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Summary

Abstract

Scale symmetry usually is explicitly broken by quantum corrections due to the neces-
sity of Regularisation and Renormalisation of quantum corrections. However, this can
be avoided by using a manifestly scale invariant Regularisation where the Renormal-
isation scale is replaced by a dynamical Dilaton-dependent Renormalisation function,
i.e. g — pu(o). In this case, scale invariance is only broken spontaneously by the non-
vanishing VEV of the Dilaton and all scales, including the Renormalisation scale, are
generated dynamically via SSB. In this thesis, the concept and implications of spontan-
eously broken quantum scale invariance (QSI), realised via scale invariant dimensional
Regularisation (SIDReg), are discussed for different theories. The QSI 2 Scalar Model
is considered up to the 2-loop level. Moreover, it is also discussed in the framework of
gauge theories, with particular emphasis on a consistent formulation and the physically
relevant scattering process e~ e — u~ ut at the 1-loop level. This scattering process
is especially analysed w.r.t. new finite and divergent quantum corrections due to spon-
taneously broken QSI and the IR-finiteness of the corresponding cross section. Finally,
a complete QSI Standard Model is presented as a potential candidate for BSM physics
and its effective potential is determined at the 1-loop level.

Kurzdarstellung

Skalensymmetrie wird fiir gewohnlich durch Quantenkorrekturen explizit gebrochen, auf-
grund der Notwendigkeit zur Regularisierung und Renormierung dieser Quantenkorrek-
turen. Dies kann jedoch vermieden werden, indem eine manifest-skaleninvariante Reg-
ularisierung gewéhlt wird, bei welcher die Renormierungsskala durch eine dynamische
Dilaton-abhéngige Renormierungsfunktion ersetzt wird, d.h. p© — p(o). In diesem
Fall wird Skalensymmetrie durch den nicht-verschwindenden VEV des Dilatons ledig-
lich spontan gebrochen und alle Skalen, einschliefilich der Renormierungsskala, wer-
den dynamisch via SSB erzeugt. In dieser Masterarbeit werden das Konzept und die
Konsequenzen von spontan gebrochener Quantenskaleninvarianz (QSI), realisiert tiber
skaleninvariante dimensionale Regularisierung (SIDReg), fir verschiedene Theorien disku-
tiert. Das QSI 2 Scalar Model wird bis auf 2-Schleifen Niveau betrachtet. Auflerdem,
wird es auch im Rahmen von Eichtheorien besprochen. Besonders in Bezug auf eine
konsistente Formulierung und den physikalisch relevanten Streuprozess e~ e™ — pu~ p*
auf 1-Schleifen Niveau. Dieser Streuprozess wird insbesondere bzgl. neuer endlicher
und divergenter Quantenkorrekturen aufgrund von spontan gebrochener QSI und der
IR-Endlichkeit des zugehorigen Streuquerschnitts untersucht. Abschlielend wird ein
komplettes QSI Standardmodell als ein moglicher Kandidat fiir BSM Physik vorgestellt
und dessen effektives Potential wird auf 1-Schleifen Niveau bestimmt.
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1. Introduction

Scale symmetry is often used to address the hierarchy and the cosmological constant
problem. Additionally, it is also a key feature of universality. In particular, scale in-
variance plays an important role in the framework of statistical field theories in order
to describe phase transitions, and thus is not only of interest for particle physics but
also for condensed matter physics. Moreover, as a subset of conformal symmetry, it
also has a connection to conformal field theories, and thus AdS/CFT-correspondence.
However, quantum corrections usually spoil scale invariance. The reason for this are
divergences emerging in loop-calculations that need to be regularised and the fact that
every Regularisation introduces a dimensionful parameter, the Renormalisation scale.
In other words, quantum corrections require Regularisation and Renormalisation, and
thus break scale symmetry explicitly, due to the introduction of the Renormalisation
scale, which is referred to as anomalous breaking of scale symmetry.

The anomalous breaking of scale symmetry can be avoided by using a manifestly scale
invariant Regularisation, as originally proposed in |9, and discussed, inter alia, in [2,
11} 112, |13, (14} 117, 20, [21} 28, 34]. In this thesis a scale invariant version of dimensional
Regularisation (DReg) is defined as scale invariant dimensional Regularisation (SIDReg)
in section and used throughout the thesis. In particular, this is achieved by replacing
the Renormalisation scale in DReg with a dynamical and Dilaton-dependent Renorm-
alisation function in SIDReg, i.e. g4 — p(o). The "usual" Renormalisation scale as
well as all other mass scales in the theory, such as particle masses, are dynamically gen-
erated via spontaneous symmetry breaking (SSB) of scale symmetry with the Dilaton
o as associated Goldstone boson. Thus, there is no initial mass scale in theory that
could explicitly break scale invariance implying the absence of anomalous scale sym-
metry breaking. In other words, a classically scale invariant theory regularised using
SIDReg admits spontaneously broken quantum scale symmetry.

The purpose of this thesis is to provide a self consistent introduction to spontaneously
broken quantum scale invariance (QSI), model building, i.e. providing several QSI the-
ories, and the calculation of Green functions with non-vanishing external momenta, such
as self energies and scattering amplitudes as well as a cross section as an actual physical
observable, in the context of QSI theories. In particular, a 2 Scalar Model, two different
variations of QSI Quantum Electrodynamics (QED) as well as a full QSI Standard Model
are discussed, and beside the calculation of the effective potential, the self-energies in
the QSI 2 Scalar Model are computed up to the 2-loop level. Furthermore, the scat-
tering process e~ et — p~ puT, including the associated cross section, is considered at
the 1-loop level in the framework of a QSI QED. Note that in this thesis global scale
symmetry is considered.

In chapter , the concept of quantum scale invariance (QSI), its realisation as well



1. Introduction

as its implications are introduced and discussed. Particular emphasis is put on the 2
Scalar Model in the context of QSI, as it the simplest model for dynamical SSB of
quantum scale symmetry, and therefore is an excellent model to illustrate the concepts
of spontaneously broken QSI. Further, it is the major part of the Higgs sector in a full
QSI Standard Model, and thus is physically of particular relevance. In chapter [3| the
effective potential of the 2 Scalar Model is determined up to the 2-loop level and it is
shown that it is indeed manifestly quantum scale invariant as well as the corresponding
counterterms. Moreover, the self energies are evaluated at the 1-loop and the 2-loop
level, working in the broken phase of the theory, and it is shown that one still obtains
the same manifestly QSI counterterms, which has not been done in the literature so far.

Chapter [4] provides a detailed discussion w.r.t. the consistent formulation of Gauge
theories in the context of quantum scale symmetry. Furthermore, two variations of a
QSI QED are introduced as they are needed for the consideration of muon production in
the next chapter. In chapter |5, the well-known QED scattering process e~ et — u~ pt
is discussed at the 1-loop level in the framework of a quantum scale invariant QED,
which has not been done for QSI theories so far. In this context, a conjecture about
IR-divergences in the framework of spontaneously broken quantum scale symmetry, as
well as new quantum corrections arising from these IR-divergences and evanescent in-
teractions due to QSI, is formulated and exemplarily proven.

A full quantum scale invariant Standard Model is introduced in chapter [6}, The Higgs
potential of a QSI Standard Model has already been discussed in |13], however, a com-
plete QSI Standard Model has not been provided to full extent in the literature so far.
Subsequently, the 1-loop effective potential is determined and discussed in chapter
In contrast to [13], this is done in a more Feynman diagrammatic approach using the
background field method.

A concluding summary and outlook is to be found in the last chapter of this thesis.



2. Quantum Scale Symmetry

In this chapter, the concept of Quantum Scale Invariance (QSI) and its realisation via
a manifestly scale invariant Regularisation, as originally proposed in [9], and discussed,
inter alia, in 2, |11} |12} |13} |14} |17} |20} 21} |28, 34] is introduced. Because scale symmetry
is not observed in the real world, i.e. scale symmetry is broken in the real world,
in this thesis only spontaneously broken (quantum) scale symmetry is considered. In
order to illustrate the realisation of spontaneously broken QSI and its implications, it
is exemplarily discussed for the 2 Scalar Model. This model has not only already been
discussed in the context of spontaneously broken QSI in 11} 14, 21] but is also of great
interest for physically relevant models of the real world since it is the major part of the
Higgs sector in a QSI Standard Model, as discussed in section chapter [6] and [13].
Thus, a detailed discussion of the 2 Scalar Model (at tree-level) and its Renormalisation
in the framework of QSI is provided in this chapter. The purpose of this chapter is
to provide a more or less complete and self-consistent introduction to the theoretical
concepts of spontaneously broken quantum scale symmetry and its implications.

2.1. Quantum Scale Invariance

First, consider (global) scale symmetry transformations which are given by

A

t— P =sat =e Nzt

Pa) — ¢'(x) = 572 d(s ') = 0 p(e )
where ¢ is a scalar field.
A theory, given by an action S[¢], is said to be scale invariant iff S[¢] is invariant under

the above scaling transformations ({2.1)).
Let S be the action for a real scalar field ¢, as discussed in [42], given by

Slo] = [ a®e (30u00% — gt~ 2 7) 22)

Considering the kinetic term first in order to determine the scaling dimension A, of
scalar fields ¢, one obtains under scaling transformations (2.1))

09(a) __ 00(a) _ _n, 00(s7) _ a1 00(0)

(2.1)

Oxt Oxt oxH dy*
1 1
— / A" 50,()0"¢(x) s 5P 722+ / dPy50u(y)0" H(y)

= o) [Pz om0t
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where y# == s712# and d”z = sP dPy.
Hence, the kinetic term of the action S is scale invariant iff
D—2

For the mass term, however, one obtains
1 D 2 2 L poa D, 2 2
—3 dxm¢(x)l—>—§s ¢ [ d”y m” ¢*(y)
1
- 5 SD—2A¢, /de m2 ng(l')
L, D 2 42
==35 d”xz m* ¢ (z)

where has been used in the last equality. It can be seen that the mass term is
not scale invariant, and thus scale invariance requires m = 0, which is not a surprising
result since a scale invariant theory must not contain any dimensionful quantities that
could serve as a scale. Without any mass terms or dimensionful quantities, however,
there is no (absolute) reference scale, and thus physics is equivalent on all scales, i.e.
scale invariant [8]. This can also be seen from the 4-divergence of the corresponding
Noether-current, as discussed in [§].
For the remaining interaction term in , one finds

—/dD:c Ao ¢F(x) —r —sP PR /dD’y Ao ¢F(y) = —sP 75 /dDSU Ao @"(x)

D _ 2D >
Ay D2 ., 4.

However, in a reasonable 4 dimensional theory p is set to p = 4 and remains at this
value even when the theory is analytically continued to D = 4 — 2¢ dimensions in DReg.

Hence, for p = 4, one obtains

which is scale invariant iff p =

— / dPx N\ ¢*(z) — —s*7P / dPx Ny ¢*(z)

which is not scale invariant in D # 4 dimensions. The reason for this is that in D
dimensions the coupling constant A, is not dimensionless anymore, but has (an anom-
alous) mass dimension [A\y] = 4 — D. In DReg, a Renormalisation scale p is introduced
as Ay — g P Ay in order to keep coupling constants dimensionless. This, however,
does not solve the problem since i is a fixed (mass) scale that spoils scale symmetry.
Hence, the Renormalisation scale in DReg explicitly breaks scale invariance in D # 4
dimensions. Naively, one might think that this is not a problem since ultimately one goes
back to D = 4 dimensions after Renormalisation. However, scale invariance will still be
broken explicitly, even for D — 4, due to divergences emerging in loop-calculations that
need to be regularised and the fact that every Regularisation (not only DReg) needs a
dimensionful parameter. In [39] it has explicitly been shown for 2-point Green functions
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at the 1-loop level in QED that scale invariance is explicitly broken V Renormalisation
schemes. Thus, quantum corrections explicitly break scale symmetry which is called
anomalous breaking of scale symmetry because it is a symmetry of the classical theory /
action that is explicitly broken at the quantum level. How this problem can be resolved
will be discussed below in this section.

Before this is done, however, the Dilatation current, i.e. the Noether current associated
with scale symmetry is derived. Consider infinitesimal scaling transformations

s=e*=1-X+0(N), where A <1 (2.4)
acting on scalar fields
¢i(z) — dj(z) = 572 gi(s™ x) = i) + A (Ag +2"0,) dilx) + O (V)
and on a generic Lagrangian £
L(x) — s™NL(s'w) = L{z) + X (A + 2"9,,) L(z) + O (V)

where A; is the scaling dimension of the Lagrangian which is determined by demanding

/de L(x) — sP75 /de L(x)
to be scale invariant, which leads to A; = D. Thus, one obtains

5¢z = (A¢ + x“aﬂ) ¢1

0L = (D +2"9,) L =0, (2" L) (2.5)

The corresponding Noether current associated with scale symmetry, i.e. the Dilatation
current, is then given by

oL
0 (au¢i)
According to Noether’s theorem, the Dilatation current is conserved, i.e. 9,D" = 0, if the

theory is symmetric under scaling transformations, i.e. scale invariant. The divergence
of the Dilatation current is given by

I

(Ay +2°8,) b — 2L (2.6)

oL oL

+ Ay o -DL 2.7
30,00 T "0, 2D
For a Lagrangian of the form £ = 1 (9,¢;) (0"¢;) — V (¢1,...,¢n) and Ay = 222, one
finds

OuD" = (1+ 84) (Outi) 55—~

D — ov
0D =DV — —— ¢, D — Ay o Vv 2.8
u 205 = (0= 800 ) (2.)
Hence, the potential V' of the theory has to satisfy
D — Ay o 0 V=0 (2.9)
“Tog) |
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in order to be scale invariant.

As discussed in the introduction, this thesis is about quantum scale invariance (QSI)
that is only broken spontaneously. Hence, the theory still has to be scale invariant at the
quantum level, or in other words, quantum corrections must not break scale invariance
explicitly as it is usually the case and as discussed above. However, the Dilatation current
in , and thus its derivative have been derived from the classical Lagrangian
L, or equivalently the classical action S. For this reason, relation is a classical
relation for the tree-level potential. In order to obtain an expression for scale invariance
that is valid at the quantum level, i.e. for quantum scale invariance, one should consider
the behaviour of N-point Green functions G™")(zy,...,ry) under the action of scaling
transformations as it was done in |21} 39]. Recall that N-point Green functions are given
by

G(N)(xl, cooxn) = QT H{é(z1), ..., 0(zn)}H Q)

_ D¢ ¢(a1) - p(ay) e (2.10)
o ID¢ eiS(4]
Generalised for m different kinds of scalar quantum fields {¢;}",
G(Nl""’Nm)(azgl), . ,1:5\2; . ;xgm), e ,xm)

[ Déi- Doy o1 (zV) - - 9251@5\1/1)) (@™ ¢m($5\72) eiSl1,bm]  (2.11)
= f Doy -+ Doy, eiS[d1;...,0m]

Further, note that (infinitesimal) scaling transformations, as in (2.5]), can be derived
from the action of the dilatation generator D, the Noether charge corresponding to
the dilatation current , e.g. 0¢; = i[ﬁ,qu] = if)qﬁj = (Ay + 210,) ¢;. Massive
parameters, such as masses, are not charged under the action of lA), i.e. do not transform
(non-trivially) under the action of D, such that M = i[D, M] = 0, for some generic
mass M. The dilatation generator can be used to extend the Poincare algebra, as
discussed in [21] and appendix [A| of this thesis.

In order to proceed with the investigation of quantum scale invariance, it is necessary
to explicitly define what is meant by QSI.

Definition 2.1 (Quantum Scale Invariance).

A theory described by the action S = S[¢1, ..., ¢,], with field spectrum {¢;}7,, is
quantum scale invariant (QSI) if its quantum effective action T' = T'[¢y, ..., ¢,] is scale
invariant, i.e. invariant under the scale symmetry transformations , or equivalently
if the theory’s Green functions are scale invariant, i.e. satisfy

0=i[D,GNrNm)]

—iD G(va""Nm)(xgl), s x§\1,1)7 o a;Y”’, ey :L’S\T,r:z)

Ng
0
k), eisNo, 1 1), . (m m
:Z (NkA¢+ZIE§ )ué?x(k)’“> G-l >(x§),...,x§V1),...,x§ ),...,:1:5\,73)
j=1

k=1 j

exactly, where D is the Dilatation generator (A .4).
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Now, this definition can be used to find a quantum generalisation of relation (12.9).

Proposition 2.1.
The effective potential Vg of a quantum scale invariant model satisfies

0
D—-Aypi— | Veg =0, 2.13
< 095 ¢i> i (2.13)
which is the quantum generalisation of (@, and thus the QSI effective potential Vg
has to be a homogeneous function of the fields, i.e. has to satisfy

%ﬂ<@¢1;---aa¢m) :Oé% Veff(¢1,---7¢m) (2-14)

for some dimensionless parameter «.

Proof. (Sketch)

Starting with the definition of QSI via Green functions , this requirement can be
expressed in momentum space via Fourier transformation of and can further equi-
valently be expressed via other types of Green functions, as stated in [19,[21]. Thus, given
, the 1PI connected amputated Green function I'™)(py, ... py) whose generating
functional is the quantum effective action I" = I'[¢] satisfies

N
0
0= (D_NA¢_ZP§L@_])IL) F(N)(ph,,,,p]v) (215)
Jj=1 J

as discussed in 19, [21].
Evaluating this at zero (external) momentum gives

)
0= (D~ NAHT™| = (D — Ny %> r

Noting that the effective potential V g is given by the sum of all momentum-independent
1PI diagrams and generalising this to m different kinds of quantum fields {¢;}",, one

finds

(D—Ama%) Vig = 0

which is equation ([2.13]).
Now, using the homogeneity condition ([2.14)), differentiating this w.r.t. « and then
taking o — 1, one obtains the relation
2D OVt

27 Vg = ¢ —

D3V =9 D,
satisfied by the effective potential. Using the explicit expression for the scaling dimension
of scalar fields ([2.3]) it can be seen that this is exactly the relation (2.13]). Conversely,
given a differentiable function V.g that satisfies the relation (2.13)), one can define a func-
tion f(a) = Veg(a ¢y, ..., a¢y) with initial condition f(1) = Veg(b1, ..., dm), which
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obeys a 1. order ODE in « due to relation (2.13). The solution of this ODE gives the
homogeneity condition ([2.14]), which is unique due to the theorem of Picard-Lindelof.
Thus, the effective potential Vg of a quantum scale invariant model has to be a homo-
geneous function of the fields. O]

Note that relation is an exact, i.e. non-perturbative, statement, and thus has
to be valid / fulfilled at all orders of perturbation theory in order for a theory to be
quantum scale invariant. The question, however, remains how scale invariance can be
realised at the quantum level, i.e. how the explicit breaking of scale symmetry by the
necessary Regularisation of divergences from loop-calculations can be avoided.

As originally proposed in [9] and used, inter alia, in |2, 11} (12, |13} 14, |17} 20, [21} 28,
34], this can be achieved, i.e. scale invariance can be maintained even at the quantum
level, if a Regularisation that respects scale symmetry, or in other words a manifestly
scale invariant Regularisation, is used. It has been shown that such a Regularisation
implies the absence of anomalous scale symmetry breaking. Thus, in order to obtain a
quantum scale invariant theory a

o classically scale invariant theory,

« and a manifestly scale invariant Regularisation

are required. As in the above mentioned articles, the scale invariant Regularisation used
in this thesis is a scale invariant version of DReg, i.e. SIDReg, which is defined as follows.

Definition 2.2 (Scale Invariant Dimensional Regularisation).

Scale Invariant Dimensional Regularisation (SIDReg) is analogously defined as (usual)
Dimensional Regularisation (DReg), with the difference that the usual Renormalisation
scale is replaced by a Dilaton-dependent Renormalisation function u = p(o), i.e. p —
p = p(o), which is charged under the transformation generated by D, i.e. transforms
non-trivially under dilatations, with scaling dimension A, = 1, such that

A Op o
S =i [D, p(0)] =i L D, 0] = (A +2"9,) plo) = (1 +20,) (o) (2.16)
in order to obtain a manifestly scale invariant Regularisation. The Dilaton o is a dy-
namical scalar field with a non-vanishing vacuum expectation value (VEV) w = (o).
The usual Renormalisation scale, henceforth denoted as p, is generated dynamically
after spontaneous symmetry breaking (SSB) of scale symmetry, such that o = u({c)).

Remark.

(i) Since the Renormalisation scale is replaced by a Renormalisation function pu =
w(o), no (fixed) mass scale enters the action that could spoil scale invariance (in
D =4 — 2¢ or at the quantum level).

(ii) The Renormalisation function p(c) is defined such that it transforms non-trivially
under scaling transformations (2.16) with scaling dimension A, = 1, which ensures
scale invariance in D = 4 — 2¢ and at the quantum level, i.e. QSI, as can be seen
below.



(iii)

(iv)

(vii)

2.1. Quantum Scale Invariance

Scaling dimension A, = 1 implies that the Renormalisation function (o) has
mass dimension [(0)] = 1 in every spacetime dimension, i.e. even in D =4 — 2¢
dimensions.

The Dilaton acquires a VEV, and thus scale symmetry is spontaneously broken
with the Dilaton ¢ as its associated Goldstone boson. This is not only intended as
scale symmetry has not been observed in the real world, as discussed above, but
also necessary, as discussed in [28].

o Mathematically, the Dilaton and pu(o) can, otherwise, not be used for per-
turbative Renormalisation or computations, because (o) does not have a
(polynomial) power series / Taylor expansion if o does not have a VEV about
which can be expanded

o Physically, the VEV of the Dilaton is necessary to generate the massive
Renormalisation scale g = p((0)) after SSB of scale symmetry, needed to
reproduce the running of the couplings |11, (12} 14, |41]

The Renormalisation function, and thus SIDReg requires a dynamical field, the
Dilaton o. If the Dilaton is not initially part of the theory, the theory’s field
spectrum needs to be extended by the Dilaton, and therefore the theory acquires
an additional degree of freedom. Note that kinetic terms for the Dilaton are
required since ¢ is dynamical.

The exact value or the order of magnitude of the VEV of the Dilaton w = (o)
has not yet been determined. The Standard Model (SM) is just a low-energy
effective field theory (EFT) and "new physics" beyond the SM could arise at higher
energy scales (e.g. the Planck scale Mp;), where it is generally expected that
there will be "new physics" until or at least at the Planck scale due to several
phenomena that cannot be explained by the SM. Hence, scale symmetry could
be spontaneously broken at such an higher energy scale which fixes the Dilaton’s
VEV. Further, in a theory that includes (conformal) gravity, e.g. Brans-Dicke-
Jordan gravity, the VEV is related to the Planck scale Mp; |11, 13]. Thus, as
discussed in |11} (12, 13, [14], the VEV of the Dilaton (o) is expected to be large
and of the order of the Planck scale, i.e. (o) ~ Mp;. Assuming (o) ~ Mp; is
further motivated by experimental observations and phenomenological reasons. In
a theory that contains a Higgs-like boson ¢ representing the "visible sector" and the
Dilaton o representing the "hidden sector", such as the 2 Scalar Model (discussed
below), one can use a large Dilaton VEV with (¢) < (o) to ensure a very weak
coupling between the visible and the hidden sector [13]. New corrections are then
suppressed by (o) to negative powers which is necessary for the theory to be valid
with experiments.

In DReg and SIDReg, the theory is analytically continued to D = 4—2¢ dimensions.
In SIDReg, the Renormalisation function p (o) is required to have scaling dimension
A, =1, and thus mass dimension [p(c)] =1, even in D = 4 — 2¢ dimensions. In
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order to ensure this, the Dilaton o, which has mass dimension [o] = % =1—k¢,
enters the Renormalisation function to the power of % = ﬁ Further, the
Renormalisation function itself enters the Lagrangian to the power of ne, for some
n € Z, as can be seen later in this thesis. This leads to the appearance of =

Expanding the Lagrangian in € leads to infinitely many new evanescent interaction
terms in the Lagrangian as defined in Def.

Definition 2.3 (Evanescent Interactions).
Evanescent Interactions are interaction terms in the Lagrangian £ proportional to €”,
for some k € N.

There are 3 main consequences affecting physics that are introduced by the Dilaton-
dependent Renormalisation function (o) in SIDReg:

Remark (3 main consequences of SIDReg).

(i) The Renormalisation scale 1o and all other mass scales / massive parameters are
generated dynamically after SSB of scale symmetry.
= there is no initial scale in the theory at all
= there is no scale anomaly / anomalous breaking of scale symmetry anymore

(ii) New finite and divergent quantum corrections arising from evanescent interactions
~ € are generated by (quantum) scale invariance of the action in D = 4 — 2¢
dimensions due to u(o), i.e. p = p(o) = po (1 + Int.). This is possible due to
evanescent interactions ~ €® multiplying with € - poles of an appropriate power
emerging in loop-calculations, which leads to a cancellation of €, and thus to new

finite or divergent contributions (depending on the powers of €), even for ¢ — 0.

(iii) Non-Renormalisability due to infinitely many new evanescent interactions intro-
duced by the Renormalisation function in a manifestly scale invariant Regular-
isation, which has been discussed in [11, [12, |14, 20, 21}, 33]. Further, this is
exemplarily discussed in more detail for the 2 Scalar Model in section [2.3] and

chapter

In SIDReg, a generic interaction term M4 ¢*(x), as discussed above, takes the form
Ao 1 (x) — p*P (o) Ay ¢* () if analytically continued to D = 4 — 2¢ dimensions, where
the coupling constant A, is kept dimensionless. Using the scaling properties of p(o),
as defined above, such an interaction term now transforms under dilatations, i.e. under

_/de u4_D(0($)) )‘¢> ¢4(ZE) —_ SD—4A¢—(4—D)AH /dDy u4_D(0(y)) )\¢ ¢4(y)
Ll E GO PWATE)

= — /de pPo(xz)) A ¢*(2)

10



2.1. Quantum Scale Invariance

where the scaling dimension of scalar fields A, = % and of the Renormalisation func-

tion A, = 1 have been used. It can be seen that such interactions terms are now (mani-
festly) scale invariant, even in D = 4 — 2e. Further, a potential V = V (¢, ..., dm,0),
and analogously in D = 4 —2¢ dimensions V (1, ..., ¢m, o) = p* P (@) V (1, ..., dm,0),
consisting of several such interactions terms now satisfies relation (2.9, and thus the
Noether current is conversed, not only in 4 but also in D = 4 — 2¢ dimensions. In
contrast to this, the same potential regularised with conventional DReg satisfies
only in 4 dimensions. Therefore, SIDReg indeed preserves scale symmetry in D = 4 — 2¢
dimensions. However, it still needs to be explicitly shown that SIDReg also preserves
scale symmetry at the quantum level as expected, which is done in chapter |3| for the 2
Scalar Model.

Now that SIDReg is defined and some technical details, as well as the major im-
plications have (shortly) been discussed, an Ansatz for an explicit expression of the
Dilaton-dependent Renormalisation function p = u(o) is given.

Ansatz.

p(o) =z0P2 = zoT- (2.17)
Remark.

(i) Using this Ansatz (2.17), the Renormalisation scale is given by po = u({o)) =
1

z(o)T— =2 wi, generated dynamically after SSB of scale symmetry.

(ii) z is an arbitrary dimensionless parameter, the Renormalisation point parameter
or RG flow parameter, and the dependence of z is equivalent to the dependence
of the Renormalisation scale py in conventional DReg. Note that in SIDReg the
Renormalisation scale f is given by po = p({o)) = 2 (a>i = 2w, as stated
above. Since w = (o) is the VEV of the Dilaton, and thus a constant parameter of
the theory, the only "running object" in this Renormalisation scale is the parameter
z. Hence, z keeps track of the dependence of the Renormalisation scale g and is
necessary in order to discuss Renormalisation Group Eqautions (RGEs) [20] 41].

(iii) A more general Renormalisation function, depending on other scalar fields has
already been ruled out, as discussed in |11]. For instance, in a 2 Scalar Model,
containing a Higgs-like boson ¢ and the Dilaton o, one could think of a more
general Renormalisation function pu = pu(¢,0) depending on both scalar fields,
instead of . However, this Ansatz for g would introduce non-decoupling
quantum effects between the visible sector (¢) and the hidden sector (), even in
their classical decoupling limit, i.e. both sectors would still interact at the quantum
level even if they are classically decoupled. Moreover, this Ansatz would introduce
terms in Vg at the quantum level which are unbounded from below, leading to the
fact that the potential can be destabilised by small fluctuations about a critical
point. This can only be avoided if the Renormalisation function depends on the
Dilaton o alone, i.e. u ~ o. Hence, the Ansatz will be used in this thesis.
For more details regarding this issue, the reader is referred to [11].

11



2. Quantum Scale Symmetry

Using Ansatz (2.17) and expanding about the Dilaton’s VEV, i.e. 0 =0+ (0) =D +w,
where w = (o) is the VEV of the Dilaton, as defined before, and ® := ¢ are (small)
field fluctuations (about the vacuum), one obtains

1

Iu(o—) — ZUlif — Z(U]—‘—@)lis — Zwlif (1+ g) B = Lo (14_?) - (218)

w w

As can be seen, the Dilaton enters the Lagrangian to anomalous, i.e. non-integer, powers
due to the Renormalisation function. In order to derive Feynman rules the Lagrangian
needs to be expanded w.r.t. e and © /w. Such expansions of the Renormalisation function
to some appropriate powers of €, which will enter the Lagrangian, are to be found in
equations in the appendix.

Actual calculations using SIDReg can be rather subtle and not as trivial as one might
expect. For this reason, it is useful to provide a prescription for the calculation of
Green functions in a theory with spontaneously broken quantum scale invariance using
SIDReg. This is in particular true for Green functions with non-zero external momenta,
i.e. calculations other than effective potential calculations.

Prescription (QSI Approach using SIDReg).

(1) Starting point is a classically scale invariant Lagrangian £ in D = 4 dimensions.
Since SIDReg necessarily introduces a new field, the Dilaton o, which needs to be
dynamical, and thus needs kinetic terms, it is already part of the field spectrum of
the theory from the beginning. Hence, the considered theory contains the Dilaton
as an additional degree of freedom.

(2) Analytically continue the theory to D = 4 — 2¢ dimensions using SIDReg.

(3) In order to keep the couplings dimensionless p is introduced in the "usual" way,
this time, however, as a Dilaton-dependent Renormalisation function u = u(o).
Let \;, ¢g; and y; be scalar potential, gauge and Yukawa couplings, respectively.
Then, u = p(o) enters the action as follows:

N — ptP N = N
4-D .
gi —> K 2 Gi =1 G
4-D .
Yy —H > Yi =1 Yi
which can be deduced by dimensional analysis, noting that, in D = 4 — 2¢ dimen-
sions, the mass dimensions of scalar fields ¢, gauge fields A, and Dirac spinors v
are given by [¢] =1 —¢, [A,] =1 —cand [¢)] = 3 — ¢, respectively.

(4) Perform (multiplicative) Renormalisation, i.e. obtain S — Sy = Sien + Sct, using
the Lagrangian in the unbroken phase. Note that higher dimensional operators
might necessarily be introduced as counterterms depending on the loop-order due
to non-Renormalisability.

12
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2.1. Quantum Scale Invariance

Expand the Lagrangian about the scalar fields VEVs, €, and the ratio © /w in order
to obtain a Lagrangian polynomial in fields, i.e. a Lagrangian that only contains
fields to integer powers, which is necessary to derive Feynman rules (in the usual
way). This Lagrangian then displays the theory in the broken phase. Note that
this expansion must not be truncated since this would violate scale invariance
explicitly. Further, note that the Renormalisation scale p¢, for some n € Z and
generated dynamically after SSB, must not be expanded w.r.t. € at the level of
the Lagrangian since it is used in loop-integrals as in conventional DReg.

In a theory with Higgs sector, apply the minimalisation conditions of the Higgs
potential (optional).

Transform to mass eigenstates (optional).
Derive Feynman rules, including the new evanescent interactions.

Use these Feynman rules to calculate Feynman diagrams, and thus Green func-
tions.

Renormalise loop-divergences using counterterm diagrams. However, do not yet
go back to D — 4 dimensions. The reason for this is that, e.g. in a scattering
process, evanescent terms in the tree-level diagram can still "meet" an e-pole when
interference terms between the tree-level and loop diagrams are calculated in order
to obtain the squared amplitude. Hence, the limit D — 4 < ¢ — 0 should be
taken only after it can be ensured that no evanescent term will be multiplied with
an e-pole anymore.

Remark.

(i)

In the case of the effective potential V., one wants to obtain an explicitly and
manifestly scale invariant potential which satisfies relation . Thus, one does
not work in the broken phase of the theory, i.e. the Lagrangian is not expanded
about the scalar fields VEVs. Instead, a field shift ¢, — ¢r + ¢ro is applied
to the scalar fields, where ¢ are background fields. These background fields
¢ are charged under the transformation generated by D, ie. transform non-
trivially under dilatations, and thus the resulting Lagrangian is still manifestly
scale invariant. Hence, scale invariance is maintained manifest at all steps of the
calculation. After the scale invariant effective potential is calculated, one can then
expand about the scalar fields VEVs and go to the broken phase of the theory. An
exemplary calculation of the effective potential up to 2-loop order in the 2 Scalar
Model is to be found in chapter [3

Step (5), i.e. working in the broken phase of the theory does not spoil spontan-
eously broken QSI, i.e. does not explicitly break scale symmetry, as long as the
power series is not truncated and the Renormalisation transformation in step (4)
is performed before going to the broken phase of the theory. The reason for this

13



2. Quantum Scale Symmetry

(iii)

14

is that in general, if a symmetry is realised, it is realised independently of the co-
ordinates that are used. Here, the difference between the coordinates ¢ and 2 is
that the symmetry is manifest for o, while it is non-linearly realised for ©. Thus,
the Goldstone boson ® does not transform multiplicatively, but rather shifts, i.e.
is associated with shift symmetries, as any other Goldstone boson under the action
of the corresponding symmetry [32]. Moreover, in [21] it has explicitly been shown
for a 2 Scalar Model, containing the fields {¢, o}, that the fields VEVs (¢) and (o)
are spurious w.r.t. the fields ¢ and o, respectively, and further that, using SIDReg,
the Renormalisation scale poy = pu({o)) is spurious w.r.t. o as well. Where, in [21],
a dimensionful parameter was defined to be spurious if it is "absorbable in the
backgrounds', and thus "effectively vanishing from the functional" (meaning the
quantum effective action). In addition to that, in chapter , it is exemplarily shown
that the same scale invariant counterterms can be obtained from N-point Green
functions using the broken phase Lagrangian and following the prescription above
as from the manifestly scale invariant Lagrangian, i.e. the unbroken phase, and
the manifestly scale invariant effective potential. Therefore, working in the broken
phase of the theory does not explicitly, but only spontaneously, break quantum
scale symmetry and the correct scale invariant counterterms can be obtained from
the broken phase Lagrangian.

As mentioned in (ii), if the Lagrangian (including the Renormalisation function)
is expanded w.r.t. the scalar fields VEVs, ¢, and the ratio © /w, i.e. working
in the broken phase of the theory, the power series must not be truncated since
this would otherwise break (quantum) scale invariance explicitly. However, in real
calculations, depending on the considered loop order and the number of external
particles, only terms of the power series in fields and € that actually contribute
need to be considered. Hence, terms that will definitely not contribute (or will
lead only to evanescent corrections that vanish in the limit € — 0) can practically
be neglected.

As mentioned above, the Renormalisation scale p¢ = 2"° <O'>£, for some n € Z,
is not expanded w.r.t. e at the level of the Lagrangian since it is used in loop-
integrals as in conventional DReg, and thus will then (after having integrated over
the loop-momenta) be expanded, e.g. giving rise to terms such as ~ log (m?/u?).
However, there are more subtleties to this. In particular w.r.t. factors of i in
front of mass terms, dynamically generated by SSB. First, consider a generic mass
term of the form 1m?¢* In D = 4 — 2e dimensions the scalar field has mass
dimension [¢] = -2 = 1 — ¢, leading to the fact that the mass m itself always
has mass dimension [m] = 1 in order to ensure that the mass term has mass
dimension D. Now, consider a mass term 3 ud* Ay cv? ¢? that was dynamically
generated by SSB, for some VEV v and some dimensionless constants ¢, A;. Again,
in D = 4 — 2¢ dimensions the scalar field and the VEV have the same mass
dimension, i.e. [v] = [¢] = 52 =1 — €. Since ¢ and )y are dimensionless, one
finds [A\s cv?] = 2—2¢. Hence, the squared mass is identified to be m? = p2¢ A\, cv?



2.2. The 2 Scalar Model

in order to obtain a mass parameter m of mass dimension [m] = 1, meaning that
p2¢ is part of the definition of the mass parameter m. The treatment of these
factors of 1 in loop-momentum integrals is discussed in appendix [D]

Note that beyond quantum scale invariance, one might also want to consider quantum
special conformal invariance, i.e. i[Ku,G(Nl""’Nm)] = i[A(M GWiNm) — () where the
generators of special conformal transformations K , are defined in appendix . In [21]
it was shown that quantum special conformal invariance and quantum scale invariance
are concurrently realised due to the vanishing trace anomaly, i.e.

i[D, G N = (0 = G [K,, G Nm)] = (2.19)

In this thesis, however, solely quantum scale invariance is considered.

2.2. The 2 Scalar Model

The 2 Scalar Model is used to exemplarily illustrate the realisation of spontaneously
broken quantum scale invariance and its implications. Moreover, it is of great interest
for physically relevant models of the real world since it is the major part of the Higgs
sector in a quantum scale invariant Standard Model, as discussed later and in [13].

As the name suggests, the 2 Scalar Model consists of 2 real scalar fields {¢, o}, where
¢ denotes a Higgs-like boson and ¢ the Dilaton. Hence, the Lagrangian in D = 4
dimensions is given by

L= 50,000 + 50,00"0 — V(6.0) (2.20)

The theory is supposed to be scale invariant, and thus as discussed in the previous
section the potential has to be a homogeneous function, i.e. satisfies (2.9). Therefore,
the potential may be written as [11]

V(9,0) =" W (¢/0) (2.21)
The extremum conditions for the potential V

g—‘; =0, g—‘; =0 (2.22)
can then equivalently be expressed in terms of W (¢/0)

W(x) =0,  Wi(x)=0 (2.23)
if (¢), (o) # 0 is assumed, where

, Xo = % (2.24)

_ ¢
X ==
o
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2. Quantum Scale Symmetry

as stated in 11}, 13, [14, |20]. The assumption (¢), (o) # 0 is not only valid, but also
necessary for spontaneously broken QSI and the consistent usage of SIDReg for per-
turbative Renormalisation, as discussed in the previous section. The ratio of the VEVs
Xo = (¢)/(0) is fixed by one condition in (2.23), e.g. W’(xo) = 0, in terms of di-
mensionless coupling constants, whereas W (xo) = 0 implies vanishing vacuum energy
V({(¢), (o)) = 0, as stated in [14]. Given that xo = (¢)/(o) is a solution to (2.23),
then (¢) ~ (o), and thus 3 a flat direction in the theory, with ¢/o = x¢ in the (¢,0) -
plane [11} [14]. This implies the existence of a Goldstone mode, leading to a (massless)
Goldstone boson in the theory, which turns out to be the Dilaton, as expected in the
case of a spontaneously broken symmetry.

An example for a scale invariant potential that satisfies and further allows for
non-trivial solutions of is given by

A Am oo o Ay
Vig,o) =o'+ 670"+ 1o (2.25)
For this particular choice of V', one obtains
A 4 A g A
W) =X+ X+
The minimalisation conditions (2.22)) for this potential (2.25)) are then provided by
ov Aé o Amo, 9
— =0 < — — =
ol @ (0 o)
e (2.26)
ov A A
— =0 < 4+ 2 (o)) =0
el o) (g 02+ 0r)
Solving these conditions, assuming (¢), (o) # 0, yields
) Am
? 2.27)
1 A2 2
Moo= & A =92
mTg Y A

which implies A\,, < 0 and A, > 0, if A\, is chosen to be A, > 0. Using (2.27), all
couplings can be expressed in terms of A\, and xo, thus

1
A = — = Ao X2
3 X0 (2.28)
/\o - )\¢ Xé
Further, the potential (2.25)) can then be written as
A 2
V(g.0) =55 (¢~ 00?) (2:29)

where p = X% = <¢>2/<U>2-
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2.2. The 2 Scalar Model

Now, before the theory is analytically extended to D = 4 — 2¢ dimensions using
SIDReg, there are two aspects that should be discussed prior to that, the masses and
mass eigenstates of the particles, as well as the connection of this model to the Standard
Model Higgs sector. First, consider the expansion of the fields ¢, 0 about their VEVs

$=0¢+(¢) =h+v

c=0+{o)=D+w (2:30)

where h = ¢ are (small) field fluctuations (about the vacuum) and v := (¢) is the VEV
of the Higgs-like boson, whereas ® = ¢ and w = (o) for the Dilaton, as defined in the
previous section. Using , the mass terms of A and ©, generated dynamically after
SSB, are then given by

(h, ®) M3, <g)

H 1 H
:_(Ha S) R,—Br iaRﬁ <S>:§(H7 S) 12)iag <S>

V =
bilinear

(2.31)

— N =

N}

where in the second line the flavour eigenstates h,® have been transformed to the mass
eigenstates H, S using the rotation matrix Rg, i.e.

(5) =75 (a) = (2 a) -

h R H _ CgH—FSgS
D P\s —sg H + ¢3S

with
— s S
R () o
For the given potential (2.25)), the matrix of squared masses M3, takes the form
26,2 | Am 2 1 1 =
do ( /\m’UU) )\Tm U2 + %f w2) 3 ¢ —X0 X(% ( )

where the minimalisation conditions (2.28) have been used in the second step. Given
the explicit form of M3, in (2.34)), the mixing angle § is determined by

(% w

tg = tan(f) = %, sg =sin(f) = Nt cg = cos(f) = N (2.35)

Note that the minimalisation conditions have been assumed in . Otherwise,
the expressions would be more complicated. The diagonal matrix of the squared masses

%iag containing the eigenvalues of ./\/lig, and thus the squared masses of the particles
H and S, is given by

M% 0 I (1+x3) 0
T _ _ ¢ X

17



2. Quantum Scale Symmetry

having used the minimalisation conditions . It can be seen that, after SSB, the
mass eigenstate of the Higgs-like boson H obtains a non-vanishing "Higgs mass" M% =
£ A 0% (1 + x§), whereas the mass eigenstate of the Dilaton S is massless, i.e. MZ =0,
and thus is the Goldstone boson associated to spontaneously broken scale symmetry, as
expected.

Next, the connection of the 2 Scalar Model to the Standard Model Higgs sector is
considered. The Standard Model Lagrangian is almost classically scale invariant. Only
the Higgs mass term £ O —p? ®'® breaks scale symmetry explicitly. Therefore, as
discussed in [20], the Standard Model can be scale invariant if the Higgs mass term
emerges from spontaneous scale symmetry breaking at a higher energy scale (e.g. the
Planck scale Mp;). Note that the Standard Model Higgs potential can be written as

2 2
VM (@) = Asw ((I)T@ n 2“ )

SM

for 4? < 0. This potential could be replaced as follows [20]

T > ’ Ag + 0 5\?2

sy (@f0 — 2 (q> -2 )

sM ( T3 )\SM> 3l 27

which is exactly the potential of the 2 Scalar Model in ([2.29)), i.e. already having used the
minimalisation conditions (2.28), with ¢ — +/2®. The original Standard Model Higgs
potential can then be reproduced if the Dilaton is replaced by its VEV, i.e. o — (o),
and Ay — 6 Agm. The reason for this is

2 2 2
- - 2oy =1

2

2 st 2 2

having used the well-known minimalisation condition for the Standard Model Higgs po-
tential p? = —Agp v?, as well as o = (¢)?/(0)? = v?/w?. Further, one might conclude
that spontaneous scale symmetry breaking implies spontaneous electroweak symmetry
breaking, with vanishing vacuum energy V ({¢), (c)) = 0, and thus all scales are dy-
namically generated by (o) [11, [13]. Note that it was assumed that v = (¢) is equal
to the Standard Model Higgs VEV, i.e. v = (¢) ~ 10> GeV. On the other hand side,
the exact value for the Dilaton VEV w = (o) is unknown, but expected to be large
v < w, as motivated in the previous section. A further motivation for this is given
by the tree-level Higgs mass Mpy. In the Standard Model, the squared Higgs mass is
given by M7 gy = 2 Asm v? at tree-level, whereas here in the 2 Scalar Model, the tree-
level squared Higgs mass is given by M7 = 5 A, v? (1 + x§), as discussed above. Using
Ay = 6 Agm and xo = v/w, one finds

2 2

1 v v
2 2 o 2
MH_§>\¢U (1—|——w2)—2)\SMU (1—|——w2)

2
(%
= M} = M} — M} gy = 2 Asm 0 =

(2.37)
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2.2. The 2 Scalar Model

which should better be a vanishingly small correction. Choosing the Dilaton VEV to
be of the order of the Planck scale, i.e. w = (o) ~ Mp; ~ 10 GeV, does not only
guarantee this, but also leads to a very weak coupling between the visible (¢) and the
hidden sector (o) due to (2.28)), c.f. previous section. Thus, choosing v = (@) ~ 10% GeV
and w = (o) ~ Mp; ~ 10" GeV leads to

Xo= = ~ O(10719)
w

’U2

N —32
0=xb= =5 ~ O(107%)
2

6Mj; = 20m0? = ~ O (107 GeV?)
Ay = 6Asm ~ O(1) (2.38)

1 v?
Ap = — = Ay — ~ —O(10732
37 w2 0(107)
4

_y Y —64
Ao = >\¢m ~ O(107™%)
=\ K H)\mH < )‘¢>

Note that, as discussed in [11} |13, [34] and mentioned in [20], a classical hierarchy of
couplings at tree-level, as shown in , and thus a mass hierarchy with a light Higgs
mass My ~ (¢) ~ O (10> GeV) < (o) is radiatively stable, i.e. stabel against quantum
corrections, in a theory with spontaneously broken QSI (at least at the 1-loop level). Due
to only spontaneously broken QSI, achieved by using a Regularisation that respects scale
symmetry (SIDReg), this is, however, expected to be true at all orders of perturbation
theory [13]. Therefore, no additional fine-tuning at the quantum level is necessary,
suggesting a possible solution to the hierarchy problem [11]. Moreover, given a Dilaton
VEV of the order of the Planck scale one obtains the following relations for the mixing
angle and the mass eigenstates
v 16 \
lg = " NU(’)(lO )
—1
A oo )L B~ O(10719)
w
Cp m 0(1) )
:>H205h—859%h, S:Slgh—i-clg@%@
Thus, it can be seen that the particles h and ® are then almost mass eigenstates.
Now, that the 2 Scalar Model was discussed sufficiently in D = 4 dimensions, the
analytical continuation of the theory to D = 4 — 2¢ dimensions using SIDReg is con-
sidered. As explained in the previous section, in SIDReg, the scalar coupling constants
are rescaled as \; — p*(0) ), and thus V(¢,0) — V(¢,0) = pu*(c) V(¢,0) for the
potential in D = 4 — 2¢ dimensions. Therefore, the Lagrangian of the 2 Scalar Model in
D = 4 — 2¢ dimensions then reads as

L % 60 + %@08"0 —V(é,0) (2.40)

(2.39)

19



2. Quantum Scale Symmetry

with potential

V(¢,0) = p*(0) V(9,0) = p*(0) (% ¢+ %m ¢* o’ + % U4> (2.41)

Using the expansion of the fields about their VEVs as shown in (2.30), and further

expanding w.r.t. € and D /w, one obtains

- ~ - — 1 ~
V(h+w7®+w>:V(an)—i_Tigpi"i‘§Mi2jgpi90j+§vijk§0i@j90k

1~ 1 ~

+ 7 Vim 9i 95 o1 + 5 Vijkim ©i €5 Pk 1 Pm (2.42)
]_ ~

+ al Viikimn ©i ©5 Ok O1 Pm Pn + - ..

where {¢;}?_; = {h,D}. Further, the ellipsis in denotes infinitely many terms
consisting of > 7 scalar fields ;. These non-Renormalisable higher order terms are
introduced by the Renormalisation function p?¢(c) and the expansion w.r.t. € and D /w
in order to obtain a Lagrangian consisting only of fields of integer powers, as mentioned
in the previous section. The tadpoles T,,,, the squared masses ij and the coefficients

i%k in 1} are given by

~ oV

T%‘ =
0901 ps=0, Vs

— 9?V

i2j — (2.43)
0pi0pj =0, Vs
5. oV
T 00i0000k | o v

where a is determined by the number of indices of ﬁijk..., i.e. a = length[(i, 7, k,...)].

]\ZQJ and )7”;6 are symmetric under index exchange by definition. Explicit expressions
of the coefficients in for the given potential are to be found in appendix
in equations (C.2)) to (C.37)). It can be seen that these coefficients contain € -
dependent, i.e. evanescent, terms due to (o), as discussed in the previous section. As

in 4 dimensions, the matrix of squared masses ./\/lgw7 given in ((C.5)), is a non-diagonal
matrix and so is the associated propagator for the fields A and 2

D, =p* - M, (2.44)

The inverse propagator is obtained by inverting ([2.44]) and can be written as

~ A B
D?: 2 N2+ 2 _ A2
p?— Mg p*— M;

(2.45)
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2.2. The 2 Scalar Model

where M% and M2 are the eigenvalues of M2, given in (C.17) & (C.18). Further, A
and B are symmetric matrices whose properties and explicit expressions are given in
(C.28)) to (C.37).

The minimalisation conditions for the potential in D = 4 — 2¢ dimensions are
provided by

T:— = — :O R — D =
(r-Ts 96 | 5 (:)v(6v—|—2w

aV'QZO aﬁ?U:w Ao U4 A 2 (2:46)
T = —_— —_ — = —_—— _— A =
ER] PR i 0®1—e(12w2+21)+12 "w) 0

where the second relation has not been expanded w.r.t. €, as it is done in . While
the first condition in (2.46]) is the same as in the 4-dimensional case, it can be seen that
the second one in is different compared to the 4-dimensional case in , ie.
obtains € - corrections in D = 4 — 2¢ dimensions. Nonetheless, solving , provides
the same € - independent minimalisation conditions for the coupling constants as in

@229), ie.

1 2

A = == A —
3w (2.47)
v

)\U:Adjﬁ

Using these conditions 1} yields not only vanishing tadpole f% = 0 V1, but also

~ —~

a vanishing vacuum energy V' (v,w) = 0, and further reduces Méo, given in (C.5)) &

, and its eigenvalues ]/\\/[/EI and Mg, given in (IC.l?I) & dC.lS , to the same results
as in the 4-dimensional case in and (2.36) multiplied by pg°, respectively. Then,
this also leads to a reduction of the relations for the mixing angle  to the same as in 4
dimensions, i.e. to (2.35). Thus, even in D = 4 — 2¢ dimensions one obtains the same
matrix of squared masses after applying ([2.47)

. — 1 1 —x
2 2 2 2e 2
o _— M - = - = — )\ v v vw 5 248
* &) 90 = gho A (—; = ) (2:48)

as well as the same squared masses

—~. —~. 1 v?
M2 SN M2 — M2 — 2 A ,02 <1 + _)
H “5rm H™ 3 Ho A¢ w2 (2.49)

M2 —— Mi=M;=0

S @ s s
for the same mass eigenstates H and S with the same mixing angle 3 as in the 4-
dimensional case. The reason for this is that zero vacuum energy and tadpoles lead to
the fact that new evanescent corrections due to p*(c) = u2 (1 + corrections) can then
only arise above the bilinear mass terms, i.e. at terms with 3 fields and more, since these
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2. Quantum Scale Symmetry

evanescent corrections are always accompanied by at least 1 additional power of the field
D, cf. (B.2). Note that if one does not use the minimalisation conditions the
relations for the mixing angle 8 would otherwise be far more complicated containing e
- dependent corrections due to evanescent corrections in the mass terms & ,
and therefore would make the transition to mass eigenstates more complicated.

Now, using first the minimalisation conditions and then transforming to mass

eigenstates H and S, using ([2.32)), the potential, given in (2.41)) & (2.42)), can be written

as

1 —
V(H,S)= §M§H2+

30 Nijk Pi Pj Pr + i Nijkl Pi Pj P Pi
1 - 1 - (2.50)
+ =y Aiktm Pi 5 Pl P1 P+ o Aigitmn Pi P P PLPm P - -
where {p;}2_, = {H,S}. Again, the ellipsis denotes infinitely many terms with > 7
scalar fields p; and explicit expressions for the symmetric coefficients ka are to be
found in appendix |C| in equations ((C.40)) to (C.48).
For further details regarding the 2 Scalar Model the reader is referred to |11} (13} |14,

20].

2.3. Renormalisation of the QSI 2 Scalar Model

In this section the Renormalisation of the QSI 2 Scalar Model , introduced in
the previous section, is discussed. As already mentioned in section [2.1] and discussed
in |11} 12, 14, 20, 21} |33], a quantum scale invariant theory is non-Renormalisable due
to the Renormalisation function p(o), which introduces infinitely many new evanescent
interactions to the action in D = 4 — 2¢ dimensions. These evanescent interactions
can give rise to finite and divergent quantum corrections due to divergences in loop-
calculations (c.f. section , and thus higher dimensional non-polynomial operators of

the form
¢4+2 p

. p=1,23 ... (2.51)

o?p
emerge at loop-level, up to p < L for L loops. This is explicitly shown in chapter |3| for
the QSI 2 Scalar Model.

For this reason, these higher order terms need to be included at least as counterterms
in order to renormalise the theory. Thus, one actually needs to consider the following
(more general) potential

[e.9]

_/\¢> 4, Mmoo 0 Ae 4 Adyan
Vig.o) = 4! o+ 4 ¢+ ar’ +; 442n o2n (2.52)

¢4+2 n

V(¢,0) = 1*(0) V(¢,0)

instead of (2.41)). However, these higher order coupling constants As.2, can be set to
zero at tree-level, i.e.
Mion =0 Vn (2.53)
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2.3. Renormalisation of the QSI 2 Scalar Model

which is done in this thesis (except something else is stated), such that these higher
dimensional operators (2.51)) only need to be included as counterterms and only up to
the corresponding loop-order that is considered.

Remark.

(1)

(i)

At the 1-loop-level only new finite quantum corrections due to evanescent inter-
actions can emerge, because there are only simple € - poles at the 1-loop-level.
Consequently, evanescent interactions ~ €*, k € N, can then only give rise to

e new finite quantum corrections, for £ =1
o still evanescent quantum corrections, for £ > 2
Note that evanescent corrections will ultimately not contribute as ¢ — 0.

= The divergence structure remain unchanged at the 1-loop-level, and thus 1-
loop counterterms in a QSI theory, i.e. a SIDReg-regularised theory, are the
same as in the usual DReg case.

= There are no higher dimensional counterterms of the form needed at
the 1-loop-level. This is explicitly shown in chapter|3] There it can bee seen
that a higher dimensional term of the form ¢°/0? indeed emerges at the 1-
loop-level in the effective potential due to evanescent interactions, however,
it emerges as a finite quantum correction, and thus does not need to be
renormalised (with a counterterm).

At the 2-loop-level, however, there are not only new finite but also new divergent
quantum corrections due to evanescent interactions. The reason for this is that at
the 2-loop-level there are simple € - poles and € - poles of the order 2. Therefore,
evanescent interactions ~ €*, k € N, can then give rise to

o new finite quantum corrections, for £ = 1 and k£ = 2 meeting a 1/¢ - pole and
1/€* - pole, respectively
« new divergent quantum corrections, for k = 1 meeting a 1/€e? - pole
« still evanescent quantum corrections, in the other cases
Again, evanescent corrections do ultimately not contribute as € — 0.

= The divergence structure does change at the 2-loop-level in a QSI theory, and
thus the 2-loop counterterms are different in the SIDReg-regularised theory
compared to the usual DReg case.

= Higher dimensional counterterms of the form are needed at the 2-loop-
level, which is explicitly shown in chapter |3l There it can be seen that higher
dimensional terms of the form ¢%/0% and ¢®/0? emerge as divergent quantum
corrections at the 2-loop-level in the effective potential due to evanescent
interactions, i.e. with 1/e - divergence, and thus need to be renormalised
with non-polynomial counterterms.
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2. Quantum Scale Symmetry

Moreover, note that non-Renormalisability due to quantum scale invariance is not neces-
sarily a problem, since gravity is non-renormalisable as well and every theory of nature
must ultimately contain gravity. Further, as discussed in [20], the usual renormalisable
theory is a low energy effective theory valid below the scale of spontaneous (quantum)
scale symmetry breaking (o).

Now, consider the Renormalisation transformation for the QSI 2 Scalar Model

S — SO = Sren+SCt

L — £0 = *Cren +£ct

¢ — 0o =12y (2.54)
oO—00=\ 2,0

>\k — )\k,B = ,LL26(O'> )\k,O = ,u26(a) Z)\k )\k

The counterterm Lagrangian is then given by

Loy =(Zy— 1) 0,00" ¢ + ( —1) %8 oMo

Am

— u*(0) <(ZA¢ Z — ) ¢ + (2o, Zo Zg — 1) — 4 s (2.55)

As ¢6 Y g8
Zy, 72 —1 e
+ (2, ) = R 10 6 + 8 il
including the non-polynomial 2-loop counterterms (5)\é2) and (5)\é2) which are necessary
for the Renormalisation of the theory at the 2-loop-level, as explained above. It is
convenient to further define

Zy, =2y, Z;
va = Z/\m Z¢> ZU (256)
Ty, = Iy, Z*

Expanding these counterterms up to O (h?) yields
Zy, = 1+5ZV +6zvj>+0(h3)
Ty, =14+ 02) + 623 + O (B) (2.57)
Zy, =14+ 02\ + 62 + O (K
with
0zy) = 62y) + 262y
623 =62 + 252 + (52(”)2 +262y) 52"
02 =620 + 62" + 62
023 =620 + 5Z<2 + 023
524 = 525} +2078
622 = 52% 42 5Z§2> +(620)° + 262 52

Q/\

(2.58)

—

246262 vz 620 + 52 52

Q
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2.3. Renormalisation of the QSI 2 Scalar Model

Thus, the counterterm Lagrangian up to the 2-loop-level may be written as
Ect = Cctl + £0t2 + O (hB)
1 1
=502, 0,00"6 + 502" 9,00"0

) Am ) Ao
— 1%(0) (52&} 4‘;’¢ +o7{)) N 0%+ 67 T 4)

1o (2.59)
+ 5025 0,00" ¢ + 5 529 0,00
e 2) Am Ao i O 0 AT
—;ﬁ(o—)< V¢4'¢4+6Z 4¢22+5ZV i’ + 6 02+ s 5l

+ O (h*)

Note that in 1} and |D it has already been used that 6)\8) =0 and 5)\é1) =0 at
the 1-loop-level, as discussed above.

For 1-loop calculations (e.g. for scattering processes or decays) it will be useful to
express the 1-loop counterterm Lagrangian L. in terms of mass eigenstates H and S,
and with the minimalisation conditions being used. Expanding about the fields
VEVs and w.r.t. €, as well as using and the 1-loop counterterm Lagrangian
is then given by

Lo = L 5021 O HO"H + % 625 0,SO"S + 6 Zys 0, HO"S
- mf 6V — p2 (6Ty + € Y1) H — pk (0Ts + €6Y3) S
1
- = (6ZH + 820, +€0Y11) My H? — 3 pg¢ (MG + €6Ya) S°

; (o (OMpg + €6Y12) HS — pig (62111 + €6Y111) %UHS
— 15 (§Z119 + €0Y112) % v H?S — 2 (072199 + € 6Y19:) % vHS? (2.60)
— 1155 (0 Za92 + € 0Ya2) % v S® — 2 (621111 + €0Yi111) Z, H*
— 1155 (6 Z1112 + €6Y1112) /:\3, H?S — 15 (6 Z1122 + € 6Y1122) )\Z H*S5?
— 5’ (821222 + € 6Y1220) >3\l H 5% — 1§ (6 Za222 + € 6Ya22) % S+

where the ellipsis denotes infinitely many terms of higher orders in the fields as well as
in € and explicit expressions for the counterterms in (2.60) that are not multiplied by €
are provided in (C.60) & (C.61).

Remark.

(i) Important for the Renormalisation transformation is that it makes the theory
finite, which is achieved by (2.54)), as shown in chapter [3|
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2. Quantum Scale Symmetry

(ii) The coefficients of the expanded 1-loop counterterm Lagrangian L. in terms of
flavour eigenstates {h,©} and in terms of mass eigenstates {H,S} are given in

appendix [C]
(iii) Note that the factor of p2¢ in the H? mass term is implicitly contained in (2.60))
via the squared mass M7, = 3 pd° Ay v (1 + ;’}—2)

(iv) The counterterm superscripts "(k)" indicating the k-th counterterm order are sup-
pressed in (2.60]) for simplicity since all counterterms in (2.60)) are of 1-loop order.

(v) Note finite contributions in (2.60)) from € §Yj;..., as the 1-loop counterterms contain
1/€ - poles.

26



3. Scale Invariant Effective Potential

In this chapter the effective potential for the quantum scale invariant 2 Scalar Model
, discussed in section , is determined up to the 2-loop level. This is done in order
to show that there is indeed no anomalous breaking of scale symmetry due to quantum
corrections, i.e. that scale invariance is maintained at the quantum level, if SIDReg is
used to regularise the theory, and thus that the effective potential is a homogeneous
function satisfying . Moreover, it is shown that non-vanishing S-functions, and
thus running couplings are obtained despite quantum scale symmetry, as well as the
fact that the quantum scale invariant effective potential satisfies the Callan-Symanzik
equations. These evaluations have been done in |11} [13] at the 1-loop level and in [14]
at the 2-loop level. However, some typos have been spotted in the 2-loop results for the
finite contributions to the effective potential in [14]. Furthermore, the divergent parts of
the self energies for ¢ and o in the QSI 2 Scalar Model are determined explicitly at the
2-loop level, which has not been done in the literature so far. In addition to that, in the
last section of this chapter it is shown that the same scale invariant counterterms are
obtained from N-point Green functions with non-vanishing external momenta using the
expanded Lagrangian of the broken phase of the theory compared to those counterterms
obtained from the manifestly scale invariant effective potential. This is done up to the
2-loop level as a consistency check that working in the broken phase of theory in the
context of quantum scale symmetry does not explicitly break scale symmetry, but leads
to the same scale invariant counterterms as in a manifestly (quantum) scale invariant
approach via the effective potential, and also has not yet been done explicitly in the
literature so far.

As mentioned above, the Lagrangian of the theory that is considered in this chapter
is given in . In this chapter (except for the last section) the Lagrangian is not
expanded about the fields VEVs, and thus the theory is considered in its unbroken and
not its broken phase. However, a field shift of the form

b — ¢+ 0o

(3.1)
o — 0+ 0y

where ¢y and oy are background fields, is applied in order to determine the effective
potential, as explained in [39, 43]. Due to this field shift , all quantities are derived
from the shifted Lagrangian L (¢ + ¢o,0 + 0p), and thus all equations from to
(C.38)), as well as (C.49) to (C.58), can still be used if the replacement h — ¢, v — ¢y,
® — o and w — 0y is made, with the difference that the masses and coefficients are
then field dependent quantities. Note that these background fields ¢y and o are charged
under dilatations, such that the Lagrangian is still manifestly scale invariant, i.e. in the
unbroken phase of theory, as mentioned in the last remark of section
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3. Scale Invariant Effective Potential

3.1. 1-Loop Effective Potential

The 1-loop contribution to the effective potential Vg is given by

Vi =5 [ ot s (12 - 32, 32)

as stated in 11} |14]. However, this relation should be re-derived for the quantum scale
invariant case as a consistency check whether still holds in a QSI theory regularised
using SIDReg with a dynamical Renormalisation function p(c). First, consider the
relevant Feynman rules for the QSI 2 Scalar Model

_ (D1
Pie--ommo o °*¥i =1 (Dp )z]
p
Pk
K Pi 2
/ \\ ///
) (3.3)
Pi--mm--- . = —1i Vi, LR = — i Viju

) Pj Pk
Y5

where {¢;}2, = {¢,0}, derived from the Lagrangian (2.40) with the potential (2.41)),
this time, however, with the field shift being used, i.e. L (¢ + ¢o,0 + 0p) and
V= ‘7(¢ + ¢g,0 + 0p), such that the propagator and the coefficients )7”;.3 in are
field dependent, i.e. dependent on ¢, and gy. Next, the following relations between
masses and interaction coefficients are necessary for the derivation of ((3.2)).

OM? MY
200 Vi1, Doy V112
OM2,  ~ OM2,  ~
— — 3.4
D00 V112, Doy V122 (3.4)
M2, M2,
D00 V122, Doy Vo220
oM~  ~ <~~~
B — Vi1 Apy + 2 Ve Arg + Vigg Ago
o
OM?

06 = )7111 En +2 17112 512 + 17122 §22
0 (3.5)

oMZ  ~  ~ -~~~
5 B — V91g A1y + 2 V199 Arg 4 Vago Aoy
0o

OM2  ~  ~ -~~~ -
aJS = V112 B11 + 2 V192 Bia + Vago Bao
0
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3.1. 1-Loop Eftective Potential

These relations can be derived by direct calculation using to , as well as
and 7 with the replacement v — ¢g and w — o being used.

As explained in [39], the derivative of the effective potential is given by the 1PI 1-point
Green function, calculated using the shifted Lagrangian £ (¢ 4 ¢g, 0 + 09), or in other
words the Feynman rules . Thus, at the 1-loop-level one obtains

_ia‘/lL _i(SFlL
O 99 loznm
’ : < :
S e
\EZ; \\&,, & \5’
1 T~ dPq . ~_
=5 (—ZVUk) /(2W)D2(Dq1)jk 30
1 d?q 1 -1 v D1 Y D!
T2 /W (Vlll (Dg ')y +2Vi2 (D), + Viza (D, )22)

__l/qu 1 oM}, . OM}
2 ) 2mP \g2- Mir oy ¢ — Mé% Doy
_ 1 dq 0 2 _ 72 2 _ 72

=7 /W% (tog (4 = 13 ) +10g (4" - 373 )

0V, ol

! doy - oo

¢=¢o
=09
g_b. ¢ ’q\ O_-.
= o---¢ V4 gl )+ 0 ---¢ T e )
¢ s ¢ o
1 . 33 dPq -1
— 2 (i) / 5o (0, (3.7)
L[ P9 (G (B, 42V (D), + Vi (D
) (2m)P 112( q )11+ 122( q )12+ 222( a )22
1

\)

___/ d’q 1 oM} L1  OM?
) P \¢—az \" 00 ) "z \ 00
1 d’q 0 2 772 2 T2

=73 /WaT (108 (¢* = ;) + 10g (4~ M3 )

where in the penultimate step of (3.6) and (3.7)) the relations (3.4) and (3.5)) have been
used. Thus, from (3.6) and (3.7) it can be seen that the 1-loop effective potential is
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3. Scale Invariant Effective Potential

given by .
ViL = — % /% (log </<:2 — ]\A/[%> + log <k2 — Mé)) (3.8)

where the loop-momentum has been renamed ¢ — k. Formula (3.8) agrees with ([3.2)),
given above, which can be seen by explicit calculation.

Tr [log (k2 — M2, )| = log (det (k* — M2, ) ) = log (k2 = M) (¥* - 12))

—log (k2 — M%) + log (k* — MI2 3
= log g ) t1og s
Using (D.4]), the 1-loop effective potential is given by
1 dPk ~
[ (e )
i d"k 2 ar2 2 ar2
-1 / e (log (* = 2% ) +10g (¥* - 312) )
2 2 i > (3.10)
1°“(00) o |13 M 1
~ i 2 Mo |t g s Tr(o) 26,1+ 0(9
k=1 L
2e 2 [ 2
1> (o0) o |13 M
= iz 2 M |ty Tl gy ) | AU O
k=1 i

Remark.

(i) Note that M2 := p~2(0g) M2, as defined and explained in the appendix m

Pr’
Hence, M? is an eigenvalue of M3, without the factor p*(ay), c.f. (C.19). Con-

sequently, the mass dimensions are given by [Mgk] =2—2cand [M?]=2.

(ii) As explained in the appendix [D.1] the expression (3.10) is consistent w.r.t. mass
dimensions, as [Vi] = D =4 — 2¢, [u] = 1 and the masses as above.

(iii) In order to compare (3.10]) with the result in [11, [14] the following definition need
to be made

ou 0V Ou oV 0? ou 0
N,:zﬂ(“ +E >—|—(,u e N)V (3.11)
Op;i Dpj  Op; Op; Op;i Op; i Dp; =do
o=00
where {¢;}?_, = {¢, 0}, and thus
.
. N,
2 _ 9V :M%nge_gHeguzeu_Q@_u@_u
Opi 0¢; |4=0 Iz 0 095 |4—gy (3.12)
=00 .

Nij‘ =0 2
==+ 0
12(c0) (6)

= M} + 2 p*(00)
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(iv)

3.1. 1-Loop Eftective Potential

Note that N;; needs to be evaluated at € = 0 for a consistent power series in e,
because V;; itself also depends on e. The factor of u?(ay) is not expanded because

1t is also contalned in M7, M2 and M 2 as part of the definition of squared masses, c.f.

and ((C.8)), respectively. In [11} [14] the factor p?¢(og) is only contained in

M 12 but not in ij, which leads to a slightly different form of intermediate results

that however, are ultimately equal.

Now, comparing (3.12)) with (C.6) leads to

1 Ni‘}
NZ” 2 (1 P (1) = 4—J =0 313
Hlewo = gto0) o AT I

Using (3.13) and (C.8), one obtains

Tv (M2, N| _ M2 N, 1
( 2 =) _y =0 = = 15°(00) 9 iy ufy)
1%(09) 11*(00) 2
9 1
= 1i5°(00) 2 (M?; iy + M} C(s)> (3.14)

:'MO 00 22 Pk Pk

Using ([3.14)), it can be seen that (3.10)) is equal to the results in [11} [14].

Beside the usual Coleman-Weinberg contribution, a new finite quantum correction

2¢ 2 2
11*(00) crd (1) 1 Tr ( po N‘ :0)
AUy, = — N D = - 6
Ui 32 72 p oi o 16 72 w?(oo)
1(00) [ Ao Am 0 4 319 )‘¢ (3.15)
— ==X A+ =X '
64 72 { 2 o2 \3mTagtm %
A

7 2
=I5 U8Am +25),) gfog — 5 A 00]

is obtained due to evanescent interactions, as discussed in chapter 2l It can be
seen that this new finite quantum correction indeed contains a non-polynomial
contribution of the form

Ag Am ¢_g

12 o2

AUlL B (316)

as mentioned in section 2.3

The background fields {¢g, 00} in (3.10) can be replaced by the fields {¢, o'} in order
to finally obtain the 1-loop contribution to the effective potential as a function of
the fields {¢, o}, similar to the tree-level potential, i.e. u = u(o), M} = M} (¢,0),

C,Uk _ CS}(@ o), and thus Vi, = Vip(¢, 0).
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3. Scale Invariant Effective Potential

In order to renormalise the theory, and thus obtain a finite result, counterterms need
to be determined. For this reason, the 1-loop counterterm Lagrangian L. in (2.59) is

used. The divergent part in (3.10) is given by

2
1
‘/H" d1V 6471-2 Z < > E

k=1
Mo (M2<¢ )|
O' —
64 7T2 H SN € (317)
1
- )\2 /\2 )\ Ao + 4 A + \y) 0202
6 I WQ [ 7 et ) ¢ + 5 Am (Ao + +A) 970
1
- )\2 )\2 41 —
+ 4 ( m ‘7) ? } €
whereas the tree-level counterterm potential at the 1-loop order, c.f. (2.59)), reads
~ A ) Ao
%ree,ctl = ,U ( ) (5Z\(/1) 4(? ¢4 + (SZ‘(/ ¢2 2 + 5ZV 4' 4) (318)
Hence, the 1-loop counterterms in the MS-scheme are given by
57 1 _ 3 )\?b + /\371 1
V¢ C32mr N\, €
1
07y = 55— (ot 4An+ ) (3.19)
A2 A2 1
szl = B Am ¥

o 327 N\, €

There are no higher dimensional non-polynomial operators in the divergent part of Vi,
c.f. . At the 1-loop-level, such higher order non-polynomial terms only emerge as
new finite quantum corrections, as shown in (3.15)) and . Consequently, no higher
dimensional non-polynomial counterterms are necessary to renormalise the theory, i.e.
5)\él) = ... = 0, as already discussed in section m Now, the (1-loop) wave function
Renormalisation coefficients (5Z(§)1) and 67" need to be determined. For a purely scalar
theory, as considered here, the wave function Renormalisation coefficients are expected
to be zero at the 1-loop-level. In order to show this explicitly, the following counterterm
Feynman rules, again derived from the shifted Lagrangian £(¢+ ¢o, 0 + 09), are needed.

A Am
G- Kemm g = ipP0Zy) —ip* (o )(faz%)¢3+7528303)
p
\ \ (3.20)
g----- e o =ip*dZM) —i (o) <— 5Z (/50—1——52 )
p

Note that terms of the order O (¢°), i.e. evanescent interaction times counterterm, have
been neglected here, because such terms do not contribute to the MS-counterterms.
Moreover, the mass dimensions are [p?] = 2 and [¢3] = [03] = 2 — 2e.
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3.1. 1-Loop Eftective Potential

Using (D.2) & (D.6), the (renormalised) self-energies of ¢ and o are then provided by

q
q Voo TN
LT ‘ Pi nl\ \,' Pj
—1 E(lL) Yo ----- S? Z,‘/ y S,pj,,,,, Pa + Yo ----- ~ ,‘:,/,,,, )
Qa,ren l\ O Sol/r o « «
q—7p
+ Po----- K----- Pa

p
1l = dPq ,~_ ~_ 1~ dPq  ~_
= §Vaik- Vaijl / 2n)D (Dq 1)ij (Dq_lp)lk + évam'j /—(277)13 (Dq 1)]'@'

po s,() 2 Am o (1) 9
9 6Zv¢a Yoo T ) 5va 9%,0) (3 21)

i e o~ o~ i~ =N/ o=\ 1
:327T2H Q(UO)VozikVajl <Aij+Bij) <Alk:+Blk> -

1 ~ - ~ - 1
"’anaij (AJZM[?I—i_B]zMg‘) E‘i‘

. . 9e Ao, Am
+ i p? (52&3 — i p*(0y) (% 5Zx(/i 902,0 + 5 5Z‘(/1n2 90%,0)
7
3272
L
64 72
. o Ao, Am
+ip? 52&3 — i p*(09) (% 62‘(/21 903,0 + 3 52\(/17,2 90?3,0) +0 (60)

a |

1*(00) [N2, wa0+An (ho+2¢50)]

12(00) [(A2, +Am) Pao +Am (Mo +Aos) ©50]

a |

= finite
where {@;}2, = {b,0}, 1,7, k,1,a, B € {1,2}, it is implicitly summed over the roman
indices {i, j, k,l}, but not over the greek indices {«, §}, which are fixed to be either 1
or 2, and further o # f, i.e. either (o, 5) = (1,2) for E{I;gn or (a, ) = (2,1) for Il
Using (3.19) completely cancels all divergencies in ([3.21]), and thus one obtains
5z =0, oz =0 (3.22)
as expected.

Remark (MS to MS scheme).
The counterterms in (3.19) and (3.22)) are given in the MS-scheme so far. However, all

results can (and will) be expressed in the MS-scheme by absorbing 4 7 and €® in p, i.e.
9 e’YE

47

which is especially useful for multi-loop calculations, as discussed in [39].
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3. Scale Invariant Effective Potential

Finally, after Renormalisation and then going back to 4 dimensions, i.e. ¢ — 0, the
result for the effective potential up to the 1-loop level is given by

‘/eff((ba U) - ‘/tree(¢7 U) + ‘/tree,ctl (¢, U) + ‘/IL((b7 U) + O (hz)

. (3.24)
- ‘/tree(¢7 U) + ‘/lL,reg(¢7 U) + A[]1L<¢7 U) + O (h )
with \ \ \
Vieeol$,0) = V(9,0) = 2 6" + T 67 0+ T2 0, (3.25)
and Vipren = Vireect1 + Vi = ViLreg + AUir, i.e. in the MS-scheme
2 i 2
MS 1 2 M (¢7 0) 3
MS _
‘/lL,ren((ﬁa U) - 64 72 Z (Mka (‘b? U)) IOg (Z;—(O')) - 5 - chc) (¢7 U)
k=1 L
X ) - M2 (6.0) ; (3.26)
2 y O
ryp Z (Mka(@ o))" |log (Z;—(U)) 3 + AUy (¢, 0)
k=1 L
where {p.}i_, = {H, S} and AU;L(¢,0) defined in (3.15)).

Remark.

(i) It has been used that in 4 dimensions, i.e. in the limit ¢ — 0, M > is identical to

M? . Explicit expressions for M7 and ¢V are to be found in (C.19) and (C.20)),
respectively, with the replacement v — ¢, w — o being used.

(ii) As already mentioned, it can be seen that, beside the regular Coleman-Weinberg
term Vip g, a new finite quantum correction AUy, is obtained due to evanes-
cent interactions introduced by the Renormalisation function, i.e. as a result of
QSI. This new quantum correction contains a higher dimensional non-polynomial

operator as shown in (3.15)) and (3.16)).

(iii) The 1-loop effective potential (3.24]) with (3.25)) and ([3.26)) is a homogeneous func-
tion of the fields, and thus satisfies (2.13). No massive parameters are introduced

at the quantum level due to the usage of SIDReg with a dynamical Renormalisa-
tion function u(o) instead of DReg. Hence, the theory indeed is scale invariant at
the quantum level (at least at the 1-loop-level), i.e. quantum scale invariant, as
intended.

(iv) The counterterms, given in and , respect the symmetries of the theory,
especially scale symmetry. Moreover, the 1-loop counterterms are the same as for
the usual DReg case, i.e. they do not obtain corrections due to QSI. The reason for
this is that the divergence structure remain unchanged at the 1-loop-level, since
evanescent interactions can only lead to new finite quantum corrections at the
1-loop-level, as explained in section [2.3]

(v) The results in this section are in perfect agreement with the results presented in
(11}, 14].

For more details w.r.t. to the 1-loop effective potential of the QSI 2 Scalar Model the
reader is referred to [11}, |14} 20].
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3.2. 2-Loop Eftective Potential

3.2. 2-Loop Effective Potential

The 2-loop contribution to the effective potential can be computed using the Feynman
rules and is basically given by 2 different kinds of Feynman diagrams, the snowman
diagram and the sunset diagram given below. In addition to L With Vieect2 given in
, 1-loop diagrams with counterterm insertions giving rise to Vip, .41 are needed for
the Subrenormalisation of non-local divergences.

First, contributions from snowman diagrams are considered

k/’(-pf 2
‘/‘2(5) =1 {/ 1‘: ::
1~ dPk qu -1 n—1
) Vi / (2m)P / (2m)P (Ds )ij (Dq )kl (3:27)

N2 ,u26(0'0) ]7ijkl |:;L] gkl J (M?I, ]\7%) —|— gz’j Ekl J (]\713, ]/—\ng)

+ Eij Zkl J (JWS, Mi{) + éij Ekl J (J\N/IE, Mé) }

_ @

a1/ T VL et AU2L 1 T V2(La)ﬁn + AUQL fn 1+ O ()

where l/}z‘jkl is 17ijkl without the factor of u?¢(a¢) as shown in 1) the 2-loop function
J(Z,y) is given in and explicit expressions for the quantities in the last line are

given below.
Contributions from sunset diagrams are given by

V’Z(Lb) — Z' . ,,,,,,,,,

1 ~ ~ dPk d’q |~ ~ ~
__ 1y DY), (DY) (D!
12 Vz]k Vlmn / (2 7_{_)D / (2 7T)D ( k )zl( q )]m( qu)k” (328)
4e V) v
1*(a0) Vijk Vimn {N T A A B
12 (16 72)° Hgm ke LHHH T L4l Sgm Dhen LHHS

+ zzfu Ejm gkn Tnsy + Eu gjm zz(lm Ispm + gz’l Ejm Ekn Inss

+ By A’ij Bin Isus + By éjm Apn Issy + By Ejm Bin Isss

=y

(b) (b)
oL, 1/ T V2L et AU2L e T Voran + AUsp g + O (€)
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3. Scale Invariant Effective Potential

where o
Lo, =1 (Mg, M2, Mj)
with o, 8,7 € {H,S}. Again, ]A}Z-jk is ]71-]-;.3 without the factor of p?(og) as shown in

(C.9), the 2-loop function I(z,y,z) is given in (D.10) and explicit expressions for the
quantities in the last line are given below.

Finally, contributions from 1-loop diagrams with counterterm insertions are

%L,ctlzi X "
pj e
T dPk | ~
=20V [ —— (D).
25VZ] / (27T)D( k )z]
1

=L oWy (A a0 (W) + By 40 (322))

1/€2 1/€ 1/e n n
= VvlL/,ctl + ‘/lL/,ctl + AleL/,ctl + ‘/‘111,@1 + AU{intl + O (6)

(3.29)

where has been used, 59@‘ is to be found in , the Ag - function is given in
and explicit expressions for the quantities in the last line are given below.

Note that the AU - quantities are new divergent and finite quantum corrections due to
evanescent interactions, as discussed in section [2.3] Further, note that in the expressions
above the background fields {¢g, 0o} can again be replaced by the fields {¢, o} in order
to finally obtain the 2-loop contribution to the effective potential as a function of the
fields {¢, o}, as done in the previous section for the 1-loop case.

Now, the explicit results for the above expressions are given as follows. In particular,
poles of second order in € are provided by

2e
@ _ o)
VoL e = 55 16 22y [(A%waﬁkfn&) '+ 20 (A2 + 902,
Hom) (3.30)
F A A +A2) 0707 + (Mg An, + 200 A + A2) 04} S
(b) (o) 3 ) sy ) ,
Vav1e = S | (A8 T A A +2X0) ¢+ X (A + 605 A + 10A7,
16 (16 72) 3.31)
1
6 Ao+ A2) 6202+ (20 + A2 A + X2 04} -
2e
V1/62 :_M—@{S/\S—l—él/\ /\2 +4)\3 +>\2>\U 4

F A (AN F 120 Ay + 209 A0 + 3802, + 120, A0 +4 X)) 670 (3.32)

+ (Ao Ao 4N + 402 N, +3)A2) o

€2
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3.2. 2-Loop Eftective Potential

Hence, the subrenormalised sum of the 3 contributions to the pole of second order in €
is then given by

1/e a b 1/€2
VQL/SR _VQ(L)1/e Vz(L)l/e2 +V1L/,ct1
2e
_ w0 5| BN+ 40 A2, +403 + 22 ),) ¢
32 (16 72) (3.33)
F 20 (2A3 4606 A+ Ap Ao +19A2 + 600 A +247) ¢ 0°
+ (AsAn +AX +4X2 N, +3X%) 0| 5

€2

The subrenormalised sum of the 3 contributions to the simple pole in € that would also
be obtained in usual DReg is provided by

1/e a b 1/e
VQL/SR = VzL)l/e + ‘/Q(L?l/e + VlL/,ctl
2¢e
- L‘% (A3 4+ A A2+ 203 o
+ A (AL 606X Ay + 10X +6 A, Ay + A2) 97 07

+ (22X + AN+ A2) o

€

whereas the subrenormalised sum of the 3 new contributions to the simple pole in € due
to evanescent interactions, i.e. only in SIDReg, is

1/€ a 1/e
AUQL/ SR AUZ(L)l/e + AU oL 1/ T AUH{ ctl

2e
(o) 2 2 3 Loy
e P R P U LB
16 (16 72)° (3 phm g e TS Ty
1. ., 4 7 .
+ZA¢AU—§A¢)\m)\U+12 2 >¢
41 4 (3.35)
+ A (8>\¢,>\m+)\¢)\a+—>\fn 33>\ Ao + A2) ¢*o?
4N+ = AQ)\ +7A3 o
3mm 4
o (Eaz = T a4 2 ° Ly )\2¢8 !
"6 3TN ) g2 4T gt e

Finally, the sum of the 3 regular contributions to the finite part that would also be
obtained in usual DReg reads as

a b n
% SR = Vz(L,)ﬁn + VQ(L?ﬁn + VlﬁL,cu (3.36)
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3. Scale Invariant Effective Potential

with

(a) 1*(o) r2 r2 r2 o2 m
Vi = s ki (A N+ By MZ) (A M3 + B NiZ) (145
8 (1672) 6

+ XI5 13 A,y By (1o (M) — Tog (M3) )2
o, o (3.37)
+2 {Alj w1 (Tog (M) — 1) + By 13 (Tog (M) ~ 1)]
‘ {AM 313 (Vo5 (013) — 1) -+ B 12 (Tog (M12) - 1)] }
2e
‘/é%)ﬁn 4 12616(0-)) kzyk klmn ¢2
{ Ad 01, (Tog (M) 1) + Bu M3 (Tog (M3) - 1)]
x {Ajm Ay (108 (M) = 1) + By By (Tog (M3) - 1)}
~ _ 2
+2 {Azl NZ (1og (MZ) - 1) + By M2 <log (M2) — 1) } Aj B
g | 3 a3 [ (013 - o (01
— 2(Tog (M) —Tog (M2) )} A B
— | a1, (105 (a13) = 1) + B 12 (105 (113) - 1)} (3.38)

- A A 5 )
+ [ Ay M?; + By Mé] (Ajm + Bjm) (Agn + Bin) (5 + %)

L éAu A [A,mg (M}j MEIM,%,) + By {é (M}i Mg, Mﬁ)

1 ~ ~ N N ~ N
+ = Bu By {Bknf NEE, M3, NI3) + Ay { € (NI, M2, 013)

e (3, 03 013) € (33,013, 03) }
6

e okt ) . (2 )} |
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3.2. 2-Loop Eftective Potential

and

2e 9
Vit = = 1o o {AU i (B () 28 () + 2+ )

4 (16 72 6
(3.39)

2
+ By; M (@2 (M3) — 2log (M3) +2+%>}

The sum of the 3 new contributions to the finite part due to evanescent interactions, i.e.
only in SIDReg, is

AU 9L,SR AU2L fin T AUQ(II: i + AU ctl (3.40)

with

u 2e o N ~
AU2(L?ﬁn _ L)Q kwkl <Aw MH + Bj; MS> <Akl M?{ + By M§>
8 (16 72)

— 2k, { (Ai 13, + By NI2)
‘ {AM 3t (1o (M3) — 1) + B 323 (Tog (312) — 1)
= [ (e + DY 383+ (B + 5) 3] |
— Qkijkl{ZAij (Akl cH + Akl ) MH <log MH) — 1)
+2By (Bucd + BY) it (log (M) - 1)
+ {A (Bkl ) + B{ ) + By (A,d ey +A(1)>] (3.41)
x Nt 12 (Tog (M) +Tog (M2) — 2)
- (Aij M + By M§>
‘ [(AM (e = ) + AW o + 42) 313
+ (Bkl <cf§) (”) + By ¢y + B} )> Mg]

1 .
-5 {(AU W+ AU ) 2y (B D 4 B}ﬁ) Mg}

{ (Audy +AQ) N1 + (Bucl + BY) M;} }}
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3. Scale Invariant Effective Potential

2e
p=(o)
m ¢2 { (k@jk klmn + = kzjk klmn) (Azl MH —+ le MS)

X (Ajm + Bjm) (Akn + Bin)

+ ki kD { {Mg (Au (3 — 2Tog (M2) + !} ) +AY )
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AUQ(L), fin —

+ M§ < (3 21log ( ) + cg)> + Bi(ll)) } (Ajm + Bjm)
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X (A]m + Bkn)

(3.42)

1
+ B Kijk Ktmn
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3.2. 2-Loop Eftective Potential

and
AUSP = 2(16W2 {5u(2) Aij NI, + By M3
+6u { { —log (M}) +1 —l—A(l)}
+MS{ ( ) +1 +B(”H
5uZ]{MH<log M) —1)( Wy AW (3.43)

+Ms<log MZ) — )(Bw ) + B! >)
— N [Aij off + (AD - Ay) ) + Aﬁf)l
—Mg[Bi]c2+<B(1 ) )+B()}}}

where

Tog (1) = log( e evE) (3.44)

4 g

In conclusion, the subrenormalised 2-loop contribution to the effective potential is then
given by

VoL sr = Vg(f) + Vg(llj) + ViLet1

1/ 1/e 1/e <345>

2LSR+%L,SR+AU2L,SR+VLSR+A LSR+O( )
with explicit expressions as given above and coefficients provided in appendix [C, how-
ever, with the VEVs {v,w} being replaced by the fields {¢, o}, as discussed above. In
order to completely renormalise the theory, and thus obtain a finite result, the 2-loop
counterterms need to be determined. For this reason, the 2-loop counterterm Lagrangian
Lo in is used, i.e. Vipeect2 is needed,

~ Am Ao
‘/tree,ctQ = ,UQE(O') ( Vcb 4' Qb + 52(2) gb —|— 5Z 2) 4

! S (3.46)
. oA ¢ . oAy ¢ '
6 o2 8 ot

In particular, the divergent contributions given in ( - and (| - ) need to be
cancelled by the 2-loop counterterms. While the second order pole in € is not corrected
by QSI, it can be seen that the simple pole in € gets a correction in the form of AUQL SR
due to QSI. This represents a new divergent quantum correction due to evanescent
interactions, i.e. QSI, which changes the divergence structure, and thus leads to new
corrections in the 2-loop counterterms. Moreover, in it can be seen that these
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3. Scale Invariant Effective Potential

new divergent quantum corrections contain higher dimensional operators of the form
, accompanied by a simple € - pole, and thus introduce the necessity of appropriate
counterterms 5)\é2), §Aé2), as discussed in section m This stands in contrast to the 1-
loop case where only new finite, but no new divergent quantum corrections arise due to

evanescent interactions.
The 2-loop counterterms in the MS-scheme may be written as

(2) (1) (1)
sz _ 1 0, % Vs
Vo (1672)2 \ €2 €

(2) (1) (1)
Vm (16 72)2 | €2 €
(2) (1) (1)
6Z(2) _ 1 5L + 60 + Vs
Voo (1672)2 |\ €2 €
(1)
5)\(2) _ 1 5”6
6 (1672)2 €
(1)
A2 — 1 dvg”
8 (1672)2 €

(3.47)

where the 52-(2) and 5§1), i € {¢,m,c}, cancel second order and simple poles in €, re-

spectively, while the 1/](-1), i € {¢,m,0,6,8}, cancel the new simple poles in € in

introduced by QSI. Explicitly, these counterterms are given by

5@ 3 3>\2+4)\2+£(4)\ + )
¢ T4 Ao
s 3 2 e i

=S N+ 25

1 2
y§>:§ R (24 A — TAs) — (1402, =16 Ay Ay +322) — Ay (80N, — 60,)

¢
1
52 = 7 22462 A+ A A F 19X 46 A0 Ao + 20,
1
ol = =7 362 A +10A% 462 Ao + N7]
1
v\ = ﬁ[mqﬁ(w + Ao) + 12322, + 86 A Ay + 3 7]
62 = { A¢+4/\m)+4>\i@+3/\§}
3 A3
o = —Z N2 4 )2 42 lm
{ 2{ + N\ + AJ
1 A3
(1) — 2 [482m 4 4 )2 421 )2
VO' 8 |: )\U+ m+ g
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3.2. 2-Loop Eftective Potential

and
1 1
ovg) = 16 Mo Am (TAg = 14 A + X)), o) = R A (3.51)

Finally, after Renormalisation and then going back to 4 dimensions, i.e. ¢ — 0, the
result for the effective potential up to the 2-loop level is given by

‘/eff<¢7 U) = ‘/tree<¢7 U) + mree,ct1(¢7 U) + ‘/1L<¢7 U)
+ Vireociz(¢,0) + Var (6,0) + Vi (6,0) + Viven (6,0) + O ()
= V;ree<¢> U) + ‘/IL,reg(¢7 0) + AUIL(¢7 U) + ‘/2L, reg(¢7 O_) + AU2L<¢> U)
+ O (1)
where Viree, Vireect1s Vireect2 and the sum of the regular 1-loop contribution Vip,,e; and
the new finite 1-loop correction AUy, i.e. Vit ren = Vireect1 + Vit = Vit reg + AUiL, are

given in ([3.25)), (3.18)), (3.46) and (3.26|), respectively, where AUy, is explicitly defined
in (3.15). The fully renormalised 2-loop contribution to Vg is provided by

‘/QL,ren<¢7 U) = mree,ct2(¢> U) + ‘/2(1(41) (¢7 U) + ‘/Q(Ilj) <¢7 U) + ‘/1L,ct1 (¢7 O_)

(3.52)

(3.53)
= %L reg(¢7 U) + AUQL(¢7 U)
where, in the MS-scheme, or in the MS-scheme if the replacement (3.23)) is used,
Vat.reg(6,0) = lim Vigg, = lim (Vi + VA, + Vi)
e—0 e—0 (354>

AU (6,0) = lim AU = lim (AUS o, + AU o, + AU, )

with constituents on the RHS of (3.54)) explicitly given in (3.37), (3.38)), (3.39), (3.41)),
(3.42) and (3.43]), respectively.

Remark.

(i) Again it can be seen that, beside the regular 2-loop contribution V5, req, & new finite
quantum correction AU,y is obtained due to evanescent interactions introduced
by the Renormalisation function, i.e. as a result of QSI. These new quantum cor-
rections contain higher dimensional non-polynomial operators of the form (2.51]).

(ii) This time, however, in contrast to the 1-loop case, there is also a new divergent

quantum correction AU;{TSR, given in (13.35). In particular, this is a correction to
the simple pole in €. Thus, the 2-loop counterterms, given in to , obtain
new corrections due to QSI as well, represented by ;. Moreover, new counterterms
0X¢ and d)\g are necessary for the Renormalisation of the theory due to higher
dimensional non-polynomial operators of the form , here with p = 1 and
p = 2, that emerge as new divergent quantum corrections in AU;{TSR introduced
by evanescent interactions, i.e. as a result of QSI, indicating non-renormalisability,
as discussed in section [2.3 However, all counterterms still respect the symmetries
of the theory, in particular scale symmetry. Hence, the divergence structure is
changed at the 2-loop level and the 2-loop counterterms of the QSI theory are
distinguishable from the usual DReg - regularised theory.
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3. Scale Invariant Effective Potential

(iii) The 2-loop effective potential is a homogeneous function of the fields, and
thus satisfies . No massive parameters are introduced at the quantum level
due to the usage of SIDReg with a dynamical Renormalisation function pu(o) in-
stead of DReg. Hence, the theory indeed is scale invariant at the quantum level,
at least up to the 2-loop level, i.e. quantum scale invariant, as intended.

(iv) The results of this section agree with the results presented in [14]. However, some
typos w.r.t. the finite 2-loop contributions to Vg, in particular in equations (B-6)
and (B-11) of |14], as well as a global minus sign missing in (B-14) and (B-15),
have been spotted in [14]. For a comparison with [14], note the slightly different
notation in this thesis, especially w.r.t. the definition of log (x) given in (3.44]).

Now, the 2-loop wave function Renormalisation coefficients 5Z§)2) and 625 remain to be
determined. At the 2-loop level it is expected that they are non-vanishing. Analogous to
the 1-loop case, these wave function Renormalisation coefficients are obtained by renor-
malising the self energies of ¢ and o. For the 2-loop calculation of these renormalised
self energies the following counterterm Feynman rules, again derived from the shifted
Lagrangian L(¢ + ¢g, 0 + 0p), are necessary. First, 1-loop counterterm Feynman rules,
necessary for Subrenormalisation,

Pz ----- 3 ----- ©j =ip?dy 5Zs(01i) - Mi}z‘j
p
Pj ©i ©1
/// \\\\ /// (355)
Vi ____-/*:/ = — 10 Vijk, _+\_\ = =1 0Viju
. o e

with explicit expressions for 5]7ij... given in the appendix |C| in dC.49I) to (]C.58[), and
second, 2-loop counterterm Feynman rules (for propagators)

/\¢ 2 >\m 2
% 52 e ok o

+ 560 % 0+ 7oAy %]

A A 6\ 1
+ (—¢V(1)¢g+71/,(71)08+55 (1) ¢0—1—75 é”%) E]
0
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3.2. 2-Loop Eftective Potential

Ao Am
o----- ®---- 0 =ip?6Z% —i > (o) 752@03—!—762‘2%

7 3
+ oA % P 5)\(2 ¢—6 (EAU 02y o + SAn 02y 67
9

>\¢5 @——cu @——(» ¢°)+...
- 2€
s N00) | (Ar o) o Am oy ) L (3.57)
A 1
2o s(1) (1) .
+ < 2 50' 5 ¢0) €

7 3 <b A
- 2) ;24 2 Y0, Ao () 2
+(12)\g5g 00+2)\m5 ¢0 0(2)—0— 5 U on

Am
+7uﬁ,})¢8+6 ¢°+26 fZ) +O()]

where in the second equality in (3.56|) and (3.57) relations (3.47) for the 2-loop coun-
terterms have been used. Note that the last term, i.e. the third term, of the second

equality in (3.56)) and (3.57)), respectively, is a new contribution due to QSI, and thus is
not present if the theory is regularised using usual DReg.

Using the above Feynman rules in (3.3)), (3.55)), (3.56) and (3.57)), the renormalised 2-
loop contribution Egif )en to the self energy of {pa}i, = {¢, 0} is given by the Feynman

diagrams in . Again, as in the 1-loop case in the previous section, it is not summed
over the Greek index «, which is fixed to be either 1 (for ¢) or 2 (for o), but it is
implicitly summed over the Roman indices i, j, k,l,m,n,... € {1,2}. However, note
that this time the labels of the lines with fields ¢; with Roman indices, as well as the
momentum labels, are suppressed in for readability. Nonetheless, they are still
present implicitly, and every Feynman diagram shown in (3.58) need to be understood
as a sum over all contributing diagrams of the respective kind consisting of internal lines
given by propagators of the form illustrated in , as in the 1-loop case.

Whereas the first nine Feynman diagrams in (3.58)) are the usual 2-loop diagrams in
a scalar theory, the four diagrams 10 to 13 contain vertices with more than 4 particles,
and thus only emerge in the QSI theory (regularised using SIDReg). Therefore, these
four diagrams are purely evanescent and contribute solely as new divergent and finite
quantum corrections. In particular, diagrams 10 to 12 contain a 5-point vertex, while
diagram 13 contains a 6-point vertex, whose Feynman rules are analogously derived as
those in (3.3). Diagrams 14 to 18 are (the usual) 1-loop diagrams with 1-loop coun-
terterm insertions, necessary for the subrenormalisation, and the last diagram in ((3.58))
is the 2-loop counterterm diagram.

Note that of course all diagrams in contain evanescent terms, and thus contrib-
ute to the new divergent and finite quantum corrections.
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3.2. 2-Loop Eftective Potential
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i Vi [ 5 [ amyp D)D) (Bi),.,
' ]’; ]7 lel leg 571 ~—1 ~—1 ~—1
atj Vars VEklmn (2 7'(')D (2 7T)D ( I )jl(Dh—p)ik(Dlg )ns (Dlg—p)mr
]’; ]7 lel leg l"j_l ~_1 ~—1 ~—1
aaij Vklm Vnrs (2 7.‘_)D (2 7T>D ( l1 )is (Dl1 )jk(Dlz—ll)mn(Dlz )lr
~ dPl dPly ,~_ ~_ ~_
aaijk Vlm”/(Qﬂ)lD/(QW)zD (Dlll)jl(Dl21*ll)kn(D121)im
~ dPl, dPl, ~_ ~_ ~_
akl Vaijmn/(Qﬂ_)D/(zﬂ_)QD (Dhl)jl(Dhl—p)z‘k(Dlzl)mn
it lel leg ~_ ~_ ~—
i Vedkimn / (2m)P / (2m)P (Dlll)jl (Dlll—P)ik(Dl21)mn
dPl dPly  ~_ ~_
O‘aijkl/(Q,/T)lD/(Q,ﬁ;D (Dlll)ij(Dlzl)kl
- APl o~ o~
= W Vo Vst [ 5 (O, (D), (B,
dPl, |~

1, - - L ~
+ 3 (5Vm’j Verl + 0Var Vm’j) /W (Dlzl>jl (Dil—p)ik

+
A"

_|_
N = N = N .
<N

<!

+

<!

+

Ao

+

+
<!

O] = il il s D= B s s B s O s

<

_|_

<

+

Ao

_|_

<

_|_

+
A

L5y Pl pony 4 L,y h 5oy (b
+§ aaij (27T)D ( 1 )2]+ 5 Vkl Vaaij / (27T)D (Dh )il(Dh )]k

(3.59)
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3. Scale Invariant Effective Potential

where the 2-loop counterterm in the last line of is explicitly given in (3.56)) and
for ¢ and o, respectively.

In order the evaluate the 2-loop momentum integrals, in particular w.r.t. the IBP-
reduction to known scalar integrals, the results of |[16] have been used. Further, similar
to the effective potential, the 2-loop contribution of the renormalised self energy Zg; ) en

may be written as

(L) e(@LSR) | (2LSR) - A x2(2LSR) 0N L oo o
Zztpa,ren - ZE<,0a,1/e2 Zzlﬂa,l/e ZAZ@aJ/E + 0(6 )+ Yo — > & o (360)

where AZS;’IS}:) denotes the new divergent quantum correction to the 1/e - part of the
subrenormalised self energy.
The second order pole in € of the subrenormalised self energy of ¢ and o are given by

- 2€
. «(2L, SR) i 11*“(00) {[ 3 2 2 3} 2
—i % = 2 0 T I9N 1120, A2 + 302 N, + 1223

$1/¢ 8 (16 7T2)2 ¢ ¢ %

| (361)
+)\m[2)\?¢+6)\¢)\m+>\¢)\0+19)\,2n+6>\m)\a+2)\(2,]03}6_2
- 2€
s Li7(g0) [9A3+12A0A2 +3\2 >\¢+12>\3]a2
o,1/e 8(1671’2)2 o m m m 0
| (362
+)\m[2/\§+6)\0/\m+)\0/\¢+19)\,2n+6/\m)\¢+2)\ﬂgb%}e—Q

The contribution to the simple pole in € of the subrenormalised self energy of ¢ and o
that would also be obtained in usual DReg are provided by

. «(2L, SR) i 2 2y 21
iy = (A2 43X2) 2=
¢, 1/¢€ 24(167T2)2 ( ) )p €
. 2€
i p*(00) {[ 3 2 3] 42
_ R90) g a3 418 A )\m+36)\m] 3.63
24 (16 72)? ¢ i % (3.63)

€

1

+3Am [A;+6A¢Am+10A;+6AmAU+A§} ag}—
i nCLSR) v (A2 +3)\2)p21
o, 1/¢ 24 (16 72)* V7 m) E e

- 2e

i j1*(00) { 3 2 3] 2

B O8NS + 180, 02 + 3608 | o 3.64

24 (16 72)° [ ]0 (3.64)
1
+3)\m[A§+6>\0Am+10>\3n+6/\m>\¢+>\ﬂgbg}—
€

whereas the new contribution to the simple pole in € of the subrenormalised self energy
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3.2. 2-Loop Eftective Potential

of ¢ and o due to evanescent interactions, i.e. only in SIDReg, are given by

- €
_iaxensn _ (o) [m A (40 Ny &+ T A — 8 Ay
¢,1/€ 48 (16 ’7T2>2 ¢ ( ¢ )

F9A A (Ao — 22) — A2, (72)\m—21)\c,)] &

(3.65)
A [0 (8 Am + o) + 12302, 486 A Ao + 3 2] o3

4 6 1
=152 A [7A¢—14Am+Aa] f—g—zxmwfnf_g}g

- 2e
i AR CLSR) M{[UA A (3 £ 50 + A,
o,1/e 48 (1671'2)2 ¢ ( ¢ )

+ A (21902, + 22\, A, + 33 A?,)] &
22, [210 = 607 + 72, ] 03 (3.66)

4
. [3>\¢ (3A2+4)%) 432 (4)\m+)\0)] %
0

6 8
1
30 A [TAg = 140 + A, | %o +15)\¢,)\%1@}—

oy o6 ) €

In order for the self energy to be fully renormalised in the MS-scheme one needs to
demand

| . G(@L,SR) . w(2L,SR) . A w(2L,SR)
0=—1 Z]%,1/62 - ZZ<pa,1/e - ZAZ%J/E T ¥a 7;7@%”” Pa (3.67)

Using the explicit expression for the 2-loop counterterm for ¢ and o in (3.56)) and (3.57)),
respectively, the following result is obtained for the wave function Renormalisation coef-
ficients at the 2-loop level

oz = L e
2
(1672) (61) (3.68)
sz L pe’
7 (16m2)° €
with )
1 _ 2 2
Po = "5 (A +3A0)
. o 2 (3.69)
e = _ﬁ ()‘0+3)\m)

Furthermore, renormalising the 2-loop self energy for ¢ and o also acts as a consistency

check for the other 2-loop counterterms in (3.47)) to (3.51)), which exactly cancel all other
divergences in (3.67)).
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3. Scale Invariant Effective Potential

3.3. 3 - Functions and Callan-Symanzik Equation for Vg

Before the 8 - functions of the 2 Scalar Model are determined up to the 2-loop level, all
counterterms (in MS-scheme) are summarised below in order to obtain an overview.

075 =0 A =0
(0)
570 = L %
Vo 167w € (3.70)
570 — ! i
Vm 1672 e
570 _ Lo
Voo 1672 €
and
1
@ 1 Pg(z,) A _ 1 5Vé1)
v (167?2)27 O (16722 e
sz0 - Lo I &
o 2 8 2\2
(1672)° € (1672)2 €
g L (8 e
e T MemE \ e T e (3.71)
o L (5@ s L0
7@ _ Om_ Om_ + Vm”
0%y, (1672)2 \ € * €
Voo (1672)2 | €2 €
with ) )
50 _ 325+ A
2 N
1
5O = 5 ot 40+ ) (3.72)
50 _ 3AL A
72\,

and 6, 61", vV ovV, piV, fori € {¢,m, 0}, j € {6,8}, k € {9, 0}, respectively, given

A A}

in @19 to (E51) and (.00).

Further, recall the Renormalisation transformation for the coupling constants in ([2.54]).
Aog = 12(0) Apo = 1*(0) Zn, Ay = 11(0) Zv, 2% N
Am,p = 112(0) Amo = 11°(0) Zy A = 11°(0) Zv,,, 23" Z' A (3.73)
Ao = 11(0) Moo = 1*(0) Zn, Ao = 107(0) Zv, Z5% o
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3.3. [ - Functions and Callan-Symanzik Equation for Vg

For the § - functions of \g and Ag, which are set identical to zero at tree-level, it will be
assumed that these coupling constants are non-zero during the derivation process and
once the 8 - functions are derived the limit A\g s — 0 is taken. Therefore, the following
Renormalisation transformations for A\g and Ag are considered

No.n = 11*(0) Ao = 1*(0) Zag Ao = 1™ (0) Zy, Z,° Zs As

3.74
As. 5 = 117(0) Aso = 1*(0) Zxg s = p1*(0) 2y Zf ZZ s (3.74)
where 623 = 0\ /Ag and 623 = 6AY /s
Taking the logarithm of (3.73)) and (3.74)), one obtains
log (X, 8) = 2€ log (u(0)) +log (A;) + ©; (3.75)
with j € {¢,m,0,6,8} and
Oy = log (Zy,) — 2 log (Z,)
1 2
(1) (1) (2) (2)
=07 - 5 <6ZV¢> +62 —262? + O (")
O = log (Zv,,) — log (Z,) — log (Z,)
1 2
— oz - 5 (620) + 022 — 02 — 628 + O (%)
Q, = log (Zvai — 2 log (QZU) (3.76)
— 57 — 5 (528}) +02%) —267% + O (%)
O = log (Zy,) — 3 log (qu) +log (Z,)
_ 572 (2)
=02y =362, + 062 + O (1)
Os = log (Zy,) — 4 log (Z,) + 2 log (Z,)
_ 57(2) (2)
=02y =462, +26Z%) + O (h*)
where it has already been used that 52551) = 5251) = 5Z{(/? = 5Z‘(/? =0.
The 8 - function of a generic coupling A is defined by
d d\

Further, physics, and thus the "bare" couplings A; 5, j € {¢,m, 0,6, 8} are independent
of the Renormalisation parameter z. For this reason, the derivative of equation ([3.75))
w.r.t. log(z) is demanded to be zero, i.e.

0

o leg (Aj7B) o i '
n dlog (2) + zk: O Oy, log (A;.)

dlog (z)

1 00 00 (3.78)
=2 ) _ )
et (Aj n mj) o+ S G
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3. Scale Invariant Effective Potential

where the definition of a § - function and have been used and it is not
summed implicitly over j. The last line of provides a system of implicit equations
for the different 3 - functions, which can be used to determine explicit expressions for
these 8 - functions. In general this system is a coupled system of implicit equations.
This is also the case here, however, it can be seen that the first three equations for j €
{¢,m, o} decouple from the last two equations, because the corresponding counterterms,
and thus the corresponding ©; are independent of A\ and Ag, as can be seen in to
, and . Therefore, the 3 - functions for A4, A, As can be determined
isolated from those of \g, A\g, which is done in the following.
Analogous to previous results, § - functions are given in the following form

By, = B + B3 + ABCY + O (1) (3.79)

After solving the first three equations of (3.78)) for §y,, j € {¢,m,c}, and then taking
the limit € — 0, one obtains for the 3 - function of A,

ﬁAlL) 16 — [)\2 —|—>\2} (3.80)
1 17
Bii” plT= [3 A3 +5 M A2, + 12 /\f;l} (3.81)
e
1 3
A = - — [8 Ao Am (5 — Ao) + 2 As Ae (Mg — 224)
(1672) 2
: (3.82)
+ §A3n (2 + Ay) — 12)\?71}
for the g - function of A\,
1
B = [+ 4 + )\U] (3.83)
e _ 1 A—7”[5A2+36A A BANZ, + 36 A Ag + 512 3.84)
Am (167T2)2 6 fol ¢ \m m m o o ( .
ABEY = Lt A [48)\ Am 46X Ao + 12322 4 86 A A +3>\2] 3.85
~ (1672)° 6 AR " moe e (3:85)
and for the [ - function of A\,
63 16 16 w2 [AQ *AQ} (3.86)
1 17
B = 677 { 2 A BN 12 } (3.87)
1 21
AR = - 677 [? N2, A2 12 )\f’n] (3.88)
m
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3.3. [ - Functions and Callan-Symanzik Equation for Vg

Now, knowing the /3 - functions of A4, A\, A,, the 5 - functions of \g, Ag can separately
be determined by solving the last two equations of for By,, j € {6,8}, and then
taking the limit € — 0, as well as \¢. s — 0 (as discussed above). One obtains for the
- function of Ag

g =0, B = (3.89)
ABy = 16:2)7 4 TAs — 140, + A5 (3.90)
and for the - function of Ag
gL =0, B = (3.91)
1 Ap A2
(2L) ¢ ‘\m
Aby = = Wom)p 2 (3.92)

Remark.

(i) It can be seen that the 1-loop f - functions do not get new corrections due to QSI,
whereas the 2-loop [ - functions do obtain new quantum corrections, represented
by ABE@L), due to QSI, i.e. due to evanescent interactions. This is not surprising
because there are no new divergent quantum corrections at the 1-loop level, but at
the 2-loop level, as discussed above. This can already be seen by the counterterms,
which do not obtain corrections at the 1-loop level, but at the 2-loop level. For
this reason, at the 1-loop level the [ - functions of the QSI theory cannot be
distinguished from those of the theory regularised using usual DReg, i.e. they
are the same, however, at the 2-loop level the g - functions differ from those
of the DReg - regularised theory due to new quantum corrections introduced by
evanescent interactions, i.e. introduced by QSI. Thus, the 2-loop running of the
couplings of the QSI theory with (only) spontaneously broken scale invariance
(even at the quantum level) is different from the theory where scale symmetry is
explicitly broken by quantum corrections, which has also been discussed in [14],
and the origin of this difference are evanescent interactions, giving rise to new
quantum corrections, due to QSI.

(i) In (3-89) to (3.92), it can be seen that the couplings A\¢ and Ag obtain a non-
vanishing running at the 2-loop level, even though these couplings are identically
zero at tree-level. Further, this running is solely restricted to the new corrections of
the [ - functions, and thus is not present in the DReg - regularised theory. Again,
this is not a surprising result because the corresponding counterterms d \g and d\g,
and thus the contributions to the corresponding [ - functions, are only caused by
evanescent interactions, i.e. by QSI, and are not present in the DReg - regularised
theory, i.e. without QSI. This running of couplings of higher dimensional non-
polynomial terms shows again that the QSI theory, i.e. the SIDReg - regularised
theory, is non-renormalisable in contrast to the DReg - regularised theory due
to higher dimensional non-polynomial operators of the form introduced by
evanescent interactions.
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3. Scale Invariant Effective Potential

(iii) The results of the 5 - functions for the 2 Scalar Model up to the 2-loop level
displayed above are in perfect agreement with those given in [14].

At this stage of this thesis it is worth drawing a first conclusion w.r.t. the vanishing
of the scale anomaly in a theory with spontaneously broken quantum scale symmetry,
regularised using SIDReg.

Remark.

As discussed in chapter [2] scale symmetry is broken explicitly by quantum corrections
in a classically scale invariant theory that is regularised using usual DReg (u = const).
Thus, scale symmetry is lost in D dimensions, as well as at the quantum level and
remains only present at tree-level in 4 dimensions due to the massive Renormalisation
scale. This anomalous breaking of scale symmetry is often referred to as scale or trace
anomaly due to the fact that it manifests itself by a non-vanishing contribution to the
trace of the energy-momentum tensor T} ~ By, # 0 [8, |13, 21].

Using SIDReg to regularise a classically scale invariant theory ensures the absence of
the scale anomaly and provides a theory that is scale invariant even at the quantum
level, i.e. QSI, where scale symmetry is only broken spontaneously. Nonetheless, the
theory still admits non-zero § - functions, and thus a running of the couplings, as shown
above. Hence, the vanishing of the § - functions is not necessary for quantum scale
invariance, but the Regularisation of the theory, which has to respect scale symmetry,
is essential for QSI.

Now, the Callan-Symanzik equation for the (scale invariant) effective potential Vg is
derived |14 41]. Analogous to the "bare" couplings, the effective potential Vg is inde-
pendent of the Renormalisation parameter z, and thus the Callan-Symanzik equation
for scale invariant theories |14} 41| is given by

AVeg
0= ——reff
dlog (z)
= —— Ve
alog Z dlog () O Z dlog (2) (9%] . (3.93)
= Z—+Zﬁka Zm% Vet
where the definition of the 5 - functions (3.77)), as well as
dip; d ., 11 dzZ,
— = Z/Zz = — - o = — Yy, P :
dlog (z) dlog(z) LR Z,, dlog(z) 7 e @ (3:94)
where
11 dZ,
Yo T 97, dlog (2) (3.95)
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3.3. [ - Functions and Callan-Symanzik Equation for Vg

for {p;}7_, = {¢, 0}, have been used. For the (scale invariant) effective potential of the
2 Scalar Model this means

0 0 0 0
0= |z & + Zk: 6)% a_)\k Qb a¢ — Yo O ao_ ‘/eff <¢7 U) (396)
with
(1) 3
Vo = — nzPe T+ O (1)
(1672) (3.97)
o= 0 ()

(16 w2)?
and the § - functions given above. In the present case, all quantities have been de-

termined up to the 2-loop level, and thus the Callan-Symanzik equation for the scale
invariant effective potential up to the 2-loop level may then be written as

av;ree

0z
a‘/1L reg Z (1L) a%ree
B

0= 2

8AU1L

0z (3.98)

a‘/ZL re (1L) a‘/1L re (QL) (2L) 0
e Z B — |: Z ﬂ ¢ ¢ 0-% V;;ree

3AU2L Z ﬁ(lL aAUm Z Aﬁ/\iL aa‘//t\r:e
k

+0 (h3)

where the effective potential up to the 2-loop level is given in and its constituents,
used in (3.98)), are provided in the previous sections of this chapter. 7(;2L) and fy((,QL) are
only the 2-loop contribution of the quantities in . Every line on the RHS of
is equal to zero by itself. The first line on the RHS of is of the order O (h°), the
second and third lines are of the order O (h), and the last two lines are of the order
O (h?*). Moreover, lines 1, 2 and 4 are the "usual" contributions, whereas lines 3 and 5
are new contributions due to evanescent interactions, i.e. as a result of QSI.

Hence, the Callan-Symanzik equations for the quantum scale invariant effective po-
tential of the 2 Scalar Model Vg = Vig(¢, o) is verified up to the 2-loop level, which is

in agreement with [14].
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3. Scale Invariant Effective Potential

3.4. Working in the broken Phase of the Theory

In this section it is shown that the same scale invariant counterterms are obtained
from N-point Green functions with non-vanishing external momenta using the expanded
Lagrangian in the broken phase of the theory as those obtained from a manifestly scale
invariant approach using the scale invariant effective potential. As mentioned at the
beginning of this chapter, the field shift is not used in this section. Instead, the
Lagrangian is expanded about the fields VEVs {v,w} and w.r.t. €, as shown in ({2.42)).
In order to show the validity of working in the broken phase of theory in the context of
quantum scale symmetry, as proposed above and in the prescription in section the
following steps are conducted as consistency check.

(a) At the 1-loop level, working with the Lagrangian , with expanded potential
, in flavour eigenstates {h, ©}, it is shown that the same scale invariant 1-loop
counterterms are obtained from the 2-point Green function, i.e. the self-energy,
for h and ® with external momentum p as those obtained from the manifestly
scale invariant effective potential above.

(b) The same is done at the 2-loop level, i.e. the 2-loop counterterms are determined
from the 2-loop self-energy for A and ® with external momentum p.

(¢) At the 1-loop level, it is shown that the scale invariant 1-loop counterterms de-
termined above also completely renormalise 1-, 2-, 3- and 4-point Green functions
with non-vanishing external momenta calculated using the Lagrangian in mass
eigenstates { H, S} and with the minimalisation condition being used, with

potential (2.50)).

(d) So far, the potential of the form was considered. However, as mentioned
in section [2.3] one actually needs to consider the non-Renormalisable potential
due to quantum scale symmetry. Hence, coupling constants of the form
Air2n for higher dimensional operators have been set to zero at tree-level so far.
Now, the Lagrangian is considered with potential and non-zero \g at tree-
level, i.e. with A\g # 0 but still \yy0, = 0,Vn > 2 at tree-level. In this theory,
the scale invariant effective potential is determined at the 1-loop level, and thus
the corresponding scale invariant 1-loop counterterms. Then it is checked that
the same scale invariant 1-loop counterterms are obtained from N-point Green
functions with non-vanishing external momenta computed using the expanded
Lagrangian in the broken phase of the theory in flavour eigenstates {h, D}, as well
as in mass eigenstates { H, S} and the minimalisation conditions being used.

(a) The renormalised 1-loop self energies EELH;(ZH and Eg,Lan for h and ®, respectively,
computed in a theory with Lagrangian and expanded potential in flavour
eigenstates {h, D}, are given in (3.21) if the replacement ¢ — h, 0 — D, ¢g — v
and o9 — w is made. It can be seen that the scale invariant 1-loop counterterms
, obtained from the manifestly scale invariant effective potential, are sufficient to

completely renormalise these self energies, i.e. cancel all divergences of these self energies.
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3.4. Working in the broken Phase of the Theory

Hence, working in the broken phase of the theory with expanded Lagrangian one obtains
the same scale invariant counterterms from Green functions with non-vanishing external
momenta as from a manifestly scale invariant approach using Vg.

(b) As shown above, counterterms at the 1-loop level do not obtain corrections due
to QSI, and thus are equivalent to the counterterms of the DReg - regularised theory.
However, counterterms at the 2-loop level do obtain new corrections due to new divergent
quantum corrections introduced by evanescent interactions, i.e. as a result of QSI. For
this reason, the validity of working in the broken phase of the theory in the context of QSI
should also be checked at the 2-loop level, where the counterterms are distinguishable
between SIDReg - and DReg - regularised theories. The results for the renormalised 2-
loop self energies Ef%gn and Egﬁ)en for h and ©, respectively, computed in a theory with
Lagrangian and expanded potential in flavour eigenstates {h, @}, are given
in to (3.60), again, if the replacement ¢ — h, o0 — D, ¢g — v and oy — w is made.
Similar to the 1-loop case, it can be seen that the scale invariant 2-loop counterterms
, obtained from the manifestly scale invariant effective potential, are sufficient
to completely cancel all p - independent divergencies of these self energies, where p is
the external momentum. Therefore, working in the broken phase of the theory with
expanded Lagrangian one obtains even at the 2-loop level, where counterterms obtain
new corrections due to QSI, the same scale invariant counterterms from Green functions
with non-vanishing external momenta as from a manifestly scale invariant approach
using Veg.

(c¢) Now, the Lagrangian in mass eigenstates { H, S} and with the minimalisa-
tion condition being used, i.e. with potential , is considered at the 1-loop
level. In this case, i.e. with the minimalisation condition being used, the 1-loop
counterterms are then provided by

570 g L 3y (v
Vs @) Vo lmin 1672 27¢ Quwt ) €
1 A 4 p? v 1
52(1) — 5Z(1) = 2 l———4+—| - 3.99
VG Vol 1672 2 3w? + wt) € ( )
1 A 4 1
52— 52| = 2 (1492 =
7 “Imin 1672 6 wt ) e

Note that these counterterms are still dimensionless because they only contain dimen-
sionless ratios of the VEVs {v,w} of the form xo = v/w, and thus are still scale in-
variant. It has been checked that these counterterms completely renormalise all
1-, 2-, 3- and 4-point Green functions, as illustrated in , with non-vanishing ex-
ternal momenta, computed using the Lagrangian in mass eigenstates {H, S} and with
the minimalisation condition being used, i.e. with potential . These calcula-
tions have been conducted using Mathematica and appropriate packages. All Feynman
diagrams have been generated using FeynArts [18], the FeynArts model files have been
generated using FeynRules [1, 4], and the generated Feynman diagrams and their amp-
litudes have been computed using FeynCalc |27, 36, 37] and Package-X [29], which has
been connected with FeynCalc using FeynHelpers [35]. The renormalised 1PI N-point
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3. Scale Invariant Effective Potential

Green functions, for N € {1,2,3,4}, are

iU = oo @ + pi------ x

irQbren — g ----pj 4 piem-e- X pi
Pk Pk
. 1L),ren __ . . /
iTOb e — i + P X
\ R (3.100)
Pj Pj
pi Pl pi Pl
- (1L),ren __ ) ’ \‘\ /’/
ZFPinPkPl - + _+_
Pj/ \Pk Pj' Pk

where the blobs represent all 1PI 1-loop diagrams with the corresponding number of
external legs and {p;}7_, = {H,S}. Indeed it turns out that the counterterms
completely renormalise all these 1PI N-point Green functions above. Hence, working
in the broken phase of the theory with expanded Lagrangian, transformed to mass
eigenstates and with the minimalisation condition being used, one still obtains
the corresponding scale invariant counterterms from Green functions with non-vanishing
external momenta, of course only with the minimalisation condition being applied.

(d) Considering the QSI 2 Scalar Model with non-zero A\g at tree-level, i.e. considering
the non-Renormalisable potential with Ag # 0 but still A\y19, =0,V n > 2 at tree-
level, the 1-loop contribution to the effective potential is still given by , however,
with M? and ) {pr}s_, = {H, S}, being modified accordingly. Hence, the divergent
part of the 1-loop contribution to the effective potential in this scenario is provided by

L9 S (i 0.0) " L

Vip| . =—
1L giv 6471'2

e
I ]
—

2e
_ K (o) r2 2 72 i
- 64 712 |:<MH(¢7O->> +(MS(¢70->> €
2e
Y (U) 1 2 2 4 L 2 92 (3.101
--£2 {Z (N + X2 42005 X6) 6+ 5 A (Ao + 400 +A,) 670 (3.101)
Lo 2\ 4 ¢°
+1(Am+%)0 + X6 (5)\¢—8>\m+)\a)§
¢8 ) 10 2¢12 1
+ X (Am+25/\6)g+8)\6g+)\6§ p;
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3.4. Working in the broken Phase of the Theory

Subsequently, the 1-loop counterterm potential, necessary for the 1-loop Renormalisa-
tion, then reads

‘Zree,ctlzli ( )((SZ(I) )\¢¢4+5Z‘(/ )\ ¢2 2+(5Z )‘ 4

Yo 4! 4 Vo 4l
3.102
+62<1)§¢—6+5A(1 qb8+—¢—10+ 2 9 e
Y6 o 8 of 10 of 12 o8
with 1-loop counterterms in the MS-scheme explicitly given by
13X+ M2 4200, X 1 1
57 1) _ @ m - (5)\(1): </\m 25\ >_
Vo 16 22 Ao € 8 16 72 25 €
1 1
(1 _
VA4S =5 <)\¢+4)\ O, >E OMD = o200 - (3.103)
1 3AZ 4+ 221 1
71 _ d m = 1 _ -
T Ao € Mz = gz S
1 3
1 _
024 = o5 <5>\¢—8>\ + A )

It can be seen that in this scenario, i.e. for \¢ # 0 at tree-level, higher dimensional non-
polynomial operators of the form (2.51} - for p < 4, are necessary as counterterms already
at the 1-loop level. The 1-loop self energies Z;z rgn and ZQH;GH for h and ®, respectively,
are calculated and renormalised analogously to (a) after expanding the Lagranglan with
X¢ # 0 about the fields VEVs {U w} and w.r.t. e. In principle one can still use the
results in (3.21)), however, with M V]k " Am and Bw modified accordingly because

the same Feynman diagrams contrlbute For the 1-loop self energy of h one obtains
D D
(1L) d”q ,~_4 ~-1 1S d”q 1~
=0 ren = Vlzk Vljl / (27)D (Dq )ij (Dq—p)zk; + 2 Vi / (2m)P <D‘1 )ji

A
+ip26Z$)—i,u§6<—5Z() +—<5Z D 5 52”
U)

6 8 10
(1) v (1) v (1) U
+ TN 90N g + 110N w8>

3 12 2 o 1 )
:327T2 |:§ (>\¢+Am+20)‘m/\6) (% +§>\m ()\¢+4/\m—}—)\o_)w

\ (3.104)

v (%
+15 X (5)\¢—8)\ +20) =5 280 (A +25A) —
10
1
+360 02— +66A2“ }EJFO(GO)
250 e (Ao sy A (1)
+ip 02y —ipg 752% 5Z Yw? 45\ 02y,
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3. Scale Invariant Effective Potential

Whereas for the 1-loop self energy of ® one obtains

200 5 S [T By (B, Ve [ (B
—1 Dren — o Y2k ¥2jl (27T)D( q )Z]( q—p)lk+§ 22ij (27T>D( q )jz’
Ao Am
+ip?6Z0) —ip (7 323D w? + 6ZV 0% + g 5z<1>w

1 8 10 12
+35 5)\( — + —&m — + 60 —)

_ 3 (A2 +22) w2+—)\m (Ag +4 X0+ Ay) V°
3272 |2 2
; (3.105)

(Y (%
+3X (BAp — 8N+ As) ﬁ+10)\6 (Am + 25 Xg) pv;

10

1
+ 16802 — +36.1] v ] —+0 (&)
. 9 (1) . 9% )\0' (1) /\ 1) 2 (1)
+ip* 02y —ipg 7(52‘/ — 02y v+ Ne 02y,
4 w?
5 @ v v 1 v

Again, one finds that the scale invariant 1-loop counterterms , obtained from the
manifestly scale invariant effective potential, exactly cancel all divergences of these 1-loop
self energies. Hence, the same scale invariant counterterms are obtained from 2-point
Green functions with non-zero external momentum p, computed using the Lagrangian
in the broken phase of the theory, as proposed above.

Analogous to (c¢) the Lagrangian is furthermore considered in mass eigenstates { H, S}
and with the minimalisation condition being used. The minimalisation condition for the
tree-level potential is also modified for A\ # 0 at tree-level and consequently given by

2 !
Am = —1A¢%—2Aﬁw—
A 6 (3.106)

v v
Ao =Xo g +8X 5

Using these conditions, the 1-loop counterterms (|3.103)) may then be written as

oz =0, 6z =0
1 3 20 A X4 A2 4 X >\2 1
5z(1) _ e _ 2 A6 2 0 _y40Z8 4 4 — -
Vo lmin 1672277 3,09 T A2 +3>\¢, X+ X 0) e
1 X[, 4 A Xs o] 1 (3.107)
5Z(1) _ 2011242 4 o764 g6 6|2
Vol 1622 2 | 30T X0 )\¢X0+ PR
r A
520 L e P 6X0+36A3>X°+9 TR
Vo lmin 1672 6 1+8/\ixo Xo )\¢X0 €
L ?®
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3.4. Working in the broken Phase of the Theory

115 8 1 A $ X o] 1
sZz0 = P 1+ =2 (141628 ) v 4225581 =
Vol 1672 2 0| TX0TE TR, ) TR, 0
1 1A 2 1
| = 50N |1 — == Z0xE — oo x| =
5w 1672 0 T 75 g 0T 25X0 ¢ (3.108)
1 1
5)\8)) min - 16 7T2 20 )\g E
1 1
5>\§12) min - 167'('2 3>\g E

with xo = v/w. Again, the 1PI N-point Green functions for N € {1,2,3,4} and with
non-vanishing external momenta illustrated in have been computed using the
Mathematica packages mentioned in (c) and it turned out that the counterterms
and completely renormalise all these 1PI N-point Green functions, as expected.
Therefore, once again the expected scale invariant counterterms, with the minimalisation
condition being applied, are obtained even if one works in the broken phase of
the theory with expanded Lagrangian, transformed to mass eigenstates { H, S} and with
the minimalisation condition being used.

Conclusion.

It has explicitly been shown that working in the broken phase of the theory with ex-
panded Lagrangian is valid even in the context of spontaneously broken quantum scale
symmetry. The reason for this has already been discussed in the last remark of section
In this section it has exemplarily been shown for different scenarios and even up to
the 2-loop level that indeed the same scale invariant counterterms are obtained. This is
an important consistency check because in QSI theories, i.e. theories regularised with
SIDReg, the Dilaton appears to an anomalous power in the Lagrangian, and thus it
is necessary to expand the Lagrangian in order to derive Feynman rules and perform
perturbative calculations, i.e. calculate N-point Green functions with non-vanishing
external momentum at a certain loop order.
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4. QS| Gauge Theories

In this chapter the concept of quantum scale invariance realised via SIDReg is discussed
in the context of gauge theories. QSI has shortly been introduced to gauge theories in
[2, 28], however, not in full detail. For this reason, a consistent formulation of a quantum
scale invariant gauge theory is provided in more detail in the first section of this chapter.
This is done by the example of a generic SU(N) gauge theory. In the second and third
section of this chapter a quantum scale invariant QED, i.e. a QSI U(1) gauge theory,
without and with a toy model Higgs sector, respectively, are introduced to illustrate the
concept of QSI gauge theories as well as to prepare and provide all necessary information
for the next chapter about muon production.

4.1. Consistent Formulation of a QS| Gauge Theory

Analytically continuing the Lagrangian of a gauge theory to D = 4 — 2¢ dimensions in a
quantum scale invariant way using SIDReg, i.e. ¢ — p(0) g, where g is a generic gauge
coupling, breaks gauge invariance [2§8]. In the following, two different approaches are
discussed to avoid the SIDReg-induced breaking of gauge invariance, and thus obtain a
quantum scale invariant gauge theory in D = 4 — 2¢ dimensions. These are

(a) rescaling the gauge fields by absorbing the gauge coupling into the corresponding
gauge field, i.e. G, — G}, = g G}, and then afterwards analytically continue the
theory to D = 4 — 2¢ dimensions in a quantum scale invariant way using SIDReg,

(b) analytically continue the "usual" Lagrangian of the gauge theory, i.e. without res-
caling the gauge fields, to D = 4 — 2¢ dimensions using SIDReg and also take
corrections to the corresponding field strength tensor F, as well as the corres-
ponding gauge transformations into account.

The Lagrangian of a generic scale invariant SU(N) gauge theory

'CGauge = 'CGauge,cl + *CGF + £Ghost (41)
with classical Lagrangian
1 = C MG 1
LGaugoc = — 1 F8 P i), (650 —ig GO T)) o + 3 (0,0) (0"0) (4.2)

where the Yukawa couplings as well as o self interactions have been neglected, or equi-
valently, have been set identically to zero at tree-level as they do not contribute to the
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4.1. Consistent Formulation of a QSI Gauge Theory

following analysis of gauge invariance, gauge fixing Lagrangian

Lor = —B* "G}, + g B B* (4.3)
where B® are Nakanishi-Lautrup fields, and ghost Lagrangian

Lgnest = 0"¢* Djc” (4.4)
with the ghosts and anti-ghosts ¢* and ¢, respectively, is considered in this section.
Starting with the first approach

(a) Rescaling the Gauge Fields:

First, the gauge fields in 4 spacetime dimensions are rescaled as mentioned above, i.e.
G, — G, =9G, (4.5)

Since the gauge parameter 5 also needs to be rescaled, cf. appendix the ghost
¢ is analogously rescaled, as $%(x) = 6 c¢*(x). Further, it is convenient to rescale the
anti-ghost ¢* as well, in order to obtain a ghost term similar to (4.4)). Thus,

~a 1
¢ — =g, ¢ —c=-¢" (4.6)
9

This leads to R 1
s g, P i B+ 2 (940) (0%0)

*CGauge -

C4q?

B : - (4.7)
= B"9"GY + 2 B B" + 9'¢" Dieee

g 2 .

where . . . o
F“ =0,G) — 0,6, —|—f“bCGZGf,

D, w ( —iGY Ta) v 48)
chéc _ <5ac 8, + fabc GZ) P

and gauge transformations provided in appendix [E] Note that physical observables does
not change under field redefinitions, and consequently, rescaling the gauge fields and the
ghosts as in and , respectively, does not change physics. Now, after having
rescaled the fields, the Lagrangian can analytically be continued to D = 4 — 2¢
dimensions using SIDReg, and thus is then given by

D 1 —2¢ [a fa,py .~ o 1
Lome == 7 W )V EL B + 10 D+ 5 (9,0) (90)

1 - AQ A e
— (o) B G+ g B B* + 9'¢" Dece
o (4.9)
— = W) B 0 D+ 5 (0,0) (90)

a) 2 20 Aacac
s (o) (8”6’#) + "¢ Djfe
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4. QSI Gauge Theories

where in the last line of (4.9) the equation of motion for the Nakanishi-Lautrup field
B, i.e. the gauge condition,

1 N
B = — (o) "G 4.10
e (G (4.10)

has been used. From dimensional analysis follow the mass dimensions of the quantities
in (4.9) in D = 4 — 2¢ spacetime dimensions

Gl=1 W=h-e [l=1-c
(] =0, '1=2-2, [B=2-—c¢ (4.11)
gl =1¢]=0

where it can be seen that the rescaled gauge field C’Z, defined in || always has mass

dimension 1, in contrast to the "usual" gauge field G}, which has G’Z] =1—¢c. Now, it
remains to show whether the D-dimensional Lagrangian indeed is BRST invariant,
and thus the approach was successful in formulating a quantum scale invariant gauge
theory consistently. The BRST transformations are given by

i — Y + 0 ¢ ¢+ 0"
iﬁi — wl + 5wf ¢ —>C +0c (4.12)
G, — G, +0G, o0
B* —— B4 6B"
where o transforms trivially, and with
0 = 0Qup; =i 0" T}y
5% = QQ% = —ifc Q/Jj Tgaz
0GS = 0QGY = 9D = 09,6" + 0 f* Gh ¢
560 — 9O — _%efabc b (4.13)
6c" =0Qc" = ! 1 (o) B* = _0 p= % (o) MG
9 g2 !

0B*=0QB*=0

The first three BRST transformations in are given by the gauge transformations
@ using 3%(z) = 0¢é*(z) for any Grassmann number 6. All BRST transformations
in (]Z_l—?)[), in particular the last three, are given in [30, |32 for 4 dimensions. It is straight-
forward to show that the BRST-operator Q that generates the BRST transformations
in (4.13)) is nilpotent as it should be, i.e. Q% = 0, by showing that it is nilpotent
when acting on the fields ¥ = (w,@, CA?“, ¢, ¢, B) as well as when acting on any operator
O = O () constructed from those fields [40, 44]. From dimensional analysis and
it follows that

61=0 = [#¢"]=0 = [f]=0 (4.14)
Now it needs to be shown that (4.9) is invariant under (4.13)).
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4.1. Consistent Formulation of a QSI Gauge Theory

Proposition 4.1.
The D-dimensional Lagrangian (@ is BRST invariant, i.e. invariant under the BRST

transformations .

Proof.
First, note that the gauge fixing and ghost Lagrangian can be rewritten as a Q-exact
term D) b
£GF+Ghost = ‘CGF + £Ghost
€ 2a 5 a 1 —€ ~a
— Q|- g (580~ o) G
f a na 1 —€ a ~Na 24 " ~Nac Ac (415)
:iBB_E'u (U)B@GM—CGDMC
1 —€ a QL va S a pa 1= Pyac ac
:_§M (o) B*0 Gu+§B B* +0"c Djce

where in the third line (4.13]) as well as the fact that Q is a fermionic operator have
been used and in the last line the ghost term has been integrated by parts. Now the full
Lagrangian (4.9) needs to be considered, and thus

oL =L 4oL oLt

Gauge Gauge,cl

40 {—éu*(awsﬁwwww (0,0) ("0 >}

~a a 1 —€ Na
+ 692 {—g,ue(a)é <§B —gu (a)@“Gu)}
_ 1 —2¢ [ha, v abc ~b e Ne cde Ad Ae
= —gan ) F 02 (0,65 - 0,G+ [ GL G )|

+ i (—1) 06", T} <6¢ja’9 - ’LQ;'CTZCJ b + it <5ija - ZQ;CTZCJ> 0 Ty (4.16)

L6 (a ' fabcé”ac) T2y,

1 —2 b A b,
_ € G/Ce aF MVFC
3l (o) ]

0, T,y — wé%kTchi@% — eé%ja:/ykz/,k — 9,0 (9") Tibn

+ ZEzQTY TC 0T k@z)kz + ’Qb 0 (@ ) z'(;'@/}j + Eigfabc@v AcTaw]
=0

where in the second line of the gauge fixing and ghost Lagrangian have been
written as a Q-exact term and in the third line it has been used that Q is nilpotent.
Further, the explicit BRST transformations as well as the Jacobi identity for the
structure constants fabc in (5F - HQF a have been used in the third line of (]ﬁ .
In the last line of (4.16)) it has been used that the structure constants % are totally
antisymmetric as well as the commutation relation [7%,T%] = if®T°. Hence, the D-
dimensional Lagrangian is BRST invariant. [
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4. QSI Gauge Theories

Thus, one might conclude that this approach was successful in formulating a quantum
scale invariant gauge theory consistently. The D-dimensional Lagrangian for a generic
QSI SU(N) gauge theory is provided in (4.9).

Remark.

After the theory was analytically continued to D = 4 — 2¢ dimensions, a second field
redefinition can be applied where solely the dimensionless gauge coupling g (and not the
Renormalisation function) is pulled out of the gauge field to obtain GZ = p(o) G, such
that

o 1
Yoy
G =gp(0)GL=9G,

G G = (o) G4
w= 1) (4.17)

The mass dimension of the gauge field is then still [@Z] = 1 and the statements above
remain true. However, the D-dimensional Lagrangian in this approach looks more similar
to (4.1)) w.r.t. the gauge couplings, which turns out to be useful in the presence of mixing
between the gauge fields as in the Standard Model. In the following, all gauge theories
are formulated in terms of the rescaled gauge fields @Z, however, the "overbar" is always

dropped for simplicity.
Now, continuing with the second more "direct" approach

(b) Working with non-rescaled Gauge Fields:

Analytically continuing the theory to D dimensions, the covariant derivative changes as
D, — D, =9, —igu(o) GST", (4.18)

and thus the field strength tensor is then given by

F,, =F.,T" =

o) [EN, 15,,} (4.19)

Evaluating the commutator leads to the following result for the field strength tensor

T — a a a
Fo = 0,G% — 0,G% + g (o) [ G". G + e 1™\ (0) % (aua Gt — 9,0 Gu> (4.20)

where it can be seen that the field strength tensor obtains an evanescent correction. The
classical Lagrangian in D = 4 — 2¢ dimensions may then be written as

L) o == 1 Fo P 400, (5,9 — (o) G T) 0y + 5 (0,0) (9¥0)  (421)

Gauge,cl — 4w

with corresponding gauge transformations given in (E.19). Thus, using 5%(x) = 0 ¢*(z),
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4.1. Consistent Formulation of a QSI Gauge Theory

one obtains the following BRST transformations for non-rescaled fields
Ohy = 0Qu; =i 0 g (o) " T,
0, = 0Qv, = =i gu(o)c” @ij Tjaz

0G, = 009G, =10 ﬁzccc +eOu (o) % 0o’

=00, +0gu(o) f GZ E+edp (o) g—'g 0,0 c* (4.22)
5c® = HQCa — _%egue<0_) fabccbcc
dc* =0Qc¢" = -0 B
0B =00B"=0
where N
D = 60, + g (o) 1™ G, (4.23)

Due to the evanescent correction to the gauge field gauge transformation, cf. ([E.19)
and (4.22), the chosen gauge fixing condition is corrected correspondingly, and thus the
Ansatz for the gauge fixing and ghost Lagrangian is as follows

£ = L8 + £ =02 (557 - 063 - () S 00 63 )|
= g B B* — B*9"GY + 0'c" Diec?
o L ) (4.24)
—ep (o) 9 oMo [B“ G} + ¢ Dyfc” — 0, c“]
2 =2 aljj ? —=a .a
— e pu (o) (%) oMo d,occ

It can be seen that the gauge fixing and the ghost Lagrangian also obtain evanescent
corrections, analogously to the kinetic term of the gauge field, cf. (4.20). Consequently,
the D-dimensional Lagrangian of the considered SU(NN) gauge theory is given by

D D D D
£(Gazlge = ﬁ(Gailge,cl + ‘CE}F) + £(Grh)ost (425>

with the corresponding Lagrangians provided in (4.21]) and (4.24). Now, it remains to
show whether (4.25) is BRST invariant under (4.22)) and is equivalent to the Lagrangian

of approach (a), i.e. (4.9).

Proposition 4.2.
The D-dimensional Lagrangian is BRST invariant, i.e. invariant under the BRST

transformations .
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4. QSI Gauge Theories

Proof.

The gauge fixing and the ghost Lagrangian can be written as a Q-exact term, as shown
in 1} and thus the BRST transformation of Cg%) and £E§l)ost vanishes trivially due
to nilpotence of the BRST operator Q. Hence,

5£(G[21ge = é“C(C}Dazlge,cl
1 ~ ~ i . € a4 ma
= =5 F S, +i00; (5,9 — ig ' (0) ¢ T5) v
+ it (0 @ —igu(0) ¢ T5) 0y + g (o) s 0 T (4.26)
) o
= =5 094 () [ EL ¢
=0

where in the first line of it has been used that the BRST transformation of the
gauge fixing and ghost Lagrangian vanishes, as explained above, and in the second
line that the Dilaton transforms trivially under BRST. In the third line of , the
explicit BRST transformations as well as the Jacobi identity for the structure
constants fo in §F o = HQﬁ/‘jV and the commutation relation [T%,T?] = if%T* have

been used. In the last line it has been used that the structure constants £ are totally
antisymmetric. Hence, the D-dimensional Lagrangian (4.25)) is BRST invariant. O

Proposition 4.3.
The D-dimensional Lagrangian is equivalent to the D-dimensional Lagrangian
, i.e. approach (a) and (b) are equivalent.

Proof.
Starting with Lagrangian (4.9)), the gauge coupling g and the Renormalisation function
(o) can be pulled out of the fields G, ¢ and " in D = 4 — 2¢ dimensions, i.e.
~a € a ~Q € a ~a 1 e ~a
Go=gu(0)G,, & =gpu(o)c", ¢ = s (0)c
leading to the Lagrangian (4.25)), which can be shown by direct calculation.
Conversely, starting with Lagrangian (4.25)), the gauge coupling g and the Renorm-
alisation function p(o) can be absorbed into the fields G, ¢* and ¢*. Then, additional
terms coming from commuting derivatives and the Renormalisation function need to be
taken into account by subtracting them, leading to the Lagrangian (4.9)).
Moreover, note that the same holds true for the BRST transformations in (4.13) and
(4.22)). O

(4.27)

Remark.

It can be seen that Lagrangian takes a more convenient form than Lagrangian
due to the evanescent corrections to the kinetic term of the gauge field as well
as to the gauge fixing and ghost Lagrangian, cf. and . For this reason, all
gauge theories are formulated in terms of rescaled gauge fields, i.e. in terms of approach
(a), in the following. However, they are formulated in terms of @Z, defined in 1) as
mentioned in the remark above.
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4.2. Quantum Scale Invariant QED

4.2. Quantum Scale Invariant QED

In order to formulate a quantum scale invariant QED the Dilaton ¢ necessarily needs
to be included into the spectrum of the theory as discussed in section [2.1] Therefore, a
minimal QSI QED contains the fields {1y, A,,,c}. Moreover, the theory is formulated in
terms of the rescaled gauge fields A as mtroduced in - however, the "overbar" is
dropped for simplicity and convenience. Hence, the quantum scale invariant QED, with
@ = —1, is given by

L8 == Ji(0) B ¥ 415, (0 + 16 A) by + 5 (0,0) 00

— A 1
—ysp(o) oty — (o) ot — o M_QG(U) (0"A,)°

where the ghost term has been neglected as the Faddeev-Popov ghosts in the case of
abelian gauge theories completely decouple from the rest of the theory. In the following,
A is identically set to zero at tree-level because the theory should be as close as possible
to pure QED in the further analysis. Moreover, the Dilaton ¢ = 2 + w then is massless
(at tree-level) which is closer to the Standard Model case where the Dilaton is the
massless Goldstone boson of (quantum) scale symmetry. Hence, the Lagrangian that is
considered in the following, i.e. with A = 0 at tree-level, reads as

L8 = (o) Fu P+ Wi d)irs 3 @) @

(4.28)

—ypu(0) 0y by — o i (o) (9" A,)°

5
= i pio X F,, F™ +z¢f(&9+ze44)¢f+ (0,D) (0"D) (@29)
—Moyfw¢f¢f_ﬂo(1+€+€ +O( ))yf©¢f¢f .

e (1+2¢) + O (&)

~ o3¢ 1o > (0" AL)? — g 5w yr D2 by
—2¢ 3 |1 uv 1 n 2
+ 1o (e(l—l—e)%—@(e))a 5 F F +E(8 A,)

where the Lagrangian has been expanded about the Dilaton VEV w and w.r.t. € in the
second line of (4.29)), and the ellipsis denotes infinitely many terms of higher orders in
the fields. The fermion masses are given by m; = my = ufysw. The Renormalisation
transformations are provided by

A— Ay=+/Z4A
Y —> Vro0 =/ Zy, Uy

o—00=\"2Z,0 (4.30)
e —eg=u(o)eg=p(o) Ze.e
yr = Yr = 1(9) yro = 1(0) Zy; yy

A —> )\B = IMQG(O') )\0 = IMQE(O') Z)\)\
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4. QSI Gauge Theories

Hence, the 1-loop counterterm Lagrangian is given by
1 —2e v . A 1
/381%:113,@1 = 1 0ZA b ? (o) Fo, P +1 6Z¢f wf awf + 9 02, (3“0) (0"0)
1 _
- (6Z'¢'f +5ny + §6Zo') Yr NE(0>UT/}f Py (4.31)

1 _
— (5Z¢f +0Z. + §5ZA) ewawf _N2€(U)—U4

where the counterterm o\ needs to be included although A\ = 0 at tree-level, and the
counterterm superscripts, indicating the loop-order, have been suppressed because this
theory is considered solely at the 1-loop level. Further, it has been used that the Renor-
malisation of the gauge fixing term does not need to be considered as Z¢ = Z4 due to
Ward identities [8, [35]. Expanding the 1-loop counterterm Lagrangian (4.31)) about the
Dilaton VEV w and w.r.t. € then gives

5 1 v, — 1
L8 e = = 1™ J0Za Fyoy ' 4102, 0 90 + 5 02, (9,0) (9"D)
1 _
—,ug (5wa+5ny+§5ZU) yfwwfz/}f
€ 2 1 —
— s (L+ e+ O (&) (024, + 02y, + 502, ) yy DUy vy

1 —
_ (6Zq/)f +5Ze+ 56214) €¢fA¢f
4.32)
o\ € P (
2e 4 2e 2 3
TR A <1+§+C’)(6 ))Fw@

1 7 P
— 2 5(1+6€+O(62))7w2@2

13 WP
— e <1+E€+O(62)> gwi)?’

— e <1+§€+0(62)> 6—>\’D4+---
6 4!
where the ellipsis again denotes infinitely many terms of higher orders in the fields.
Now, the 1-loop counterterms of this theory will be provided in the MS-scheme and
determined in Feynman gauge £ = 1 for two different cases, i.e. for the most general
case Y5 # 0 and \ # 0 at tree-level

1 AR 1
e T (6 + 3) PR Tl

1 4Nse 1 1 1 2Nse 1
_ L _ _lsz.— 2 4.33
074 1672 3 ¢ 0Ze 5020 62 3« (4.33)
1 1 1 |3 v\ | 1
5ZU - — 2 2 - (SZ = - >\ 4 2 _ gL —
16 72 ; Y T Toae |20 ; (yl %) e
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4.3. QSI QED with Toy Model Higgs Sector

where 0N = A (6Z\ +26Z,) and Ny is the number of fermions in the theory, and for the
case yr # 0 and A = 0 at tree-level, as discussed above,

3 2 2 2 1
i Xt

1 A 1
02y = ~ 152 (6 + ?) c % T e

1 4Nf€2 1 1 1 2Nf€21 434
07, = — = 07, = —= 074 = - (4.34)
A 1672 3 ¢ 277 T 1672 3 ¢
1 1 1 1
607, = — 2 2 - o\ = — 24 4-
7 16 72 Xl:yl € 16 72 Xl:yl €

Note that it was assumed that all fermions are leptons, e.g. f,l € {e",u~, 77} for 3
lepton flavours. In the case of quarks one also needs to take the corresponding colour
factor N, ; into account. The 1-loop counterterms for the case where y; =0 and A =0
at tree-level, which will also be discussed in chapter [B| can be obtained from by
yy — 0 and 6y; = yy (62y, + 02, +6Z,/2) = 0.

4.3. QSI QED with Toy Model Higgs Sector

In this section a quantum scale invariant QED with a toy model Higgs sector is discussed.
The scalar potential in this theory contains the 2 Scalar Model as subset and admits
dynamical SSB of (quantum) scale symmetry with the Dilaton as associated Goldstone
boson. Consequently, the model in this section is closer to a more realistic quantum
theory of (quantum) scale invariant electromagnetism than the model in the previous
section. The field content of this theory is given by fermions ¢, the photon A,, a
Higgs-like boson ¢ = h 4 v, the Dilaton o = ® 4+ w and an additional scalar field G. In
order to construct such a model with a massless photon the additional symmetry

¢L|—>eio‘¢L O P
VR — YR o0 (4.35)
Ar— A,

which distinguishes between left- and right-handed fermions, is imposed on the theory
beside the other symmetries, such as U(1) gauge symmetry and quantum scale symmetry.
Note that ® is a complex scalar given by

¢ +iG
V2

It will turn out that G is the Goldstone boson associated with the additional symmetry
. Again, the theory is formulated in terms of the rescaled gauge fields Z#, with
mass dimension 1, as introduced in with suppressed "overbar'. The Lagrangian
of this model is provided by

o

(4.36)

LD tiggs = Liomion + Lotmge T Lo + Liawa + Lo (4.37)

Fermion Gauge Higgs Yukawa
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with fermion Lagrangian

E%esrlmion = Z‘Ef,L wwf,L + Z‘Ef,mef,R
=i, Py =it (P+ied)

where () = —1 has been used, gauge Lagrangian
1
SI —2€ v
Egauge = _ZN 2 (0') FMV F*

Higgs sector

L3 = (0"0)' (0,8) + 3 (9"0) (8,0) — 1™ (7) Ve (®,0)

Higgs
Yukawa sector
S € A € - *
‘CSQ{'uliawa =M (U) Yy ¢f,L o 1/Jf,R —H (U) Yy ¢f,R P ,lvbf,L

= (o) % qb@f Yy —ip(o) % G@f’% Uy

and the gauge fixing Lagrangian

1
Eg%l _ __/L—Qe(a) (8“Au)2
2¢
The scalar potential in (4.40)) is explicitly given by
A 2 Am Ao
Vopou (€,0) = o7 (@T®)" + 5 (01®) 0% + i ot
_ >‘¢ 4, A o2 2 Ao 4
- Jqﬁ + Iqﬁ o° + EO’
A 29 Am 9,9 Ao u
+12¢G+40G+4!G

= ‘/QSM ((b, 0') + VQED,G (¢7 g, G)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

® transforms trivially under U(1) gauge transformations which is necessary to have
Yukawa terms of the form (4.41)) due to gauge invariance, and thus there is no covariant
derivative acting on ® in (4.40|) which ensures massless photons. Furthermore, note that

the additional symmetry (4.35)) forbids Yukawa terms with o.

Expanding the Lagrangian (4.37)) about the fields VEVs {v,w} and w.r.t. €, one

obtains B
Egesr{nion = qubf (a +1 GA) ¢f

for the Fermion Lagrangian

1 1 D
‘nglllge:_M(;QGZFMVFMV+[L(;2E§E(1+€)EFMVFMV
o 1 D2 v ol 3 )
_MOQ ZE(1+3E)EF“”FM +N02 66(1+4€)EFWFM
o 1 14 1\ ©4 . 5
—Hg” §6(1+€€> EFWFM +O((’D/w) ,63)

72

(4.44)

(4.45)



4.3. QSI QED with Toy Model Higgs Sector

for the gauge Lagrangian

‘C$§11<awa_ Mé\y/f—v@/)f%f Mo\/—h¢f¢f_zﬂofG¢f75¢f
— e <1+e>f“:o¢f¢f e (1+e>%—h@¢fwf (4.46)

—|—,u0 2\/— 21/1f1pf i/Lg (14—6)\/_ @wa”)%wf—f‘

for the Yukawa Lagrangian, where the ellipsis denotes infinitely many terms of higher
orders in the fields as well as in €. The fermion masses in this model are provided by
my=mys = puiyrv/ V2. Further, for the gauge fixing Lagrangian one obtains

19
ﬁ?=—mﬁ (WA)+ﬂﬁeﬂ+@gE@Wm2

2¢
— g% e (1+3e€) i o (0"A,)" + g™ € (1 + 4e) % 3—2 (0"4,)°  (4.47)
— e (1 g €> i D04, + O (D/w) )

Moreover, for the D-dimensional scalar potential VQEDH (®,0) = p*(0) Vaep.u (P, 0)
one obtains (C.1) for Vagat (¢, 0) = 12 (o) Vasu (¢, ) as well as

~ A Am A
Vaup.c (®,0) = p*(0) (1—; ¢* G? + Iaz G* + 4—TG4)
:iMGG +50133hG +56233©G +chl33hG (
1 1 1
+ 561233}1@G + 1622339 G + $Cg333G + -
where the ellipsis denotes infinitely many terms of higher orders in scalar fields and with
—~. )\ Am w2
2 a2 2%
A
Ci33 = ,uo ?¢ v
~ 2 Ag v 3
Cozz = JIg {)\mw+e (1+¢€) (/\mw—i—gz) —|—(9(e )]
A
Cli33 = Mo ?¢> (4.49)

_ 2
61233:Mg {3>‘¢_6(1+6)+0( )]

~ Ao U Ao V2
C22:az),:M86 |:>\m+€ (3)\7"_%)@) + ¢ (5)"”—‘_?@) +O(e3)}

C3333 = Mge Ao
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4. QSI Gauge Theories

Note that the minimalisation condition of the full scalar potential VQED,H (®,0) is the
same as for the 2 Scalar Model, i.e. (2.47). Furthermore, transforming the Higgs-like
boson h and the Dilaton ® in the Lagrangian to mass eigenstates { H, S} can be
done analogously to the 2 Scalar Model discussed in section [2.2] with mass eigenstates

given in ([2.32)) and mixing angle provided in (2.35)), i.e.
HICgh—Sgg = h:CQH—FSﬁS
S=sgh+c® & D=—-sgH+cgS

The ‘7281\/[ (H,S) part of the scalar potential in mass eigenstates and with the minimal-
isation condition being used is given in (C.39)).
The Renormalisation transformations for this theory are provided by

A—Ay=+/Z4 A
Y — ro =/ Zy, V5

O — ¢ = \/Z_¢¢
o —r00=1\Zs0 (4.50)

G — Go=+2cG

e — ep=u(o)eyg=p(o) Zee
yr — Yrp = p(0) yro = p(0) Zy, yy
A — Mg = 1*(o) ko = 1> (o) Zx, M

Where it has been used that in this model, at least at the 1-loop level, it is sufficient
to transform left- and right-handed fermions with the same Renormalisation coefficient
Zy,. Thus, the 1-loop counterterm Lagrangian is given by

. — 1 _
Egesrlmion,ctl = Z52¢f ¢f adjf - (6Z’¢Jf + 6Ze + 5 (5ZA) ewawf (451)

for the fermionic part

1
LB =-3 12(0) 024 Fyy (4.52)

Gauge,ctl —

for the gauge part

1 _
£$Sl£awa,ct1 = /‘Le(o-) (6Z¢f + 5ny +35 6Z¢> ﬂ ¢¢f ¢f
: V2 (4.53)

. € 1 A
— (o) (5Z¢f + 07y, + §5Zc;) %G@/)f%@/]f
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4.3. QSI QED with Toy Model Higgs Sector

for the Yukawa sector, and
1 1
L8 = 5074 (06) (0,0) + 507, (9"0) (By0) + 5 676 (9"G) (9,G)

A A A

2¢ ¢ 4 m 2 2 o 4

— (o) (5Zv¢ w9 v, o+ 62y, o7 0> (4.54)
A

) A " A
— 1*(o) (5ZVG¢ 1—; ¢ G* + 62y, vh o G* + 02y, 4—(:5 G4>

for the Higgs sector, where

5ZVG¢ = (5Z>\¢ + 5Z¢ + 5ZG
6ZVGm = (5Z>\m + 5ZU + 5ZG (455)
5ZVG = 5Z)\¢ + 25ZG

and {6Zy,,02y,,,0 2y, } as in section . Again, the counterterm superscripts, indicating
the loop-order, have been suppressed because this theory is considered solely at the 1-
loop level, and it has been used that the Renormalisation of the gauge fixing term
does not need to be considered as Z; = Z4 due to Ward identities [8| 35]. The 1-loop
counterterms of this theory in the MS-scheme and determined in Feynman gauge £ = 1
are then given by

. 1 2 yf 1
0%y, = 167r2<6+2>6
1 4Nge* 1
074 =207, = — -
4 167r2 3 e
0Zy = —15- 22
07, =0
02 =
¢ (4.56)
1 1 2 2 2 1
9% = 1572 3 yf*?ﬂ‘“]z
1 1 2 2 1
62y, = 80vsy = 02vs = 55 gy 10X 9N, —3623/, -
67, = 6y, = — LA, £ 120 43N]
Y T Vem T g2 60 R
13 1
7, = 2 2
% = o T, 22+

where again Ny is the number of fermions in the theory and it was assumed that all
fermions are leptons, e.g. f,l € {e~,u~, 77} for 3 lepton flavours, as in the previous
section.
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5. Muon Production

In this chapter, muon production is analysed in a quantum scale invariant QED. In
particular, the scattering process e~ et — pu~ u™ is considered at the 1-loop level in
the framework of the theory discussed in section [4.2] Such scattering processes have not
yet been discussed in the framework of a theory with spontaneously broken quantum scale
invariance regularised using SIDReg. The first section illustrates the general structure
of the 1-loop scattering amplitude and its square of the absolute value in order to provide
a clear overview of the results discussed the following sections. In the second section,
explicit results for the above scattering process in the QSI QED are presented
and discussed. New finite quantum corrections are expected to emerge at the 1-loop
level due to evanescent interactions, i.e. as a result of QSI, as explained in chapter
2l The last section is about IR-divergences occurring in such scattering processes and
their implications on QSI theories regularised with SIDReg which contain evanescent
interactions.

5.1. The Scattering Amplitude at 1-Loop

The amplitude of the scattering process e~ et — p~ u™ is given by

g k\*+

e 2 1%

where the above diagram with the grey blob represents all connected Feynman diagrams
with 4 external fermion legs, in particular with external electron and positron in the ini-
tial state as well as external muon and anti-muon in the final state. Thus, it contains all
possible tree-level, counterterm and loop diagrams contributing to the above scattering
process. At the 1-loop level the scattering amplitude may be written as

M = Mo + Mipsen + O (1) = Migee + MYL + My + Moy + O (B2 (5.2)

with My en = Mggs + My, + M1, where My, is the tree-level amplitude, My, is
the contribution from the (amputated) 1-loop diagrams, M. is the 1-loop counterterm

amplitude and ./\/lggs is the 1-loop contribution from the Residue of the external particles.
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5.1. The Scattering Amplitude at 1-Loop

According to the LSZ-formalism, S-matrix elements, i.e. scattering amplitudes, may
be calculated by considering only amputated (or truncated) Feynman diagrams and
multiplying by a factor of V/R for every external particle, where R is the Residue of
the propagator of the corresponding external particle, as well as setting the external
momenta on the mass shell [8, 38, 40]. The Residue of an external fermion is given by

o T ()

S (5.3)

‘pmpol
where — i Yo (p) is the renormalised fermion self energy and m is the pole mass which
is provided by

Mpol = M+ Syen (p = mpol) =m+ Xren (;57) = m) + O (h2) , (5.4)

and thus .
Rfl —1— ren (p)

d—p +0 (7”12) (5.5)

‘p:m
Now, considering
R=1+0RY + 0O (h?)

5.6
SR =1-0RY+0 (W) (56)
and comparing this with ([5.5]), one obtains at the 1-loop level
dEren
SRY = ) ‘ (5.7)
¢:m

dp
Hence, for the scattering process (5.1)) the 1-loop contribution from the Residue of the
external particles is provided by

My, = (BRD + SRD) Mureo (5.8)
where 6RY and (5R,(}) are the 1-loop contributions to the Residue of the propagator of
the electron and the muon, respectively.

Remark.
The Residue R depends on the Renormalisation scheme that is used, e.g.

e In the On-shell scheme: R=1 = §RW =0
« In the MS- or MS-scheme: §R™M) £ 0

The following results will be given in the MS-scheme, and thus the Residue contribution
MU needs to be taken into account.

In order to compute the cross section, the square of the absolute value of the scattering
amplitude (5.2]) which is given by

|M|2 = MIreeMtree + MIreeMlL,ren + MiL,rethree +0 (hQ)

5.9
- MzreeMtree +2 Re <M1reeM1(:{1e)s + MIreeMlL + ereeMCt1> + (@) (h2) ( )

is needed.
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5. Muon Production

Moreover, it is averaged over the spins of initial particles and summed over the spins of
final particles. Therefore, in the scattering process (5.1]) one needs to consider

1
(IMP) =7 D0 IMP = (M), + (M), + O (7) (5.10)
spins
where
1
<‘M’2>tree = 4_1 Z M‘IreeMtree = <M1reeMtree>
spins

1
<|M’2>1L = 4_1 Z 2 Re <M‘JcrreeMggs + MzreeMlL + MzreeMCtl)

spins

=2 Re (i Z MzreeMmren) =2 Re <<M1reeM1L,ren>)

spins

(5.11)

Due to M1, the expression is UV-finite, however, it is known that such squared
scattering amplitudes are IR-divergent and that only the corresponding cross sections,
i.e. physical observables, are IR-finite [8,[32]. For more details w.r.t. this, the reader is
referred to [8, |32]. Moreover, new quantum corrections due to evanescent interactions,
i.e. as a result of QSI, are again expected to emerge at the quantum level. Hence, the
1-loop contribution to admits the following general structure

<MzreeM1L,ren> = <M1reeM1L,ren>l/ 9 + <M1reeMlL7ren>

IR 1/eR

+ AR <ereeM1L,ren>l/ + <ereeM1L,ren>ﬁ (5.12)
€IR

n

+ Ayv <M’IreeM1L,ren>ﬁn + A <M1reeM 1L,ren>ﬁn + O (e)

where Ayy and Ag denote new quantum corrections arising from evanescent interactions

cancelling UV-divergences and IR-divergences, respectively. All results in section [5.2] will

be given in the form . Note that IR-divergences are regularised dimensionally and

not with a regulator mass due to fact that all theories in this thesis are regularised using

SIDReg in order to obtain a theory with spontaneously broken quantum scale invariance.
Additionally, the Mandelstam variables are defined as usual, i.e.

s=(p1+p2)° = (ki + ko)’
t=(p— /ﬁ)Q = (p2 — k2)2 (5.13)
u=(p1— k2)2 = (p2 — k1)2

5.2. Muon Production in QSI QED

The scattering process (b.1)) is discussed in a QSI QED, as introduced in section
with Lagrangian (4.29) and for 3 fermion flavours, i.e. f € {e”, 7,77} and Ny =3. In
particular, the scattering process is considered for following two different scenarios
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5.2. Muon Production in QSI QED

(i) QSI QED with Lagrangian , however, with A = 0 and y; = 0 at tree-level,
and not just A = 0. Thus, this theory is closest to "usual" massless QED because
the only new terms in the Lagrangian are the kinetic term of the Dilaton as
well as evanescent interactions introduced by the Renormalisation function u(o).
Moreover, this theory is purely massless even in the broken phase of the theory
(at least at tree-level) because the Yukawa terms are set to zero.

(i) QSI QED with Lagrangian where A = 0 but y; # 0 at tree-level. However,
the limit of vanishing fermion masses, i.e. the massless limit, is considered. Note
that both, the Yukawa couplings y; and the Dilaton VEV w remain non-zero, but
nonetheless the fermion masses my = ugyr w are set to zero, which appears a bit
strange but is motivated by a very high process-energy in the scattering process. In
particular, in the case where the invariant mass s (or equivalently the total energy
in the C.0.M. frame 4/s) is much greater than the fermion masses, i.e. s > m?,
fermion masses are negligible. The reason for this is that in the purely massless case
the IR-divergence structure is more interesting than in the massive case because
in the massless case there is not only a simple pole but also a pole of second order
in €;g. Therefore, not only new finite but also a new divergent quantum correction
can arise from evanescent interactions if a term ~ ¢ "meets" a second order pole in
err- Practically, this scenario is realised by setting to zero the fermion masses my
in the free Lagrangian, i.e. in the propagators, but keeping the Yukawa couplings
y¢ and the Dilaton VEV w non-zero in the interaction Lagrangian.

The results presented in this section have been calculated in Feynman gauge £ = 1 and
are provided in the MS-scheme. All counterterms in section given in the MS-scheme,
can still be used after applying . Further, note that again all Feynman diagrams
in this section have been generated using FeynArts [18], the FeynArts model files have
been generated using FeynRules |1, |4], and the generated Feynman diagrams and their
amplitudes have been computed using FeynCalc [27, |36} 37| and Package-X [29], which
has been connected with FeynCalc using FeynHelpers [35].

5.2.1. Muon Production in massless QS| QED with y; =0 and A =0

Starting with the first scenario (i), the tree-level result (in 4 dimensions) is given by

(5.14)

2 2
<|M‘2> :264t +u

tree 82

and the 1-loop results (in D = 4 — 2¢ dimensions), provided in the form (5.12)) and in
the MS-scheme, are given as follows:
For the IR-divergences, the second order pole in g is found to be

S 2 +u? 1
MT .M ren> - — de a8  a _ 5 5.15
< tree’ V1L, e, Ho 9 12 52 E%R ( )
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whereas the simple pole in € reads as

6 (42 2 2, .2
" > _ac © t*—4tu+u _2t+u | s
<MtreeM1L,reﬂ e Ho 4 72 { 52 52 og 3
(5.16)
t U 1
+log| —— | —log [ —— —
o Ho €IR
and the new divergent quantum correction to the simple pole in €y is given by
AIR <M1‘reeM1L,I‘el’l> = 0 (517)
/eIr
The finite 1-loop result for the considered scattering process is provided by
eS| (77?2 —=50)t? +36tu — (5n% + 50) u?
MT M ren> = 1
< tree?YHLren /= Mo 572 1252
+2t2—2tu—|—u21 S +2t+u1 t
og | —— og | ——
s "\ 2s o\
t+2 2
() St
2 Ho/ 8 0 (5.18)

whereas the new finite quantum correction emerging from UV-divergences is found to

be
AUV <M1reeMlL,ren>ﬁ =0 (519)

n

and the new finite quantum correction arising from IR-divergences is given by
A (M Mivgen) =0 (5.20)
Remark.
(i) It can be seen that there are no new quantum corrections due to QSI at the 1-loop

level in the case of vanishing Yukawa and scalar couplings, i.e. yf =0and A =0
at tree-level.

(ii)) The result for <MireeM1L7ren> given above in (|5.15) to (5.20)) agrees with the

1-loop result provided in [3]. In [3] regular massless QED and here, in the present
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5.2. Muon Production in QSI QED

case, QSI QED with vanishing Yukawa and scalar couplings, i.e. y; = 0 and
A = 0 at tree-level, has been considered. These two theories only differ in the
kinetic term of the Dilaton and the Dilaton-dependent Renormalisation function
which are necessary in the QSI theory. Due to vanishing Yukawa couplings the
Dilaton does not couple to the fermions directly, but only to the photon via the
kinetic term of the photon, as can be seen in . However, such purely evan-
escent terms will ultimately not contribute to muon production at the 1-loop
level because there are only 2 new (and purely evanescent) diagrams contribut-
ing to this scattering process, one with a Dilaton loop starting and ending at
the same vertex at the photon propagator and one with a half Dilaton - half
photon loop in the photon propagator. The first of these new diagrams is pro-
portional to (e + 3¢ + O(e)) Ag(0) = 0 and the second one is proportional to
(€2 + 263 + O(e")) Bo(5,0,0) ~ (2 + 262 + O(e*)) 1/eyy — 0, as ¢ — 0, and
thus non of the new diagrams give rise to a new quantum correction. Hence, new
quantum corrections due to QSI are not expected to arise at the 1-loop level in the
present case. For this reason, it is expected that both theories provide the same
result for muon production at the 1-loop level, and thus the agreement with the
results in [3] serves as a consistency check for the Mathematica algorithm used to
determine the amplitudes in this chapter.

(iii) The theory (4.28)) with y; = 0 and A = 0 at tree-level represents a minimal QSI
QED, and thus is indeed closest to a regular massless QED.

5.2.2. Muon Production in massless QSI QED with y; # 0 and A = 0

Continuing with the second scenario (ii), the tree-level result (in 4 dimensions) is given
by
t2 + u?

(IMP), o =2¢"—5—+ 0y, (5.21)
and the 1-loop results (in D = 4 — 2¢ dimensions), provided in the form (5.12)) and in
the MS-scheme, are given as follows:

For the IR-divergences, the second order pole in €y is found to be

e? S+ P 1
MM ren> — i © (9 — 5.22
< tree’ V1L, Ve Ho 4 72 6 52 _'_ ye yu EIQR ( )

whereas the simple pole in ¢ reads as
4e 2 2
Lo s 12— 4Atu+u? t + u?
Ml M ren> = — 8¢’ ———— —2e
< tree’ V1L, e 39 72 € 52 (ye + yﬂ)

+1262y3yi Yoy — Y2y,

2 5.23
—8<2€6t tu +62y3yi> [log (—%) ( )
s° Ho
t U 1
+log| —— | —log [ —— —
Mo Ho €IR
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and the new divergent quantum correction to the simple pole in €g is given by

4de
12
AIR <MzreeM 1L,ren> = - s 62 yz Yy

/e 2

2 1 (5.24)
a €IR

The finite 1-loop result for the considered scattering process is provided by

de 72 —50)t2 +36tu — (57?4 50) u?
<M‘IreeM1L,ren> - Ho 5 66 ( ) 5 ( )
fin 24 S

tu_12—7r2 9 9 9

4( 2 2
—3e (ye+y#)§ 5 € Ve Un
=32y By + 3y +247)
4e 2 2 2 2
+ 16 72 [86 52 —€ (ye + yu) 52
9 02 1,2 o 17 —u? 2,2 (302 £ 342 +242) | 1 _ 5
+ 267y T U, (BY 3y +2y7) | log 2
0
4e [ 1
o g2t+u 5 5 ot+3u t
oIy _ Al | _
16 72 I “ T @ Ve ] °8 i
B Mée _4€6t+2u_€2 ) 23t+u_ 10 _i (525)
16 72 I s Yelu | & ué
4e 2
Ho 6 U 2 2 9 2 S
— 4e’ — + lo -
wl TEre yey“] ¢ (-52)
4e [ 2 2 i
Ko cl"—u 2 2 9 2 3
4> —— — 1 -
BECEE] R ( u%)
4e [ 2 2 i
Ko cl"—u 2 2 9 2 U
4 1 -
+ 39 72 _ ¢ —a +e”y; yu_ og ( #3)
ge [ 2 2 i
Ho 6ot tu 2,2 2 S t
— 4 —+3 log| ——= ] log | ——
4e [ 2 2 i
Ho ¢t”+3u 2,2 2 S u
+ 4 ——— +3 log| ——= ] log | ——

whereas the new finite quantum correction emerging from UV-divergences is found to

be

4e
1
AUV <MIreeM1L,ren>ﬁn = - ]_6(?772 ys yi (7 yz + 7yi + 4y3) (526)
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and the new finite quantum correction arising from IR-divergences is given by

4e
AIR <M1reeM1L,ren> = Fo [2 64 (yg + yi) 82

2 + u?

fin 1672
— 2422 + 3922 (42 + o)

4de
1 g2 ooy (5 Y g (-2
te yeyu[10g< ) +1on () s u%)]

5
4e 2 2 2
) 2—7T26 Ye Ypu

(5.27)

Remark.

(1)

(iii)

(iv)

In the case of non-vanishing Yukawa couplings, i.e. y; # 0 and A = 0 at tree-level,
there are not only new finite but also new divergent quantum corrections due to

evanescent interactions, i.e. as a result of QSI, which can be seen in ([5.24)), (5.26))
and (5.27).

The new divergent quantum correction arises from the second order pole
in €, i.e. from 1/€%, and an evanescent term ~ e cancelling just one power of
eir- This new quantum correction is particularly interesting as it changes the IR-
divergence structure of the scattering process by introducing a new IR-divergence
that ultimately needs to be cancelled at the level of cross sections. This will be
discussed in more detail in the last section of this chapter. The emergence of this
new divergent quantum correction in the QSI theory and its implications for the
IR-finiteness of cross sections was the main motivation for considering the massless
limit despite non-vanishing Yukawa couplings, as discussed at the beginning of this
section, as there is no 1/e; divergence in the massive theory, and thus a new IR~
divergent quantum correction could not have emerged.

In ((5.27), new finite quantum corrections arising from IR-divergences are presen-
ted. The first 3 lines of are corrections that have emerged from the simple
IR-pole, i.e. from 1/eg, and the last line in has emerged from the second
order IR-pole, i.e. from 1/ef. It can be seen that IR-divergences, appearing in
scattering processes or decays, can also lead to new (finite) quantum corrections.

The new finite quantum correction arising from the 1/eyy divergence is given in
(5.26)). Such new quantum corrections emerging from UV-divergences are concep-
tually not new in QSI theories.

All new quantum corrections, given in ((5.24)), (5.26]) and (5.27]), are suppressed by

very small Yukawa couplings. In particular, in the present theory one finds

10722, f=e
v M 10718 f=r
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5. Muon Production

assuming w = (o) ~ Mp; ~ 10'® GeV. Hence, all new quantum corrections due to
QSI are (indirectly) suppressed by the VEV of the Dilaton.

(vi) The scattering amplitude has also been calculated in the massive theory, i.e. the
case where the masses have not been neglected. In this case there is indeed no
second order IR-pole, and thus there is no new divergent quantum correction due
to QSI, such as . For this reason, the massive case is less interesting for the
next section, and therefore has not been discussed in detail in this thesis.

(vii) The same scattering process has also been considered in the QSI QED with toy
model Higgs sector presented in section [4.3] There the scalar sector is similar to
that of the quantum scale invariant Standard Model provided in chapter [6]and the
Yukawa couplings are given by y; = V2m ¢/v. Thus, the Yukawa couplings have
the same values as in the "usual" Standard Model. However, it turned out that
again all new quantum corrections due to QSI are suppressed by the VEV of the
Dilaton. In particular, they are suppressed by positive powers of yo = v/w.

5.3. IR-Divergences

As mentioned in section [5.1] and explicitly shown in section scattering amplitudes
are UV-finite after Renormalisation but still IR-divergent. These IR-divergences have to
cancel at the level of cross sections, i.e. physical observables must be UV- and IR-finite
[8, 132]. In particular, in a scattering process beyond tree-level, as considered above,
one also needs to consider real emission graphs, i.e. final (and sometimes initial) state
radiation, as discussed in [32]. According to the Bloch-Nordsieck and the Kinoshita-Lee-
Nauenberg theorem, all IR-divergences in the virtual and real corrections to the cross
section cancel each other at a given order of the perturbation theory when they are
summed over [8, 132], and thus one obtains an IR-finite result for the cross section.

In subsection [5.2.2] it has been shown that new IR-divergent quantum corrections
can emerge due to QSI, and thus change the IR-divergence structure of the scattering
amplitude. Therefore, the question arises whether such new IR-divergences also cancel
to ultimately give rise to finite cross sections. For this reason, a conjecture about new
finite and divergent quantum corrections arising from evanescent interactions cancelling
IR~divergences is provided in this section and afterwards exemplarily proven for muon
production at the 1-loop level in a massless QSI QED with y; # 0 and A = 0 at tree-level.

Conjecture 5.1 (IR-Divergences in the context of Quantum Scale Symmetry).

All new divergent and finite quantum corrections arising from IR-divergences and evan-
escent interactions, introduced by the dynamical Renormalisation function in a quantum
scale invariant theory, cancel together with the regular IR-divergences when summing
over virtual and real corrections to a cross section or decay width at a given order of the
perturbation theory.
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5.3. IR-Divergences

Remark.

(i) Conjecture ensures that physical observables, such as cross sections, remain
finite in a quantum scale invariant theory even if the IR-divergence structure is
changed by new divergent quantum corrections emerging from IR-divergences and
evanescent interactions.

(ii) Moreover, also new finite quantum corrections arising from evanescent interactions
cancelling IR-divergences are ultimately cancelled at the level of cross sections.
Hence, only such new finite quantum corrections that emerge from UV-divergences
will finally contribute to physical observables, such as cross sections, as new correc-
tions introduced by the Renormalisation function in a theory with spontaneously
broken quantum scale symmetry.

(iii) The idea behind Conjecture [5.1] and the reason for considering it to be true is the
following: Contributions from real emission graphs have the same IR-divergences
but with opposite sign as the virtual contributions from the corresponding loop
diagrams in DReg-regularised theories at every order of the perturbation theory
leading to the cancellation of all IR-divergences at the level of cross sections, as
discussed above. In SIDReg-regularised theories, i.e. theories with spontaneously
broken QSI, new divergent and finite quantum corrections can arise from these
IR-divergences and evanescent interactions, as mentioned in Conjecture[5.1] If the
evanescent interactions in real emission graphs are the same as in the corresponding
loop diagrams, all of these new divergent and finite quantum corrections cancel
after summing over virtual and real contributions, as conjectured, because the
IR-divergences have opposite signs. There is no reason to think that evanescent
interactions in real emission graphs differ from those in the corresponding loop
diagrams as the same Feynman rules are used to derive the diagrams and the IR-
divergences are the same (with opposite sign), which means that it is reasonable
to think that the same interaction terms with the same evanescent corrections
contribute to the loop diagrams and the real emission graphs.

In the following, Conjecture [5.1] will exemplarily be proven. It is important to note
that this does not represent a rigorous prove that holds in a generic theory to all orders
of the perturbation theory, however, is sufficient to illustrate the idea of Conjecture [5.1
and show that it is true for the considered case.

First, Conjecture [5.1]is trivially satisfied for massless QSI QED with A = 0 and y; =0
at tree-level, i.e. scenario (i) in section[5.2] The reason for this is that in this case there
are no new quantum corrections at all, as shown in subsection

Now, it will be shown that Conjecture [5.1] is also satisfied for massless QSI QED
with yy # 0 and A = 0 at tree-level, i.e. scenario (ii) in section 5.2l However, for
simplicity only the 1-loop muon vertex corrections contributing to the e” e™ — p= p*
scattering process are considered, as done in [32] for regular massless QED, and not
the full scattering amplitude. Therefore, only final state real emission needs to be
considered to cancel TR-divergences at the level of cross sections. Since considering
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5. Muon Production

only the 1-loop muon vertex corrections provides a scattering amplitude that admits
the same structure as the full scattering amplitude, i.e. with non-vanishing second
order and simple pole in ¢r as well as new divergent and finite quantum corrections,
it is sufficient to restrict the following analysis to the 1-loop muon vertex corrections
in order to show the validity of Conjecture [5.1] in the present case. In particular, all
Feynman diagrams contributing to the e~ e™ — = u™ scattering process at tree-level
are provided in , whereas all considered 1-loop diagrams, i.e. diagrams with 1-loop
muon vertex corrections, are illustrated in and in sectionof the appendix.
In addition to these diagrams, one also needs to consider the muon Residue contribution,
ie. Mggs,u = 5R£L1) Mree, as well as the 1-loop counterterm diagrams containing the
yup - and the Dpup - counterterm for the UV-Renormalisation. In order to cancel the
IR-divergences at the level of cross sections, the tree-level cross sections for the scattering
processes e~ et — u~ pTyand e” et — pu~ ut D, i.e. final state real emission graphs,
need to be considered, as mentioned above. The tree-level Feynman diagrams for the
scattering processes e~ et — u~ ut~y are illustrated in and , whereas the
tree-level Feynman diagrams for the scattering process e~ et — pu~ u™® are shown
in and in section of the appendix. Further, note that in the following

Feynman gauge £ = 1 is chosen.

Remark. In the following, during the derivation and in intermediate steps, factors of
uie, for some n € Z, are suppressed for readability but are implicitly still present and
will explicitly be shown only in the final results for the cross sections.

In order to calculate the cross sections for the above described scattering processes
e~ e” — x* — X, where only virtual and real corrections to the muon are considered,
it is useful to note that these cross sections factorise into e~ e™ — x* and y* — X,
where y € {7,D} and X € {u pu*,pu~ putv,u~ ptD}. This has already been shown
for regular massless QED in [32], however, it needs to be shown for the present case
with non-vanishing Yukawa couplings, i.e. with 2 mediator particles {v,®}. The reason
for this is that in principle there are interference terms between photon and Dilaton
mediated diagrams. Hence, it is useful to consider the following Lemma first.

Lemma 5.1.
The spin-averaged interference between the electron current coupling to a photon E} =
T(p2) Y* u(p1) and the electron current coupling to a Dilaton E, = T(ps) u(p1) vanishes.

Proof.
p ot 1 p ot 1 = u = 1 m
(BrEl) =7 7 BB =1 3 olp) v ulp) u(py) vl(pe) = 7 T [p, ",
spins spins (529)
=0
and analogously for <E2 i Ey> = 0. n

Now, consider the factorisation of the cross sections.
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5.3. IR-Divergences

Proposition 5.1 (Factorisation of the Cross Section).

Considering a quantum scale invariant QED with yy # 0 but A = 0 at tree-level with
Lagrangian . The cross section for the scattering process e~ et — u~ u™, at
tree-level and for 1-loop muon vertex corrections, factorises as described above, and thus
may be written as

ox(ee — pp)
=op(ee > 7" = pup)+og(ee =D = pp) (5.30)
2 D—2 2 Ys '
= Iy (7" — 1 2+ 0O(é T (D —
s p 1 r (0 e+ (et @ 0 (€))7 5 o5 T pp)

where k € {tree, 1Lu}, Q = /s is the C.0.M. energy and Ty are the corresponding decay
widths. Further, the cross section for the scattering process e~ et — p~ 't x, where
X € {7, D}, at tree-level factorises analogously, and thus may be written as

Otree (€€ = (LX) = Opree (€€ = 7" = f1p1X) + Otree (€€ = D" = pp1X)

s D—QF (" = )
= 20 D—1 tree 7Y Hpx (5.31)
2
+(1+€+€2+O(53))22y_&%rtree(©*_>/’LNX)

Proof.
Starting with the scattering process e~ e™ — u~ pu* x and equation (5.31)). The tree-
level scattering amplitude for e~ e™ — p~ u* v, with contributing Feynman diagrams

() and (F5), is given by

62

iMyee (67 € = ppty) =i @@(pz) Y u(pr) W(ki) SE” v(ks) €, (5.3
5.32
. € e — e— v *
+i(l+e+e+0()) Q—yQ 0(pa) u(p1) u(k1) Sy v(ks) €,
with
SHY — _ ¢ ,yz/ kl—l—%F T’ k2+kF v
‘ (k1 + kp)? (ko + kr)”
W Lo kY p,_kﬂ v
+2(e+262+0(63))y—”n F 4+ kg 5 rd
€ w <k1+l€2) (5 33)
ke (ki +k kY (ki 4 ko)’ — kD (R + ko)
5512—2(6—1-624-0(63))%” F o (ki + ko) + F(1+22) 7 (k1 + k2)
w(k1+/{32)

2 3 u%1+%F_k2+%F v
+ (14+e+e +O(e))yu[7 ot kel Uyt kr)? ]

where the specific kinematic of such processes is provided in (F.8) to (F.12)) in section
of the appendix. Hence, the tree-level cross section for e~ et — p~ pt v with
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5. Muon Production

scattering amplitude ([5.32)) is provided by
_ _ 2
2Q2 /dq)?: <}Mtree (6 €+ — Y ,LL+ ’}/)‘ >
6 ye
=208 B X+ (L e+ 40 () 2626L X,

where interference terms between photon and Dilaton mediated contributions vanish due
to Lemma [B.1] and with

Otree (6 6 _>,U/ 2 7)
(5.34)

L = = 3 W)y ulp) o)A vle) = § T [, 9, 7]

spins

vV vV 1 v
= pl b +p1p’5——Q2 s

XM = /d(I>3 37w (k) SE vy (k) Ty (k) Bty (k) €7 0 21,5 o)
78t
— [ vy e[ 52K, 5
where S, =Y Se w 7°, and analogously for any other matrix, as well as
L, = i Z T(p2) u(p1) w(p1) v(p2) = Tr [,7)2?1] = %2
spins
X, = / 0y 3 (k) % v (k) Ta) S5 () £, 20 (5.36)

r,8,t
— / d®s Tr [k, Sh Ky Sy,

Note further that ¢, X = 0 due to the Ward identity of the mediating photon and that
X! is a Lorentz-covariant function only of ¢* as it is integrated over the other momenta
[32], and thus must have the form

Xt =(¢"q"—q* ") Xe(q?) (5.37)
Using (5.37) and the explicit form of L* in (5.35]), one obtains
1D—
LY X, y:——— 0 Xeyw 5.38

Now, considering the decay v* — p py and its explicit amplitude

i Miee (V" = ppey) = —iet(ky) S v(ks) €) €, (5.39)
one finds
2 e
Diree (V" = p1y) 2@/6@3 > ‘Mtreo(v —ppy)| = Tk " Xew  (5.40)

r,8,t1,t2
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5.3. IR-Divergences

and analogously for ©* — ppu~y
i Mireo (D" = ppy) = iet(ky) S v(ks) e, (5.41)

2
e
— X
2Q
Hence, due to Lemma the cross section for e~ e — =~ p+ + can be partitioned into
one photon and one Dilaton mediated cross section, as shown in (5.34)), and then due to

the results (5.35)) to (5.42)) these two cross sections can be factorised and expressed in
terms of the corresponding decay widths, i.e.

Liree (D = ppy) = QQ/d%Z‘Mtree o —uuw)) (5.42)

7,8,

Tree (€€ = [LILY) = Otree (€€ — 7" = fL 1Y) + Oree (€€ = D" — 1 17Y)
e D—2
= —Free -
2P D1 (v = ) (5.43)
2y
203

which is exactly for x = . Analogously, following the same steps as above one
finds that (5.31)) also holds exactly for X CD i.e. the scattering process e"et — pu~put®
with contrlbutlng Feynman diagrams ([F.6)) and (| .

Continuing with the scattering process e~ et —s p~ ™ and equation (5.30]). At tree-
level the diagrams contribute to this scattering process, and at the 1-loop level
only 1-loop muon vertex corrections are considered and provided in for photon
mediated as well as in for Dilaton mediated contributions. In both cases the
electron currents are exactly the same as before, and thus Lemma can still be used
yielding

+(1+€+€2+O<63)) Ftree(g*_),u,u’}/)

Utree(e 6 _>/~L H ) 2Q2/d¢)2 <’Mtree e 6 —>[L o) )’2>

h - (5.44)
—QQGL’;VYe,W—i-(1—1—6—1-62—1-(’)(63)) 2Q§L Y,
-+ -+ 1 -+ - )2
o (e e —>MM):2Q2 dd, <{M(e et —pu u)‘>1LM
5.45)
et 2¢%y; (
:2Q6L5 Zeyw + (1+e+€+0 (%) 2—Q6LyZy

where <]M|2>1Lu as in ((p.11]) containing only 1-loop muon vertex corrections. Hence,
the cross section can again be partitioned into one photon and one Dilaton mediated
cross section. Now, following the same steps as above, one finds

. e . . e?
Firee (V" = ) = 30 " Ye o Liree (D" = pip) = _Q
5.46)
. e o2 (
FlL“u (fy _>/’l’lu) = _2Q 77# ZEHU«ZM FlLu<© _>/’l’:u) 2@ Zy
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5. Muon Production

Noting that (5.37)), and thus analogously hold for Y and Z*”, one ultimately
arrives at for opee (67¢T — p~p) and oy, (€7t — pmpt). O
Remark.

Calculating the cross sections via the associated decay widths simplifies the evaluation
of the phase space integrals. In the case of e~ et — p~ u™ it is useful to note that there
is no angular dependence in the spin-summed v* — pp as well as the spin-summed
©* — pp |32, and thus the 2 body phase space integral can trivially be evaluated as
in (F.13). Hence, for the considered 1-loop contributions

* 1 *

7,8,t

R oD (5.47)
s
= 3 o T =~ /D—-1\ 2 R’e M-trreeMlLM,reH (7* — /J/ILL)
2Q (Q?) vl (55) (Z
and similarly for I'yp, , (9* — pp) as well as the tree-level contributions.
Using s = Q?, the tree-level cross section, in 4 dimensions, is provided by
et vy,
X — — c 5.48
Turce (06 = pip) 127 s + 167 s ( )

For the considered 1-loop contributions to the cross section as well as for the 2 — 3
cross sections, the result will be given in a similar form as in (5.12), i.e.

62 € € n n n
o = o T 4 g/ L A g/ g Ay o A o 4 O (€) (5.49)

Thus, the 1-loop cross section for e~ e — = ut, containing only 1-loop muon vertex
corrections, in the MS-scheme, i.e. having used (3.23), may then be given as

1
19273 s

1/6%11( N ) _
O, \€€ 2%

1
(4 e +3e%y? yi) o (5.50)
iR

2¢
¢ u
aiﬁjﬁ (ee — pp) = — Wow?’s [104 ef —12¢ yi + 126 €% 3/ yi — 99?2 yfj
' (5.51)
S
— 24 (466 + 362y2 yi) log (—2> 1 _—
Ko €IR
1 N%E 9 9 o 1
€IR _
Am o, (o6 = ) = = 7 G € Ye Y (5.52)
2e
n 1%
O-fliL,p (ee = pp) = Woﬂgs [(60 i 464) eS+30e! yi
+9 (5#2 — 48) 62y3 yz — 27y§yﬁ]
2 (5.53)
Mo 6 4 2 2 92 9 2,4/ S
t omga g | 2086 T 24ey, 18Ty y, +9ycy, | log 12

M?f 6 2 2 9 2 S
_967T38[46 +3e yeyu} log (u_ﬁ)
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3 2e
Ayy ort, (ee = ppr) = ljf Y2 Yy (5.54)

2€
Aol (ee — pp) = % [4 'yl —8deryly? + 92 ?/u}

384 73
52 (5.55)
Ho 2 2 2 S Fo 2 2 2
+8 Sseyeyulog(u_%)_32ﬂ_3$6yeyu

Since the 3 body phase space integral cannot be evaluated as trivial as the 2 body phase
space integral above, the spin-summed squared amplitudes for the decays v* — ppux
and ©* — ppx, where x € {v, D}, are considered first. Using the definitions of energy
fractions z;, i € {1,2, F'}, in the C.o.M. frame in (F.10), one finds

2 2 D—4 2
. 2 e U R
> [Miree (7" = ) | =4 (D —2) =—2——2—<

Tt (]_—[El)(]_—ZEQ)
7,8,t1,t (5.56)

2 2
+2(e+2¢ + O(E)) 23 (D—-2)—E
- 4R

37 [Miree (@ — ) |”

r,8,t
2 2y2(D_2>x%+4(1_xF)
® (1 — Il) (1 — l’g)
)2 2Q2( —2)z%+4xi—41y(2—xp) +4(1 —zp)
]_—ZEF

=2(1+e+e+0O(P) (5.57)

+2(e+e+0O()

3 [ Musee (v = @) |*

r,8,t

2(1+€+€ + O(e ))2 2y2 (D —2) 2

(1—1’1) (1-1’2)
2 2@ D (2 —:EF)2+4;1:§—4:1:2(2—3:F)—2(2—2;1:F—|—;1:2F)

+2(e+e+0()) e

w2 1 — TR
(5.58)
37 [Musee (D = D) |* = 2 (1 + 2¢ + 3¢ + O(e%)) "y (21 — 22)°
T,8 (1 - 271) (1 — Iz) (559)
+2(e+ 26 + (9(63)) yi Q—2 (1—2p)

All of the above expressions either are already in the form of one of the integrands
provided in (F.16) to (F.24) (without the factor (F.15) coming from the 3 body phase
space integral) or can be rewritten as a combination of these integrands using the relation
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F1D). ce

(1 —22)® 2 ai+a3+E22 D-4 1
(1—21)(1—25) D—2 (1—2)(1—a5) D—21—um
D—4 22— Ty To
+2 -2 5.60
(D —2) 2% :2x%+x§+%x%+8 L, T2 (2 — 11)

(1 —xq) (1 —x9) (1 —21) (1 —x9) 1 — (1 —xq) (1 —x9)

and analogously for the other expressions. Using the integrals in (F.16)) to (F.24]), the
3 body phase space integral over the spin-summed squared amplitudes (5.56)) to
5.59) can explicitly be evaluated to obtain the corresponding decay widths and using
5.31)) in Proposition one ultimately obtains the tree-level cross sections for the
scattering processes e~ et — u~ ut x, where y € {v,D}. Thus, the tree-level cross
section for e~ et — p~ pt v, written in the form (5.49)), then reads as follows

2e

G
19273

1
(46 +3e?y? yi) (5.61)
€ir

otcin (ee = ppy) =

2e
T (ee — ppy) = 11;2—033 [52 e’ +63e* 2yl

) (5.62)

—12 (466 + 362y3yi> log (%) } —

Ko/ 1€Rr

1/e N%E 2,2 2
IR Otree (66 /LILL"}/) 16 703 s M em ( )
2e
o (ee = puy) = ﬁ [4 (30 - 259) b +9 <1O7r2 . 147) €2 y? yZ}
/L(Z)6 6 2,92 2
— 52 63 1 5.64
5767T38[ e’ + eyey,i og(ﬂ) (5.64)
2e
Ho 6 2.2 2 §
96 15 5 |:46 +3e’ vy yﬂ} log (—%>
AUV Utree (66 — :u:ufy =0 (565)
n 7 g 145 5
A i, (€€ = ppy) = 3 eyl — < % eEylyn 10g( >
s i Hi (5.66)
5Mge 2 2y2
32 73 c o

Similarly, the tree-level cross section for e~ et — p~ ut @ is found to be
Ouel (e = ppD) =0 (5.67)
1 ,u26 1 ( )
T (e D —<4e 1392 ) 5.68

tree ppD) = 6813 vy, o
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Arg ol (ee = puu®) =0 (5.69)
M26

o (ee = pu®) = — WOW?’S<76 et yi + 11732 yﬁ) |
2e (570

Ho 4,2 2 4 S

— |4 3 1 —

i et 3 o ()
Apy o (ee — pu®) =0 (5.71)
2€
fin Ho 4,2 2 4

AR Opree (€€ = pp®) = — oo (46 Y, +9v; yﬂ> (5.72)

Finally, the total cross section is given by

Ototal,u (66 — ,u,u) = Otree (66 — M:u) + O1L,u (66 — /LIU)
+ Oiree (€6 = 1Y) + Otree (€€ — pu®) + O (af) (5.73)
= Oiree (€€ = ppt) + Tiotar,inp (€€ — ) + O (af)

where «; are the finestructure constants for e and y;. The full tree-level cross section is
to be found in ([5.48)), whereas the considered 1-loop contribution in the MS-scheme and
in 4 dimensions is given by

Trotal 1Ly (€€ = pupt) = oyt 11, (€€ = i) + Auy Ororariny (€€ — 1) (5.74)
with the regular 1-loop contribution

R
o-to(zil,lLu (ee — pp) =

(866 —4e4yi—|—3462y3yi — 17yzyﬁ>

) (5.75)

51273 s
1

B Ge2 2 u? — 342 4]1 S
—2567T38[ €YYy =3 v log | 1

0

and the new finite quantum correction that emerged from UV-divergences

Auv Ctotal 1Ly (ee — pp) = — Ye Yy (5.76)

Thus, the considered 1-loop contribution to cross section ([5.74]), containing virtual and
real corrections, is UV- and IR-finite, as proposed.

Remark.

(i) As proposed above, the 1-loop cross section for e~ et — p~ u, containing only
1-loop muon vertex corrections, contains new finite and divergent quantum cor-

rections arising from IR-divergences as shown in (5.55)) and (5.52)), respectively.

(ii) The last term in (5.55) and (5.66) emerged from the second order IR-pole, i.e.
from 1/ely, whereas the other terms in ((5.55)), (5.66) and (5.72)) emerge from the
simple IR-pole, i.e. from 1/€R.
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(iii)

(iv)

(vi)

94

The result of the total 1-loop contribution to the cross section, i.e. the order a3
contributions containing virtual and real corrections, is partitioned into a regular
contribution that also would have been obtained in the DReg-regularised
theory and a new finite contribution due to evanescent interactions in the
QSI theory cancelling UV-divergences, i.e. that is only obtained in the SIDReg-
regularised theory. Moreover, the results in and are given in 4 di-
mensions as they are finite.

In to it can be seen that the considered 1-loop contribution to the cross
section of e~ et — p~ pt scattering indeed is IR-finite after summing over the
contributing final state real emission contributions. Thus, all IR-divergences, even
the new IR-divergences, cf. 7 emerging as a result of evanescent interactions
due to QSI, cancel after summing over the virtual and real corrections to the cross
section. Moreover, all new finite quantum corrections to the cross section arising
from evanescent interactions cancelling IR-divergences, cf. , cancel as well.
Therefore, only new finite quantum corrections emerging from UV-divergences, cf.
, remain as new finite contributions to the cross section as shown in ([5.76)).
Thus, Conjecture [5.1]is true for the present case of QSI QED with non-vanishing
Yukawa couplings.

The remaining new finite quantum correction to the cross section given in ([5.76|)
is suppressed by Yukawa couplings to the power of 6, and thus is suppressed by
the VEV of the Dilaton to the power of 6 as yy = ms/w in the present theory, cf.
(15.28)).

Taking the limit of vanishing Yukawa couplings, i.e. y; — 0, one obtains

et eb

¥i—0 T 127s + 64 73 s

Ototal,p (66 — NN) + O (064) s (577)

and thus exactly reproduces the result provided in [32], as expected.



6. QSI Standard Model

In this chapter a complete quantum scale invariant Standard Model is provided. In [13]
only the Higgs potential of a QSI Standard Model has been discussed. The purpose of
this chapter, however, is to discuss the complete Lagrangian of a QSI Standard Model
in full detail, which has not yet been done in the literature so far.

The Lagrangian is formulated in the way that the Renormalisation function p(o), but
not the dimensionless gauge coupling, is absorbed into the gauge fields, such that the
gauge fields always have mass dimension 1, as discussed in section [{.1] Hence, for a
generic gauge field A7, one obtains

D = 4: Al — Al =g A% = g A, & A=Al

" . . 6.1

D =4-—2e¢ AL — AL =gp(o) AL =gA, & A,=up (o)A (6:)
with mass dimensions [Af]] = 1 — ¢, [AZ] =1 and [ZZ} = 1. The QSI Standard Model
Lagrangian is formulated in terms of ZZ. However, the "overbar' is dropped in the
following for readability, i.e. ZZ — Aj,. Note that working with EZ instead of AZ has
the advantage that the Lagrangian takes the usual form w.r.t. to the gauge couplings
while it is still BRST invariant, as discussed in chapter [4]

The Lagrangian of the complete QSI Standard Model consists in principle of 4 parts,
the gauge sector, the fermion sector, the Higgs sector and the Yukawa sector. In addition
to that, a gauge-fixing and a ghost sector need to be considered in the quantised theory.
Thus, the Lagrangian is given by

_ pQSI QSI QSI QSI
£QSISM70Z - ’CGauge + LFermion + LHiggs + £Yukawa

(6.2)
Losism = Lasisma + L + L,

6.1. Gauge Field Lagrangian

The gauge field Lagrangian for the QSI Standard Model with rescaled gauge fields, i.e.
the Renormalisation function u(o) being absorbed into the gauge fields, may be written
in terms of the corresponding field strength tensors as

1 —4€ a a,uv 1 —4€ a a,uv 1 —4€ 174
L = = 12(0) Gy GO = L > (@) Wi, W — 27 (0) By B (6.3)

These field strength tensors of the respective gauge groups of the Standard Model are
given by
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6. QSI Standard Model

SU(3). :
G, =0,G8 — 9, Gy + g [ G Gy, (6.4)
SU(2).
Wi, =0, W =0, W + gw ™ Wi WS (6.5)
Uy
By, =0, B, — 0, B, (6.6)

Hence, the gauge field Lagrangian (6.3]) of the QSI Standard Model is then provided by

2 1

10 0) (0. =0, W)’

1 —4€ a a
Lgiige == Z K 2 (U) (au Gy - 81/ GM)

1
4 ’u726<‘7) (au B, -0, Bu)Q

— g, M—Qe(o_) fabc 8M Gz Gb,u Gev — aw M—Qe(o_) 6abc au W;z Wb,u Wwev (67)

1
1 g? 726(0_> fabc fade GZ GIC/ Gd,u ;e
1
I 92 —26( ) Z_:abc gade I)[rllj ”7;: IJ[rd,u wer

Transforming the gauge fields to mass eigenstates

1 1 12 1 1 _
W:_E(WM_ZWM)’ W:E(W;+Wu)
_ 1 1 . 2 2 l _
W, :E (WM+ZWu), WM:E (W;—WM) (6.8)
Zu—cwW;j’ Sw By, Wj’:ch#jstAu
AM_SWW3+CWBN’ By = =54 Z, + ¢y Ay
where
o gy
Sw = sin (Vo) = —=—
9y + G
aw
Cow = €08 (V) = 6.9
9y + iy (6:9)
ty = tan (J,) = I
aw
and
gy gw

€= Sy gw = Cuy Gy = m (6.10)
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6.2. Fermion Field Lagrangian

the gauge field Lagrangian may finally be written as

1 —Z€ a a 1 —2€
Ldie == 707(0) (9, G5 = 0, Gp)" = 21 *(0) (9, Ay — 0, A
1
= 1 0) (OuZu = 00 Zu)°
1 —Z€ — —
— 5 (o) (W) =0, WH) (0, W, =8, W)
- 49

—2e

() f0, G G G
1 (o) (a# Ay WP W8 — 9, A, WH W=
O, W AW — 9, W AY W
O W AW = 9, W, AR W)

—1e

— i gw o f (o) (au Z, WV W=h — 9, Z, WHt =
O, W ZP WY — 9, W 2V W
O W, 2N W= Wy W)

(6.11)

1 —4€ aoc aae (& e,V
= O o) 1 U G G G G

+ %gﬁv (o) (W,f W W, W= — WP W+ W, W*’V)
— 2 () (AM AW W™ — A, A, W W””)

— g & (o) (ZM ZEWF W — 7, Z, W W‘”)

+ e gw co (o) (AM ZVW W 4 A, Z, WH W

— 24, 28 W W)

6.2. Fermion Field Lagrangian

The fermion field Lagrangian for the QSI Standard Model is given by

LRomion = Z i Pr + Z iYr DR (6.12)
YL YR

where
Y € {Lr;}— U{QL;}, (6.13)
YR € {vrstio U {lrs}= U {ur,}io U {drstia
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6. QSI Standard Model

The covariant derivative acts as follows on the different fermion fields

D ¢L _ (8N - ZngBM - ngW;j Tﬁ/) ¢L; wL € {LL,j}?:l

p (0u — igyY By — igw WS Ty — igsGS T ) Y, b € {QrjYi, (6.14)
Do — (0, — igyY B,) ¢g, VYr € {vr; oo U{lrs}i,

: (0, —igyY B, — igsGAT) g, g € {up;}iy U{dr i},

again with rescaled gauge fields of mass dimension 1 where the Renormalisation function
p(o) is absorbed into the gauge field.
Finally, this leads to the following fermion field Lagrangian

‘CgeSrImion = Z Zaf awf
f
+> Qe Ay iy
f
+ Z 9s G, Eq,i Y Tgii Yo
! (6.15)

w . —
+D T L (of — ghs) vs
f w

1 1 - 1
+> B |:W:vk’}/u§(1_75)lk+W,:lk7u§(1_75)Vk
P

1 - 1
Wy 5 (1= 9s) di+ W diey 5 (1= 35) wy

2
where
f € {677/*6777—77V€7y,u7V77d787b7u7cat}7
q G {d’87b7uﬂc7t}7
k€ {1,2,3} generation index,
i,7 € {1,2,3} colour indices
and
f 1 3 2 f 1 3
gv:§fw,f_Qf3wv gA:§IW,f
07 fG{V&I/'L“I/T}
_17 f € 6_7/~L_77-_
0 i }

+2, fefuct}
—%, fed{d,s,b}

IS _ Y f € {e_ulu_uT_udusub}
W.f 1
+§7 f S {Ve,V#,l/T,U,C,t}

—

Note the following relation between the hypercharge Y, the electric charge @ and T3,
Y =Q-Ty (6.16)
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6.3. The Higgs Lagrangian

6.3. The Higgs Lagrangian

The Higgs Lagrangian for the QSI Standard Model reads as follows

L8, = (D,@) (D'9) + 3 (9,0) (0%0) — 4*(0) Vir (®,0) (6.17)

Higgs
+ Gt
@=($)=<Mmﬁ (6.15)
V2

is the Higgs doublet, with hypercharge Yo = 1/2, the Higgs-like boson ¢ = h 4+ v and
the Dilaton o0 = ® + w. The covariant derivative acts on the Higgs doublet as

where

D,® = (9, —igyY B, — igw Wi T}, ) ® (6.19)

again with rescaled gauge fields of mass dimension 1 where the Renormalisation function
pf(o) is absorbed into the gauge field. The Higgs potential Vy is explicitly given by

)\d) 2 >\m ACT
Vit (®,0) = ¢ (o7) +5 (dTd) 02+Za4
_)‘45 4 Am 2 2 Ao 4
BT T
A A A A
+3—T¢2G+G*+1—;¢2(G°)2+702G+G*+102(G0)2 (6.20)

A 2 A } A
+3—‘f (ata )2+3—‘;’G+G (G0)2+4—‘§’ (@)

= ‘/2SM (¢70') + VG <¢, g, GO, Gi>

where

A Am Ao
Vasm (¢, 0) = 4—(:’ " + Ve ¢* o + T o (6.21)

is the potential of the 2 Scalar Model which has extensively been discussed in chapter
and appendix [C] and

Ve (gb, o, GO,Gi) = %gbz GTG™ + %gbz (G0)2 + %naQ GTG + %7102 (G0)2 622)
A L2 A B 2 A 4 ’
+3—¢!’ (Gt a) +3—‘fG+G (@) +4—‘f (@)

is the part of the Higgs potential that contains the Goldstone bosons. Thus, as discussed
in section [2.2] the 2 Scalar Model is of great interest for a quantum scale invariant
Standard Model as it is a subset of the Higgs Lagrangian.

Expanding the Lagrangian about the fields VEVs {v, w} and w.r.t. €, one obtains
for Vagu (¢, 0) = p25(0) Vagu (6, o) as well as
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6. QSI Standard Model

‘A//G (¢7 g, Goa Gi) = lu26<0-> VG (¢7 g, Goa Gi)

- %Mé (GO + MZGHG™ + 117133 h (GO)2 + Vs h G G-
+ 3 9 V233 D ( ) + V245 D G+ G~ + = V1133 h2 (GO)

1~ (6.23)
+ 2V1145h G+G + = V1233 h@ ( ) +V1245h@G+ Gi

1 -
+ = Viggy ©° (GO) + D) Vaos D2 GG~ + I V3333 (G0)4

1~
4
L5 02 At - 17 + )2
+§V3345 (G) G G +ZV4455 (G G) +

where the ellipsis denotes infinitely many terms of higher orders in scalar fields and with

TF Ag Am W
2 2
Mg = Mg = pf FU (1+3)\_¢F)
3 = A
Vizzg = Vigs = ,uo 3¢
V) ) 2e )\¢’U 3
Vagz = Vous = 11" [ Amw +€ (1+€) | Apw + —- 5w +(’)(e)
2c Ao

Vitgs = Viug = V
1133 1145 3345 = Mo 3 (6,24)

Viggs = Vigas = e [3 Ap € (1+€)+ 0O (€3>:|

Vasss = Vanss = ¢ | A SRR Y PRI B TE
2233 = V22u5 = [y |Am T € m= 3 s + € m+ — + (e)
]73333:,1186)%

=~ 2
Viass = Mge § )\¢

Obviously, the Goldstone mass Mé in (6.24)) vanishes if the minimalisation condition
(2.47) of the Higgs potential is used, as expected. Note that the minimalisation condition
of the complete Higgs potential indeed is the same as for the 2 Scalar Model in ([2.47)).

Further, the Goldstone mass does not obtain € - corrections, and thus M2 = Mg.
Hence, the complete Higgs potential in D = 4 — 2¢ dimensions may be written as

Vit (,0) = 1*(0) Vit (9, 0)
= V25M (p,0) + Ve (¢,0 G Gi) (6.25)
C.1)) + (6.23)”

|
!
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6.3. The Higgs Lagrangian

Using (6.19)), the kinetic term of the Higgs Lagrangian is given by

QSI

Higgs,kin —

Remark.

= (D,®)! (D") + 3 (8,0) (9%0)
1

© (0uh) (0") + % (0,D) (9"D) + % (9,6°) (9"G°)
+ 0.6 )

L gy P ST S S,
+§C_ZU ZHZ +Zng WHW

i _ 1 _ . 1lyg 0
+§viWM 8“G+—§viWJ8“G —1-5— vZ, "G

Cw

1 1 1
+Zg_WUhZ Z“+29thW+W “+§engG+W A*
c2

1
+§eviG W*A“—§egW—UG+W Z+
Cw
1 w '
g e Wi zr Lgwhoratwr — Ly norcmwr
2 Cw H 2 2 H

i i 19W

— 0w NG W, S gw 'R G W+ o e
1 gw . 1 . . n oo (6.26)

50w GO OCTW, o+ S gw G0 9G W+—% gw 22 G oG 7,
+;gw—csz PG Z, —ieGT G~ A, +ieG™ G A,
Cw

w

1 1 1
+Zlg§Vh2WjW”“+890‘;VhQZ 7 = S eqwtu hG* W, 2"

1 1 1
—segwtoh G W] Z' + cegw hGT W, A* + Zegw hG~ W, A*

2 2 Z 2
1 _ _ 1 2 _
+§g%VG+G wrw ’“+Zg§V (G°)" wrw—n
+%egwth0G+Wu_Z“—%egwthOG_WJ“Z“
1 0 ~+ _ { 0 ~— + 19W 0
— 5w GG A+ Sequ GG A+ (G°)* 2, z*
1, & w
+ 10 22“’G+G Z, 7"+ egw 22 GG Z, AP + 2 G G A, A"
Cy

(i) The mass terms of the gauge fields are given in the third line after the second
equality in (6.26]). Due to the fact that the Renormalisation function is absorbed
into the gauge fields there is no factor of p2¢ in these mass terms. However, as
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6. QSI Standard Model

(iii)

(iv)

102

discussed in chapter [2| the factor of uZ® is part of the squared mass definition, such
that the mass has mass dimension 1 even in D = 4 — 2¢ dimensions. This can be
solved by multiplying with 1 = pg 2 u2¢, i.e.

Lo o g gn L op oy e
82~ “H 49w

—2€ 6192 —2€ 61 —
= o2 i g 0 2 20 g i g P W W (6:27)

1 — —
= iy 5 M} Z, 2" + g ™ M, W W

Hence, the squared masses of the gauge fields are

—~ 1 g2 — 1
AV A NV
where both masses have mass dimension [M 7] = [MW] = 1, as intended, and do

not obtain € - corrections. The other gauge fields are massless.

Further, note that the prefactor yy* in front of the mass terms is necessary
in order to be consistent with the kinetic terms of the gauge fields in (6.11]) which
also obtain a prefactor of y > after expanding the Lagrangian in out the
VEV of the Dilaton and w.r.t. €. Thus, the propagators of the gauge fields obtain a
global prefactor of 5%, which is due to the fact that the Renormalisation function
has been absorbed into the gauge fields. Consequently, the whole approach is
consistent w.r.t. the gauge fields, as well as their masses and dimensionality.

The fourth line after the second equality in contains the usual bilinear
(or kinetic) mixing terms between the gauge fields and the associated Goldstone
bosons. Analogous to the usual Standard Model, these terms can be eliminated (at
tree-level) using appropriate gauge fixing conditions in the gauge fixing Lagrangian
as shown in section [6.5

The Higgs potential in to is given in the unbroken phase of the theory,
i.e. in a manifestly scale invariant form. In (C.1]) and , or equivalently in
, the Higgs potential is given in the broken phase of the theory. The kinetic
part of the Higgs Lagrangian is given in the broken phase of the theory in (6.26)).
In order to obtain the kinetic part of the Higgs Lagrangian in a manifestly scale
invariant form, the Lagrangian can be used with the replacement h — ¢,
® — o and v — 0 being used.

The Higgs Lagrangian can be transformed to mass eigenstates { H, S} analogously
to the 2 Scalar Model discussed in section with mass eigenstates given in (12.32])

and mixing angle provided in ([2.35)), i.e.
HZCﬁh—Sg@ = hiC@H—FSﬁS
S=ssh+cg® & D=-—-sgH+cS



6.4. The Yukawa Lagrangian

6.4. The Yukawa Lagrangian

The Yukawa Lagrangian of the QSI Standard Model is provided by

‘Cgf'fliawa = _Z <,u ( )Y}/U L/Lz(Dl;%] +H’ ( )YZ;‘}E@T LIL,Z
1]

() Yy QL @ dy 4 i (0) Y diy, 9T QF (6.29)
o 1E(0) Yy Qe Bty + (o) Yy iy &1 QL)

where flavour eigenstates are marked by a prime, and related to mass eigenstates by the
following unitary transformation

fik U{zk-le

) (6.30)
fR,k = R,ikfR,i
Further, the Higgs doublet is given in (6.18)) and
- ¢—i G
d=i0? d* = *g, (6.31)

Transforming from flavour to mass eigenstates and using the explicit form of the Higgs
and fermion doublets leads to

%?iawa:—Z( yr (o) oy — Zﬂ]gv,fyf/f@')GOEf’%wf)
—Zylz (G 7, Ppli + G~ ZPLVZ>
—Z [ VCKM’L]G u; (yngR yu,iPL> dj
1 (o) Vg G d; (yd,j Pr — Y PR) Uz]
-3 (50 @) 0800+ vV T 0y (632
VR By () GOy

_Z Yt (G Ui Pali+ G~ ZPLVZ)
_Z{ VCKMZ]G uz<yngR—ymPL>d

+p1(0) Ve G- d; (?/d,j Pr, — Yu,i PR> Uz}
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6. QSI Standard Model

where Vogy = Uf (U g)f is the CKM matrix and the fermion masses are given by

_ 1
M= me= o s (6.33)

with f € {e",u~,77,d,s,b,u,c,t}. The fermion masses do not obtain € - corrections,
i.e. my = my. Note that it has been assumed that neutrinos are massless.

6.5. The Gauge Fixing Lagrangian

In order to write down the gauge fixing Lagrangian, appropriate gauge fixing conditions
are needed. Recall that there are bilinear (or kinetic) mixing terms between the gauge
fields {Z,W*} and the Goldstone bosons {G°,G*} in (6.26). These bilinear mixing
terms can be removed (at tree-level) by choosing the following gauge fixing conditions
in D = 4 — 2¢ dimensions

G* [GZ} = (o) 6"Gl‘j =0
GAA)] = (o) 0"A, =0
=~ 1
G” Z,) =p “(0)0"Z, — 5 &z gC—W pe(o)v G’ =0 (6.34)

~ ?
G* [Wﬂ = (o) "W, F 5 Ew gw p(0)vGE =0

The gauge fixing Lagrangian in terms of Nakanishi-Lautrup fields { B&, Ba, Bz, B+ } may
then be written as

L3 — € pa po (o) B O"GY

2
éZ 2 —e L 1 IW 2 0
+ %5 By = (0) Bz | 0" 2y — 58—~ 1 (0) v G (6.35)

+&w By B — (o) By (8“WM + %fwgwlfe(")vG)

(o) B (W) = o i) 0 G )

Obviously, the gauge fixing Lagrangian in this form is formulated in the broken phase
of the theory. Choosing Landau gauge {; = &4 = &7 = &4 = 0, the Lagrangian is given
by
LA =— (o) BLO"GY — pw(0) B4 0" A, — p(0) Bz 0" Z,
—p (o) By "W, — (o) B- (9“1/1/;r

which is manifestly scale invariant, i.e. in the unbroken phase of the theory.

(6.36)
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6.6. The Ghost Lagrangian

The equations of motion for the Nakanishi-Lautrup fields, derived from the Lagrangian

(6.35), are

1
B = —u (o) "G
G €G"u ( ) m
1
By = aﬂ_€(0') oA,
1 1 gw o . (6.37)
Bz = —pw(0)(0"Z, — 58z =— 1 (0)vG
§z 2 Cuw
1 1
By =_—u (o) ((%Wf F §§W gw MZe(U)vGi)
Ew
Using these eqautions of motions ([6.37)), the gauge fixing Lagrangian may be written as
1
EQSI:_ —2e¢ o) Fe e — —2¢ o F2
GF _2§GM (o) F& FE —2€AM (o) Fi
L o L
——pu (o) Fy — —p (o) Fy F_
26, " (o) Fz el (o) Fy
1 —4€ a 2 1 —2€
=— 51 (o) (auGu) — 5k (o) (aﬂAu)z
2 26 (6.38)
1 —z€ 1 —2€ v — '
“og, M ? (0)(5“%)2—5—”/# “(o) (0"W,) (0"W)
1 9t2/V 2¢ 9 (02 1 2 2% 2 b e
—§§ZC—2M (o)v (G) —wagwﬂ (o) v"GT G
. , .
—%QWUWJ5NG++%ngW:ﬁ”G_—ﬁi—WvZua“Go

where the last 3 terms in the last line after the second equality in (6.38]) have been
integrated by parts such that they exactly cancel the bilinear mixing terms in (6.26)), as
proposed, and

Fg = 0'GY,
Fy=0"A,
1
Fyp=0"2Z, — §§ch—W,LL26(J)UGO (6.39)

w

1
Fe=0"W;r T éfwgwlfe(a)UGi

6.6. The Ghost Lagrangian

The ghost Lagrangian of the QSI Standard Model can be derived as follows, using (6.39)),

£8h = [y @ 5o (6.40)

where it is implicitly summed over B and C, n® are the ghosts {c% ba, bz, b} and w?
are the gauge fields {3, a4, az,a®} in the corresponding gauge transformations.
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Hence,
£~ [y { @) 5 e
L/ OFu(z) - , . 0Fy(x)
#32 (Ba ) gy @ g (o4
- OF, (x) - OF_ (x)
#B (o) S b ) S, <y>}

In order to find the variations 0 Fg, infinitesimal gauge transformations need to be con-
sidered. The gauge transformations in the QSI Standard Model, i.e. for the gauge group
SU(3). x SU(2)r, x U(1)y, are given by

Usuz), = €97 1%
Usu(z, = e T (6.42)
Uvyy = elov oty

which lead to the following infinitesimal gauge transformations for the gauge fields
5G = 08" + g, [ Gl
Wi = 8,0 + gw e W) af (6.43)
0B, = 8,@4

Transforming to gauge field mass eigenstates and introducing

+ 1 1

o :E(aliFion), o :%(a —i—of)

4 2 t

_ 3 o + _
A7 = Cp A" — Sy O, a® = (a -« ) (6.44)
V2
_ 3 4 3 _
QA = S 7+ Cypy (0, Q° = Cyy Oz + Sy p
a4——swaz+cwaA

the following infinitesimal gauge transformations for the gauge fields in mass eigenstates
are obtained

0GS = 0,8° + gs f* G 5

5WJ =0y —igw [(Cw Zy+ Suw Au) a’ — (Cw az + Sw aA) W:]

W, = duo” +igw [(Cw Zy+ swAy) o = (cwaz + spaa) W,f} (6.45)
02, = Ouoz + 1 gw cy (oz+ W, —a” W:)

0A, = 8M0zA+ie<oz+ Wu_ —a W:)
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6.6. The Ghost Lagrangian

Using that the Higgs doublet (6.18)) transforms non-trivially under SU(2);, x U(1)y, as
well as the relations

GE=¢*, G'= % ((6")"=¢) (6.46)

the infinitesimal gauge transformations of the Goldstone bosons are found to be

6Gi::|:%gw (qﬁiiGO)aiii(eaA—i—gTWCz—waz) G*

L1 ) ) ! ow v (6.47)
0G° = 39w ("G~ +a” G7) —izaz¢
Therefore, the variations 0 Fig are explicitly given by
oFg = 0"oG),
0F, = 0"6A,
§Fy = 867, — %gz 2 1 (o) oG (6.48)

0F, = 8“5VVui F %fw gw 1> (o) v 5G*

Finally, after performing the variations and integrating over y as well as integrating by
parts w.r.t. x in (6.41)), the ghost Lagrangian is found to be

_ _ 1 2 _
Lt = 0" Dy 4+ 054 0uba+ 5 by — 7 €2 0 1 (0) v bz bs

_ 1 _
+ 0"by Ouby — 1 Ew gy 17 (0) v* by by

- 1
+ 0"b_ 0,b- — 1 Ew gy 11> (0) v2 b b_

1 - 1 -
- Zéwgivu%(a)vhmm - Zﬁwggvlfe(a)vhb_ b_

7 - 7 _
— —&w gy (o) v GOy by + wagx%vﬂ%(a)vGob— b_

4

1 912/1/ 2 T
— e 20y u by b

452 Cfu 2 (U)U z 0z (6.49)

1 2 Cow 9 +7 1 2 Cow o _ 7
—wagwc—/v‘ (o)vG b+bz—é—lﬁwgwc—ﬂ () vG™ b by

1. g2 . . 1. g2 . _
—Zfzg/ﬁ (o)vG bzb+—Z£Z%u2 () vGTbyb_

1 - 1 _
—Z{’Wegwuze(a)vGererA—waegwu26(0)vG_b_bA

—ieAuﬁf‘l_)erJr +z'eA#8“5,b, — 1 gw Cuw Zua“&rm

+igw cw Zu OMb_b_ + 1 gw Cy W: 3“5+ by — i gw Cuw W, OMb_ by
+ 1 gw Cuw Wu_ G“Z_JZbJr — 1 gw Cuw W:@“Ezb_ +z‘era“E+ ba
—ieW, 0"b_by+ieW, 0"baby —ie W, 0"bab_
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where
D¢ =60, + gs f*™ G, (6.50)

Obviously, the ghost Lagrangian in ([6.49)) is formulated in the broken phase of the theory.
Choosing Landau gauge & = €4 = €4 = &4 = 0, the Lagrangian is given by
L, = 0" Doc® + 0"b Ouba + 0"z Oubz + 0"by Ouby + 0"b_ 9,b_
— ieA“a“l_)+b+ +Z'€AM6MB_ b_ — igwcw ZM8H5+ b+
+ 1 gw Cuw 2, 0"b_b_ + i gw Cy w; by by — i gw Cu W, O"b_ by, (6.51)
+igw o W, by by — i gw Cu W; OMby b +1i eW; Oby by
—ieW;@“Z_)_ bA +ierj6“l_)Ab+ —ieW:(‘?"Z_)Ab_

which is manifestly scale invariant, i.e. in the unbroken phase of the theory.

108



7. QSI SM Effective Potential

In this chapter the effective potential for the complete quantum scale invariant Standard
Model, discussed in chapter [0} is determined at the 1-loop level. It is shown that this
effective potential indeed is quantum scale invariant, similar to the 2 Scalar Model in
chapter [3] The effective potential in the QSI Standard Model at the 1-loop level has
been determined in |13] for a Higgs potential containing A\¢ # 0 at tree-level. In this
thesis, the effective potential is determined in a more Feynman diagrammatic approach
than in [13] using the full QST SM Lagrangian and for the Higgs potential (6.20)),
i.e. with A\gy9, =0,V n, especially \g = 0, at tree-level.

Analogous to chapter [3] the Lagrangian is not expanded about the fields VEVs, and
thus the theory is considered in a manifestly scale invariant form, however, a field shift
is applied to the Lagrangian. Due to gauge invariance it is sufficient to perform the field
shift on only one of the four scalar fields in the Higgs doublet [10]. Thus, the field

shift is given by
oo, °
= i 0
\/Li bo ¢+¢% ] (7.1)

o — 0+ 0y

where ¢y and oy are background fields. Furthermore, it is chosen to work in Landau
gauge, i.e.

(=== =w=0 (7.2)

due to the following reasons

« the propagators of the gauge fields {G* A, Z, W*} are transverse [10]

o the associated ghosts are massless and couple only to the gauge fields [10], i.e. the
ghosts decouple from the Higgs and Goldstone bosons

o Landau gauge ensures that the Lagrangian is manifestly scale invariant, as dis-
cussed in chapter [6]

The field dependent masses are given in (C.6|) for ]\Z% and in (C.17,|C.18) for ]T@I & Mg
if the VEVs {v, w} are replaced by the background fields {¢g, oo} as well as given by

2
Vi ¢ Y 7 e(oy
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7. QSI SM Effective Potential

Analogous to chapter 3] the interaction coefficients ]7% are also field dependent and

the relations (3.4) and (3.5)) as well as

OM2  ~ - OMZ  ~ _
B %G = Vigg = Viss, 8000 = Vasg = Vs
72 72 72 72
aMZ:2%, aMZ=2€(1+€)%+O(€3)
3% ¢0 doy 0o (7'4)
OMZ, M2 OM3, M2, s
8¢0 ®o ’ doy 6( +6) 0o +O(€)
dOmy iy O s iy 5
7 N — (1 s
aﬁbo §Z507 doy 6( +6) 0o +O(E)

are necessary for the derivation of the effective potential in a diagrammatic approach.
Moreover, the necessary Feynman rules, here in a general gauge, are provided by the
propagators

Pi ¥j ~
(-1
¢ - ¢ = 1 (Dp )z]
p
G° )
@& - --------- e = — —
D p*— (Mg;+fz M%)
G* 1
* - - —---- o — — —
D p*— (M(Q;+5W Ma/)
(0 i (p + )
-~ » ¢ = — -
. P —m? (7.5)
i ¢q ‘7 _ Z(}b—’_TQ) 54
p pE g
H 7 1% — . JTRINY
@ NNANANANNNANNNG = 'LL2E(O'0> ~ T]'LL — (1 5 ) 5 PP N2>
p*— M3 p* =&z Mz
2 Wi v —7 H Y
@ NNANANANANNNANNG = M25<UO) 5 NQ (7’]“” — (1 — é-W) 5 p p ,_\_,2 )
7 p* = My, p* = &w My,
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the scalar 3-interactions

Pj
Pi----- Qi = —1 ﬁijk
o
(7.6)
G G*
Ph ----- 0: = —i 9/%337 Pl ----- ': = —1 fjk45
e G*
where i, j, k € {1,2}, the Yukawa interactions
Yy
s (o)
_____ — (o) —
M 0 \/§ yf
Uy
(7.7)
Yy
oo — )1+ =y L0
V27 oo
vy
and the scalar - gauge boson interactions
Z
.
_____ _L9w
¢ 22 bon
Z
(7.8)
Z
—2e€ 226 (1 +€) 7% 1 TR 3
- = p*(00) (pr-p2) 0™ — (1= | Pips| +O ()
(o)) SZ
Z
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7. QSI SM Effective Potential

Wi
$----- —%givqﬁon“”
W=+
Wt (7.9)
Loe, (i2e(1+e€) v LY wy
F =u “(og) ——= |(p1 - p2) """ — |1 — — | P D5
(o)) €W
W=+
+ O (€)

The reason for providing the Feynman rules in a general gauge becomes obvious in ([7.8))
and for the Feynman rules of o with the corresponding gauge fields. It can be seen
that these two Feynman rules contain 1/¢;, and thus would diverge for § — 0, which is
due to the prefactor of p=2¢(o) in the gauge fixing Lagrangian, as shown in section
In order to obtain results in Landau gauge , the limit & — 0 needs to be taken after
evaluating the corresponding Feynman diagrams in a general gauge, which is shown in
the following for the tadpole diagram with external o-leg and Z-loop. Hence, in Landau
gauge this tadpole diagram evaluates as

a0 ) @nP) o 2o

b 1 1
— lm d®l {e( +¢€)

o]

/‘Mzeu+q+0@%DP—M§
(2m)P o 12— M2

where in the last line the limit £ — 0 has been taken explicitly. Now, the two parts of
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the final integral in ([7.10)) are considered separately, starting with

/ dPl e(1+¢)+0O() DI?
(

2m)” 7 2 — M3
e e )
e 7ri)D/ e ?/(2/1;)(_D/2) aio (]@)2_6 (7.11)
- g e g (e=2) (313)’ (MZT(U))

Do [ d R
__58_%/(2@0 log (1 - A1)

where the momentum integral was evaluated explicitly in the first line, the correspond-
ing relation for M2 in has been used in the second line, M2 = p~2¢(0y) M2 =
g%,/ (4c2) @2 has been used in the third line, i.e. u2(0q) has been pulled out of M2,
and has been used in the last line. The second part of the final integral in ([7.10))

evaluates as

dPl e(1+¢)+ 0O () _M% 10 dPl R
[ i~ iam | wep e (P-TR) o1

where the corresponding relation for M Zin 1} has been used. Hence, in Landau gauge
the tadpole diagram in ([7.10)) is given by

oo Z_1—Da/dDz
(

l\\> 2 Doy 27)

Analogously, the tadpole diagram with external o-leg and W-loop in Landau gauge is
provided by

_ log <12 - JTI;) (7.13)

- \ W _1-Dp a%) /(Qd% log <l2 - J\7v2v> (7.14)
l

which does not have a symmetry factor of 1/2 due to the W-loop. The other tadpole
diagrams with external o-leg, i.e. with scalar and fermion loops, and all contribut-
ing tadpole diagrams with external ¢-leg can be evaluated more straightforward and
analogous to section 3.1} Hence, at the 1-loop level one obtains

113



7. QSI SM Effective Potential

o0V, ol

—1 =1
%o 00 lgay

____waw {:; ¢----{j§w

:1/ "l (B;) +1 dPl Vs +/ dPl Vs
2 ) (2mp "M ik 2 (27T)z — M2 2m)P 12— M2
—ZNfTr/dl mfl+mf

¥ ° ) ¢0 ZQ_mf

/ dPl M2 D-—1 / dPl 2M3E D-—1
(27)P o 12— M2 2mP b 12— M,

:_li/ dP1 [log<l2_]\7§1)+10g<l2_]\7§>+310g(12_ﬂ7c2:)}

2 0¢y ) (2m)P
D
+22ch 0 / a7l log (I — m3) (7.15)
d¢o J (2m)P
0 d°l [1-D —~ —~
1 2 _ M2 1—-D)1 2 M3
+8¢0/(27T)D[ 5 log (I = M2) + (1 - D) log (1 W)}
_Z.aV1L_Z.5F1L
dog 60 |s=s0
o=00
P _ _
= g----e o G0 + o----e VGt
\951; .- .-
+ 0---- vy + 0————{:;2 + 0---- W
1 0 dPl 5 Ty 9 9
_58_00 27D [log (l — My | + log (l MS> 310g(l M, )}
0 dPl
2N, log (1> — m?*
+zf: Cfaao/(%)D og( mf)
0 d°l [1-D —~
log (1* — M3 1-D)1 M,
doy /(277) [ 2 0g<l Z>+( ) og(l )}
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where in ([7.15) relations (3.4), (3.5) as well as (7.4)), and in particular for 0V, /0oy
(7.10) to ([7.14) have been used. Further, it is summed implicitly over j,k € {1,2} as

well as explicitly summed over f € {e~,u~,77,d,s,b,u,c,t} and the colour factor N

is provided by
1 _
ch: Y fe{e 7M 77— } (716)
’ 3, feddsbuct}

Thus, from ([7.15)) it can be seen that the 1-loop contribution to the effective potential
in the QSI Standard Model is given by

D __ —~
ViL=—1 /%{% {log (P—Mé) + log (lQ—Mé)}
+g log (12— M2) - ; 2Nz log (I — mf) (7.17)

1-D

log (F - JTJ;) —(1- D) log (12 . JTJV?V) }

Evaluating the momentum integral in (7.17)) using (D.4) and replacing the background
fields {¢o, 00} by the fields {4, o}, analogous to chapter |3} in order to finally obtain the
1-loop contribution of the effective potential in terms of the fields, one obtains

o) [~ M, (90|13 M (6.0)
Vi (¢:0) == 16772{; 4 E+§_10g(47r,u2(0) ¢ )
3 - 1 3 M2 (¢, .
+1Mé(¢,0') Z+§—log (—4;_;[52(0_0-)) e’ )]
. 13 mj(¢,0)
_;qum?c<¢) E—l—é—log <#2(0_)6 )]
; Lo V2 (6.0) (7.18)
~ N .
3 - 1 5 MZ (¢,0) N
+ AU (,0) } + 0 (e)
where {py.};_, = {H, S} and
) - rd (1)
AUy, (¢,0) = — 253 > M (¢,0) ) (,0) (7.19)

k=1
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7. QSI SM Effective Potential

is exactly the same new finite quantum correction as for the 2 Scalar Model in chapter
Bl In order to renormalise the 1- loop contribution to the effective potential in the MS-
scheme the counterterm potential Vieect1 need to exactly cancel the divergent part of

19, ie.

‘/1L ‘div + V;ree,ctl

3 1

_Zqum;lf(@ﬂLZMLl (¢)+2M4 (Cb)}g (7.20)
f

Vo 4l

A
vito) (240 G ot w02 %

P o +5Z(1)\ 4)

!
=0

Hence, the 1-loop counterterms in the MS-scheme are given by

1 3 3 3g4 |1
52\ = )\2 NN ANyt gl S|
Vo T 16722, 370 zf: ST T a
1) _ 1 2 >\¢ +4 N+ A 1 (7_21)
YA
m 1672 2 €
1 3X2+44X2 1
52y = 2+

16722 X, ¢
Finally, after Renormalisation and then going back to 4 dimensions, i.e. ¢ — 0, the
result for the effective potential in the QSI Standard Model up to the 1-loop level is
given by

Ve (D, 0) = Vit (@, 0) + Vi reg(, 0) + AU (¢, 0) + O (B?) (7.22)
where Vi and AUy, (¢, 0) are to be found in (6.20)) and , respectively, and Vi, yeq
in the MS-scheme is provided by

1 [ & ML (¢,0) M} (¢,0)\ 3
ViLes (6:0) = 167r2{z | <ZQT) - 5]

k=1 L

3 [ (MZ(¢,0)\ 3
o) | os (0 )‘5]

B . o (M@ 3

> f<¢>[1g<u2(0)) 2] (729
3 M7 (&) _5
+ZMZ(¢)[10g( (o) _6]
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Remark.

(i)

(i)

(iii)

(vi)

Again, it has been used that in 4 dimensions, MZ-Q is identical to M?. Furthermore,
in , and it has been used that in D = 4 — 2¢ dimensions the
masses my¢, Mz and My, depend on o only via the factor p(o), as can be seen in
, and thus these masses do not depend on ¢ in 4 dimensions and if they are
labelled with a "hat", as M; are the masses without factors of u<(o).

As in the case of the 2 Scalar Model discussed in chapter |3| it can be seen that
beside the regular Coleman-Weinberg term Vi, e, given in , a new finite
quantum correction AUy, provided in , is obtained due to evanescent inter-
actions introduced by the Renormalisation function, i.e. as a result of QSI. Again,
this new quantum correction contains a higher dimensional non-polynomial oper-
ator of the form ¢%/o?.

It is important to note that this new finite quantum correction is exactly the same
as in the 2 Scalar Model in (3.15)). Hence, in the QSI Standard Model there are
no additional new finite quantum corrections at the 1-loop level compared to the
2 Scalar Model. The reason for this that, in contrast to M% and M2, the masses
]\7@, my, ]\7% and M&, do not obtain evanescent corrections, as can be seen in
(7.3). However, additional new quantum corrections are expected to emerge at
the 2-loop level because at the 2-loop level not only the masses, cf. , but
also the coupling constants contribute to the effective potential and due to the

fact that there are more coupling constants obtaining evanescent corrections in
the QSI Standard Model than in the 2 Scalar Model.

Again, the 1-loop effective potential is a homogeneous function of the fields,
and thus satisfies . No massive parameters are introduced at the quantum
level due to the usage of SIDReg with a dynamical Renormalisation function (o)
instead of DReg. Hence, the QSI Standard Model indeed is scale invariant at
the quantum level (at least at the 1-loop-level), i.e. quantum scale invariant, as
intended.

The results in this chapter are in perfect agreement with |13] for A\¢ = 0. This
confirms once again that using a Feynman diagrammatic approach with an expan-
ded Lagrangian provides the same manifestly scale invariant effective potential as
working directly with equation (15) in [13]. Moreover, said equation in [13] has
been derived from a Feynman diagrammatic approach in this chapter as shown in

and (717,

The result of the effective potential ((7.22)), which agrees with the literature |13,
also works as a consistency check of the QSI Standard Model provided in chapter
0] formulated in terms of rescaled gauge fields with absorbed gauge couplings.
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8. Summary and Outlook

The concept of spontaneously broken quantum scale symmetry as well as its realisation
via SIDReg and its implications have extensively been discussed. In this context, the 2
Scalar Model has been introduced in detail, similarly to [11}, [14]. The QSI 2 Scalar Model
is the simplest model with dynamical SSB of quantum scale symmetry, but nonetheless
physically relevant due to its connection to the QSI Standard Model Higgs sector. There-
fore, it is an excellent model to illustrate the concepts of QSI. The effective potential
of the 2 Scalar Model has been determined at the 2-loop level and compared to the
results in the literature [14]. This 2-loop effective potential is not only manifestly scale
invariant but also obtains new finite and divergent quantum corrections that emerge
from evanescent interactions cancelling UV-divergences. These evanescent interactions
are introduced to the theory by the Dilaton-dependent Renormalisation function, and
thus are a consequence of spontaneously broken QSI. The new divergent quantum cor-
rections are of particular interest, as they do not only change the divergence structure
of the theory at the 2-loop level, and consequently change the 2-loop counterterms, but
also introduce higher dimensional non-polynomial operators that need to be renormal-
ised implying non-Renormalisability of the theory. Furthermore, the g - functions of the
QSI 2 Scalar Model have been determined at the 2-loop level and compared with the
literature |14] as well. It has been shown that at the 1-loop level they are the same as
in the DReg-regularised theory, however, at the 2-loop level one obtains new corrections
to the § - functions, and thus the 2-loop running of the couplings in the QSI theory
is different from the usual DReg-regularised theory. The reason for this are the new
divergent quantum corrections, mentioned above, leading to corrections of the 2-loop
counterterms. Particularly interesting is that a theory that is regularised using SIDReg
is scale invariant even at the quantum level, where scale invariance is only broken spon-
taneously, but nonetheless admits non-zero § - functions, and thus a running of the
couplings, implying the vanishing of the 5 - functions is not necessary for QSI.

One might draw the conclusion that there are 3 main consequences of spontaneously
broken quantum scale symmetry, realised via SIDReg, that affect physics. First, all
scales, including the Renormalisation scale, are generated dynamically via SSB of scale
symmetry implying the absence of anomalous breaking of scale symmetry as there is no
initial scale in the theory. Second, new finite and divergent quantum corrections arising
from evanescent interactions generated by the Dilaton-dependent Renormalisation func-
tion. Third, non-Renormalisability due to an infinite amount of those evanescent inter-
actions.

Moreover, it has explicitly been shown that working in the broken phase of the theory
with expanded Lagrangian is valid even in the context of spontaneously broken quantum
scale symmetry. In particular, it has been shown in the QSI 2 Scalar Model that the
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same scale invariant counterterms, even at the 2-loop level with new divergent quantum
corrections, are obtained from Green-functions with non-vanishing external momenta
computed from a Lagrangian in the broken phase of the theory. At the 2-loop level,
this has been done using the corresponding 2-loop self energies. This is an important
consistency check, which has not been done to this extend in the literature so far,
because in QSI theories, i.e. theories regularised with SIDReg, the Dilaton appears to
an anomalous power in the Lagrangian, and thus it is necessary to expand the Lagrangian
in order to derive Feynman rules and perform perturbative calculations.

The concept of spontaneously broken quantum scale symmetry in the context of gauge
theories has been discussed in more detail than in the literature so far. The consistent
formulation of a QSI gauge theory has been presented by the example of a generic SU(N)
gauge theory using two approaches, one with rescaled and the other one with non-
rescaled fields. Furthermore, the physically relevant scattering process e~ et — p~ put
has been considered at the 1-loop level in the context of spontaneously broken quantum
scale symmetry, which has not been done before. It has been shown that new finite
and divergent quantum corrections can arise due to evanescent interactions not only by
cancelling UV- but also by cancelling IR-divergences. New IR-divergences due to QSI
are of particular interest, as they also need to be cancelled by real emission corrections at
the level of the cross section at every order in the perturbation theory. In this context, it
has been conjectured and exemplarily proven that such new quantum corrections arising
from IR-divergences cancel together with the regular IR-divergences leaving an UV-
and IR-finite result, containing only the regular result and possible new finite quantum
corrections emerging from UV-divergences. This is an important result to ensure the
finiteness of physical observables in theories with spontaneously broken quantum scale
Symmetry.

Finally, a complete quantum scale invariant Standard Model has been formulated,
which has not been done to this extend in the literature so far. In the framework of
this QSI Standard Model the 1-loop effective potential has been determined using a
Feynman diagrammatic appraoch and the background field shifted Lagrangian. It has
been shown that this 1-loop effective potential is manifestly scale invariant and it has
been compared with the literature [13] as a consistency check. At the 1-loop level, the
QSI Standard Model effective potential also obtains a new finite quantum correction
arising from evanescent interactions cancelling UV-divergences, which is exactly the
same as that of the QSI 2 Scalar Model.

Spontaneously broken quantum scale symmetry realised via a manifestly scale invari-
ant Regularisation provides several aspects that are not only conceptually interesting
but also from a phenomenological point of view, especially w.r.t. new quantum correc-
tions emerging as a result of evanescent interactions. In future studies, the following
aspects and problems in the context of spontaneously broken quantum scale symmetry
could be analysed

o Further investigations of Conjecture |5.1, e.g. in other theories, for different pro-
cesses or in more generality.

e Determining the effective potential of the quantum scale invariant Standard Model
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8. Summary and Outlook
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at the 2-loop level, which has not been done in the literature so far.

Implications of spontaneously broken quantum scale symmetry to vacuum stabil-
ity, inflation and the Higgs mass using the 2-loop effective potential of the QSI
Standard Model.

Further phenomenological analyses, e.g. in the full QSI Standard Model presented
in chapter [6] Since the Higgs sector obtains the most modifications compared to
the "usual" Standard Model, one could focus these investigations on Higgs physics.
Especially, Higgs decays such as H — bb and H — 7~ 71 as well as Dilaton-
Higgs scattering are of particular interest and could be used to determine a lower
bound on the Dilaton VEV (o).

Implications of spontaneously broken quantum scale symmetry in Cosmology and
in QFT in curved spacetime.

In contrast to this thesis where global quantum scale symmetry has been con-
sidered, one could conduct further investigations of local, i.e. gauged, quantum
scale symmetry (which has already been done in the literature).

Although quantum scale invariance has been introduced to provide an alternative
to Supersymmetry as BSM physics, one could nonetheless introduce spontaneously
broken quantum scale symmetry to a supersymmetric theory. If this theory is also
invariant under special conformal transformations one obtains a quantum super-
conformal field theory. In supersymmetric theories, one needs to use a manifestly
scale invariant version of dimensional reduction (DRed), i.e. SIDRed instead of
SIDReg.

In such a supersymmetric theory one could analyse whether it is possible to con-
struct a dynamical Renormalisation function containing a nilpotent Grassmann
number. In this case, the Renormalisation function admits a finite power series,
and thus only a finite number of new evanescent interactions are introduced to
theory.



A. Conformal Group

The conformal symmetry group of spacetime is an extension of the Poincare group
and consists of the Poincare transformations, special conformal transformations and
dilatations (i.e. scaling transformations). In D = 3 4 1 dimensions, the conformal
symmetry has 15 degrees of freedom, namely, 10 for the Poincare group, 4 for special
conformal transformations and 1 for dilatations. The 15 generators of the conformal
group are given by the 4 generators of translations P the 6 Lorentz generators M

2
the dilatation generator D and the 4 generators of special conformal transformations
K Accordingly, the conformal algebra {P,, M, D.K .} is an extension of the Poincare

algebra by the dilatation and the special conformal generators D and K ., respectively,
and is given by the commutation relations

=1 (nupMua + nquVp - 77#,0]\7[1/0 - nuaMup)
P

(Mo, M)
[D> Au] =1 7
[D,M,,] =0
i *Ji)] » (A1)
[Evf(u] = _iKM
]

Note that, without special conformal transformations, the (closed) algebra {P,, M,,,, D}
is also an extension of the Poincare algebra by only the dilatation generator D and given
by the commutation relations

[P P] 0, [D M,]=0, [D,D]=0
,u,u = < 77;1,0 >
. . (A.2)
[ MV’ 0’ < + n;,LO'MV - nupMua - nVO'M},Lp>
D, P, =iP,
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A. Conformal Group

A particular representation for the generators of the conformal group is given by the
following set of differential operators acting on a scalar field ¢(z) with scaling dimension

Ay
P,=—i0,
M, =i(x,0,— 2,0
/J‘A ( o ,U‘) <A3)
D =—i(Ay+2"0,)
[A(u = —3 (qux”&, - x28u + 2A¢x#)
and, analogously, acting on N-point Green functions G™)(z,, ..., xx) constructed from

scalar fields ¢;(z) with scaling dimension Ay

7j=1
N
. 0 0
M/W = ZZ (xj,ll axu IV 8 u)
=1 j j
N (A.4)
D=—i[NA,+D ot —)
(var s

N
i | B

For more details, the reader is referred to [21, |31]. Note, however, the different sign
convention for the generators P,, D and K, (compared with [21]) in order to be consistent
with [31}, 139, |40} 42|, which also affects the signs in the commutator relations above.
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B. Renormalisation Function

In this chapter of the appendix, power series of the Renormalisation function

1

/L(O’):ZO’% :2;0'1767 (Bl)

expanded w.r.t. € and ©/w, with three different exponents that usually appear in the
Lagrangian are provided.

. (. @D 192 1D 1
,U(J)—MO<1+EG(1+E)—§WE+§$€(1—56) o
2a
19 5
—ZEE (1—66) —|—O((©/U})5,€3))
2 3
w20) =12 (1422 c040 - 2 -0+ 22 c(1-2¢)
w w? 3 w3 (B.2b)
19 8 '
—5 ¢ (1—§€> +O((©/w)5,e3))
2 2 3
(o) = g (1—296(1—1—6)—1—@—26(1—!—36)——9—36(1—1—46)
w w 3w
(B.2¢)
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C. The 2 Scalar Model

In this chapter of the appendix explicit expressions for the coefficients of the 2 Scalar po-
tential and other expressions in the 2 Scalar Model, such as counterterms, are provided.

C.1. The 2 Scalar Potential

First, the coefficients of the potential of the 2 Scalar Model (2.41])

~ - - _ 1 ~
Vih+w,D+w)=V(v,w)+T,, pi+ EMZ-QJ-%%' + gvz‘jk%@j Pk
1 ~ 1 ~
+ Il Vijki i 05 Pr P + 5l Vijkim ©i ©j Pk P1 Pm (C.1)
1 ~
+ aVijklmn i Pj PLPLPm P+ -

where {¢;}?_; = {h, D}, are considered.

~ o [ o Am Ao
V(v,w) = pud (Z vt 4 e v? w? + o w4> (C.2)
The tadpoles are given by
3
~ € /l)
T, = i 0 (te: + etfpli) + € tgi) + O (¢%)) (C.3)
with
2
w
th = Ao + 3\ —
h= Aot v? (C.4a)
=12 =0
3
to = 3Am — + Ay —
v . v ) 5 (C.4b)
1) _ 4 v w w
by’ =ty = =g — An—+ = Ao —
0 0 2¢w+3mv+2av3
The matrix of the squared masses is provided by
— M2 M2 . .
Go = (%121 %}22> . where M7, = M3 (C.5)
21 22
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C.1. The 2 Scalar Potential

where
M7 = e 5 (uij + euE ) 4 e u(2) +0 (63)> (C.6)
with
2
Uil = )\¢ + )\m
1 2
Ugl) = Ugl) =0

1612:2)\mE

v
u%)—ug2):—)\¢a—l—2/\m—

3 (C.7)
2
w
Uz = A+ Ao —
1 1. 02 7 w?
qu):_é)\¢E+3/\m+6>\a_2
2 2
(2)__)\ IS §)\ w-

Note that u;;, u f and (0F @) are symmetric. Then, the squared masses without evanescent

corrections, c.f. are given by
2

€ v
M = i o Uij (C.8)

The interaction coefficients are given by the following expressions, for the 3-interactions

Vigh = 18 Vigie = 13 v (Fign + €k + k5 + O (€9 (C.9)
with
Fan = Mg iz = An
= K2 =0 = K =20 L 42
k122 = A\, Koo = )\a% (C.10)
k§;;:_§A¢”—2+3A kggg:é%_zﬂmv %Agﬂ
k2, = /\¢—+5>\ kgigz—%A¢”—Z+4Am3+%Ag%
the 4-interactions
Vi = 183 Viia = 11’ (k‘ijkl +ekiy + ki, + O (63)> (C.11)

125
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with
ki = )\qs
1 2
kgl)ll = kgl)ll =0
k1122 = A

1) v?
kiize = —Xe w2 +3Am
2) v?

klll? - 0
v
kﬁ)lz = kﬁ)m =2 >‘¢ E
k1222 = O
Ky = §A¢Z—Z +2)\m%
M= —ghersa, s (O
25
+ 5

k2222 = )\0
4 2
n 1 v (Y
b = g Mea T Ay
4 2
2 4 (% (%
k2222 == g)\d)@_Q)\mE—}_lO)\a

the 5-interactions

Vijklm = M%E Vz’jk‘lm = M(Q)E
with
k11111 =0
1 2
kgl)lll - k’£1)111 =0
k11122 =0
2
1 (Y
k§1)122 = -2 /\d> ﬁ
2
2 v
k11122 =2 )‘¢> E
k19220 = 0
4 2
1 v (%
k§2)222 = -2 )‘¢ E =2 E
16 . ot v?
2
k§2)222 = ?)‘47 E —4A, 2

and for the 6-interactions

~ A~
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1
2e 2e
Vijkimn = Mo Vigkimn = 1o 22

+ € k(2)lm +0 (63)> (C.13)

tj

(k‘z‘jkm + ki

k11112 =0
1 2 v
k§1)112 = k§1)112 =2 /\¢ -
w

k11220 =0

3
1 v (%
k§1)222 :2)\¢$+2>\m5

3 (C.14)

2 v v
k§1)222 =4 w3 +8Am w
k92200 = 0
) Vo v3 v
5 3
@ 19 v v 31 v
Ky200 = _g)‘¢$+2)‘m$+§)‘oa

(Kisttmn + € Efimn + € ki + O (€))  (C.15)



C.1. The 2 Scalar Potential

with
k111111 =0 k111112 =0
1 2 1 2
k§1)1111 = k§1)1111 =0 k§1)1112 = k§1)1112 =0
k111122 =0 k111220 = 0
2 3
1 v 1 v
k§1)1122 =—2 /\¢ ﬁ k§1)1222 =4 >‘d> E
2 3
2 v 2 v
k§1)1122 =2 /\45 E k§1)1222 =8 /\¢ E
k1122220 = 0 k129920 = 0 C16
W 4 v? @ V0 03 ( . )
k112222 =—0 >\¢> ﬂ — 2 A, E k122222 =38 )‘¢ E +4 A, ﬁ
4 2 5 3
2 v v 2 76 v v
k§1)2222 =16 )‘¢>@ _4/\mﬁ k§2)2222 = _3)%5 +4/\m$
k229922 = 0
6 4 2
1 v v v
6 4 2
@ 107 v v 19 v
k222222—?/\¢ﬁ_2)‘m@_§ o9
The coefficients ]7ijk..., and thus ;... and k:i(j,)ﬂ_._,‘v’s are symmetric.

The eigenvalues of the matrix of the squared masses (C.5)) are generically given by

— 1 [ — _ __ NP NP

M12{ = 5 <M121 + M222 + \/<M121 - M222> +4 <M122> )
(C.17)

__ 1 [ — — __ N2 N2

Mg = 5 <M121 + M222 - \/(M121 - M222> +4 <M122> )

and may be written as
MY = M2 + emg) + ¢ mg) + 0 (€)
= M3, (1 + ecg) +é cg) +0 (63)>

(C.18)

]\73 = M§+emg) +62mg) + O (63)

— Mé (1 + ecg) +é2 cg) + O (€3>>
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C. The 2 Scalar Model

where

02
Mﬁ; = ng T (Un + U2 + \/(Ull - Uzz)2 + 416%2)

1
— 2 1 (A + M) 024 (A + A) w” +2A,,)

02 (C.19)
M2 = i Z (Un + Uz — \/(Un — 7122)2 + 4u%2)
= i 1 ((A¢+>\ ) 24 (A + Ap) w? = 2A,,)
and for the evanescent corrections
1 1 1
() s (1) ) 2 (1) (1) (w11 — ug2) (U§1) - u§2)> + 4duo ng)
my’ = My cy :MOEZ Upy + Upy + 5
\/(ull — uge)” +4ul,
= uge Y (=X v* + 18 Ny v* W + T A, w* + Q)
(C.20)

U11 — u22) <U§11) — ué?) + 4U12 U§12)

() Mscs s 4 u11 —|—u22— -
\/(uu — Ugo)” + 4 ul,
= ue —— S (=X 0! + 18Ny v* w” + T A, w* — Q)
and
m® = M2 e, o 1
= Mjy ¢y —Mo 1 ujp +Ugg + 5 5 13/2
2 [(Un — Ug9)” + 4u12}
2
X |:<(u11 - U22)2 + 4“%2) ( (uﬁ) - qu)) +4 (u%))
+ 2 (u1; — ug) (ugl) — ué?) + 8112 u&?) (C.21)
2
= T (Ao 0! + 30 A 07 w? + 9N, w? + Q)
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C.1. The 2 Scalar Potential

2
2 2 eV 2 2 1
m(s)—MgCg):Ng Z(Ugl)"‘ugz)_ 5 N
2 [(’LLH — u22) + 4U12

2
X [((Un - 7122)2 + 4“?2) < (uﬁ) 212)) +4 (uglz)>
+ 2 (’LL11 — u22) (Uﬁ) — ué?) + 8 U2 u(122)) (C22>

2

(A 0" + 30 A v? w? + 9 Ao w? — Q)

}3/2

9 1
~ Mo og2
where the square of A,, in (C.19) is defined by
A2 = E [()\¢ — )2 U2 (Mg A — Ao Ao
(C.23)
FTA2 4 A M) 02w (A — Ag)? w4]

and the parameters 2 and {25 in (C.20) and (C.21} |C.22)), respectively, are given by

1
2A,,

0 = [A¢ (Mo — Am) 05+ (15 Ap A + 182, — Ay Ap) v 02

(C.24)
(822, = TAs Ao 252 Ag) 020?725 (Ag = A) 0]

1

— {)\(b{l?))\i — 39X A+ 272 N, 3 XS | 010 w?

H{5A2 A (2506 +65) = 230\, — 4230, XY,
T 3A A2 (162, +30,) +90A;4n}v8w4
{20 (TA = 2705) + As A Ao (6505 +9X5) + 2034 X%,
A A2 (553X, — 6152,) + 323 (151 A + 99\, )}v wS o
+{3 Ao A2 (27 A+ A) — Mg Am A (81 A + 361 \,) + 3438 XL ©2)
FAZ 0, (351 A — 521 \g) + 323, (261 Ay + 641 \,) } vl
+{342 Ab = 6093 A, + A2 N, (2027, — 81 ))
— 81 AP + 90, A2 (18>\¢—|—19)\U)}02w10
27X (Am — o)’ le]

The propagator for the 2 particles h and ® with squared-mass matrix (C.5)) reads

Dy =p* = Mg, or (Ep)ij:p25u M, (C.26)

)
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C. The 2 Scalar Model

and thus the inverse propagator can be written as

~ A B

D' = — + — (C.27)
p*— My p*— Mg
for symmetric matrices A and B that satisfy
Eij = 0jj — Zij Ang Avij =0y — Eij (C.28)
and are given by
- - M2 — M2
A11—1—B11—322—1—A22—~Z 222
Mp — Mg
- - - - M2
A12 - A21 == —Blg = —Bgl - % (029)
My — Mg
" . . " M2 — M2
M — Mg

Again, these matrix elements may be written in terms of an € - expansion as follows

Avij =A;; + EAS) + €2 AZ(-jz-) + 0 (€)
Bij = Bij + eBi(jl) + ¢ Bg) + 0 (63)

which, due to (C.28)), obey
1 _ (1)

B} = —Aj (C.31)

B@ _ _ 4@

i i

Explicit expressions for the coefficients in ((C.30)) are given by

(C.30)

A1 =1—DBy1 =By =1— Ay
1 _
_ 5 i U1 — U22
2/ 1y — uz)? + 40t (C.32)
1 1
= 5 —|— m ()\¢’U2 — )\m (U2 _w2) — >\0—w2)

Ay = Ayy = =By = —By
Uy2

\/(UH - UQ2)2 + 4U%2 (033)
_ Apvw

=0
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C.1. The 2 Scalar Potential

Uy2 (Uﬁ) - u%)) - u%) (Un - U22)

1 1 1 1
A = Bl = A = By =2 .

[(Un - U22)2 + 416%2}

A V2

6A

3
m

— A (6 A+ Ay) w4]

u%) (Un - U22) — U2 (Uﬁ) - USQ))

}3/2

1 1 1 1
Agz) = Agl) = —sz) = _Bél) = (un — uz) 2 5
[(UH — u22) + 4U12
v

S [A¢ (222 = 52y A + 3A2) o

2 2 3 4.2 (C'BB)
{50 A (226 A) =403, + 202 — 128, b ot w
+{2)\¢)\§+)\?n (142 — 132,) —9A¢Amxa+6A;}v2w4

A (632 =52 Ay — A2) w6]

and finally

2 2 2 2 1 1 2
Agl) = —B§1) = _AéQ) = Béz) = A5 {301 {Ug; ((Uu — ug)” — 8“?2)

— 3u12 (UH - UQQ) (ugll) — u%)) :| +2 U129 ./\/’3 ZOQ}

,U2

~ 288w AD,
20 {1205 20 = 20 X3 A (305 4+ 20)

l)@{ —AND+ 2003 A — BLAG AL + 1500, | o

A A2 (180 Ay + 310,) + 5 Mg A, — 102 )\fn} V8 w?
+9 { S 6ASAZ — A2 N2 (13205 + 190,) + Ag X%, (44 ), — 163 ,) (C.36)
+2X2 A A, (28A¢+5AU)+450A¢A;*,L+144A3L}v6w4
—2{ 202N XL (2700 — 96 A,) + Mg XY, (236 4, — 463 ),)
F A A2 Ay (T1 2, — 118 X,) + 2222 A, A2 + 1008 A;} i
+)\m{ — 8 A3 123 (20, — 31),)
FAZ 0, (1840 — 117 Ay) + 49 Ay A A2 — 468 A;} v

+ 33X (ZTAL 42T A, A2+ 1622, M, — 36 A)) wlo]
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C. The 2 Scalar Model
2 2 2 2
A(12) - Agl) - _B§2) - _B§1)

1
~ A {201 [ (ugll) - “glz)) [(Uu - 1122)2 — QU%Q}

u

+ 6 uo Uglg) (Uu - U22)] - (Un - U22) NUQ Zoz}

v
= [/\3) (20 — 3Am) (Ap — A)? 012

+2A¢{30A§1+22A¢A;—3A3 (2X5 + Ao

A2 A (BT Ag + TA) — Ap A% (99)\¢+4)\0)}v10w2
+{ = T5AL = 9T2 A AL 2000, (1T A+ 3))

F2M3 N2 (237 Ag + 28 X0) + Ap A), (301 Mg 4160 X,)

= N2 Am (B4A2 4 18406 A + TAZ) 0wt (C.37)
+2{1116A;+408A¢A;+A; (37902 — 651 Ay \,)

— 4200 Ao+ A A2 (TLAZ =5 A5 Ay — 108 X))

F X Am A (T5X2 41320 A5) = 150 A2 = A2 X3 bof uf
+ {32005, 46,02\, (410, —91),)

— A A A2 (BT Ay —440,) + 1220 (4505 +92)\,)

FOAZAL XD, (5902 + 5400 A, — 26433) but
+2{72)\§n—6)\i1 (130 — 312,) — 20 Ag A A% + A A2

FAZ 02 (8 +41A,) + A3 A, (89N — 103 A,) }'02 wi®
— A (A = Ao)? (362 + 242, A\, — 11A2) w12]

where

N’u = \/(ull — u22)2 + 4U%2

(C.38)
ZOk = U192 <Ug§) — ué’?) — U(lg) (U,H — U,QQ)

In mass eigenstates H and S, as well as having used the minimalisation conditions ([2.47)),
the 2 Scalar potential may be written as

- 1 — 1~
V(H,S) = = M& H? + = Xiji pi pj Pr + — Nijkt 04 05 Pk PI
1~ 1~ :

+ o Aijkim Pi Pj Pk P Pm + 6l Nijkimn Pi P Pk PLPm Pr =+ - - -
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C.1. The 2 Scalar Potential

where {p;}%_, = {H, S}.
The squared masses are then provided by

—~ 1 2
—>247 M? :Mé:§u3€)\¢vz <1+%)
(227 (C.40)

NN

2 —— M2=M2=0
12.47)

The interaction coefficients are given by the following expressions, for the 3-interactions

Nijh = 113 Nijre = 13 A v (gijk +egit+ g+ 0 (63)) (C.41)
with
(w? —v?) Vo2 +w?
g1 = 3
w
W _ @ v VP 4w’
1 =911 = —2 T
0@ 2 N (C.42)
g2 = G112 = 9112 = 37 w?
J122 = 9§2)2 = 9%2)2 0
G222 = 9222 = 952)2 =0
the 4-interactions
Nijrt = o Nijit = 18 Ao (%kl +egin g+ 0 (63)> (C.43)
with
vt — 202 w? + w? v (w? —v?)
g1 = e g2 = —
o 4vt—8viw? @ v (2w —40?)
91111 IR 91112 W
@ _ 120" —8v*w? @ _ v (2w —8v%)
g1 = w? 1112 = W
2 v?
J1122 = 3w g1222 = 0
" o2 " (C.44)
1
Giize = 2 w2 G122 =0
2 10 ’[)2 2
9%1)22 = 3 w? 952)22 =0
g2222 = 0
1
9&2)22 =0
2
9&2)22 =0
the 5-interactions
~ o~ Ao
/\ijklm = ,U(QJ Aijklm N() - (.gzjklm + Egz(jlllm + € gfjklm + O ( )) (C45>
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C. The 2 Scalar Model

with
911111 =0
@ 100 (v* +3w?)
11111 = E) m
@ 100 (v —120*w? 4 3w?)
11111 = E) W2 L u?
911122 =0
(1) v? (w? — v?)
Ji1122 = ¢~ H>——

@ 21)2 (3w? —5v?)

911122 - w3 \/m
12222 = 0
1
952)222 =
2 _
J12222 =

and for the 6-interactions

Y EA € A
)\ijklmn = ,U(Q) )\ijklmn = H'(Q) ’U_g)
with
giiiin =0
vt (vt 4+ 20?2 w? + 3w?)
wb (02 + w?)
vt (3vt + 1002 w? + 3w?)

1
g§1)1111 =—10

(gijklmn + € g

2
Gi11111 = 10 Wb (Ug T wg)

giiiz2 =0

o, v? (vt — 202 w? + w?)
Ji11122 = wt (v + w?)

@) :21)2 (w* + 6 v w? — 30?)
9111122 w (,Ug +w2)
g112222 = 0

y 4 vt
9112222 = 3 m

2 8 v
9112222 = 3 m
9222222 = 0
g%)2222 =0

2
9&2)2222 =0
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1112 =0

) o (v* — 202 w? + w?)
911112 w4 \/m

) _ o (5ot —10v? w? + w)
911112 U)4 \/m
Ggri222 = 0

@ 4 v? (C.46)
Ju2e = 5 5 5>

3 w?vVv?+w

2 _16 7
911222 3 w2 \/m
G22222 = 0

1
9&2)222 =

2 _
929229 =

g111112

(1)

J111112 =

(2)

J111112 =

g111222 =

1
951)1222

(2)

J111222 = —

9122222

1
9%2)2222

2
952)2222

=0
10 v* (v* + 3w?)
3w (v?+ w?)
10 v3 (v! 4+ 1202 w? + 3w?)

3 wd (v2 4 w?)
=0
0t (w? =)
T wd (02 +w?)

v¥ (w? — 30v?)

w3 (02 + w?)

=0
=0
=0

(C.48)



C.2. Counterterms
The coefficients Xijk..., and thus g;jx... and gg,lm,Vs are symmetric.

C.2. Counterterms

Expanding the 1-loop counterterm Lagrangian in (2.59) about the fields VEVs and w.r.t.
€ one obtains

Lo = %52;1) 0, 00" ¢ + 1 52(1) Ouo0to

Am
i (oo

/\4
0 2m 52 0% 1+ s2ip) 2 )

(C.49)
1 S 15
=3 52" 9,h 0" + 3 5Z§1) 0D 0D = Vo = 0T, 00 = 5 Vi i 0
1 _~ 1 5
— g(svz‘jk i Pj Ok — Iévz‘jkl 0 P PRPL+

where {p;}2_; = {h,D}. The counterterm coefficients of L., are, for the constant term

~ 573\ 570\ 571\
5V0 = Mge ( ‘z)' ¢ U4 + VZ m U2 w2 + ‘Z' 7 w4 (C50)

for the tadpole counterterms

3
~ v
6T, = pge i (6ty, + eétgi) + O (e)) (C.51)

with

wQ
Sth = 02 Ao+ 3024 Ai —

v? (C.52a)
st =0
3
tn = 3024 A — + 02 Ny —
3 (C.52b)
5% ——52‘%))\ +362(1))\ + 52(1))\ w_
for the mass counterterms
2
~ v
Vi = pi S (ki + ek + 0 (e)) (C.53)
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C. The 2 Scalar Model

with

2
_ (1) 1) w
Sk = 020) Mo+ 020 M —
sk =0
w

Oy = 262y A —

for the 3-interaction counterterms

with

for the 4-interaction counterterms

136

1 2 1 v 1 w (054)
5kt = 3 02y Mg —+2 328 A -
1) m, W
Ok = 62y A+ 02y) Ao —
2 2
m_ Lo m, v (1) T ), W
6Vgr = v (Shign + €0k{J) + O (€)) (C.55)
Sk = 0Zy) Mg
Sk =0
Skyis = 070 A, %
1 1 v 1 w
Ok{Yy = 02 Ay —+ 323 A\ -
Skygy = (52‘(/1”2 M\ (C.56)
s — _Lspm U asp0)y
122—_5 Vy ¢E+ Vi 7'
w
Ok = 02y) Ao —
3
W _ Lo, v my, v, 1B 0, w
5171‘]“ = [L(Qf <5k3ijkl + 6(”62(]1,11 + O (6)) (C57)



C.2. Counterterms

with X
Okiny = 02y Mg
51‘&)11 =0
0ki112 =0

1 1 v

Okiize = 024} A,

2
1 1 v 1 C.58
Oklhy = —02) Ao =5 + 302 A (C.58)
5k1222 - O
o 2.0, v W, v

Skasss = 023 A,

02

(1) Lo ay, v 0 25 )
Okiggne = 5 5ZV¢ A i 02y Am 2 + 5 02y Ao

Note that the power series in (C.51)), (C.53), (C.55)) and are indeed only shown
up to the order of O (€°), due to the fact that 1-loop counterterms contain 1/¢ poles.
In terms of mass eigenstates H and S, and with the minimalisation conditions
being used, the 1-loop counterterm Lagrangian (2.60)) is given by

1 1
Lon = 5021 O HO'H + 5025 0,50"S + 6 Zns 0, HO"S
— 120V — p2€ (6T + €6Y1) H — p2€ (6T + € 5Ys) S

1 1
-3 (6Zy + 6 Zyr,, + €0Y1y) My, H? — 3 po¢ (SM3 + €6Ya0) S?

1 A
= 5 5" (OMiys + €8Yi2) H S — it (6211 + €0Yin) 3—7’ v H?

A A C.59
—/Lge ((52112 +€5}/112> fﬂHZS—MSE ((52122 +€5}/122> %UHSQ ( )

A A
_ /L%E (52222 + 65%22) 3—(|b ) 5'3 _ 'U%E (521111 4 6(5Y1111) 4_(;5 H4

A A
— 115" (021112 + €0Y1112) 3_(;5 H?S — 12 (621192 + € 6Y1122) f H?S?

A A
— N(Q)e (071922 + € 0Y1929) 3—(:) HS? — ,u?f (0 Z9922 + € 0Y2929) 4—T St4. ..

The counterterms in (C.59)) that are not multiplied by € are defined by

w? v?

" ST
2 + w? ¢+v2+w2
2 2

w v
6ZS - m 5ZU + m (SZ¢) (C60)
vw vw

v+ w? T 02 2

0y = 02,

0Zus =

02,
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C. The 2 Scalar Model

oVo
5Ty
5T
824 + 67,

5 Zr,

SM?
dMjis
5Z111
62112
52122
52222
521111
5Z1112
5Z1122
521222

622222

As
= I U4 ((5ZV¢ + 5ZVJ - 252Vm)

ﬁ 1)3 U2 (6ZVm - 5ZVU> + w2 ((5ZV¢ - 5ZVm)
6 w V2 4 w?

/\¢ U4
E \/ﬁ ((SZV¢ + 5ZVU - 26ZVm)
U4 (3 5ZVU - 5ZVm) + 4U2 U}2 5ZVm + U)4 (3 (5ZV¢ - 5ZVm)

- 2 (v2 +w?)”
1
= S [V 897 02, — 207 20t 20,
v w
— 074 — 6Z,) +w* (367Zy, — 62, —267,) }
A v?
- 7(]5 v? + w? (5ZV¢ +0Zy, — 25va)
3
v

= \s T (v* (62v,, — 0Zy,) + w* (62v, — 62y,,))
w® 02y, + 02y, (v w'—vtw?) —v%dZy,
w (v2 4 w?)*/?
vw* (30Zy, —62v,,) +4v w62y, +v° (362y, — 0Zy,,)
3w? (v2 4+ w?)*?
v (v* (62v,, — 62y,) +w? (62v, — 62v,,))
3/2

(C.61)

w (V2 + w?)
V3 (62v, — 262y, +62y,)
(v2 4 w?)*/?
w0 Zy, — 2v w6 Zy,, +v® 02y,
wt (v? + w?)?
vw® 02y, + (VP w! —v°w?) 62y, — v 62y,
w (v2 + w?)?
02 (w (30Zy, — 62v,,) + 402 w? 02y, +v* (362y, — 0Zy,,))
3w? (v2 4 w?)?
0¥ (w? (62v, — 62y,,) +v* (02, — 62v,))
w (V2 + w?)?
vt (62y, — 262y, + 0Zy,)
(v2 + w?)”

and similar expressions for the 0Y;....
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C.2. Counterterms

For the calculation of the 2-loop effective potential, the mass counterterms at the 1-loop
level, given by the 2nd derivatives of Viyeect1, are needed up the order of O (e).

5 0 Viseoct1 (o) (1) @)\ 1
S5V — 2 Ttreectl - O Sul 250 ) =
VJ((bO?O-O) 8¢18¢J gzgg 16 72 < Uij te uz] +€ uz] ) € (C62)
with 5 \
_ 2 (2 2 2, \m 2
Supy = 1 (A2 +A2) o5 + 1 (Mg +4 A +Ay) 0 (€69
5u§11) = 5u§21) =0
Am
Ouyg = > (A +4 A + As) D000
A\ e (C.64)
ouly) = dull) = T Qo+ 40+ Ar) dooo + 5 (/\2 +A2) U—z
and
Am
5u22:I()\¢+4)\m+)\)¢0 ()\2 +A2) ap
m_ 3 2 4 T \2 oy 2 1o 2 ¢E1)
0
) 9 1 4
Mg?:ZAm (o4 0 +A0) 65+ 5 (N5 +22) 96+ 5 (A3 + A7) %
0

where the explicit expressions for the 1-loop counterterms in the MS-scheme have

been used. Note that 5sz (qbo, 0p) in is the same as in this time, however,
with the VEVs {v, w} being replaced by the field shifts { ¢y, 00} and in a notation similar

to [14].
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D. Loop Functions

In this chapter of the appendix, some loop-functions at the 1-loop and the 2-loop order
are provided which are used in this thesis. Particular attention is paid to the specifics of
quantum scale invariance introduced by the Renormalisation function u(o) in SIDReg.
This is especially important w.r.t. the treatment of factors of pg, where

o o= p(w) = ZwT, in the usual case

1
o 1o = p(og) = 2o, in the case of the shifted Lagrangian used for computing Vg

Before the loop functions are discussed, however, some particular € - expansions are
provided.

1 1 72
C(e)=-—Tp+e (§7§+12>+0( %)

1 s
F(G—l):—EJF’YE—lﬂLG (VE—l——VE —2)

(D.1)
11 3 21 3 72
Te—2)== |-+ = — = _= -
(€-2) 2L+2 7E+€(12 27E+27+12 1+O( )
1
X =1+elog(X)+3 e? log” (X) + O (€)
D.1. 1-Loop-Functions
The well-known A - function in a QSI theory, using SIDReg, is given by
i — dPk 1 i DY\ [/~ 2!
A<M2):/ - r(i1-= <M2>
1672 O\ (2m)P 2 — 12 (47)P/2 2 p
i~ a7\
—_ — M2 F — ]_ o~
(@ Mo Tl D) (M)
g (D.2)

140



D.1. 1-Loop-Functions

where p € {H, S}, ]\7[5 = g > M? and

- M? M2 M? 2
A (M3?) = —2 | log? P_evE ) —21 L_em 24+ —
o (M) =5 [Og (wze ) Og(mae )* B

2

M
—_92.0 P (2)
2¢,’ log (4#/13 e”*E) +2¢,

Further

g s (- 38) = i e (1-5) ()
G (C2) ()
_ _ﬁ <]\73>2 T (c—2) (%)

i o\ 2 Ar2\’ (D.4)
o (e e (12

(47)* M2
N2
2
- _ e Qe(Mp> 1+§_ g(MF? 6'\/}3)
(Ar)?"0 2 2 4 pl
e M2
-I—ZCS)—I—E 0]\(/[2;))] O ()
p

where p € {H, S}, Mg = jig > M?, as before, and

~ M2 M2 M2 21  n?
c(M?) = —2 | log? P_E) —31] P e 4L T
Q5 ( p) 5 [og (47T,u(2)e ) 30g(47T,U26 )+6+6

1 M?
+4c§)1) <1 + écgl) — log (4%22 e”’E)> +4c£2)

Remark.

(i) M? and M2, p € {H,S}, are the squared mass cigenvalues of M3, and MZ
given in and (C.17) & (C.18), respectively, with mass dimension [M?] = 2
and [Mg] = 2, even in D = 4 — 2¢ dimensions. As discussed in chapter [2[ and
visible in ((C.19)) squared masses always have mass dimension 2 in every spacetime
dimension, and contain a factor of u2¢ which ensures this. The reason for this is
that there are actually no mass terms in scale invariant theories, however, masses
arise either after SSB or due to the field shift , and thus dependent on either
the VEVs or the background fields, respectively. Hence, masses consist of VEVs
or background fields with mass dimension 1 — € and come with an factor of pf to
an appropriate power to ultimately give rise to a mass of mass dimension 1.
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D. Loop Functions

(ii)) The Ag - function in (D.2)) has mass dimension 2 — 2¢, as can be seen from the
corresponding momentum integral expression. Hence, the last line in (D.2)) must
also have mass dimension 2 — 2e.

(iii) The LHS of (D.4) has mass dimension D = 4 — 2¢, which can also be seen in
equation (3.8)) since the effective potential has mass dimension D = 4 — 2¢. Thus,
the RHS of (D.4)) must also have mass dimension D = 4 — 2e.

(iv) In the penultimate step of and the factor of pZ¢ is pulled out of the first
squared mass. This is done in order to obtain an appropriate factor of pg in the
logarithms, because the arguments in the logarithms have to have mass dimension
0. Then, Mﬁ = gy M? is defined for convenience, which has mass dimension

[M?] =2 — 2¢, and thus is the squared mass without the factor of yi2°.

(v) From the penultimate to the last step in (D.2]) and (D.4)), the e-expansion for M 3

in ((C.18) has been used and then ]T/[/g, ['(e — 1) and I'(e — 2), respectively, as well
as (.)° have been expanded w.r.t. e.

(vi) Finally, an expression of mass dimension 2 —2¢ and D = 4 —2¢ in ([D.2)) and (D.4)),
respectively, each with dimensionless arguments in the logarithms is obtained,
since [M?2] = 2 — 2¢, [M?] = 2 and [115] = 2, as expected.

(vii) After Renormalisation, in the limit e — 0, M > will be identical to M.

Beside the above two loop-integrals, the divergent part of the By - function in QSI
theories is needed for the computation of 1-loop counterterms in MS or MS scheme.

) o k1 1
By (p, My, M) = — =
16 72 0 (pa 1 2) / (2 7T)D k2 — M12 (k _p)2 _ M22

_ b —2¢ ' € M(Z) 6 D.6
= g2 Mo /0 dx (47)° T (e) <~B<I)> (D.6)
) 1
16rL7T2 o € © (60)

where ]\7[;2 is a generic squared mass in a QSI theory, such as e.g. dC.l?I) & dC.lSI), and

Qple) = p* (1= )’ + Miz— (p* = M) (1-a) (D.7)

Note that the same technical details, especially w.r.t. factors of ug, apply as in the
loop-integrals above.

D.2. 2-Loop-Functions

The 2-loop functions considered in this section are discussed and provided in [5, 6, |7,
10} |15}, 22, 23, [24} 25| 26].
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dPEk dPl 1 1
S
J (3.9 ( 67T) (2m)P 2mP k-2 12—7y
) TY Ty T y
_ )XY _TY (4 VB ! e _9
" { : ("g(zxwae >+Og<4wae ) )
. ¥ y
— 2] YE 21 YE
|25 () 2o ()

1 T n 72
— Z log? VE ) (34 O
o <4w3€ am ) ( i 6)”+ )

2
(D.8)
ry Ty z Y (1) (1)
= " (log(4ﬂugew)+log<4ﬂugew>—cx —c,) =2
—sal (@D M) T o 9L M LMY Y _ o
9| (24 + V) log T + (24 +¢)Y) log Tt
1 T Y 72
— Z log? VE E) (34—
2 % <4M%€ inm ) ( i 6)
—(c:(vl)—i—cél))—(c:(f)—i—cf)—i-c;l)cél)) + O (e)
where
Ti=a; (1+ ECSZ,) + € cg(j,) + O (¢%)) (D.9)

and &; == pg > x;, with {2, }3_, = {z,y,2}.
Remark.

(i) The same technical details, especially w.r.t. factors of pg, apply as discussed in
the previous section for the 1-loop functions.

(ii) The mass dimensions, in D = 4 — 2¢ spacetime dimensions, are given by [z] = 2,
[z] = 2 and [#] = 2 — 2¢, meaning that the factor of ;2 is implicitly contained in
T and z, whereas Z does not contain 2.

(iii) In 4 dimensions, i.e. in the limit € — 0, Z is identical to x.

(iv) As a starting point the definition of J in [6] was used. The arguments Z and y
have then been expanded w.r.t. €.
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- 2 APk [ dP1 1 1 L
1(2,9,2) = (167%) /(27T)D /(QW)D K22 12—y (k—-12-72

_%{_5+§+z 1
€

~ i L L [elor @) + o () + g (9 § G474

{xlog@v Tog (2) + jlog () Tog (3) + log (7 >1og<z7>]

T+y+z 2
g Z (74
7 (+F)

[Z1og (%) + ylog (§) + Zlog (2)] [log (Z) + log (¥) + log (2) — 6]

l\.’)lr—t

1, T+y+2 2
-3 (a:cg(cl)+yc(1)+zc(l))} -— (7—|— E)
17— o o
3 #1080 ToE 2) 4 5108 () g (2 + 2o o) o )
R .
— 5 [#log (x) + glog (y) + 2log (2)] [log («) +log (y) + log () — 6]
+ 2 cMlog (2) + gV log (y) + 2 M log (2)
1 1 1
—5 (cm1)+cx2))—§3] (cél)—l—cl(f))—ﬁé () + )
Ny
- (§’M¢><x,y,z>}+0<e>
9 z+y+z 1]|.— — — 3, . .
= 1y {— 52 E{ log (z) + 9y 0g(y)+zlog(z)—§( +9+2)
17
_ (icx1)+@c(1)+écgl))] -3 [xlog (x) +glog (y) + Zlog (z)}
+& (L+cY) log (2) + 3 (1+¢") log(y) + 2 (1 + V) log (z)

(D.10)
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where

Tog (z) = log( e ew) (D.11)

4T pg
and, defined according to |7} |15, [23],

Isw (2,y,2) = u&“{%(ﬂf—y—@@(y)@(z} +%(y—x—2)@(ﬂc)@(2)
45 (27— y) 108 (x) T08 (y) + 20108 (x) + 2y 08 (y)  (D-12)

—1—22@(7:)—; (x+y+z)—%£(m,y,z)}

with, for z,y < z,

A
g(l‘aya Z) = M P ([E,y,Z)

- fren () e (S () () o

—y-R _r—R\ x?
— 9Li, rr—y—nh — 9Li, Fry—r- R + T
2z 2z 3

R = \/x2+y2+22—2xy—2xz—2yz (D.14)

Further, this can be expressed in terms of A and ®, as done in [6], with

A(x,y,2) =2 +y°" + 2 =2 (zy+22+y2) (D.15)

O (z,y,2) = % [2 log (z) log (z_) — log (u) log (v)

WQ (D.16)
with o (1
s —1

Lis (5) = / dt %, the dilogarithm

T ’ y
= — V==

z z ] (D.17)

\/ l—u—v)?—duv = ;R

Ty 2(1:|:(u—v)—)\)

Note that the definition of ® (z,y, ) is valid for

u:—§1 and v
z

NS
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D. Loop Functions

The other branches of ® (x,y, z) can be obtained using the symmetry properties [6]
S (z,y,2) =P (y,x,2), zP(x,y,2)=2P(2,y,2)

The derivatives of ® (z,y, z) can be obtained via the following recursive relation, given
in [0,

0% (x,y, 2)

A(z,y,2) 5

= (y+z—x) @(m,y,z)

o) (e () =)

Derivatives of ® w.r.t. y and z can be obtained by using the recursive relation and the
symmetry properties above.

(D.18)
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E. Gauge Theories

In this chapter of the appendix gauge transformations for a generic SU(N) gauge theory
in 4 and D = 4 — 2e spacetime dimensions as well as for rescaled and non-rescaled gauge
fields with mass dimensions [Gf] = 1 and [G] = 1 — ¢, respectively, are displayed.

E.1. Gauge Transformations in 4 Dimensions

(a) For rescaled gauge fields G — GZ = g G}, one obtains the following relation for the
gauge transformed gauge field CAJZ‘ [32]
(ou—iGrT)Uw—U (9, ~iGeT) W
— QT =UG T U™ —i (9,U)U™" (E.1)
_ G«Z T + aﬂBa T + fabc G«Z BcTa

for )
U= eP*T (E.2)

and with mass dimensions (in 4 spacetime dimensions)
[Gel=1,  [3]=0, [g]=0 (E.3)
Thus, the infinitesimal gauge transformations are given by
Wi i+ 5 T

Oy — P, — i ), T (E.4)
Na Na ha abc Ab Qe
G s GO+ 0,00 + f G B

(b) For non-rescaled gauge fields G, one obtains the following relation for the gauge
transformed gauge field G [32]

(0, —igGrT YUY =U (0, —igGyT") ¥

la a a a —_ [/ _
— GpT*=UGT"U 1—5 @.U) U (E.5)

= GUT" + 0,5 T + g f* G p°T*
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E. Gauge Theories

for
U =981 (E.6)

and with mass dimensions (in 4 spacetime dimensions)

(Gal=1, [8]=0, [g=0 (E.7)
Thus, the infinitesimal gauge transformations are given by

Vi —> i +1g BT
Yy th—ig° Ej 15 (E.8)
Gy — G+ 0,8 + g [ G, 5

E.2. Gauge Transformations in D = 4 — 2¢ Dimensions

(a) In the case where the gauge fields are rescaled and then the theory is analytically
extended to D = 4—2¢ dimensions, i.e. G, — G, = g u°(c) G, one obtains the following

relation for the gauge transformed gauge field CAT*;‘Z

(ou-icer)Uw=U (9, ~iCsT) W
= GUT =UGT" U —i (9,U)U" (E.9)
= GLT" 4+ 0,5 T + f* G, p° T
for )
U=eT (E.10)

and with mass dimensions (in D = 4 — 2¢ spacetime dimensions)
Gil=1 [B]=0, [gf=0 (E.11)
Thus, the infinitesimal gauge transformations are given by

i — W+ fOTE Y
Py =i Ej T (E.12)
G — G2+ 0,8" + G 5

It can be seen that these gauge transformations are equivalent to those in 4 dimensions.

Note that, after the theory was analytically continued to D = 4 — 2¢ dimensions,
solely the dimensionless gauge coupling g (and not the Renormalisation function) can
be pulled out of the gauge field to obtain @Z = p(o) G, such that

4 1 ~a € a
G#=§GMZM(U)G“

(E.13)
Gl =gp(o)G =gG,
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E.2. Gauge Transformations in D = 4 — 2¢ Dimensions

and analogous for 5. In this case the infinitesimal gauge transformations are then
provided by

Vi i +igB T v
Y — _igﬁa Y, T (E.14)
—a —a —a abe AP 3¢
G,— G, +0,8 +9f*"G,p
which look exactly like the "usual" gauge transformations in 4 dimensions (cf. case (b)
in section [E.1)). The mass dimensions are still the same as in (E.11)), i.e.

=1, [Ba] =0, [g] =0 (E15)

(b) For non-rescaled gauge fields G}, one obtains the following relation for the gauge
transformed gauge field G7¢

(0, —igu (o) GiT YUY =U (0, —igu(o) G, T) ¥
— T =UG T U — gw(a) (8,U) U™ (E.16)

- a a a
:GZT“—I—(?MﬁaT“—i—gue(U)fachZﬁcT“+e,u 1(0)8_56”05 T

for
U = elgn(@) et (E.17)

and with mass dimensions (in D = 4 — 2¢ spacetime dimensions)
Gl=1-¢ [Fl=— [g=0 (B18)
Thus, the infinitesimal gauge transformations are given by
Vi — Yy +igpu(o) BT
Uy by —ig p(o) B, T, (E.19)

PN, ,
Go s GO+ 0,8 + g (o) f° G B + e (0) %@cfﬁ

It can be seen that the gauge transformation of the gauge field obtains a non-trivial
evanescent correction due to the Renormalisation function.

149



F. Muon Production

The Feynman diagrams of the considered process in section [5.3] i.e. muon production
at the 1-loop level, considering only the 1-loop muon vertex corrections, in massless QSI
QED with yy # 0 and A = 0 and Lagrangian (£.29), are provided in the first section
of this chapter of the appendix. Moreover, the 3 body phase space integral and some
solutions for specific kinematics which are necessary for the real emission graphs in the
above mentioned process are given in the second section.

F.1. Feynman Diagrams

In the considered theory (4.29)), there are 2 Feynman diagrams contributing to the
scattering process e~ et — = pt at tree-level, which are

three = + - (Fl)

At the 1-loop level, there are 10 Feynman diagrams containing a 1-loop muon vertex
correction, 4 of them with a photon mediator as illustrated in ([F.2))

e~ H e~ H
Y 7 o
T+ 1D
€+ Iu+ €+ +
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F.1. Feynman Diagrams

and the other 6 with a Dilaton mediator as shown below in (F.3)).

e H e H
2 T+ 2 1D
e ptoet put
e K e D I
g ;o
k3] )
+ S W N (F.3)
~ D
€+ /’L+ e+ /L+
e e w
£3)
+ aiai
et et & ut

Moreover, for the scattering process e~ et — p~ put~, ie. final state real photon
emission graphs, there are 6 tree-level Feynman diagrams, where 3 of them are photon
mediated as provided in (F.4)

e I e I
i Y
7+ 8
et ptooet pu (

F.4)
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F. Muon Production

and the other 3 of them are Dilaton mediated as illustrated in (F.5]).

e I e H
>—?—<7 - >——©——<7
et + et +
s s (F.5)
e I
Y
+ :::>—?-ﬂi:fiu+
et Y

Additionally, for the scattering process e~ et — u~ u™ @, i.e. final state real Dilaton
emission graphs, there are 6 tree-level Feynman diagrams, where 3 of them are photon

mediated as given in (F.6))

and the other 3 of them are Dilaton mediated, provided below in ([F.7)).

e p e w
et ptoooet put
(F.7)
-
+
e-‘r
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F.2. 3 Body Phase Space Integral

The kinematic of the 2 — 3 scattering processes is given by pi, po, k1 and ko for
the electron, positron, muon and antimuon, respectively, as well as kg for either the
final state photon or the final state Dilaton, depending on the considered process. This
labelling of the momenta is exemplarily illustrated for one of the e~ et — u= puty
diagrams in (|F.8§]).

In the present case of massless QSI QED with y; # 0 and A = 0 the squared momenta
evaluate as follows

¢ = (p1+p2)’ = (ki + ke +kp)’ = Q
where @@ = /s is the center-of-mass energy. Defining the energy fractions x;, i €
{1,2, F'}, in the C.o.M. frame analogous to [32] as
2ki-q

the kinematic can further be specified by

(ki 4 ko) =2k1 ko = Q* (1 — zp)
(ki + kp)? =2k kp = Q% (1 — ) (F.11)
(ky 4+ kp)® = 2ko kp = Q% (1 — 1)

with relation
$1+£L’2+$F:2 (F12)

F.2. 3 Body Phase Space Integral

First, consider the 2 body phase space integral in D = 4 — 2¢ dimensions over 1, as it is
also needed in section which is given by [32]

4—D
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F. Muon Production

Now, consider the 3 body phase space integral in D = 4 — 2¢ dimensions over some
function f = f(ky, k2, kr) which may be written as [32]

4 4—D 2
/d@gf (K1, ko, kp) = (Q_Z) 128 73 I:C?(D —2)

1 1
X / dxy / dxs f(@y, 23 ) —

0 1—a2y [(1—1‘1) (1—1’2) (1—[L’F)}T

in terms of the energy fractions in the C.o.M. frame x;, i € {1,2, F'}, defined in (F.10).
In the following, the 3 body phase space integral is explicitly evaluated for some
specific integrands which are necessary for the 2 — 3 scattering processes considered
in section [5.3] Note that the integrals over x; and zy have been performed exactly
and then afterwards the result has been expanded w.r.t. e. This is important as the

expansion in € does not commute with the phase space integration in general. Before
the results are presented it is convenient to define

(F.14)

Tp=2—x1—T2

1
Ag (21,29, 2p) = _ |
[(1—1'1)(1—1'2)(1—3;F)}T (F.15)

Now, explicit results are provided for the following integrals:

2 + 22 —l——962
I, .—/ dxl/ dxs L 2 FA@(ﬂfl,fBz,-fl?F)
1—x1

(1= 21) (1 =2 I (F.16)
:6_2+_+7_7T +O()
1 1 2 1 23
Q:i/(ml/' @ale Ag (71,72, TF) =————+0() (F17)
Tp=2—x1—T2
1
I3 = / dzq / dre Ag (11,22, TF) =—+0 (¢ (F.18)
1=z Tp=2—x1—x2 2
+ a3 + B2 a7
[4 = / d$1 / dl’g xl ?2 oF A@ (3717 1'2733F>
0 1—z1 —ZIF Tp=2—x1—T2 (Flg)
2 2
—_Z_L0
5. 3170
1 1 Ty To
15 = / dl’l / de’Q 1 Aq;. ([El,l’g,l'p)
0 1—xz; —IF Tp=2—x1—22 (FZO)
1 1
T O (e)
1

= - —-3+0() (F21)

Tp=2—x1—x2

1 1
1
Is = / dx, / dxy Ay ($1,$27$F)
0 1—21 I — a9
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F.2. 3 Body Phase Space Integral

1 1
2 —
I ::/ dxl/ dxy 722 ) Ag (21,22, 21)
0 —

rp=2—x1—T2 (F22)
1 7 1
BRI R
1 1
Ig = / dlL’l / dl‘g (1 — x; ff — ) ACD (xthuxF)
0 1—z1 L1 Z2 Tp=2—11—T2 (F23)

1 1
1
Iy = / dxq / dzy (1 —zp) Ag (21,79, TF) = 6 + O (¢) (F.24)
0 1—x;

Tp=2—x1—2

Furthermore, note the following relation

1
I :—<2I _ 81 4[) F.25
2 D_2 4 3+ 415 ( )
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