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Abstract

Oscillation experiments have demonstrated that at least two neutrinos possess small
but non-vanishing masses. The seesaw mechanisms, which include heavy particles
such as Right-Handed Neutrinos (RHNs), are possible explanations for the observed
neutrino masses. In the low-energy limit, the effect of heavier particles is effectively
described by the dimension-five Weinberg operator. This thesis calculates the full
two-loop beta functions of the Weinberg operator and examines its phenomenological
implications. If one neutrino remains massless at tree level, the running effects
generate a small third neutrino mass, serving as a lower limit on the lightest neutrino
mass. Furthermore, the running behavior and fixed points of Majorana phases are
analyzed analytically and numerically.

Similar two-loop diagrams that increase the rank of the active neutrino mass
matrix also exist for the RHN mass matrix. If at least one RHN has a mass around
the Planck scale, while some other RHNs remain massless at the tree level, quantum
corrections radiatively generate the remaining masses at the seesaw scale. This work
presents an extension of the Standard Model (SM) in the framework of left-right
symmetry models, which includes both massless RHNs and massive RHNs around
the Planck scale and allows for rank-increasing two-loop contributions.

Zusammenfassung

Osrzillationsexperimente haben gezeigt, dass mindestens zwei Neutrinos kleine, aber
nicht verschwindende Massen besitzen. Eine mogliche Erklarung fiir die Neutrino-
massen sind die “Seesaw”-Mechanismen, welche schwere Teilchen wie rechtshéndige
Neutrinos (RHN) beinhaltet. Im Niederenergielimit wird die Wirkung schwerer
Teilchen effektiv durch den Dimension-fiinf Weinberg-Operator beschrieben. In dieser
Arbeit wird die vollstdndige Zweischleifen-Beta-Funktion des Weinberg-Operators
berechnet und ihre phdnomenologischen Implikationen untersucht. Ein zunéchst
masseloses Neutrino erhélt eine kleine, aber nicht verschwindende Masse durch
diese Quantenkorrekturen, die als untere Grenze fiir die leichteste Neutrinomasse
dient. Auflerdem werden das Laufverhalten und die Fixpunkte der Majorana-Phasen
sowohl analytisch als auch numerisch analysiert.

Ahnliche Zweischleifendiagramme, die den Rang der aktiven Neutrinomassenma-
trix erhohen, existieren auch fiir die RHN-Massenmatrix. Wenn mindestens ein RHN
eine Masse um die Planck-Skala hat, wihrend einige andere RHNs zunéchst masselos
bleiben, erzeugen Quantenkorrekturen die verbleibenden Massen um die “Seesaw”-
Skala. In dieser Arbeit wird eine Erweiterung des Standard Models im Rahmen von
Links-Rechts-Symmetrischen Vervollstandigungen vorgestellt, die sowohl masselose
RHNs als auch massereiche RHNs um die Planck-Skala herum einschlieen und
Rang erhéhende Beitrige durch Zweischleifenkorrekturen erméglichen.
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1. Introduction

Neutrinos are assumed to be massless in the Standard Model (SM) of particle physics.
However, oscillation experiments have shown that solar, atmospheric, and reactor neutrinos
undergo mixing, indicating the existence of at least two massive active neutrinos (see
for example [1]). Unlike the quark sector, the mixing angles in the neutrino sector are
relatively large, and the CP-violating phase is not suppressed. Furthermore, observations
of cosmological structure formation [1] and beta decay spectra [2] have set upper bounds
on the masses of neutrinos, which are many orders of magnitude smaller than all other SM
masses. Despite this experimental progress, the ordering of masses as well as the nature
of the neutrino - whether it is Dirac or Majorana - remains unknown. The observation
of neutrinoless double beta decay would uniquely determine neutrinos to be Majorana
particles. Sensitivity improvements in cosmological observation and direct measurements
will eventually distinguish between different orderings.

To account for these findings, the SM must be extended to accommodate neutrino
masses. Additionally, from a theoretical point of view, their smallness compared to
all other SM particles should be explained in a natural way, which does not require
extended fine-tuning of parameters. Neutrino mass models are often linked to other open
questions in particle physics and cosmology, such as dark matter [3, 4] and baryogenesis
via leptogenesis [5]. They may also be embedded into higher symmetry structures, such
as grand unifying theories [6].

The seesaw type-I model extends the SM by Right-Handed Neutrinos (RHNs) [7-11],
which makes it particularly simple and hence appealing. RHNs transform trivially under all
gauge groups and thus allow for Majorana mass terms. The seesaw model is natural in the
sense that active neutrinos become lighter while their right-handed counterparts become
heavier. The type-I seesaw model and other extensions that introduce new particles at
high scales can be described by effective field theories at low-energy observational scales in
a model-independent manner. The introduction of Majorana neutrino masses is achieved
through the unique dimension-five Weinberg operator [12], and their smallness corresponds
to cut-off suppression, which marks the validity range of the effective description. Due to
the large separation of scales, the running of parameters induced by quantum corrections
becomes significant. Although the one-loop renormalization of the Weinberg operator
is complete [13—-15], the two-loop beta functions are not yet finalized. However, at this
order in perturbation theory, specific diagrams exist that radiatively generate neutrino
mass and increase the rank of the mass matrix [16]. One potential scenario includes
two massive neutrinos and one massless neutrino at the cut-off scale. As a consequence,
fewer parameters are needed, and predictivity is enhanced. Oscillation experiments
do not rule out this case, making the two-loop beta function theoretically interesting.
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The radiative mass corrections constitute a lower bound on neutrino masses and yield
interesting phenomenological consequences that have not been considered so far. Moreover,
completing the two-loop beta function improves the accuracy of numerically evaluating
the running behavior of mixing parameters.

Equivalent rank-increasing diagrams for the RHN mass matrix also exist [17-19].
Assuming Majorana masses around the Planck scale translates to lepton number breaking
at the aforementioned energies. The breaking of all global symmetries through gravity
motivates this assumption [17]. If some RHNs remain massless at the Planck scale, two-
loop quantum corrections induce lighter states around the seesaw scale. Therefore, no new
scale or additional free parameters are required, and predictivity is enhanced. However,
the exact form of the mass matrix at the Planck scale requires further justification. This
study explores gauge extensions to the Standard Model, which are unaffected by gravity.
Left-Right (LR) symmetry models naturally include Right-Handed Neutrinos and can be
incorporated into larger unifying theories, making them appealing.

The thesis is structured as follows: chapter 2 provides a summary of the SM and mass
generation via Spontaneous Symmetry Breaking (SSB). It also explains how particle
oscillations arise in the quark and lepton sectors and clarifies the difference between Dirac
and Majorana masses. The chapter reviews the three seesaw mechanisms as well as the LR
extension, which provides the necessary neutrino masses. Finally, the chapter introduces
the effective description of neutrino masses. Chapter 3 provides the necessary ideas and
calculation techniques for renormalizing the Weinberg operator and explains the use of the
Background Field Method (BFM) in this context. The rank-increasing contributions are
explicitly calculated, and the results are shown for the complete two-loop beta functions.
In chapter 4, the phenomenological implications of the beta functions are analyzed with
regard to neutrino mixing parameters and masses. Analytical results are derived and
checked by numerical evaluation. Chapter 5 deals with RHN mass models. The thesis
presents general considerations before analyzing specific gauge extensions to the SM. LR
symmetric models are of particular interest. Finally, chapter 6 summarizes the findings of
this thesis.



2. Neutrino Masses

The Standard Model (SM) of particle physics is the most rigorously tested and precise
theory of nature. It describes particles as excitations of quantum fields. All fermions —
except the neutrino — obtain their mass through the Higgs mechanism, which is responsible
for electroweak symmetry breaking. The Higgs mechanism is summarised below to
illustrate the difference between neutrinos and other charged fermions in mass generation.
Additionally, the concept of particle oscillations is introduced.

2.1. Standard Model

The SM is based on the direct product of the simple gauge groups SU(3) x SU(2);, x U(1)y-
The fermionic fields transform in the trivial and (anti-)fundamental representations and
are denoted as (R(SU(3)), R(SU(2)),Y), where R(G) is the representation of the group
and Y the hypercharge of the field under U(1)y. The trivial representation is denoted by
1 and the (anti-) fundamental representation of SU(N) by N (N), while higher numbers
correspond to higher multiplets. According to this classification, the SM fermions expanded

in the SU(2);, indices are:

left-handed fermions: l= ( Y ) =(1,2,-1),
By,
right-handed fermions: Ep=(1,1,-2),
U
left-handed quarks: Q. = D = (3,2,1/3),
L
right-handed quarks: Dy =(3,1,-2/3), Uy =(3,1,4/3).

To deal with gauge anomalies, it is advantageous to work with fermions of the same
chirality (section 5.1). Utilizing the charge conjugation operator

O D RO GG (2.)

VR —ioyyr,

which switches chirality, the re-expressed fermions are: e, = (1,1, —2), u§ = (3,1,—4/3),
di, = (3,1,2/3). Based upon the previously introduced symmetry groups and matter
fields, the most general gauge invariant chiral Lagrangian contains the following terms:

_ 1
’CGauge = ¢(28# + gAAZTI%)’YMw - ZF;LIVFGMV + ”CGF + ’CFP’ (22)
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where ¢ = {, Ep, Qp, Dg, Ug represents all fermionic fields, A, = Gf,, W, B,, all gauge
boson fields with the respective representation T% for the fermion ¢ and Fj, = 9, A7 +
0,47+ ga fgcAZA,‘i. Lap and Lpp denote the gauge fixing and ghost term, respectively,
which follow from the Faddeev-Popov quantization procedure for non-abelian gauge

theories. They read [20]:

1
Lap = _2*69(1[14]2, (2.3)
-~ 0GA
Lpp = 9‘296’51,]95’4, (2.4)

where G%[A] describes the gauge fixing condition and % the anticommunting scalar ghost
fields related to the gauge field A. While G*[A] is often chosen to be the Feynman gauge
(¢ = 1), in this work, the background field gauge is used, as it offers great advantages
regarding the renormalization of gauge theories. A detailed introduction to the background
field method can be found in section 3.2.

2.1.1. Higgs Mechanism

Mass terms for chiral fermions of the form ma; ¢ violate gauge invariance due to their
non-trivial transformation behavior under SU(2); . The mechanism that gives the charged
fermions their mass proceeds via the coupling to a scalar field, the so-called Higgs field
H = (1,2,1), which transforms as a SU(2);, doublet. The associated potential can be
parameterized as follows:

V(HYH) = p2(HYH) + MN(HTH)?, (2.5)

where in case of u? < 0, the Ground State (GS) of H (Vacuum Expectation Value (VEV))
is non-zero (fig. 2.1). The Higgs field can be developed around that GS (v) [21], which is
conventionally chosen to be real-valued [22]:

ol ar 2.6
-2 %(v—{—h(x)—ki/l) ’ (26)

in terms of the physical Higgs boson h and the three Nambu-Goldstone bosons A, H*.

2.1.2. Spontaneous Symmetry Breaking

Since the potential is invariant under rotation in the complex H-plane, infinite VEVs exist.
By using the SU(2);, generators T, = %¢ (¢ being the Pauli matrices) and the radial

parameterization of the Higgs field around the GS, eq. 2.6 simplifies to [22, 23]:

H— iTaga 0 SU(2),xU(1)y 0 (2 7)
— ¢ Lw+h@) )\ Swth@) ) '

where the VEV v and the radial excitation h(x) are real-valued [23]. The pre-factor

eT*¢"  which unifies all imaginary parts, is eliminated in the unitary gauge through a
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T~/

Figure 2.1.: Higgs potential with u? < 0 along the real part R of H along one slice in
SU(2) plane. The vacuum expectation value (H,) is non-zero.

gauge transformation. However, this results in the system no longer being gauge invariant
because a specific VEV breaks the symmetry, a phenomenon known as Spontaneous
Symmetry Breaking (SSB) (see eq. 2.7). The radial excitation h(z) is identified as the
Higgs boson, while the massive gauge fields absorbed the radial £ fields [23]. After SSB,
the VEV of the Higgs doublet remains invariant under one specific transformation, which
is a combination of the SU(2); generator 7% and the hypercharge Y:

Qem = T3 + éYq&? (2.8)
which is neutral for the second component of H. This remaining U(1) symmetry relates
to the well-known electromagnetism with the photon as massless gauge boson [23].

The coupling of boson and fermion fields with the Higgs field maintains the local
symmetries and results in mass terms for the fermions and the electroweak bosons after
SSB. In the latter case, the explicit form for the coupling and resulting W and h mass
terms is given by [21]:

1
Litiges = (D, H)(DFH) — V(HTH) > 200%h? + Zg%QW;W,j, (2.9)

where the charged W = %(Wﬁ FiW}) are superpositions of two SU(2) generators. The

mixing of Wj’ and B, gives the massless photon and massive Z boson. These concepts
will later be relevant for understanding the symmetry-breaking patterns of extensions to
the SM.

2.1.3. Fermion Masses
Fermion masses are generated through Yukawa couplings Yy,

'CYuk = _QaL (YU)aB HUﬂR - QaL(Yd>aﬁHDﬁR - E(Yl)aﬂH‘EﬁR + h'C‘7 (210)

where Greek indices refer to the generation of the quarks and leptons, respectively.
H =io,H* = (1,2,—1) is the conjugated Higgs field, which also transforms as a SU(2)y,
doublet (SU(2) is pseudoreal) but with inverse hypercharge.
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After SSB, the (conjugated) Higgs fields acquire its VEV in the (first) second component,
which leads to mass matrices

v v v
M, =—=Y, —Y,, M, =—

u \/i u \/i d l \/i
The Left-Handed Neutrinos (LHNSs) (also called active neutrinos) stay massless, as there
are no Right-Handed Neutrinos (RHNs) N = (1,1,0) within the SM, which enable a mass
term of the form: E(YV)QBHNBR.

M, = Y,. (2.11)

2.1.4. Particle Oscillations

The mass matrices obtained in section 2.1.3 are, in general, non-diagonal with arbitrary
complex entries. The flavor eigenstates present in the tree-level Lagrangian thus do not
correspond to the mass eigenstates. Through field redefinitions of the type v = Uwﬁ’
(¢ =4,ER, UL, Dy, D, Ug), the mass matrices can be diagonalized (D,,) via the Singular
Value Decomposition (SVD) procedure:
UITJLMU UUR = Dy,
Uh, MpUp, = Dp, (2.12)
UM, Uy =D,.
The procedure is slightly modified for Majorana mass terms, which are introduced in

eq. 2.20 in the next section. In this case, one unitary matrix is sufficient for the SVD of
the symmetric Majorana mass matrix

UrM,U,=D,,. (2.13)

Subsequently, the weak current from eq. 2.2 after SSB is modified in terms of the mass
eigenstates 1’

ﬁLV“DL = Uii’)/#ﬁCKM D/L

o . ) (2.14)
Evtvy, = Epy*Upnns Vi
with
Uckm = U(T]LUDLv Upnins = U;LUV- (2.15)

The rotation matrices are called Cabibbo-Kobayashi-Maskawa (CKM) matrix and
Pontecorvo-Maki—-Nakagawa—Sakata (PMNS) matrix for quarks and leptons, respec-
tively. Both Ugyyy and Upyyng contain unphysical Degrees-of-Freedom (DOFs), which can
be removed by global phase transformation of the fermionic fields. In the case of up- and
down-type quarks, three (two) individual phase transformations Pp; = diag(e'®«, ei®c, ei¢t)
(Pp = diag(e'®4, e 1)) on Ui/r = PuUlrr (Dorr = Pp Dy p) can be made,
without changing the diagonal mass matrix. Global phase transformations are unphysical;
hence, only two independent transformations exist for D, .
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This transformation is no longer possible for Majorana neutrinos. While the equivalent
phase redefinitions Py = diag(el®e, el%», ¢'¢r) exist for El1/r = PeE, LR, the same does
not hold for v, ; because it would change the mass matrix according to eq. 2.13. Only 3
DOFs can be removed compared to the five from the quark sector:

VCKM = P;UCKMPDa VPMNS = P;UPMNSa (2~16>

defining the PMNS matrix. The standard parameterization for the CKM and PMNS
matrix [24] will be used throughout this work:

C12C13 812C13 s13€ 0
V= —co3812 — 5’2301251361(s C23C12 — 323!’31231361(S $23C13 (2.17)
S23512 — 02301231361(s —S823C12 — 023312313‘31(s C23C13
for the CKM matrix and
er 0 0
vilo e o (2.18)
0 0 1

for the PMNS matrix. The two phases eliminated in the quark sector by the down-type
quarks were reintroduced. c;; (s;;) abbreviates cos;; (sin6,;), with 0,; being the mixing
angle between the generations ¢ and j. ¢ is referred to as the Dirac phase because it
emerges for both Majorana and Dirac particles, while the Majorana phases p and ¢ only
appear in the Majorana case. All three provide a source for CP violation.

Particles are produced in the flavor basis but will propagate in the mass basis, giving rise
to neutrino oscillation. Table 2.1 [25] summarizes the experimental data from oscillation

experiments regarding the three mixing angles, the Dirac phase, and the mass differences
2

Am% =m; — m? which are responsible for the oscillation length.

2. can be

From the oscillation length, only the absolute value of the mass difference Amj;

Normal Ordering [30] | Inverted Ordering [30]
sin? 0, 0.304+9:032 0.304.0-052
sin? g 0.57310-043 0.575 5958
sin? 6, 0.2219+0-0191 0.02238* 000138
5[] 2327118 276+35
Al 7.42+062 7.42+0:82
L +2.517+0:081 —2.498+0-084

Table 2.1.: Neutrino Oscillation Parameters. Summarized are the global fits regarding
oscillation experiments for normal and inverted ordering [25].
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determined, allowing for two possible mass orderings:

mg > My > My NormalOrdering(NO), (2.19)
my > my > mg InvertedOrdering(10). .

Table 2.1 includes the experimental data for both mass orderings. Since Am3, and Am3,
are non-zero, at least two neutrinos must be massive.

2.2. Neutrino Mass Models

Neutrino mass models describe renormalizable extensions to the SM, so-called Ultraviolet
(UV) completions, as opposed to the model-independent Effective Field Theory (EFT)
approach, which will be introduced in section 2.3.3. These models are categorized as
Majorana or Dirac types depending on the nature of the neutrino. Dirac mass terms
include distinct left- and right-handed fields mi 1, , while Majorana mass terms only
contain either one:

R 1.
— M 4Ny Nyp — 51\461[3,1\[(11%]\151%. (2.20)

Lrr = NygidN, p 5

B =1,...,ny denotes the generation index analogous to the SM with ny being the number
of generations, and the hermitian conjugated was explicitly written in this case. The
structure mN sr demands a symmetric mass matrix and implies that the Majorana
particle (later the RHN) cannot carry any charges. Furthermore, it excludes certain
representations of the gauge groups (such as the fundamental). Hence, only the neutrino

can be of Majorana type after SSB. For Dirac neutrinos, particle and antiparticle are
distinct, while a Majorana neutrino is its own antiparticle.

2.2.1. Type-I Seesaw Model

The inclusion of RHNs Ny = (1,1,0) is the most straightforward method to generate
neutrino masses and account for their smallness. RHNs transform trivially under the
SM gauge group and can, therefore, acquire a Majorana mass. The extension of the SM
Lagrangian reads:

1 . -

’CRHN = _§MOCBNOCcRNﬂR_€OcLYOCBHNBR+hc (221)

After SSB, the Yukawa coupling provides Dirac masses as for the other SM fermions along

with an additional Majorana mass term. Rewriting this in terms of a standard Majorana
mass matrix for the multiplet (v, Ngp) gives:

cc- ! (72" Nin) 0 Valer (”z’L) (2.22)
2\ek TR\ BY, Mgy ) \Ngp)' ‘

Again, the mass matrix is non-diagonal, and flavor eigenstates need to be redefined
via (v§,Ng) = U(V'},Ng) and UTMU = D as in eq. 2.13. Consequently, left- and
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Figure 2.2.: Tree level diagrams for type-I seesaw mechanism. It describes the Majorana
mass generation for left-handed neutrinos v after SSB (H) by including a
fermion singlets N (right-handed neutrinos).

right-handed neutrinos mix, but also LHNs among themselves, which gives rise to the
aforementioned neutrino-oscillations. The resulting mass eigenvalues are for M > vY:

2
_ ~ Uyt
Miighy = My A —?Y MY (2.23)

Mpeavy = MN7 A M

As M increases, m,, decreases, while the mixing between v and N (O(M 1)) becomes
smaller, hence the name seesaw model. Fig. 2.2 shows a diagrammatic representation of
the type-I seesaw model.

Nevertheless, not all active neutrinos necessarily acquire mass through this process.
The number of massless Majorana neutrinos at the tree level depends on the number
of generations of the RHN and reads n;, —ng (ny g is the number of left-/right-handed
neutrino generations) [26].

2.2.2. Type-II and III Seesaw Models

Other possibilities that accommodate left-handed Majorana neutrinos exist besides heavy
fermion singlets.

In the type-1I seesaw model (fig. 2.3 (a)), triplet scalars A = (1,3, +2) are added to
generate the Majorana mass term [27, 28]:

1 . .
L= =0y (YV2) i (3-A) o, — paH oy (6 AT) H + hec. (2.24)
Here, A is written in the adjoint basis — which transforms in the triplet representation.
The shown combination is gauge invariant, because the tensor representation of ¢ ; ,
lor (1,2,—1) x (1,2,—1) C (1,3, —2) contains a triplet representation and thus gives a
singlet together with A. The invariance can also be seen from the explicit transformation
behavior under SU(2): ¢ — Uf and A — UAUT. The neutrino mass follows from the
VEV of A and its relation to M through the scalar potential and ultimately yields:

2 A
v Y
HATy

—_—. 2.2
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H H
s R - -
~ // \\\ ///
! Al 4
A * \\ E //
/ / ( ————X—e—=—
(a) Type-II (b) Type-111

Figure 2.3.: Tree level diagrams for type-II (a) and type-III (b) seesaw mechanism. They
describe the Majorana mass generation for left-handed neutrinos v after SSB
(H) by including a scalar triplet A or a scalar fermion .

An easier way to obtain the same result is via the effective description of neutrino mass
and integrating-out (section 2.3.2) the heavy scalar triplet.

The type III seesaw model (fig. 2.3 (b)) combines the type I and II by introducing
fermionic triplets ¥ to the SM. The resulting Lagrangian reads [29]:

L = Ty (S0 n] — V2YiHIS, o0, +hec., (2.26)

where ¥ = -3 is also written in the adjoint basis and X¢ = C¥* according to the
definition in eq. 2.1. The easiest way to obtain the mass matrix is to revert to the effective
description, which gives after SSB:

U2

)= g VMY, (2.27)

m
Type-1I and type-III predict neutrino masses inversely proportional to the mass of a heavy
particle, justifying the classification of seesaw models.

2.2.3. Left Right Symmetric Models

Another possibility for accommodating Majorana neutrinos is to extend the SM gauge
group and naturally include RHN in contrast to the seesaw models, which maintain the
gauge structure and only extend the matter content.

The SM breaks parity by differentiating between left-and right-handed particles in terms
of their SU(2);, representations. LR symmetric models [30-34] restore parity invariance
at high energies and break it dynamically via SSB, yielding the SM as low energy limit.
In analogy to the SU(2);, gauge group, SU(2)y is introduced. The full SM gauge groups
consist of

SU(3) x SU(2);, x SU(2)z x U(1)y, (2.28)

with a modified hypercharge YV that will break down to Y. In the context of LR models,
representations are denoted with regard to ¥. Following the SU(2);, structure, Dy and Uy
are grouped into an SU(2)g doublet and RHNs are introduced to complete the right-handed
leptonic doublet with E. The matter content with respect to eq. 2.28 reads:

10
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left-handed fermions: L, = ( ;L ) =(1,2,1,-1),
right-handed fermions: L= ( Jl\?f;ﬂ ) =(1,1,2,-1),
left-handed quarks: Qr = < gi > =(3,2,1,1/3),
right-handed quarks: R= ( g]; ) =(3,1,2,1/3).

Gauge anomaly cancelation (section 5.1) is ensured and explicitly checked in section 5.4.
The matter content suggests that Y can be identified with B — L (baryon number — lepton
number). While being an anomaly-free global symmetry in the SM, B — L is promoted
to a gauge symmetry in LR models. To be consistent with current observations, it is
necessary that

SU2)r x U(1)g— U(1)y (2.29)

via SSB. Therefore, the breaking patterns should satisfy the relation:
Y =V 42Ty, (2.30)

or reformulated using eq. 2.8 in terms of Qg

1~
Qrm = §Y+T3R + Ty (2.31)

In the following, only a brief summary of the standard symmetry-breaking mechanism
is provided since section 5.4 will introduce a modified approach that maintains one or
two RHNs massless at the tree level. The scalar sector includes three scalar fields, two
of which (A, =(1,3,1,1), Ay = (1,1,3,1)) transform in the triplet representation and
one as bidoublet (® = (1,2,2,0)):

_ G x _ (V2 6T i
AL_2‘AL—< 50 75;5/\@ 5 AL = UL ALUL,
6o _(6NVE e ;
Y o
b= ¢ x o = (@5 q)g), ® — U, OU.
2 2

The charges indicated in eq. 2.32 follow eq. 2.31 with Tj;, i expressed in the according
representation: Ty p(A) = [T?flﬁ?R’ A], Tap r(Pi5) = T, — TgRqﬁ;R. 5%/12 and ¢ will
aquire VEVs as they remain invariant under U(1)gy. Assuming vag > v o and thus
only taking into account the effect of Ay, the symmetry will be broken according to eq
2.29. ® takes the role of H and gives the fermions their masses:

LY = Qo (hap® + s®) Qpr — Lar, (90p® + Gas®) Lgg +hec. (2.33)

11
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with & = io,®(—i)o, being the charge conjugated bidoublet (same transformation proper-
ties) and analog for the lepton doublets Ly, /r- However, for the latter, the scalar triplet
induces additional Majorana mass terms (compared to eq. 2.24 from seesaw type-11):

| —

which leads to a modified seesaw mechanism for v, p > va ;. More detailed discussions
on the scalar and Yukawa sector follow in section 5.4.

2.3. Effective Description

The new particles introduced in the neutrino mass models are typically very heavy to
explain the tinny active neutrino masses via the seesaw mechanism. Therefore, they
cannot be directly observed in present-day experiments. Effective Field Theorys (EFTs)
[35, 36] describe the low energy limit in terms of low energy observables. The influence of
high-energy components is incorporated through a systematic expansion series based on
the cut-off scale A, which represents the typical energy or mass scale of the high-energy
contribution (referred to as the UV completion) to the theory. The EFT is derived by
systematically eliminating high-energy DOFs.

From a Lagrangian point of view, the expansion in A will take place in terms of operators
made up of fields with a lower mass scale:

5 6 7

Lppr = Lpey + Cj(\)0<5> + c/;;(?(@ + i;om + .. (2.35)
until the desired precision O(Aqy,./A)". O™ describe higher dimensional operators built
from low mass fields that are contained in the low energy Lagrangian £, (dim(0) <
4). ¢™ denote the dimensionless Wilson coefficients belonging to the corresponding
operator O™, In case of Lpey = Lgy the EFT is called Standard Model Effective
Field Theory (SMEFT) and higher dimensional operators are build from the SM fields
UER, Q. Up, Dy, H.

2.3.1. Effective Action

The mapping between the operators appearing in the expansion and the UV completion, as
well as their corresponding Wilson coefficients, is determined by the matching procedure.
It ensures that UV theory and EFT produce the same results in the low energy limit or
A — oo respectively.

The functional approach compares the effective potentials I' from the UV completion
and the EFT. They must be equal to produce matching amplitudes. To calculate the
effective potential, one starts with the generating functional Z, which is defined as

Z[¢] = /D[cb]eifd%“[“”w) (2.36)

12
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via the path integral. The effective action is defined as the Legendre transform of the
generating functional:

L, = —ilogZ [J¢] —/d4xJ¢¢C1. (2.37)
= W[Jy]
The classical field ¢, = (Q|p|Q) J, corresponds to the vacuum expectation value and
satisfies S|
¢
— 2.

in agreement with the Legendre transformation. The effective action is the generating
functional for all One-Particle-Irreducible (1PI) correlation functions [37] and therefore
contains all quantum corrections. Hence, I' describes a theory completely, demanding
that I'ppr and I'yyy, must agree to provide matching results.

2.3.2. Functional Matching

The definition of the effective potential of eq. 2.37 is extended with a heavy field ®

Povldu, Bl = —ilog Z [T, Jy = 0] / diz],,. (2.39)

The heavy particle current is set to zero Jg = 0 such that ® cannot be produced on-shell
but only runs inside loops [38]. The EFT is obtained by integrating out this heavy DOF.
The matching condition based on the effective potentials becomes

FEFT [@1] = FUv [¢c1> (I)cl]' (2-4())

At tree level @, solves the classical Equations-of-Motion (EOM)

08 [¢? q)cl [(bclﬂ _
v 5% = 0. (2.41)

As a result, the effective Lagrangian Lppp at tree level is obtained by solving the EOM

for ®
55UV [(b’ (I)cl [¢Cl]]
0P

and expanding the denominator unit to the desired order

=Fl¢]+ (02— M?)® =0 (2.42)

1 0?

dzﬁﬁﬂm+——ﬂm+.” (2.43)

o e

to get local operators @™). As can be seen from eq. 2.43, A corresponds to the mass scale
of the heavy particle. Matching can be performed to higher loop orders by expanding ®
around the classical solution and performing the path-integral. However, this technique is
not used in this thesis.

13
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2.3.3. Weinberg Operator and Neutrino Masses

The unique dimension-five SMEFT operator is called Weinberg operator and reads:
1 o~~~
£0) = 5Q,‘}%LIﬂﬂsz +he. (2.44)

For convenience, the cut-off scale was included in the coefficient Cy, because O®) arises
from multiple models with different cut-off scales. The Feynman diagrams (figs. 2.2, 2.3)
responsible for the neutrino mass generation in the seesaw models 2.2.2 contain the exact
structure of the Weinberg operator as external states correspond to the ones of ©®). After
SSB, the Weinberg operator induces a Majorana mass term for the neutrinos

1 T T2 ssB 1
SO L HH 0y, = S M 7w (2.45)

with the convention introduced in eq. 2.21 for Majorana masses and the identification

1
M, = 50205"“5. (2.46)

The diagrammatic representation of the neutrino mass generation via the Weinberg
operator is shown in fig. 2.4. Naturally, the Wilson coefficient for the Weinberg operator
will be small, because it includes the cut-off scale suppression. Generally, the EFT
approach enables an analysis of neutrino parameters for a broad class of neutrino mass
models — that generate the Weinberg operator when integrating out heavy DOFs — without
ever going into details of a specific model. This extensive applicability is the advantage of
using the effective description.

Figure 2.4.: Tree level diagrams for type-1 seesaw mechanism. It describes the Majorana
mass generation for left-handed neutrinos v after SSB (H) by the effective
description using the Weinberg operator.

14



3. Two-Loop RGEs for Weinberg
Operator

3.1. Renormalization Group

3.1.1. Renormalization of Quantum Fields

When performing loop corrections to physical processes, UV divergences appear. These
stem from the integration to infinite momenta or zero distances. The effect of unknown
physics at very high energies can be fully absorbed into the theory’s parameters. Quantum
field theories are most likely only an effective description of nature. The renormalization
of parameters then corresponds to integrating out all momentum shells above a cut-off
energy scale from the Wilsonian renormalization group’s point of view.

To make predictions, the theory must be regularized, and the quantities appearing in
the Lagrangian renormalized to cancel these divergences. Observables should not depend
on the regularization method, as this would allow testing of arbitrarily small scales at
finite energies. This thesis will use dimensional regularization:

/d4x — /ddm, (3.1)

which continues the theory to d = 4 — 2¢ dimensions. As a result, the mass dimensions of

the fields are altered to [¢)] = %51, [¢, A] = 452, To maintain dimensionless ;, they are

rescaled by the renormalization scale p
K; = WPiK,. (3.2)

p; denotes the tree level anomalous dimension of x; and is determined by the dimension
of the corresponding operator @, belonging to x;: p; = d — [0;].

3
Bare quantities mpg, k5, ¥ 5 (masses, coupling, fields) appearing in the Lagrangian are

renormalized in terms of renormalized quantities m,., x,., 4, and renormalization constants
1
wB = qu 1/}7‘7 Hi,B = :u’piEZi/ii,T? mp = mer' (33>
The renormalization constants are conventionally expressed as
Z =142 (3.4)

with the Counterterms (CTs) dZ. Hence, the Lagrangian can be split into a renormalized
contribution £, containing only renormalized quantities and a counterterm Lagrangian
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Lo containing all counterterms 0Z. L1 is treated as a perturbation and included in all
loop calculations. The CTs are chosen to cancel all arising divergences. In renormalized
Pertubation Theory (PT), divergences are canceled order by order (in powers of couplings)

62 =062V 4622 + ... . (3.5)

This implies that tree-level CTs diagrams cancel one-loop divergences in first order PT.
At second order, tree-level CT cancel two-loop divergences and one-loop CT diagrams
and so on.

Renormalization schemes vary regarding the finite part in the CTs. Here, the Modified-
Minimal-Substration (MS) scheme [39] will be used, subtracting the mandatory divergent
part and universal constants that always arise in dimensional regularization. A convenient
way to remove these constants is by rescaling

o= =y —— (3.6)

with v being the Euler-Mascheroni constant.

Furthermore, calculations are performed in the unbroken phase of the SM — before
SSB. Keeping all gauge symmetries intact greatly simplifies the calculations. SSB does
not change the renormalizability of theory, and CTs that renormalize the theory before
SSB will renormalize it after SSB as well [20, 37, 40]. Afterwards, the Renormalization
Group Equations (RGEs) can be translated into observables following SSB, depending on
whether low or higher energy behavior is of interest.

3.1.2. Renormalization of EFTs

The renormalization of EFTs goes along the same line even though these are non-
renormalizable theories by power counting. To render the theory finite to all orders
in PT, infinitely many CTs are necessary. However, only a finite number is needed at a
given order in 1/A. Here, only 1/A contributions — thus single insertions of the Weinberg
operator — are considered. Higher dimensional operators and multiple insertions are
assumed to be strongly cut-off suppressed.
In contrast to eq. 3.3, a slightly different convention for the Wilson coefficient CT is
used (6Z;C5 = 6C5 ):
Cef = it (Cgn +6Ce”) . (3.7)

3.1.3. Renormalization Group Equations

Renormalization Group Equations (RGEs) relate renormalized quantities between different
energy scales. In Wilson renormalization, integrating out momentum shells corresponds
to a continuous change in the renormalized quantities. Differential equations describe
this transformation behavior and are called RGEs. Evolving a quantity from one scale

A to another A, improves PT as it resumes potentially large logarithms log A/A .

S
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In practice, the RGEs are obtained by starting from the bare quantities, which are
independent on the renormalization scale:

d’%B
dp

Rewriting r; ,. in terms of k; 5 to abitrary loop order

=0. (3.8)

~ e - agn)<"<'7l>
K gt " = ”i,r+27€n , (3.9)
n=1

where the CTs for x; may also depend on other couplings (a™(x;)). Hence, the RGE for
K; , can be derived from:

di; d ~ > a('m("{l))
,[,1,77 = pU— K/i,BluipiE — 7'7”
du du ( ; €

1
= — pifiy,E— piay (3.10)
(.’I’L-'rl) (K/ l)

S ()0 L 00 () g 1
— Pi en Ok, a dp en

Recasting the equation in this form motivates the definition of the beta function 3, for

the coupling ; ,.

iy _ B 3.11

The beta function cannot contain poles in € as it describes the evolution of ;. Thus, all

poles have to cancel. Reusing the definition of the beta function in eq. 3.10 for udg—;”

gives:
1
MdHiJ" — e — p-a(<1) . 8(15 )ﬁp
dﬂ iV (et} 8/11 Pl
=P (3.12)
oo agn—&-l) N aagn)ﬁ 1 8a§n+1) 1
— ; — — K — .
o P en aK/l lgn Pl Lr 8,%[ en

need to cancel
A summation over all other couplings x; is implied. One can read off the beta function —
now with an explicit sum for clarity — which only depends on the coefficient of the single
pole, as well as recurrence relations between the coefficients of higher order poles:

(3.13)

n+1 1 8&511) 8(15n+1)
af"™*y =—le< L — i, — (3.14)
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3.2. Background Field Method

Gauge fixing terms explicitly break the gauge symmetry and result in gauge-dependent
quantities, such as off-shell Green functions and counterterms. Consequently, the latter
obey the more complicated Slavnov-Taylor identities instead of the simpler Ward identities
for gauge-invariant quantities [41]. However, using the Background Field Method (BFM)
[42—-44] preserves explicit gauge invariance for Green functions, greatly simplifying the
renormalization of the gauge sector.

In the BFM, one splits the gauge field A — A+ fi, into a background field A and
a quantum field A. A denotes the integration variable in the path integral and runs
inside loops, while A only emerges in external states and tree-level propagators. The
background-field-gauge will break gauge invariance for the quantum fields but not the
background fields.

Therefore, the effective action of the background field (after setting the quantum fields to
zero) is of interest as it retains gauge invariance. The equivalence between the background
effective action and the effective action from the conventional approach (section 2.3.1)
will be demonstrated below, justifying the method.

According to eq. 2.36, the generating functional of a gauge theory expressed with
background and quantum fields is

a

]expi/ [z(AJrA)—l(ga)?JrJ;;Ag . (3.15)

217, 4] = / DAdet [59 e

duwb

where G denotes the gauge-fixing condition and 2%5(9“)2 the gauge-fixing term. The
effective action follows from eq. 2.37

~ o~ ~

[[A,, Al = —WI[J, A — / Atz JeQ (3.16)

using W =—i log Z and alongside with Agl,u = 6I7I/[J, Al/éJy from eq. 2.38. By choosing

the background field gauge for the gauge-fixing condition
— be Ab Ab
G4 =0,AM + gfrc A} A%, (3.17)

W remains invariant under the infinitesimal transformations

- ~ 1
_ ba, b
0Af = — [P’ Af, + gauwa, (3.18)
a abc, b 7C
6y = — W g, (3.19)
which translates to the gauge invariance of I'[A,, A] via 5/131’ W= f’lbcwaigl’ L I[0, 4] is

invariant under the infinitesimal transformation of the background field (eq. 3.18), which
expresses an ordinary gauge transformation of the background field. Setting A, to zero
means quantum fields cannot appear as external legs, but only run inside loops.
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The effective action contains quantum corrections to propagators and vertices to all orders
in PT and should thus agree for the BFM and the conventional approach to give consistent
results. Their relation follows from the definition in eq. 3.15

ZJ, A] = Z[J]e i/ d*aTiAm (3.20)
as well as
WI[J, Al = W[J] —/d‘*ngAW , Ay, =AY — AL (3.21)
Applying the definition from eq. 3.16 finally yields
T[A,, Al =T[AJ|, _x
[Aas Al = T[Al| 4= 4 x4 (3.22)

f[oa A] = F[Acl] ’ACI:A

and hence justifies the BFM approach. Fermions and the Higgs bosons do not appear
in the gauge fixing condition and consequently do not affect explicit gauge invariance.
Therefore, they do not need to be split into quantum and background fields.

Since the gauge quantum fields run only inside loops, counterterms stemming from the
vertices will always cancel those stemming from the propagators and thus do not need
renormalization. Furthermore, the remaining gauge invariance of the background field
demands the background field strength

Fo, = 7" [0,A% — 0,A% + gZ, 7, fbe AL AL (3.23)

to be gauge invariant under g, = Z,g, A, = Zil/ 2AT and §, = Z¢¢, requiring

—1/2
Z, =2, (3.24)

The gauge field wave function renormalization determines the gauge coupling renormaliza-
tion, which does not need to be calculated separately. However, the counterterms for the
gauge fixing parameter are still required. The BFM is then applied to all gauge fields of
the SM, namely A = B, W, G. For calculation convenience, the Feynman gauge £ = 1 is
chosen for all gauge fields:

Lop = _215 (8u,4ﬂ)2 : (3.25)

Finally, the interaction of ghost and quantum field follows from eq. 2.4 and the gauge
fixing condition of eq. 3.17:

Lyp = —09D, Drge. (3.26)

D, (Du) stands for the covariant derivative using only background fields (using A + Ain
the covariant derivative).
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3.3. Renormalization of the Weinberg Operator

3.3.1. Complete Renormalized Lagrangian for BFM

This section summarizes the full Lagrangian in the unbroken phase using the BFM. The
SM contribution is

1 1 1
fCSN[ = — ZGZ‘VGAMV - ZW/{VWIHV - ZBMVBMV

+(D,H)" (D*H) — M?HVH — A (H'H)* + Y 4ilpy
P

(3.27)
- [QaL (Yu)aﬁ HUgg + Qor,(Y) apHD g 4 Lor, (V) o HE g + hc.
+Lar + Lpp
which is supplemented by the unique dimension-five Weinberg operator
1 7 T Tyc
L= Lo+ <§C§"B£aLHHT£5L 4 h.c.) . (3.28)

A, I are the adjoint indices of the SU(3),SU(2)y, group and the gauge bosons in D, G;‘l,,

Wiy, B,,, are understood to written as G + é, W+ W, B+ B according to the BFM.
Y = Q,, Uy, Dy, {;,, Ex denotes all SM fermions. The gauge fixing and ghost terms are

B 1 ~ \2 1 =1\ 2 1 542
Cor =3¢ (0#B,)" — T (DrWl)" — T (D) (3.29)
Lyp = 050,00, — Oy D, Dol — 85D, DroA (3.30)

where D is expressed in quantum and background field, while ZA)N is the background only
covariant derivative. The conventions for the renormalization constants of the fields are:

§y = ngfvw

1/2 1/2
¥ = ZSO/ Pr sz)a = (Zzp/ ) wﬂ,r? MH = ZMHMH,r
ap
(3.31)

K= MPHEZK’%M (Yi>a5 =y (Y;,T)Om/ (ZYI),YQ

Ce? = 2= (Cgl +6C27),

with V' € {B, W, G}, o € {H,B,W,G}, v € {Q;,Ug, Dg,l;, Er}, 5 € {91, 92, g5, m?, A},
i € {u,d,l}. Here, the generational index structure of the fermionic fields is considered.
Yukawa couplings do not preserve flavor symmetries and will lead to mixing among the
generations, hence demanding non-diagonal generation renormalization constants. The
gauge coupling renormalization follows from

12 _ —1)2 12
Z, =257 2, =23 2, =25 (3.32)
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3.3.2. Rank increasing diagrams

A UV model that does not generate masses for all LHNs provides a mass matrix rank of
less than 3. One such possibility was introduced in section 2.2.1 by including only one (or
two) RHN, which in turn leaves two (one) LHNs massless at the tree-level [26]. When
matching the UV theory to the effective description at the cut-off scale, the rank of the
mass matrix is transferred to the rank of the Weinberg operator Wilson coefficient due
to eq.2.46 relating C; and M,. However, quantum corrections can cause the massless
neutrino to become massive, because it is not protected by global symmetries. Such
a symmetry would emerge if all neutrinos were massless (¢ — U/) or if some massless
neutrinos were accompanied by vanishing Yukawa couplings. For at least one massive
neutrino and a lepton Yukawa matrix of full rank, the massless neutrino will become
massive at the two-loop level. This effect has been studied in [16, 45] for the Weinberg
operator and in a similar fashion for RHNs in [17-19].

In this section, the rank-increasing diagrams are revisited before considering the complete
renormalization afterwards. These diagrams must contribute to the beta function in the
form

sca(vyh) oy (3.33)

as was shown for RHNs [18] before and based on rewriting the beta functions for the mass
eigenvalues. The procedure is repeated for the LHNs in section 4.1 when investigating

\\\*~\>\-\—":~:—”/ : *~>~’/ \\\\4—’ ‘
H H H H
(a) (b)
(H) (H) (H) (H)
o, o
Ei. (L E |
e e (RN x4 —K e [ x4
= VD, * O A )
\\\\ /><: //, \\\ ///
T ~—- ~-
H H H

Figure 3.1.: Rank increasing two loop diagrams. Shown are the two-loop corrections of the
Weinberg operator along with the number of equivalent diagrams (crossing
of external legs), which increase the rank of the neutrino mass matrix after
SSB. Diagram (d) contains the one-loop vertex CT of the Weinberg operator,
while (a), (b) and (c) display pure two-loop corrections.
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the running of neutrino parameters. The only diagrams that contribute to the term in
eq. 3.33 are displayed in fig. 3.1, while only diagram (a) was showcased in [16]. The results
obtained here are cross-checked with [16] to see if the additional diagrams ((b),(c) and
(d)) provide additional contributions or were considered but not shown. Diagram (d) is a
one-loop diagram but includes the one-loop CT of the Weinberg operator, making it the
same order in PT.

Only UV divergences need to be considered for renormalization purposes. Since the
Higgs mass serves as an Infrared (IR) regulator, preventing spurious IR divergences
(divergences that appear for external momenta approaching zero), all external momenta
can safely be set to zero. This will not change the form of the CTs as they — like all
other operators in the Lagrangian — must obey locality to conserve causality. Terms like
% log P?/1u? arise in loop calculations but necessarily cancel to maintain locality, justifying
the approach. In MS:

Ma =i (eacebd _|_€ad€bc) (leYlT)pB (Cg)pk (YVIYVIT)AOC
_ dk d4 I¥
<0, / (2m)* / (2m)* k212 (1 — k) (k2 — M?2) (12 — M2)u(0)
= i (€%¢eb 4 e2debe) (YlYlT)pB (Cg)p)\ (YIYZT)AQ u(0) P u(0)
] (3.34)

1 1 (d) L a)
x (47T)d |:2<d_3) M4 (A{LM}) - WK{LML{LO}’{LO}

D i(erret et (vy!) (c ) (Y m(0)PLu(0)
)

Ao
11
X |\ =35>
(1672)~ 2¢

My = —2i (eoed i) (vy,f) ()™ (vy))), w(0)Ru(0)
p «

X/ d?k / a4l 1
2m)® ) (2m)® k212 (k2 — M?) (12 — M?)
3 ac a C pA
— —2i (e ebd—i-edeb)(YlYlT)pB (€)™ (),

_ 11 2 i (3.35)
X u(O)PLu(O)WW (A7)

D i (ercetd 4 exdebe) (V1) , (ci )”A (YZYZT)A %(0) P u(0)
P e

9

1 2
T
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Mc —; (eacebd 4 6adebc> (YlYVlT) ; (Cg)p/\ (}/IY'ZT)
p

pYe"

B ddk ddl TU-K)—(—-KF
X u(O)PL/ 2n)? / m k22 (1— k)® (k2 — M2) (12 — M2>U(0)

_ i(EaCEbd + Eadebc> (Y'lY'lT)pﬁ <C;r)p/\ (YZY'ZT)/\Q

(3.36)

_ 1 1 d \?2
0)Pu(0)——— (A
X u( ) Lu( )(47r>d ,7”4 < {1,]\/[})

A
S (eacebd 4 ad cbe YYT CT P YYT (VP (0
i(e*e 66)(lz)p6<5) (ll)/\au<>Lu<)
X —;i(1+25—25A)
(1672)° €2

M, = (e%¢ bd_|_ ad  be |: 5V(1)TYYT 4 5v(1)Tny ]
a = (%€ 66)(5 ll)a5(5 ll)Ba

)

dk 1
u(0)P; u(0
<TORO) | g
—_ <6acebd +€ad€bc) l:((SVE)(1>TY'lY'lT>aB+ (5V5(1>TY2}/ZT>/BC;|

1 1 (3.37)
(47_[_)d/2 W {1,M}

x u(0) P u(0)

o (erned o evde) (vyf) (D)™ (vy}!) w(0)Pu(0)
o «a

1 2
X o322 (1 +e— €A) s
(16m2)~ €
where A = log M?/u?. The calculation of diagram (d) included the one-loop CT of the
Weinberg operator 5Cé1) (for more details see eq. 3.72)

VY o [ s ke (). (3.38)

Terms not contributing to the rank-increasing structure (eq. 3.33) were dropped. The
calculation of the full one-loop renormalization constant can be found in section 3.3.4. For
the calculation of the two-loop integrals, the tensor reduction function of FeynCalc [46-48]
was used to simplify to scalar integrals. Afterwards, these were expressed in TARCER [49]
notation and reduced to master integrals with the Integration-by-Parts (IBP) technique.
The evaluation of all emerging massive one- and two-loop master integrals can be found
in appendix A.1. The IBP relation used for M, is

1 d—2 1 2
/dH’“’l (12— M2)(k2— M2)(k—1)2  2(d—3)M?2 (/dH’“(I#—M2)> o (339)

where the invariant phase-space volume element was abbreviated with dII. Denoting
P =k?>—M? P,=1>—M? and P; = (k—1)? the result follows from:
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0 1

a, B are parameters and « can be set to 1 as this amounts to a global rescaling. Using
9/0k, k, = d, 2k 1" = (k—1)*> — k* —I* and canceling symmetric term in I, k reads

(3.40)

d 2
= 2(1 . 3.41
P,P,P, +2 +B)P2P2P3 +5P2P2 %% (341)

The last term is scaleless and quadratically divergent. Therefore, no quantity of dimension

can accompany the UV poles, which consequently vanishes. Upon choosing 8 = —1 the
second term vanishes and one remains with 1/P? P, which follows from

0 k' d—2n 2nM?
ok, Pl PP pprte

(3.42)

The phase space integrations are reinserted, and surface terms, which vanish in Euclidian
space after Wick rotating, are dropped. Hence J — 0 and P2P — %ﬁ (eq. 3.42)

yields
d—3 1
dI1 dII 3.43
/ Ml p PP, 2M2/ kUp P, (343)

which is equivalent to eq. 3.39. The vertex renormalization then follows from the two-loop
CT

1 (g
55v§2> L HH™S +hec. (3.44)
expressed in terms of vertex and wavefunction renormalization constants
1 1 1
oV =60y + 502,505 + 5605 oz 4 52 Cooz 4 (3.45)

with all non-rank increasing contributions dropped. The pure two-loop contribution
obtained from eq. 3.34-3.37 is

Va2 e v e v v v vl

Lo . (3.46)
_ W( +2€) (vy))cs (vy')
with
svi— L Liyytye (vyh)”
5,a_<16ﬂ_2>225( l l) 5( l l) ’
= e )
(3.47)
6V5(72C) = (1671rz)2 siz (1+2e —2eA) (YleT) Cs (Y1Y1T>T’
Wi = <1671T2>2 = (re—et) (V) €5 (1)

24



RENORMALIZATION OF THE WEINBERG OPERATOR

It is worth noting that all 'non-local’ terms A cancel completely when summed (as
expected). Furthermore, all 1/e poles in (5‘/'5(7213)7 ed cancel completely, while diagram (a)
determines the single pole of V(2. This might be the reason why diagrams (b) — (d) were
not shown in [16]. Again referring to section 3.3.4 for the one-loop CTs the rank-increasing
part to the Weinberg Operator renormalization constant (eq. 3.45) reads

1 9 1 T
sC? = ( —) vy e (vyh) . 3.48
5 (167T2+>2 16E2 % < 141 ) 5 ( 11 ) ( )

Finally, the beta function follows from eq. 3.13

e 2

m € g (WH) 6 () (3.49)

in agreement with [16]. Furthermore, recurrence relations between the second-order pole
1/£? and the one-loop CTs exist (eq. 3.14). These relations do not prove the beta function
— as they solely depend on the 1/ pole (eq. 3.13) — but prove a consistency check on the
calculation itself. In the notation of eq. 3.14, the coefficients in the € expansion (one-loop
CT eq. 3.38) are

alt) = —16;2% [(YIYJ) Cs + Cy (YlYlT)T] o,
3.50
o= 1 9(1@1/,*)05(1/,1/J)T+.... (350

(1672)% 16

Plugging them into the right-hand side of eq. 3.14 and using the one-loop beta functions
(section 3.3.4 or appendix A.2) confirms

1 dat) da'?)
- 1 Qo 007

11 3 6 9 T

o 206m) (2 (33) =0 55) O) & () 65D
19

- GoP T (vy) o (v +.

3.3.3. Renormalization of SM parameters in BFM

The two-loop renormalization of the SM is repeated in the BFM to set up the Weinberg
operator calculations and ensure consistency of all CTs. This section presents an overview
of the approach:

e All Feynman diagrams and the respective amplitudes are generated with FeynArts
[50, 51]. The model file is based on the Lagrangian presented in eqs. 3.27 and 3.28
and was created in FeynRules [52, 53]. Subsequently, the SU(N) and generation
algebra is simplified, and all integrals tensor-reduced to scalar ones with the help
of FeynCalc [46-48]. TARCER [49] then converts all two-loop integrals to standard
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Tarcer notation and reduces them to a set of master integrals using IBP techniques.
A concrete example for the sequence of calculational steps was presented in section
3.3.2.

e On the one hand, one-loop CTs of all SM parameters are needed as they contribute
to second-order quantum corrections in the form of insertions in one-loop diagrams.
On the other hand, only a small selection of two-loop CTs contribute to the renormal-
ization of the Weinberg operator in the second order of PT. Apart from the obvious
two-loop Weinberg operator CT, only the two-loop wave-function renormalization
of the external legs ¢ and H contribute, as can be seen from eqs. 3.44 and 3.45.

e Multiple insertions of the Weinberg operator are not considered as they are cut-
off-suppressed. Single insertions cannot appear in the SM renormalization as they
would violate lepton number conservation, which is absent in any interactions. Thus,
SM renormalization stays unaffected by the Weinberg operator.

o Spurious IR divergences in renormalization (not to be confused with those related
to soft and collinear parton emission) should be avoided as they exhibit the same
structure as UV divergences in dimensional regularization in the form of 1/&”
poles. They appear whenever an integral is scaleless and IR, and UV divergences
cancel exactly. This makes reconstructing the UV divergences much harder. A
scheme that introduces the fewest scales (which corresponds to IR regulators in
the form of external momenta or particle masses) is preferable to simplify one-loop
and (especially) two-loop integrals. As discussed earlier, the scheme can differ for
different CTs as all non-local terms must be canceled.

e When dealing with wave-function renormalization, working in a scheme with zero
external momenta is impossible because the two-point CT vertex depends on the
momentum. They can, however, simultaneously regulate all IR divergences and allow
for the Higgs mass to be zero. It is important to note that, apart from the mass
counterterm itself, no coupling can depend on M due to power counting. With the
help of TARCER, which specializes in massless two-loop integrals, all scalar integrals
were reduced to master integrals and subsequently evaluated. This approach was
used for both one- and two-loop wave function renormalizations.

e A similar approach can be used for the SM one-loop 3- and 4-point vertices CTs.
Only choosing two external states with momenta leads to spurious IR divergences,
as some subdivergent structures remain scaleless. This situation is discussed in more
detail in section 3.3.4, dealing with the renormalization of the Weinberg operator.
For the SM one-loop CTs, it is enough to work with a general external momentum
configuration and utilize the divergent part of the Passarino-Veltman functions [54,
55].

In the following, the results of the renormalization of all SM parameters in the unbroken
phase using BFM are summarized. All one- and two-loop CTs can be found in closed
form in appendix A.2.
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7/’(),, H 4’_% ¢B7 H

Figure 3.2.: Wave function renormalization. This diagram shows a representative contri-
bution of quantum corrections to any propagator to arbitrary order in PT.
Here v = Qy,,Ug, Dy, ¢;,, Ey and «,  denote generation.

One-loop CTs

First, one-loop CTs are calculated as they contribute to the second-order corrections.
Fermion and Higgs wave function renormalization constants are calculated order by order
according to the 1PI corrections in fig. 3.2. Only schematic representations of the quantum
corrections will be given, as the number of two-loop diagrams ranges in the hundreds.
To account for mixing between generations, the two-point function for ; to ¢; and the
renormalization constant 07,4 according to eq. 3.31 are investigated. The CTs amplitudes
read (a,b denote SU(2);, indices):

Wb ié“bp<5Z$>)a5PL/R H: i0% (62y'p? + (02y) +02y) ) ME) . (3.52)

This means the Higgs wave function has to be determined from the p? part before
subtracting it from the p independent part to acquire the mass renormalization constant.
Here and in all following loop calculations, only quantum gauge fields can appear inside
loops, although they behave exactly like gauge fields in conventional gauges. Their
propagators have the same form as the common gauge field, and the Feynman gauge was
chosen for convenience. As a result, fermion and Higgs counterterms read:

(1) _ 1 2 2 T

02" = ~fgrar g (9f T30+ 2MY))
(1 _ _ 2 t

62:) = — gz (97 +Y/Y1).

024" = — (g7 + 2793 + 4803 + 18Y, Y] +18Y,Y,))
q 16722 .36 N1 92 93 dtd utu />
1 _ 1 2 2 T

62 =~ o5 (492 + 1203 +9Y]Y, ) , (3.53)
(1) _ 1 2 2 T

07y =~ (9% + 1263 +9Y]V,),

1
Z(l) _ 2 2 _op
1
37y = ——
My 1672¢ (6A+T),

with T = Tr [YlYlJr + ?)YuYuT + 3YdY(” . Continuing with the renormalization of the Yukawa
and quartic Higgs coupling, the corresponding schematic diagram is shown in fig. 3.3,
where only 1PI contributions are considered. Following the convention to define vertex
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(a) Quartic H Interaction (b) Yukawa Interaction

Figure 3.3.: Vertex renormalization. The diagrams show a representative contribution
of quantum corrections to the quartic Higgs coupling (left) and the Yukawa
coupling (right) to any order in PT. Here ¢, = Q,¢ and ¢y = D, R, E. H
belongs to the up Yukawa vertex, while H belongs to the down and lepton
Yukawa vertex.

CTs in eq. 3.3 external wave-function renormalization must be included. Those can be
found in 3.53 and affect the vertex CTs according to the structure of the vertex (eq. 3.27)
as follows

ViV = (6230 + 262, ) A
3.54)
1) _ 5,1 Lo ) 1 SO FYEY (
Oy =02y)Y + S02,)Y + Y 0Zy) + 302y Y,

with Y =Y, 4, and ¢, = Q,¢ and ¢ = D, R, E. The coupling renormalization constant
can be extracted from 0V, which cancels all 1PI vertex corrections. Using the wave function
renormalization constants and solving for dZy- and 67, gives:

57\ = m [32AT + 3(g12 + g22)2 + 64 — 24\ (g2 + 3g2) + 192X2 — 16T"]
02y = m}ﬁﬂ ¥, (127 — 17¢7 — 273 — 9693) + 18Y, Y'Y, — 18Y, Y]V, ] ,
02y = myﬁ Y, (127 — 5g? — 2793 — 9693) — 18Y, Y[V, + 18y, VY ],

02y = 7167;5 <V (Y, 4T — 15¢7 — 93) + 6Y,Y'Y]] , (3.55)

2 2 2
with T = Tr {(YIYZT) +3 (YUYJ) +3 (YdeT) ] By using the BFM, the renormal-
ization of the gauge sector is simplified. For the gauge couplings, it is sufficient to
renormalize the background field two-point function shown in fig. 3.4. Inside the 1PI
corrections, the background fields cannot appear but only their quantum field analogon
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Figure 3.4.: Background field wave function renormalization. This shows a representative
contribution of quantum corrections to any background field propagator
A = B,W,G to arbitrary order in PT.

B, W, G. The mixed interaction vertices follow from the Lagrangian in eq. 3.27 by substi-
tuting A — A + A and expanding the expression. The background field wave-function
renormalization constants are

792
5z(1) — 3
G 7 16m2e’
19g3
W 16726 -6 (3:56)
413
52(1> — 1
B 1672¢ -6’

and the coupling renormalization constant follows from 3.32. Now, only the gauge fixing
parameters are missing. These are intrinsically related to the quantum gauge fields;
hence, two-point functions like the one in 3.4 need to be considered but for A = B W G.
This also corresponds to renormalizing the quantum fields. However, the wave function
renormalization will not appear in any one-loop + CT diagram, as the propagator
renormalization will always cancel with the adjacent vertices. The quantum gauge field
2-point in Feynman gauge CT respects the form:

1 2 1
BFM 2 L "
Lron' C — <1+5£>(1+6ZA> (0,49)" = 5 (14 6Z4)F,, F
O [P (67Z.4 — 62,4+ 66) — 6Z,4p2g"] (3.57)

— 1 [ptp¥SE — 6 Z 4 p*gH]

Thus, the gauge fixing parameter can be directly determined from the p#p” part of the
2-point quantum field renormalization. The result reads:

5z(1) — 93
S¢  16m2¢’
593
6Z b = " TorteTg (3.58)
412
szM — 1
€6~ 1672¢-6

and concludes the one-loop renormalization of all SM parameters.
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Two Loop CTs

Only the two-loop renormalization constants of the lepton and Higgs wavefunction con-

tribute to the renormalization of the Weinberg operator. Beginning with the charged

leptons, the pure two-loop corrections 521(2) to the propagator (according to fig.3.2) read:

1 Y.
52/7(2a2) - _g4 —_ 69292 _ 5794 — 2 1792 + 1592 Y T
‘ (167r2)2€2-32[ ! e : —2 (1701 ) 1

T T
+ 8TYY] +8Y, Y VY]]

1 1

+ [(68A" —139) g2 + 3 (20A" —47) 2] VY, —4 (4A" —11) TY}Y,

+a9-48) vy vy,

The non-local terms A’ = log p?/u? in MS cancel once one-loop topologies with one CT
insertion are included in the propagator correction. Their contribution is

57> = m {93 (625—02,,) +363 (62, —02,,,) — (g3 +393) 62,
— (023 +vY6z,+ 2v,02, Y] +2v02 Vi) }
+ 16712'4 {a—2)[g3 (625 —02,,) +363 (62— 02,
— (93 +363)02,) — (2= A) (82,,Y] + ¥z,
+2Y,62Zy Y, + 2,62 V) } .

(3.60)

Adding the two together gives the two-loop lepton wave function renormalization constant:

1
(1672)% 2 - 32
— 8TYY] —8Y, Y VY]]

1
+—
(1672)° ¢ - 64
+24TYY] + 8V 'Y/

572 — (g% + 69393 + 5794 +2 (17g3 + 15g3) VY

(3.61)
(8501 + 189793 — 23193 — 2 (7g} + 33¢3) v,V

where all non-local terms containing A’ vanishe as expected. The same procedure applies
to the Higgs wave function renormalization, where the pure two-loop, one-loop + CT and
total corrections read:
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1 13,3 15
57\ :7{ 292432 2Ty (7v, Y] —5Y, YT —11y,Y]
H T em2ye U167 T 192 6%t 891 r( )
3
+ gggT —12g3Tr (YY) + v, ¥]) + T (vyvy 438y, vy, Y

+ 3V, Y v,y — ey, vy v]) }

1 43 613 3 105 15 483 9
* G (A5 ot (32— )b = (F2 -7 ) ot =

1
+ g0l T (143 — 84A) Y, Y, + 5 (124 — 41) Y, V[ + 3 (44A — 113) V][]

—1%(4A 3) g2T + 2 (12A — 29)g§Tr(YYT+YYT)+ZTr[(11—4A)

< (VY 48y Yy v+ sy vy vl) 22— 120) vy vyl B (3.62)

(2,1) _ 1 1 2 3 2
07" = 1o as {—491 (20254062, —202y) - 195 (202 + 02, —20Zy) —T6Zy

T T T T T T
T [v, (62, + 020, ) v Y, (02, +02) ) v]+3v, (62, +o7] )] }

1 (1 ;.
1672 {49% [2(A=2)0Z5 + 202, —2(A~2)0Zy| + 63 [2(A ~2) 82y

+ AZ,, —2(A—=2)0Zy] +(A=2)T6Zy + (A—2)Tx [Y; 62y, +62] ) V]

)yt i)yt
+3Y, (62, +67) )Vi+3Y, (67, +o7. )v]] } , (3.63)
(2) _ 1 43 35, 15 2 U t T
67y = Tor)7 e {16 1+ 0193 - 16gz+8ngr(11YY +5Y Y —1v,v])
3 3
— Q3T +1263Tx (¥, Yi+Yy]) = 1T (Y vy sy, vy
i ty yi
+ 3y, Yiv,y] —6v Y] Yde)}
1 431 9 163 ,
N Y R R
(16727 U 102717 329 64 7
1
12 T+2Tr (3y,y vy + oy, vy, v! +ov,vivyy! —ov, viy,y])
5
- g (1YY, +17v, Y] +5Y,v]) — 1063 Tr (VY] + Y, YT)} (3.64)

All non-local terms canceled as expected.
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Figure 3.5.: Scaleless substructure. The diagrams show representative two-loop corrections
to the Weinberg of the form g7 x Coupling?. There is no configuration with
just two external momenta that eliminates all spurious IR divergences, as
there is always a scaleless correction involving only the two external legs with
zero momenta.

3.3.4. Renormalization of Weinberg Operator

In the previous section, the renormalization of the standard model parameters in the
BFM was performed. The general approach needs some modifications to avoid spurious
IR divergences to calculate the two-loop Weinberg operator corrections. At the one-loop
level, having non-zero external momenta will prevent these, and the integral can be
evaluated using the Passarino-Veltman function, as in the SM renormalization. Therefore,
the approach introduced earlier remains valid for the one-loop CT 5Cé1>. However, the
two-loop corrections present a challenge when considering all external momenta. The
loop-integral becomes significantly more complex, and many topologies exist. Hence, an
alternative scheme is required. The CTs are independent of the scheme results as all
non-local terms cancel if performed properly.

Using two external momenta to reduce the topologies to wave function renormalization
type diagrams, which can be evaluated by TARCER, is not a viable option due to emerging
IR divergences. For one collection of couplings, the same configuration of external momenta
must be chosen to cancel all log <Z—z) type terms. Still, a configuration that prevents all
IR divergences does not always exist. A simple two-loop example is shown in fig. 3.5 to
illustrate the problem.

Therefore, an alternative scheme (similarly in [56, 57]) is chosen, which sets all external
momenta to zero, but introduces IR regulators in the form of artificial mass terms. This
scheme reintroduces the Higgs mass in calculations, which was set to zero for calculational
convenience. Additionally, mass terms are added for the quantum and ghost fields. These
do not break gauge symmetry as the background effective action (eq. 3.22) only depends
on the background fields, which maintain gauge invariance. The mass terms that render
the diagrams IR finite are:

T . Lol
Lip = —MPHH — M?B, B — CMPWIW — M6, — M0y 0y (3.65)

To simplify the master integrals, all IR regulators have been chosen the same (M). SU(3)
quantum field and ghost masses have been omitted as they will not participate in the
second-order corrections. M constitutes a new parameter in the Lagrangian that needs
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to be renormalized. Yet, individual CTs for the different particles are necessary as every
mass term gets different corrections. Another perspective is to assign distinct masses for
the different particles, renormalize each of them, and then equate the renormalized masses.
That explains the varying CTs

1 A a1 S
—iéZMBMQBMB“ - 5(SZMWM?I/V/{W’M. (3.66)

Ghost fields do not appear in one-loop Weinberg operator corrections. Therefore, ghost
mass terms CTs were ignored, as they would only enter at the three-loop level, while
the Higgs mass renormalization constant was already calculated eq. 3.53. The IR mass
regulators render all two-loop diagrams finite by introducing a scale to all integrals.
Consequently, all external momenta can be set to zero, giving only vacuum diagrams.
After IBP reduction, only two master integrals (in TARCER notation)

(d) (d)
K onoy a4 Koy g, (3.67)

emerge, with one or three massive propagators, respectively. Their UV divergent parts
were calculated in the appendix A.1 for cross-checking purposes, as the first one is available
in the TARCER package, while the second was calculated in [56]. Furthermore, it is worth
noting that introducing these mass terms does not affect the CTs. Higher-dimension
operators or multiple Weinberg operator insertions together with this mass scale could
give contributions of the form A—NZICG, %052 to the dimension-five operator. However, their
contribution is cut-off suppressed by at least two orders of A. Here, only the first order in
1/A is considered.

IR-Regulator Renormalization

The mass term renormalization for the gauge quantum fields follows from the propagator
corrections (fig. 3.4 with A = B VV) similar to the gauge fixing parameter in eq. 3.57.
Modifying this equation by including a mass term gives

1 ~\2 1 .
LBrM ren C —m(l +873) (OMA“) — 5(1 + 067 ;) F*
1 “ -
— 5 (14+02,) (14062 5) M A, A (3.68)

— 1 [p'p¥OE — 6Z ;p2 g — (6 2y + 67 ;) M?]
The gauge quantum field was explicitly renormalized here to uniquely separate the mass
and wave function renormalization contribution terms. First, 67, is chosen such that
it cancels the UV divergent part o< p?. Second, this contribution is subtracted from the
o M? term to yield 6Z,,. This procedure also gives the wave function renormalization
of the background fields, which, however, always cancels with the factors from the two
adjacent vertices. The one-loop mass CTs for B and W read:

1 41
52(1) _ 2
(1) L7, '
02y, = — —~05
My, 1672¢ 6
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Figure 3.6.: Weinberg Operator Renormalization. The diagram shows a representative
contribution of quantum corrections to the Weinberg operator coupling to
any order in PT.

One-loop Contribution

The one-loop 1PI corrections to the Weinberg operator vertex depicted in fig. 3.6 are
calculated using the Passarino-Veltman integrals and are independent of the scheme, as
the momentum configuration and mass terms only affect finite parts. Those, however, are
not included in MS.

The method to include charge conjugated spinors and lepton number violating interaction
is presented in [58]. It amounts to choosing a fermion flow in a given diagram. Whenever
the introduced fermion flow goes against the fermion number flow direction, the momentum
sign of the propagator is exchanged, and the vertex « is replaced by the charge conjugated
vertex (k — CkC~! with C from eq. 2.1). FeynCalc can handle fermion number violating
processes based on the approach in [58]. The vertex correction

VAR

T
s [TV G =G (YY) +Cs (a1 — 33+ SA)} (3.70)

together with the contribution from the lepton and Higgs wavefunction renormalizations
1 1
sVl = scl 4+ 552,5”05 + 5C5<SZ§1)T +620, (3.71)

which follows from the vertex CT given in eq. 3.44, ultimately yields the one-loop Weinberg
operator correction by using the one-loop CTs from eq. 3.53:

m_ 1 f ty )T
608 = [2(4r =33 +27) C; - 3y, G5 — 3¢5 (V7). (3.72)

Two-Loop Contribution

The two-loop 1PI corrections in fig. 3.6 are not explicitly displayed due to the large number
of diagrams involved. There are 931 pure two-loop diagrams and 116 additional one-loop
diagrams with one CT insertion. The most significant diagrams, which contribute to
increasing the rank, are shown in fig. 3.1. The method for addressing lepton number
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violating processes introduced previously remains. The outcome for the pure two-loop
diagrams, based on the approach with IR regulator masses and on external momenta
described at the beginning of this section, is as follows:

sV

11 89 85 3
{ —0197C5 + A (14X + gF 4 6g3) C;

— —diC. —

T eme U RN 3% T 16
L, 13, 15
<)\ 2 §g1 ) 92

[YY vyics+ o (v ) ] - () ¢ (YlYlT)T}
1 S9A 26 ., 2550 38 3A — 40
10, + 222 TR e 22T
" (1672)° € { 16 48 8
1

) vyics+ o ()] + - ¢

9191C

+ A B(14A+1) A = (8A +15) g7 — (48A +23) ¢3] O (3.73)

1 5 1
+ (4/\A—§g%—ég§> TC, + [—4(A+1)/\+2(1—2A)T
2

6A —33 , 30A—21gg] y [YZYZTC5—|—C5 (YlYlT)T}

T it g

1 T
+(1=28)T'Cy + 4 (T-28) [V WY, + € (Vv vy) ]

5 Boan) (v )05 (i)'}

with the mon-local’ terms defined by A = log M?/u?, the same as in section 3.3.2 for
the rank increasing contributions. M is the only dimensionful scale and hence the only
quantity that can appear in the log alongside u.

The one-loop CTs are split into two parts: One containing only Weinberg operator

vertex CTs based on the decomposition in eq. 3.71 6V5<2’1'1>

all SM and mass type CTs 51/5(2’1'2) . They read:

and the other one containg

(2,1.2 1 1 3 L ) - X
6V = 16 2e {(A—i_ ég% N §g§> (252}1)05 + 5Ze£ )Cs +C55Z§ ) +25Zé ))

T T
= [252}31/,5/;@5 +202y'C; (V) +vyicezVt ez os (vy))
T
+ VY20 0+ (vY6ZY) 2y z) + 2620 (V) H

16
1
+ oz 257y — S (1= ) 26241 vy s + 2024 ¢ (Vi)

1 1 3 (1) (1)
- { [)\A+ (A3 G- A+ 1)95] (20230, + a7,

T T
+ VY502, +62,05 (vY]) + vz s+ ¢ (vyfez))
T
+2vyozi! + 202 (vivi) |} (3.74)
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1
167r2

1) 1 T (1) 1\T
— 5 sz vic w o, (620 —vivlez o, - ¢ (vivlez,")

6V211>

{_411 |93 (525 +202)) — 33 (52 — 262.!) ) — 8262 | €,

+2Y,02y " Cy + 20 (Y02 TYT) +2Y,62y Y, Cy
(1y) "

+ 205 (V;62,.Y]") H

+{ 2802y, —146Z5) +(6A—9)62y + (128 +7) 62| C
1672 | 2471 Mp B e,] U5

— 519 2[ 2062y) +2024) +9(2A+1)6Z}y) — (364 +19) 5222] C,

T 1
—2\ (62} +A8ZY) Cy + 02y, [YIYZTQ +(vyicy) } —~(1-A)
T T
x [5Z,§”YZYITC5+05 (520, y) —vyiazte, — o, (v ezV)
+2v,023 TV ¢y + 205 (Y024 TYT) +2Y,024 )Y, C;

+20; (V623 v)) ” . (3.75)

Adding these three contributions and inserting all one-loop CTs determined in this section
and section 3.3.3 gives the overall two-loop Weinberg operator vertex CT:

1 89 , . 3 85
sV {[4 4 2gh— X (g2 + 62 — 14\ — 2T —T’}C’
. o) 3201 T 169192 3592 (91 + 695 ) 5

g

C, vy vy vy (YYT)T}

o {[475 83 ,, 271
)

(
13 15 T 1
+ (B + g - 57) [vvics +o; (ny) '] - e,
1
4

— 9392+ g5+ (g7 + 10X+ 2T) — T’} Cs

(1672)° 96 16 96
1 T 5 5 T
+ (g = 57) v+ o, (v '] - Jyivivivie, - o, vy
1 T
v, o) 510

which is free of log M?/u?. The disappearance of all non-local terms is a crucial check on
the accuracy of the calculation. Based on the structure of the Weinberg operator CT in
eq. 3.71 the contribution of the external legs — expanded to second order — can be removed
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and the vertex renormalization constant extracted:

1 1 T 1
605" = oV — Sz Vecy! — 2e0s! (62,7) + 562,62, ¢

1 1 mT 1. a 1 1 T

+5Cs (0252,") —552512 [250§>+5Z§ 'Cy+C5 (62,Y) ] (3.77)
1 1 1\ T 1 2 1 2\ T 2

- Z52} ‘e, (62,)) - 552@ 'c, — 505 (02?) —623'Cs.

This is the complete result that was already used in parts eq. 3.45 to obtain the rank-
increasing contribution. With it, the complete two-loop Weinberg operator vertex CT
follows:

1 3 3 65 3 15
i = —=—{| A (598 + o3~ 1r—a7)
5 (167r2) 1691 + 89192 + 1692 91t 9

21
— gngr (15vY," +17Y, Y, + 5y, Y] ) — QT —12g3Tr (Yqu +Y,v])

9 45 , 63 9
r2_Ltp Oy YYTYYT} ( g2 —7T>
* 4 2<uudd)0+32 +32 )\8
9

t i\ T ty vt T
< |vvic + o ()| - 5 v + ¢ (vvivy)

vl (v

(3.78)
1 129 83 169 15
S A A+ 2T) — 2T
T (16W2)25{ [32 169193 T gg 92 T A(GT +TA+2T) — o3
5 t t t t t
— 59 G Tr (15Y,Y) + 17V, Y] + 5Y, Y] ) — 1063 Tr (Y, Y, + Y, )
1 3 57 , 33 5
ey A\ YYTYYT}C ( —2——T>
ts 1 (YYeYd)| Cs 6491 64927 16

19 T
1o [vyiGs - o (v vy

x [vyics + o5 (v) ] + o

+nvie; (v

The recursion relations in eq. 3.14 provide another cross-check for the result. They relate
the two-loop expansion coefficient a(? of the second-order pole € in eq. 3.78 to the one-loop
expansion factor of the 1/e from eq. 3.72 and all the one-loop beta functions. The latter
can be obtained straightforwardly from the one-loop CTs determined in section 3.3.3
and the one-loop Weinberg operator vertex counterterm (again eq. 3.72). It has been
verified that the recursion relation is fulfilled. Although stated above, it is important to
remember that the relation does NOT prove the following result for the beta function, as
it only concerns a® and not a''), which solely fixes the beta function. However, canceling
all non-local terms together with the fulfilled relations between o) and a® strongly
indicates the correctness of all presented results as the first 1/¢ and the second order poles
1/e? were calculated simultaneously. Finally, according to eq. 3.13, the desired two-loop
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Weinberg operator beta function follows from the first-order pole:

dCé1> 1 9 3 f 3 N\ T
= 1o [<4A—3gz+2T) Cs = VY G = 505 (VY] } (3.79)
ac? 1 129 , 83, , 169 , ) 15 ,
T (16m2)? {_ [891 Tt gyt g+ TAS2T) = T

5
— o T (1YY + 17V, Y 4+ 5Y, Y] ) — 40g3Tr (Y, Y + YY)

57 5 33 5 3.80
1691 16927 4 (3.80)

1 57, 33, 5
+§T’—3Tr(YquYdeﬂ 05—( 2 2 T)

T 19 T
i, +cs (vy) |+ [avivyi o+ o (vt ]

X

ravyie; (v}

This final form once again reproduces the rank-increasing contribution 2YZYETC'5 (YlYlT)T
that was explicitly calculated in section 3.3.2 and found by [16, 45]. Here, however, the
two-loop renormalization of the Weinberg operator was completed. It will improve the
accuracy of numerics regarding neutrino oscillation parameters, which will be performed
in the next chapter.
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4. Analysis of Neutrino Parameters

4.1. Two-Loop RGEs for neutrino parameters

In the previous chapter, the two-loop RGE for the Weinberg operator was calculated
(eq. 3.79 and 3.80). After SSB, these describe the running of the neutrino mass matrix
according to eq. 2.46 by replacing C5; — M, while the additional factors v2 cancel.

Following [18] on the notation for the two- loop mass matrix RGE, one gets:

d; i i atoT i pT
= M+ QM)+ MoQT +2PMPT,

s (4.1)
dt” =aM,+M,Q"+Q*M,+2P* M, PT,

with ¢ = log u. Comparing with the two-loop RGE provides the factors «, @ and P

1 2
o= 1o (4N =393 +27)
1 [129 , 83 169 15
- = 4 A+ 2T) — —g3T + =T’
(16712)2[8g+491g2+ 2492+ (g7 +7A+21) 192 +2
5
~ T (1YY" +17v, Y, + 5Y, Y, ) — 4063 Tr (Y, Y + v, V),
4.2
—3Tr (Y, Y, v, v, (4.2
1 t
P=fem ¥t
3 1 (57, 33, 5 19
—— |+ — —T)| P+ P
@ [2+167r2( 6% " 16% 1 )]

The equation is recast in this form to emphasize the rank-increasing contribution of
2PM ,P" which was explicitly calculated in section 3.3.2. The other terms related to
«a and @ only provide corrections to the already non-zero masses. This can be seen by
rewriting eq. 4.1 in terms of diagonal mass matrices and eigenvalues, respectively. With
the freedom to redefine lepton fields (compare section 2.1.4), one can choose to work
in either the flavor eigenbasis and keep the lepton Yukawa matrices diagonal, or in the
mass eigenbasis and non-diagonal Yukawa matrices. If the flavor basis is used, the lepton
Yukawa matrix will remain diagonal during the RGE evolution, while the mass eigenvalues
must be extracted at different energies. Further details on the extraction of the neutrino
mass eigenvalues and mixing parameters, as well as the equivalent for the quark sector,

39



ANALYSIS OF NEUTRINO PARAMETERS

are presented in the following section, which focuses on the numerical evaluation of the
RGE evolution.

As a side remark, depending on the convention, Cy can be identified with MT or M
(if the Weinberg operator or its hermitian conjugated is used for the definition of Cj).
However, with P = P being diagonal in the flavor basis, the RGE remains the same. The
presented results were obtained independent of the choice of convention. With this, the
definition of the Weinberg operator (eq. 2.45) and the SVD decomposition (eq. 2.13), the
relation between the non-diagonal mass matrix, its eigenvalues and the PMNS matrix is:

Upyins My Upnins = D (4.3)

v

with D, = diag(m;, my, m4) and all non-physical phases eliminated. Using for simplicity
U = Uppng gives

dM dU* duft dD
T v T D D
v dt v=vu dt vt At dt

Defining 7' = UT9Y d allows for replacing 5 dU U=-Tand U" dU = T't. The anti-hermitian
property is a result of & U TU) =o0. Insertlng the mass matrlx RGE into the left-hand
side gives the analogue equatlon in terms of mass eigenvalues and matrices:

D,
dt

(4.4)

=D,T—T*D,+aD,+Q*D,+ D,Q" +2P*D, P, (4.5)

with Q = UTQU and P = U'PU. This differential equation encapsulates the running
behavior of the mass eigenvalues in the form of d(ﬁ” and the running behavior of the
mixing parameters in the form of 7. On the one hand, the mass eigenvalues m; and
diagonal entries of the hermitian matrices @“ and f’“ are real-valued; on the other hand,

the diagonal entries of the anti-hermitian matrix 7}, are purely imaginary. Hence, taking

real and imaginary parts of the diagonal entries gives

T = (a+2Qy) mi 23 myRe (P, (4.6)
k

m; T kalm( zk) (4.7)

Repeating analogously for the off-diagonal elements provides

(m; —m;) Re (T3;) = (m; +m;) Re ( ”) + kaRe (15 ik ) (4.8)
(m;+m;) Im (T;;) = (m; —m;) ( ”) + kalm( P ) . (4.9)

The acquired RGEs follow the structure obtained in [18] for RHN. The only differences
compared to [18] are changing minus signs in front of all imaginary parts according to
ﬁik ~ ]Bm = Pw’ a relative factor of 2 related to the rank-increasing term (in right-handed
case trace over internal SU(2); indices) and of course a different definition of P, Q) itself.

Therefore, the discussion on the physical implications of these RGEs follows the one
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from [18] closely, with the difference that the lepton Yukawa matrices are much smaller
compared to the hypothetical RHN Yukawa couplings Y introduced in eq. 2.21. These
are unconstrained apart from perturbative bounds and can be of O(1). In contrast, the
biggest eigenvalue of Y; = diag (ye,yu,yT) is y. ~ 1072 at 200 GeV [59, 60] and yields
Q, P ~6x 1077. Two neutrino mass differences are measured: Am3, ~ 7.42 x 1070 eV?
and Am3, ~ 2.517 x 1073 ev? (table 2.1), which opens the opportunity for one massless
or very light neutrino respectively. The implications of the RGEs for all massive neutrinos
and as well as for two massive and massless neutrinos are discussed.

4.1.1. All massive neutrinos

If all neutrinos are massive and their masses roughly the same order of magnitude, which
means around 1072 eV, P? can be safely neglected, and the running of the mass eigenvalues
is described by

W >~ exp [_/AA dt (OH—ZQM)] ~ exp [— (a+2@ii)log (A;\wﬂ . (4.10)

EwW

The cut-off scale A typically lies around 10714 GeV as it corresponds to the seesaw scale.
RHN masses roughly need to be at this energy range to describe the LHN masses via the
seesaw mechanism. But other UV completions with varying cut-off scales are possible
as well. The biggest two-loop contribution stems from o C %g% ~ 5.107° with
g =~ 0.65 at 200 GeV [59, 60]. All other initial conditions at the electroweak scale can be
found in table 4.1, which was used for the numerical evaluation of the RGEs. Compared to
the biggest one-loop correction o C (16%2)95 ~ 81073, this amounts to relative correction
of around 6%. « affects all masses identically as it is a global factor not depending on the
generation, while Q” could lift degeneracies in mass. However, with Q being of the order
1077, it cannot account for the measured mass differences. Furthermore, the measured
mass gaps prevent any infrared quasi-fixed points discussed in [18]. Combining eqs. 4.8
and 4.9 gives (for i # j)
m;+m;

T, = WRe (@) +imlm (Q,;) - (4.11)

If Q > Am, T;; would change rapidly until it hits a quasi-fixed point because the
evolution has to stabilize at some point. As a result, T}, becomes very small, demanding
Re (Qw> ~ (. However, the one-loop (and two-loop, respectively) corrections are too
small compared to the measured mass differences.

4.1.2. One massless neutrino

In the all-massive case, the two-loop contributions only contributed subdominantly without
altering qualitatively the one-loop corrections. To account for the two non-zero squared
mass differences from oscillation experiments, two neutrinos must be massive. However,
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the third could be massless at tree level. For the different orderings, the following situation
arises at 200 GeV:

my =0 my=000861eV mg = 0.05007 eV (NO),

(4.12)
ms =0 my =0.04911eV  m,; = 0.04986 eV (10),

by reconstructing the masses bottom-up from the massless one and using Amfj. Situations
like this could arise, for instance, in a seesaw type-I scenario with two RHNs [26] (section
2.2.1). For one massless neutrino, the two-loop corrections significantly alter the mass
matrix by increasing the rank. Section 3.3.2 discussed that no symmetry protects the
particle from becoming massive.

Especially eq. 4.6 gives insights into the mass generation of massless neutrino m,; =0
at the cut-off scale. While corrections proportional to o and @“ vanish as they do not
couple to the heavier eigenstates (only to m, itself), P induces corrections proportional to
all masses and especially the heavier massive neutrinos. Consequently, it does not vanish
for a massless neutrino. By approximately considering the T Yukawa eigenvalue only, the
mass induced by quantum corrections determined by eq. 4.6 for NO and IO respectively
read:

2y; A % 2

my (Agy) ~ 3 In ) Z m;Re (U1, U;)",
(167T2> AEW -

=28 (4.13)

My (Apyy) ~ 24, m( A )-Zm,Re(U*U.)2

3EW (167‘&'2)2 AEW i=1,2 ' e
Numerically, this generated mass is around 107!3 eV for A = 10'* GeV due to the tiny
lepton Yukawa coupling and the two-loop suppression factor 1/ (167T2)2. Furthermore, the
size of m4 for IO is typically larger than m; for NO as it receives correction proportional
to m; and m,, which are almost equally large for IO.

A tiny or vanishing mass implies the left-hand side of eq. 4.7 is close or equal to zero.
Consequently, a non-zero combination of right-handed sides necessitates a significantly
high T}, and a rapid variation of U with respect to u. However, this rapid change in U
cannot persist across all scales (similar to the all-massive case discussion) but come to a
stop at some energy. Since the left-hand side is approximately zero, the right-hand side
must also be approximately zero. This leads to a non-trivial relationship between mixing
parameters expressed as:

0="> myIm(P3). (4.14)
k

From this point on, T}; will stay small, and the beta function for the mixing parameters
runs into the infrared quasi-fix point, and from there on, the relation between parameters
described in eq. 4.14 stays unchanged. Again neglecting all contributions from y.,y, and
only considering y.. gives the fixed-point relation in case of NO and IO respectively:

0 =mylm (U:1U72)2 +mzlm (U:1U73)2 )

, ) (4.15)
0 =myIm (U73U,)" + mylm (U73U,)" -
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Inserting the parameterization from egs. 2.17 and 2.18 for U gives a relation between the
CP-violating phases for NO. However, the parameterization for IO needs to be adjusted.
Instead of removing the Majorana phase for the third generation, the one connected to
the first generation is eliminated. This can be seen as globally redefining all phases by
e ? and yielding the Majorana phase matrix

1 0 0
0 el 0 |, (4.16)
0 0 e P

in contrast to eq. 2.18. The reason to change the parameterization is to connect one
phase with the third massless neutrino. As long as there is no mass term, v; can be
redefined with a phase that removes e~'” and leaves only one physical Majorana phase.
This additional unphysical DOF is harder to identify with the original parameterization.
However, when the quantum corrections generate ms, the phase can no longer be removed
and p, o — p become physical. So p jumps to the physical phase in the truly massless limit.
Numerical results for this behavior are presented in the next section.

Using this parametrization of the Majorana masses for IO and the one from eq. 2.18
for NO together with the parameterization for the CKM-like part V of the PMNS matrix
(eq. 2.17) in the fix point relations (eq. 4.15) gives for NO and IO respectively:

my cos 200m (V4 V,5)? + my sin 20Re (V5 Vo) 4+ maIm (VA V,5)°
My sin 20Im (V) VT2)2 —my cos 20Re (VY VTQ)2 —mgRe (V¥ VT3)2 ’

tan2p = — (4.17)

m, Im (V’:3VT1)2 +mycos2 (o —p)Im ( :3V72)2 +mysin2 (o —p)Re (V’:3V’T2)2

tan2p = — 5 - 5 5-
myRe (V3V1)" —mysin2 (o — p) Im (V23V,5)" +my cos 2 (0 — p) Re (V5V,,)
To that matter, it is important to note, that o — p and p should be treated as independent
variables. Furthermore, Vincludes with ¢ another CP-violating phase, similar to the quark
sector. In the leptonic case, however, its impact is more noticeable as the mixing between
generations is enhanced compared to the CKM matrix.

4.2. Numerical Calculations

In the previous section, analytic results on the running of neutrino oscillation parameters,
based on the two-loop RGEs, were derived. Of particular interest is the scenario where a
single particle, initially massless at the cut-off scale, acquires mass through the phenomenon
of running effects. Furthermore, the Majorana-phase RGE connected to the light neutrino
runs into a fixpoint, resulting in unique relations between the mixing parameters. In this
section, these findings are confirmed by numerically evaluating the RGEs and running
them from the cut-off scale to the electroweak scale. For that the Weinberg-operator
RGEs are supplemented by the two-loop SM RGEs(for explicit form see appendix A.3),
which were extracted from SARAH [61, 62] and RGBeta [63]. Those are based on the
two-loop beta function results for general renormalizable quantum field theories [64-66].
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m, [MeV] | 1.2504 | m, [MeV] | 05239 || o69[] | 65.55
my [MeV] | 2.7176 || m,, [GeV] | 0.1104 g 0.3589
m, [MeV] | 54.120 | m. [GeV] | 1.8748 g 0.6468
m, [GeV] | 0.6299 sin 6, 0.2250 g3 1.1525
my, [GeV] | 2.8731 || sin6l, | 0.04182 A 0.1235
m, [GeV] | 173.08 || sin6?, | 0.00369 || (H) [GeV] | 246

Table 4.1.: Initial conditions at 200 GeV. Shown are experimental measurements regarding
quark and lepton masses as well as gauge couplings and Higgs self-coupling
and CKM mixing parameters (mixing angles 6;; and CP phase §9) at this
energy scale [67]. These input values are completed with the PMNS mixing
parameters from table 2.1 and the neutrino masses from eq. 4.10 for NO and
10. For completeness, the table also includes the Higgs VEV.

4.2.1. Initial Conditions

Initial conditions should be set at the cut-off scale A = 10'* GeV, while masses and all
other parameters are evolved down to the electroweak scale. However, experiments cannot
probe such high energies. Therefore, the experimental data at 200 GeV — summarized
in table 4.1 [67] — are used to evolve the parameters up to the cut-off scale. These will
then be modified to account for one massless neutrino, but still agree with the low energy
measurements when run down again.

The input values at 200 GeV are listed in table 4.1, which includes quark and lepton
masses as well as gauge couplings, Higgs self-coupling and CKM mixing parameters (mixing
angles 9?]- and CP phase d%) at this energy scale [67]. The corresponding Yukawa coupling
eigenvalues follow from eq. 2.11 via y = v/2m/v. The PMNS mixing parameters from
table 2.1 and the neutrino masses from eq. 4.10 for NO and IO complete the input values.
Since the Yukawa matrices are kept diagonal, the off-diagonal neutrino and down-quark
mass matrices are

77 : T
M, = Upynsdiag (ye, Yus yT) Upnins»
My = UCKMdiag (yda ys7yb) U(T;KM7

with Upyng and Ugkyy evaluated at 200 GeV. When running the parameters up to A,
neutrino masses, and mixing parameters are extracted by decomposing M, [A] according
to eq. 4.3:

(4.18)

M, [A] = U*[A]D, [A]UT[A]. (4.19)

To avoid the inclusion of unphysical phases in the PMNS matrix (eq. 2.16) and hence
keep the standard parameterization, the Dirac phase is extracted via (similar to [40]):

§ = —Arg (U3 U33U,3Us; + cos? 65 cos? 05 sin” 0,4 cos? O,3) (4.20)
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which is invariant under phase redefinitions of the charged leptons. With 4, the unphysical
phases can be reconstructed and the Majorana phases determined.

As expected from the rank-increasing contributions, a tiny third neutrino mass is
generated (this happens no matter if increasing or decreasing the energy scale). However,
the evolution of the gauge couplings, A, quark masses, charged lepton mass, and two
heavy neutrino masses and mixing angles and Dirac phases barely depend on the exact
value of the tiny third neutrino mass and Majorana phases. Hence, the generated neutrino
mass can be reset to zero to make it massless at the cut-off scale, while keeping all other
parameters unchanged. This defines the high-energy initial conditions, that provide the
correct experimental data at Apyy and include a massless neutrino. All Majorana phases
are kept arbitrary.

4.2.2. Fix Point of Majorana phases

As previously discussed, the Majorana phase associated with the initially massless neutrino
runs into a fixed point, as described by eq. 4.17. This behavior has been numerically
verified by evaluating the Majorana phase across all energy scales between A and Apyy.
Fig. 4.1 illustrates the result for both NO and IO. As initial conditions (p,o) = (5/6m, 7/6)
for NO and (p,0 — p) = (5/12m,—1/3m) for 10 were chosen. ¢ (0 — p) determines the
position of the fixpoint, while p sets the starting point. Limitations in numerical precision,
and the theoretical divergence of neutrino mass at the cut-off scale, preclude setting the
lightest neutrino mass to precisely zero. Consequently, various non-zero initial masses are
explored, focusing on values smaller than or comparable to those generated by quantum
corrections. This approach allows for quantitative evaluation of the effects predicted for
the massless case. Notably, decreasing the initial mass accelerates the Majorana phase
evolution, consistent with the theoretical analysis detailed in section 4.1.2. Furthermore, a
non-zero initial mass modifies eq. 4.7 by requiring a smaller T}, value (resulting in slower
evolution of the mixing parameter) to accommodate the non-zero right-hand side at the
cut-off scale.

4.2.3. Parameter Scan

Figure 4.1 only showed the fixpoint of p for one specific set of initial conditions to illustrate
the running behavior. However, there are no experimental constraints on the Majorana
phases, and barely any on the Dirac phase (see table 2.1). Hence, the RGEs for the
lightest neutrino mass as well as p are evaluated numerically for the full spectrum of
initial conditions regarding §[A] and o[A] ((¢ — p)[A]) for NO (I0). 6[A] € [0, 27|, while
o[A] € [0, 7]. The reason is, that the interval [7, 27| amounts to a relative factor of —1,
under which the Majorana mass term is invariant, see eq. 2.20. The physical parameter
range of ¢ is therefore restricted. Fig. 4.2 displays the lightest neutrino mass evaluated at
the electroweak scale in dependence on the initial conditions. It can be observed, that
the generated mass falls within the anticipated range of 10712 eV — 1074 eV: notably, as
discussed in section 4.1.2, the average generated mass exhibits a higher value for 10 than
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Figure 4.1.: Evolution of the Majorana phases connected to the light neutrino. Shown
are the evolution with energy scale for the Majorana phase p for NO (top)
and IO (bottom) with the initial conditions (p,o) = (5/6m,7/6) for NO
and (p,0 —p) = (5/12m,—1/3m) for I0. The RGE evolution is evaluated for
different light neutrino masses. The smaller it is, the more rapid the initial
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change of the phase is.

NO. Similarly, the value of the Majorana phase fixpoint is governed by the initial values
of o and p, as demonstrated by fig. 4.3, which span the full parameter space. In the case
of 10, an apparent discontinuity arises. It stems from the inherent constraint of p to the
interval [0, 7]. At the point of discontinuity, values exceeding 7 are identified with values
within this interval, resulting in the non-continuous jump observed in the figure’s central

region.
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Figure 4.2.:
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Lightest neutrino for different initial conditions. Shown are the generated
mass evaluated at the Electroweak (EW) scale for initially massless neutrino in
the case of NO (top) and IO (bottom). Their dependence on initial conditions
of the Dirac phase and one Majorana phase (while the other runs into a
fixpoint) are displayed.
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Figure 4.3.:
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Majorana phase for different initial conditions. Shown is the Majorana phase p
evaluated at the electroweak scale connected to the initially massless neutrino
in the case of NO (top) and IO (bottom). Its dependence on the initial
conditions of the Dirac phase and the other Majorana phase (o, o — p for NO
and IO respectively) are displayed.
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4.2.4. Neutrinoless Double Beta Decay

The parameter related to the neutrinoless double beta decay is

[mgs| = ‘kaUer =
k

Im, V2 -2 + m,V3 - €27 + my V3| (NO),
(4.21)

m V2 +myV3 - €20 £ my V2 e 2| (10).

Despite the potentially significant values of the Majorana phases, as illustrated in fig. 4.3,
effects are greatly suppressed by the tiny neutrino mass. This can deduced from eq.4.13
by expressing U in terms of Majorana phases and CKM-type matrix elements:

my ~ €; [m2€2ig (VT*1VT2>2 +mg (V7 Vﬂ;)ﬂ e (NO),

) ‘ (4.22)
M3 ~ €7 [ml (ViVir)” +mae® ) (V5 V,,) ] e (10),
with e = 242 In ﬁ/(mw?)? Putting these back into eq. 4.21 gives
|m262i0 [‘/;222 + 67"/:321 (V'r*l V’r2)2] + mg [‘/;223 + ETV621 (VT*l V7'3>2:| )
|1m,55] = (4.23)
oe 2 2 * 2 2i(o—p) 2 2 * 2
|m1 [Vel e Vs (ViVo) ] +mge [Vez +6.Ves (VisVoy) ] | :

Consequently, it becomes evident that the corrections concerning the generated neutrino
mass and its associated Majorana phase are negligible in magnitude (scaling proportionally
to €,). Hence, they do not contribute meaningfully to m .
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5. Right-Handed Neutrino Extensions

This chapter transitions from the effective Weinberg operator description of neutrino
masses to explicit UV models. A natural addition to the SM, as detailed in section 2.2.1,
involves introducing Right-Handed Neutrinos (RHNs). If these possess masses at the
seesaw scale (~ 104715 GeV), they inherently generate the observed minute neutrino
masses through the seesaw mechanism. Integrating them out effectively produces the
Weinberg operator, suppressed by a high cut-off scale. Similar to the two-loop structures
explored for light neutrinos (LHN) in the preceding chapters, analogous structures exist
for RHNs as well (fig. 3.1 (a), fig. 5.1). These were first comprehensively investigated
in [17-19]. However, it is crucial to recognize that corrections to the RHN masses occur
above the cut-off scale and are consequently not encapsulated by the two-loop Weinberg
operator RGEs. Despite this distinction, much of the analysis remains applicable, as the
terms responsible for increasing the rank of the neutrino mass matrix share the same form.
A critical difference lies in the potential magnitude of these contributions. Unlike LHN
Yukawa couplings constrained by experimental data, RHN Yukawa couplings can be O(1),
allowing for more significant quantum effects. The RGE for the RHN mass matrix M is

provided by [18]:

dM
T MQ+QTM +4PTMP, (5.1)

where P = 1617r2 Y'Y depends on the RHN Yukawa coupling Y. @ is a function of

P, g,,95,Y,. Solving the differential equation to second order gives [18]

t

Mt) = Mo+ (Mo P + P My) — £ (1-2t) (MyP? + (PT)* My) +t(4+)PTM, P, (5.2)

where M|, denotes the initial value at a specific scale up to which the theory remains
valid. As argued in [17], if this cut-off scale coincided with the Planck scale (Ap;), and one
neutrino remains massless at that scale while others have masses around Ap,, the lightest

Figure 5.1.: Rank-increasing two-loop diagram for RHN. Massless RHN acquire masses
proportional to the heavy RHN masses through this two-loop effect.
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RHN would acquire a mass in the seesaw scale range. However, this scenario essentially
replicates the inclusion of a single massive RHN at the seesaw scale, while the contribution
of heavier two to the active neutrino masses is suppressed by @(P?). Consequently, it
cannot explain the observed neutrino mass hierarchy. An alternative approach involves
introducing only one massive RHN at Ap;. In this case, one massless neutrino gains a mass
of the order P? - Ap,(seesaw scale), while the other only becomes massive at the fourth
order (P*), rendering it too light for the seesaw mechanism. Ultimately, this necessitates
the introduction of an additional scalar with the same quantum numbers as the Higgs
fields (corresponding to the Two-Higgs Doublet Model (2HDM)). This additional source
of flavor violation generates masses for both initially massless RHNs at P?, making it
a viable UV completion. Its advantage compared to the standard type-I seesaw lies in
eliminating the need for another scale beyond the existing electroweak and Planck scales.

An open question, however, is the justification for having two massless neutrinos at the
Planck scale. Usually, global symmetries are introduced to prohibit these mass terms.
There is a commonly held belief, though, that gravity does not preserve global symmetries
such that they will not survive at the Planck scale [68]. On the one hand, this further
motivates the Planck scale cut-off as lepton number violation appears naturally. On the
other hand, only gauge extension can explain the distinction between massless and massive
RHNs. Furthermore, all emerging gauge anomalies must cancel.

5.1. Gauge Anomalies

Quantum effects can break symmetries which are present in the classic theory. This occurs
because the path integral measure is not invariant under the symmetry. Chiral anomalies
concern theories with massless chiral fermions, where vector and axial symmetry cannot
be observed simultaneously. The breakdown of the axial current at one-loop is shown in
fig. 5.2 [69] and evaluated to

D, J4 o< Tr [y T4 {T?, T}, (5.3)

where D, denotes the covariant derivative and T4B:C the generators of the gauge
group in their respective representations. The anomaly represents the incompatibility in

f Ve

f VC

Figure 5.2.: Anomaly diagram. Shown is the one-loop triangle diagram, which leads to
gauge anomalies. f denotes all chiral massless fermions that can run inside the
loop, while V45:C denote gauge bosons (not necessarily of the same gauge
group) with adjoint index A, B, C.
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perturbative calculations between gauge invariance and chiral symmetry. In dimensional
regularisation (which preserves gauge invariance), it is reflected in the form of ~;, which
cannot be trivially continued to d dimensions [70].

Breakdown of gauge symmetries would create inconsistencies with gauge boson masses
and 3- and 4-point amplitudes, resulting in unphysical states [37]. Therefore, for the
theory to be self-consistent and anomaly-free, triangle diagrams involving all gauge field
combinations must cancel naturally. The Adler-Bardeen theorem affirms that if this
condition is met at the one-loop level, the theory remains anomaly-free to all orders [71].
Conventionally, all fermions are defined to be left-handed, employing the charge conjugate
as described in eq. 2.1.

General Considerations

5.2.1. Two Massive RHN in 2HDM

The scenario with two massive RHNs and only one scalar doublet proves insufficient to
explain the observed active neutrino mass hierarchy, which, however, no longer remains
true in the 2HDM. In the following, this scenario is investigated since it was not considered
n [19]. As there are two scalar doublets H,, H, and all Yukawa couplings in the type-I
seesaw extension (eq. 2.21) should be replaced by Y — Y@

£ C NgidN, p — <Y O H Ngg + M s NERNgr +hec. ) (5.4)

aff Ta

and summed over a = 1,2. The same applies to other Yukawa couplings but does not
affect the discussion of RHN mass matrix. Furthermore, P from eq. 5.2 is replaced by

pab = ﬁY(“)TY(b) and the evolution of M|t] after reorganizing some terms [18] reads:

z[l—i—Z( plaag 4 P(““> t2>] M, [1+Z< (aa)y 4 P<““) tﬂ

+4ZPb“ M,P@¢ + @(Plav)?),
a,b

(5.5)

To isolate the rank-increase mechanism, all flavor diagonal contributions were disregarded.
The critical term driving the rank-increase in the second line directly mirrors the cor-
responding term in beta function 5 C 42 plan)” M, Pleb) a5 demonstrated in eq. 5.1.
Furthermore, it aligns with the discussion in 3 3.2 for the active neutrinos.

If two RHNs are massive, they should be integrated out successfully at their correspond-
ing mass scale. Assuming My > M, > M; = 0 and evolving the mass matric according to
eq. 5.5 from the cut-off scale to M yields at leading order:

M, [M;] = 4log ( Pl) Zpu 11 M My[Ms] = My,  Mg[Ms] = Mj, (5.6)

which follows from evaluating the determinant of the leading order approximation of
M[M,] (eq. 5.5). A summation over ¢ = 2,3 is implied. Without the rank-increasing
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contribution, N; stays massless (after diagonalization). At the same time, the inclusion of
this term gives det M[M3] = MyM5 x M,,[Mj] (from the correction to the (1,1) matrix
element) at the leading order. A field-redefinition NV — UN to diagonalize the mass matrix
only affects the Lagrangian at subleading order and can be ignored. Consequently, N,
approximates the heaviest mass eigenstate and can be integrated out using the EOM
(section 2.3.2) for N3 Ao leading order (@ = 0)

1

N3 = _ﬁg (M3iNiR - Y;g)HTgca) (5.7)
for ¢ = 1,2. Reinserted into £ yields
(a)y-(b)
1Yos Yas o—m \ (5770 ()7 FF Lot e
’Ceff - 5M733 (gaLHa> (Hb eﬁL) _Yai eaLHaNiR - iMijNiRNjR' (58)

Again i,j = 1,2 and

(a)
Y@ ~ (Y@ MY )

(6 %) (6 %) M3 ?
p=Ms (5.9)
M. . ~ (M. o M13MJ3>
? ? M3 pu=Ms;

This result alignes with one obtained for My ~ Ap), M; 5 = 0 in [19]. In contrast to that
scenario, the mass matrix is evolved down to u = M,. Neglecting all 1/M; corrections
yields M[M;] =~ diag(M, [M,], M,) and Y@ = Y@ effectively reducing to a 3 x 2 matrix.
When further evolved to M,, this reduced setup yields a leading-order expression analogous
to eq. 5.6.

M. T
M) = M)+ atog 372 ) SR MR, My [0] =My, (5.0)
2 a,b

with P(@) = L y(@ "Y®). Tnserting M, [Ms], M[Mj] and ignoring all 1/Mj corrections
gives
ab ba A ab ba A
M, [M,) ~ 4M, Py P 1og (A;l) +4M, P P 1og (;) . (5.11)
2 3

Overall minus signs in M, can be absorbed in a phase redefinition of N;. Furthermore,
IP(l(;b) o Pl(gb) and log(Ap;/Ms) +log(Ms/M,y) = log(Ap/M,) were used. Again, N,
corresponds to the mass eigenstate to first order, and integrating it out yields

(a)y/(b)
1Yo s oy e o) 1 —
Log C 27 M. 2 (eaLHa) (Hg€5L> _Y;E1)€aLHaN1R - §M/11N1CRN1R7 (5.12)
2
with
M, Y%
Y/(a) ~ Y<a> _ 12 = a2
al al M2 ’
p=My (5.13)
, M;; M
My,; =~ (Mn - W)
2
n=M,

54



GENERAL CONSIDERATIONS

Similar to 1/Mj corrections, those involving 1/M, are negligible and can be safely
disregarded. Effectively, the Lagrangian describes the SM extended by one RHN of mass
M, ~ 0O (P(ab)zAm) = 10™15GeV for Y@ ~ (9(1). Between the scales M, and M,
(eq. 5.11) corrections to M [u] of the form M, P{@®) log(M,/M,) can be safely dropped.
Ultimately, N; can be integrated out as well, leading to 2HDM Lagrangian supplemented
by four Weinberg operators

L YYS
L = Lompm + 2 M, <€aLHa) (H(,ngL) : (5.14)

Moreover, the 1/M; contribution justifies neglecting the subdominant 1/M;,1/M,. To
leading order, the matching procedure yields

(a)y(b)
~ Ya? Y,Bl

5.15
v > T (5.15)

Cha
The expansion to four dimension-five operators directly mirrors the presence of two scalar
doublets in the 2HDM framework. This has significant implications for active neutrino
masses due to the mixing between the different operators. Without considering this
mixing, only one active neutrino would acquire mass. This is because the three rows of the
(5 matrix become linearly dependent when a = b = 1. In other words, the rank-increasing
mechanisms explored in chapter 4 fall short of explaining the observed mass differences
among active neutrinos.
The mixing between the different Weinberg operators relates to the scalar potential,
which includes [72]

V(Hy, Hy) C Y Agpeq (HEH,) (HEH,). (5.16)
a,b,c,d

Upon choosing a basis such that (HY) = v/v/2 and (HY) = 0, the active neutrino mass
reads )
v 11
m, = 5O Mg (5.17)

)

.. . . . . ab .
however, operator mixing gives contributions stemming from C’é . A connection can be

established with the observed neutrino masses by evolving Cén) from its matching scale
M to the electroweak scale. In the process, corrections in the form

Ci [Apw] > C5V (M) + By, Cg[M,] + CLo[M,] BT, +bC2[M,]  (5.18)
=605

arise [73]. For simplicity, the contributions depending on B are dropped, and only the
ones related to b are analyzed. Nevertheless, the quantitive behavior remains the same. b
relates to the term A5 (HlTHl) (HgH2) in the scalar potential [73]

M
b= 925 1og< 1 ) : (5.19)

1672 Apw
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Figure 5.3.: One-loop operator mixing. In the case of an extended scalar sector, interaction
terms between different scalars lead to mixing between the Wilson coefficients
of the distinct Weinberg operators.

Fig. 5.3 displays the operator mixing diagrammatically. Defining Yo(fll) =y -u(a@ in terms

of the unit vecor @(*) and y(® = \/ Yl(f 24 YQ(f 24 Y?)(f )2 The active neutrino mass matrix
reads according to eq. 5.17

2

m, = g () AT b (y2) a5 T) (5.20)
2 M,

with overall minus signs absorbed in phase redefinitions and «®u(®T understood as a

3 x 3 matrix. At leading order, the eigenvalues b read:

1 v? 2 |l7<1) X ﬁ(2>| 1 v? 2
— ~ (2) = =-= 1 — — 7 (D
my =0, my 3 Mlb ((y ) +4 (y(l))2 , Mg 3 (y'")7, (5.21)

which means that for A,y = (1), the mass hierarchy matches experimental data for
NO:

mg ~0.16V, my ~ 0.1eVhO ((y<1’2))2> ~ 0(0.016V). (5.22)

Fig. 5.3 presents a qualitative analysis based on a parameter scan across randomized
RHN Yukawa matrices entries, assuming Ay = 1. Additionally, a scan over absolute active
neutrino masses with m; = 0 is included. Notably, the figure illustrates that the oscillation
data and expected neutrino masses are roughly consistent with the predicted values. The
initially massless neutrino acquires a mass term through the rank-increasing two-loop
contributions detailed in section 3.1.

5.2.2. Additional Scalar

In all considerations, a mass matrix with rank < 3 is assumed. The existence of some
gauge symmetry that justifies this form is indirectly implied, as it was argued that gravity
breaks global symmetries. Consequently, the mass matrix arises from combining mass
terms not forbidden by any symmetry and those generated by the VEVs of scalars after
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Figure 5.4.: Scatter plot for Neutrino mass parameters. A parameter scan for randomized
RHN Yukawa matrices of O(1) is performed for Ay = 1 and M, = 0.4-
Agw, M5 = 0.6 - Ay . The resulting active neutrino masses with m; = 0 are
displaced on the left, and the corresponding squared mass differences on the
right. The experimental best-fit values for m; = 0 are indicated in grey.

SSB. Before considering explicit models, the RGE effects on the scalar couplings are
studied. For that, a simple Majoron-type model is assumed:

Ly = Ly — (a; Nz Njpd +h.c.) — V(). (5.23)

N; denote n,; additional chiral fermions and ¢ SSJ (¢) a scalar that aquires a VEV after
SSB of some imposed extra symmetry. One such possibility for the given Lagrangian is a
U(1) with the charges Q(N) = 1, Q(¢) = —2 and V(¢) = 6¢¢™ + Ay (¢0") + \gp¢* HT H
and ignoring gauge anomlies for the time being. The two-loop RGEs for renormalizable
theories can be calculated with SARAH and read:

B, = ka+aF + Fa+aQ+QYa—G*PTa—aPG + 4PTaP + 28G*aG, (5.24)

with
1 o N i 2
k= 2aTr[aa*] + —— | A3 + == —6Tr[aY, 'Y, o] | — 12Tr[F~],
(1672) 4
Fe — 9G4+ — (8), + 6Tr[aa’]) @
~ 1672 1672 (072 T RHHAG

1 /17 51 9 3 1
=P+ —— [ —g2+ g2 =20, — —TY[Y. Y. ] — T YYT>P——P2 5.25
Q +167T2(8gl + 892 3 2 I'[ u u] 2 I'[ ] 4 ) ( )

1
(1672)*

1 *
(167?2)2a “

Here, Y,,Y,, contributions were neglected. The transformation behavior of 3, under chiral
fermion redefinitions (N — UN) must mirror that of « itself, thus @« — UTaU. The
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flavor structures involving G' (G — UTGU) exhibit the correct transformation property,
justifying the general form of eq. 5.24. Compared to the result from eq. 5.1 and the explicit
factors in [18], all terms not involving additional o contributions agree. For the model
under consideration, the freedom to redefine N allows us to diagonalize . After SSB,
this translates to working in the mass basis. Consequently, all additional flavor structures
involving G (particularly G*aG), which could potentially lead to effects similar to PTaP,
remain diagonal. Therefore, the discussions on two-loop mass generation presented at the
beginning of this chapter are expected to hold for masses generated via SSB. Depending
on the specific model and the scalar sector’s form, extra terms of the form G}aG,; might
contribute to the rank increase if they cannot be simultaneously diagonalized.

5.3. Additional Gauge Symmetries

This section explores extensions of the SM incorporating gauge groups constructed from
the simplest representations: trivial, fundamental, and triplet/adjoint. Drawing on
their implications for tree-level neutrino mass matrices and potential rank-increasing
contributions similar to the one depicted in fig. 5.1, the concluding section discusses the
general features of these extensions.

5.3.1. U(1)

The simplest extension includes several chiral fermions and a scalar sector charged under
gauged U(1)p (“dark”) symmetry and uncharged under any SM gauge group. The only
gauge anomalies involve U(1)} with three external dark bosons and U(1)p, x graviton?.
The latter involves one external dark gauge boson and two gravitons. Since only fermions
are running inside the loop, no theory of quantum gravity is necessary. The resulting
conditions on cancelation of both anomalies based on eq. 5.3 lead to

where i denotes all chiral fermions charged under U(1)p and @, their corresponding
charges. The most straightforward solution amounts to extend the SM with three right
handed fermions (N, Nog, N3g) with charges +1,—1,0. Even without including a scalar
sector that couples N, S to the active neutrinos, the following mass terms are allowed:

M3N§RN3R7 M12NfRN2Rv M12N§RN1R’ (5'27)

where the last two are related by hermitian conjugation. The resulting Majorana mass
matrix for N = (N;, Ny, N3) reads

0 My, 0
0 0 M
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which has full rank. The same argument also holds for more chiral fermions with charges
Q;, = +1,%a,...,0. Other non-trivial solutions that are non-symmetric might exist;
however, it remains complicated to couple N, to ¢, without introducing multiple scalars
of various U(1), charges. More desirable solutions, therefore, include non-abelian gauge
groups.

5.3.2. SU(2) + SU(N)

Instead of U(1)p, SU(2)p is introduced. The following fields with representation in regard
to SU(3)~ x SU(2);, x U(1)y x SU(2), extend the matter content: one chiral fermion
doublet N = (1,1,0,2), one scalar singlet S, one scalar bi-doublet ® = (1,2,0,2) and
a one scalar doublet ¢ = (1,1,0,2). Since SU(2), is pseudo-real, all anomalies cancel
automatically. The Lagrangian amounts to

Lpy == (Yo lo, ®Ng + YsNppSs + Vs N BS8 + MgSg Sp +hee.) = V(H, @, ). (5.29)

For every term involving ¢, an analogue one with the charge cojugated @ = io,* exists,
because SU(2) is pseudo-real. Furthermore, it is assumed that V(H, ®, .5) develops minima
such that (p) < Mg ~ Ap;, while (H, ®) ~ Apyw. The large separation in scales demands
fine-tuning on potential parameters, which is a general concern in any scalar extension for
which no distinct solution is yet known.

Upon integrating out 5, the resulting dimension-five operators, which approximate the
emerging masses after SSB, read:

Cii ~—— Cia ~— Coy jmre
15 = L (Nyp) (9" Ng) + 22 (Nrw) (B"Ng) + 22 (N®) (F"Ng) +hee., (5.30)
Ap Ap Ap)
with () = (v,,,0). Choosing the VEV is convention. By performing a gauge transforma-
tion on ¢, any other direction in the SU(2)p, plane can be selected. The Wilson coefficients
C;; depend on Yg, Yg and the resulting entries in the mass matrix My are

,02

©

M;; ~ A—Pl, (5.31)

hence, all entries are non-zero, and both mass eigenstates are massive. Including mul-

tiple generations of N does not impact the mass generation scenario, as the underlying

mechanism responsible for their masses remains identical. Without ¢, however, N will
not acquire Majorana masses.

To prevent the appearance of the charge conjugated scalar field, an additional U(1)p,
symmetry — similarly to the SU(2);, x U(1)y gauge symmetry — with Qf # 0 can be
included. This addition, then again, makes anomaly cancelation very difficult. U(1)3
and gravity related U(1)p, anomalies demand for multiple generations N, , with opposing
charges, like +1. The Lagrangian reads:

L =— (Yol ®Ng + YE N g oS5 + Y Nyg @S5 + MgS5Sy +hec.) 532
— (M, NSgioy Nyg +h.c.) — V[H, ®, S].
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Integrating out .S as in eq. 5.30 but only with Ci(f) and C’ég) then gives the mass matrix
for (Ny1, Nags Nors Nag)

My, 0 0 My
0 0 M, 0
0 M, ©0 0

My, 0 0 My

My = (5.33)

Here M, contributions correspond to Dirac type mass terms when identifying ioy Nyr
with N;. The matrix’s full rank excludes the model; however, a similar approach
based on SU(2)g x U(1)y is used in LR models. Similarly, when considering SU(N)p,
instead of SU(2)p, x U(1)p, the SU(N)3 anomaly demands for any chiral fermion in the
fundamental representation, a corresponding one in the anti-fundamental representation,
which effectively makes the theory vector-like. The resulting Dirac mass terms render all
RHNs massive.

Another option to prevent the charge conjugation is by using scalar triplets ¥ = X7 (75
being the generators of SU(2)p — similar to the type II seesaw model). This representation
is real; thus, charge conjugation becomes trivial. Incorporating these scalar triplets leads
to the following Lagrangian:

) , ¥»wooX
Ly C —YN_rioc, XN, with ¥ = <t _y3 (5.34)
and with X = %! —iX%2. Without loss of generality, the VEV is assumed to be in the %3
direction. Consequently, both N, , become massive. In contrast, if both ¥ and N = N il
transform in the triplet representation and a singlet fermion S is added, the Lagrangian

amounts to:

£ C —YSETY[NY] — MgSS Sy — CinN +hec. . (5.35)

Here, n = (2,3) under (SU(2).,SU(2)p). Assuming again (X) = (0,0,vy), only N
becomes massive at the tree level:

L= = Ag (Te[NX)) (Tx[NX]) . (5.36)
Pl
The problem amounts to ) being diagonal in the RHN generation index — other than H —
and hence will not increase the rank. This phenomenon is likely to be a general feature of
any gauge theory. Additionally, the diagrams in fig. 5.5 featuring charged gauge bosons of
the SU(2)p, group will naturally contribute only diagonal terms in the gauge indices, as
anticipated.
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Figure 5.5.: Rank increase via charged bosons. Two-loop diagrams involving charged
SU(2)p (Wp) increase the rank via flavor-changing charged currents.

5.3.3. Necessary conditions

A gauge extension that gives a Majorana mass matrix with rank < 3 at the cut-off scale
must exhibit the following features:

1. All gauge anomalies must be canceled.

2. Source for lepton number violation in the form { /RwL /r that relates to at least one
tree level Majorana mass must be present.

3. If one or more components inside a fermionic gauge multiplet stay massless at tree
level, a remaining gauge symmetry protects the massless particle from acquiring
quantum corrections as Yukawa couplings do not contribute (diagonal in gauge
indices).

4. To allow for rank-increasing type diagrams displayed in fig. 5.1, RHNs must couple
to LHNs via the same scalar. This demands multiple copies (generations) of the
RHN in the same representation. Furthermore, at least one of these generations
must be massless.

As shown in the next section, the last point can be fulfilled by considering the seesaw
mechanism for the RHNs.

5.4. Left-Right Symmetric Models

Section 2.2.3 explored left-right extensions to the SM. These extensions represent another
way to achieve an additional SU(2) x U(1) group (discussed in the previous section) but
with RHNs forming part of the SU(2)g doublet. Consequently, right-handed neutrinos
are massless at tree level (ignoring SSB). Importantly, all gauge anomalies vanish as L,
Ly, as well as Qf, Qy, have opposite U(1)y- charges. Hence U(l)i’; and all U(1)y related
(graviton® x U(1)y and SU(2)?U(1)s) cancel. All remaining anomalies vanish similarly to
the SM. Moreover, three generations exist as required for the rank increase. All conditions
presented in the previous section are met upon the coupling to a singlet fermion.
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The fermionic matter content of the LR symmetric models is extended by a chiral singlet
Sp, and a scalar Z = (1,1,2,—1) under SU(3) x SU(2);, x SU(2)g x U(1)y. The extension
to the LR Lagrangian reads

L3 = — (YgaLar2SL, + MgSE Sy, +hc.) —V(®,E). (5.37)

The full scalar potential, including the bi-doublet ® and the right doublet =, can be found
in appendix B. In order to break SU(2);, x SU(2)g x U(1)s down to SU(2)p, x U(1)y, the
VEV of = must be invariant under the later. For

== (“§) : (5.38)

the VEV remains invariant under ¥ + 2Ty . This, however, precisely corresponds to the
weak hypercharge Y according to eq. 2.30. Furthermore, the right-handed lepton doublet
Ly = (Ng, ER) contains the right-handed neutrino Ny in the upper component. After
SSB of SU(2)g x U(1)y, the following mass terms emerge

Lpss = — (vRYgo Nor St + MgSES,, + h.c.), (5.39)

yielding the Majorana mass matrix for (N, S¢):

0 v Y.
M = 3x3  YR7S ] 5.40
(URYg Mg (5.40)

Here, Yy = (Yg;, Ygo, Yg3) and Mg € R is used. The Majorana mass matrix for (N, S°¢)
precisely corresponds to the type-I seesaw mechanism with one additional singlet only
for the RHNs. The argument regarding the number of massive particles presented in
[26] remains directly applicable. In this scenario, only one RHN acquires mass, while
introducing two Majorana particles S would result in two massive RHNs. Without loss
of generality, one can redefine N — UN to set }75 = (0,0,yg). It is expected, that
Mg and vy are similar in size (O(Ap))). While integrating out S provides a general
understanding of the involved masses, retaining S within the theoretical framework
yields greater precision. The mass matrix can be expressed as: M = diag(0,0, M,, M,),

with M, , = % (MS + 4/ M2+ 4y§v%{). Furthermore, N3 and S mix with mixing angle
6, resulting in the mass eigenstates (N3,S") = O(0)(Ns,S). Here, O(f) denotes an
orthogonal matrix.

5.4.1. Fermion and Boson Masses

Assuming that (=) = O(Ap,) and

@ =(p o) with k=0 (5.41)
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the VEVs arise in electromagnetic neutral components. By convention, the relative phase
between (®,,) and (®,,) is absorbed in the latter. The gauge boson masses are derived
from (Ducf)) (Dud)) for ¢ = &, =. Both neutral and charged boson mass matrices contain
L/R mixed terms. However, WgRW{{B and W, ;W™ are proportional to vy while all
other entries are of order Apy. Consequently, the heavy SU(2)r bosons decouple due to
the suppressed mixing, and the lighter ones obtain masses of order O(Ap,), corresponding
to the observed W+ and Z bosons. Fermion masses are obtained by replacing ® — (®)

(@) = (kleo_m 2) (5.42)

in all Yukawa terms, which yields:

and

My =kh+ke®h,  Mp=Fke“h+kh, (5.43)
MPire = kg + k'e7iog, M, =FKe“g+kqj. '
q,q,h, h are 3 x 3 matrices that describe the Yukawa couplings between left and right
fermions (section 2.2.3). To provide the observed fermion mass and the mass gap between
M, and My, k ~ vgy, while k" < 0.01k and g = O(1), h = (0(0.01). Analogously, RHN
Yukawa couplings can be of order one, as discussed before, yielding h = O(1), h = ©(0.01).
Theoretically, h and g could be larger and of order one if they cancel with the g, h precisely
in case of charged lepton and down quark masses. This opens the doors for interesting
effects, as explored in the next section.

5.4.2. Rank Increasing Contributions

After SSB of SU(2)g, all SU(2)g indices can be expanded. Furthermore, SU(2) x U(1)y
can be treated as unbroken as energies are still far above the EW scale. Hence, the parts
of the Lagrangian that involve N are:

1 _ I
e _§MNijNiCRNjR - gaiEaL(I)g)NiR " Yai aL‘I’(L1>NiRa (5.44)
with
¢=(o o), &=(3" ). (5.45)
Furthermore, the mass matrix in terms of (V,,.S) is given by
02x2
vrys Mg

The effects of the additional generation on mass matrix RGEs and the charge conjugated
coupling g from eq. 2.33 are discussed in the following. The rank-increasing contributions
to the Majorana matrix My mirror the 2HDM scenario discussed in section 5.2.1

B C (1617r2) [4 (979)" M(QTQ)] : (5.47)
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Moreover, the same structure also exists with ¢ — g and in mixed form as in the 2HDM
case. The question arises if all RHN become massive at P? or if a second bi-doublet is
needed (see the beginning of this chapter). The two effects decouple and can be analyzed
individually.
In presence of S but ignoring §, the Yukawa sector in terms of N = (N, N,, N;,S%)
becomes
LY C —Gop Lo @Y Ngg + hec., (5.48)
with ®) denoting the first row of ® that couples to N. § describes the modified coupling
to N:
g= (ﬁla Gop cosfgzs sin 0§36) , (5.49)
with o5 = (9a1s Ja2> 9as) and the mixing angle chosen such that it diagonalizes M (see

also section 5.4.1). Consequently, P — P= 16% g'g in the RGEs from eq. 5.1. The mass
eigenvalues are reconstructed using the Fadeeve-LeVerrier algorithm [74] for the first 4
tensor invariants. Keeping only leading order terms gives:

1
I, = ) ((TTM)2 _MQ) =~ M3 My,
Iy = é ((TeM)3 — 3TeMTrM? + 2TrM3) ~ (M, + M) MM, (5.50)
1
I=—5; (6TrM* — STYMPTrM + TrM?(TrM)? — (TrM?)* — (TeM)*)
= M, M, MM,

Explicit evaluation of eq. 5.2 gives I, = 0 and hence M; = 0. With I3/I, = M, + M, = M,
one obtains

M, = 4t (PL + P&) (Mg cos® 6 + M, sin® 6) . (5.51)

Thus, in perturbation theory, the mixing does not produce a full rank at a lower order.

The existence of a second Yukawa coupling g presents a unique scenario, effectively
mimicking a second Higgs doublet in [18]. Theoretically, § can still be of similar size to g
if both their contributions in the Yukawa sector cancel partially to yield lighter charged
lepton masses. In this case, g is sufficient to produce active neutrino masses in the ballpark
of measurements. In the case of a single singlet S, the presence of g leads to massive
RHNSs at second order in PT. If two singlet fermions, S, 5, are introduced to produce two
massive neutrinos at tree level, operator mixing occurs, as detailed in section 5.2.1.

However, without some 'magical’ cancelation between g and g, a suppressed g (~9(0.01))
is favored. In that case, the scalar sector is incapable of generating a sufficiently massive
second RHN for the seesaw mechanism, as the RHN mass scales quadratically with g.
Furthermore, operator mixing between C22? or C3! (both containing at least one g factor)
is suppressed due to the smallness of g.

Ultimately, assuming a small § necessitates a LR model with two bi-doublets ®,X to
recover the impact of a second sizeable Yukawa coupling, akin to g. This goes under the
name Two-Higgs Bi-Doublet Model (2HBDM).
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5.4.3. 2HBDM

With the introduction of a second bi-doublet, two potential mechanisms emerge to explain
the observed hierarchical structure of active neutrino masses. In analogy to [19], the
first involves a single singlet fermion, S. In this scenario, one RHN gains mass at the
Planck scale, while the remaining two acquire masses through two-loop contributions.
Ignoring g, the Yukawa Lagrangian from eq. 5.44 with a second bi-doublet after SU(2)y
SSB becomes equvivalent to the 2HDM case and the results from [18] apply. The second
involves two singlets S, according to the discussion from section 5.2.1, that gives two
heavy and one light RHNs (the lighter at the seesaw scale). Operator mixing among the
bi-doublets between the seesaw and electroweak scale then generates a neutrino mass scale
that matches experimental observations.

In the following, the scalar potential, including two bi-doublets and one SU(2)y doublet,
is analyzed. The discussion follows [75], which considers two bi-doublets and two triplet
scalars. Appendix B contains the full scalar potential. The VEVs read:

@ = (g o) 0= (" L) @=(0)  6a

where the phases accompaning k£ and vy were rotated away. The VEVs of the charge
conjugated fields follow analog to 5.48. The minimalization conditions are:

[1]

LoV _ oV oV oV 9V oV 9V 9V
0k 0K Ow  Ow  dvg  dab  daf  das

0 (5.53)

There are 8 conditions and 7 bilinear terms ;2¢!¢ with ¢ = @, &), X, 5(, =. Eliminating all
u results in one equation that relates all quartic couplings «, vy (with two bi-doublets and
two doublets), ¢ (four doublets) and A\ (four bi-doublets)

AP ’ng) [k'w’ sin (a§ — ozg) + kwsin (af)]

2
=) [Kwsin (af + o) + kw’ sin (af)]
(5.54)

i
kK )4
— (32 —AP) wu’ sin (B) = \,0 ((ww)) .

VR
This means the smaller k" and w’ become compared to w and k, the smaller (757 —~5")
or af have to become. However, at least two phases satisfy non-trivial conditions and
can contribute to CP violation. Furthermore, it was checked in analogy to [75], that for
K w's (3" = 5")
X2 become very heavy (Planck scale). At the same time, ®(!), X(!) have masses around
the electroweak scale and effectively correspond to the two Higgs bosons from the 2HDM

— 0 and solving the minimalization conditions for u, both ®®2) and

model.
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6. Conclusion

This thesis is divided into two parts, both investigating the radiative two-loop generation
of neutrino masses. First, the two-loop renormalization of the Weinberg operator is
performed and related to active neutrino masses. Second, gauge extensions of the seesaw
type-I model are investigated, which allow for similar quantum corrections for the RHN
masses.

Before performing the complete two-loop renormalization of the Weinberg operator,
the calculation of the individual rank-increasing diagrams was presented in this work.
Although there are more diagrams than accounted for in [16], their contribution to the
beta function cancels, and our result agrees with theirs. Nevertheless, we found that
including the additional diagrams is mandatory to fulfill the recursion relations between
the 1/ and 1/€% poles. The background field method was used in this thesis for the
complete two-loop renormalization in order to maintain explicit gauge invariance and
simplify the gauge sector renormalization. The SM parameters and the Wilson coefficient
of the Weinberg operator were renormalized at one-loop in this gauge to prepare for the
two-loop calculations. Only single insertions of the Weinberg operator were considered,
corresponding to cut-off suppression to first order. IR regular masses were introduced to
prevent spurious IR divergences. We calculated the two-loop CT of dimension-five Wilson
coefficient, which proved to be independent of the renormalization scale or regulator
masses, as expected for local physical counterterms. Additionally, the second-order poles
satisfy recursion relations that relate them to one-loop counterterms. Although this is not
a direct proof of the two-loop beta function, both the cancelation of all logarithmic terms
in our result and the consistency of the recursion relations make the obtained two-loop
RGEs highly probable to be correct.

Phenomenological implications on neutrino mixing parameters and masses were derived
here using the complete two-loop RGE of the Weinberg operator. The setup assumes
one massless active neutrino at the cut-off scale, as oscillation experiments only require
two massive neutrinos. Furthermore, a seesaw type-I extension with two RHNs realizes
this situation and motivates a seesaw scale cut-off. Analytical relations of oscillation
parameters were derived here, and numerical evolution of the running parameters was
conducted. These results confirm a radiatively generated neutrino mass of approximately
10714 eV — 10713 eV, which constitutes a lower limit on the lightest mass eigenstate (also
discussed in [16]). In this work, the Majorana phase associated with the light neutrino
was found to run into an infrared quasi-fixed point, which was explicitly confirmed by
numerically evaluating its energy dependence. The calculation determined the dependence
of the lightest neutrino mass and the Majorana phase fixed point on the remaining
CP-violating phases. Although the fixed point takes non-trivial and sizeable values, its
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association with the tiny light neutrino mass makes it nearly unobservable. Compared to
the genuinely massless limit, only significantly suppressed corrections contribute to the
neutrinoless double beta decay mass.

Similar diagrams that increased the rank of the active neutrino mass matrix exist for
RHNs, too [17]. If the RHN mass eigenstates are highly hierarchical, the seesaw scale is
generated via two-loop effects and does not need to be introduced separately. Gravity’s
violation of global symmetries further motivates the breaking of lepton number at the
Planck scale. Justification for why some RHN become massive at the Planck scale while
others remain massless at the cut-off should be provided through gauge extensions to the
type-I seesaw model.

In this thesis, general considerations were made regarding the number of massive RHNs
and the inclusion of mass terms via SSB. In the presence of a second Higgs doublet,
both one [19] and two heavy RHNs — as was found here — predict mass hierarchies in
accordance with oscillation experiments. Additionally, it was noted that Majorana masses
via SSB do not affect the rank-increasing contributions. Based on the consideration of
the most minimal gauge groups U(1),SU(2),SU(N), a set of minimal requirements was
derived in this work. Any model must be anomaly-free and contain singlet fermions that
break lepton number and couple the right-handed neutrinos via Yukawa interactions.
Moreover, multiple generations of RHNs with the same quantum numbers must exist,
allowing flavor-violating interactions and rank increase. These motivate a seesaw-type
mechanism for the RHN masses. A natural implementation in the LR extension was found
here that includes a SSB pattern different from the scalar triplet approach. The presented
model provides sufficient sources of flavor violation to explain the observed active neutrino
masses, provided there is slight fine-tuning and cancelation between the coupling to the
bi-doublet and its charge conjugate. However, a second bi-doublet must be introduced if
there is no accidental cancelation. This thesis demonstrated that, after SSB around the
Planck scale, the resulting fermionic and Yukawa sectors correspond to the hierarchical
RHN mass spectrum, which generates the seesaw scale radiatively and predicts active
neutrino masses in the ballpark of experimental data.

Based on the effect of a second Higgs field on the RHN mass renormalization, future
work could extend the two-loop beta functions of the Weinberg operator Wilson coefficient
to 2HDM scenarios. These provide an additional source of flavor violation in the form
of a second Yukawa coupling. Furthermore, there are three distinct Weinberg operators,
and operator mixing occurs at the one-loop and two-loop levels. This opens the door
to having larger lower bounds on the lightest neutrino mass, the possibility of only one
massive active at the cut-off scale, and other interesting phenomenological implications.
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A. Two-Loop Renormalization

A.1. Master Integrals

In this section, the master integrals introduced in qq. 3.67 are evaluated. These integrals
represent two-loop vacuum polarization topologies involving either one or three massive
propagators. The first integral, denoted for convenience as J,, represents the case with a
single massive propagator:

— (d) __ de 1
jl - K{l,M},{l,O},{l,O} - M /de’l (l2 _ M2) k2 (k: _ l>2 ) (A1>

Here, dII,, denotes the d-dimensional invariant phase space volume element: f d, with
d=4-— 25 Including the renormalization scale fi serves two purposes: 1) mamtammg
dimensional scaling and 2) facilitating the cancelation of finite terms arising from dimen-
sional regularization. Subsequently, the integral is decomposed into terms involving k£ and
[ and reformulated using Feynman parameterization.

7—~4E/dn /dH/daz
L2 —M2) NP g a%2+m (k—1)2)°

— it /de G —1M2) (4;)§F (2— g) /0 do [—a27l]

The k integration follows the usual steps: Wick rotation, momentum shift, and evaluating

(A.2)

the phase space integral via Passariono-Veltman functions. With

gt T@(®)
/0 Ia+pB) (A.3)
J, reduces to
IR R NCES IR s
=T T T2 J iy (a4

Abbreviating the constant prefactor with C' for simplicity and applying Feynman parame-
terization once more yields:

JzC/dHM/ldaz z
' YTy [p(2— M2)+T)E

- (A.5)

[l27$M2]1+8

_ A T0+e) [ SAEDTE T(+e—3) 2yd/2-1-¢
=¢ /Od (47)% I(1+e¢) (M) '
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Employing Wick rotation and using the Passarino-Veltman functions, the Feynman
parameter integral is subsequently evaluated with the help of eq. A.3:

IO (d—e) e

ot 1@

e T ()T (1—¢)’T(2—2) T (—1 + 2¢)
C (4m)t r(2—2)T(2—¢)

M2 (2N 1 3 1
- L I (N S A ST )
(47" (M?) ( 2z 5. g MFT))

where the dimension regularization-specific terms log 4w — ~ vanishes as espected in MS.

M2eiE (A.6)

Continuing with the second master integral, denoted as J, for simplicity, which contains
three massive propagators:

_ el _ e 1
j2 = K{LM},{l,M},{l,M} =H /de7l (l2 _ M2> <k'2 _ MQ) ((k. _ l>2 _ MQ) :

(A7)

The [ (f—ﬁp behavior leads to problematic divergences in the Feynman parameter integrals,
which, however, can be cured by raising the overall degree of divergence (in analogy to
[76]). For that, IBP relations are employed. Abbreviating 2 — M? = D,, k* — M? = D,
and (k—1)2 — M? = Dy and inserting 1 = 25 (9% 4 950 into J, yields:

2d \ Ok~
1 ok Im 1
7, = —pe [ ar <7 7> _
2= 9g" / v\ o o ) DD, D,
mp 1, 2k? 202 2(k —1)?
= 5k / Y pep.p. " D.02D. T D.D,D?
1+~2+~3 1~2+3 1=2~3

1~4E/ 1 M?
== dIn, ;3 3 :
ia k19D DyDy | D,D,D2

32 1
SN/ e A () pp——
2= a—3" / " D2D,D,

Here, surface terms from partially integrating were dropped (justified after going to
Euclidean space), +M? was inserted in the third step, and k,[ were shifted to unify terms
as (D%DQDg)_l. To simplify the integral, k,l — M - k, [ to extract the overall scale:

o 3M2 1
T2 =T /dH’“’la?—u 2 —1) (k=12 —1) (4.9)

Decomposing in k,! and employing Feynman parameterization yields:

M2 1 1 1
7, = jite? /dHZQ/de/ dz — ;
d—3 (?—1) 0 @ (k*—1)+a((k—1)?—1)]

[(k—azl)?+az2—1]"  (A10)

M2 1 1 .
:iﬁ4537 (e) /dHIQ/ da (1 —27l2) .
d—3 (47) (2—1)" Jy

(NJEY

70



MASTER INTEGRALS

Following momentum shift and Wick rotation, the scalar k integral was evaluated using
Passarino-Veltman functions. Subsequently, factoring out —xZ simplifies the introduction
of another Feynman parameterization:

3M2d ’ i
Jy = ii*e 7 /dHl/ dz :1::1:) =
— )2 (12 — —,—i—l?)

M2d 3 1 TuE—1(—=1)¢
:iﬁ4g3d . ds /dﬂl/ / dxdy y)y ((2) T (A.11)
- )z 0 2-1)+y(l
gy H(=1)¢

[lz—l—%ﬂ—y]%s
After performing the second phase space integral, the remaining x, y integrals read:
od—3 —2e

e 3];4_ 3 ng;:;) ngfg / / dady gyt (27)~° (1 + % — y) . (A12)
While an analytical evaluation of the entire integral proves challenging, the first and
second-order pole in £ can be systematically extracted. For that matter, rewriting

1dy*
€ dy

.72:_

ys—l as

and Alz,y) =1+ v Y (A.13)
T
and partially integrating the expression in y yields:
3M2d °T d
/ / dzdy (2x)"°y d—yA(:L‘ y) 2. (A.14)

-
2= — 471'
In this form, y* = 1 + elogy can be expanded in €. Hence, the y integral becomes

1
d
/ dy (1+elogy)—yA(z,y) 2
0 dy

1
_ el d_ Coe
= [pA(z,y)7? ]0+8/ dy logy g 5A(7,y) ?
0 (A.15)

1
d
— A(z,0)7% + E/ dy logyd—yy(l —2elog A(z,y)) + 0O (%)
0

1
:—1—6/ dylogy+ 0 (e?) = —1+e+0(?).
0
Since A(z,1) is non-singular in y, the upper boundary term vanished (line 2). Upon
reinserting back into the J,:

od—3 1
3M (F%) 1/ d (2Z)(1— &) + O (2)
0

3M2d3r2 1 (1 —¢)?
B = (4(71)35( o FE2—;>5)+0<€0) (410

3., (1 1 M? 0

where log 47 — v vanished as expected.

72 = *ﬁ%
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A.2. One- and two-loop CTs

One-Loop CTs

The one-loop CTs determined with the BFM for all SM parameters, the Wilson coefficient

of the Weinberg operator and the regulator masses read:

72

52" =
57V —
02 =
0z =
AR

A

L (g3 +2vy))

1672 -4
g2z (OE YY),
e (934 2763 + 4863 +18Y,Y] + 18Y, ¥,
oo g (40 + 120 + 9]V,
1
T16722.9 (g% + 1293 + 9Kij) ,
Tom22 g (91 + 303 —2),
1
—— (6A
Tom2e A+ T
1
Toze 1o BT +3(91% + 92°) + 695 — 24M(gf + 3g3) +192X° — 16T7],
e -
1
Toa g Yo [ (127 — 17} — 2743 — 9643) + 18Y,Y][Y, — 18Y, Y[V ],
1
= (oo gpYa  [Ya (127 = 5y} —27¢3 — 96¢5) — 18Y, Y[Y, + 18, YV, | .
1 —
= fome gl | (Y 1T — 158 —9g8) + 6Yv'v]
! T
= o [2(4A =363 +21) G, =3V 6, —3C5 (YY)
14,
16722 6 71
7
T T 16n2e 67>



ONE- AND TWO-LOOP CTS

Two-loop CTs

The two-loop CTs determined with the BFM for Lepton and Higgs wavefunction as well

as the Wilson coefficient of the Weinberg operator read:
1
677 = — (g +6¢2¢2 +57g1 +2(17¢% + 15¢2) VY,
¢ (16772)252‘32 [ 1 192 2 (1791 2) Y)Y,
T T
— 8TYY] — 8, Y VY]]
1
+ 2
(1672) ¢ - 64
+24TYY] + 8YY'V Y],
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1 43 3 15
572 :{ 2Ty (1YY, +5Y Y — 7y,
T (qer2)2ez 1167 g1+ 19195 — 16“(’2+891 ( WY - TYaY)

3 3
— S93T + 123Tr (Vv +vy)) - Tr (VY vy +3y, vy, Y]

+ 3V, Yy, vl — ey, vy, v}
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e U

15 oy, 3
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A.3. Two-Loop SM RGEs

The two-loop RGE for the Weinberg operator Wilson coefficient is supplemented by the
two-loop SM RGE. These were extracted from SARAH and RGBeta:

dg, 1 {41+ 1 [199 2, 90
Fap ~16m271 6 " 16n2 1891 T 2%2

44 1

dg, 1 19 1 (3, 35, , 1 >}
S92 _ _ 2 12g2 — =T
K 167r292{ 6 1672 <2gl+ g 21250

dg, 1, 1 (it , 9 f t ]}
_ _ — 92602 — 2T (V.Y + v,V
Py ~  16m2% { 1672 [ 5 91 593 — 2605 = 2Tr (Y, ¥, +Y,X])
A1 [3, 9, 3., 5 .2 }
QA 2l 222 o (32 24\ + 4T) A
M = T2 [891 + 205 + (9793 + (=397 — 995 + 24\ +47)
1 379 6 305 g 29 5, 599 3
- s S _ 2 AT
(1672) { RO g T g i — g 9isi — 49
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5 15
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u

dY_1{17

il TR R T T 893+T+3(YYT Y,v))
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+ (24283 g+ 11365 9% + 1693 — 121 — iT) Y, Y]
N (_jzg% N 196 1642 + 2T> y,yi - %T’ + 3Tr (v ylv,v])
- gYuYuT Y, Y]+ ZYdeT vyi—vylvy! - ZYuyj Y,vd } } Y, ,
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Here, T' =Tr [YzYlT + 3YuYuT + 3YdYJ] and T/ = Tr [(YZYZT)Q 43 (YUYHT)Q s (Ydyjy]'
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B. Scalar Potential in LR Model

The full scalar potential introduced in section 5.2.1 is presented in this chapter. For
simplicity, it is split into different types of couplings: dimensionful scales u, quartic
couplings «, v (with two bi-doublets and two doublets), ¢ (four doublets), and A (four
bi-doublets) or schematically

V(®,X,2) = V,+Vs+V,+V,+V,. (B.1)
In detail, these read:

V, == ()" Tr [7®] — (u§)” Tr [XTX]

; 1
— (1) Tr [®1X + XT9)]
— (1)* Tr [0 + BT D] — (uh)” Tr [KXF 4 XFX] (B.2)
— (u2)* Tr [éXT + @TX]
— p2=EtE
—_ 2
V,=9¢ (ETE)”, (B.3)

V, = ol Tr [®TO] ETE+ of Tr [XTX] ET=
+ofTr [@TX + XT®| =T=

+ b Tr [B0f + $1] =12 + abTr [RXT +X1X] =iz (B.4)
+abTr [0XT + $TX] =15,

V, = 11 EI®TE + 1{EIXTXE
+3PEI®T0E + APEIXIX=
+p°Et (@fX + XTe) 2+ 412t (TR + XT) 2
+298E1 (010 + &10) 24 2952 (XIX + XIX) 5 (B.5)
+95°ET (XTE + @1X) 2
+5eet (Xfe + @iX) 2.
V, contains quartic couplings of ®,X and their charge conjugated respectively. Since V)
does not include the doublet = that was newly introduced, its form remains the same

(for details, see [75]). Moreover, its contribution is highly suppressed as only electroweak
scales are involved, and the exact structures become less relevant.
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