge transformations

eV = efeleT (3.2.60)
Al = TALe™T — (DleT)e T, (3.2.61)
where to verify the latter it might be useful to recall that De™™ = —e™" (De”) e 7.
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Harmonic superspace

We are particularly interested in G-analytic superfields. The fundamental object
that contains the degrees of freedom of the gauge theory is the connection connection
VT for the derivative D™, so that

Vit =ptt L+t (3.2.62)
transforms covariantly under gauge transformations. This is achieved by requiring
(V++)/ =D e p Ve (3.2.63)

begin A the gauge transformation parameter. We shall require that A is a ~-even
Grassmann-analytic superfield, that is A= \and DIXx=0.

To understand this we would need to introduce matter multiplet and discuss
gauging of internal symmetries. We will not go into this in detail since it would
require a discussion much broader than the aim of this work, and we will just sketch
here the main results. Indeed the matter multiplet can be embedded into a complex
G-analytic superfield ¢(1) (¢, u) with U(1) charge 1 whose action reads

S = / du d¢=4 gMEptt gL (3.2.64)

being ¢ and internal index. Gauging the invariance under phase transformations
¢ = er¢, with ~-even A = M\T* being T* the generators G, this action is no
longer invariant; introducing the V™" connection satisfying (3.2.62) we can recover
it. The G-analyticity of A comes requiring the consistency of the G-analyticity
of (1) under gauge transformations, that is a reasonable request if we recall that
supersymmetry preserves it too. Notice that in the absence of Yang-Mills field,
the derivative DT preserves G-analyticity thanks to the commutators (3.2.45). We
therefore understand that all what is needed to encode Yang-Mills degrees of freedom
is the connection VT, that we are going to study in some greater detail.
Contracting (3.2.58) with the harmonics u; and uj we can rewrite it in the form

{(vivi}=o0 (3.2.65)
whose solution reads

Al = e PDfeb (3.2.66)
being now b(z, 0, u) dependent also on uzjE and transforming according to

e =erebe T (3.2.67)

where 7 is again a generic superfield independent of u while A\ is now G-analytic,
namely DX = 0. Since the covariant derivative and \ are ~-even, we also require
that b =b.

The meaning of the superfield b can be understood as follows. A covariantly
G-analytic superfield in the real superspace ®(z, 6%, u) (so that V@ = 0) undergoes
the gauge transformation ® — e”®; the field

¢ = e’®, (3.2.68)
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on the other hand, is G-analytic because
0=Vie=e"'Dlgp (3.2.69)
and transforms with A only:
¢ =0 =teble D = Mg, (3.2.70)

that also preserves G-analyticity of ¢.

In the analytic superspace we have also two other derivatives: D+ and D~~.
Since we have more derivatives to make gauge-covariant, correspondingly we have to
impose other constraints to get rid of the extra components of the superfield strength
tensor. We know that DT respects G-analyticity, that is it commutes with D}, we
require this to be true for the gauge-covariant derivatives too:

[Vt Vil =o. (3.2.71)

We require (3.2.71) to be valid for both the gauge transformations, generated by
7 and A. Considering ¢-type fields, in the notation of (3.2.68), we get covariance
under (\-)gauge transformations if

Vvt — ebD++67b, (3.2.72)
transforming as
(V) =Dt et fAvite ™ = vtte (3.2.73)

that is indeed our desired result (cf. (3.2.63)). Notice that V** that is a ~-even
function, as consequence of such being the DT+ and b. We know that for the 7-gauge
transformations D" does not need any connection, as a consequence of D7 = 0;
using this fact and plugging (3.2.66) into the constraint (3.2.71) one finds

0=DrAr = ¢ [D; (ebDHe*b)] e (3.2.74)
that by comparison with (3.2.72) is a G-analyticity constraint for V™", namely
DIV =0. (3.2.75)

We have just arrived to some conclusion. Indeed, if we accept that all the
physical degrees of freedom of the vector multiplet are encoded in V*™ (i.e. 4, with
gauge invariance and W), through (3.2.72) can be determined b and from it one
can then compute Al using (3.2.66), obtaining therefore the covariant derivative in
R*. However, in order to reconstruct the whole A%, we still need to find A .

The superfield V™" can be used to build a super-Yang-Mills action but the
procedure is quite involved. We will directly study the higher derivative case, that
is remarkably simpler. In order to do that, we still have to introduce some definitions.
First of all, let us promote the commutation relation (3.2.45) to the gauge-covariant
derivatives, by requiring

Vit v—] =D (3.2.76)
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notice that D is already covariant since it only gives the U(1)-weight and we work
only with fields of definite charge. This is obviously true for the 7-gauge transfor-
mations, since DT = 0 = D~ 7; to extend it to the A-gauge transformations we
have to introduce a connection V~~ for D™~. (3.2.76) turns then to an implicit
definition of V™ in terms of VT, since it reads

DV D VIt [Vt VT =0. (3.2.77)

Notice that we can as well express the V™~ connection in terms of the superfield b
as we did for VT

Vo =eD et (3.2.78)
from which its gauge transformation property follows
(Vﬁf)/ =D e M MV T et =M Ve (3.2.79)

With V™=~ we can reconstruct the connection A; = —DF V™~ imposing the anti-
commutation relation

(V== Vit =V, (3.2.80)

that is the covariant generalization of (3.2.44). We have therefore expressed all the
gauge structure in terms of the field V™", as promised, since we can reconstruct the
whole AY.

Following [30], using V=~ one can define the covariant spinor superfield strength

1
Wt = _Egaﬁ“/épgpjpgv—— (3.2.81)

from which we can also build

1
F= ZDZW*“ =(D"H)'v . (3.2.82)
Notice that as a consequence of the gauge transformation rule for V=7, (3.2.79),

and since \ is G-analytic, F** transforms in the adjoint representation of the group
too, i.e.
(FHH) = AFptte (3.2.83)

Before proposing an action, let us spend a couple of words about dimensions. The
harmonics u are dimensionless as a consequence of the defining properties (3.2.21)
and (3.2.22); this implies that the derivatives have dimension [D] = —[0%] = 1/2
and [D**] = 0 = [D~7]. Then, from (3.2.72) and (3.2.78) V** are dimensionless
too, and therefore [F++] = 2. For what we said, follows that [d¢(-%) ] = 4.

A possible action, gauge and Lorentz invariant, is then

S = 21f /dc—4 du T [ (F)7] (3.2.84)

with f a dimensionless constant.
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3.2.4 Action in terms of components fields

The gauge symmetry transformation (3.2.73) allows us to get rid of all contributions
from higher harmonics, choosing the so-called Wess-Zumino gauge. The infinitesimal
form of the gauge transformation reads 6V = —V T )\; using it, with some work
one can show that is possible to cast V™ in the form

Vit (2,07) = =070+ Ay () + 2V2(01)20 % (2) — 3(67)* D~ (z)  (3.2.85)

where there is still the usual gauge invariance for A, (i.e. Apr), and we used the
notation

1 1
(67)) = ggabcdmae%aﬂ, (1) = —ﬂeabcd0+a9+b9+cﬁ+5 . (3.2.86)
and the fields read
U = W% DT = D%y (3.2.87)

We will not go into this in detail, the interested reader can check [20], but we
motivate this result. Both VT and )\ are a analytic superfield, so they depend on
the variables (24,0}, uF); they therefore admit a finite expansion in powers of 67,
in which the coefficients are functions of = and wu; the U(1) weight of the coefficients
is fixed requiring that the superfields have weight respectively +2 and 0. In this
way, comparing the harmonic expansions (3.2.44), one can check, explicitly at least
in the Abelian case, that using 6Vt = —D*F) it is possible to get rid of all
component but those in (3.2.85), fixing A up to the function A(z) = A|,—g—g+ that
generates usual gauge transformation for A,;. Indeed, it is immediate to verify that
DN (z) = 012010 O \(2).

In this expansion the only fields that appear are the gauge field AM the gluino
W% and the triplet of auxiliary fields D*, so that this is exactly an off-shell repre-
sentation of the vector supermultiplet. Notice that the fermionic (4 complex) and
bosonic (5 + 3 real) degrees of freedom indeed agree, as anticipated.

In order to express the action (3.2.84) in terms of components fields, we have to
find the V~~ superfield associated to V{4, act on it with (DT)* in order to find
F** and then perform the integration over the Grassmann and harmonic variables.
The algebra is quite lengthy but straightforward; we will only outline the steps.

V=7 is not a G-analytic superfield, so we can decompose it as

VT =0T 07y + 070 g+ (07) 0T (07) T (3.2.88)
where the coefficients are functions of (z4,07,u), i.e. are G-analytic; noticing that
FHt = (DM =otF (3.2.89)

we conclude that we only need to solve for the lowest weight component v=~. FT1 =
v T, being G-analytic, can be similarly expanded as

Frt= ot = X grent 4 gtegtont 4 (07304 ()5 (3.2.90)
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Applying now (3.2.77) and extracting the equation for the v component only, we
obtain

Dot — gregt (A, vt ]

(3.2.91)
+2v2(01)2 [w, vt ] = 3(0H)* [D™, 0t = 0;
inserting the expansion (3.2.90) into the previous equation and comparing the coef-
ficients term by term in the Grassmann variables, with a bit of work one can find
the solution to be

AP = D (3.2.92)
A =1iv2 (EM)ab Vot (3.2.93)
1 . _ . e
Aab = 3 (EM)ab [iVa D™ — VN Fnr] + eapeai {‘1’ ,‘I’er} ) (3.2.94)
4\/5 at - at —
- T[\P , Dlu; + V2 [y, DM (N u;;, (3.2.96)
AT =-V?D " —-3[D ,VvD"] - 2i{v ", 2MVy, T}, (3.2.97)

We are now ready to consider the action (3.2.84). First we can integrate the 6%,
that according to (3.2.48) singles out only the (f%)*-component of F**, and we get

1
S=5g / 4z du (2>\++)\“ _oxtey—a s“de)\ab)\cd) . (3.2.98)

Using (3.2.26) and splitting symmetric and antisymmetric part of the product of
u’s, the following relations are easy to verify,

| _ o _ 1
/du ui g = 5€i) /du ufujuk u =g (eik€ji — €iljn) (3.2.99)

now the integration over the harmonics in (3.2.98) can be performed, finally obtain-

ing

d,hd 1 2 -y 1
L3 = 2f2 " [(VMFML) +iUEMV (V)05 + 2 (VarDis)”
+ Dy DM D' + ('S 0;)?

A A 3.2.100
— 2Dy, (\I/JZMVM\I/k - VM‘I/JZM\IJk) ( )

+ %VM\I/Z'EMZNS [Fivs, ;] — QNMFMN\IJJ'ZN\I/]} .

3.3 Supersymmetric higher-derivative gauge theories in
d=4

In this Section we are going to compute the relevant contributions to the four di-
mensional Lagrangian density that will allow us to evaluate the one-loop divergence
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of the supersymmetric extensions of the higher derivative Yang-Mills theory in four
spacetime dimensions. We will do this performing trivial dimensional reduction to
the theory described by (3.2.100).

Already from a superficial inspection of Eggj}}g/f, one could guess that the full
dimensionally reduced Lagrangian contains quite a number of terms. Indeed, writing
down all of them would take roughly ten pages and is not particularly instructive.
Moreover, all we need is the counterterm to the kinetic term tr F},, F},,,, and most of
the terms do not contribute to it in a convenient application of the background field
method, similarly to what happened with matter fields in the non supersymmetric
case.

In order to do this let us anticipate that we will expand the Lagrangian about
a classical background analogous to that considered in (1.5.22), namely with a non-
vanishing gauge fields only. As we will see explicitly, the dimensional reduction
transforms the fields as

A+iB
V2

Gauge field Ay — gauge field A, + complex scalar ¢ =

Weyl spinor W) — Weyl spinors 10, + A4
Auxiliary field DY — real + complex auxiliary fields D + F.

where A and B are real scalars, as the notation suggests. This means that terms at
least cubic in the spinors, auxiliary fields and in the induced scalar do not contribute
to the one-loop counterterm; moreover in terms quadratic in them and containing
gauge fields, the latter is just evaluated at the background value. These considera-
tions allow us to truncate away a lot of contributions.

3.3.1 Dimensional reduction of the theory in d = 6
Generalities on trivial dimensional reduction

We perform here a trivial dimensional reduction of the six dimensional Lagrangian
(3.2.100). By this we mean that we simply drop the dependence on the two coordi-
nates 2% and z° so that we formally set

0 0
— =0, —=0 3.3.1
Ozt Ox® ( )
in (3.2.100) and in the definitions in (3.2.1). After this simplification, the covariant
derivatives in the adjoint representation reads, written in terms of the generator of

the fundamental one,

V= 04+ [Ay, #] M=u=0,1,23
V=1 [A,#] M =4 (3.3.2)
(B, #] M =5

where we denoted Ay 5 = (A, B). For future reference we also write the d’Alember-
tian in the adjoint representation

V2=V VM = V2 4+ (A [A#] + [B, B, #]], (3.3.3)
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where V? = VEV,.

Let us apply this to the transformation properties in (3.2.2). For M = pu, (3.3.1)
is ineffective, and so the first four components of AM become the four-dimensional
Yang-Mills potential A,. For M = 4,5 the derivative drops and what is left is

SuA = w, A, 8,8 = |w, B, (3.3.4)

that means that A and B are Lorentz-scalar fields transforming under the adjoint
representation of the gauge group. Therefore, the six-dimensional Yang-Mills po-
tential A, splits according to

Ay = (A, A, B). (3.3.5)

The six-dimensional field strength Fj;n reduces accordingly. Indeed, the compo-
nents (M, N) = (p, ) become the four-dimensional tensor F),,. The other compo-
nents read

Flu = V,A, (3.3.6)
Fus = VB, (3.3.7)
Fy5 = [A4, A5); (3.3.8)

the remaining components are related to these by the antisymmetry of Fysn.

As far as spinors are concerned, the dimensional reduction 6d — 4d is suggested
by the manifestly covariant SL(2, C) notation we employed for the ¥ matrices. In-
deed, spinor indices split according to as a = (a, &); the reduction corresponds to
restrict the spinor representation to the diagonal subgroup of SU*(4)

(‘3 j) A€ SU@,0). (3.3.9)

The symbol €%°? factorizes into two-index components according to
gabed _y gaBeo (3.3.10)

and antisymmetry of such tensors.
The spinor W' therefore splits into two four-dimensional chiral spinors

= (%), = (25) (3:3.11)

where ¥? is fixed by the pseudo-Majorana constraint.
The tensor of auxiliary fields D% splits into the auxiliary fields of the vector (D,
real) and chiral (F', complex) supermultiplets:

.. (F* —-D
L —
D _< 5 F> (3.3.12)

The overall coefficient f in four dimensional spaceime has then dimension 2, and
we write it in terms of the dimensionless Yang-Mills coupling g as f = m2g>.
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Dimensional reduction of higher derivative Lagrangian

Let us now apply the described techniques to dimensionally reduce the Lagrangian
density (3.2.100). As mentioned, we will only give those terms that will be relevant
for the computation. In particular, all the terms in the second and third line, are,
respectively, third order on the auxiliary fields, fourth order on the spinors and third
order on spinors and auxiliary fields, so that they do not contribute to the operator
relevant for our computation and will not be considered from now on.

The higher derivative kinetic term for the gauge field decomposes as

(VM Farn)? = (VFF)? + (V2A)? + (V2B)? (3.3.13)
— 2(V"F,)[A, VA - 2(V*F,,)[B, V" B] -

that is the higher derivative kinetic term for F),,, and for the two scalars. It also
produces higher order interactions between the fields, that have been discarded.
Notice that the scalar contribution can be written in terms of the complex field as

(V2A)2 + (V2B)? = 2(V2¢)? (3.3.14)

In a somewhat similar way, the higher derivative kinetic term for the spinor field
reads

LMY VR i (US4, (V)2 (02

=i (V)" 2V, (V) ()
= —ip {V,,V*} ot
— X" {V,, V*} A

b
(3.3.15)

the other terms produced by (3.3.3) and (3.3.2) do not contribute to the quadratic
operator, since they are multiplied by two spinor fields.

The kinetic term for the auxiliary fields becomes

% (Vi Dij)® — %(VuDij)(quij)
= —(V ") (VIF) = (V,.D)(V,.D)

(3.3.16)

where we again dropped interactions with scalars. We also note here that the aux-
iliary field F' is not canonically normalized

We are now left with only two other contributions. The first interaction between
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spinors and gauge fields produces
§VMWJEMENS [Fns, ¥;] — ivuqzlzﬂz”P [F,p, 7]
RN [F,,, U]
- 5 I vps
1 o —
= —i(vutb)a“a’) [Foo, ]
i o
- i(vuw)gugpa [Fpo; w]

— 5(VuX)o"5" [y, 3]

(3.3.17)

- %(VMX)(}MJM [, A

where we discarded interactions with scalars.
Finally, the second interaction between spinor and gauge boson reduces as

2i (VM Fyn) WENT; — —2(VFF,,) (U'SV0? — O25r Tt
= -2 (VFFL) (3.3.18)
- [o¥ P + 5V + AoV A+ AV A

up to the by-now usual higher order contributions.

We are now ready to write the supersymmetric extension to the higher derivative
contribution to super-Yang-Mills, truncated at second order in the matter fields. In
principle we are able to write the case of extended N = 2 supersymmetry, but first,
for clarity and simplicity, we write down the N = 1 invariant Lagrangian.

The truncated N = 1 higher derivative Lagrangian is then obtained putting
together the contributions (3.3.13)-(3.3.18) according to the six-dimensional La-
grangian density (3.2.100), setting to zero the auxiliary field F', the spinor A and
the scalars A and B. It therefore reads

N=1
Lsym

gt (VB = {9,920 (7,D)(V,D)
- %(mer“af“’ [Foo, 0] — %(vui)wopa [Fopyt]  (3.3.19)

—2i (VFFL) [Yo¥ + 95 y) } :

The full N =1 higher-derivative super-Yang-Mills Lagrangian is obtained summing
the N = 1 super-Yang-Mills action (B.4.12) with (3.3.19), that is

Lhdsym = £8% + L8 (3.3.20)

hd

By inspecting the contributions to the Lagrangian density (3.3.20), we can recognise
the terms related to the naive insertion of V? inside the terms, but also non-trivial
contributions dictated by gauge invariance. As anticipated in the introduction to
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the chapter, the auxiliary field becomes dynamical; by inspecting the sign in front
of its kinetic and ‘mass’ term — that by rescaling the field by m is actually D? in the
usual super-Yang-Mills Lagrangian density (B.4.12) — we can recognise in it a ghost
field. We will come back on this later.

The whole dimensionally reduced Lagrangian gives us the truncated higher-
derivative sector of the higher-derivative N = 2 super-Yang-Mills theory. For sim-
plicity of notation we collect the terms related to higher derivative contributions of
the chiral multiplet sector of the full N = 2 Lagrangian density

Echiral

1 _
= 2 tr [Q(ngﬁ)Q — MV, V2L o# X — (V. F*)(VIF)
hd
~ (Va0 [Fr, ] = 5 (VuA)#0?” [Fpo, N

— 2 (VFEL) [Ad”X + Ag¥A] ] :

(3.3.21)
The truncated N = 2 Lagrangian density can then be written
LS = L8 + L8| + Lehival| (3.3.22)
hd hd

where all the contributions have been just defined.

In order to proceed to a sensible quantization of the theory, namely in order to
produce a convergent functional integral as discussed in Chapter 1, we perform a
Wick-rotation of the theory. Without facing the details of the procedure, we formally
apply the substitution ¢ — i7; the metric then rotates to n*¥ — §*¥ and the spinor
representations are those of Spin(4) ~ SU(2) x SU(2). As a consequence of the
change of the metric, now ¢ = 1. Formally, since we were using a mostly positive
metric, we simply cease to distinguish between upper and lower indices, and add an
extra minus sign in front of the Lagrangian density, that now equals the energy.

3.3.2 Multiplet structure

In (2.1.6), (2.3.14) and (2.3.17) we have shown that we can rewrite the higher deriva-
tive Lagrangian density for massless gauge, scalar and spinor field in terms or a mass-
less field and a massive ghost field, both described by a usual-derivative Lagrangian,
the latter being though a ghost.

It is now interesting to check how the degrees of freedom of the involved super-
multiplets split within this procedure. We will analyse the vector and the chiral
multiplet, since all other supersymmetric theories of interest for this work can be
formulated using them.

We stress here that these considerations are purely based on the structure of the
kinetic term; a more accurate study would be necessary to understand how such
grouping relates with supersymmetry transformations. A hint into this direction
was given in [13] for a simple model of the chiral multiplet.
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Vector multiplet

The vector multiplet contains one vector boson with gauge invariance, one Weyl
fermion and one real auxiliary field.

Considering ordinary derivative theories, off shell such fields describe therefore
3B, 4r and 1p degrees of freedom; on shell 25, 2F and zero.

Considering higher derivative theories, we have 5 + 1 bosonic and 6 fermionic
degrees of freedom on shell. Indeed the multiplet decomposes into massless vector
+ massless spinor + massive vector boson + massive fermion + real dynamical
auxiliary fields. Off-shell we therefore have 3p + 4p massless and 3 + 8p + 1p
massive degrees of freedom; on-shell 2 + 25 and 3 + 4 + 15.

We recognise the structure for the degrees of freedom consisting of the massless
vector multiplet without auxiliary field + massive multiplet of ghost fields, the latter
consisting of a vector boson + a Dirac fermion and a real dynamical auxiliary field.

The degree-of-freedom counting is summarized in the following table. (OD =
ordinary derivative; HD = higher derivative; equiv. = equivalent defintion in terms
of ordinary derivatives only)

HD-equiv.
field off-sh. on-sh. (OD) on-sh. (HD) off-sh. on-sh.
A, (+ gauge inv.) 3 2 5 3+4 2+3
Y (Weyl) 4 2 6 448 2+4
D (real) 1 0 1 0+1 0+1

We notice that the number of on shell bosonic and fermionic degrees of freedom
coincide separately in the two categories of fields (massless vs. massive ghosts), even
though they fail to agree off-shell.

Chiral multiplet

The chiral multiplet contains one complex scalar, one Weyl fermion and one complex
auxiliary field.

Considering ordinary derivative theories, off shell such fields describe respectively
2p, 4 and 2p degrees of freedom; on shell 25, 2F and zero.

Considering higher derivative theories, we have 4 + 2 bosonic and 6 fermionic
degrees of freedom on shell. Indeed in the ordinary derivative the multiplet decom-
poses into massless scalar and spinor + massive complex scalar + massive fermion
+ complex dynamical auxiliary fields. Off-shell we therefore have 2p + 4F massless
and 2p + 8 + 2p massive degrees of freedom; on-shell 2 + 25 and 2p + 4 + 2p.

We can identify the degrees of freedom as the chiral multiplet without auxiliary
field + massive multiplet of ghost fields, the latter consisting of a complex scalar
field, a Dirac fermion and a complex dynamical auxiliary field.

The degree-of-freedom counting is summarized in the following table. (OD =
ordinary derivative; HD = higher derivative; equiv. = equivalent definition in terms
of ordinary derivatives only)
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HD-equiv.
field off-sh. on-sh. (OD) on-sh. (HD) off-sh. on-sh.

¢ (complex) 2 2 4 242 242
P (Weyl) 4 2 6 448 2+4
F (complex) 2 0 2 0+2 042

We notice, again, that the number of bosonic and fermionic degrees of freedom
coincide separately in the two categories of fields (massless vs. massive ghosts),
though this happens only on shell.

3.4 Higher-derivative N = 1 super-Yang-Mills in d = 4

In this section we are going to compute the one-loop correction to the gauge coupling
for the higher derivative N = 1 super-Yang-Mills theory.

Consider now the N = 1 supersymmetric Lagrangian density with higher deriva-
tive (3.3.20). As done for the other Lagrangian densities that we considered, in order
to compute the one-loop beta function we need only the divergent contribution to
the Yang-Mills kinetic term, and this can be obtained by expanding the fields about
the background solution

Ay — A+ By, Y — P, D — D, (3.4.1)

where A,, ¥, D are now the quantum fluctuations, similarly to that we did in
(1.5.22). This means that in the Lagrangian, the terms that contain only the gauge
field can be expanded in the same way that we did for (2.1.1) (with v = 0), so
we can directly read from (2.2.5) the expansion. For this reason it is convenient to
choose the same gauge fixing G[A + B] = V,A,, with again the integration weight
H = 1/g*> — V?/¢?>m? we used there. The terms containing the spinor and the
auxiliary field in (3.3.19) are already formally expanded, with the convention that
the field F),; is evaluated in the background field configuration.

We are now interested in a decomposition for the Lagrangian to quadratic fluc-
tuations of the type

Lhsvnge = LA~ + L= + 37! (3.4.2)

where each Lx contains terms up to quadratic order in the fluctuations of the field
X. In this way we will be able to read the operators for the computation of the
effective action and to evaluate their determinants.

As already mentioned, the field content is the vector supermultiplet; it therefore
consists of the gauge field, a chiral spinor and a real auxiliary field, that cannot be
ignored as we implicitly did for super-Yang-Mills theory in Section 1.5.3 since it is
now dynamical.

The effective action for this theory is therefore of the type described in (1.2.8),
but it is not well defined because of the ghost character of the auxiliary field D,
whose contribution makes the functional integral divergent. We will ignore this
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problem and apply (1.2.8) anyway; formally this can be thought as the result of an
analytic continuation of the auxiliary field D — iD.?

In order to compute the beta function of the gauge coupling we therefore have
to compute the total coeflicient

bZOt|N:1 = b4(AA) + b4<AD) — 2b4(A¢) — 2b4(M0) — b4(H) (343)
The Seeley-deWitt coefficients can be evaluated with the previously exposed tech-
niques. We will compute them in the next Section; here we directly give the result

7
bg’t\ Nl = —ECQngFgV (3.4.4)

yielding upon renormalization to the running of g described by the g function (1.3.6)

3
g 7
5N:1 = 7327_(_2 . 5 (345)

This 8 function is positive, and corresponds to a theory perturbative at low
energy and with a UV Landau pole. This is completely different from what is
found for the Yang-Mills field in its first supersymmetric extension (i.e. N = 1
super-Yang-Mills, that has negative beta function).

It is also interesting to notice that in the expression (3.4.4) for bf**|, _  the
contribution proportional to m* cancels out, so that there is no cosmological constant
contribution from this model, as prescribed by unbroken supersymmetry.

We now turn to the computation and evaluation of the Seeley-DeWitt coefficients
for the involved operators.

3.4.1 Gauge field

Following what we said in the previous paragraphs, we can read the relevant contri-
bution for the gauge field from what we studied in Chapter 2, specialising the result
to the case v = 0. The relevant Seeley-deWitt coefficient can directly read from
(2.2.23), that gives the overall contribution

biauge = b4(AA) — 2b4(M0) - b4(H)
(3.4.6)

43 3

Of course back then this was the total coefficient, whereas here it is just one of the
contributions.

3.4.2 Spinor field
Let us define the spinor operator representing the Lagrangian as

1

5This is, of course, unacceptable from a superfield perspective, but since we are interested only
in renormalization properties and D is not a physical field we will not investigate this any further.
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The spinor operator is readily read off the Lagrangian as

(Ay) = i0"V?V,

+ | F ap—zF a“&Tﬁ—zF oTh P —im2et |V, (3.48)
Pl 4o Te 4T Wy

we ignored the contribution from the term in the last line of (3.3.19) that is a
boundary term (it is B-like in the notation of (1.4.36)). Its Seeley-deWitt coefficient
reads

21
b4(A¢) = gCQFﬁuFﬁu + dead (3.4.9)

as we are now going to verify. The derivation is lengthy and does not provide any
particular insight, therefore the uninterested reader can skip it and go directly to
the next Section.

Computation of the determinant for the spinor field

In order to get the coefficient for the spinor determinant, applying the idea outlined
in Section 1.2.4, we compose (3.4.8) with A; =i6”V,,. The result is

Appr =Dy - Ay = (V)2 +VI"V,V, + Uy (3.4.10)
with coefficients
wo_ S resuw | plul ral) L L ulpnslv) o2 s
Vi == Frpo M+ FW o"o +1Fp,€a g e —m*§ (3.4.11)
and
1 —Vp K 1 17 K
Uy =< FpFusota”o"™ + gFVpFMU Pot
8 (3.4.12)

1 1
= 5 FupFpra"a™ + 5mZF,WaW.

As in the previous cases, we decomposed the derivatives according to V,V, =
ViV + %F wv in order to ensure the correct symmetries of the coefficients.
The trace of Uy, reads

1 ~ 1 -
TrUy = 3 tr FypF tra”Pa™ + 3 tr FypF e tro”Po”™t

1 -
= 5t FupFpe tr ota” (3.4.13)

= —trF,Fu
= C’gFl‘jVFﬁ,,

It is interesting to notice that the two contributions in the first line of (3.4.12) cancel
against each other, since tr o575 5/" = {rg¥#5™" = —tra"*57%. The term ~ m?
has vanishing trace because it is proportional to tr ¢ = 0.
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Let us now evaluate the trace Vj, with

1
Vy = V" = —4F,,0"" — 50" Fup = 4m?, (3.4.14)

that contributes with

Tr V] = 16tr FpFp tro?ot + 32m*dag

= 64Cy F{ F, + 32m* dyg;

(3.4.15)

the mixed product vanishes again because tr”? = 0.
Now we consider Tr Vd’f VV$ ¥ is much more complicated due to the various prod-
ucts of sigma matrices. Expanding the product we get

15
Tr VJ)WVJV =Tr ZFVPFWUVPUW + FaﬂF(O“pa"&BJp&'ﬁ) + 4m?

+ %FVPFMHJQEV’]&’BJM5"“6"5) (3.4.16)

1
+ §Faqupa“aﬁaﬁa(a|aWa|5>

plus some other traceless terms (though this might not be evident). The first term in
(3.4.16) is the sum of the square of the first term in (3.4.11) and of twice the mixed
product between the first and the second one. This expression can be manipulated
with the techniques used in Section 2.3.4, and it is not really instructive to go
through the details of the computation. Nonetheless, we mention that, after some
algebra, one can find that the two terms in the second and third lines actually cancel
against each other, so that the result is all due to to the contributions in the first
line and reads

Tr V) V" =19 CoFy, Ffi, + 8m*dag. (3.4.17)

Applying (1.4.37), we then get the result (3.4.9).

3.4.3 Auxiliary field

The auxiliary field, up to the overall mentioned sign, contributes with the operator
Ap = —V? 4+ m?, (3.4.18)

that is straightforward to evaluate, and its coefficient is

1 1 1 1
b4(Ap) = tr | 1o FuuFyu + 5m4 = 5 CoF F + §m4dad. (3.4.19)
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3.5 Higher-derivative N = 2 super-Yang-Mills in d = 4

Here we consider the N = 2 higher-derivative super-Yang-Mills, obtained, as antic-
ipated, directly by dimensional reduction of the full theory (3.2.100). The quanti-
zation, hence the linearisation about a background solution and the gauge fixing,
can be carried out as in the case of N = 1 supersmmetry, since there is no new
contribution containing only the gauge field.

We therefore perform the shift (3.4.1) and we also expand the other spinor, the
scalar and the auxiliary F' about a vanishing background solution. The Lagrangian
density can be then cast in the form

EhNdE%(M,QQ =La+Ly+ L+ Ly+Lp+Lp (3.5.1)

where all the symbols have the usual meaning.

By R-symmetry the two spinors must enter symmetrically in the Lagrangian;
since there is no interaction quadratic in the spinors, their contribution is exactly
the same and there is no new mixing between them.

The general considerations for this model are quite similar to those of the N =1
case. The only comment that we will add here is that the auxiliary field F, now
dynamical, has a ghost character, and of course shares the same problems of the other
auxiliary field D. As we did before, we will apply (1.3.6) anyway, and therefore the
computation of the beta function is equivalent to obtain the coefficient

bZOt = b4(AA) + 2b4(A¢) — 4b4(A¢/>\)
+ b4(AD) + 2b4(AF) — 2b4(M0) — b4(H) (3.5.2)
= 0| )+ 204(Ag) — 2b4(A)) 4 2b4(Ap)

where the factors 2 in front of the contributions of F' and ¢ are due to their complex
nature.

The only heat kernel coefficients that we have to compute in order to ‘complete’
the N = 1 result (3.4.4) are those of the scalar field ¢ and of the auxiliary field F'.
The Lagrangian density for them is quite simple, at least at the linearised level, and
the operators are simply

Ay =V +m?V2 Ap = —-V?+m?, (3.5.3)

whose Seeley-deWitt b4 coefficients are

1 1

ba(Bg) = = ol By + §m4dada (3.5.4)
1 1

bi(Ap) = 5 CaF F, + §m4dad, : (3.5.5)

Putting together the different contributions, we get for the total coefficient (3.5.2)

tot _
by N=2

41
_KCQF;?VF;CLLV (3.5.6)
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yielding upon renormalization to the running of g described by the g function (1.3.6)

g> 41

Pn=2 =
The S function in this case is bigger than the unextended N = 1 case, and it is
again positive, corresponding to the presence of a UV Landau pole. Also for the
N = 2 supersymmetric case, there is no contribution proportional to m?*; this is due
to the vanishing of such coefficient in the N = 1 case and for the scalar multiplet
separately.

3.6 Higher-derivative N = 4 super-Yang-Mills in d = 4

In terms of N = 1 supermultiplets, we have the vector multiplet and three scalar
multiplets. All fields with the same spin must enter completely symmetrically in the
component field Lagrangian, therefore we can gain some information relevant for
the new fields to be introduced by looking at the N = 2 model, at least considering
the Lagrangian expanded up to quadratic fluctuations.

Our construction of the Lagrangian will be guided by symmetry principles and by
the fact that truncating two chiral multiplets out we have to recover the Lagrangian
density for the N = 2 case (3.5.1).

Since there is no interaction term between the spinors in the N = 2 supersym-
metric case, no new term can therefore arise even in N = 4. Similarly, for the
complex fields, interactions among the scalar fields are of higher order, and inter-
actions with the gauge field like F),, F),, ¢;¢; would imply a contribution with the
structure F),, F, W¢2 in the N = 2 Lagrangian density. We notice that such term is
absent is not the case, and this is not accidental: It is not possible since it would
require a term at least cubic in the field strength in the Lagrangian in d = 6, as
explained in Section 3.1.

Following this line of thought, in order to compute this contribution we have just
to repeat the computation for the N = 2 case considering four times the contribution
of fermionic fields and three times the scalar and auxiliary fields.

Modulo the problem connected to the ghost nature of the auxiliary fields, we can
apply (1.4.14) and obtain the Seeley-deWitt coefficient

Y | y_y = ba(An) + 6bs(Ay) — 4by(Ay)y)
+b4(Ap) + 6bs(AF) — 2by(Mo) — ba(H) (3.6.1)
= bZOt‘NZQ + 4b4(A¢) — 4b4(A)\) + 4b4(AF)

and the result is

0| y_, = —17CoF} F,,. (3.6.2)
The divergence can as usual be reabsorbed renormalising the coupling constant

g, whose flow is regulated by the 8 function

3
Blg) =

= Toia 340, (3.6.3)
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is even bigger than the N = 2 case, so that the coupling g grows much faster with
the scale than in the previously considered cases.
Also in this case, for what we said in the N = 2 case, there is no contribution

from m?.

3.7 Concluding remarks

In this Chapter we managed to formulate, at least to a linearised level, the N =1, 2
and 4 supersymmetric extension of the higher derivative Yang-Mills theory (2.1.1).
We evaluated the § functions of the theories, obtaining

93 7 g3 411 3

g
— i =2 = 4= —-34C5. 7.1
= 167r2402’ Bn=2 1623 Cs, [Bn=a 34C5 (3.7.1)

b=t 1672

Comparing with the result for the non-supersymemtric case, that is

g3 43

_J = 7.9
16726 C2 (3.7.2)

Braym =
we see that already in the N = 1 case the asymptotic freedom is broken, and the
theories are not ultraviolet complete any more, but, at least according to this one
loop analysis, the coupling increases and diverges in a so-called Landau pole. This is
the same behaviour observed in QED (see e.g. [40]). The extended supersymmetry
models give an even faster running for the coupling g, so that the Landau point is
expected to be at lower energy. In the usual-derivative supersymmetric theories, as
computed in Section 1.5, the 8 functions never turn positive; moreover, none of the
considered theories maintains the conformal symmetry at the quantum level, while
this happens for N = 4 super-Yang-Mills.

Another feature that we pointed out during the analysis, is that in all the su-
persymmetric invariant Lagrangians there is not contribution to the cosmological
constant, that is all divergences are reabsorbed renormalising the coupling, while in
the case of Yang-Mills field only, such a contribution is present.
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Conclusion

In this work we studied the one-loop renormalization properties of a Yang-Mills
theory whose quadratic term in the Lagrangian contains, besides the conventional
kinetic term, also an extra quadratic operator weighted with a coefficient with nega-
tive mass dimension. We also considered another dimension-six interaction cubic in
the field strength weighted with a dimensionless parameter, and then we extended
the theory to make it supersymmetric.

We first gave a rapid review of the path integral formalism, presenting the method
of background field quantization to compute one-loop effective actions. In order to
evaluate of the divergence in the effective action, the heat kernel technique was also
introduced.

We then analysed the basic aspects of the theory, in particular considering its
renormalization properties. This theory turned out to be renormalizable, since the
extra derivatives present in the Lagrangian density induce another factor of squared
momentum in the propagator, improving the ultraviolet properties of the theory.
We computed the one-loop effective action, thus deriving the necessary renormal-
ization of the gauge coupling and the S function. We showed that the 8 function
is a quadratic function of the parameter weighting the cubic contribution, and can
acquire either sign, or even vanish. Our computation corrects a mistake of an ear-
lier work in the literature, confirming other computations with a diagrammatic ap-
proach. We also considered the coupling with this kind of higher derivative matter
fields, including their contribution in the S function, confirming some literature re-
sults. We observed that such a model solves the hierarchy problem because the
mass of the scalar does not get quadratic corrections on the cut-off. The alternative
formulation of higher derivative theories in terms of usual-derivative ones was also
discussed, showing that one ghost field appears.

The supersymmetric generalization of the theory presents some technical diffi-
culties, that can be partially overcame in formulating it in six spacetime dimensions
and then performing a trivial dimensional reduction. Six dimensional spacetime
seems to be more a more natural framework in which to formulate this kind of
higher derivative theories, as the coupling is dimensionless and the component field
expression of the Lagrangian is much simpler than the four dimensional ones. This
allowed us to get the N = 1 and N = 2 supersymmetric extension of the original
theory. We also managed to gain enough information to reconstruct, at least at
the linearised level, the N = 4 supersymmetric model. The supersymmetric case
is much different from those previously considered. To begin with, supersymmetry
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CONCLUSION

prohibits the presence of the contribution cubic in the field strength; then, the mat-
ter field contribution is such that the theory has a positive 8 function, growing with
the number of supersymmetries.

To conclude with, higher derivative theories are interesting from many points of
view and they arise in many different contexts. Even though they suffer of some
inconsistencies and ambiguities, and it is unlikely that the theories we studied actu-
ally are a fundamental theory, they may serve as a toy model for them and might
as well describe the low energy behaviour of some fundamental theory. Surely this
is enough to motivate further studies in this area, and in particularly much work
is to be done in understanding the connection between supersymmetry and higher-
derivative theories. For example, it would be interesting to study in greater detail
how the supermultiplet structure relates with the higher derivative operators; also,
the relation between supersymmetry breaking mechanisms and the presence of extra
derivatives should be understood with more attention.
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Appendix A

Notation

For definiteness of the functional integral we consider the Wick-rotated space with
metric therefore 0#¥ = 14 = diag(++ ++) . However, as we mentioned in the intro-
duction, the Wick rotation is ill-defines for the higher derivative theories we study
in this work. Such problems are not of interest for this thesis and such operation
might be thought as a formal operation done to the theory defines in Minkovsky
spacetime with metric n*” = diag(— + ++) to slightly simplify the notation. The
formal differences between the two treatments is the sign of the Lagrangian density
and factors of 4 in the path integral formulation. Einstein’s index convention applies
otherwise stated.

Considering gauge theories, the symmetry group will generically be indicated
with G and assumed to be a compact Lie group. Its structure constants are

[T, 1% = f“"*rm, (A.0.1)

where T% are a set of generators of any representation. The generators t* of the
fundamental representation are normalized so so that

tr? = —59/2; (A.0.2)

those of the adjoint representation have components (77%)% = f@m®  The normal-
ization of any representation R are normalized such that

tr TRTH = —Crd™ (A.0.3)

defining the Casimir invariants Cr. In a given representation R we will therefore

have

tr Fyy Fyy = —CrF2,Fo,. (A.0.4)

The Casimir element for the adjoint representation C'y can be expressed in terms of

the structure constants as
fm"“fm”b = Czéab. (A.0.5)

We assume Einstein’s convention to hold also for gauge indices.
The gauge field A, induces in the minimal coupling prescription the covariant
derivative

V=0, + A, (A.0.6)
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and the field strength tensor reads
Fo=[Vu,,V,|=0,A, —0,A, +[A, A (A.0.7)
The field strength tensor satisfy the Bianchi’s identity
Vi) =0 (A.0.8)
that can be used to prove the relation
2 (vMF#V)Q = (VuFl/p)Q + FW [Fupv Fpu] : (A.O.Q)

We will also employ natural units in which the speed of light ¢ and Planck’s
constant h are taken to 1. All quantities will then be measured in units of mass.
The only exception is the first chapter, where Planck’s constant is used as a formal
parameter to study loop-expansions.

The trace over gauge indices is tr; tr is that on spinor indices and Tr indicates
the trace over all indices after the symbol.

A.1 Spinorsind =4

We use here two-component Weyl spinors 1)®. The conjugate spinor is ¢ := (>)*
where * denotes complex conjugation.
The antisymmetric tensors are

g2l = €12 = +1, €7 =¢gj5 = +1
which moreover they satisfy
sa/gsﬁ” = 4], %BEEW =4).
Sigma matrices read
UZB = (]l,ai)aﬁ, gt P = (1,—0")% = 5‘5‘56’30‘055 (A.1.1)

Lorentz generators of the spinor representation are

1
ot aﬁ = O'[HO'V]QB =3 (ota” — a”&“)aﬁ,
) 1 (A.1.2)
_pv o @ — — &
5= gl 8=3 (6%0” —a%a")",.
The conventions for contracting spinor indices are
WYX = ¥ Xa, UX = Pax®. (A.L3)
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A.1. SPINORS IN d =4

A.1.1 Identities

For a comprehensive treatment of the two-component spinor notation we found [11]

very useful. In our notation, we recall that the following identities hold.

trots” = trato” = -2
(0o = eare™ (o),
ot 0P = 267"
ot O‘é‘aﬁﬁ = _25a55aﬂ'
ot da&ﬁﬁ = 22848
[U(u(;l/)]aﬁ — _nuv(gg
[5(#01/)]dﬂ, — _nuv(ggz
o e™ — _4 (NPT — TV — el

t~I‘ FMVETE — 4 (nm—nw@ . ,,Tunnﬂ/ + ig;wrn)

In particular that the last two identities imply

Tt Fu Frpot 0™ = tr F, Frp tr oo™ = —dtr F, F*

and

Tr B Frn0t 6™ = tr By Frp tr 6™ = —4tr F,, FM.

83



84



Appendix B

Supersymmetry in d = 4

Here we recall the basic facts about supersymemtry in four spacetime dimensions;
this is far from being intended as a complete review, and we invite the reader to
check the vast literature on the argument, for instance [6, 45, 52].

Supersymmetry is defined in terms of N generators, Q¢ , with a a spinor index
and ¢ = 1,..., N, acting on the Hilbert space of a field theory. The @’s are called
supercharges, and formally rotate fermionic and bosonic states into each other.

The set of states that are connected by supersymmetry transformations is called
a (super)multiplet.

B.1 The d = 4 supersymmetry algebra

Supersymmetry algebra is an extension of the Poincaré algebra. It is a Zo-graded
algebra, that means that it is a vector space with two components, so-called bosonic
and fermionic, in which a bilinear operation [, } is defined, that is antisymmetric
when evaluated on two bosonic or one bosonic and one fermionic elements, and sym-
metric on two fermionic elements. The result is bosonic in the first and third cases,
fermionic in the second. The operation also satisfies the graded Jacoby identity,
namely chosen three elements of the vector space, the cyclic sum weighted with the
sign of the permutation of the fermionic elements vanishes.

The algebra that consists of generators of translations P, and boosts M,,, satis-
fying the commutation relations

[Muuv Mpa] = _inupMVa - Z‘nyoMup + inpoMyp + ’i?]prlJ,g (Bll)
[Mp,ua Pp] = _inpu + inpypu (B12)

to include also the supercharges represented as fermionic elements satisfying'

(M, Qh) = 04, Qf (B.1.3)
[M,Lwa Qid] = ia—#l/ (B14)
{Qiu ng} = 2UZBP“6;' (B.1.5)

We restrict to the case of vanishing central charge.
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The index i of the supercharges effectively transforms under a SU(N) group
in the fundamental representation and such action leaves (B.1.5) invariant. This
symmetry is called R-symmetry; as a consequence of this the states generated with
the same number of supercharges should transform in a definite representation of
such symmetry group.

The momentum operator P, generates the translation along the physical direc-
tions z#. (B.1.5) indicates that composing two supersymmetry transformations, one
gets a spacetime translation; this suggests to interpret the supercharges as the gener-
ators of a translation over new directions parametrised by the Grassmann-numbers
6’.. The space (z#, 6", 0;4) is called the N-extended superspace RSV,

Indeed, the supersymmetry algebra can be represented in the coordinates

st =i (00" — Eo™'h) 50 = &2, 601 = gie, (B.1.6)

where ¢ is a Grassmann set of numbers parametrising the supersymmetry transfor-
mation. Poincaré generators are realised in the known way on z* and do not affect
the 0’s.

Fields on the superspace are called superfields. The simplest superfield is the
scalar one, namely a field that does not change under supersymmetry. We can write
such condition on the field ®(z,0,0) as 6® = 6219, P + 60L,00P + §0,,0°°P = 0;
considering a transformation §¢ = £Q +£Q, parametrised by ¢ as in (B.1.6) being Q
and () the supercharges, one can find an expression for them, but more interestingly
one can define the covariant derivatives in this space,

Do = oai + z‘ogdef(;; Dl = _£? — ioaiagdaiu (B.1.7)
that commute with the generators @, Q and satisfy the algebra
{Dai, D} = —261 0", 0. (B.1.8)
Notice that in the basis (y, 6, 6), where z# was substituted with
Yt =zt —if' ot (B.1.9)
the covariant derivatives read
D! = 82? + 22'(0#91)&8;, DY = _a%' (B.1.10)

Covariant derivatives allow to define covariant constraints, i.e. to give condition
on the superfields that are preserved by supersymmetry. One example is the chiral
constraint

DLD =0, (B.1.11)

that in the y-basis imply independence of the superfield ® from the variables 6.
In the N =1 case, integration over Grassmann variables is defined as

/d29 62 =1, /d29‘ 62 =1, (B.1.12)

All other integrations vanish.
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B.2 Properties of supersymmetric theories

Supersymmetric theories enjoy interesting properties because of the symmetry in-
duced between bosonic and fermionic stated. P2 is a Casimir operator of the super-
algebra; this means that the states have a definite value of its eigenvalue, identified
with the mass. Since the supercharges change spin, the square of the Pauli-Lubansky
vector is not a Casimir operator any more.

Some relevant properties are

e Positivity of energy: Consider an arbitrary state |¢); consdiering the average
value in the state |¢) of both sides in (B.1.5) gives, with simple algebra,

20" 5 (8l Pul6) 8 = Q1)1 16) I + Q% l) |12 = 0, (B.2.1)

that implies (¢|Ppl¢) > 0. In particular, we can see that, if the state of
minimum energy is supersymmetric invariant, it has zero energy; vice versa, if
there is no state with zero energy, then some of the supercharges is broken.

e Equality of the mass of bosonic and fermionic states: since the mass operator
M? := —P,P* commutes with the supercharges, any couple of states |B) and
|F') = @ |B) have the same mass, and the same is true starting with a fermionic
state |F"). Therefore all the states in the same multiplet have the same mass.

e In a given multiplet the number of bosonic and fermionic states are equal. The
proof is algebraic and does not give any insight, so we omit it.

B.3 Massless representations and supermultiplets

Massless states admit a frame of reference in which the momentum eigevalue has
the form P* = (E,0,0, E), and (B.1.5) implies that

{Q, Q) = 4ES; (é 8) ; (B.3.1)

so only the first component of the supercharges is nontrivially realised. Considering
a Clifford vacuum, i.e. a normalized state |0) by which one can generate the other
states acting on it with (Q%), the states of the supermultiplet are generated. A
consequence of (B.1.3) is that the eigenvalue of J3 = M9, i.e. the helicity of the state,
is raised by 1/2. Therefore, a massless multiplet of N-extended supersymmetry
contains N states from helicity A\g to Ao + N/2, where Ay is the helicity of |0).
Usually one has then to add to a multiplet its CPT-conjugate in order to formulate
an invariant theory.
Some of the most important multiplets are

e N =1 chiral multiplet: A\g = —1/2

A —1/2 0 1/2
num. states 1 1+1 1
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consisting of a complex scalar and a Weyl fermion;

e N =1 vector multiplet: \g = —1

A -1 -1/2 0 1/2 1
num. states 1 1 0 1 1

consisting of a vector boson and a Weyl fermion;

e N = 2 vector multiplet: \g = —1

A -1 -1/2 0 1/2 1
num. states 1 2 1+1 2 1

consisting of a complex scalar, a vector boson and a Weyl fermion; it can be
also represented as one N = 1 chiral multiplet + one N = 1 vector multiplet;

e N = 4 vector multiplet: \g = —1

A -1 -1/2 0 1/2 1
num. states 1 4 6 4 1

consisting of six complex scalar, a vector boson and four Weyl fermion; it
can be also represented as three N = 1 chiral multiplet + one N = 1 vector
multiplet.

B.4 Representations of supersymmetry on fields and in-
variant actions

Chiral multiplet

We want to represent a complex scalar field and a Weyl spinor field. The simplest
action that we can think of, is the free

S = / d*z (=0,00"¢* — i 0,) ; (B.4.1)

however, it can be shown that although it can be defined an action of the sueprsym-
metry algebra leaving this action invariant, this is true only ‘on-shell’, i.e. using
the equation of motions of the fields. Also, the number of degrees of bosonic and
fermionic degrees of freedom is not equal off-shell.

We therefore introduce an auxiliary (i.e. non-dynamical) complex field F' and we
consider the action

Swz = /d4x (—amaw* — ot O + F*F) ; (B.4.2)
it is easy to see that the transformations

e = V260 0et) = iV20"£0,6 + V2LF 6cF = iv2€6"0,¢  (B.4.3)
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where £ is a spinor parametrising the supersymmetry transformation leave the action
invariant and is indeed a representation of supersymmetry.

Notice that the field content (¢,, F) of the chiral multiplet corresponds to
the fields contained in a chiral superfield defined through (B.1.11), since it can be
expanded as ®(y,0) = é(y) + vV2¢(y)0 + F(y)00; in particular the action (B.4.2)

can be written as

Swz = / d*z [®19]gp: = / d*z d*0 d*0 7. (B.4.4)

Vector multiplet — Super-Maxwell Theory

We want to describe here the vector multiplet, namely consisting of one vector boson
with gauge invariance and one spinor. On-shell, the degrees of freedom agree (2 in
both cases) while off-shell we expect an extra real bosonic auxiliary field to appear.

The action (B.4.4) is invariant under the rigid U(1) transformation ® — e ®; we
want to gauge it, and the only sensible option is to promote A to a chiral superfield
A; then ®T® — @TeiA_iAT(I), not chiral. We can recover invariance by introducing a
gauge superfield V' and modifying the action to

Swz = / diz d*0 d?0 dteV @ (B.4.5)

then is indeed invariant. It is easy to see that if V' undergoes the gauge transforma-
tion V' — V —i(A — A") the invariance is restored, and by consistency we require V'
to be real, i.e. VI = V. Expanding A and V in the variable 6, we see that V con-
tains a number of spurious fields that can be eliminated via a suitable super-gauge
transformation, only remaining

_ . 1 __
V = —00"0A,(x) + i(600X — 000X) + 50090 D (). (B.4.6)

Therefore, V' contains exactly the vector boson A, the spinor A and an extra real
bosonic degree of freedom D; A is determined up to a real function that serves
to generate the gauge transformation of the vector boson. Off-shell, therefore, the
degree of freedom coincide, as expected.

We still have to find the action for the vector multiplet. It turn out that the key
is to define the superfield

1. _
Wa = —7DD DV, (B.4.7)

called the superfield strength, that is a gauge invariant chiral superfield. The action
for super-Maxwell theory is then written

1 _
Sem = 7 / d'z d*0 [WW +h.c] = / d'z LT (B.4.8)
_ 1 . 1
cirt = = Fu P — XG0 + 5D2 (B.4.9)

with Fl, = 0,4, — 0,4,
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Vector multiplet — super-Yang-Mills theory

The starting point is again (B.4.4), but now the chiral superfield ® has an extra
internal index that determines the representation of some gauge group G under which
it transforms, so that A = A*T*, where A are chiral superfields as in the Abelian
case, and T* are the generators of the representation under which ® transforms.

We again introduce the gauge superfield V = V*T*; since when dealing with
matrices the product of exponentials is not the exponential of the sum, now the
gauge transformation is defined implicitly so that ¢ = eiAT eV e—ih, Still, it is
possible to define the Wess-Zumino gauge in which V*V*V! = 0 for any k, h, [, and
again this fixes A up to a real function that generates gauge transformations on the
ordinary gauge field. Explicitly, the vector superfield in Wess-Zumino gauge reads
same as (B.4.6) for each color index.

The non-Abelian generalisation of W is

Wy =—=DD (e7VDye"); (B.4.10)

it transforms covariantly under gauge transformation, as W, — e AW, e™, and
therefore it allows us to write the action for N = 1 super-Yang-Mills

o 1 _

S&AE = 3 / d*z d*0 tr[WW + h.c] = / d*z LY (B.4.11)
_ 1 _

LG = tr [—QFWFW — 2\ VN + Dﬂ (B.4.12)

with F,, = [V,, V.], V,, being in the adjoint representation.

The super-Yang-Mills theory with extended supersymmetry can be realised by
adding to (B.4.11) one or three N = 1 chiral multiplets in the adjoint representa-
tions of the gauge group, with the correct coefficients in order to have the correct
R-symmetry between spinors and scalars.
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Some technical computations

C.1 Linearised Lagrangian for the gauge field

Here we derive the expansions (2.2.3) and (2.2.4). We are looking for an operator
of the form (1.4.33), so we will ignore total derivatives and N-like terms, that as
discussed will not contribute to the divergence.

C.1.1 Expansion of the terms in the Lagrangian
Let us start with the first higher-derivative contribution tr(V,F,z)%. We start sub-
stituting the expansions (1.5.3) and (1.5.4) ad expand the square

2

(ViFup)" = (Vi + [ #]) (Fus + 2V, Ag) + [Ap, Ag))]
2
~ ([Ay, FMB])2 + (2vuv[uAﬂ]) + 4[Fyp, Au]vav[aAﬁ]
+2(V,Fu8) Var ([Aas As) + 4 (Vi Fps) [4S, Vio Ag).

Consider the two terms in the last line. The first one can be rewritten symbolically
as A- (V(#)) - A+ total derivate, hence it would only contribute to U with a total
derivative; similarly, the second one contributes to IN. We therefore drop these terms

from now on.
Taking the trace we can then write

2
(VuFas)" = (fa"CF,Z’BA;) +4(V2A% - V,V54%)
T afoteAc b, (vav[aAg}) ©11)

~ (FupAu)® +4 (V245 — V,V54,)°
+ 44, - Fup(VaViaAg).

where in the second step we have written the fields in the adjoint representation.
The first and third terms are immediately rewritten as

(FMBAu)Q = Ao - FopFupAp
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and

44, - FugVaVia Al = 24, - FagV?Ag — 244 - Fo VY, Ag,
=24, - FopV?Ag
— 244 - Fau ViV A, — 244 - FouFpuAg,

where we used VgV, =V, Vg + Fg,. Now we focus on the middle term, that needs
some rearrangement. First we expand the square and we get, up to total derivatives,

(V245 — V, VA, ) = Az - VA
— 245 - V2V, VA, + (VuVsAu) - (Vo VsA)

and then we employ the following two relations, that can be proved with this kind
of techniques,

Ag - V2V, VA, = Ay - F3oa Vi Ag (C.1.2)
— (VuA,) - VAV, A) 4+ 244 - Fua V.V 54z,

(VuvﬂAu) (VuVpdy) = _(VMAM) ’ VQ(VVA,,) (C.1.3)
+ 24, - FMaVquAg + A, - FauFugAg;

substituting them back in (C.1.1) (and remembering the extra factor —2 for (C.1.2)),
we finally get

(VuFS)? = Aa0asVids + (V,A,) - VA(V,A) (©.14)
+4Ay - FogV?Ag + 44, - FopFupAp.
that is (2.2.3).

We now consider the second higher-derivative term in the Lagrangian density
(2.1.1), that is the term cubic in the gauge field strength. Before writing the compo-
nents explicitly, it is convenient to exploit the antisymmetry of F},, and the cyclicity
of the trace to get

tI‘ij[Fu)\,Fl,y)\] :2ter,qu/)\F)\,u- (015)

Computing expansion (1.5.4), it is not difficult to take the contribution to the one-
loop effective action. Indeed we have two kind of terms: one of the form ~ F' F' [A, A]
and the other with the structure ~ tr FF VA VA. The first one can be cast in the
form

1
tr F;WFV)\ [A/\a Au] = § tr[FuVa Fu)\] [A)n Au]

2 (C.1.6)
m a b rabc pmnc n.
— AT (B Fln e ymre) Ay

this contributes to U, but it is traceless (with respect to the gauge indices, i.e.
contracting n and m). We can therefore ignore this contribution.

92



C.1. LINEARISED LAGRANGIAN FOR THE GAUGE FIELD

The second contribution reads

tr F,uu[FuAa F,,j)\] — 2tr 12Fﬂyv[VA)\]V[)\AM]

(C.1.7)
=tr12F,, [V, Ay, V4]

where in the equality we used the antisymmetry of F),,. Computing the traces in
(C.1.7), we then obtain

b b be b
JUCES, FYFS, — 12 FY, V), AL VA, (C.1.8)
Expanding the antisymmetrizations of the second term, (C.1.7) reads

PR, FOFSy = 6F5(VuAa) (Vadp)”
— 3F1008(VuAa)" (VuAp)® — BFh(VaAa)*(Vadp)’

where we have also written the fields explicitly in the adjoint representation.
Up to total derivatives and contributions from irrelevant terms, the previous
expression becomes

FUeES FAFS — A% [3Fu00p + 3Fapdu — 6F,500,)" V.V, Ab,. (C.1.9)

that is indeed in agreement with (2.2.4).
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