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By convention there is color,

By convention sweetness,

By convention bitterness,
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Abstract

Faculty of Mathematics and Natural Sciences

Van Swinderen Institute for Particle Physics and Gravity
Master of Sciences

Unifying Conformal Gravity and the Standard Model of particle physics

by Karin Dirksen

This thesis is a literature study centered around the question ‘How can we use conformal in-
variance to unify the Standard Model with Gravity?’ After refreshing the Standard Model and
renormalization and regularization techniques, as well as Einstein’s theory of General Relativity,
it is explained why conformal invariance is a useful tool in the unification program. The dif-
ferences between the related concepts of ‘conformal’, ‘scale’ and ‘Weyl’ invariance are explained
and the two types of Conformal Gravity theories are introduced: Conformal Weyl gravity based
on the squared Weyl tensor and Conformal Dilaton Gravity which uses a Stiickelberg trick to
turn the Einstein-Hilbert action into a conformally invariant theory. Pursuing the latter due to
unitarity concerns in the former, the Conformal Standard Model in the presence of gravity is
developed. We distinguish between two toy models, one with an unphysical scalar dilaton field
x and one with a physical dilaton ¢. As conformal invariant theories do not allow the explicit
presence of scales, conformal symmetry breaking is necessary to generate the scale needed for
electroweak symmetry breaking (EWSB). The Weyl invariance of the theory with the unphysical
dilaton can be extended to the quantum theory and the additional gauge freedom allows gauge
fixing of the dilaton to a constant, thus ensuring EWSB. The theory with the physical dilaton
suffers from a conformal anomaly. Boldly assuming that this anomaly is cancelled at some scale,
a Gildener-Weinberg analysis of the theory shows the possibility of radiative breaking of the
conformal symmetry. The two theories differ in one minus sign, but have vastly different results.
Experiments and astronomical observations could help in understanding which, if any, of these
theories could be a toy model for a Theory of Everything.
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Preface

Context

It was not until the early 19th century when Hans Christian rsted noted the deflection of
a magnetic compass needle caused by an electric current and demonstrated that the effect is
reciprocal. With contributions from Michael Faraday this lead to Maxwell’s equations forming
a unified theory of electricity, magnetism, and light: electromagnetism.

Michael Faraday believed that the forces of nature were mutually dependent and more or less
convertible into one and another. Furthermore, the electrical and gravitational forces share fun-
damental characteristics: they both diminish with the inverse square of the distance; they are
both proportional to the product of the interacting masses or charges; and both forces act along
the line between them. This let him to search for a connection between gravity and electric or
magnetic action, which his experiments were unable to ascertain [1].

After the publication of Albert Einstein’s theory of gravity, the search for a theory which would
relate gravity and electromagnetism to a unified field' began with a renewed interest. ”If the
special theory of relativity had unified electricity and magnetism and if the general theory had
geometrized gravitation, should not one try next to unify and geometrize electromagnetism and
gravity?” [2].

Ultimately unsuccessful in his quest?, Einstein considered a variety of approaches which were by
and large, a reaction to proposals advanced by others like Hermann Weyl, Theodor Kaluza and
Arthur Edington. These approaches proved troublesome for various reasons and were to some
extent discarded by Einstein. The first original approach put forward by Einstein himself was
published in a paper of 1925 in which also the term ‘unified field theory’ appeared for the first
time in a title. The last approach of Einstein’s work along his unified field theory program was
based on a local Riemannian metric but on an asymmetric one. Einstein spent the rest of his
life elaborating the asymmetric theory and his very last considerations were presented by his
last assistant, Bruria Kaufmann, a few weeks after Einstein’s death.

Though unification of electromagnetism with gravity proved unsuccessful, the unlikely unifi-
cation of electromagnetism with the weak force was established 35 years after the first theory
on the weak interaction by Enrico Fermi. The road to electroweak unification (adapted from
Kibble [4]) started already when Paul Dirac attempted to quantize the electromagnetic field in
the 1920s. This eventually resulted in Quantum Electrodynamics (QED), a quantum field theory
that successfully describes processes where the number of particles changes like the emission of
a photon by an electron dropping into a quantum state of lower energy. The theory was plagued

IHence the name ‘Unified Field Theory’. In the past it solely was used in the context of a unified field theory
in which electromagnetism and gravity would emerge as different aspects of a single fundamental field. Nowadays
this term is used for a type of field theory that allows all fundamental forces and elementary particles to be
written in terms of a single field. The ‘Theory of Everything’ and ‘Grand Unified Theory’ are closely related to
unified field theory, but differ by not requiring the basis of nature to be fields.

2See Sauer [3] for a further, more detailed discussion on Einstein’s unified field theory program from a
conceptual, representational, biographical, and philosophical perspective.
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by infinite, divergent contributions from for example the self-energy of the electron. These diffi-
culties were overcome by the development of renormalization theory by Julian Swinger, Sin-Itiro
Tomonaga, Freeman Dyson and Richard Feynman which rapidly promoted QED to the most
accurately verified theory in the history of physics. The next goal was to find similar elegant
theories describing the other forces of nature, hoping of course to find a unified theory.

In 1958 Richard Feynman and Murray Gell-Mann published the V' — A theory which showed that
the weak interactions could be seen as proceeding via the exchange of spin-1 W bosons, just as
the electromagnetic interactions are mediated by the photon. This hinted at a possible unifica-
tion, but was complicated by the fact that the W-bosons needed to be massive, while the photon
is massless. Furthermore, weak interactions do not conserve parity whereas the electromagnetic
interactions are parity-conserving. The latter problem was resolved by Sheldon Glashow, who
proposed an extended model with a larger symmetry group, SU(2) x U(1), and a fourth gauge
boson Zj.

Any mass term appearing in the Lagrangian will spoil the gauge-invariance property because
gauge symmetry prohibit the generation of a mass for the vector field. Therefore, the nonzero W
and Z masses require incorporating spontaneous symmetry breaking into the theory. This break-
ing mechanism was described by the Goldstone theorem which stated that the appearance of
massless spin-zero Nambu—Goldstone bosons is a consequence of spontaneous symmetry break-
ing in a relativistic theory. For a gauge theory it was later shown that spontaneous breaking let
to massive bosons. This is known as the Higgs mechanism.

Then in 1968 Steven Weinberg and Abdus Salam independently combined these ideas into a
unified gauge theory of weak and electromagnetic interactions of leptons. Meaningful calcula-
tions were the made possible when Gerardus 't Hooft and Martinus Veltman showed the theory
was renormalizable. One immediate prediction of this now proven viable theory was the “neu-
tral current” which has to exist to assure its renormalizability. In 1973 the neutral current was
discovered in the Gargamelle bubble chamber at CERN. This verification of what nowadays
is known as the Glashow-Weinberg-Salam model (GWS model) lead to the Nobel prize for its
namesakes. The later discovery of the W and Z particles was even further evidence of the validity
of the GWS model.

Meanwhile, during the 1970s and 1980s there had been a separate, parallel development of
a gauge theory of strong interactions, quantum chromodynamics (QCD). This lead to the devel-
opment of the Standard Model (SM). The model started with the proposal of quarks by Murray
Gell-Mann and George Zweig, followed by significant experimental evidence on its validity like
the discovery of the charmed quark, the tau neutrino and the Higgs particle. However, the SM
contained a degree of arbitrariness as well as too many unresolved questions to be considered
the final theory. These are the problems which grand unified theories (GUT?) which unify the
strong force with the electroweak force, hope to address.

In 1974 Abdus Salam and Jogesh Pati proposed the first GUT, known as the Pati-Salam model*.
It addresses the intriguing similarity between quarks and leptons, namely the fact that each gen-
eration of fermions in the Standard Model has two quarks and two leptons. The Pati-Salam model
identifies the ‘lepton-ness’ (non-quark-ness) of leptons as the fourth color, lilac, of a larger SU(4)..
gauge group which then needs to be broken by means of some Higgs scalar. The model also con-
siders the difference between left- and right-handed fermions: where the former are in a nontrivial
representation of SU(2), the latter are part of a trivial representation and thus non-participating
in the weak force. The model instead treats them on equal footing by assuming the existence of
a ‘right-handed’ weak isospin SU(2) g gauge group. Assuming discrete parity symmetry Zs, the

3The acronym GUT was first coined in 1978 by CERN researchers John Ellis, Andrzej Buras, Mary K.
Gaillard, and Dimitri Nanopoulos.

4Technically, it does not give a unified description. Even at high energies, the gauge group is the product of
three groups and not a single group as is the case in the more conventional GUTs such as SU(5) or SO(10). Still,
due to the unification of quarks and leptons and the fact that left-handed and right-handed fields are treated on
the same footing, it is referred to as a GUT.



total symmetry group of the Pati-Salam model becomes SU(4). x SU(2)g x SU(2)L X Z5.

Although quarks and leptons are now unified®, there are nevertheless two® independent gauge
couplings resulting in two arbitrary parameters. This difficulty is resolved by embedding the
Standard Model gauge group into the simple unified gauge group SU(5), with one universal
gauge coupling ag defined at the grand unification scale Mg which is expected to be of the
order 10'6 GeV. Quarks and leptons sit in two irreducible representations, as before, but the low
energy gauge couplings are now determined in terms of the two independent parameters ag and
M. Hence there is one prediction. This is known as the Georgi-Glashow model and elegantly
explains the fractional charges of quarks. Unfortunately, this theory has since been ruled out by
experiment; it predicts that protons will decay faster than the current lower bound on proton
lifetime. Furthermore, LEP data showed that gauge coupling unification is not achieved in non-
supersymmetric SU(5) GUTs, further promoting the development of supersymmetric models.

As the Pati-Salam model fully unifies fermions but not the gauge fields and the Georgi-Glashow
model fully unifies gauge fields but not fermions, a bigger/other model that unifies them all is
sought. Besides SO(10) models, unification through string theory, supersymmetry or (compact)
extra dimensions is pursued as well. These GUT models become highly complex because they
try to reproduce e.g. the observed fermion masses and mixing angles. Due to this difficulty, and
due to the lack of any observed effect of grand unification so far, there is no generally accepted
GUT model.

Though the existence of a GUT is far from a proven fact, the idea of unification can be ex-
tended all the way to the Planck scale, the energy scale at which the gravitational attraction of
elementary particles becomes comparable to their strong, weak and electromagnetic interactions.
Already at energies of the order 10'® GeV the gravitational attraction becomes comparable to
the gauge force due to the vector bosons of a GUT. Though this scale is slightly larger than
the scale at which the SM couplings meet, a link between grand unification and unification of
gravity is is not unreasonable.

A Theory of Everything (ToE) which deals with this unification of gravity and matter faces
a multitude of challenges. One of the biggest is that the existence of quantum matter and
the fact that this matter acts on spacetime seems to make it unavoidable to assign quantum
nature also to spacetime itself under the name of Quantum Gravity. At present, cosmological
observations give us no unambiguous clue as to how such a theory would have to look. Though
experiments have put constraints on parameters of indirect relevance to quantum gravity, they
still allow a wide variety of theories.

One of the most important and well understood aspects of Quantum Gravity is the so-called
semiclassical approach, where quantized matter fields are treated using a classical curved met-
ric.However, even this situation is plagued by severe technical and conceptual problems, since
crucial tools of QFT in flat spacetime such as energy- momentum conservation, Fourier trans-
formation and analyticity, Wick rotation, particle interpretation of asymptotic scattering states,
are no longer available due to the lack of spacetime symmetries.

Even at the classical level there are numerous attempts at unifying gravity with the three other
fundamental forces. As Einstein’s theory of General Relativity is such a success on solar system
distance scales, the most straightforward generalization of gravity is to augment the Einstein-
Hilbert action with additional general coordinate invariant pure metric terms which due to the
smallness of theory coefficients or structure have negligible effects in the solar system. Other
options are introducing additional gravitational fields (often scalars) besides the metric tensor
itself as proposed e.g. by Carl H. Brans and Robert H. Dicke in 1961, or increasing the number
of spacetime dimensions as original put forward by Theodor Kaluza and Oskar Klein (1919).

5Note that unification of quarks and leptons leads to proton-decay since B and L numbers are violated. Some
BB+aL- number is preserved: B+3L number for the Pati-Salam model and B— L number for the Georgi-Glashow
model.

SWithout assuming parity symmetry (L <> R symmetry) there are three independent gauge couplings.
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Less orthodox is the possibility to modify the nature of the geometry itself, for example by in-
troducing torsion (e.g. Elie Cartan, 1922), discarding the symmetry of the indices of the metric
(e.g. Behram Kurgunoglu, 1952), or, more radical, replace the Riemann geometry with a new
type of geometry as was proposed by Hermann Weyl (1918).

Focus of the thesis

In this thesis we cannot hope to give a comprehensive overview of the current research on Stan-
dard Model unification with (quantum) gravity, much less come up with a new theory. Therefore,
we will focus on one particular avenue which has proved beneficial in the development of the
Standard Model, namely we will require a additional symmetry to be present at the Planck scale
which will subsequently be broken. This additional symmetry is invariance under the conformal

group.

The Standard Model contains a number of freely adjustable coupling constants and mass pa-
rameters. There seems to be no physical principle to determine these parameters as long as they
stay within certain domains dictated by the renormalization group. However, Gerard ‘t Hooft
[e.g. 5] argues that when gravity is coupled to the system, local conformal invariance should be a
spontaneously broken exact symmetry. This condition fixes all parameters, including masses and
the cosmological constant. Before this result can be grasped, the connection between conformal
symmetry and gravity in what is known as Conformal Gravity should be understood.

We will look at a toy model Lagrangian which includes the Standard Model and Conformal
Gravity contributions and assume it to be valid for high energy scales, e.g. the Planck scale.
When lowering the energy one encounters a breaking scale of conformal symmetry where the
theory breaks down in gravity and for example some Grand Unified Theory. This breaking is nec-
essary as a conformally invariant theory is also scale invariant whereas our daily reality certainly
includes scales. We will consider the different mechanisms in the case of our toy model.

Outline of this thesis

This thesis starts in Chapter 1 with explaining the Standard Model, specifically the elements of
the Lagrangian. This Lagrangian has terms that in perturbation theory receive infinite contri-
butions from diverging Feynman diagrams. In the second part of the first chapter regularization
and renormalization are used to deal with these infinities. These procedures render the coupling
constants energy dependent. This is known as the ‘running of the coupling constants’. The exact
dependence on the energy scale is encoded in the beta function. Having then established a firm
understanding of the Standard Model, the chapter ends by concisely explaining the reasons for
looking Beyond the Standard Model.

As pointed out already, one of the major reasons is that we want to include Gravity in our
description. Chapter 2 starts with an introduction of Einstein’s theory of General Relativity.
We show why Einstein Gravity is unsatisfying and give arguments why a conformal invariant
theory of gravity would give more desirable results. The intricate relationship between conformal
invariance and scale and Weyl invariance is explained with great care after which the conformal
algebra and its restrictions on the theory are introduced. We end the chapter by applying the
idea of conformal invariance on a theory of gravity. There we will introduce two important the-
ories, namely Conformal Weyl Gravity as advanced by P. D. Mannheim and Conformal Dilaton
Gravity as advanced by Gerard ‘t Hooft. These theories are intimately linked with each other,
as will be shown. We will also include matter fields into our theory, and for that the tetrad
formalism will be developed. This formalism tells us how to minimally couple the Standard
Model to Gravity. The constraint of conformal invariance then requires us to further include a
non-minimal term, finally giving us our toy model.
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Chapter 3 proceeds by exploring how scales are generated through symmetry breaking. First
the different symmetry breaking mechanisms are explained, including an extensive review of the
Coleman-Weinberg and Gildener-Weinberg formalisms for radiative symmetry breaking. This
allows us to investigate the generation of scales in the toy model with the physical and unphysical
dilaton and to compare them.

In the last chapter some of the advantages and drawbacks of the developed theory are pre-
sented. We will try to give suggestions for further research.

Appendices include derivations that are too long to include in the main body of the text.
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Notation and conventions

Indices

TR N SU(2) gauge group indices running from 1 to 3

a,b,. .. SU(3) gauge group indices running from 1 to 8

C Color index associated with the quarks in the fundamental representation
of SU(3): C' =1,2,3 corresponds to red (R), green (G) and blue (B).

M,N Generation or family index. The STandard Model has 3 genera-
tions, each divided into two types of leptons (one electron-like and one
neutrino-like) and two types of quarks (up- and down-like): M, N =
1,2,3.

WV, ... General coordinate indices in Xp

m,mn,... Local Lorentz indices in Xp, used e.g. in tetrad formulations of gravi-

tational theories

The Einstein summation convention is used. Furthermore, i is imaginary constant (upright in
mathmode, as compared to ¢ which is used as an index).

Fields and gauge group objects

Most of the following notations and conventions will be introduced more detailed in Chap-
ter 1.

0 Generic field

10) Scalar field

P, Fermion field, ¢ = 1f40.

X5 General gauge field. The gauge potentials associated with the
SU(2)r,U(1)y, SU(3). gauge groups are W, B,,, G,.

X, W, Y Dilaton field as a unphysical St’,uckelberg field, unphysical metas-
calar or physical scalar field, respectively.

T° Generators of the group

fabe Structure coefficients [T%, T%] = ifbTe

D, Gauge covariant derivative acting on matter fields ® like D, ® =

(8# +ingAZTa) ® where ¢ is coupling strength and n = +1 to
signal the different conventions used in the literature (see below).
Fg, General field strength temsor: Fjj, = 0,F) — O,F; —
ng fachﬁF,f. The field strength tensors associated with the
SU(2)r,U(1)y, SU(3). gauge groups are W}, B,,,,, G%,,.

pvo

The fundamental representation of the SU(2) gauge group is given by 7% = lo? with o' the

Pauli matrices
(0 1 (0 —i (1 0
1=\1 0) 27\i o) 27 \o -1

which are Hermitian and unitary.
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The fundamental representation of the SU(3) gauge group is given by T% = %)\“ with A the
Gell-Mann matrices

010 0 —i 0 1 0 0 0 0 1
AM=(1 0 0f, X=|1 0 0], A3=10 -1 0}, =10 0 0],

0 0 0 0 0 0 0 0 0 100

0 0 —i 0 0 0 00 0 1 1 0 O
AM=(0 0 0], =00 1], X=[|0 0 -], X=—7|0 1 0

i 0 0 0 1 0 0 i 0 V3 0 0 -2

These matrices are traceless, Hermitian, and obey the extra trace orthonormality relation
TI'()\Z)\J) = 2(5”

The Dirac matrices v* in the Dirac representation are

10 0 0 0 0 0 1
o (01 0 o v o o 10
TZloo -1 0] 7" Tlo -100

00 0 -1 1 0 0 0

0 0 0 —i 0 01 0
> [0 0 i o0 s o 00 —1
T=1lo i o o7 Tl=1t 00 o0

i 00 0 0 1.0 0

They obey the anti-commutating relation {y*,v"} = y#4* + y¥~#* = 2¢g"¥. The gamma ma-
trices can be raised and lowered with the metric g,,. The product of four gamma matrices is
v? = iy99142~3. Furthermore, the Feynman slash notation is used: ¥ = v, 7"

From [6], we denote the different sign conventions n = +1 for the Standard Model used by
some well known texts which are used in this thesis:

Ref. n 7 Nz Ul Ny e Y
Peskin and

Schroeder [7] ) ) + + + )

Zee [8] - - + + + - *
Srednicki [9] - - + + + -

where 1,7’ is associated with the electroweak coupling constant g, g’ from the SU(2)r x U(1)y
model, ns with the strong coupling constant g5 from SU(3)., ny with the sign of the hypercharge
Y, and nz,n¢ are associated with the signs used for the Z, gauge boson and Weinberg mixing
angle. We have set n; = 1 and n.e = nnygsin Oy = 1'g’ cos fyy. An asterisk on the last column
means that such authors have Q = (T3 +nyY)/2 instead of our definition Q = T3 +ny Y.

Geometric spaces

Most of the following notations and conventions will be introduced more detailed in Chap-
ter 2.

Lp D-dimensional differentiable manifold

Up D-dimensional Riemann-Cartan space

Vp D-dimensional Riemann space

Mp D-dimensional Minkowski space with metric g, = (4, —, —, —)
Ep D-dimensional Euclidean space



Geometric objects

O Oa

dat | deo

|
T (T)
Bypo (1)

v,.T

Y

Coordinate and local frame base of the tangent space related by 0, =
e, %04, 04 = €,0,, where e,* are the D-beins (specifically vierbeins or
tetrads) and et their inverses

Coordinate and local frame base of the cotangent space

metric tensor with components g,,, = g(d,,0,) in a general coordinate
frame and 74, = (0., 0p) in a local (i.e. flat) frame of reference

Affine connection
Torsion of the connection I': T’\W T = I"\W — P/\vu
Curvature of the connection I': Rl (I') = 9,I'}, — 0,1}, + F,i‘afﬁfp —
1‘\)\ FH
vpT Ao
Covariant derivative with respect to an affine connection

Levi-Civita connection which is a linear, metric compatible and torsion-
free connection associated with V; and is given in terms of the Christoffel
SymbOIS: 5,\} = %gup (aug)\p + a)\gup - apgAu)

Covariant derivative with respect to the Levi-Civita connection. Often
shortened to V,({})F = F.,

Spin connection, which is related to the affine connection as w,%, =
eyaeAbI‘l”“\ — e’\baueAa

Covariant derivative with respect to the spin connection

Further conventions

Units are chosen such that ¢ = h = 1 where c is the velocity of light and & = h/(27) in terms of
Planck’s constant h. Next to that we denote the different sign conventions € = £1 for the the
following tensors as used by some well known texts which are used in this thesis:

€= — (29 + (2?2 + (22)? + (23)? Sign of the metric
erRvpe = Opl'y — 0oy, + F,’)UI‘&LP - 1"1),‘[)1"’;(7 Sign of Riemann tensor
€ Ry, =R a0 Sign of the Ricci tensor
er8nTy, = Ry, — %gWR Sign of the Einstein equation
Ref. €g €R € €T
Alvarez et al. [10] - i ¥ T+
‘t Hooft [11] + + + +
Mannheim [12] + - + -
Misner, Thorne and Wheeler [13] + + + +
Sundermeyer [14] - + + .
Wald [15] + + + +
Yepez [16] - + + -
This thesis - + + +

We also use 0,

_ _0 _ 2 _
= goi> U = 0,0" and z° = z,2".
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Abbreviations and acronyms

BEH
CDG
CKM
CW
CWG
ds
EAdS
EEP
EFT
EWSB
GR
GUT
GW
GWS model
NEP
NJL
PGB
PMNS
QCD
QED
QFT
SEP
SM
SR
SSB
ToE

WEP

Brout-Englert-Higgs

Conformal Dilaton Gravity
Cabibbo-Kobayashi-Maskawa
Coleman-Weinberg

Conformal Weyl gravity

de Sitter

Euclidean Anti-de Sitter
Einstein’s Equivalence Principle
Effective Field Theory
Electroweak symmetry breaking
General Relativity

Grand Unified Theory
Gildener-Weinberg
Glashow-Weinberg-Salam model
Newton’s Equivalence Principle
Nambu and Jona-Lasinio
Pseudo-Goldstone boson
Pontecorvo-Maki-Nakagawa-Sakata
Quantum Chromodynamics
Quantum Electrodynamics
Quantum Field Theory

Strong Equivalence Principle
Standard Model

Special Relativity

Spontaneous Symmetry Breaking

Theory of Everything, a quantum gravity theory that is also a grand unification

of all known interactions

Weak Equivalence Principle
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Chapter 1

The Standard Model and
beyond

The Standard Model is constructed by first postulating a set of symmetries of the system, and
then by writing down the most general renormalizable Lagrangian from its field content that
respects these symmetries. In Lie algebra jargon the Standard Model is known as a non-abelian
gauge theory”. The global Poincaré symmetry® is postulated for all relativistic quantum field
theories. Additionally there is the local U(1)y x SU(2)r, x SU(3). — U(1)gm X SU(3). gauge
symmetry which is based on the electroweak gauge group of the GWS model SU(2), x U(1)y
and the SU(3). color gauge group of QCD. The electroweak symmetry group is spontaneously
broken to the electromagnetic symmetry U(1)gym by the Brout-Englert-Higgs mechanism.

We start this chapter by identifying the particle content of the Standard Model and discuss
the group structure in more detail. In the next section the different components of the La-
grangian are recounted culminating in the full Standard Model Lagrangian Lgy [6]. To deal
with the infinities that arise in the calculations, we introduce regularization and renormalization
in section 1.3. Despite its enormous success, the Standard Model is not the final Theory of
Everything as we will argue in the last section.

1.1 Field content and structure

1.1.1 Field content

The Standard Model including including neutrino masses and mixing angles (also known as the
minimal® extended Standard Model) depends on 25 free parameters. Namely, 3 lepton masses,
6 quark masses, the coupling constants g, gs,¢’, the Higgs VEV, 3 quark flavor mixing angles,
3 neutrino mixing angles, and 2 CP violating phases (or 4 if massive neutrino’s are Majorana
fermions). Note that the set of parameters is not unique, e.g. fermion masses can be replaced
by Yukawa couplings. Most of their numerical values have been established by experiment (see
Appendix A). The ESM is able to calculate any experimental observable in terms of its input
parameter set and has done so successfully. The Standard Model precisely predicted a wide
variety of phenomena, e.g. the existence of the Higgs boson and the Z and W+ masses.

"The term ‘gauge’ refers to local nature of the symmetry transformations. The gauge group of the theory
is a Lie group of gauge transformations. For each group generator of the Lie group there arises a corresponding
vector field called the gauge field. Gauge fields are included in the Lagrangian to ensure gauge invariance. When
such a theory is quantized, the quanta of the gauge fields are called gauge bosons. If the symmetry group is
non-commutative, the gauge theory is referred to as non-Abelian.

8The Poincaré symmetry comprises symmetry under translations, rotations and boosts, which are transfor-
mations connecting two uniformly moving bodies.

91t is still called ‘minimal’ because we only assume the number of flavors that are experimentally verified.
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The field content of the Standard Model consists of 12 flavors or matter fields, 12 gauge fields
and the Higgs boson defined as follows:

e Matter fields (spin-1 fermions), namely:

— 6 leptons eps and vy where M = 1, 2,3 is the generation index such that eps is the
electron, the muon or the tau and vy is the corresponding neutrino.

— 6 quarks u% and d% with C' = 1,2, 3 corresponding to the three types of SU(3) color
R,G, B and M = 1,2, 3 is the generation index such that u% is either the up, charm
or top quark and d% is the down, strange or bottom quark.

e Gauge fields (spin-1 bosons), namely:
— Photon A, which mediates the electromagnetic interaction

— 3 weak bosons WujE and Zg which mediate the charged and neutral current weak
interactions

— 8 gluons Gj; where a = 1,2,...8 which mediate the strong interactions

e Higgs boson (spin-0) H which is the result of the complex Higgs fields ¢ and ¢" that
spontaneously break the electroweak SU(2);, x U(1)y symmetry

1.1.2 Gauge group SU(3).

The strong interactions between quarks and gluons are described by Quantum Chromodynam-
ics (QCD), a non-Abelian gauge theory with SU(3). color symmetry. The SU(3). symmetry
group has 8 generators T, a = 1,2,...8 satisfying [T, T%] = if.p.T° where fu. are the an-
tisymmetric structure constants of the group'®. The fundamental representation is given by
the Gell-Mann matrices \* according to T = %)\a. The other important representation is the
adjoint representation: (ngj)bc = —if®c In QCD the gluons transform under the adjoint rep-
resentation whereas quarks transform under the fundamental representation and are given by a
triplet:

q=(¢"4¢% ") (1.1)

The dynamics of the quarks are given by the field strength tensor, which in general is defined

as F,, = j[D;“Du] with g the coupling constant and D, the appropriate gauge covariant
derivative.

D,q= (0, + insgSTaGZ) q (1.2)

with g, is the gauge coupling constant related to SU(3). and G (a = 1,2,...8) the gauge vector
fields known as gluons. Using 7, = £1 to reflect the two sign conventions used in the literature
(see ‘Notations and conventions’, page x), the field strength tensor of SU(3). is then given
by:

G, = 0uGY — 0,GY — nsgs f**°GL G (1.3)
The combination D,, provides the coupling between the fields and ensures that the equation is
invariant under the local SU(3). gauge transformation of the quark fields and fields strength
tensor, which is given by the matrix

U(B) = eme9: T8 (1.4)

such that the fields transform as

10The structure constants are given by: fiaz = +1, fass = fors = 3V/3, fiar = fi6s = faa6 = fos7 = faas =
fare = % and all others that are not related by permutations are zero. Note that we don’t have any structure

constants that have both a 3 and an 8 since A3 and Ag commute.
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¢ =q+dq, 8q = insgsT*B% (1.5)
Gyl =Gy +6Gy, 0Gy, = 0,0 — 159 f"*°B° G, (1.6)

where % (a = 1,2,...8) is the group parameter and the second equality holds for infinitesimal
transformations. With these definitions one can verify that the covariant derivative transforms
like the field itself, ensuring the gauge invariance of the Lagrangian.

1.1.3 Gauge group SU(2), x U(1)y

Electroweak interactions are described by the GWS model which is based on chiral SU(2).
gauge invariance: parity violation is built into the model by assigning the left- and right handed
fermions to different representations of SU(2); where the subscript signals the fact that the
right-handed fermions do not transform under SU(2)1, (they are singlets). The SU(2)r symme-
try group has 3 generators T%,i = 1,2, 3 satisfying [T, 7] = ic% kTk where €¥* is the Levi-Civita
symbol. The fundamental representation of the group generators is given by the Pauli matrices:

T = o' and the adjoint representation is (T,)7* = —ie"/*.

The other group of the GWS model is U(1)y which is the Abelian group of phase transfor-
mations. Its generator is the hypercharge Y and it is related to the charge of the fermion @ and
the T3 generator of SU(2) by @ = T5 + nyY. Both the left-handed and right-handed fermions
transform non-trivially under this group.
Left- and right-handed fermions are defined as follows:

Yp=3(1—v)Y, vr=3(1+7)Y (1.7)
In the Standard Model, the left-handed leptons and neutrino’s are grouped together in the

fundamental representation of SUp(2), as are the left-handed quarks. Right-handed fermions!!
are invariant, i.e. singlet states. Suppressing the generation and color indices, we have

Y = (VL> ; (Zi) ,  WR =UVR,eRr,UR,dg (1.8)

Also for this symmetry group a covariant derivative needs to be introduced to uphold gauge
invariance:

Dy =8, +ingW.T" +in'g'nyY B, (1.9)

where W/ (i = 1,2,3) and B, are the gauge boson fields that correspond to the SU(2); and
U(1)y symmetry group, respectively. The covariant field strength tensors become

Wi, = 0,W. — 0,W}, — nge"*Wiw} (1.10)
B, = 8,B, — 8,B, (1.11)

The local transformations of the fields under SU(2)r, x U(1)y are given by the matrices
Ula) = 7' @) () = 9" Vo) (1.12)

such that

1 There is no evidence that there are right-handed neutrino’s, yet they are needed for the generation of neutrino
masses.
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Y =Y + 0, 6¢r, = ingT o'y,
SU@2)L: ¢ =vg (1.13)
Wi = Wi+ Wi, Wi =—9,0a' —ngeilFal Wk

Y = +0¢r, 0L =in'g'nyYoyr
Uy : Vi =Yg+ 0Yr, 0Yr=1in'g'nyY0Yr (1.14)
B!, =B, +06B,, 0B, =—0,0

where o’(i = 1,2,3) and 6 are the group parameters for the weak isospin and weak hypercharge
operators, respectively. Again n,n’, 7y = £1 to reflect the different sign conventions used in the
literature. Note that the gauge fields only transform under their associated subgroup.

For later computations it is convenient to write the covariant derivative in terms of the mass
eigenstates W,fc, Z,, (weak gauge bosons) and A, (photon):

Nz, = cos(@W)WS’ —ngsin(fw)B,, A, =1 sin(GW)Wl‘j’ + cos(fw ) By
Wl ZW2 /7 7 (115)
WMi _ D B tan(0w) = U
V2 N6 9

Where 1y = £1 and 0y the Weinberg angle that relates the former VV;L and B, fields with the
physical gauge bosons.

ing _ . ing o3 .
D, =0, + > [U+W: +o_W, | +inceQA, + cos(m) [? — Q81n2(9w)] N2, (1.16)

where

o1 Tio .
ox = % nee =11 gsin(Bw) = 1'g’ cos(Ow) (1.17)

1.2 Standard Model Lagrangian

1.2.1 Fermions and the gauge sector

The fermion Lagrangian becomes

N . 14 _ . _ .
ﬁFcrmion: Z (VLaeL) lﬂ) (62) +VR1mVR+eRllD€R

leptons

+ > (ug,dy)ip (Zi) + upilug + drildg (1.18)

quarks

where the full gauge covariant derivative for fermions in the fundamental representation is given
by

D, =0, + % [0 W+ o0 W, ] +ineQA,
, . (1.19)
ing  [os " 1595 \
9 1% Z
cos(Ow) [2 @sin (HW)} =2t Aaliy

with o? (i = 1,2, 3) the Pauli matrices, A\* (a = 1,...8) the Gell-Mann matrices and the quantum
numbers of the fields are given in table 1.1.



1. The Standard Model and beyond 1.2. Standard Model Lagrangian 5

Field % nyY Q |Fied 2 n5vY Q
VmL +% —% 0 vmr 0 0 0
emlL —% —% -1 emr O -1 -1
Umr  +5 +:  +E|unr 0 +% 42
dpr, —% 4+t —%ldwr 0 -% -1

Table 1.1 — The quantum numbers of the different fields of the GWS model.

The gauge invariant dynamical terms of the gauge bosons is built from the asymmetric, covariant
field strength tensor for each group, namely equation (1.3), (1.10) and (1.11). For the the
Standard Model the Yang-Mills Lagrangian thus becomes:

Lym = —1B,,B" — iW;VWi“V - iGZVG‘”“’ (1.20)
Note that due to the nonlinearity of the Wﬁl, and G

uuv» this Lagrangian contains trilinear and
quartic self-interaction terms of the non-Abelian gauge fields Wﬁ and G;.

1.2.2 Brout-Englert-Higgs mechanism

At this point in the review of the Standard Model both the gauge bosons and fermions are
still massless as there is no SU(2) x U(1) invariant mass term possible. In 1964 another mech-
anism of mass generation was investigated by three separate groups: (i) Robert Brout and
Francois Englert; (ii) Peter Higgs; and later by (iii) Gerald Guralnik, Carl Hagen and Tom Kib-
ble. Their results are known as the Brout-Englert-Higgs-Guralnik-Hagen-Kibble mechanism,
often just called the Brout-Englert-Higgs (BEH) or Higgs mechanism, which is a prescription
for breaking the gauge symmetry spontaneously (SSB).

The Higgs multiplet H is introduced in the theory. It needs to have four degrees of freedom as
there are four weak gauge bosons W}, (i = 12,3) and B,,. The simplest model for the Higgs field
is that of a SU(2) doublet with 2 complex scalar fields ¢+ and ¢°:

H—<¢+ - ot TP=+41, npyY =41 and Q=+1
@0 ) o T3 =

1 (1.21)
, Y =+5 and Q=0

M= M=

The CP-even neutral component of the complex doublet scalar field H acquires a nontrivial
vacuum expectation value (VEV) v &~ 246 GeV which sets the scale of electroweak symmetry
breaking (EWSB):

(H) = % (3) . such that o (2) 20, Y (2) £0, Q (S) —0  (1.22)

which means that the vacuum is not invariant under SU(2), transformations and that U(1)y
is also broken. However, the electromagnetic symmetry U(1)em, remains exact. The Higgs field
thus ‘spontaneously breaks’ the local gauge symmetry SU(2)r x U(1)y to U(1)em.

The above mentioned vacuum expectation value (VEV) is realized by a ‘Mexican hat poten-
tial’ containing a tachyonic mass term and quartic self-interaction:

V(HIH) = — 1P HIH + MNHTH)? (1.23)

where 42 > 0 and \ > 0 are real, constant parameters.
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The minimum of the potential is at:

v? = HiH,

I
|
3
c
I

(1.24)

[
=
>3,

The gauge invariant Higgs Lagrangian is then established by replacing the normal derivative
with the covariant derivative (1.19) using the appropriate quantum numbers as mentioned in
equation (1.21).

Litiggs = (D, M) (D H) + (*HIH — A(HTH)? (1.25)
Perturbation theory requires smallness of the terms in the expansion, so the fields must have
average value zero in the ground state, but (0|#|0) = v # 0. Therefore, we need to redefine H.
Here we treat two of these redefinitions: the unitary gauge and the R, gauges.

Unitary gauge

This parametrization is based on the introduction of four new fields H(x) and ¢*(z) with i =
1,2,3:

_ %U—l(g) (U . ?{@)) . with U\ (z) =

where H (z) is the Higgs boson. Exploiting the gauge invariance, the fields (*(x) can be trans-

—i¢; (o) T
v

H (1.26)

formed away via a gauge transformation (equation (1.13) with & = %)

r_ _ b 0
W =UOH = 7 <U+H(:¢)> (1.27)

and replacing # with H' everywhere. The Higgs Lagrangian Ligiggs in the unitary gauge becomes
(up to a constant):

M2 M2
Liiggs = 30, HO"H — LMz H? — TfHS - 87121114

) . ) . (1.28)
+ Mg Wrwh= (1 + o H+ UQH2> +1iMiz, z¢ (1 +—H+ UQHQ)

We see that expanding the potential around the minimum such that terms linear in H(z) drop
out, gives physical masses to the Higgs and weak gauge bosons:
_gu _ Mw

= ——— My =+/2u? 1.2
COS(GW)’ H I ( 9)

Before SSB there were 4 massless gauge fields and 4 degrees of freedom form the Higgs field of
which 3 would-be Goldstone bosons (5) After SSB, the Goldstone bosons are absorbed to give
masses to the Wjﬁ and Z,, gauge bosons, leaving the photon massless. The remaining component
of the complex doublet becomes the Higgs boson, a new fundamental scalar particle. The number

of degrees of freedom before and after spontaneous symmetry breaking is thus equal.

R¢ gauge

The disadvantage of the unitary gauge is that the propagators of the gauge fields behave as
k° when the momentum k — oo seemingly indicating that the theory is non-renormalizable.
However, since physical quantities are gauge invariant, any physical quantity can be calculated



1. The Standard Model and beyond 1.2. Standard Model Lagrangian 7

in a gauge where renormalizability is manifest. While the particle content is manifest in the
unitary gauge, we could also choose to work in the more conventional class of R, gauges.

¢ (x)
"= v H () +idz (2) (1.30)
V2
Plugging this into equation (1.25) gives:
M? M?
Litiggs = 20, HO"H — A ME H? — 2—5}13 — ﬁH‘* (1.31)

2 1 2 1
wagwwe (v 2 o) gz (1 D )

+ 0,0 "™ + 50,020 Pz + inMy (W, 0" ¢T —W,F0"¢™) —mz Mz Z,0" ¢y
+ trilinear interactions + quadrilinear interactions

where the masses are defined as in equation (1.29). As is now evident, spontaneous symmetry
breaking in the R, gauge introduces mixing terms between the gauge bosons and the would-
be Goldstone fields. As we will see in section 1.2.4, these terms can be cancelled but the
unphysical ¢z, ¢+ do not disappear and will contribute to the propagator. It means we have
the desirable behavior of the propagator at the cost of increasing the number of particles and
Feynman diagrams. These R¢ gauges are therefore only used when calculating higher-order
corrections to transition amplitudes.

1.2.3 Yukawa interactions

The Yang-Mills, fermion and Higgs Lagrangian of the Standard Model have now been discussed.
Next, we note that the introduced Higgs field H also couples to the fermions in the so-called
Yukawa interaction terms. These interaction terms have to be SU(2), singlets with the property
YY = 0 in order for them to be SU(2)r x U(1)y gauge invariant. Because of this, the charge
conjugated Higgs doublet is needed.

_ of of . 341 y—_1land Q=0
T = igy Mt = (d’ _>, with © T2 2 and @ (1.32)
¢~ T3=-1 Y:—% and @Q=-1

27

Summing over the generations and allowing for mixing of generations, the gauge invariant
Yukawa Lagrangian becomes:

Lyvukawa = — Zk (ﬂL CZL) Fu,}:[UR + ﬂRF“*ﬁT <§Z) + (’ELL JL) FdeR + (ZRFd*IHT (Zi)
quarks

— Z (I7L EL) FD/]:[VR + ERFV*’}:[T (VL) + (I7L EL) I'Hegr + éRF"‘*HT (VL>
leptons L L

(1.33)

where '€ are the Yukawa couplings represented by 3 x 3 complex matrices. In general, the
matrices are not diagonal because the fermion fields in the Lagrangian are not mass eigenstates.
The “true fermions” (primed fields) with well-defined masses are linear combinations of those in
Lyukawa Which are flavor eigenstates.

dul ¥ = (uUY) (U3 10 U3 ) (URvn) = o000, (1.3)

Here, ¥ = u,d,v,e and M7 is the mass matrix with the masses of the three generations of
on the diagonal. The unitary matrices U can be derived from the Cabibbo-Kobayashi-Maskawa
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(CKM) mixing matrix V¢ = U“zUleT and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix V¢ = UZUQLJr with V in both cases parametrized as

1 0 0 C13 0 8136_1(s C12 s12 0
V = 0 Co3 S23 0 ) 1 0 —S812 Ci12 0 (135)
0 —S23 (23 —813616 0 C13 0 0 1

where s;; = sinf;;, c;; = cosf;;, and 0 is the phase responsible for all CP-violating phenomena
in flavor-changing processes in the SM. The known values are listed in Appendix A.

Once the Higgs acquires a VEV (i.e. plug either (1.26) or (1.30) in Lyukawa), and after rota-
tion to the fermion mass eigenstate basis that also diagonalizes the Higgs-fermion interactions,
all fermions acquire a mass given by m, = )\1/,%. The fermion masses, accounting for a large
number of the free parameters of the SM are also listed in Appendix A. It should be noted
that the electroweak symmetry breaking mechanism provides no additional insight on possible
underlying reasons for the large variety of masses of the fermions, often referred to as the flavor
hierarchy.

Before continuing we point out that in the above we assumed neutrino’s to be Dirac particles.
The idea of the Dirac neutrino works in the sense that we can generate neutrino masses via the
Higgs mechanism. Yet a strong point of critique is that this suggests that neutrinos should have
similar masses to the other particles in the Standard Model, something that can be avoided if we
also assume that interaction strength of the neutrino with the Higgs boson is at least 10'2 times
weaker than that of the top quark. Few physicists accept such a tiny number as a fundamental
constant of nature. The other option is to consider neutrino’s as Majorana particles, which is
a fermion that is its own antiparticle, contrary to Dirac fermions. They were hypothesized by
Ettore Majorana in 1937. In this scheme, it is possible for right-handed neutrinos to have a mass
of their own without relying on the Higgs boson, but two additional CP violating phases must
be added to the PMNS mixing matrix via the matrix diag(1, el*21/2 ¢el@s1/2),

Currently, one uses a mixture of the two possibilities to explain the smallness of the neutrino
masses. This (type I) see-saw mechanism of neutrino mass generation assumes Yukawa interac-
tions with the SM leptons and Higgs doublet as in (1.33) as well as a Majorana mass term for
right-handed neutrino’s:

1
Lsce-saw = Lyukawa — QMERVICQ (136)

where M is a diagonal Majorana mass matrix when using the mass eigenstates and v is the
CP conjugate of a right-handed neutrino field, in other words a left-handed antineutrino field.
In the case when the elements of Dirac mass matrices m, are much smaller than those of the
Majorana mass matrix M, the complete neutrino mass matrix may be diagonalized yielding
a small mass term for the left-handed flavor neutrinos [17]: M, = —m, M ~'mI. Adding the
Majorana mass term thus yields the desired result of small neutrino masses. It is important to
note that this term could also be generated through the vacuum expectation value of some extra
scalar singlet.

1.2.4 Faddeev-Popov gauge-fixing procedure

Similarly to an Abelian theory like QED, the gauge invariance of the theory leads to too many
degrees of freedom, ruining the naive way of calculating the propagator. In the unitary gauge
it is possible to determine the propagators without these difficulties. However, if we want to
apply the arguments of power counting renormalizability, the boson propagators have to behave
as k2 for large momenta k2. Therefore, one uses the class of R¢ gauges, but also fix the gauge
to reduce the degrees of degree of freedom.
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To address the problem of the degrees of freedom gauge-fixing terms are added to the gauge
invariant Lagrangian in perturbation theory.

1, 1 ., 1 , 1

Lop=——C%——C%—-—C2—-—CC 1.37
P T2 T 2a AT 2 P ey Y (1.37)
where
CL =0"GY 8CE = 9"(3G1)
Ca=0"A, 5Ca = O"(8A,,) (138
Cz=0"Z,+mmzCzMzdpz 0Cz =0"(6Z,) +mmzCzMz0dz '
Ci ='W +inCwMwe™ 6Cx = 0"(OW) + inCw Mw 6™

The class of R¢ gauges refers to the different values we can give to &, and (, in the above equa-
tion to simplify calculations. Familiar combinations are the 't Hooft gauge where (z = £, and
Cw = &w and the ‘t Hooft-Feynman gauge has in addition &, = £z = £4 = 1. Both of which
would also cancel the cross terms that arise in equation (1.31). Another gauge is the Landau
gauge &w = €z = &4 = 0 and (, = (z = 0, whereas working in the unitary gauge is equivalent
to (w = &4, — oo and (z = €% — oo. All these choices are allowed as the dependence on the
gauge should cancel in physical quantities.

Next recall the gauge transformations under SU(3), SUL(2) and Uy (1), (1.5), (1.13) and (1.14)
respectively. Applying these gauge transformations on the gauge-fixing terms, to find the missing
terms in the second column of (1.38), shows that gauge fixing breaks the local gauge symmetry
non-linearly. As a consequence of the broken gauge Ward identity the unphysical part of the
vector bosons interacts and contributes to the physical scattering matrix in the tree approxi-
mation. In order to cancel these interactions additional fields, the Faddeev-Popov ghosts, are
needed!?. For each gauge field there is such a ghost field, but as they are unphysical particles
they only occur inside loops. Where the gauge field acquires a mass via the Brout-Englert-Higgs
mechanism, the associated ghost field acquires the same mass but only in the Feynman-"t Hooft
gauge. Furthermore, they obey Fermi statistics just like fermions do, giving rise to an extra
minus sign in Feynman diagrams as compared to the same diagrams made up of gauge fields.

_ 9(8C4)
oot tea oot

8 a
o(ce)

4
a(6C 0(6C_ o(6C
£FP_UGZ[E+ (0C+) 4, A )+EZ (0C7) }Ci+77g @

oot T dat
(1.39)

In the above equation, c4,ca,cz are the electroweak ghosts associated with U(a?) with i =
1,...4 and w* with a = 1,...8 the ghosts associated with the SU(3) color transformations. The
various 6C are given in equation (1.38). Gauge invariance of the full Lagrangian of the Standard
Model can be explicitly checked [see e.g. 6].

Choosing the R; means that the Goldstone boson is still present and has acquired a mass
from the gauge fixing term. It has interactions with the gauge boson, with the Higgs scalar and
with itself. Furthermore, Faddeev- Popov ghosts needed to be introduced, which interact with
the gauge bosons, the Higgs scalar and the Goldstone bosons.

12Note that the conventional way for introducing Faddeev-Popov fields into gauge theories does not start from
unitarity arguments but from the path integral formulation of quantum field theory: To implement the gauge
fixing program in path integrals one needs a compensating determinant. This determinant can be rewritten in the
form a path integral over a set of anti-commuting scalar fields. Since these scalar fields have the wrong statistics
(they should have been bosons instead of fermions) they are not physical and therefore called ghosts. A third
way of introducing Faddeev-Popov ghosts in the theory is provided by the algebraic method of BRS quantization
[18].



1. The Standard Model and beyond 1.2. Standard Model Lagrangian 10

1.2.5 Complete Lagrangian

The full Standard Model Lagrangian consists of the contributions from the Yang-Mills sector
(1.20), the fermions (1.18), the Higgs sector (1.25), the yukawa interactions (1.33), the gauge-
fixing terms (1.37), and the Faddeev-Popov ghosts (1.39).

ESM = EYM + ‘CFermion + £Higgs + EYukawa + ‘CGF + ‘Cghosts (140)

Including neutrino masses via the see-saw mechanism requires (1.36) instead of (1.33) and add
an additional Majorana mass term for right-handed neutrino’s to the above lagrangian. Before
spontaneous symmetry breaking of the electroweak interactions, this is Lagrangian takes the
following form:

Lsm = —§Bu,B"Y — $W,, W™ — LG8 G (U(1), SU(2), SU(3) gauge terms)
+ (DL éL) ip <Zi) + URpilPvg + egilPer (lepton dynamical terms)
— (DL éL) IHep — erDe*HT (:i) (e, u, T mass terms)
_ (DL éL) HIV v — el HE (:i) — %MﬁRyﬁ(neutrino mass term)
+ (aL JL) i (Zi) + apilur + drilpdg (quark dynamical terms)
— (ﬂL JL) I*Hdp — CZRI’d*HT (Zi) (d, s, b mass term)
— (g dL) M“Hup — agl**HE (Zi) (u, ¢, t mass term)
+ (D, H)N(DH) + (*HIH — AN(HTH)? (Higgs dynamical and mass term)

1, 1 , 1

- ——Cg——C C% — LC_CJr (Gauge-fixing term)

26 ¢ 24 2%y Ew
5. . 0(5C9)
+ g a%_:l w® 5 5bG w? (Faddeev- Popov ghosts)
4
_0(6Cy)  _ o(6Co)  _ 9(6Cz) _ 0(6Ca)
. _ - : : i 1.41
e ; {CJF A A AT | € (1.41)
and the full gauge covariant derivative is given in (1.19)
ig i . igs a
D,=0,—- gaiAu — 1g’YBlL — ?)\HG#
ing -1 ing [o3 .9 Ns9s \ ~a
:aﬂ+? [U+W:+O—7Wp‘] +17766QA#+W ?762811’1 (QW) 7722#+ B )\aG#

Summation over the generation, color indices and contracted indices (Einstein convention) is
implied in all above formulae.
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1.3 Dealing with infinities

We start by noting that the Standard Model Lagrangian of the previous chapter is still classi-
cal. In order to correctly calculate physical observables like cross sections and decay rates, we’ll
have to transform it to a quantum theory. To change the classical Lagrangian to a quantum
theory we’ll write the particle fields in terms of creation and annihilation operators and then im-
pose the canonical (anti)commutation relations. This procedure is called canonical quantization.

Instead, we can also use the path integral formalism as shown by means of the LSZ reduction
formula in Section 1.3.1. Added benefits of that method are that it uses Lgyr of the previous sec-
tion directly, and explicitly preserves all symmetries of the theory. The LSZ formula allows us to
calculate transition amplitudes via the n-point correlation functions. To calculate those we need
the procedures of regularization and renormalization as explained in Section 1.3. This introduces
an energy dependence in the coupling constant and the function describing this dependence is
explained in the next-to-last section and is applied to the Standard Model in Section 1.3.4.

1.3.1 LSZ reduction formula and generating functionals

We start by writing down the transition amplitude 7;_, with an initial state |i) of n incoming
particles at t = —oo and a final state |f) of n’ of outgoing particles at time ¢ = 4o00. The
LSZ reduction formula, named after its inventors Harry Lehmann, Kurt Symanzik en Wolfhart
Zimmermann, relates the amplitude to an expression involving the particle fields ®: the n-point
correlation function or Green’s function.

Tiesp = (f|S]i) = e /d4xleik”‘1 (=02 +m?) ... d*zp et ™ (=02, + m?) ...
(1.42)

XAQUT{P(z1) ... P(xn)P(z1/) ... P(xn)}2)

where S is the S-matrix, |Q) the vacuum of the theory and T is a time-ordering symbol that
orders operators such that operators at later times are left of operators at earlier times. The
n-point correlation function can be expressed in terms of functional integrals. Actually, using
Wick’s theorem, the correlation functions can be evaluated in a perturbative expansion in powers
of the coupling g based on all connected Feynman diagrams. The result is

[DOD (1) ... D(x,)elS d*zf B (sum of Feynman)

(@(21) ... P(zn)) = T—>O<1>I(I11—ie) fD(I)eifd4xL diagrams with x;

Defining the generating functional Z[J] of all general correlation functions, where J(z) an ex-
ternal current that acts as a source for every field ®(x), we get

(=0)" 0" Z[J]

with Z[J] = /’D(I) eifd“w(ﬁ(z)ﬂ(w)@(m))
J=0

Next, we can define W.J] as the generating functional of all connected correlation functions:

n+1 S"WiJ|

(®(x1) ... () conn. = —i 5J(x1) ... 0 ()

with WI[J] = —ilog Z[J]

J=0

Lastly, we define I'[®,] as the generating functional for the 1-particle irreducible!® (1PI) corre-
lation functions, most often referred to as the (1PI) effective action:

L[®.] = W[J] - / d*zJ(2)®y(z) and Oy = (1.43)

13 A 1-particle irreducible diagram is an amputated Feynman diagram which does not fall into two pieces if
you cut one internal line.
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such that

O"T[P]

(@(@a) lon) e =1 S ) —

and if the connected 2-point function takes a nonzero value which is identified with the exact
propagator D. The effective action I'[®.] contains the full information about the quantum dy-
namics of a theory in a classical language, in the sense that the full loop-corrected value of any
S-matrix element can be obtained by using the effective action and computing only tree-level
diagrams.

Now taking into account that we usually have an interacting, multiparticle theory, we find
that additional conditions are needed for the LSZ formula to work. This is because the ground
state is in general (0|®(0)|0) = v # 0. In a free theory the annihilation and creation operators
annihilate the vacuum to the right or left respectively. Thus, we require

(0] (2)|0) = (0]®(0)[0) =0 (1.44)

to hold also in the interacting theory, which can be achieved by performing a linear shift, as was
also done in Section 1.2.2: & — & + v. With this linear shift, the ground state is again |0),
normalized via (0|0) = 1. Given that only tadpole Feynman diagrams (diagrams with only one
external line) contribute, setting (0|®(x)|0) = 0 is equivalent to omitting from the generating
functional all the tadpole graphs [9].

Furthermore, we need to make sure the asymptotic states at ¢t = —oco and t = +oo are one-
particle states. In the free theory ®(0) |0) creates a single particle state |k) with an appropriate
normalization'4, because

(k[@(2)[0) = e~ *"“n (k[®(0)|0) = e~ (1.45)
For this relation to hold in a multiparticle, interacting theory we define
Do(z) = EVZP,(x), with Z = |(k|®(0)[0)|? (1.46)

The subscript 0 signals that this is the bare field whereas ®,. is the renormalized field, which has
a propagator with a pole at the physical mass m with residue £. The renormalized field strength
Zg is the probability that ®(0) creates a given state from the vacuum and £ is the field-strength
normalization factor.

We can write the bare Lagrangian as the sum of the renormalized Lagrangian which has the
same form as the original but with field-strength normalized to 1 and physical mass m and cou-
pling g, and residual counter terms. These counterterms are finally determined order by order
in perturbation theory to enforce the renormalization conditions defining the physical mass m
and couplings g.

Consider for example the ¢* bare Lagrangian with only scalar fields

L(¢0, Ao) = 50,000" b0 — smidg — 3 Moo

Next we shift and apply the reparametrization such that the Lagrangian satisfies the normaliza-
tion requirements (1.44) and (1.45). The Lagrangian can now be re-written as

‘C(d)v )\) + ﬁcounter = »C(QS()» )\O) = %Zaﬂ(bau¢ - %ng¢2 - %Z2)\0¢4

= [30400"6 — 3m*¢” = 306%] + [5850,00"0 — 5Am¢” — 31810

M The one-particle state is normalized via (k’|k) = (27)32k°63 (k' — k)
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where ¢ =1 and Ay = Z —1,A,, = m3Z —m? Ay = \oZ? — \. Note that equation (1.45) fixes
only one of the three normalization parameters introduced. The remaining two parameters are
fixed by equating m? to the location of the pole of the propagator (exact two-point function)
and A to the magnitude of the scattering amplitude at zero momentum.

To see how the effective action is affected by writing the Lagrangian Lo[®,] = £,.[®,] + AL[®,],
we similarly split the external current

55, [®,]

J(x) = Jr(z) + AJ(xz) where 50,

=—J(z)

P,=Py

where J, and the counterterm AJ are defined to enforce the definition of ®.(z) at the lowest
order and order by order in perturbation theory, respectively. We can then evaluate the exact
integral as a saddle-point expansion, corresponding to a loop expansion in powers of &, by writing
D,.(z) = Dy(x) + n(z). Then we can write

i 625, (@] . sum of
D[@y] = 5[] + 5 Triog <_6¢€> i (Conn_ diag') + AS[D] (1.47)

where the sign depends on whether the fields are bosonic or fermionic. Applying it for example
to our ¢*-model:

o, = /d%(%@@da“q)c — Im?®2 — £} (1.48a)

o, = % Trlog (D +m? + ;%) +AS (1.48Db)

%Trlog(lj +m?) + %Trlog (1 + /Q\beil) +A'S

i A "
= const. — Z % Tr <2D®gl> + %A(ﬁa,u@dau(bcl — %Ame(bgl — %AA)\@LCLZ

where we used log(1 —z) = -3 %ﬂ in the last line. Diagrammatically, this corresponds to the
counter-terms and summing up all the 1-loop diagrams with an arbitrary number n of vertices
between the fluctuation field n and the background field ®.;. They indeed reproduce the correct
factor 1/(2n) because rotations (1/n) and reflections (1/2) of the loop do not change the diagram.
The factor 1/2 in the numerator is an extra bose factor, since exchanging two external lines at
the same vertex does not give a new diagram.

1.3.2 Renormalization and regularization

As explained in the previous section, we know that the LSZ-formula allows us to calculate tran-
sition amplitudes via the n-point correlation function. This function can be expressed as a sum
of fully connected and amputated Feynman diagrams. Feynman diagrams and rules for external
lines, vertices, propagators and counterterms offer a very transparent way of constructing pro-
cess amplitudes, order-by-order in perturbation theory. This section explains the procedure for
calculating the correlation function, see also e.g. any textbook on QFT like [7, 9] which contain
explicit examples.

First, use the Feynman rules to write down the amplitude of each diagram. We then change to an
integral representation and use the identities (valid for any positive definite A, B,C,...)

AB / Am+B1—x)]’ A2B / Am+B1_:g>]3’

1
W_Q/dyy/ TV )+y(Ba:+C(1—x))]3 e
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where z,y are Feynman parameters. This method of Feynman parameters allows us to combine
the denominators of the propagators to a single expression. Next we complete the square in the
new dominator by introducing a new loop momentum variable ¢ and express the numerator in
terms of this variable. The integral over terms linear in ¢ vanishes.

Using another trick called Wick rotation to Euclidean momentum(¢° = i¢%, £ = £5) the momen-
tum integral can be evaluated using four-dimensional spherical coordinates. Standard integrals
can be used to simplify the expression further and they can be derived from only one inte-
gral:

B '(_1)04 dek . (—1)0‘ F(a—d/?)
o) = yr | G A= = e T

Ad=2e (1.49)

If « > d/2, the integral is finite, but in relativistic QFTs we often encounter o < d/2 and the
integral becomes UV divergent. To deal with this divergence the integral must be ‘regularized’
using a regularization scheme. Here we use UV dimensional regularization, developed by Gerard
‘t Hooft, where we change the dimension of the integral to d = 4 — 2e. Then the loop integrals
can be split in a divergent part in the form of inverse powers of € and an arbitrary finite part.
We can then choose the renormalization constants Z; such that the counterterms exactly cancel
these divergent Feynman diagrams, e.g. ‘renormalize’ these parameters to maintain the renor-
malization conditions. Finally, we take the limit ¢ — 0 to get finite physical observables. This
procedure is known as renormalized perturbation theory.

Dimensional regularization introduces a mass scale p into the theory. Because we extend from
dimension d = 4 to dimension d = 4 —2¢, a previously dimensionless g must now have dimensions
2¢. So we let p1 be some scale with mass dimension one and then g — gfi%¢ such that g itself is
dimensionless and the Lagrangian will still have dimension four. Here, u? = 4me™ 72 i? and vg
the Euler-Mascheroni constant'®. Note that bare parameters are per definition independent of .

Notice that there is a freedom in splitting the integral into two pieces. The amount of the
finite piece that we absorb into the divergent piece depends on what regularization scheme we
use. Specifically, the modified minimal subtraction scheme!® (MS) is used. This prescription
absorbs only the infinities that arise in perturbative calculations beyond leading order into the
counterterms.

QFTs are called renormalizable if there are a finite number of counter-terms needed to ren-
der perturbation theory useful. The superficial degree of divergence D can give a tentative
indication whether or not a particular diagram diverges.

pas () (452w (450w w0

with d the dimension, V' the number of vertices, N, the number of external photon lines, and IV,
the number of external electron lines. Naively, a diagram will show divergence oc AP for D > 0
with A the momentum cut-off, the divergence will be logarithmic for D = 0, and there will be
no divergence when D < 0. There are of course exceptions.

The coefficient in front of V' is the mass dimension of the coupling constant of the theory. There-
fore, we can say that renormalizability is related to the mass dimensions of the theory.

e Super-renormalizable theory: Only a finite number of Feynman diagrams superficially
diverge. This is the case when the coupling constant has positive mass dimension.

e Renormalizable theory: When the coupling constant is dimensionless, only a finite number
of amplitudes superficially diverge. However, divergencies occur at all orders in perturba-
tion theory.

151t appears in I'(e) = % — g + O(€) and is vg ~ 0.5772. It will cancel in observable quantities.
16Had we set ji = p in gfi¢ then the scheme would be just the minimal subtraction or MS scheme.
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e Non-renormalizable theory: All amplitudes are divergent at a sufficiently high order in
perturbation theory. This happens when the coupling constant has negative mass dimen-
sion.

The spin of the matter fields also has to be taken into account: in d = 4 dimensions spin 0 and
spin % fields are renormalizable, spin 1 fields only when associated with a gauge symmetry, and
fields with higher spin are never renormalizable for d > 4 dimensions.

The ‘old” view was that only renormalizable Lagrangians can function as models for physi-
cal phenomena. In nonrenormalizable theories, physical observables do not decouple from the
UV modes and we cannot make predictions in the high energy limit. However, Kenneth Wil-
son realized that nonrenormalizable theories can still make valid predictions below a certain
ultraviolet cutoff A [19] because then the UV modes are negligible. These theories are so called
Effective Field Theories (EFT) and allow us to make predictions at present energies without
making unwarranted assumptions about what is going on at higher energies.

The central ingredient of EFT is the Wilsonian effective action (not to be mistaken with the
1PT effective action). Suppose we have a theory at a high energy scale, the bare scale Ay, which
is described by the bare action Sy, = [ d?zLy. Now, we integrate out degrees of freedom be-
tween the bare scale and a lower, effective scale, A and rescale the theory. These continuously
generated transformations of Lagrangians are referred to as the ERG. The resulting action, the
Wilsonian effective action Sy is in general different from the original action. This effective action
now describes the theory at the effective scale [20]. Unlike the 1PT effective action, one still has
to perform the path integral in the Wilsonian case.

On the other hand, if we do not know the high energy theory, we adopt the following gen-
eral procedure:

1. Identify the low energy degrees of freedom and symmetries.

2. Using only these fields write down the most general Lagrangian consistent with these
symmetries. This Lagrangian can be ordered in an energy expansion in terms of increasing
dimensions of the operators involved, where the operators of the lowest dimension(s) form
the leading order interactions.

3. Quantize the fields and identify the propagators in the usual way.

4. Observables like the cross section can be calculated in the usual way, using regularization
and renormalization to deal with the infinities. However, an effective theory requires an
infinite amount of terms in order to absorb all divergences. The coeflicients of various terms
in the effective Lagrangian cannot be predicted and are thus determined by matching them
to experiments. This only needs to be done once per term and once fixed each coefficient
can be reliably used to compute further observables.

5. Use the theory to make predictions.

As can be seen, this procedure differs little from conventional renormalizable theories. The only
difference being in the number of terms to absorb the infinities. However, only a finite number
of terms are required to make predictions to within a required accuracy.

1.3.3 Callan-Symanzik equation

In this section we want to focus on one particular important aspect of the above explained
renormalization and regularization procedure, namely the fact that a scale dependence is intro-
duced. Specifically, the renormalization conditions that we have imposed involve an arbitrary
renormalization scale p and field strength normalization £&. However, we could have equally well
used p/,&. In order for it to be the same theory, there needs to exist a continuous relation-
ship between the regular and primed expressions. This again means that the dependence of the
Green’s function on p, £, g is constrained.
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Recall the connected n-point function, which we call G(™ (T1,. -y Tni ity G)

G(")(ml, s s go) = (@(x1) .. P(20)) conn. (1.51)

The renormalized Green’s function is

G (21, s 1y 9) = (Pp(21) o P (T0)) o (1.52)

where the only renormalization scale dependence is hidden in Z such that
G(n) (xla sy Ty gO) = Zg/Qng) (1'1, sy Ty :u7g) (153)

Then the trajectories of the parameters (i, g) defining the same theory through different renor-
malization conditions are determined by requiring that the bare Green’s function should be
invariant under infinitesimal transformations gy — pu + du, g — g + dg combined with Zg —
Zgo + 024, done at fixed values for the bare coupling gg.

0 0 0
= <5ua +59a +5ZaZ)Z”/2G§~")(x1,~-~,zn;u7g)

0 0 4
= <5u+59 +n)G$")(x1,---,xn;u,g)
I g
= u——&—ﬁz—&—nv G (1, .. T s 9)
a'u 89 r ) y Lny My

In going from the first to the second line we did the derivative with respect to Z and multiplied
everything by Z~"/2. Going from the second to third line, which is known as the Callan-
Symanzik equation, we multiplied by p/du and defined

B=p @ dyg 7L8727810gﬁ
8u ~ Ologp’ V72Z0u7 Olog it

(1.54)

Allowing also for mass terms by rewriting the dimensional coupling m? in terms of a dimensionless
coupling g, = m?/u?
OGm o 9gm

+”’Y>G£»n)(331a-~-7$n;l$a979m)7 with /B’H'L = NTN - alogu

0 0 0
0= T O07 +Pma—
(M o ﬂag 2 Ogm
The general Callan-Symanzik equation for multiple interactions with dimensionless couplings
{g:} and fields {®;} of which some contain mass terms, is

+Z@ +Zﬂmya an G (@1, wns i {gih Agmid) = 0

(1.55)

The function S(g) is the beta function, which gives the behavior of the coupling constant as a
function of p (‘the running of the coupling’), and =, is the scaling of the field @, and named the
anomalous dimension. The general solution to the Callan-Symanzik equation in the presence of
mass parameters will involve not only a running coupling and a running field-strength normal-
ization, but also a running mass parameter.

From now on, we are only interested in the beta functions, since they determine the strength of
the interaction and the conditions under which perturbation theory is still valid. They provide
insights in the energy dependence of cross sections, hints to phase transitions and can provide
evidence to the energy range in which a particular theory is valid. Consider, for example, what
we can learn from the three possible signs of the beta function for small g.

1. B(g) > 0: the g goes to zero in the infrared, leading to definite predictions about the small-
momentum behavior of the theory. However, the coupling g(u) increases with an increase
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of the mass scale. Thus the short-distance behavior of the theory cannot be computed using
Feynman diagram perturbation theory. Theories with this particular property, everywhere
or only in a particular region, are called infrared free. The theory of QED is an example
of such a theory.

2. fB(g) = 0: by the definition of the beta function, the coupling constant is independent of
the energy scale p. These so-called finite quantum field theories are scale invariant.

3. B(g) < 0: the coupling decreases with an increase of p, so the theory is strongly coupled
at small energies and weakly coupled at large energies. This means that we can only use
perturbation theory at large energies. Theories with this property, like QCD, are called
asymptotic free.

The zeros of the beta function, so called fixed points, dictate the ultraviolet and infrared proper-
ties of the theory. Both QCD and QED have a trivial, also called Gaussian, fixed point at g = 0,
but their behavior in that point differs greatly. The difference lies in the energy regime at which
the coupling constant approaches its critical value. Non-trivial fixed points are those for which
B(g*) = 0 with g* # 0 and they come in two flavors: an ultraviolet fixed point (UVFP) when for
g < g* the beta function is positive and for g > ¢* S(g) < 0, and an infrared fixed point (IRFP)
when the opposite is true. Theories with the latter are scale invariant at large distances, since
the coupling constant renormalization flow stops in the infrared. This scale invariance is part of
a larger conformal symmetry which we will encounter in the next chapter.

1.3.4 Standard Model beta functions

Now we turn our attention back to the Standard Model. Specifically, we are interested in the
one-loop beta function of the different gauge coupling constants, though we will mention the
current precision as well.

Computing the beta functions is rather involved. For later convenience we write g; = v/4wa;,
such that the beta function is given by:

2dOéZ'

I 42 =Bi({a;},€) (1.56)
where the dependence on the regulator e explicitly indicates that we work with Dimensional Reg-
ularization. For gauge couplings, the beta functions are scalar functions, while for the Yukawa
and scalar couplings, the beta functions have the same dimension as the Yukawa-coupling tensor
and the scalar-coupling tensor.

First consider the simpler theory of QED. We write the theory in terms of the renormalized
parameters. Comparison with the bare lagrangian shows that the QED coupling constant can
be written as ag = Z3Zy 2Z5 *fi*«.. The different renormalization factors Z; have to be deter-
mined, which can be done by calculating the relevant Feynman diagrams for the QED vertex
(Z1), the electron propagator (Zs) and the photon propagator (Z3). Using the fact oy does not
depend on the renormalization scale, the beta function of a can be successfully determined via
(1.56).

To calculate the gauge coupling beta functions of the Standard Model, we rewrite equation
(1.56) using

Z2
ol = p*Zy 0; with Z,, = ﬁ (1.57)

Noting that o? is independent of the mass scale u, we find [21]:
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d d
—_ 2 o_ ,2 2e
0=p dTAQOéi P12 (M Zaiai)
2 1 dZ,, 9 1 doy
= € _— _—
a Zo, dp? oy dp?
- ) 2 Q5 i 8Zai dOéj ZdOéi
= e+ Za, p da; dp? dp?
n
o 0Z,, o 0Z,,
p— i K2 1 2
a€+ZozijZ:; da; ﬂ]+< +Zai da; )ﬂﬂz
J#i
n —1
(67 9 O 8Za. (67 6Za.
= pi=— |e— =B 1 * 1.58
B ‘ m +N Zai (904]' ﬁj ( + Zai (9041‘ ( )

In the third line we used that Z,, depends on p? implicitly via aj. In the fourth line we used the
definition of the beta function (1.56). The number of couplings n is equal to 7 in the Standard
Model. Namely o1,23 are the gauge couplings, o456 refer to Yukawa couplings for the three
heaviest leptons x = t,b and 7 respectively, and a7 is the Higgs self-coupling A

o2 B¢ o @B %
YT 3cos(Bw)  34n 7 sin?(By)  4n 0 T 4n (1.59)
am? 5 A 1 M% '
(e — S Y a7 = = — = — —
T 2sin(Ow) M2, T dr  4m 202
where a = 47350 g—i is the fine structure constant, fy, the weak mixing angle, s the strong cou-

pling constant and m, and My, are the fermion and W boson mass, respectively. The factor g

in a1 is a normalization constant and arises from embedding the Standard Model in the larger
gauge group SU(5).

The first term in the first factor of equation (1.58) vanishes in four space-time dimensions.
The second term in the first factor contains the beta functions of the remaining six couplings of
the SM. That means that if the coupling renormalization Z,, depends on a; we also need §;.
Suppose you need one of the gauge coupling beta functions g; at loop order ¢, then you’ll need Z;
also at loop order ¢. All other couplings except a; are present from two loops onward, meaning
we need to know 3; for j = 1,...6,5 # ¢ to loop order £ — 2 and ;7 to order £ — 3. Zeroth
order is just the e-dependent term. If we are just interested in the one-loop gauge coupling beta
functions, we will see no contributions from the other sectors in the result. However, ﬁj(l) for
the Yukawa couplings and scalar self-interaction are affected by all sectors.

Using this equation in combination with equation (1.57) for Z,, and the renormalization pro-
cedure to calculate!'” the field and vertex renormalization constants, the beta functions for the
gauge couplings ag, as, a3 can be determined.

The one loop contribution to the gauge [S-function for a non-abelian gauge theory was first
presented in light of asymptotic freedom by Gross and Wilczek [22], and Politzer [23]. The beta
functions for a general theory involving fermions and scalars with Yukawa and quartic scalar
interactions like the SM, were presented in [24]. The subsequent two loop corrections for such a
general theory were presented in a series of papers by Marie Machacek and Michael Vaughn [25].
The most precise and complete set of gauge beta functions is established by Mihaila et al. [21],

17"Note that the number of diagrams grows exponentially with each loop order. Nowadays, advanced computer
programs are used to calculate these diagrams. The workings of these programs are outside the scope of these
thesis.
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which correspond to the results of Bednyakov et al. [26] though there is a factor 4 difference due
to a different definition of the beta function than (1.56). They have computed the beta functions
for the three gauge couplings of the Standard Model in the minimal subtraction scheme to three
loops, taking into account contributions from all sectors of the Standard Model. Furthermore,
in [27] the four-loop beta-function of the strong coupling in the Standard Model was calculated,
though only the top-Yukawa and self-Higgs interactions were taken into account. Higgs [28, 29]
and Yukawa couplings [30] taking into account contributions from all sectors of the Standard
Model are known to three loop order. Additionally, leading top-Yukawa and QCD contribution
to the 7 function are known to fourth order [31].

As said earlier, we are merely interested in the 1-loop results which we will provide below:
It goes beyond the scope of this thesis explain the calculations and results for the higher loop
beta functions, so we refer to the given references for more information.

To understand the 1-loop results from Mihaila et al. [21] we need to introduce group theoretical
invariants. Recall that the generators T® of the gauge group can be represented by matrices,
e.g. the Pauli matrices and the Gell-Mann matrices in case of the fundamental representation of
SUL(2) and SU.(3). We use this to define an inner product: Tr(7T°T") = S(R)d“’. Here S(R)
can be any number and depends on the representation R of the generator. This number is called
the Dynkin index. The other invariant we are interested in, is the quadratic Casimir operator
Co(R) = T*T®, which is a d(R) x d(R) matrix with d(R) the dimension of the representation. A
useful formula for determining the Casimir operator is T'(R)d(A) = C2(R)d(R). Here d(A) is the
dimension of the adjoint representation of the group and T'(R) is the index of the representation.
This gives (N? — 1)/2N for the fundamental representation of SU(N) and N for the adjoint
representation of the same group.

The generic 1-loop result for « for a theory with 1 gauge group is:
(4m)?BY = 4(—3LCo(G) + 2S5 (F) + £592(5))a? (1.60)

where S, F, G are the representations of the scalar, fermion and gauge field, respectively. The
constant kK = 1, % appears in terms originating from fermion loops and takes the first or second
value depending on whether the fermion representation is Dirac or Weyl, respectively. Similar
generic function for the Yukawa and Higgs contribution exist as well, but are omitted for read-
ability considerations.

For the Standard Model the result needs to be extended to the three gauge groups SU.(3) x
SUL(2) x Uy (1). Using Table 1.2, the Standard Model results for the 1-loop gauge coupling beta

functions 51-(1) in terms of a; follow:

l)zg 2
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5 1

(4m)?B = — a2, (4m)2BLM = —2802 (1.61)

(4m)* 1 ;

The three Yukawa coupling beta functions at 1-loop are:

(471-)264(11) — (6@5 + 18y + 4ag — 1?7041 — 9y — 320&3)0{4 (162)
(4m)28) — (18a5 + 60y + dag — 1 — Yay — 32a3)a5 (1.63)
(4m)2p) = (10016 + 1205 + 1204 — 90 — 9a2>a6 (1.64)

Lastly, the beta function of the self-interaction of the Higgs field at 1-loop order [28]:

2 p(1) 2 36 27 2 9 9 2
(4m)"B; " = 48a; — jgarar — 18awar + {5501 + 75102 + 05

(1.65)
— 1205 — 1202 — 4ag + 24ayar + 24asar + 8asar

where we accounted for the factor 4 difference between our convention and those of the source.
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Ca2(G)  Ca(S) Co(F) Sa(S) Sa2(F)
SU(3) 3 0 3R 0 6
SU@2) 2 31, 3R? 1 6
U(1) 0 il (RY)? 1 10

Table 1.2 — Dynkin indices and Casimir operators for the Standard Model.

For SU(3) we note that S2 measures the amount of color: scalars have no color and of the fermions
only the 6 quarks have color. Fermions are in the fundamental representation and the gauge fields
in the adjoint representation, from this we can determine Co. R® is a block diagonal matrix with
ones and zeros depending on the Gell-Mann matrices. For SU(2) Sz counts the number of left-
handed components, i.e. 3 lepton doublets and 3 quark doublets. The Casimir depends on the
pauli matrices and R? is diagonal matrix with ones and zero depending on the fermions considered.
In U(1) the total hypercharge is measured by Ss. Ca can be determined by noting that a scalar
has hypercharge —|—%. Furthermore R is a diagonal matrix with the hypercharges of the respective
spinors on the diagonal. Based on Appendix D from [21].

1.4 Beyond the Standard Model

The Standard Model including including neutrino masses and mixing angles (also known as the
minimal extended Standard Model) depends on 25 free parameters. Most of their numerical
values have been established by experiment (see Appendix A). The ESM is able to calculate any
experimental observable in terms of its input parameter set and has done so successfully. The
Standard Model precisely predicted a wide variety of phenomena, e.g. the existence of the Higgs
boson and the Z and W masses. However, the SM is not able to calculate these 25 parameters
and in this sense the SM is not a predictive theory, nor expected to be the final theory. And
there are more reasons for expecting physics beyond the Standard Model. In no particular order
a few examples are [32]:

i. The Hierarchy problem: the free parameters of the Standard Model need to be extremely
fine-tuned in order to get the observed Higgs mass.

ii. Why do the fermion masses and mixing exhibit structure when in the SM they are just
free parameters?

iii. Why is the number of fermion families equal to 37

iv. Why is the number of spacetime dimensions 3+17

v. What is the nature of neutrinos?

vi. The strong CP problem: there is another invariant term which could be added to the SM

Lagrangian:

g2
£9 = 9@6# P FMVFPG_

where €#7P? a totally antisymmetric tensor. However, the parameter § must be exceedingly
small in order not to give rise to strong interaction contributions to CP violating quantities
such as the electric dipole moment of the neutron. The current experimental limits on this
dipole moment tell us that < 1071°. Why this term is absent (or so small)?

vii. How does color confinement emerge from QCD?
viii. What gave rise to the matter-antimatter asymmetry?
ix. What is the nature of dark matter and dark energy?

x. Can the four forces of nature be unified in one Theory of Everything and if yes, what are
its properties? Should Gravity be quantized?



Chapter 2

Conformal Gravity

Our current understanding of the physics of our Universe is based on the quantum field theory
(QFT) description of the Standard Model (SM) and Einstein’s theory of gravity, General Rela-
tivity (GR). As such, GR is relevant in regions of both large-scale and high-mass whereas the SM
is the theoretical framework in which the other three forces of nature are explained, applicable in
regions of both small scale and low mass. Moreover, Einstein drastically changed the concepts of
time and space in GR when he promoted the metric of space-time to a dynamical object. QFT,
however, takes for granted some fixed background spacetime determining the causal structure,
as one of its very foundations. It furthermore requires that any dynamical field is quantized and
is governed by probabilistic laws. Combining the two theories irrevocably leads to fundamental
conceptual difficulties regarding the nature of time and spacetime.

Nonetheless, GR and QFT should be unified in a theory of Quantum Gravity'® not only to
be able to unify gravity with the Standard Model, but also to explain for example black holes
and address the aforementioned problem of (space-)time.

With the lack of any direct experimental hints, most focus on constructing a mathematically and
conceptually consistent (and appealing) Quantum Gravity framework. We distinguish ‘primary’
and ‘secondary’ theories of quantum gravity. In the former one starts with a given classical
theory and applies heuristic quantization rules. A further division in canonical and covariant
approaches can be made: the first uses a Hamiltonian formalism whereas the latter employs
four-dimensional covariance at some stage. The main advantages of primary theories is that the
starting point is known unlike for the secondary theories. There one starts with a fundamental
quantum framework of all interactions and tries to derive (quantum) GR in certain limiting
situations, for example, through an energy expansion [33].

Here we will use the covariant approach and thus start this chapter by looking at Einstein
gravity as a (classical) field theory, following [14, 16] in the conventions of this thesis (see ‘Nota-
tions and conventions’, page xi). Despite the fact that GR can be made an effective field theory,
it is not suited to unify with the Standard model interactions. In Section 2.2 we argue why we
want to impose conformal invariance on our theory. In Section 2.3 we develop a conformal field
theory of gravity, called Conformal Gravity and show that it can indeed describe the results
from GR. In the last section Section 2.4 we will construct a Conformal Standard Model and use
it to find a conformal toy model.

18Strictly speaking, the aim of Quantum Gravity is only to describe the quantum behavior of the gravitational
field. However, some quantum gravity theories also try to unify gravity with the other fundamental forces. We
refer to such a theory as a ‘Theory of Everything’ and its existence is the most prominent unresolved question in
modern day physics.

21
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2.1 Einstein Gravity

In Einstein’s theory of General Relativity, spacetime is represented as a connected real, 4-
dimensional linear differentiable manifold L (a collection of smoothly connected points). This
manifold can only be determined in connection with a solution to the field equation and has by
itself no physical meaning; it gets meaning only through fields defined on it. The field equations

follow from the principle of least action using an action that respects background independence'®.

S =S, + Smat = / A2 \/g(Ly + Lumat) (2.1)

where g = |det(g,,)| and /g ensures that /gL transforms as a scalar density under coordinate
transformations. Note that g,, is a nondegenerate metric with signature®® (1,3) and is said to
be dynamical. This Lorentizian metric guarantees that Special Relativity (SR) with its non-
gravitational laws remains approximately valid locally even if gravitational fields are taken into
account.

The gravitational Lagrangian £, needs to be a scalar, but also needs to depend on the deriva-
tives of the metric?! to get dynamics in the vacuum (i.e. the Einstein equations). The notion
of differentiation on a smooth manifold requires the introduction of the affine connection V(I'),
which can be identified as a covariant derivative. Consider a vector field X*(z) at a point % on
a manifold. The curvature of a manifold will cause a distortion: the parallel transported vector
field to z® + dz is different from X *(x + dx). This is depicted in figure 2.1.

The change of the coordinate field due to the manifold is defined as
X%z +6x) = X¥(2) + 62705 X* = X%(2) + X ()

On the other hand, the parallel transported vector field is X(z) 4+ 6 X*(z), where the second
term must vanish if either dz® vanishes or X vanishes. Therefore, we write

6X(z) = —ng(x)XB(x)éx"’

A —

Figure 2.1 — Two spacetime points z and z® +
oz are labeled as i and j, respectively. The vec-
X*(z) X%(z) + 5X*{z) tor field at i is X*(z), and at j it is X*(z 4 dz) =
Xo(z) +6X%z) X (x)+0X(x). However, the parallel transported
vector (the blue vector) at j is X*(x) + 60X %(x).
The difference between the two vectors at j is col-
ored red. (The figure is based on figure 1 from
i 5z%(z) j Yepez [16]).

190ther terms used are ‘general coordinate invariance’, ‘general covariance’ or ‘diffeomorphism invariance’.
There have been extensive discussions on the precise definition especially as myriad terminology exist to describe
these concepts, see e.g. section 4 of Pooley [34] for the details. Superficially this just means that one can use
whatever coordinates or frames of reference one likes to formulate the laws that govern the joint evolution of matter
and space-time. However, Erich Kretschmann (1917) already noted that any physical law can be rewritten in
an equivalent but generally covariant form. Hence general covariance alone cannot rule out any physical law.
Therefore we distinguish on the one side passive diffeomorphism invariance (i.e. general covariance or coordinate
invariance) and on the other side active diffecomorphism invariance (i.e. background independence). In this thesis
we assume the latter, which we understand as the fact that the laws of GR, in contrast to those of e.g. Newtonian
physics and SR, do not presuppose the existence of an absolute spacetime structure which is specified categorically
prior to dynamical laws and not influenced by physical processes.

20The signature (p, q, r) of a metric tensor g is the number of positive, negative and zero eigenvalues of the real
symmetric matrix g, of the metric tensor with respect to a basis. In this thesis the signature is either denoted
by a pair of integers (p, q) (because we work in spaces where r = 0) or as an explicit list of signs of eigenvalues
such as (+,—,—,—) or (—,+,+, +) for the signature (1,3) respectively (3,1).

21From the link between GR and Newtonian gravity, it follows that the metric has the meaning of a gravita-
tional potential, and that derivatives of the metric take on the role of gravitational forces.
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The covariant derivative can then be written as

V(D)X = lim X0n)— (X () +0X" (z)

o dx7—0 oxY

where the numerator is the difference between the two vectors at j (depicted red in the figure).
Using the definitions, the above formula gives after dropping the explicit dependence on x

V,(I)X* =0,X*+1I5 X’ (2.2)
We call ng the affine connection and it transforms under a coordinate transformation as

~0aP 927, O Ox  9%a”
T 0xv Oxr' PV 9z T Gz Oxv Oz’

I
ry, (2) (2.3)
to ensure that the covariant derivative of a tensor is again a tensor, i.e. it ensures the coordinate
independence.

The covariant derivative with respect to a general affine connection V. (I') of a tensor is thus
given by its partial derivative and correction terms, one for each index, involving the connection

coefficients contracted with the tensor. Explicitly, the covariant derivative of a generic tensor
TH1se 5 Hm

V1,...Un

Vv(F)Tu’ﬁli""fm _ &YTm,wum

. % Vi,...Un
M1 oG 2. [ H K1y shm—1,%
+ Fa'YTVh“-Vn i + FO‘:’LT’/h---Vnm (2'4)
_ B Hlseosfbm . _ B HLseeesfom
F’Wl B,va,...Un FVVnTlfl,mVn—laB

From this definition one immediately sees that when tensor has no indices, i.e. if it is a scalar,
the covariant derivative simplifies to an ordinary one. At this point, it also becomes clear that
the definition of ' ) contains some ambiguity, because (2.4) remains a tensor if one adds to '},

any tensor I'} .

From the affine connection, two tensors can be built. Firstly, there is the torsion tensor which
is related to the fact that infinitesimal parallelograms on the manifold do not close in general,
the closure failure being proportional to the torsion tensor:

A A A A
T /‘/V(F) == FUV - FV“’ - 2F[/’”’] (2.5)

The other tensor built form the connection is the (Riemann-Cartan) curvature tensor

Rﬁpo’ (F) = aPPllfcr - aﬂrﬁp + Fléarl)}:p - Fl)/\prl)fa (26)
The name ‘curvature tensor’ stems from the fact that a given spacetime will be flat if and only
if every component of the curvature tensor is zero. In that case, the geodesic equation describes
Newton’s second law of motion for a free particle in the absence of gravity in an arbitrary acceler-
ating coordinate frame. If the curvature tensor is nonzero, the geodesic equation in combination
with the Schwarzschild metric will give Newtonian gravity.

The curvature and torsion tensors are related as can be seen by considering the non-commutativity
of the covariant derivatives. For a scalar field ¢ and vector field X we have

Vu, Vil ==T7,(I)0,¢
[V, VoIX® = R3,,, (D) X7 — T (D)V, (D) X

Note that spacetime strictly has neither curvature nor torsion as a manifold can have different
connections and both torsion and curvature are properties of the connection.
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As stated at the start of this section, for General Relativity we assume we work on a manifold
which is also a metric space, i.e. it is equipped with a non-degenerate metric tensor g,,. These
manifolds are known as Riemannian and pseudo-Riemannian manifolds?2. With the metric we
can use the torsion and curvature tensor to define related tensors:

R, =R}, Ricci tensor (2.7)

R =g""R,, Ricci scalar (2.8)

Quvx = —Vu([)gua Nonmetricity tensor (2.9)

KAH,, = %(TAW - T,,AM —u ) Contortion tensor (2.10)
Note that the contortion tensor is antisymmetric in the first two indices (K., = —K . ), while
torsion itself is antisymmetric in the last two indices (7%, = —T*,,).

The above definitions allow us to decompose a general affine connection as

FlLu/\ = {5)\} + K“l/)\ + (FHVA)S (211)

where (T'*,))s is the segmental connection

(FMVX)S = %gﬂg (Q/\VO' + Quz\o - onu)

and {#,} are the Christoffel symbols

it = 59" (Bugrp + Oxgup — Opgrv) (2.12)

The splitting of a connection according to (2.11) allows for the distinction of various spaces, each
with its own geometry, see item 2.1. One particular geometry is the Weyl geometry, which we
will encounter later. For Einstein Gravity, we use the fact that we can define a unique connection
as given by the ‘Fundamental Theorem of Riemannian Geometry’. This theorem states that for
a Riemannian or pseudo-Riemannian manifold there is a unique connection I'*,,5 which satisfies
the following conditions:

i. It preserves the metric, i.e. Quux = 0. This condition is sometimes referred to as the
metric compatibility condition and ensures that lengths and angles are preserved under
parallel transport.

ii. The torsion tensor 1" vanishes.

These two properties uniquely define the so-called the Levi-Civita connection given by the
Christoffel symbols I'*,\ = {¥, }. If we only had the first condition, the resulting space would
be a Riemann-Cartan space where the metric and the connection are still independent objects,
unlike the connection in Riemann geometry, which can be calculated completely from the deriva-
tives of the metric (the geometry is completely described by the metric). Due to the symmetry
properties of the Christoffel symbols, the Riemann curvature tensor with respect to the Levi-
Civita connection RY,,({}) then obeys the following relations

Rpuovs = Ruppa (

Ruavp = —Rapwp = —Ruapy (
Rual,,@ + Ruﬂau + Ruyga = %R#(m,ﬁ) =0 (2.15

(

V@R)\HOW + VVRA;Lﬂa + VQRAWB = éR/\u(w/;B) =0

where equation (2.15) and (2.16) are known as the first and second Bianchi identity, respectively.

22 A Riemannian manifold is a smooth manifold M equipped with a positive-degenerate metric tensor Juv-
A pseudo-Riemannian manifold has a metric tensor which is only required to be nondegenerate rather than the
stronger positive-definite requirement of a Riemannian manifold.
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Figure 2.2 — In order to preserve lengths and an-
gles under parallel transport one imposes the met-
ric compatibility condition (nonmetricity equals
zero) on the linear differentiable manifold Ls. The
space with the most general metric-compatible lin-
ear connection is called a Riemann-Cartan space
U,. If the torsion (and thus also the contortion)
vanishes we have a Riemann space Vy, and if, al-
ternatively, the curvature vanishes, we have the
teleparallel space Ty of Weitzenbéck. If both cur-
vature and torsion vanish identically, we arrive at
Minkowski space M, the stage for Special Relativ-

ity. (The figure is based on figure 7.2 from Sunder-
meyer [14]).

This means the Ricci tensor is symmetric. The Ricci scalar, which is the object of our interest
in constructing the gravity lagrangian, becomes

R = gl“/RMV = gl“/( ZV}7U - ;ULU}J/ + {ZV}{gp} - {ZU}{Z/)})

where the covariant derivative with respect to the Levi-Civita connection is traditionally abbrevi-
ated by a semicolon V,(I")T = T, and a partial derivative is abbreviated by a comma 9, T =T ,,.

We can now construct a general coordinate invariant action known as the Einstein-Hilbert action
Sg == SEHS

1
Soa:S Smazi
total EH 1 Omat 252

d?z\/g (R — 2A) + Smat, where g = |detg,,| (2.17)
The Einstein-Hilbert action is the simplest form?3 that adheres the coordinate invariance: the
square root of the determinant is the simplest possible volume element and R is the simplest
possible scalar that can be formed from the covariant derivatives of the metric. The second term
in equation (2.17) is related to the cosmological constant. It should in principle be included, but
cosmology bounds give |A| < 107°cm~2 meaning that this constant is unimportant at ordinary
energies. Furthermore, x has been chosen such that the non-relativistic limit yields the usual
form of Newton’s gravity law.

25% = M, ? = 167Gy  with Gy =6.674 x 10" Nm?kg > (2.18)
M, is the 4-dimensional Planck mass. From the Einstein-Hilbert action Einstein’s gravitational

field equations can de derived via the principle of least action (see Appendix B for the full
calculation):

R, — %g,“,R +Agu =87GNT (2.19)

23Here, we justify the choice of the Einstein-Hilbert action on grounds of simplicity, but we do note that
simplicity itself is not a law of nature.
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where T}, is Hilbert’s energy-momentum tensor corresponding to the matter Lagrangian L.

2 6 6Emat
. Lonat) = —2 Lo 2.2
75 39mm (V9Lmat) S + 9w Lnat (2.20)

which is a symmetric, conserved quantity containing the energy density (Too), the energy flux
in the i-direction (Ty;), the 3-momentum density (Tj), and the 3-momentum flux (T5;).

/"LV:

Einstein’s equations work well as a classical theory with more and more of its predictions be-
ing verified by experiments (including gravitational waves). The problems arise at the next
step, namely the quantization of the theory (as a quantum field theory of the spin-two gravi-
ton). We refrain from entering in too much detail at this point. Simply stated, it is known
that some quantization of gravity is inevitable because part of the metric is determined by the
energy-momentum tensor which depends upon the other particle fields whose quantum nature
has been well established. Divergences arise due to these other fields. The quadratic and quartic
divergences can be absorbed into renormalizations of Newton’s constant and the cosmological
constant, but there is no parameter in general relativity in which to absorb the logarithmic
divergence. One can only absorb it if new, fourth derivative terms of the metric are added to the
gravitational field equations [35]. Kellogg Stelle [36] showed that if the equations of motion be
changed to include terms with up to four derivatives (the theory is then different from GR), the
resulting quantum theory is perturbatively renormalizable. However, the theory also becomes
unstable as cross sections blow up thus violating the unitarity of the theory. This is of course
inconsistent with the observed reality of a universe which is 13.8 billion years old.

In conclusion, the quantization of Einstein gravity gives a theory that is unitary, but nonrenor-
malizable??. On the other hand, higher order derivative theories turn out to be renormalizable
at the one-loop quantum level, but at the price of losing the unitarity of the S-matrix. As of
yet, it is not known how to build a higher-derivative theory that is renormalizable and unitary
at the same time.

Nonetheless, within the framework of Effective Field Theory, quantization of nonrenormaliz-
able theories can make perfect sense provided they are applied to low energy (i.e. well below
some ultraviolet (UV) cutoff of the EFT) predictions. Thanks to the work of John F. Donoghue
[e.g. 38, and references therein] it appears that the Einstein-Hilbert Lagrangian is just the least
suppressed term in the Lagrangian of an effective field theory containing every possible generally
covariant function of the metric and its derivatives.

S = /d%\/g A+ 3R+ c1R? + ¢2C° + 3B+ csOR + -+ + Lonat) (2.21)

where C? = R/%upa — QRZ,, + %RQ is the square of the Weyl tensor which is conformal invariant

in 4 dimensions (see Section 2.3), and E is the so called Euler term:
E = (Rupe R*"?7 — AR, R" + RQ) (2.22)

which in four space-time dimensions, also known as a Lanczos term or Gauss-Bonnet topological
invariant, vanishes for space-times topologically equivalent to flat space [39].

As with the Standard Model this requires the introduction of gauge-fixing terms as well as
Faddeev-Popov ghost fields. The background field method, which relies on the expansion of the
metric about a smooth background field g,.,(z) as g () = Gu(x) + khy, offers a small relief
as it ensures that no gauge-fixing terms are needed for terms of order (’)(52). This is because

244 Hooft and Veltman [37] calculated that in a theory of gravity alone the counterterms can be absorbed
by a renormalization of the metric tensor gu,. They showed that this is no longer the case and a real infinity
remains for the simplest case of one massless Klein-Gordon field ¢ interacting with gravity. If other fields or other
interactions are added in £, the number of possible terms in the counterterm Lagrangian increases rapidly and
only miraculous cancellations could restore renormalizability.
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the total set of terms linear on hy, (including those from the matter Lagrangian) will vanish if
g satisfies Einstein’s equations. The remaining Lagrangian is of higher order and still requires
gauge fixing and the introduction of the associated Faddeev-Popov ghost fields.

2.2 Using conformal symmetry

So we can make a quantum field theory out of General Relativity, but only an effective field the-
ory. Furthermore, it uses the Einstein equation (2.19) as given while any extrapolation from its
weak classical gravity solar system origin runs into trouble (e.g. the dark matter problem, dark
energy problem, singularity problem, etc.)[12]. To describe the physics at the Planck scale an
alternative theory has to be developed, preferably one that 1) does not encounter these problems
and 2) would allow unification with what we already know of the strong, weak and electromag-
netic interactions.

Despite intense efforts over the last years it is far from clear at this time what a consistent
theory of Quantum Gravity will look like and what its main features will be. The most straight-
forward way to alter the physics of a field theory is to change the action principle for that theory.
Specifically, to extend the theory of General Relativity by changing the symmetry of the action
because using symmetry to relate and unify physical theories has been very successful in the
past, the Standard Model being one of those successes.

The use of conformal invariance is one of the possibilities and numerous reasons support its
use. First of all, the classical SM Lagrangian is devoid of any intrinsic mass or length scales,
if the Higgs mass term is dropped. As it is associated with the energy-momentum tensor, it
is thus quite natural that gravity should be devoid of any intrinsic mass or length scales too.
Furthermore, we know from the ultrarelativistic limit of special relativity that rest masses of
particles have negligible effects. This is another argument why one might expect a high-energy
theory of physics to lack any explicit mass scales. A conformally invariant theory would fit this
expectation beautifully.

Besides, conformal invariance is highly restrictive, more so than simple scale invariance: the
energy-momentum tensor of the theory should be traceless. Lacking experimental constraints in
the quantum gravity domain, these conformal constraints would be very welcome in our search
for a Theory of Everything. Furthermore, it allows us to address several issues in SM, most
notably it can naturally accommodate a see-saw mechanism to give mass to neutrino’s and ad-
dresses the hierarchy problem due to missing tachyonic mass term.

Last but not least, conformal field theories are fundamentally linked to quantum field theo-
ries. Firstly because they are a very usefull tool in describing a system close to its critical point,
i.e. the the point at the end of a phase equilibrium curve where a continuous phase transition
occurs. It turns out there are quantum critical points at T = 0 where transitions are driven
by quantum fluctuations. These phase transitions also exhibit infinite correlation lengths and
thus are also describable via CFTs. Secondly, we can think of any quantum field theory as
a perturbation of a conformal field theory by relevant operators (which push the theory away
from the fixed point). In other words, any point in our parameter space can be considered as a
renormalization group flow perturbed away from some fixed point CFT.

Having now clear why we are interested in a conformal invariant theory, we continue this section
by explaining the terms ‘scale invariance’, ‘Weyl invariance’ and ‘conformal invariance’ and their
relation to each other as they are often used interchangeably in the literature. Following Chapter
4 of Di Francesco et al. [40], unless otherwise specified, we proceed by discussing the conformal
group. This allows us to show that conformal invariance is indeed highly restrictive. In the next
section we will use conformal invariance to develop a theory of Conformal Gravity.
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2.2.1 Scale, Weyl and conformal invariance

We define a general coordinate transformation as

oz® Oz
=2, gu(r) = g, (@)= ngaﬁ(x) (2.23)

Following Forger and Romer [41], a rigid scale transformation (also known as a dilation or
dilatation) in flat spacetime is then

% — Qz?, B(z) —» QAN ) (2.24)

where A is a real, arbitrary constant and Ag the scaling dimension of the field ®. The flat metric
is understood to be invariant under dilatations and so can be viewed as having scaling dimen-
sion 0 and only pick up factors of A due to the scaling of the coordinates. From (2.24) it can
also be deduced that if a field ® has scaling dimension Ag, then all its partial derivatives 0, ®
will have scaling dimension Ag + 1, meaning that the partial derivative has scaling dimension
+1. To ensure that the covariant derivative has the same dimension, also the gauge fields will
need to carry a scaling dimension equal to +1. However, considering the scale invariance of the
Yang-Mills sector shows that the field strength tensor has scaling dimension % and the gauge
field thus has dimension %, i.e. scale invariance of the Yang-Mills sector thus occurs only in
d = 4 spacetime dimensions. The scaling dimension of specific fields can be found by inspection
of their kinetic terms and gives a scaling dimension of (d — 2) for scalar fields and $(d — 1) for

fermions.

Rigid transformations like translations, Lorentz transformations and dilatations do not have
a direct analogue on arbitrary spacetime manifolds. However, the equivalence principle and
the principle of general covariance suggest that when considering generally covariant classical
field theories on a arbitrary spacetime manifold, rigid spacetime symmetries should be replaced
by flexible spacetime symmetries. This can be resolved by switching from the active to the
passive point of view: In a general background we should consider scale transformations not
as active transformations that move points in spacetime, but rather as passive transformations
that change the scale of the metric by which we measure distances between points in spacetime.
Scale transformations in this latter sense are called global Weyl rescalings. The link between
them is that in flat spacetime both should lead to the same rescaling for the distance between
points, i.e. the metric and more general a field should transform under a global Weyl rescaling
as:

G = Vg, ©— Q20D (2.25)

The Weyl weight Ag differs from the scaling dimension: we see that the metric and its inverse
have weight 2 and -2, respectively. Furthermore, the partial derivative and with it the covariant
derivative, the gauge fields and the connection, now have weight 0. The Weyl weight of scalar
and fermion fields is again found by inspection of the kinetic terms, which means that the Weyl
weight in those cases coincides with the scaling dimension.

As the list of theories that are scale-invariant coincides exactly with the list of global Weyl
invariant theories, we can indeed say that the generalization of scale invariance in flat spacetime
is the invariance under global Weyl rescaling in general spacetime (though this is not a coordi-
nate transformation but a simultaneous pointwise transformations of both the metric and the
fields) [41, 42].

Next we need to interpret what we mean by a local Weyl rescalings, which is a rescaling by
an arbitrary function on spacetime:

G — A2) g, ©— Qz) 200 (2.26)
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Scale T Conformal
transformation | | transformation

Figure 2.3 — Difference between a scale and a conformal transformation (based on figure 1 from
Nakayama [44]).

Fields that transform like this are called Weyl covariant. We note that partial derivatives of Weyl
covariant fields are no longer Weyl covariant. This is cured by “gauging” the global symmetry
under Weyl rescaling so that it becomes local, i.e. replacing the partial derivative with an
appropriate gauge covariant derivative, e.g. for scalars this means

0u® = D@ = (V, — AW, (2.27)

which is called the Weyl covariant derivative in order to distinguish it from the gauge covariant
derivative D, and the space-time covariant derivative V.

However, Iorio et al. [42] show that a necessary and sufficient condition for a scale invariant
action to become local Weyl invariant without the need for introducing the Weyl gauge field is
that the flat space limit of the ungauged action is conformally invariant. The conformal symme-
try in a d-dimensional spacetime is defined as the subgroup of coordinate transformations that
leaves the metric invariant up to a conformal scaling factor, i.e.

u ;H L, 0z 0xP )
ot = g (r) — gw(x )= gaﬁ(x)ww = Q(z) g () (2.28)
where (2 form a subgroup of the group of local Weyl transformations that is induced by confor-
mal transformations. So local Weyl invariance does imply conformal invariance, but conformal
invariance does not necessary imply Weyl invariance, as shown in [43] where explicit examples
are given.

The name ‘conformal’ comes from a Latin word ‘conformalis’ which means ‘having the same

shape’. It is the group that contains all the coordinate transformations that preserve the angle

\/1% between any two vectors v,w with v - w = g,,v*w"”, which is more general than scale
vew

invariance (see figure 2.3). It is important to note that, unlike the Weyl transformation (2.26), a
conformal transformation does not act on the metric, but changes the integration variables and
the derivatives.

Last but not least, we note that upon considering conformal transformations (2.28), isometries
correspond to Q?(x) = 1, meaning they are a subset of conformal transformations. In flat space-
time this group is simply the Poincaré group. Another subset of conformal transformations
are the scale transformations (dilations) which correspond to Q?(x) = constant. Conformal in-
variance thus demands scale invariance, but the converse is not necessarily true. The question
regarding the precise condition under which a scale-invariant field theory is also invariant under
the conformal group was already posed in 1971 by Coleman and Jackiw. In two space-time
dimensions Zomolodchikov (1986) showed that a unitary and scale-invariant action is necessar-
ily conformally invariant. In four space-time dimensions this issue is more subtle since unitary,
scale-invariant but not conformally invariant Lagrangians are known. Nakayama [44] spoke of a
consensus on this issue in d = 4 dimension under the assumptions of 1) unitarity, 2) Poincare
invariance, 3) discrete spectrum in scaling dimension, 4) existence of scale current and 5) unbro-
ken scale invariance in the vacuum. Sachs [45] showed that requiring diffeomorphism invariance
additional to unitarity ensures scale invariance is enlarged to conformal invariance in d = 4.
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To summarize, we have shown that global Weyl invariance generalizes scale invariance to general
spacetimes. A global Weyl invariant theory can be made local Weyl invariant, without introduc-
ing the scale covariant derivative if the flat spacetime limit of the theory is conformally invariant.
So if a theory is locally Weyl invariant is is also conformally invariant, but a conformally in-
variant theory is not necessarily local Weyl invariant. This means that even though many texts
on Conformal Gravity actually use the stricter Weyl invariance, conformal invariance is also a
property of the theory.

Furthermore, we have shown that conformal invariance implies scale invariance, but that the
converse is not necessarily true. We have given some conditions that, if met, allow us to pro-
mote scale invariance to conformal invariance. These conditions are so reasonable that many
texts that discuss scale-invariant theories can actually be considered conformal invariant as
well.

2.2.2 The Conformal Group

Consider the metric for the infinitesimal transformation z#’ = x# + et

Guv = Guv + Vufu + vufu

The requirement that the transformation be conformal (2.28)

v = Q) = (L4 2w()) gy

gives
Vufo +Voufu =2w(z)gu, w(zx) = évuf“ (2.29)

where V,({}) is the Levi-Civita covariant derivative and w(x) is determined by taking the trace
on both sides. Note that for a local Weyl transformation w(z) would be unconstrained, again
showing that local Weyl invariance implies conformal invariance though not the converse.

Equation (2.29) is known as the conformal Killing equation and f* as a Killing field, which
is a vector field that preserves the metric on a Riemannian manifold. In flat spacetime, it
becomes

Ouen + 0vey = N 20,e" (2.30)

with 7, the Minkowski metric with signature (d — 1,1), and ¢* the flat space-time analog of
f*. Using this result, we find that for d > 2 the most general conformal Killing vector has the
form

eh(z) = a* + ba" + Na¥ + ¢, (2a"2” — ' z?) (2.31)

with (a,,w"”,b,c,) a total of W parameters and 2 = x,z”. We find that the constant
term a, can be seen as an infinitesimal translation (d in total). The term bz, represents a dila-
tion (infinitesimal scale transformation) and because wy,, = —w,,, that term can be identified as
a rigid rotation (d(d — 1)/2 Lorentz transformations). The quadratic term corresponds to the d
special conformal transformations. The results are summarized in table 2.1.

If the dimension of the set of conformal Killing vectors is 15, then the space is conformally
flat. However, if we allowed (a,,w"”,b,c,) to become spacetime dependent, we anticipate that
we have only 11 local symmetries instead of 15 (in d = 4). This is because the global special

. 2 . . .
conformal transformation of 2% — T92c sno7 Ccan be considered a particular transformation
i

under the local dilations 22 — \(z)z2.
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Type Infinitesimal form Finite form
Translation xt — P 4+ at Ty — 2t +at
Dilatation ot — ot + bt z, — Azt
Lorentz transformation at — xh + A x, — Abz?

3:“—6“:62

i i H M v B oltp2 M
Special conformal transformation ¥ — x# + 2(zV¢, )a* — Fa®  at — =577 5227

Table 2.1 — Overview of the infinitesimal and finite transformations of the conformal group.

With the conformal transformations as given in table 2.1, we can now turn to the generators of
the conformal group. The general definition of a generator G, of a symmetry transformation
xz — ' and ®(x) — ®'(2') = F(P(z)) where @ is the collection of fields, is given as

n
o =zt e, oz
0cq
oxt OF
OF i = -2
(I),(l‘/) — (I)(I) T, = lGa(I) 5&‘& (’),fI) 5€a (232)

0cq
—ig,Go®(z) = &' (z) — P(2)

Assuming that the fields are unaffected by the transformation (i.e. F(®) = ®), the confor-
mal group enlarges the flat space Poincaré group?® of the P, (translation) and L,, = —L,,
(Lorentz transformation) generators to include a dilatation operator D and special conformal
transformation generators K.

P, =-i0 L, =i(x,0, —x,0
2 - iz 2 ( 2 ) ) , (2.33)
D = —iz"0, K, =-i(2z,2"0, —x0,)
The generators obey
[Luua Lpa] =i (nl/pLHU + napLup - nupLuo - nVUL;Lp) [P;m Pl/] = Oa
[LumPp] =—i (77;LpPV —nupPu), [D,D} =0,
(L., D] =0, [D,P,] =iP,, (2.34)
[wav K, =i (WpKv - nvpKu) [D,K,] = —1Ky,
Ky, P =2i(nuwD—1L), [K,,K,]=0

where the first three commutation relations indicate that the conformal algebra has indeed a
Poincaré subalgebra. The first three lines together show that generators L,,, P, and D span a
subalgebra, sometimes called the Weyl algebra. This illustrates our previous point that math-
ematically full conformal symmetry is not necessarily implied by scale symmetry plus Poincaré
invariance.

Because the conformal group is isomorphic to SO(4,2), we can define
Juw =Ly Jap = %(PM —Ku), Jis=D, J5,= %(Pu + K,)

where Jup = —Jp, with a,b € 0,1,...5 and p,v € 0,1,2,3. The conformal algebra is then given
by the commutation relations of the SO(4,2) group of four dimensional spacetime:

[Jabv ch} = i(nadec + nchad - nachd - ndeac) (235)

where the diagonal metric 7, has signature (— + + + +—).

25Poincaré symmetry applies to flat Minkowski space-time. It would be in principle replaced by either de
Sitter (dS) SO(4,1) or anti-de Sitter (AdS) SO(3,2) symmetries in a positively or negatively curved spacetime.
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Having established the space-time part of the generators of the conformal group, we need to take
into account how a field transforms under a conformal transformation (2.28)

et = a g (x) = g, (2") = Q)9 (2)
For fields ® with spin the result is the following:

Ag/d

0™ () = Q)20 5 B(x) (2.36)

P(z) — 9'(a)) = B

where Ag is the scaling dimension of the field and Sfj, the matrix representation of the Lorentz
generator acting on the indices of ® (S is the spin operator associated with ® and usually
constructed from the gamma matrices). Fields that transform in this way are called ‘quasi-
primary’ fields. Now, using equation (2.36) for the F(®) term in the definition for the generator
(2.32), the generators of the conformal algebra become:

P, =-id, L,, =S, +i(z,0, — x,0,)

. . 2 : (2.37)
D = —i(z"0,+ A) K, =i(—2z,2"0, + 2°0,) — 2iz,A — Sa”

A theory is called conformal invariant at the classical level if its action is invariant under con-
formal transformations of table 2.1. This is local symmetry if the metric g, is dynamical as in
gravity theories, but global if the metric is fixed, which is usually assumed in QFTs. Conformal
invariance at the quantum level is a whole different story as the renormalization procedure, as
outlined in section 1.3, introduces a renormalization scale in the theory, thus breaking scale
(and conformal) invariance. We will come back to this in a later chapter. Classical or quantum
theory, spontaneously broken conformal symmetry gives only 1 Goldstone bosons, namely the
one related to the scale operator.

2.2.3 Restrictions due to conformal invariance

In the presence of fields, there is a nonzero stress-energy tensor 7,,. Next we will be interested
in how conformal transformations affect 7),,. For that we consider a classical field theory on flat
d > 2-dimensional space-time containing matter and gauge fields ®; and a metric tensor g. The
Lagrangian is furthermore assumed to be the sum of two terms, a purely gravitational part £,
depending only on the metric tensor g and its first and second order partial derivatives but not
on the matter fields or their derivatives, and a matter field part £,, depending on the matter
fields and their first order partial derivatives as well as on the metric tensor g and its first and
second order partial derivatives [41]:

L(g,0g,0%g,®,0®) = L4(g,0g,0%9) + Ln(g,09,0%g, , 0®)

The equations of motion for the fields are then derived from the variational principle S = 0
with respect to the fields. This leads to the Euler-Lagrange formula:

Lwm 1 (8(\/@@ i 5(\/?%)) _0o (2.38)

- 0%’ 00,0

6@ \/]gl

Recall the Hilbert energy-momentum tensor?S from equation (2.20)

26Different definitions of the energy-momentum tensor exist, namely the so-called canonical energy-momentum
tensor. This is described via the Noether prescription and improved by Belinfante to be symmetrical. In a similar
way, the Belinfante tensor can be further improved as was done by C. Callan, S. Coleman and R. Jackiw (1970)
who gave a recipe for constructing an energy-momentum tensor which is divergence-free, symmetric and traceless
within conformal invariant theories. Iorio et al. [42] provide a more structured, differential-geometry based
approach to the rather ad hoc recipe followed by the previously mentioned authors. Taking into account that
the processes of varying with respect to g, and taking the flat limit do not commute, we note that on shell the
canonical energy-momentum tensor and the Hilbert energy-momentum tensor coincide.[46].
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2 ¢
T, v— T T = g‘cma
13 \/g(sg’“/ (f t)

For an infinitesimal local Weyl transformation (2.26)

G = @) g = (1 + 20 ()) g

we have

0/GLm . O(\/GLm
0SS, = /ddz L5@z+ M(Sgw = —%/dd:rTW(;glw
fox 0Guw

= —/ddacT“”u?(x)gW = —/dde,’ju?(x) =0

where we assumed the fields are on shell, i.e. satisfy the equation of motions, in the first line.
We conclude that invariance of the action under Weyl transformations requires tracelessness of
the energy-momentum tensor 7) = 0 because w(zr) is an arbitrary function. The inverse is
not necessarily true, because tracelessness can also be achieved if under infinitesimal local Weyl
rescaling, £,, picks up a total divergence or terms that vanish upon insertion of the equations
of motion for the matter fields.

For a scale transformation (i.e. global Weyl rescaling) where w(xz) = @w =constant, the above
result is modified to

85 = —ﬁ)/dde[j =0

Meaning that the trace of the energy-momentum tensor for a scale-invariant theory vanishes
up to a total derivative in flat spacetime: T} = —9,D". As conformal invariance implies scale
invariance, this is also a property of conformal invariant theories. Actually, invariance under
special conformal transformation is equivalent to 7} being a double divergence (T[j = 0, DM),
which is a much more restrictive condition [47]. Following the standard procedure, we can
improve the energy-momentum tensor by

OH = TH 4 90 TH"

where

1

1
7

= d—1)(d—2)

nal/cﬂu + nBuc«au _ n;u/cfoc,@ _ na,@cuu) + (nuunaﬁ _ naunﬂu) C:))
Unitarity demands that the only allowed improvement term in unitary quantum field theories
ind > 2is from C*" = n*”C with a dimension d — 2 scalar operator C if we demand the
energy-momentum tensor has the canonical scaling dimension A [44]. Following this improve-
ment procedure, we find that the improved tensor ©*" for a conformal invariant theory also
exhibits tracelessness [44, 46].

A theory with conformal invariance thus satisfies the following properties [48, p.9-12]:

1. There is a set of fields Ci)z(x), which in general is infinite and contains in particular the
derivatives of all the fields.

2. There is a subset of quasi-primary fields ®; < ®, that transform according to (2.36).
The theory is then covariant under this transformation, in the sense that the correlation
functions satisfy

Ai/d oz’ An/d

“en %

r=x1

oz’

(@1(21) ... B (1)) = ’(%

T=Tp
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where A; is the scaling dimension of ®;.

3. The rest of the ®;’s can be expressed as linear combinations of the quasi-primary fields
and their derivatives.

4. There is a vacuum |0) invariant under the global conformal group.
5. The energy-momentum tensor is traceless.

Equation (2.39) in combination with the transformations of table 2.1 is highly restrictive. Con-
sider for example a theory with several spinless fields ¢;, the two-point function is then:

Aq/d Az /d

(di(a))¢;(x5))

=2

oz’
8:5

oz’

(pi(z1)9j(w2)) = o7

Translation invariance implies that the left-hand side does not depend on the independent coor-
dinates but rather their differences. Rotational invariance limits this further to ri2 = |21 — 23].
Scale invariance allows only the dependence on ratios

M;;
(9i(z1)d;(x2)) = ﬁ
T2

where we note that the matrix M;; will be positive definite in a unitary theory. This implies that
there exists a field basis such that M;; = MJ;;. Lastly, the special conformal transformation of
;5 in combination with its jacobian, further restrict the form of the two-point function to:

M6, ..
ot for i=75, A, =A;=A
(Bi(w1)pj(w2)) = { iz !

(2.40)
0 for i#£j

Similarly, the 3-point function is uniquely determined up to a constant Cjs3, which can be
determined using e.g. the Operator Product Expansion (OPE):

(01(00)62(02)05(0) = 5 kg With A=3A; (241
3 i

712 T'23

However, n > 4-point functions are not fully determined. In general, they have an arbitrary (i.e.

not fixed by conformal symmetry) dependence on the n(n — 3)/2 ratios :i :k L

(91(21)d2(w2)P3(23)da(w4)) = f(u,v) HTQALHA’“ (2.42)

i<j

where

2 .2 2,2 A

TioT risT v

we T T g (9) ) = f)
13724 7’137“24 u

2.3 A conformal invariant theory of Gravity

Having explained the conformal group and shown how restrictive conformal invariance is, it is
time to turn our attention to a conformal theory of gravity. For that we note that already
in 1918 did Hermann Weyl attempt at unification of electromagnetism with gravitation. His
ideas were discarded because all mass parameters would be identically zero, which was unac-
ceptable in the time prior to the development of spontaneous symmetry breaking. However,
Weyl also discovered a tensor with a remarkable geometric property, the so-called conformal or
Weyl tensor C), 0. Renewed interest in Weyl’s work and subsequent work by Rudolf Bach, was
sparked by the work of Philip Mannheim ([12]), who used the conformal tensor as the basis for
a conformal invariant theory of gravity dubbed Conformal Weyl Gravity (CWG) (Section 2.3.1).
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Another popular approach to obtain a conformally invariant theory of quantum gravity is Con-
formal Dilaton Gravity (CDG), named like this by Alvarez et al. [10]. One particular theory has
already been proposed by Paul A.M. Dirac in a paper from 1973, where he used the procedure of
group averaging, that is, perform a conformal transformation on the Einstein-Hilbert lagrangian
and promote the Weyl rescaling factor to the status of a new field. This received new interest
after the work of e.g. Gerard ‘t Hooft ([11]) and Alessandro Codello [49] and will be explained
in the second section. In Section 2.3.3 we will compare the two theories.

2.3.1 Conformal Weyl Gravity

In this section we study the 4 dimensional conformal invariant theory of gravity based on the
conformal (actually local Weyl) invariant quadratic curvature terms built from the contractions
of the Riemann tensor, i.e. the Weyl tensor squared. The Weyl tensor C,,,,» in d dimensions is
given as [10]

1
Cw/pa = R;wpa + m (gppgyo - gupg/w) R

Lt
d—2

(2.43)
(gppRua - g,uchup - gupRua + guJR;Lp)

For dimensions d > 3 it is defined as the trace-free part of the Riemann curvature tensor. The
Weyl tensor furthermore has all the algebraic properties of R,q.z3 i.e.

C,uupa = Cpa,uu (244)
Cuypo = _CV,LLpO' = _Cullop (245)
Cp,l/p(r + CMO’llp + Cp,po’y =0 (246)

and in addition is traceless. It transforms under the conformal transformation (2.28) as Cf,, —

Cl,, (see Appendix C). Therefore, the Weyl tensor can be used to construct an action which
is invariant under the local conformal transformation of equation (2.28), namely the Conformal

Weyl Gravity action in d dimensions [10]

SCWG = ag/ddx\/ﬁC,ngC“"p"
(2.47)

4 2
= d Ryypo R*P7 — —— Ry R*Y + ——— R’
ag/ Wg( e A sy T ) )

where o is a dimensionless gravitational coupling constant. In d = 4, the CWG action is the
unique conformally invariant action constructed solely from the Weyl tensor. In 4 spacetime
dimensions we can use the Euler term (2.22) to write the CWG action as:

Scwe = 20y / d'z/=g (R R" — 3 R?) (2.48)

Conformal invariance of the gravitational action forbids any fundamental (Planck) scale, mean-
ing Newton’s constant as well as the Einstein-Hilbert action are not allowed. Luckily it is not
necessary to achieve the Einstein equations exactly as long as the dynamical equations of Con-
formal Gravity pass the three classical tests?” of General Relativity, namely the gravitational red
shift, gravitational bending of light, and the precession of planetary orbits. Specifically, what is
needed for the three tests is knowledge of the metric exterior to a static, spherically symmetric
source, namely the Schwarzschild metric which obeys R,, = 0 in the source-free region. But

27Mannheim notes that besides these three tests, there is one other phenomena which needs to be explained on
solar sized distance scales. This is the decay of the orbit of binary pulsar. This decay will happen in any covariant
metric theory since in all of them gravitational information cannot be communicated faster than the speed of
light. The problem lies in the calculating of the specific amount of decay which has actually been observed, with
calculations having so far only been carried through (and with stunning success) is the second order Einstein
theory itself.
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the exterior Schwarzschild solution is an exterior solution to any pure metric theory of grav-
ity which replaces the EH action with any Ricci tensor based higher order action. So having
a Ricci tensor based action will suffice to recover the standard solar system phenomenology?® [12].

Rudolf Bach derived the fourth order dynamical gravitational field equations for Conformal
Weyl Gravity (2.47) in 1921. We present the results for the vacuum case here (the derivation
can be found in Appendix D):

By, = VD)V Chavs — 2R Clianp = 0 (2.49)

where we call By, the Bach tensor, which is symmetric, divergence-free V, B*” = 0, traceless
9 B*” = 0 and behaves under a conformal transformation as B, — Q_QBW. In the literature
one encounters the above expression also in terms of the Schouten tensor S, or in terms of the
Ricci tensor and scalar. These equivalent expressions are also given in Appendix D.

The Bach equation admits trivial solutions, i.e. all conformal Einstein spaces?’. These are
topological spaces that are conformally related to an Einstein space for which R, = ag,,. This
is equivalent to saying that the metric is a solution to the vacuum Einstein field equation with
arbitrary value of the constant «. Specifically, this includes solutions with vanishing Ricci tensor.
Solutions with vanishing Ricci tensor include all vacuum solutions to Einstein gravity such as
the Schwarzschild solution exterior to a static, spherically symmetric source.

To be specific, start by assuming a static, spherically symmetric metric in the vacuum. The
line element is then given by

ds? = —A(r) dt* + B(r)dr? + C(r) dQ?
where dQ? = dy? + sin? (W) d¢? is the metric of the standard 2-sphere. The functions A, B and

C have to be positive. This line element is conformally equivalent to the Mannheim-Kazanas
solution [50, 51]

ds? = —A(r)dt* + j(rj) +7r2dQ*, where A(r)=1-38y— (27‘3775” +yr —kr?  (2.50)
Now we see that v+ = &k = 0 and 8 = m exactly returns the Schwarzschild metric from the
ordinary flat space Einstein-Hilbert theory. The other two parameters (k, ) stem from the fact
that the theory is fourth order and thus the vacuum solution possesses two extra constants of
integration as compared to Einstein Gravity. For k # 0, the background is a de Sitter (or anti-de
Sitter) geometry. Note that this could only occur in the presence of a cosmological cosntant in
Einstein gravity, which is not needed in the Weyl theory. The second integration constant ()
effectively measures all departures of the above metric from that in the Einstein case.

Several authors have used this solution to explain galactic rotation curves as well as deflec-
tion of light and time delay in the exterior of a static spherically symmetric source without
the need for copious amounts of dark matter. For this they relayed on the ~r term, though
its validity was doubted at the time. Hans-Jiirgen Schmidt3® [52] resolved the discussion by
showing that the value of v can be made to vanish by a conformal transformation. Even though
Dark Matter is not needed to explain rotation curves, we do point out that other astronomical
observations still point to its existence.

28This would not necessarily be true for any higher order Riemann tensor based action since the Schwarzschild
metric is not Riemann flat, only Ricci flat. The CWG Lagrangian does contain the Riemann tensor but in 4
dimensions it vanishes due to the Euler term.

29To see that this is indeed a solution to the Bach equation, plug in R,y = aguy. Then we find that R is a
constant and that all derivative terms in B}, vanish automatically. The remaining terms can only be proportional
to guw, but the tracelessness of the Bach tensor ensures that these terms also vanish, leading to the conclusion
that for an Einstein space indeed By, = 0.

30Schmidt also showed conclusively the existence of solutions to Conformal Weyl Gravity which are not con-
formally equivalent to Einstein spaces. These non-trivial solutions include all the homogeneous and isotropic
spacetimes (i.e., described by the Robertson-Walker line element) have zero Weyl tensor. How our Universe
could result from such an empty high symmetric spacetime was investigated in [82, and references therein].
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Finally, we need to consider the fact that the Bach field equations are fourth-order and special
attention for the unitarity of the theory is warranted. Recall that in quantum field theories we
want conservation of probabilities, i.e. the Hamiltonian should be hermitian and the S-matrix
unitary. Unitarity is also related to evolution of time and is characterized by the absence of
negative norm states in the theory. On the other hand, the Bach equation is a fourth-order
equation meaning that its correlation functions, upon quantization, could lead to ghost excita-
tions and/or tachyon behavior (negative norm states).

Based on the work of Carl Bender, Mannheim [53, and references therein] provided a solution
for this problem by showing that PT symmetry, i.e. symmetry under the combined operation of
parity P and time reversal T, is a necessary and sufficient condition for unitary time evolution
whereas hermiticity is only a sufficient condition: Though hermiticity of the Hamiltonian implies
unitarity, one cannot conclude that lack of Hermiticity implies lack of unitarity. To be specific,
for Conformal Weyl Gravity, Mannheim argues that the presence of a negative Dirac norm (ghost
state) could signal that the theory is not Hermitian rather than not unitary. Moreover, by es-
tablishing that the fourth-order derivative conformal gravity theory is indeed a PT theory>!,
meaning that the gravitational field g, is anti-Hermitian and a PT eigenstate, Conformal Weyl
Gravity is now able to emerge as a fully renormalizable and unitary theory of quantum gravity
in four spacetime dimensions.

Dropping the hermiticity requirement in favor of PT symmetry is not generally accepted and
other solutions have been proposed. Another approach to the problem of unitarity, for example,
is by James T. Wheeler [54]. Specifically, he proposes to vary all of the connection fields of
conformal gravity independently instead of only the metric. The torsion-free solutions of the
resulting field equations differ from those of GR only in the fact that they show local dilatational
covariance. This way the whole discussion regarding the unitarity of the theory is irrelevant.

Another way to deal with the fourth-order aspect of CG was proposed by Juan Maldacena
[55]. He started with the observations that 1) the on shell action for four dimensional Einstein
gravity in an Einstein space that is locally asymptotically Euclidean Anti-de Sitter (EAdS) can
be computed in terms of the action of Weyl gravity, and 2) any space that is conformal to an
Einstein space is a solution to the equations of motion of conformal gravity. Knowing this, he
wanted to select the solutions of Einstein gravity from the solutions of conformal gravity so that
the Einstein action can be replaced by the Conformal Weyl Gravity action and at the same time
only second-order dynamical equations in the pure gravity sector will be retrieved. Imposing
a Neumann boundary condition on the metric at the boundary results in the semiclassical (or
tree level) wave function of the universe of four dimensional asymptotically de-Sitter (dS) or
Euclidean anti-de Sitter spacetimes.

This can be illustrated, without entering in too much detail, as follows. Given that confor-
mal gravity has fourth order equations, we expect that it has four solutions for a given spatial
momentum. Requiring a EAdS or dS spacetime, kills already two of the solutions. The Neu-
mann boundary condition 0,g;; = 0 kills another solution. Since an Einstein space is conformal
to a solution obeying all the boundary conditions, we conclude that the remaining solution is a
(conformal) Einstein space and that classically there is complete equivalence between ordinary
gravity with a cosmological constant and conformal gravity. However, keep in mind that this
equivalence has not been proved at the quantum level nor for other than EAdS and dS spacetimes.

At last we stress that in order for the quantum system to be unitary, its classical counter-
part has to have stable evolution for arbitrary initial conditions. Otherwise quantum tunneling
will connect stable and unstable regions of the phase space and will inevitably lead to violation
of unitarity. Examples are known, for example the Pais-Uhlenbeck oscillator, which are unitary
even though they are in possession of a ghost mode [56].

31Unlike Hermiticity, PT symmetry does not need to be postulated as it is derivable from Poincaré invariance.
Recall from section 2.2 that the conformal group is an extension of the Poincaré group: conformal invariant
theories include Poincaré invariance and thus, according to Mannheim, PT symmetry.
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2.3.2 Conformal Dilaton Gravity

While the objective of Wheeler and Maldacena in the previous section was to generate Einstein’s
theory of gravity starting from the conformal theory, the framework of Weyl gauging as used by
e.g. ‘t Hooft [11] and Codello et al. [49] allows us to do the converse. We will use the latter to
introduce this general framework and comment on 't Hooft alternative interpretation afterwards.

Any theory can be made local Weyl invariant by Weyl gauging, that is, we treat Weyl in-
variance as local Abelian gauge symmetry, promote one mass parameter to a field called the
dilaton (Stiickelberg trick) and use it to construct the Weyl gauge field. Then we find the Weyl
covariant derivative and construct the Weyl connection. Next we construct the Weyl-invariant
curvature tensor using Weyl covariant derivative, which upon twice contracting the indices gives
Ricci scalar curvature for Weyl geometry. Now we express every dimensional parameter of our
theory in terms of the dilaton and replace all spacetime covariant derivatives by Weyl covariant
derivatives and all Ricci scalar curvatures R by the Weyl covariant curvatures R. The resulting
theory is then locally Weyl invariant by construction. (Recall that this symmetry implies con-
formal invariance, but is more restraining.)

Next we use the above described procedure on the Einstein-Hilbert action (2.17)

1 _
Stotal = SEH + Smat = 197Gy /d4$\/§ (R - 2A) + Smata 9= ‘dEt gltl/|7 Mp 2= 167G N

(2.51)
and demand it should be invariant under a Weyl transformations (2.26)
(d—2)
G = Gy = Q) g, =@ =Q@)" 2 @
To do that we treat the Planck mass M), as a Stiickelberg field, which we call the dilaton:
d—1
x(z) = 8= o) (2.52)

16(d — 2)7TGN

which transforms as x — 2~y under a Weyl transformation. We then use it to define the Weyl
gauge vector W, as

W, = —X_laux
This means we have extended the electroweak gauge symmetry to to include Weyl invariance
SU(2)r, x U(1)y x U(1)w where the local Abelian U(1)y introduces the above defined scalar
field x(z) and gauge boson W,. To eliminate the additional terms that arise under these gauge
transformations the partial derivative operator should replaced with a gauge covariant derivative
D,:
D,® =0, — As W, 0
with A the Weyl weight of the field.

Now we can find the Weyl connection, which is constructed to ensure that gauge covariant
derivative terms are conformal invariant on a general manifold:

fﬁp = %gll«ﬂ (Dvg)\p =+ Dkgup - ng)\z/) = lljp} - %A((WWP + 5;:Wu - gﬂ)\gvaA)

where {},} is the Levi-Civita connection given by the Christoffel symbols (2.12). The partial
derivative operator in D, should now be replaced with a spacetime covariant derivative based
on the Weyl connection V,(I"), such that we find the Weyl covariant derivative (2.27):
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D,® =V, [I)® — AW,

Equation (2.6) then allows us to construct the curvature tensor for the Weyl connection. Twice
contracting gives the Ricci scalar for Weyl geometry:

R=R+2(d— 1)V, (D)WH — (d—1)(d — 2)W,W"

Plugging R into the Einstein-Hilbert action (2.51) and writing all dimensional parameters in
terms of the dilaton field x(x), gives

d—2
Stotal = SCDG + Smat = /ddx\/§ (S(d—l)X2R - %(d - 2)23“)(6“)( + >\X4) + Smat (253)

or more precisely,
d d=2 1 oo
Stotal = SCDG + Smat = d 1‘\/§ mqﬁ R+ Z(d - Q)Xaﬂﬁux + )‘X -2 | + Smat (254)

which differs from the previous one by a covariant total divergence of the form %V“ (I (xOux),
and hence has the same equations of motion and the same energy-momentum tensor.

In 4 spacetime dimensions, we have
4 1 2 1 " 4
Scpa = | d'ay/g ( 15X R = 590" x + Ax (2.55)

This action is therefore referred to as the Conformal Dilaton Gravity action (name is due to
Alvarez et al. [10]). For the dilaton we can identify a kinetic term as well as a ‘mass’ term
proportional to the background scalar curvature R. It is the same action as that obeyed by a
conformally coupled scalar field. Observe that CDG lagrangian does not contain a kinetic term
for the g, field. Any such kinetic terms should arise solely from higher order effects due to the
interactions with the matter fields.

We immediately see that the kinetic term of the dilaton has the wrong sign considering we
used the mostly minus convention for the metric. This means that the dilaton is a unphysical
scalar field. However, the the additional gauge freedom can be used to gauge fix the dilaton to
a constant such that we can retrieve Einstein gravity: o(z) =0, or

12 2
x(x) =4/ e A= §7TGNA

The above demonstrated equivalence between CDG action and the EH action need not survive
at the quantum level, due to quantum fluctuations and in particular to Faddeev-Popov terms
associated with the Weyl symmetry.

Actually, the above results were also obtained by ‘t Hooft [11] by splitting the metric in such a
way that all scale dependences are contained in the dilaton field*? w(x). He extends the classical
theory to the quantum theory. Key in his approach is treating the dilaton in the metric as an in-
dependent dynamical degree of freedom instead of evaluating the path integral as a perturbative
series in the metric components (which would render the Einstein-Hilbert action nonrenormal-
izable). He then finds that the renormalization procedure leads to a quantum counter-term in
the total action which is proportional to the Conformal Weyl Gravity action, which we discussed
before.

3270 distinguish between the dilaton field introduced in the geometric approach from ’t Hooft’s approach, we
use x(z) for the former and w(x) for the latter. For an overview of the used notation, see the ’Notations and
conventions’ section at the start of this thesis.
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To be specific, the metric tensor is split similar to a Weyl rescaling

Juv = d)z(x)guu (256)

where the quantity g,, does not transform as an ordinary tensor but as a ‘metatensor’, mean-
ing that it transforms as a tensor, but with prefactors containing unconventional powers of the
Jacobian of the coordinate transformation. In the same sense, w(x) is then called a metascalar,
encoding all scale dependencies of g,,,,.

The functional integration procedures thus becomes

/ Dygedei]...] = / Dis(xr) / D (z)eSeet=]. ]

where additional constraints are needed to deal with the coordinate reparametrization ambigu-
ity (i.e. a gauge-fixing condition that only depends on §,,) and right-hand side additionally
requires a constraint for the conformal gauge ambiguity. One choice could be 9,6"” = 0 and
det(gu,) = —1.

't Hooft then continues by proposing to first integrate over &(z) together with the matter
fields ®™2(z), and then over g, (z). (Recall that in standard perturbation theory the inte-
gration order does not matter.) Anticipating dimensional regularization and renormalization
procedures, we switch to d dimensions by replacing & — &%/(?=2) in equation (2.56), which then
becomes

_4
uv = wd=2 (x)guu (257)
Plugging this into the Einstein-Hilbert action (2.17) and rescaling the @ field according to

(d-2)

w = ¢&Kk2w, where Ezm

such that Newton’s constant (recall K2 = 87G ) completely disappears®® in the gravity part of
the action and becomes (see Appendix E for the derivation)

Ssplit = /ddx\/g (% 4&:21)Rw2 - %g“"@uw&jw) (2.58)

where § = |det{§,. }|, w is a scalar field called the dilaton and everything in .S is now associated
with §,.,. In 4 dimensions this equals the CDG action found earlier, but there is one impor-
tant difference. The geometric method modifies the connection while leaving the metric as it is
whereas ‘t Hooft modifies the metric which in turn also modifies the connection. The introduc-
tion of Weyl invariance is enforced in the geometric theory by extending the gauge symmetry
whereas it emerges from the peculiar treatment of the metric as done here. The methods would
thus lead to different results for the matter part of the action.

However, it is important to observe that the split action for the w field has an overall sign
opposite to that of ordinary scalar fields, just as the dilaton found in CDG. Regardless of which
action we consider, 't Hooft claims that since it is an overall sign, it has no net effect on the
Feynman rules. This can be exploited by rotating the field in the complex plane®*3°: w = in
(or x = in). Then, the dilaton integration is technically identical to the integration over a
conventional, renormalizable scalar field. From the work of 't Hooft and Veltman [37], we then
find that this action leads to an effective action for §,, that largely coincides with the familiar

33Interesting question is whether a constant that can be scaled away can be considered fundamental. Recall
that it is not possible to scale away the coupling constant in a Yang-Mills theory for example.

341f the dilaton had been chosen real, then the Wick-rotated functional integral would diverge exponentially,
so that w or x would no longer function properly as a Lagrange multiplier.

35The validity of this step is questioned by Dietz et al. [83].
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conformally invariant action from Conformal Weyl Gravity (2.47), but with an infinite numerical
coefficient, which would have to be renormalized (we come back to this in the next chapter). So
even if a squared Weyl tensor term was not included in the initial action as a kinetic term for
the metric, one would be generated as a renormalization counterterm.

2.3.3 CWG versus CDG

In this chapter we motivated our search for a conformally invariant theory of gravity. The usual
procedures to obtain a conformally invariant gravity theory are either to adopt the Conformal
Weyl Gravity action (2.47) (or for d = 4 (2.48)) as for example proposed by Mannheim, or
the conformal Einstein-Hilbert action called Conformal Dilaton Gravity (2.55) as proposed by
Codello by Weyl gauging the EH action or 't Hooft via the splitting of the metric. Both theories
have their merits and drawbacks. So lets compare Conformal Dilaton Gravity and Conformal
Weyl Gravity at this stage.

Conformal Weyl Gravity is renormalizable and its fourth-order dynamical equations can re-
produce the Schwarzschild metric of our Solar System. However, it leads to ghost excitations
which spoil the unitarity of the theory. Mannheim proposes to deal with this by relaxing the
hermiticity constraint to PT symmetry, which amounts to making the gravitational field anti-
Hermitian. However, the full proof of the unitarity of the PT theory is not complete since
interactions are not yet considered. Other ideas for handling this problems were for example
proposed by Wheeler and Maldacena. Conformal Weyl Gravity may explain gravitational ro-
tation curves without the need of Dark Matter. However, the theory is formulated only in the
negative gravitational constant, so the gravitational interaction is not attractive but repulsive.
It seems to be difficult for this exotic feature to be reconciled with the observation of the cosmic
microwave background [57].

Conformal Dilaton Gravity is related to Einstein Gravity, i.e. gauge-fixing the CDG action
returns the Einstein-Hilbert action. However, it has inherited the nonrenormalizability of the
theory. Explicit calculations have shown that if we can rotate the dilaton in the complex plane,
Scpg results in a one-loop effective action which is proportional to the CWG action Scwg with
a divergent factor in front, which needs to be dealt with. Adding the same term with opposite
sign as a counterterm may resolve the divergence, but spoils again the unitarity. This theory
was proposed by e.g. Faria [58] under the name ‘Massive Conformal Gravity’

1
Suce = =75 | d*0v/g|(0*R+60,60"8) = — """ Cpp (2:59)

and plays the role of a proper quantization action when quantizing the dilaton ¢ in the fixed
curved background g,,,,. Faria argued that MCG is a renormalizable quantum theory of gravity
which has two massive ghost states, but Myung [59] refuted the renormalizability based on the
work from Stelle [36].

Currently, there is no obvious way to attain the renormalizability without violating the unitar-
ity in quantizing the gravity. So we can only conclude that CDG is either renormalizable but
non-unitary due to the adding of the Weyl tensor squared counterterm or unitary but nonrenor-
malizable due to the infinities present in the CDG action.

Assuming that our final Theory of Everything is a 4 spacetime dimensional, renormalizable,
unitary, conformally invariant theory, we are thus faced with a problem. Insisting on the 4
spacetime dimensions and conformal symmetry, we can either pursue the ideas of Mannheim
further and hope to address the issue of its unitarity at a later stage or we work with Conformal
Dilaton Gravity and address the renormalization aspect later. Here we choose the latter path
for a multiple of reasons.

Firstly, the principle of unitarity is heavily embedded in various domains of physics. It will
be difficult to judge which techniques and results are applicable to a situation where we are
working with a theory that is not unitary. Secondly, accepting nonrenormalizable field theories
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as effective field theories has become commonplace. Predictions from CDG as viewed as an EFT
are not without meaning. Experimental and astronomical evidence should then provide more
insights into its validity, not forgetting that the assumptions of four spacetime dimensions and
conformal invariance are no more than that, namely assumptions. Lastly, quantization of gravity
is far from understood and so ideas and procedures regarding the quantization and renormal-
izablity of a theory of Gravity are still under development. Dismissing or accepting a theory
purely on this aspect is hardly a sufficient reason at this stage.

2.4 Adding matter: the Conformal Standard Model

With the gravity sector discussed in the preceding sections and the Standard Model (SM) ex-
plained in Chapter 1, the remaining question of this chapter and main question of this last
section is, assuming Conformal Gravity, what is the Lagrangian of the complete theory?

First, we need to look at how the SM Lagrangian is modified in the presence of gravitational
field. This can be achieved by means of Einstein’s Equivalence Principle. As a small reminder
from any course on gravity, we list the different equivalence principles again[60]:

i. Newton’s equivalence principle (NEP): In the Newtonian limit, the inertial and gravita-
tional masses of a body are equal.

ii. Weak equivalence principle (WEP) is the empiric law of the universality of the free-fall. It
indicates that the worldlines of test particles in a gravitational field do not depend on the
particle properties, but only on their gravitational environment.

iii. Einstein’s equivalence principle (EEP): Fundamental non-gravitational test physics is not
affected, locally and at any point of spacetime, by the presence of a gravitational field.
In other words, a non-gravitational test experiment in a locally non-rotating, freely-falling
frame in a gravitational field gives the same results as performed in an inertial frame in
the absence of gravity.

iv. Strong equivalence principle (SEP): All test fundamental physics (including gravitational
physics) is not affected, locally, by the presence of a gravitational field.

The EEP is often also stated as the joint requirement of the WEP, local position invariance,
and the local Lorentz invariance for non-gravitational test experiments. Local position invari-
ance means that the outcome of any local non-gravitational experiment is independent of where
and when in the universe it is performed. Furthermore, with local Lorentz invariance we mean
that the outcome of any local non-gravitational experiment is independent of the velocity of the
free-falling reference frame in which it is performed.

Regardless of the specific formulation, the general idea at the core of EEP is the correspon-
dence between local reference frames in a gravitational field and reference frames in the absence
of gravity. But EEP says more; namely, that fundamental non-gravitational physics in a curved
spacetime is locally Minkowskian. The procedure one should follow in order to introduce the
gravitational interaction in any field theory built in flat space-time starts by taking the Lorentz
invariant action of the theory and identify the coordinates appearing in it with that of the lo-
cally inertial system. Gravitational interaction will then appear once a coordinate change to an
arbitrary system is made. For this, Einstein’s vierbein or tetrad formalism is needed. After its
introduction in Section 2.4.1, we will investigate how it affects the Standard Model Lagrangian.
In the last section, Section 2.4.3, we include conformal invariance and establish the Conformal
Standard Model.
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2.4.1 Tetrad formalism

Recall from Section 2.1 that the affine connection I'}}, was introduced to implement translation
invariance on a general manifold. To also implement Lorentz invariance a set of vierbeins3® €
is introduced, where the coordinate a refers to a fixed, special-relativistic reference coordinate

system with metric 74, and the coordinate p refers to general coordinate system with metric g, .

The vierbein field theory approach was proposed in 1928 by Einstein in his pursuit of a unified
field theory of gravity and electricity. Full understanding of the principle is based on the math-
ematics of fiber bundles. However, here we limit ourselves to a mathematically less involved
introduction of only the elements that concern our discussion, based on Yepez [16] (supported
by Sundermeyer [14]).

The conventional coordinate-based approach to GR uses a ‘natural’ differential basis for the
tangent space Tp at a point P given by the partial derivatives of the coordinates at P (the
holonomic basis), i.e.

6, =0, e'=da" = é'we, =14, (2.60)

where we use a bold face symbol to denote a basis vector and apply a caret symbol to denote a
unit basis vector. Also, the use of a Greek indices denotes a component in a (general) coordinate
system representation. They are called holonomic (or world, or coordinate space) indices and
are raised and lowered with the metric tensor g,,. With this notation a contravariant vector
AeTpis A= Aré, = (Ao, A1, Az, A3) and a covariant vector B = B,é! = g, B"é! =
(BY, B, B?, B3).

We are free to choose any orthonormal basis we like to span Tp, so long as it has the ap-
propriate signature of the manifold on which we are working. Therefore, we use that we can
find at any point P a local inertial frame for which the physical laws become those known from
Minkowski space. In other words, we choose a basis such that the metric g,, becomes locally
flat het point P. The vierbein field e} is then the 4 x 4 transformation matrix between these lo-
cally free-falling basis vectors €, (Riemann normal coordinates) and the conventional coordinate
vectors.

é,=¢e,"€é, =¢€,"0q, et =et, et =et, de® (2.61)

where inertial coordinates £ are labeled by latin letters, which are called the Minkowski, or
tangent frame indices and can be raised and lowered with the Minkowski metric 74p.

Because the vierbein field satisfies the orthonormality condition

et o (x)e,(x) = o, e (z)ety(x) = oy

the above equation can be reversed and we write the tetrad basis in terms of the coordinate
basis

e, =e'qé,, e’ =e,"é", ée‘Re,=1", (2.62)
This way a line element can be written as
ds® = g, da' da”’ = 1, dE® de® = G = Naven” (2)e,’(z) (2.63)

with 7, = diag(+, —, —, —) (the mostly minus convention). Note that taking the determinant
of this last expression, we see that the volume element is d*¢ = /|g| d*x, explaining the form

36In 4 dimensions we speak of vierbein or tetrad field, where the former is German for ’four legs’. The term
‘local frame fields’ is also used. There are generalizations to different dimensions, for example in three dimensions
there is the triad or dreibein. In general, vielbein (German for 'many legs’) is used to refer to a collection in
arbitrary dimensions.
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of (2.1) and subsequent equations.

Equation (2.63) imposes 10 constraints on the 16 components of the tetrad, leaving 6 com-
ponents arbitrary. These 6 components are determined by local Lorentz transformations

e, =eleé, = éy =€y é, =Ny(x)e! €, (2.64a)
é" = e, %" — &7 = e, e = A7 (z)e, €, (2.64D)
where A%, (z) is a position-dependent transformation which, due to (2.63), satisfies the or-
thogonality condition A“a/Abb/nab = gy, 1.e. transformed tetrads leave the metric invariant.

Consequently, the Lorentz group can be regarded as the group of tetrad rotations in GR.

Any vector at a spacetime point has components in the coordinate and non-coordinate orthonor-
mal basis related to each other by the vierbein field:

V =Vle, =V,, V& =e, V¥, VH =et, VO
A multi-index tensor can then have both Latin and Greek indices in its components:
Ty, = et e, " T, = eaaaﬁbTO"‘ﬁy
and a general coordinate transformation then becomes

. OzH ox”
“hn Y oxv

Ty, — Ty = A7, Ty,

With the introduction of the tetrad basis we need to review again the covariant derivative as
we explicitly used the coordinate basis in the derivation in section 2.1. In non-coordinate-
based differential geometry, the derivation is the same except that the ordinary affine connection
coefficients T" f;l, are replaced by the Lorentz or vector connection coefficients w,%, i.e. parallel
transport of the vector X%(x) is given by

Xz) 4+ 0X%(x) = X(x) — wy % X (2)d2”

The non-coordinate based equivalent of equation (2.2) then becomes
V(@)X =0, X" +w, % X" (2.65)
where the dependence on z is to be understood. Comparing the above equation with (2.2), note
that we use V,(I") for the spacetime covariant derivative with respect to the linear connection

I' (e.g. Vu({}) for the Levi-Civita connection) and V,(w) for the spacetime covariant derivative
with respect to the Lorentz connection w.

The covariant derivative for a generic (non-coordinate based) tensor Tal’ p** is then
V4 (w )T,fll’ bt =0Tyt
B g P Ho (2.66)
— Wl T = = WP T,

Similar to the affine connection coefficients which transform as (2.3) to ensure coordinate in-
variance of the covariant derivative, the Lorentz connections coefficients have to transform in a
particular way as to ensure Lorentz invariance of the covariant derivative. Namely,

’

’ b b ’
o.)““ b = A® aw#“b[\ by — A b/aﬂA“ a
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Because tensor equations are valid regardless of the bases, the two formalisms have to agree.
Therefore, we express (2.65) in the coordinate basis and compare with (2.2) to establish the
affine connection in terms of the Lorentz connection and vice versa

FZA =e",0uex\" + euaeAbWuab (2.67)

wuy = el,“e)‘bI‘ZA — exbaﬂeﬂ =—e",V, (e, (2.68)
Left multiplying the last expression and rearranging terms gives:

V([ w)e* = 0ues” — Ieen® + w“abegb =0 (2.69)
where V(I',w) is used to signal a covariant derivative that ‘sees’ the holonomic indices with the
affine connection, and all anholonomic indices with the Lorentz connection. (In some texts this
derivative is abbreviated by a vertical bar V,(I',w)T" = Tj,.) The above statement is known as
the ‘tetrad postulate’ and states that the vierbein field is invariant under parallel transport.

Using the expression for the affine connection (2.67) in the definition of the torsion and cur-
vature tensor, (2.5) and (2.6) respectively, we find

T, T) =0T (W) = %e)‘a (Va(w)e,* = Vi (w)e,®) (2.70)

R’\UW(F) = 6)‘aegbR§W(w) = ekaegb(auwuab — 0w,y + wpewy p — Wyt ew,, ) (2.71)
Similarly, the Ricci tensor and Ricci scalar definitions, (2.7) and (2.8), become

R(w) = R, (w)e”s R=R",e", (2.72)

2.4.2 The Standard Model in the presence of gravity

The next step is to look at the Standard Model in the presence of a gravitational field. The effect
of gravity is encoded in the properties of spacetime itself as deviations from e.g. the Minkowski
or Euclidean metric are the graviton field itself: g,., = 1, + hyu, where hy,, is the graviton with
spin 2 (two-index tensor).

In order to construct the actions of matter fields in an external gravitational field, the prin-
ciples of locality and general covariance are imposed. It is also natural to forbid the introduction
of new parameters with the dimension of inverse mass, besides renormalizability and simplicity.
Following these three principles (locality, covariance and restricted dimension), the form of the
action is fixed except the values of some new parameters which remain arbitrary (non-minimal
scheme). We could furthermore follow the Einstein Equivalence Principle, i.e. we demand the
symmetries of the original flat-space theory also hold for the general curved-space theory. This
is referred to as ‘minimal coupling’®”, which is the idea that the basic equations of physics in
the presence of gravity differ from their counterparts in flat spacetime only by replacing partial
derivatives for spacetime covariant derivatives, the flat metric for the generic metric g,,,, and the
volume element d*z — \/gd*x.

Following the EEP to establish the minimal coupling of the Standard Model with gravity, we
start with the Dirac action and identify the coordinates appearing in it with that of the locally
inertial system. Specifically, we will treat local Lorentz invariance in a similar manner to gauge
symmetries to establish the curved spacetime theory.

37Strictly speaking, the EEP is not identical to the minimal coupling scheme. The EEP requires that under
given conditions physical phenomena in a sufficiently small region of spacetime unfold in the same way when
there is, or is not, a gravitational field. This is a condition on solutions, rather than on equations unlike the idea
of minimal coupling. The term ‘minimal coupling’ refers to the fact that the fields are coupled to the background
metric only via the covariant derivative, which is obviously not the case for the non-minimal coupling scheme
where explicit coupling terms are introduced.
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Consider the Dirac equation for fermions in locally free-falling coordinates £%:

(iv"0q —m)h =0

where ¢ are the coordinate-invariant Dirac matrices which satisfy {y%,7*} = 2n%. The
spacetime-dependent Dirac matrices, v = e#,v%, thus obey

{77} = 29"

Following Yepez [16], we distinguish between the external Lorentz transformations that act on
4-vectors, A*, of the Lorentz group SO(3,1), and the internal Lorentz transformations that act
on spinor wave functions, U(A) of the spinor representation of the SU(4) group. These commute:
[A#,,U(A)] = 0. Explicitly, the internal Lorentz transformation of a quantum spinor field in
unitary form is

1 a
U(A) _ e§kab($)G b ~1+ %)\ab(l')Gab

where \yp = —\pq is the group parameter and G is the tensor generator of the transformation,
which appears in the representation corresponding to the object that is transformed (vector, ten-
sor, scalar, etc.). The fundamental representation of SU(4) are the 42 — 1 = 15 Dirac matrices,
which include four vectors 42, six tensors 0% = 1[y% 4%], one pseudo scalar v° = iy0y1y%43,
and four axial vectors 7°y%. The generator associated with the internal Lorentz transformation
of a fermion (spinor) is G = . With these formulae, the invariance of the Dirac equation

under a Lorentz transformation can be explicitly checked.

Next we make the transformation local for a general spacetime, and we replace the partial
derivative with the spinor covariant derivative

V,=0,+T, (2.73)

we get, in the spirit of a local gauge theory for the special Lorentz group, the generally covariant
expression

(iv*e!oeVy—m)p =0 (2.74)
where the Lorentz transformations of a Lorentz 4-vector z%, 4-spinor ¢ and ~* are
2 =A%t Y =UN)Y, @ =9UW)T M =UM UMW) (275)
and the spinor connection I';, transforms according to
L), = UMNTLUN) ™ + (8, UN)UA)

To derive the form of the spinor connection, we look at the parallel transport of the Lorentz
transformation matrix. From the Lorentz transformation of the vierbein (2.64) we have

/ /

e (x%)e!y(xY) = A% p(x)

Because the left-hand side has two upper indices of a different kind, the Latin non-coordinate
index o’ and the Greek coordinate index u, we need to take extra care in treating them with
respect to parallel transport. Specifically, a Taylor expansion can be used to connect a quantity
in its Latin non-coordinate index at one point to a neighboring point, but the affine connection
must be used for the Greek coordinate index:

AY (2 + 62) = e#“/ (% 4 dx™)e!y (™ + dx¥)

!’
a
Oe,,

<eua’(:ca) + 5 51:&) (e“b(a:a) fr“ﬁa(za)eﬁb(za)axa)
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’

= (55‘/ + (e”baaeu“/ — Tt gae,” eﬁb) ox®
=00 — wa® yox®

where equation (2.4) was used in the second line, the explicit dependence on z® was dropped
in line 3, and the Lorentz connection in the last line is given by (2.68). Writing the Lorentz
transformation matrix in its infinitesimal form, gives the group parameter Aqp:

A% = 6% + A% = 0% — wa"p0x® = 6% + e"b(Va(F)e,,a)(Sxa
Next, recall the Lorentz transformation of a spinor (2.75)
UA)Y = (1+ 2Xap(2)G™)p = 1p + 09 where 6 = —2(wa)ap02* G = To1pda®

The generalized derivative that is needed to correctly differentiate the Dirac 4-spinor field in
curved space time is thus the spinor covariant derivative (2.73) with the spinor connection

T, = —2(w)anG? = 2”5 (Va(D)eva)G® = €4 (0nera)G™, G = 1[y*,4] (2.76)

Because the spinor covariant derivative of the v matrices is zero, the Dirac equation in curved
spacetime with the above definition of the spinor covariant derivative is obtained by variation
with respect to ¥ of the Lagrangian?®

Liirae = & (57" (V) = V) — mibp = Sy"V b — mapi (2.77)

Following the above arguments we can write the complete Standard Model Lagrangian, which
was developed in Section 1.2 in flat spacetime, now in curved spacetime. First the fermion
Lagrangian (1.18), which becomes

SFermion = /d4$\/§ |:(VL7 éL)L lp <VL) + DRiwl/R + éRiweR
€r

(2.78)

+ (ag,dp) ip (Zi) + giPur + dRiwdR}

where summation over all leptons and quarks is assumed. The gauge covariant derivative (1.19)
is extended to include the spinor covariant derivative as understood in (2.77):

D,=V,+ “779 [0’+W: + J,W;] +ine.eQA,
+ I [ — Qsin®(0w)] 0.2, + 520G

cos(Ow )

(2.79)

381f we include torsion, but still work with a metric compatible metric, the Dirac equation is written as

LDirac = 1Y ('Y“@L - %W‘L{uab}Gab - %’Y%’“SM) P — map
which is the same result as e.g. equation 8.15 from Dobado et al. [61]. It can be established by inserting the

general affine connection (2.11) in the expression for the spin connection (2.68), but keeping the nonmetricity
equal to zero:

A A
wuy = e Ty —eMpduen®, THox = {1} + K'a

and S, is defined as the axial part of the torsion tensor S, = €,,x,TH"".

There is no consensus on the status of torsion within a (quantum) theory of gravity. Arguments for
keeping it include that quantum effects or modification of Einstein gravity to include higher derivative terms
could produce torsion. More important, Friedrich W. Hehl [84] already advocated in 1979 that where mass
is coupled to the metric via the energy-momentum tensor, the other elementary notion needed to describe an
elementary particle, spin, should also be coupled, namely to a geometrical quantity related to rotational degrees
of freedom in space-time which is the contortion tensor K*, . More recently, Luca Fabbri argues for a conformal
theory including torsional degrees of freedom, see e.g. [85]. Some other interesting papers on the subject are e.g.
[86—-89]. Because the inclusion of torsion, especially in a nonminimal scheme, leads to an increasing number of
possible terms that can be included in the Lagrangians, we will not consider it further.
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Gravity enters only via the above covariant derivative (minimal coupling) as there are no non-
minimal terms algebraically possible.

In contrast, scalar contributions are not modified in the minimal scheme because they do not
transform under Lorentz transformations: G% = 0 and the spacetime covariant derivative is
just an ordinary partial derivative. However, a nonminimal generalization of the scalar action
is

Sseatar = 1 / A7 (60,00, — m*¢* — 6°R) (2.80)

where ¢ is a new dimensionless quantity called the nonminimal parameter with & = 0 corre-
sponding to the minimal coupling. The reason for considering a nonminimal term of the form
R¢? and not some other extension is twofold. Firstly, we are interested in the simplest gener-
alization from a special relativistic field theory to a general space-time and are only inclined to
consider one of the unlimited number of other possible additions when there is other evidence
suggesting we should do so. For this term there is such evidence, because the renormalization
of an interacting field in curved spacetime necessarily involves a counterterm proportional to
R@?.The second reason for considering this term in the nonminimal scheme is its relevance to
conformal invariance, as we will see in the next section.

This nonminimal extension of the scalar sector only influences the Higgs sector. So the Higgs
and Yukawa sectors of the Standard Model in the presence of a gravitational field become:

SHiggs + Yukawa = /d4$\/§ (QW(DNH)T(DVH) - V(HTH) — §'HT"HR + Eyukawa) (2.81)

where D, and Lyukawa are given by (1.19) and (1.33), respectively.

The last sector we need to consider is the gauge sector in flat spacetime which is given by
the Yang-Mills sector (1.20). Gauge fields transform under Lorentz transformations as Ggp"; =
0.1y — 0pMqj. The spinor covariant derivative of a gauge field thus becomes:

Oudj — Vo Aj; = et (0, — 1w““bGab)

6“8( A)) = et (w,'; —wuh)er A,
ehel0u Ay, + el (Oue] queZ)A

In combination with the tetrad postulate (2.69), this gives F,; = ehe? (0, A, — 9, A,), meaning
that the product F¢, F.*" is invariant under Lorentz transformatlons The Yang-Mills sector

the requires thus only replacing the flat metric with the general metric:
Syyi = —1 / d2\/G9" 6" (B Bpo + Wi Wi, + G2, G2, ) (2.82)

where field strength tensors of SU(3).,SU(2)r,U(1)y are given by equations (1.3), (1.10) and
(1.11).

2.4.3 A conformal toy model

Having established the form of the Standard Model in the presence of a nontrivial metric g,,,, it is
now time to impose the conformal restrictions and include the gravity sector. Conformal invari-
ance includes scale invariance meaning mass terms or other scales explicitly break the symmetry.
Therefore no mass scales - no gravitational constant, no mass for the Higgs field, no cosmological
constant and no mass parameters for the quarks, leptons or gauge bosons - can be included in the
theory. This requirement means that the tachyonic Higgs mass term in the Higgs sector and the
Majorana mass term in the Yukawa sector cannot be included in the Conformal Standard Model.
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Next we need to investigate the behavior of the different sectors under a conformal transfor-
mation (2.28):

D(x) — QAq’(IJ(x), e, — Q(x)e,”, such that g, = naven e’ — Q)2 g, (2.83)

where we included explicitly the behavior of the vierbein field under a conformal transformation.
Recalling the Weyl weight of the fields from Section 2.2.1, we can readily see that the Yang-Mills
action transforms in a conformally invariant way:

Sem = | Al VD3 g(Q72g")(Q %97 )(QFLw)(Q°Fyo) = Sym

We will not demonstrate conformal invariance of the fermion sector explicitly, but instead refer
to [41, Section 5].

That leaves the Higgs sector of the Standard Model. A conformal invariant scalar action re-
quires a nonminimal coupling term where £ = % in d spacetime dimensions, i.e. in four
spacetime dimensions

Siges = 3 / d*zy/g (9" (D, H) D,/ H + SHIHR) (2.84)

which can be derived upon considering the equation of motion of the nonminimal, massless scalar
theory (2.80) (see Appendix F). Curiously, this value can also be argued on the basis of the
EEP and thus without reference to any conformal argument [62].

Now we have all the ingredients for the construction of a Conformal Standard Model. There
remains one aspect to be discussed and that is the coupling with Gravity. In the above equa-
tions we have minimal coupling in the Yukawa, fermion and Yang-Mills sectors and nonminimal
coupling with the Ricci scalar curvature in the scalar sector. We could furthermore include the
CDG action (2.55) of the previous section either by 1) identifying the Higgs boson with the (un-
physical) dilaton or 2) include the (unphysical) dilaton as an additional field. Another option is
to 3) include the dilaton as an additional physical scalar field. The remainder of this section is
devoted to investigating these different options.

Suppose we identify the Higgs doublet with the dilaton®?:

Lo 0 - —1y
HZEU (O<¢(gc)> with U™ '({) =e

where the 3 Goldstone bosons that appear in the exponent can be eliminated by a local SU(2)
transformation fixing the unitary gauge for the Higgs field. In the broken phase of the theory
the scalar field in (2.84) is gauge fixed, following the procedure of Appendix E, to a fixed value
to retrieve the familiar Einstein-Hilbert action. We need to choose ¢ = v:

—i¢; (2)T?
v

1 &2 11
[ = G -
2k2 2 N8 &v?

(2.85)
Because Newton’s constant Gy = M, ? (we work in & = ¢ = 1), we get that v is on the
order of the Planck mass (~ 10'? GeV), which is inconsistent with the experimental value of
the electroweak VEV v =~ 246 GeV. Therefore, we cannot identify this conformally coupled
scalar with the Higgs field, but need to allow it as an extra field to the Standard Model and
Gravity.

39This model was actually proposed by e.g. Pawlowski and Raczka [63] because the Higgs boson at that
time was still not experimentally verified leading scientists to doubt its existence altogether. In the model of
Pawlowksi one gets the mass generation without the mechanism of spontaneous symmetry breaking and without
the remaining real dynamical Higgs field.
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A two scalar theory is:

SEema = /d4a:f 9" 9" (B Bpo + VV;WI/VZ + GGy, ) (Yang-Mills sector)
+ (EL éL) i@ <ZL> + DRiﬁyR + éRiﬁeR (lepton dynamical terms)
L
+ (EL JL) iﬁ (ZL) + fLRiﬁuR + JRiﬁdR (quark dynamical terms)
L
- (DL éL) HIer — (DL éL) icoH*TvRr + h.c. (lepton mass terms)
— (7._LL d_L) HIdp — (TLL JL) icoH*T"up + h.c. (quark mass terms)
+ 29" 0, x0ux + " (D, H) D, H (scalar dynamical terms)
+ L(EX + 2HH)R - V(H, X)} (scalar interactions)
(2.86)

where the different covariant derivatives are?:

Dy =8, +ingW.T" +in'g'nyY B,
D,=D, — i(wﬂ)abhaﬁb]

The above toy model is invariant under the gauge symmetry of SU.(3) x SUL(2) x Uy (1) and
local Weyl rescalings in 4 spacetime dimensions:

G — PG, X =, HoQ'H, Q3 A, - A, (2.87)

where 9 is a Dirac fermion field (either a lepton or a quark) and A, is a general gauge boson
(either the photon, gluon, W* or Z boson).

In case we choose the minus sign Sggy\ We have one scalar field which comes from the Confor-
mal Standard Model and the other is the unphysical dilaton from Conformal Dilaton Gravity
was for example considered by Bars [66]. The term -5 R(x? — 2H 1) leads to Newton’s constant
and allows us to find General Relativity back. To allow for the possibility for it to be positive,
we must indeed have one scalar, namely the dilaton ¢, to have the wrong sign kinetic term,
otherwise we would end up with a purely negative gravitational parameter. Furthermore, the
relative minus sign between the two scalars enables us to cover all patches of field space that
are required for geodesic completeness?! of all cosmological solutions for all times and any set
of initial conditions [66].

A proposal for the specific form of the potential V(H, x) will follow in the next chapter. Possi-
ble gauge-fixing terms as well as the compensating Faddeev-Popov ghosts will not be explicitly
considered. We also, again, note that this toy model does not include a kinetic term for the
gravitational field. Recall from the discussion in Section 2.3.2 that the only possibility is the
Weyl tensor squared from the Conformal Gravity action (2.47). See e.g. Oda [57] for the toy
model including this term.

407t is possible that these gauge covariant derivatives also include the Weyl gauge field as e.g. proposed by
[64, 65].

41Geodesic completeness refers to two notions. Firstly, it means geodesic continuation through all singularities
separating patches of spacetime. Secondly it also means avoiding unnatural initial conditions by requiring infinite
action for geodesics that reach arbitrarily far in the past. Though inequivalent, both notions are satisfied for the
model which we are developing in this section [67].
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The dilaton in the above model Sigy (2.86) is an unphysical but otherwise regular scalar
field if we follow the interpretation of [49, 67]. On the other hand, we could also follow 't Hooft
[11]. Then the metric displayed is actually a metatensor from which all scale dependences are
contained in the unphysical, ‘metascalar’ field w, also called the dilaton. The metric’s behavior
under coordinate transformations thus differs depending on the method we consider. Taking into
account these differences, both methods lead to the same final toy model as long as the potential
V (@, M) remains unspecified. However, to distinguish between the different interpretations, we
use the superscript ‘split’ (Sépslﬁc;) to signal that we talk about the model in the interpretation
by ‘t Hooft.

Last but not least, we could also go for the plus sign in (2.86). The dilaton is then an ad-
ditional real scalar field, which in its simplest form would be a gauge singlet.



Chapter 3

Scales in a scaleless theory

In the previous chapter we established different toy models where the Standard Model, Gravity
and conformal invariance are combined. The two models differ in the meaning of the dilaton: in
CSMG- the dilaton is a ghost particle, whereas it is a real scalar field in CSMG™. This chapter
is devoted to investigating how scales can be generated in a theory which is classically without
scales. Some symmetry breaking mechanism needs to be responsible and the possibilities are
discussed in Section 3.1. In Section 3.2 and Section 3.3 symmetry breaking in the two different
toy models is discussed, where the former includes special attention to the interpretation of the
dilaton by ‘t Hooft. In the last section we will compare the two models.

3.1 Origin of mass

The Nambu and Jona-Lasinio (NJL) model describes how the mass of the nucleon, then as-
sumed to be an elementary particle, is generated dynamically from the vacuum through the
nucleon-antinucleon pair condensate. This idea is now used in the mass generation mechanism
of composite particles via the quark-antiquark condensate in QCD. The model thus accounts
for 99% of the mass of the visible world. The remaining 1% of the mass, the masses of the ele-
mentary particles themselves, are generated by the Higgs boson via the spontaneous symmetry
breaking of the SU(2);, x U(1)y gauge symmetry as induced by the explicit mass term of the
Higgs boson. However, saying that the Higgs boson gives masses to all elementary particles in
the SM is incorrect because the source of its own mass as well as the (possibly different) source
of the neutrino masses in the Standard Model are still unclear.

The Higgs boson mass found at the Large Hadron Collider as well as subsequent experiments
are in agreement with the Brout-Englert-Higgs-mechanism of the Standard Model. This means
we could accept the Higgs field with is tachyonic mass in Lgy as a fundamental field. How-
ever, while the Standard Model is not contradicting with the current data at the LHC within
the error, some extended Higgs sectors can also reproduce the data. Besides, if the standard
model is correct, the measured values e.g. the mass of the Higgs boson, imply the Universe is
metastable [68]. This again would imply that the Standard Model cannot be valid all the way to
the Planck scale, and that new particles and interactions must contribute to the scalar potential.

However, here we work under the assumption that both the Standard Model and Einstein Grav-
ity are not the final theories but rather effective theories arising from breaking of conformal
invariance of toy model. Such conformal symmetry breaking can arise in several ways. For ex-
ample it can be collateral damage of the spontaneous breaking of the GUT and/or electroweak
gauge symmetries, as the fermions and gauge bosons in the conformal theory acquire masses
and thereby spoil the conformal symmetry. The breaking mechanism could, on the contrary, be
preceding or even completely unrelated to the electroweak breaking.

52
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There are two types of breaking of a symmetry in general, namely

i. Explicit breaking at the classical level occurs when a term in the Lagrangian is not in-
variant. When the theory possess a symmetry when its dynamics is analyzed in terms
of unquantized, commuting variables, the symmetry may disappear when the dynamics
is quantized and analysis is performed in terms of non-commuting quantum variables. In
other words, quantization of the symmetric classical theory can lead to anomalies that
explicitly break the symmetry. This is called to anomalous symmetry breaking.

ii. Spontaneous symmetry breaking occurs when the classical Lagrangian is invariant but the
ground state is not. Specifically, we have to be in a situation in which the ground state is
such that the symmetry is still a property of the system when the fields are in an unstable
stationary point (saddle point) of the potential; because of the instability, the configuration
of fields will spontaneously tend to the stable stationary point of the potential, which is,
however, not invariant. The mechanism of spontaneous symmetry breaking is described by
the Goldstone mechanism and the Brout-Englert-Higgs mechanism in case of a global and
local symmetry breaking, respectively. It is also possible to have a symmetric classical La-
grangian but that quantization leads to radiative corrections that spontaneously break the
symmetry. This is for example achieved via the Coleman-Weinberg breaking mechanism.

Explicit breaking at the classical level would invalidate the conclusions based on the restrictions
from conformal invariance and will therefore not be considered. However, as is well known
(and further explained in the ?7?), quantization of a classically conformal lagrangian gives rise
to a trace anomaly which anomalously breaks the conformal symmetry. As there are ways of
restoring the conformal symmetry at quantum level, we are left with investigating how scales are
generated in a quantum conformal theory. The remainder of this section is therefore devoted to
explaining the Coleman-Weinberg mechanism in Section 3.1.1 and its extension to the multiple
scalar case, the Gildener-Weinberg formalism, in Section 3.1.2.

3.1.1 The Coleman-Weinberg mechanism

Sidney Coleman and Erick Weinberg [69] (for a review see also [70]) investigated symmetry
breaking in classical massless theories as to replace the BEH mechanism based on the rather
ugly tachyonic Higgs mass term. In their paper, they showed that for QED, even though the
minimum of the interaction potential is zero at the tree-level, the radiative corrections at the
one-loop level to the (effective) potential change the potential to a mexican-hat-type hence
inducing spontaneous symmetry breaking. Here we will demonstrate the general features of the
Coleman-Weinberg (CW) mechanism using the trivial ¢*-theory from Section 1.3:

£= 30007 — ImP6 — 106" + 100,07 — BAus? — hAged ()

where Ay, A, Ay are the counter-terms of the wave-function, mass and the coupling constant.
This Lagrangian is symmetric under the transformation ¢ — —¢ and the vacuum shares that
symmetry for m? > 0, but the symmetry is spontaneously broken for m? < 0, as can be recalled
from our discussion of the Higgs mechanism. Here, we focus on the borderline case of a classically
massless theory, i.e. m? = 0.

Classically, the positivity of the quartic term would be sufficient to guarantee a symmetric
vacuum. However, in a quantum field theory the vacuum energy includes the zero-point energies
of the various fields that enter the theory and these zero-point energies can potentially change
this situation. Thus, to investigate spontaneous symmetry breaking in flat spacetime we require
the quantum corrected potential, also known as the effective potential Vg, of the theory. The
minima of the effective potential give, without any approximation, the true vacuum states of the
theory.
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Recall the effective action (1.43):

W]
T S5 T(x)

L[®y] =WI[J] - / d*zJ(x)®y(z) where @

which is the generating functional for all the 1-particle irreducible (1PI) correlation functions
F(T)(ml, ..., x,) and consequently encodes the full quantum dynamics of the theory in a classical
language.

One of the leading procedures to determine the structure of the effective potential is the loop
expansion method in which one finds the contributions coming from each separate part of the
diagrams order by order (i.e., starting from tree-level to r-loops) and then sum them to find the
result with the desired precision.

L .
D[] =i = /d4x1 L dA, T (2, )@ (1) - D) (3.2)

Alternatively, one can also express the effective action as a momentum (or derivative) expansion.
The general form of the effective action then consists of the standard two-derivative kinetic term
multiplied by some non-trivial wave-function factor, an effective potential without derivatives,
and in general also an infinite series of higher-derivative corrections:

F[(I)cl} = /d4$ (Zeff[q)cl]ayq)clauq)cl - ‘/eff[(bcl] +.. ) (33)

In particular, if we study ®.(x) = ® (constant), then only the first term contributes to the
effective action, which is called the effective potential and in the tree approximation it is just the
classical potential. By comparing the two expansions, it can be seen that the nth derivative of
Vegr is the sum of all 1PIs diagrams with vanishing momentums of external legs. In other words,
the effective action and the effective potential contain all the effective vertices among the fields
®,; which are induced by quantum fluctuations through loops, respectively at any momentum
and at zero-momentum.

The usual renormalization conditions of perturbation theory can be expressed in terms of the
functions that occur in the above equation. For example, we define the squared mass of the
meson as the value of the inverse propagator at zero momentum??, and the coupling constant
equals the four-point function at zero external momentum. However, massless theories suffer
from IR divergencies in the Green’s functions when ®, — 0, thus requiring us to enforce the
renormalization conditions at an arbitrary scale pu:

d*Veg
d@il

AV
’ o dq)gl

m?2=0= . Zeg|®u=p] =1 (3.4)

Po=p

Do=p

With the general theory outlined, we turn back to our scalar theory. Specifically, the effective
action is just the classical action. Furthermore, we had determined the 1-loop effective action
(1.48) in Section 1.3.1:

i A
Mdy] = %Tr log <D + 2@31) +1040,8,40"0y — LAL @2 — LALDY (3.5)

where we need to keep the mass renormalization term, even though we are have a massless
theory, because the theory possesses no symmetry that would guarantee vanishing bare mass in
the limit of vanishing renormalized mass.

42]f we were interested in higher order corrections this in general gauge-dependent definitions needs to be
replaced by the gauge-invariant definition of particle masses as the locations of poles in propagators. At the order
of our current interest, the two definitions coincide.



3. Scales in a scaleless theory 3.1. Origin of mass 55

The tree level effective potential is then the classical potential and the 1-loop effective potential
is computed by considering the 1-loop effective action for constant configurations for ®;.

Vi = 5208 Vip= 1T log(O+ IA02) + SA] @2 + LA DY (3.6)

€ Ci

where Tt" denotes the trace over non-zero modes and can be evaluated by performing a Wick
rotation to Euclidean space (k° = ik%) and using the standard integral (1.49)

. d?k
-3 T log(D + %x\@?l) = %/ (277)2 log(k% + %/\@zl)

Now observe that the integral has a logarithmic singularity at ®, = 0. The IR divergence
can be avoided by staying away from vanishing ®.;. Besides, the integral is also UV divergent,
which we handle by introducing a momentum cut-off (following [69]). The 1-loop effective action

becomes:
AA A2 AD?
Vi = (s )%+ et (10n( 532 ) — 1) + 3Aha% + hated

With this potential and the renormalization conditions (3.4), we can now determine the coun-
terterms:

A2V AA2
0= = A, = -2
do?, Bu=0 3272
A4V 3A2 A2\ 11
A= S et Ay = — log( £ ) 4 =
vy |, TSN T Ty <Og<2A2> t3 >

We could evaluate the first renormalization condition at ®., = 0 whereas the second condition
should be evaluated at an arbitrary scale p because the fourth derivative of Vg at the origin
does not exist.

Combining it all, gives the final expression for effective potential in the 1-loop approximation
for the massless scalar theory:

1 A2t b2 25
Vg = —AD* e (1 )= 3.7
of = % ¥ 556 (Og( w2 )6 (8.7)

The theory is renormalizable and, as expected, all dependence on the momentum cut-off A have
disappeared in the above expression. Finally, we ask ourselves the important question with which
we started this section: does this potential give rise to spontaneous symmetry breaking? Spon-
taneous symmetry breaking occurs if the quantum field develops a nonzero vacuum expectation
value, even when the source J(x) vanishes. This occurs if

or dVe
=0 L

= = 0
0Dy dd,

where we assumed that the vacuum expectation value is translationally invariant. Using (3.7)
seems to give a non-trivial VEV:

AVeg @) 22)2(D)° A2 (®)° (®)? (®) 1672
= - 1 - AMog( L) = ———+0(x
|y 6 ssim? T game 08| T | 70 = Alee{ ) 3 TON

However, choosing the arbitrary renormalization scale as p? = %, we see that A((®)) ~ 50
which is far outside the expected range of validity of the one-loop approximation. In other
words, the minimum arises from balancing a term of O()\) against a term of O(A?log(®/M))

which inevitably means that for small A the minimum lies outside the domain of validity.
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The range of validity may be improved using the Renormalization Group. As we can see in
(3.7), the arbitrary renormalization mass is still there. Its only function is to define the coupling
constant and the field renormalization strength through (3.4) and that a small change in p can
be compensated by appropriate changes in A and Z. Recall from our discussion in Section 1.3.3
that this continuous relationship is constrained by the Callan-Symanzik equation (1.55). We
apply the Callan-Symanzik equation to the effective action (3.2) to resum all the 1-loop 1PI
diagrams in order to obtain the renormalization group improved Coleman-Weinberg potential in
which the independence of the renormalization mass is exact to every order. In the process, we
also obtain the S-function for A without computing Feynman diagrams.

From [7, Chapter 13] we know that the irreducible n-point function is related to the corre-
sponding function of bare fields:

™ = Z ()20
This relation is identical to the relation between renormalized and bare Green’s function (1.53)

except for the change of sign in the exponent. Following the same argumentation as Section 1.3.3
gives then the Callan-Symanzik equation n-point function

(13 + B = 9N )P (i) =0

This equation, integrated with n powers of ®, and summed over n, is equivalent to

9 d g
(Mau + 655 =) /dx M)Cl)l“([@cﬂ;u, A)=0

Assuming constant ®.; then gives the Callan-Symanzik equation for the effective potential:

o a9 9 ) dg Y/
—_— —_— _— @ —_— ¢ = — —_— = —_—— .
(Ma‘u‘i‘ﬂaA"‘(s ’7()\> cla(pd>‘/eff( cl7:U/7>\) 07 ﬂ ,U/aluv Y 27 a,u (3 8)

Oa

Using the Landau gauge, 6 = 0 in the one-loop approximation such that the term for the gauge
parameter « disappears. Each term of the equation then is

OVegr 222,
=———0
F o4 25672
Ve 1
BAT/\H = B <4'(I>‘Cll + higher orders)
e 1 .
’Y‘El% = 7(3')@3[ + higher orders>
cl .

To determine v we note that we have not calculated the one-loop corrections to Z. However, the
one-loop propagator correction is completely cancelled by the mass counterterm and the first non-
trivial corrections is at (9()\2). This means that at 1 loop we have Z(u) =1+ (9(/\2) —~v=0.
Plugging this all into the Callan-Symanzik equation gives the one-loop beta function for the
coupling constant:

3
1672

Br= N+ 0(N) (3.9)
The next step is to find the solution to the Callan-Symanzik equation (which is a differential
equation). Introducing the dimensionless quantities V4 and ¢, and a redefinition of 3 and
according to

o'V, P _
Vi= o tzlog(”), p=L . 5-L
H L—v
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changes (3.4) and (3.8) to
0 50 _
5 +Ba +45 | Va(t,A\) =0, where A=7V4(0,A) and Z(0,A\)=1

Assuming we know 3 and 7 exactly, we can construct the general solution to this equation (see
e.g. [69] for details)

Va(t,A) = A(t, N)e2 Jo (A EA) (3.10)

where A(t,\) gives the running of the coupling and is defined as the solution of the ordinary
differential equation

— =BN), N0, =2 (3.11)
dt

Upon generalizing to a general massless theory, the above equation becomes a system of cou-
pled ordinary differential equations, one for each coupling constant. Unfortunately, there is one
problem with the above picture: we do not know  and 7 exactly. Suppose we can construct an
approximation to A by using the one-loop result of 3 in the above equation. We then expect that
the approximation is reliable in the range of ¢ for which A(t, \) remains small and if we are lucky,
this is the case for a large range of ¢t. It is exactly in this way that the renormalization group
gives us an ‘improved’ result because the domain of validity of the one-loop approximation is
determined not only by small coupling constant but also by the condition that the logarithmic
factor ¢t not be too large.

Using the fact that v = 0 and thus By = B\, we get the following approximate differential
equation (3.11) and solution:

dX 3 - A o~ . A7 Dy \"
- A= — 2 = n 1 12
a1 T -2 T ;3 (amze B\ (3.12)

1672

The first term in this expansion is the scale-independent vertex, whereas the first simple loga-
rithm gives the momentum dependence coming from the 1-loop correction and so forth. Evi-
dently, the 1-loop approximation to the running coupling resums the leading logarithmic behavior
of all the loop diagrams. This idea can be extended such that when we use the k-loop expression
for the B function it resums not only the leading logarithm A"*1log(®/u)" arising at each loop
order n, but also the first k& — 1 subleading logarithms A"+ log(®/u)" "', However, here we
are satisfied with the one-loop improved results.

Because V4 (t,A\) = A(t, \) we obtain the improved approximation for the effective potential:

A4
Ve = ———<b (3.13)

41— 155)

Plugging in the sum of (3.12), we see that this result agrees with the earlier found (3.7), but
in addition is also valid for negative t. We now see that the minimum of the classical potential
at the origin is indeed turned into a maximum due to the radiative corrections, a conclusion
which we now can make because of the extended range of validity of our approximation. Our
conclusion that the minimum we found earlier may be false is also verified by the above potential
where instead of a minimum we find a pole Ayy = uexp(%), equally outside the range of

our approximation as earlier.

Elizalde and Odintsov [71] reported on the extension of the Coleman-Weinberg mechanism to
curved spacetimes. Using the RG equation for the effective potential in curved spacetime

0 0] 0 0 0
(/ula//6 + ﬂa + 5% +6§-6—§ — V(A)@clm)%ﬂ(@Cl7M’A’€) =0
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for ¢*-theory in curved spacetime

d—2

VO — a\®l — bERD®?,  where a,b>0, &= m

He found the following RG improved effective action up to one loop using the Landau gauge

AP 1 [1 1 3\ P
= c _ZR|= — (1= == 14
Ver 41(1 — B |G T (5 6>< 167r2> (3.14)

which in flat spacetime reduces to equation (3.13).

Although we need to reject the nontrivial minimum as an artifact of our approximation, there
are physical theories for which the above described Coleman-Weinberg mechanism does result
in spontaneous symmetry breaking. One such example is massless QED (see [69] for further
details). However, two comments are in place. Firstly, including higher-loop corrections will
change the above sketched picture only that they might turn the maximum at the origin back
into a minimum, but they cannot turn it into an absolute minimum, and the asymmetric vac-
uum we have found remains a local minimum definitely lower than that at the origin. Secondly,
using the CW mechanism on massless QED, one encounters a phenomenon called dimensional
transmutation: initially there are 2 free parameters (e, A), but after the CW procedure we have
traded the dimensionless A for the dimensional (®). This is a general feature of spontaneous
symmetry breaking in fully massless field theories.

Being able to explain spontaneous symmetry breaking without introducing (artificial) mass
terms in the theory, lead many to wonder whether the Coleman-Weinberg mechanism could
be responsible for the spontaneous symmetry breaking in the Standard Model. In an influential
paper, Sher [70] provided the one-loop effective potential for the Standard Model, which meant
extending the mechanism to include non-Abelian gauge fields and include the Higgs mass term in
the Renormalization Group equations. He established a lower bound on the Higgs mass:

m3; > méy = (10.4 £ 0.3GeV)?[1 — 0.009(my0p/25GeV)]

Note that if the top quark is heavier than about 83 GeV, which it is according to current preci-
sion measurements, the mass becomes negative. Furthermore, the large top mass gives a large
negative contribution to effective potential, destabilizing the potential. Therefore, the Coleman-
Weinberg symmetry breaking is ruled out for the Standard Model with small Higgs coupling A.

For example Steele and Wang [72] investigated whether CW breaking is possible if we allow
a much larger Higgs self-coupling A. Already a Higgs mass upper bound of 165 GeV from the
five-loop effective potential was found. The authors of [72] used Padé approximation methods
in combination with subsequent averaging to estimate the contributions of higher-loop contribu-
tions to the potential, thus finding a nine-loop Higgs mass upper bound of 141 GeV. Therefore,
they concluded that the CW mechanism with higher Higgs coupling (A = 0.23) could still be
consistent with the ATLAS and CMS mpy = 125 GeV Higgs boson. However, a larger Higgs
self-coupling gives rise to concerns regarding possible nearby Landau poles and the validity of
the one-loop approximation (or even perturbation theory in general). Besides enhancing of
HH — HH scattering, they found that the Higgs decays to gauge bosons are unaltered but
that the scattering processes WYW* — HH,ZZ — HH are also enhanced, providing signals
to distinguish conventional and radiative electroweak symmetry breaking mechanisms.

The other remaining possibility for the Coleman-Weinberg mechanism to be responsible for the
spontaneous breakdown of the electroweak symmetry is by extending the Standard Model. This
could either be done by increasing the scalar content of the model by adding e.g. a scalar singlet,
or by extending the gauge symmetry with e.g. an extra U(1) group. In our discussion we have
encountered examples of both extensions, but our toy model falls in the first category.
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3.1.2 Gildener-Weinberg formalism

The Coleman-Weinberg mechanism of spontaneous symmetry breaking by radiative corrections
was extended to theories with arbitrary numbers of scalar fields by Eldad Gildener and Steven
Weinberg [73] (for a review see also [70]). In order to discuss spontaneous symmetry breaking in
that case, the potential has to be minimalized. However, even for the minimal singlet extension
of the Standard Model

M
1

V(H,w) == (HH)? + %wQ(’HTH) + %w‘l (3.15)

the one-loop effective potential (in the MS scheme) is quite cumbersome?®?
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4Fi = (3)\1 + /\Q)HTH + (3/\3 + )\2)(,02 + \/[(3/\1 - )\2)7‘”7’[ - (3)\3 — /\2)w2]2 + 16)\§w2"HTH

and cannot be minimalized analytically [74]. Rather than using numerical models, Gildener and
Weinberg use a analytical approximation method based on the Renormalization Group Equa-
tions (RGEs). Their formalism amounts to finding the minimum of classical potential on a unit
sphere and then use the RGEs to set potential to zero at this point. They found that then there
should exist a number of heavy Higgs bosons, with masses comparable to the intermediate vector
bosons, plus one light Higgs boson, which they called a “scalon”, with mass of order aG}l/ 2,
This scalon is considered the pseudo-Goldstone boson (PGB) associated with scale invariance

and therefore also called the dilaton.

We will demonstrate the main results from the Gildener-Weinberg (GW) formalism using a
renormalizable field theory as before with a real, color-neutral scalar multiplet ® containing
all scalar degrees of freedom of a given theory. The general tree-level scalar potential with a
weak but otherwise arbitrary quartic coupling constant f;x ~ g* (where g < 1 a typical gauge
coupling constant) is

1
VO (@) = sz’jqu)i(qu)kq)l

We choose the renormalization scale Agy such that the potential develops a nontrivial mini-
mum, which lies on a ray through the origin of the multi-dimensional field space called the flat
direction. This imposes certain conditions on the scalar coupling at 1 = Agw. To be specific,
we parametrize ®; = N;¢ where N; is a unit vector and ¢ is the distance from the origin of field
space. Let the minimum value of V° on the unit sphere occur for N; = n; with }_ p nf = 1 which
normalizes the VEVs such that the sum of squares lies on a unit sphere. The Gildener-Weinberg

43This result is calculated for the Standard Model in the presence of right-chiral neutrino’s and a minimally
enlarged scalar sector with O(4) x O(1) invariant quartic interactions (4 for the complex doublet and 1 due to
the real dilaton singlet). The computation of the fermionic contribution is done using the approximation that
the quark sector is dominated by the top quark. For the leptonic sector all terms involving I'® have been ignored
and the neutrino-Higgs Yukawa coupling I'” is assumed much smaller then the neutrino-dilaton yukawa coupling
T“. Also, the terms from SU(2)r x U(1)y gauge fields are not included because the respective gauge couplings
are small, nor from SU(3). gauge fields because it is a two-loop effect. Lastly, note that the kinetic terms of the
scalars all have the right sign as opposed to our model where the additional scalar reflects the coupling between
the Standard Model and Einstein Gravity and has a wrong sign kinetic term.
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condition then reads that at the renormalization scale Agy the potential along the tree level
flat direction V' (N¢) should vanish:

N V(NG) s RAt fijki(Aew)NiN; N Nig* T 0 (3.16)

This is simply the statement that the potential restricted to the single degree of freedom ¢, is
of the form i)\¢¢4 with the corresponding coupling constant vanishing at Agw . Furthermore,
the GW condition (3.16) defines a hypersurface in the space of couplings. It is essential to study
the RG flow (i.e. the beta functions) to see whether this hypersurface is reached and, if there
are multiple, which one is reached first.

Next, requiring that the flat direction is a stationary line gives

v (@

# =0 = fijklnjnknl =0 (3.17)
8¢i N=n

Lastly we require that V(O)(Ngb) not only vanishes and is stationary at N = n; we are also

demanding that it is a minimum there. This means that the matrix

92V O (N)

= “ONON, = 5 fijkinen (3.18)

‘N_n

needs to have either positive or zero eigenvalues. Actually, all eigenvalues of P are positive
definite, except for the zero eigenvalues associated with eigen vectors n and n®, where O is a
generator of a continuous symmetry that the theory possesses.

The GW conditions (3.16)-(3.18) ensure that the tree-level potential achieves a minimum along
the flat direction independent of the value ¢. Including higher-order terms (loop corrections) in
the potential gives a small curvature to the potential along the flat direction, such that a partic-
ular value (@) is singled out as the true minimum. We can establish this minimum by writing the
effective potential in a form similar to the one in Coleman-Weinberg case along the flat direction
if the scalar couplings in all other directions in field space are sufficiently large.

Var(nd) = 6 F(t, g) = Alg)6* + Blg)o™t + Clg)6' .+ ..., t:log( ¢ ) (3.19)

2
AGW

where perturbation theory requires |g] < 1 and |gt| < 1 and A, B,... are functions of the
dimensionless coupling constants g. We are only interested in the one-loop effective potential
and thus focus on A(g) and B(g)

Ag) = 647T2 o Z V2sid; M (n <¢>)<1og<]\%§b>)> — cz-) (3.20a)

Blo) = 1o 7 e M 6) (3.200)

where the index ¢ in the above sums runs over all particles in the given theory with d; the number
of the particle’s real degrees of freedom and s; its spin. Then, M;(n (¢)) is the field-dependent
tree-level mass evaluated along the flat direction for each particle. Lastly, the constant ¢; de-
pends on the renormalization scheme, i.e. for the MS scheme we have ¢; = % for gauge bosons
and ¢; = % for scalars and fermions.

Writing the scalar, fermion and vector contributions out explicitly, gives

2

1 M4 Mf M4 m
= le lo Y lo 21a
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1
B= 64m2 Z

S

(3.21D)
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where ¢y =1, % for Dirac and Majorana (or Weyl) fermions, respectively. These sums are dom-
inated by largest tree-level masses in the theory and the dependence on the coupling constant
is hidden in M;, but will be shown explicitly below.

Through a straightforward calculation we can show that the GW potential (3.19) has an ex-

tremum along the flat direction at
(¢) 1A
1 =—- - — .22
Og<AGW 1 2B (3.22)

Note that if A is of the same order as B, (¢) is of the same order as Agw and perturbation
theory remains valid. Plugging this back into the GW potential gives

VY (ng) = Bo?* <log<22> — 1) (3.23)
¢ () 2

and we can evaluate the potential at the minimum to be Ve(é)(<¢>) =-1B (¢)*. This is a lower
minimum than the one at the origin if and only if B is positive. From (3.21b) we know that this
is definitely the case if there are no fermions in the theory. In the presence of fermions B can
be positive as long as the Yukawa couplings (which determine the fermion mass) are not too large.

Assuming B > 0, the squared masses of the scalar bosons in zeroth order are given by the
eigenvalues of the matrix

2?vV ) ()
(Ms )’LJ 3(1)18(I>J P’L] <¢>

P=n(p)

As explained, this matrix has a set of positive-definite eigenvalues leading to masses of a set
of Higgs bosons (of the order of typical intermediate vector boson masses), plus a set of zero
eigenvalues with eigenvectors (©n); corresponding to massless Goldstone bosons (which in a
realistic model need to be cancelled by the BEH mechanism). There is also one zero eigenvalue
with eigenvector n which leads to one light pseudo-goldstone boson also with vanishing zeroth-
order mass. Assuming that the only symmetry that is broken by the higher order corrections
is the scale invariance corresponding to the dilaton, the Goldstone bosons remain massless, but
the dilaton develops a mass from the loop corrections in the flat direction.

PV (@)

| v (ne)
"7 9®,00; -

e =8B (¢)° (3.24)
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where B is given by (3.21b) and the sum over the scalars is the sum over the heavy Higgs
bosons of the theory. Gildener and Weinberg then assumed a model based on the gauge group
SU(2) x U(1) (like the Standard Model, but with an arbitrary number of scalars) such that
((b)2 = v = 27Y2G" = 247 GeV. They furthermore assumed that the fermion masses were
much lighter than the intermediate vector bosons and proceed to find a lower bound by drop-
ping the Higgs masses and using the weak mixing angle, which at that time was estimated at
35° (compare to the current value 0y =~ 28.57° from Table A.1) such that Mpgp > 7 GeV.

With the discovery of the top quark quark which is heavier that the intermediate vector bosons
of the Standard Model, we should include it explicitly in an estimation of the PGB mass (3.24).
Denoting (3.21b) for the Standard Model as Bsy, we have

3 3 4 2 2.2 4
[—12M} + 3M + 6M,] = D259 _ o (3.25)
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1 4 4 4
B(g) = Bgm + m XS:MS - 4;Cf'Mf' + 3;Mv/ = Bsm + Baad (3'26)

where in the second line we plugged in the expressions for the gauge boson and Higgs masses
(1.29) and M, = %. The sum over f’ runs over additional fermions (for example right-handed
neutrino’s) and the sum over v’ accounts for additional vector bosons (for example due to in-
cluding an additional U(1) gauge symmetry). We immediately see that Bsy < 0 and as there
are no additional scalars, we verify our earlier conclusion that spontaneous symmetry breaking
of the electroweak symmetry in the Standard Model due to radiative corrections is not possible.

Equation (3.24) then becomes
M3ap = 8Baad (0)° — K, where K = —8Bgy (¢)° >0 (3.27)

These formulae will help analyzing the possibility of Coleman-Weinberg breaking in extended
Standard Models. As with the Coleman-Weinberg mechanism of the previous section, the results
then also need to be checked for the presence of Landau poles or instabilities (negative coupling
constants) below the Planck scale, and to confirm the validity of the one-loop approximation.
Ideally this requires calculating the full resummed and renormalization group invariant effective
action, but the usually one is content with investigating the 1PI based beta functions.

3.2 CSMG toy model: an unphysical dilaton

Having now established the relevant theory, we continue to investigate the breaking of conformal
symmetry in our Conformal Standard Model with Gravity toy model (2.86) with an unphysical
dilaton. In Section 3.2.1, we first consider the general CSMG model in curved spacetime with
guv the metric in the usual sense and ) is a dilaton multiplet. There we establish that we
have insufficient information to investigate symmetry breaking classically in the flat spacetime
scenario. Therefore we will quantize the theory in Section 3.2.2 and discuss the appearance
of the conformal anomaly and how to handle it. The last subsection is devoted to 't Hooft’s
interpretation of our toy model.

3.2.1 Symmetry breaking in curved CSMG

Recall the non-kinetic part of the scalar sector of our conformal toy model:
Sesc = /d%@[. = LOE IR - V() + .

From (??) we know that the potential will contain quartic self-interactions of both the Higgs
field and the dilaton field, and possibly a mixing term. Therefore, we propose the following
purely quartic renormalizable potential involving one scalar multiplet additional to the complex
Higgs doublet [67]

Scsme = /d4x\/§[. co— (P = 2HH)R — M (HIH)? — AP (HTH) — Aax® (3.28)

This situation is analogous to the Higgs sector of the Standard Model, but now H!# is propor-
tional to the scalar curvature R, which is neither the Higgs mass nor a constant. However, if
we confine ourselves to the case of positive quartic scalar self-coupling, A; > 0, and constant
curvature R = bd(d — 1), where d is the dimension and b a constant signalling the type of space:
when b = 0 the spacetime is Minkowski space, b < 0 the spacetime is de-Sitter space, and for
b > 0 the spacetime is anti-de-Sitter (AdS) space (these identification depend on the convention
of the metric signature).
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To investigate the possibility for spontaneous symmetry breaking in this model, we calculate the
Hessian which allows us to see whether the vacuum is a saddle point or not. We use the unitary
gauge for the Higgs doublet, but do not expand around the minimum, and perform a SU(2)
gauge transformation to remove the Goldstone bosons such that %qﬁz = H M and ¢y = v. If the
dilaton is a singlet, it is not affected by this transformation. Denoting all non-kinetic terms of
the scalar sector as depicted in (3.28) with —V, we have:

ov 0%V
56 = —ER + 4X1¢° + 209X %0, 9 = —ER + 12X1¢% + 2X0x?
aVv 0%V
S = ERx +4Xax’ + 200x0?, S5 = ER — 12Xax7 + 2X2¢7,
Ox 0x?
o?V
—— =4\
Y 2X¢
such that the Hessian at the origin becomes:
<0 if >0
92V 92V ( e )2 d(d —2)%b ’
= - =-¢R=—— """ >0 if b<0, (3.29)
092 Ox? Ox0 4(d -1
¢* Ox X0/ |, (d—1) 0 i beo

From this we see that the ground state is a saddle point for b > 0, a local minimum for b < 0
and that we don’t have enough information yet to handle the flat space case. Having a saddle
point at the origin, implies there is a nontrivial minimum elsewhere, i.e. in AdS spacetimes we
have spontaneous symmetry breaking a la Higgs. During electroweak symmetry breaking the
Higgs acquires a VEV thus creating a massive theory which is also non-conformal invariant. It
is possible that the dilaton acquires a VEV at the same time or before the Higgs does.

Classically, CSMG reduces in the broken phase to Einstein Gravity and the Standard Model
by gauge-fixing the dilaton to a constant wq for all spacetime.

%5_2 = M? = 1—12(X(2J —vh) v M, = xo=VI12M,

Using this so-called Einstein gauge, the usual Standard Model including a conformally coupled
Higgs boson is retrieved. The Higgs potential ensures the subsequent spontaneous symmetry
breaking of the electroweak gauge symmetry.

In flat spacetime and at low energies (e.g. at the LHC) there is no discernible difference be-
tween our toy model and the usual Standard Model. In a cosmological context the difference
between the regular Standard Model versus the conformal invariant model does become appar-
ent as the conformally coupled H plays an important role in the cosmological evolution of the
Universe. For this it is important to understand that cosmological inflation is thought to arise
from symmetry breaking due to a scalar field called the inflaton. The inflaton could be iden-
tified with the dilaton meaning inflation arises from conformal (or scale) invariance breaking.
On the other hand, Bezrukov and Shaposhnikov have proposed a model in which the Higgs
boson assumes this role, meaning that inflation is a result of electroweak spontaneous symmetry
breaking, which would have observational difference compared to the first option [67]. However,
we refrain from investigating the curved spacetime scenario any further as quantum field theory
is far from established there.

3.2.2 Going quantum: anomalous breaking

In flat spacetime (R = 0), there is no term that can substitute the role of the tachyonic mass
term in the Higgs potential. Therefore, we want to use the techniques of the previous section,
i.e. the Gildener-Weinberg formalism, to see whether spontaneous symmetry breaking occurs
at the quantum level. However, there are two concerns. Firstly, the equivalence between the
Conformal Dilaton Gravity and Einstein’s General Relativity might not survive at the quantum
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level due to quantum fluctuations and in particular to the FP ghosts associated with the Weyl
symmetry. Secondly, a theory with an additional symmetry is only physical if we can extend
the classical theory to the quantum level, i.e. no anomalies should arise. However, we will see
that quantizing our Conformal Standard Model with Gravity toy model leads to an anomaly:
conformal symmetry is anomalously broken.

Simply stated, the theory at the classical level is conformal invariant (S(QQgW7 02 0) = S(guv, ®),
with A the Weyl dimension of the field) and as such contains no dimensionfull parameters. When
quantizing this theory some mass scale is always introduced during the regularization of the inte-
grals, e.g. a cutoff scale (Pauli-Villars regularization) or a mass to preserve the proper canonical
dimensions (dimensional regularization). Then, the effective action of theory carries some trace
of this mass scale, thus breaking the conformal invariance**. This violation of classical scale
invariance by quantum corrections can be described as a current conservation or trace anomaly
and was first put forward by Capper and Duff [75]. They also stress that simply avoiding the
mass from entering the effective action via some Weyl invariant regularization prescription is not
enough as any and all identities used in the calculation must also hold in all dimensions (and
not e.g. only in 4 spacetime dimensions).

To see this, recall from Section 2.2, that scale invariance (i.e. global Weyl invariance in flat space-
time) requires the trace of the energy-momentum tensor to be a total divergence: ) = 0,D",
where D" is the dilatation current and the EMT is given by equation (2.20)

T _ 2 5(v/9Lmat)
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with L. given by the CSMG model SéESMG excluding the dilatonic kinetic terms. Conformal in-
variance (i.e. local Weyl invariance in flat spacetime) requires the trace of the energy-momentum
tensor to be a double divergence: T} = 9,0, D*”. In both cases, current conservation implies
tracelessness of the EMT.

On a curved space-time manifold this result is supplemented by terms quadratic in the Rie-
mann tensor

9*°Top = b(F + 20R) + V/G + cH
where
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with C? the Weyl tensor squared, E? the Euler density squared andH is included to account for
possible gauge fields and is called the internal gauge anomaly.

The trace anomaly of free matter vanishes in the limit of flat space, but this is not true for
interacting fields: the trace is then proportional to the beta functions.

9—g+wB(g) a0 [ @, w]
£ = wB(g)L } - /d vuly = Sw

— [ atswslo)u

w=0, guv=Nuv

44Capper et al. [? ] show that the non-invariance of the gauge-fixing and ghost terms compensate each other
in the effective action, so that the breaking of Weyl invariance is indeed only due to the presence of the scale pu.



3. Scales in a scaleless theory 3.2. CSMG toy model: an unphysical dilaton 65

where the functional derivative is calculated with respect to infinitesimal local Weyl transfor-
mations and we put g,,(z) = 7,, at the end (recall that varying with respect to the metric
and taking the flat spacetime limit do not commute!). So for nonvanishing 3(g) the EMT is no
longer traceless, hence the name ‘trace anomaly’.

In contrast to the work of Capper and Duff, Codello et al. [49] show that local Weyl sym-
metry remains a valid symmetry at the quantum level as already anticipated by Englert et al.
[76]. The contradiction between these conclusions can be traced back to the role of the dilaton.
The theory considered in [75] contains only dimensionless parameters. On the other hand, the
authors of [49], start with an arbitrary theory and promote a mass parameter to the status
of a field (the dilaton) such that the dimensionfull parameters can be written as dimensionless
quantities.

Due to the presence of the dilaton there exist two quantization procedures, which can be un-
derstood as different functional measures. The standard measure breaks Weyl invariance, but
replacing the fixed regularization mass p with the dilaton w one obtains a measure that maintains
it. This second measure can be obtained from the standard by applying the Stiickelberg trick
after quantization (though the two commute). Then we find that the Weyl invariant effective
action is the ordinary effective action to which a Wess-Zumino term has been added, with the
effect of canceling the Weyl anomaly. Furthermore, the trace of the energy-momentum tensor
derived from the two actions are the same. We refrain from entering into detail and confine
ourselves to saying that the authors of [49] continue by generalizing these ideas for interacting
theories with a dynamical metric and dilaton, allowing them to find Weyl-invariant effective
action with a nontrivial potential for the dilaton and

§F[(I)Cl, w]

ow =0

w=0, g ="Nuv

Thus they conclude that the conformally invariant scalar-tensor gravity coupled to various mat-
ter fields is free of the Weyl anomaly when the Weyl symmetry is spontaneously broken by
radiative corrections.

It is important to stress that the above result should not be interpreted as vanishing trace
of the energy-momentum tensor because the EMT is independent of the chosen measure. This
has lead to great confusion in the past and can be clarified by noting that the trace of the matter
stress tensor is distinct from the generator of Weyl transformations that includes the additional
dilaton field. Put differently, the dilaton is part of the gravitational sector and thus not part of
L mat which is used in the definition of the EMT.

Whether or not the conformal anomaly is cancelled, boils down to your point of view. Most
particle physicists view that true conformal invariance is only achieved at a fixed point of the
theory (8 = 0) because even if the theory is classically conformal invariant, this is spoiled in the
quantum theory by the introduction of the renormalization/cut-off scale. On the other hand,
according to most relativists Weyl transformations can be seen as relating different local choices
of units. Since the choice of units is arbitrary and cannot affect the physics, it follows that
essentially any physical theory can be formulated in a Weyl-invariant way. Codello et al. then
showed that it is possible to also have a quantum Weyl-invariant theory.

3.2.3 ’t Hooft’s interpretation

Lastly, we revisit the 't Hooft’s interpretation of our CSMG toy model again. We will show
how scales are generated in the CSMG model with a ghostlike dilaton metascalar field. We
start by considering again our toy model (2.86) where the potential is specified as the quartic
self-coupling of the Higgs field. First consider the Higgs and Yukawa sector in the unitary gauge,
i.e. (1.26) from Section 1.2.2:
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1
SHiges = / d*zy/g [%g””DMHDVH + 3XNPH? + WH? + 2 H' + EHQR} (3.30)
Syukawa = — / d*z\/g [éLMeeR + 4 Myug +dMadg
+ELHF36R+’UJLHFHUR+(ZLHFddR+h.C.} (3.31)

where My = %1—‘ 7 a3 x 3 Yukawa coupling matrix in the fermion generation indices that can

be converted to the diagonal mass matrix using (1.34). The mass of the Higgs boson is thus
M% = 302,

Next, we proceed with the splitting of the metric g, () = w?(2)g,u, i.e. all dimensionfull
parameters receive appropriate powers of the dilaton depending on their scaling behavior

Sl = [ atevale,+ ok + oo+ o]

where the gravity sector is the EH action after splitting of the metric (see Appendix E for
details)

1

T2

Sy Atz (Rw2 + 6@“”8Hw81,w) (3.32)
The kinetic part consists of the Yang-Mills sector (2.82), and the kinetic terms of the fermions
(2.78) as well as the Higgs field. The masses of the Higgs boson and fermions (no neutrino
mass term) are part of mass part of the action. The interactions then include dilaton-Higgs
interactions, the quartic self-interaction of both the Higgs boson and the dilaton (which comes
from the cosmological constant term), and the Yukawa sector.

in AUP AVT i i a a - = o [V _ . o
‘Clrilat = _igupg (B,LWBPU + W,uz/Wpa - G,uz/Gpg) + (VL eL) lw <€§> + VF&’IDVR + 6R1¢6R

+ (u, dp)ip (Zz) + ugiPug + dpiPdg + 19" D,HD,H — LH’R  (3.33)
Lo = —IMEw’H? — épwMeer — upwMyupr — dpwMadg + h.c. (3.34)
int A 4 3 A 4 = e — u 7 d
= Gw - — o —er R — UL R —afp R -Cc. (9.
Lo sw® — MwH 4H erH(z)Ier — ap H(zx)T"ug — dr, H(2)T'dgr + h.c. (3.35)
K

where the covariant derivative D (2.79) is now associated with Guv-(Recall that fermions get a
nontrivial spinor covariant derivative besides the gauge covariant derivative.)

The next step is to rescale the dilaton field: w = %d} = Rw. This is equivalent to picking

a mass parameter of the theory (), and promoting it to a function®®. The gravity part of the
action S, thus becomes the Conformal Dilaton Gravity action in 4 dimensions

Sepe = / d4z\/G (ﬁfw + %gﬂ”aﬂa)aya) (3.36)

Remarkably, the mass terms then turn into conformally invariant quartic coupling terms between
matter fields and the @ field, because % has the dimension of an inverse mass and exactly cancels
the mass dimension of My and My. The same applies for the scalar 3-field interaction where
the mass dimension of v is cancelled, and for the cosmological constant term:

“5Tnstead of w(x) one often encounters also e?(®) | as used in i.e. [49].
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~ . K
MwH? = A30H? with A3 = %Av
2

2wt — Aot with Ay = ;161\

where A3, \; dimensionless coupling constants. The full toy model in flat spacetime according
to ‘t Hooft thus becomes:

St = [ d'av/a] -}

93" (BuwBpo + WZVW;U - GZVGZU) Yang-Mills sector
+ (DL éL) iﬁ <€L) DRiﬁuR + éRiﬁeR Lepton kinetic terms
+ (ﬁL CZL) iﬁ <Zi> + ﬂRiﬁuR + JRiZ})dR Quark kinetic terms
+ S R(@* — H?) — 1§"(8,00,& + D,HD,H) Scalar kinetic terms ~ (3.37)
—epkoMen — upkoMyur — droMgdgp + h.c. Fermion mass terms

1 1 4
— IMBROPH? — \@* — NawH? — ZAH‘* - ER(H2 — &?) Scalar mass and interactions
— e H(z)Ier — upH(x)Tug — dp H(x)T%dg + h.c.} Yukawa interactions

So, even though the gauge symmetry is spontaneously broken because we used the unitary gauge
for the Higgs doublet, conformal symmetry is still a property of the theory! This way we can
turn any theory into a conformal invariant theory.

Subsequently, ‘t Hooft proposed to rotate the dilaton to the complex plane w(x) = in(z) to
deal with the fact that the dilaton field @ has an overall sign opposite to that of ordinary scalar
fields ¢. This then leads to unconventional factors of —1 and 4 in the mass and interaction
terms.The path integral over the dilaton field can now be done.

To be explicit, 't Hooft and Veltman [37] (strongly based on the work of [37]) considered a
scalar particle in an external gravitational field, i.e. a Lagrangian which is invariant under
general coordinate transformations

L=1/=g(-20.09" 00+ LoMyp)

where M is symmetric function of external fields and does not depend on the bosons ¢. The

counterterm lagrangian that eliminates all one-loop divergencies is then of the form?6
v—9 1 v _ 1p2 1 1p)2

Note that this is equivalent to saying that the lagrangian £ generates an effective action whose
divergent part is of the form 'V = — i d?zAL.

Comparing this with the rotated CSMG action, we see that M = 4(dd 21)R — f%f% in 4 di-
mensions. The w path integral (in 4 dimensions) thus leads to an effective action which includes

only one divergent term, namely:

1 1

8m2(4 —d) 120 (3:38)

Iéba = C/ddx\/ (R R"™ — fR?), with C=

46Note that we have a sign switch in the definition of the Ricci curvature as compared to [37].
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which we recognize as the Weyl Gravity Lagrangian (2.48).

Adding other matter fields and ignoring interactions between them, one finds that these fields
contribute to the divergence in the counterterm action (3.38) as well. In fact, all these divergences
take the same form and they each just add to the overall coefficient:

= 1 1 7 424
T2 —d 1+ No) + 6Ny /g + 12Ny — N3 + —— N: _
C(d) 1672(4 — d) 120 (( 0) + 6Ny /5 1= 5Vs2+ = 2) (3.39)

in which the 1 is the effect of the metascalar component w of gravity, Ny is the number of real
scalar fields, N/, complex Dirac fields (or %Nl /2 Majorana spinors®7), Nj real vector fields,
N3 /o gravitinos and Ny spin-2 fields. The last two terms are not considered as they refer to
non-renormalizable fields.

't Hooft shows that adding non-conformal matter does not affect the formal conformal invariance
of the effective action nor do the non-conformal parts, such as the mass term, have any effect on
the divergence of C'. Having established that, he is hesitant to follow the ‘standard’ procedure
where, in some cases, the divergencies cancel out exactly by introducing a local counter term of
the same form as (3.38), but with opposite sign,

2(d—4)

—AL = C(d)w 42 /=§Cop,, COH

The d dependence in w cannot be removed as it would break conformal invariance. However, if
we keep it, the theory has an essential singularity at w = 0, which is not normally present in
field theories. On the other hand, it is the only conformal invariant possible kinetic term for
the g, field. Nonetheless, it violates unitarity. As mentioned earlier, unitarity can be restored
by modifying the hermiticity condition in favor of PT symmetry, which effectively means that
the integration contours need to be rotated in the complex plane such that g,, becomes anti-
Hermitian. Instead of pursuing this counterterm strategy further, ‘t Hooft leaves the question
on the functional integration of g, at that.

Without entering into details, which are actually provided by Codello et al., ‘t Hooft does point
out that during the above regularization and renormalization procedure the conformal anomaly
must somehow be avoided. This is the case when the beta functions of the theory in the presence
of the dilaton equal zero. For a renormalizable theory there are just as many beta functions as
adjustable parameters, thus allowing to completely determine the theory. It is not immediately
clear how the conformal anomaly was handled, it would be better to follow the procedure by
Codello [49] such that we ensure Weyl invariance at the quantum level.

3.3 CSMG toy model: a physical dilaton

This section is devoted to explaining the Conformal Standard Model with Gravity toy model
where the dilaton is a physical scalar field . That means we cannot reproduce Einstein’s theory
of General Relativity in the broken phase, but only have a coupling to Gravity via the nonmini-
mal coupling term ¢?R. As a simplification, we consider the theory in flat spacetime, though it
would be more rigorous to take full model on curved spacetime, quantize it and then take flat
spacetime limit.

As was already discussed in the case of an unphysical dilaton, our toy model is plagued by
the conformal anomaly: when we quantize the theory, we find terms that explicitly break con-
formal invariance. However, demanding that conformal symmetry is a fundamental symmetry
of Nature, there should be a scale at which the trace anomaly vanishes. The anomaly is given by

47This is misprinted in main body of the original paper [11] and thus in subsequent papers of ‘t Hooft, though
it was correctly stated in its appendix.
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the weighted sum of the beta functions and from the Standard Model we know that the hyper-
charge gauge coupling will increase with energy. We can either imbed the Standard Model in a
non-Abelian gauge group or assume that Gravity somehow cancels the hypercharge contribution
to the trace anomaly. Pursuing this second possibility, means there shouldn’t be any intermedi-
ate scale between the EW and Planck scale. Furthermore, the running couplings should exhibit
neither Landau poles nor instabilities over this whole range of energies.

Following Helmboldt et al. [77]%®, we want to find the effective potential of our Conformal
Standard Model with Gravity toy model (2.86) with the following scalar sector (R = 0)

Sesmc = / QoG] 450" 0upDp+ g™ DD H— (M (HTH)? 4+ Ao (HIH) + Aai®) +..
(3.40)

where the dilaton is a colorless scalar SU(3) x SU(2) x U (1) multiplet with a given hypercharge.
For now we will focus on the real singlet case, though some other possibilities are briefly dis-
cussed at the end. Choosing a suitable parametrization, we minimize the above potential using
the Gildener-Weinberg conditions for the scalar couplings. If radiative corrections dynamically
generate a mass scale, this obviously breaks the conformal symmetry spontaneously. Accord-
ingly, we expect the theory’s low-energy phase to contain one pseudo-Goldstone boson (PGB)
which obtains its finite mass only at loop level. Having analyzed the masses of the fields in the
minimum, we need to test the stability of the system and see whether the minimum is attainable
by considering the beta functions.

In the following we use the unitary gauge for the Higgs doublet. Then the potential be-
comes

A A
Vesmat = ZIH4 + 7252112 + As¢? (3.41)

Following the Gildener-Weinberg formalism, we parametrize the scalar fields in fields space in
terms of the angle a:

H =¢sina, &= ¢cosa

where ¢ is the distance from the origin in field space and o € (—%, 5). The Gildener-Weinberg
mechanism tells us that a non-zero vacuum expectation value will be generated in the flat

direction in scalar field space a = @,

(H) = vy = (¢)sina, (§) = ve = (¢) cosa

which we can find from the Gildener-Weinberg conditions (3.16) and (3.17):

oV
0= Jsin«
a=a,¢=(¢)
oy ® 4N — A2 =0
0= = - Ao (3.42)
COS | —g, p=(¢) tan®“ a = e >0
1
V(0)(¢, ) =0
a=a,p=(¢)

where the coupling constants are evaluated at the Gildener-Weinberg scale Agy . Assuming
A1(Agw) > 0, we thus require A2 (Agw) < 0.

Next we find the tree-level masses by expanding the potential (3.41) around the vacuum:

48We follow the procedure and ideas of [77] (similar to [78]), but after carefully recalculating some results we
found that [77] mistakenly used tan? o = 7;‘72 instead of tan? o = fi—f which we use in this thesis. Therefore

some formulae used here do not match with Helmboldt et al.
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PGB MHiggs UH/UE
a>0 =p my <1
a<0 =Hipc mpge >1

Table 3.1 — The results of the Gildener-Weinberg analysis on the minimally extended Conformal
Standard Model.

A A
Vesm = Zl(UH + pH)4 + ?z(vg + p{)Q(UH + pH)2 + Az(ve + p£)4
where fields p; are the fluctuations around the vacua v; and (3.42) ensures that the terms linear
in fluctuations vanish. Then we find

. 1 o (PH 2 3)\1U12LI + )\Q’UE 2)\2Uh1)5
unadratlc = i(pH pf)M (Pg) where M~ = 2)\2UhU£ 12)\31)? + )\Z'U?{ (343)

At tree level and at the Gildener-Weinberg scale, the potential is minimized and a massive and
massless scalar field can be distinguished. To identify the Goldstone boson of broken conformal
invariance we use the orthogonal matrix U to diagonalize the mass matrix and define the mass

eigenstates:
PH U pHY _ (cosa —sina PH
Pe Pe sina  cosa Pe

where pg is to be identified with the Higgs boson found at the LHC Hpycas we want it to mainly
consist out of the Standard Model doublet field. The masses of p; are given by the eigenvalues
of the mass matrix:

2mi = Tr(M?) £ /[Tr(M2)]2 — 4det(M2) = m2 =2\ — Ao}, m?: =0 (3.44)

2
where we used (3.42) to write A3 = A\3/4\; and vf = —)‘i\%. As expected, the mass matrix
is only diagonalized if tan(2a) = tan(2a) and the spectrum in the broken phase contains one
scalar degree of freedom with vanishing tree-level mass.

To see which state corresponds to the PGB, we distinguish between o > 0 and o < 0. Start-
ing with the former, we see that the diagonalized mass matrix is diag(mi, m? ), meaning that
pu = Hiuc has mass my and p¢ is to be identified with the PGB for broken conformal invari-
ance. Also

tan(2a) > 0 — tan(2a) > 0 — tan*(a) < 1 — vy < ve
For a < 0 the opposite is true and the pseudo-Goldstone boson corresponds to the Higgs boson
found at the LHC. These results are summarized in Table 3.1.

The next step is take the radiative corrections into account, allowing us to establish the PGB
mass at 1-loop. In the flat direction the 1-loop effective potential is given by (3.19)

2
VO (ng) = *F(t,g) = A(g)¢* + B(g)s* 1og( ¢ )

2
AGW

where the coefficients are given by equation (3.20). This potential develops a nontrivial minimum
when B > 0 which we analyze in terms of the SM contributions and additional scalar contribu-
tions as in (3.26). If pe was the PGB, then its mass would be determined by Bgy and the Higgs
mass. However, muiggs is not large enough to overcome the large negative contribution of the
top quark and we would still end up with B < 0. Therefore, @ > 0 is ruled out. Accordingly,
we should identify the Higgs boson as the PGB of broken conformal invariance, which as such
has vanishing tree-level mass at Agy and instead has the 1-loop mass (3.27)
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M = 8Bada (6) — K(Agw), where K(Agw) = —8Bsu(Acw) (¢)° >0

The theory’s spectrum contains the additional scalar with mass m.:

4 B 2
By — T Wilfew) = olAew))” 40 o

6472 (¢)* 1672

Using the above and that we can generically write the electroweak VEV as (¢) = v = vy + cue
with ¢ < 0, we find

2% (MByyge + K)  20% (M, + K)

(M (Aw) — Aa(Aaw))’ sin? 6 = : > Mee 2 =02 (3.45)
vy v
Recalling that Ay < 0, we solve for Ay
)\3 —7r?
0< )\1()\2) < )\7 = |)\2| <r (346)
2

Furthermore, from (3.42) we know that negative scalar mixing angle a implies A\; < —\5. This
in turn means |Ag| > % We can now make a best-case approximation for the constraint on the
scalar mixing Ay if we ignore the Standard Model contributions to the Higgs mass as given by
K(Agw) and plug in the numerical values for r:

3.6 < |Ao| < 5.1 (3.47)

This is a best-case approximation because K is positive and the exact value for Ao(Agw) will
thus always be larger than the above constraints.

To complete the analysis we can use the Callan-Symanzik equation on the effective potential
and determine the beta functions. Solving the coupled set of differential equation would allow
to check for the emergence of Landau poles below the Planck scale. One can then furthermore
check whether there is a scale at which the Gildener-Weinberg conditions are met. Because of
the limited relevance to our toy model, we refrain from carrying put this analysis and only give
the conclusions.

The authors in [77] concluded that Landau pole is found below the Planck scale for the real
singlet case. Carrying out the same analysis for other multiplets*®, they finally conclude that for
the theory to develop no Landau poles up till the Planck scale the conformal invariant Standard
Model needs to be extended with 2 real gauge singlet fields of which one needs to develop a
nonzero VEV. For the addition of only one multiplet they found in each instance that the scalar
mixing is too large, making the RG running highly unstable as gauge boson contributions cannot
decelerate the running enough. With two additional fields, the authors speculate that one could
be a viable Dark Matter candidate.

Before continuing, there is one important remark left to be made regarding the validity of the

49Experimental evidence for the scalar sector of the Standard Model is much weaker than that for the other
sectors. One of the experimental parameters for the scalar sector is p, which is a measure of the ratio of the
neutral current to charged current strength in the effective low-energy Lagrangian. In the standard GWS model,
at tree level p = 1. If one introduces N scalar multiplets ®; with vacuum expectation values o; which have isospin
I; and hypercharges Y; then p for a general (charge-conserving) Higgs structure becomes [70]

NI+ 1) — 1Yoy

- N 1v2
2it1 5 Y o

Experimentally, we have p = 1.00037+0.00023 [17]. The simplest method of satisfying the constraint is to choose
only representations such that I(I +1) = %YQ: SU(2) x U(1) singlets obey this restriction, as do SU(2) doublets
with Y = 4+1. Although other representations exist, they are very large and will not be considered here. We
furthermore restrict ourselves to one additional multiplet to the Standard Model.
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results of Helmboldt et al. [77]. We know from Section 3.1.2 that this is the expected one-loop
form using MS regularization. However, in the previous section we already pointed out that reg-
ularization breaks the conformal invariance on a quantum level. Even under the assumption that
the anomaly is cancelled, it not necessarily mean that we retrieve the above effective potential.
Using a regularization prescription that is conformal invariant Ghilencea [79] found a (finite)
correction term to the one-loop scalar potential for ¢ and ¢, beyond the Coleman-Weinberg
term. This would thus change the above picture quantitatively, but does not invalidate the
procedure itself.

3.4 Conclusion

The difference between the particle physicist’s and relativist’s approaches lies in the way the ad-
ditional scalar is introduced and how scales are generated. We started our discussion regarding
a conformal toy model with pointing out that no Higgs mass term is allowed and that a scalar
field requires a nonminimal extension in order for it to be conformally invariant. We also showed
that a conformal model actually requires an additional scalar besides the Higgs doublet. Due to
the gauge symmetry of L, = Lsm, the only allowed Yukawa couplings of the dilaton are then
to the right handed neutrino’s for which it can become a source of mass, or potential dark matter
candidates. Because it cannot interact substantially with visible matter, the dilaton itself could
potentially be a dark matter particle candidate, though we will refrain from investigating this
line of thought further.

On the other hand, according to 't Hooft’s the additional scalar field follows from the un-
conventional splitting of the metric. If we gauge fix the dilaton field we retrieve the known
theories and the wrong sign of the kinetic term for the dilaton does not spoil the unitarity of
theory as feared. However, some authors find this a questionable approach as we not only gauge
fix the field, but rob the scalar field of all its dynamics: the wrong sign problem is only solved
in the conformally broken phase. Furthermore, by setting the value of the scalar field equal
to a constant of dimension proportional to mass, any hope for renormalizability of the theory
is lost. For example Ohanian [65] therefore argues for an approach where an additional Weyl
gauge vector is introduced to deal with the wrong sign and provide an explicit dynamic mecha-
nism for conformal symmetry breaking. This mechanism is similar to the BEH mechanism, but
should also explain the transition from a Weyl to Riemannian geometry. Moreover, in Ohanian’s
model the dilaton is complexified which means introducing 2 additional real scalar fields into
the Standard Model as opposed to just one. The latter was also required for Renormalization
group stability, analyzed by Helmboldt et al. [77].

Yet, Codello et al. started with promoting a mass parameter to a field with no intent that
it should be a dynamical field. So gauge-fixing doesn’t seem so objectionable in that respect.
Furthermore, non-renormalizability is not a problem in the framework of [49]. ‘t Hooft goes even
one step further by saying that rotating the dilaton to the complex plane results in a renormal-
izable theory. Its 8 functions would then allow us to completely fix the adjustable parameters
of the theory and thus address the problem of arbitrariness.



Chapter 4

Strengths, challenges and
outlook

We started with refreshing our knowledge of the Standard Model. Having dealt with the problem
of infinities, in the end we still had to point out several unresolved issues, specifically the uni-
fication with gravity. As a way towards a Theory of Everything, we proposed to use conformal
invariance as additional symmetry. Let us briefly point out some of the arguments:

1. Conformal symmetry is a highly restraining symmetry allowing us to control for example
the number of counterterms that should be included in a quantum theory.

2. Besides the tachyonic mass term, the Standard Model is already conformally invariant.

3. The classical conformal action does not allow a cosmological constant though it will emerge
after gauge-fixing the theory.

4. The dilaton, the Goldstone boson of spontaneously broken conformal invariance, can couple
to right-handed neutrino’s and as such may provide a source for neutrino masses.

5. Similar to the Higgs giving mass to the elementary particles, the dilaton gives mass to the
Higgs boson via e.g. the Coleman-Weinberg (and Gildener-Weinberg) procedure.

6. Astronomical and accelerator evidence

a. ‘Another striking hint of scale symmetry occurs on cosmic scales: the (nearly) scale
invariant spectrum of primordial fluctuations, as measured by WMAP and the Planck
satellite.” [67].

b. ‘Another motivation of the present study comes from a recent important observation
that the Standard Model seems to be valid all the way up to the Planck scale and
there is no new physics between the electroweak scale and the Planck one.” [57].

c. In the particular case that the Coleman-Weinberg mechanism is indeed responsible for
the breaking of conformal invariance: ‘It has been shown that models with extended
Higgs sectors can avoid washing out any previous baryon number, as well as generate a
sufficient baryon asymmetry. In fact, generation of a baryon asymmetry also requires
a first order electroweak phase transition, and CW models always have a first order
transition. This leads to greater incentive for considering CW symmetry breaking in
extended Higgs models.” [70].

If one requires an exact Weyl symmetry to be realized in gravitational theories at the classical
level, only two candidate theories are viable though flawed. The first theory we constructed was
based on the work of Mannheim and is called Conformal Weyl Gravity, for which the action is
described in terms of the square term of the conformal Weyl tensor. Despite the advantage of
renormalizability, the fact that it is not unitary swayed us to consider the other plausible model
that is also conformally invariant, namely Conformal Dilaton Gravity.
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In this theory, a (ghost-like) scalar field is introduced in such a way that it couples to the
scalar curvature in a conformally invariant manner. Even if this theory is a unitary theory
owing to the presence of only second-order derivative terms, it is nonrenormalizable. With the
great progress made in working with effective field theories, we do choose to develop a toy model
in this sense.

In developing our toy model we made various assumptions, each of which needs to be validated.
We have assumed (in no particular order)

1. 4 spacetime dimensions. Maybe there are more? Or should we work in less dimensions to
deal with the encountered problems?

2. flat spacetime (though not always explicitly). Maybe we should consider curved spacetime?
3. the minimal number of fermion generations. Maybe there are more?

4. the Higgs mechanism is responsible for breaking the electroweak sector and subsequent gen-
eration of mass. We assumed the breaking of conformal invariance leads to the electroweak
breaking.

5. a torsionfree connection. Maybe it should be included as well?

6. a conformal toy model that required one additional scalar. This is a real SU.(3) x SU(2) x
Uy (1) singlet. Maybe we need more scalars and/or maybe they are in a doublet represen-
tation? Or a whole other representation in case the Standard Model is embedded in e.g.
SU(5) as suggested in various GUT models?

7. our theory should be unitary. However, maybe PT symmetry is sufficient as Mannheim
suggests, making Conformal Weyl Gravity more appealing yet at the same time opening
up a whole can of possibilities.

8. our theory should be locally Weyl invariant (i.e. conformally invariant) such that Einstein
Gravity and the Standard Model emerge as effective theories. On the other hand, maybe
global Weyl invariance (scale invariance) or some other global symmetry is sufficient? Or
Einstein Gravity in the form of the Elnstein-Hilbert action need not necessarily emerge as
an effective field theory?

9. our action should contain only local terms.

A wealth of different theories have emerged in the literature, each slightly different from the
other in one or more of the above aspects. Because the terms ‘conformal’ and ‘scale’ symmetry
are often abused, especially a lot has been developed in the field of global Weyl invariance.

Even though we are not able to fundamentally support each of the above assumptions, before
anything else we should check whether our toy model could reproduce the known phenomenol-
ogy. More importantly, we had to explain how our toy model could still account for scales. In
that discussion we distinguished between a physical and an unphysical dilaton field.

According to the first the conformal anomaly arises upon quantization of a conformal invari-
ant model. We demonstrated that under the bold assumption that there exist a scale above
which the conformal anomaly is cancelled, Coleman-Weinberg radiative symmetry breaking will
bring back a dimensionfull parameter in our theory which ensures subsequent electroweak sym-
metry breaking [77]. For such an analysis to be carried out for our full Conformal Standard
Model with Gravity toy model we need to take the nonminimal coupling to the Ricci curvature
into account and further investigate whether the used effective action indeed preserves local Weyl
invariance (i.e. research the topic of scale-invariant regularization schemes).

The theory with an unphysical dilaton resulted from a more geometrical approach, namely
Weyl gauging as explained by Codello et al. [49]. Because in that framework a conformal trans-
formation switches units, and the physics should not depend on the choice of unit, the conformal
anomaly should thus not arise in this geometric setting. Using one mass parameter to define the
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dilaton, all dimensionfull parameters can be expressed in terms of the dilaton. Codello et al.
showed that there is a renormalization method that ensures the conformal invariance is trans-
ferred to the quantum theory. Scales exist after gauge fixing the dilaton back to a constant.

Having established that conformal invariance can be transferred to a quantum theory and scales
can be generated, there is still an abundance of issues and questions that need to be addressed,
besides assessing the validity of the above assumptions. To name a few:

1. Besides the conformal anomaly, are there any other anomalies in our toy model?

2. Is our model truly conformally invariant? According to [91] theories whose action is Weyl
gauge invariant but which are associated with Riemannian spacetime manifolds cannot be
actually conformal invariant since the affine properties of the Riemann space are modified
by the conformal transformations.

3. How do we properly extend the framework of quantum field theory to curved spacetime
and nonzero temperature? Theories hoping to describe the very early universe ought to be
treated as quantum field theories in curved spacetime with finite temperature. Unfortu-
nately, at present we do not have a clear prescription how to combine quantum field theory
at non-zero temperature and quantum field theory in curved spacetime. In the separate
fields there also some problems. For example because generic curved spacetimes are not
time-translation invariant, no meaningful notion of a Hamilton operator or ‘energy’ exists,
and thus we have no means to select or define a vacuum state. Actually, the whole concept
of what a particle is, is rather meaningless.

4. In our discussion we have ignored surface terms. However, from the derivation of the
FEinstein equation from the Einstein-Hilbert tensor that is not always trivial nor correct.

Finally, we also would like to point to [92] for a nice review on the foundational questions any
theory of Quantum Gravity should be able to address.
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Appendix A

Standard Model parameters

The Standard Model including including neutrino masses and mixing angles depends on 25
independent parameters. Namely, for example, 6 lepton masses, 6 quark masses, the coupling
constants g1 = ¢, g2 = ¢, gs, 3 quark flavour mixing angles and 1 complex CP violating phase, 3
neutrino mixing angles and 1 CP violating phase (assuming neutrino’s are Dirac), the Higgs mass
My and quartic coupling constant A. Note that this set is not unique as we could have equally
well used e.g. the W+, Z gauge boson masses, the Weinberg mixing angle and the Higgs VEV v
instead of g1, g2, My and X because they are related to each other (see Section 1.2.2).

|2 M
,1\4[-]:\/2/1,27 v = MT, ]\41/1/:%7 tan(GW):g—l, Mzziw

go cos(Ow)

The value of v is fixed by the Fermi coupling Gr = 1.1663787(6) - 10~°> GeV 2 according to
v = (v2Gr)~/? which is determined from muon decay measurements.

The values below are taken rom the Particle Data Group [17]. The figures in parentheses after the
values give the 1-standard-deviation uncertainties in the last digits, i.e. my = 125.09(24)GeV /c? =
25.09 & 0.24GeV/c2. For the top quark mass 173.21(51)(71)GeV = 173.21 £ 0.51 & 0.71GeV.
However, before giving the data, we need to make two comments.

Firstly, the mass of the neutrino’s is an ongoing subject of research. The mass eigenstates

vi, © = 1,2,3 are distinct from the flavour eigenstates vy, M = e, u, 7. Currently we are only
able to give the mass differences

2 2 2

Amij =m; —m;

where we know that ma > m;. The normal convention is m3 > m; > as opposed to the inverted

convention msz < my 2. Here we give the results for the former. For the mxing angle we will use
the same convention as Section 1.2.3: s;; = sin 6;;.

The second comment concerns the quark mixing. Usually, the Cabibbo-Kobayashi-Maskawa
(CKM) matrix is given in terms of the Wolfenstein parametrization. Rather than specefying the
mixing angles and CP-violating phase, \, 7, 4, p are used®":

S12 = ;\, §23 — AS\Z, 813615 = Aj\g(p + i’l])

These defintions ensures that p + i77 is phase convention independent.

50 Actually, the PDG uses A but to avoid confusion with the Higgs quartic coupling, we use X for the CKM
parameter.
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Parameters of the Standard Model

Symbol Description Renormalization point Value

Me Electron mass 0.510 998 9461(31) MeV/c?
my Muon mass 105.658 3745(24) MeV /c?
mr Tau mass 1776.86(12) MeV /c?
Am3, Mass difference between vy and v 7.53(18) -10~%eV?
|Am2,|  Mass difference between v and vg 2.44(6) -10-3eV?
My, Up quark mass trs = 2 GeV 2.2708 MeV/c?

mq Down quark mass trs = 2 GeV 4.7f8‘2 MeV/c?

My Strange quark mass pargs = 2 GeV 961'?1 MeV

Me Charm quark mass Hrg = Me 1.27(3) GeV

mp Bottom quark mass UFFg = M 4187003 GeV

me Top quark mass 173.21(51)(71) GeV
(512) PMNS 12-mixing angle 0.304(14)

(s93)2 PMNS 23-mixing angle 0.51(5)

(s13)2 PMNS 13-mixing angle 0.0219(12)

o PMNS CP-violating phase 1.357

A CKM parameter 0.22496(48)

A CKM parameter 0.823(13)

p CKM parameter 0.141(19)

] CKM parameter 0.349(12)

s = % Strong coupling constant Hrs = Mz 0.1182(12)

mpg Higgs mass 125.09(24) GeV/c?
mw W+ mass 80.385(15) GeV/c?
myz Z°% mass 91.1876(21) GeV/c?
My Photon mass <1-10718 eV
sin?(fy) Weak mixing angle Iafs = Mz 0.231 29(5)

Table A.1 — The table contains the experimental values of the parameters that determine the
Standard Model of particle physics retrieved from the Particle Data Group [17].



Appendix B

Derivation of the Einstein
equations

In this appendix we will present the derivation of the Einstein equation via the principle of least
action. In order to do that we make use of the following results from [80, Chapter 16]:

6g,uu — _ga#gﬁyégaﬂ (Bla)
o/—g = %V _gguy(sguu (Blb)
ory, = %gaﬁ [(5950);11 + (69p1) 0 — (59011);6] (B.1c)
R = ((H‘gy);)\ - (5F§u);0 (B'ld)
6R},Ll/)\0' = 5guaRaz/)\a + gua(SRaqu (Ble)
oR,, = 5Raucw = (5qu);a - (5Fgu);u

= %QUT (094w )05 + (0907 )i — (0Gpo)iwsr — (69ur)ipsor) (B.1f)
R — Ruuéglw + gHV(SR;w — g,w(SR"” _ R/w(sgwj

=9""97" ((69)s00 — (69po)sir) — R 0gu (B.1g)

Start by recalling the Einstein-Hilbert action (2.17)
1
SEH = ﬁ /ddxﬁ(R — QA)7 with Iiz = 8’7TGN
K
Writing R = g"" R,,,,, we vary the action to get

1
5Sen = 55 | A" 637 (9" Ry = 20) + /509" ) Ry + /59" 6 R

1 Y (g™ v, L ,
=53 | 9% [-3V=099u09"" (9" Ryw = 20) + VG Ru09" | + 5 / d\/gg" SR,
N o V
=93 | 9% [0 BR + g+ Ru] 09" + 5 | d"2/99" 6 Ry

(B.2)

In the first term we already recognize the vacuum Einstein equation:

G = _%QWR + g+ Ry =0

Now we just need to show that the second term in (B.2) is a boundary term and indeed vanishes.
Using (D.6f), we write
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9" 0 R = 9" [T, = (T3, )| = 9[0T}, — 83017, | .
= |gorh, —gMars,] = Vadhew

where in the second line we used the fact that we are using the Levi-Cevita connection, meaning
that the nonmetricity g,.,, = 0 vanishes. To proof that this is indeed a divergence, we follow
[16] and start by recalling the Christoffel symbols (2.12), which, upon contracting A and g,
become

ﬁv} = %gup (augup + augpu - apgpw)
= %gupavgpu + %gup(augpv — Opuv)
1
= §gu’pay)\gp# (B.S)
1
=3 Tr(g ”Bl,gp#)

1
N

where we used Tr[M 19, M] = 8, Indet M in going from the almost last to the last line. With
the above result, we can write the divergence of a vector as

nv

1
V. Xt =09,X!+T" X"=—0,(/gX"
I 1 i (VgX*)

and thus

V39" 6y = V(9073 — g o, )
— V)\ ((g#)\gua _ guug)\a)vg(sguy)
= OA(v/gow™)

where we plugged in the variation for the Chrstoffel symbols (D.6¢) in line 2. Now, equation
(B.2) becomes

\/-a d v 1 d « \/g d v
5SEH = 27,{2 d xG#,,(Sg“ + 27‘%2 d maa(\/géw ) = ﬁ d xG#l,(ng +BEH

However, the boundary term does not drop out when integrated over all space because, as we
will show, it depends both on the variation of the metric on the boundary and on its normal
derivative, and it is not consistent to require both to be zero (i.e. to impose both Dirichlet and
Neumann boundary conditions).

Performing the integral over a space-time region ¥V bounded by the hypersurface 9V = X, the
boundary terms becomes, upon using thethe Gauss integral formula

BEH:ﬁ

/ Az /gVaout) = € f d"yVhNyéw*
% b}

where N, is the normal vector to the boundary ¥ in V, y the coordinates on the boundary, and
hy is the induced metric on the boundary: g,., = hy,, + €N, N, with e = N,N* = £1 (4 when
the boundary is timelike and - when the boundary is spacelike). Then,

Nxydw* = Nx(g"g"" — 9" 9™ )V 504, = (N#B*T — N7 )V 509,

The first term is zero under Dirichlet boundary conditions 5QW|Z = 0 on the metric at the
boundary Y. However, the second term is normal derivative and nonzero at the boundary:

Nxdwr| = —NW'"V 568G, = —h""N70ydg,um
P 2 P
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Thus
1
Bgp = 726% d"y\/ﬁ(—h“"Na&TégW)
2:“6 »

Therefore, we need to look for an action Sgravity = SEH + SBoundary With SBoundary @ surface
term such that

Bgn + (5SBoundary s =0

9=0

which suggest we could add §SBoundary = —Bgn to ensure proper behaviour of the Einstein-
Hilbert action under Dirichlet boundary conditions. However, the above condition does not fix
the surface term uniquely because Bgn 4 0SBoundary may differ from zero away from 3. We want
to make use of this freedom becausetThe current form is not very attractive, in particular as it
is non-covariant not only with respect to bulk coordinate transformations but also with respect
to boundary coordinate transformations. Accordingly, J. W. York, and by G. Gibbons and S.
Hawking, constructed the currently preferred, geometrically transparent, boundary term

1
Sany = 552 f d"yVhEK, with K =V,N®
2

K is the trace of the extrinsic curvature of the boundary 3. We determine its variation to show
that it cancels Bgg:

K = VoN® = h*V, N = h*%(9,Ng — T5N,)
0K = *%haﬁgapNﬂ [(5905);04 =+ (6904));5 - (59043);0]
= +1h*PN*0,0g4s

where we have use the fact that the tangential derivatives of 6g.g vanish on ¥. We immediately
see that the variation of the Gibbs-Hawking-York boundary term indeed cancels the boundary
term which we get from the variation of the Einstein-Hilbert action (Bgg). Thus, for Dirich-
let boundary conditions the variation of Sgravity gives the gravitational part of the Einstein
equations:

0SGravity _ 0SEn | 0Scuy _ V9 1 1 4
= + = VI LR 4 g A+ Ry =0
(59“” §gul/ §gul/ 2,€2[ 29 9y i ]

Including matter to the above gives

0SGr _ 0SEn | 0SgHY | 0Smat

= =0
(59!‘«’/ 59/“’ 59/“’ 59/“’

But we defined the Hilbert energy-momentum tensor (2.20) exactly as

_l 5(\/§£mat>
N

meaning we indeed retrieve the Einstein equations (2.19):

T =

R, — %g’“’R + g\ =81GNT,,



Appendix C

Conformal invariance of Weyl
tensor

Here we show explicitly the invariance of the Weyl tensor (2.43):

C'vpe = R'vpo + Gaim 9" 10901 R+ 725 (9" (0 Roly + guipRo)")

under the conformal transformation (2.28)

g;w = Qz(x)g;w gwj = Q—2($)glﬂf

where the second equation follows from the orthogonality of the metric. For completeness we
note that the determinant transforms as

g=det{Ggu} =€¢""Gop-..0no = 6”"'092(1')90# . Qz(x)gna = Q2n(m)g

and that g,, is used to raise and lower tilded expressions, whereas g, is used for the regular
expressions, e.g.

gvoég = gungu)\RAp = gvogp)\é)\p
The following derivation is based on [15, Appendix D] and uses the finite expressions for the
behaviour of tensors under a conformal transformation. Equivalently we could also have chosen
to do this derivation in terms of infinitesimal expressions. Note that the explicit z dependence
is dropped to minimize cluttering of the notation.
First we look at the metric-compatible and torsion-free Levi-Cevita connection

Fﬁ)\ = /:/\} = %g,up (8119)\;) + a)\gup - 8pg)\u)

which transforms under a conformal transformation according to

f]lj)\ = %gﬂp (6V§>\p + 8)\§Vp - pg)\u)
= %g/tl) (augkp + 8)\ng - apg)\u) + Q_lg“p (g/\paVQ + gupa)\Q - g)\uapQ) (C]-)
=T, +20"(,05 InQ — g,19" 9, InQ

where we denote the last two terms of the last line with H!,. The covariant derivative with
respect to the affine connection thus transforms as

V., Xy =V, Xy - H. X, (C.2)
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The Riemann curvature tensor (2.6) can then be written as®!

~ ~ ~ ~y = “\ =
R#upa = 6,,F5’0 - aarl;p + FvoFl;p - Fuprl/\ta

= Ruupa + apHHau - aaHupv + Hi\ Hﬁfp - Hs\pr\Lo

= RFypo + 26" ,0,)0, I Q — 20,0, 9" 02 In Q + 2(0), In Q)" 19, In
— 2(01p In Q) g, 9" 02 In Q — 2g,[,6" ;g™ (Or In Q)0 In

= Ruupo + 25“[0"41)]11 - 29#)\911[0"4;7])\ + 2(5M[pBU]u - QQH/\gu[pBU]A - 2gu[05up]g)\HB)\R

C.3)

It is understood that this is the curvature tensor is with respect to the Levi-Cevita connection
(the explicit reference to that fact is dropped). Furthermore,

Ay = 0,0,10Q, By, = 0,000, InQ

Contracting over p and p gives the transformed Ricci tensor:

Ryy = R'ppo = Ryy — (n—2)8,0, 0 Q — g,5,9",0, In Q
+(n—2)(0, In )9, nQ — (n — 2)g,06"*(0,, In Q)0 In Q (C.4)
= Rua - (’I’L - 2)AV0' - guogu)\Au)\ + (n - 2)Buo - (’I’L - 2)guagMABu)\

The Ricci scalar is then retrieved after contracting the above expression with g7 = Q=2¢g7":

R=§"R,, =02 {R —2(n—1)¢"?0,0, InQ — (n—2)(n — 1)g"? (9, In Q) 0y In Q}
(C.5)
=0 2[R=2(n — 1)g"" Ayy — (n = 2)(n ~ 1)g"" By,

From this result it is immediately obvious that the Einstein-Hilbert action (2.17) is not invariant
under conformal transformations.

Next we plug the above formulae for the transformations of the Riemann and Ricci tensor
and Ricci scalar in the defintion of the Weyl tensor

~ =~ ~ A s
C'ul/pn = Ruypa + méu[pgo]ufz + 2 <5H[0'Rp]l/ + g,u gu[pRa]A)

n—2
= R'ypo +20" 16 A5 — 20"y (s Apix + 28" [, Boyy — 20" 91, Bojy — 200(50" 519" B
+ oo 0" 9ol | B = 2(n = 1)g"7 Avy — (n = 2)(n — 1)gwaW}
2 [ Ry — (1 — 26" Ay — 109,100 Aus + (1 — 2)6" 1, B,y
= (0= 2)0"(59,09"* B + 9" gup Roix = (0= 2)9"gup Aor — 92901000109 Ayur

+(7’L - z)gHAgu[pBa])\ - (n - 2>gu)\gu[pgcr])\g“5Bun]
= R"ypo + 5oy 0" 1091w B + 725 (6" 10 Boly + 9ufp o)

=C" (C.6)

One index needs to be raised for the conformal invariance to hold, because

51T compare equation D.7 from Wald [15] to R, 0, we first note that we have defined the covariant derivative
with respect to the partial derivative: VX, = 3;LF,/>UX)\ unlike Wald, meaning that we need to substititute d,
for V, in equation D.7. Furthermore, we note that Rgqp.? = Rc%q, = R%p,. Relabeling indices as d — p, ¢ —
v,b — p,a — o then gives R¥} .
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é)u/pa = g)\;LéHupa = Q2g)\p,cuupa = ch)\upa
The Conformal Weyl action (2.47) behaves under a conformal transformation like
SCWG = —ag/d”x\/ —QC'WPUC'W”U

= —ag/d4$\/j§éaﬂuuéﬁapagupgua

4
= —ag/d x
sqrt—0*"g C’O‘BWC’[’QW QO 2ghr O 2gve

= —ay / A%y /=g Q" Cluypo CHP7

which shows that the Conformal Weyl action is only invariant under conformal transformations
in n = 4 dimensional spacetime. As we have actually nowhere in the above used the constraint
from (2.29), we have actually established Weyl invariance (i.e. local scale invariance) of the Weyl
tensor, which is a stronger symmetry than conformal symmetry.

Some further notes on the Weyl tensor:

i. From the definition of the Weyl tensor it is obvious that it must be zero for n < 2.

ii. By comparing the number of indepent components between the Riemann curvature tensor

n?(n?-1) . n(n+1)
(45— ) with those of the Weyl curvature tensor (=5—

the Weyl tensor also vanishes identically.

) we can show that for n = 3

iii. In dimensions n > 4, the Cy,,,0 is generally nonzero. If, however, the Weyl tensor vanishes,
the metric is locally conformally flat: there exists a local coordinate system in which the
metric tensor is proportional to a constant tensor.

iv. In GR, if matter is absent, the Ricci tensor vanishes. However, spacetime is not necessarily
flat in this case since the Weyl tensor contributes curvature to the Riemann curvature tensor
and so the gravitational field is not zero in the vaccum. The Weyl tensor allows gravity to
propagate in regions where there is no matter/energy source.

A tensor field f has conformal weight « if under a conformal transformation of (2.26) there is a
real number o such that f — f = e®?(®) f. The metric thus has conformal weight 2, its inverse
—2 and det(g) has weight d. If w = 0 then the tensor field is conformally invariant. Conformal
weights tell us how objects transform under rotations and scalings and are related to the spin
and scaling dimension of the object.



Appendix D

Derivation of the Bach equation
of motion

In this appendix we will derive the Bach equation starting from (??). Then we will give equiv-
alent expressions of (2.49) in terms of the Schouten tensor and in terms of the Ricci tensor and
scalar.
Recall the Weyl tensor (2.43) in 4 dimensions, i.e.

Cuayﬁ = Ry,ayﬁ + % (_gﬂuRaﬂ + gp,ﬁRal/ + gowRaﬁ - gaﬁR,u,V) + % (g,ul/gaﬁ - gowgyﬂ) R (D]-)

which has the same symmetry properties as the Riemann curvature tensor R, 3:

Ry0vg = Rugpa (D.2)

Ryavp = —Roywp = —Ruapy (D.3)

Ryavp + Rupor + Ruvpa = Ryjavs) = 0 (D.4)
VBRAHOW + VVRAMBa + VozRAuVﬂ = RAM[OW;B] =0 (D.5)

where equation (D.4) and (D.5) are known as the first and second Bianchi identity, respec-
tively. The covariant derivatives are written using the semicolon convention V,v = v,, and
VuVou =0,

For the derivation of the Bach equation we furthermore make use of the following results from
[80, Chapter 16]:

59;,011 _ _gaugﬂyégaﬂ (D6a)
6\/ -9 = % Vv _gglwdguu (D6b)
ory, = %gaﬁ [(59/30);1/ + (69[3”):,0 - (6gau);ﬁ] (D.6c)
OR%)x6 = ((H‘gu);/\ - (5F(;u)50 (D~6d)
5R,u1/)\a = 6g,uozRaV)\J + guaéRau/\a (DGG)
0R,, =0RY,00

= %gw ((0gu)so5r + (0907 )0 — (0Gpo)iir — (09ur)sp50) (D.6f)
0R = g""0R + Ruog"” = gudR" — R" 69,

=3g""9°" (890 ) ;050 — (0Gpo)iir) — BRI 0G (D.6g)

To derive the Bach equation, we rewrite the Conformal Weyl Gravity action (?7?) as

Scwa = —Oég/d45€v _gcaﬁuucﬁapog#pgyg (D'7)
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And vary to get
0=05cc
- —ag/d4x [QCaﬂW(SCfBapUgupgw\/jg_’_ Caﬁwcﬁaw‘s (gupgw\/jg)]
= —ay [ Aoy 20 8% apag 5" + O CP e (247857 — 390 017) 89
In going from the second to the third line we have used (D.6a) and (D.6b).

Next we use equation 10a from [81] (which is only valid in 4 spacetime dimensions) and the
symmetries of the Weyl tensor to see that the second term of the last line equals zero:

Caﬂuycﬁapo (29ﬂp63\/5:%g#pgvgg)ﬂ') = 2Caﬂ>\ucﬁa7'y - %Caﬂpacﬁapag)\f
=200 \VCpory + 2COPPICPPO g,
= -2 (CQBV)\COLQW— - icaﬁpacﬁapag)\‘r)
=0

For the remaining term in §.5, we use the definition of the Weyl curvature to write:

50,604/)0 = 5R,8apo’ + % [6gapRB0' - agaaRﬂp] + % [gap(SRBU - gaU(SRﬂp]
— 2 [000Ras — 656 Rap| — & [6R(9ap0s — Gao0h) + 05 RSgap — 65 ROgac)

Next we substitute (D.6f) and (D.6g) in the above equation. Contracting indices shows that the
last term on the righthandside vanishes. Using integration by parts and dropping surface terms
means that the third and fourth term on the righthandside also vanishe®?. This means we are
left with:

0=0Sca = —2qa4 /d4a?C°‘BW (5Rﬁapg + % [csg(,pRB‘7 - 5g(wR5p]) g g \/—g

Now we insert (D.6d) and integrate by parts (first line), use the symmetries of Weyl tensor
(second line) and substitute the variation of the connection (D.6¢) (third line) and integrate by
parts (fourth line):

0= —2a, / d*ay/=gC* 577 ([VooTs, = V,T5, ] + % [09apR’ s — 0900 R’ ,])
= 2a, / d'ey/=g (2V,CsP7 0T, — 6gap R’ ,C*577)
= 2ay /d4x\/j9 (VUCQBWQ'M [(69ua)sp + (09up)ia — (69ap)in] — 59a0R500aﬁp0)
= 20, / Ad*2/=g ([~ V,VoC¥ 5,0 — VaVaC78g,, + V.V o C¥7 5ga,] — 8gapR’ - C%577)

Because V,V,C%?7 = 0, this expression reduces to the Bach equation (2.49) (where we have
renamed the indices):

B, = VVPChavs — 3R Chons =0 (D.8)
We can express this in terms of the Ricci tensor and scalar if we know the covariant derivative

of the Weyl tensor in terms of R and R,,,. Therefore, we write the second Bianci identity (D.5)
in terms of the conformal Weyl tensor

0= Ryl = Cralsinl + 23961 Cornla”io + 739al Crgln o

52Recall that the covariant derivative of the metric is identically zero because that is how we have chosen to
define the connection I'j;,
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Next we contract the second Bianchi identity twice®3:

VsCua” = 43 (—QV[uRalu + ﬁgu[aVMR)

Taking the divergence of this expression®*:

R _ . _ d(d—3
C/wzl/ﬁ B == %R/Lu’a;a - %R-luy + ﬁR/LQRaV

)

350 _ o d(d—3
— 3R Chanp — @2 RapR P WRRMV

d—3 HeY d—3 2
~ sa i I B e+ T e B

Plugging this into the Bach equation (2.49)/(D.8) gives:
Bl“’ = VO‘V’@C“O"’B - %RQBC/,LQUB
= %Ruu;a;a - %R;u;u + Rua R — %QWR&BRQB
; 2
- %RR}LV - Tlgg/u/R a;a + %guuR - Raﬁc;wwﬁ
Next we note that
Raﬁc,uowﬂ = RQBR,U,aVﬁ + %RQBR (g/u/ga,@ - guﬁgua)
+ %Raﬁ (Ruggov + Ravgus — Ruvgap — Rapguv)
= (*%R;u;v + RuﬁRVﬂ + R/tﬁ;v;ﬁ) + % (QWR2 - R/WR)
+ 3 (R,’R,5 + R* R, — RR, — 9, R*’ Rop)

where we have plugged in the definition of the Weyl tensor and determined R®? R,avp via the
Ricci identity:

(VaVu =V V)T % g, = —RyTY % g, g — RYLTY %, 0.9)
D.9
+ RgluaTal.“aTﬁﬂZ'”Bs R RgsuaTa1...ar61”ﬂS716

Thus, the Bach equation in terms of the Ricci tensor and scalar is

B, = (%QWR;ﬁ;B + R/w;ﬂ;ﬁ - RMB;V;B - Rvﬁ;u;ﬁfﬂ%nﬁRVﬁ + %guvRaﬂRaﬁ) (D.10)
- % (zgwR;B;B — 2R 2RR) + %QWR2) =0
where the structure of the Weyl Lagrangian (?7?) is made evident.
Another equivalent way of giving the Bach tensor is in terms of the Schouten tensor S,

B, = VV,,Spa — V28, + $8%Claus = 0 (D.11)

with

_ =1 1
Suv = 75 B + sy B9

53The idea is similar to that for the regular expression of the second Bianchi identity (D.5). You define a
tensor like T)qugr = Rya[uB;A] = 0. Then contract T on the first and fourth indices: Ugpx = Tpar*x =
Raovin — Raxy + Ruaxs’” = 0. Then you contract U on the first two indices, which yields the familiar result:
Roxi® — iR\ =0.

54Note that the gradient of the Ricci curvature is R*,;, = %R;V, Thus it follows from this expression that
indeed V,V,CPr =0
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To check the equivalence between (D.8) and (D.11), simply plug in the 4 dimensional Schouten
tensor
By = VOV,S00 — V28, + 15PC, 006
= %Rau;u;a + leRw;agow + %le;a;a - %R;aﬂgul’ (D'12)
- %Raﬁcuowﬁ + iRgaBCNaVﬂ

Noting that gO‘BCWVﬂ = —C’ﬁu,,g = 0 (the Weyl tensor is tracefree) and using the expression
for R*9C, 0,5 from above, we will indeed retrieve equation (D.8).



Appendix E

CDG Lagrangian derivation

We use the results from Appendix C to derive the conformal invariant CDG Lagrangian (2.55)
starting from the Einstein-Hilbert Lagrangian (2.17)

S = d"a/G(R—24), with — — M4~ —

1
252
Next, following ‘t Hooft [11], we split the metric according to

— % A MY %4 AUV — =32 A
G = w2 (@) G, ¢ =wr 2 (2)g", g=wn7g

which is similar to doing a conformal transformation (2.28) with 2 = w77, Hence, we can
replace the Ricci scalar with the conformally transformed Ricci scalar (C.5)

R=g"Ryp = w2 [R —2(n—1)§"° 8,0, InQ — (n — 2)(n — 1)§*° (9, In ), In Q

where we have matched the different (tilde, hat or regular) expressions according to the notation
used in this section.

The integrand of the Einstein-Hilbert action becomes
Vi(R—=28) = /3 (2[R - 2(n — 1)§"° 8,0, InQ — (n— 2)(n — 1)§"7 (3, In Q)9, n Q] — 2\[9"1\)
= \/5 [Q"‘2R —2(n—1)0"3§"70,0,Q — (n — 4)(n — 1)9”_4§”"(&,Q)8JQ} — 2Q"A)

2(n—4) 2

= Vi ([W*B+(n—1)(n-2)0 "= W(aywm)aowﬁ]_Qw%A)

(
(

-3 ([m-2R — (= 4)(n—1) = 2(n— 1)(n - 3)]Q" "7 (3,2)9,Q] — 2Q”A)
(

(E.1)

where we performed a partial integration in the third line and inserted 2 = w72 in the fourth
line. Now we recognize the action:

S = / d"z\/g (Rw + MAWaﬁtwayw — 2Awn2—n2) (E.2)

89



E. CDG Lagrangian derivation 90

Rescaling the field as

w=/r2D, with €= 4((71”_21)) (E.3)
gives the Conformal Dilaton Gravity action (2.55)
Sepa = / d4z\/3 (% ER? + LM 0,00,0 + V(d;)) (E.4)

where V(®) is such that it is minimized when & = v. We demand that upon gauge-fixing this
action according to w = v, we indeed receive back the EH action:

1 A n
5’[}2 = — V(’U) = — = )\’U"272

K2

where X is some self-interaction coupling constant.



Appendix F

Conformal covariance of the
non-minimal scalar action

A conformal invariant scalar action requires a nonminimal coupling term where £ = % ind

spacetime dimensions, i.e. in four spacetime dimensions
Sscawr = § [ d'0VG (979,0V.6 + L6 R) (F.1)

To see this consider the equation of motion of the nonminimal, massless scalar theory (2.80) as
given by the Euler-Lagrange equation (2.38)

0 L (200 o))

Nz ¢ " 00,0

1
— — (—\/gER$— D wy,
= —¢Ro — \;E (\/§ (_ gu}gau - Zm}glta) Voo + \/gguuauvu(b + g/wvy(b(au\/@)

= RO — (90,00 — {4,}9"*V0)
=¢Re — g""'V, V., ¢

where V,, = V,,({}) is the Levi-Cevita covariant derivative. We furthermore used V, g% = 0 in
the second line and the identity (B.3) as derived in the appendix in the fourth line. Using the
conformal transformation of the covariant derivative (C.2)
V., Xy =V, Xy - H. X,
and Ricci scalar (C.5),
R=§"R,, =02 [R —2(n—1)¢"?0,0, InQ — (n—2)(n — 1)g"? (9, In Q) In Q}

= 2[R =2(n— 1)g" Avo — (1 — 2)(n — 1)g"" By |

it can be easily verified that the above Klein-Gordon equation transforms under a conformal
transformation g,, — G = Q%(2)g, as
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GV, Vb — ERG = g [QA‘3VHQV,,¢(n +2A —2) + 02 34V,V,0A
+ QA 169,0V,Q(AA - 3+ n)) + 0472V, V,0)

- g[QA—ZR — g 02739,0,0(2n — 2) — ¢ Q2 4(9,92)0,9(n* — 5n + 4)} ¢

- 2
= g™ QA 1V, OV, Q <32" — ”Z — 24 (n?—b5n+ 4)5)

~ . 2 _ ~ ~
+g" APV, VL0 (2” +2(n — 1)5) + gAYV, 6 — EQ8 PR

where we used the fact that the Weyl weight of a scalar field is A = —"T_Q to eliminate the first
term on the righthandside in the first line. Defining £ = 4(’1;21) removes the extra terms and we
see that in n > 1 dimensions the equation of motion is conformally covariant.
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