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ABSTRACT

The origin of the hierarchies in the Standard Model fermion masses and mixing angles
is one of the most puzzling questions in particle physics. In addition, experiments
have shown that neutrinos are massive particles, in contrast with the Standard
Model predictions. All of these issues indicate the existence of new physics. In
this thesis we study extensions of the Standard Model with new Higgs doublets
to solve these questions. The lighter fermion masses are generated with small
quantum effects, reproducing the hierarchies between the different fermion mass
generations. Moreover we can generate neutrino masses in the context of the see-saw
mechanism, by extending the model with at least one right-handed neutrino. The
mixing angles are calculated using zero-th order in perturbation theory. The Cabibbo—
Kobayashi—-Maskawa matrix can be generated with a hierarchical structure, whereas
the Pontecorvo—Maki—Nakagawa—Sakata matrix follows an anarchical structure, in
agreement with experiments. In order to avoid stringent flavour observable constraints,
we work in the decoupling limit, taking a sufficiently large scale for new physics.

ZUSAMMENFASSUNG

Der Ursprung der hierarchischen Fermionenmassen und Mischungswinkel im Standard
Modell ist eine der grofliten ungelosten Fragen der Teilchenphysik. Aulerdem haben
Experimente gezeigt, dass Neutrinos massive Teilchen sind, was im Widerspruch zur
Vorsage des Standard Modells steht. Diese Beobachtungen deuten auf die Existenz
neuer Physik hin. Um diese Probleme zu lésen werden in vorliegender Arbeit Er-
weiterungen des Standard Modells mit neuen Higgs Doublets untersucht. Dabei werden
die Massen der leichten Fermionen {iber kleine Quanteneffekte generiert. So kénnen die
Massenhierarchien der verschiedenen Fermionengenerationen reproduziert werden. Des
Weiteren kénnen die Neutrinomassen im Kontext des See-Saw Mechanismus generiert
werden, indem das Modell um mindestens ein rechtshédndiges Neutrino erweitert wird.
Die Mischungswinkel werden in nullter Ordnung Stérungstheorie berechnet. In Ubere-
instimmung mit Experimenten weist die Cabibbo-Kobayashi-Maskawa Matrix dann
eine hierarchische Struktur auf, wohingegen die Pontecorvo-Maki—-Nakagawa—Sakata
eine anarchische Struktur besitzt. Um die starken Schranken von Flavourobserv-
ablen zu umgehen, arbeiten wir im in dem Grenzfall, in dem durch die Wahl einer
ausreichend groflien Energieskala die neue Physik entkoppelt ist.
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Introduction

We are currently living in a new era of discoveries in particle physics. Perhaps, the biggest
achievement of the last few years has been the discovery of the Higgs boson by the ATLAS and
CMS experiments, proving the self-consistency of the Standard Model of Particle Physics (SM)
as a successful theoretical framework for elementary particles. Nevertheless, there are still many
unanswered questions which the SM cannot accommodate, as for example neutrino masses. It is
known from neutrino oscillation experiments that neutrinos have mass. But the SM predicts them
as massless particles. Furthermore, experiments have shown that the scale of neutrino masses
is much lower than all the other SM fermions and the hierarchies between their masses seems
to be milder than for all other fermion types. But the nature of neutrino masses remains still
completely unknown. There are several models which introduce new physics to explain neutrino
masses. For example the so-called see-saw mechanism includes new right-handed neutrinos,
which couple to SM neutrinos through a Dirac mass term, as all other fermions. As right-handed
neutrinos are not charged under the SM gauge group, they can have large Majorana masses. In
this way, left-handed neutrinos obtain small masses, compatible with experiments.

Besides the need of new physics to understand experimental results that the SM alone cannot
explain, extensions of the SM are also studied to describe the parameters within SM. The origin
of the hierarchies in the SM flavour sector is one of the main open issues in particle physics. In
the SM, quarks and charged leptons couple to the Higgs boson through Yukawa interactions.
After electroweak symmetry breaking, these couplings set the value of the fermion masses. From
experiments we know that the SM fermion masses follow a completely hierarchical pattern. At
low energies, the corresponding Yukawa interactions are of the order O(107%) up to O(1). There
have been several attempts to explain these strong hierarchies by extending the SM with new
particles or symmetries. A further issue that needs to be addressed is the mixing pattern of
fermions. As the Yukawa matrices are not diagonal in the SM flavour basis, flavour changing
charged currents appear in the weak sector when working in the mass basis. The fact that
neutrinos are massive means that this does not only happen in the quark sector, but also in the
lepton sector. Yet, the mixing pattern in the quark sector shows a strong hierarchical structure,
whereas the lepton mixing matrix has a completely anarchical arrangement. All of these problems
are discussed in detail in Chapter

The hierarchies in the mass and mixing sector for quarks and leptons somehow suggests that
there must be an underlining mechanism which generates such a flavour structure. In this thesis

we introduce a framework to generate the masses and mixing angles of the SM fermion sector in



Introduction

one of the simplest extension of the SM, the Two Higgs Doublet Model (2HDM). This model
adds one extra Higgs doublet with the same quantum numbers of the SM Higgs to the SM. The
theoretical background of the 2HDM is presented in Chapter [2} Here we discuss the different
terms of the 2HDM Lagrangian and its phenomenological consequences, such as new sources of
Flavour Changing Neutral Currents (FCNCs) or CP violation.

In Chapter [3] we introduce a model to explain the quark masses and mixing angles in the
context of a general 2HDM with rank-1 Yukawa couplings at tree level. Within this framework
we are able to reproduce the strong hierarchies between the second and third generation of quarks
together with a completely hierarchical structure for the corresponding mixing sector. In order
to avoid current experimental limits on new scalar particles, we chose to work in the decoupling
limit, where the masses of the new Higgs bosons are much larger than the electroweak scale.
The lepton sector for this model is discussed in Chapter [, where we extend the 2HDM with
right-handed neutrinos in order to generate the neutrino masses in the context of the see-saw
mechanism. As for the quark sector, we are able to generate the masses for the second and third
generation of leptons with their corresponding hierarchies. Additionally, the mixing sector for
leptons can be generated with the correct anarchical structure. In this part we also take the
decoupling limit to avoid flavour constraints.

The main problem of these scenarios is that the first generation of fermions remains massless.
Adding a new direction in flavour space for each fermion type can cure this problem. For this
reason, in Chapter [5 fermion masses are presented in the context of a general Three Higgs
Doublet Model (3HDM) with rank-1 Yukawa matrices. A basis independent analysis is performed
to present the results. As for the 2HDM, the decoupling limit is taken in order to avoid the
strong constraints from FCNCs. In this framework we are able to generate the mass of each one
of the SM fermions with the correct hierarchy, using the see-saw mechanism for the neutrino
sector.

A phenomenological analysis of a model which contains physics beyond the SM can constrain
the parameter space of the model and give us information on which are the most interesting
observables to study with new experimental data. In the case of the 2HDM and 3HDM, the
Yukawa interactions with the new Higgs can generate new sources of FCNCs and CP violation.
In the SM, there are no FCNCs at tree level and are suppressed at higher orders. For this reason
FCNCs are a good candidate to study models which might generate them at tree level and deviate
their value from the SM predictions. A similar situation happens with new sources of CP violation,
as the SM contains just one CP violating phase in the quark sector. In Chapter [6] we make a first
study of the impact of a the 2HDM explained above on different flavour observables which are
strongly constrained from experiments. This analysis allows us to set limits on the new Higgs
masses and determine which are the most interesting observables to study for these kind of models.

12



Some parts of this work have been also discussed in the following articles:

1]

12

13)

4]

15)

Radiative Generation of Quark Masses and Mixing Angles in the Two Higgs
Doublet Model,

A. Ibarra and A. Solaguren-Beascoa,

Phys. Lett. B 736, 16 (2014))

Lepton parameters in the see-saw model extended by one extra Higgs doublet,
A. Ibarra and A. Solaguren-Beascoa,
JHEP 1411, 089 (2014)

Standard Model Fermion Masses and Mixing Angles generated in 3SHDM,

A. Ibarra and A. Solaguren-Beascoa,

Proceedings of the XIV International Conference on Topics in Astroparticle and Under-
ground Physics (TAUP2015), 7-11 September 2015, Torino, Italy.

Flavour Observables in a Radiative 2HDM,
J. Girrbach-Noe, A. Ibarra and A. Solaguren-Beascoa
In preparation

Generating Standard Model Fermion Parameters in a 3SHDM,
A. Ibarra and A. Solaguren-Beascoa
In preparation

13






Part |

Particle Physics in the LHC Era






CHAPTER 1

The Flavour Puzzle

The SM is a theory which successfully predicts the interaction between elementary particles.
Nevertheless, it is still an incomplete model as there are several questions which it cannot address.
The SM does not provide an explanation for the flavour structure in the fermion sector. The
Yukawa couplings with the SM Higgs boson generate the masses for all quarks and charged
leptons after spontaneous symmetry breaking. The enormous differences between fermion masses
is not well understood. The structure of the mixing sector is also an open problem which remains
unexplained in the SM. A further issue is the origin of neutrino masses. The SM does not predict
the existence of right-handed neutrinos. The absence of the latter forbids left-handed neutrinos
to acquire mass via Yukawa interactions, as all other fermions do. A renormalizable Majorana
mass term for left-handed neutrinos is not invariant under the SM gauge group, hence cannot be
included as part of the SM Lagrangian. Therefore neutrinos are massless particles in the SM.
This statement is in disagreement with experimental data. All of these problems are known as
the flavour puzzle.

In this chapter the physics regarding these open questions are presented. The chapter is
divided in three different sections. First, a brief theoretical introduction to flavour structures
in the SM is presented. In the second section the evidence for mixing in the lepton sector is
discussed. This leads us to the third section where different theoretical scenarios for neutrino
masses are presented. In particular we focus on the see-saw mechanism, as this is the framework

used during this thesis to generate neutrino masses.

1.1 Flavour in the Standard Model

The SM is a relativistic quantum field theory with gauge group Ggyr = SU(3)o x SU(2), xU(1)y.
The minimum SM fermion content to explain observations is summarised in Table Each row
corresponds to three different generations of fermions. It contains a total of 6 flavour species
for quarks and 6 for leptons. Right-handed neutrinos are the only right-handed fermion partner
which is not included as part of the SM, as there is no experimental evidence of their existence.
If right-handed neutrinos were part of the particle content of the SM, they would not be charged
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under the SM gauge group. In other words, they would not have SM gauge interactions and
therefore, do not need to be included in the theory. Of course, a SM gauge singlet can always be
added as a theoretical extension.

SU@B)c | SU@2)L | Uy

Uy, cy, tr,
o) (o) Ge) |0 2 ]

€R,UR, TR 1 1 -1

2
U,R,CR,tR 3 1 3
dRr,SRr,br 3 1 —%

Table 1.1: SM fermion content.

The current status of the fermion parameters within the SM is discussed in the next part.
First the SM fermion masses are presented. Second, the mixing in the quark sector is discussed.
Standard Model Fermion Masses

If SM fermions would be massless, the SM would have the following global flavour symmetry
Gt =U)q, x UB)Ly X UB)un X UB)ay X U3)ep- (1.1)

This symmetry group is broken as soon as the Yukawa couplings are introduced in the Lagrangian.
The masses of the SM fermions arise from the Yukawa interactions with the SM Higgs boson
after electroweak symmetry breaking. These couplings are described by the following Lagrangian

—£YUk = (Yu)ijQLi(i)uRj + (Yd)ijQLiq)de + (}/;)ijl_/LicI)eRj + h.c. (12)

where Y, 4. are the Yukawa couplings for each fermion type and 7j indicates the matrix element.
The corresponding masses are proportional to the Yukawa singular values
v

V2

where v ~ 246 GeV corresponds to the SM Higgs vacuum expectation value (vev), which sets the

diag (m;;l y Mgq, mjg) = V:ETL YjVjR (1.3)

scale of electroweak symmetry breaking. Here Vz, ,, (with £ = u, d, e) are the matrices which

L,R
generate the singular value decomposition of Yz. Thus, they determine the rotation from the

18



1.1 Flavour in the Standard Model

weak eigenstates ’ifL R> to the mass eigenstates ‘:i‘fR> for SM fermions

‘jfL,R> = Vf?L,R ‘i‘]ﬂR> : (1'4)

Note that in eq. , neutrinos have no Yukawa coupling which generates their masses due to
the non-existence of their right-handed partner. This is the reason why neutrinos are massless
particles in the SM.

Table contains the different SM fermion masses and the corresponding approximate Yukawa
coupling value. Clearly, there is a strong hierarchy between the different fermion masses. For
example, the top quark mass is about 6 orders of magnitude larger than the electron mass or
5 orders of magnitude larger than the up quark mass. This strong mass hierarchy is not well
understood in the context of the SM. This scenario somehow suggests that there must be an
underlining mechanism to generate this mass pattern. There have been several ideas discussed

Mass [MeV] Yukawa coupling

Me 0.511 3x 1076

my, 105.6 6 x 1074

msr 1776.86 & 0.12 1072

My 2.310-% 1075

mg 4.8%93 2x107°

M 95+5 5x 1074

me 1275 + 25 7x 1073

mp 4180 + 30 2x1072

me | (173.21 +£0.51) x 103 1

Table 1.2: SM fermion masses extracted from [6] and the corresponding approximate Yukawa
coupling value. The u,d, s,c and b mass are given in the M S scheme.

in the literature which try to explain the hierarchies between SM fermion masses. A popular
approach is to assume that the heaviest fermion masses are generated at tree level whereas the
lighter generations acquire their masses via quantum effects. In this way the hierarchy between
the different generations can be naturally explained. Some examples can be found in [7,8] in the
context of supersymmetry, or by extending the gauge sector, for example in [9-11].

Let us finally mention that after quark and charged lepton masses are included as part of the
SM Lagrangian, the model is still invariant under the following accidental symmetry

U(l)BXU(l)LeXU(l)L XU(l)LT. (15)

i

Here U(1)p corresponds to baryon number conservation and U(1)z,, U(1)r, and U(1)r, corre-

19



Chapter 1 The Flavour Puzzle

spond to the conservation of the individual lepton family numbers, L., L, and L;, respectively.

The Quark Mixing Sector

The mixing sector in the SM arises because the mass eigenstates are not aligned in flavour space.
For quarks and charged leptons in the SM, the rotation from the flavour basis to the mass basis
described in eq. . The quark Yukawa couplings in the flavour basis are non-diagonal and
complex. Nevertheless, when one rotates the model to the mass basis, the Yukawa matrices become
diagonal matrices with real elements in the diagonal. This rotation also affects the weak sector and
introduces flavour changing couplings (charged vertices containing different flavour species) and
a CP violating phase. This information is contained in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. After rotating from the flavour basis to the mass basis, the weak charged current

transforms as

d d
"9 (a0 & 1) (1=~ "9 (a e 1) (1=~
2\/§< c t)f(l ~¥5)Y WM Z —I—h.C.—)Q\/i (u c t)m(l 5 )y WMVCKM Z +h.c.
! m
(1.6)

where the f and m subscripts indicate the flavour or the mass basis, respectively and Vo
corresponds to the C K M matrix, defined as

Vorm =V, Va, . (1.7)

The CKM matrix contains the misalignment between the left-handed up and down sector
mass eigenstates. As the up and down quark types have different flavour to mass basis rotation
matrices, the product of the left-handed rotation matrices generates a non-diagonal and complex
CKM matrix. This is experimentally testable through processes which contain the coupling of
the W boson with quark pairs. An example of such process is the B® — B® mixing, represented
in Fig[I.1] The CKM matrix elements enter in the vertices of the Feynman diagram and generate
flavour changing charged currents. Note that as V,,, VJL =V, VJL = diag(1, 1,1), there are no
FCNCs at tree level in the SM.

b t q
< < <
0 R0
B, %W %W B,
q > t > > b
Figure 1.1: Feynman diagram for B® — BY mixing. Here ¢ = d or s. The vertices of the diagram

contain the entries of the CKM matrix which allow charged current flavour violating
interactions.

The CKM matrix with 3 quark generations is a 3x3 unitary matrix, which can be parametrised
by three mixing angles and one CP violating phase as follows

20



1.1 Flavour in the Standard Model

c12€13 512€13 s1ze”"
_ 6 i
Vokm = | —s12¢23 — C12523513€" €123 — S12523513€"°  S23C13 (1.8)
i i
512823 — C12C23813€""  —C12523 — 512C23513€"0  €23C13

where ¢;; = cos;;, s;j = sinb;;, 0;; are real mixing angles and 0 is the CP violating phase. The
global fit presented in [12] for the CKM matrix at 1o C.L. is

Vaal - Vas| - Vi 0.97424270000778  0.22548 500053 0.003557 000015
Vorul = | Vel [Ves| [Vl | = | 0225347000031 0.973417006015 0041177066975
Vil [Vis| Vil 0.0085570 00057~ 0-04043X5:50075  0.999146 0000058

(1.9)

This fit has been done with the CKMfitter [13], using several flavour observables to constraint
different parts the parameter space. The strong hierarchies in the quark mixing sector are
immediately visible in Vo, The matrix contains terms of order O(1073) up to terms of
order O(1). As for the mass sector, such an unnatural hierarchy suggests that there might be a
mechanism beyond the tree level Yukawa couplings to explain quark mixing angles.

The CP violating part of the CKM matrix can be parametrised with the Jarlskog invariant J,
defined as follows in the mass basis [14]

J Y €ikmejm = Im (Wijl‘G?Vk?) (1.10)

m,n

where V,;, corresponds to the (a,b) entry of the CKM matrix. Another way of parametrising the
Jarlskog invariant in terms of the parameters in eq. (|1.8)) is

J = 6126236%3812823813 sin (1.11)
The current experimental value for the Jarlskog invariant is [6]
J = (3.067035) x 107°. (1.12)

In the lepton sector, as neutrinos are massless particles, one can always rotate to the basis with
no flavour changing charged currents for leptons by redefining the neutrino eigenstates as follows

Vi) = Ve lvr) (1.13)

where V¢, is the matrix which rotates the left-handed charged leptons from the flavour basis to
the mass basis. This rotation can always be done, as there is no neutrino mass term in the SM
Lagrangian. Therefore in the charged weak interactions for leptons are flavour conserving

Ve Ve

-9 (- - - 9 (- - - i

— 1—v5)v*W, +h.c. — —= 1—ys)Y' W,V Ve +h.c.

2\/5(6 [t T)f( Y5)V Wy | v 2\@(6 I T)m( V)V WV, Vey Zu

f T/ m
(1.14)

vr
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Chapter 1 The Flavour Puzzle

as VJL Ve, = 1. As will now discuss be, this is an invalid scenario from observations.

1.2 Flavour with Massive Neutrinos

As just explained, in the SM neutrinos are massless particles implying there is no mixing in
the lepton sector. This is in contradiction with the experimental data. If neutrinos are massive
particles, charged leptons and neutrino flavour eigenstates cannot be simultaneously rotated to
the mass basis while leaving the Lagrangian invariant, just as happens in the SM quark sector.
With massive neutrinos, the product of the left-handed rotation matrices for charged leptons
and neutrinos determines the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix. The latter
determines the strength of flavour changing charged currents through the W boson. One can
work in the basis where all the mixing comes from the neutrino sector. In this case the rotation
from the left-handed neutrino flavour eigenstates ‘1/2> to the mass eigenstates |v}") is described
as follows

Vi) = Ubarws VR - (1.15)

Here Uppsng corresponds to the PMNS matrix, which can be parametrised as [15]

1 0 0 c13 0 81367i5 C12 si2 O €ia1 0 0
Upyns =10 co3  s93 0 1 0 —Ss12 c12 O 0 ez (1.16)
0 —S8923 (€23 —813614(S 0 C13 0 0 1 0 0 1

where s;; = sin 6;;, ¢;; = cosb;j,  is the Dirac CP phase (analogue to the CKM CP phase) and
a2 are the two Majorana phases. In order to have a better understanding of the phenomenology

of lepton mixing, neutrino oscillation is now presented.

1.2.1 Neutrino Phenomenology

It is known from quantum mechanics that an eigenstate |a) of a Hamiltonian H, evolves from
time t = t1 to time t = t9 as
la(tz)) = e~ Ja(ty)) (1.17)

with At =ty — t1. This can be used to calculate the probability of a neutrino created in flavour
eigenstate a to be detected as a flavour eigenstate b after a time At. Using the approximation

for ultrarelativistic neutrinos [

(1.18)

!The approximation of ultrarelativistic neutrinos is valid, as the masses of neutrinos are known to be O(eV) and
the energy at which neutrinos can be detected is at least of 100 keV [16].
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1.2 Flavour with Massive Neutrinos

and taking L ~ At, being L the distance between creation and detection, the probability for
|va) — |vp) happening is [17]

P(vg = vy, B, L) = | (v | va(t)) |2 (1.19)
n 2 2 n 2 2
=04 — 4> Re [UaiU;‘j UbiUg‘j] sin? (m;l;nJ)L +2) Im [UngjUbiUg‘j} sin (m;l;nJ)L
i<j i<j
where Uy, corresponds to the xy entry of Upyns. From this equation one can see that there are
two main necessary conditions for neutrinos to oscillate from one flavour eigenstate to another.
First, neutrino mass eigenstates must have different eigenvalues and second, leptons must mix.
Thus, Upyns cannot be a diagonal matrix. Note that Majorana phases do not play any role
in neutrino oscillations. This means that measuring neutrino oscillations cannot determine
whether neutrinos are Dirac or Majorana particles. What makes neutrino oscillations particularly
interesting is that in contrast to the other fermions in the SM, due to the small difference
between their masses, their coherence length is large enough for oscillations to be measured at
experiments. For example, long-baseline accelerator experiments (L ~ 10° m) with neutrino
energies of E ~ 10 GeV are most sensitive to mass differences of Am? = m? — mj2 ~ 1073 eV?
which is comparable to the actual neutrino mass differences as will now be seen. Furthermore,
for a well determined L/E, if the mass differences are distant from each other, the oscillation
probability can be well approximated by a two-family case.
This description has been done assuming that neutrinos are travelling in vacuum. If neutrinos
travel through matter, neutrino oscillation might be modified due to their interaction with charged

leptons and nuclei. This is known as the Mikheyev—Smirnov—Wolfenstein (MSW) effect [18,/19].

Experimental Evidence for Neutrino Oscillations

Let us start discussing solar neutrino oscillation. Electron neutrinos are produced inside the Sun
via the proton-proton (pp) chain and the CNO cycle. Experiments which study solar neutrino
fluxes on Earth, such as GALLEX [20], BOREXINO [21], SNO [22] or SuperKamiokande |23],
have measured a considerable lack of captured electron-neutrinos coming from the Sun with
respect to the theoretical predictions of the Standard Solar Model (SSM) [24]. The explanation
of such a disappearance is that electron neutrinos oscillate into muon and tau neutrinos. Actually,
solar neutrino oscillations can also be studied with reactor experiments with the proper L/E.
For example, the KamLAND experiment produces neutrinos by inverse §-decay, with energies of
O(MeV) and L ~ O(100 km), which is indeed in the appropriate L/FE range to study solar neutrino
oscillations. The two-flavour fit (taking into account the mixing just between two neutrino flavour
states) for several solar experimental results together with the KamLAND data for solar neutrino
oscillation correspond to Am3; = (7.467525) x 107° eV? and tan? 15 = 0.42770537 [25]. The
global analysis done in [26,27] shows that the MSW effect in the region of large mixing angle is
indeed the solution to explain solar neutrino oscillations.

In second place, atmospheric neutrinos are produced due to the interaction of cosmic rays
with nuclei in the atmosphere, creating hadrons such as pions and kaons. These then decay into
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electrons or muons, and neutrinos. These neutrinos are produced at ~ 15 km from detection if
they are vertically down-going or ~13000 km if they are vertically up-going. Experiments which
study atmospheric neutrino oscillations, such as Soudan2 [28], MACRO [29] or Super-Kamiokande,
search in an energy range of ~ 0.1 — 10 GeV, hence are mostly sensitive to mass differences of
107% < Am2,,, < 0.1 [17]. Neutrinos created at long-baseline accelerators (L ~ 100 — 1000 km
and E ~ 10 GeV) can also study similar mass ranges [6}/17]. These experiments have reported a
deficit of muon neutrinos events. The MINOS results in 2013 for a two-flavour hypothesis are
Am3, = (2.41759%) x 1073 and sin? 2023 = 0.9570 052 + 0.01 [30].

Finally, reactor neutrino experiments have L ~ 1 km and produce antineutrinos at £ ~ MeV.
This L/E is sensitive to Am? ~ Am?2

2im» but due to the low neutrino energies only positrons

can be produced via 7, +p — e + n. This means that reactor experiments can measure
f13 directly, which corresponds to the third mixing angle. Some of these experiments are for
example Chooz [31], Double Chooz [32], RENO [33] and Daya Bay [34]. In 2012 the Daya
Bay collaboration reported a evidence of a non-zero #13 mixing angle with an updated value of
sin? 2013 = 0.084 4 0.005 [35].

Even if 013 is small, it leads to subdominant oscillation effects due to interference in the
oscillation probability of the other types of processes. This interference has to be taken into
account to determine neutrino parameters. The most recent global fit analysis for the six neutrino
parameters, taking into account solar, atmospheric, reactor, and accelerator data at 1o confidence
level [36,37] is summarised in Table

Normal hierarchy (NH) Inverted hierarchy (IH)
sin? 015 0.30410-013 0.30470:913
sin? 03 0.45270:052 0.57970033
sin? 013 0.0218700010 0.0219799515
5 30613 254163
Am3, (7.57019) x 107%eV? (7.57019) x 107 5eV?
Am2, | (2457007 x 10736V | (—2.44970018) x 1073eV?

Table 1.3: Global fit parameters from neutrino oscillation data [36}37]. [ = 1 for NH, | = 2 for
IH.

From this global fit, the 30 range for the elements of the PMNS matrix are [36}37]

Uet| |Uea| |Uesl 0.801 — 0.845 0.516 — 0.580 0.137 — 0.158
Upnns| = [ Ul Ul |Usl| =]0.225 - 0517 0.441 — 0.699 0.614 — 0.793
Un| |Usa| |Uss 0.246 — 0.529 0.464 — 0.713 0.590 — 0.776

(1.20)

which show a completely anarchical structure in contrast with the strong hierarchies of CKM

matrix.
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1.2 Flavour with Massive Neutrinos

From neutrino oscillation data only the squared difference between neutrino masses is known.

This scheme of masses leaves two possible scenarios:
e m1 < mo < mg3 known as the normal hierarchy
e m3 < m1 < mo known as the inverted hierarchy.

The neutrino hierarchy can be determined thanks to the MSW effect, as the resonant condition for
the neutrino oscillation in matter depends on the sign of the mass difference squared Am? [19]38].
Other methods to experimentally determine neutrino mass hierarchy is by the direct neutrino
mass measurement, if the mass hierarchy is normal [39).

As for neutrino oscillation data only the squared neutrino mass differences of can be determined,
the actual neutrino mass scale remains unknown. For this reason several experiments try to
constrain this mass. The most stringent current limits from the Troitsk experiment with
3H B decay is mal ) = > i |Uei|*m2, < (2.05 eV)? [40]. The total neutrino mass defined as
Mot = »_ My, has an upper bound of 0.23 eV from the Planck collaboration results in 2015 [41].
This implies that the mass scale for neutrinos is very small in comparison to all other SM

fermions.

1.2.2 Neutrino Mass Models

Neutral fermions can be either Dirac or Majorana particles. Dirac fermions are a four component
spinor, ¥p = ¥r, + ¥r and their mass term connects two different Weyl spinors. This is the case
of SM quarks and charged leptons. On the other hand, Majorana fermions are two component
spinors, ¥y = ¥ + z/zg, where wg = Cﬂf and C is the charge conjugation operator. The
Majorana mass term connects a Weyl spinor to its own CP conjugate.

In this section, these two different possible scenarios to describe the nature of neutrino masses
are discussed. The see-saw mechanism is also presented as a framework to generate neutrino

masses.

Dirac or Majorana?

As explained at the beginning of this chapter, SM fermions acquire their masses through the
Yukawa interactions with the SM Higgs after electroweak symmetry breaking. Accordingly,
fermion masses are proportional to the different Yukawa singular values, which take values
between O(107%) and O(1).

The SM predicts neutrinos as massless particles. As new particles which are singlets under the
SM gauge group can always be added to the theory, one can easily add a Dirac mass term to
neutrinos by introducing right-handed neutrinos (SU(2)r, x U(1)y singlets). In such case, the

corresponding Yukawa interactions for neutrinos are

— L7 = (Y,)ij Lri®vrj + hec.. (1.21)
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Chapter 1 The Flavour Puzzle

This means that the neutrino Dirac mass matrix is
v
V2

Even if this mass term is a simple SM extension, it seems quite an unattractive scenario. To

Mp =Y, (1.22)

reach ~eV neutrino masses the Yukawa couplings should be of the order ~ O(10~!1). The need
for such small Yukawa couplings suggests that the generation of neutrino masses arises from a
different mechanism than all other SM fermions.

An alternative scenario to generate neutrino masses is to assume that left-handed neutrinos

are Majorana particles. In this case, the mass term for left-handed neutrinos would be
~C
— L2955 = My, Vi, Vi, + h.c.. (1.23)

This mass term violates lepton number by two units, breaking the U(1)r, x U(1)r, x U(1)L,
accidental symmetry presented in eq. . Such a mass term is not allowed in the SM for the
other fermions due to electric charge conservation. But neutrinos are neutral particles.

If we want to generate a left-handed neutrino Majorana mass after spontaneous symmetry
breaking, higher dimensional terms have to be introduced. As left-handed leptons and the Higgs
field are SU(2)r, doublets, a mass term such as Ly, L1 ¢ is not invariant under the SU(2)r x U(1)y
gauge group, thus is forbidden in the SM. But, if one introduces higher order terms, for example
(Lpd)(¢TLY), a Majorana mass term for left-handed neutrinos can be generated, as such a
term is invariant under the SM gauge group. Nevertheless, this is a dimension 5 operator,
which means it is not renormalizable and has to be suppressed by some mass scale. Generating
left-handed neutrino masses with higher order operators is an attractive scenario, as the large

mass suppression might be able to generate small neutrino masses.

7 p
w _
e
_>_
! W45
b 4
YU e
W
n p

Figure 1.2: Feynman diagram for the neutrinoless double 8 decay due to a Majorana mass term
for left-handed neutrinos.

Experimentally, a way to determine whether the nature of neutrinos masses is Dirac or
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1.2 Flavour with Massive Neutrinos

Majorana is through the search for the neutrinoless double 3 decay. This process consists of
the decay of two neutrons into two electrons and two protons (see Fig. , hence violates
lepton number by two units and can only take place if neutrino are Majorana particles. The
current limits set by the GERDA collaboration for the half-life in neutrinoless double 5 decay
are Tlo/l’2 > 2.1 x 10%° years [42].

The see-saw mechanism

As previously discussed, there are two main scenarios to explain neutrino masses. Dirac neutrino
masses can be generated by including right-handed neutrino singlets to the SM. Majorana masses
can be accomplished by adding a non-renormalisable operator which is suppressed by some energy
scale. The see-saw mechanism is a scenario which involves both a Dirac mass term, generated
after spontaneous symmetry breaking, and a Majorana mass term for right-handed neutrinos. It
provides a natural way to explain the smallness of neutrino masses in comparison with other SM
fermions. This is known as the Type-I see-saw mechanism. The most general see-saw neutrino

mass Lagrangian is
_ ﬁgmss _ (Yy)ijf/Li&)VRj + MMijﬂgiVRj + h.c.. (124)

In this case a Majorana mass term for right-handed neutrinos is not forbidden by any symmetry,
as they are singlets under the SM gauge group. The mass matrix M, in the neutrino flavour

0 Mp
, = : 1.25
M <M§ MM> (1.29)

basis takes the form

The key point of this scenario is that the Majorana mass scale can be much larger than the
electroweak scale as it is not generated by electroweak symmetry breaking. If the mass matrix is
diagonalised, one gets two different submatrices, M7 and My

) M 0
Mg —yTpmu = (71 . (1.26)
0 M

Here M is a 3 x 3 matrix which corresponds to the left-handed mass eigenstates and Mo is an
n x n matrix which contains the mass eigenvalues of the n right-handed neutrinos. Taking into
account that My > Mp these mass matrices can be approximated as

My ~ —MpMy' MY,  and My ~ M. (1.27)

This means that the singular values of M; are suppressed by the large Majorana mass. In
effective field theory, at energies much lower than My, right handed neutrinos are decoupled
and left-handed neutrino masses can be described by a dimension-5 operator

- %(iLi&))(&)TLL]-) +he. (1.28)
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Chapter 1 The Flavour Puzzle

where the coefficient k;; is defined as
Kij = Y, My 'Y,L. (1.29)

This is indeed the dimension-5 operator that was previously presented for Majorana masses. Here
it naturally arises due to the large value of the Majorana mass term for right-handed neutrinos.

There are several advantages and disadvantages of the see-saw mechanism. In this scenario small
left-handed neutrino masses are naturally reproduced due to the large suppression ~ v? /My
without the need of including very small Yukawa couplings in the neutrino sector. As a
consequence, it also generates mixing in the lepton sector and new sources of CP violation. These
kind of models are phenomenologically rich, as Lepton Flavour Violation (LFV) arises from the
mixing terms. Also leptogenesis in the early Universe can be generated due to new sources of
CP violation and Lepton Number Violation (LNV).

Even if the see-saw scenario is a attractive framework to explain the smallness of neutrino
masses, it tends to generate a hierarchy between neutrino masses which is too large neutrino
mass hierarchies [43]. As will later be discussed, this drawback is indeed cured when introducing
an extra Higgs doublet to the model. Additionally, if one assumes Yukawa couplings comparable
to the other SM Yukawa couplings, the new right-handed singlets need to be very heavy, too
heavy to be produced at collider experiments. It is therefore a theoretical scenario which is
experimentally difficult to test. Nevertheless, due to the high scale for new physics, the see-saw
model predicts small contributions to LF'V processes, in agreement with experimental bounds.

In this chapter we have presented the SM flavour sector and explained the evidence for and

consequences of massive neutrinos. The main four open questions have been discussed are
e The strong mass hierarchies between SM fermions.
e The smallness and mildness of neutrino masses with respect to the quarks and leptons.
e The strong hierarchies in the quark mixing sector.
e The anarchical structure of the lepton mixing matrix.

In the next chapters we present different scenarios where we try to understand this pattern,
commonly referred to as the flavour puzzle.
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CHAPTER 2

The Two Higgs Doublet Model

Even if the SM successfully describes the properties and interactions of almost all elementary
particles, many extension in the scalar sector have been studied in order to explain the questions
that the SM cannot solve. One of the simplest scenario is the SM extended by one additional
Higgs doublet with the same quantum numbers as the SM Higgs boson. This model is known as
the 2HDM. The new Higgs doublet can couple to the SM particles offering a rich phenomenology
in different sectors: new sources of CP violation, effects on FCNCs and LFV, or even different
dark matter scenarios.

In this chapter the theory of a general 2HDM is presented. First the theory of the most
general 2HDM is described. This leads us to discuss the phenomenological implications on
flavour observables in these scenarios. We then present different theoretical frameworks to reduce
the impact of general 2HDM on flavour observables in order to fulfil the strong experimental
constraints. Later, the CP violating part of a general 2HDM is explained. Finally we give a brief
overview of the current direct searches of Higgs particles beyond the SM at the LHC.

2.1 The Model

The 2HDM is an extension of the SM with one extra Higgs doublet with the same quantum
numbers as the SM Higgs. The most general scalar potential for two scalar doublets ®; and @,

with hypercharge Y = & can be written as follows [44]
V = m} @] 0 + m3, &L, — (m},&[®; + hee.) + (2.1)
1 2 1 2
+5M (of@1) + ke (@5@2) + A3 (@]@1) (@1®,) + Ay (@]@,) (@hy) +

+ BAS (@{%)Q + 26 (@[@1) (0]@2) + A7 (@@, (@]@) + h.c} .



Chapter 2 The Two Higgs Doublet Model

The two complex SU(2) doublets contain a total of eight fields

(od) ons
Pa = <¢2> B ((va + pa + z’m)/ﬂ) (2:2)

wherea = 1,2, v1/ V2 and vs / V/2 correspond to the values of the vev of each field after spontaneous
electroweak symmetry breaking

(@) = ( M ) . (2.3)
V2

Note that this is not the most general vacuum for the 2HDM, as in the most general case, (®3) is

(@) = (%) (2.4
V2

where u and & are real numbers. Nevertheless, if u # 0, the photon becomes a massive particle [45].
The value of ¢ determines if there is spontaneous symmetry breaking of CP (see [44] for a review).
We set these two parameters to 0.

There are several conditions that the scalar potential should fulfil. First, there should not be
any directions in field space in which the Higgs potential V' — —oo. The necessary and sufficient
conditions to fulfil this requirement are [46}47]

A1 >0 A2 >0 (2.5)

Az > —vV A1\ A3+ Ag — |)\5| > —v A

Second, the conditions for minimizing the Higgs potential are [48]

1
m3, = m3ytan f§ — 5112 {)\1 cos% 4345 sin? B + 3¢ sin B cos f + A7 sin? B tan ﬂ] (2.6)
1
ma, = m2ytan~ 1 3 — 502 {)\1 sin% + 345 cos® B + 3\ cos® ftan! B 4 A7 sin® B cos ﬁ} (2.7)
where Asq5 = A3 + Ay + A5, tan g = % and v? = v} + v2. Note that not all the Higgs fields are

physical. Three out of the eight scalar fields are Goldstone bosons that give mass to the W*
and Z bosons, just as in the SM. The remaining five fields correspond to physical Higgs bosons.

The Higgs Basis

In the most general 2HDM the scalar fields ®; and ®5 are indistinguishable. This means that
one can always redefine the Higgs fields as an orthonormal linear combination of the fields in
eq. (2.2)) without changing any phenomenological prediction of the model. In other words, the
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2.1 The Model

doublets can always be rotated to a new Higgs basis through the following transformation

P, —siny cosy,) \Pa
Therefore, one can always rotate to the basis where just one of the Higgs , in this case ®1, has a
vev v = 1/v? + v3 and <<i>2> = 0. This is done by choosing x = 3, with 3 defined above. This

basis is known as the Higgs basis [49]. In this basis, the charged Goldstone bosons and the
physical charged Higgs states can be written in terms of the initial fields gbli and ngi as

G* = qﬁfcosﬁ—kgb;tsinﬁ
H* = —¢Fsin B + ¢35 cos . (2.9)

The neutral Goldstone boson and the physical pseudoscalar are calculated as linear combinations
of the imaginary fields of the Higgs doublets

GY = nfcosﬂ—l—n;csinﬁ
A = —nitsin § 4 73 cos . (2.10)

Finally the SM Higgs boson (the neutral CP-even Higgs field in ®;, when working in the Higgs

basis) would be

hsyr = p1cos B+ posin 8 (2.11)
and the other CP-even state

hg = —p1sin 8 + pa cos 5. (2.12)

Making this basis rotation of the fields means that the parameters in the scalar potential also
have to be redefined to the new basis. But as mentioned above, such a redefinition does not
change the physics of the model.

The masses of the five Higgs fields can be calculated from the Higgs potential [48]/50]. For
CP-odd state A and charged Higgs, the masses are given by

2

2 mi 2
_ Y SY 2.13
ma sin 3 cos 8 v ( )
1
My =m34 + 502 (A5 — A\g) . (2.14)

The masses of the neutral CP-even Higgs have to be calculated from the diagonalisation of the

31



Chapter 2 The Two Higgs Doublet Model

following squared mass matrix

M2 (mi + A5v2) sin? B + A1v? cos 32 (_m,?q — X502 4 A3450?%) sin B cos 3 (2.15)
N (—m2A — A5v? + A34502) sin 3 cos 3 (m124 + A502) cos? B + Agv? sin 32 ' )

Hence, the masses for the neutral CP-even Higgs bosons are

1
o = 5 | M+ My 2 \J(ME = MB,) + 4(ME, ] (2.16)

where H? and h are the mass eigenstates, M?j corresponds to the ij entry of the M? matrix.
The initial Higgs p;1, p2 and the mass eigenstates neutral Higgs bosons h, H? are related as
follows

H° = ppcosa + pasina

h = —p1 sina + ps cos a. (2.17)

where « is the rotation angle which diagonalises M?2. If one then calculates what would the SM

Higgs boson be in terms of the mass eigenstates and the rotation angles o and 3, one finds
hsyr = HO cos(f — a) + hsin(3 — ) (2.18)
therefore, h corresponds to the SM Higgs boson only when cos(8 — a) = 0.

Yukawa Interactions

The interactions of the Higgs fields with fermions are contained in the Yukawa part of the
Lagrangian. The Yukawa couplings in a general 2HDM take the form

—LYuk — (Yu(a))ijQLi(i)auRj + (Yd(a))ijQLi(I)ade + (Ye(“))ijiu‘l)ae}zj +h.c. (2.19)

where 4,7 = 1,2,3 are flavour indices, a = 1,2 is the Higgs index, ®, = 17 ®} and Yu(f:i),e are
the 3 x 3 Yukawa matrices for each fermion type. This part of the Lagrangian contains a large
number of free parameters. These Yukawa interactions are the responsible for the Dirac masses
of the fermion sector of the SM after spontaneous symmetry breaking, except for the neutrino
sector. Assuming ®; acquires all the vev, the quark and charged lepton masses are proportional
to the singular values of the Yukawa interactions with ®1, exactly as for the SM Higgs presented
in Chapter [I] The quark mixing matrix Vg as is determined from the left-handed eigenvectors
of the up and down Yukawa couplings.

The Yukawa sector of a general 2HDM induces tree level FCNCs. In the SM, the diagonalisation
of the mass matrices automatically diagonalises the Yukawa interactions avoiding tree level
FCNC. In the general 2HDM the Yukawa interactions with both Higgs in principle cannot
be simultaneously diagonalised. In the Higgs basis, once the Yukawa couplings with ®; are
diagonalised as in eq. , the Yukawa couplings with ®5 also have to be rotated to the same
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basis as follows
v =vi vPv;, (2.20)

where & = u, d, e. Here 1756(2) is in general a non-diagonal matrix. Therefore, FCNCs quark-Higgs
interactions at tree level arise from the non-diagonal entries in 17552). These couplings are strongly
constrained by precision flavour observables and cannot be avoided unless some symmetry is
imposed. The impact of the Yukawa couplings on flavour physics and methods to accommodate
a 2HDM with the stringent experimental limits are discussed in more detail in Section
Finally, the Yukawa couplings are complex matrices. Hence, the couplings with ®5 carry new
CP violating phases. CP violation in a general 2HDM is discussed in detail in Section
Here it has been assumed that right-handed neutrinos do not exist and therefore there is no
Dirac mass term for neutrinos. If right-handed neutrinos would couple to the Higgs bosons via
Yukawa interactions and this would be the only coupling that generates neutrino masses, the
flavour discussion for the lepton sector would be exactly equivalent to the quark flavour sector.

Gauge Bosons Interactions

Introducing new Higgs doublets in the model does not only generate new Yukawa couplings
with the fermionic sector but also new couplings to the SM vector bosons. Nevertheless, not
all combinations of Higgs bosons are allowed to couple with gauge bosons. For example, CP
is conserved in the scalar sector at tree level. Therefore couplings such as ZhH are forbidden.
Trilinear couplings with two identical Higgs bosons such as Zhh are forbidden due to Bose
statistics. The allowed couplings for a 2HDM are summarised in Table [51].

cos(f — a) sin(f — «) Angle Independent
HOWHW~= | hWHtW— | VVeé¢, VVAA, VVHYH~
HZZ hZzZ yHYH™
ZAh ZAH® ZHYH-
WEHTh | WEHTHO W*HTA
ZW*HFh | ZW*HTH° ZW*HTA
YWEHFh | \WEHTHO YWEHFA

Table 2.1: Dependence of the couplings between gauge bosons and Higgs bosons in a 2HDM as a
function of the mixing angles o and 3. Here ¢ = hor H® and VV = WtW~, ZZ, Z~,

or 7.

It is important to remark that there are no couplings of the neutral Higgs to photons or gluons
at tree level. Nevertheless, these couplings do appear at the one loop level and are particularly
important for Higgs production at colliders via processes of gluon-gluon fusion or neutral Higgs

detection via vy decay.

33



Chapter 2 The Two Higgs Doublet Model

2.2 Flavour Physics in a 2HDM

As previously explained, in a general 2HDM there is no way to simultaneously diagonalise both
Yukawa matrices for a given type of quark. The off-diagonal elements of the Yukawa matrices
lead to FCNCs processes which strongly constrain the parameter space of the model due to the
stringent experimental limits. In this section an overview of the impact of a general 2HDM on
flavour observables is presented. We can divide such processes into two types: tree level and loop
processes. We assume we are working in the Higgs basis, hence all the flavour effects beyond the
SM come from the Yukawa couplings with ®(2).

Tree Level Contributions

In the 2HDM there are two kind of processes that receive tree level contributions from the Yukawa,
couplings: FCNCs and charged current processes. First of all, a model with flavour changing
neutral Yukawa couplings (with h, HY and A) at tree level gives rise to FCNCs processes at tree
level. As experiments are in very good agreement with the SM, FCNCs are strongly constrained.
Hence any kind of new physics which contributes to such processes must be strongly suppressed.
We can divide the tree level FCNCs in two different kind of processes

e Muonic decays of neutral mesons such as B4 — utp~, K — ptp~ or D° — ptu~. The
Feynman diagram corresponding to these kind of processes is shown on the left panel in

Fig.

e AF = 2 processes such as K — K, Dy — Dy or Bgq— Bs,d mixing. The Feynman diagram
for these kind of processes is presented on the right panel in Fig

, qi q;
q; L > : >
Xo 1
-0 : Xo
qi I < ! <
q; q;

Figure 2.1: Tree level FCNCs processes generated via neutral Higgs Yukawa couplings in a
general 2HDM. Left: Feynman diagram contributing to muonic neutral meson decays.
Right: Feynman diagram contributing to AF=2 processes. X corresponds to h, H°
or A.

If the lepton sector is also taken into account, one can have a third kind of process from the

coupling with neutral mesons.

e Flavour changing lepton decays such as 7 — pup and u — eee. The Feynman diagram
corresponding to the first process is represented in Fig
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2.2 Flavour Physics in a 2HDM

Figure 2.2: Feynman diagram in a general 2HDM contributing to LFV 7 decay. X corresponds
to h, HY or A.

Second, the 2HDM also contributes at tree level to charged current processes. These kind of
processes, already exist in the SM and are mediated by a W boson. Some examples are B — Tv,
B — Dtv or D — 7tv. These kinds of meson decays are particularly interesting to study due
to the large coupling of third generation of fermions to charged Higgs particles. Experimental
results from the BABAR collaboration studying semileptonic B decays showed discrepancies
with respect to the SM for different channels at 3.4 o when combined [52]. If these results are
confirmed, new physics is needed to explain them. The Feynman diagram of the charged Higgs
contributing to the B — D7v processes as example is shown in Fig. 23]

I8 4
Figure 2.3: Feynman diagram of the B — D7v process via tree level Yukawa couplings.

Nevertheless, as such processes already exist in the SM at tree level, FCNCs are usually more

interesting observables from a phenomenological point of view.

Loop Contributions

The good agreement of experiments with the SM predictions already constraints a large part of
the parameter space of the 2HDM with the tree level processes described above. Nevertheless,
there are also stringent constraints coming from one loop processes which give further information
of the unconstrained area of the parameter space of the model. Even if the tree level processes
previously discussed also receive a radiative corrections, in this part we only discuss processes
which first appear at the one loop level. For the quark sector, the Yukawa couplings to the top
quark remain unconstrained from tree level contributions. In Fig. 2.4 the B — X,y meson decay

through a one loop contribution is shown. This decay is an example of a radiative process that
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constraints part of the remaining parameter space.

b d?2) s

Figure 2.4: Feynman diagram contributing to b — s process via one loop process. Here ®(2)
corresponds to h, H°, A or H™

In the lepton sector, processes such as y — ey or the magnetic moment of a charged lepton,
which appear at the loop level, can also strongly constraint the Yukawa sector. In particular,
these kind of processes do not only receive contributions from one loop diagrams, but can have
stronger contributions from a two loop diagram known as the Barr-Zee diagram [53] in some

regions of the parameter space. The one and two loop diagrams for the u — ey processes are
shown in Fig. 25

Figure 2.5: Radiative Feynman diagrams contributing to the { — I’y process. The right panel
shows the one loop diagram. The left panel shows the two loops (Barr-Zee) diagram.
Here ®@ corresponds to h, H°, A or H~ and X{ corresponds to h, H? or A

These are some of the flavour observables which receive significant contributions from new
Yukawa interactions in a general 2HDM. Such processes are strongly constrained by the stringent
flavour experimental constraints hence, need to be suppressed. In the next section, different
methods to make new Yukawa couplings compatible with experimental data are discussed.

2.3 Suppressing Flavour Effects

We discuss here three different approaches to suppress large contributions to flavour observables
from Yukawa couplings in a general 2HDM. These methods are natural scenarios with absence of
fine-tuning in the Yukawa sector to accommodate flavour constraints. It is important to mention
that LFV is absent because neutrinos are massless particles in the SM. However, it is known that

neutrinos do have mass and the lepton sector mixes through weak interactions. Also, as we have
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just seen, in a general 2HDM there are LF'V processes that appear via Yukawa couplings with
charged leptons. We keep the assumption of massless neutrinos for the discussion in this section
and just focus on the quark sector. Nevertheless, this issue is addressed in the next chapters.

2.3.1 Type-l and Il 2HDM

The most popular models that avoid FCNCs processes at tree level are the Type I and the Type
IT 2HDM. In the Type I 2HDM [54,55] quarks couple to just one of the Higgs doublets. This can
be achieved by imposing a Zs symmetry under which the two Higgs doublets transform as

(@1, B2) — 2 (~®1, D). (2.21)

Fermions are even under this symmetry. This is calculated in a general basis, therefore quarks
just acquire their masses from the vev of ®5. Hence, the Yukawa Lagrangian reads

—ﬁYUk = (Yu@))ijQLiuRj(i)Q + (Yd(Q))ij(jLidecI)g + (Ye(z))ijELieRj(I)Q + h.c.. (2.22)

The scalar Higgs potential also changes after imposing the Zy symmetry: the terms Ag, A7 and
m?, do not appear in these models unless Z» is violated.

In the Type II 2HDM [55,56], the right-handed up family couples to one of the Higgs doublet
whereas the right-handed down family couples to the other one. This can be fulfilled by imposing
a Zo symmetry, equivalent to the Type I 2HDM for the Higgs sector but

UR L UR and dr & —dp (2.23)

for the fermion sector. This transformation can also be interchanged for up and down right-handed
quarks.

As the Higgs fields transform equally for both models, the Higgs potential in the Type 11
2HDM is the same as the Type I 2HDM. However, some models in the literature assume that
the imposed Zo symmetry is softly broken by including the m?, term in the Higgs potential. It
is important to remark that Supersymmetric models have the same Yukawa couplings as the
Type II model.

In general in the Type II 2HDM, for the lepton sector, it is assumed that charged right-handed
leptons transform as the down sector. Yet, this is not a necessary condition and in the literature
some models impose that leptons transform as up quarks under the Z5 symmetry. These models
are known as flipped 2HDM [57]. Also, lepton-specific models assume that quarks behave as a
Type I scenario (therefore just couple to ®3) whereas leptons couple to @1 [58,59].

In conclusion, the Type I and Type II 2HDM assume that there is one single Yukawa matrix for
each fermion, coupling just to one single Higgs doublet. As a consequence, all Yukawa matrices
can be diagonalised at the same time and no FCNCs appear at tree level.
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2.3.2 The Aligned 2HDM

The aligned limit for the 2HDM [60] is another scenario in which a new Higgs doublet is added
to the SM without FCNCs at tree level. In these kind of models FCNCs are avoided by imposing
that the Yukawa couplings of the two doublets are aligned in flavour space. In other words, the
Yukawa matrices have to be proportional to each other (separately for u, d type quarks and
charged leptons)

v = A2y (2.24)

where & = u, d, e. Here Y;l) , Yj@) are the Yukawa couplings with ®; and ®,, respectively, and
Ag) are arbitrary complex numbers. This scenario guarantees that all Yukawa matrices can
simultaneously be diagonalised, avoiding FCNCs at tree level. Of course, in the Higgs basis,
the singular values of Yx(l) are proportional to the masses of quarks and charged leptons. In
such scenario, the only source of flavour violation comes from the CKM matrix, which does
not only appear in weak interactions via the W boson, but also in the Yukawa couplings of
the charged scalars in ®,. Nevertheless, quantum corrections spoil the alignment between the
Yukawa couplings [61].

What makes these models particularly interesting is the freedom of the parameters Ag). The
fact that the Yukawas are aligned avoids tree level FCNCs but Ag) are complex couplings which
can acquire any value, leading to new sources of CP violation even in the absence of FCNCs at

tree level. In this scenario, the Higgs potential is the same as the general 2HDM potential.

2.3.3 Ansatz on the Yukawa Textures

The suppression of FCNCs in a general 2HDM can be achieved by assuming a determined
texture for the Yukawa matrices. In |[62] Cheng-Sher proposed a framework where FCNCs are
proportional to the square root of the masses of the quarks involved. The Cheng-Sher ansatz
states that in the Higgs basis, the Yukawa matrices of quarks with @5 take a hierarchical structure

following
mgm;

<Y‘1(2))z‘j - Agj

where A?j are Yukawa matrix parameters which determine the texture of the Yukawa coupling

and are model dependent (see for example [63] for the six-texture form of the mass matrix or |64]

; (2.25)

for the four-flavour form). The bounds on Agj can be derived from experimental limits and
depend on the mass of the Higgs bosons.

This framework controls the FCNCs processes as, if one assumes Agj ~ O(1), the Yukawa
couplings with the first two generations, which set the most stringent FCNCs bounds, become
strongly suppressed. In contrast with the Type I, Type II and the alignment limit, using this
ansatz, FCNC are not avoided at tree level, as the framework predicts non-vanishing non-diagonal
entries in the Yukawa couplings with ®5 in the Higgs basis. This means that even if this scenario
can fulfil the strong experimental constraints, experiments might be able to detect the small
off-diagonal Yukawa couplings.
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2.3.4 The Decoupling Limit

Another natural scenario to avoid large FCNCs processes arising from Yukawa couplings in a
2HDM is the decoupling limit [48},/50]. This limit does not eliminate FCNCs at tree level but
instead suppresses them by increasing the new physics scale, making it much larger than the
electroweak scale. In other words, this limit is accomplished by imposing the masses of the four
Higgs HY, H*, A are much larger than the mass of the h boson,

MA > Mo >~ M+ > My ~ . (2.26)

In this limit, the effects of the heavy Higgs states are decoupled at low energies, relevant for
current experiments. A consequence of the decoupling limit is that the mixing angles o and 3
defined above have to fulfil cos(a — /3) ~ 0. This can be shown as follows.

First, let us assume that the Higgs self-couplings are ~ O(1). Second, once mpgo > my, is
assumed, from eq. one finds [4§]

mie ~m} (2.27)

m2 ~ f11(\i) cos? B + faa(Ni)sin? B + fia(Ni) sin 26 ~ O(v?) (2.28)

where fi1,22,12(A\;) are the 11, 22, and 12 part of the matrix entries in eq. (2.15]) which do not
contain m?, respectively. If one calculates the value of cos(8 — «) in this scenario one finds
(see [48] for a detailed calculation)

m2
cos(f —a) ~ O ( b ) ~ 0. (2.29)
M0
Thus, in this limit the light field h behaves as the SM Higgs. This means that all the couplings
with the gauge bosons summarized in Table which are proportional to cos(aw — ) vanish.

As in the Cheng-Sher ansatz, the decoupling limit there is no basis in which all the Yukawa
couplings can be simultaneously diagonalised. When rotating to the fermion mass basis, the only
flavour violating couplings are contained in the Yukawa couplings with ®5. This can be seen
from eq. . Not only do these Yukawa couplings generate tree level FCNCs but also new
sources of CP violation. Even if new physics effects in the decoupling limit are suppressed by the
square or even the fourth power of the mass of the heavy Higgs, they are phenomenologically
interesting, as the Yukawa couplings to the new bosons generate new flavour and CP violating
processes which could be detectable.

2.4 CP violation

In the SM, the hermiticity of the Higgs potential requires all its parameters to be real. This
means that all the CP violation in the SM comes from the Yukawa sector. After the rotation of
the fermion fields, just one CP violating phase remains physical for quarks (and one for leptons,
assuming that neutrinos have Dirac masses). This is the CKM CP phase. In contrast to this
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scenario, the general 2HDM contains further physical complex phases, not only in the Yukawa
matrices but also in the Higgs potential. In this section CP violation in a general 2HDM is
presented. Remember we chose the vev for both Higgs doublets to be real to avoid spontaneous
CP violation.

The Scalar Sector

The scalar potential of a general 2HDM is written in eq. . The Higgs potential is hermitian,
therefore the parameters m?;, m3,, A1, A2, A3 and A4 have to be real. The remaining parameters
m2,, A5, A¢ and A7 can be complex. The Higgs potential contains then a total of 14 parameters,
10 real and 4 complex. Let us now discuss how many of these parameters are actually physical.

The scalar doublets ®; and 5 can always be rotated to a new Higgs basis by a unitary
transformation ®/, = U®, where U is a U(2) matrix [44]:

) — gin @
iy cos 0 e % sin
U=e <_€ix sinf  e"x=9) cos 9) ' (2:30)

Of course, the parameters in the potential also have to be transformed when the fields are
redefined. Such a transformation can therefore be used to absorb non-physical parameters from
the potential. Here, the 1 phase does not change the scalar potential parameters as it is a global
U(1) rotation. Consequently, only the remaining three parameters in the U matrix can be used
to absorb three parameters (2 complex and 1 real) from the potential, leaving the latter with
only 11 physical parameters. In other words, one can rotate to the basis where the Higgs mass
matrix is diagonal (m?,=0), eliminating two degrees of freedom (1 real and 1 complex) and then
rephase ®, (eliminating a further complex parameter), leaving the 2HDM potential with a total
of two CP violating phases.

The Scalar-Fermion Sector

In this subsection new sources of CP violation coming from the scalar-fermion Yukawa interactions
in a general 2HDM are presented. To begin with the discussion, we start calculating the CP
violating phase coming from the SM Yukawa couplings in the quark sector. The SM quark
Yukawa Lagrangian is in general a complex matrix. Nevertheless one can always rotate the quark
fields to the mass basis

ur, — Vi ur dr, — Vg, dr, (2.31)

UR — VuRuR dR — VdeR.

With such a field rotation the Yukawa matrices can be diagonalised with positive values in the
diagonal. This means that the phases in the Yukawa sector disappear. Of course, the phases do
not actually disappear but are transferred to the charged current couplings through the CKM
matrix. The CKM matrix with 3 quark generations is a 3x3 unitary matrix, which can be
parametrized with a total of 9 degrees of freedom (3 angles and 6 phases). Yet, one can still
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rephase the quark fields in order to remove five of these phases, leaving the CP violating phase
of the CKM matrix. The SM CP violating phase can be parametrized through the Jarlskog
invariant defined in eq. .

Let us continue the discussion in the basis where just one CP violating phase appears in the
CKM matrix with diagonal Yukawa couplings with ®;. Once ®5 is introduced, two new complex
Yukawa couplings appear, Yu(2) and Yd(2). Each matrix contains 9 real and 9 complex parameters.
None of the complex parameters can be eliminated with the rotation of the quark fields (unless
some of the entries of the Yukawa couplings are 0 or assumed to be real). Else, new phases
would appear in the SM sector. Therefore, a general 2HDM has 18 complex parameters in the
scalar-fermion sector for quarks in addition to the CP violating CKM phase .

A similar description can be done for the lepton sector. However, as the nature of neutrino
masses still remains undiscovered, the properties of CP violation in the lepton sector are unknown.

2.5 Direct searches for new Higgs bosons

In July 2012 the ATLAS and CMS collaborations announced the observation of a new particle
compatible with the SM Higgs boson. This particle has a mass of about 125 GeV. After this
discovery, the parameter space for 2HDM has been significantly constrained. Searches for new
Higgs boson states had already been done by other experiments such as the LEP experiments or
Tevatron. None of these experiments found signals of new physics and were only able to set limits
in the parameter space. Nevertheless, with the second LHC run a new area of the parameter
space in the 2HDM will be uncovered or even signals of physics beyond the SM compatible with
new Higgs bosons might be detected.

In this section some of the latest results for new Higgs boson searches for both Run-I and
Run-II of the LHC are presented to give an idea of the current experimental status of direct
searches for new Higgs bosons.

ATLAS: Run |

In this part some of the latest results from the ATLAS collaboration for the Run-I at the LHC
are summarised. The searches during the first run did not show any strong evidence for physics
beyond the SM. The following studies have been done with an energy of /s = 8 TeV and
integrated luminosity of 20.3 fb~1.

Neutral Higgs boson

e The ATLAS collaboration has set an upper limit on o(g9g — A) x BR(A — Zhgp) X
BR(hsy — ff), where hgys corresponds to the Higgs boson detected with a mass of 125
GeV. The analysis has been done for A boson masses in a range from 220 to 1000 GeV, in
the context of a general 2HDM. The results are 0.098 to 0.013 pb for f = 7 and 0.57 to

0.014 pb for f = b [65].
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e Searches for neutral Higgs decays in different channels have been able to exclude regions of
the 2HDM parameter space and set a lower limit pseudoscalar mass m4 > 370 GeV [66] in
the context of the "h" Minimal Supersymmetric Standard Model (hMSSM) [67].

e The ATLAS collaboration has investigated the process t — hgprq with ¢ = u or ¢. This
process does not exist at tree level in the SM and is suppressed at higher orders due to
the GIM mechanism. New particles inside the loops tend to enlarge the branching ratio
of such processes. The ATLAS collaboration has set limits on the branching ratio of the
process, leading to the most stringent bounds on the Yukawa couplings yﬁj) < 0.13 and
y' < 0.13 [63).

Charged Higgs boson

e The existence of charged Higgs bosons has also been studied by the ATLAS collaboration.
The latest study regarding these searches is presented in [69], through the decay Ht — tb
in the context of a general 2HDM. A mass range between my+ = 200 — 600 GeV has
been explored with a production via gb — tH ™', (with electron or muon final state). An
excess of 2.4 standard deviations is found for values my+ = 300 and 400 GeV. For masses
between 0.4 and 2.0 TeV (with electron or muon final state) and 1.5-3.0 TeV (for hadronic
final state) the s-channel production q¢’ — H*. No significant excess is found and just
upper limits on the (g’ — HT) x BR(H — tb) were set: 0.13 and 6.7 pb, 0.09 and
0.22 pb, respectively.

ATLAS: Run Il

In December 2015 the ATLAS collaboration has released the first results for the second LHC
run with searches of new neutral Higgs bosons in the context of the Minimal Supersymmetric
Standard Model (MSSM) in the mi°d scenario, defined in [70], at 3.2 fb~! luminosity. The
study has been done in a mass range 200 GeV — 1.2 TeV for neutral Higgs boson decaying into
77 and bb |71]. No signal has been found for either of the searches and have just been able to
set bounds on the parameter space. However ATLAS has observed an excess in the diphoton
channel at 750 GeV with a local significance of 3.6 o and a second excess at 1.6 TeV with a local

significance of 2.8 o [72].

CMS: Run |

The CMS collaboration results in Run-I regarding searches for Higgs bosons are in agreement
with the ATLAS searches. There is no strong evidence for physics beyond the SM. Here we
present the latest CMS results regarding searches for new scalar bosons during Run-I. The
results correspond to pp collisions with a center-of-mass energy of /s = 8 TeV and luminosity of
19.7 fb~1.

Neutral Higgs boson
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e The CMS collaboration has presented the results of searches for heavy scalar bosons decaying
via HY — hgprhsas in a mass range of 260 < myo < 350 GeV heavy pseudoscalar bosons
decaying via A — Z hgps in a mass range of 220 < m4 < 350 GeV. The interpretation has
been done in the MSSM with low tan § and 2HDM Type-II scenarios. The results have
showed no excess, and CMS has just been able to set upper limits on the cross section of
the process [73].

e Further searches for pseudoscalar Higgs bosons have been presented in [74] for the A — 77
decay, produced in association with a bb pair, in the context of a Type-II 2HDM. The
results are consistent with the SM predictions. A pseudoscalar Higgs with a mass below
80 GeV in a Type-II scenario (coupling to down-type quarks) is excluded.

Charged Higgs boson

e The process t — H*b and H* — c¢5 for light charged Higgs has been studied in the context
of a general 2HDM [75]. No signal of such process has been found. Therefore just an upper
limit on Br(t — H*b) of 1.2 to 6.5 % has been set for masses between 90 and 160 GeV
(assuming a Br(H* — ¢5)=100%).

CMS: Run-I11

The CMS collaboration has presented a similar result to the one of the ATLAS collaboration of
the signal on the two-photon final state with invariant mass of 760 GeV and local significance of
2.6 o |76]. The search has been done with a luminosity of 2.6 fb~1.

The Run-IT ATLAS and CMS results have generated large interest in the theoretical particle
community. Several theoretical scenarios can explain the diphoton excess. In particular, the
2HDM is one of the models which has been studied immediately after the signal was reported.
For example in [77] (Type-I and Type-II) and |78] (Type-I in the decoupling limit) the 2HDM
extended with a family of vector-like quarks and leptons is studied. The authors claim that these
scenarios are capable of explaining the diphoton excess seen by both experiments. In [79], [80]
and [81] a general 2HDM has been studied and the parameter space has been scanned in order
to constraint such model. The authors claim that, in order to explain the diphoton excess, one
has to add a considerable amount of additional degrees of freedom and large Yukawa couplings
to generate large couplings to photons. This result is consistent with [77] and [78]. In [79]
and [80] the authors consider vector-like quarks as new degrees of freedom in order to explain
the signal. This shows the amount of interest that signals of physics beyond the SM generates
in the scientific community, and in particular the interest of the 2HDM. Future Higgs searches
made by the ATLAS and CMS collaboration might be able to prove whether the signal is a real
sign of new physics or not.
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CHAPTER 3

Generating the Quark Parameters
in a Two Higgs Doublet Model

The origin of the hierarchies of fermion masses and mixing angles is one of the biggest mysteries
in particle physics. In this chapter we present a mechanism to naturally generate the hierarchies
in the quark sector by extending the SM with an extra Higgs doublet, following [1]. In this
model, no new fermions or extra symmetries are introduced. For this study the lepton sector is
neglected. As discussed in Chapter [2| a general 2HDM tends to generate large effects on flavour
observables and usually discrete symmetries are used to avoid them. However, flavour violating
effects can be suppressed in the decoupling limit, where the scale of new physics arises at a
sufficiently large energy. This is the limit taken for the model discussed in this chapter.

3.1 Standard Model Flavour Structures in a 2ZHDM

The Yukawa Lagrangian of a general 2HDM is given in eq. (2.19)). For convenience and without
loss of generality, we choose to work in the Higgs basis, where ®; acquires all of the vev. Hence,
(®1) = v/v/2 with v =~ 246 GeV and (®3) = 0 . This means that the fermion mass matrices are
proportional to the Yukawa couplings with ®;.

3.1.1 The Rank-1 Limit

The main assumption taken in this model is that the tree level Yukawa couplings have very
hierarchical singular values. In practice, the Yukawa matrices can be taken to be of rank-1 at
tree level. After this assumption is made, by the proper transformation of the quark fields, the
tree level Yukawa couplings with ®; can be written at the cut-off scale A as

00 0 00 0
YOy =fo o o |, vPmw=[o o0 V|, (3.1)
(1) (1)
00 oS 00 o
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which generate the following masses for the top and bottom quarks, respectively

mt‘tree = y&l)v/\@,
Mp|tree = y((il)\/ 1+ 620/\/5. (3.2)

As the Yukawa matrices are of rank-1, the remaining quark masses are zero at tree level in this

scenario

mc|tree = mu|tree =0 5

ms’tree = md|tree =0. (3.3)

From the above tree level Yukawas, only the |Vy| term in the CKM matrix can be determined.
The reason is that, as the Yukawa matrices are of rank-1, only the top and bottom mass eigenstates
are fixed. As Vo contains the product of the matrices with the different left-handed mass
eigenstates for both the up and the down sector, only the product of the top and bottom mass
eigenstates is determined. The left-handed eigenstates for the first and second generation can
be rotated leaving the Lagrangian invariant. Nevertheless, we know that the CKM matrix is a
unitary matrix. Therefore

VCKMVCTfKM =1. (3.4)

This means that even if the |V,;| and |V,| terms are undetermined at tree level, they have to
fulfil the following condition
Vasl* + | Veo|* = €. (3.5)

It is known from experiments that this combination has to be <« 1. This means that one should
take the limit e — 0. This limit is assumed from now on. In this case, |Vj| = 1. Thus, at tree
level, the structure of the CKM matrix is

770
Verm|=17 7 0 (3.6)
0 01

where the "?" entries correspond to terms that cannot be determined from the tree level Yukawas
and exclusively depend on the mixing between the first and second generation of left-handed
quarks. This scenario is presented in Fig. 3.1 where a simplified graphical representation of the
left-handed eigenstates at tree level is shown to better understand the outcome of the model. In
this figure just the third generation of left-handed eigenvectors are determined. On the left panel,
the scenario for € # 0 is shown. The first and second generation have degenerate eigenvalues
(with value 0) and their eigenvectors are undetermined. Even so, they have to lay on the surface
perpendicular to the third generation eigenvector (on the red surface for the up-type quarks and
on the blue surface for the down-type quarks). On the right panel, the scenario with e — 0 is
shown. This limits imposes that the bottom and top left-handed mass eigenstates have to be
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aligned. In this scenario, the surface where the first and second generation lay coincides for both
quark types. In this way, the structure of the CKM matrix is consistent with the experimental
values in a first approximation. The scenario for the right-handed sector is very similar. The
eigenstates of the third generation are determined at tree level. Nevertheless, the misalignment

between the top and the bottom right-handed eigenvectors has no physical consequence.

040
e#0

e=0

Figure 3.1: Tree level scenario for rank-1 Yukawa couplings. After imposing ¢ — 0, the top and
bottom left-handed mass eigenstates are aligned. The first and second generation
must lay on the surface perpendicular to them.

In this scenario, the couplings with ®5 are also taken to be of rank-1. As the quark fields have
already been rotated to the basis where eq. (3.1]) is fulfilled, the Yukawa couplings with ®2 have
to take the most general rank-1 matrix form

0

0 UR ;
y)

0

0 | Dg, (3.7)

o

vP() =0}

Y@ (n) =D},

S O O "o o o
S O O o o o

where Ur g, Dr g are 3 x 3 unitary matrices. As in this case the Yukawa matrix elements
2 2 2 2 .

are (Yu( ))ij = yl(t )(UL)E)k,i(UR)?,j, (Yd( ))ij = y((i )(DL)§i(DR)3j, only the last row of the unitary

matrices is relevant. We parametrise this row as

(UL)s1 = e'PL sinb,, sinw,, ,
(UL)s2 = eur sin O, COSwy, ,

(UL)ss = eXur cos Ou, (3.8)
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and equivalently for Ur, Dp, Dg. In this model we are just interested in reproducing the mass
hierarchy pattern and the structure of the mixing matrices and not in understanding the origin
or value of the CKM CP violating phase. We therefore neglect any of the complex phases of the
model in this chapter for the sake of simplicity.

3.2 Quantum Corrections in Quark Sector

The rank-1 Yukawa matrices generate masses for the top and bottom quarks, leaving the first
and second generation massless and the mixing between the latter completely undetermined.
In this section, the results for the one loop corrections to the Yukawa couplings with ®; using
perturbation theory are presented. As will now be discussed, in this framework we are able to
generate masses for the second generation of quarks and reproduce the hierarchical structure of
the CKM matrix. In order to calculate the impact of loop corrections to the Yukawa couplings

we use the leading-log approximation

A
OgFH’
My’

1
Yél)‘l—loop >~ Yu(l)‘tree + @5&1) 1

1 1 I a
Yd( )‘1—loop =~ Yd( )‘tree + Wﬁé ) (3'9)
where My corresponds to the mass of the new Higgs (which is much larger than the SM Higgs
mass) and 51(}), ﬁél) are the beta-functions, defined in Appendix

3.2.1 Preliminaries: Degenerate Perturbation Theory

In this part the method used to calculate the masses and mixing angles for degenerate states is
presented. The calculations done here are for the up-type quarks, but are completely analogous
for the down sector. In order to determine the CKM matrix, we are just interested in calculating
the left-handed rotation matrix V,,, , defined in eq. . Therefore, our calculations are done
using perturbation theory on HQ(LO), defined as

sto) - Yu(l)yu(l)T o (3.10)
and is diagonalised as

HY) =V HOV,,. (3.11)
This means that H&O) is a 3 x 3 matrix which just has one well defined eigenvector, t%o)>, and

2
eigenvalue, (yi(tl)) . We now define HS), which contains the perturbation corrections to Hl(LO)

7Y — g0 4\, 550 = (3.12)

tree

_ él)Yél)“r)\qufl)éYél)T+>\u5Y1fl)Y@fl)T (3.13)

tree
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. . . . 1 A
where )\, is a perturbation parameter, which in our case takes the value iz log T and

5Yu(1) = 61(}) corresponds to the loop corrections to the Yukawa coupling Yu(l). Perturbation
theory for non-degenerate states consists of calculating the series expansion around the initial
eigenvalues and eigenstates. As in our case there are two degenerate eigenstates at tree level,
zero-th order in perturbation theoryE has to be used to calculate the undetermined eigenvectors.
Their corresponding eigenvalues are calculated at first order in perturbation theory, as at tree
level they are determined with value 0. The calculation is done as following these steps

e Define the projector operator P, which defines the subspace perpendicular to ‘t(LO)>

P=1-|tQ) (¢7]. (3.14)

e Calculate the perturbation § H, projected on the subspace perpendicular to ’t(LO)>
sHWY = P,6HM P, (3.15)

e Calculate the eigenvalues and eigenvectors for )\uéﬁqgl).

In our case the result still does not break degeneracy. Therefore, we have to consider higher
order corrections. The next steps in our calculations are

e We add the corrections proportional to A2 and define H&Q)

H? = HO + X\, 0HV + \26H? = (3.16)
= YWy Wf 4 A, yWsyWF 4,6y, Dy OF 4 \25y, (D gy (DF (3.17)

tree

e As we are now taking terms proportional to A2, we also have take into account higher order
corrections with terms which also contain A2. With all this, the matrix that one has to

diagonalise is

1-P,

12
y)

sHY = P,oHPP, — P,oHP SHPP,. (3.18)

e We take the terms only up to order A2 in SHP.

(0)
L

For a full Hamiltonian H = H®) + \6H with eigenvectors |iz) and unperturbed eigenvectors ’z >, if there is a

subset of degenerate unperturbed eigenstates, zero-th order in perturbation theory fixes them univocally, using
the perturbation AdH:

i(LO)> = lim |ir)

—0

o1
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In our case, as ‘t(LO)> = (0,0,1)7, assuming that the Yukawa couplings are real parameters in the

flavour basis, the matrix which has to be diagonalised is

R Yty + 0yt 0y210y11 + 0y220y12 0
NZSH = N2 | Sya10ynn + Sy2adyia Sy2, + 6y, 0 (3.19)
0 0 0

where dy;; corresponds to the ij entry of the 5Yu(1)

matrix. The eigenvalues and eigenvectors
of )\35[%2) correspond to the first and second generation for the up-type quarks. The eigenvalues
are then suppressed by a factor )\Z, as they are calculated at second order in perturbation theory.
Therefore the corresponding Yukawa singular values for the first and second generation are
suppressed by a A, factor. The eigenvectors contain no suppression and are of norm 1.

This solution is valid only if the eigenstate which is determined at tree level (in this case ‘t(LO)>)
is (0,0,1). Nevertheless, if this is not the case, one can just rotate all the calculations to this

basis, and do the inverse rotation to give the answer in the initial basis.

3.2.2 A Scenario with Rank-2 Yukawa Couplings

We have just seen how to use perturbation theory to calculate the eigenvalues and eigenvectors
in a degenerate case. It is important to remark that in this scenario, the loop corrections increase
the rank of the Yukawa couplings with ®; to rank-2 at most. This can be proved as follows. If
one takes the 8 functions in Appendix one can see that its structure for both up or down
quark type always follows the pattern

1
1672

A
log - Bua = AlpYid + BlaYud (3.20)
H

u,

where ASZI and BSC)[ are combinations of the different Yukawa matrices and contain the loop

suppression factor. The rank of Aq(llzl and 375121 is not important for this discussion. As Yu(ld) and

Yu(il) are rank-1 matrices, one can write them as the outer product of two vectors

1 A @1, @ 1 ® 1,2 2 ~(1) 1 ~(2) 2
16772 IOg FHﬁu,d = Au,d ‘yu,dL> <yu,dR ‘ +Bu,d yu,dL> <yu,dR ’ = ‘5yu,dL> <yu,dR ‘ + ‘5yu,dL> <yu,dR ‘
(3.21)
where yilc)lL> has been redefined to ‘5;&&;L> to absorb matrices Afj()i and Bq(ju)l in order to simplify

the discussion. If now the 8 functions are used to calculate the 1-loop Yukawa couplings Yu(ld),

one finds

(1)
Yu,d |1—loop =

yi, ) (o +oa, ) (e +

(1N _
yu,dL> -
a linear combination of two outer products, the rank of the matrix can be at most of rank-2.

595, ) (Wona| = vty ) (vesan | 0502, ) (v
N (3.22)

where yuydL> + ’53}8&L>. As the one loop Yukawa couplings with ®; can be written as

This discussion is valid at any loop.
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Physical Parameters

As the Yukawa matrices can be at most of rank-2 after including radiative corrections, the
first generation of quarks remains massless in this model. Therefore, not all of the parameters
presented in egs. and are physical. One way of counting how many initial parameters
are actually physical is through the following rule [82]

#Physical Parameters = #Total Parameters — #Broken Generators. (3.23)

A rank-1 Yukawa coupling in a general basis contains a total of 5 real parameters and 5 phases.
In the absence of Yukawa couplings, there is a global U(3)? symmetry. This symmetry breaks
to a U(1)? when including the Yukawa matrices when the first generation of quarks remains
massless. In other words

U)o, X UB)ur xUB)ap — U(1)uy xU(1)g, xU(1)B (3.24)

The number of generators for U(3) are 9. A U(3) matrix contains 3 real parameters and 6 phases.

Instead U(1) has only one generator, which corresponds to a phase. Therefore

20 R Parameters — 9 Broken R Parameters = 11 R Physical Parameters
20 Phases — 15 Broken Phases = 5 Physical Phases

Thus, the model contains a total of 16 physical parameters. The non-physical parameters in
eqs. and with real Yukawa couplings correspond to wy, and wg,, which parametrise
the U(1) transformation for the first generation of right-handed quarks. This will be discussed
later in detail.

3.2.3 Masses for the Second Generation of Quarks

The values of the quark masses for the second generation can now be calculated at one loop,
using the results in Section [3.2.1] The Feynman diagrams which contribute to increase the
Yukawa matrix rank using perturbation theory are shown in Fig. In both cases, the coupling

of quarks with ®, must generate a new direction in flavour space.

To simplify the results, one can use the assumption yc(ll),y((iz) < yz(}),yq(?). This is a reasonable

assumption as it is known from observations that yfll) < yi(tl). One finds that

y,?,s(MH):( : lg]VfH)Qi (88, ()" (3.25)

o)
1672 &
,j=1

where ﬁilc)i_ is the 75 entry of the ,Bilgl matrices. Hence, at one loop the approximate ratio between
g El
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Figure 3.2: One loop Feynman diagrams in ﬁqglc)l which generate a mass for the second generation
of quarks.

the Yukawa couplings of the second and third generation of quarks are [1]

. 1 A3
% ~ (16210g M) Z@fﬁh%m 20, sin 20, , (3.26)
t 7T H
(1 AN
% o~ (16772 log MH) Y z(l)yd €08 Oy, sin 6y, Ny (3.27)
d

where

}1/ Y (3.8

Ny = [9 sin? 0a, cos? O, + 4 cos® a4, sin? O, — 3sin20,4, sin 20, cos(wq, — wy, )
As one can see from eq. , all of the Yukawa couplings of the second generation contain
a loop suppression which immediately generates a smaller value for them with respect to the
third generation. Nevertheless, the logarithmic term enhances the value of the second generation
masses, as in principle the cut-off scale can be much larger than the heavy Higgs mass.

Let us now discuss in detail the dependence of the masses with respect to the Yukawa
parameters. After taking the assumption yfil), ygf) < yq(Ll), yz(?), the Feynman diagram which
mainly contributes to the radiative generation of the charm mass is the left diagram in Fig. 3.2
The only way for the charm quark to radiatively couple to ®; is through ®5, which at the
same time has to couple to the top quark. This diagram corresponds to the wave-function

f}). This can also be seen from

renormalization diagram proportional to Tr(qul)Yf)T)YLSQ) in 8
eq. (3.27). In order to generate the charm mass, one needs non-vanishing cos 6, cosf,, and
sin 0, sin@,,. These two terms parametrise the mixing between the top quark and the lightest
generations through ®,. This mixing is the only way to transfer the electroweak symmetry
breaking from the third to the second generation.

In the case of the strange quark mass, the dependence with the parameters of the model is
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3.2 Quantum Corrections in Quark Sector

more sophisticated. The reason is that both the wave-function renormalization and the vertex
diagram in Fig. contribute to generate the strange mass. These diagrams are proportional
to Tr(Yu(z) u(l) T)Yd(z) and YU(Z)YU(UTYC[@) in Bc(ll), respectively. The first term, which corresponds
to the left Feynman diagram in Fig. requires similar conditions to the ones needed to
generate the charm mass. In this case the non-vanishing terms have to be cos#,, cos6,, and
sin 04, sin 0q,,. Here, cosf,, cost,, implies that the Higgs ®5 has to couple to the top quark,
whereas sin g, sin 6, means that ®3 has to couple to the lightest generations of the down-type
quarks. This corresponds to the Feynman diagram where the top quark is inside the loop. On
the other hand, YU(Q)Yu(l)TYd@) corresponds to the right diagram in Fig. For this term to
contribute to the generation of the strange quark mass, cos 0, sin,, # 0 and cos 8y, sinfy, # 0.
Here cos 0y, sin 0, # 0 means that the left-handed doublet of the light quarks has to couple to
the right-handed top quark through ®; and cosfg, sinf,, # 0 indicates that the left-handed
doublet of the third generation of quarks has to couple to the right-handed light down type
quarks also through ®,. In other words, the third generation of quarks has to be the inside the
loop, coupling to both ®; and ®.

In this scenario, as the Yukawa matrices with ®; can be at most of rank-2, the first generation
of quarks remains massless. Nevertheless, as will later be discussed, by introducing additional
flavour structures to the model, as for example introducing extra Higgs doublets or taking rank-2
matrices at tree level, one can generate a non-vanishing mass for the first generation. In the
latter case, radiative corrections to the masses of the second generation can be larger than the
tree level contribution. Hence, in this case, the results deduced from rank-1 Yukawa couplings
are still a good approximation.

Finally, the effects of such a model on precision flavour observables are negligible as the
decoupling limit is taken for this analysis. Nevertheless, the masses which are generated
radiatively depend logarithmically on the mass of the heavy Higgs and therefore, modifying the

scale of new physics barely changes the predictions in the quark sector.

3.2.4 Radiative Effects on the CKM Matrix

At tree level, the mixing between the first and second generation of quarks is completely
undetermined. This can be resolved using perturbation theory of degenerate states. The mixing
between the first and second generation for each quark type can be parametrised with a mixing
angle ¢, 4, such that the mixing matrix for each quark type is

cosCy,q  SinCyq 0O
VU,dL = —sin Cu,d COos Cu,d 0 . (3.29)
0 0 1

Using the result in eq. (3.19) one finds

1 1 1 1
B, B, + 8,8,
B 2+ (81),)?

Cud = tan™" (3.30)
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Chapter 3 Generating the Quark Parameters in a Two Higgs Doublet Model

Knowing that Vogy = VJ , Vi, , the Cabibbo angle can be calculated

3sin g, cosb,, sin(wq, —wy,)
Nqg

Vs = —Veg (3.31)

and the value for the remaining diagonal element is

Via = Vs ~ /1 = V2. (3.32)

It is interesting that the masses of the second generation of quarks arise at one loop and hence
contain a loop suppression factor which naturally generates the hierarchy between the second
and third generation of quarks. But even if the Cabibbo angle is generated by the one loop
corrections, it contains no loop suppression factor. Figure [3.3] shows a simplified graphical
representation of the left-handed eigenstates at one loop to better understand the outcome of
the model. As we have seen in Section [3.1] at tree level, just the third generation eigenvectors
are determined. The first and second generation have to lay on the surface perpendicular to
the latter. The top and bottom left-handed eigenstates are imposed to be aligned at tree
level. Once the one loop corrections are included, the degeneracy between the first and second
generation is broken if the correction has some misalignment with respect to the third generation
eigenvector. In Fig , |09u,4, ) represents the left-handed part of the loop correction, defined
in eq. . The second generation eigenvalue is proportional to the length of the projection
on the perturbation of the surface perpendicular to the third generation. It is therefore loop
suppressed. The direction projection of the perturbation |6¢, 4, ) on the surface perpendicular
to the third generation, determines the direction of the second generation eigenvector. As this
eigenvector was undetermined at tree level, even if the loop eigenvalue is very small, it breaks
the tree level degeneracy between first and second generation, leaving the eigenvectors totally
determined. If the perturbation breaks the degeneracy, the vectors which are generated contain
no loop suppression. Therefore, the Cabibbo angle is not loop suppressed. In perturbation theory
language, the Cabibbo angle is generated at zero-th order. This mechanism was actually noted
in previous works [83-85] for the mixing in the neutrino sector with degenerate mass eigenvalues.
Note that the Cabibbo angle depends only on left-handed parameters. The necessary condition to
to generate a non-vanishing Cabibbo angle is that the left-handed charm and strange eigenvectors
have to be misaligned, therefore sin(wq, — wy, ) # 0.

After the one loop corrections, at zero-th order in perturbation theory, the structure of the
CKM matrix is

Vud Vus 0
Vexml=| Vea Ves 0 (3.33)
0 0 1

Once the eigenvectors are determined at zero-th order in perturbation theory, one can use first
order perturbation theory to calculate higher order corrections of all the CKM matrix elements.
In this case we are interested in calculating the corrections to the terms which are zero. The
result are
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3.2 Quantum Corrections in Quark Sector

One Loop

Figure 3.3: Graphical representation of the left-handed quark mass eigenstates after introducing
the one loop corrections. The small perturbations |67, 4, ) determine a new direction
in space and generate a non-zero eigenvalue for the second generation of quarks. The
misalignment between the projector of these two vectors determines the value of the
Cabibbo angle, 6.

AN 3P, 2,32
> o I Vi gin Oa, cos Oap, o8 by, o8 by sin(wg, —wuy)

1
Vub ~ (167T2 log MH 6

Ya
1 AN Dy 1y
Vi ~ 1 d_o_=d in 20, (3 cos 20, + 2
b (167r2 og MH) y((il) 4y§2)y$) sin 26,,, (3 cos 20, + 2)
+ cos b4, cos by, [2cos b, sinb,, —3sinby, cosb,, cos(wq, —wy, )]} - (3.34)

Of course these terms do contain the loop-suppression factor and now the right-handed parameters
contribute to the first order perturbation corrections. This is because we are calculating the
corrections of a vector which is already determined.

It is important to mention that some of the parameters of this model are univocally determined.
In this scenario we have two massless particles, the up and the down quark. There is hence an
unbroken U(1),, x U(1)q, symmetry. As explained above, this means that the couplings of the
right-handed part of the first generation of quarks have no physical meaning. This can also be

seen as follows. If one calculates the Yukawa couplings in the mass basis, one finds

@ @ 0 —sin 0u7dL sin eu’dR sin (C%dL - wu,dL) — COS Gu,dR sin au,dL sin (Qu,dL — wde)
(2 2 . . .
YyaMu) =y, 5|0 sinbyq, sinyq,cos (Cud, —Wud,)  €080udy,sinbya, cos (Cud, = Wudy,)
0 cos Oy q, sin Oy q,, cos 0,4, €08 0y q,,
(3.35)

As expected, wy 4, do not appear in f/u(Qd) One can then set wy 4, = 0. Furthermore, the
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Chapter 3 Generating the Quark Parameters in a Two Higgs Doublet Model

approximate values for the right-handed angles 0, 4,, can be calculated from the following quark

parameters

Yo Vb
Ye Vus N 3sin 20,,,
v Via 2+ 3cos20,,

~ tanfy, ,

(3.36)

which gives 0,,, ~ 0.16, ,, ~ 1.06.

Of course, there are degeneracies between the remaining parameters. Nevertheless, under
the assumption that the couplings for each quark-type are of the same order, and the mixing
angles are of O(1), one can naturally reproduce the experimental values for the second and third
generation of masses and the mixing in the quark sector. Still, this is not a predictive model and
unfortunately contains a large number of free parameters.
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CHAPTER 4

Lepton Masses and Mixing Angles in a 2HDM see-saw

In the previous chapter we have presented the results of the quantum effects on the masses and
mixing angles in the quark sector in a context of a 2HDM with rank-1 Yukawa couplings at tree
level. In this chapter the results for the lepton sector are presented, following the discussion
in [2]. The masses of the charged lepton sector follow a similar pattern to the quark sector.
Nevertheless, as neutrinos are massless in the SM, the picture completely changes, as physics
beyond the 2HDM has to be introduced to generate neutrino masses. In what follows we assume
neutrino masses arise from the see-saw mechanism by adding right-handed neutrinos. In this
scenario, one can also generate a completely anarchical PMNS matrix.

4.1 Tree Level Results

In this section we present the tree level results for charged leptons and neutrino masses together
with the lepton mixing matrix in the context of a general 2HDM. In contrast with the quark
sector, not only a new extra Higgs doublet is introduced but also right-handed neutrinos in order
to generate neutrino masses in the see-saw framework. Here, the Yukawa couplings are also
assumed to be rank-1 at a cut-off scale A. The decoupling limit is taken again for the analysis,
in order to make the model compatible with experimental constraints. In the second part of this
section, we present the results in a simplified scenario, where the 2HDM is extended by just one
right-handed neutrino.

4.1.1 The General Framework

Following the description presented in Chapter [1} the flavour dependent part of the see-saw
mechanism extended with an extra Higgs doublet is described by the following Lagrangian

_ - . 1
— Ller = Y(aj)-lLi‘I)aeRj + Y(a)-le'q)aVRj - §MM,z‘j17}%‘VRj +h.c. (4.1)
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

where i, j = 1,2, 3 are flavour indices, a = 1,2 is a Higgs index and ®, = iT2®%. As for the quark
sector, we also work in the Higgs basis for convenience. Hence (®9) = v/v/2, with v ~ 246 GeV
and (®9) = 0. This means that the charged lepton and neutrino Dirac masses are proportional to
the singular values of Ye(l) and Yl,(l), respectively. Here My is the Majorana mass matrix for the
right-handed neutrinos, and its singular values M, ..., My, correspond to the Majorana masses
for N right-handed neutrinos.

The first assumption taken in this part is that the Majorana mass scale is much larger than
the mass of the extra Higgs bosons, as the former does not arise from electroweak symmetry
breaking. As for the previous chapter, we denote the masses of the four new Higgs states, HY, A°
and H*, as My. At the scale of the lightest right-handed neutrino, M, it is useful to describe
the Lagrangian in eq. with the following effective Lagrangian

a)y L (ab) 7 & T
_ﬁll,EH _ Y'e(ﬂ;j)'lLieRj(I)a + iﬁgjb) (lLZQQ)(legj) + h.c.. (42)

In this case, the dimension five operators are

KO (M) = (VD My v, OT) (M) . (4.3)

v v

As the only Higgs that acquires a vev is @1, the neutrino mass matrix, defined in eq. (1.25)) at
this scale is

2
M, (M) = SOV () (4.4)
and is diagonalised following eq. (1.26)). This is valid for any number of right-handed neutrinos.

4.1.2 The Tree Level See-Saw with one Right-Handed Neutrino

Following the framework used for the quark sector, here the Yukawa matrices are also assumed
to be of rank-1. To simplify this scenario, we assume the model contains just one right-handed
neutrino with mass My > Mpg. Nevertheless, this discussion can be extended to a model with

N right-handed neutrinos.

Physical Parameters

Before computing the tree level results, we calculate how many of the parameters of the model
are indeed physical. As happened in the quark sector, in this scenario there is one massless
charged lepton which generates a U(1) symmetry in the model. The symmetry group in the
lepton sector before and after introducing the Yukawa couplings is

UB), % U(3)ep — U(L)er. (4.5)

The number of initial parameters in the charged lepton sector is counted as for any of the quark
type: 5 real parameters and 5 phases for each Yukawa coupling. The Yukawa coupling for the
neutrino sector is assumed to be a dimension-3 vector. Therefore each neutrino Yukawa vector
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4.1 Tree Level Results

contains a total of 3 real parameters and 3 phases. Using eq. (3.23)), the number of physical
parameters is calculated as follows

16 R Parameters — 6 Broken R Parameters = 10 R Physical Parameters
16 Phases — 11 Broken Phases = 5 Physical Phases.

This means that the model contains a total of 15 physical parameters.

Analytical Results

As some of the parameters of the model are not physical, they can be rotated away by redefining
the lepton fields. We chose to work in the charged leptons mass basis for simplicity. The Yukawa
couplings with ®; in this basis are written, at the cut-off scale A, as

00 0 0
vyHuay =100 o |, vyYA) =y |sinal. (4.6)
00 o
Ye cos

As the Yukawa matrices are of rank-1, only the third generation has a non-vanishing mass.

Therefore
_ v _ _
m7|tree = ﬁ Ye ' mu|tree = me’tree =0 (47)
U2 y£1)2
m3|tree = ? Mg ) m2‘tree = ml|tree =0 (48)

Note that the misalignment in the quark sector between the up and down tree level Yukawa
couplings with ®; was parametrised with the € parameter, which was later assumed € — 0. This
limit was taken to mimic the hierarchical structure of the CKM matrix. We will now see that
this assumption should not be imposed for the lepton sector. The PMNS matrix at tree level has
the following structure

77 ?
Uppyns =17 7 ? (4.9)
?7 7 cosa
where "?" indicates the unknown parameters due to the undetermined eigenvectors of the first
and second generation. In this scenario, even if only U3 is determined at tree level, U3 and U3
have to fulfil
Ul + Uz = sin® . (4.10)

As the PMNS matrix has a completely anarchical, we have to keep o > 0. Beyond the generation
of neutrino masses, this assumption is the key difference between the quark and the lepton sector.
This discussion is represented in Fig In this scenario the tree level Yukawa couplings with
®; determine the eigenvectors of the third generation and their corresponding eigenvalues. The

first and second generation are undetermined, but as for the quark sector, they have to lay on
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

Figure 4.1: Tree level scenario for a 2HDM extended with one right-handed neutrino. The third
generation eigenvalues and eigenvectors of leptons are determined. The misalignment
between them is parametrised by the angle a. The red and blue surfaces represent
the subspaces where the first and second generation of charged leptons and neutrinos
have to lay on, respectively.

the surface perpendicular to the third generation (the red surface corresponds to charged leptons
and the blue surface corresponds to neutrinos). The misalignment between the eigenstates of the
third generation is parametrised by a.

The Yukawa interactions of leptons with ®5 are also rank-1. Hence, for the charged lepton
sector the corresponding matrix in this basis is

00 0
YPMA)=El |0 0 0 |Eg (4.11)
00 y

er Symmetry discussed

E1 R are 3x3 matrices, analogous to eq. (3.8). Due to the residual U(1)
above, we, is not a physical parameter and therefore can be set to zero in this scenario.
The Yukawa coupling of neutrinos with ®, takes a vector form

e'Pv sin 6, sin w,
YV A(A) =y | e sinb, cosw, | - (4.12)
eXv cos 6,

In the following sections we neglect any phase contribution for simplicity.
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4.2 Quantum Corrections in the Lepton Sector

4.2 Quantum Corrections in the Lepton Sector

In this section we present results of the quantum corrections to the Yukawa couplings in the
lepton sector. As for the quark sector, we are able to radiatively generate the masses of the
second generation of leptons and determine univocally the entries of the PMNS matrix.

4.2.1 Radiative Corrections at ),; Scale

The analysis done in this part is completely analogous to the results presented in Section
The leading-log approximation is used to calculate the one loop Yukawa couplings for charged
leptons and neutrinos. At the scale of decoupling of the right-handed neutrinos, taking the

leading-log approximation, the Yukawa couplings are

a a 1 a A
Ye(zg(MM) ~ Ye(z]) (A) + @52%(1\) log My’

a a 1
Vi (M) = VP (8) + 1o

Vi

BN

(4.13)

log ——
ogMM

respectively. The beta-functions Béa), ,(,a) can be found in Appendix Note that in this case,
the scale at which the Yukawa couplings are calculated at one loop is M.

As discussed in Section the radiative corrections contained in the beta functions leads
at most to Yukawa couplings of rank-2. This is indeed the case for charged leptons. The
corresponding Feynman diagrams to generate charged lepton masses are exactly the same as
for the quark sector, shown in Fig. changing quarks by leptons. In this case the Yukawa
couplings for the second generation of charged leptons can be calculated at My as

E0n0) = (s los 1) > ()" (a1

1,j=1

Once the mass degeneracy between the first and second generation of charged leptons is broken,
the corresponding eigenvectors become unambiguously fixed. They can also be calculated using
the results in Section Following the notation in eq. (1.3), the unitary matrices V., and

Vers
cosCe, sinC, O cosCep  SINCe, O
Ve, (My) ~ | —sin¢., cos¢, 0 [, Ver(Myi) >~ | —sinCe, cosC, 0 |, (4.15)
0 0 1 0 0 1
where
BetiBiih + BidaBis Beti ety + Bi31Pes
tanle, =\ = 0 o gy || 0 ERen T T om sy | o (410
(Bes1)? + (Be22) A (Bei2)® + (Be22)® |4

For convenience, at the My scale we rotate the lepton fields to the basis where the Yukawa
coupling of charged leptons with ®; is diagonal. We call the Yukawa coupling in this new basis
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

ﬁ(a)(MM) which is calculated as
VO (M) = (VLY Ver) (Mu). (4.17)

For the neutrino sector the scenario is slightly different. It is also useful to define the neutrino

Yukawa couplings in the basis where i/v'e(l)(MM) is diagonal
Y (M) = (VY (M) - (4.18)

At the My scale, the neutrino Yukawa couplings receive quantum corrections following
eq. (4.13)). If one introduces the one loop corrections to calculate the effective couplings r(ab),
one finds that at the My scale

(ab) _ 1 Sy
kij (M) = M Y'Yy My (4.19)
As one can see, these couplings are still a rank-1 matrices. As left-handed neutrino masses are

generated by k(1) at this energy scale, the first and second generation of left-handed neutrinos

remain massless.

One loop-M)y;

Figure 4.2: Graphical representation of the left-handed eigenvectors in the lepton sector at an
energy scale Myr. At this scale, the eigenvectors for the first and second generation
of charged leptons are determined. This is not the case for the left-handed neutrinos,
as the radiative corrections do not generate a new direction in flavour space.

This scenario is shown in a graphical representation in Fig[4.2] For charged leptons, at an
energy scale My the loop correction generates a new direction in flavour space which breaks
the degeneracy between the first and second generation. The eigenvalue is directly proportional
to the projection of the perturbation on the subspace perpendicular to ’T£0)>, and defines the
direction of the eigenvector. The same situation has to happen in the right-handed sector, as the
Dirac mass connects the left- and right-handed eigenstates.
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4.2 Quantum Corrections in the Lepton Sector

As the corrections to the neutrino Yukawa couplings do not determine a new direction in
flavour space, there is no way to determine the left-handed eigenstates of the corresponding first

and second generations.

4.2.2 Determining the Lepton Parameters at the )My Scale

The Yukawa couplings Ye(l) is subject to quantum corrections between the scale My and M.
Using the leading-log approximation one finds

a M
5L (M) log S

Y5 (M) = Y5 (M) + i

e,ij

= (4.20)

With this, one can calculate the Yukawa couplings for the charged lepton sector at an energy

scale M. The corresponding Yukawa singular values are

1/2

1 A +
ogMM

i,j=1 B,j=1

1/2
> (8L (0n) ] log 57 ¢

2
(M) = £ [z (s5hw)”
Ye(Mp) = 0. (4.21)

Taking these results, if one calculates the ratio between the muon and tau masses, finds

(2)

my Loyt 2\1/2
= o (P @, (4.22)

where P and @) are defined as

A M,
P=yMy@p 1o ( >+ (1@ 1o (M) , 4.93
v pulog (37— m;dyx v polog ( 37 (4.23)
Q—yi)yi)qulog< )+ Sy MyPg,log <MM> : (4.24)
r=e,u,d MH

and p,, ¢, are functions of the angles inside the Yukawa matrices Ym(Q)(A). They are given in
Appendix In this framework the first generation remains massless even if the Yukawa
couplings at a scale My are already of rank-2. This is because there is no new direction in
flavour space added to the model which can generate a mass for the first generation. Therefore,
the discussion in Section [3.2.2] remains valid for charged leptons at this energy scale.

It is possible to estimate the value of the mass ratio between the second and third generation
of charged leptons, even if it depends on several parameters. Here, p, and ¢, exclusively depend
on the mixing angles inside the Yukawa couplings with ®». If one takes generic values for these
angles, p, and ¢, acquire values O(0.1). Furthermore, it is also reasonable to assume yg([;2) ~ y;(cl).
With this, the main contribution to the muon mass comes from the neutrino Yukawa coupling

or from the up-type Yukawa coupling. In the latter case, as the My > My, the mass ratio
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

is enhanced by the logarithm. For example, if one sets A = 10! GeV, My = 10'* GeV and
My = 10* GeV, one gets log(A/My;) ~ 10 and log(A/Mp) ~ 30. Therefore, the ratio between

the muon and the tau mass can be approximated to

(2)
LCTIN oY (1)) 5,12
L~ (001 0.1)y£1)max {vPyP, 3y P} (4.25)

In Fig. [4.3]we show the probability distribution of this mass ratio with the assumptions mentioned
above and a flat linear distribution for the Yukawa mixing angles in Yx@), between 0 and 27. The
blue histogram contains the quantum effects generated only by neutrinos, fixing yl(,l) = yl(,2) =1
whereas the red histogram shows the results for the quantum effects generated only by the top

quark, with yq(tl) = yq(f) = 1. If changing the values of the Yukawa couplings, the probability

)

distribution would be rescaled on the horizontal axis. The experimental value for the muon
and tau masses shows a large hierarchy between them. This suggests that the generation of
the muon mass is dominated by the diagram with the right-handed neutrino inside the loop.
Nevertheless, the proper ratio between the masses can be generated from the top loop diagram

by the appropriate choice of the parameters of the model.

0.15¢
¥y dominated

£ 0.10f
=
8 ¥, dominated
o
@

0.05¢

0.00 ‘

0.5 1 2 5
Log(m./my)

Figure 4.3: Probability distribution for m,/m, from a random scan of the angles in the model.
The blue curve only contains the effects generated by neutrinos, whereas the blue
curve only contains the contribution of the top quark.

For the charged lepton mixing sector, as the matrices which diagonalise the Yukawa couplings
with ®; are already determined at My, at the My scale they only receive loop suppressed
corrections. Hence, they approximately read as eq. (4.15)). For the neutrino sector, 5(11)(MM) is

of rank-1. Therefore there are two degenerate, vanishing masses. Nevertheless, below My, nz(?b)
is also subject to radiative corrections
(ab)  (ab) 1 M
Kij (Mp) ~ Kij (Myp) + m?ﬁﬁ(aw,ij(MM) log M_H (4.26)
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where 3, (a) is contained in Appendix As was already noted in [86], there is only one term
in the @ function which generates a radiative mass for the second generation of left-handed
neutrinos in such a scenario. It is contained in the last term in eq. (A.6]), and corresponds to

>’ 1/(2) ot 11(2)T
25—, 4.27
" Iy (4.27)
where A5 is a coupling constant in the potential presented in eq. (2.1). The corresponding
Feynman diagram, which contributes to induce a mass for the second generation, is shown in Fig.

44

@u) (o)
+ o+
\ /
\ /
N/
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o), 7N \ o
v / \ Vr;j
— e
Vr VR

Figure 4.4: One loop Feynman diagram which generates a non-vanishing mass for vr,.

With all this, one finds that the neutrino masses at the M scale, neglecting subdominant

effects, are
ma(My) ~ v v (D2 (4.28)
SEH) = onn '
1 As0? [ (Y 2Ty (1))? My
Mpy) ~ o8 @R oy v 1 4.2
m2( H) 1672 My, [’ v | |YV(1)|2 0g my ( 9)
my(Mg) ~ 0. (4.30)

The ratio between the masses of the second and third generation is then

ma A5

(2 2 My
— ~ ( l(’l)> (1 — cos? 1)) log (4.31)
Yv

msg  8m2 myg

Here, cosy = cosa cosf, + sin asin 0, cosw, determines the misalignment between Y,,(l) and
Y,,(2). This outcome is quite intuitive, as to generate a non-vanishing neutrino mass for the
second generation, there must be a Yukawa coupling pointing in a new direction in flavour space.
Therefore, sinty > 0 to generate mo # 0. This scenario is slightly different from the quark sector,
as the right-handed neutrinos are Majorana particles and the mass term for the left-handed
sector is generated in the see-saw mechanism. Here, mi(Mp) can be approximated to be zero.

Nevertheless, the latter is not exactly zero, but receives corrections from two loop diagrams [87].
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

The discussion in Section is therefore not valid for the neutrino sector if taking into account
higher loop corrections.

As done for charged leptons, we want to estimate the magnitude of the neutrino mass ratio in
this scenario. If we again take generic values for the Yukawa mixing angles on gets cos ) = O(0.1)
and with A = 10Y GeV and My = 10 GeV (therefore, log(A/My) ~ 10), one finds

m2 yl(,2) :
— (0.1 —1) A5 <(1)> : (4.32)
Yv

In Fig. M we show the probability distribution for the mass ratio mg/mg. For this plot
yq(}) ~ yq(f) and As = 1 have been assumed. A flat linear distribution for the mixing angles inside
the Yukawa couplings with ®9 has been taken. One can see that indeed, ma/mg = O(0.1), which

is in agreement with experimental data.

0.14f o
0.12} =
0.10f -

0.08f N -
0.06f

Probability

0.04;
0.02;

0.00 .
0.5 1 2 5

Log(ms/mo)
Figure 4.5: Probability distribution ofmgy/mg using a flat linear random scan of Yukawa angles

at the cut-off scale.

Now, as the degeneracy between the first and second generation is broken, the neutrino mixing
matrix is univocally determined. Its second and third column, neglecting subleading effects, read

v (1)
Ym’
VV7i3(mH) = |?V(1)| )
1 o f/—V(Q)Tf/—V(l) 4
with [V 2 = 5,(V )2 and
o (2)T5(1)y27 1/2
— |v)Ty (2 (Yu Yl/ )
Ny = [YV() Y@ W(”IQ] , (4.34)
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)

where the neutrino Yukawa couplings 17V(a are all evaluated at the scale M.
With the flavour basis to the mass basis rotation well determined, the PMNS matrix can be

calculated. The PMNS mixing angles approximately read

sin (¢, cos a (cos asin @, cosw, — sin acos B,,) — cos (¢, sin b, sinw,

tan 012 >~ 9

cos asin @, (cos (e, coswy, +sin (e, sinw,) — cos (., sinacosb,
sinf3 ~ —sin(,, sina

tan fa3 =~ cos (., tan o, (4.35)

where (., is defined in eq. (4.16]). From these results it can be seen that in the limit a — 0, one
gets a hierarchical PMNS matrix, as happened for the CKM matrix. Therefore, the amount
of misalignment between the rank-1 Yukawa couplings at tree level determines the complete

structure of the mixing matrix.

One loop-Mp

Figure 4.6: One loop scenario at the My scale for the lepton sector. The eigenstates of the
charged leptons were already determined at My; and now only receive loop suppressed
corrections (not plotted here, for simplicity). A small correction to k(1) generates a
new direction in flavour space in the neutrino sector, which determines the eigenvector
for the second generation.

The scenario at the My scale is represented in Fig [4.6] At the My scale, the left- and
right-handed eigenvectors for the charged leptons are already known whereas for the left-handed
neutrinos are completely undetermined. At the Mj; scale, the former only receive corrections
which are loop suppressed. In the case of neutrinos, they receive radiative corrections which
generate a small perturbation in flavour space, determining the eigenvalue and eigenvector for
the second generation. The eigenvalue is proportional to the projection of the perturbation on
the blue surface squared and the same projection determines the direction of the corresponding

eigenvector. Thus, all eigenstates are now determined for the lepton sector.
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Chapter 4 Lepton Masses and Mixing Angles in a 2HDM see-saw

Let us mention that the angle (., is in general neither maximal nor minimal. Therefore the
contribution of charged leptons to the neutrino mixing is in principle not negligible. In this
scenario the PMNS matrix has in principle an anarchical structure.

From the model it is possible to univocally determine the parameters o and (., in terms of
the angles 612 and 613

22 2
.9 sin® 013 + tan” a3
~ 4.36
Sin- « 1 T tan2 923 9 ( )
in? 613(1 + tan? 0
sin ¢, ~ sin” 1(1 + tan” f3) (4.37)

sin? 013 + tan? 023

Taking the known experimental values for the mixing angles, one obtains |sin | ~ 0.65, |sin (., | ~
0.23. Furthermore, the angles 6, and w, also are constrained to fulfil the following expression

sin a(tan 612 cos ¢, — cosasin (e, )

tan @, ~ (4.38)

tan 612 cos a cos({e, — wy) — cos? acosw, sin (., + cos (e, sinw,

In this framework, both the values for the masses of the second and third generation of
leptons and the lepton mixing angles can be naturally accommodated. Nevertheless, the first
generation remains massless and the number of physical parameters is too large to make the
model predictive. As was already mentioned in Chapter [3] including new flavour structures,
therefore a new direction for each lepton type in Fig. [£.6] can generate a radiative mass for the
first generation.
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CHAPTER 9

Fermion Masses in a Three Higgs Doublet Model

In the previous chapters a framework to generate the masses and mixing angles of quarks and
leptons in a general 2HDM has been presented. With the assumption of rank-1 Yukawa matrices,
the hierarchies between the second and third generation of masses can naturally be reproduced.
Furthermore, the mixing matrices for both quark and lepton sectors can be generated with the
correct structure through radiative corrections. Even if the model is an appealing scenario to
describe the fermion parameters, it has a strong drawback: the first generation of fermions is
still massless. This is of course in disagreement with experiments.

In this chapter the analytical results for the SM fermion masses in the context of a 3HDM are
presented. The analysis is basis independent and follows the calculations in Chapters [3] and [4]

5.1 The Flavour Structure at Tree Level

In this part the fermion parameters are calculated at tree level in a 3HDM. The model consists
in adding two new Higgs doublets to the SM, with the same quantum numbers as the SM Higgs.
For the neutrino sector, the masses are generated in the see-saw framework. Hence, one has to
add at least one right-handed neutrino to the model.

The Higgs potential for a 3HDM is given by [88],89]

v =m2, (6100) + 3 A (6100) (616) (5.1)

with a,b,c,d = 1,2,3. Note that for a,b, c,d = 1,2, one recovers the 2HDM potential in eq. .

The Yukawa and neutrino parts of the Lagrangian are completely analogous to eq. and
eq. , respectively, with a = 1,2, 3. Following the analysis in the previous chapters, we take
the limit of rank-1 Yukawa couplings at a cut-off scale A. To make a basis independent analysis,
we write the Yukawa matrices as an outer product of two dimension-3 vectors

Vi) = |y (v

T

, (5.2)
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where Z = u,d and e. To simplify the scenario, we just add one right-handed neutrino to the
model. Therefore the corresponding neutrino Yukawa couplings are

Y9(A) =

v

5@>> . (5.3)

To make the model compatible with the current experimental constraints, we take the decoupling
limit. Therefore the bosons in 9 and P53 take masses much larger than the SM Higgs mass. For
simplicity we collectively denote the heavy masses by Mpy.

Physical Parameters

It has already been discussed, that the amount of parameters in the Yukawa sector of the 2HDM
is too large to make the model predictive. In the SHDM we are adding one new Yukawa coupling
for each fermion type, increasing the number of parameters by 20 in the quark sector and 16 in
the lepton sector. Furthermore, as we will now see, one can generate the masses for all fermions
in this scenario. Here we calculate how many of the parameters in the model are indeed physical.

For the quark sector, in the absence of Yukawa couplings, there is a global U(3)? symmetry
which breaks into U(1)p once the quarks masses are introduced

UB)g, xUB)uy xU3)ap, — U(1)B (5.4)
Following rule in eq. (3.23)), this means that the number of physical parameters are

30 R Parameters — 9 Broken R Parameters = 21 R Physical Parameters
30 Phases — 17 Broken Phases = 13 Physical Phases

For the lepton sector the group that breaks is
UB)r, xU(3)ep (5.5)

The neutrino Yukawa couplings are assumed to be dimension 3 vectors. Hence, the number of
physical parameters in the lepton sector is calculated as

24 R Parameters — 6 Broken R Parameters = 18 R Physical Parameters
24 Phases — 12 Broken Phases = 12 Physical Phases

Therefore, for the Yukawa quark sector, from the total of 60 parameters in the model, there are
only 34 which are physical. The Yukawa lepton sector contains a total of 48 parameters. But only
30 of them are physical. This means that, as for the 2HDM, this model is also non-predictive.

Tree Level Masses

Following the previous chapters, for simplicity and without loss of generality we chose to work
in the basis where just one of the Higgs doublets acquires a vev. Therefore <<I>(1)> = v/v/2 and
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5.2 Basis Independent Quantum Corrections

(®9) = (®Y) = 0. From the rank-1 Yukawa matrices presented in eq. (5.2), the masses at tree
level are completely analogous to the ones in the 2HDM. They are calculated as follows

— (1) (1)
xs ’tree - \/’\/ <yCL‘R

for T = u, d, e. As we want to generate neutrino masses in the see-saw scenario, one has to

uen) (5.6)

take into account that there is a Majorana mass term for right-handed neutrinos. Therefore the
neutrino mass Lagrangian follows eqs. (4.1H4.3|). Taking the Yukawa coupling in eq. (|5.3)), the
mass for the third generation neutrino is

1/3 |tree —

(|, 1
U2<yVLJWI\ZVL>. (5.7)

As in the 2HDM, the first and second generation of fermions remain massless at tree level.

5.2 Basis Independent Quantum Corrections

In order to calculate the one loop corrections to the Yukawa couplings in a 3HDM, we use the
leading-log approximation defined in eq. (3.9) for the quark sector and eqgs. (4.13]), (4.20)) for the
lepton sector. The corresponding /3 functions are defined in Appendix

5.2.1 Generating Rank-3 Yukawa Couplings

In the framework of a 2HDM with rank-1 Yukawa couplings there are only two determined
directions in flavour space. This means that one can generate at most one radiative mass, leaving
the first generation of fermions massless. In a 3HDM, one Yukawa coupling is added for each
fermion type with respect to the 2HDM. Therefore, following the discussion in Section [3.2:2] in a
3HDM, the one loop corrections can be written as

1 _ 1 1 2 2 3
L og P08 = A ) (8] B ) () + D) 8] 5)
= |65) (ulh)| + 052 (w2)] + 053 (&3
with % = MLH for quarks, at My, % = MLM for charged leptons and at My, % = MM for
leptons. Hence, following eq. (3.22)), the Yukawa couplings with ®; at one loop are
Vil t00p 2 [yl (ulh)| + |65 ) (wlh)| + 052 ()] + [o53)) () (5.9)

— g0 ()] + [652) (42| + |559) (4]

This corresponds to a rank-3 matrix. As there are three different rank-1 Yukawa matrices for each

fermion type, the model generates three different directions in flavour space. Hence the masses
of the first and second generations of fermions are both induced through radiative corrections in

this scenario. A completely analogous scenario is to assume that in a 2HDM, at least one of the
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Chapter 5 Fermion Masses in a Three Higgs Doublet Model

Yukawa matrices is of rank-2, for each fermion type. In such case, the model would also contain
three different directions in flavour space for each fermion type and thus generate masses for all

fermion generations.

5.2.2 Fermion Masses at One Loop

We now present the analytical results for the radiative fermion masses. Using the result in
eq. (3.19), one finds that the corresponding eigenvalues y2, and 32, generated at zero-th order
in perturbation theory in a basis independent analysis are

Yoo + o1 ~ Tr(PaQy), (5.10)
Y2ayz ~ Det(P,)Det(Q,) (5.11)

where Py, , and Qg, , correspond to the ab entry of the 2 x 2 P, and Q, matrices, defined as

P :< (a+1‘P

La,b

@xa b <yxa;_1 ‘ PCER

ARDE (5.12)

yh ). (5.13)

Furthermore, P,, and P, are the operators that project any vector to the subspace perpendicular

0 ya(clL)> and y;(52>, respectively

B yilL),R> <yﬁ(ﬁ'1L)R‘
PxL,R — :ﬂ. - m-
(2,3)

Tr R
Here, légjm . > are vectors which are loop suppressed. The loop suppression generates smaller

(5.14)

masses for both first and second generation with respect to the third generation. These vectors
are calculated at the My scale. The corresponding expressions can be found in Appendix [A-3]
Note that for the neutrino sector, to calculate the masses we want to find the singular values
of k(™). This means that here y2, and y2, should not be the eigenvalues of the Yukawa matrix
with ®; but of kK1 k(1* Therefore, for the neutrino sector, this discussion is only valid when
changing R — L. Hence, Q, is defined as

(a+1)
@Va b <ybL ‘

BTARNE (5.15)

Thus, the masses of the first and second generation of neutrinos are calculated as follows

1)2

Mol = S Y12 (5.16)

In Fig. the graphical representation of the Yukawa sector following the results in eqgs. ([5.10))
and (5.11)) at the My scale is shown. On the left (right) panel, the left- (right-) handed sector is
(1)

Yz L> determine the left-handed eigenvalues

represented. For the left-handed sector, the vectors
of the third generation of fermions, exactly as for the 2HDM. The one loop corrections induce two
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(1)>

Y

Figure 5.1: Graphical representation of the one loop scenario in a 3HDM for both left- and
right-handed sectors at the M scale. See text for details.

new vectors in flavour space,

6Q§C2L)> and ‘5@&% Each one of these vectors generates a projection

yélL)>, which we call a;, and b;,. The angle between the latter is

in the surface perpendicular to

0, . A similar situation happens for the right-handed sector. In this case, the two vectors which
(1)> (2)> d (3)> Th

Yog ) are |Yop ) and |Yzp )- ese vectors

are not loop suppressed. The projections on the subspace perpendicular to y&) are named a,,

and b, ,. These projections are misaligned by an angle 6, ,. Hence, using eqgs. (5.10)), (5.11]), the

Yukawa couplings of the second and first generation are written in terms of these new parameters

generate two new directions in space with respect to

as

TL TR

(ya2:2 + yil)(MH) =~ [aiLag‘R + 07 b2, +2 (azybey cos 0y ) (azpbey, cos 9%3)} (5.17)

(y§2y§1)(MH) ~ [(aiLbiL sin? 0“> (agRbiR sin? GxR)} . (5.18)

It is straightforward to see which are the conditions needed to generate radiative masses for the
lightest generations. To induce the masses for the second generation of fermions one needs at
least

y;(glL) > and

2

For the first generation to acquire a mass, a misalignment of the projections is needed for both

53];(52L)> or ‘5ﬂ§?> misaligned from

(2)

ymR> or |43

° Yo R> misaligned from

left- and right-handed sectors. This means that

e both ‘5239(022> and ‘5ﬂ§?> have to be misaligned from yg(51L)> ,
e both yg(;21£> and yg(532> have to be misaligned from y§1,2> and
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Chapter 5 Fermion Masses in a Three Higgs Doublet Model

e both angles 0, and 6, have to be larger than zero.

Both masses are loop suppressed, as a;, and b,, contain the corresponding loop factor. As
mentioned above, for the neutrino sector one has to change R — L.

It is known from experiments that one of these two Yukawa singular values has to be larger
than the other one, due to the hierarchies between the first and second generation of masses. We
assign 1,1 to the smallest eigenvalue and y,o to the next-to-smallest eigenvalue. This means that
the Yukawa couplings of the first and second generation at the My scale approximately read

Yio (M) ~ Tr(PoQa)lpyy, (5.19)
1 (M) = Det(Pr)Det(Qu)ys |, - (5.20)

Using the simplified expressions in egs. (5.17]), (5.18)), one can calculate the ratio between the
first and second generation of masses. Assuming for simplicity az, , ~ bz, ,, one finds

My, sin 6, sin0;,

M, = 2+ 2cosby, cosby, (5.21)
This means that the hierarchy between the first and second generation of fermions is fixed by
the misalignment parametrised by 0., .. Taking a misalignment of 6, , ~ 0(0.1), one gets
Mgy [ Mgy ~ O(1073). Therefore, in this scenario, without strong assumptions we are generating
the masses for the third generation of fermions at tree level and radiative masses for the first
and second generation, with a hierarchy between them determined by the distribution of the
Yukawa couplings in flavour space.

Of course, one can always take the 2HDM limit, in which at least one of the following conditions
is fulfilled

® a;, > b,;, and/or
® ay, > byp
or vice versa. With at least one of these assumptions one also generates a strong hierarchy

between both masses . .
My, by, by sindy, sinf,
~Y

< 1. (5.22)
Mgy Ay Qg

In this limit, the expression for mg, is the same as for the 2HDM.
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CHAPTER 6

Constraints from Flavour Physics

In the previous chapters we have presented different extensions of the SM with extra Higgs
doublets to explain the hierarchies between the masses and the pattern of the mixing angles
in the fermion sector. In order to make the models compatible with the current experimental
constraints, we have taken the decoupling limit. As explained in Chapter [2] this limit does not
avoid FCNCs or new sources of CP violation, but suppresses new physics effects by assuming
that the scale of new physics is much higher than the electroweak scale.

In this chapter we make a phenomenological analysis of a general 2HDM with rank-1 Yukawa
couplings, following Chapters [3|and [d]. We study the impact of new physics on flavour observables
in order to understand which observables are most sensitive to the model and to set a limit on

the scale of new physics.

6.1 The AF = 2 Observables: Basic formulae

This part contains a description of the basic formulae for the AF = 2 observables in K — K
and Bg 4= Bg’ 4 mixing systems and rare K and B meson decays. In particular, the observables
discussed are AM,, AMg, Sys and Syx for the B sector, and AMg and ek for the K sector.

6.1.1 AF = 2 within the Standard Model
B Physics

In the SM, the Bg} s and Bgy s mesons mix. The mixing happens because their mass eigenstates
are a linear combination of the flavour eigenstates. In the SM, the dominant contribution comes
from box diagrams as the one in Fig. The mixing is parametrised through the difference
between the two mass eigenvalues, which is proportional to the absolute value of the off-diagonal
12 entry of the B meson mass matrix, defined as [90]

G \(@9)

2 A
M12(dzs) = 127.(.2 Mgva(d,s) ( t ) Fé(dys)BB(d,S)T]BSO(B(d’s)), (61)
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where the relevant CKM factors that enter meson mixing are defined as
N =Vivia, N = Vil (6.2)

Here, My corresponds to the W boson mass, Fp,  are meson constants, np contains short
distance QCD corrections, B B, ar¢ SM non-perturbative factors given in [90] and So(z¢) is
the flavour universal real valued function which describes the top contribution to the one-loop
box function, and is defined as [91,92]

4y — 1122 + 23 322 logwy

Solwe) = 41 —z)2 20 —x)3 (6:3)

where x; = m?/M3,. The AB = 2 mass differences for the B, s systems are [93]
AMd,s = MCIlT,{S — Mc{:s = 2’M12(d,s)‘ , (64)

where H and L denote heavy and light, respectively. Using then eq. (6.1]), one finds

GF

AMy = @M‘%Vdep\gd)‘QngBBdnBSO(mt) ) (65)
G? (s) A
AM, = G Miymp [N PF}, BpnpSo(x) - (6.6)

The numerical calculations for the SM predictions in [94] give
AMy = (053+£0.02) ps~'  and  AM, = (20.31 £ 3.25) s~ (6.7)
and the current experimental values are [95,96]
AM,; = (0.5050 £ 0.0021 £ 0.0010) ps~*  and  AM, = (17.757 £0.021) ps~' .  (6.8)

Furthermore, the mixing induced CP violation for the By s system is parametrised by Sys and
SyKs- This asymmetry is given by given by [6]

.  T(Bas = JJ¥X) = T(Bys — J/X)
Sva S AMat) = 5 10X) 4 TBas — JJ0X)

(6.9)

where X corresponds to ¢ or Kg. In the SM Sy4 is parametrised in terms of the (s phase,
Vis = |Vis| e~ s as follows
Spg = sin(2|fs). (6.10)

The current experimental value measured by the LHCDb collaboration [97] and the SM prediction
98] are

sin”! S5 = —0.058 £0.050 rad  and  sin~' S7} = —0.036 +0.002 rad,  (6.11)
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respectively. In the SM, Sy is parametrised in terms of the § phase
Sll)KS = sin(Qﬁ) (612)

with Vig = |Viq| €. The corresponding experimental value measured by the Heavy Flavour
Averaging Group [99] and the SM prediction [100] are

Spi, =0.682+0.019  and SR =0.83270033, (6.13)

respectively. As one can see, the experimental results for Sy are in good agreement with the SM
predictions whereas Sy x4 shows a 2.70 deviation from the SM [100]. It is therefore interesting
to study the contribution of new physics which might change the theoretical predictions of these

observables.

K Physics

Just as for B mesons, the K meson mass eigenstates, Kg and K, are a mixture of the CP
eigenstates K7 and Ko [93]

Kis+exKo
Kg; = —"F————-. 6.14
Sk T+ |ex? (6.14)
Here, € is the parametrisation of indirect CP violation in kaon decay
((mm)1=0|KL) Ke€'Pe o (K
ex = = S (ME)], (6.15)
<(7T7T)I=0‘KS> ﬁ(AMK)GXp [ ( 12)}
where ¢ = (43.5 £ 0.05)° is a superweak phase defined as [101]
2AM
e = arctan ( AFKK> (6.16)

with AI'xy = I'g — I', being the difference between decay widths and k. = 0.94 &+ 0.02 is a
suppression factor which takes into account ¢, # 45° and includes long distance effects [1024|103].
Here, AMp is the mass difference between the two mass eigenstates, and is defined as

AMjy = 2R (M{g) , (6.17)

where M{ is the 12 entry of the mass matrix for the flavour eigenstates, completely analogous
to the B system (with x. = m?2/M3,),

G2
(Mfg) = T;;FIQ{BKmKM%/ {)\577150(:60) + )\?7]250(1‘75) + 22350 (e, IL‘t)} , (6.18)

and
N = ViVia (6.19)

79



Chapter 6 Constraints from Flavour Physics

The n; factors are QCD corrections evaluated at the NLO level in [104H108]. For n; and n3 also
NNLO corrections are known [109}/110]. Here So(x.,z:) is a one-loop box function [92]
So(e, 1) = ; =322 B x¢(4 — 8xy —za:?)xc log x4
(=1 +z)(—1+ ) A(=14 z¢)"(—z¢ + xc)
Ty7.(4 — 87 + 22) log x,
A=1+z) (2 + )

(6.20)

As Kp, and Kg are not CP eigenstates, both can decay into CP even (for example, (77)7—0)
and CP odd (for example, (77m)r—¢) final states via K; and Ky, respectively. The €x parameter
determines the probability of Kj and Kg of decaying into a CP even or a CP odd final state.
The experimental value [6] and the SM prediction [110] are

ek [P = (2.228 4 0.011) x 1073 lex|°M = (1.814£0.28) x 1073, (6.21)

respectively. From these two results one can see that in principle there is a slight tension between
the theoretical prediction and experimental data. As experiments become more precise, we
will be able to determine whether this tension is due to statistical fluctuations or new physics.
Furthermore, the SM prediction for the K, — Kg mass difference calculated in [110] is

AMEM = (0.47 £0.18) x 10~ 2ps~? (6.22)
whereas the current experimental value is [6]
AM? = (0.5292 + 0.0009) x 10 ?ps ™. (6.23)

As for the B sector, any contribution of new physics might change the theoretical prediction
for these observables. Nevertheless, they have to be compatible with the experimental results. In
the next part we present the parametrisation of new physics to all the observables presented here.

6.1.2 New Physics on AF' = 2 Observables

We have just presented the formulas for different AF = 2 observables within the SM. As it has
already been mentioned, new physics might contribute to change the value of these observables.
In such case, the expressions presented above have to be redefined. For the B sector, we redefine

Syrs and Sy, as follows

SUJKS = Sin(?ﬂ + QCde) , S¢¢ = Sin(QI,BS‘ — 2(,035) , (6.24)

where ¢p, and pp, contain the new physics contribution and are directly related to the phases
of the functions S(By)
20p, = —Arg(S(By)), q=s,d. (6.25)
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where
S(Ba,s) = So(xt) + AS(Ba,s)- (6.26)

Here AS(B, ) contains the information of new physics. Furthermore

G2 d A

AMy = 5 Mmp, INTPFE, Br,ns|S(Ba) (6.27)
G? 2 &)2m2 A

AM; = 5 Myym, |\ [*Fp, B.ns| S(Bs)] (6.28)

For the K sector, M{$ is redefined as
G2 A
(Mfg) = T;:QF[%'BKmKMa/ P\?mSo(wc) + Af2S(K) + 2AAet13.50 (e, l‘t)] ; (6.29)

with
S(K) = So(z) + AS(K) . (6.30)

where AS(K) contains the contribution of new physics. The explicit expressions in the general
case for AS(Bgs) and AS(K) can be found in Sec. 3.2 of [111]. The general structure for these

corrections is

AYAY
M

AS(M)~ Y

> Crxy () Qrxy (i, M)) . (6.31)
X,Y=L,R !

with M = By, K. Here, Cipxy(pun) correspond to the different Wilson coefficients and
(Qrxy (g, M)) are the hadronic matrix elements between two different states. There are
several operators which can contribute to change the theoretical value of these observables which
are not included in the SM. In the following section we present the contributing new operators
in the context of a general 2HDM with rank-1 Yukawa matrices together with the numerical
analysis on the different AF = 2 observables.

6.2 AF =2 Observables Analysis

In this section we present the flavour analysis made for a general 2HDM with rank-1 Yukawa
couplings, following Chapters [3| and

6.2.1 Preliminaries

In order to make the analysis for the different flavour observables presented above, the model
is rotated to the mass basis at the My scale, following eq. . As already explained, the
off-diagonal elements in }7d(2) generate flavour changing currents at tree level. The translation
between the notation in the previous chapters and previous studies in the literature, such as [111],
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is

A = (?{P)M = (af)". (6.32)

Hence
«(at) (Al
v WW=—| a@ (Ags)* . (6.33)
A%d A%S *

In |111] the authors distinguish these four scenarios:

1. Left-handed scenario (LHS) with complex AiLj # 0 and Ag =0,

2. Right-handed scenario (RHS) with complex A% # 0 and AiLj =0,

3. Left-Right symmetric scenario (LRS) with complex AiLj = Ag #0,

4. Left-Right asymmetric scenario (ALRS) with complex Ag = —Ag #0,

As explained in Chapter [3] the mass of the lightest quarks vanishes and makes the first column
of }7d(2) zero. This means that we have A?bd = 0 and thus

e LHS for B; and K sector

e mixed scenario for Bs: both LH and RH couplings but with different strength (neither
LRS nor ALRS).

The diagonal entries are flavour conserving and are not particularly interesting to study in
this analysis. Nevertheless, they contribute to change the value of the masses and the mixing
angles in the quark sector and have to be taken into account for the numerical analysis.

The operators which are not present in the SM but contribute to the Bg — Bg mixing (¢ = s, d)

here are

Q" = (BPL(]) (BPLQ) ; (6.34a)
31 = (boyu Pra) (bo" Prg) (6.34b)

where Pg = (1 +15)/2 and the colour indices are suppressed. For K* — K° mixing the two

new operators are

QP = (5Ppd) (5Pd) (6.35a)
Q5 = (50, Prd) (50" Prd) . (6.35Db)
(6.35¢)
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In order to calculate AS(M) in this model we define

G 2

T(By) =153 Ff, Bo,mp, My (M7) s, (6.36)
G? ~ KON 2

T(K):127I:2F[2(BKmKM{%V (A§ )) 72 (6.37)

Then

b
T(B)ASB st = — CEI [OSLL ) @S, B,)) + 5 (uar) QS (s, By))

2M?%
(6.38)
AY(H)AY(H)
T(B,)[AS(By)lun = 2 DB (O i) (QV g, By) + CE™ ) Q" G, By
H
(6.39)
where the Wilson coefficients C%(ugr) including NLO QCD corrections are given by [112]
2
SLL(,\ _ (SRR, \ _ 1, Qs Mg 9
Cy(p) =0y () =1+ I (—310g 2 + 2) ; (6.40)
SLL SRR as (1. Mp 1
= = 2| ——1 4 _
Cy7 () = C37 () 47T< TR +3)
3«
LR . 92%s
Cl (,U,) - 241 )
IRy Y3 %
and the matrix elements are given by
o M5, B,
(Qf (i, By)) = ———Fi" (1, By)- (6.41)

They are evaluated at the matching scale pg = O(Mp) and P are the coefficients introduced
in [113]. In the K sector we have

sd
T AS st = — BEE (G50 1 Q5 iy K)) + O ) @5, 1)
" (6.42)
The matrix elements are given as
(@i, ) = " Py, ) (6.43)

3

and the Wilson coefficients are as in eq. in the B, sector.

Usually lattice calculations give (Q%(u)) at scales p ~ 2 GeV. As we want to study the
contribution of the new couplings to the different flavour observables, (Q%(u)) have to be
calculated at the new physics scale. This is done by using the corresponding Renormalization
Group Equations (RGEs). The analytic expressions are given in [113]. In Table[6.1] we summarise
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the central values of (Q%(ug)), for uy = 100 TeV, given in the MS-NDR scheme. The results
are based on the lattice calculations in [114] for the Bg d—Bg’ 4 System and in [115,(116] for the

KO- K0 system.

(@ (um)) | (@3 (nm))
KO-K° —0.097 —0.174
BY-BY —0.11 —0.20
BY-BY —0.16 0.30

QY™ () | (QF%(um))
BY-BY —-0.33 0.45

Table 6.1: Hadronic matrix elements (Q% (7)) in units of GeV? at gy = 100 TeV.

6.2.2 Numerical Results

In this part we present the numerical results for the AF = 2 observables discussed above in the
context of a general 2HDM with rank-1 Yukawa couplings. The model studied here contains in
general a total of 11 real and 5 complex parameters for the quark sector. The large amount of
paramenters makes very challenging to find an analytical expression for each one of the flavour
observables. For this reason we do a numerical study of the model. The AF = 2 observables can

constrain the following ratios of the model

A /My, A /My, AP p/Mpy . (6.44)
In the model, the elements of led(Q) are not independent of each other. Therefore, the B and the
K sector cannot be treated separately. The study made in [111] showed that the constraints
on the ratios in eq. (6.44]) were of the order of O(1073/TeV) for By system, O(10~*/TeV) for
By system and O(107°/TeV) for K system. As in principle there is no hierarchy between the
)

elements in Y/d@ , we expect the strongest constraints from ex and AMpg. One also has to check if
the CP asymmetry Sy, puts further constraints on the phases in A%": r- Note that the observable
which gives the strongest constraint, can strongly depend on the model. As an example, the
model studied in [117] shows the strongest new physics constraints coming from B meson decays.
The new physics effects in AMy s and |ek| scale like ~ 1/M% whereas the entries in f’d(z)
depend logarithmically on Myg. In order to find a lower bound on My to make the AF = 2
observables compatible with the current experimental constraints, we first have a look at the
off-diagonal elements in ffd(Q). In Fig. we show the result in [111] for the allowed region for
A /My = 51212 /My using |Vyp| = 3.1 x 1073 (left plot) |Vis| = 4.0 x 1073 (right plot) and
|Vep| = 0.0406 for both plots, with My =1 TeV and the following ex and AMg constraints

My

0.7 < ——— >
~ (AMk)sm

<1.25, 20x107% < |eg| < 2.5 % 1072 (6.45)
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AMy & |eg|, LHS1 AMg & |ex|, LHS2

0 0.00002 0.00004 0.00006 0.00008 0 0.00001 0.00002 0.00003 0.00004 0.00005

512 512

Figure 6.1: Allowed ranges for AMg (red) and e (blue) in eq. with |V = 3.1 x 1073
(left plot) |Vip| = 4.0 x 1073 (right plot) and |V,,| = 0.0406 for both plots at My = 1
TeV. The results are taken from [111].

Even if in our case, |V,| and |V| are not completely fixed but vary within a certain range,
the shape of the allowed region shown in Fig. should not vary significantly but would just be
slightly shifted. The allowed region corresponds to 312/Mp ~ 107°/TeV. Doing different scans
with the model studied here we have found that the typical values for the real and imaginary
part of ASLd (which, as mentioned above, does not strongly vary with My, as its dependence
is logarithmic) is of the order of O(1073) — O(10~2) (see Fig. . This means that the large
deviations from the SM arise for My < 100 TeV. For this reason, for the following flavour

~

analysis, the scale of new physics is fixed at My = 100 TeV.

My = 100 GeV
0.010
0.005
R
< 0.000
E
-0.005
-0.01
1804 -0.02 0.00 0.02 0.04
Re(AS%)

Figure 6.2: A3 for My = 100 TeV.

The numerical analysis is divided in three different steps. First, we calculate points in the
parameter space of the model which fulfil the constraints of the masses and mixing angles values
at My = 100 TeV. The CP violating phase in the CKM has to be reproduced in this analysis.
Therefore we take the phase p,, # 0 (see eq. ) In order to reduce the number of parameters
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we fix the couplings with ®;
gD =109, M =004 (6.46)
and we constraint the couplings with ®4

02<y® <15  0<yP <024 (6.47)

u

The mass values used to constrain the parameters in this first part have been calculated using
RunDec [118], running the mass values in [6] to 100 TeV. The masses for the second and third

generation of quarks are constrained to

470 MeV < m. < 680 MeV, 55 MeV < mg < 100 MeV (6.48)
107 GeV < my < 145 GeV, 1600 MeV < my, < 2800 MeV.

Instead, the CKM matrix elements used are the results in |[6]. The complex phase of the CKM
is calculated using the Jarlskog invariant. The error bars used for the first constraining analysis
are 3 x lo error bars in [6] for each element of the CKM sector.

Second, using each set of points which fulfil all of the mass, mixing angles and CP phase
constraints, we calculate }761(2). In Fig. the values of the real and imaginary parts for ASL‘fR,
A%%R and Al}j r are shown. As one can see, there is no strong hierarchy between any of the
entries, which means that a priori all the contribution of new physics are of the same order for
each observable.

Finally, the results are used to calculate the AF = 2 observables previously discussed. The
range for each one of the observables which the points have to fulfil to be considered compatible

with experimental constraints are

16ps™! < AM, <20ps™* (6.49)
0.46ps~! < AMy; < 0.56 ps™*
0.004 ps~' < AMg < 0.0066 ps—!
0.0019 < |ex| < 0.0025
—0.14 < Sy < 0.14
0.64 < Sy, < 0.72

As one can see, we use very large errors to take into account the theory and CKM uncertainties.
Since the strongest constraints come from the K sector, smaller errors in the B sector do not

change the outcome.
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Figure 6.3: Comparison of the real and imaginary parts of ASLCfR, Al}ff r and Al}j R-

The correlation between different AF = 2 observables is shown in Fig. [6.4] The total number
of initial points is 1173. The red points indicate the SM predictions. This means that the value
for each observable is calculated using exclusively the CKM matrix prediction and neglecting
any new physics contributions. The blue points correspond to the results containing new physics,
hence both the CKM matrix and }Nfd@) contributions. The yellow points indicate the SM points
(red points) which fulfil all the AF = 2 constraints indicated in eq. . There is a small
amount of the SM points which fulfil the AF = 2 constraints: from the 1173 initial points, only
180 pass the ex constraint and 189 the Sy, constraint. The green points indicate the new
physics points (blue points) which fulfil all the AF = 2 constraints. From the blue points, 190
pass the Sy, constraint and only 12 pass the ex constraint. Only 3 points pass all of the
AF = 2 constraints. We do not identify any typical correlation between observables, as the new
physics effects are very small for all observables except for e and AM, as predicted from the
beginning.

Finally in Fig. |6.5| we show the correlations between e, Syry and |Vyp b|- As one can see,
the model can generate both inclusive and exclusive values for |V, |. Nevertheless, due to
the constraints coming from eg, the points which fulfil all the constraints belong to values
|Vep| = 0.04.
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Figure 6.4: Correlation between various AF = 2 flavour observables for My = 100 TeV. Red: SM

points; blue: SM and new physics points; yellow: SM points that pass all constraints;

green: SM and new physics points that pass all constraints.
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Figure 6.5: Correlations between e, Syxg and |Vyp p|. Colour code as in Fig. 6.4

To summarise the results in this section, we have found that the new physics contributions
to the different flavour observables for masses My < 100 TeV are too large to make the model
compatible with experimental constraints. We have made a numerical analysis for several AF = 2
observables, taking My = 100 TeV. For this mass value we have been able to find a small amount
of points which survive all the constraints. At this scale the effects on the B, 4 sector are very
SM-like. The observable which gets the largest effects from new physics is ex. If in the future
the experimental results of e continue to disagree with the SM prediction, this model might be
able to cure the tension. Nevertheless if there is some disagreement in the B sector, the model
cannot help improve the theoretical agreement with the data.

6.3 AF =1 Observables Analysis

In the last section we have studied in detail the impact of a 2HDM with rank-1 Yukawa couplings
on AF = 2 observables at My = 100 TeV. In this section a first analysis to study the impact of
this model on AF =1 observables is made. It is assumed that the main contribution to generate
a radiative muon mass comes from the top quark (see left panel in Fig. . The points which
fulfil all the quark masses and mixing constraints from the previous section, are reused for the
analysis in this part. The parameters of the model are constrained to fulfil
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yD <001, y?<o01 (6.50)

As for the quark sector, there is also a residual symmetry due to the massless electron which
makes the first column of }76(2) be zero. To simplify the scenario, CP violation is neglected in the
lepton sector. Following the steps of the previous section, we take the points that fulfil following

the muon and tau mass constraints
17.5 MeV < m,, < 315 MeV, 296 MeV < m, < 5330 MeV. (6.51)

One can see that these constraints are very flexible, as the analysis in this part is just a first
approach to understand if the impact of the model on AF = 1 observables can be stronger than
for AF = 2 observables. We do not impose any constraints on the mixing sector. This is because
neutrinos play no role in this analysis and the strength of their contribution cannot be fixed. In
principle B, 4 — pp~ is one of the observables which can be most sensitive to these kind of
scenarios.

1.2

_k_L
o =

BBy~ ) [107'0]
o
O

0.8
0.7
0.6y ©
2.0 2.5 3.0 3.5

B(Bs>p 1) [1079]

Figure 6.6: Numerical results for B(Bs — ptp~) and B(Bg — ™). Colour code as in Fig.

The results from this analysis are shown in Fig. [6.6l The values obtained for these branching
ratios are not fixed but vary between the values

B(Bs — ptu~) €[1.9, 4.0] - 1077, (6.52)
B(Bg — ptu~) €0.6,1.2]-10710, (6.53)

Here, B corresponds to the time-integrated branching ratio, which takes into account the non-
vanishing Al'y =TI'7 —I'};.

The new physics contribution are negligible for By 4 — p"p™ in this scenario, as we find that
the effects are below 0.1% on both observables. The current experimental values for these two

observables are [119)

B(Bs — it i1 )exp = (2.8t8;g) 1079, (6.54)
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B(Ba = pit 7 )esp = (3.9715) - 10710, (6.55)

One can see that SM points for both observables are below the current experimental values and
the contribution of new physics is too small to cure this effect.
From this analysis we can conclude the most sensitive observable to new physics contributions

in this model is still eg.
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Conclusions

One of the most striking features of the fermion sector in the SM are the strong hierarchies
between the different masses together with the hierarchical mixing pattern for quarks. Such a
structure for the SM fermion parameters suggests the existence of new physics. Furthermore, the
evidence of massive neutrinos and mixing in the lepton sector is one of the main indications for
the need of physics beyond the SM.

In this thesis we have worked in the framework of a general 2HDM to explain these issues. First
we have presented the impact on the quark masses and mixing angles. The main assumption
made is tree level Yukawa couplings are of rank-1. In this scenario we have shown that quantum
effects can generate the correct mass hierarchy between the second and third generation of quarks.
By imposing the third generation of left-handed quarks to be aligned at tree-level, we are able
to reproduce the hierarchical structure of the CKM matrix once the radiative corrections are
introduced. The most interesting point is that, even if the Cabibbo angle is generated due to
quantum effects, its value is not loop suppressed, in contrast with masses generated radiatively.
To avoid the stringent constraints coming from flavour physics, we have taken the decoupling
limit. This limit assumes that the masses of the new Higgs bosons, collectively denoted by My,
are much larger than the electroweak scale. This limit has small effects on the parameters which
are radiatively generated and depend on My, as their dependence on the new physics scale is
logarithmic.

We have also calculated the lepton parameters in the context of the see-saw model extended
with one extra Higgs doublet. As for the quark sector, we have assumed that all tree level
Yukawa couplings are of rank-1 at the A cut-off scale. We have also taken the decoupling limit
to avoid flavour constraints. To simplify the scenario we have introduced just one right-handed
neutrino for the see-saw mechanism, even if the discussion is valid for any number of right-handed
neutrinos. The Majorana mass of the right-handed neutrino is taken to be much larger than Mg.
The masses of the third generation of leptons arise at tree level. Furthermore, the anarchical
structure of the PMNS matrix is already fixed by the tree level misalignment between the
left-handed eigenvectors of the third generation of leptons. Nevertheless, at this scale, only
the 33 entry of the PMNS matrix can be determined. When taking into account the quantum
corrections at the Majorana scale, the second generation of charged lepton acquires a mass. It is
not until the My scale that the degeneracy between the masses of the first and second generation
of neutrinos is broken. The hierarchy between the second and third generation of lepton masses
can be correctly reproduced in this model. Indeed, the model tends to generate a milder hierarchy



Conclusions

for the neutrino sector than for all other fermions, in agreement with experiments. At this
scale, the PMNS matrix is univocally determined. In contrast to the quark sector, keeping the
misalignment between the third generation of leptons makes the PMNS elements take completely
anarchical values.

In the framework of a general rank-1 2HDM, the first generation of fermions remains massless.
To fix this issue, a basis independent analysis in the context of a 3HDM has been presented. In
this scenario, the third generation of fermions acquire their masses at tree level whereas the first
and second generation of masses appear from radiative corrections. The hierarchy between the
masses of the first and second generation can be naturally reproduced by the proper choice of
misalignment between the different Yukawa matrices.

The main drawback of these kind of models is that due to the large number of physical
parameters, they are not predictive scenarios. Nevertheless, they are attractive frameworks
in which one can naturally explain the structure of the parameters in the SM fermion sector.
Furthermore they open new interesting doors to the phenomenology in the flavour sector. Even
if the decoupling limit ensures that the heavy Higgs mass scale can be large enough to suppress
the contribution to new physics, new phenomena might be observed in future experiments. A
numerical study to understand the impact of a 2HDM with rank-1 Yukawa couplings on different
B and K physics observables and set a lower scale for My has been made. The results show
that the observable which is most sensitive to the model is ex. The impact on the B sector is
mainly SM-like in this scenario. The analysis shows that for My < O(100) TeV the deviations
from the SM are too large to make the model compatible with current experimental constraints.

96



APPENDIX A

Renormalization Group Equations

A.1 Beta functions in NHDM Extended with Right-Handed
Neutrinos

We present in this part the RGEs of the different Yukawa couplings Y, LE d) ew

general N-Higgs Doublet Model (NHDM) extended with right-handed neutrinos. The RGE of a
Yukawa coupling is calculated through the  function as

in the context of a

ay\, () 1
u7 76’11 J— (a)
P T Buden (1) (A1)

where a =1, ..., N.

A.1.1 Below My,

The beta-functions for the SM extended by multi-Higgs doublets calculated in [120H122]. For
energy scales below the right-handed neutrino Majorana mass they are given by

1 *
Blo) — <_8g§ i % - 1; g’2) Y 4 Z Tr (3Y, v, + 37"y, + v @y ) v )

+Z< 2y My @iy ® 4 Y( )Y(b) Y@ + y@y®ry® 4 Y<b>Y<b>TY<a>> (A.2)

. 9, 5 . .
8 = (82— 797 - 1) Vi + S (3 gy O - YN0 v

+Z( 2y Oy @1y ® +2y( )Y(b)Ty() y @y Oty ® ;Yd@Yd(b)de(a)) (A.3)

5 = (-39° - 1) Y+ 3 [ (Vi i) 4 T (v OV |

+Zye(a y, Oty (®) _|_Z y(b y®ty(a) (A.4)
b
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where g5, g and ¢ stand for the SU(3)¢, SU(2)1 and U(1)y gauge coupling constants, respectively.
Below My, neutrino masses are described by the dimension five operators (). Here a,b =
1,..., N. The renormalization group equations for the couplings (%) are

d,‘i(ab)
Foay ~ 167r

() (A.5)

where the corresponding beta functions were also calculated in [120] and read

BN = 3 % [YG(C)Ye(C)TH(ab) L jalab) (Yéc)ye(c)fﬂ

C

n Z 9 [ YOy O glae) 4 (b (ye(c)yewﬂ

_ Z 5 [ Y (@ (D) 4 (b)) | (gla0) 4 e (ye(C)ye(b)T)T}
+ Z BT (VYO + YY) + Te(r @ty 0)] k()

+ Z k) [3Te(v, OV + YY) 4 Tr(y 0Ty )]

—392:‘£(ab) + Z QAacbdﬁ(Cd) . (AG)
c,d

Here the quartic couplings Ayepq are defined in eq. (5.1)).

A.1.2 Above My

If a multi-Higgs doublet model is extended with right-handed neutrinos in the context of the

see-saw mechanism, above the Majorana mass My, the § functions read

ﬁi - u d + Z TI" a)TY Y(,bgga (A7)

plaM _ +Z [Tr YOy ® _ oy Oy @ty ® _‘_;Yy(b)yy(c)TYe(a)}’ (A.8)
e _ |92 3 )y y @y ® |y @iy ® @y O 4 y@iy®y] y®)
g = |29 — 20| ¥ + 3 BTy Oyt D) + T @Ov Ot 4 v @ty o) v
b
_|_

v v

1 1
Z [_Qn(b)yé(ﬂ)’fy(b) + y(a)yy( )Tyy(b) + 5y;z(b)ye(b)TYV(a) + 2Yl/(b)YV(b)TYV(“)} )
b

A.2 P and () Functions in the Lepton Sector

The functions P and @, defined in egs. (4.24)), determine the ratio between the muon and the tau
mass, eq. (4.22)). They are a linear combination of the functions p, and ¢, with z = e, v, u,d,

98



A.3 Left-handed Perturbation Vectors in a SHDM

which are explicitly given by

1
Pe = 1 sin 20,1, sin 20, sin wey, ,

1
Ge = sin 26, sin 20, g cos we, , (A.10)

P = —2cos br, sin O, cos asin 0, sinw,
+sin 6.z, sin O, (cos asinwey, cos b, + sin asin G, (sinwey, cosw, — 2 coswer, sinwy)) ,
gy = —2c0s b, sin 0., cos asin 0, cos wy,

+sin bz, sin O, cos wer, (cos acos B, —sinasinb, coswy,) , (A.11)

Py = 3 c0s 0y, cosOyrsinb,, sinbe, sinwey, ,

qu = 3cos b1, cosyrsinb,, sin b, coswer, , (A.12)

Pa = 3cos bz, cos Ogp sin O, sin O, sin wer, ,

gq = 3 cosBgr, cosOgr sin b, sin b, coswer, . (A.13)

A.3 Left-handed Perturbation Vectors in a 3HDM

The vectors )61}&? used to calculate the masses of the second and first generation of fermions in
eqgs. (5.19) and ([5.20)), are presented below for each different fermion type. The expressions for

this section are calculated for a 3HDM. Hence are valid for ¢ = 2,3. The vectors are calculated
using the S functions in Appendix and the rank-1 Yukawa matrices defined in eqs. ([5.2))

and .

Quark Sector

The vectors for the quark sector are calculated at the My scale. They are given by

i), = 16;2 log]\?H [AD [y + BO )] (A.14)
A log]\?H (49 Y + B9 [40)], A1)
where
AP =3 (Ul (“>< il [ ) 3 (ol i) (ol | )
B = =2y, [ k) (i [ )
AP =3y ><y§2 ) +3 (y® |6 (s |4,
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vi) (b |45)

By = -2 (yl)

Lepton Sector

As explicitly seen in Appendix the RGEs for the lepton sector in the context of an NHDM
extended with right handed neutrinos depend on whether the energy scale is above or below the
(a)

Majorana mass M. Here we present the ’53};,; L> vectors for the lepton sector above and below

the scale of decoupling of the right-handed neutrinos

Above MM

Above the My scale, only ’5Q£1L)> can be determined. The latter reads

’5g£?> My 161772 ng\?M [Ag) y£22> + B yﬁ?ﬂ : (A.16)
where
AD =3 (y D [y (w0 ) + 3 (u5) |0 (w00 (A.17)
+ (v} | L) ) (W) |wl) + (uly) | i)
B = —2(y;) [4)).
Below My

When calculating the RGEs below the My scale, gl

> receives loop suppressed corrections and

‘(5@1(,3)> arises. At the Mg scale these vectors read

53, = 93]+ T2 _log MM 7, M AW D], (A.18)
65|, = MlM 161%2 log %M (22212 [9?) + 2Ma213 [3) )
65|, = MlM - 61%2 log %M (203 [y) + 2221 [52)) (A.19)
where
AD =3 (y W [y ) (w0 ) +3 (v, | i) (w00 (A.20)

).

yi)) ()

+(yt)
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