DISSERTATIONES
PHYSICAE
UNIVERSITATIS
TARTUENSIS

134

KRISTJAN MUURSEPP

Phenomenological implications of
Standard Model extensions




DISSERTATIONES PHYSICAE UNIVERSITATIS TARTUENSIS
134



DISSERTATIONES PHYSICAE UNIVERSITATIS TARTUENSIS
134

KRISTJAN MUURSEPP

Phenomenological implications of
Standard Model extensions

b

UNIVERSITY oF TARTU
Press

—
o —
O E—
D —
—
—



This study was carried out at the National Institute of Chemical Physics
and Biophysics, Tallinn, and the University of Tartu, Estonia.

The dissertation was admitted on 12.06.2024 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in physics, and was
allowed for defence by the Council of the Institute of Physics, University of
Tartu.

Supervisors: Dr. Luca Marzola,
National Institute of Chemical Physics and Biophysics,
Tallinn, Estonia

Dr. Martti Raidal,
National Institute of Chemical Physics and Biophysics,
Tallinn, Estonia

Opponent: Prof. Kimmo Kainulainen
Jyvéaskyla University,
Jyvaskyla, Finland

Defence: September 27, 2024, University of Tartu, Estonia

ISSN 1406-0647 (print)

ISBN 978-9916-27-628-0 (print)
ISSN 2806-2523 (pdf)

ISBN 978-9916-27-629-7 (pdf)

Copyright: Kristjan Miiiirsepp, 2024

University of Tartu Press
www.tyk.ee



Contents

List of original publications

Acknowledgments
1 Introduction
2 The Standard Model of particle physics

2.1 The Higgs mechanism . .. ... .. ... ... .......
2.2 The fermion masses and mixing . . . . . .. ... ... ...
2.3 The suppression of flavour changing neutral currents . . . .
2.4 The flavour hierarchy problem in the Standard Model

The electroweak vacuum stability

3.1 The effective potential of the SM . . . . .. ... ... ...
3.2 Renormalization group improvement of the effective potential
3.3 The electroweak vacuum stability in the SM . . . . . . . ..
3.4 Vacuum stability inthe SM . . . .. .. .. ... ... ...
3.5 Electroweak vacuum stability in extensions of the SM

Muon anomalous magnetic moment
Flavour anomalies

Confronting the Standard Model with the dark photon

6.1 Flavour hierarchy problem . . . . . . . ... ... ... ...
6.2 Vacuum stability . . .. ... ... ... 0.
6.3 Flavour anomalies . . . ... ... ... ... ... ...,

New physics through higher spin particles

7.1 Brief overview of higher spin theories . . . . . . .. ... ..
7.2 Multispinor formalism for higher spin fields . . . . . . . ..
7.3 Phenomenology of spin-3/2 particles . . . . .. .. ... ..

11

14
17
18
23
24

27
28
31
33
34
35

38

43

45
45
48
49



8 Conclusion

9 Kokkuvote: Standardmudeli edasiarenduste
fenomenoloogilised jiareldused

Bibliography
Publications
Curriculum Vitae

Elulookirjeldus

58

61

64

75

129

130



List of original publications

The results of this Thesis are compiled in the three following research pub-
lications:

I. J. C. Criado, A. Djouadi, N. Koivunen, K. Miiiirsepp, M. Raidal,
H. Veermie, “Confronting spin-3/2 and other new fermions with the
muon g-2 measurement”,

Phys.Lett.B 820 (2021), arXiv:2104.03231 [hep-ph].

II. E. Gabrielli, L. Marzola, K. Miitursepp, R. Ouyang,
“Vacuum stability with radiative Yukawa couplings”,
JHEP 01 (2022) 142, arXiv:2106.09038 [hep-ph].

III. E. Gabrielli, L. Marzola, K. Miitirsepp, M. Raidal,
“Explaining the BT — K*vi excess via a massless dark photon”,
Eur. Phys. J. C, 84 460 (2024), arXiv:2402.05901 [hep-ph].

Author’s contribution

In publication I, the dissertant performed all the analytical and numeri-
cal computations for the spin-3/2 case, cross-checked the results for the
spin-1/2 case, and prepared the figures. Together with the coauthors, the
dissertant contributed to the process of writing the manuscript.

In publication II, the dissertant wrote the first version of the code for
computing the beta functions and made changes on the second version of
the code written by his supervisor, to effectively use the code to compute
the beta functions of the model, performed all the numerical computations,
cross-checked the analytical formulae, and prepared all the figures for the
paper. Together with the coauthors, the dissertant contributed to the pro-
cess of writing the manuscript.

In publication III, the dissertant performed all the numerical calcula-
tions needed to fit the anomaly, cross-checked the analytical formulae and
prepared all the figures. Together with the coauthors, the dissertant con-
tributed to the process of writing the manuscript.



Other publications of the dissertant

IT.

I11.

IV.

D. Anselmi, K. Kannike, C. Marzo, L. Marzola, A. Melis, K. Miiiirsepp,
M. Piva, M. Raidal, “Phenomenology of a fake Inert Doublet Model”,
JHEP 10 (2021), arXiv:2104.02071 [hep-ph].

D. Anselmi, K. Kannike, C. Marzo, L. Marzola, A. Melis, K. Miiiirsepp,
M. Piva, M. Raidal, “Fake doublet solution to the muon anomalous

magnetic moment”,
Phys.Rev.D 104 (2021), 035009, arXiv:2104.03249 [hep-ph].

J. C. Criado, A. Djouadi, N. Koivunen, K. Miiiirsepp, M. Raidal, H.
Veermaée, “New fermions in the light of the (g —2), 7,
Front.in Phys. 10 (2022), 964131, arXiv:2112.12502 [hep-ph].

M. Lewicki, K. Miiiirsepp, J. Pata, M. Vasar, V. Vaskonen, H. Veer-
mée, “ Dynamics of false vacuum bubbles with trapped particles ”,
Phys.Rev.D 108 (2023) 3, 036023, arXiv:2305.07702 [hep-ph].



Acknowledgments

First and foremost, I would like to sincerely thank my supervisors Luca
Marzola and Martti Raidal, for guiding me throughout the PhD journey by
creating a very friendly and informal work environment, for being available
for discussions, and for encouraging me to broaden my horizon by working
on different areas of physics.

In addition to the advice and leadership of my supervisors, the beginning
of my academic journey was also decidedly strengthened by the support
of several other colleagues with whom I had the pleasure to collaborate
with. Specifically, I would like to pass on my deepest gratitude to Enrico
Nardi, whose profound intuition and enthusiasm for physics have strongly
influenced my approach to research; Emidio Garielli, who was constantly
available for discussions and clarifications while working on our common
projects and Niko Koivunen, who has helped me a lot in learning about
higher spin theories and who provided me invaluable advice about adapting
to an academic lifestyle in the early stages of my PhD.

More generally I would like to thank all of my other colleagues who
have helped me immensely while working on shared projects, with whom
I have had some fierce games of table-(and real) football or stimulating
discussions and who have been the most pleasant of travel companions
during conferences and summer schools. Specifically, I would like to men-
tion: Clemente Smarra, Martin Vasar, Ruiwen Ouyang, Ville Vaskonen,
Marek Lewicki, Joosep Pata, Aurora Melis, Marco Piva, Kristjan Kannike,
Damiano Anselmi, Carlo Marzo, Juan Carlos Criado, Abdelhak Djouadi,
Hardi Veermée, Luigi Delle Rose, Antonio Iovino Junior, Quirijn Meijer,
Pierluca Carenza, Carlo Tasillo, Juan Urrutia, Rafal Maselek, Tim Hohne,
Aika Tada, Chaja Baruch, Fernando Arias Aragon, Prisco Lo Chiatto, Pri-
idik Gallagher, Juhan Raidal, Pablo Matorras, Christian Dioguardi, Sven
Poder, Nico Benincasa, Vinicius Padovani, Giuseppe Lucente, Illaria An-
drei, Aula al-Adulrazzaq and Maria Benito.

A special mention to my friends outside of the physics community, whose
presence has allowed me to relax and think of other stuff for a change. I
wish to pass on the warmest of greetings to Erik, Gustav, Reio, Joosep,
Annabel, Kétlin, Laura, Richard, Vladislav, Leonid, Hendrik, Sietse, An-



dres, Aleksander, and all the ballers of our football team Salme Soccer
Squad.

Above all, I am indebted to my family, without whom none of this would
be possible. My eternal gratitude goes out to Eha, Eike, Mari-Liis, and
Aivar for providing me the platform to embark on this fascinating journey
and for supporting me throughout, and especially to Natalia whose love
and compassion have been an integral component of my academic journey
on a daily basis.

This work was supported by the Estonian Research Council grant PRG-
803 and Coe TK 202. Additionally, I benefitted from the travel grants
offered by Cost Actions CA18108 and CA16201, the joint initiative of ICTP-
SAIFR and Mainz summer school, and from the Kristjan Jaak grant for
short term visits. I thank the Galileo Galilei Institute and INFN-LNF,
where I spent extended periods doing research, for their hospitality.

10



Chapter 1

Introduction

The Standard Model (SM) of particle physics, formulated a little more than
50 years ago, has proved to be the most accurate theory of elementary in-
teractions. Describing all fundamental forces besides gravity, it has been
able to explain a plethora of experimental observations and its predictions
have withstood the test of time. In 2012, the discovery of the last missing
particle of the SM, the Higgs boson, was reported by the CMS [1] and AT-
LAS [2] collaborations, decisively establishing the internal self-consistency
of the theory. Nevertheless, despite the numerous triumphs of the SM, sev-
eral open questions remain unanswered, calling for explorations beyond the
traditional paradigm.

Though the SM is a self-consistent theory of elementary interactions, it
falls short of giving a satisfactory description for several observed phenom-
ena in the Universe. From the cosmological side the SM fails to account for
dark matter (DM), a mysterious form of matter that accounts for approxi-
mately 27% of the energy budget of the Universe and is a crucial ingredient
of the standard cosmological model (ACDM) affecting processes such as
structure formation, big bang nucleosynthesis and the rotational speed of
stars around the centers of galaxies. Moreover, it does not provide a natu-
ral explanation for dark energy, which contributes 68% to the total energy
budget of the Universe and is responsible for the accelerated expansion of
space. Finally, the SM is not sufficient to explain the observed asymmetry
between matter and antimatter.

Cosmology aside, there are also conceptual issues related to the existing
constituents of the SM, which though not invalidating the theory, should
still be addressed in search for a more fundamental description of Nature.
The most weakly interacting particles of the SM, the neutrinos, happen to
be also the lightest and are thus assumed to have zero mass in the SM.
However, through the observations of neutrino oscillations, it has been es-
tablished that neutrinos do have a non-zero mass, which should be taken
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into account by prospective extensions of the SM [3]. In a somewhat related
fashion, the hierarchy of all other fermion masses also remains unexplained
within the SM, given the fact that this hierarchy results only from the ad-
hoc tuning of the dimensionless input parameters of the model. Finally, the
SM also exhibits several fine-tuning problems such as the Higgs hierarchy
problem and the strong CP problem. The former is related to the fact that
the Higgs mass is not protected from obtaining huge quantum corrections
should the SM hold up to very high energy scales. The latter however is
associated with intrinsic parameters of the SM that due to the constraints
on the electric dipole moment of the neutron should cancel up to very small
values [4]. All of the conceptual issues listed above may be addressed by
employing new particles and (or) new symmetries beyond the SM (BSM)
to introduce a dynamical mechanism that sets the SM parameters to their
observed values. In this case, no fine-tuning is necessary. Historically, two of
the most celebrated attempts to tackle some of the issues listed above are
supersymmetry (SUSY) [5,6] and theories of axions [7-9]. Whilst working
on these ideas, it was soon discovered that they can often also provide nec-
essary ingredients for ACDM such as dark matter [10-12]. Thus it is clear
that the cosmological and conceptual deficiencies of the SM can be seen as
complementary tools in the search of more fundamental BSM theory.

Given the endless spectrum of possible theories, it is imperative to be
constantly on the lookout for hints of new physics (NP) both from the
collider experiments and from the cosmos. One possible strategy in the
search for NP at colliders is to look for deviations from the SM in decays
of heavy mesons. These decays often involve flavour-changing neutral cur-
rents (FCNC) that are very strongly suppressed by the Glashow, Iliopoulos,
Maiani (GIM) mechanism as reviewed later in this Thesis [13]. Thus, any
deviation in the rate of these decays gives a hint of the presence of NP.
Secondly, the recently reported deviation of the muon anomalous magnetic
moment (g-2) provides another possible direction toward BSM physics [14].
Interestingly, any significant deviation of the muon (g-2) must be caused
by particles with masses near or below the electroweak (EW) scale, leading
to predictions of new particles within the reach of current collider experi-
ments.

Another possible clue for identifying extensions of the SM is provided
by the vacuum structure of the SM. In the SM, all masses of elementary
particles are generated once the Higgs field obtains a non-zero background
value at the EW scale of 125 GeV known as the EW vacuum expectation
value (vev) [15-17]. This vacuum state should be stable or have a long
enough lifetime such that the observed structures in our Universe can form
and stay intact until the present. Within the SM it turns out that the EW
vev of the Higgs boson, responsible for the masses of the elementary parti-
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cle, corresponds to a local minimum of the Higgs’ potential, with another,
deeper minimum appearing at higher field values due to quantum correc-
tions [18]. This, however, does not contradict the observed properties of the
elementary particles if the EW vev corresponds to a metastable state with
a lifetime longer than the age of the Universe. Hence, in the SM a precise
computation of the tunneling rate from the EW vev to another minima at
higher field values becomes crucial to determine the stability of the Uni-
verse. In this regard, it is interesting to consider models in which the EW
vacuum is not metastable but absolutely stable - in other words - where
the EW vev corresponds to the global minimum of the Higgs potential. In
this case the stability of the Universe is guaranteed.

In this Thesis, we will closely examine different hints of NP such as
flavour anomalies, the anomalous magnetic moment of the muon and the
vacuum stability in order to motivate extensions of the SM. Though we
choose to motivate these models by particular hints of NP, they can also
alleviate other shortcomings of the SM by solving the flavour hierarchy
problem, providing a dark matter candidate or addressing the Higgs hier-
archy problem.

The Thesis is structured as follows. In Chapter 2 we offer a quick review
of the SM with particular focus on the Higgs mechanism and the masses
of elementary particles. In particular, we will explain the flavour hierarchy
problem. Chapter 3 is focused on the stability of the EW vacuum. We high-
light the role of the Yukawa couplings on the vacuum stability of the SM
and how it may be modified for different models of NP. Chapter 4 details
how the magnetic moment of muon is modified by quantum corrections
and explains which models of NP may address the recently observed excess
with respect to the SM prediction. In Chapter 5 we highlight the role of
FCNC as probes of NP, specifically in connection to the flavour anomalies.
Finally, in Chapters 6 and 7 we introduce two possible models of NP that
address the shortcomings of the SM described in the previous Chapters. A
summary of the results can be found from Chapters 8 (in English) and 9
(in Estonian). The papers on which this Thesis is based can be found in
the Appendix.
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Chapter 2

The Standard Model of
particle physics

The SM is a theoretical particle physics model describing the dynam-
ics, masses, and interactions of the matter particles and the force medi-
ators [19-21]. The Lagrangian of the SM is constrained by Lorentz invari-
ance, renormalizability, and local gauge invariance. The first two of these
conditions are needed to define finite, frame-independent observables for
particle physics processes, while the last condition allows to identify the
interaction between the matter particles and the gauge bosons that are
responsible for mediating three elementary forces - the strong, weak and
electromagnetic force. The corresponding gauge group is a direct product
of three Lie groups: SU(3).x SU(2)r x U(1)y, where the subscripts refer to
the color, weak isospin and hypercharge quantum numbers respectively [22].
Given that the Lagrangian must be invariant under a local transformation
of this gauge group, the derivatives appearing in the kinetic terms of the
Lagrangian must be generalized to covariant derivatives [23]. The general-
ization to covariant derivatives can be easily carried out by using a minimal
substitution as follows:

Oy — Dy = 0, — ig' B,Y — igWit® —ig,Ght", (2.1)

where ¢', g, gs are the coupling constants of U(1)y and SU(2), SU(3).
respectively. The indices a = 1,2,3 and b = 1, .., 8 identify the basis vectors
for the 3- and 8-dimensional Lie algebras of SU(2); and SU(3).. Summa-
tion over repeated indices is used here and elsewhere in this Thesis unless
explicitly stated otherwise. From hereon, we sometimes refer to the indices
a and b as the weak isospin and color indices, respectively.

By imposing the symmetry of the Lagrangian under this gauge group,
new bosonic fields of spin 1 are introduced: eight vector fields GZ for SU(3).,
three vector fields W for SU(2), and one vector field By, for U(1)y. Over-
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all, the Lagrangian of the SM is given by !

_ 0 a apv b buv
L= —fB LB — ZWWW = 4GWG Z
+17/}L,ilp¢L,i + ipr i PVR; + (D) D g (2.2)

+20T0 — A (679)? + Vi idvor + h.c.,

where a = 1,2,3 and b = 1,.., 8, as before, and 4, j run over the three gen-
erations of the charged leptons and u- and d-type quarks. The first three
terms appearing in eq. (2.2) describe the kinetic terms of the B bosons cor-
responding to the U(1)y symmetry known as the hypercharge, the three
W bosons of the weak interaction and the eight gluons of the strong inter-
action. Explicitly one has

B,ul/ = auBV - aI/Bp,7 (23)
Wi, = 0, = 9,Wy + g f"WiWy, (2.4)

with a,b,c=1,2,3, and
Gy, = 0,Gy — 0,G5, + 959" G, (2.5)

with a,b,c = 1,..8 [23]. The structure constants fo¢ and ¢®¢ appearing
in egs. (2.4) and (2.5) originate from the corresponding Lie algebras of
SU(2)r, and SU(3)e, due to the following relation between the generators
of the corresponding Lie algebras t; for SU(2), and ¢ for SU(3).:

[t tb] = ifabctC’ [t5, s] gabctg- (2.6)

The fermions of the SM are described by spin-1/2 spinor fields 1.2 The
chiral fermion sector consists of the left-handed fields v transforming as
doublets under SU(2)r, and the right-handed fields transforming as singlets
under SU(2)y, [20]. The fermion sector of the SM can be subdivided into
two classes. The elementary fermions that do not participate in the strong
interaction associated with the SU(3). group are known as leptons, with
the left-handed leptons organized into doublets of SU(2)y, (denoted as Ly,)
and the right-handed leptons organized into singlets of SU(2); (denoted
as egr). The fermions that are subject to the strong interaction are called
quarks and transform as triplets of SU(3).. The representation under the

'Here, in order to avoid notational clutter we omit the a and b indices from the scalar
and fermion fields.

2From hereon the generation, color and weak isospin indices are suppressed for the
sake of clarity.
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05)

U(2 L (%7_%) 0 0 (%7_%) 0

)
SU(3). triplet triplet triplet singlet singlet

Table 2.1: The gauge quantum numbers of the SM fermions.

SU(2), group again follows the same logic as above: the left-handed quarks
are collected into doublets (denoted as Q1) and the right-handed quarks
appear in singlets (denoted as up in case of quarks with positive electric
charge and dp in case of quarks with negative electric charge). The trans-
formation properties of the elementary fermions under the SM gauge group
are summarized in Table 2.1.

The first term on the second line of eq. (2.2) is the kinetic term of the
fermion fields, where the partial derivative has been replaced by the co-
variant derivative as described by eq. (2.1) and ) = D,y*. Due to this
replacement, interaction terms between the fermions and the gauge bosons
will appear in the Lagrangian in addition to the kinetic terms of the fermion
fields. The strength of these interactions is governed by the gauge coupling
constants ¢, g, gs associated with U(1)y, SU(2);, and SU(3). respectively.
Moreover, the strength of these three interactions also depends on the en-
ergy scale at which physical processes are probed since g, ¢’ and g5 are not
really constant but instead 'run" with energy as described in Chapter 3.
Interestingly, since gs; becomes non-perturbative at low energies, it follows
that all particles participating in the strong interaction cannot be observed
as free particles and must be, instead, confined into composite, color-neutral
states [24-26]. Finally, a complex scalar field ¢ is also included in the SM
Lagrangian. This field, known as the Higgs doublet, is used to carry out
the spontaneous breaking of the SU(2)z x U(1)y symmetry. It should be
noted that since ¢ is a singlet under the SU(3). group the last term of
eq. (2.1) does not appear in (D,¢)!D*¢. Consequently, the Higgs field ¢
does not interact with gluons. The quadratic and quartic operators in ¢
appearing in eq. (2.2) describe the so-called Higgs potential, which sources
the spontaneous symmetry breaking (SSB) in the EW sector, described
in Section 2.1. The last term of the SM Lagrangian in eq. (2.2) collects
the Yukawa terms responsible for generating the fermion masses after the
spontaneous breaking of the EW symmetry. Within the SM the hierarchy
in the corresponding Yukawa couplings does not follow from any underlying
principle and the values of the couplings are only fixed by experiments.
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2.1 The Higgs mechanism

It is evident from eq. (2.2) that the SM Lagrangian contains no mass terms
for the elementary fermions nor gauge bosons. This is because mass terms
for these fields would explicitly break local gauge invariance under the SM
gauge group. To overcome this issue, the gauge symmetry can be instead
broken spontaneously thereby generating the required mass terms. To that
end we can employ a scalar field ¢ introduced in the previous Section, which
spontaneously breaks the SU(2); x U(1)y symmetry® [15-17]. The scalar
field ¢ can be written as follows:

_ L (o1 +ige
°= 4 <¢3 4 i¢4> ' 2.7)

It is a color singlet, a SU(2), doublet with hypercharge ¥ = 1/2 and it
appears in the Lagrangian of the SM as described in eq. (2.2). In particular,
the sum of the first two terms on the third line of eq. (2.2) defines the
Higgs potential V' (¢) whose parametric form is of crucial importance for
the symmetry-breaking mechanism. Explicitly we have

V(¢) = —pzd'o + A <¢T¢>2 . (2.8)

Higher powers of ¢ are omitted on the grounds of renormalizability. The
potential in eq. (2.8) can have minima at different values of field space
depending on the values of pyr and Ap. These minima define the vacuum of
the theory and the corresponding vev-s: v = \/(¢T¢). In particular, there
are three distinct options:

1. If Ay < 0, the potential is not bounded from below and there is no
stable vacuum state.

2. When A\ > 0 and —u%l > 0, the minimum energy state is given by
(¢) = 0. In that case, the vacuum state given by (¢) = 0 is unchanged
under a gauge transformation of the SU(2)r, xU(1)y group, and hence
the SU(2)r, x U(1)y symmetry remains unbroken.

3. Finally, if Ay > 0 and —/ﬁq < 0, it can be easily seen that the
minimum energy configuration is given by
2
1 >: [adz] .
(419) = 3
In that case, the SU(2)r x U(1)y gauge symmetry has been sponta-
neously broken and ¢ obtains an expectation value, given by eq. (2.9).

(2.9)

3This SU(2)r x U(1)y symmetry breaking mechanism is usually referred to as the
Higgs mechanism.
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Given that ¢ is a SU(2)r, x U(1)y doublet and SU(3), singlet, a general
transformation of the SM gauge group on ¢ can be written as

o) > (pei(aj(r))?erﬁ(z)%)? (2.10)

where 0; and Y are the generators of the Lie algebras of SU(2), and U(1)y
and «;(z) and B(x) are the corresponding expansion coefficients. More-
over, the 4 components of the complex doublet ¢(x) can be conveniently
parametrized as

. o 0

P(z) = ™ @)% (Hh(w)) , (2.11)
V2

where 7;(z) is a scalar function of the spacetime coordinates, v is the vev

of ¢ and h(x) is a small excitation of the vacuum known as the Higgs bo-

son. Then by performing a SU(2) gauge transformation, choosing «;(z) =

—mj(z) and S(z) = 0 in eq. (2.10) we can bring ¢ to a simpler form as

shown below,
1 0
0= 75 (o) +2) =

This gauge is known as the unitary gauge. Expressing ¢ in this gauge,
we see explicitly that only one degree of freedom of ¢ corresponds to a
physical, propagating particle. The rest of the degrees of freedom, known
as the Goldstone bosons [27] end up becoming the longitudinal modes
of the three gauge bosons of SU(2); x U(1)y, denoted by W+ W~ Z
which consequently become massive fields. There is still one gauge bo-
son of SU(2)r x U(1)y that remains massless, since after the breaking of
SU(2)r, xU(1)y aresidual U(1)gy symmetry associated with electromag-
netism remains unbroken. The remaining massless field can be identified
with the photon. Rewriting eq. (2.8) in the unitary gauge and eliminating
u% = \gv? gives

2\1/5)\th3 + %Hh‘*. (2.13)

It follows directly that the mass of h is given by

mp =V Agv?. (2.14)

1
V(¢) = const + 5)\}[112]12 +

2.2 The fermion masses and mixing

As mentioned in the previous Section, due to the requirement of local
gauge invariance, fermion masses can only be generated via SSB of the
EW symmetry by coupling the fermions to the Higgs field [19,28]. The
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coupling constants controlling this interaction are known as Yukawa cou-
plings, and the corresponding interaction is shown explicitly in eq. (2.2).
To explore the mechanism in more detail, let us start from charged leptons.
The Yukawa terms in the Lagrangian,* responsible for the generation of
the lepton masses are given by [22,29]

Ly, = — Z (yz‘je_’qubTL}L + yijZ;-LqSe;R) : (2.15)
i?j:e7M7T

Employing the unitary gauge, eq. (2.15) can be recast as

1 - Y -
‘CY’uk = — Z ﬁ [(U + h) yije’iRegL + ('U + h) yije,jLegR] . (216)
Z'7j:€7u77-
Manifestly, the mass matrix for the charged leptons is proportional to the

Yukawa matrix and thus the physical masses are given by the rescaled
eigenvalues of the Yukawa matrix

yiv
V2’
where y; denote the i—th eigenvalue.

For quarks, similar considerations apply. In the case of the down type
quarks, the Yukawa terms can be written as [29,30]

m; = i=1,2,3, (2.17)

Ly = — Z Z Y,PQ 647 + Yij P ¢TQ1L (2.18)

1=1,2,3 j=d,s,b

In order to generate the Yukawa terms for u-type quarks, one has to be
careful to maintain hypercharge invariance. Namely, the product @Q’, Lq;-[{%
has hypercharge Y = 1 . Hence, with gauge invariance in mind, this bilinear
should not be coupled to the Higgs which has hypercharge Y =1/2, but

instead one should use qb i09¢*, with hypercharge Y = —2.° The Yukawa
terms for the u-type quarks are then given by
‘Cguk == Z Z /UQ, QJR + Y/U* ¢TQ1L (2]‘9)

1=1,2,3 j=u,c,t

As in the previous Section, in order to find the quark mass eigenstates,
we need to diagonalize the Yukawa matrices Y'P and Y’V by biunitary

4The prime symbols on top of the lepton fields denote the gauge eigenstates, i.e. terms
that have only diagonal interactions with the gauge fields.

5Note that by using the Gell-Mann-Nishijima formula, this can also be seen as a
consequence of the fact that the v and d quarks are contained in different components of
the SU(2)r doublet Qr [31].
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transformations. Here, for the purpose of later introducing the Cabbibo-
Kobayashi-Maskawa (CKM) matrix we display these transformations ex-
plicitly:

VPolyPyvp =vP o vP =yPs = d,s,0, (2.20)
VIlYTvE =YY v =yVs, i =t (2.21)

The matrices used to perform the biunitary transformations in egs. (2.20)
and (2.21) can also be used to define the mass eigenstates of quarks as
follows:

5 i d/L dy, 5 i d;% dgr
qa =V; ssl=1sc|, ar=Vy'"|sk|=1|sr]|> (2.22)
blL br, 9.3 br
; uy uy, ; up UR
qg =V f dl=1c|. qg = VRT el=1cr|, (2.23)
t t t t
L L R R

where qg and qg refer to the first and second components of the SU(2)r,
doublets in flavour space respectively. After diagonalization, the quark
masses are given by rescaled eigenvalues of the Yukawa matrix

m; = Yi U i=d,s,b, (2.24)

m; = i v

(2 \/§ 9

The eigenvalues of the Yukawa matrices yZD and yZU are free parameters of
the SM which have to be obtained from experiment.

i=u,c,t. (2.25)

As can be seen from the discussion above, the fermion states that have
diagonal interactions with the gauge bosons do not necessarily correspond
to the mass eigenstates, i.e states with well-defined mass. This gives rise to
the quark mixing matrix known as the CKM matrix that we consider next.

In the SM two types of interactions between the fermions and bosons
mediating the weak force can be distinguished. Since the currents corre-
sponding to these interactions are coupled to charged (W¥) and neutral
(Z) bosons, they are known as weak charged currents (WCC) and weak
neutral currents (WNC) respectively. In this Section, the focus is on WCC,
while the WNC will be considered in the next Section. The WCC origi-
nating from the covariant derivative of the lepton and quark fields is given
by [29]

B =dw.e T iwg: (2.26)
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In terms of the gauge eigenstates the leptonic WCC takes the form
=Y [Viere] . (2.27)
i:eﬂL‘L’T

Since the neutrinos in the SM are assumed massless, one can rewrite eq. (2.27)

6
as
G = vl yte, = opViiyrvte (2.28)
W,L L7 €L LV v View, )
where .
/
v e
v, = V’eL ef, = ’ (2.29)
L — ;/LL 9 L — ,U’,L 9 .
vrL 7L
and
, vy = ViV, =Vike! 2
L= VLV, e = Vyer,. ( 30)

From the unitarity of VLL it thus follows that
Jw.L = VLY"er. (2.31)

Combining experimental measurements of bound QCD states with lattice
calculations, it is known that all quark fields in the SM are massive. This
differs from the case of leptons, where the neutrino fields are assumed mass-
less within the context of the SM and has important consequences on the
quark mixing” [35,36]. The quark WCC is given by

o= [@W“U'L,i + ol | (2.32)
i=1,2,3
By using egs. (2.23) and (2.22), eq. (2.32) can be written as
itvg = wpody, = uvy VL du, (2.33)

where the unprimed fields denote the mass eigenstates. Then the CKM
matrix, defined as
v, =v/vpP, (2.34)

allows to rewrite eq. (2.33) as

o = TLV (2.35)

5The massless neutrino fields will remain massless after transformation by any unitary
matrix. Hence the neutrino fields can be rotated by the same matrix Vz that diagonalizes
the Yukawa matrix of the charged leptons.

In this Section we review the original formulation of the SM, where right-handed
neutrinos are not included and thus the mass term for the neutrinos is not included.
In the opposite case, a mixing between neutrinos of different flavours also takes place,
via the Pontecorvo-Maka-Nakagawa-Sakata (PMNS) matrix [32,33]. For a pedagogical
introduction, see [34].
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Since V; is a non-diagonal matrix, V; thus facilitates mixing between quarks
of different flavour caused by the WCC.

Now, let us investigate the form of the CKM matrix more closely. In
general, a complex N x N matrix can be described by 2N? values. Since Vq
is unitary,® there are N? constraints on the matrix elements of V. Hence,

Vy has N 2 independent parameters. These can be categorized into w

mixing angles and w phases [29]. However, not all of the phases are
observable as we will show now. For 3 generations, there are 3 mixing angles

and 6 phases. The quark fields can be rephased as follows
qg; — ei¢iqg:, quL — ei‘quj%. (2.36)

Factoring out a single phase, eq. (2.32) becomes

]“L/LV’Q — +6_i(wc_¢s) Z Z qu[v/eiipc—Z’wi (‘/q)zj ,Y}qupl/ei’l/)j—izﬁs. (237)

i=u,c,t j=d,s,b

It can be easily seen from eq. (2.37) that 5 out of 6 phases in the case
of N = 3 can be removed by rephasing the quark fields. The last phase
cannot be removed, because rephasing all of the quark fields leaves the
Lagrangian invariant. This is an explicit manifestation of an accidental
global symmetry known as the baryon number. In summary, the CKM
matrix for 3 generations of quarks has 4 parameters: 3 rotation angles and
1 phase. The elements of the CKM matrix are usually denoted as

Vud Vus Vub
Vo= Vea Ves Ve |- (2.38)
Via Vis Vw
The standard parametrization is given by [37]
1 0 0 C13 0 Slge_ié cli2 si2 0
V;] = 0 C23 5923 0 1 0 —S12 C12 0
0 —S8923 (€23 —8136’“s 0 C13 0 0
. (2.39)
C12€13 512€13 s13e” %
= | —s12c23 — c12823513¢ 7 c1aca3 — S12503513€°  sazcis |
12823 — C12C23513€™  —C12823 — S12C23513€  cazcrs

where s;; = sin6;;, ¢;j = cosb;; and ¢ is the phase responsible for the CP-
violating phenomena in the flavour changing processes of the SM. All the
angles 0;; can be chosen inside the first quadrant, thus ensuring s;; > 0 and
cij > 0 [38]. Experimentally, the quark mixing angles display a well-defined
hierarchy

513 K 8§23 K 512 <K 1. (2.40)

8This follows directly from the definition of Vg ineq. (2.34): V,;,V,;r = VLUTVIP VLDTVLU =1.
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Fermions qgr. IR

Ve, Vy, Vr 97 = % grp =20
e U, T glL:_%_'_S%u gé’i:s%u
wet g =135 ah- -2
d,s,b gP = —% + %812” gk = %SZJ

Table 2.2: The coefficients appearing in the neutral currents of eq. (2.45).
sy denotes the sine of the Weinberg angle defined by g sy = e where g is
the hypercharge gauge coupling and e the unit of electric charge.

2.3 The suppression of flavour changing neutral
currents

In the EW sector, the WNC can be expressed as [29]
i =dy +izo (2.41)

In terms of the gauge eigenstates, the leptonic WNC is given by

i5L=> (291LéliL'Yu6;L+2gl}2é/iR7u€;R> (2.42)
i=e,,T

+ ) 2970y, (2.43)
i:enuﬂ—

and the quark WNC is given by

. U U
iho=2 > (gg di" Y + g%q’im“qé%) (2.44)
i=u,c,t
o)) D
+2 3" (9Painr"af + oRam"dR) (2.45)
i=d,s,b

The coefficients gg'D are shown in Table 2.2.

Given that the mass eigenstates of quarks are not aligned with the
gauge eigenstates, it is interesting to investigate whether the transformation
between these states changes the mathematical form of the WNC. To that
end, the matrices VP and V¥ introduced in the previous Section along with
egs. (2.23) and (2.22) can be used to transform the quark neutral currents
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from the diagonal gauge eigenstate basis into the mass basis:

. — Ut U
i =29tar ViV tat + 20Ran Ve v Vi 'aR

+ 29[/ qr, VL ’y'uV T + QQRQRVR ’)/MVR q
=2¢7apy"ap + QQR(IE’Y“QE
+297ap7"at + 29K ARy qdR-

(2.46)

Evidently, the unitarity of the transformation matrices VLI{ r and V£ R guar-
antees that there are no tree level flavour changing neutral currents (FC-
NCs) in the quark sector of the SM. Using similar arguments, it can also
be shown that at the loop level, the FCNC-s are suppressed due to the
unitarity of the CKM matrix. This is known as the GlashowlliopoulosMa-
iani (GIM) mechanism [13]. Analogously, the same result also holds true
for leptonic FCNC. As we will see in Chapter 5 the GIM mechanism in the
SM gives an important handle on NP beyond the SM whereby significant
contributions to FCNC-s may occur.

2.4 The flavour hierarchy problem in the Stan-
dard Model

The numerical values of the fermion masses obtained from experimental
observations and lattice calculations exhibit a large hierarchy of the extent
of many orders of magnitude [39]. This hierarchy is displayed in Fig. 2.1.
In the context of the SM the hierarchy in fermion masses is ascribed to the
hierarchy of the Yukawa couplings that are controlling the size of the masses
after the SSB. Crucially, however, the SM does not attempt to explain the
spread in the Yukawa couplings which are only added into the SM as free
parameters fixed by experiment.

Analogously to the fermion masses, the CKM matrix elements also ex-
hibit a noticeable hierarchy. This is depicted in Fig. 2.2. Similarly, to the
fermion masses, the hierarchy of the CKM elements can be ascribed to the
hierarchy of the Yukawa couplings. The hierarchy of the CKM elements
and the fermion masses together constitute the flavour hierarchy problem,
whereby highly specific a priori unmotivated choice of model inputs is
needed to explain the hierarchy of experimentally observed quantities. In-
stead, it would be more satisfactory to have a construction whereby the
hierarchy is dynamically generated from model inputs all of the same order
of magnitude. This can be achieved in many extensions of the SM, wherein
the hierarchy in Yukawa couplings is generated via BSM interactions in-
volving new fields and symmetries [42-50].
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Figure 2.1: The order of magnitude hierarchy of the charged fermion masses
in the SM. The yellow lines depict the masses of the charged leptons, the
blue lines the masses of the u-type quarks and the green lines the masses
of the d-type quarks. The upper bound for the neutrino masses is known to
be at sub-eV scales due to constraints from cosmology. However, since the
absolute scale for the neutrino masses is unknown, the individual values
are not shown on this plot. Figure taken from the Master’s Thesis of the
dissertant [40].
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Figure 2.2: The hierarchy of the 4 independent physical parameters of the
CKM matrix. The chosen matrix elements of V;, can be fitted as powers of
the Cabibbo angle A ~ 0.22 [41]. In particular, the elements span 3 orders
of magnitude. Figure taken from the Master’s Thesis of the dissertant [40].
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Chapter 3

The electroweak vacuum
stability

As was shown in the previous Section, the masses of the elementary fermions
of the SM are proportional to the value of the Higgs vev. In addition, though
not shown explicitly in this Thesis, the same conclusion also holds for the
masses of the Higgs boson, the gauge bosons and the interactions of all SM
particles with the Higgs boson. Thus the Higgs vev is a unique energy scale
that governs the masses of all the SM particles. Experimentally, the Higgs
vev v is fixed by the measurement of the Fermi coupling G through the
following relation

V=, (3.1)

wherein G has been determined to the accuracy of 0.6 parts per million
using muon decay measurements [39]. This fixes v = 246 GeV. This partic-
ular expectation value of the Higgs field at tree level is what we will call the
Higgs vev from now on.! However, the Higgs vev may not correspond to the
global minimum of the Higgs potential due to quantum corrections arising
from loop diagrams which can destabilize the potential by introducing a
deeper minimum at larger field values. The modifications to Higgs poten-
tial by higher order corrections have been comprehensively studied after
the discovery of the Higgs boson and it has been established that the SM
vacuum develops another, deeper minimum at h ~ 100 GeV [18,51,52].
The global minimum of the Higgs potential at higher field values does not
necessarily pose a cosmological problem as long as the lifetime of the false
vacuum associated with the Higgs vev is longer than the current age of
the Universe [53]. Through a careful, next-to-next-to-leading order (NLLO)

IThis distinction is necessary since the Higgs potential can also admit other vacua
with different expectation values for the Higgs field due to quantum corrections to the
Higgs potential.
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analysis of the Higgs potential, it has been shown that this is indeed the
case for the measured values of top quark and Higgs boson masses in the
SM, rendering the false vacuum metastable [18].

Nevertheless, for metastable vacua, an exponentially suppressed prob-
ability of tunneling from the false vacuum to the true vacuum remains.
Moreover, the metastability of the Higgs vacuum depends quite strongly
on the value of the top quark mass, with the EW vacuum becoming un-
stable for m; > 177 GeV once the Higgs boson mass is fixed at m; = 125
GeV [18].

Instead, if one considers models of NP, including new fields and sym-
metries beyond the SM, the EW vacuum corresponding to v = 246 GeV
can be rendered stable even for the observed values of the Higgs boson and
top quark masses [54,55].

3.1 The effective potential of the SM

To show how quantum corrections may alter Higgs vacuum stability, we
begin by first considering the 1-loop Higgs effective potential of the SM.
In this Section, we are closely following the excellent review of effective
potentials offered in [56].

In the presence of an external source J, one can define the partition
function Z[J], which describes the amplitude of the transition between two
vacuum states at asymptotic times (¢t — +o0) corresponding to the states
with minimal energy |(2):

(3

<Q’Q>J _ Z[J] _ /Dheé(S[h]+fd4xJ(x)h(x)) _ e;W[J]’ (3_2)

where S[h] = [d*zL[h(z)] and we have defined another functional W [J]
that is known as the generating functional. Next, we define the classical
background field h as the expectation value of h in the presence of J. This
can be understood as the average of all the possible fluctuations around the
vacuum. In more detail,

h(e) = @11(a) 192, = 7 [ Do) b (TS s ST
(3.3)

Note that for J = 0, eq. (3.3) describes the expectation Vfllue of h in the
true vacuum of the theory. It is clear from eq. (3.3) that h is a conjugate
variable to J(z). Hence we can define the Legendre transform of W{J]

nmzwm—/#muwm. (3.4)
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['[h] is known as the effective action and it is given by the sum of 1-particle

irreducible (1PI) graphs. From the definition of I'[A] it immediately follows
that . .
OT'[A] o' [h]

Sh Sh
Thus we already notice that in the absence of external sources, the classical
field corresponds to the configuration minimizing the effective action. To

proceed, we notice that I'[h] can also be expanded in series

=—-J(z) =

= 0. (3.5)
J=0

T = — / 2 Veglh] + / a5 2] CE. (3.6)

where the dots denote higher order terms in powers of 6,& and V;ff[fz] and
Z[h] correspond to the coefficients of the expansion. Then, assuming that
the classical background field is homogenous, we obtain in the absence of

SOUI"CGS2

~

w =0. (3.7)
Oh iy

Recalling the discussion above, we can then conclude that the expectation
value of the field h in the absence of external sources, 7.e. the true vacuum
of the theory corresponds to the minimum of the V.g. For this reason, Veg
is known as the effective potential. Thus, to find the effect of the quantum
corrections on the true vacuum of the theory, one can just compute the
loop corrections to Vg and minimize the potential to find the ground state.
There are several ways in which the effective potential, including the
loop corrections can be computed. An elegant method, employing the path
integral formalism was put forward by Jackiw [58]. His approach can be

summarized in the following simple steps.

1. Start from eq. (3.2), and decompose it as follows: h — h+ hq, where
h is the classical background field appearing in the discussion above
and h, is a quantum field satisfying (h,) = 0, where the expectation
value of h, is defined in the same way as for h in eq. (3.3).

2. Respecting the condition (hy) = 0, drop all the terms linear in hy
from the Lagrangian.

2This assumption is not always justified. For instance, when a discrete symmetry is
spontaneously broken, domain walls may form where the background field takes different
values in different causally disconnected patches in the Universe [57]. However, for our
purposes, this issue is not relevant as in our proposed NP model there are no domain
walls.
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Table 3.1: The values of C; and n; appearing in eq. (3.8) assuming the
choice of the MS renormalization scheme.

3. The effective potential is then given by the sum of the vacuum graphs
of the theory.

For the SM at 1-loop the prescription presented above yields the fol-
lowing form the effective potential [59] 3

m; (h)
12

_Ci

, (38)

R 2, A7~ 1 R
Veg(h) = —%hQ + THh4 + o S nimi(h) [ln

with i € {W*,Z h,Go, G, t}, where G° and G* denote the Goldstone
bosons associated with the 3 unphysical components of the Higgs doublet
¢ introduced in Chapter 2.  The renormalization scale y is an arbitrary
energy scale that should be chosen in such a way as to ensure that per-
turbativity holds, as will be discussed in the next Section. The constants
n; encode the degrees of freedom of the associated particles and C; are
constants inherent to the chosen renormalization scheme. The values of n;
and Cj for all the relevant particles are summarized in Table 3.1. Note that
due to the hierarchy of the Yukawa couplings of the SM fermions, only the
contribution of the top Yukawa coupling has a sizeable effect on the SM
effective potential and thus the contribution of the other fermions of the
SM has been omitted from eq. (3.8).

The field-dependent masses m; are defined as the second derivatives of
the potential with respect to the field under consideration. Specifically, one
has for scalars

2
2 = 2V 2 i (3.9)
mp, ozl . Mg HNT, .
h=h
d
" 2 (7 2 (7 0%V 2 72
0 lh=h

3Here we use the Landau gauge in order to avoid the appearance of ghosts and the
MS renormalization scheme.

4The unphysical Goldstone bosons appear here due to our choice of gauge. In the
unitarity gauge these contributions do not appear.
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Similarly, field-dependent masses of the gauge bosons and the top quark
are given by

2 12 2 2
. . . 4 g2 . . .
m2, (h) = gZhQ, m%(h) = 2 ; 312, m2(h) = %thQ, (3.11)

where y; is the largest eigenvalue of the Yukawa matrix for the up quarks.
Looking at eq. (3.8) we notice the presence of one logarithmic contribution
to the effective potential with a negative sign, namely the one associated
to the top quark. Thus for large enough y; the potential can be unbounded
from below at large field values, signaling that the EW vacuum is unstable.
Alternatively, for specific values of Ay and y; there can also be another
minimum at Ay > 246 GeV with the potential again increasing for h >
Amin- In this case, the EW vacuum is said to be metastable.

As was mentioned before, for the measured values of the SM parame-
ters, it turns out that the EW vacuum is metastable with another vacuum
appearing at Amin ~ 1010 GeV. However, this conclusion might be altered
by NP effects which change the functional form of the effective potential
due to the new fields and interactions. However, before examining the ef-
fects of NP on vacuum stability we need to take care of a subtlety related
to the perturbativity of the effective potential.

3.2 Renormalization group improvement of the
effective potential

In eq. (3.8) we presented the effective potential up to 1-loop contributions.
It can be shown that higher loop contributions introduce higher powers
of the logarithms appearing in eq. (3.8) [60]. In more detail, if we denote
the couplings multiplying the logarithms in eq. (3.8) collectively by A, and
the logarithm by L the structure of the 1-loop corrections to the tree level
potential (denoted by Vi.joep) can schematically be written as

Visoop ~ AL + A. (3.12)

At two loops higher powers of the logarithm also appear. Explicitly, we
have [56]
Vadoop ~ AL 4+ AL+ A%, (3.13)

Generalizing to N-loop corrections, we then have
Vdoop ~ ANLN 4 ANEN=L L ANEN=2 4 AN, (3.14)

Formally, the first term in eq. (3.14) is called the leading log (LL), the
second one is called the next-to-leading log (NL), the third one the next-
to-next-to leading log (NLL) and so on. From this observation, it is clear
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that higher loop corrections can only be neglected if the following conditions
are satisfied
A<1 and L <1. (3.15)

In particular, not only should the couplings of the theory be small,
but the logarithms should also be kept small in order for the perturbative
expansion to hold. Specifically, the second condition of eq. (3.15) may not
be satisfied if one naively fixes the renormalization scale p at a constant
value. To illustrate this point, suppose we fix y = v, where v denotes
the Higgs vev. Then, for coupling constants of the order 107!, L > 1 for
already h > 10° GeV, while the loop corrected SM potential develops a
global minimum at much higher field values.

However, in all of the discussion above we have neglected a crucial
feature of renormalization. Namely, the scale p appearing in all of the loga-
rithms of eq. (3.14) is an arbitrary energy scale introduced via the process of
dimensional regularization. Since the effective potential is a physical observ-
able, its value should not depend on this scale. Thus, we get the following
equality

dVesi(h)
—F—==0. 3.16
i (3.16)
Using chain rule, eq. (3.16) becomes
0 0 9 0 -0
— — — +7h— ) Veg = 0, 3.17
(Mau +6g’agi +NHﬁ“Ha,u%{ +7 3h> ff (3.17)

where ¢g; = ¢', 9, 9s, A\, y¢ and the coefficients

dgi p Oud

B P = B B = 5 ) 3.18

g dlLL HH M%{ 8/.1, ( )
and -
wdh

= =—, 3.19

=T (3.19)

are known as the beta functions and anomalous dimensions, respectively.
Solving this equation, known as the Callan-Symanzik equation, [61-63] we
can formally find the effective potential to all orders. The exact solution
to the Callan-Symanzik equation was derived in [64] via the method of
characteristics. The result is given by

Ve (h) = %;@,G%)iﬂ + %AH(t)G‘*(t)IiL“, (3.20)

with

h Py
t=log— and G(t)=e Jy ot ™, (3.21)
i
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and the Higgs mass term and the coupling constants satisfying

dgi 69‘ d”%{ 2 /BuH
d9i _ Pgi Wy _ , 3.22
b 1—~  at  PHT (3.22)

We notice that the explicit scale dependence in the logarithms of the
effective potential is compensated by the implicit scale dependence due to
the running of the couplings g; as functions of the energy scale u. Indeed, the
combination of these two effects ensures that the Callan-Symanzik equation
is satisfied order-by-order and the effective potential is scale-independent.

Eq. (3.20) is an exact solution to the Callan-Symanzik equation that
holds up to all orders of perturbation theory, provided one is able to com-
pute the S-functions and the anomalous dimensions exactly [65]. In prac-
tice however, these quantities can only be computed up to finite numbers of
loops and so eq. (3.20) represents an approximation to the exact effective
potential that becomes more accurate with the addition of higher order
loop corrections to the S-functions and anomalous dimensions. In terms
of re-summing the large logarithms, it has been shown that using 1-loop
corrections to calculate the p%(t), A(t), G(¢) re-sums the LL contributions,
the 2-loop corrections re-sums the NLL contributions and so on.

3.3 The electroweak vacuum stability in the SM

Anticipating that loop corrections usually generate additional minimum to
the Higgs potential at much higher field values than the Higgs vev, we
can neglect the first term in eq. (3.20). Moreover, for the 1- and 2-loop
computations that we are interested in the effect of v is typically very
small and thus we can safely set v =~ 0, G(t) ~ 1. As a result, we can

approximate the effective potential of the SM at large field values as °
Ag(t
Veg(h) ~ i()h“. (3.23)

Then, the minima of the potential are solely determined by the running of
A (t) at large field values, i.e. when ¢t >> 1. More precisely, there are three
different options®:

5Since in this discussion, it is clear that we always consider the classical background
field value of the quantum field h, we drop the "hat" symbol from all expressions involving
h from now on.

In all of these cases covered in this Chapter, we only consider running until the
Planck scale, at which the onset of NP effects associated with quantum gravity is ex-
pected to modify the simple analysis presented here. In more general theories such as for
instance [44] Landau poles may be encountered at scales lower than the Planck scale. In
this case, the stability of the potential should only be examined up to the scale at which
the Landau pole appears.
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1. Ag never runs negative at large field values. In that case the potential
is always increasing and there is no other minimum besides the EW
minimum.

2. If X becomes negative at t satisfying ¢t; < t < t5 and then becomes
positive again for all ¢ > to, then the potential develops a new global
minimum at h > v, i.e the EW vacuum becomes metastable.

3. If there exists a ¢, such that Ay (¢) is negative for all ¢t > ¢, then the
potential has no absolute minimum, and the EW vacuum is said to
be unstable.

3.4 Vacuum stability in the SM

To gain more insight into the vacuum stability of the SM, let us focus on
a simple scenario using eq. (3.23) and the running of A at two loops. This
allows us to study the effective potential up to NLL accuracy. It is important
to remark, that in the present analysis, we neglect threshold corrections,
associated with the decoupling of heavy physics at low energies (for more
details see [18]), so our analysis only provides a qualitative picture of how
the instability may set in. However, the scale of the instability predicted by
our simple analysis is in fact of the same order of magnitude as the value
found in [18].

The running of the Higgs quartic coupling A at two loops is depicted
on Fig. 3.1 which summarizes the running from the top mass scale m; =
173 GeV up to the scale of the reduced Planck mass Mp; = \1/'% x 1019
GeV. It can be seen that the effective potential in the approximation of
eq. (3.23) is stable until A = 10'° GeV, at which point the quartic coupling
Ap starts to obtain negative values and the potential is unbounded from
below. For h > 10'? GeV, the quartic coupling plateaus to a constant value.
At these values, the effective potential is still unbounded below and can be
approximated as

A(h = 10'2 GeV)
4

Ah > 10'% GeV) ~ ht. (3.24)
The scale-dependence of the gauge couplings and the top Yukawa couplings
responsible for the running of A\ is displayed on Fig. 3.2. It can be deduced
that Az flows rapidly toward zero at small field values when the top Yukawa
coupling and the strong gauge coupling dominate. In fact, from the form of
the two loop p-function for Ag it can be seen that the only negative contri-
bution of gs depends on the product of g5 and y;, so it is maximized when

34



Running at two loops
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Figure 3.1: Running of Ay (t) as a function of ¢ at two loops. The yellow
region represents the range of Ay where the potential is unstable.

both g, and y; are large. © Hence, 1; can be regarded as the most impor-
tant coupling governing vacuum stability. Once the top Yukawa coupling
becomes smaller than the normalized hypercharge coupling g1, Ay runs
negative after which Ay plateaus to a constant value. This occurs both due
to the decreasing effect of the top Yukawa and the strong gauge coupling
as a function of increasing energy and because the terms in 3, containing
odd powers of Ay that drove Ap to negative values when Ay > 0 will have
the opposite effect when Ay < 0.

3.5 Electroweak vacuum stability in extensions of
the SM

From the previous discussion we learned that the instability of the Higgs po-
tential is mainly driven by the sizeable top Yukawa coupling. Consequently,
one might wonder if vacuum stability could be achieved in NP models where
the Yukawa couplings between the SM fermions and the Higgs boson are
forbidden in the Lagrangian. In this case, the Yukawa terms of the SM
fermions could be generated via higher-order operators involving the in-
teraction of the Higgs boson with new BSM fields.® Thus, above the scale

"Here, for the sake of brevity, we do not display the 2-loop S-functions for the coupling.
For reference, the S-functions can be found from [66].
8Examples of models along these lines can be found for instance from [42,43,67].
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Running at two loops
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Figure 3.2: Running of the other couplings ¢;(¢) that drive the running of
A (t). Notice that for convenience we use the grand unified theory normal-

ization to define g; = %g’.

of the effective operators, the SM Yukawa terms do not contribute to the
running of Ay but instead, the contribution from the interaction between
the new fields and the Higgs boson should be added.

Forasmuch as the new interactions can also drive the Higgs quartic to
negative values, the condition that SM Yukawa terms are forbidden in the
Lagrangian is by itself not enough to ensure vacuum stability. In particular,
instability often arises when the new interactions are fermionic since the
sizeable Yukawa couplings between the Higgs boson and the new fermions
again drive Ap to negative values similar to the case of the top Yukawa in
the SM. A clear example of this situation is provided by the models that
explain the fermion masses through the universal seesaw mechanism [68-
71].

On the contrary in models where the SM Yukawa couplings are gener-
ated via the interaction of the Higgs boson with new, bosonic degrees of
freedom, vacuum stability is instead not threatened by the interaction of
the Higgs boson with the new fields. The generated top Yukawa then takes

the form
Ct

A
where ¢; represents the corresponding Wilson coefficient and A is a cut-off

scale of the order of the mass of the heavy particles interacting with the
Higgs field [42,43,67]. Above the scale A the Yukawa interaction for the top

hit, (3.25)
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quark (t) ceases to be a local operator and thus does not contribute to the
running of Ay [44]. It is then clear, that vacuum stability can be achieved
as long as A < h, where h, corresponds to the SM instability scale which
in the previous Section was shown to be h, ~ 10'0 GeV.
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Chapter 4

Muon anomalous magnetic
moment

Given the rich particle content of the SM, it is natural to ponder whether
there can be any other light particles below or around the EW scale. Even
though with the current collider experiments running up to the center of
mass energies of 14 TeV, many hypotheses of light physics below the TeV
scale have been heavily constrained, this possibility has not yet been ruled
out completely. One particular way in which effects of light NP can ap-
pear is through loop contributions to observables that are measured up to
very high accuracy. To that end, it is customary to use the magnetic mo-
ments of leptons whose measurements constitute some of the most accurate
experiments ever made in physics.

At the classical level, the magnetic moment fiy, is formed when a charged
particle is spinning with angular momentum L

ir =1, with L =mix (4.1)
2m
The magnetic moment of a spinning particle, (i, is influenced by the pres-
ence of an external magnetic B.In particular, looking at the corresponding
Hamiltonian, .

H=—jir - B, (4.2)
we see that the external field B has the effect of rotating p, in its direction,
thus minimizing the energy of the system.

At the quantum level, the charged elementary fermions cannot be con-
sidered as spinning particles, yet they still possess intrinsic angular momen-
tum that cannot be visualized as being associated with classical motion, but
should instead by identified with an inherent property of these particles,
called the spin of the fermion. The spin operator S is given by

S=_, (4.3)

| Q
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where ¢ denotes the Pauli sigma matrices. For an elementary lepton of
charge e, the magnetic moment generated by its spin is then given by

where g is a dimensionless number, called the gyromagnetic ratio, Q = 1
for leptons and () = —1 for antileptons, e is the unit elementary charge and
m is the mass of the particle.

To a first approximation, the value of g in a quantum theory can be
inferred by looking at the non-relativistic limit for the lepton wavefunction
¢ o0 y

: P e = .3 B

thar =\, ~ 2m(L+25) - B| ¢, (4.5)
where p' denotes the momentum operator, A is the reduced Planck constant,
and L and S denote the orbital angular momentum and the spin angular
momentum of the lepton respectively. Comparing eqs. (4.4) and (4.5) it
appears that to a first approximation, ignoring higher loop corrections g = 2
as predicted first by P. Dirac in 1928 [72].

However, this result does not take into account loop corrections, which
may have non-negligible effects on the value of g. This deviation is usually
defined in the following way

a=(g-2) (4.6)

2
and is known as g — 2 or the anomalous magnetic moment. In what follows,
we will explain how loop corrections result in non-zero values of a and why
the muon is the most suitable particle to measure this deviation.
In relativistic quantum electrodynamics (QED) the anomalous magnetic
moment can be extracted from the form factor in the matrix element M
describing the scattering of a lepton in an external electric field:

M = (U(p')] jem(0) 1(p)) , (4.7)

where p and p’ denote the 4-momentum before and after scattering, respec-
tively and the electromagnetic current jgas corresponding to the external
electromagnetic field has been evaluated at zero momentum transfer in
concordance with the classical limit. The Feynman-diagrammatic represen-
tation of this interaction is displayed in Fig. 4.1. The corresponding matrix
element can be decomposed as

uv

M = (=ie)a(p) |1 Fu(q®) +ig —Fur(@’) | u(p). (48)

my
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Figure 4.1: Feynman diagram contributing to g-2 of an lepton [. The blob
depicts the form factor which is modified by loop corrections.

where m; is the mass of the corresponding lepton, @, u are the Weyl spinors
resulting from the plane wave expansion of the Dirac spinor [ and Fg(q?)
and F},,(¢?) are the electric and magnetic form factors which depend on the
squared 4-momentum ¢ of the photon. The operator o, is defined by

1

2

o =< " (4.9)
As mentioned before, in the classical limit ¢> = 0, and in that case, the
form factors obey the following equations:

Fp(0) =1, (4.10)
and
Fr(0) = a. (4.11)

The first of these equations is governed by the renormalization of electric
charge, while the second one defines the anomalous magnetic moment in-
troduced by eq. (4.4).

In 1948 Schwinger, calculated a to 1-loop level, including only QED
corrections. He obtained [73]

aQED — % (4.12)

with a = % denoting the fine-structure constant of electromagnetism.
Eq. (4.12) is modified by higher-order corrections including also the effects
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of the strong and weak interactions, and possible effects of NP. A detailed
description of corrections to a at different loop orders can be found in [74].
At higher loop orders the form factors evaluated at ¢> = 0 are generally
complex numbers. Hence it is often customary to define the effective dipole
moment D via:

dinol 1= 145 « 1=
Ee;fpoe:_§ ZU“V DT+D T l F'uua (413)

where F'* = gt AY — 0¥ A*. The real and imaginary components of D can
then be identified with the magnetic and electric dipole moments respec-
tively:

e n e
ReD = a——, TmD=21_% 414
T MY T 29wy (4.14)

where 7 is defined in analogy to g, namely via relating the electric dipole
moment d of the charged lepton to the Pauli spin matrices as follows:

—

- g
d=nQuog. (4.15)

This particular dependence of the dipole moments D is a reflection of the
fact that the magnetic dipole moment interactions are charge-parity (CP)
-conserving, while the electric dipole moment interactions violate the CP
symmetry [74]. Thus the measurement of electric dipole moments provides
a handle for constraining models featuring CP-violation. In the SM the elec-
tric dipole moments of the elementary leptons are highly suppressed due to
the hierarchical structure of the Yukawa couplings described in Chapter 2.
The measured values for the electron and muon dipole moments are

de < 0.87 x 107®e-cm, d, < 1.8 x 10 ¥e-cm. (4.16)

Looking at eq. (4.13) it is clear that the Lagrangian term giving rise to
the dipole moments is of dimension 5. Thus in a renormalizable theory,
dipole moments are calculable quantities that cannot be chosen as input
parameters. This, along with the fact that the dipole moments can be mea-
sured with extremely good accuracy makes them very useful observables
for investigating possible models of NP.

To understand why it is useful to consider the muon magnetic dipole
moment in particular, let us note that the loop corrections to the dipole
moments can be estimated as [74]

2
my

=T
where M corresponds to particles with mass scales above m;. Since the
muon is approximately 102 times heavier than the electron, we see that the

Sa (4.17)
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sensitivity of the anomalous magnetic moment of muon is enhanced by a
factor of 10 compared to that of the electron. The enhancement would be
even stronger for the 7-lepton which is heavier than the muon by a factor
of 10. However, due to the small lifetime of 7 its magnetic moment cannot
be measured accurately enough to be used as a probe of NP. Eq. (4.17)
also clearly shows that the magnetic moments are sensitive to light NP
since the effects of heavy physics are suppressed by the heavy mass in the
denominator.

In 2021, the Muon g — 2 collaboration at Fermilab released [75, 76]
the new measurement of the anomalous magnetic moment of the muon,
a, = %(g — 2),. The result of the previous Brookhaven E821 muon g — 2
experiment was [77] aESQl = 116592089(63) x 10!, and had a deviation
of about 3.70, Aaj;%?! = a}*?! — aEM = (279 + 76) x 107! compared with
the SM contribution [78]

a;M = (116591810 4 43) x 107, (4.18)
The Fermilab result of 2021 is [75, 76]
a,” = (116592040 & 54) x 1071, (4.19)

which, by itself, is a 3.30 deviation from the SM prediction. Then, combin-
ing with the previous Brookhaven result one obtains [75, 76]

a;,*F = (116592061 + 41) x 107", (4.20)

which signals a 4.20 deviation from the SM prediction,

EXP _ M = (251 4 59) x 10711, (4.21)

Aa, = a, "

hinting towards a possible sign of NP. On the other hand, precise lattice
QCD analysis [79] favors a result that is in accord with the SM prediction
and is not included in the world average value that leads to the discrepancy
of the SM with eq. (4.20). In this sense, it is still an open question whether
the discrepancy of the anomalous magnetic moment is a sign of BSM physics
or lack of proper understanding of the SM contributions.
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Chapter 5

Flavour anomalies

In Chapter 2 we discussed the GIM mechanism, i.e. the suppression of
FCNC-s, that originates from the hierarchy of the fermion masses and the
unitarity of the CKM matrix in the SM. Due to this suppression, NP contri-
butions invariably result in sizeable modifications to any processes involving
FCNC-s.

In particular, the semileptonic decays of the B-meson provide the per-
fect arena for the search of NP effects where several deviations from the
SM at the level of few sigmas remain relevant today (see e.g. [80,81] for
recent reviews). ! One example of such processes is given by the decay of
the BT meson into the K meson and a v-v pair.

At the quark level this process proceeds through the b — svv tran-
sition that is absent in the SM at tree level and is thus sensitive to any
NP contributions beyond the SM. The Belle II collaboration has recently
measured the branching ratio of the BT — Ktvv process via two differ-
ent techniques - the standard hadronic-tag (had) method and the newer
inclusive-tag method (incl). The results are [82,83]

BR (BT — K*twv), , = (11503505 x 107%) (5.1)

BR (B* = K*v), = (27£05£05) x 107°, (5.2)

where the errors represent the statistical and systematic uncertainties re-

spectively. Combining these two results the Belle II measurements can be
summarized as

BR (Bt — K'ov) = (23+0.7) x 107, (5.3)
exp

Comparison of eq. (5.3) with the SM prediction in the absence of NP con-
tributions [84,85],

BR(BT — K vi)gy = (4.2940.23) x 1075, (5.4)

!The quark content of the mesons considered in this Chapter has been summarized
in Table 5.1.
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signals a 2.7 ¢ deviation from the SM.

Meson Bt B BY K+t K* ¢

Quark content wb db sb w5 d5 s§

Table 5.1: Quark content of the mesons participating in flavour violating
processes. The star superscript on K* indicates that K* is an off-shell K°
meson.

Attributing this deviation to the effects of NP, we have
BR(BT — K ov)yp = (1.9 0.7) x 107°, (5.5)

There are two distinct ways in which the effects of NP may manifest in
contributions to eq. (5.5).

The first option is to retain the assumption that the missing energy
at Belle II experiment is carried away only by the SM neutrinos. In this
case, the NP effects only appear indirectly due to heavy BSM particles that
contribute to the Wilson coefficients of the effective operators, responsible
for the flavour changing b — svv transition [86-95]. Due to the existing
constraints from the BY — K*u*u~ and BY — pTu~ decays, this scenario
only works for models that introduce flavour non-universal couplings of the
neutrinos to the NP fields [96,97].

Alternatively, if the NP particles are light and long-lived enough they
can escape the Belle II detector. Hence these NP particles can mimic the
missing energy signature which is solely attributed to the SM neutrinos in
the absence of NP [98-103].

In [103] the latter (direct) approach is examined by introducing a dark
sector consisting of a dark photon and dark fermions. This model allows
to explain the observed B* — KTFE,,;ss excess while also satisfying the
constraints for B — K*FE,,;ss and predicting the branching ratio for Bg —
¢vv, where E,,;ss denotes the missing energy observed at detectors. More
details can be found in Chapter 6 and the article attached to this Thesis.
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Chapter 6

Confronting the Standard
Model with the dark photon

In Chapters 2 and 3 we discussed how different conceptual problems of
the SM like the flavour hierarchy problem and the vacuum metastability of
the Higgs potential hint towards the need for going beyond the canonical
paradigm. Over the years, many different models addressing these issues
have been proposed, making it very challenging to choose between the dif-
ferent realizations. Nevertheless, an easy way to identify more favourable
models is to apply the principle of minimality by proposing that good mod-
els should explain as many conceptual or empirical issues of the SM as pos-
sible. Furthermore, they should also predict possible signatures at future
experiments, thus making these models available for falsification.

A natural way of extending the SM is to propose the existence of a dark
sector (DS) which is only weakly interacting with the SM thus avoiding
stringent constraints from terrestrial collider experiments and cosmological
observations. In this Thesis, we will briefly describe the model introduced
in [67] in the context of the Higgs naturalness and the flavour hierarchy
problem. We will show how this model can also change the stability prop-
erties of the Higgs potential and provide explanations for the recently ob-
served flavour anomalies [44,103].

6.1 Flavour hierarchy problem

The basic idea of this model, in the context of the flavour hierarchy prob-
lem, is to generate the exponential hierarchy of the fermion masses in the
DS and then transmit this hierarchy to the SM via the messenger fields
connecting the SM to the DS. The spontaneous breaking of the EW sym-
metry can be carried out in the DS by the Lee-Wick approach [104, 105]
via the introduction of higher order derivatives for the gauge bosons of the
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dark U(1)r symmetry, as shown in [106]. In particular, one introduces N
dark fermions that are minimally coupled to the gauge bosons of the dark
U(1)r symmetry. ! The non-interacting part of the DS Lagrangian is then
given by

1

1
ﬁD — _ZFMVFHV + A2

0 Fopd” F}

N ) (6.1)
+ i bt (au + ngA#> "
=1

where F),, = 0,A, — 0,A, is the field strength tensor of the dark photon
A, associated with the U(1)r symmetry, ¢y are the N; dark fermions, g
is the coupling constant of U(1)r and Q is the charge operator defined
by wa = qys. The mass spectrum of the dark fermions can then be
determined by solving the mass gap equations, analogously to the Nambu-
Jona-Lasinio mechanism, [106-108]

my =S mp)|,_, . (6.2

where p is the momentum, mj the mass of the fermion vy and X the self
energy introduced by the interaction of the dark fermions with the dark
photon. At the leading order the solution of the mass gap equation is given

by [106]
872 1
mg=ANexp ———— + - », 6.3
! { 39%(A)qj 4} 03

where the coupling constant g has been evaluated at the Lee-Wick scale
A. Tt is immediately clear from eq. (6.3) that choosing order one flavour
dependent charges gy results in an exponential spread of the dark fermion
masses. In order to solve the flavour hierarchy problem via this mechanism,
three separate requirements must be satisfied. 2

1. The DS must contain 2Ny fermions, where Ny = 3 denotes the num-
ber of quark generations in the SM. This is needed to reproduce a hi-
erarchy in the DS analogous to the hierarchy in the SM quark masses.
Following this similarity, we shall name the dark quarks QY and QP
where i = 1,2, 3.

'Here, by dark it is understood that no SM particles are charged under U(1)r.

2The arguments given below can be used to explain the mass spectrum of both quarks
and leptons. However, since previous work using this model has only focused on the mass
generation of quarks, we choose to restrict ourselves to the quark hierarchy problem in
this Thesis as well:
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2. The SM flavour hierarchy problem originates from the unjustified in-
troduction of dimensionless Yukawa couplings spanning several orders
of magnitude. One way to avoid the hierarchy problem is to forbid
these couplings at tree level and instead generate them at the loop
level. To forbid the Yukawa couplings at tree level, a Zo symmetry
can be introduced under which the Higgs transforms as H — —H.

3. Once the flavour hierarchy has been generated in the DS, it should
be transmitted to the SM. This can be done at 1-loop level via the
messenger fields that connect the SM to the DS as mentioned before.
The interaction Lagrangian of the messenger sector with the DS and
the SM is given by

Ny Ny
I —q U; oU; —1 D; oD;
Liyrs = 9L ZQ}JQRSL +ZQZLQR ST
=1 i=1

Ny B 0 Ny DD, (6.4)
+ YR ZURQL Sk +ZdRQL Sk
i=1 i=1

+ AsSo (ATSTS + HISP'SE) + hue,

wherein ¢z, denotes the SM quark SU(2)y, doublets, ug, dr the corre-
sponding right-handed SU(2), singlets, Qg’g denote the left (L) and
right (R) handed components of the dark fermions introduced above,
SLU’D denote the scalar SU(2)r, doublets and S%D the corresponding
SU(2), singlet fields and g1, gr denote the corresponding Yukawa
couplings. Finally, Sy is a scalar that transforms as a singlet under
both SM gauge group and the U(1)p symmetry and interacts with
the SM Higgs doublet via the dimensionless coupling Ag. The index
1 denotes the summation over the generations, whereas summation
over the SU(2)r, and SU(3). indices has been left implicit.

Once the scalar singlet Sy obtains a non-zero vacuum expectation value,
(So) = u, the Yukawa couplings of the SM fermions to the Higgs doublet
can be generated by 1-loop diagrams as explained in detail in [67]. The
corresponding SM Yukawa couplings are given by

ve — g%g?% <MQz‘AS

i 1672 m?

) fi(xi, €) (6.5)

where the index ¢ denotes the quark flavour and fi(z,§) is a loop function
given by

fi(e,€) =% [C'o <1f§> 115+Co <1f’;€> 1;] . (6.6)
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with ) (11 )
—xz(1—logx
CO(x) = (1 — x)Q

In the above equations, we defined x; = MC?L /m?, where m? is the average
mass of the colored scalar messengers and Mg, is the mass of the dark
fermion associated to the quark ¢'. In addition, we introduced Ag and &
indicating the scale of NP and the strength of the mixing in the colored
messenger mass sector respectively:

(6.7)

Agv
As = Agvg, &= % (6.8)

6.2 Vacuum stability

In Chapter 3 we showed how the Higgs potential is rendered metastable by
the sizeable Yukawa coupling of the top quark to the Higgs doublet. This
suggests that Higgs potential could be stable if the Higgs boson does not
couple to the SM fermions at tree level. In the context of the DS model
introduced in this Chapter, we have already seen that one way to solve the
flavour hierarchy problem is to forbid the SM Yukawa couplings at tree
level, in which case the experimentally observed Yukawa interactions are
only effective operators generated at energies below the mass scale of the
messenger fields. Therefore, above the scale m the SM Yukawa couplings
stop being local operators and thus do not affect the running of the Higgs
quartic coupling Ap, therefore having no effect on the stability of the Higgs
potential.

In realistic solutions to the flavour hierarchy problem, the mass scale of
the messenger fields is below the metastability scale of the Higgs potential
m < 1019 GeV, suggesting that the EW vev could correspond to the abso-
lute minimum of the Higgs potential [44,67]. In more detail, to assess the
modifications of the DS and the messenger fields to the stability analysis,
one needs to consider the running of Ay as described in Chapter 3.

Before presenting the form of the 5 - function for Agr, we delineate the
potential for the scalar singlet Sy introduced in the previous Section that
obtains a non-zero vacuum expectation value vg >> v, where v denotes
the EW vev:?

A 2 1
wfy%%—%%+?mﬁmﬂ (6.9)

As we shall see, the Higgs portal term Apgg plays a particularly important
role in enforcing the Higgs vacuum stability.

3The hierarchy in the vacuum expectation values is needed to suppress the experi-
mentally constrained mixing angle between the Higgs boson and the scalar singlet.
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In our analysis it was assumed that NP effects enter at the threshold
scale m above which the functional form of 3y, must be modified compared
to the SM. In particular, at energies above m the SM Yukawa couplings
stop contributing to 3y, while new contributions associated with the heavy
bosonic degrees of freedom must be included on top of the SM effects.

Thus at scales below m we have at one loop

9
W= 2403 — 6yf + 12217 — QY
(6.10)

2 12

27 9 9
— 902\ A S !
g H+2009 +2099 +89’
where due to the flavour hierarchy of the Yukawa couplings, only the largest

Yukawa coupling (y;) is retained in the § function [44]. Above m we have

1 9
/Bg = 2403 + 5)\%15 - 59/2)\H
(6.11)
—992/\ + 2779/44_ 3929/2 + 294
7200 20 87"

As can be seen from eq. (6.11), above m, the value of the Higgs quartic
coupling Ay is increasing with energy due to the absence of the negative
Yukawa contribution and the positive contribution from Agg. In [44] we
carried out detailed numerical studies that confirmed this behavior quan-
titatively and showed that within the regime in which the model remains
perturbatively unitary, the combination of these effects is sufficient to en-
sure Higgs vacuum stability either up to the Planck scale or up to the scale
at which the first Landau pole appears.

6.3 Flavour anomalies

In Chapter 5 we described how the Bt — KTE,,s, transition may be
explained by light NP if the associated particles are long-lived enough to
escape detection thus exhibiting a missing energy signature. The DS model
introduced in this Chapter provides the perfect arena for this type of set-up
with the dark fermions providing the missing energy signature.

We assume the presence of Ny generations of dark fermions @); that are
coupled to a massless dark photon Ap in close similarity to QED: *

Lp Dgp Z Qi Qi Al (6.12)

4Here we are not focusing on reproducing the full hierarchy of the quark mass spectrum
and thus the number of dark fermions may also be less than 2N;.
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This interaction follows from the minimal coupling of the Ny dark fermions
to the dark photon via the covariant derivative as described in Section 6.1.
Furthermore, integrating out the heavy messenger fields also results in
FCNC interaction between the dark photon and the b and s quarks

Lronc D i50'#,,ng1/, (6.13)
2A

where FIYY = 9# A%, — 9" A}, and 0, was defined in Chapter 5. The effective
scale A depends on the masses and couplings in the DS and the messen-
ger sector, and its explicit form is given in [109]. Combining eqs. (6.12)
and (6.13) we see that the BT — KT E,,;ss signature can be explained by
the transition of BT to KT along with an off-shell photon, which yields a
dark fermion-antifermion pair. As a side remark, we note that the simpler
scenario of BT decaying to K+ and an on-shell dark photon is not allowed
by angular momentum conservation.

On the other hand, the production of a massless dark photon is allowed
in the decay of B? meson into an excited state of the neutral Kaon, K*,
which has been measured by the Belle II and BaBar collaborations setting
an experimental upper bound on the branching ratio Br(B? — K*iv) <
2.7 x 107 [110,111] which in turn results in a lower bound on the scale
A 2105 GeV [103].

Setting A > 10° GeV, the observed branching ratio of BT — K1 E, ;s
can be fitted with dark fermions with GeV-scale mass and ap = (g%)/(47) >
0.5. At a given scale A the minimum value of ap required to fit the ob-
served branching ratio decreases with an increasing number of dark fermion
generations [103].

Fixing the cut-off scale at the lowest allowed value, A ~ 10° GeV, also
allows to infer an upper bound on the branching ratio of B? to ¢ and
missing energy, where the BSM contribution to the missing energy signal
is again provided by an on-shell dark photon (yp). In particular, in [103]
we predicted that

Br(B? = ¢yp) <2 x 1077, (6.14)

in reach of future LHCb searches.
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Chapter 7

New physics through higher
spin particles

In the previous Chapter, we considered extending the SM by introducing
a DS. In that case, we only included fields of the type that already exist
within the SM, namely scalar and vector bosons and spin-1/2 fermions.
However, an exhaustive search for NP should consider all the possible ex-
tensions, including fields with spin higher than 1. Therefore, in this Chapter
we will exclusively focus on theories of higher spin fields, highlighting the
theoretical problems and phenomenological applications. !

7.1 Brief overview of higher spin theories

As was mentioned before, the elementary particles of the SM have spin at
most equal to 1. However, higher spin particles are also already known to
exist in Nature as composite states of elementary particles with spin-1/2.

Indeed spin-3/2 particles have been observed as short-lived composite
states bound by QCD. For example, the lightest of those particles, the A*+
resonance, consists of three u-quarks and plays a key role in mediating
interactions in low-energy QCD such as pion-nucleon scattering and pion
photoproduction [112].

On top of spin-3/2 particles, the elementary spin-2 particles, known as
gravitons are key ingredients of theories of quantum gravity. Nevertheless,
a comprehensive description of the interactions between gravitons and the
SM particles is still lacking.

In this Thesis, we will focus on the simplest case beyond the SM, con-
sidering only spin-3/2 particles. Rarita and Schwinger presented early at-
tempts towards a field theoretic description of spin-3/2 in [113] building on

'From hereon, the term higher spin is meant to describe particles with spin s > 1.
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the earlier work of Fierz and Pauli [114]. However, the Rarita-Schwinger
theory was plagued by the inclusion of non-physical degrees of freedom,
which had to be specifically projected to maintain the theory consistency.
While a consistent projection operator could be identified for a free Rarita-
Schwinger Lagrangian, it was soon shown that in gauged Rarita-Schwinger
theories the complete removal of the unphysical degrees of freedom was
impossible, potentially resulting in the violation of causality and pertur-
bative unitarity [115,116]. The first consistent description of interacting
spin-3/2 fields was provided by supergravity [117-120]. In this case, the
theory is equipped with supersymmetry that allows removing the unphys-
ical degrees of freedom even in the presence of gauge interactions. The
spin-3/2 field in supergravity, the gravitino is identified with the super-
partner of the spin-2 graviton, possessing universal couplings to all lower
spin fields [121,122]. In addition, consistent non-supersymmetric proposals
for spin-3/2 theories have also been studied. Early attempts in this di-
rection were made in [123] specifically for non-derivative couplings. More
recently [124] studied the propagation of spin-3/2 field in a constant elec-
tromagnetic background, avoiding the causality inconsistencies of Velo and
Zwanziger [116]. Consistent theories of spin-3/2 fields have also been stud-
ied in the context of nuclear physics, wherein the unphysical degrees of
freedom were absorbed by the contact terms in chiral perturbation the-
ory [125-127]. However, in [128,129] questions about the consistency of
the theory outlined in [125-127] have been raised emphasizing the need for
alternative formulations.

7.2 Multispinor formalism for higher spin fields

With the challenges of higher spin theories in mind, in this Section we
propose a general formalism for dealing with higher spin fields that can
be applied to fields with any integer or half-integer spin. This presents an
opportunity for various applications as we will briefly summarize in the
next Section.

The origin of the inconsistencies of higher spin theories is the excita-
tion of non-physical degrees of freedom by the interaction terms. In field
theory, the degrees of freedom of a field ¢ are determined by its irreducible
representations under the Lorentz group. Due to the isomorphism between
the Lorentz algebra so(3,1) and the algebra of the complex special linear
group sl(2, C), this amounts to a representation of a direct sum of two su(2)
algebras

so(1,3) ~ su(2)r ® su(2)g, (7.1)

which is characterized by a pair of integers (m,n) with the dimension of the
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representation given by (2m + 1)(2n + 1). On the other hand, a massive
particle with spin j has 2(2j + 1) physical degrees of freedom, as dictated
by the Wigner little group 2 [130].

For spin-3/2, this amounts to 2(2 x 3/2 + 1) = 8 physical degrees of
freedom, which should be contrasted by the (1/2,1/2)®((1/2,0)4(0,1/2))
representation of Rarita and Schwinger that requires a (2 x 1/2+1)(1/2 x
2+1)+2(1/2 x 2+ 1) = 16 dimensional representation. Hence, for Rarita-
Schwinger theory, 8 unphysical degrees of freedom have to be projected
out. 3 Alternatively, if one uses the (3/2,0)® (0, 3/2) representation instead
of the (1/2,1/2)®((1/2,0)&(0,1/2)) representation, the degrees of freedom
2(3/2 x 2+ 1) = 8 perfectly coincide with the physical case.

This insight was first used in practice in [131] to determine the consistent
Feynman rules in perturbation theory for fields with arbitrary integer or
half-integer spin. The main idea of such construction is to use the (j,0) ®
(0,7) representation for a field with spin j. Although for spin j > 1 these
representations do not admit a Lagrangian description, consistent Feynman
rules in perturbation theory can still be derived if the following conditions
are satisfied [131]:

1. Perturbation theory can be used to calculate the S-matrix from Dyson’s
formula [132]

S = Z_% (_i!)n /_ Z dty...dt,T{H' (t)...H'(tn)}, (7.2)

n

where T'{} denotes the action of a time-ordering operator and the full
Hamiltonian H has been split into the free Hamiltonian H(¢) and the
interaction Hamiltonian H'(t) and the interaction picture is used to
define the time evolution of H’:

H'(t) = exp(iHot)H (t = 0) exp(—iHot). (7.3)

2The factor of 2 in front of 2j4+1 comes from taking the antiparticles into account as
well. For particles that are their own anti-particles such as Majorana fermions, this factor
is not needed.

3In the discussion of this Thesis, we focus on the real representations, meaning repre-
sentations for which ¢ = 1/)}; with L, and R alluding to the two Lie algebras in eq. (7.1)
In this case, the physical degrees of freedom dictated by the Wigner group is 4 instead
of 8, since each particle is its antiparticle and the number of degrees of freedom dictated
by the Rarita-Schwinger representation is 8 instead of 16, since the representations of
the su(2)r and su(2)r are not independent. For charged higher-spin particles one should
instead consider complex representations, where the antiparticles double the degrees of
freedom.
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2. The S-matrix is Lorentz-invariant.

3. Particle interpretation may be used to construct the Hamiltonian
density H(x,t) from the creation and annihilation operators where

H(x,t) is defined by
H'(t) = / d® aH(x,1). (7.4)

In the original formulation [131] the Feynman rules in the (j,0) & (0, j)
representation become ever more complicated with increasing j, raising the
need for a more economical computational approach.

An alternative method using the original idea of [131] was thus put forth
in [133] using the fact that every (j,0) @ (0, j) representation can be written
as a symmetric tensor product of (1/2,0) & (0,1/2) representations. Thus
a general spin-3/2 field in a (j,0) @ (0, j) representation can be written as

1/)((1)((1) = ¢(a1a2a3)(d1d2d3)7 (7.5)

where the brackets denote the symmetrization over the spinor indices, with
the so-called multi-spinor indices a; corresponding to the (1/2,0) repre-
sentations and a; corresponding to the (0,1/2) representations. The spinor
indices (a) can be raised (lowered) with the appropriate Levi-Civita sym-
bols e(®®) (€(a)(v))- The raising and lowering for the dotted indices work

analogously upon the replacement (a) — (a) and (b) — (b). Writing the
fields in terms of the symmetrized tensor products of the fundamental rep-
resentations of su(2)r @ su(2)g simplifies the form of the Feynman rules
considerably.

Even though the above method can be used to determine the Feynman
rules for particles of any spin, in what follows we will provide the appro-
priate formulae only for the spin-3/2 field in the real representation. Using
the symmetrized multispinor notation, the free spin-3/2 field Y(q) can be
written as a linear combination of plane waves as follows:

d3p ipT * —1ipx
b= [ Gty 2 o0 + ot )] (76)

o

wherein E, = /p?+m?, p = (Ep,p), o denotes the spin, and U(a)s V(a)
denote the symmetrized product of Weyl 2-spinors, where (a) = (ajazas).
The creation operators a,a* satisfy the canonical commutation relations:

{apo, agy} = (21)°(2Ep)05,6° (P — q)- (7.7)

For explicit calculation of scattering amplitudes, one also needs to know
the formulae for the spin sums. For the (3/2,0) @ (0,3/2) representation
these were first calculated in [131]. In the notation of [133] they become
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* PayaiPazasPasa
Zu(alagag)(p7J)u(a1a2a3)(pa U) = w, (78)
o

m3
* Paia1PasasPaszas
Z U(a1aza3) (p7 U)”(d1d2d3) (pa U) = %7 (79)
. b1b2b:
> Uarasas) (1 )02 (p, o) = 512 (7.10)
where
Do = Usapm (7.11)
and A
ol =(1,0"), (7.12)

where o; are the Pauli sigma matrices, for i = 1,2, 3, 1 is the 2 x 2 identity

)

matrix and (58) denotes the symmetrized Kronecker delta. The Feynman

rules for the external spin-3/2 lines and the spin-3/2 propagators are given
in [133]. They are shown below:

Propagators

. b
(@) S (@) Pajasas)aazasy ©) , (@) om? 5(b1b263)

=1 p2 — m2 3 = Zp2 — m2 (alazag)’
P ) L . )
(a) . (a) .p(a1¢12¢13)(a1a2a3) (b) ) (CL) . m3 (d1d2d3)
° é * =1 p2 —m2 ) 7 N = Zp2 —m?2 (b1b2b3) ’
External lines
" @ " @
—————" = U(aa3a5) (P ), ———— = Uaa005) (D, ),
(@ ™7 (@ "2
= uzkald2il3)(p7 0)’ = U(alazag) (p7 U)

The free theory can then be perturbed by the inclusion of the Hamiltonian
density for the interaction. In this way, since we assume that the Dyson
series can be used, one can define the Feynman rules for the interaction
vertices using the standard methods in perturbative quantum field the-
ory [134]. Following the convention of [133] we assume that the spin-3/2
field has dimension 5/2, implying that every Lorentz invariant interaction
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involving the spin-3/2 field must be non-renormalizable. Thus, all interac-
tions between the spin-3/2 field and the SM fields are suppressed by the
inverse powers of the cut-off scale A, corresponding to the scale of NP
responsible for the origin of those couplings.

7.3 Phenomenology of spin-3/2 particles

Now we will describe some practical applications of the spin-3/2 theory in
the minimal representation introduced in the previous Section.

In [133] the symmetrized multispinor formalism building on the original
idea of Weinberg was used to investigate a spin-3/2 candidate for DM. In
this case, the lowest-dimensional interaction that controls the evolution of
the abundance of the spin-3/2 field is given by the Higgs portal term [133]:

v

C alasa §
Hportal = _rgw( 142 3)¢(a1a2a3) <|IJ|2 - 2 > ) (713)

where H denotes the Higgs doublet, v the Higgs vev, A the cut-off scale of
the effective theory and C), is the Wilson coefficient of the portal operator. It
was shown that while the spin-2 DM parameter space is tightly constrained
by direct detection constraints for purely real Wilson coefficient C'y, in the
presence of complex Wilson coefficients, the direct detection constraints
vanish instead, and the spin-3/2 particle can provide the totality of dark
matter [133].

Spin-3/2 particles can also be searched for in collider experiments.
In [135] the collider signatures for the interactions with the SM were identi-
fied. For a neutral, gauge singlet spin-3/2 field, the lowest order interactions
are of dimension 7 and include the interactions with SM fermions, Higgs
boson, or SM gauge bosons. It was shown that production channels for the
spin-3/2 particles could be probed by the future lepton collider such as
FCC and CLIC and by the high luminosity phase of the LHC [135].

One of the main topics for this Thesis is the search for NP through
the anomalous magnetic moment of the muon. In [136] we considered the
virtual contributions of spin-3/2 particles to a, introduced in Chapter 4.
We found that the non-vanishing diagrams include a chirality flip on the
external states, thus suppressing the contribution to a,. As a result, we
inferred that spin-3/2 contributions are not enough to explain the deviation
of a, from the SM values, meaning that the most promising channel to
discover the higher spin particles is through high energy collider studies.
In addition, by evaluating the electric dipole moments, we managed to put
constraints on the spin-3/2 - electron couplings.

Finally, in [112] we used the (3/2,0) @ (0, 3/2) representation to study
the interactions of the A*™ - resonance with pions, nucleons and photons.
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This work provided a useful example of a consistent higher spin theory for
studying nuclear resonances. In the future, similar methods could be used
also for other higher-spin hadronic resonances.
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Chapter 8

Conclusion

The SM is presently the most successful theory of elementary particles and
their interactions, having withstood an impressive amount of experimental
tests over time. Nevertheless, it cannot be regarded as an ultimate descrip-
tion of physics at the fundamental level, since it leaves many conceptual
and empirical questions unsolved. These issues call for studies of NP by
including new fields and symmetries in addition to those already present
within the SM. In view of minimality, preferred extensions of the SM should
address as many shortcomings as possible. In this Thesis, we have studied
2 such models of NP, motivated by a variety of questions left unanswered
by the SM.

In the first publication [135] we studied the contribution of spin-3/2
particles to the anomalous magnetic moment of the muon. We identified
the appropriate dimension-7 couplings in the Hamiltonian and evaluated
the 3 different loop diagrams that could contribute to the anomalous mag-
netic moment. We found that one of those diagrams is proportional to the
square of the photon 4-momentum and thus vanishes on-shell while the
other two diagrams are non-vanishing. The non-vanishing contributions to
a,, were found to be suppressed by the chirality flip on the external legs,
limiting the effect on the value of a,. Hence, we concluded that the spin-
3/2 particle by itself is not enough to explain the observed deviation of
a, from its SM value. On the other hand, the contribution of the spin-
3/2 particle on the electric dipole moments of leptons allowed placing mild
constraints on the charge-parity violating part of the spin-3/2 couplings to
the electron. From another perspective, the main novelty of this paper was
to demonstrate practical loop computations using a consistent symmetric
multispinor formalism for the first time. Aside from spin-3/2 contributions,
we also evaluated the constraints from the measured value of a,, for models
with exotic fermions of spin-1/2.
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We found that in contrast to the spin-3/2 case, spin-1/2 particles can easily
explain the observed deviation of a, from its SM value.

The other two publications were dedicated to investigating the phe-
nomenology of a DS model that can explain the observed hierarchy in quark
masses and mixing as previously shown in [40,43,67,109].

More specifically, in the second publication [44] we studied the afore-
mentioned DS model in the context of Higgs vacuum stability. After com-
puting the beta-functions at 1-loop, we then approximated the Higgs po-
tential by its quartic interaction as described in Chapter 3 and studied the
stability of the potential in two distinct scenarios. In the first scenario, the
NP couplings at the mass scale of the messenger fields were initialized in
such a way that no Landau poles were encountered until the Planck scale.
It was found that the EW vacuum remained stable until the Planck scale.
However, in this case, to correctly reproduce the empirically inferred value
of the top quark Yukawa coupling, large values of the trilinear coupling
between the Higgs boson and the messenger fields were needed, which re-
sulted in the violation of perturbative unitarity in the scattering processes
involving the messenger fields. To address this inconsistency we included
a Lee-Wick (LW) higher derivative term [137,138] that ensures perturba-
tive unitarity provided that the messenger mass is sufficiently heavier than
the mass of the LW ghost. We showed that the higher derivative extension
does not alter our conclusions about Higgs vacuum stability. In the second
scenario, we only considered values of the NP couplings for which perturba-
tive values of the Higgs-messenger trilinear coupling are sufficient to match
the top Yukawa coupling. Setting the trilinear coupling equal to the max-
imum value allowed by unitarity, we showed that vacuum stability can be
ensured until the energy scale at which the first Landau pole is reached,
which we identify with the UV cut-off of the theory. In both cases we ex-
plicitly verified that for our choice of parameters, the quartic couplings of
the messenger fields remain positive throughout the RGE running, avoiding
the emergence of color- and charge-breaking minima.

In the third publication [44] we explored the collider signatures of the
DS model that can shed light on several conceptual issues of the SM such as
the flavour hierarchy problem and the Higgs vacuum metastability problem.
In particular, we focused on the flavour-violating decays of the B-mesons
involving a massless dark photon. First by integrating out the messenger
fields, we used the effective interaction between dark fermions and the dark
photon to evaluate the branching ratio of the process BT — K1tQQ, in-
cluding the Sommerfeld-Fermi corrections that resum the leading-log cor-
rections to the relevant interaction vertices. Then we also evaluated the
branching ratio for the process B — K*~p. Since the on-shell dark photon
can mimic the missing energy signature of the neutrino-antineutrino pair,

99



we then used the compatibility between experimentally measured branch-
ing ratio and the SM prediction for the process B — K*v, to set a lower
bound on the effective energy scale governing the interaction between the
dark fermions and the dark photon. To address the tension between the
SM and the experimentally inferred branching ratio for the BT — K*vi
process, we assumed that the missing energy signal observed in the exper-
iment can result from the dark-fermion antifermion pair. We then showed
that the process Bt — KTQQ can perfectly reproduce the deviation ob-
served in the decay BT — K for perturbative values for the dark gauge
coupling and for dark fermions with sub-GeV masses. Finally, by predicting
the branching ratio for the process BY — ¢yp we also provided a way to
scrutinize our model in future collider experiments.

Overall, we investigated models of NP involving spin-0, spin-1/2, spin-1,
and spin-3/2 particles. We found that simultaneously including new spin-0,
spin-1/2 and spin-1 particles in the SM can provide explanations for con-
ceptual problems of the SM, such as the flavour hierarchy problem and the
Higgs vacuum metastability as well as empirical discrepancies between SM
predictions and experiments. Concerning spin-3/2 fields, we presented a
practical application of a consistent spin-3/2 theory by evaluating its con-
tribution to the muon anomalous magnetic moment a,. Even though we
saw that the spin-3/2 contribution is not sufficient to explain the devia-
tion of the measured value of a, from the SM, our computation provided
a practical example of consistent loop computations in a higher spin the-
ory. Thus, our work may be a useful reference for further studies of open
problems beyond the SM with spin-3/2 particles, such as explaining the
matter-antimatter asymmetry through the decay of spin-3/2 particles.
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Peatikk 9

Kokkuvote: Standardmudeli
edasiarenduste
fenomenoloogilised
jareldused

Standardmudel (SM) on kaasaegse fundamentaalfiiiisika edukaim teooria
elementaarosakeste omaduste ja vastastikmojude kirjelduseks. Alates pos-
tuleerimisest on SM edukalt vastu pidanud koikidele empiirilistele katse-
tele seda timber liikata, ent vaatamata sellele ei saa SM-it siiski pidada
osakestefiilisika 16plikuks kirjelduseks. Nimelt jatab SM lahendamata mit-
med sisulised ning eksperimentaalsed kiisimused, mis vihjavad uue fiitisika
olemasolule. Selle 16put66 kontekstis vaatleme SM edasiarendusi, kus ole-
masolevatele osakestele ja siimmeetriatele lisatakse uued osakesed ja stim-
meetriad. Lahtudes minimaalsuse pohimoéttest, tuleks uue fiitisika mudelite
valimisel eelistada neid, mis voimaldavad sama-aegselt lahendada rohkem
kui ithe SM-i vajakajéddmise. Enda 16put66 raames vaatlesin kahte voima-
likku SM edasiarendust.

Esimeses artiklis [135] uurisime voimalikku muutust miiooni anomaal-
ses magnetmomendis spinn-3/2 osakeste tottu. Esmalt méédrasime kindlaks
koéik vajalikud dimensioon-7 liikkmed vastastikméju Hamiltoniaanis ning siis
arvutasime 3 silmusdiagrammi, mis voiksid potentsiaalselt miitioni ano-
maalsesse magnetmomenti a, panustada. Arvutuste tulemusena mérkasi-
me, et iiks neist kolmest diagrammist on vordeline footoni 4-impulssi ruu-
duga, mis massipinnal vordub nulliga. Selgus, et iilejadnud kaks nullist eri-
nevat panust on alla-surutud kéelisuse-vahetuse poolt diagrammi vélistel
jalgadel, mistottu on nende diagrammide panus a,-le viga viike. Seetot-
tu leidsime, et spinn-3/2 osakeste lisamine SM-le ei ole piisav, et seletada
vaadeldud anomaalse magnetmomendi erinevust SM ennustustest. Lisaks
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onnestus meil arvutada spinn-3/2 osakeste panus elektroni dipoolmomen-
dile, mis vbimaldas moodukalt piirata elektroni laeng-paarsust rikkuvat
vastastikmoju spinn-3/2 osakestega. Teisalt seisneb antud artikli kasutegur
kooskolalise spinn-3/2 teooria praktiliste rakenduste demonstreerimises. Ni-
melt esitasime artiklis [135] esimese néite silmusdiagrammide arvutamisest
stimmeetrilise multispiinori teooria kontekstis. Vordluseks vaatlesime ka, ek-
sootiliste spinn-1/2 osakeste panust a,-le. Erinevalt spinn-3/2 osakestest on
uute spinn-1/2 osakestega voimalik lihtsasti vaadelud a,, vaartust seletada.

Ulejésnud kahes artiklis uurisime tumeda sektori mudelit, mis voimal-
dab kirjeldada kvarkide masside ja segunemise hierarhiat [40,44,67,109].

Tépsemalt uurisime teises artiklis [44] iilalmainitud tumeda sektori mu-
delit Higgsi vaakumi stabiilsuse kontekstis. Olles arvutanud antud teooria
beta-funktsioonid 1 silmuse tasemel, ldhendasime Higgsi potentsiaali nelja-
punkti interaktsiooniga nagu kirjeldasime peatiikis 3 ning seejérel kasuta-
sime saadud lahendust, et uurida Higgsi potentsiaali stabiilsust, késitledes
kahte véimalikku stsenaariumit. Esmalt lahtestasime uute osakeste moju-
konstandid viisil, mis voimaldaks véltida Landau pooluseid kuni Plancki
skaalani. Leidsime, et elektrondrk vaakum piisib stabiilsena kuni Planc-
ki skaalani. Samal ajal aga markasime, et sellistel tingimustel on voima-
lik top kvargi Yukawa konstanti iihildada vaatlustulemustega ainult ju-
hul, kui kolmepunkti vastastikmoju méarav konstant Higgsi ja skalaar-
vahendajaviljade vahel omandab viga korged vaartused. Need vaartused on
problemaatilised teooria kooskolalisusele, kuna kétkevad endas unitaarsu-
se rikkumist vahendajaskalaaride hajumisel. Selle probleemi lahendamiseks
lisasime teooriale Lee-Wick korgemat jarku tuletisega litkme [137,138], mis
tagas unitaarsuse juhul, kui vahendajaskalaaride mass on raskem kui Lee-
Wick tontvéilja mass. Néitasime otsese arvutuse teel, et korgemat jéarku tu-
letisega liige ei mojuta meie varasemaid tulemusi vaakumi stabiilsuse kohta.
Teisel juhul vaatlesime olukorda, kus kolmepunkti seosekonstant omandas
hairitusteoreetilise unitaarsusega kooskolalised vaartused. Olles kolmepunk-
ti seoskonstandi fikseerinud maksimaalsele vadrtusele, mis rahuldaks siis-
ki héairitusteoreetilise unitaarsuse tingimusi, néitasime, et antud juhul on
Higgsi stabiilsus samuti tagatud esimese Landau pooluse ilmnemiseni. Mo-
lemal juhul tegime kindlaks, et vahendajaskalaaride neljapunkti seoskons-
tandid jaaksid positiivseks kogu vaadeldud renormeerimisrithme vorrandite
jooksmise puhul, valtimaks varvi- ja laengustimmeetriat rikkuvaid skalaar-
potentsiaali miinimume.

Kolmandas artiklis [103] uurisime eelnevalt vaadeldud tumeda sektori
omadusi kiirendifiiiisika eksperimentide kontekstis. Pohiliselt keskendusime
I6hna-siimmeetriat rikkuvate B-mesoni lagunemiskanalitele. Esmalt vaat-
lesime efektiivset vastastikmoju tumedate fermionite ja massitu tumeda
footoni vahel, mis tekib raskete skalaarvahendajate véaljaintegreerimise tu-

62



lemusena. Rakendasime antud vastastikméju, et arvutada Bt — KTQQ
hargnemissuhe, vottes arvesse Sommerfeld-Fermi parandeid, et taasliita esi-
mest jarku logaritmilised parandid. Seejarel arvutasime hargnemissuhte
ka B — K*vp protssesi jaoks. Kuna massipinnal olev tumefooton jil-
jendab kiirendis vaadeldud puuduoleva energia jalge sarnaselt neutriino-
antineutriino paariga protsessis B — K*Dv, saime kasutatada SM ja
eksperimentaalsete vaatluste kooskolalisust, seadmaks alampiiri uue fiii-
sika energiaskaalale, mis omakorda md&jutab tumedate fermionide ja tu-
meda footoni interaktsiooni tugevust. Jargmisena poodrasime tahelepanu
B*™ — KT'ov hargnemissuhtele. Seletamaks antud protsessi eksperimen-
taalselt tuletatud hargnemissuhte erinevust SM-i ennustusest, eeldasime,
et sel juhul jiljendab kadunud energia signaali kerge massiga fermion-
antifermion paar. Sellest lahtuvalt néitasime, et protsess Bt — KTQQ so-
bib ideaalselt seletamaks eksperimentaalselt vaadeldud B* — K Tvi harg-
nemissuhet, kuivord osa neutriino-antineutriino paarile omastatud kadunud
energiast tuleks tegelikult samastada fermion-antifermion paari panusega.
Néitasime, et antud seletust saab muuhulgas rakendada juhul kui seoskons-
tantidel on héiritusteooriaga kooskolalised védartused, ning et tumedate fer-
mionite mass on pisut viiksem kui GeV. Viimaks esitasime mudelist johtuva
ennustuse BY — ¢yp hargnemissuhte jaoks, mis véimaldab meie mudelit
tulevikueksperimentide abil kontrollida.

Kokkuvottes uurisime uue fliisika mudeleid, mis holmasid spinn-0,
spinn-1/2; spinn-1 ja spinn-3/2 osakesi. Leidsime, et SM-le samaaegselt
uute spinn-0, spinn-1/2 ja spinn-1 osakeste lisamine voimaldab seletada
SM-i sisulisi vajakaja&dmisi nagu lohnahierarhia probleem ja Higgsi
vaakumi metastabiilsus ning dhtlasi empiirilisi erinevusi SM-i ja
eksperimentaalsete tulemuste vahel. Spinn-3/2 osakeste kontekstis
esitasime praktilise néite kooskélalise spinn-3/2 teooria kasutamisest,
arvutades antud osakese panuse miilioni anomaalsele magnetmomendile
a,. Kuigi ilmnes, et spinn-3/2 panus iseseisvalt ei ole piisav, et seletada
eksperimentaalselt moodetud a, erinevust SM-ist, pakkus meie arvutus
sellegipoolest vilja kasuliku néite silmusdiagrammide arvutamisest
kooskélalise korgema spinni teooria kontekstis. Seetottu voib meie t66
spinn-3/2 osakeste alal osutuda kasulikuks viiteks korgema spinni teooria
rakendamisel teiste SM-i probleemide adresseerimiseks. Uks lihtne niide
potentsiaalsetest korgema spinni teooria rakendusest tulevikku silmas
pidadades on aine-antiaine astimmeetria, mis vo6ib olla seletatav 1abi
spinn-3/2 osakeste lagunemise.
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