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Introduction

The Standard Model (SM) is so far the best theory we have to describe the Universe. Three out of
four of the fundamental interactions that govern Nature have been well explained and tested at very
high precision. Nevertheless, we know that SM is not the final theory. Even neglecting gravitational
interactions, there exist some questions that SM is not able to answer. One of them is about the
observed fermion masses. In the SM these masses are strictly linked to the strength of the couplings
between the fermions and the Higgs field. These couplings are called Yukawa couplings. In total there
are 12 different fermions, divided into four categories of three generations each: the up- and down-type
quarks and the charged and neutral leptons. So far the SM predicts universality among the three
generations: namely, the three different fermions of the same type share the same quantum numbers
and interaction strengths with all the SM particles, but the Higgs field. What we know is that the
three generations of each of the four types of fermions have very different masses. The first generation
is very light while the third one could be even 10° times bigger. This leads to a very hierarchical
structure in the Yukawa couplings or, better saying, in the Yukawa matrices. In addition, the values of
those couplings are just set ad hoc to explain the observed different fermion masses. This leads to one
of the open questions in Particle Physics, usually referred to as the flavour puzzle (or flavour problem):
why do the Yukawa matrices have such a hierarchical structure?

Since the interaction strength between Higgs field and SM fermions is not universal, maybe this
is true also for the other interactions. In fact there is not really a fundamental reason that implies
the universality of the three generations. Throughout the past decades a lot of effort has been made
to detect some flavour universality violation, but nothing has been detected yet. This leads to the
possibility that flavour non-universality effects could be a feature that manifests at an energy scale
higher than the one we have already probed, namely at the TeV scale. An interesting attempt to
address the flavour problem is offered by the hypothesis of flavour non-universal Gauge Groups. More
precisely, we could think that the ultraviolet (UV) completion of the SM features a deconstruction
in flavour space of the flavour universal Gauge Symmetries observed up to the Electro-Weak (EW)
scale. The idea of addressing the origin of the flavour puzzle via flavour non-universal Gauge Groups
is not new, see for instance [1, 2]. A common feature is that this flavour non-universality couples
most strongly to the third generation. This is due to the a posteriori justification of an approximate
U(2)® flavour Symmetry acting on the light fermion generations, which is known to provide a good
description of the SM spectrum plus an efficient suppression of flavour-violating effects for low-scale
new physics (NP) [3, 4]. By invoking flavour non-universal Gauge interactions, the U(2)° Symmetry
emerges as an accidental Symmetry of the Gauge sector.

Another open question that has not been answered yet by the SM is the Charge quantization. It is
commonly known that the electric charge seems to be quantized from what we observe. Namely, the
electron has a charge e and all the other possible charges are multiple of that quantity. In the SM
this is closely related to the Hypercharge of the SM particles, which is the generator of a U(1) abelian
Gauge Group. In fact we know that the Charge associated to non-abelian Gauge Groups must be
quantized, but there is no such condition for the abelian ones (see for instance [5]). This means that, if
the SM Gauge Group is the final one, there is no reason whatsoever that the SM Hypercharges are
rational numbers. A possible explanation to the Charge quantization could be assuming that the UV
embedding of the SM is provided by a semisimple Gauge Group, which means that there are no abelian
U(1) components. Probably the most famous example is provided by the SU(5) UV completion of the
SM, firstly introduced by Georgi and Glashow in 1974 [6]. However, the issue of such kind of models is
that they all predict proton decay. Hence, by looking at the constraints we have on proton lifetime,
the energy scale at which the SM is embedded in such kind of models is pushed above 10'® GeV.

A very interesting possibility is offered by the SU(4) UV completion of the SM, firstly introduced
by Pati and Salam in 1974 [7]. The main idea is that leptons in the UV are not something different
from quarks, but rather the three coloured quarks and the lepton form the same fermion which is a
vector charged under SU(4). In such kind of models the B — L component of the Hypercharge (where
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B and L are the Baryon and Lepton Number respectively) together with SU(3)-Colour Gauge Group
of the SM are embedded in SU(4). This also means that B — L is gauged, which is an exact global
Symmetry of the SM. This is possible since the 15" generator of SU(4) is a 4 x 4 matrix proportional
to a diagonal one with eigenvalues (1/3,1/3,1/3, —1). This resembles very much the Baryon Number of
the quarks and the Lepton Number of the leptons. In such kind of models Baryon and Lepton Numbers
are conserved classically. This means that, like in the SM, proton decay is kept under control since it
is generated only by anomalies, which are very suppressed. For this reason they are very appealing if
one is looking for NP at the TeV scale.

Recently has been done a classification of the possible flavour non-universal deconstruction of
the SM Gauge Group with a Pati-Salam-like UV embedding [8]. In particular, the authors studied
possible models where the flavour non-universality of the third generation of fermions already happens
at the TeV scale. In addition, under the assumptions that the Higgs field is an elementary particle,
they assumed that it couples mainly with the third-generation fermions while the rest of the Yukawa
couplings are generated by some higher dimensional or, better saying, Effective Field Theory (EFT)
operators. This offers a possible explanation for the hierarchical structure of the Yukawa matrices. In
particular the authors found a very interesting class of models that have not been studied yet in the
literature. The peculiarity is that the flavour non-universality happens only in the SU(3) x U(1) Gauge
sector of the SM Gauge Group, while the SU(2)-Left sector is kept universal. This leads naturally to a
hierarchical structure of the Yukawa matrices such that they are almost superior-triangular matrices.
Thus, when one goes from the flavour- to the mass-basis, the mixing matrices of the right-handed
fermions are very close to the identity, showing very little mixing. Phenomenologically, this is a highly
desirable feature for flavoured NP near the TeV scale.

In this work we try to give an explanation to the flavour puzzle focusing on models where the
non-universality of the third generation is manifest in the SU(3) x U(1) Gauge sector of the SM. Also
we are going to assume that it finds a Pati-Salam-like UV embedding that occurs already at the TeV
scale. The fact that we want to analyse models where new degrees of freedom are close to that energy
scales is not only pragmatic. Clearly, if new particles appear at higher energy scales there is no chance
to probe these models in the next years. Nevertheless, there is a strong motivation to assume the
existence of NP at that scale which is linked to the hierarchy problem. It arises from the fact that
the Higgs mass, since it is a relevant coupling, is very sensible to quantum corrections. Hence, if NP
happens well above the TeV scale, it would imply strong fine tuning between the bare quantity and its
quantum corrections to explain the observed Higgs mass which is approximately 125 GeV.

Another important problem of the SM is that it predicts massless neutrinos. However neutrino
oscillations have been observed. This brings as direct consequence that (at least) two of the neutrino
species are massive since two different mass splittings have been measured. In addition, we know
from such observations that the three generations of neutrinos have comparable masses of O(1071) eV.
Possible minimal extensions of the SM to solve this problem assume the existence of sterile right-handed
neutrinos, either with a very suppressed neutrino Yukawa coupling or with a very high Majorana
mass. In the latter case, the observed very small neutrino masses are explained by a Direct See-Saw
mechanism (for a review see for instance [9]).

Such Pati-Salam-like models predict the existence of right-handed neutrinos and a neutrino Yukawa
matrix comparable (if not equal) to the one of the up-type quarks. Thus, the most efficient way to
explain the observed neutrino masses is by means of an Inverse See-Saw mechanism [2, 10]. This implies
the existence of three generations of sterile fermions with small Majorana masses. Such low value is well
explained by the fact that it is the only explicit source of Lepton Number violation. Nevertheless, there
is an issue concerning such models: in order to reproduce the anarchic small neutrino mass-spectrum,
the Majorana masses of these sterile fermions must be extremely hierarchical to compensate the
hierarchy present in the neutrino Yukawa matrix. In addition, See-Saw realizations usually predict
the existence of some heavy neutral leptons with Dirac or Majorana masses. Phenomenologically this
implies enhanced lepton flavour violation (LFV) effects with respect to SM predictions. Such kind of



processes are common features in beyond SM (BSM) theories and in the past decades there has been a
big effort in the detection of such effects, both from a theoretical and experimental point of view. For
instance look [11, 12, 13] and references therein.

In this work we try to face all the theoretical issues listed above which currently represent an
obstruction to the desired naturalness that such kind of models are expected to manifest. We anticipate
here that we will be able to provide a natural explanation to the neutral-fermion masses. Furthermore,
this model will predict the existence of three neutral (almost) Dirac-type (almost) sterile fermions
with hierarchical masses. This is a very peculiar feature and it is worth to study its phenomenological
implications. Thus, we are going to study in detail the phenomenology induced by such neutral fermions
with focus on LFV observables and related constraints.

To summarize, the model we are going to study will be able to solve the flavour puzzle, to explain the
Charge quantization, to reproduce the observed small neutrino masses assuming NP at TeV scale, hence
providing a possible solution to the hierarchy problem. All this while keeping the model very natural,
without the requirement of any strong assumption or fine tuning among the parameters of the UV theory.

This work in organized as follows. In Chapter 1 we study in detail the SM UV embedding of the
model considered, explaining the particles in the UV theory and the Symmetry breaking mechanism to
go down to the SM Gauge Group. In Chapter 2 we derive the Yukawa matrices that our model is able
to reproduce from an EFT description, together with a possible UV origin for such higher-dimensional
operators. In Chapter 3 we describe different possibilities to provide the observed small neutrino
masses by means of See-Saw realizations, reproducing the results already present in the literature. In
Chapter 4 we provide a new way to explain the observed neutrino masses solving all the issues that
concern naturalness that are present in all the models studied in the literature so far. In Chapter 5 we
focus on all the phenomenological implications of the heavy neutral leptons that arise from the model
we built.

The Appendix contains all the relevant calculations as well as further in-depth analysis or model-
building options not discussed in the main Chapters because less relevant or too technical. In addition,
there are listed many mathematical results that have been used as well as the notation and conventions
adopted throughout this work.

vi



1 Model Building

In this Chapter we are going to study a possible UV embedding of the SM with a flavour non-
universal deconstruction in the Colour and Hypercharge sectors. Then we are going to provide several
possible spontaneous Symmetry breaking (SSB) mechanisms to go down from the UV to the SM,
comparing the common and different features for each of them.

1.1 UV Theory
Consider the SM Gauge Group

HSM = SU(Q)L X SU(3)C X U(l)y (1.1.1)

where the Gauge couplings and fields! associated are (with the SU(N) indices a = 1,...,8, i = 1,2,3)
(92.959v),  (Wi,G*B). (1.12)

We want to study the following UV embedding that breaks the universality of the third generation
Hyy = SU2),, x SU@B! x sUB3)12 x sU@)E x un)i? (1.1.3)

where the Gauge couplings and fields associated are (with the SU(N) indices a = 1,...,15, b =1, ..., 8,
i,j =1,2,3)
(gLag4vg37.gRagX) ) (W[z,yHaaCbaW]{z5312) . (114)

Such a UV completion has been firstly introduced by [8] where the authors pointed out the promising
features of such a UV theory in explaining the hierarchical structure of the Yukawa matrices. The
importance of keeping SU(2), universal will be clear in the next Chapter. The choice to embed the
Gauge sector associated to the third generation in a semisimple Gauge Group arises from the aim to
give an explanation to Charge quantization. Finally, we have chosen a Pati-Salam-like UV embedding
[7] because it ensures proton stability, allowing to have a NP scale already at the TeV.

The fermionic particle content in the UV theory is listed in Table 1 with corresponding Charges
under the UV Gauge Group Hyy (1.1.3). In our notation, quark and lepton doublets are represented

respectively as follows
U v
o-(t). o) i

The fermions charged under SU(4) are represented as 4-vectors with a lepton in the last entry while
the quarks with their red, blue and green colours are placed in the first three. Explicitly they read as
follows

v=(Q @ @ 1) . (1.1.6)

Since the Yukawa couplings of the first and second generations of fermions are suppressed with
respect to the third one, it is sensible to assume that the Higgs field in the UV theory is charged only
under the third-generation Gauge sector. Thus we define the Higgs field in the UV theory as follows
with corresponding Charges under Hyy (1.1.3)

1
V2

where H is the SM Higgs field while H¢ = ia%H * is its Charge-Conjugate with a% being the second
Pauli matrix (G.1.12) that acts in the SU(2)r, space.

H = (H H)~(2,1,1,§,0) (1.1.7)

!To avoid using too heavy notation we omit the Lorentz index in all the Gauge fields when unnecessary.



v |SU@)p SU@® suE)td su@y umy?
%) 2 4 1 1 0
v 2 1 3 1 1/6
LY 2 1 1 1 -1/2
X5 1 4 1 2 0
uly 1 1 3 1 2/3
diy 1 1 3 1 -1/3
b 1 1 1 1 -1
vl 1 1 1 1 0

Table 1: Fermionic particle content in the UV theory. The index ¢ = 1,2 labels the first and second
generations of fermions.

1.2 Spontaneous Symmetry Breaking Mechanisms

To go from the UV theory down to the SM, we have to break the UV Gauge Symmetry. This is
made through a SSB mechanism and it requires the introduction of some scalar fields that have to
eventually acquire a vacuum expectation value (VEV).

We could assume that the SSB mechanism of Hyy (1.1.3) down to the SM Gauge Group (1.1.1)
happens in two consecutive steps. There are in total three possible ways to do this?:

st . 3] 3)[12] (12] ,
Model A 15" Step: SU(4) X SU( W x U)yx” = SUB)e x U(1)x (1.2.1a)
ond Step: SU(Q) Ul)x — UQ)y
15t Step: - SU@)E x U = u1)x
Model B s 1.2.1b
oce 9nd Step:  SU(4) x SU3)112 x U(1)xr — SUB)e x U(1)y (1.2.1b)
st . 3] 3] 3)(3] (3]
Model C 1%t Step:  SU(4) x SU(2); — SU(3 [)3] x U(l)y [) X (1.2.1¢)
2nd Step:  SU(3)P x SUB)M x U1 x U(1)5” — SUB)e x U(l)y
We can even write them in a more schematic, yet clearer, way as follows:
Model A: 4321 — 321 — 31 (1.2.2a)
Model B: 4321 — 431 — 31 (1.2.2b)
Model C: 4321 — 3311 — 31 (1.2.2¢)

Another possibility is to consider a slightly modified version of them which consists in doing a SSB in
three steps, where the first one is always the same and it is given by the breaking of

su@)t¥ - v, (1.2.3)

This is important to get a little generalization of the models above producing more naturally the
structure of the Yukawa matrices. Specifically the new models have the following SSB steps:

ond Step:  SU(4)B % SU(3)012 x UM = SUB)e x U1)x

Model D d 3] (1.2.4a)
3¢ Step: U(1)p x U(1)xr — U(l)y
ond Step: U(D)E x U(1)x — U(1)x
Model E R 1.2.4b
o 37 Step: W)Bxﬂﬂﬂmeux—%UUCxWUy (1.2.4b)
nd . 3] 3] 3)[3] (3]
Model F 274 Step:  SU4)P x U1 ) — SUB)P x U(1)§ (1.2.4¢)

31 Step: (mﬂxmxﬂmeUWxU(Wﬂﬁsm@Cany

2Since SU(2) 1 must be kept unbroken, it is just a spectator in the SSB mechanisms and is omitted.



and schematically they read as follows:

Model D: 4321 — 4311 — 311 — 31 (1.2.5a)
Model E: 4321 — 4311 — 431 — 31 (1.2.5b)
Model F: 4321 — 4311 — 3311 — 31 (1.2.5¢)

What are left to be defined are the scalar fields responsible to trigger such SSB mechanisms. We
define the following ones with corresponding Charges under Hyy (1.1.3)

Model ABD.E 5~ (1,4,1,1,-1/2), Q3~(1,4,3,1,1/6), Sp~(1,1,1,2,1/2), (1.2.6a)
Model C,F O ~(1,4,1,1,-1/2), Q3~(1,4,3,1,1/6), Az~ (1,4,1,2,0). (1.2.6b)

As it will be clear in the following Sections, the U(l)[)1<2] Charges are chosen in such a way that in the
broken phase are reproduced exactly the SM Hypercharges of all the fields?. Then, for Models D, E
and F, we need a further scalar field to trigger the SSB step (1.2.3). This must be done only by a field
that transforms under the adjoint representation of SU(Q)B%]. Hence we define the following scalar field
with corresponding Charges under Hyy (1.1.3)

S5~ (1,1,1,3,0). (1.2.7)

To conclude, we also define the SU(2)[§ Charge-Conjugate fields of X and Aj as follows

¢ =ioRYh ~ (1,1,1,2,—1/2),  AS=iockA;~ (1,4,1,2,0) (1.2.8)
with 0% being the second Pauli matrix (G.1.12) that acts in the SU(2)E§] space.
In the following Sections we go through all the SSB steps for each of the models considered. At
last, in Section 1.9 we list all the resulting Gauge boson fields in the broken phase together with their
masses and the expression of the covariant derivative.

1.3 Model A
The first step is triggered by 21 and €23 and we choose their VEVs to be

ws 0 0 0
@)=(0 00 w), (=[0 w 0 0f. (1.3.1)
0 0 ws O

The SSB is evaluated in Section A.1 in the Appendix and we find that the residual Gauge Group is
Ha =SU(2), x SUB)e x SUR)E x U1)x (1.3.2)
with Gauge couplings and fields denoted by
(91, 95, 9R, 9X7) (WE,G“,W{E,B’> (1.3.3)
where a = 1,...,8 and i,j = 1,2,3 and (where j; = v/6g4/2)

go = 9493 gy — 9a9x (13.4)
s — 77 A —— . .
\V9i+ 93 \V9i + 9%

3 Actually, in full generality for Models C and F we could assume more general U(l)[)?] Charges, namely for Q3 ~ 7/6
while for Q1 ~ —n/2 where 7 is a free parameter. To get the SM Hypercharges we just need to rescale all the Charges of
the particle content as x 2y nX[12]. However this seems to be a minor and not well justified generalization.




The U(1) xs generator is given by
X' =x 4 ?TB (1.3.5)
and the diagonalized Gauge boson basis reads (where a = 1,...,8)

G = sy3H® + ¢c43C° m% =0, (1.3.6&)
G = cyzsH® — 543C° m%v = w% (g§ + gZ) , (1.3.6b)

r

U:I: — 12 (HQZFZ'HIO)

Uf = — (HY 7iH2) m2 =2 (02 +u?) (1.3.6¢)
\{i 2
Uk = 7 (H 7 iH™)
B = S4xH15 + c4x Bio mQB/ =0, (136d)
/ 15 2 1 2 W:)Q, ) 2
7 = C4xH — 84)(312 Mmyr = 5 w1 + ? (94 + gx) (1.3.66)

where we have defined
C43=g741 8432973 C4X:¢ 84X297X (1.3.7)
Vi + 93 Vi + 93 Vi + 9% Vi + 9%

The massive boson fields have Charges UX ~ (1,3,1,+2/3) (where ¢ = r,b,g), G’ ~ (1,8,1,0) and
Z' ~(1,1,1,0) under H,4. The covariant derivative reads as follows

Dy =0, —igtTiW} —igsT°G® — igrTHW?}, — igx: X' B’

) ) i1 [V6 .- 1.3.8
—igs 3 (THUF + 1707 ) =it (cdy — s3) TG — i V65 2. X'| 7/ (1.38)
C:Tbg C C (& (& 2043 C4X 3

where we have defined

A 1 /- . . 1 /- A A 1 /. A
+ L (79 10 + L (1 P12 + L (713 pld
Tr_ﬂ<TizT>, T, _ﬁ(T +i"?) Tg_\/i(T +iTM) . (1.3.9)
The second step is triggered by X ~ (1,1,2,1/2) (whose Charges are referred to H,4) and its
VEV is chosen to be
(Sp) = <0> . (1.3.10)
VR

The SSB is evaluated in Section A.2 in the Appendix and we find Hgy as residual Gauge Group with
Hypercharge
V6 -

Y =T} 4+ X' =Tp + x'2 ¢ ?TB (1.3.11)

and coupling /
gy = —2RIX (1.3.12)

V9% + 9%

To find the diagonalized Gauge boson basis we need to notice that we have an interaction between
Yk and Z' which changes slightly the mixing evaluated in Section A.2. In particular the covariant
derivative gets the following contribution

{ gg( /
D)Ygr D —c—F————=7%R. (1.3.13)
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When X i acquires its VEV, it modifies the mass-matrix as follows

1 w2 R 2 1 9
Lar >4 (“% + 33> (94H15 - 9X312> + 1”12% (gRWf% - gXBu) : (1.3.14)
1.4 Model B
The first step is triggered by Xz and we choose its VEV to be
0
(XR) = ( ) : (1.4.1)
VR

The SSB is evaluated in Section A.2 in the Appendix and we find that the residual Gauge Group is
Hp =SU(2) x SU@)E x SUB)M x U1) x (1.4.2)
with Gauge couplings and fields denoted by
(9L, 94,93, 9x7) (WE,H‘I,Cb,B') (1.4.3)

wherea=1,...,15,b=1,...,8 and i = 1,2,3 and

9X9R

V9% +4XEg%
The U(1)x/ generator is given by
X' =13+ x11 (1.4.5)
and the diagonalized Gauge boson basis reads
1 . g2
Wi = % (WhFiWg)  miy, = ok, (1.4.6a)
B = crxBio + SR)(W}% mQB/ =0, (1.4.6b)
97 93
7' = —spx B2 + crx W} m%, = %v% (1 + 4;;)(%) (1.4.6¢)
R
where we have defined
gR 29xXr (1.4.7)

CRx:/z 22’SRXZ/2 2 v2
9 +495% X5 9 +495x X%

The massive boson fields have Charges Wi ~ (1,1,1,+1) and Z’ ~ (1,1,1,0) under Hp (1.4.2). The
covariant derivative reads as follows

Dy, = 0y —igi TiW] — igsT*H® — igsT"C® — igx X' B’

. e\ 1.4.8
—ign (TEWE + Tz W) —10‘% 75— sh X'] 2 (1.48)
where we have defined )
+ _ 1 -2
Ti =75 (Th+iT3) . (1.4.9)

The second step is triggered by 1 ~ (1,4,1,—1/2) and Q3 ~ (1,4,3,1/6) (whose Charges are
referred to Hp) and their VEVs are chosen to be

wy 0 0 0
Q)=(0 00 w), (Q=[0 w 0 0. (1.4.10)
0 0 ws O



The SSB is evaluated in Section A.1 in the Appendix and we find Hgy as residual Gauge Group with
Hypercharge

6. 6.
Y = \3[T15 FX = \?{TE +x02 73 (1.4.11)
and couplings
9493 _ 949X’ (1.4.12)

9s = T 5 Y= 2 v2
g1+ 93 gi + 49X/XQ

To find the diagonalized Gauge boson basis we need to notice that we have an interaction between
Q1, Q3 and Z’ which changes slightly the mixing evaluated in Section A.1. In particular the covariant
derivatives get the contributions

. 2 : 2
¢ Ix / ¢ 9x '

DD -———72"O, D3 D —— ————7"03. (1.4.13)
2\Joh+ ok Ok + ok

When ;1 and Q3 acquire their VEVs, it modifies the mass-matrix as follows

1 2 1 w3 . 2
Ly D ZU% (QRW}Sz - QXBl2) t1 <W% + ;) (94H15 - gXB12) : (1.4.14)
1.5 Model C
The first step is triggered by Asz and we choose its VEV to be
00 0 O

The SSB is evaluated in Section A.3 in the Appendix and we find that the residual Gauge Group is
He =SU2); x SUB)E x su@) < um¥ x v (1.5.2)
with Gauge couplings and fields denoted by
(92,98 gt g,k )« (Wi H",C" By, Bua) (1.5.3)

where a,b=1,...,8 and 7 = 1,2,3 and

G19R
gt=g1, gi=g3, k= > g% = gx (1.5.4)
V94 T 9r
The U(l)[):? generator is given by
0 ~
XB =73 ¢ ‘gTL” (1.5.5)

and the diagonalized Gauge boson basis reads (we omit H® for a = 1, ..., 8 that are still present)

U:t — 12(H9:FZ'H10)

r

+ . g
Uy = ? (H' ¥ iH"?) m¥ = ?411)2 , (1.5.6a)
U:t - (H13 :FZ'H14)
7 V2
+ 1 1 1r72 2 9%% 2
WR = ﬁ (WR F ZWR) mWR = ?w N (156b)
B3 = C4RW1§2 + S4RH15 m233 =0, (1.5.6C)
‘ 1 ./
7' = —sapWi + el my = Ju? (92 + a2 (1.5.6d)



where we have defined

A

_ 94 o JRr
C4R = —F7———=, S4R =

__9r (1.5.7)
93 +9% 93 + 9%

The massive boson fields have Charges UF ~ (1,3,1,42/3,0) (where ¢ = ,b, g), W;%t ~(1,1,1,£1,0)
and Z' ~ (1,1,1,0) under He. The covariant derivative reads as follows

D, =8, —igrTiW} —ighT H® —igT?C® — igh X¥IB; — igh X1 By,

. Ce—) A LN ds [ V64 (1.5.8)
—igr (TEWE + TWy) —ige > (TXUS +17U7) —zé [3@5 _ SZRX[?)}] a
C:T7b7g

The second step is triggered by €27 and 23 which at this stage each one is split into two fields, one
of which will acquire a VEV. Namely, under Hyy they can be written in the following forms

Q=2 &), Q= (2% 9) (1.5.9)
and under Hg each of them have Charges

Q) ~(1,3,1,-1/6,-1/2), 05(1,1,3,1/2,1/6),

- - _ (1.5.10)
O ~(1,1,1,1/2,-1/2), Q3 ~(1,3,3,-1/6,1/6).
We make only the last two to acquire a VEV that we choose to be
N N w3 0 0
(Ql> = wi, <Qg> = 0 w3 0 . (1.5.11)
0 0 w3

The SSB is evaluated in Section A.5 in the Appendix and we find Hgyr as residual Gauge Group with
Hypercharge
V6

y = xBl 4 x02 =73 4 ?T“ + x 2 (1.5.12)

and couplings

h ¢ h ¢
95 9s - IX9x (1.5.13)

gs= ——=2 gy :
V()2 + (g8)? (g%)% + (95)?

To find the diagonalized Gauge boson basis we need to notice that we have an interaction between {2y,
Q3 and Z’, UF which changes slightly the mixing evaluated in Section A.5. In particular the covariant
derivatives get the contributions

. N
D Digs Y (WTIUD) + 5%2’91, (1.5.14a)
c=r,b,g 9n + gi
. 2
. N 1
DS Digs Y. (WTIUF) - E%Z’ Q. (1.5.14b)
c=r,b,g 9n + gi

When ©; and €3 acquire their VEVs, it modifies the mass-matrix as follows

2
w3
3

1 _ 1 R 2 1 . 9
EM 2 %(w%_‘_w%) Z Uc+Uc +Zw2 (QRWI% - g4H15) +Z w% + (g4H15 — g)(B12) . (1515)

c=r,b,g



1.6 Model D
The first step is triggered by Y3 and we choose its VEV to be

(%) = 2 (é _01> — T, (1.6.1)

The SSB is evaluated in Section A.6 in the Appendix and we find that the residual Gauge Group is
Hp = SU(2);, x SU@A)P x sU3)12 x u) < un)i? (1.6.2)
with Gauge fields and couplings denoted by

(gng47g3ngagX) ’ (WszaacbaB?nBlQ) (163)

where a = 1,...,15,b=1,...,8 and i = 1,2,3. The U(l)g] generator is given by

xB =13 (1.6.4)

and the diagonalized Gauge boson basis (regarding the broken sector) is given by

1

+ 1 112 2 22

”/R = \/i(LLR:FZLLR) mWR:gRU3, (165&)
By =W} mp, =0. (1.6.5b)

The new massive Gauge bosons have Charges Wf{ ~(1,1,1,+£1,0) under Hp. The covariant derivative
reads as follows

D, = 0, —igi T Wi —igs T H ~igsT"C'—igx X" Biy—igr X}J By—ign (T{W + Tp Wy ) . (1.6.6)

The second step is triggered by Q1 ~ (1,4,1,0,—1/2) and Q3 ~ (1,4,3,0,1/6) (whose Charges
are referred to Hp) and their VEVs are chosen to be

w3 0 0 0
@)=(0 00 w), (©@)=[0 w 0 0. (1.6.7)
0 0 w3 O

The SSB is evaluated in Section A.1 in the Appendix and we find that the residual Gauge Group is
Hj, =SU2), x SUB)e x UMWE x U(1) 5 (1.6.8)
with Gauge couplings and fields denoted by
(92,9591, 9x) (Wi,G" B3, B) (1.6.9)

where a = 1,...,8 and ¢ = 1,2,3 and

o= — BB gy = IEX (1.6.10)
VI + 33 Vi +a%
The U(1)x generator is given by
X' = x4 \fiﬁ“ (1.6.11)



and the diagonalized Gauge boson basis reads the same found in (1.3.6) (with even same notation) and
the new massive boson fields have Charges UF ~ (1,3,0,+2/3) (where ¢ = r,b,g), G'* ~ (1,8,0,0)
and Z' ~ (1,1,0,0) under H},. The covariant derivative reads as follows

D, = 8, — igrTiW} — ig,T°G* — igrX}] By — igx: X'B' — ign (T{ W + Ty W)
. . 0 6 - (1.6.12)
—ige Y. (THUS + 1707 ) =i (- %) TG —i2- VG 2 X'| 7'
c=rb.g 2643 C4x 3
The third step is triggered by > r which at this stage is split into two fields, one of which will
acquire a VEV. Namely under Hyy it can be written in the following form

i
Sr=|F (1.6.13)
2R
and under HJ, each of them have Charges
Y%~ (1,1,-1/2,1/2),  ¥h~(1,1,1/2,1/2). (1.6.14)

We make only the first one to acquire a VEV that we choose to be
(%) =wg. (1.6.15)

The SSB is evaluated in Section A.7 in the Appendix and we find Hgyp as residual Gauge Group with
Hypercharge
V6

Y = X!+ X = X0 ST 4T (1.6.16)

and coupling

gy = —SRIX (1.6.17)

9%+ 9% '

To find the diagonalized Gauge boson basis we need to notice that we have an interaction between ZOR
and 7', Wg which changes slightly the mixing evaluated in Section A.7. In particular the covariant
derivative gets the contributions

; 2
0 ¢ 9x 0 _ . 0
9x T Yy
When EOR acquires its VEV, it modifies the mass-matrix as follows

2
VR

+ —
207 ) WEWE

1 w?\ /. 2 1 2
Ly > (w% + 33> (g4H15 - nglz) + ngz (QRW}?% - QXBl2) + R (1 +

(1.6.19)

1.7 Model E

The first step is completely equivalent to the one of Model D. The second step is triggered by X
which is a doublet of two scalar fields as in (1.6.13) with Charges under Hg = Hp (1.6.2)

¥4~ (1,1,1,-1/2,1/2), EE~(1,1,1,1/2,1/2). (1.7.1)
We make only the first one to acquire a VEV that we choose to be

(E%) = vr. (1.7.2)



The SSB is evaluated in Section A.7 in the Appendix and we find that the residual Gauge Group is
Hypy =SU(2) x SU4)E x SUB)M x U(1) (1.7.3)
with Gauge couplings and fields denoted by
(91, 94,93, 9x7) (WE,H“,CZ’,B’) (1.7.4)

wherea=1,...,15,b=1,...,8 and i = 1,2,3 and

\VIx t9r
The U(1)x generator is given by
X' =xM 73 (1.7.6)

Since Xg is a SU(Q)E%] doublet, we have an interaction between X% and WRi in the covariant derivative
which changes slightly the masses of Wg. In particular the covariant derivative gets the contribution

D,S% O —igrTR WY (L.7.7)

When Z% acquires its VEV, it modifies the mass-matrix as follows

L D ghv3 (1 + ;f%) WiWg = miy, Wiy . (1.7.8)
The diagonalized Gauge boson basis reads

B' =sxpBia+cxpBs  m% =0, (1.7.9a)

7' = cxrBi2 — sxrB3 m, = %v% (gg( + g?%) (1.7.9b)

where we have defined
(1.7.10)

gx 9R
CXR = —F/——, SXR— —F/7/———.
VI + 9% V9% + 9%

The massive boson field has Charges Z’ ~ (1,1,1,0) under H};,. The covariant derivative reads as
follows

Dy =0y —igtTiW} — igaT°H® — igsT"C" — igx: X'B’

—ign (TEW + Tpwg ) —i25 (X012 - 3 px7) 2.
CXR
The third step is triggered by Qy ~ (1,4,1,—1/2) and Q3 ~ (1,4,3,1/6) (whose Charges are
referred to Hj;) and their VEVs are chosen to be

(1.7.11)

w3 0 0 O
@)=(0 00 w), (@=[0 w 0 0f. (1.7.12)
0 0 w3 O

The SSB is evaluated in Section A.1 in the Appendix and we find Hgyr as residual Gauge Group with

Hypercharge
Y = ?T“’ + X = ?T“’ +x02 4 73 (1.7.13)

and coupling

9agx’
gy = —F= 5 - (1.7.14)
V 94 + gg(/
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To find the diagonalized Gauge boson basis we need to notice that we have an interaction between
01, Q3 and Z’ which changes slightly the mixing evaluated in Section A.1. In particular the covariant
derivatives get the contributions

i 93( / i g%{ /
DS\ D=7, D3 D ——————=27"(3. (1.7.15)

When 2; and Q3 acquire their VEVs, it modifies the mass-matrix as follows

1 2 1 w3 N 2
Ly D ZU?% (QRWJ?% - QXB12> + 1 (W% + ;) (94H15 - gXBm) . (1.7.16)

1.8 Model F

The first step is completely equivalent to the one of Model D. The second step is triggered by As
which at this stage is split into two fields, one of which will acquire a VEV. Namely it can be written

in the following form
Ay =3 ( )
= 1.8.1
’ Af

and under Hp = Hp (1.6.2) each of them have Charges
A~ (1,4,1,-1/2,0),  AF ~(1,4,1,1/2,0). (1.8.2)
We make only the first one to acquire a VEV that we choose to be
(Ag)=(0 0 0 w). (1.8.3)
The SSB is evaluated in Section A.4 in the Appendix and we find that the residual Gauge Group is
Hy = SU2) x SUB)E x su@)2 < um¥ x v (1.8.4)
with Gauge couplings and fields denoted by
(90,92 0t 0%, 0%) (Wi, H",C" By, Brs) (1.8.5)

where a,b=1,...,8 and 7 = 1,2,3 and

\/ 94 + 9%
The U(l)[)‘? generator is given by
6 ~
XB =73 4 {T”’ . (1.8.7)

Since Ag is a SU(Q)Q} doublet, we have an interaction between A9 and Wg in the covariant derivative

which changes slightly the masses of W;%. In particular the covariant derivative gets the contribution
DA D —igpTHWHAY. (1.8.8)

When EOR acquires its VEV, it modifies the mass-matrix as follows

w?

Ly D givs (1 + 2U§> WEWE =miy WEWp . (1.8.9)
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The diagonalized Gauge boson basis reads (we omit H® for a = 1, ...,8 that are still present)

UE = (9 5 iHY)

E \1/5 i
U = = (HY FiH2) m2 = %‘Wﬂ, (1.8.10a)
Uf = \}i (H" FiHY)

By = cigWi + sagH'"™  m%, =0, (1.8.10b)
7' = —sugWip + curHY  m% = %wz (gﬁ + g%) (1.8.10c)

where we have defined

A

94

IR
C4R = y S4R = :
9+ g% V9% + 9%

The massive boson fields have Charges UF ~ (1,3,1,+2/3,0) (where ¢ = 7,b,g), Wi ~ (1,1,1,41,0)
and Z' ~ (1,1,1,0) under H}. The covariant derivative reads as follows

(1.8.11)

Dy =0 —igrLTiWi — ighT"H® — ig!T*C® — igh X¥I By — igh X1 By,
. o\ N N s [ V6 1.8.12
—igr (TEWi +TWg) —igs Y (DU + 1707 ) - zc% [3T15 ~ X 7 (1.8.12)
c=r,b,g

The third step is completely equivalent to the second step of Model C with even same notation.

1.9 Gauge Spectrum in the Broken Phase

In this Section we list and compare the Gauge mass-spectrum in the UV broken phase (thus at the
SM Symmetry Group) for each of the different SSB mechanisms considered.

From the breaking of SU(4)B! — SU(3)B! we have six massive leptoquarks UF (where ¢ = r,b, g).
From the breaking of SU(3)P x SU(3)") — SU(3)c we have eight massive Gluons G’ (where
a=1,...,8). From the breaking of SU(2)§ — U(1)[R§] we have two massive W-type bosons Wi . At
last, from the breaking of the diagonal subgroups of SU(4)P and SU(Z)[R;’], we have two neutral massive
Z-type bosons Z' and Z”. Explicitly we have that in all the models the massive gluons, leptoquarks
and W-type vector bosons read as follows with corresponding Charges under Hgy (1.1.1)

a _ 94 HO _ g3 C
\V9i+ g3 \V9i+ g3

U:I: — L (Hg:FiHIO)

G ¢ ~(1,8,0), (1.9.1a)

T2
+ 1 11 o ;prl2
U5 = ﬁ (HY FiH'?) ~(1,3,£2/3), (1.9.1b)
1
U:I: - (H13 :FiH14)
V2
1
Wi = NG (WhFiW3) ~(1,1,+1). (1.9.1c)
Their masses depend on the model considered and explicitly they read as follows
1 1
Model AB  m =wi (g3 +4i), mp= 594 (wi+wd), mh, = SIRVR (1.9.2a)
1 w? + w? 1
Model C méy = w3 (gg + gi) . mb = ingz (1 + 1w2 3) , m%/VR = 59%71)2, (1.9.2b)
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1 v3
Model D,E mé, = wi (g% +gZ) . mi = 592 (w% + wg) , m%,VR = g%l <1 + 2;}2) , (1.9.2¢)
3
1 wi + w3 w?
Model F mé, = wj (g% + gZ) , my = igin <1 + 7111]2 2 m%/VR =gRv3 [ 1+ 2—05 .

(1.9.2d)

For all the models the eight massless gluons (Gauge bosons associated to SU(3)¢) are given by
(where a =1,...,8)

93 94
G'= ——————H"+ ———C". (1.9.3)
Ji+ad  Ji+a
The Hypercharge (generator of U(1)y) is given by
6 -
Y =T5 + \B[T“’ + x02 (1.9.4)

Also the couplings associated to Hgyp are the same for all the models (as expected) and explicitly they
are given by

_ R ~1/2
9394 1 1\ 12 J49RIX 1 1 1
9s = 2_(§]2+92) Y T 5 2 ?—FQT—FQT (1.9:5)
\/ 95 + 93 3 4 919%r + 919% + 9rIX 4 R X

where 4 = \/6g4/2.

The main differences among the models are given by the three neutral vector bosons. They are
always given by two neutral massive vector bosons with Charges Z’ ~ (1,1,0), Z” ~ (1,1,0) under
Hgyr (1.1.1) and one massless which is identified with B (the Gauge boson associated to U(1)y).
In terms of UV-theory quantities, they are generated by a linear combination of the vector bosons
associated with the diagonal subgroups of the UV Gauge Group. The mixing matrices are found
by diagonalizing the neutral mass-Lagrangian provided by the models. Also, to get somehow nicer
expressions, we have worked up to first order in € which, after having defined

2

O =w?+ % , (1.9.6)

it is given by ¢ = v%/Q? for Models A and D, € = Q?/v% for Models B and E while e = Q% /w? for
Models C and F. We assume ¢ to be small thanks to the present hierarchy between the VEVs of the
scalar fields which are acquired at different energy scales. The mixing matrices read as follows

Model A,D

JRIX 9a9x J49R
2 2 .2
B . v . . VR g H'
| 1| ~919keax (1 + Q@ﬂi;(ﬁ) grpsx  —Gigxpax (1- o5 542( pixa2> .
= R
4 71 v2 v2 V3 By
gapaxo (1 — a0xPix | 9rOXPixOGs  —gxpaxo |1+ 5030k pix
(1.9.7a)
Model B,E
9JRIX 949x 949R
B ~A = 92 Q2 g2 H15
A 91PRx —9RIX PRX (1 + ng%zXUQ> —9RIXPRX (1 — 55 Phxo” -
) : g Lo :
Z §4923 U& o 17&44 . o 1+&224 Bia
XPRX U% 9JRPRX v%gXpRX IXPRX U%QRQ)(PRX
(1.9.7b)
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Model C,F

9RIX 949x Ga9R
B R Q g R Q2 _ H15
| _ 1| —0gkear (1= 55 pipo” | —Gigrpan |1+ —5pigo? 9XPin s
/ o 2 2 2
Z . 1 59 4 1_& o3 ) \ B2
gaparo | 1+ 2 J19RPAR 9RPARO 94P4R 9XY1P1rY " 3
(1.9.7¢)

where we have defined

pix =\ + 9%, rn=1\03+9%, Prx =\ 9%+ 9%, 0—\/g4gR+§Zg§(+g?39§(- (1.9.8)

Notice that the massless vector boson B is the same in all the models as expected. Also we can check
that all the mixing matrices are an element of SO(3). The masses of the neutral vector bosons depend
on the model considered and explicitly they read as follows

0z v2 v2
Model A,D my =0, my = 7,04)2( (1 + Q@gipﬁ&) . My = 7R02p4x, (1.9.9a)
2 2 2
Model B,E 2 _ 0 m2, = R,m2 (14 2 20 1.9.9b
odel B, mpg , Mg 5 PRX + DL IXPRX | 5 Mzr 5 7 PRX (1.9.9b)
R
2 2 2
w* _ 0 Q
Model C,F mZB = 0, mQZ/ = 7p41% (1 + U}QgipiR> ; mQZ// = 70’2[)421}{. (199C)

The last quantity to write down is the covariant derivative in terms of the broken vector bosons. In
particular the SM Gauge contributions are common to all the models as expected. The contributions
provided by the massive gluons, leptoquarks and W-type vector bosons seem to be independent on
the SSB mechanisms exploited. The only differences are in the contributions provided by the neutral
Z-type vector bosons. Explicitly we find that

D, =0, —igtTiW} —igsT*G* —igyY B

—igR <T§W§+T§Wg) —igs Y (TAJU;JFTEU;) _%MTCLG/CL+D2 (1.9.10)
c=rb,g \/ngg
where we have defined
1
+ L (1 2

Ti = 75 (1t +i1?) (1.9.11a)

. 1 /. . . 1 /. . . 1 /. .
+ L (79, .10 + L (11 2 + 1 (13 14

The Z-type contribution to the covariant derivative Df for each of the models considered reads as
follows

Model AD
: P4x ~2 P4X V% Py O g 3
ZD;%:[ S <1+Qgp4xff ) (B - L) - gkot== (1 2 )Y[12]+p4§UT[ ]] Z'
1
~2 1_@44 B_ 18 _ 2 1_%2@4 yli2l §223T[3} VA
g4pP4x QggXp4X ( ) gxpPax 02 9x94Psx + QgngRp4X R

(1.9.12a)

_l’_
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Model B.E

° PRX 02 phyo” 93
.DZ — | 2 2 IOR;X 1 - 4 2 T[3] _ 2 2 A _ RX [12] B L [3] Z/
Wy [ Ix9r— + v%pRXU R ~I9xIr— ) + PRXU( )

0?2 3 0?2
+ QJQ%PRX <1 - 0294)1(0111%)() TI[%] - ggprX (1 02 9X9RPRX> v + 02 9x94PRX(B - L)[S]] z"
R VR R
(1.9.12b)
Model C,F
02 PAR Q? pipo® 93
D — | _g2,2PAR [ 2 T[3} 42 27 1— 4R B — )83 X _yl2|
Dy [ 919r~_~ + 2P4R0' 919r o2 3 ( )+ Py
0?2 R 02 02
+ |ghpoar (1 0P 4R> TH — §3par (1 - ngiQ%PiR) (B-L)¥ + wggigggpiRYM] z"
(1.9.12¢)
where we have defined
0 -
(B - L)Bl = ‘ngf’ ¥ =713  yld=x02 (1.9.13)

At last, we observe that in some models are present some scalar fields which did not acquired a
VEV and are remnants of the scalar bosons that triggered the SSB. In particular for Models A and B
we do not have any. For Model C we have that 21 and 3 split when Aj acquires its VEV, and one of
those components each is still present and are given by (notice that one is the antiparticle of the other)

Q) ~(1,3,-2/3), 0%~ (1,3,2/3). (1.9.14)

For Models D and E we have that Y splits when Y3 acquires its VEV and one of those components is
still present and it is given by
Yh~(1,1,1). (1.9.15)

For Model F we have that are present the two components of 21 and Q3 in (1.9.14) and two components
of As (plus their antiparticles) which are given by

Af ~(1,1,1), A3 ~(1,3,-1/3). (1.9.16)

Clearly we expect all of them to be heavy enough to not have been detected yet. Their masses will
depend on the details of the potentials of the scalar fields, which is something we have not taken into
consideration.
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2 Yukawa Matrices

In this Chapter we are going to study in detail the structure of the Yukawa matrices that are
generated by the models we considered in this work. In particular our aim is to explain the hierarchical
structure of the Yukawa matrices of the SM. To do so, we are going to assume that the suppressed
Yukawa couplings are such because they are generated from some EFT operators which are naturally
suppressed with respect to the non-suppressed ones. Then we are going to provide a possible UV origin
for such higher-dimensional operators.

2.1 General Structure of the Yukawa Matrices

In the SM Yukawa matrices represent the couplings between the Higgs field and the SM fermions.
They are four in total, one for the up-type quarks YV, one for the down-type quarks Y, one for the
neutral leptons YV and one for the charged leptons Y#. All of them are 3 x 3 completely general
complex matrices. Not all their entries are physical, but there are some constraints that are fixed
by experimental observations. The most prominent ones are given by the observed fermion masses.
They are intimately related to their eigenvalues. In fact, once they have been diagonalized with a
singular-valued decomposition (for more information see Section D.2 in the Appendix), we have that
the three eigenvalues y; are related to the fermion masses m; of a given fermion type as follows

Yi
m; = —=0 2.1.1
7 \/5 ( )
where v = 246 GeV is the Higgs” VEV. We know the masses of all the quarks and charged leptons.
For YV, YP and Y¥ the eigenvalues (at the Mz ~ 91 GeV scale) that we would like to explain are
respectively [14]

v ~ 0.99 Ye~3.6-1072, Yy ~7.3-1079; (2.1.2a)
yp ~ 1.7-1072, ys ~3.2-1074, yg ~1.7-107°; (2.1.2b)
yr ~1.0-1072, Y, ~5.9-1074, Ye ~2.8-107°. (2.1.2¢)

One can appreciate the clear hierarchy between the three generations. In this Chapter we are going to
explain the hierarchy between the third and second generations, assuming that the one between the
second and first will be described by a further UV embedding of the model we considered at an energy
scale well above the TeV. The masses of the neutral leptons (the neutrinos) are not known yet, but we
expect them to be all comparable and of O(1071) eV. For this reason we postpone the explanation of
neutrino masses in the next Chapter.

Regarding the Yukawa matrices of the quarks, there are further constraints that we need to satisfy.
Phenomenologically, a highly desirable feature for flavoured NP at the TeV scale is provided by
suppressed right-handed mixing between light and heavy fields [8]. This condition reads generically as
follows

Y| < |vE|  where F=UD (2.1.3)

and it is naturally reproduced by our model thanks to the choice of leaving SU(2); universal. In
addition, the way we diagonalize the Yukawa matrices is linked to the CKM matrix that plays an
important role in Charged-Current Weak Interactions. In particular, we can perturbatively diagonalize
the Yukawa matrices with such a hierarchical structure to find the mixing matrices and hence the
CKM matrix. This has been done in Section C.1 in the Appendix, finding that

Ve = Y35 /Y5 — Ya3/ Y43 - (2.1.4)

To find this result we assumed that Y;3 < Y33, but this turns out to be a necessary condition since
we have that |V| ~ 0.04 (unless we allow fine tuning between the two subtracted quantities). This
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condition puts other constraints on the Yukawa matrices that we want to reproduce, namely
V5| < Valye ~ 1072, |V < [Viplyp ~ 1072, (2.1.5)
Then, if we also require (2.1.3), we need the further constraints
Y $107%, RIS 107, (2.1.6)

Another result that have been derived in Section C.1 is that the third- and second-generation eigenvalues
of the Yukawa matrices are (not surprisingly) given by (with F' = U, D, N, E)

v~ Yol ys =Ygl (2.1.7)

2.2 Yukawa Matrices as EFT

In this Section we list all the possible EFT operators that could be used to generate the Yukawa
matrices. To do so, the only possibility is to use some scalar fields that will eventually acquire a VEV
at low energies. The suppression behaviors that we want to reproduce in the Yukawa matrices are
ensured by the fact that higher-dimensional operators are suppressed with respect to the 4-dimensional
ones.

Since the Higgs field is assumed to be charged only under the third-generation sector of the UV
Gauge Group, we can explain this hierarchical structure by assuming that the Higgs field couples only
with the third-generation fermions and the other couplings are generated by some EFT operators. By
construction we can easily see that the Yukawa coupling between the Higgs and the third generation is
given by

LD Lyss = —ca3Xs HxE + hec. (2.2.1)

All the other Yukawa couplings can only be generated by some EFT operators. Notice that those
operators are independent on the precise way it happens the SSB from the UV theory down to the SM.
The only thing that matters are the scalar fields that we assume to be present in the theory. Hence we
can divide the models studied in the previous Chapter in two categories*: Models A, B, D and E are
Type I Models, while C and F are Type II.

The easiest to write down are the couplings of type ¢;3 (with ¢ = 1,2) and they are given by the
following 5-dimensional operators (common for both of the Models)

&
£ Ly~ 7 (QuHQxh + Ty HQNG) (2.2.2)

where A is the scale at which these operators get a UV completion. The next ones are the couplings of
type ¢;; (with ¢,5 = 1,2). For Model I a possibility is given by the following 5-dimensional operators

LD Ly~ QUM (Srdfy + Shuk) + T (Sref + v (2.2.3)
while for Model II we can use the following 6-dimensional operators
CU c,J c
LD Ly~ 75 [QuH (MsQ]d + MA§ug) + TrH (A0l eh + 0asE)| . (224)

For the couplings of type c3; (with ¢ = 1,2) we must exploit higher-dimensional operators than the
previous ones. For Model I a possibility is given by the following 6-dimensional operators

LD Lys;~ A2 5 [XEHO (Srd + Shuk) + XEHOL (Srely + D504 ) | (2.2.5)

4The presence or absence of the scalar field X3 is just a minor difference in the classification of EFT operators as it
will be clear in the following.
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while for Model II we can use the following 7-dimensional operators

LD Lys~ PHOL (As0]dl + 2ASuh) + XEHOL (As0fel + QA5 | (2.2.6)

a X

Notice that up to now we are not able to explain the mass splittings between the different third-
generation fermions. In particular the ones between bottom-tau and top-bottom. The mass splitting
between b and 7 can be achieved by exploiting the fields that break SU(4)[3]. This can be done by
using one of the following 6-dimensional operators

Cor _ Cor Cor
£ JTXIH (2h0s) xk, £0 XM (Qln) Xk, £0 XL (abas) xh (2.2.7)
where the last one is at work only in Model II, while the others in both of the Models. The mass splitting
between ¢ and b (or more generically between the up and down components of an SU(Q)E]—doublet)

can be achieved by exploiting the fields that break SU(2)§. Namely we can write down the following
6-dimensional operators
b b__:
) Ag XH (Sesh)ndk, £D ﬁxﬁ-{ (AsA]) xh (2.2.8)
where the first one is at work in Model I while the second one in Model II. Furthermore, if Y3 is present,
we can write down the following 5-dimensional operator

Lo %XLHE;;X%. (2.2.9)

Notice that we could even add a Y3 insertion in all the EFT operators written so far (at the price
of increase by 1 their dimensions), and this could provide a further way to reproduce the desirable
Yukawa structure.

In fact there is another possibility to provide different masses between the up and down components
of an SU(2)[I§]—d0ublet that does not involve an EFT description. This is given by assuming that the
Higgs field in the UV theory weights differently H and H¢. Namely we could define the Higgs field as

follows 1
H=—— (H° ¢H) (2.2.10)

Ve

where £ is a generic real parameter and when £ = 1 we recover the definition made in Section 1.1.
This possibility has been discussed in Section C.2 in the Appendix and we will come back to the
consequences of such a choice at the end of this Chapter.

2.3 UV Completion for Model I

Once we have listed all the possible EFT operators that could be utilize to generate the Yukawa
matrices, we can provide a possible UV origin to them. In this Section we focus on Model I while in
the next one on Model II.

For Model I we notice that the operators of type ¢;3 and ¢;; are both 5-dimensional, which means
that their UV completion can be done by using a single VLF. The most efficient way to do this is to
use the following VLF with corresponding Charges under Hyy (1.1.3)

p=ps®p1~(1,1,3,2,1/6)®(1,1,1,2,—1/2). (2.3.1)
It allows the following UV completion
—Lp =M, (p1p1 + 3ps) — €hpsTaps — e apr + (= 3 Q Hps — chyy L Hpn
+ C%QE3QSX?1’% + C;Qﬁ1QIX?1)% + CzRﬁsszgz + EzRﬁ:sE?%ng + C;Rﬁl ZRefé + E;Rﬁlzf%’/gz + h.c.) .
(2.3.2)
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We also assumed that ps and p; find an embedding in a unique VLF p and that they share the same
mass. For this reason we expect the following coefficients to be similar

3 1 3 1 3 .3 .1 -1 3 1
Cor = Cppy s Coa ™ Ch s Cor N Cop X Cop R TR, c,Rc,. (2.3.3)

Regarding the operators to type ¢;3, a further possibility could be using the following VLF with
corresponding Charges under Hyy (1.1.3)

A~ (2,4,1,1,0). (2.3.4)
It allows the following UV completion
—Lx = My + (—oxp MxE + QLA + oL\ + mXEA + hec.) . (2.3.5)

Notice that the last term accounts for possible mass-mixing terms between 3 and A since they share
the same quantum numbers.

For the operators of type c3; we could either add an additional VLF to provide a UV origin at
tree-level, or assume that they are generated directly at loop-level in the EFT. The same holds also for
the operators needed to generate the mass splittings.

In case X3 is present, we still have to generate the 5-dimensional operator (2.2.9). To generate it
we need to use the following VLF with corresponding Charges under Hyy (1.1.3)

n~(1,4,1,2,0). (2.3.6)
It allows the following UV completion
Ly = My = eqSan + (—equ XLHN + cpiiSaxh + maixh + he.) (2.3.7)

As before, notice the last term accounts for possible mass-mixing terms between X?iz and 7 since they
share the same quantum numbers.

Furthermore, the addition of 5 allows by free a possible UV origin for the EFT operators of type
c3i and the br mass-splitting operators (2.2.7) just by adding to the renormalizable Lagrangian the
following terms

Loy = czpﬁﬁgpg + c}mﬁﬁipl + h.c. (2.3.8)
Again we would like to assume that
S, ~e,. (2.3.9)

Finally, in case X3 is not present, we need to generate the tb mass-splitting operators (2.2.8). To
do so we can introduce the following VLF with corresponding Charges under Hyy (1.1.3)

n ~(1,4,1,1,—-1/2). (2.3.10)
It allows the following UV completion
—L,y = My7'n + (—cnR TSR + Cor T Ehxh + h.c.) : (2.3.11)

Notice that we need in any case the introduction of the VLF 7 to generate br of tb mass splittings.
Thus unavoidably we generate at tree-level the operators of type cs;.

An important remark to make follows from the fact that VLFs A and 7 share the same quantum
numbers of x3 and x3 respectively. This allows a possible mixing between the two which could be
used as a source of mass splittings between the fermions of the third generation. This possibility is
discussed in Section C.3 in the Appendix. Nevertheless it seems that it could generate only small
splittings. Thus we will not consider this possibility in the following.
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2.4 UV Completion for Model II

For Model II we notice that the operators of type ¢;3 are the same of Model I. Thus we can provide
a UV origin in the same way we did in the previous Section by using the single VLF p (2.3.1). It allows
the following UV completion

—L, =M, (p1p1 + P3p3) — C3P3T3p3 — Py S3p1
3 At 1 7 3 = 3 1 - 3 (24.1)
+ (—CpHQLHP?) — oL Hp1 + ¢aps8isX R + CaP1 S Xk + h-0-> :
The operators of type c;; are 6-dimensional. Thus we need at least a further VLF to find their UV
completion. In fact, due to the complexity of the operators needed, we need the following two VLFs
with corresponding Charges under Hyy (1.1.3)

s dn ~ (1,4,3,1,1/6) ® (1,4,1,1,-1/2), (2.4.2a)
nh &y~ (1,4,3,2,2/3) @ (1,4,1,2,0). (2.4.2b)

The drawback is that we need 74 which is heavily charged under the Gauge Group®. In addition we
get for free a UV origin at tree-level of the Yukawa operators of type cs;, the b mass splitting and (if
Y3 is present) the 5-dimensional operator (2.2.9) which generates the tb mass splitting. They allow the
following UV completion

—Ly =M, (M1m + M3n3) + (—C%Aﬁ3A3773 — eraP1 Az + T d)y + chom el + h-C-)
t+ My (7y01; + Tm3) + (—Chapsunh — Chopi s + CoaTBAS W + EATH AV + huc.)
+ (—enrXE Ny + cosTh Sy + miTch — EopsQars + hee.) = s Sans — ey Sani
(2.4.3)

where the first two lines generate the Yukawa operators of type c¢;; while the last one the Yukawa
operator of type c3; and the mass splittings. As we did for p, we assume that n; and n3 will find an
embedding in a unique VLF and that they share the same mass. The same is assumed for 7} and 7j5.
Thus we expect the following coefficients to be similar

3 .1 3 .1 3 =l 3 =1 =13

CnA ~ CnA , CT]Q ~ CnQ y CnA ~ CnA s CnQ =~ CnQ ~ CnQ . (244)

At last, to generate the mass-splitting operators with As in (2.2.7) and (2.2.8), we need to add
further VLFSs since we have that

Al ~ (4x4,1) e SUAB xsSU@B . Agd ~ (1,2 x2) e SUWB x SUR)E . (2.4.5)

In particular this means that a tb mass splitting is at work only if X3 is present if we do not add new
VLFs to the theory (or we do not make other assumptions like (2.2.10)).

2.5 Yukawa Matrices in Model 1

We have provided a UV origin to the Yukawa matrices, seen from an EFT description. The next
step is to integrate out in the UV theory the heavy degrees of freedom (DOFs) to find the explicit
realization of the Yukawa matrices. Also, to make this calculation as systematic as possible, we use
the Matchete package for Wolfram Mathematica developed by [15]. In this Section we focus on Model
I while in the next one on Model II.

5Tf we do not want to employ VLFs that transform heavily under the Gauge Group like 75, we could modify Model IT
to allow the presence of the scalar field X in the theory. In this way we can generate the Yukawa operators in the same
way as done for Model I. This has the only consequence to partially change the final Gauge mass-spectrum of the theory.
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For Model I we assume to work with just p and n VLFs which entail the heavy DOFs that we want
to integrate out. The UV-completed Lagrangian reads as follows

£V = = (casxiHxh + hee) + Lo+ Ly + Loy (2.5.1)
where the £,, £, and L,, are reported in (2.3.2), (2.3.7) and (2.3.8). By integrating out p and n,

working in the static limit and doing tree-level matching up to 6-dimensional operators, we find the

following effective Lagrangian®

1 .
— L =3t HA R + ﬁc§HQ2H03J + — M D Hol Tt

1
+ i anXLHUnJ + i, M anYLHUn (cnpapQTJS —i—cnPU;QTJl) (2.5.2)
n
1
t M, M, p?-[( o) QLHU oS3y + ——r MM, pH( o) LLHJ oty + h.c.

where we have defined

1 -1 -1
O'g = (1 — Ci]\ii) , O'; = <1 — cé}@i) , op= (1 — cnfj;]) , (2.5.3a)
J —chngR—i—chERdR—i—chZRuR, (2.5.3b)
J) = cpouxh + cppSrdy + chzRVR, (2.5.3¢)
Ty = cpsXaxh +mxy . (2.5.3d)

When all the fields (but the Higgs) acquire their VEVs, we find that (where just for this equation
i,j=1,2,3)

LB S QLH Y uh + QuH Y P dy + TLH YN vl + TLH Y, P el + he. (2.5.4)

Explicitly the Yukawa matrix of the up-type quarks reads as follows

—1 —1
C33 CpH ™ V3 V3 CpH V3
ygg:+”<1—c ) + 2= 2(1—C>
V2 V2 M, "2M, oM, /2" "2M,

. . (2.5.5a)
W3 CnH 3B U3 3 U3
+ M,M, /2 “npCpQ (1_6”2Mn> (1_0”2Mp> ’
-1
U _ W3 SH 3 (1 3 U3
3 " asr /5 opfd -
M, 2 * PIOM
) P ) . (2.5.5b)
w3v3  Cpy 3 *< m) U3 3 U3
_prt 1 _
T oa g, o )\t 190, PoM,)
3 —1
VR CpH _3 3 U3
yU — & et 1— 2.5.5
i Mp \/ich< Cp2Mp> ) ( C)
-1 -1
U_ VRWS Gy 3 3 U3 B3
ng M M TCPQ PR (1 — C772M7> <1 p2M ) . (255d)

The Yukawa matrix for the down-type quarks is given by YU but replacing v — —wvs and EiR — cf; R
The Yukawa matrlces for the neutral and Charged leptons are glven by YU and YD but replacing
w3 —> wi, C np — cnp7 pQ — ch, pH — CpH’ pR — ch, pR — ch and c —> c respectlvely

5Tn case X3 is absent one must set cp = c}, =c, =0.
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Notice that in the evaluation of the EFT we have integrated out X3 exactly (yet at tree-level and
in the static limit approximation) assuming that it has a VEV comparable to the heavy DOFs. This
could have been done easily since it is a scalar field. Then, when X3 acquires its VEV, we have that
the terms containing this scalar field in the denominator must be interpreted as a series. Thus, to
provide the final expression of the Yukawa matrices we have exploited the following fact: given a
matrix M = diag(a, —a), we have that

X g (17 —a) !
(1-M)"=> — (10 (_01)n> = <(1 0 ) (1 +0a)1> : (2.5.6)

n=0

2.6 Yukawa Matrices in Model 11

For Model II we assume to work with p, n and n’ VLFs which entail the heavy DOFs that we want
to integrate out. The UV-completed Lagrangian reads as follows

£V = = (casxi Hoch + hee.) + L, + L, (2.6.1)

where the £, and L, are reported in (2.4.1) and (2.4.3). By integrating out p, n and 7/, working in the
static limit and doing tree-level matching up to 6-dimensional operators, we find the following effective
Lagrangian”

1 _
M—cnﬂxi}wl (anjngR + mXR + anA3 VR>
n’

—[,%/R 2033Y%HX% +

1 1
ﬁp pHchQL%U QSXRJF M pHchLL%U QlXR+ M, M, pchAchQLHUpaanA?) I/R

1 - e L
+ WQ]HX%,HO% (O’g(cr}]?)) CPQQ;E’Q?, + UP(CHQ) CPQQJ{QI) X%

1
+ — VL ( ?)H@%?)QL,HU Q3 + CPHCUQLLHalﬂl) <C77223XR + mXR)
ptVin

_l’_

3 3 3 Al 3 ) 1 3 3 23 A
ConCraConQrHo A3 dy + Co1CpaC AQL’HU o QlAg uR

M, M, PIETIRETN p M, M, prIETIEET

1

1 1
+ C 2/CrOC
P H Q2
M,M,

L i 1 g 1 L R 11 c,j
nalrHo, Az en + UL /cpchanALLHo*ponﬂl 3vp +h.c
pt¥n

(2.6.2)

where we have defined

-1 -1 -1 -1
DM b)) b)) b))
3 3“3 1 143 3 3 3 1 1 <3
oo =1—-c— , o, =|1—c— , O, = , o, =[1-c .
(2.6.3)
When all the fields (but the Higgs) acquire their VEVs, we find that (where just for this equation

i,j=1,2,3)

LB S QLH Y why+ QuH YR dly + TLH YN vl + Ty H Y, P el + he. (2.6.4)

Explicitly the Yukawa matrix for the up-type quarks reads as follows
-1 -1
€33 Cpy M V3 V3 Cpy U3
YU n 1— 1 —ni 1— 1
3= 57 /3 M, < RETT BT VIRV, 90,

2 -1 -1
w3 CyH * 3 13 3 U3
1 - 1 -
SV Va3 ) CPQ< C’72Mn/> ( Cﬂsz> !

“In case X3 is absent one must set cf’, = c}, = 0717 = cf’, =0.

(2.6.5a)

22



. . (2.6.5b)
V3Ws3 pq.[ 213 2m o V3 3 U3
1-— 1-—
MMy 2 (C”E+ 3>< 20 ) ( cp?Mp> ’
-1
U wwi pH 3 -3 B39 3.3
1/;] M M \/» nQCnA< 772M > ( p2Mp> y (265C)
Y3J = (2.6.5d)
Instead the Yukawa matrix for the down-type quarks is given by
3 -1

N_ WwWi Sn 3 3 U3 U _ -3

Yij = M, M, \[CnAch <1+ p2Mp> ’ Y3 = O(M™7) (2.6.6)

while components Y35 and Y;2 are given by Y4 and Y,§ but replacing v3 — —v3. The Yukawa matrices
for the neutral and Charged leptons are given by YU and YD but replacing w3 — wy, C%Q — C}JQ,
0717?2 — 67179’ = cll,H, o — 67179’ clg — 011797 %A — an, 6%A — 6}7A, ¢y = ¢y and ¢ — ¢}
respectively®. Also for Yzév only the Y3]JV component is not that much suppressed, and its leading
contribution reads as follows

—1
N_ W SH 3_U3
}/3] = Miﬂ/ﬁan <1 — C,,7 2Mn/> . (267)

Notice that also in this case in the evaluation of the EFT we have integrated out X3 exactly (yet at
tree-level and in the static limit approximation) assuming that it has a VEV comparable to the heavy
DOPFs.

2.7 Complete Mass-Matrix Diagonalization

What we did in the last two Sections was to reproduce the Yukawa matrices from an EFT description.
Nevertheless, once we have written the UV-completed Lagrangian, there is no need to integrate out
the heavy DOFs to find the Yukawa matrices that, after they have been diagonalized, provide the
predictions for the fermion masses. This method is useful to clearly see the whole Yukawa structure
predicted by the model, but brings some errors due to the truncation that is done at a given order in
the EFT description. In addition, if the scalar field’s VEVs are comparable to the VLFs’ masses, the
EFT approximation could be not so precised. For this reason it is worth to try to diagonalize directly
with a singular-valued decomposition the total mass-matrices generated by the model, comprehensive
of the SM fermions as well as the NP VLFs, once all the fields have acquired their VEVs (Higgs field
included). This is what we do in this Section in the framework of Model I. For Model II we are not
going to provide such an analysis since, as discussed with great detail in next Chapters, it is not very
appealing once we try to explain also the neutrino masses.

For Model I the sector of the UV-completed Lagrangian that generates the fermion masses is
reported in (2.5.1). When we make all the scalar fields to acquire their VEVs we go from the Gauge
Group of the UV theory down to the broken phase where the residual Gauge Group is just U(1)g. In
this phase the mass-Lagrangian reads as follows

—Ly =UMYUr + D MPDr + Ny MVNg + EL MPER + h.c. (2.7.1)

8Notice that this is just a replacement, not an exchange: it does not work backwards. This because of the asymmetry
between 7] and nj.
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where (recall that i, = 1,2, but for simplicity here we work as if they are equivalent)

U d’ v
3 3 3 3
U d v e
U= w | D= R N = o | E= o (2.7.2)
u " N en
and the mass-matrix for the up-type quarks reads as follows
0 —chw/2 0 0
MU — 0 c330/2 0 —Cpnv/2 (2.7.3)
CIRUR  Coqw3 ]‘34 b —(eny) ws
0 m —CypW3 M,
where we have defined
_ v v -— (%
MpEMp—cf’)?g, mzm—i—cng;, MUEMn—cn??’. (2.7.4)

For the other mass-matrices we have that they are given by MY but applying the same prescriptions

applied for the Yukawa matrices. Thus MP is given by MY but replacing vz — —v3 and 62 R CZ’R.
MN and MP are given by MY and MP but replacing w3 — w1, c%p — c}]p,
c?) R c; R Ef; R E}) r and cl?; — c[l, respectively. In the following we are going to diagonalize only MY
leaving as understood that to get the others one may need to apply the same prescriptions.

We need to diagonalize MY with a singular-valued decomposition (for more information look at

Section D.2 in the Appendix). In particular we need to find two unitary matrices Ly and Ry such that

3 1 3 1
Con = Cps Con = Cops

L MY Ry = MY (2.7.5)

where MU is diagonal and positive-definite. Unfortunately the calculation is very demanding com-
putationally. Nevertheless, since the Higgs’ VEV is assumed to be much lighter than all the others
mass-scales in MY, we notice that the mass-matrix can be written in the following form

MY = (mU> (2.7.6)
MU

where mY and MV are the sub-matrices of the first and last two rows respectively and we have the
hierarchy mY <« MY. Hence we can perturbatively block-diagonalize this matrix using the results
derived in Section D.5 in the Appendix. In particular we can find a unitary matrix LY such that

LiMY (MY)'Ly = <(mg)2 (M%F) (2.7.7)

where (m¥)? and (MY)? are 2 x 22 positive-definite matrices and

I-— 1FF’f F
Ly = 2 1 + O(F3). (2.7.8)
—-Ft  1-_FF
2
We find that
Fa W2 (B By (2.7.9)
|Mpm]2 + ‘MpMn|2 F3p F37]

In principle (mgU)2 is a 3 X 3, but explicitly it is treated as a 2 X 2 because we do not distinguish between the first

and second generations of SM fermions.
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where

F2P = C?)Hw;gﬁz (Ciﬂm* — (C%p)*ﬁ;'» s (27108,)
Foy = ¢ M, (Iml? + M) (2.7.10b)
Fyy = [M,[* (essm” — eqp ) (2.7.10¢)
F3, = Cgpw:gﬁz (033m* — cm{ﬁ;) + w3 (anm + 633Mn) (C%pm* + (CE,Q)*M:;) ) (2.7.10d)
The heavy mass-matrix reads as follows
iy (| PEERDP GG ey e (M 10) )
cingm* — () ws (M77 + Mp) |M > + (\cf’mP + 102912) wi + ]Ef;R]zv%
and in first approximation the two heavy states have masses
]\412 ~ ‘WP + ’Hn‘Qv ]\422 ~ ’Hp’2~ (2‘7-12)
The light mass-matrix is given by
2 2 2
vy2 . V7 ((mg)az (my)as
m ~ —— 2.7.13
(me) AN ((77”@32 (m7)a3 ( )
where
— 2 —
()22 = |ebl? 8 |3, + (&3, |+ el (fmi? + 07,2)] (2.7.14a)
(a2 ()| bk (T, = o)
(2.7.14b)
+ (cm.lmﬂp + cg3M, M, + cf’?pcnﬂciﬂwg - C33|cf;p]2w§) (cgpm* + (c?,Q)*M;;) ,
(m7)23 = (m7)3; (2.7.14c¢)
I _ 2
(m?)33 = ’033M,7Mp + cypmM , + cnycigc%pwg — 633|0737p’2w§‘
2.7.14d
ekl [+ VT — PV 4 1628 (e 4 ewl?)]
pRI YR nH 334V n 33 n np 3 nH 33 )
2 2
N = w} (e, + S M,| + |wilch,* — MM, _—
7.14e

2 _
+ ‘cigcf;pw?, +mM,,‘ + [ e 20}, (m\z +[M,% + yc§p|2w§) .

We can find the squared-masses of the second and third generations of SM fermions by diagonalizing
(mg)Q. In particular, under the assumptions that the scale of the VLF masses is greater than the ones
of the scalar field’s VEVs, we have that the mass of the third-generation fermion of a given type F'
(with F'=U, D, E) is given by

(mf)? ~ ((m{)2)33. (2.7.15)

2.8 UV Parameter Space

What is left to understand is where all the UV parameters introduced lie in the parameter space to
reproduce the desired Yukawa matrices. In particular the aim is to see if the couplings could be all of
O(1) and if some fine tuning is needed.
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The major constraint to satisfy is the tb mass splitting which at the My scale is given by
my/myp = 58. (2.8.1)

Such large splitting is difficult to reproduce when it is generated by an EFT description. This implies
unavoidably some fine tuning among the UV parameters. Because of that the scalar field 33 plays
a crucial role to avoid very large fine tuning since the mass splitting provided by this field comes
from a 5-dimensional operator (otherwise it would have been 6-dimensional). Not only, but we do not
need that the mass scale of the VEV of Y3 is below the mass scale of the VLFs. This because the
hierarchical structure of the Yukawa matrices is already ensured by a hierarchy among the mass scales
of the VEVs of 1, 3, ¥k and the masses of the VLFs. To study this fine tuning it is worth to use
the results derived in Section 2.7. If we assume that the leading terms are given by the mass scales
Mp, Mn, m and v3, we have that

(2.8.2)

, my ~ mt|v3_>_v3 .

m e § (VTP + )~

U3
c33 My, + cpym + o (CnHCnE — Cn033)

Thus we need the following fine tuning among the parameters to reproduce the observed tb mass

splitting
V3 C33 2m V3 _9 1
1 — — - — ~107°+10"". 2.8.3

< e 2M,7> Cort (C”E v3 > 2M, (28.3)

In addition, the tb mass splitting brings other consequences due to the constraints imposed on V.
In fact this is given by (2.1.4) and it implies that Y2g must be suppressed with respect to Ygg , which
on its own is suppressed by fine tuning among the UV parameters. Hence we suspect that there could
be some further fine tuning to suppress ng with respect to Y2g In fact this is the case. Explicitly we
have that using the results of Section 2.5

1 -1
w3 3 3 U3 3 U3 3 \x 2m U3
Yo = — 1-— ) (1= == 2.8.4
23 M, CoH < € 2Mp) ot oM, (¢p) (CnE + s ) ( Cn 2Mn> ) ( a)
Yys = Yo . (2.8.4b)
v3—>—vU3

The leading part provides the suppression factor with respect to Y33 under the assumption that there
is a hierarchy between w3 and M,. Then, because Y?fg is suppressed, we need the further following fine
tuning among the parameters to reproduce the observed CKM component V,

3
V3 1929) 2m) V3 9 1
1 - _om ~10"2 107!, 2.8.5
( t 2M,7> (3,)° (C"E vs ) 21, (2:8.5)

Interestingly, notice that this second fine tuning is directly satisfied assuming the first one and the
condition among the UV couplings

cs3/eqn = o/ (ch,)" (2.8.6)
A possible explanation to this could be that n and Xf}i«? share the same quantum numbers, so the
couplings to operators with same field content but X?j’z or 1 should be very similar. If this is true, the
latter condition follows immediately.

Once we have pointed out all the possible sources of fine tuning among the UV parameters, it
is worth to identify which UV parameters are related to the other constraints that we would like to
impose.

The first one is given by the br mass splitting. However, since the masses of b and 7 are both
suppressed by some fine tuning among the UV parameters, it is not so easy to provide the leading
contribution to them. Nevertheless, by using the results of Section 2.7 and the fine tuning condition

Coypm + C33M7} <K w3,wW1, VR (2.8.7)
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which comes from the tb mass splitting, we find that

2 _
, v wsle,l? ‘Canzsz - 033(02,0)*’ +eoRlPvR (|C§m\2w§ (leqw|® + less]?) — 1633\2!Mn\2) (288)
my ~ — — — ..
4 [N, [2 (|l + [M,,[2)

while m?2 is given by m% after having done the proper substitutions. If we further assume condition
(2.8.6), we can provide the following leading contribution that generates b mass splitting

2 —_
my | Bl [leolPewd (eqml® + less|?) — less|? (M, 2.59)
m2 "~ [elg| [k, Pl (leqnl® + lessl?) — lessP [, 2 .
T pR npl *1 UUnH 33 33 n

and it can easily reproduce the observed bt mass splitting in some regions of the UV parameters space.
Last condition that must be satisfied is the one reported in (2.1.3). Explicitly we have that using
the results of Section 2.5

YY g vs \ [ v 2m vs \
] 3 3 3 3 3 3\« 3
23 VR 1— -3 il I S .
Y M, TP PR K 2M, _CpQ " 2M, (o) (an - U3 ) K 2M,, | ’
(2.8.10a)
-1
YE g v \ v 2m vs \
i 3 3 3 3 3 3 \x 3
Yié) ~ ECWHCPQC‘)R 14 ¢, oM, cho — oM, (Cnp) <C,72 — 113> 1+ C"TMW
) ~(2.8.10Db)

In particular we have that for the down-type quarks the expression in the parenthesis is suppressed
because of the fine tuning imposed by the constraints on V. Thus we need that

YR 3 <102

—cor S1077. (2.8.11)
M, *
This is achievable without any fine tuning, but just with a suitable choice of the UV parameters and
mass scales. Notice that in this region of the UV parameter space we have that

D D —4
and such value corresponds to the correct order of magnitude for y,. Nevertheless, it is not important
to tune precisely the Yukawa couplings of the second generations. This because we could think of a
possible further UV embedding in which is violated the universality of the first and second generations.
This should be the correct framework where to study precisely the structure of the Y;; sector in the
Yukawa matrices. However this is not going to be analysed in this work.

Keeping in mind all the constraints that limit the region of the UV parameter space, we are able
to reproduce all the Yukawa matrices by assuming O(1) couplings (more precisely from the interval
[0.1,1]), O(5) TeV VEVs (expect for the VEV of X3 which we allow to be even higher, of O(20) TeV)
and O(20) TeV VLF masses. Also this happens in both of the models, although we have studied in
detail the constraints on the UV parameter space only for Model I. We recall that this choice will
be clarified in the following, more precisely at the end of Chapter 4. We want also to enlighten the
fact that this model appears to be very robust in the sense that, under a small change of the UV
parameters, also the Yukawa matrices change slightly (apart from the constraints imposed by the little
fine tuning already discussed). In addition, thanks to X3, we have been able to explain the structure of
the all Yukawa matrices in a very natural way where the only fine tuning is exploited to reproduce
the observed tb mass splitting and it requires just an O(10) cancellation among the UV parameters.
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A possible choice for the values of the UV parameters with corresponding Yukawa matrices will be
provided in Section 4.7, together with the predictions on neutrino masses.

As last remark, we have already pointed out from the beginning of this Chapter that we could avoid
such fine tuning among the UV parameters or even the need of X3 to generate the tb mass splittings at
the price of assuming an Higgs field where the SU(2)[R§]-doublet components are weights differently as
shown in (2.2.10). The issue with this approach is that, as discussed in Section C.2 in the Appendix,
we need & = O(1072) to explain the tb mass splitting. Thus we should explain why there are such
different weights between the two components of the SU(2)[R§] doublet, which is again a fine tuning
problem.
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3 Neutrino Masses

In the previous Chapter we have shown that the models we considered in this work are able to
reproduce the desired Yukawa matrices for the up- and down-type quarks as well as for the charged
leptons. What must still be understood is how to explain the observed neutrino masses. In this
Chapter we are going to study this issue in great detail with focus on how to implement the See-Saw
mechanism in the framework of the models considered. In the first part we are going to study several
possible See-Saw mechanisms that could be utilize to explain the observed active-neutrino masses. In
the second part we are going to study which of the parameters entering in the See-Saw mechanisms
could be generated in the models we considered, together with the hierarchies among them.

3.1 The See-Saw Mechanism

An unavoidable feature of Pati-Salam-like models is a degeneracy of the up-type quarks and neutral
leptons interactions since they are grouped together in a fermionic SU(4)-vector. Even though we have
introduced sources of splittings among the different types of fermions, the up-type quark and neutral
lepton Yukawa matrices are unavoidably comparable. The issue with neutrino masses arises from
neutrino oscillation measurements. We know that the neutrino masses are anarchic and in the range
1072eV <m,, <1071 eV (unless you allow fine tuning) with well-measured squared-mass splittings

Am3y =2.56-1072eVZ,  Am3; =7.36-107°eV2. (3.1.1)

Thus we need to introduce a mechanism to suppress the latter masses with respect to the ones of the
up-type quarks.

The See-Saw mechanism is probably the most efficient way to explain the tiny neutrino masses
giving Yukawa couplings of O(1). The only constraint is that it requires the existence of Majorana
fermions. A proper definition of a Majorana field is provided in Section E.1 in the Appendix. There
exist two different kinds of See-Saw mechanisms: the Direct (DSS) and Inverse (ISS). For a review see
for instance [9]. DSS works assuming the existence of (at least) one sterile right-handed (RH) neutrino
with a Majorana mass. Working in a single-flavour model with only one left-handed (LH) neutrino vy,
and one RH vp, the mass-Lagrangian reads as follows

—L = %MRP%VR +mpVULvg + h.c. (3.1.2)
where mp is the so-called Dirac mass for the LH neutrino. Using the fact that
TR = % (FLvm + TS (3.1.3)
we can rewrite the Lagrangian as follows
- %NLMNE +hee. (3.1.4)

where Ny, = (v, v%)T and the neutrino mass-matrix reads

M= ( 0 mD> . (3.1.5)

mp MR

To find the mass-eigenstates we have to do a unitary transformation of Ny to diagonalize M. In
addition, working in the limit mp <« Mg, we can do this perturbatively as shown in Section D.4 in
the Appendix. We find one active (or better saying very light) neutrino mass-eigenstate and one very
heavy. Their masses read as follows respectively

2
mp

Mg’

my =~

My, ~ Mp,. (3.1.6)
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The eigenstates are almost given by v, and vf, their-selves since the mixing angle between the two
species is of O(mp/Mpg) and it is extremely suppressed.

ISS works assuming the existence of (at least) three neutrino species with (at least) one with a
small Majorana mass. Working in a single-flavour model with two LH neutrinos v;, and sy and one
RH vpg, the Lagrangian reads as follows

11—
—L£ = SNLMNj +he. (3.1.7)
where Np, = (v, Vg, s )T and the neutrino mass-matrix reads
0 D O
M=|D m NJ|. (3.1.8)
0 N u

As before, we need to do a unitary transformation of Ny to diagonalize M. This time we assume the
hierarchy m, u < D, N. Thus M is made of a leading part plus a perturbation

0 D 0 00 0
M=My+AM=|D 0o N|+|0 m of. (3.1.9)
0 N 0 0 0 pu

Such kind of matrix has been perturbatively diagonalized in Section C.4 in the Appendix. We find that
there are one active and two heavy neutrino mass-eigenstates. Their squared-masses read as follows
respectively

2 |uPIDI*

Y (IDP + NP2

The mixing matrix between the three neutrinos is given by the eigenvectors. In particular, the active
eigenstate is a mixing (almost) between vy, and sy with mixing angle given by tanf ~ D/N.

In the following Sections we apply those mechanisms in the framework of the models we are
considering in this work to see which could be utilize to explain the observed neutrino masses.

M3 =~ |D|*> + |N|?. (3.1.10)

3.2 Direct See-Saw

Up to now in the models considered we have the following neutrinos': V%, 1/2, 1/% and V{z. The

most general Lagrangian allows Yukawa couplings among vz, and vg neutrinos; then we can have a
Majorana mass-matrix for v, and V%. Therefore the most general mass-Lagrangian reads as follows

1

—L = iNLMNE + h.c. (3.2.1)
where N, = (v}, 03, (V{%)C, (v3)9)T and
0 D

M = . 3.2.2
(DT MR) ( )

D and pp are two 3 x 3 matrices and explicitly!!

v N v (YN YE

D=—Y"=—|[.} ! . 3.2.3
V2 V2 <Y3j 5§ ( )

10T principle ¢ = 1,2, but we treat them as they are just one generation to simplify the computations. Conceptually it
does not change anything.
1'We write in compact notation the entries associated to the first and second generations.
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We assume the hierarchy D < ppr. Thus we can block-diagonalize M using a unitary matrix W as
done in Section D.3 in the Appendix to get

T . my 0
WTMW = < ’ Mh) . (3.2.4)

The mixing angle between LH and RH is of O(v/Mpg) where

Mg = [det(,u;zuR)F (3.2.5)

and it is assumed to be very little. Thus the eigen-subspaces are given by one active-neutrino subspace
generated almost only by v} and 1/% and one heavy-neutrino subspace generated almost only by (V}%)C
and (v3)¢. Explicitly their mass-matrices read respectively as follows

2
my, ~ 7% YNRY YT, My~ pug. (3.2.6)
This is equivalent to a DSS and we have that the leading contribution to m, parametrically goes like
—v? (3.2.7)

With suitable choices of the parameters we can have active-neutrino masses of the same order of
magnitude. However keep in mind that the mass scale of Mg should be around 10 GeV like happens
in any DSS scenarios. We will come back to this point later in this Chapter.

3.3 Inverse See-Saw

In this Section we study in detail the ISS mechanism in the framework of the models considered.
Before starting with the explicit realization, let us make an observation: the sterile fermions that we
have to add in the ISS must be LH. Otherwise it would be like adding new sterile RH neutrinos, which
means it would be like increasing the maximum value of the index j that accounts for the generations
of 1/13. In addition, there is no constraint that implies the existence of the first and second generations
of RH neutrinos which are sterile particles in our model. Hence we are going to be completely general
in accounting the neutrino species that contributes to the ISS mechanism. Thus we have in full
generality that the particle content is made of at least three LH neutrinos v and v¢ with i = 1,2
and one third-generation RH neutrino V%. Then we add nr — 1 species of RH sterile neutrinos Vg%
with 7 = 1,...,ng — 1 and ns species of sterile LH fermions slz with k =1, ...,ns. Here ng and n, are
completely general positive integer numbers.

We assume interactions between LH and RH fermions and we provide small Majorana mass-matrices
for the RH neutrinos and the LH sterile fermions s%. In addition we assume that v¢ and s¥ do not
interact at tree-level in any way and we do not assign Majorana masses to 1/2. The most general
mass-Lagrangian reads as follows

1
~L = 5 NLMNj + h.c. (3.3.1)
where Ny, = (1/2, 1/%, (Vg%)C’ (V%)C> SIE)T and
0 D 0
0 N u

D is a ny X ng complex matrix (calling ny, = 3 the number of LH neutrinos), N is a ng X ng complex
matrix, ur is a ng X ng symmetric complex matrix and u is a ng X ns symmetric complex matrix. We
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assume the hierarchy pp, u < D, N. Thus we can perturbatively diagonalize this matrix which has
the following form

0 D 0 0 0 0
M=My+AM= D" 0 N|+|0 pur 0]. (3.3.3)
0 NT o 0 0 u

From the rank of My we can see that at zero-th order in perturbation theory we have ny + ns — ngp
massless eigenstates, while the others have masses of O(N, D). This is very important because, since
we observe (at least) three active-neutrino mass-eigenstates, we must satisfy the condition ns > ng.
The minimal realization would be in the case of three active mass-eigenstates. Hence in the following
we will always assume to work with

Ne =Npg . (3.3.4)

Notice that this result was already present in the literature, for instance see [9].

To summarize, to make an ISS we need (apart from the three LH neutrino generations) n, > 1
sterile LH fermions slz with £k =1, ..., ns, then ng — 1 sterile RH neutrinos Vf% with j =1,...,ns — 1 and
finally the third-generation RH neutrino 1/%. In this framework the most general mass-Lagrangian
reads as follows

1—
—L = §NLMNE + h.c. (3.3.5)
where Np, = (v, v3, (1/{%)0, (v3)¢, s%)T and
0 D
M= <DT R) ] (3.3.6)
D and R are two matrices of dimension 3 X 2ng and 2ng X 2ng respectively and explicitly
Y Y 7
v sz N MR M
D=—|YY vy O ., R= R 3.3.7
NG 2}1] 215\5[ 3XMg <mR M ) ( )
Yy Yss

where mpg, g and p are ng x ng matrices. We also assume the hierarchy p, up < mp and D < R2.

Thus we can block-diagonalize this matrix as shown in Section D.3 in the Appendix in a similar
way as done in the DSS scenario. We find that the mixing angle between LH active neutrinos and the
other states is of O(v/Mp) where

Mg = [det (m}imR)} e (3.3.8)

and it is assumed to be little. Thus the eigen-subspaces are given by one active-neutrino subspace
generated almost only by 4 and v} and one heavy-neutrino subspace generated almost only by (vR)S,
(V%)C and S]Z. The heavy mass-matrix is given by M} ~ R which means that the heavy mass-eigenstates
have masses of order

My, ~ Mp (3.3.9)

plus small corrections of O(u, ugr). The light mass-matrix instead is given by
m, ~ —DR™'DT . (3.3.10)

To invert R we use the results shown in Section D.6 in the Appendix finding that

VoN( T 1 L ON\T
m,,R:EY (mRu mR> (Y™)". (3.3.11)

12Tn principle this assumption is needed just to provide a rather easy approximated solution and it is not necessary to
get the final mass hierarchy among the active-neutrino masses. Nevertheless it will be important to not spoil the unitarity
constraints on the PMNS matrix as we are going to discuss in the following.
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mpg (as we assume to be), a possible Majorana mass-matrix for the

Notice that as long as up < m% wo
RH neutrinos is completely irrelevant. Also, as expected, we have that the active-neutrino mass-matrix
goes parametrically like an usual ISS.

Regarding the number of sterile LH fermions ng, if ny < 2 we have that det[m,] = 0 which implies
that there is at least one exactly massless eigenstate. In particular for ng = 2 there is only one while for
ns = 1 they are two and this is not compatible with what we observe!3. If ny, = 3 we have three massive
eigenstates. In any case it is possible to tune the parameters to reproduce the observed neutrino
mass-spectrum. Nevertheless, it seems very natural to expect that the first- and second-generation
fermions will embed in a Gauge Group of type SU(4) x SU(2)r as we did for the third generation at a
higher energy scale. Thus the case ns = 2 seems quite unnatural and we assume in the following to
work with ng = 3 in the ISS scenario.

3.4 Mixed See Saw

There is one last possibility that we have not studied yet. We can do a mixed See-Saw (MSS)
mechanism using very heavy Majorana masses for the light-generation RH neutrinos and one new
sterile LH fermion with a little Majorana mass. Thus we assume to have (apart from the three LH
neutrinos) two generations of sterile RH neutrinos v}, with j = 1,2, the usual third-generation RH
neutrino V% and one sterile LH fermions s;. The most general mass-Lagrangian reads as follows

1
—L = SNLMN +he. (3.4.1)
where Ny, = (l/i, V%, (Vf%)c, (V?z)ca SL)T and

M= (;T g) . (3.4.2)

D and R are two matrices of dimension 3 x 4 and 4 x 4 respectively and explicitly

o (o O M, (m)" (mp)"
D:ﬁ Y5 o), R=(m} 4 M} (3.4.3)
0 mi, M]?% "

where M }j% is a 2 X 2 matrix while mg’ and mg% are 2-dimensional row-vectors. We also assume the
hierarchy D < R required by the DSS, but also the hierarchies p, mg’ , u‘;’% < M {2 and m}é, M?:g <M ]3%
required by the ISS.

This allows us to block-diagonalize M as we did before and we find that the mixing angle between

LH neutrinos and the other states is of O(v/Mpg) where
1 . 1
Mp = |det(RTR)|* ~ (MfM3)? (3.4.4)
and it is assumed to be little. Thus the eigen-subspaces are given by one active-neutrino mass-subspace

generated almost only by V% and u% and one heavy-neutrino mass-subspace generated almost only by
)¢, (v3)¢ and sz. The heavy mass-matrix is given b
R R y g y

ML, 0 0 o
My~Rm~| 0 0 M| +O(u phmpy,my) (3.4.5)
0 M} 0

13In fact we do observe two different mass splittings among the active neutrinos in the SM. Hence at least two of them
must be massive.
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which means that the heavy mass-eigenstates have masses of order
My, ~ Mp (3.4.6)

plus small corrections. The active-neutrino mass-matrix is given by
m, ~ —DR'DT. (3.4.7)

We can now invert R as shown in Section D.6 in the Appendix finding that (in the approximations
(m%B)T p=tmdy, < M, m%;? < M3 p~tmdy and pf, < M3 =t M3)
2 j JNT 1773\ !
v M m M
my, ~ — YN ( R ( 3) - 3R> Y MT, (3.4.8)
My p=m Mp =" Mp

We observe that parametrically the active-neutrino masses are given by

2 ’UQ

mi~ Y2 o~ Y2 3.4.9

v VAR (3.4.9)

Thus they are a mixture between DSS and ISS as expected. Also we can tune the parameters to

find the observed neutrino mass-spectrum. Nevertheless, the MSS requires somehow a fine tuning

between the high Majorana masses of the first- and second-generation RH neutrinos and the mass

scales involved with sy, to produce anarchic active-neutrino masses. This seems very unnatural and
hence we discard this option.

3.5 Non-Unitarity of the PMNS Matrix

Like there is the CKM matrix in the SM for the quarks, there is also its leptonic counterpart which
is called the PMNS matrix. It is defined as follows

N =U}U, (3.5.1)

where Uy and U, are two unitary matrices that rotate the LH charged and neutral leptons respectively
from the flavour-basis to the mass-basis. By construction it is different from the identity once non-
vanishing masses for the neutrinos are assumed. In addition, as it happens for the CKM matrix, the
PMNS matrix is predicted to be unitary in the SM. We can parameterize its non-unitarity by defining
the following matrix

In| = |1 - NNT|. (3.5.2)

A possible detection of non-unitarity of N would imply BSM physics. Furthermore, there exist some
experimental upper bounds on this parameter which puts some constraints on the possible PMNS
unitarity violation induced by some NP models, like the one we are considering. Currently those
bounds are given by [16]
2.1-107% 1.0-107° 2.1-1073
Inf < 1.0-1075 4.0-107* 8.0-107%] . (3.5.3)
2.1-107% 8.0-107* 5.3-1073
A possible source of non-unitarity is provided by the addition of new sterile fermionic states that mix
together with the LH SM neutrinos. This is the case at work in the models we considered. In particular

PMNS unitarity gets broken because the matrix that rotates the neutrinos into their mass-eigenstates
is given by

_ 1
U, ~ (11 — 2BBT) U, (3.5.4)
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where U, is the unitary matrix that diagonalizes the active-neutrino mass-matrix m, and (in the
notation used in the previous Sections'4)

Bt~ R7!DT. (3.5.5)

In particular the non-unitarity part of the mixing matrix comes from the upper-left block of the
unitary matrix W which block-diagonalizes the neutrino mass-matrix isolating the active-neutrino
mass-eigenstates in (3.2.4) (and it is a feature present in all the See-Saw mechanisms considered). Thus
the PMNS matrix in this framework reads as follows

_ 1
N=U[U,~U/ (]1 - 233*) U, (3.5.6)

and it is not unitary anymore. Explicitly the non-unitarity parameter reads as follows

nl ~ |BB'| ~ |D*(R™)IR™'D"| (3.5.7)
and parametrically it goes like
2
v
Il ~ =Y. (3.5.8)
M

For the DSS scenario this parameter is very low and well below the current bounds by several
orders of magnitude'. In the ISS this should be taken into account. In our case we have that using

(D.6.4) and under the assumption that pr < mh p~tmpg

v2 (mT —1m )_1(YN)T
Bt = RHI TR 3.5.9
2\ tm(m - mg) (Y V)T (359)

which implies that
2

Il = % (YVmz') (Yngl)T +0 < - ) : (3.5.10)

3.6 See-Saw Mass-Terms as EFT

In this Section we provide a list of all the possible mass-terms that enter in the See-Saw mechanisms
described before and that could be generated in the framework of the models we considered in this work.
We start from generating the Majorana mass-matrix for RH neutrinos and we continue generating all
the mass-terms where the LH sterile fermions s'z are involved.

We want to generate in the framework of the models considered in this work a Majorana mass-matrix
for the RH neutrinos. Explicitly we want to generate the following Lagrangian (where only for the
equation below i,j = 1,2,3)

1 . .
£ =5 (ur)i(vR)' C vy + hoc. (3.6.1)

where pp is a symmetric matrix. Notice that this can be done because under the SM Gauge Group
(1.1.1) those are all sterile fermions. Instead for the LH neutrinos this is not possible since they are
still charged. The first- and second-generation RH neutrinos are sterile. Hence we can safely write the
following Majorana mass-matrix (where i,j = 1,2)

1 . .
L5 _§(NR)ij(V}%)TC v, + hec. (3.6.2)

141n the case of DSS R = ug.
5In general in a DSS scenario is required a Majorana mass Mz = O(10'*) GeV and our case is not an exception.
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Instead the third-generation RH neutrino is charged under the Gauge Group (1.1.3). Thus it is more
complicated to generate a Majorana mass-term for it. In particular we have that

(alxd)s ~ (4x4,2x2)eSU@)B xsu@)? (3.6.3)
where «, 8 represent the spinor (or Lorentz) indices of the fermionic fields. To generate a Majorana
mass-term, those indices has to be contracted in the following way

(xh)aCas(Xh)s (3.6.4)

This means that this term must be symmetric in all its Gauge indices. Namely it has to transform
under the 10g representation of SU(4)B and the 3 representation of SU(2)[R§]. This because we have

that from Group Theory (for a reference see for instance [17])
4x4=105+6,4, 2x2=3s5+14. (3.6.5)

Without adding new fields to the models, we could get a Majorana mass for the third-generation
neutrino by means of some EFT operators built using some of the scalar fields that will eventually
acquire a VEV. For Model I we can write the following 7-dimensional operator

1 ¢y T
£33 ((zg%)mlxg) C ((E%)*le?,’%) + hee. (3.6.6)
where A is the energy scale at which this operator finds its UV completion. For Model II we can write

the following 5-dimensional operator

1 cs T
£o-% ((A9x%) € ((A9)xE) +hec. (3.6.7)
When those fields acquire their VEVs, we can generate the following Majorana mass-terms for RH
neutrinos c c
5

Model I:  (ug)s3s = A—gv%w%, Model II:  (pR)s3s = Kw2 . (3.6.8)

Since both are EFT operators, we expect those masses to be suppressed, or in any case not above
the TeV scale. In fact the only way to get a renormalizable Majorana mass-term for I/% (and hence a
mass-term which theoretically could be very large) is to assume the existence of a scalar boson

X ~ (10s,35) € SU4)B x sU(2)] (3.6.9)

which will eventually acquire a VEV. This possibility is studied in detail in Section C.7 in the Appendix.

Lastly we need to generate the mass-mixing terms between first-, second- and third-generation RH
neutrinos. Again, without adding new fields to the models, for Model I the only possibility is to use
some EFT operators built using the scalar fields that will eventually acquire a VEV. In particular we
can use the following 5-dimensional operator

Lo %X:}’%QIE%(V%{)C +he (3.6.10)
For Model II instead we can write the following renormalizable operator
—L D 3 XRA(R)E + hec. (3.6.11)

When those fields acquire their VEVs, we can generate the following Majorana mass-terms for RH
neutrinos (where j =1, 2)

Model I:  (pr)3; = %val, Model II:  (pR)3; = c3jw . (3.6.12)
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In the ISS we have to assume the existence of a certain number n, (which we assume to be ngs = 3)
of sterile fermions s¥ (where k = 1,...,n5). Now we want to generate in the framework of the models
considered in this work all the mass-terms in which they are involved. Since they are sterile, we can
safely generate for s§ the following Majorana mass-matrix

1
LD —5512 ,LLM(SEL)C + h.c. (3.6.13)

Then we need to generate the mass-mixing terms between those sterile fermions and the RH neutrinos.
Namely we want to generate the mass-terms (where only for the equation below j = 1,2,3)

LD —55(mp)jvh + h.c. (3.6.14)

The term with the first- and second-generation RH neutrinos can be always generated since all the
fields are sterile and it reads as follows

—L D cpi N 5h vl + h.c. 3.6.15
J LYR

A’ is a completely general energy scale which in principle could be very high (and different from the
scale A at which all the other operators find their UV origin), even well above the TeV scale. Thus we
have that (where j =1, 2)

(mp)kj = i (3.6.16)

The mass-mixing terms between the sterile fermions and the third-generation RH neutrino are less
trivial to generate. Without adding new fields to the models, for Model I the only possibility is to use
some EFT operators built using the scalar fields that will eventually acquire a VEV. In particular we
can use the following 5-dimensional operator

Lo —%g’z(zgmlxg +he (3.6.17)
For Model II instead we can write the following renormalizable operator
LD —cpss (AS) X% + hec (3.6.18)

When those fields acquire their VEVs, we can generate the following mass-mixing terms between sterile
fermions and third-generation RH neutrino

Model I:  (mpg)g3 = %val , Model II:  (mpg)rs = cx3w . (3.6.19)

3.7 UV Completion and Parameter Space

In this Section we provide a possible UV origin to the mass-terms that are required to do the
See-Saw mechanism and are generated only from an EFT description. Then we analyse where the
possible values lie in the UV parameter space to reproduce the observed active-neutrino masses.

In the DSS scenario, to get active-neutrino masses of O(107!) eV with Y~ = 0(1072) and the
Higgs’ VEV v ~ 102 GeV, we need a Majorana mass-matrix for the RH neutrinos

pr = O(10'?) TeV . (3.7.1)

This is a very high scale, too high to be testable at colliders. In addition, even though it is in principle
natural to have a very heavy Majorana mass-matrix for the first- and second-generation RH neutrinos,
the same is not true for the third-generation one. From Section 3.6, it is clear that we can naturally
assume (pp)3; and (1g)33 up to the order of few TeV. We cannot go far above this scale if we want to
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keep the assumption that the UV embedding of the SM happens at the TeV scale. Even in case of
the existence of the X boson (3.6.9), although theoretically possible, it is not very sensible to assign a
VEV of O(10'2) TeV for the same reasons. Therefore DSS seems unnatural in the framework of the
models considered in this work.

Regarding the ISS scenario, we could safely assume that the RH neutrinos have no Majorana
mass-matrix at all. What we still have to do is to provide a UV origin to the mass-terms in which the
sterile fermions s]z are involved, listed in Section 3.6. In particular in Model I, without adding any
new further VLF to the theory, we could use p; (2.3.1) to write down the following term in the UV
Lagrangian (where k = 1,2, 3)

L, D csp5h (35) p1 + hec. (3.7.2)

This adds the following EFT operators to (2.5.2)
1 . 4
LB MCSPEIE(E%)TU; <C})QQlX?])% + C}JREReﬁ + E;RZ%%J + h.c. (3.7.3)
P
When all the fields acquire their VEVs, we find that (with & = 1,2,3 and only for this equation
j=1,2,3)

— LB 55k (mR)kjl/f;2 + h.c. (3.7.4)
where!6
2
v WIVR
(mR)kj = ciiA + ﬁRcchSp, (mp)ks = #czﬂcsp. (3.7.5)
p p

In Model II we have that the mass-mixing terms are generated using renormalizable operators and for
completeness we find that (with £ = 1,2,3 and just for this equation j = 1,2, 3)

LB 558 (mp) vl + hec. (3.7.6)

where
(mRr)kj = crgh's  (MR)ks = craw . (3.7.7)

What is left to do is to identify the allowed region in the UV parameter space to reproduce the
observed active-neutrino masses while respecting all the constraints imposed, which usually are given
only by the bounds on PMNS non-unitarity. If we keep the UV parameters used to generate the
Yukawa matrices in the region of the UV parameter space discussed in Section 2.8, we see that we can
explain the observed active-neutrino mass-spectrum keeping O(1) couplings between S,Z and the RH
neutrinos. Nevertheless to do so we need to assume a very hierarchical structure for the Majorana
mass-matrix p of the sterile fermions slz. In fact we need the eigenvalues of u to be

= 0100 eV, e =0(10%)eV, p=0(1)eV. (3.7.8)

This is due to the fact that the neutral lepton Yukawa matrix has a hierarchical structure that must be
compensate by an even more pronounced hierarchical structure in . Recall that this happens under
the assumption to keep all the couplings to be of O(1). We are going to discuss better this point in
the following Chapter. In addition, we would like to emphasize that if we allow A’ to be much above
the TeV scale, then this hierarchical structure of p is even more pronounced. This because we have to
compensate the hierarchical structures present in both Y~ and mpg. As last check, the PMNS unitarity
constraints are in general satisfied. The only care must be put to ensure that the 33-component of |n|
(3.5.10) lies inside the current bounds, and this could be achieved if

(mR)kg Z 3TeV . (3.7.9)

16Recall that the mass-mixing term (mpg)x; is already present at the renormalizable level and gets just a small (maybe
negligible) correction from the EFT description.
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The other entries are usually ensured to be inside the bounds thanks to the hierarchical structure of
the Yukawa matrices.

To conclude this Chapter, let us observe that these results are not new in Pati-Salam-like models,
for instance see [2, 10]. The issue is that such a strong hierarchy among the sterile fermion masses
seems quite unnatural, or at least not really well justified. Therefore this explanation to the observed

active-neutrino masses spoils the naturalness assumption that these models aim (and have the potential)
to manifest.
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4 Natural Model for Neutrinos

We saw that be best mechanism to explain the observed anarchic active-neutrino masses is provided
by the ISS. However we need a very hierarchical structure in the Majorana mass-matrix of the NP
sterile fermions. This somehow ruins the naturalness of the model we are considering. In this Chapter
we are going to propose a solution to this issue which is new in the literature as far as we know.
The main idea is to assume a suitable hierarchical structure in the mass-mixing terms between RH
neutrinos and NP sterile fermions. In the first part we are going to study in detail this hypothesis in a
model-independent way, then we provide an explicit realization in the framework of the models we are
considering in this work.

4.1 Hierarchical Mass-Matrix

The main conclusion of the last Chapter was that, to explain the observed active-neutrino masses,
we need a very hierarchical structure for the Majorana mass-matrix of the three generations of sterile
fermions slz. This is due to the fact that parametrically

i yiv®
m,, ~ (L (mi (4.1.1)
So, considering the eigenvalues of the matrices entering in the ISS realization, if y2/y3 ~ 1072 and
m% ~ m?}z, we need that po/us ~ 1074 Nevertheless, if we assume a suitable hierarchical structure in
mp such that m%/m% ~ y2/ys, maybe we are able to generate anarchic m?, with anarchic ;.
In analogy with what we did in Section 3.3, recall that in an ISS scenario we have the following
mass-matrix in the space {v}, (%), sk (where i, j,k = 1,2,3)

v
0 —YN 0
; V2
M = ﬁ(yN)T 0 m%, (4.1.2)
0 mp I

where YV, mp are 3 x 3 complex matrices and 1 is a 3 x 3 symmetric complex matrix. Nevertheless,
to simplify the calculations at least in the first attempt, let us put in a restricted framework where
we have only two flavours. Hence 4,7,k = 2,3 and all the matrices are 2 x 2. As we will see, this
simplification will not spoil conceptually the main results and the extension to the 3-flavour case will
be straightforward. As stated above, the idea is to assume a hierarchical structure in Y and mpg such
that parametrically they go as follows

N € ¢ 3 e 1

where ¢ is assumed to be a small parameter (typically € ~ y2/y3 ~ 1072) and m% is the biggest
eigenvalue of mp. In particular we want that the mass-mixing terms between s,’% and VI% are suppressed
with respect to the ones between slz and V%.

The problems with this scenario comes out when we try to diagonalize M. In fact, in this framework
it is not obvious anymore that the block-diagonalization approximation used previously works, so we
should proceed with care. To further simplify the calculation we observe that we have the freedom
to diagonalize YV with a singular-valued decomposition as shown in Section D.2 in the Appendix.
In particular we have that there exist two unitary matrices Uy, and Ug such that, under the unitary
transformations

)

Vi = (Upuvh, vh = (Ur)jvk, (4.1.4)
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the Yukawa matrix gets diagonalized as follows
YN o UlyNUR =YV = (%2 ;) (4.1.5)
3

where y9 and ys are positive real numbers. Those unitary matrices are evaluated in Section C.1 in the
Appendix in terms of Yukawa entries and explicitly we have that

-~ 1 €L ~ 1 ER
Ur = <_5*L 1 ) , Ur~ <_Efq 1 ) (4.1.6)

where 7, ~ ¢ and eg ~ €2 (which means that Ur ~ I). Also we do not change the hierarchy ys/y3 ~ €.
Then, as shown in Section D.3 in the Appendix, since p is symmetric there always exists a unitary
matrix Ug such that, under the unitary transformation

st = (Us)est, (4.1.7)
the Majorana mass-matrix gets diagonalized as follows
poo Ulpuz=p= (" (4.1.8)
0 p3

where p2 and ps are positive real numbers.
Now we can check how mp gets modified by those transformations. In particular we observe that

mpg — UngUR (4.1.9)

and parametrically it goes as follows

1 1)\ (e 1 1 g2 e 1
i (1) () (5 %)~ (2 0) (110

so those transformations do not change its hierarchical structure'”. After all those simplifications the
mass-matrix reads as follows

0 0 Yo v/V/2 0 0 0
0 0 0 yv/vV2 00
| yv/V2 0 0 0 m%%? m?j%
M = 0 - 0 0 i . (4.1.11)
0 0 m%% m%?’ W1 0
0 0 m32 m3 0 142

where o, y3, jto, 3 are real and positive. Also we have the hierarchies m]ff < m’? and yo < y3.
Notice that this discussion can be trivially generalized to the 3-flavour case. In this framework the
mass-matrix reads as follows

VA
0 —YN 0
; V2
M=|_yN 0 mZL (4.1.12)
\/§ R
0 mpg f
where
YN - diag(y17 Y2, y3) ) /j - dia‘g(ula H2, /1’3) . (4113)

Also are assumed the following hierarchies between the parameters

mh < mh? < mh3 Y L Yo L Y3 (4.1.14)

"In fact in the following we will be sloppy in stressing the difference between mpg and U ;m rUR. We will use the same
symbol mgr neglecting the fact that it has been rotated. Nevertheless this will not change the final results as we will see
in the following.
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4.2 Mass-Matrix Diagonalization

Once we have simplified the mass-matrix M, we have to diagonalize it. However, even in the
2-flavour case it remains very hard to do analytically. Nevertheless there is something we can observe
from the single-flavour ISS scenario studied in Section C.4 in the Appendix: we see that when D and
N are comparable, we have a non-trivial mixing between v, and sy. Thus we could expect that v YN
and mp cannot be much comparable, otherwise we would violate the non-unitarity constraints on the
PMNS matrix. In addition, this mixing can be evaluated in the limit where i — 0. Hence we can try
to evaluate the eigen-subspace associated to the null eigenvalue of the matrix MM and try to see how
large mpr must be compared to vy,

For the moment we work in the 2-flavour case to make the calculation easier. We want to find the
null eigen-subspace of the matrix MM . This is easy to compute and we find that it is generated by
the following two vectors

T

v1:(\/§m%2/y2v VemEjysv 0 0 —1 ()) , (4.2.1a)
T

vo = (V2mE /yov V2mF/ysv 0 0 0 1) . (4.2.1b)

Then, to find a basis, we have to orthonormalize them, but already at this stage it is clear that, if
mlf%] ~ y; v, there is a comparable mixing between v} and s’Z. In fact, if we go to the orthonormal basis

{v1,v2} = {wi,wy}, we have that the unitary matrix that diagonalizes M is given by
U=(w w ..)+O0(p) (4.2.2)

and observe that we need to compute explicitly just the first and second columns since are the ones
that enter in the PMNS matrix. The unitary rotation that brings v% into their mass-basis is given by

U, =UW (4.2.3)

where W is the upper left 2 x 2 block of U and its entries are given by the first two components of w;
and wy. Then, since Uy, is unitary, the non-unitarity of the PMNS matrix is well approximated by

Il ~ W (4.2.4)

The explicit form of this matrix is rather long and useless. The only important feature is that it
depends only on the ratios m’;{ /y; with j = 2,3. Thus, if we have that those two ratios are comparable,
|n| turns out to be an anarchic matrix whose entries parametrically go as follows

2,2
Yy3v
In| ~ ——. (4.2.5)
(m)?
Thus the upper bounds on |n| (3.5.3) put a lower bound on m3% which turns out to be
m3, > 10 TeV . (4.2.6)

At this point we could try to block-diagonalize M perturbatively using the technique shown in
Section D.4 in the Appendix. Keeping the same notation used in that Section, we need to require that
the sub-matrix B is small. From that computation we see that at leading order

(YNmp) o) (4.2.7)

v

V2

~ 0 el g1 v 1 1
YNmE) "t (€ ~ 2 . 4.2
oY (mp) m3 (0 )\ 1) T (4.2.8)

B~ D*(R™Y)f

and parametrically



Thus we have that B is an anarchic matrix and it is suppressed by the ratio v/ m?j%. Therefore the
assumption of having B small works and the block-diagonalization can be safely done perturbatively
in powers of v/ m?j%. In addition we find that numerically this block-diagonalization technique works
with an error of less then 5% if m% ~ 10 TeV. This could be seen as an empirical validation of our
claim, also considering that v/ m?]’% ~ 2%. Therefore we can use the block-diagonalization method to
get the analytic behaviour of the active-neutrino masses.

After block-diagonalizing M in (4.1.11) we find that the active-neutrino mass-matrix reads as
follows

332 2312 32,33 22,23
(mg) (m%) _, Mmpmp  MRpMp
y2y2u 2= 02 K35 ) ) 3 02
~ 293 Y Y3 Y2Y3 Y2Y3 (4.2.9
my, ~ 53 32 39 3372 m§2m33 m22m23 (m32)? (m22)? : 2.9)
2(m%Bm¥E —mFEmP)” | _  MRMR RME R R
TR RTR 2 2 3 2 27 2,2 THM3T 59
Y2ys v Y2ys v Yy v Ya v

From m,, it is very clear that to get anarchic active-neutrino masses while keeping [ anarchic we need
that

k2 k3
TR DR (4.2.10)
Y2 Y3
The PMNS non-unitarity parameter || is given by (3.5.10) and explicitly it reads as follows
Yo mEP | mE? _mEmE) mEmE)*
In| ~ Y2ls? 32y§ v233 y§ 11222 23 y2y331)222 2y22%3 v? (4.2.11)
2 |mBm32 — mBm33* | _(mg)'my  (mi)'my im322 |m%|
Y2ys3 v Y23 v? Y3 v2 Y3 v?

and if the condition (4.2.10) holds, it is anarchic as well and to respect the unitarity bounds (3.5.3) we
need that m3, > 10 TeV. Notice that this agrees with the results of the discussion made above.
These discussions and results regarding the 2-flavour case can be trivially extended to the 3-flavour
case. The block-diagonalization approximation works under the same conditions. However this time
m, is much more complicated and we do not report the explicit expression here, but we just recall its
matrix form which reads as follows
2

my, ~ % (YNm]_%l) f (}A/Nmél)T . (4.2.12)

What is important to mention is that it is anarchic if
w2l
Y1 Y2 ys

(4.2.13)

Under this condition we also have an anarchic structure of |n| and the PMNS unitarity bounds are
satisfied as long as m¥, > 10 TeV.
4.3 Heavy Mass-Eigenstates

So far we have discussed only about the light states of the ISS mechanism. In this Section we
study in detail the heavy states. As we discussed in the previous Section, we can block-diagonalize the
mass-matrix M (4.1.12) by means of a unitary matrix W such that

T [T O
WTMW = <@ Mh) (4.3.1)
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where m,, and M}, are 3 x3 and 6 x 6 matrices respectively (in the 3-flavour case). In good approximation
we have that

1
I— -BBf B
W~ 2 1 (4.3.2)
—Bf I— 5BTB

where

v [(mp u( Ty-1yN v O .
Bl~ — (R =— ~n | FO). 4.3.3
NG ( (m ) 1y N \@ (m%)_lYN (41) ( )
Notice that, regarding the mixing matrix, all the O(fi) corrections can be safely neglected since the

first non-trivial corrections are of O((v/m%)3). Thus we find that explicitly

2

1- 29N (mfmz) " ¥V © %ff ()~
W~ 0 I 0 : (4.3.4)
2
v A v A
(mP)~YY 0 T— —(mp) T (Y N)(mp) !

-5 y

The Heavy mass-matrix is given by (as shown in Section D.4 in the Appendix)

T
M), ~ <@ %R> . (4.3.5)

mpg

Thus, as long as we neglect all the O(f1) corrections, we have that the mass-Lagrangian of the heavy
mass-eigenstates reads as follows (with k,j = 1,2,3)

LD —sFmi vl + he. (4.3.6)
and s’llf is a linear combination of v¢ and sk ¥ that comes out after a W transformation!®.
Now we need to diagonalize this mass-matrix with a singular-valued decomposition to find the
heavy mass-eigenstates. As shown in Section D.2 in the Appendix, there exist two unitary matrices Vg
and Vg such that, under the unitary transformations

sfo— (Ve)west, vk = (VR)juvk, (4.3.7)

the mass-matrix gets diagonalized as follows
mr  —  VimgVg = M = diag(My, Mo, M3) (4.3.8)

where My, M> and M3 are positive real numbers. The diagonalization has been explicitly done in
Section C.6 in the Appendix finding that the masses are given by

My = \fmig2 + I + mig 2. (4.392)
My = My \/]mR m3 —mBEmPE? + |mEmE — mBPmBZ2 + |mBmE — mPmE|?, (4.3.9b)
M1 = (M2M3)_ }p} R2 33 mR m?mR + mR m?qul

(4.3.9¢)

m}%mR mR + 13mR m3R2 - m}ng m?j%l

while the mixing matrices are given by up to corrections of O(m%/m%) (where m% is the second
biggest eigenvalue of mp)

Vs = (Uig v5 U;‘f) ) Vr = (vf% vft vf) (4.3.10)

18The explicit form of these linear combinations are provided in Section 5.1.
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where v}s and vf (where j = 1,2, 3) are reported in (C.6.15) and (C.6.7) respectively. Also notice that
we have Vp ~ [, which means that there is little mixing among the RH neutrinos.

As a side comment, notice that, as showed in Section C.5 in the Appendix, the three mass-eigenstates
correspond to three Dirac-type fermions. If one considers the O(ji) contributions, each of the Dirac
fermion splits into two Weyl fermions with Majorana masses. However, this goes well above the level
of precision we are considering.

4.4 New Symmetry for the Sterile Fermions

In the first part of this Chapter we have shown that it is possible to generate an anarchic active-
neutrino mass-matrix with an anarchic structure among the three generations of the sterile fermions
s%. The only requirement is that it must be satisfied the condition (4.2.13). However there is a
problem with this condition in the framework of the models we are considering in this work. Namely,
since v, (with j = 1,2) and s are both sterile, the mass-mixing terms between them m’;{ are not
suppressed in any way with respect to m’j%?’. Not only, but it is also enhanced in principle. Nevertheless
a possible solution can be to introduce a Symmetry which makes such terms not allowed anymore at the
renormalizable level, so that they have to be generated as some EFT higher-dimensional operators. For
this reason we assume that there exists a further Symmetry such that all the fields already introduced
are singlets under it but the sterile fermions slz. In principle there is no need to specify anything more
about this Symmetry, it could be either continue or discrete, global or local. Just for the sake to be
quantitative, we will assume for the rest of this work that this is a U(1) Symmetry under which the
sterile fermions have Charge

sh ~1€U1)p. (4.4.1)

Then we assume that there is a scalar field
Py~ —-2¢€ U(l)F (4.4.2)

and it is a singlet under everything else. Also k,¢ = 1,2,3 and represent its flavour indices in the
flavour space of the sterile fermions. We assume that it will eventually acquire a VEV at an arbitrary
high energy scale generating the Majorana mass-matrix of s§. Namely we have that

(D) = 1. (4.4.3)

Since p is a very small mass scale, the slight breaking of this new Symmetry we have introduced
is responsible for the Fermion Number violation (this is why we choose F' as subscript of this new
Symmetry Group). In this framework the mass-Lagrangian of the sterile fermions before the SSB of
this new Symmetry reads as follows

LD —fq)kg(sL) Csi +hec (4.4.4)

The next step is to generate the mass-mixing terms between the sterile fermions and the RH
neutrinos which recall that they read as follows (with & = 1,2,3 and only for the equation below
j=1,2,3)

ED—sLmR I/R+hc (4.4.5)

In particular we need to generate a non-suppressed (hence renormalizable) operator that couples slz
with 1/%. Because of this new Symmetry, we must add to the model a new scalar field with suitable
charges under the whole Symmetry Group. In addition this new field must eventually acquire a suitable
VEV to give a mass-mixing term only with V%. The only possibility is provided by the following scalar
field

A~ (4,2,-1) € SUDPB x SUR)E x U(1)p (4.4.6)
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with the following VEV
(Aqj) = VF 6a4051 (4.4.7)

where a = 1,...,4 and i = 1,2 are the SU(4)B and SU(2 )[ ! indices respectively. Notice that thls VEV
defines the mass scale governing the ISS realization discussed above. Namely we have that m? % (which
we recall it is the biggest eigenvalue of mp) is identified with vr (apart from O(1) numbers). As a
side comment, the addition of a new scalar field charged under the UV Gauge Group (1.1.3) and that
acquires a VEV implies a modification in the final mass-spectrum of the broken Gauge bosons. This
modification has been computed in Section C.8 in the Appendix.

Now the mass-mixing terms m’}? with j = 1,2 cannot be anymore generate through some renormal-
izable operators. Thus they must be generated through some EFT operators and hence are suppressed
with respect to m%”. In addition we must impose that these suppression factors are such that condition
(4.2.13) holds. In the following Section we are going to discuss this in detail.

4.5 Mass-Mixing Terms as EFT

In this Section we write down all the possible mass-mixing terms that are allowed in the framework
of the models we are considering. Namely we want to generate the mass-terms (where only for the
equation below j = 1,2,3) '

LD~} (mg)xj vy + h.c. (4.5.1)
Keep in mind that, in contrast to Section 3.6, this time we have a new Symmetry that changes the

operators allowed.
For Model I we can write down the following EFT operators

c
Lop ~ crssh AN, + 1(” shATQING, . (4.5.2)

Thus we have that o1
m]f{?’ ~ VR, mlg ~ /1X2RUF . (4.5.3)

We can make a parametric comparison between these terms and the Yukawa eigenvalues (which are
given by (2.1.7) using the results of Section 2.5) focusing on the suppression behaviours. We have that
parametrically

v VR MR @R

y3 A m3, A2
Unfortunately they do not show the same suppression factors. Nevertheless, if w1 ~ A, they could
be made comparable as we would like. Also this requirement does not spoil the naturalness of the
Model'?.

For Model II we can write the following EFT operators

(4.5.4)

Lg ~ cusst ATyE + %S’ZATA?)VR (4.5.5)
Thus we have that W
mh ~ g, m];g ~ A UF (4.5.6)

As before, we can compare these terms and the Yukawa eigenvalues (which are given by (2.1.7) using
the results of Section 2.6). We have that parametrically
Y2 wilw m% w

19 Actually one should explain why these two scales are comparable, but this could be just seen as accidental.
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Again, we cannot reproduce exactly the same parametric suppression unless we require that wy ~ A.
However notice that for Model 1 m% / m% is too suppressed with respect to ya/ys, instead for Model II
it is not as much suppressed as we would like it to be.

To summarize, we have seen that (in the 2-flavour scenario) condition (4.2.13) can be achieved if
we require that wy ~ A in both the models. Nevertheless we have to be careful since this requirement
could spoil the hierarchical structure of the Yukawa matrices. In fact we saw that we need (at least)
two VLFs to UV-complete the Yukawa matrices and they can have in principle different masses. Hence
there are actually two energy scales A and A’ which, for instance, could differ by one order of magnitude.
Thus we must be careful in evaluating the energy scales that suppress the EFT operators. The details
of the UV origin will be discussed in the following Section, but here we anticipate just some results to
better refine the discussion made above.

For Model I we could use the VLF 7 (2.3.6) with the following UV Lagrangian

LD CSHEIZATU + c,lmﬁQIpl - E})REIE%V}% + h.c. (4.5.8)
to generate a mass-mixing term with the following suppression factor

kj

my W1VR
~ . 4.5.9
VR M, M, ( )
This has to be compared with the following Yukawa parameters which have been derived in Section 2.5
UR N w1 N W1VR
VY ~ Vi ~ = Yy ~ : 4.5.10
1] M ’ i3 Mp Y 31 Mprr] ( )
Thus to satisfy condition (4.2.13) we need
VR -2 w1 -1 w1
— ~0(1077), — ~0(107), — ~0(1) (4.5.11)
Mp P M”]

and this is something that actually can be achieved. In this way we can get a Yukawa matrix where
YZéV ~ 3];7 < Ylév without requiring any fine tuning, but just masses of different orders of magnitude
for the VLFs n and p.
For Model IT we could use the VLF 1’ (2.4.2) with the following UV Lagrangian
LD coysiAln) — e A v + hec. (4.5.12)
to generate a mass-mixing term with the following suppression factor
m’;%j w

— A~ 4.5.1
(a Mn/ ( g 3)

This has to be compared to the following Yukawa parameters which have been derived in Section 2.6

wilw N w1
VY ~ Vi ~ —. 4.5.14
9 MM, B M, ( )
Thus to satisfy condition (4.2.13) we need
w1
— ~0O(1). 4.5.15
T~ o) (45.15)

However this implies that Y;3" ~ O(1). Thus this Model is incompatible with all the conditions we
would like to impose?”. Therefore in the following we are going to consider only Model I.

20Tn principle we could think that the coupling 6717 A is suppressed in a suitable way to explain condition (4.2.13).
However this would spoil the naturalness of the model.
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Actually there could be another possibility to satisfy condition (4.2.13). This requires the addition
of a further scalar field

S~ (2,-1/2,-1) € SUR)E < U™ x U(1)p (4.5.16)
that acquires a VEV such that

(D) = (”é”) . (4.5.17)

In this way we have that the mass-mixing terms can be generated by the following EFT operators in
Model 1

Lop ~ cr3sh ATx3 + TSIEETzRVé (4.5.18)
This implies that
mh3 ~ vp m’g ~ UXRU% (4.5.19)

which means that m% / m?}’% ~ y2/ys if vp ~ V. In fact this could be achieved, but it assumes a fine
tuning between the two VEVs to be both at the TeV scale. Thus we will not consider this hypothesis
any further. Also notice that this possibility does not work in Model II since the ratio m% / m% is less
suppressed with respect to y2/ys3, but we cannot reduce the suppression of ya/ys.

4.6 UV Completion

As we have seen in the last Section, there is room to have a theory that reproduces naturally
condition (4.2.13) while keeping the hierarchical structure of the Yukawa matrices. In addition, Model
I reveals to be more appealing than Model II. In this Section we provide a possible UV origin to the
mass-mixing terms generated by an EFT description in the framework of Model L.

It is possible to provide a UV origin to the EFT operators generating m" B J without the addition of
any new further VLF. In particular we can use the VLF 7 (2.3.6) and write down the following terms
in the UV Lagrangian (where k = 1,2, 3)

Ly D i ATy + h.c. (4.6.1)
This adds the following EFT operators to (2.5.2) (where k =1,2,3 and j = 1,2)

1 1
LB > MncsngleTaan + WCSWEIZATJU (cnpagQT I3+ CWU;QJr J1> + h.c. (4.6.2)

When all the fields acquire their VEVs, we find that (with k& = 1,2,3 and only for this equation
j=1,2,3)

—LR DsLmRyR+hc (4.6.3)
where
k3 -1 -1
TE s+ e <1 B Cn%) I (1 _ Cnv3>
vp M, 2M,, 2M 2M,, (4.6.42)
9 -1 -1 o
Wi 11 U3 AU
+ CsnCryCoa | 1 —¢C > <1 > ,
MM, *"PP ( "T2M,, P
-1 ~1
mg—valc Aodte (1 e 2 1ol (4.6.4b)
ve  MpM, “TPPR "2M, “a,) o

Not surprisingly, we can observe from (2.5.5) that, if cx3/csy = c33/cyn, we have that

kj N
Mpr Y3J

. 4.6.5
mlf%g Y3]:\3[ ( )
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This is almost what we would like to reproduce. In fact if we assume values for the mass scales in the
region of the UV parameter space space identified in (4.5.11), we have that Yé\f ~ Y?ﬁf and hence we
can reproduce condition (4.2.13) without any fine tuning while keeping O(1) couplings. Thus we can
explain naturally the structure of Yukawa matrices and the observed active-neutrino masses.
As last remark, observe that conditions (4.2.13) and (2.1.3) together imply the following constraints
among UV couplings
c33/cpy R ciQ/(czp)* R cp3/Can - (4.6.6)

This is not surprising if we recall the observation made in Section 2.8. In fact this constraint follows
directly if one assumes that 7 and X?j% (which share the same quantum numbers) are coupled with very
similar couplings to the rest of the particle content in the UV theory.

4.7 Final Results

At this point we can argue that the model is complete. We have been able to generate the observed
hierarchical structure of the Yukawa matrices and the observed active-neutrino masses with a UV
theory with O(1) couplings among its UV particle content. Furthermore, the only source of fine tuning
is required to explain the observed mass splitting between the top and bottom masses, but it is just an
O(10) cancellation among the UV parameters as shown in (2.8.3). In this Section we provide a possible
choice for the values of the UV parameters and the corresponding numerical values of the Yukawa
matrices and active-neutrino masses (in the 2-flavour case). We also declare since the beginning that
such values are not the precised ones in agreement with the current measurements. Our purpose is
just to show that this model is able to reproduce what we observe, not to provide the exact values
predicted by the theory. We recall that the analytic expressions of the relevant quantities can be found
in the following Sections: vector-boson masses in Section 1.9, Yukawa matrices in Section 2.5, active-
and heavy-neutrino matrices in Sections 4.2 and 4.3.

We assume the following values for the UV couplings, masses of VLFs and VEVs of scalar fields

c33~ 056, =14, cu~07, ¢xr=036, cy~25, cz3=1.0,

(4.7.1a)

cyp~01, ¢, =05, ¢)p~05, cu=02, cr~01,
M,~5TeV, M,~30TeV, m~0.6TeV, (4.7.1b)
w1 ~2.0TeV, w3~40TeV, wv3~15TeV, wvgp~1TeV, vp~10TeV. (4.7.1c)

We find the following numerical values for SM couplings, vector-boson masses and Yukawa matrices

gy ~ 0.37, gs ~ 1.00, (4.7.2a)
mg ~9.2TeV, my~155TeV, mpy, =6.6TeV, my ~183TeV, myr = 2.5TeV, (4.7.2b)
VU ~ 0.0019 0.0444 vD ~ 0.0015 0.0010
0.0007 1.1788/"° 0.0004 0.0426 /)’

(4.7.2¢)

vV (00019 0.0222 v ~ (0-0015 0.0005
~10.0004 1.1682)° ~10.0002 0.0365) °

In particular, using (2.1.7) one can see that we can reproduce the observed values of the Yukawa
couplings (2.1.2). In addition, there are clear top-bottom and bottom-tau mass splittings and CKM
entry |Vep| = 0.014. Therefore all the observational constraints are satisfied upon a suitable choice of
the UV parameter values. Instead the Yukawa couplings of the second generations are very general
since we expect that the structure that defines their values involves O(1) contributions from some UV
fields that break explicitly the universality among the first and second generations.

Let us make some comments on these results. The vector-boson masses are all of the order of few
TeV, allowing to a possible detection in the near future. The heaviest ones are the leptoquarks and one
of the neutral Z-type boson since their masses depend on the VEV of A. Also be aware that those
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results are quite sensible to the choices of the numerical values of the UV couplings. Furthermore
it is important to stress that in this numerical analysis we assume the same values for some UV
couplings that in principle could differ by some O(1) factors, helping to reproduce better the desired
Yukawa matrices. To be precised, we are referring to the expected similarities between the couplings
shown in (2.3.3) and (2.3.9). Finally, it is worth to mention that, with such UV parameters, the
mixing matrix between heavy VLFs and SM fermions F', defined in (2.7.9), is sufficiently little, namely
F ~ O(1072). This is important since it is related to non-unitarity of the CKM matrix which is given
by FF' ~ O(10™%) and it is below the constraints we have from the observations. This was expected,
but important to check.

Regarding the neutral leptons, we assume a Majorana mass-matrix for the sterile fermions p with

eigenvalues
s ~ 0.5eV, o ~ 0.5eV. (4.7.3)

We find the following active-neutrino mass-matrix and PMNS non-unitarity parameter

L 9927 —1.40 4185 027
my, & 10 ev(-1.40 go1 |0 M=o 080) (4.7.4)

In particular m,, is anarchic and |n| is within the experimental constraints (3.5.3). The active-neutrino
masses are therefore anarchic and of O(1072) eV. For our specific choice of UV parameters we find

mp ~9.62-107%eV,  m2~3.66-10"%eV. (4.7.5)

The precised values of the masses of the three Dirac-type heavy neutrinos are not important since
there is no constraint to impose on them. We just state that we expect them to be of the following
order

Mz ~ yvp Ms ~ yovp, My ~ y, vp. (4.7.6)

In particular they are hierarchical with ratios similar to the ones among the up-type quarks since the
neutral lepton Yukawa matrix is similar to the one of the up-type quarks. With the chosen value of vp
we expect the following masses

My ~10TeV, My ~50GeV,  M; ~ 100 MeV . (4.7.7)

Nevertheless we can safely change those numbers by factors of even O(10) by assuming some splittings
between YV and YV, especially for the lightest mass-eigenstate which is the most constrained one by
experimental bounds, as we will see in the next Chapter.

As final remark we want to make a comment about how natural is to assume such (different) energy
scales among the VLFs and scalar fields’ VEVs. In particular we would not like to push vg too high
since A breaks the SU(4)[3} Gauge Group. Instead ws can be pushed very high since we like that
SU(2)[§’} breaks at a relative higher scale. Moreover having a mass-mixing term m between 7 and
X?:g not very high could be sensible, but actually it turns out that even larger values do not spoil the
results. Instead could seem unnatural having M, /M, ~ 10. Nevertheless 7 is charged only under the
third-generation Gauge Group, while p is charged under SU(3)[12}. Thus it seems sensible if we assume
that the first- and second-generation non-universality happens at higher energy scales. Therefore we
believe that such ranges for the energy scales in the theory are natural.
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5 Phenomenology of Exotic Neutrinos

In this Chapter we are going to study in detail some phenomenological implications of the model we
have built in this work. In particular the phenomenology associated to the NP massive vector bosons
have been already studied in the recent literature. Therefore we are going to focus on the Dirac-type
neutral fermions that are predicted by the model, which we call exotic neutrinos. They represent the
peculiar new feature introduced in this work. As we are going to discuss, the experimental bounds on
LFV observables will put some constraints on the masses and couplings of those NP fermions, but they
will not spoil the naturalness of the model. Instead they provide some NP effects beyond the SM that
could hopefully be detected in the near future?’.

5.1 Neutrino Mass-Basis

The model predicts the existence of three generations of sterile Dirac-type fermions n’ (where
i =1,2,3). In this Section we make explicit the unitary rotation that enable us to pass from flavour-
to mass-basis in the neutrino sector to find the couplings between n’ and SM fields. '

In Chapter 4, to diagonalize the neutrino mass-matrix M (4.1.2) in the space {vt, (v5)¢, s8 } (where
i,7,k = 1,2,3), we exploited several rotations to find the mass-eigenstates of the theory. Also, to
simplify the notation, we define

NLE(VL v 8L>T (5.1.1)

where vy, v and sy, are 3-dimensional vectors. At first we diagonalized YN and p. This was something
not really necessary, but rather a way to simplify all the further calculations. In fact the results can be
written (and we are going to do it) in terms of the original (hence non-diagonalized) matrices. Then
we block-diagonalized M using a unitary matrix W as shown in (4.3.1). This means that??

. . Ulm, Uy O 0
~L=gNLMNj + h.c. = §N'L 0 0 UEmEUS | N+ hec. (5.1.2)
0  UlmgUg 0
where
vy U}:VL
Ny = |vs| =wT | ULvs, (5.1.3)
SIL U;SL

and the active-neutrino mass-matrix m, reads
2
_ VN, -1 N, —1\T
=5 (Y mp )M(Y mR) . (5.1.4)

Then, we diagonalized m, and the heavy-neutrino mass-matrix mp as follows

1 1 R
—L = §7LUzmyUzV}f + E/LUngURV;% + h.c. = iﬁlLUvaTAn,,VLTUzy}f + ELU;VSMV;URVEQ + h.c.
(5.1.5)

where
m, = diag (mi,m%,mi) , M = diag (M, Ma, Ms) (5.1.6)

are the diagonal active- and heavy-neutrino mass-matrices respectively, while M;, Vg and Vg are
explicitly derived®? in (4.3.9) and (4.3.10).

21For the notation of this Chapter we refer to Appendix F. Notice that this is slightly different from the one used in
Chapter 1.

22Notice that we do not have m, and mpg, but rather U}:ml,Uz and U;mRUR because we have to take into account the
rotation that we did at the beginning. In fact this time we are writing all the results in terms of the original matrices.

ZBe careful that those results where derived considering purely mz and not U ;m rVR. However parametrically it does
not change anything and those results can be taken without any change.
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By taking into account all these transformations and using the explicit form of W (4.3.4), we find
that the neutrino states rotate as follows?*

v, — Uvp+Vsg (5.1.7a)
s, — *V/VL +U/SL (5.1.7b)
VR — VR VR (5.1.70)

where

U= [}1— v (YNmg") (YNm;)T] Vi, V=—=(YNmyp!) Vs, (5.1.8a)

v
1 R
v

u’:[H—T(YNm;)T(YNm;)]VS, V= (YNm];l)TVL. (5.1.8b)

V2

In this equation we have written all the matrices in their original form (hence the ones generated
directly from the EFT operators and not diagonalized). Notice that, as expected, the dependence on
the matrices that diagonalized YV and y (which are Uy, Ur and Ug) completely disappeared. Thanks
to the negligible mixing with vg, v;, and sy mix through an almost unitary matrix since

T vl
(_ag, ;;,) (_L;,, ;;,):(g; ?)w(%). (5.9

In fact this is not surprising since it is the non-trivial part of W, modulo a change of phase.
Finally recall that actually sy and vgr are just the chiral components of a Dirac-type sterile fermion

n =S8y +VR. (5110)

Consistently to our notation, this is a 3-dimensional vector that represents all the three generations
of sterile Dirac-type fermions which are our NP exotic neutrinos. Recall also that they have three
hierarchical masses M; (where i = 1,2, 3).

5.2 Interactions of the Exotic Neutrinos

In this Section we study how the rotation of neutrino states from flavour- to mass-basis affects the
SM Lagrangian and, in turn, the interactions between the exotic neutrinos n and SM particles.
In the unbroken EW phase neutrinos appear in the following terms of the SM Lagrangian

Lsv D sz‘lDLL + PRZ'EZ/R + ELZJDSL — (ILHYEQR + ZLHCYNI/R +Srmpvr + h.c.) (5.2.1)
where the covariant derivative reads
Dy =8, —igT'W. —ig'Y B,,. (5.2.2)

In the broken EW phase, instead, they are given by

_ 1— _
Lon O NLid N, — (2NLMN5 + h.c.) + %mzm + (\%eLW v + h.c.)
1 .
+ <6LYNI/R ¢ — PLYEBR ¢+ — EPLYNVR h+ %ﬁLYNl/R gbo + h.c.> .

Z4Notice that the matrix that rotates vg is almost diagonal.

(5.2.3)
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When we go to the mass-basis, we find that they read
1 N
Lsm DTLidvy, — (2uLmyug + h.c.) +n (z&? — M) n

—|—<\[€LW UVL—F\[CLW VnL+hc>

7 t 7 t 9 5 i

+ QCWVLZ UU) vy + QCWnLZ (VIV)np + <2CWVLZ (U'V)np + h.c.) (5.2.4)

g ,_(_ M M L

g 2 _ g e h.
+ \/§¢ (eLVMWnR eRMW n > ng) UI/L—|— c.

M M

- [g <uL(UTV) np+ 7L (VIV)—— nR> (h —i¢°) + h.c.

2 My My

where n = s;, + vr and we have defined
— (71 — (7t
Uai= (LEU) o Va=(LhY) (5.2.5)

L. is the unitary matrix that diagonalizes the charged lepton Yukawa matrix Y¥ such that

\%LEYERE = %YE = 1 = diag(me, my, m;) . (5.2.6)
In the mixing matrices U and V' we have labelled with Greek and Latin indices o = e, p, 7 (or o = 1, 2, 3)
and ¢ = 1,2, 3 the charged- and neutral-lepton components respectively, and we will continue to use
this notation for the rest of this Chapter?®. Neutral Current (NC) and Charged Current (CC) Weak
Interactions of the SM are modified by NP interactions with exotic neutrinos and they are suppressed
by a factor of O(v/vp). In addition, there are interesting interactions between the Higgs field and the
neutrino states.

The rest of this Chapter is devoted to the analysis of the phenomenological implications of the
above NP interactions. In particular, the first thing to consider is the lifetime of these new exotic
neutrinos n to see whether they are long-lived or not. To do so, we need to compute their decay
rates. In addition we are going to divide them into two categories. If M,, > My, they are called heavy,
otherwise they are called light. This classification is important since, as we are going to discuss in the
following, their most relevant decay modes will be completely different. From (4.7.7), we can argue

that the lightest and heaviest states are expected to be respectively light and heavy, while the one in
the middle could be both.

5.3 Lifetime of Heavy Exotic Neutrinos

In this Section we want to compute the lifetimes of the exotic neutrinos with masses M, >
My, Mz, My,. In this framework the dominating processes accounting for their decay rates are n — hv,
n— Zv and n — WE.

If we neglect the lepton masses, the decay rates of n® and (if kinematically allowed) n? read

2
; o\ Gr|VailPM? M3, M3,
T (n' = We) = s\ ) (1) (5.3.1a)
2
, N Grl(UWV) 2 M3 M? M2
7 AR J i . Z Z
T (n' = 207) = =~ 1-3p) (125 ) (5.3.1b)

. ) ). 12073 2\ 2
r (n’ — hzﬂ) _ GAUV)I"M; (1 - Mh) (5.3.1c)

1672

Z5Notice that the CKM matrix is indicated with V as well. Thus, to not confuse it with the mixing matrix between
charged leptons and exotic neutrinos, in the following we are going to indicate the first as V4 where ¢ = u,c,t and
/
q¢ =d,s,b.
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where ¢ = 2,3 and their explicit expressions have been computed in Section B.1 in the Appendix. Thus,
if we sum over j, @ = 1,2,3 and use the fact that UUT ~ I, we get that the total decay width reads?®

GpM?
T, ~ L(VTV)i 5.3.2
- \/5( ) (5.3.2)

This result is worth to be compared with the decay rate of the top quark since it is mediated by a very
similar decay channel. In particular, as evaluated in Section B.1 in the Appendix, the top decay width

reads as follows )
Gr|Vip|?m3 M3, M3,
N=—"*"(1—-—% 14+2—% . 5.3.3
A m2 2 (5:3:3)

By using the parametric behaviour of the exotic neutrino masses (4.7.6) together with the fact that
Vaj ~v/vp, |Vp| = 1 and my ~ v, we find that parametrically

r \? r
n2  UF (m> ~ 1073, FL3 ~ Y102, (5.3.4)

Ft v my t v

Therefore, as expected, n? and n3 are very short-lived particles. In such a case there is an important
check to make to ensure that perturbative unitarity is not violated. Namely, as shown in [18, 13], we
need to satisfy the following constraint

r,, 1
vz <3 (5.3.5)
After recalling that v2Gr = v~2, for n? we find that
T2 me\ 2
ntoo (= 1 3.
A < " > < (5.3.6)

where the dependence on v/vp disappears. For n? instead we should do this with care since m;/v ~ 1.

We have that )
N Viv)y ~ — < =. 5.3.7
M 47rv2( Ji ir =2 ( )

Therefore perturbative unitarity holds. Another way to verify this is given by the following fact. We
could argue that

Lps Ty

Ms " my
since the decay channels are very similar. Therefore, if the top quark does not break perturbative
unitarity (as he does), also n® will not.

(5.3.8)

5.4 Lifetime of Light Exotic Neutrinos

In this Section we compute the lifetimes of the exotic neutrinos with masses M,, < My, Mz, My, .
In this framework, we can rely on an energy regime where Fermi Theory holds?” and the dominating
decay channel is given by n — £¢'v. Then, if kinematically allowed, there can be also contributions
from hadronic decays.

For n' we have the following leptonic decay rate

_ G%|V01Ugi|2M15
N 19273

T (n! = e0v) (5.4.1)

26We neglect the decay channels n® — an(h) since they are suppressed by a further factor of VIV ~ v2/v§~.
2TThis is a good approximation for n! while, for n?, this is not guaranteed. However, as we will see, even if My < M,
its lifetime will be too short. Thus it is not very interesting and we do not need to compute it carefully.
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which has been computed explicitly in Section B.2 in the Appendix and the factor ® is an O(1) number
(and it is ® = 1 in the limit where the lepton masses are negligible with respect to Mj). One can
appreciate that this is pretty similar to the muon decay rate which is given by

GEm?
= L. 4.2
*1923 (5:4.2)
In addition, if M7 2 m,, there are a lot of hadronic decay processes that start to be allowed. For
instance
2
G? m2 m? m2 1 m2 m?
T (n' = °h}) = =L f2Via? Vo P M7 (1—“) — A=) A (%, )
( P> 16 e e M? M? M? M?' M}
(5.4.3a)
2
; G? m?
U (nt = vin%) = ZE2/(UTV) 12 M} ( — h) (5.4.3b)
( ) 647 ! M?

where hp is a pseudoscalar meson with mass my and hadronic structure constant f. The above decay
rates have been computed explicitly in Sections B.4 and B.5 in the Appendix.

In general, we can appreciate that those decay rates are very similar to the hadronic decay channels
of the tau lepton. In particular, in Section B.4, we have computed some hadronic decay rates of 7 and
the results are similar to the hadronic decay rates of n', but without the suppression factor H/}l]z. In
addition, the 7 hadronic decay channels are comparable to its purely leptonic ones. Because of this
analogy, which is at work if M7 > m,, we can argue that the total decay width of n! is given by its
leptonic decay rate multiplied by the factor k,, where

k,=1+T (nl — hadrons) /T (nl — leptons) =0(1). (5.4.4)

To give a rather easy expression for the total decay width of n!, we can use the following fact

3

> VUl = T [UTU)(vVIV)n = 3(VTV) (5.4.5)
avﬁvizl
Thus we have that ) ( : ) .
Fnl ~ knT (546)

where to compute the total leptonic decay width we have summed over all the possible leptonic
configurations in the final state with ® = 1 (this is a good approximation up to O(1) numbers, even if
some configurations are not kinematically allowed).

We can compare now this decay rate to that of the muon. Parametrically, using (4.7.6), we find

5 5
r v\? (M vr\® (m
LG <> MY g <F> M) (5.4.7)
r, VR my, v my
This ratio is very sensible to M, so it is not clear the relation between the two decay rates. Nevertheless,
there is space to n! to be long-lived. We anticipate that, at the end of this Chapter, we are going to
be more quantitative, once we put some bounds on the involved quantities. In this case, condition

(5.3.5) is easily satisfied since n! will turn out to be a long-lived particle. For completeness we can
explicitly check that, even if vy /v ~ 10, we have that

4 2
5\21 ~ 1073 (m“> (UF) <1. (5.4.8)

1 v v
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As an important remark, by looking naively at this equation, one could argue that, for vp/v arbitrarily
large, perturbative unitarity fails. In fact the ratio vp/v ~ 10° is not chosen randomly, but it is the
scale at which My 2 Mz and hence T',,1 changes its parametric dependence, resulting in similar ratios
than the ones for n? and n® which are independent on v /v (and do not break perturbative unitarity).

If one considers n? with mass My < Myy, we have that it decays with similar processes to n',
although the energy scale does not allow to work within the effective Fermi Theory. Nevertheless, we
expect this particle to be short-lived (and hence non-interesting like n') since, by looking at (5.4.7),
we expect that

T2 v\ [(m ’
nN(F) ( C) > 10°. (5.4.9)
r, v my

5.5 Lepton Flavour Violation in pu — e~y

Heavy neutral leptons are predicted by several BSM scenarios and they typically generate enhanced
LFV processes with respect to the SM predictions. In the past decades there has been an outstanding
experimental effort to detect LE'V effects. However, no convincing evidences have emerged so far. One
of the most prominent consequence of BSM heavy neutral leptons is a huge enhancement in the muon
decay channel  — evy. In this Section we study this process in detail.

In the SM p — e is very suppressed thanks to the unitarity of the PMNS matrix and the very
small neutrino masses. The current experimental bound is given by MEG II [19] and it reads as follows

Br(u — ey) <3.1-10713, (5.5.1)

This is well above the SM prediction which is around 107°°. Hence, the emergence of this process
would represent an unambiguous signal of NP. In our model NP exotic fermions break PMNS unitarity.
Hence, we expect an enhanced branching ratio with respect to the SM predictions. However, we have
to be sure that it lies below the current experimental bounds. This turns out to put some bounds on
the UV parameters of the model. We have explicitly evaluated this branching ratio in Section B.6 in
the Appendix. The result is given by

Br(p = ¢7) = o= |6, (5.5.2)
where - )
V_QZU U <(M]) >+22v;kvgkg<ﬂj\j§f> (5.5.3)
w % w
and
g(z) = 2 + b b + S 327 Inz. (5.5.4)

3 21—z 21-2)2 ((Q1-2)2 (1-2x)
To better study this result, it is useful to consider the following limits of g(x)

g(x) = g - g +0(a?) if r<1, (5.5.5)
2 3lnx 1 .
g@) =g+ ——+0 <$> if  z>1. (5.5.6)

Also it is important to observe that g(x) = O(1) for all the values z > 0 and in particular g(1) = 17/12.
If we apply this result in the SM framework we have that

(m3)

,,NQZU U ( 2M2) M2 ZU Usi( (5.5.7)
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where U is the PMNS matrix and we use the fact that it is unitary to kill the leading contribution.
Thus, if we assume mJ, ~ 0.1 eV, we find that SM predicts

Br(pu — ey)sm ~ 10792, (5.5.8)

In our model, instead, we have three further exotic neutrinos n’ contributing at the virtual level to
this decay. Notice that, since g(x) is limited in all its domain, it is not important how massive n’ are.
Also, by using (5.1.9), we have that

4 4
Y UeiUsi+> VeV = (LELE)W +0 <”4> =0 (Z) : (5.5.9)
J k

U U

Thus, since we expect m?,, M} < My and M3 > My, we can write the loop factor as follows

. M2\ 5
oo (1)
w

k is a numerical factor that quantifies the numerical values of V,;, once we have factorized out the
suppression factor v/vp. In fact, since they are components of a unitary matrix, we expect that
k=~ 0.3+0.7. It is important to keep track of this small contribution since the final observable depends
on an important power of k. Hence, our model predicts the following branching ratio

12 5 vt v?
+2Ves 13 {3 - 3] +0 (11%:) R 41%2%. (5.5.10)

3a 40t
Br(pu — ey) = oL (5.5.11)
By comparing this with the experimental bound (5.5.1), we need that
U > 300 k. (5.5.12)
v

Therefore this observable requires that?® vy > 8+ 15 TeV. This also means that, an improvement of the

experimental upper bound on this process could lead to a possible BSM physics detection which could
be explained by our model. In fact in the near future we expect to improve the experimental bounds on
this decay channel. Namely MEG 1II [19] aims in 2026 to reach a sensitivity of Br(u — ey) ~ 6 - 10714,
This could lead to a possible detection of BSM physics.

5.6 Other Lepton-Flavour-Violating Observables

There are several LF'V observables that are affected by some NP heavy neutral leptons, like the
exotic neutrinos in our model. Those are usually less prominent than pu — e, but it is important
to study them as well. All those kind of processes have been already computed and analyzed in the
literature. As good references, one can look at [11, 13]. In particular [13] has a very nice Table with
all the updated bounds on LFV observables and future prospects.

First process to consider is the decay rate of Z — 07 where ¢ # ¢'. In particular the most precised
one is given by
G% M, M2 Mz

12¢/2n5 Tz

where I'z &~ 2.49 GeV is the Z-boson total decay width and F° is a loop form-factor explicitly evaluated
n [11]. Since

Br(Z — pe) = |FL°12 =~ 2107 % FL° ) (5.6.1)

1)2

FY* ~ O(W)Vai Vi ~ — (5.6.2)
F

Z8Notice that vp /v is just an approximate scaling ratio. In fact the real ratio is given by v/2¢s,vr /v. Therefore if we
keep csy & 2, we can tune vy to not exceed 10 TeV without violating the experimental bounds.
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and the current SM bounds given by ATLAS read
Br(Z — pe) <4.2-1077, (5.6.3)

we can safely say that the effects of our exotic neutrinos are well below the current possibilities to
detect something. With FCC-ee we expect to improve the bounds on this branching ratio at O(10719).
Even though at this level Z — pe would become an interesting channel to look for LEV, y — ey will
remain the best probe of our scenario with exotic neutrinos.

The next class of LF'V processes is given by the NP contribution to the invisible decay widths of Z
and h. Such decay rates have been evaluated explicitly in Section B.3 in the Appendix and they are
given by (apart from minor corrections)

GrM3
AxpT (Z = inv) F =z § VIV )k, (5.6.4a)
M Mm2\>
o My Z 2 ke
I (h — IHV) ~ 8 1}2 k Mk (VTV)kk ( — W) . (564b)

The sums are taken over all the possible neutrino states that are kinematically allowed. In the case
of the Z boson, BSM contributions provide just a small correction to the SM invisible decay rate.
Instead, for the h boson case, BSM effects are by far dominant as the invisible decay rate of h in the
SM is extremely suppressed by the tiny neutrino masses. Exploiting the numerical analysis of [13]
(which entails also the 1-loop contributions), we find that the invisible decay width of the Z is well in
agreement with the SM already with vp /v 2 30, which is not so relevant. For h instead the situation is
different. We have not been able yet to measure its total decay width. The SM predicts this quantity
to be I'y, = 4 MeV with a negligible invisible decay width since neutrino masses are negligible. Our
model predicts instead the following contribution if My < M},

M2>2 M3 0?2

: M3

Therefore, even with My < M), and vp/v = 70, we have that T'(h — inv)/T'j, < 1072, implying that
this observable is not able to unveil NP effects in the framework of our model.

Another very important LE'V process that must be considered is given by the decay channel u — eee.
Currently, the experimental bound is given by SINDRUM [20)]

Br(p — eee) < 1.0-10712. (5.6.6)

The theoretical prediction of the SM is well below the current bounds and it receives very important
contributions from heavy neutral leptons which are given by

GE My

291 T 2107 61 F)? (5.6.7)

Br(pu — eee) =

where F is a loop form-factor which has been computed explicitly in [11]. Before providing a full
numerical analysis, we like to analyse the general structure of F which is given by

2 M o M
n
Since M3 is the biggest mass and
e 2,2 2
s UM o)k (5.6.9)

2 DI
MZ " w2 M3
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we have that at most the form-factor is expected to be

112

27
F ~ O(10)x oz (5.6.10)

Therefore, by comparing the theoretical prediction with the experimental bounds (5.6.6), we find
U > 100k, (5.6.11)
v

which is weaker than the bound set by u — ev. Nevertheless, there are excellent future prospects
to improve the current bound. In particular, Mu3e experiment [21] aims to reach a sensitivity of
Br(u — eee) = O(10719), that is four orders of magnitude better than the current bound. At this
level 1 — eee will become competitive with y — e~y to probe LFV effects.

5.7 Bounds on Light Neutral Leptons

The model assumes the existence of some light NP exotic neutrinos (at least one, but they could
be also two). These small masses bring with them other important bounds. In particular, if some
NP neutral leptons that mix with SM charged fermions are sufficiently light, they can be produced
on-shell by some decay processes changing the kinematic spectrum of the process. The most stringent
bounds are set by (semi)leptonic hadronic decays, but not only. The updated bounds on heavy neutral
leptons from hadron physics are listed in [12]. In particular, the relevant bounds on the squared-mixing
matrix between SM charged leptons and NP heavy neutral leptons depending on the mass of the the
latter are listed in Table 2, together with the name of the experiments that set them. As one can
appreciate, if those NP neutral leptons are very light, there are very stringent bounds set by D-meson
decay processes (namely by CHARM and BEBC experiments). Otherwise there are other bounds set
by experiments at high-energy colliders (namely by ATLAS, CMS and DELPHI).

| V|2 | M, | Experiments |
<2-1078 M, <2GeV CHARM, BEBC
<2-107° 2GeV < M, <3GeV DELPHI
<1076+107" | 3GeV < M, <10GeV ATLAS, CMS

<2.107° | 10GeV < M, < 100GeV | ATLAS, CMS, DELPHI

Table 2: Bounds on the mixing matrix V' between SM charged leptons and NP heavy neutral leptons
with mass M,,. The last column lists the experiments that have set those bounds.

In our model, the most stringent constraints are on the lightest exotic neutrino n!, but also
partially on n2. Namely, if M7 < 2 GeV, we need the require that vp/v 2 104, spoiling completely the
naturalness of the model we have built?. Nevertheless we can assume that the lightest eigenstate of
YN is not of the order of O(1)y,, but rather @(10)y,. In this scenario, if vr /v ~ 100, we have that

2
My~ 10m, 2 ~2GV, VP~ k2o ~ 1075 (5.7.1)

Thus we are really at the corner of the current bounds, but still in agreement”. Furthermore, if this
is really the case, there could be room for a possible detection of BSM physics. Notice also that in
this scenario we really have stringent bounds on M; since, if M; 2 3 GeV, we are forced to push
vp/v 2 103

1n fact, since M1 ~ myvr /v, if vp/v 2 10 the bounds are satisfied because we are in a regime where |V|? ~ 107°
and M; 2 2 GeV.
3%These bounds are very close to the ones set by y — ey where we needed (5.5.12).
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For n?, which is expected to have a mass My ~ 50 GeV, there are some bounds but, as long as
vp /v ~ 100, we should be at the corner of them. This is very promising since a small improvement in
the experimental resolution could lead to a possible detection of BSM physics. Nevertheless, even if
the bounds are more stringent, we just need to increase by an O(1) factor the eigenvalue of Y to
push My 2 100 GeV without pushing vp/v too high.

5.8 Summary of Bounds and Future Prospects

In this Chapter, we have studied in detail the most prominent phenomenological implications of
such exotic neutrinos that are predicted by the model we have built. In this Section, we summarize all
the relevant results.

The model predicts the existence of three exotic neutrinos with hierarchical masses. The model is
mainly dependent on a single scale, which is given by v, and we want to keep this around the TeV.
Current bounds from LFV processes imply the following constraint

vp 2, 8+ 15TeV (5.8.1)

where the bound is set from the measurement of the decay channel u — ey. D-meson decays put
the most stringent bounds on the mass of the lightest exotic neutrino. In fact, if we require to keep
vp ~ 10 TeV, we need

2GeV < M; <3GeV. (5.8.2)

Moreover this state could be long-lived as we discussed in Section 5.4. We observe that, if the mass
of n! is within the above range, it is very comparable to the 7 mass. Furthermore, this sterile state
has decay channels very similar to the 7, the only difference is that they are suppressed by (VV)y;.
Therefore, assuming a value for v near the bounds set by © — ey, we could expect that

T I, T. 2/ M\?
w_ T oo (ﬂ) (1> 107 ~ 102 (5.8.3)
F/*" ]-_‘T F/j, UF mT

As a result, it is possible that n! has a mean lifetime of the order
1~ 10785, (5.8.4)

In addition, the model offers a lot of possible ways to detect BSM physics, if this model turns out
to be correct. In fact, with vp ~ 10 TeV, the theoretical predictions of the model are really at the
corner of the current bounds in many of the interesting processes that could detect the existence of
some heavy neutral leptons. A possibility is offered by looking at some neutral leptons weakly coupled
with the SM in the mass range from GeV up to 100 GeV, improving by O(10) the current bounds. In
this way, it could be possible to detect n' but also n? if My < 100 GeV. Furthermore, n' could have a
sufficiently long lifetime to be interesting in some experiments. Another possibility is to improve the
current sensitivity on rare muon decay channels, in particular g — ey and g — eee. This has been
already taken into consideration by the experimental community and we expect to have a significant
improvement in the next decade. If vp ~ 10 TeV and the model is correct, we should likely detect
some BSM signals in those experiments.

On the other side, if we are not going to see anything in rare muon decay channels once we reach
the expected sensitivity, this would imply that

vp > 80 + 150 TeV . (5.8.5)

Furthermore, if no neutral lepton will show up with mass around the GeV, depending on the new
bounds we could need to increase vp by a factor of 3 or even more. In any case such a big value for
vr would spoil partially the naturalness of the model we built. This is because A (the scalar boson
whose VEV is vr) breaks SU(4)l3 and we hope that this happens at the TeV scale not to destabilize
too much the Higgs boson mass.
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Conclusion

In this work we have studied in detail a possible UV theory where the flavour universality among
the SM fermions is broken already at the TeV scale by embedding the SM Gauge Group into a larger
one that breaks the universality of the third generation of fermions with respect to the other two. In
particular, we assumed that the flavour non-universality happens only in the SU(3)c x U(1)y Gauge
sector of the SM Gauge Group, while the SU(2), sector is kept universal. Moreover, we have embedded
the Gauge sector of the third generation in a Pati-Salam-like Gauge Group, namely SU(4) x SU(2)g.
In this way the UV theory conserves classically the Baryon Number allowing to have the energy scale
of the UV theory already at the TeV, unlike many other Grand-Unification theories where the bounds
on proton decay push the energy scale around or above 10'® GeV. Once the UV theory has been
fixed, we have studied several ways to break the UV Gauge Group down to the SM one by means of a
SSB mechanism. To do so, we assumed that in the UV theory are present several scalar fields which
eventually acquire a suitable VEV with energy scale around few TeV. One of the main consequences of
SSB is that the broken generators of the UV theory recombine at low energies in several BSM massive
vector bosons with masses in the range of few TeV.

In this framework we have assumed that the Higgs field, still considered an elementary particle, is
charged only under the third-generation sector of the Gauge Group. This is well motivated by the
fact that the Higgs field in the SM is mainly coupled to the fermions of the third generation. In other
words, by looking at the hierarchical structure of the fermion masses, we observe that only the Yukawa
couplings of the third generation are non-suppressed. In the SM such hierarchy is realized by choosing
ad hoc the values of those couplings. Instead, our model has been able to provide a possible explanation
to this. Using the scalar fields that acquire a VEV at low energies, we have been able to generate all
the Yukawa matrices from an EFT approach. Therefore, the desired hierarchical structure is naturally
given by construction since the suppressed Yukawa couplings are realized as higher-dimensional (hence
suppressed) operators. Furthermore, we have provided a possible UV origin to those EFT operators.
Namely, we have assumed the existence of just two heavy VLFs with masses of O(10) TeV which are
coupled to SM fermions with O(1) couplings. This was enough to generate all the Yukawa matrices
with their desired hierarchical structure, at least between the second and third generations.

The last, yet extremely non-trivial, ingredient left to be explained were the tiny and anarchic
neutrino masses. The issue arises from the fact that Pati-Salam-like models predict naively very similar
up-type quarks and neutral lepton masses. The most efficient way to provide an explanation to the
latter is by means of a See-Saw mechanism. In addition, since the RH neutrinos are already present in
the UV theory and charged under the UV Gauge Group (at least for the one of the third generation),
the only meaningful possibility is offered by the Inverse See-Saw. Thus, we have assumed that in the
UV theory are present also three generations of LH sterile fermions with a small Majorana mass-matrix.
Without any further assumption, this Majorana mass-matrix turned out to be extremely hierarchical
to compensate the hierarchical structure of the neutral lepton Yukawa matrix generated by our model:
a rather unnatural (and apparently unexplained) feature.

As we have shown, it is possible to provide a solution to this latter problem. The key ingredient is
the existence of a non-better-defined Symmetry under which are charged only the sterile fermions and
a new scalar field. There is a large freedom on the nature of this Symmetry: it could be local or global,
continues of discrete. We simply assume it is broken at an arbitrarily high scale and its breaking can be
associated to Fermion Number violation. In this framework the hierarchical structure in the Yukawa
matrices is compensated by a suitable hierarchical structure in the mass-mixing terms between sterile
fermions and RH neutrinos. These latter terms can be generated similarly to the Yukawa matrices.
Namely, we required that this further scalar field is charged under the third-generation sector of the
UV Gauge Group and that it contributes to the breaking of it by acquiring a suitable VEV. Thus, the
mass-mixing terms with the third-generation RH neutrino is generated by a renormalizable operator
while the other terms are generated by means of some EFT operators and hence are suppressed. The
leading energy scale is given by the VEV of this scalar field which we called vr. By means of these
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ingredients we have been able to explain the anarchic neutrino masses without imposing any kind of
hierarchical structure in the Majorana mass-matrix of the sterile fermions.

A consequence of the Inverse See-Saw mechanism is that it predicts the existence of three heavy
(almost) Dirac-type fermions which are weakly coupled to the SM. This feature is present also in
the model we have built. In addition, the peculiarity of those heavy states is that their masses are
hierarchical with suppression factors very similar to the ones among the up-type quark masses. Namely,
the heaviest one has a mass of the order of vr while the others are suppressed by factors of order
ye/yr and vy, /y;. These states, which we called exotic neutrinos, offer a wide range of interesting
phenomenological implications that we have studied in detail.

The model we have built is able to provide an explanation to several open questions in fundamental
physics. It explains Charge quantization since the UV embedding of the SM Gauge Group is semisimple.
More precisely, the UV Gauge Group (at least in the third-generation sector) is a combination of
non-abelian groups and in particular the SM Hypercharge is realized as a linear combination of SU(V)
generators. This implies that the Hypercharges of the SM particles are given by a linear combination
of rational numbers. It solves the flavour puzzle since the hierarchical structure in the Yukawa matrices
is naturally realized from an EFT description. It explains the observed small neutrino masses. Finally,
it can provide a possible solution to the hierarchy problem since in this model there is no constraint
that prevents assuming the UV energy scale already at the TeV. Therefore the quantum corrections to
the Higgs mass are kept under control without any strong fine tuning.

In the literature there are a lot of UV models that solve all these problems. Nevertheless, compared
to the others, this one is very minimal and natural. Minimal because there are not many new DOFs
added to the UV theory and natural because the SM is reproduced without any source of fine tuning
among the UV parameters. More precisely, there is no sizable hierarchy among the mass scale in the
UV theory and all the dimensionless UV couplings are in the range 0.1 + 2.0. We recall that the only
possible source of fine tuning is required to explain the observed top-bottom mass splitting, but it
requires just an O(10) cancellation among the parameters.

Furthermore, there is a rich phenomenology coming out from this model that can be studied
at colliders or precision experiments since the NP scale is around the TeV. We focused on the
phenomenology of the exotic neutrinos since they are really the new peculiar feature of this model
which is not yet present in the literature to our knowledge. They offer a wide range of processes
that could provide possible detection of BSM physics in the near future. In particular, they predict
branching ratios for the rare muon decay channels 1 — ey and u — eee that lie just below the current
experimental bounds and can be detected by the experiments MEG II and Mu3e, which are expected
to run in the next few years. In addition, the lightest two exotic neutrinos have a concrete chance to
be detected at LHC in the next decade.
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Appendix

A Spontaneous Symmetry Breaking - Calculations

In this Chapter we do all the calculations to find the breaking spectrum of some SSB mechanisms
from several possible Gauge Groups down to smaller ones. All of them have been used during this work.
For simplicity, in the Section’s titles every SU(/N) Gauge Group is indicated with just its number N.

A.1 431 into 31 Model
We want to study the SSB pattern
SU4) xSU@B) xU(l)x — SU(3) x U(1)x (A.1.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with the SU(N)
indices a = 1,...,15, b =1, ..., 8)

(g1.98.0x) . (HO.C*.B) =  (dhok). (G"B'). (A.1.2)
The covariant derivative in the unbroken phase reads as follows
D, =08, —igT°H" —iggT°C* — igx X B. (A.1.3)
We assume the following fields charged under the full Symmetry Group
0~ (4,1,-Xq), Q3 ~ (4,3,Xq/3). (A.1.4)

Notice that the Charges under U(1) have to be related one to the other to get a residual U(1) Symmetry
after the SSB occurs. Their VEVs are chosen to be

w3 0 0 0
@)=(0 00 w), (©)=[0 w 0 0f. (A.15)
0 0 w3 O

Now we need to find the residual Gauge Group. To leave the two VEVs invariant we need to satisfy
. A 1
01 Q)T + BXo(Q1) =0, 04T — n*T*(Q3) — Bz Xa(s) = 0. (A.1.6)

Thus we have that

(Q)T* =T*Q3) and ()T*=0 for a=1,..,8; (A.1.7a)
. 1 . 3
Q)T = —=(Q3) and ()T = ————=(Q A.1.7b
(Q23) 2\£( 3) (1) 2\/6< 1) ( )
which represents a Gauge transformation where we keep free 1%, 5 and we fix
2
¢ =n* for a=1,..,8; 0*=0 for a=09,..,14; 915 = \3/€XQB. (A.1.8)

Therefore the residual Gauge Group is given by SU(3) x U(1) and the generator of U(1) is given by

2 .
X' =X+ ‘?)/EXQ 715 (A.1.9)
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To find the new Gauge boson basis and their masses we need to write down the kinetic terms of g
and 23 evaluated on the VEVs. To do so we need their covariant derivatives which read as follows

LW
D, () = 17194 <H9 +iHY, HYW 4 iHY2, H3 4 iHY, —?H”’ 2% x, B) , (A.1.10a)
94
HY —iH"
1 6
D) =i2g, | 2 (H“ - %Ca) 7o L (Vo5 99y p Igyz | B —iH12
2 94 3\ 2 94 H13 _ 4
(A.1.10b)
Now we need to compute the mass-Lagrangian which is given by
Lar = Tr[(Dy{1)) D) | + T |(D,(03)) D, (03) (A.1.11)
Using that Tr[T9T*] = 6% /2, Ta[lzs] = 3 and Tr[T] = 0 we find
5 8 2 2 14 2 2 2
91 2 a 93 ~a 91 ( 2 2 a2 |, Y4 2, W3 \/615 9x
Ly == H® — =(C = H = — —H"®-2=XqaB]| .
M 2”3;( 91 >+4(“1+°"3>a§)( )+4<w1+3><2 g1 ¢ >
(A.1.12)

To see which is the mass-basis we need to diagonalize the X’ operator. In particular we need to study
the transformation properties of H®. We know that

PO 2v/6
H— H—i9® H T 7] = H"— H"+ ‘?)[XQ feeB g, (A.1.13)
Using this relation it turns out that under a U(1) s transformation H — (I —i8X') H where
y . 4 0 —i
X' = diag (Ogxs, X, X4, Xy, 0) and X, =X =X, = §XQ N (A.1.14)
Hence after diagonalizing it we find that the Gauge boson basis reads (where a =1, ..., 8)
G = s43H® + ¢c43C* m%; =0, (A.1.15a)
G' = cg3H® — 543C° mg = w3 (9% + gi) ; (A.1.15b)
1 .
(Jri = ﬁ (Hg :F’LHlo)
+ 1 11 o ;712 s 9%, o 2
1
U:I: - H13 iHM
i =5 HTF )
B' = s;xH"Y + c4x B m% =0, (A.1.15d)
/ 15 2 Lo wi) (o 2 2
Z' =cyxH® — s4xB mz = 5 (Wi + 3 (g4 + 4gXXQ) (A.1.15¢e)
where we have defined using g4 = v/6/2 g4
g 2g9xX
C43 = %a 843 = %, C4x = ﬁa S4x = % (A-1-16)
V91t 93 Vit 93 V91 495 Xg Vi +49%xXG
and (A.1.12) becomes
1 8 1
Ly = §m2G/ SUGY? +mi > UFU; + §m2z,(Z’)2. (A.1.17)
a=1 c=r,b,g
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The massive boson fields have Charges U ~ (3,44/3 Xq) (where ¢ = 7,b,g), G' ~ (8,0) and
Z' ~ (1,0) under the residual Gauge Group.

By computing the covariant derivative in the broken phase we find the IR gauge couplings written
in terms of UV couplings which are given by

9493 2019x X
95 = et gx = R (A.1.18)
\/ 91+ 93 gy +49x X5
The covariant derivative in the broken phase reads as follows
Dy =8, — ighT"G* —igh X'B' —igs > (THUF + 1,07 )
= )ba
e T (A.1.19)
. 94 . g4 2~
— 172643 (04213 — SZ3> TaG/a — Za [3T15 — ixX,] Z,
where we have defined
. 1 /4 . . 1 /- . . 1 /a .
+ L (79 4 10 + L (11 12 + L (134 .14
Tr_ﬁ(T +i1") Tb_\/i(T +i112), TE = 2(T +iTM) . (A.1.20)
A.2 21 into 1 Model
We want to study the SSB pattern
SU(2) xU(l)x — UQ1)x (A.2.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with the SU(2)
indices i = 1,2, 3)

(92, 9x) (Wi,B) - gy, B. (A.2.2)

The covariant derivative in the unbroken phase reads as follows
D, =0, —igoT'W' —igxXB. (A.2.3)

We assume the following field charged under the full Symmetry Group

Y~ (2,Xy). (A.2.4)
Its VEV is chosen to be
(5) = <2> . (A.2.5)

Now we need to find the residual Gauge Group. To leave the VEV invariant we need to satisfy
(a'T" + BX5) (2) = 0. (A.2.6)
Thus we need a Gauge transformation where we keep free 5 and we fix
al =0 =0; o =2X55. (A.2.7)
Therefore the residual Gauge Group is given by U(1)xs where the generator is given by

X' =X +2X57T°. (A.2.8)
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To find the new Gauge boson basis and their masses we need to write down the kinetic term of 3
evaluated on the VEV. To do so we need its covariant derivatives which reads as follows

_ v g2 (Wl — iW2)
Dy(E) = —ig <2ngzB A (A.2.9)

Now we need to compute the mass-Lagrangian which is given by

Lo = Tr[(DL(2) Du(T)] = *‘f# [(wh2+ (w2)?] + ffu? <W3 - 2552()(23)2 . (A.2.10)

To see which is the mass-basis we need to diagonalize the X’ operator. It turns out that under a
U(1) x+ transformation W — (I — X)W where

X' = diag (X12,0)  and X3 = 2Xy, (S _OZ> . (A.2.11)
Hence after diagonalizing it we find that the Gauge boson basis reads
1 . 92
w* = 72 (Wl F ZW2) miy = ?21)2, (A.2.12a)
B = cox B + 82)(W3 mQB/ =0, (A.2.12b)
1 /
Z/ = —ngB -+ CQ)(W3 mQZ/ = 51}2 (g% + 4g)?X%) (A.2.12C)
where we have defined o X
Cox = #, Sox = % (A.2.13)
V92 495 X5 V92 +49x X5
and (A.2.10) becomes
1
Ly =miyWTW™— + 5mQZ,(Z’)Z. (A.2.14)

The massive boson fields have Charges W+ ~ +2Xy; and Z’ ~ 0 under the residual Gauge Group.
By computing the covariant derivative in the broken phase we find the IR gauge coupling written
in terms of UV couplings which is given by

2g29x Xx

gy = ————— . (A.2.15)
V95 + 493X,
The covariant derivative in the broken phase reads as follows
Dy, = 0y — igk X'B' —igs (TTWF + T-W~) —i 22 [19 — 3, x| 7/ (A.2.16)
C2x
where we have defined )
+ L [l 2
Tt =5 (1" +41?) . (A.2.17)
A.3 42 into 31 Model
We want to study the SSB pattern
SUM4) xSU((2) — SU@B) xU(1)x (A.3.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with the SU(N)
indicesa=1,...,15,b=1,...,8,i=1,2,3)

(9.0) , (H W) = (gs,9x), (G"B). (A.3.2)
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The covariant derivative in the unbroken phase reads as follows

D, =, —igsT*H® — igyT'W". (A.3.3)
We assume the following field charged under the full Symmetry Group
A~ (4,2). (A.3.4)
Its VEV is chosen to be
0000
(A) = (0 0 0 v) . (A.3.5)
Now we need to find the residual Gauge Group. To leave the VEV invariant we need to satisfy
0 (AT — o'T (A) = 0. (A.3.6)
We have that
N 2 ~
(AVT*=0 for a=1,..,8 and (A)= —\f(MT”’ = —2T3(A). (A.3.7)
Thus it represents a Gauge transformation where we keep free o and #® for a = 1, ...,8 and we fix
g5 — \fa?’; 9°—0 for a=9,..14;: a'=a2=0. (A.3.8)
Therefore the residual Gauge Group is given by SU(3) x U(1)x and the generator of U(1) is given by
X =T+ ?T“ . (A.3.9)

To find the new Gauge boson basis and their masses we need to write down the kinetic term of A
evaluated on the VEV. To do so we need its covariant derivative which reads as follows

0 0 0 ~ 2 (w2
;94 94

D, (A) =i—v . (A.3.10)

2\ O HY 4 iE? HS 4 M \fﬂm + By

94
Now we need to compute the mass-Lagrangian which is given by
2 14 2 2 \/6 2
= T () D)) = 2o S S (v ] S (S~ )
a=9

(A.3.11)

In the same way as done in Sections A.1 and A.2, we need to diagonalize X to find the new Gauge
boson basis.
After diagonalizing it we find that the Gauge boson basis reads (where a = 1, ..., 8)

G*=H* m=0, (A.3.12a)
Ut = i (H® FiH'")
2
U = % (HY FiH2) m = %4@2, (A.3.12b)
1 .
Ug:t = ﬁ (H13 q:llel)
+ 1 1 2 2 95 2
W= (Wrsaw?)  mi = 20, (A.3.12¢)
B = C42W3 + S42H15 mZB =0, (A.3.12d)
1
Z' = —s5;sW3 4 coHY m, = 502 (gi + g%) (A.3.12e)
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where we have defined using g4 = v/6/2 g4

G4 92
Cl2 = —F——=, S42= 7= (A.3.13)
Vi + 93 9i + 93

and (A.3.11) becomes

1
Lyp=mg Y. USUZ +mipWWw™ + 5m?Z,(Z’)Z. (A.3.14)

C:T‘7b7g

The massive boson fields have Charges UF ~ (3,42/3) (where ¢ = r,b,g), W* ~ (1,41) and Z’ ~ (1,0)
under the residual Gauge Group.

By computing the covariant derivative in the broken phase we find the IR, Gauge couplings written
in terms of UV couplings which are given by

g192 (A.3.15)

g3=g1, gx = =
Vi + 93

The covariant derivative in the broken phase reads as follows

Duzéh—i%T%ﬁ—ﬁngB—iw(T*WﬁV+T’W“>

, . N g 6 (A.3.16)
— 194 Z (TC"'UC"' +T1,U, ) — [\ng - sizX] Z".
c=r,b,g C42
A.4 41 into 31 Model
We want to study the SSB pattern
SUM4)xU(l)xy — SU(@3)xU(1)x (A.4.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with the SU(N)
indices a = 1,...,15, b =1, ...,8)

(9.9x) . (H.B) =  (g.9%), (G"B). (A42)
The covariant derivative in the unbroken phase reads as follows
Dy =08, —igT°H" —igxXB. (A.4.3)

We assume the following field charged under the full Symmetry Group

A~ (4,—XAp). (A.4.4)

Its VEV is chosen to be
(A)y=(0 0 0 v). (A.4.5)

Now we need to find the residual Gauge Group. To leave the VEV invariant we need to satisfy
0 (AT 4+ BXA(A) =0. (A.4.6)
We have that
N 2 ~

(AVT*=0 for a=1,..,8 and (A)= —\3/6<A>T15. (A.4.7)
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Thus it represents a Gauge transformation where we keep free 8 and 6% for a = 1, ..., 8 and we fix

2
95 = \S[XAﬁ, 0*=0 for a=09,..,14. (A.4.8)
Therefore the residual Gauge Group is given by SU(3) x U(1)x and the generator of U(1) is given by
2
X' = fX . (A.4.9)

To find the new Gauge boson basis and their masses we need to write down the kinetic term of A
evaluated on the VEV. To do so we need its covariant derivative which reads as follows

_\waJrgXAgXB) : (A.4.10)

DH<A> — Z%U <H9 Z‘Hl[) Hll + iHlQ H13 + 7;1’_]14
94

Now we need to compute the mass—Lagrangian which is given by

9 2
Lar = Tr[(Du(A) DAY = 94 v? Z H)? 92 o? (W2 + (W) +%402 (‘261—115 - 2XAggXB> .
4
(A.4.11)
In the same way as done in Sections A.1 and A.2, we need to diagonalize X to find the new Gauge
boson basis.

After diagonalizing it we find that the Gauge boson basis reads (where a = 1, ..., 8)

G* = H* mé =0, (A.4.12a)
1
Ut = 7 (HY FiH™)
2
+ ; g
U, = ? (H'' 7 iH"?) m? = 541;2, (A.4.12b)
Uk = 7 (H' 7 iH™)
Wﬂ:_ 1 Wl ~W2 2_9%2 A4.192
_ﬁ( Fi ) miy =50, (A.4.12¢)
B = C42W3 + 842H15 MQB =0, (A.4.12d)
1
7 = —s;5W? 4 o HY m, = 519 (gi - 4Xig§(> (A.4.12¢)
where we have defined using g4 = v/6/2 g4
g 2X
g S47 = ¢ (A.4.13)

Cq2 = Y camerer-ak
\/ 05 —|—4XAgX \/ 05 —|—4XAgX

Ly=my >, USUZ +mp WiW— + mZ,(Z )2, (A.4.14)
c=rb,g
The massive boson fields have Charges U ~ (3,42/3) (where ¢ = r,b,g), W* ~ (1,41) and Z’ ~ (1,0)
under the residual Gauge Group.
By computing the covariant derivative in the broken phase we find the IR Gauge couplings written
in terms of UV couplings which are given by

and (A.4.11) becomes

2XAJa9x

93 = 94, g§<=—
v/ g —|—4XAgX

The covariant derivative in the broken phase reads as follows

(A.4.15)

26 .
—fXATw — 2, X'| Z'. (A.4.16)

. . : ga
Dy = 0, —igs TG —ig X'B'~igy Y (TFUF + 1,07 )i 042[

c=r,b,g
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A.5 3311 into 31 Model
We want to study the SSB pattern

SU(?))h X SU(3)@ X U(l)Xh X U(l)Xg — SU(3) X U(l)X (A.5.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with SU(3) indices
a=1,..,8))

(o4 95 6% 0%) . (CR.CEBuB) = (93.9x), (G%B). (A.5.2)
The covariant derivative in the unbroken phase reads as follows
D, =8, —ighTPCy — ighTeCy — igh XnBy — ig X¢ By . (A.5.3)
We assume the following fields charged under the full Symmetric Group?!
O~ (1,1, Xy, —nXy), Q3 ~ (3,3, X3,—nX3). (A.5.4)

Notice that the Charges under U(1) have to be related one to the other to get a residual U(1) Symmetry
after the SSB occurs. Their VEVs are chosen to be

w3 0 0
<Q1> = Wi, <Qg> = 0 w3 0 . (A.5.5)
0 0 w3

Now we need to find the residual Gauge Group. To leave the two VEVs invariant we need to satisfy
—Ba X1 () + BenXi (@) =0, np(Qa)TH — Py () — PuXa(Qs) + BenXa(Qs) = 0. (A.5.6)

Thus we need a Gauge transformation where we keep free 35, and 7 for a = 1,...,8 and we fix

ng =mn, for a=1,...8; Be = Br/n - (A5.7)

Therefore the residual Gauge Group is given by SU(3) x U(1)x where the U(1) generator is given by
1
X = Xp+ X, (A.5.8)

To find the new Gauge boson basis and their masses we need to write down the kinetic terms of €y
and €3 evaluated on the VEV. To do so we need their covariant derivatives which read as follows

l
D, (1) — w1 g X, (Bh - ngi(Bg> , (A.5.92)
9x
h g5 h g5
D#<Q3> = iw3g3 <Cﬁ - g?LCg> T — iwggXXg (Bh — 779?53@) I[3><3. (A59b)
3 X

Now we need to compute the mass-Lagrangian which is given by
Lar = Tr[(Du(@1)) D) | + Tr[(Du(95)) Do 25)] (A.5.10)

Using that Tr {T“Tb} =0%/2, Tr[l3x3] = 3 and Tr[T%] = 0 we find that

(93)% » : 95 ’ hy2 (252 242 9% ’
Lor =" Y (Oﬁ = g,p?) + (9x) (w1X1 - 3w3X3> (Bh —~ ngth> . (A.5.11)
a=1 3 X

31In principle it is enough just Qs3; however we include also ;.
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Hence after diagonalizing it we find that the new Gauge boson basis reads (where a = 1, ..., 8)

G = sgH® + c3C* mé =0, (A.5.12a)
G'" = cgH® — 53C° mé, = w3 [(93)2 + (gg)ﬂ , (A.5.12Db)
B =sxBy+cxBy mQB =0, (A.5.12C)
7' =cxBy—sxBy  my =2 (wiX}+3wiX3) [(gh)2 + nP(eh)?] (A.5.12d)
where we have defined
h 0 h 0
C3 = 93 ,  S3 = 93 y CX = Ix y SX = 19X
v (95)? + (g5)? v (98)% + (95)? V(gh)? +12(g% )2 V(gh)? + 12 (g% )2
(A.5.13)
and (A.5.11) reads
1, < 1
Ly = 5m?G, > (G + 2m22/(Z’)2. (A.5.14)
a=1

The massive boson fields have Charges G'* ~ (8,0) and Z’' ~ (1,0) under the residual Gauge Group.
By computing the covariant derivative in the broken phase we find the IR Gauge couplings written
in terms of UV couplings which are given by

h (£ h £
gg=—— 989 4 19x9x . (A.5.15)

(g4)% + (g5)2 V()2 + 12 (g% )?

The covariant derivative in the broken phase reads as follows

h h
D, =8, —igsT°G" — igx X B — i2g—3 (3-s3) oG —i2X [x, — % X| 7. (A.5.16)
C3 Cx

A.6 2 into 1 Model
We want to study the SSB pattern
SU(2) — U(l)x (A.6.1)

and we define the Gauge couplings and fields associated to the UV and IR theories (with SU(2) indices
i=1,2,3) |
g2, w — gx, B. (A62)

The covariant derivative in the unbroken phase reads as follows
D, =0, —igeT'W". (A.6.3)
We assume the following field charged under the full Symmetric Group
¥ ~3. (A.6.4)

such that it transforms under the adjoint representation of the Group. Its VEV is chosen to be

- v (1 0 o 3
(X) = 5 (0 _1> =ovT". (A.6.5)
Since by construction the only vanishing commutator between the VEV and the generators is

(), T3] =0 (A.6.6)
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we have that the residual Gauge Group is given by U(1) with generator
X =73, (A.6.7)

To find the new Gauge boson basis and their masses we need to write down the kinetic term of 3
evaluated on the VEV. To do so we need its covariant derivative which reads as follows

D, (YY) = —ivgee W . (A.6.8)
Now we need to compute the mass-Lagrangian which is given by

£ = Te[(D(S) (DUE)] = 093 [+ (2] (A.69)

To see which is the mass-basis we need to diagonalize the X operator. It turns out that under a U(1)
transformation W — (I — iX)W where

X = diag (X12,0)  and Xy = (? _OZ> (A.6.10)

Hence after diagonalizing it we find that the Gauge boson basis reads

1
W = 7 (Wl T iWZ) miy = gav?, (A.6.11a)
B=w3 m% =0 (A.6.11D)
and (A.6.9) becomes
Ly =miWTW— . (A.6.12)

The massive boson fields have Charges W* ~ 41 under the residual Gauge Group.
By computing the covariant derivative in the broken phase we find the IR Gauge coupling written
in terms of UV couplings which is given by

9x = g2 (A.6.13)
The covariant derivative in the broken phase reads as follows
Dyy = 0 — igx XB —igy (THW* + T-W~) . (A.6.14)
A.7 11 into 1 Model
We want to study the SSB pattern
Ulx xUQ)y — Uy (A.7.1)
and we define the Gauge couplings and fields associated to the UV and IR theories
(9x,9v), (Bx,By) — gz, Bz. (A.7.2)
The covariant derivative in the unbroken phase reads as follows
D, =0, —igxXBx —igyY By . (A.7.3)
We assume the following field charged under the full Symmetric Group

A~ (XA, —7’]XA) . (A74)
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Its VEV is chosen to be
(A) =wv. (A.7.5)

Now we need to find the residual Gauge Group. To leave the VEV invariant we need to satisfy
—aXa(A) + nXa(A)=0. (A.7.6)

Thus we need a Gauge transformation where we keep free o and we fix § = a/n. Therefore the residual
Gauge Group is given by U(1)z with generator

1
Z=X+ V. (A.7.7)

To find the new Gauge boson basis and their masses we need to write down the kinetic term of A
evaluated on the VEV. To do so we need its covariant derivative which reads as follows

Du(A) = —ivgx Xa <BX - 77;];31/) . (A.7.8)
Now we need to compute the mass-Lagrangian which is given by
2
£ =Tr[(D(A) (Du(A))] = v2gk xR (BX - nj;By) . (A.7.9)

Hence after diagonalizing it we find that the new Gauge boson basis reads

By =sxyBx +cxyBy — mp, =0, (A.7.10a)
7' = cxyBx — sxyBy m%, = 202X} (9%( + 772912/) (A.7.10b)
where we have defined
cxy = 97){, Sxy = __ngy (A.7.11)
V9% + ey V9% + ey
and (A.7.9) becomes
Ly = %mQZ,Z’Q. (A.7.12)

The massive boson field have Charge Z’ ~ 0 under the residual Gauge Group.
By computing the covariant derivative in the broken phase we find the IR Gauge coupling written
in terms of UV couplings which is given by

ngxgy

gy = ———. (A.7.13)
VI +1Pey
The covariant derivative in the broken phase reads as follows
Dy, =8, —igzZBy — i (X — 4y 2) 2. (A.7.14)
CXY
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B Scattering - Calculations

In this Chapter we compute some of the relevant processes that we considered in Chapter 5 in
the framework of the model we considered. Consistently to what has been done in that Chapter, for
the notation we refer to Appendix F. In particular all the relevant Feynman rules are reported in
Section F.4. We also recall that, to distinguish the CKM matrix from the mixing matrix between
SM charged leptons and exotic neutrinos, the first will always care indices V,,» where ¢ = u,c,t and
q = d, s,b while the second V,; where a« = e, u,7 and i = 1,2, 3.

B.1 Top-like Decay

A Vi Vi b
nt nt : n’ b t :
h (d) Wt

(a) w+ (b) Z () h
Figure 1: Feynman diagrams corresponding to n’ (a), (b), (c) and ¢ (d) decays.

We want to compute the decay rate n'(p) — W (k)¢*(q) assuming that it is kinematically allowed.
The only Feynman diagram contributing to the process is pictured in Figure 1(a). The scattering
amplitude reads as follows

: ig x
iMa = 5 5 Vailla(@)7" (1 - V) (p)e;, (k) (B.1.1)
Since n' is a Dirac-type fermion, the unpolarized squared-amplitude reads in the limit where mg — 0

(M|* = QZ\M 2 = 2V2Gp|Vail| M2 (p - q) + 2(k - q) (k- )| - (B.1.2)

spin

The decay rate reads from (G.3.5)

3

d>q _
2M 27r 32Ek (27m)32E, (2m)10%(p — g = k) M| (B.1.3)

By using momentum conservation we find that
2k-q=2p-q=M}—Mj,,  2p-k=DM}+Mj. (B.1.4)

Thus, as expected, the scattering amplitude factorizes out from the integration. Also the phase space
of a decay process of type A — BC has been computed in Section E.3. Therefore we find that

2
G p|Vail 2 M} M3 M,
r (n — Wga> F|87T\|f (1 — MVé/) <1 +2 M‘g) (B.1.5)

and recall that this holds in the limit where m, — 0 and when M; > My .

Thanks to the calculation done above, we observe that we got for free the decay rate of the process
n'(p) — Z(k)17(q), represented in Figure 1(b). In fact the scattering amplitude reads as follows

iMy = (U )i (a)7" (1= 77)un (p)er, (F) (B.1.6)
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which is exactly M, but sending
1

Vm' — (UTV)J'Z'. (B.1.7)
2CW
Hence we find that
2
, N\ GRl(UW) 23 M M2
I'(nt— Zu7) = J i1-2£ 1+2—%Z ). B.1.8
(n - V) 16m\/2 M? * M? ( )

The same happens for the process t(p) — W (k)b(q), represented in Figure 1(d). This also is the
dominating decay process for the top quark, hence we will be able to compute its total decay width.
The scattering amplitude reads as follows

. Zg * — 5 *
iMg=—=V,u P11 — 4 ue(p)et (k B.1.9
1= 550 b(@)7" (1 = 7")ue(p)ey, (k) (B.1.9)
which is exactly M, but sending
Voi — V. (B.1.10)
Hence we find that )
2,3 M2 M
r, = GElVilTmy 1— =W (1422 (B.1.11)
812 m? m?

A similar discussion can be done for the process n’(p) — h(k)17(q), represented in Figure 1(c).
The scattering amplitude reads as follows

iM. = _i%(UTv)jiﬁu(Q)(l + 92 )un (p) - (B.1.12)

Since n’ is a Dirac-type fermion, the unpolarized squared-amplitude reads as follows

IMc|* = Z|M ? = (UTV)ﬂ|< %’2) . (B.1.13)

spln

Since the phase space is similar to the ones computed before, we end up finding that

T (n' = hv') = (B.1.14)

Grl(UV) ;2 M} My
1— M2

1672

B.2 Muon-like Decay

Figure 2: Feynman diagrams corresponding to n! (a) and u (b) decays.

We want to compute the decay rate n'(k) — ﬁa(p)?ﬁ (¢)v(r). The only Feynman diagram
contributing to the process is pictured in Figure 2(a). The scattering amplitude reads as follows in the
limit where My > M

ig®

Ma - 8M3,

Var Ui (p) (1 =77 )un (k)i (17" (1 = 7%)us(g) - (B.2.1)
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1

Since n- is a Dirac-type fermion, the unpolarized squared-amplitude reads as follows

— 1
Ma|? = 3 Y IMa|? = 64GEVa Uz | (- @) (r - k) — maMi(q - 7). (B.2.2)

spin

The decay rate reads from (G.3.5)

1 d’p d’q d3r 454 712
b= 2 A al - B.2.
2M1/ (2m)32E, (2m)32E, (27?)32Er( ™) 0% (k —=p —q—1)|Mal (B.2.3)
By defining
2p -k _2qk _md m3
=T =Ty A= 25 5p (B.2.4)

(Ma|? = =+ f(1,22) (B.2.5)

where
flrr,x2) =(z1+22—1—¢€1—€2)(2—21 —x2) +2y/e1(1 — 21 +e1 —€2). (B.2.6)

The phase space of a 3-body decay has been computed in Section E.4. Therefore we find that

_ G%"ValUgiPMir)

1 a7B. i
T (n! = 7") (093 (B.2.7)
o = 12/ ' d:cl/ * duo f(x1, 12) (B.2.8)
x'inzn xgnln

and the extremes of integration are given by (E.4.16) and (E.4.18) with €3 = 0. We observe that in
the limit where £1 = e¢9 = 0 we find that ® = 1.

Thanks to the calculation done above, we observe that we got for free the total decay width of the
muon. This because the decay rate is completely dominated by the process u= (k) = e~ (r)vu(p)7e(q),
represented in Figure 2(b). In fact the scattering amplitude reads as follows in the limit where

My > my,
2

(1 — AR ()7 (1~ 7)) (B.2.9)

ZMb - *m

Hence, in the limit where m, — 0, we have that the unpolarized squared-amplitude is given by (B.2.2)
when m, = 0. Hence we find that

— 1
(Mol* = 5 D0 IMuf* = 64GE(p- q)(r - k). (B.2.10)
spin

Since the phase space integration is the same as before but with m, = mg = 0 and by sending
My — my,, the total decay width of the muon reads as follows

_ G%mz
K 19273

(B.2.11)

since in this massless limit ® = 1.
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2 vl

(a) nk (b) nk

Figure 3: Feynman diagrams corresponding to Z (a) and h (b) invisible decays.

B.3 Invisible Z and Higgs Decay Widths

In this Section we compute the invisible decay widths of Z and h bosons predicted by our model.
We want to compute the invisible decay rate of Z. In the SM this is given only by the process Z — v7.
In the framework of the model we are considering, this gets a NP correction that we parameterize as
follows

Anpl(Z — inv) =1'(Z — inv) — I'spm(Z — inv) . (B.3.1)

This correction gets two different contributions: one from the decay channel Z — v7 + Un and one
from the modification in the coupling constant between Z and v since it gains the factor UTU # L.
Both are of the same order since from naive dimensional analysis

I'(Z - vn+vn) 2 v?

v
~ I—(UTD)? ~ = . B.3.2
I'NZ — vD) v2, () v% (B:32)

However, for the simple treatment we want to do, we will need just an order of magnitude of this NP
contributions. Thus the second effect will contribute only for an O(1) factor of correction with respect
to the first one and it will not modify the main results made in Section 5.6.

We want to compute the decay rate of the channel Z(k) — 17(q)n"*(p) assuming that it is
kinematically allowed. The only Feynman diagram contributing to the process is pictured in Figure 3(a).
The scattering amplitude reads as follows

Mo = 2 (U0 (1 = ) ea (D)2 0). (B.33)

Since Z is a massive vector boson, the unpolarized squared-amplitude reads as follows

1 2v/2

Mol = 5 3 Mol = Sl [ME - @) + 20k q)(k-p)] (B.3.4)
spin
The decay rate reads from (G.3.5)
1 d3p d3q 4o .
F B - * . .
2M, / @r)32E, @r)2E, o) 0 Pt a - BIMal (B.3.5)

By using momentum conservation we find that
2k-q=2p-q=Mjz—M;, 2p-k=M;+ M. (B.3.6)

Thus, as expected, the scattering amplitude factorizes out from the integration. Also the phase space
of a decay process of type A — BC has been computed in Section E.3. Therefore we find that

2
. Gr|(UTV) 1?03 M? M?
I (Z—vink) = J Z1-=k) (1 k B.3.7
(2 = virt) 127v/2 mz) \' ez (B-3.7)

and recall that this holds when My > Mj. Moreover this decay rate is the same also for the process

7 — vink.
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Since UUT ~ I, we can observe that

3 3
STV ju Z Uai*Varl* = Y (UU) gl Var* = (VIV) i (B.3.8)
7j=1

J,a=1 a=1

Therefore we expect that (apart from minor corrections)
FIM YEMZ +
Axpl(Z — inv) E (VTV)i (B.3.9)

where the sum is taken over all possible kinematically allowed configurations.

We want to compute the invisible decay rate of h. In the SM this is given only by the process
h — vv. However this is extremely suppressed by the small neutrino masses. Hence, in the framework
of the model we are considering, we can say that the NP contribution is given by

Axpl'(h — inv) =T'(h — inv) — Pspm(h — inv) = T'(h — inv) . (B.3.10)

Also in this model the invisible decay rate of h is dominated by the decay channel h — v7 + Tn.

We want to compute the decay rate of the channel h(k) — 17 (q)7"(p) assuming that it is kinemati-
cally allowed. The only Feynman diagram contributing to the process is pictured in Figure 3(b). The
scattering amplitude reads as follows

—1 My,

iMy = 2v

(UTV) 30, (q) (1 + 77 )on(p) - (B.3.11)

Since h is a real scalar boson, the unpolarized squared-amplitude reads as follows

I 2M2
Mf* = 3 IMo = =5 UTV) (0 0)- (B3.12)
spin
The decay rate reads from (G.3.5)
1 d*p d3q e o,
b 2 —k : B.3.1
2Mj, / (27)32E, (2W)32Eq( T)°6 (P + g = k)| M| (B.3.13)

By using momentum conservation we find that
2p-q= M} — M}. (B.3.14)

Thus, as expected, the scattering amplitude factorizes out from the integration. Also the phase space
of a decay process of type A — BC has been computed in Section E.3. Therefore we find that

e\ _ OV P MEM,, M
T (h—vin*) = o 1- M2 (B.3.15)

and recall that this holds when M; > Mj. Moreover this decay rate is the same also for the process

h — wink.

Therefore, using (B.3.8), we expect that (apart from minor corrections)

2
, M M?
r (h — an) ~ 87 52 Z]W]?(VTV)MC < M’;) (B.3.16)
k

where the sum is taken over all possible kinematically allowed configurations.
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B.4 Charged Hadronic Decay

We want to compute the decay rate n'(k) — ¢%(q)h} where h(p) is a positively-charged pseu-
doscalar meson (like 77 or KT). Since we have a hadron in the scattering process, we need to deal with
it in the way described in Section E.2. Thus we have that the scattering amplitude reads as follows??

Gr
V2

Using momentum conservation and spinor properties we can further simplify the fermionic bilinear as
follows

iMg = ——— frVo1 Vua Ta(@)p(1 — ¥°)un (k) . (B.4.1)

T ()P(1 = 7Y (k) = Ta(q) [ My — ma + 7> (M + ma)| un (k). (B.4.2)
Since n'! is a Dirac-type fermion, the unpolarized squared-amplitude reads as follows
— 1 m? ? m3 m2
(Mal? = 5 2 IMal” = GE £ [Vaal| Ve "My [(1 - M12> S (1 + M%ﬂ (B.4.3)
spin
where we have used that
2k-q=M{+m2 —mj. (B.4.4)
The decay rate reads from (G.3.5)

As expected, the scattering amplitude factorizes out from the integration. Also the phase space of a
decay process of type A — BC has been computed Section E.3. Therefore we find that

G? m2\?  m? m? 1 m2 m?
T (nt = ept) = 7Ff;%|Vd|2|V 1|2Mf’ <1 _ a) — b1y 2 Az 1,2, L (B.4.6)
( P> 16 e e M? M? M?’ M}

where A(a, b, ¢) is the Kéllén function (E.3.11).

A similar discussion holds for the related process hp(p) — n'(k){*(q). In fact the scattering
amplitude reads formally the same

. G _
iMy = — % frVarVaa Ta(@)p(L — 7 un (k) - (B4.7)
V2
The only differences are that this time
Tal@P(L =7 () = Ta(@) [M +me + 17 (My = ma)]| (k) (B4S)
and
2k-q=mj — M} —m?. (B.4.9)

In the end we find that

U (hp —n'e?) = CF 211, Vit P =
P 87T hlVud al h 2 o m%’ }2l

1 2 2 M?
M} mf = — (n —m?) ]Aé (1,% m1> . (B.4.10)

The same is true for the process 7~ (q) — v/ (k)7 (p). The scattering amplitude reads as follows
Gr
ﬂfw

32Here and in the following processes the CKM component Vi stands for generic quark flavours that depend on hi.

iM, = — UV Ty (K)p(1 — Y )u, . (B.4.11)

U
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This time we have that
@ (K)p(1 = 7" )ur(q) = mr (k) (1 +7°)ur(q). (B.4.12)
By using momentum conservation we find
— 2 2
2k-q=m; —m;. (B.4.13)

Thus by proceeding as before we end up with
j G% 2 22,3 m2\’
F@_%MW)ZQﬁ@HMHﬂm_L7ﬁ . (B.4.14)
T

B.5 Neutral Hadronic Decay

We want to compute the decay rate n'(k) — v7(q)h%(p) where hY is a neutral pseudoscalar meson
(like 7 or K©). Since we have a hadron in the scattering process, we need to deal with it in the way
described in Section E.2. Thus we have that the scattering amplitude reads as follows

iMa = SE Fu UV T (a)p(0— 7 (b). (B5.1)

Using momentum conservation and spinor properties we can further simplify the fermionic bilinear as
follows

Ta(@)p(1 = ) un(k) = MiTa(q)(1 +7°)un (k). (B.5.2)

Since n' is a Dirac-type fermion, the unpolarized squared-amplitude reads
Mal? = 257 M2 = 262 21UV 20 m B.5.3
M| —§Z| al =1 P IRl (UTV) "My ~ a2 (B.5.3)

spin 1
where we have used that
2k-q= M} —m3. (B.5.4)
The decay rate reads from (G.3.5)

1 d3q d®p 4 _
I = 2m) 6t (k — p — a? B.5.5
9M,; / (27)32E, (27r)32E,,( m) 0 (k= p = a)lMal (B.55)

As expected, the scattering amplitude factorizes out from the integration. Also the phase space of a
decay process of type A — BC' has been computed in Section E.3. Therefore we find that

2
I (nt IhY —G—QFQUTV-?M3 _my B.5.6
n-—vhp —647rfh|( )J1’ 1 . (B.5.6)

Thanks to the calculation done above, we observe that we got for free the decay rate of the process
h%(p) — nt(k)v7(q). In fact the scattering amplitude reads exactly as before. The only difference is
that this time

2k-q=mj — M} (B.5.7)

and the unpolarized squared-amplitude does not have the factor 1/2 to account for the spin. In the
end we find that

N G2 M2\?
r (h% — nlyf) = ﬁf}%\(UTV)ﬂ\QMfmh ( — m;) : (B.5.8)
h
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B.6 Decay Rate of p — evy

We want to compute the decay rate of the process p(p) — e(p’)y(¢) under the assumptions of
having a generic number of neutrino states v; with masses m; which could be even very large in
principle. A reference to this calculation can be found for instance in [17].

We observe that from Lorentz invariance the most general scattering amplitude takes the form
(where A, ..., F' are generic scalar coefficients)

iM=T.(p) [(A+ By + (C+ DY)y + (B + Fy°)p"| ua(p) 2, (a) (B.6.1)

and in particular there is no ¢ coefficient thanks to momentum conservation p = p’ + ¢q. Now we can
use the Gordon Identity (G.2.12) to rewrite the scattering amplitude in the following form (eventually
after relabelling the scalar coefficients)

iM=T.(p—q) [(A + BY°)io" q, + (C + DY)y + (B + FVE’)CJ“} wu(p) en(q) - (B.6.2)
By imposing Ward Identity and using the on-shellness conditions of the spinors (G.2.9) we find that
C(my —me) — DY*(my +me) + ¢*(E + Fy°) = 0. (B.6.3)

Since the photon is on-shell (¢> = 0), we find that C = D = 0. Also the coefficients E and F' are
irrelevant because for physical polarizations we have that ¢c,(q) = 0. Thus we are left with

iM="1.(p—q) [(A + B’y‘r’)ia“l’qy} u(p) e, (q) - (B.6.4)

We are interested to study this process in the limit where me — 0. Hence we have that the
electron is purely LH (since the process is mediated by W exchange only). This means that we have
Ue(p — q)(1 +~°) at the beginning of the fermionic bilinear. This implies that A = B. Finally we can
exploit the Gordon Identity once again to rewrite the o#”q, term as follows, leading to the final form
of the scattering amplitude

iM = ATie(p— q)(1+77) [2p- (@) — mut" (@) () (B.6.5)

and A is a scalar form-factor which is momentum-independent. This is because, thanks to momentum
conservation p = ¢+ p’ and the fact that all momenta are on-shell, the only independent scalar product
between the momenta is

2p-q:p2—|—q2—p’2:m3—mz. (B.6.6)

The precise calculation of A is done in the following Section.

Now we can evaluate the decay rate associated to the process considered. We have that the
unpolarized squared-amplitude reads in the limit where m, — 0

— 1
M = 5 37 IMP = 8m2 A2 (m ~ p-q) = 4mp A1 (B6.7)

spin

The decay rate reads from (G.3.5)

r

1 dSp/ dgq A o
N 21)48% (p — q — p')IM|*. B.6.8

2m,, / (27)32E, (gﬁ)ngq( ™) 6% (p—q —p)IM| (B.6.8)
The phase space of a decay process of type A — BC has been computed in Section E.3. Therefore we
find that

mo
I'(p—ey) = 4—7’;|A| . (B.6.9)
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The 1-loop form-factor A is given by (B.7.23) while the total decay rate of the muon is given by
(B.2.11). Therefore we can compute explicitly the branching ratio associated to the decay channel
@ — ey. It is given by
F(M — 67) _ 3a ‘ |2

v

e I — B.6.1
D(u— evw) 327 (B-6.10)

Br(p —ey) =

where )
m::

6, =2Y UiUsig (Mg> (B.6.11)
j w

and g(x) is given by (B.7.24).

B.7 1-Loop Form-Factor of p — evy
(a) g

W= i ; w=

p vj e
(e1) - gy

I vj e

Figure 4: Feynman diagrams corresponding to the process p — ey at 1-loop.

(b) g (c) g @ L~
o T e W_i: 6 N
—p

H Vi e H Vi 2 H Vj e
(e2) I
.0 g

,Yg - (e3) ,yg 6 (e4)
H Vi e H

Vj e

We recall that in the previous Section we have shown that the scattering amplitude related to the
process u(p) — e(p’)v(q) reads as follows

iM = ATie(p— q)(1+77) [2p- (@) — mug" (@) () (B.7.1)

and we still need to compute the scalar coefficient A. We want to compute it at 1-loop level and we
assume to work with a generic number of neutrino states v; with generic masses m;. We call U,; the
generic mixing matrix between the charged lepton of flavour a@ = e, u, 7 and the j-th neutrino state.
Also we expect that the final value will be finite since there are no counter-terms in the SM Lagrangian
to possibly reabsorb any divergent behaviour.

The Feynman diagrams related to the process at 1-loop are listed in Figure 4. To find A, we observe
that we can focus only on the terms with the following Lorentz structure

I'=2p-e*(q)Ue(p — q)(1 +7°)unu(p). (B.7.2)

This means that we can avoid calculating all the e-type diagrams since they are in the form @eg uy,.
Hence we can say that

A=A, + Ay + A + Ay (B.7.3)

where we split the contribution coming from each of the diagrams in the first line of Figure 4. In the
following we assign the internal momentum £ running in the loop such that the virtual neutrino state
vj brings momentum p + k. We also work in the 't Hooft Gauge { = 1. This is very helpful because
in this Gauge the propagators of W~ do not have the k#k" term in the numerator which is the only
possible source of divergences in the loop integrals. Thus in this Gauge we can safely work since the
beginning in d = 4 dimensions.

Diagram (a) gives the following scattering amplitude

d'k N"V,,

@i D (B.7.4)

zMa—geZU 10p
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where (recall that ¢> = 0 and ¢ - £*(q) = 0)

NH =1i(p — q)(1 +7°)y* (}f’ + %) 7 uu(p), (B.7.5a)
Vas = (a = k)pec(a) +29ap k - €*(q) — (20 + k)ach(q) , (B.7.5b)
D =[(p+k)?—m?+ic| [(q+k)? — My +ic] [k — M, +ie] . (B.7.5¢)

To solve the loop integral, one has to introduce new parameters x, y and z such that, after using
(G.3.9) we can rewrite the product of propagators as follows

1 z+y+z—-1)
— =2 dxdyd B.7.
D o xdydz % (B.7.6)
where
=(k+zp+yq?— [(1 — ) ME, + xmﬂ . (B.7.7)

Then we perform the shift ¥ — k& — 2 p — y ¢ and we notice that the only terms proportional to (B.7.2)
are given by
NMVy = —m,D[2(1 = 2)? +y(20 - 1)] . (B.7.8)

Thus, using the Master Integral (G.3.6)

d*k 1 i1
/ @m)t k2 —c)P 32720 (B.7.9)

we can perform the integration over k. Finally we can do the integrations over z and y finding that

_ Gremy / (1—2)2%(2z - 3)
a U iU | dx . B.7.10
A 16ﬁ7r 1—x+azm2/M2 ( )

Diagram (b) gives the following scattering amplitude

_s eZU U / i ];4]1\;” (B.7.11)
where D is (B.7.5¢) and
Ny =Telp — @)L+ 7)) [ — (o mp)m] wa (o). (B.7.12)

Again we introduce parameters x, y and z and we do exactly the same steps done before. This time,
after having shifted k, we have that

Ny — ym,I. (B.7.13)
Thus we find that o 2
Fe mu % / ]. -
Ue U d . B.7.14
A = 16\@772 T hg xl—x—l—me/MQ ( )

Diagram (c) gives the following scattering amplitude

g e . d*k N,
iM, = ZU Ut /77)413 (B.7.15)
where D is (B.7.5¢) and
Ne = ~m2u(p — a)(1+ 7)) (@unp). (B.7.16)
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This clearly does not produce any Lorentz structure in the form of (B.7.2) which means that
A.=0. (B.7.17)

Diagram (d) gives the following scattering amplitude

g’e d*k Ny
ZMd— ZU@J MJ/WD (B718)
where D is (B.7.5¢) and
2
m=
Ny=2k <" (0)1 75Tl — 4)(1+ 7 s (). (B.7.19)

w

Thus, after having shifted k, we have that

m2
Ng — m,D |z(x +y)]\/[§] . (B.7.20)
w
Thus we find that
Gremy, . / w(1 —x)(1 + x)m3 /Mg,
= U iUpj | dz . B.7.21
A 1627 2 1—m+xm2/M2 ( )
Now we can sum all the contributions finding that the form-factor reads as follows
Gre Gremy 1—=x m2
U U* d 2(1 — 2 — 1 B.7.22
16\/§7r / :El—a:—i-a:m?/M%/ [ (1 =)@ - ) +af +£B)M2 ( )
If we do the integration over x we find that
Grem m?
A=— ENUUS g | —- B.7.23
16\&7’(2; J ;ng<M€V> ( )
where 5
2 11 15 3 3
glz) == + - + 2T g (B.7.24)

37 20—2) 201-2)2 (1-2P3 (-t
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C Additional and Technical Analysis

In this Chapter we are going to discuss several insights that we have just mention in the main
Chapters of this work. These insights could be either some technical computations, or even further
model-building possibilities that turns out to be less appealing than the ones discussed, but still worth
to be mentioned.

C.1 Yukawa Diagonalization

In this Section we want to diagonalize a general Yukawa matrix Y with a singular-valued decompo-
sition. We assume for simplicity that it is a 2 x 2 matrix. In addition, we assume that parametrically

it goes as follows where ¢ < 1
- Y22 Y23 g ¢
Y = <Y32 Yas 2 1) (C.1.1)

This allows us to diagonalize Y perturbatively.
To do a singular-valued decomposition, we need to find two unitary matrices Uy, and Ug such that

UlyUp=Y = (362 ;3) . (C.1.2)

Following Section D.2, we need to diagonalize the following matrices to find Uy, and Ug

vyt o [ Y2l 4 [Yas® YooY + VsV viy — [ [Y2l* + [Ya2?  Yas¥55 + ViV
YaoYah + Va3 Vs  |Yao|? + | Va3l | Yoo Yoy + Yao Y5y [Yas|? + | V3s)?

(C.1.3)

Explicitly we have that
Tr[YYT| = T[TV ] = Vool + [Yas[? + Yool + [Vis?, (C.1.4a)
det [YYT] = det [YTY] = [Va[* Y2 + [Vas | Vil? — 2 Re[Var VsV Y] (C.1.4b)

Given the parametric dependence (C.1.1), we have that det {YYT} < Tr?[YY1]. Thus we are in the

case (D.7.1) shown in Section D.7. Thus we find that the eigenvalues of YYT and Y'Y (which are
equal) are given by
2 _ 2 4 2 _ 2 2 4
yo = [Yao| "+ O(e7),  y3 = [Yas|” + [Ya3]" + O(7) . (C.1.5)

Uy is the matrix that diagonalizes YYT. Thus we find that

1 ([Yas? — 3| Yasf? Yo3Y3s 3
UL‘W?( VasVy, (Va2 — dves2) TOE): (C-16)

Instead Ug is the matrix that diagonalizes YTY. Thus we find that

1 Y332 Yo3Y5s + Y3 Y33 3
Ur = N . + O(e”). C.1.7
R = Va2 (YQQY% ViV [Yal ) (C-L7)
Notice that parametrically we have that
e 1 U L ey o 1 & (C.1.8)
y2 9 y3 1) L —& 1 9 R _62 1 . R

Thus ys is suppressed with respect to y3 and also the right mixing is suppressed with respect to the
left one.
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From those results we can also find the expression of V., since the CKM matrix is defined as follows
v = iy (C.1.9)

where the upper index u or d refers to the left mixing of the up- or down-type quarks respectively.
After an easy computation we find that

d d u u
Veb = Y2(3)/Y3(3) - Y2(3 )/}3(3) +0O(e%). (C.1.10)

C.2 Non-Equivalently Weighted Higgs Field

In this work we have assumed that the Higgs field in the UV theory is an SU(2)[R§]—doublet with
two equally weighted components. Nevertheless nothing implies such a condition. In fact, to generate
a mass splitting between top and bottom masses, it is possible to assume that the Higgs field in the

UV theory is given by .
H=——=(H® &H C.2.1

where £ is a generic real parameter and when £ = 1 we get the Higgs field definition used in this work.
The normalization is chosen such that in the broken phase the kinetic term of the Higgs field is well
normalized. In fact we have that

DH= (DuH ¢D,H) (C.2.2)

V1+E2
where, by looking at the covariant derivative in the broken phase (1.9.10),

D, H = 8,H — ig  TWiH — z'%YB H+ %gRWWgHC +DZH, (C.2.3a)

D, H® = 0,H® —ig, TiWiH + z'%yB HC +i¢ gg T~ Wy H + DZHC. (C.2.3b)

Hence the kinetic term of H reads as follows
1
T(pw - - e\t e e 2 T
Tr{(DMH) (D 7—[)} = o {(DMH) (DMH®) + &°(D,H)" (D H)] . (C.2.4)

Now we observe that using properties of Pauli matrices we have that

(D, H®)* =io? {aﬂﬂ —igr TiWi H — z'%/B H + i grliof T )W H + D/ H| . (C.2.5)
Using this result we eventually find that, after some algebra,
Tr[(D ) (DM3)| > (DJMH)T (DM B (C.2.6)
where
DIMH = 8,H — ig TyWiLH — i%yB H (C.2.7)

is the covariant derivative of the Higgs field in the SM. Hence the normalization assumed is essential
to guarantee that the kinetic term of the Higgs field is properly normalized. Then &-dependent terms
arise from the interactions between H and Wﬁ as one could expect.

With such a Higgs field in the UV theory, we have that the Yukawa matrices gets the following
factors with respect to the ones derived in Sections 2.5 and 2.6

2 [ 2
YU yN o @YU,YN; YP vE ¢ 1+£2YD,YE. (C.2.8)
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Hence we have that YP /YU ~ ¢ leading to a tb mass splitting while keeping at same time the
ratios Y5 /Y4 and Y§4 /Y of the same order. Thus we avoid the need of any fine tuning among the
parameters that generate the Yukawa matrices (for a better discussion, see Section 2.8). We do not
even need anymore the scalar field ¥3. Nevertheless, notice that we still need some fine tuning because
now my )

pos ~¢& = E=0(1077). (C.2.9)

Thus we should explain why there are such different weights between the two components of the
SU(Z)E] doublet, which is again a fine tuning problem. Furthermore, by looking at the Yukawa matrices
in this framework, such mass splitting is naturally present also for the light generations, but the mass
ratios of mg/m, and mg/m, are not as much suppressed as the one of the third generation. Hence we
would need to introduce further fine tuning to explain the non-suppressed down mass with respect the
up one. For all those reasons we prefer the fine tuning among the UV parameters rather than assuming
a very little &.

Nevertheless there is also the possibility to use a mixture of the two, so & = O(107!) and a less
strong fine tuning among the UV parameters. In any case the hierarchical structure of the Yukawa
matrices can be explained without requiring any strong fine tuning.

C.3 Mass Splitting via Fermion Mixing

To provide a UV origin to the Yukawa matrices we have introduced some heavy VLFs which share
the same quantum numbers of the third-generation fermions. This allows a further way to address the
issue of mass splittings among the third-generation fermions.

For instance consider the case of the VLF 7 (2.3.6) that shares the same quantum numbers of X?}g-
We can assume that a source of SU(4)[3}—breaking is induced by the following 5-dimensional operator®?

3
ca
A2

1
ca

Qi3 + A

—L D —Lyo = M;n <1 + QIQl) n+ (mﬁx% + h.c.) . (C.3.1)

A possible UV origin can be easily achieved by considering a VLF with same quantum numbers of
p (2.3.1), but much heavier than 1 to make sense of the EFT description. In fact in this model one
must require that wy(z), My, < A. When (2; and 3 acquire their VEVs, we have that the Lagrangian
becomes where 1 = (¢, £)”

2

(.U2 m - w m

The mass-matrices for the quark- and lepton-type fermions are of the type (with a and b real

numbers)
a b
M= (o o) . (C.3.3)

Using case (D.7.1) in Section D.7, we have the following eigen-spectrum34

1 b 1
)\1 = 0, v = \/TW (_a> N )\2 =a, Vo = <0> . (034)

33Notice that the last term entails for a mass-mixing term between 1 and x% and it is present since they share the
same quantum numbers.

34In principle one should diagonalize M with a singular-valued decomposition, but for the sake of this analysis this
simplification works as well.
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Thus we have that the true right-handed third-generation massless fermions are given by

Qi =- = g M0+ s/ N) (C.3.52)
\/Mg(1+c%w§/A2)2+m2 \/M%(1+c§’2w§/A2)2+m2
/ M. (1 1,,2 A2
L3 m 0+ ot cqui/AT)  ys (C.3.5b)

\/M%(1+C%2w%/A2)2+m2 \/M%(l—&—c%)w%/AQ)z—l—mz

The Yukawa coupling of the third generation (2.2.1) gets split as follows

M2(1 + cfwi/A%)? 4 m?
My(1+ chwi/A?)

VM2(1+ chew? A2)2 + m?
My(1+ cqui/A?)

Ly D es QIHQE + e L HLE +h.c. (C.3.6)
Therefore such SU(4)[3]—breaking operator brings a splitting in the bottom and tau Yukawa couplings.

Explicitly we have that, working in the limit where wy(3) <A,

2 1,.,2 3,2
& mb ~ m Cle - CQUJB

Yr My m2 + M2 A2 T

(C.3.7)

A similar mechanism could be exploited to explain a top-bottom mass splitting using an SU(Q)[;}—

breaking operator. In particular, if we allow the presence of the VLF A (2.3.4), this could be done
by mixing this latter VLF with X?i- Nevertheless these mechanisms are not very efficient since they
generate only small splittings among the Yukawa couplings of the third-generation fermions. This
because the EFT description implies that A is a higher scale compared to the other scales present in
the model. Since we need to generate mass splittings of O(1) (if not more), this possibility has been
not considered during this work.

C.4 Single-Flavour Inverse See-Saw

In this Section we compute the mass-eigenstates that come out from a single-flavour ISS mechanism.
This calculation is very standard and a possible review can be found in [9]. The mass-Lagrangian reads
as follows

1__
~L£ = SNLMNj + hee. (C.4.1)

where Np, = (v, v, s )T represents the three neutrino states in the flavour-basis and the mass-matrix
reads as follows

0 D 0
M=|D m NJ|. (C.4.2)
0 N pu

To go into the mass-basis we need to diagonalize MtM by means of a unitary matrix U as shown
in Section D.3. In addition we assume the hierarchy m, u < D, N typical of the ISS. Thus M can be
seen as made of a leading part plus a small perturbation, allowing us to perform the diagonalization
perturbatively. Explicitly we have that MTM reads as follows

MM = Mg + ArM? + A M?

|D|? 0 D*N 0 D*m 0 0 0 0

=| 0 [DP?+|N? 0 |[+|m*D 0 m*N +uN*| +10 |m|> 0

N*D 0 |V |? 0 N*'m+u*N 0 0 0 |uf
(C.4.3)

Notice that A;M? is at first order in perturbation theory, while A;;M? is already at second order.
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The diagonalization of a matrix in perturbation theory has been discussed in Section D.1. At
zero-th order we need to diagonalize Mg. We find as eigenvalues

(m) @ =0, (M) =DP+|NP,  (m3)? =D+ |N|? (C.4.4)
with corresponding eigenvectors

) N 1 D 0
0) ©O__ |y o =111 (C.4.5)

UO R ———— 0 9 Ul ]
VDP+INE | _p VIDP+ NP | ys .

The last two eigenvalues are very large and we do not need to evaluate their perturbative corrections
since they will be negligible. Instead we need to find the correction to the first one which is vanishing
at zero-th order. Using (D.1.14a), the correction at first order in perturbative expansion is given by

Arm? = (| AM2 ) = 0. (C.4.6)

Hence we need to go at second order and we find

5 _ 1 (0) 2, (0) 1 (0) 21, (0|2 1 (0) 21, (0)y |
Arymt = (" A M) — 1AM )| - DO (a2 (caT)
After some computation we find that
214
2\(2) _ || D 4

Using (D.1.14b), the correction to the eigenvector associated to the null eigenvalue at first order in
perturbative expansion is given by
@AM ™) (o) _ (0 IADM]”) (o)

Arvy = — (m2)® vy — (md)® Uy . (C.4.9)

After some computation we find that

N
(1) 1 N*D

’U =
0 T VIDETINE | VDR TN
—D

(C.4.10)

Notice that this implies a non-negligible mixing between vy, and sy, in case N and D are comparable.
Also there is in any case almost no mixing with v (as long as p < N, D).

To do this computation we could use also the block-diagonalization method shown in Section D.4 if
we assumed the additional hierarchy D < N. In this case the light mass-matrix reads as follows

—1
m N D D?

and it is in agreement with the expression of the almost vanishing eigenvalue found before. However to
do so we needed to require a further approximation that it is not necessary in principle. The mixing
matrix between vy, and the other states is given by

-1
o N D ~ 1 (—uD
() ()= (2 i
and again it is in agreement with the one found before since —B' corresponds to the last two entries of

(C.4.10).
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C.5 Heavy States in Single-Flavour Inverse See-Saw

Consider again the single-flavour ISS discussed in Section C.4, but with the further assumption
that m = 0 (this has the only purpose to simplify the calculations). In this Section we focus on the
heavy mass-eigenstates.

From the results of Section C.4, the two heavy mass-eigenstates at zero-th order in perturbative
expansion are degenerate. This corresponds to the limit where 4 — 0 and in this regime we cannot
remove this degeneracy. Thus we have that, after using the unitary matrix U (whose columns are given
by the mass-eigenvectors (C.4.5)) to diagonalize the mass-matrix M (C.4.2) (with m = 0) in the limit
where p — 0, we find that

0 0 0
UTMU =M = |0 0 VIDE+IN]2| . (C.5.1)
0 IDP+|NJ? 0

Thus in the mass-basis with states N} = (v}, v s ), the mass-Lagrangian reads as follows

—L =\/|D|>+ |N|?>s v + h.c. (C.5.2)

This corresponds to one heavy fermionic state ¢ with a Dirac-type mass and whose chiral components
are given by
Y=v¢r+yYr  with =5y, Yr=vg. (C.5.3)

When p # 0, the two chiral components split and become two Weyl fermions with Majorana masses.
Also, since the two heavy states at zero-th order are degenerate, to remove this degeneracy we need
to go at first order in degenerate perturbation theory. To do so, by looking at (D.1.15), we need to

diagonalize the following matrix in the {Ugo) , véo) } space

* NT2
! 0 # N) . (C.5.4)

W = - T)‘Q T+ |N\2’ (N(N*)Q 0

Thus we are in the case (D.7.7) shown in Section D.7. Thus we find that the new zero-th order
eigenvectors read as follows

—if D'N” o0 D*N”
o 1 DP+INP? o 1| NVIDPEIRP
o)) = — Ly = — 1 (C.5.5)

= -1
V2 —i0 N \/5 —i0 N
e
VID]* +|NJ? VID]* + |[NJ?
with corresponding eigenvalues at first order in perturbative expansion
||| V2 |l [N T2

VIDP + [N VIDP +[NP2

Hence we have been able to remove the degeneracy among the two heavy mass-eigenstates.

(m})V = |DP* + |NJ* - (m3)) = [D* +|N|* + (C.5.6)

To do this computation we could use the other method shown in Section D.4 if we assumed the
additional hierarchy D < N. In this case the heavy mass-matrix reads as follows (again we set m = 0)

In the limit where p — 0 we find that this corresponds to a Dirac-type mass-term. Hence we get the
same results gotten before.
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If we keep p # 0, we have to unitary diagonalize M}, as shown in Section D.3. Also we perform this
calculation in perturbation theory. Namely we want to diagonalize

(NP0 0 uN* 2
Mm-(o wp)* (w10 ) o). (C.538)

This is exactly the same diagonalization problem we solved before, but with the additional assumption
that D <« N. Hence we find as expected the same results.

C.6 Mixing Matrices of the Heavy-Neutrino States

In Section 4.3 we considered the mass-Lagrangian of the heavy mass-eigenstates that comes out
from the ISS mechanism applied to the models we considered. In this Section we diagonalize the
mass-matrix mpg with a singular-valued decomposition. In particular we want to find two unitary
matrices Vg and Vg such that

VimpVr = M = diag(M;, My, M3) (C.6.1)

where My, My and M3 are positive real numbers. As showed in Section D.2, to find Vg and Vi we
need to diagonalize mRmTR and m}r%m R respectively. Since we are going to do this perturbatively, to
keep easily track of the order of the corrections that we are making we use the short notation O(e")
where each power of € corresponds to neglecting corrections of order

2 1
e~ i TR (C.6.2)
mg Mg

where mfé (where j = 1,2, 3) represents the j-th eigenvalue of the mass-matrix mp in increasing order
from the smallest one. Also it is understood that, whenever the expressions have a mass-dimension,
one has to put in front of £” the correct power of m3,.

We start from the 2-flavour case since it is computationally easier. Explicitly we have that

222 322 23 330, 32\x

P \m | + [mg| m% (m3 ) +mg (mg)
mpMmpg = , C.6.3a
R ( BBy +mBy | mEBP o+ mP (C.6:3)

o \m \2+\m232 m¥E (m)* +m¥ (my)*
mRmR_< 32( ) +mR (m%?,) |m32|2+’m33‘ . (0631))

We notice that both matrices are in the case (D.7.1) shown in Section D.7 with the condition that
det [mTRm R} < Tr? [m}r%m r]. Also they share the same eigenvalues. Thus we find that the eigenvalues
are given by

23, .32 33,,,22|2
mem m33m?2
= [m% > + [mE > + O(?), Ao = | fm?ju‘n%‘f +O(EY (C.6.4)

with corresponding eigenvectors

vfz(?)—l—(’)(e), of = T 33|2+’m232< > (C.6.50)

= (N roe), o= ! (M) )+ o) (C.6.5b)
PO e e i) O .

91



The 3-flavour case is more complicated, but only computationally. The result will be a straightfor-
ward generalization of the 2-flavour case. We start from observing that parametrically m%m Rr has the
same hierarchical structure of the matrix that has been perturbatively diagonalized in Section D.8.

Thus we find that the eigenvalues are given by

‘m13 2 + |m23 2 + ’m33 2 + O( 2) (C.6.6a)
[mp (mg)* +mE (mE)* + mF (mE)*|* 4
= |mi|? + |m3? + |mi? - +O0(eY), (C.6.6b)
R |m13 2 + |m23 2 + |m?§|2
det
a = Ldettmall o ) (C.6.6¢)
A2A3
with corresponding eigenvectors

0 0 1
vt = (0] +0(), vt =11]+0(), vit=10] +0(). (C.6.7)

1 0 0

Instead diagonalizing m Rm}g is very difficult since it does not show any hierarchy inside. Nevertheless

we can split the different hierarchical orders as follows

T 2’?13323 }5’(23%3)* m§<m§?z>* 2’727112‘122 m}%(grﬁg;) mR( 2{2) 4
Sl W Vi O 1 P L Tl v i WL 421 PO 0 L R
my (mp)* my(mg)* Imp | my (my)* my(my)* [mg |

(C.6.8)
The first leading contribution has a 1-dimensional eigen-subspace with eigenvalue given by A3 in
(C.6.6a) with corresponding eigenvector

0) _ 1 23
Uy m (C.6.9)
R R R\

and a 2-dimensional eigen-subspace with null eigenvalue. Since the latter sub-space must be orthogonal
to the first, it is easy to find a basis for this subspace. A choice (already orthonormalized) is given by

. —579 . —s3C12
'U§ ) — c’i‘z , 'Ué ) — —33312 (0610)
0 c3
where we have defined
ml3 m23
c12 T , S12 = i (C.6.11a)
\/| 13|2 + |m23|2 \/|m13,2 + ‘m23|2
13(2 2312
ImP? + , i (C.6.11b)
\/‘m13 2 4 |m23 2 4 |m33 2 \/|m13 2 4 |m23 2 4 |m33 2

As discussed in Section D.1, to remove the degeneracy in the null eigen-subspace we need to go at
O(£?) in (C.6.8) and in the {vg)),véo)} basis we have to diagonalize the matrix

al? a*b
W = (yab’* \b[2> (C.6.12)
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where

oo = R il (mfpmlf — mfmi) + sty (mipmif = mifmi) ey
VImiE + i VImiE +mB e+ m 2

This matrix is in the case (D.7.4) shown in Section D.7. Thus we can diagonalize it and remove the
degeneracy. To this purpose it is useful to define the following quantities

a =0 (C.6.14)

VialZ+ b VialZ+ 1o

Also notice that one eigenvalue becomes positive and can be explicitly checked that it is given by

(C.6.6b) as expected. In the end we have that mRmL2 is diagonalized with eigenvalues (C.6.6) and

corresponding eigenvectors

Cc

; 1 my
U = 13 23 B | R +0(),
2 2 2 :
\/‘mR + [mE P + my [? \m3 o
c sty + s skie —8%sT, + c*she (C6.15)
5 12 3C12 5 12 3C12
vy = | —cciy + 585512 | +O(e), vp = | s*cly +cFsisie | 4+ Ofe).
—sc —c*cy

C.7 Majorana Mass for the Charged RH Neutrino

In the DSS scenario, to explain the observed active-neutrino masses, we need to provide an extremely
heavy Majorana mass for the third-generation neutrino V?{. A possible way to do so is to introduce a
new scalar field which eventually acquires a VEV. However, we would like to specify since the beginning
that this option revealed to be not physically relevant. Nevertheless it was a good exercise on SSB and
Group Theory.

As discussed in Section 3.6, since the two-fermion operator

(X?I:E)acaﬁ(X:;%)ﬁ (C.7.1)

has mass-dimension +3, the only way to get a renormalizable operator that produces a Majorana
mass-term consists in assuming the existence of a scalar field

X ~ (10g,35) € SU4)P x sU(2)) (C.7.2)

which eventually acquires a suitable VEV. We represent its Gauge indices as X, ;; where m,n =
1,2,3,4 and ¢,5 = 1,2 and we require its VEV to be given by

(Xmn,ij) = VX Omadnadi1dj - (C.7.3)
Also by construction we have that
an,ij = Xnm,ij ’ an,ij = an,ji . (074)

We recall that the importance of having a renormalizable operator is due to the fact that we need
a very heavy Majorana mass-term for the third-generation RH neutrino. Thanks to this we can write
the following renormalizable operator
1 3

LD —§Cuan,z‘j(XR)§L,iC (Xi)n,j + hec. (C.7.5)
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which in the broken phase it reduces to
1 1
LD —§cva(V%)TC v+ he = —§(MR)33(V%)TC v+ h.c. (C.7.6)

Thus we can safely explain the observed active-neutrino masses through a DSS mechanism by fixing
vx sufficiently large.

Now we want to compute the broken Gauge spectrum of the SSB mechanisms induced by the scalar
field X. Under a Gauge transformation we have that (up to first order in the Gauge parameters)

Xonnij = Xonnij + 10 Xpn ij TS, + 107 X i T, + i Xonn, b5 T i + 10" X it T 0 - (C.7.7)

In particular its VEV transforms as follows under an SU(4)) Gauge transformation
(Xmn,ij) = (Xom,ij) it m,n#4, (C.7.8a)
(Xpmaij) = (Xpmaig) +1(Xaaij) 0°TL, if m#4, (C.7.8b)
(Xaaij) = (Xaaj) <1 - 3%915> . (C.7.8¢)

Instead under an SU(Q)[;] Gauge transformation we find that

(Ximn,22) = (Xmn,22) , (C.7.9a)
(Kinn12) = (Xonn12) + 5 (X1} (a1 — i) | (C.7.9D)
(Xomn1) = (Xmn11) (1 + iag) . (C.7.9¢)

Thus, to leave the VEV invariant, we keep free o and we fix

=0 for a=09,..,14; al=a?=0; 015 =

\ééoz3. (C.7.10)

Therefore the residual Gauge Group is the same left unbroken by Az in Model C with same generators
and Gauge boson basis, listed in Section 1.5. The only difference is that this modifies the masses of
the broken Gauge fields.

To compute the mass-spectrum we need the covariant derivative of X. It reads as follows

D,uan,z] 0 an Jij + 294H Xn UT + Z941{ Xmr z]T + ZQRWRan EJTR& + ZQRWRan ZETRKJ

(C.7.11)
In matrix notation we have that on the VEV it reduces to
O3x3 U Osxs 0
v’ b 0w
D, (X) =wvx _ (C.7.12)
@3><3 0 @
GT W 4x4
where we have defined
H? —iH"Y NG
v=i2 g —im?|,  w=iwh+iwd), D=ilgaWp- TeH"). (CT.13)
—iH

Therefore the mass-matrix of the broken Gauge fields gets the following contributions

2 6 2
Lo D Tr[(D,X) DM X = 94 v% Z (H)? + B3 [(Wh)? + (WR)?] + %vg( ({H15 - gg’jw};) .

(C.7.14)
In particular a very large VEV vx would imply very heavy leptoquarks, W-type and one neutral
Z-type vector bosons.
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C.8 Gauge Spectrum induced by A

In Section 4.4 we have introduced a new Symmetry and an additional scalar field charged under the
UV Gauge Group (1.1.3). We also require that this field eventually acquires a VEV. Thus it modifies
the mass-spectrum of the broken Gauge bosons. In this Section we compute how the mass-spectrum
gets modified.

The new scalar field introduced reads as follows with corresponding Charges under the UV Gauge
Group (1.1.3)%

A~ (1,4,1,2,0). (C.8.1)

In particular it is charged only under SU(4)#! x SU(Q)E%] and we represent its Gauge indices as A, ;
where a = 1,2,3,4 and 5 = 1,2. Its VEV is given by
(Agj) = vF daadji - (C.8.2)

Notice that this scalar field is closely related to Ags, the scalar field that acquires a VEV in the
framework of Model C. In fact we expect to find very similar results compared to the ones found after
the first SSB step in Section 1.5.

To compute the broken mass-spectrum of the SSB mechanism induced by A, we need to find the
residual Gauge Group. To leave its VEV invariant we need to satisfy

0T (A) + o' THA) = 0. (C.8.3)
We have that

TUAY=0 for a=1,..,8 and (A)=— 2\[T15( Ay = 2T3(A). (C.8.4)

This represents a Gauge transformation where we keep free a® and 6¢ for a = 1,...,8 and we fix

V6 3
A
3

91° = =0 for a=29,..,14; al=a?=0. (C.8.5)

Therefore the residual Gauge Group is given by SU(3)B! x U(l)[)?}]. Hence its VEV does not spoil
the SSB mechanisms induced by our models since all the generators that we must preserve remain
unbroken.

To find the new Gauge boson basis and their masses we need to write down the kinetic term of A
evaluated on the VEV. To do so we need its covariant derivative which reads as follows

.94 T
D) = =iy (Du(A))1 (Du(d)) (Du(A))s (Du(A)s) (C.86)

where

wmm{mfﬂ,@m%@ﬁwy

V6

(Du(A)) =< N ) , (Du(A))a= 2
e 0 e g—f(W,§+z’W,%)

5 4 g—ng (C.8.7)
g4

Now we need to compute the mass-Lagrangian which is given by

2
L’METr{(D”(AWD } U%Z (H®)? gR 02 [(WR) (Wg)ﬂﬂfv% (fﬂw—ing) .

(C.8.8)

35Recall that it also must be charged under the unknown new Symmetry that could be discrete or not, but this is not
going to affect our analysis.
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This is exactly the same mass-Lagrangian found in Section 1.5 after the first step, and it produces the
same broken vector-boson mass-basis.

As discussed in Chapter 4, the introduction of a new Symmetry to explain naturally the observed
active-neutrino masses makes sense only in framework of Model I. Thus we can restrict the analysis
considering only Models A, B, D and F. From the mass-Lagrangian (C.8.8), we have that the masses
of the leptoquarks UF and W-type bosons Wéﬁ get modified as follows

2

2
Am¥ = %v%, Am%VR = %v% (C.8.9)

Instead the mass-Lagrangian of the neutral vector bosons becomes

2 2 2
EM D) % (§4H15 — g)(B12)2 + % (gRW]% - ng12)2 + % (§4H15 - gRWIQI){)2 . (C.S.IO)
This changes consistently the mixing matrices for the neutral vector bosons and hence the masses and
interactions with Z’ and Z”. However, since the expressions are rather long and complicated, here we
just state that the null mass-eigenstate which generates the Gauge boson B associated to U(1)y is the
same found before as expected, while the masses of the two neutral vector bosons are given by (if we
assume that vp 2 Q,vR)
2 2 2
my, ~ %Fplfz 1+ 2 g+ vé%gﬁépiiza] L ombe~s (2% + %) o?pir (C.8.11)

vE vV 2
where the notation is the same used in Section 1.9. Notice that they are very similar to the ones found
in Models C and F since A and Ag are very similar.

The interactions with the fermions and the neutral massive vector bosons in the covariant derivative
are rather long and complicated and we will not write them here. Nevertheless, given the mass-
Lagrangian (C.8.10), this derivation is straightforward.
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D Matrix Diagonalization in Perturbation Theory

In this Chapter we are going to derive and provide several results that we exploited in this work
when we needed to diagonalize a matrix under certain conditions.

D.1 Perturbative Diagonalization

Suppose to have an hermitian matrix in the form
M= My+ AM (D.1.1)

where AM = M is a little perturbation of My, namely AM < My or®® ¢ < 1. Suppose that M is
diagonalizable and the spectrum is given by a set of eigenvalues with the corresponding normalized
eigenvectors {)\((10),1)((10)}. We want to know the spectrum of the full matrix M {\,,v,} at a given
perturbative order. In this Section we define the scalar products between two vectors v, w and the
scalar product between two vectors and a matrix A as follows

(w|w) = viw, (w|Alw) = vl Aw . (D.1.2)

We make a Taylor expansion in the small parameter € as follows
o) [e.e]
= T = 3 e (D.1.3)
n=0 n=0

and we assume that the vectors are well normalized, namely we require that VN € N

(Valva) = D "M [u{™) =1+ 0(@EN). (D.1.4)
n+m<N

We also require (without loss of generality) that Vn € N
WM e R. (D.1.5)
Notice that, directly from (D.1.4) and (D.1.5), it follows that

OO =1, @) =0, EPRO) = PP = SEPRY). (D16)
We write the equation that defines the spectrum of M as follows

(Mo + £M> Z emolt) = Zem/\gm) Ze"vg”) . (D.1.7)

By expanding up to O(¢?) we find the following relations

VICOE (Mo - )\&0)) 0 =0, (D.1.8a)
O (Mo = AD)ult) + (81 =21 ol =0, (D.1.8b)
O@E) s (Mo = AD)v® + (31 = AL ) o) = AP = 0. (D.1.8¢)

We notice that (D.1.8a) is the defining equation of the spectrum of My which can be explicitly solved
to find )\éo) and v((lo).

36In this treatment e is an additional parameter which could be dropped at the end, but it is useful to keep during the
intermediate steps.
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Now assume that the eigen-subspace of )\((10) is non-degenerate. Then, by projecting (D.1.8b) onto

(UC(LO))T and using (D.1.6) we find that
AL = (O 1|00y . (D.1.9)

By projecting (D.1.8b) onto (véo))Jr with b # a and using the fact that eigen-subspaces of different
eigenvalues are orthogonal between each others we find that

2O = A 1ol = (o 11 (D.1.10)

a

Thus, by using the completeness relation

WD) = Z<vé0)‘vél)>v£0) — Z<U150)’v¢(11)>0150) (D.1.11)
b b#a

we find that ) ()
<Ub |M’Ua ) 0)

(1) —
vi = z; AD 20 vy (D.1.12)
By projecting (D.1.8c) onto (fuc(LO))Jr and using (D.1.6) and (D.1.12) we find that
1 « 2
Y o — T O (D.1.13)
; AL )‘1(70) ’ b ’
Therefore we have found that for non-degenerate eigen-subspace
1 2
— 20 4 (,0 (0) — = |w® (0)
Ao = A0 4+ @O AM[LO) + 3 NORSYC (1AM )|+ 0(3), (D.1.14a)
b#a Na b
(0) (0)
va =00 +3" (o [AMIaT) 0) o). (D.1.14b)

Uy
iz A0 O

Instead now assume that the eigen-subspace of )\20) is degenerate with a multiplicity of m. Then we

need to project (D.1.8b) onto a base of the subspace of )\[(10) which we denote by v[(l?72 withr=1,...,m

finding

AN w, = W, gw, (D.1.15)
where we have defined A
Wrs = (0| M|02) (D.1.16)

)

and w is an m-dimensional vector whose coordinates w, represent the weights in the basis of the
eigen-subspace considered. Namely a vector in the eigen-subspace is represented by

00 = Z wrvg?,z . (D.1.17)
r=1

To find the splitting among the eigenvectors at zero-th order with the corresponding eigenvalues at
first order we need to diagonalize W, namely we need to solve (D.1.15). Then, once we have found m

(1)

eigenvectors w(™ (with hopefully m different eigenvalues A ), we have that we replace the zero-th
order eigenvectors 03?2 with

m
o = a0 =N with r=1,..,m. (D.1.18)

a,r a,r

s=1
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To find the correction to the eigenvectors at first order we proceed as we did in the non-degenerate

case and we find that (O o1 (0)

(1) _ x— (o [ MBar) (o)
o) =" SOOI (D.1.19)
b#a a b

To find the second order correction to the eigenvalues we proceed as before. Thus, by projecting
(D.1.8¢) onto (@C(L?Q)T we find that

1 2

N2 = o | 1M1 (D.1.20)
) el )\go) . )\1()0) ‘ )
Therefore we have found that for degenerate eigen-subspace
1 2
— 0 (1) L P ) 5(0)
Aar = A0 42X+ 3 NORSG (1AM )|+ 03), (D.1.21a)
b#a Na b
(0) ~(0
_ =0 (v "[AM|Bar) (o)
Vo = DN+ ORI +0(2) (D.1.21b)
b#a a b
where )\212 and 0, are obtained by solving (D.1.15).
D.2 Singular-Valued Decomposition
Given a matrix M, we want to find two unitary matrices U, V such that
UMV = M (D.2.1)

where M is a diagonal matrix with non-negative eigenvalues.
To do so we look at the matrix MMT. Tt is hermitian, hence it is unitary diagonalizable with
non-negative eigenvalues. Therefore we can find a unitary matrix U such that

UN(MMNU = D? (D.2.2)
where D? is positive-definite diagonal matrix (and so will be D). Now let us define the matrix
K=MUD". (D.2.3)
It is unitary since
K'K = (D~"UutM)(MUD™Y) = D™'D?D~! =1. (D.2.4)
Also we can check that
UMK =UMMUD)=D. (D.2.5)

So we have that we can set V = K and M = D and we are done.
To find V it is actually more useful to try to unitary diagonalize the matrix MTM. In fact we can
define V' such that
VMMV = D? (D.2.6)

and notice that the diagonal matrix must be the same of before since the characteristic polynomials
associated to MM' and MM are the same, namely

det [ MM = \I| = det[M(MF — AM~)| = det[(MT — AM~1)M| = det|[MFM - AI]. (D.2.7)
Now if we do a similarity transformation to MTM using K we find that
K'Y (MTM)K = (D~YUTM)Y(MTM)(MTUD™Y) = D™'D?D*D~! = D?. (D.2.8)

Therefore K = V since the diagonalization matrix is unique.
Thus to find U we need to diagonalize M MT, to find V we need to diagonalize MM and to find
M we need to take the squared-root of the diagonal matrix that one finds after diagonalizing M M.
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D.3 Diagonalization of a Symmetric Mass-Matrix

In this work we needed several times to diagonalize a neutrino mass-matrix which is a complex
symmetric (ng + np) X (ng + ny) matrix of the following block-form

M- (DLT Z) (D.3.1)

where ny and nj, are the number of the would-be light and heavy neutrino species respectively. L, D
and R are ny X ng, ny X np and ny X np complex symmetric matrices respectively. To diagonalize it we
need to find a unitary matrix U such that

UTMU = diag (mgl), omd™ D ,E”h)) (D.3.2)
where my) and M,(lh) are all positive real numbers and are associated to the masses of the mass-
eigenstates.

The condition M = M7 is necessary to ensure that such a unitary matrix always exists. In

general, given a generic matrix, we can diagonalize it with a singular-valued decomposition as shown
in Section D.2. Thus we have that there always exist two unitary matrices V' and U such that

VIMU =M (D.3.3)

where M is diagonal and positive-definite. To find V and U we need to diagonalize MMt and MM
respectively. Nevertheless, since M = M7, the two equations can be simplified as follows

VIMM*V = M?, U M*MU = M?. (D.3.4)

Thus, upon taking the complex conjugation on the first equation, we see that V* = U. Therefore we
can make use of the same unitary matrix to diagonalize a symmetric matrix as done in (D.3.2).
As we have shown above, to find U we diagonalize the hermitian matrix MM and we know that

Ut(MIM)U = diag ((mg")2, .. (m™)2, (D)2, (M™))?) (D.3.5)

Thus we can find the eigenvalues with corresponding eigenstates of a neutrino mass-matrix by doing
this procedure. Moreover, when the calculation seems too hard analytically, we can diagonalize MM
perturbatively if there is a clear hierarchy in the mass-matrix. In fact we usually have that L, D < R.
In the following Section we are going to study this case in detail.

D.4 Block-Diagonalization of a Symmetric Mass-Matrix

When we want to diagonalize a symmetric mass-matrix in the form of (D.3.1), sometimes it is
useful to disentangle the light and heavy states and then diagonalize each sub-matrix independently.
This is because, most of the times, if more than one generation is involved (namely ng,n, > 1), we
should use degenerate perturbation theory to diagonalize the mass-matrix. Thus what we could do is
to exploit a unitary matrix W such that

T (M, O
WL MW = <@ v (D.4.1)

where M, and M}, are ny X ny and ny X np complex symmetric matrices respectively. Then one can

easily diagonalize independently M, and M}, using the same method used for M but with reduced
matrices. A reference of the calculation we are about to make can be found in [22].
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To find M, and M}, we can parameterize W as follows

w_ (Vi BB B
-\ -Bt VI—BB

where B is a generic ny X nj matrix and it is understood that the squared-root should be treated as a
power series, namely

(D.4.2)

1 1
V1-BBt=1-— 5BBT - g(BBT)Q + ... (D.4.3)

Notice that this parameterization is the generalization of an orthogonal 2 x 2 matrix which can be
always written in the following form

_.2 .
U—( 1 —sin“ 0 sin 0 ) (D.4.4)

—sind 1 —sin26

Also it is clear from this that B represents the mixing angle between light and heavy eigenstates.
Moreover we want this quantity to be little.
After making explicit the parameterization of W in (D.4.1), we find that

M, =+1-B*BTL\/1- BBt — B*D"\/1 — BBt — /1 — BsBTDB' + B*RB, (D.4.5a)
M, = BLB+\/1—BTB*D"B + BDV1— BiB+ 1 - BTB*R\V1— BiB, (D.4.5b)
O = BLV1- BBt ++1 - BTB*D"\/1 - BBt — BDB' — /1 — BTB*RB'. (D.4.5¢)

In particular we can solve the last equation to find B. We proceed perturbatively in powers of DR~
under the assumption that L, D < R. In addition, we expect that

B~ DR+ O(D*R™?) (D.4.6)
since B is supposed to be little. We find that (D.4.5¢) reads as follows
0=DT - RB' + O(DR™) — B'=R'DT + O(D*R7?). (D.4.7)
By substituting this condition inside the other equations we find that at lowest order

My~L—-DR'DT, M,~R, BxD*R . (D.4.8)

D.5 Block-Diagonalization of a Hierarchical Mass-Matrix

The method discussed above can be used also to diagonalize with a singular-valued decomposition
a generic matrix that has a suitable hierarchical structure. In particular we can extend the method
above to diagonalize perturbatively the mass-matrices of some fermionic fields. A reference of the
calculation we are about to make can be found in [22].

Assume to have a mass-Lagrangian in the following form

R

L=-(¥p xp)M (;Z(’R> + hec. (D.5.1)

where ¢ and x are n- and n’-dimensional vectors that contain the light and heavy fermionic DOFs
respectively. The mass-matrix is a (n +n’) X (n + n’) general complex matrix and we assume that it

has the following form
m
- () .



where m is n x (n +n') while M is n’ x (n +n’). We also assume the hierarchy m < M. To go from
the flavour- to mass-basis we need to do diagonalize M with a singular-valued decomposition as shown
in Section D.2. In particular to find the LH mixing matrix and the light and heavy mass-eigenstates
we need to unitary diagonalize

T Mt
+ _ mm m
MM (MmT MMT> . (D.5.3)
As we did for the neutrino mass-matrix in Section D.4, we can block-diagonalize this matrix such that
M? O
T 17 — 1
U'MM'U ( 0 M}%) (D.5.4)

where M, 62 and M ,% are n X n and n’ X n/ hermitian, positive-definite matrices and we can assume that
the unitary matrix U is in the following form

U V1 — FFf F
- —Ff V1-—FTF

where F' is a generic n x n’ matrix and it is understood that the squared-root should be treated as a
power series. In analogy with before, we have that F' represents the mixing angle between the light
and heavy DOFs and we assume this quantity to be little.

After making explicit the parameterization of W in (D.5.4), we find that

(D.5.5)

M2 =1 - FFt(mm"V1 - FFt — F(Mm')V1 - FFt — V1 - FFt(mMYF! + F(MM"FT

(D.5.6a)
M? = F(mm")F + V1 — FIF(Mm"F + F(mMHV1 = FIF + V1 — FIF(MMY1 - FiF |

(D.5.6b)
0 = F(mm"V1 = FFt + V1 = FtF(Mm")v1 — FFt — F(mMNFt — 1 = FtF(MMYF! .

(D.5.6¢)

In particular we can solve the last equation to find F. We proceed perturbatively in powers of (M M1)~!
In addition we expect that3”
F~ (MMY™ P+ O(MMT)™2) (D.5.7)

We find that (D.5.6¢) reads as follows
O=Mm'—(MMHYFT +O(MM)™Y) = Fl=MMHY Mml +O0(MMH)~%). (D.5.8)
By substituting this condition inside the other equations we find that at lowest order
MEmm 1= MU (MM M| mf, MEx MM, FamMi(MMT) (D.5.9)

In this way we have disentangled the light and heavy DOFs and we can further diagonalize ME to find
the masses of the light mass-eigenstates with the corresponding LH mass-eigenstates.

Unfortunately this method cannot be used to find the RH mixing matrix since we have that
MM = mim 4+ MM . (D.5.10)

Sometimes this is not even required. Nevertheless it can be obtained by exploiting the proof done in
Section D.2. In particular we want to find two unitary matrices U and V such that

UMV = M (D.5.11)

371t is left understood that F' is adimensional.
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where M is diagonal. As shown above, to find U and M we need to block-diagonalize MM as in (D.5.4)
and then diagonalize M 52 and M }f To do so we need to find two unitary matrices Uy and Uy, such that

UIMPU, = M}, UIMEU, = M (D.5.12)

where ME and M ,% are two positive-definite diagonal matrices. For V instead we know that it holds
the following relation

V=MUM™. (D.5.13)
We can verify that
U 0O 5 M, O UMt O
v U(@ Uh>’ (@ Mh>’ V= (m )U< 0 UL (D-5.14)
Therefore at lowest order we find that
Ve (1= MIMMY) M| mt UM ML) (D.5.15)
D.6 Inverse of a Block-Matrix
Consider a generic 2 X 2 matrix
a b
e (2. o
Its inverse is easy to find and it reads as follows
1 d —=b
M= : D.6.2
ad — be (—c a ) ( )
Now consider a 2 x 2 block-matrix. It can be written in the following form
A B
e (2 2) s

where A, B, C' and D are generic matrices of dimensions p X p, p X ¢, ¢ X p and ¢ X q respectively. If
D and A — BD7'C are invertible, then we have that

[y ( (A—BD10)! —(A—BD'C)"*BD! ) ' (D.6.4)

—D-'C(A-BD'C)"' D'+ D 'C(A-BD-'C)"'BD™!

In the subcase where p = ¢, A =0 and B, C and D are invertible, the latter result simplifies to

Cc-1pB-l! (-1
_1 .
M~ = ( B o ) . (D.6.5)

Now consider the case where both A and D are vanishing. We are left with a matrix in the form

0O B
- (2 8) Do

-1
Mt = (B@l C@ ) : (D.6.7)

In this case the inverse is given by
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D.7 Diagonalization of a 2 X 2 Matrix

Consider a generic 2 X 2 complex matrix

a b
M = :
Its eigenvalues and corresponding eigenvectors (to be normalized) are given by

Ao = o (T VT2 —aD),

Y, d—a+ T2 —4D b 20
- —2¢ ’ T \d—a+VT2—4D

where T = Tr[M] and D = det[M]. In the limit where D < T? they simplify to

D D D D?

. (d — D/T [1 + O(D/T?)]

9

B 2
—2¢ T \d-p/rii+ o))

Consider the subcase where M is in the following form
_(laP? @b
M= (ab* b2 ) -

Ao=0, Ay =af*+ o

The eigenvalues are given by

with corresponding eigenvectors (already normalized)

1 -b 1 a*
e —————— , Vp = —F————= | .5 | -
V]al>+ o () T VaP P (b )

Consider the subcase where M is in the following form
0 a*
. ( 0) |

At = tla

The eigenvalues are given by

with corresponding eigenvectors (already normalized)

1 (+al) 1 (#1
Uii\/ﬂa’ a *\/5 ei@

e’ = — = 0 = arglal .

where we have defined
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D.8 Diagonalization of a 3 X 3 Matrix

Consider a generic 3 x 3 hermitian matrix

a b c
M=|b" d e]. (D.8.1)
ct et f

We assume that holds the following hierarchy among the entries where ¢ is a small real parameter that
we assume to be e < 1

4

a~et, b~ed

c,d~e?, e~e, frel. (D.8.2)
We want to diagonalize M perturbatively. To this purpose we represent the order in perturbative
expansion of all the parameters adding explicitly the e-dependence as follows
eta b e
M= |e%* &2d ce| . (D.8.3)
e2ct ee f
In this way it will be very easy to diagonalize it perturbatively.
To find the eigenvalues we need to derive the characteristic polynomial associated to M. Explicitly
it is given by

det[M — [ = = X3 + A2 (a +d + f) + A (|e|2 + le|® + |b* — ad — af — df) + det[M] (D.8.4)

where

det[M] = adf + bc*e + b*ce* — ale|* — d|c|* — f]b]?. (D.8.5)

We want to find the roots of this polynomial in perturbation theory in powers of €. To this purpose we
write the roots as follows
A= X+ 2N + et + 503 + 0D (D.8.6)

where we used that fact that all the odd powers in € vanish because the characteristic polynomial is a
power series in e2. By making explicit the dependence in ¢, we find that (D.8.4) reads as follows

det[M — M = =23 + FAF + 22 (AN — df o + 2 o — 303A1 + [e[2Xo)
et (=afro + X = df s+ 2d0As + AT — 3A0AT + 22000 — BAAa + [eP Ao + [e[As )

(D.8.7)
+ eﬁ(det[M} —ad\o — afA; + 2adoh + dAE — N3 — df o + 2dAo)s
2 AN — 6AoA N + 2f AoAs — 3A3A3) +O().
We can now solve it for each power of €2 and find the following eigenvalues
2 det[M
Az = f+O(?), Ay =d— Jel” +0(eh), A = L]Q +0(e9) . (D.8.8)
f df — le|
The corresponding eigenvectors can be found by solving the equation
We find that the three corresponding eigenvectors (to be normalized) are given by
0 1[0 1 df — |e|?
v3=[0]+0(), va==| f |+0(E%), vn= s | 0" —ec" | + O(*).  (D.8.10)
f ok df - |6| * Pk %
1 e dc* —b*e
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E Scattering Tools

In this Chapter we are going to study in detail some important tools that we have used in this
work.

E.1 Majorana Field

In this Section we study in detail how is described a fermionic field with a Majorana mass. A
reference can be found for instance in [5].
Given a fermion ¢ with Right- or Left-chirality, we define its Charge-Conjugate as follows

WE=CP = —inPyt (E.1.1)
where )
. —o® O
C=iyly? = < 0 i02> (E.1.2)

is the Charge-Conjugation operator and it is a 4 X 4 matrix in spinor space. It satisfies the following
properties

cl=ct=c"=-c, (E.1.3a)
c(yTe™t = -1, CyiCct =47, (E.1.3b)
Using the equations above it is possible to show that
- =9TC. (E.1.4)
A Majorana fermion is described by a self-conjugate field, hence
Ye=1. (E.1.5)

This condition implies that it has half of the DOFs of a Dirac spinor since it must be in the following
form (compared to the one described in Section G.2)

P = ( v ) . (E.1.6)

io?t

A Majorana mass m for this field can be provided only by the following term in the Lagrangian
(remember that ¢ has a precise fixed chirality)

1 — 1
LD —omy P+ h.c. = —§mch¢ + h.c. (E.1.7)

One of the main features of this mass-term is that it breaks explicitly some Symmetries that instead
are present in a Dirac-type mass-term. To see this, consider a unitary transformation on 1 which in
general reads as follows

v = Uvy. (E.1.8)
We have that the Charge-Conjugate field transforms as follows

We o UrYE. (E.1.9)

Therefore the Majorana-type mass-term in the Lagrangian breaks explicitly any U(1) transformation
of . This means that a Majorana fermion implies Fermion Number violation.
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When we deal with Majorana fermions, the Feynman rule of the propagator is slightly different than
the Dirac-type one due to the explicit Fermion Number violation. To compute the 2-point function, we
consider the free Lagrangian which reads as follows

%\I/M\IJ (E.1.10)
U= (@Z@) ., M= (ﬁc ic_—ﬂf;c> . (E.1.11)

Using the Feynman prescription to find the propagator, we need to invert M. Going to momentum
space 0, — —ip, we find that

L= pidy — %mwcqp - %macf =

where

-1 1 C_lpC mC
Mt = a Tme ) (E.1.12)

This implies that we have two possible 2-point functions. One that preserves the fermionic current
and one that breaks it by two units. They explicitly read as follows with the corresponding Feynman
diagrams

="' _ (E.1.13a)
p?—m i

im C >
is'(p) = (YypT) = p;TiTnQ Af (E.1.13b)

Also notice that to get the antiparticle propagators one needs to invert the arrows in the Feynman
diagrams, but this is equivalent to work with the propagators of the particles with opposite momentum,
hence iS(—p) and iS’(—p).

E.2 Hadronic Scattering

Hadrons are bound states of quarks and gluons. They are the manifestation of QCD confinement.
Since they are not elementary particles, we have to know how to deal with them when we want to
compute scattering processes where hadrons are involved. This is what we study in this Section. A
reference can be found for instance in [23].

We know that processes involving leptons and quarks are mediated by Weak Interactions (WI).
Since when we deal with hadrons we can assume to be at low energy, we can use Fermi theory. The
Fermi Lagrangian reads as follows

i & o S 0 70u
Ep—ﬁ(JMJ +J0J0%) (E2.1)

where we have defined the Charged and Neutral Currents (CC and NC)

T = ZE’Yu(l — ) WVu + Z%M(l — VU, (E.2.2a)
u,d 4.l
=3 ' (d-d)f. (E.2.2b)
f=u,dl,v

V and U are the CKM and PMNS matrices respectively, J, = (J,F )F and
o =T} = 25w (T} +Y;), g =T} (E.2.3)
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where T2 and Y are the third generator of SU(2); and the generator of U(1)y respectively.
Hadrons are specific combinations of quarks. For instance pions are given by

i|uﬂ — dd) (E.2.4)

) = ud), |77 =ldw),  |n°) = NG

while kaons are
Kty =us), |K")=|su), |KO)=l|ds), [K')=|sd). (E.2.5)

Then there are many others, like D mesons which are like pions and kaons but with quark ¢ instead of
u. To compute scattering amplitudes where hadrons are involved, one has to take the matrix element
of the Lagrangian on initial and final states. The lepton part factorizes as usual. Instead the hadronic
part is unknown. For instance, in case of an incoming pseudoscalar meson hp in a process mediated by
CC, we need to compute the following matrix element

(Ol |hp) - (E.2.6)

By dimensional analysis we observe that it has mass-dimension +2. Also the only Lorentz tensors on
which it can depend on are the metric tensor g,,, and the momentum of hp p,. Hence we can write
that matrix element as follows

(O|JF[hp) = ifapy (E.2.7)
where fj, is a constant with mass-dimension [f;] = +1. It contains all what we do not know from non-
perturbative effects that are responsible for the formation of the quark bound state. From Symmetry
considerations we can prove that matrix elements with hadrons and CC or NC are related. In particular
we have that in the Isospin-preserving limit

(072 hp) = (E.2.8)

-,
An explanation on why this is true can be found in [23]. The unknown constants f, are extracted from
measurements and, in our notation, their values are listed in [23].
E.3 Phase Space of a 1 — 2 Decay Process

In this Section we compute the phase space of a decay process of type A — BC'. In full generality
from (G.3.1) we have that the phase space integral reads as follows

3 B dsﬁc 464
d® = 2m)*6 —pB — . E.3.1
/ Gn)32Eg @m)2Eg o) 0 (Pa =P~ pe) (B-3.1)
Using momentum conservation we find that in this process the only independent scalar product among
the momenta is given by
2p4-pB =m4 +my —mé . (E.3.2)
Therefore the squared-amplitude is momentum independent and it factorizes out of the integration
when we consider the decay rate of the process. This allow us to perform all the integrations over the
momenta finding in the end just an expression to multiply to the rest to find the total decay rate.
At first we perform the integration over d®pc using the d-function finding

1 P
dd S(Eq—Ep — Ep). E.3.3
/ " 1672 ) EgFEc (Ea = Ep — Ec) ( )

Since the expression is Lorentz invariant, we can choose to work is any reference frame we want. We
choose to work in the rest frame of A. This implies that explicitly

E3=m%, Ei=m%+|ppl*,  Ei=mi+ |6l (E.3.4)
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For the integration over d°pp, we go into spherical coordinates
d*pp = |pp|d|pp|ds = Ar|pE|*d|PE| . (E.3.5)

Calling p = |ps|, we have that the phase space reads as follows

1 p?
/d(l) = —/dp ) <mA —\/m% +p? —\/mE +p2> . (E.3.6)
AT w4 p?m + / /

We still have to perform the integration over p. To do so we use the last J-function. We observe that

2 2
2y + - ma) =Y ;:;f; e @
BtP \/ me +p
Thus, after performing the last integration, we find that
/ o — - P (E.3.8)
A Jm¥ + 52+ \JmE + 2
where p is defined such that it satisfies
ma —\Jm + P2 — \JmZ +p? = 0. (E.3.9)
By solving this equation we find that
P = 477112A>\(m124,m23, m?) (E.3.10)
where we have defined the Kéllén function
Ma, b, ¢) = a* + b* + ¢ — 2ab — 2ac — 2be (E.3.11)
Therefore the phase space of a A — BC' process reads as follows
o = i%A%(mi, m2%,m). (E.3.12)
8T m%

E.4 3-Body Phase Space

In this Section we compute the phase space of a generic process with three particles in the final
state. We define the momenta of the particles in the final state as follows (where i = 1,2, 3)

pi = (Ei, pi) (E.4.1)
and they all satisfy their on-shellness conditions p? = m?. We define also the transferred momentum
q=p1+p2+p3. (E.4.2)

In full generality from (G.3.1) we have that the phase space integral reads as follows

d*py d*py d*p3 454

Since the expression is Lorentz invariant, we can work in any reference frame that we want. We choose
to work in the Centre of Mass (CoM) frame. This implies that

¢ = (v5,0) (E.4.4)

109



where s = ¢? is the first Mandelstam variable. We also define the so-called Bjorken dimensionless

variables as follows
o= 2Pi"q _ 2K
=

3

(E.4.5)

- — £
q2 \/g ) i s
and we observe that from momentum conservation (E.4.2) they satisfy the following condition

T1+ a0+ 23 =2. (E.4.6)

We want to simplify the integration over the momenta as far as possible. At first we perform the
integration over d>p3 using the d-function finding

1 d*p1 d*po
dd = 1) — Fy— FEy— E3). E.4.7

/ 8(27)® | EyE,E; (Vs = By = B> — B) (B-4.7)
Now we can go into spherical coordinates and we find that the remained integration measure can be
cast in the following way

d*py APy = |p1|? || *d|p1|d|p2| dQ1dQ2 = 872 |p1|* P2 |*d| Pt |d|Pa| d cos 012 (E.4.8)

where df); is the spherical integral measure associated to the solid angle of p} while d€)1o is associated
to the solid angle between p; and ps. Moreover df); is trivial and it is integrated out to leave a factor of
47, while df212 is trivial in its azimuthal part and it leaves a factor of 27 and a non-trivial integration
over dcosf15. We can see that only F3 shows an explicit dependence on cos 12 since

B3 = \/m§ +|pi + p2f* = \/m§ + [p1]? + |P2|? + 2|p1||p2| cos b1 - (E.4.9)

Thus we can get rid of the integration over this last angle using the last d-function, leading to the
following expression

0F3 -1 E5
dcosfio0 —F1— FEy— E3) = = . E.4.10
/ cosf120(vs = Ey 2 2 dcos 012 1|92 ( )
Therefore, using the following change of integration variables
FldlF) = BdE,, B = Ldn, (E4.11)

2

and grouping all the expressions together, we find that

/d(I)— ! /dEdE _ ¢ /Wzd /% d (E.4.12)
= 35,3 1682 = 1503 i 1 s 2. 4.

What is left is to find are the integration bounds. We start from looking at the bounds on x;.
Its minimum is trivially when E; = m1, while for its maximum we need to find when FE; reaches its
maximum, which is equivalent to find the minimum of Es + E3. Furthermore the configuration in
which F is maximal is for sure when p7 is antiparallel to po and p3, which means that we need to
minimize with respect to |pa|

mazx

By + By = \/m3 + [3a]? + \/m3 + (52| — [51)2. (E.4.13)
This happens when
1] = — 2 || (B.4.14)
b2 mo + ms3 - o

By inserting this condition inside the energy conservation equation

Vs=FE)+ Fs+ Ej3, (E.4.15)
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we find the maximum of x;. In the end we have that

$1na$:1+€1_52_€3_2\/€72\/5’ (E416a)

At fixed z1 now we need to find the bounds on x9. To do so we need to exploit the condition that fixes
cos 012. From energy conservation (E.4.15) we find the following relation written in terms of Bjorken
variables

Ty — 201 — 2w3 + 2+ 261 + 23 — 2e3 = \Ja? — de1 /] — dezcos Oy (E.4.17)

Since —1 < cosf12 < 1, we can find the integration bounds on xo written in terms of x1 by solving for
xo the equation above when cos 12 = +1. We find that

1
e [(2 —z1)(1+¢e1+e2 —e3 —11)
2(1 —
(4o —a1) (E.4.18a)
/22 — 461\/(61 —e2)? +2(1 —21)(e1 —e2) + (1 —e3 — 21)? — 2e3(e1 + 62)] ’
4 1
JJgnm - - |:(2 — xl)(l + €1 +€9 —€3 — xl)
2(1 -
(+e—a1) (E.4.18Db)

—\/x% — 42’51\/(81 —9)?2+2(1 —z1)(e1 —e2) + (1 —eg — x1)% — 2e3(e1 + 52)} .

Also it is easy to check that, in the range of x1, all the values of x5 in the range above are well-defined.

In the end we found an integration measure that is still Lorentz invariant and depends only on two
of the Bjorken variables. It is also possible to show that any squared-amplitude associated to a process
with three particles in the final state depends on only two of the Bjorken variables. This is due to
the fact that, from Lorentz invariance, this quantity depends only on scalar products between initial-
and final-state momenta. Moreover, since the initial-state momenta are all related and they depend
only on ¢, the only independent scalar products are between ¢, p1, p2 and p3. Now we can show that
all these combinations can be written in terms of x1, x2, s and the masses of the particles. We start
from replacing all ps with the other three momenta exploiting momentum conservation. Then ¢ - p;
and ¢ - po are easily related to x1 and x3. The only non-trivial scalar product is p; - p2, but exploiting
momentum conservation and in particular (E.4.6) we can show that

2p1-pa =mi —mi —m3 +s(xy +a2—1). (E.4.19)

By following these prescriptions one can always write any possible integrand of the 3-body phase space
as function of z1 and x5 only (plus s and all the masses involved).
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F Standard Model Lagrangian

In this Chapter we are going to write down explicitly the whole SM Lagrangian, both in the
unbroken and broken EW phases. This is done to fix all the possible conventions related. Then we are
going to provide the relevant Feynman rules that we have used to perform all the calculations done in
this work. The conventions used are the ones in [24] with 1,7, ns,7. = —1 and ny,nz,n9 = 1.

F.1 Unbroken Electro-Weak Phase
We consider the SM Gauge Group in the unbroken EW phase
SU3)e x SU(2)r x U(1)y (F.1.1)

and the Gauge couplings and fields associated®® are (with the SU(3) and SU(2) indices a = 1, ..., 8,
i = 1,2, 3 respectively)

(95:9:9') (GZ,W,i,Bu) : (F.1.2)
The field-strength tensors are given by
GZV = aMGZ - aZ/GZ + gsfachZGlcz , (F.1.3a)
Wi, =0,W, — 9,W), + ge""Wiw} (F.1.3b)
B/,Ll/ = aMBV - aI/B/J, (FlSC)

where f%¢ and £7* are the structure constants of SU(3) and SU(2) respectively and they are listed
in Section G.4 together with the corresponding generators that we call T and T respectively. The
fermionic particle content is listed in Table 3 and they are all Weyl massless fermions. Finally we have
the Higgs field H ~ (1,2,1/2).

Y | SUB)e SU@)L UQ)y
Qr 3 2 1/6
Ly 1 2 -1/2
uly 3 1 2/3
di 3 1 -1/3
e 1 1 -1

vh 1 1 0

Table 3: SM fermionic particle content in the unbroken EW phase. i = 1,2, 3 represent the flavour
index.

In the unbroken phase the SM Lagrangian reads as follows

ESM = —ZquGaw/ - 4W/1WW”W - 7B Bwj + Z@me + (DHH)T(DMH) (F 1 4)

— (QuHYPdy + QL HY uly + Ly HYF e + L HCYNVR + hec.) = W HUH — A(H'H)?

where YV, YP, YN and Y¥ are the Yukawa matrices, H® = i02H* is the Charge-Conjugate of the
Higgs field and the covariant derivative reads as follows
D, =8, —igT°G% — igT'Wi —ig'Y' B, . (F.1.5)

38Notice that in this Section (as well as in Chapter 5) we are using different notation for Gauge fields and couplings
with respect to Chapter 1.
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F.2 Broken Electro-Weak Phase
When the Higgs acquires a VEV, the SM Gauge Group reduces to
SUB)e xSU(2)L x U(l)y —  SU(3)¢ x U(l)Q. (F.2.1)

This happens because the squared-mass of the Higgs doublet ©? becomes negative and the Higgs
potential develops a new global minimum in

v f

Hy=— h T= F.2.2
(H) 7 where v 3 ( )

The Higgs doublet gets split as follows (as well as its Charge-Conjugate)

1 V2¢t 1 (v+h—i¢°
H =" ] , H¢ = — B F.2.3
x/§<v+h+’¢’0> \/§< —V2¢ (F.23)
where h is the Higgs field in the broken EW phase with mass

M? = 2)0° (F.2.4)

while ¢* and ¢° are the massless Goldstone bosons (GBs) associated to the broken generators of
SU(2) L.

From the kinetic term of the Higgs doublet we get the mass-spectrum of the vector fields. We find
that the mass-basis is given by

Wi = \% (Wi Fiw?) M2, = 39%2, (F.2.5a)
Z, = waj — swBy, M% = i (92 + g’2> v?, (F.2.5b)
Ay =swW; + ewB, M3=0 (F.2.5¢)
where we have defined ,
=9 =L (F.2.6)

cw = )
/4% + g2 /4% + g2
We have that h, ¢° and Z,, are singlets under the residual Gauge Group while oF, W/f ~+1eU(1)g.
A, is the Gauge field of the residual U(1)g Symmetry and the Charge associated is given by

Q=Y +13 (F.2.7)

with coupling
/
99
6= ——. (F.2.8)
/92 + g/2
The covariant derivative in the broken phase reads as follows

Dy, = 0, — ig T A% —ig (TYW,E + T~W,7) — ieQA, — i% (7° - s%Q) Zu (F.2.9)

where we have defined )

V2
From the Yukawa interactions with the Higgs doublet in the unbroken phase are generated the fermion
masses. The fermionic particle content in the broken phase is listed in Table 4 and are all Dirac
fermions.

This time the SM Lagrangian is very long and we are not going to write it explicitly in this work,
but it can be found in [24]. Also it is worth to define the fine structure constant and the Fermi constant
2 B 92 1

GF_\/§8M5V = G (F.2.11)

T+ (T1 j:z'TQ) . (F.2.10)
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ut 3 2/3
d’ 3 -1/3
e 1 -1
vl 1 0

Table 4: SM fermionic particle content in the broken EW phase. ¢ = 1,2, 3 represent the flavour index.

F.3 Gauge Fixing

Since SM is a non-abelian Gauge theory, we have some redundancy in the definition of the Gauge
bosons. This is a problem because, to find the propagator of a field ¢, one has to consider the free
(hence quadratic) part of the Lagrangian in momentum space

L,=¢ My (F.3.1)

and invert the bilinear tensor M. However, if we have some redundant DOFs as it happens for the
Gauge bosons, this is not invertible. Thus we need to add a Gauge-fixing term to fiz the Gauge and
remove this redundancy.

In the SM case in the broken phase we add the following Gauge-fixing terms®’
_ L 2 2
Lor = 2 Fa+Fi+F; +2F F_ (F.3.2)
where
Fe =0"Gy,, (F.3.3a)
Fp=0"A,, (F.3.3b)
Fyz =0"Z, — EMz¢°, (F.3.3c)
Fy = "W FitMw¢™ . (F.3.3d)

This Gauge-fixing condition is called R Gauge. The parameter § is just a Lagrangian multiplier
and it is physically irrelevant. Any observable must be ¢-independent. It can be left free during the
computation of fixed to simplify it. Also it is possible to introduce different &é-parameters for each of
the Gauge-fixing terms. The Gauge-fixing terms for the massive vector bosons contain a dependence
on the GBs to remove an unwanted mixing term in the free Lagrangian. In fact, when we consider the
free part of SM Lagrangian in the broken EW phase, we find that

1 _ ) _ _
(D H) (DMH) > S M5 2,2 + M Wi W™+ My Z,(96°) + iMyy (W (0"9h) — Wit (0"97))]
(F.3.4)
and the last two (unwanted) terms are removed perfectly (up to a total derivative) since explicitly

Cor = _215 [(09Go) (0" G2 + (9" A + (9" 2,)° + 20" W, (@ W,,)]

(F.3.5)
— SEMB(G) — EMF 6 0™ + M@ Z,)6” + iMw [(94W,)67) — (" W;)o7]

Observe that, due to this Gauge-fixing terms, the GBs acquire a squared-mass which is given by &
times the squared-mass of the massive vector boson associated.

39Tn principle those terms are added in the unbroken phase, but it is possible to show that, under a suitable choice of
Gauge-fixing terms in the unbroken phase, one reproduces those Gauge-fixing conditions in the broken phase.
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There are several possible Gauge-fixing choices for £&. When £ — oo we are in the Unitary Gauge
where no GBs are present in the theory. When £ = 0 we are in the Landau Gauge. When £ = 1 we
are in the 't Hooft Gauge and it is particularly useful while dealing with loop calculations since the
vector boson propagators do not show the term k*k" in the numerator (for a better discussion see for
instance [24]) which brings further divergent contributions in the loop integrals.

To conclude, let us mention that in the case of non-abelian Gauge Group it is important to add
also to the Lagrangian the contributions of the ghost fields. However, since in this work we have not
considered any process where they are involved, we are not going to discuss them here, but we only
cite as a good reference [24] for a complete treatment.

F.4 Feynman Rules

In this Section we list all the relevant Feynman rules in B¢ Gauge that we needed to use to compute
the processes considered in this work. They are derived from the SM Lagrangian in the notation
presented above. For all the cases recall that W, = (W, ) as well as ¢~ = (¢T)T. Hence by crossing
symmetry one can exchange the two particles such that there is Charge conservation in the vertex.
Also conventionally we do not put the arrows in the legs related to Wjﬁ and ¢T, but strictly speaking
they should be drawn.

Relevant propagators. 1 is a generic fermion field with generic Gauge indices a, b.

k . v
Ky —1 kP k
- N L
H P v ]CQ—M%+25 k2—£M%
k : v
Rk —14 kFk
v N e 9“"—(1—§)k2]\42]
Wt — My e — My,
P i 2, i(p +my) 5ab
T pPPemltie CTENTTY P eml e
P, i Py i
T PPEMZvie T P2 —EMZ, +ic

Relevant interaction vertices among vector bosons, GBs and fermions. The fermions are represented
as 1, and 13 where a and 3 are some flavour indices that are contracted by a general matrix V5 in
the operator.

wa w(x
Wi -2y, S iig(map—mﬁp)v
/ \/QV LVap o) /2 \ My L= 3y R) Vs
Vg Vg
(0 Ya
9 _u 3 5.2 3.5 o 3 Ma 5
ZH 220W7 |:(Ta 28WQ01) Tofy :| d) gTa MW7
Yo Yo
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Relevant interaction vertices among vector bosons and GBs.

k +
e
4, ic[g" (ks — @)Y + 9" (b — ky)? + (g — k)]
R W
k +
q % Wi
o W p v v Iz vp w
Z, i[9 (e = @) + " (ke = ko) (g — )"
A
W wr
Ay MMNIHJ e My g Z, Wfﬁﬂ —desw Mzgh”
\\ d)— N ¢—
p + P +
¢ A9 g A9 2 2
- )7 . - 7 L Ciy — S
Ay nrnng —ie(pr +p ) Zuno —ie——(py +p )
N R 2cw sw
p—\ N ¢7 p—\ N ¢7
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G Notation and Conventions

In this Chapter we are going to list all the notation and conventions that we used in this work. A
reference that explains and derive most of the results listed here can be found for instance in [5].

G.1 Mathematical Notation and Conventions

In this Section we list all the notation and conventions used for mathematical quantities.

We represent the sets of natural, integer, rational, real and complex numbers as follows: N, Z, Q,
R, C. Also we assume that 0 € N.

Given a complex number z € C, its complex conjugate is indicated as z*. Its argument is defined

in the following two equivalent ways
iarglz] — *
||

(G.1.1)

arg[z] = Im[In[z]], 2

Given a generic n xn matrix A, we call its determinant and the trace as det[A] and Tr[A] respectively.
Given two generic matrices A and B, with the notation A < B we mean that the eigenvalues of B
are much bigger than all the entries of A. This is useful to make explicit the hierarchies between two
matrices of even different dimensions. A diagonal matrix is indicated as follows

A
diag(A1, ..., Ap) = . (G.1.2)

The identity matrix is indicated as follows
I = diag(1,...,1) (G.1.3)

and it is left understood its dimension. The null matrix is indicated as @ and it is a generic n x m
matrix with all null entries. The null vector is indicated as 0 and it is a generic n-dimensional vector
with all null entries.

The Euler §-function is indicated as §(z) with = € R and it is defined by the following two properties

/Rdxé(x):l, S(z) =0 Vo £0. (G.1.4)

To represent multi-dimensional é-functions we use the notation

5" (x) = [ 6(x2) (G.1.5)

i=1

where the argument x = (1, ..., z,) is an n-dimensional vector.
The Euler I'-function is defined as follows with complex argument z € C \ {0}

T(z) = /OOO dtt7 et (G.1.6)

It satisfies the following property
INz+1)=2I(z) (G.1.7)

and it has the following series expansion around z = 1
T(1+¢)=1—yge+O(?) (G.1.8)

where vg ~ 0.577 is the Euler-Mascheroni constant.
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The metric tensor has mostly-negative signature and it is given by
g = diag(1, —1,-1,-1). (G.1.9)

The Levi-Civita tensor is given by €,,,, and it is completely antisymmetric with 9123 = +1. The
scalar product between two Lorentz vectors p,, and g, is indicated as follows

P q=pud” = gup"q” . (G.1.10)
In particular the scalar product with y-matrices (G.2.3) is indicated as follows
pP=put. (G.1.11)

The Pauli matrices are three 2 x 2 complex matrices and explicitly they read as follows

1 (01 9 (0 —u 3 (1 0
o —(1 0), o _<i 0), o —(0 _1>. (G.1.12)

G.2 Dirac Algebra

In this Section we list all the relevant features when dealing with fermionic fields. We work in the
Weyl representation.
The Lie algebra of the Lorentz Group is represented as follows

50(1,3) = su(2) @ su(2). (G.2.1)

Under this group a spinor of Left-chirality v, transforms as (1/2,0) while one of Right-chirality g
as (0,1/2). In our notation vy p are 2-dimensional vectors in the spinor space. We can define the
following 4-vectors of 2 x 2 matrices where 0% are the Pauli matrices (G.1.12)

ot =(1,5), o'=(I-5). (G.2.2)

The ~-matrices in the Weyl representation are defined as follows

QO o+
= (0“ ®> . (G.2.3)

They are 4 x 4 matrices in the spinor space. Then we can define the last of the y-matrices as follows

' i -I O
’)/5 = 170’71'}/273 = EEquU’YH’YV’yp’YU = (@ H) . (G24)

They satisfy the following properties (where i = 1,2, 3)

(=02 =1, ()=-1, (G.2.52)
()T =00, (¥ =47, (G.2.5b)
(At =2¢",  {¥*7°}=0. (G.2.5¢)
A Dirac spinor is defined as follows
)= (i;) (G.2.6)

and it is a 4-vector in the spinor space. We can also define the adjoint spinor
P=ut" = vi)- (G2.7)
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To project it onto its Left- and Right-chirality components we use the following Left- and Right-

projectors
PL——§(H_7)_— <@ @>, PR——2(H+7>—<@ H) (G.2.8)

and they satisfy the usual properties of projector operators.

When we go from coordinate to momentum space, the spinor is expanded in plane waves and the
spinor polarizations are denoted by us(p) and vs(p) for the particle and antiparticle respectively. p is
the momentum of the spinor while s = 1,2 accounts for the helicity state. When a spinor is on-shell,
the polarizations satisfy the following equations (where m is the mass of the spinor)

(p —mus(p) =0,  (p+m)vs(p) =0 (G.2.9)
and they are normalized as follows
Ts(p)us (p) = 2mdss,  Ts(p)vg (p) = —2m Oy - (G.2.10)

Also they satisfy the following completeness relations
Zus(p)us(p) :P‘i‘m, sz(p)@s(p) :ﬂ_m' (G'Q'll)
S S

Some of the most important identities that hold for on-shell spinors are given by the so-called
Gordon Identities. They read as follows (where m and m’ are the masses of the two spinor polarizations)

() (p+p)" ulp) = a@) [(m' +m)" + i (p = p)ulp) (G2.12a)

a(p’) (p+ P/)M ’75u(p) =u(p) [(m/ —m)y +ict (p — p/)y} ’y5u(p) . (G.2.12b)

G.3 Scattering Quantities

In this Section we list many relevant quantities that are useful while computing scattering processes.
Consider a scattering process with Ny particles in the final state with momenta py = (Ey,py). The
infinitesimal phase-space is defined as follows

N N 5,
dd = (2m)*6* Zf:pf —q|S ﬁ Lff (G.3.1)
ot i (2m) 2Ey

where ¢ is the total transferred momentum of the initial state and S is a Symmetry factor that accounts
for the presence of identical particles. Namely, if there are N, species of identical particles with
multiplicity n,, we have that

Np 1
p:l P

Also it is possible to prove that this quantity is invariant under proper Lorentz transformations.
Calling | M|? the unpolarized squared-amplitude of a given process, the cross-section of a 2 — N [
process reads as follows

N . N
0(2 - Nf) = / l_i dsi(%)%4 prf —q1—q2 LIH\Q (G.3.3)
i (2m)32Ey = 4B, Egor
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where ¢ and g2 are the momenta of the initial-state particles with corresponding energies F,, and E,,
while v, is the relative velocity between them. Namely

1

(q1 - q2)% — m3m3. (G.3.4)
EQl qu \/ ! 2

Vpr = |171—772’=

The decay rate of a particle into Ny particles, namely a 1 — Ny process, reads as follows

Ny
1 — N (2m)*o* —q | =M G.3.5
f /H 27‘(’ 32Ef ﬂ') (lepf Q> 2Eq’M| ( )
where ¢ is the momentum of the particle that decays.

In the framework of loop integrals, it is important to define a basis of integrals, called Master
Integrals. They read as follows in d = 4 — ¢ dimensions

A I L T ) s T L B (2 e ) b (m St )
= / ( (C> “ r (22 - ;) I'(m) 2
(G.3.6)

2m)d [k2 — C +ie]™  (4m)2
where r,m € N and C # 0 is a constant with respect to the integration variable. We also provide the
following identities, easy to prove

dk kh
/ eriE—C+i” (G-3.72)
Ak KR g
= 7[ m - D,
/ Cm)dk2—C+ie™  d " (G-3.7b)

In generic d dimensions Dirac Algebra takes the name of Clifford Algebra and in this framework
the metric tensor is a d x d diagonal matrix with mostly-minus signature. It is possible to prove the
following properties of the extended -matrices (from the first identity all the others follow)

{7} = 29", (G.3.8a)
Y =d, (G.3.8b)
Yy = —(d —2)y*, (G.3.8¢)
YuY Bk = (d — 4)y*~P + 4g*P (G.3.8d)
WA = 29799 = 2909797 — (d = 2)y*9 P (G.3.8e)
Trll] = d, (G.3.8f)
Tr[y"y"] = dg"”, (G.3.8g)
Tr[y"v"y"y7] = d (9" 9" — 9"°9"" + 9"79"") , (G.3.8h)
TriyHt. AH2+1] = 0. (G.3.8i)
Another important identity to utilize while computing loop integrals is the following
1 r(>r, ) uf”_l
T, A% = T ;I‘laz L /duz (1 - Zul> = ullAl)Z?_ﬂ‘i . (G.3.9)
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G.4 SU(N) Group

In this Section we list the most relevant features of SU(INV) groups. In general the group has
dimension N2 — 1 and it corresponds to the numbers of generators 7% with a = 1, ..., N> — 1. They are
normalized such that

e[ To7?| = %5@’) (G.4.1)

and satisfy the commutator relation (in matrix notation)
[T, T% = T°T" — T°T* = i fbere. (G.4.2)

f%¢ are the structure constants and are completely antisymmetric under any permutation of their
indices. An element of the group can be represented as follows

U=exp{—ia?T*} € SUN). (G.4.3)
For SU(2) a possible representation of the generators is given by (where a = 1,2, 3)

1

where 0% are the Pauli matrices (G.1.12). There is only one independent non-vanishing structure

constant and it is given by
12 =1. (G.4.5)

For SU(3) a possible representation of the generators is given by (where a = 1, ...,8)
1

where A® are the Gellmann matrices and they read as follows

01 0 0 —i 0 1 0 0 00 1
M=110 0], N=1i 0 0], N=10 -1 0}, M=100 0],
000 0 0 0 0 0 0 100
(G.A4.7)
00 —i 000 00 0 L (00
N=100 0], X={fo0o0 1]/, N=100 —i|, X=—1]01 o0
i 0 0 010 0 i 0 3\0 0 —2

The independent non-vanishing structure constants are given by

! V3
123 147 246 257 345 156 367 458 678
= ]_ = = = = — prm— = — = = — .
e R e e A T N L e R S MR
(G.4.8)
For SU(4) a possible representation of the generators is given by (where a =1, ...,15)
1
T = X (G.4.9)
where \? read as follows
01 00 0 — 0 O 1 0 00 0010
A\ 1 0 00 a2 i 0 00 - 0 -1 0 O oM 0000 7
00 0O 0 0 0 O 0 0 00 1 0 00
0 000 0 0 00 0 0 0O 0000
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00 —i 0 0000 00 0 0 10 0 0
w_|00 00 |00 1o |00 =il s 1fo1 0 o0
i 00 0] 0100/ 0i 0 0] /300 —2 ol
00 0 0 0000 00 0 O 00 0 0
000 1 000 0000 000 0
w_ |00 00 Alo_0000 i |00 01 v2_ |00 0 i
000 0| 000 0] 000 0| 000 0]
1000 i 00 0 0100 0 i 0 0

0000 000 0 100 0

\s_ |00 00 000 0 ws_ L o100

000 1 000 —il” J6loo1 o

0010 00 i 0 000 -3

The independent non-vanishing structure constants are given by

1 V3
f123 =1, f147 f246 f257 f345 5’ f156 f367 _57 f458 f678 7’
f1912 :f2911 f21012 f3910 f4914 f5913 f51014 f61114 f71113 f71214 1
27
1 1
11011 _ 31112 41013 61213 _ 8910 81112 __ 81314 _ -~
f f =f =f s =T =23 f 73
F91015 _ p111215 _ (131415 _ Q
V3
(G.4.11)
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