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Abstract

The main topic of this thesis is the study of Standard Model (SM) extensions within the
framework of Effective Field Theory (EFT), where it is assumed that undiscovered particles
exist at energies higher than those accessible to current experiments. There are two ways to
utilize EFTs for making meaningful predictions. The first is the top-down approach, where
the ultraviolet (UV) physics model is known, and our goal is to determine the effects of
heavy particles in the low-energy (infrared, or IR) regime via a process known as matching.
In contrast, the bottom-up approach is agnostic about the UV model; our starting point is
the EFT Lagrangian, and our main concern is to constrain the free parameters in the low-
energy EFT as much as possible using experimental data, thereby extracting hints about the
dynamics that may describe the processes in the UV. Both approaches have their advantages
and disadvantages, and this thesis aims to highlight their complementarity.

Specifically, there is a certain class of hypothetical particles called leptoquarks, which,
as their name suggests, couple the leptonic doublet and the quark doublet to form new inter-
actions. We have developed a universal formula for one-loop matching of all types of scalar
leptoquarks onto the Standard Model Effective Field Theory (SMEFT) and have applied it to
decouple an SU(2) doublet and a triplet within this formalism. The effects of these new par-
ticles are studied in the IR regime, leading to phenomena such as the generation of neutrino
masses and a sizeable contribution to the muon magnetic moment.

Additionally, following the first-ever evidence of the Higgs boson decaying into a Z-
boson and a photon—and noting a mild discrepancy with the SM prediction—we study the
Higgs sector observables using the bottom-up approach. We pinpoint the size of the Wilson
coefficients (WCs) needed to account for the observed deviation. Moreover, we explore
several single- and two-field scalar and fermionic extensions of the SM that could match the
size of the WCs found in the model-independent analysis, highlighting the importance of the
complementarity of both approaches.

In a similar vein, another discrepancy that had long persisted—but has recently dimin-
ished—lies in the lepton flavor universality ratios Rx and Rg«. Our main task was to calcu-
late the maximum deviation obtainable within the Minimal Supersymmetric Standard Model



(MSSM) by matching it onto the Low Energy Effective Field Theory (LEFT). This approach
allowed us to analyze these lepton flavor universality ratios within a consistent EFT frame-
work.
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[Teptindn

To x0pto Yéuo avthc TS dtateiBrc elvan 1 uerétn enextdoewy Tou Kahepwuévou Movtéhou
(KII) oto mhaioto tov Evepydv Oewmpuidv Iediou (EOII), mou éxel we xlpto napadoy 6Tt
Ta cwuotidlor Tou Bev €youv axdun avoxalugiel undpyouv o evépyelec LPNAGTERES amd
auTég mou elvan TEooBdoiues amd Ta TEEYOVTO TERdUATE. Y Tdpyouy dUo TEOTOL VoL YeT-
owonomdolv oi EOII yio tnv mapaynyn ovclaotixwy meofiédeny. O mpwrtog eivon 1
TEOCEYYLON AN TV TEOS T XATW, OTOU TO UTEELWOES UOVTENO QUOXHE Elval YVWoTO
xaL 0TOY0¢ oG elvon vor xadoploouye T EmOEAOELS TV BAUpEnY CWUATOIWY OTO YoUNAAS
evépyelac (Unépuldpo) xadeotie péow pog dtadixaciog YVOoTic we aviiotolylon. Avti-
VETWE, N TEOGEYYLOT AmO XATK TEOSC T TV EVOIL oY VWO TIXIG TLXY| TNS TRONYOVUEYNS” TO
onueio exxtvnonc wog etvar i Aayxpavliavy tne EOIL, xou o x0plog otody0¢ pag etvon vo
TepLloplooLPE 600 TO BUVATOV TEPLECOTERO TiC ehelVepeg Tapoauéteoug otny EOII youninc
EVEQYELNG YENOLLOTOLWVTAC TELoATIXG dedopéva, e&dyovtag €tol evdelelc ylor Tn Suva-
ux mou umopel va meplypdgel TIC dladixacieg oto uneplddeg. Kou ol 800 mpooeyyioeig
€Y 0LV TOL TAEOVEXTAUOTA X0 TO UELOVEXTHUOTA TOUC, Xat ot 1 dtatel3r) uroypopuilet
CUUTANEWUATIXOTNTA TOUC.

Yuyxexpéva, UTdEYEL Ko xoTNyopla coUATOiwY Tou ovoudlovTiol AETTOX0UdEXS, To
omola, 6TWS UTOONADVEL TO GVoud Toug, GLLEDYOLY TNV AETTOVIXT| SITAETAL UE T1) SLTAETOL TWV
xoudpx oynuatiovtag €tol véeg aAnhemdpdoels. Avantioue wia xodohxn popUovAa Yio
NV avtioTolylon oe eninedo evog Bpdyou OV Twv Baduwtdy Aettoxoudexs otn EOII tou
Kohepwuévou Ilpotimou xou tnv epapudoaue yio vor anoculebiouue par SImAEToL Xat Lol
TELTAETOL AETTOXOLAEX, ATk amo TNy cuuueteio Boduidog SU(2), evtdg autol Tou mhaaiou.
Ot emdpdioeic aUTOY TV VEOY OWUATOIWY UEAETOVTOL 0T0 LUTEELYPO XAVETTHOC, OONYOVTAS
o€ Qawvoueva Onwe 1 dnuloveylo walody yior ot VETpivar xadde xat ot oNUavTiXy cUUBoAY
OTY) LY VITIXY POTH TOU Uioviou.

Emniéov, petd o mpdopota BedoUEva YloL TNV TRMOTN TEROUATIXH avaxdAudn Tng Oi-
donoong tou pnoloviou Higgs oe éva umolévio Z xou €va peTOVIO—X0L CNUELDVOVTAC ULdL
fmo andxMor and v tedfiedn tou KIl—ueietolye tov touéa tou Higgs yenowonot-
AOYTOC TNV TEOCEYYLoN and xdtw Tpog Ta mhvw. IlpoadopiCoupe to péyedog twv cuvte-

ix



Aeotév Wilson (WCs) nou amoutoUvton yiow vor e€nyndel n mopatnpeolpevn andxhion xou
emnAéov, e€epeuvolpe Paduwtés xou gepplovixég enextdoelg tou KII ye éva 1) 800 media
mou Yo pnopodoay vo avtiotolyoly oto péyedog Twv WCs mou Beédnxayv otnv mopandve
avdALGT), AVABEXXVOWVTAS ETOL TN ONUACIO TG CUPTANEWUATIXOTNTAS TwY dLo tpooeyyioe-
V.

Me nopouolo teomo, pa GAAT andxMoT Tou elye TapaUelveL YLt LEYSAO YPOVIXS BAC TN
po—oARG TpdoPATA UELdUNUE—aPOopd TOUC AOYOUS xardohxdTNTag AeTTovinc YeUong Ry
xat Rg«. Ymohoyloope tn péylotn andxiion nou umopel va emiteuydel evioe tou Anhod
Trepouppetpxol Kahepwuévou Ilpotinou ye v aviiotolylor tou otny EOII Xaunirc
Evépyeiag. Auth n mpocéyyion pag enétpede var avahOGOUHE aUTOVUS TOUS AOYOUS xordoL-
%xOTNTOG AETTOVIXNC YEVONC EVIOEC EVOC GUVETOUE Thaoiou evepy @V VewpLcdv Tediou.
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Preface

I can vividly trace my interest in theoretical physics back to my undergraduate years, specif-
ically to my first course in Quantum Mechanics, where I was introduced to this peculiar yet
fascinating subject. It made a great impact on me—discovering how tiny particles, unseen by
the naked eye, could possess such intriguing properties and behave in the most bizarre ways.
My curiosity about the microcosmos was sparked. The study of quantum fields soon followed,
and by that time, I was fully invested in the challenges this topic entails. The quantum theory
of fields is vast; it not only serves as a framework for explaining a plethora of phenomena
found in nature but also carries the foundational principles for building elegant theories about
what our world is and could be.

The study of elementary particle physics began with the discovery of the electron, and
since then, physics has come a long way. Over more than 100 years, the physics community
has developed a theory to describe almost all known fundamental forces: the Standard Model
(SM) of particle physics. The SM was consolidated in 2012 with the discovery of the Higgs
boson, whose mechanism explains the generation of masses for all elementary particles. The
SM has withstood the test of time through meticulous experimental verification and is capable
of explaining physical phenomena in the microcosmos with remarkable accuracy. However, the
persistence of the SM, coupled with a lack of recent evidence for deviations from it, presents a
challenge for physicists seeking new discoveries. The SM cannot be the end of the story; there
are unresolved topics that it cannot fully incorporate, such as dark matter, neutrino masses,
and the unification of forces. Even though there is no clear way forward, the endeavor for a
more complete theory of nature continues unabated.

This thesis explores what lies beyond the Standard Model, where it is believed that un-
known force carriers and new particles reside, waiting to be discovered at energy scales that
exceed the reach of our current experiments. The SM can be extended in multiple ways:
augmenting the particle content directly, imposing new symmetries, or even postulating that
particles are composed of tiny vibrating strings. However, in this thesis, we follow a different
approach to systematically parameterize new physics through the separation of scales. This
framework is known as Effective Field Theory (EFT).

Effective Field Theory leverages the principle of scale separation, where the influence of
high-energy physics on low-energy phenomena is suppressed. This allows us to focus on low-
energy processes by incorporating the effects of unknown high-energy physics into a set of free
parameters in our theory. Consequently, we can make accurate predictions without detailed
knowledge of the ultraviolet (UV) sector. There are two ways to approach EFT: either we hy-
pothesize the underlying UV physics and work out the details of its effects at low-energy scales,
or we acknowledge an unknown UV sector and construct a low-energy theory with several free

Xix



parameters that encode the effects of the UV physics. Although these two approaches seem
separate, in reality, they are complementary to each other. Studying this modern approach in
physics is invaluable; it provides great insight into the dynamics of the UV phenomena we aim
to explain and offers a systematic framework to enhance the accuracy of established theoretical
calculations.

This thesis is organized into five chapters. In the first chapter, we provide a brief overview
of elementary particle physics and the Standard Model, introducing the concept of effective
field theories and highlighting the machinery of the two approaches outlined previously. The
second chapter focuses on the extraction of Wilson coefficients (WCs) using the functional
approach and delves deeper by considering a two-leptoquark model and its effect on observ-
ables at low-energy scales. In the third chapter, we investigate a timely issue regarding the
observed deviation in the decay of the Higgs boson into a Z-boson and a photon. We conduct
a model-independent statistical analysis within the framework of the Standard Model EFT,
gauging the magnitude of the WCs capable of explaining this discrepancy. We also examine
the phenomenon from a model-dependent perspective, considering several SM extensions that
could provide a viable explanation for the observed deviation in the Higgs sector. Chapter 4
aims to provide an upper limit on the lepton flavor universality ratios Ry and Rg. within the
Minimal Supersymmetric Standard Model (MSSM) by considering several constraints from
well-measured observables. Finally, in chapter five, we conclude and discuss the implications
of these findings and suggest avenues for further research.

XX









Chapter 1

Introduction

1.1 Elementary Particle Physics

Elementary particle physics is the field of study that seeks to understand the most fundamental
constituents of the universe, those entities that are indivisible and govern the behavior of
all matter and forces. At this scale, the principles of Quantum Mechanics (QM) dominate,
rendering the classical mechanics of our everyday experiences obsolete. In the quantum realm,
where particles exhibit wave-like behavior, the deterministic laws of classical physics give way
to the probabilistic nature of quantum phenomena.

Given the minuscule size of elementary particles, they frequently travel at velocities ap-
proaching the speed of light, necessitating the incorporation of Special Relativity into their
description. The union of Quantum Mechanics and Special Relativity leads to the framework
of Quantum Field Theory (QFT), which provides a comprehensive description of the behav-
ior of the fastest and smallest particles in nature. QFT is the theoretical bedrock of modern
particle physics, allowing for the unification of particle and wave descriptions and offering
profound insights into the fundamental interactions of particles.

Nature, as we currently understand it, is governed by four fundamental forces: the strong,
electromagnetic, weak, and gravitational interactions. The advent of Quantum Mechanics
revolutionized our understanding of these forces, particularly through the concept of force
mediators. Each fundamental force is now associated with a specific type of particle that acts
as its mediator, facilitating the interactions between other elementary particles. The Strong
Force is mediated by gluons and is responsible for binding quarks together to form protons,
neutrons, and other hadrons. It operates at the scale of atomic nuclei and is the most powerful
of the fundamental forces. The Electromagnetic Force is mediated by photons and governs the
interactions between charged particles. This force is responsible for the structure of atoms and
molecules, as well as the behavior of electromagnetic waves, including light. The Weak Force
is mediated by the W* and Z bosons and is responsible for processes such as radioactive decay
and neutrino interactions. It plays a crucial role in the fusion reactions that power stars.

The Gravitational Force, described by General Relativity, is mediated by the hypothetical
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graviton (which has yet to be discovered). While gravity is the most familiar force at macro-
scopic scales, in the microscopic realm of particle physics, it is exceedingly weak compared to
the other forces. For example, the electromagnetic force between two elementary particles can
exceed the gravitational force by nearly 40 orders of magnitude. Given its relative weakness,
gravity is often neglected in particle physics. However, it is widely believed that at sufficiently
high energy scales, approaching the so-called Planck scale (Mp = 10'® TeV), gravitational
interactions can no longer be ignored, and a quantum theory of gravity becomes essential.

The foundations of particle physics were laid with the discovery of the electron by J.J.
Thomson in 1897, marking the first identification of a fundamental particle. This breakthrough
was soon followed by Max Planck’s work on blackbody radiation, where he introduced the
revolutionary idea that electromagnetic energy is quantized, being emitted and absorbed in
discrete packets called quanta. This was the first step in the quantization of electromagnetic in-
teractions, leading to the birth of Quantum Mechanics. As experimental techniques advanced,
a multitude of other particles were discovered, both fundamental, such as quarks and leptons,
and composite, such as protons and neutrons. Over time, physicists meticulously tabulated
the properties of these particles, including their mass, charge, and spin.

The culmination of decades of theoretical and experimental progress in elementary par-
ticle physics is the Standard Model (SM). The Standard Model is the most successful theory
to date, describing the fundamental particles and their interactions (excluding gravity) with
remarkable accuracy. The particle spectrum of the Standard Model can be divided into several
categories.

* Matter Particles: These include quarks and leptons, which are the building blocks of
matter. Quarks combine to form hadrons, such as protons and neutrons, while leptons
include electrons, muons, taus, and neutrinos.

* Force Carriers: These are the mediators of the fundamental forces, including the gluon
(for the strong force), the photon (for the electromagnetic force), and the W and Z
bosons (for the weak force).

* The Higgs Boson: The only scalar boson in the Standard Model. The Higgs boson is a
result of the mechanism called the Higgs mechanism of spontaneous electroweak sym-
metry breaking, which endows elementary particles with mass.

The Standard Model has been extraordinarily successful in explaining a wide range of
experimental results and has withstood numerous experimental tests. However, it is widely
acknowledged that the Standard Model is not the complete theory of fundamental interactions,
as it does not incorporate gravity, nor does it account for neutrino masses, dark matter or dark
energy. These limitations suggest that new physics lies beyond the Standard Model, waiting
to be discovered as experiments probe ever higher energy scales and as theoretical advances
continue to push the boundaries of our understanding.

1.2 The Standard Model of Particle Physics

Spacetime symmetries are fundamental to the way we understand the behavior of particles and
fields within the framework of relativistic quantum field theory, the foundation upon which the
Standard Model is built. At the heart of spacetime symmetries in the Standard Model is Lorentz
symmetry, which is a cornerstone of Einstein’s theory of special relativity. Lorentz symmetry
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dictates that the laws of physics are the same for all observers, regardless of their relative
motion, provided they are in inertial (non-accelerating) frames of reference. This symmetry
implies that physical phenomena do not depend on the orientation or the uniform motion of
the observer in spacetime.

Lorentz symmetry can be mathematically described by the Lorentz group, which includes
rotations in space and boosts (transformations related to changes in velocity). The Standard
Model respects Lorentz symmetry, ensuring that the equations describing particles and their
interactions are invariant under these transformations. This invariance leads to important
physical consequences, such as the fact that the speed of light is constant in all inertial frames
and that the mass of a particle is invariant, regardless of its velocity.

The Poincaré group extends the Lorentz group to include translations in space and time,
reflecting the fact that the laws of physics are also invariant under shifts in position or time.
This means that the physics described by the Standard Model does not depend on where or
when an experiment is conducted, as long as the experiment is isolated from external influ-
ences. The Poincaré group encapsulates the full symmetry of flat spacetime in the context of
special relativity, and it is this group that underlies the relativistic quantum field theories that
describe the behavior of particles in the Standard Model [1-3].

Apart from the symmetries discussed above, which constitute external symmetries of the
SM, there exist also internal symmetries that govern the particular interactions and the particle
content of the SM. The SM from the standpoint of QFT is built upon the so called non-Abelian
gauge symmetries, which are a type of local symmetry that applies to the fields associated with
fundamental forces. The gauge group associated to the SM is,

Gy = SU(3), x SU(2), x U(1)y , (1.1)

where each component corresponds to one of the fundamental forces.

The group of SU(3), describes the mathematical framework which Quantum Chromo-
dynamics (QCD) depends on, while the letter c stands for color which is a type of charge
associated with quarks and gluons specific to strong interactions. The symmetry group reflects
the invariance of QCD under rotations in the abstract space of color.

The rest of the SM gauge group, SU(2); x U(1)y, embodies the theory of electroweak
interactions, which unifies the electromagnetic and the weak nuclear force into a single force.
The letter “L” stands for left, denoting that the symmetry applies only to left-handed particles,
reflecting that chirality in the SM plays an important role. Lastly, the group U(1)y refers to
hypercharge, a quantum number related to the electric charge and the weak force.

A critical aspect of the Standard Model is spontaneous symmetry breaking, particularly as
it relates to the Higgs mechanism. Although the underlying electroweak symmetry SU(2); x
U(1)y would suggest that all these bosons should be massless, just like the photon, in nature,
the W and Z bosons are massive, while the photon is not. This apparent discrepancy is resolved
through the Higgs mechanism, where the Higgs field, a scalar field with its own dynamics,
acquires a non-zero vacuum expectation value, spontaneously breaking the SU(2); x U(1)y
symmetry down to the electromagnetic symmetry U(1)gy. This symmetry breaking imparts
mass to the W and Z bosons, while the photon remains massless. The Higgs boson, discovered
in 2012, is the quantum excitation of this field and serves as a direct confirmation of this
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Fig. 1.1: The building blocks of nature.

mechanism. There are several textbooks covering the material of this chapter in more depth,
the interested reader is referred to [4-6].

This concept of symmetry breaking is also pivotal in explaining the masses of the fermions
(quarks and leptons) through their interactions with the Higgs field. The strength of these
interactions (Yukawa couplings) determines the masses of the fermions, leading to the wide
range of masses observed in nature, from the light electron to the much heavier top quark.

In defining the SM Lagrangian the local symmetry group Gg), dictates that we introduce
the following gauge bosons representations,

Gi~(8,1,0) W;~(1,3,0) B,~(1,1,0). (1.2)
As for the matter particles we introduce the following sets of fields under the Ggy; representa-
tion group,
. 1 . 1 . 2 . 1 :
qz N(S,Z: 6) ] ezw(lzz,_i) 5 u;(’\'(?’) 1: g) 5 d}IQN(B) 1)_5) 5 e}IQN(]v 1:_1);

(1.3)
where i = 1,2,3 denotes that there are three distinct generations for each field introduced
above each of which the above representation is assigned. Lastly, the representation of the
Higgs field under the SM gauge group reads,

1
¢ ~ (1,2, 5) . (1.4)

Another important ingredient stemming from the SM gauge group is the covariant deriva-
tive defined as,

D, =0,—ig'B,—igt'W, —ig,A°G}, (1.5)

where g, g’ and g, denote the couplings of each individual group of Gy, while 7! and A®
correspond to the generators of SU(2) and SU(3) respectively.
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Having set all the necessary pieces we can now present the most general renormalizable
Lagrangian that respects both the Poincaré group and the SM gauge group. We suppress chi-
rality indices L and R of the fermionic fields for brevity,

1 + At N2
Low == FoFGy —IDu¢ 1+ 12 676 — = (079)
+iYp Oy — (Ly.ed +qy,ud +dyadd) + he., (1.6)

The first term in eq. (1.6) corresponds to the sum, denoted by (i) of the kinetic terms of the
three distinct field strength tensors of the gauge boson introduced in the paragraph above,
while the second is the kinetic term of the Higgs boson. The rest of the expression constitutes
the scalar potential which leads to the spontaneous symmetry breaking of the electroweak
sector. On the second line the first terms implies the summation of the kinetic terms of all
matter fields, while the rest denote the Yukawa sector which leads to the acquisition of mass for
the matter particles upon symmetry breaking. Matrices y(, , 4 are called the Yukawa couplings
and are general 3 x 3 matrices in flavor space.

This elegant model of spontaneous symmetry breaking of the gauge group SU(3), xSU(2); %
U(1) can accommodate for almost all observed interactions and experimental data observed in
elementary particle physics.

Despite its successes, the SM is known to have significant limitations, both theoretical
and experimental, which strongly suggest the existence of physics beyond the Standard Model
(BSM). The remainder of this introduction will be devoted to a systematic exploration of the
foundational concepts and theoretical frameworks that we will employ to address the known
inconsistencies of the Standard Model (SM). By laying out these fundamental principles, we
aim to establish a comprehensive understanding of the tools and methodologies that are pivotal
in advancing beyond the current limitations of the SM.

Following this, we will introduce supersymmetry (SUSY), one of the most prominent the-
oretical extensions of the SM, which addresses several of the model’s most pressing issues,
such as the hierarchy problem. In parallel, we will explore the framework of effective field
theory (EFT), a powerful tool that allows for the systematic study of new physics beyond the
SM, even in the absence of a fully developed high-energy theory.

1.3 The Minimal Supersymmetric Standard Model

The following section serves as a brief introduction to the concept of Supersymmetry (SUSY),
the interested reader may refer to ref. [7] for a detailed and robust review of SUSY.

Supersymmetry is one of the most compelling theoretical frameworks proposed as an ex-
tension of the Standard Model (SM) of particle physics. SUSY postulates a fundamental sym-
metry between fermions and bosons, two distinct classes of particles in quantum field theory.
In a supersymmetric theory, every known particle in the SM has a corresponding superpart-
ner: fermions are paired with bosons, and vice versa. These superpartners differ by half a
unit of spin, meaning that a fermion has a bosonic superpartner and a boson has a fermionic
superpartner.

The most widely studied and phenomenologically viable SUSY model is the Minimal Su-
persymmetric Standard Model (MSSM). It is a crucial framework for exploring the potential
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validity of SUSY in nature and serves as a cornerstone for many extensions and variations
in high-energy physics. The MSSM’s particle spectrum is significantly richer than that of the
SM. It includes superpartners for each of the SM particles, as well as additional Higgs bosons
necessary to maintain consistency within the SUSY framework. The main components of the
MSSM particle spectrum are:

Sfermions (squarks and sleptons):

e Squarks are the scalar superpartners of the SM quarks. Each quark flavor g has two
squarks associated with it §; and §p.

» Sleptons are the scalar superpartners of the SM leptons. Each charged lepton flavor
(electron, muon, tau) has two sleptons £ ; and ZR. Neutrinos also have corresponding
sneutrinos 7.

Gauginos and Higgsinos:

* Gauginos are the fermionic superpartners of the SM gauge bosons. They include the
gluino g (superpartner of the gluon, which depending on the SUSY-breaking mechanism,
could be one of the heaviest superpartners in the MSSM), the Bino B (superpartner of the
U(1) gauge boson) and the winos W*, W° (superpartners of the SU(2) gauge bosons).

* Higgsinos are the fermionic superpartners of the Higgs bosons. In the MSSM, there
are two Higgs doublets, leading to four Higgsino states FIS,I:Ig (neutral Higgsinos) and
H,H (charged Higgsinos).

These gauginos and Higgsinos mix to form the mass eigenstates known as neutralinos
(four neutral particles, often denoted as )Z?, )Zg , )Zg, 22) and charginos (two charged particles
)Zf, )Zéc). The lightest neutralino )Z? is often considered the lightest supersymmetric particle
(LSP) and a prime candidate for dark matter.

The MSSM also necessitates two Higgs doublets, resulting in five physical Higgs bosons.
Two CP-even neutral Higgs bosons h (lighter) and H (heavier). One CP-odd neutral Higgs
boson, A° and two charged Higgs bosons H*. The introduction of an additional Higgs doublet
allows the MSSM to address the hierarchy problem by maintaining SUSY and ensuring that
the Higgs sector remains consistent with electroweak symmetry breaking.

In some SUSY models, the gravitino, the superpartner of the graviton, could be the LSP It is
an extremely weakly interacting particle, making it another dark matter candidate in scenarios
where it is the LSP

To name a few, the advantages of the MSSM are

* Resolution of the Hierarchy Problem: The hierarchy problem refers to the large discrep-
ancy between the electroweak scale (~ 100 GeV) and the Planck scale (~ 10'° GeV),
at which gravitational interactions become significant. In the SM, the Higgs boson mass
is extremely sensitive to quantum corrections, potentially driving it to very large val-
ues. SUSY provides a natural solution to this problem by introducing superpartners
that cancel out the quadratic divergences in the Higgs mass, thereby stabilizing it at the
electroweak scale.

* Gauge Coupling Unification: The MSSM predicts that the three gauge couplings of the
SM—corresponding to the electromagnetic, weak, and strong forces—can unify at a
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single energy scale (~ 10'® GeV) in a grand unified theory (GUT). This unification is not
exact in the SM but is remarkably close in the MSSM, providing indirect evidence for
the existence of SUSY at high energies.

* Dark Matter Candidate: In the MSSM, the lightest supersymmetric particle (LSP) is often
stable due to a conserved quantum number called R-parity. If the LSP is electrically
neutral, as is the case for the neutralino (a mixture of the superpartners of the photon,
Z boson, and neutral Higgs bosons), it can serve as a viable dark matter candidate. This
offers a potential explanation for the dark matter observed in the universe.

Despite its strengths, the MSSM also has limitations:

* Fine-Tuning: The MSSM still requires some degree of fine-tuning to explain the observed
Higgs boson mass of 125 GeV. This has led to the exploration of alternative SUSY models
or extensions of the MSSM.

* Lack of Direct Evidence: So far, no superpartners have been observed at the LHC, lead-
ing to increasingly stringent bounds on their masses and casting doubt on the simplest
versions of the MSSM.

e Flavor and CP Problems: The MSSM introduces new sources of flavor and CP violation,
which must be tightly constrained to avoid conflict with experimental observations, lead-
ing to additional model-building challenges.

The MSSM remains one of the most well-motivated extensions of the Standard Model,
offering solutions to critical problems, we will explore the implications of the MSSM and flavor
observables, in particular the contributions to the Ry, in Chapter 4.

1.4 Effective Field Theories

In this section, we introduce Effective Field Theory (EFT), a framework that plays an essential
role in modern quantum field theory, particularly in addressing physics at different energy
scales. The exposition closely follows the excellent review by A.V. Manohar [8], with additional
references such as [9, 10]. Quantum field theories, in general, can be categorized into two
large classes according to the renormalizability ! of their interactions. These two classes are,

* Renormalizable Field Theories.

Theories, such as the SM, fall into this category, where only need a finite number of
counterterms are required to cancel their UV divergences arising from loop graphs. The
Lagrangian of these theories include operators of mass dimension 2 < 4, hence their
interactions are renormalizable. In principle, renormalizable theories allow for calcula-
tions of observable quantities to infinite precision.

¢ Non-Renormalizable Field Theories.

In these theories an infinite number of counterterms are needed to cancel the divergences
from loop diagrams. The Lagrangian contains operators of higher mass dimension, 2 >
4, adding up to the renormalizable ones. Although non-renormalizable theories require

'n this chapter we will assume the that the reader is familiar with renormalization theory. A good review on
renormalization and effective field theories can be found in [11].
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more complex treatment, they still allow for meaningful predictions within a specific
energy scale.

Effective Field Theories (EFTs) fall into the second category. Although non-renormalizable,
they are full fledged QFTs with both a regularization procedure and a renormalization scheme,
just like ordinary QFTs. They, can make meaningful predictions up to some finite order defined
by a power counting parameter 6. Suppose we compute an observable to some order 6", the
error of our calculation would be of order §™"!. Hence, within the EFT framework we can
compute experimental quantities to finite precision.

In many cases the EFT is an approximation of a more complete theory, which is often
called the full theory. There are two approaches to derive an EFT,

* Top-down EFT.

In this method we “integrate out” the heavy degrees of freedom, related to the high
energy scale A of the full theory. As a result we obtain a set of local operators Oi@
of dimension 2 > 4 built from the fields of the low energy theory. The information
of the full theory is encoded in a set of coefficients called the Wilson coefficients, Ci@ ,
multiplying their respective operators. These Wilson coefficients encode the impact of
the high-energy physics on the low-energy observables.

¢ Bottom-up EFT.

In this approach we add to a renormalizable theory higher dimensional operators, which
respect gauge invariance and locality, promoting it to an EFT. The main difference with
the top-down approach is that the Wilson coefficients of the theory and the UV scale A are
not known. This constitutes a model independent way to parametrize the effects of new
physics arising from the scale A. By computing observables within the EFT comparing
them against experimental data we can fix the values of a set of Wilson coefficients, thus
providing indirect evidence for the nature of the high-energy physics.

Whether we use the top-down or bottom-up approach, both are constructed with a univer-
sal view, to reproduce the same S-matrix element as the full theory, this procedure is known as
matching. In the first approach the matching is explicit while in the second one implicit, since
the full theory is not known. In any case, this doesn’t mean that the fields and parameters
characterizing the full theory remain the same when going down to the EFT. On the contrary
when computing in the EFT the fields and parameters are redefined according to redefinitions
imposed by the decoupling of the heavy modes. This has also consequences in the RG flows,
which are inherently different since the scale of the full theory and the EFT are not the same.
One may then ask, “How does this reproduce the same S-matrix, since the fields are different?”.
The answer to this question lies in an important property of quantum field theory, invariance
of observables under field redefinitions.

EFTs are not merely theoretical constructs but have proven invaluable in the study of a
wide range of physical phenomena. Historically, the concept of EFTs emerged from the need to
describe physical processes occurring at different energy scales. An EFT serves as a low-energy
approximation to a more fundamental, high-energy theory, often referred to as the "full theory."
The necessity of EFT arises in situations where it is either impractical or impossible to access
the high-energy regime directly in experiments. This notion was first developed in low-energy
QCD, leading to the creation of chiral perturbation theory, an EFT for QCD at low energies.
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One of the major successes of EFTs in particle physics is the Fermi theory of weak interac-
tions, which described an EFT valid at low energies before the electroweak theory emerged as
a more fundamental theory. Similarly, Standard Model Effective Field Theory (SMEFT), which
extends the Standard Model by including higher-dimensional operators, is an essential tool
to study possible new physics beyond the current experimental reach. In SMEFT, the effects
of new high-energy physics are suppressed by powers of the energy scale A, representing the
scale at which new physics becomes important.

1.4.1 The EFT Lagrangian

Having established the foundational principles of effective field theory, we now turn to the
technical construction of the EFT Lagrangian. In order to construct a Lagrangian we first have
to identify the relevant degrees of freedom in the theory and impose symmetry constraints on
the operators. We will begin by working out the dimensionality of the fields in d dimensions.

The action of a theory must be dimensionless?, in d dimensions,
[S]= U d9x C(x)} =0. 1.7)

Given that [ddx] = —d the Lagrangian has mass dimension,
[L(x)]=d. (1.8)
Consider a Lagrangian built out of a scalar field ¢(x), a spinor field 1)(x) and a vector

field A, (x) along with the partial derivative, d,. The dimensionality of these fields can be
worked out from their kinetic terms since [6 ] = 1. The dimensions of the relevant fields are,

u
d—1 d—2 d—2
— - A |l=—=. 1.
Wl=——, [l=——, [Al=— (1.9)
The gauge coupling’s dimension [g] is given by,
[g]= % , suchthat [D,]=1. (1.10)

A Lagrangian of any theory is composed as the sum of all Lorentz and gauge invariant
operators,

L= c0;x). (1.11)

The renormalizable part contains all operators with dimension 0 < 2 < d, while the non-
renormalizable part consists of operators with 2 > d. In the context of EFT, the Lagrangian
can be organized as a formal expansion in powers of the operator dimension,

(2) H(2)
c. O (x)
_ i i
Lgpr = Z T A7—d (1.12)
92>d, i
where A is a high-energy scale characterizing the onset of new physics, and it is introduced
to render the Wilson coefficients cl.(@) dimensionless. For example, in d = 4, the general La-

[-: ‘C@ 4 > 2 e (1'13)
< A A

2We work in the natural system where i=c =1
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The Lagrangian of eq. 1.13 should be treated as an expansion in powers of 1/A and should
not be summed over to all orders as this would violate the EFT power counting rules. This
expansion helps us organize the calculation of amplitudes in a systematic way.

The calculation of physical observables, such as scattering amplitudes, can be organized
using a power counting scheme. Consider a general amplitude in d dimensions. By dimen-
sional analysis the contribution of an operator of dimension 2 to the amplitude will scale

E 2—d

where E is the typical energy of the process. This corresponds to an insertion of a single

as,

operator of dimension 2 > d. Multiple insertions of such operators lead to an amplitude of

the form,
2 , 1.15
ae] ] (3) (1.15)

It is then convenient to define the power counting formula,

n=>(2-d), (1.16)

with the sum running to all insertions of higher dimensional operators. Thus the amplitude
turns out to be a power of n,
E n
A “ (_) ’
A

This formula illustrates the distinction between renormalizable and non-renormalizable the-
ories. In renormalizable theories, only a finite number of operators contribute to physical
amplitudes, while in EFTs, higher-dimensional operators provide corrections suppressed by
powers of E/A.

To further illustrate the difference between renormalizable and EFT operators, consider a
specific case in d = 4. Consider a graph with a single insertion of a 2 = 5 operator. This will
generate an amplitude of the form,

E

A o< G 1.17)

Inserting another operator of the same dimension we get an amplitude of the form,

2
Ao (%) i (1.18)

which corresponds to the contribution of a dimension-2 = 6 operator. If these insertions oc-
cur in loop diagrams, the resulting amplitudes will be divergent, requiring counterterms from
higher-dimensional operators, such as those in £4. This exemplifies how we can generate arbi-
trarily high dimension operators that require an infinite amount of counterterms to cancel the UV
divergences. While the presence of an infinite number of higher-dimensional operators might
seem problematic, it does not pose a practical issue for calculations. In an EFT, calculations
are performed to a fixed order in n, meaning that only a finite number of operators contribute
within a desired level of precision.

10
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1.4.2 The Standard Model Effective Field Theory

We now turn to a particularly important example used in the precision calculation of observ-
ables: the Standard Model Effective Field Theory (SMEFT). The SMEFT framework extends
the Standard Model (SM) by introducing higher-dimensional operators that encapsulate the
effects of new physics beyond the SM. These operators respect the gauge symmetries of the
SM but allow for interactions that arise at energy scales beyond the electroweak scale. It is
expressed as:

C(n) C(S) C(é) 6 1
. ® _
Lowmrr = Low+ D, D @ = Low+ D=0 + > -0 )+0(F) . (1.19)
i i

n>5 i

where n indicates the dimension of the operator and i runs to account for every operator of the
respective dimension. This expansion organizes the effects of new physics in a power series of
AL

The construction of the SMEFT involves systematically listing all possible operators at each
dimension that are consistent with the symmetries of the SM. This process requires careful
consideration to avoid redundancies arising from equations of motion, integration by parts,
and Fierz identities. The initial cataloging was performed in ref [12]. However, it was later
realized that some operators in their basis were redundant due to equations of motion or could
be eliminated through field redefinitions. This led to the development of the Warsaw basis in
ref. [13], which provides a complete and non-redundant set of operators up to dimension six.
The classification of operators of dimension seven and higher has been further explored in
subsequent works, such as [14, 15].

At dimension five, there is a unique gauge-invariant operator that violates lepton number
conservation by two units (AL = 2). This operator is known as the Weinberg operator [16]
and is responsible for generating Majorana masses for neutrinos after electroweak symmetry
breaking. It is expressed as:

Q(S) = (?‘jkemnHjI_Im (ZIEP)T C (er) ’ (1.20)

where C = iy2y? the charge conjugation matrix. Indices j, k, m,n are SU(2) indices while p, r
are flavour indices. Upon spontaneous symmetry breaking, the Higgs field acquires a vacuum
expectation value, and the Weinberg operator generates Majorana mass terms for neutrinos:

2
v T
Ly mass = —ﬁcgi) (v,) Cv, +hec, (1.21)

where v &~ 246 GeV is the Higgs vev. Therefore, SMEFT provides us with tiny neutrino masses
originated at the scale A.

At dimension six, the number of independent operators increases significantly. Assuming
baryon number conservation and not counting flavor indices or Hermitian conjugates, there
are 59 independent operators in the Warsaw basis. These operators modify various aspects of
the SM. We write the Lagrangian of dim-6 operators as,

Comer =2, C Q0+ ¢/ o, (1.22)
X 7
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x3 H® and H*D? Y2’
O | FGrGTG | 0 | (HHY | Qu | (HH)(leH)
0 | fBGGY G | Quo | (HTH)O(H'H) | Quy | (H'H)(qpu,H)
o SIJKWiqu{prM Qup (H'i‘DHH)* (HTDHH) Qi (HJ'H) (apdrH)
O EIJKWJvWiP Wf"
X2H2 II)ZXH ”l,szzD
E TN P I 8 R = T [ e
~ ~ I —
QHG H'i‘HGﬁvGA,uv QeB (Zpo-uver)HBuv Ql(:l) (H"LiDMH) (ZPTIYHZF)

o | LW | Qo | @onThu)iiGh, | Que | (118,1) Gyrke)
Qv HTHWIL,WIW Quw (qpamut) TIITIWJv QS; (HTi(BMH) (pr“qr)
Oup | H'HBLBY | Q| (3,0"w)dB,, | (H D, H ) (a,7'v"a:)
Ous HTHEWBW Qdc (quWTAdr)HGﬁv QHu (HTiB’MH) (ﬂpy“ur)
Quws | H'T'HWL B | Quy | (q,0"7d,) T/ HWL, | Qpq (H‘fiBMH) (d,r"d,)
Quivs HTTIHW;vBW Qi (qpo'mdr)HBuv QHud (FITiD”H) (ﬂp}/udr)

Table 1.1: Dimension-6 operators except four-fermions as classified in [13].

where X = {Gﬁv, WJ » Buv} accounts for the bosonic only operators, while Q¢ denotes opera-
tors containing fermion fields. The results of the independent operators excluding 4-fermions

are shown in Table 1.1 as presented in [13]. Four-fermion operators are shown in Table 1.2

Many of the operators above change the standard definitions of the SM. For example, the
operator Qy shifts the vev of the Higgs field. The operator class X2H? is phenomenologically
important since it contributes to processes such ash — y y and h — Z y, which will eb
the topic of Chapter 3. Operators of the class y)2H? redefine the Yukawa couplings of the
SM interactions. These are only some changes imposed by dim-6 operators. The Feynman
rules as well as the implications of spontaneous symmetry breaking in R.-gauges have been
worked out in Ref.[ 17]. The running of the Wilson coefficients have been calculated in a series
of papers [18-20] and an extensive review of the SMEFT is given in Ref.[21]. As the oper-
ator dimension increases, the number of possible operators grows rapidly. The classification
of dimension-7 operators has been explored in [14, 22], and dimension-8 operators in [15,
23]. The construction of these higher-dimensional operators involves advanced mathematical
techniques (such as Hilbert series) due to the combinatorial complexity and the need to ensure
operator independence.

1.5 Top-down EFTs

In the previous section we analyzed the structure of the Lagrangian of an EFT. In this section
we will talk about the top-down approach of constructing the EFT by decoupling (or integrating
out) a heavy particle with mass M from the full theory. Schematically we may say that the
particle exists in our theory when u > M and at scales u < M the particle doesn’t have any
dynamical degrees of freedom in our theory, where u is the renormalization scale. The effects
of this particle are encoded in the Lagrangian, where higher dimensional operators come into

12
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(22)(zr) (RR) (RR) (21)(RR)

Qu Grul )G ) | Qe | @Erped@rfed | Qe | prul)Erte,)
QW | @rua)alr*a) | Qu | @ruu)@rtud) | Qu | Crul)@rtu,)
QP | @ru™'a)@r v’ | Qua | (dprud)dsy#d) | Qa | Gyl )(doytd,)
o | Grul)@r'a) | Qa | @rued@rud | Qe | (@rud)@rter)
oY | @rut)@r"e'a) | Qea | Gprued)dr'd) | QW | @ rua)@rtu,)
o | Gruu)dtd) | QB | @y g, ) T u,)
Q) | @y, Thu )y TAd) | Q4 | @prug)(derde)

Q17 | @ruT"a)(dr"Td,)

(fR) (I_QL) and (ZR) (fR) B-violating
Quag |  Cedda) | Quug ePre [ el |[(a) ctt]
ol 1 @u)ep(@d) | Qg ePre; [ (gp) Cal* |[(uh) Ce,]
Q% | (@ T4u,)e (@ T4d,) | Qgeq €T ejnerm| (@) CaP* ] [(@™Cly]
oV | @edep@u) | Quu e [ (a2 cul [ ce,]
0? | @ ome)en@ ot u,)

Table 1.2: Four-fermion operators, chiral indices are assumed in the operator class.

play suppressed by the mass M of the heavy particle. Another effect of the decoupling is the
difference in the beta functions of the full and the effective theory, hence the couplings are
affected as well. All of the above corrections, coming from the decoupling at some scale M
are referred as threshold corrections.

In constructing an EFT via to top-down approach one begins with a well defined UV model
that describes physics at energy scales higher than a certain energy threshold. In order to
systematically derive the EFT in the IR regime we follow the process of integrating out heavy
degrees of freedom from the UV theory, this process is known as matching. The goal of this
procedure is to obtain and effective theory that describes the dynamics of the light degrees
of freedom in energy scales much lower than the mass scale of the full theory. Overall, the
matching process boils down to the following statement, the low-energy EFT and the full theory
have to reproduce the same S-matrix elements.

There are two methods for performing the matching, diagrammatic matching, through
Feynman diagrams and functional matching, which directly deals with the path integral. Both
methods aim for the same outcome but use different techniques to achieve it. Below, we will
highlight how both approaches work and discuss their respective advantages.

In diagrammatic matching one calculates Green’s functions in both the full theory and in
the EFT using Feynman diagrams and by comparing the resulting computations the Wilson
coefficients of the EFT are extracted that reproduce the same predictions as the low energy
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behavior of the UV theory. This can be done at any order in perturbation theory, our focus
lies mainly in one loop matching. In order to achieve this one has to follow the steps outlined
below.

* Draw all relevant Feynman diagrams up to one loop that do not contain any heavy de-
grees of freedom in the external legs. All heavy particles must circulate inside the loop
and may be combined with light degrees of freedom also running in the loop.

* Calculate all relevant diagrams expanding the denominators in powers of 1/M, where
M is the off-shell mass of the heavy particle, keeping the expansion up to the desired
order. For example, if we want to include up to dimension 6 operators one has to cut-off
the expansion to 1/M? neglecting all other contributions suppressed by higher powers.

* Draw and calculate the corresponding diagrams in the EFT, which would include local
operators without any heavy fields. Only light fields are allowed inside the loops. Note
that Wilson coefficients are treated as unknown quantities in the EFT.

* Equate the amplitude at some desired scale u, and solve the system of equations for the
Wilson coefficients.

Diagrammatic matching makes it easy to identify which diagrams contribute to a particular
operator in the EFT and how different interactions affect observables. However, matching must
be redone for each process or class of processes, which can be inefficient if one is interested in
many observables or in extracting all WCs of the UV model.

In functional matching, one employs the path integral machinery along with the back-
ground field method to directly compute the effective action including the effects of heavy
degrees of freedom. More specifically, we require the one-particle-irreducible (1PI) effective
action to be the same as the one-light-particle-irreducible (1LPI) effective action stemming for
the UV,

le1=T o1, (1.23)

where with ¢ we denote light degrees of freedom. At tree level one has to simply substitute
in the UV Lagrangian, Lyy[®, ¢ ], the equations of motion of the heavy particle ®, that is,

Logrl1=L[®., 9], (1.24)

where ®, is the solution of the EOMs. At one-loop the computations are more involved but an
2
0“Syv

5¢> @:éc)

where by “hard” we denote that all integrals in dimension regularization (DR) arising in the
specific computations should be expanded in the region where ¢ ~ Mg > my. The second

elegant result arises in the end,

> (1.25)
hard

1-loop __ {
Sgpr - = 3 STrlog (—

variations of the actions can be further decomposed in the following way as,
52Syy
o2

where K constitutes the inverse propagator while X denotes the interaction part. This lead to

=K—X
>=9,

> (1.26)

the following result,

e STr[(KX)" ]| ,q » (1.27)

;&=
_EZ

] i
ghloop — —STrlogK
2 hard n=1

S
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1.5. Top-down EFTs

these two terms are known as “log-type” and “power-type” supertraces respectively. These
can be systematically organized graphically. The method provides the complete set of effec-
tive operators and their coefficients without the need to consider specific processes. Although
more general than diagrammatic matching functional methods involve sophisticated mathe-
matical techniques that may be less intuitive than diagrammatic methods. The application of
functional matching and its details is postponed until Chapter 2 of this thesis.

Since the results of functional matching are process independent they are universal in the
sense that some part of the matching procedure can be calculated once and for all for many
classes of UV model because they share common forms of K and X matrices. By assuming for
example that any number of heavy scalar particles run in the loop one arrives at the so-called
Universal One Loop Effective Action or UOLEA [24, 25]. Several other universal results have
surfaced since then. The first graphical organization of function techniques is called covariant
diagrams [26] which led to the extension of the UOLEA to include heavy-light contributions
in the loop [27, 28]. Other results include the fermionic UOLEA [29, 30] and several other
computations [31-34]. The go to workflow for functional matching is clearly described in
[35].

However, if one follows the aforementioned prescription for one loop matching even for a
simple SM extension the complexity of the calculations quickly rises and a by hand approach
becomes tedious. For this reason there have been developed several automated packages to
facilitate parts of the process of matching such as tree level matching [36], encoding the UOLEA
to speed up calculations [37], calculating supertraces by applying the CDE technique [38, 39]
all the way up to extracting the WCs through matching automatically [40, 41].

e
_ +
u w
Ve
Yu
Fig. 1.2: Tree level process u — v, eV,

1.5.1 Fermi Theory

As a warm up example of a diagrammatic matching calculation we will introduce an EFT
known as the 4-Fermi theory, which is a low-energy description of the weak interactions. The
Fermi theory was used for calculations of amplitudes well before the SM was discovered, the
parameters of the SM were not essential to apply the theory. It gave a very accurate description
of the phenomenology of weak interactions and by precision measurements at low energies,
it gave constraints on the masses of the W and Z bosons.

We will derive the 4-Fermi theory from the weak interactions, by means of decoupling the
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1. INTRODUCTION

W-boson from the Green functions, i.e. Feynman diagrams. The weak charged current is,

1 ... . . .
+_ = —i ]
J, = 7 (vlLyHei + Vl-julLyudL) . (1.28)

The muon decay can be produced by this current and at tree-level it is described by the diagram
in Fig.1.2. The amplitude, in unitary gauge, reads,

2 —i (g —p“?)
N=_8 (5. H mY M=y
iA=— 5 (ery"ver) pz_MVZV (V“LY UL) . (1.29)

At low energies, p? < MMZ/, we can expand the propagator,

2
MW

g, — b ) 2

wy Mz p P 8uy—PuPvy

T = 2[gWJr(1+ 2) +]
p=— My, My, My,

keeping only the leading term we get the amplitude,

2
. . 8 — —
tA=—i—=>— (e 7" VL) (V,uLY,u.uL) . (1.30)
2M2,

The Lagrangian describing this interaction is,

Gr — _
—L (B, r*Pou) (€ 1uPLYe) (1.31)

4
£4F:_ﬁ

where we have defined,
4Gp _ g% 2
V2 o2MZ, w2
The procedure we have just used is known as integrating out a particle from the theory. The

(1.32)

Lagrangian now describes a 4-fermion vertex as shown in Fig.1.3. We note that this Lagrangian
does not mediate any heavy degrees of freedom such as the W-boson, and it only contains 4-
fermion interactions. The muon decay lifetime in the limit m,, < m, in the Fermi theory is

e

Yu

Fig. 1.3: The muon decay in the 4-Fermi theory.

easy to calculate and is given by,
5

m
— |
T(u — v,ev,)=G? 95,3 (1.33)

The experimental value of the muon lifetime is 7, = 2.197 us, this let us calculate Gy,

Gp=1.166x 107> GeV 2, (1.34)

which, if we consider it to be the scale 1/A? we get approximately the value A ~ 300 GeV,
which indicates the scale at which the EFT admits a UV completion.
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1.6. Bottom-up EFTs

1.6 Bottom-up EFTs

Contrary to the top-down approach where the WCs are known in terms of couplings of the UV
theory, in the bottom-up approach the WCs are treated as free parameters. In this approach
we first construct a low energy EFT, without referring to any UV model of physics, and the
values of the WCs are determined numerically by experimental data. To extract or constrain
these WCs we employ statistical methods that compare theoretical predictions of observables
with experimental data.

( top EW ﬁ

Cw
(C —~ <) O
o Cows Cup  Cu "
CHB C 3) 1) CHQ th
C He Hl Hl (3) C
HW c® 0w o C tB
Hgq Hgq Hu Hd 31
CHG CQ,q
c. | 2 EWPO )
Cion Co Cg; €3 C4. Caa
Cru Cw C5 C% C%
C;LH tt
k Higgs —

Fig. 1.4: Different sectors of physical observables, related to the top-quark, and their corresponding
dependence on WCs, taken from [42].

The starting point is to postulate a Lagrangian, as our example EFT we will use the SMEFT,
which part of it is also used in Chapter 3 to disentangle the Higgs sector. A very nice depiction
of the various sectors and their dependence on the specific WCs can be seen in Fig.1.4. In
order to constrain the WCs, we need precise theoretical predictions, calculated through the
effective Lagrangian, for observables that are sensitive to higher dimensional operators. These
observables may include, production and decay rates, cross sections, asymmetries and any
other measurable quantity. Thus any set of observables O in principle can be written in the
following form,

Otheory = Osm + 6 Ogmgrr 5 (1.35)

where Og); contains the SM prediction while 6§ Ogyppr corresponds to the sum of WCs that
affects the corresponding observable in the EFT. The next step is to collect a set of observables
capable of constraining the aforementioned WCs, as an example, SMEFT, including flavor,
consists of 2499 operators. The parameter space of dimension-6 WCs is huge and if we are
to fairly bound each WCs an equal or larger amount of observables is required. The task is
daunting but the effort has started through the use of computer packages such as smelli
[43]. The set of observables Oy, is collected along with their associated uncertainties and
correlations.
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1. INTRODUCTION

The chi-squared statistic is defined to quantify the discrepancy between the theoretical
predictions and the experimental data,

Xz = (Oexp - Otheory)T V—l (Oexp - otheory) > (1.36)

where Oypeoryexp are vectors denoting the set of theoretical predictions and experimental mea-
surements respectively, while the covariance matrix V contains the relevant uncertainties and
correlations of the measurements.

The main objective is to find the set of WCs, {C;}, that minimize the y? function, thus
providing the best fit to experimental data. The minimization is usually done by numeri-
cal optimization techniques, such as gradient descent and in some instances it can also be
solved analytically, using matrix decomposition techniques such as Singular Value Decompo-
sition (SVD), in the case where the theoretical predictions linearly depend on WCs, which is
the case up until dimension-6 operators.

After obtaining the best-fit values of the Wilson coefficients, the next step is to assess the
goodness of fit. This involves the examination of the minimum value the y2 function has
reached compared to the degrees of freedom relevant to the fit. In general the degrees of
freedom are defined as the difference between the number of data points and the number of
fitted parameters,

V= Ndata - Nparameters ) (1.37)

To assess the goodness-of-fit we calculate the reduced chi-squared, )(3 = xiin /v. Avalue close
to one, y, ~ 1, indicates that the theoretical model adopted can provide an acceptable fit to
the data within uncertainties. A significantly larger value suggests that the model may not be
able to accurately describe the data, potentially indicating the need for additional BSM physics
to account for the discrepancies, or we may have underestimated the error variance of our data
points. If on the other hand y, < 1, the model overfits the data, indicating that the collection
of data is too small and a larger set of observables is needed.

An important quantity to also consider is the covariance matrix of the fitted parameters,
which provides information about the uncertainties and correlations of the WCs, defined as
the inverse of the Hessian matrix of the y? function evaluated at it’s minimum values,

-1
) , (1.38)
(Cbest-fit

where C; ; represent the various WCs of the chosen set. The diagonal elements of this ma-
trix represent the variances of each individual WC, while the off-diagonal elements give the

1 82)(2

(Covly = (E 3¢, ac;

correlations between different WCs. These correlations deem important since they give in-
formation on how changes in one coefficient affects another when fitting the data. A neat
graphical representation that shows the confidence regions of fitted parameters are contour
plots, particularly useful when dealing with two or three parameters. They provide visual in-
sight into the uncertainties and correlations between parameters, by showing levels of constant
%2 in the parameter space.

To create contour plots we chose two WCs out of the set of parameters to depict, e.g. C;
and C, and fix the other to their best-fit values obtained by the y? minimization. Then, create
a grid of data points around the best fit values of C}’e“'ﬁt C;’e“‘ﬁt

and and calculate the values
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1.6. Bottom-up EFTs

of y2(Cy, C,) for each grid point generated above keeping other parameters fixed. Lastly, de-
termine the confidence intervals that you wish to show, e.g. when we draw 1o contours this
corresponds to 68.3% chance that a random point will land inside the contour plot region. To

draw these values, evaluate the chi-squared distribution (inverse of the cumulative distribu-
2
min

For example, all points within 10 will be inside the region defined by,

tion) with two degrees of freedom, Ay2 = y2 — y2. to determine contours of constant y2.

12(C1,Cy) — x2S Ax*(10) = x*(Cp, Cy) — x2, < 2.3. (1.39)

Where the value of Ay2(10) can be found in tables or software for the chi-square distribution
of two degrees of freedom.

Contour plots reveal crucial information about the parameters in a statistical analysis. The
spread of the contours along each axis indicates the uncertainty in each parameter; narrow
contours imply tight constraints, while wide contours suggest larger uncertainties. The orien-
tation and shape of the contours show the correlations between parameters. If the contours
are elongated along a diagonal, this indicates a strong correlation, meaning that changes in
one parameter can be compensated by changes in the other without significantly affecting the
x2. Additionally, the regions enclosed by the contours represent parameter values consistent
with the data at the specified confidence levels. Points outside these regions are excluded with
a certain degree of confidence.

In effective field theories, contour plots are invaluable for several reasons. They provide
insight into how the data constrain the parameters and reveal regions of parameter space con-
sistent with experimental observations. By showing how parameters are correlated, contour
plots help us understand the interplay between different operators in the EFT. Recognizing
areas of parameter space with large uncertainties or strong correlations can motivate new
measurements aimed at improving constraints. Additionally, contour plots facilitate the com-
parison of different theoretical models or scenarios by visually displaying how the allowed
parameter regions change under different assumptions. All of these techniques outlined pre-
viously will be used to study a specific set of observables and WCs related to the Higgs sector
in Chapter 3.
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Chapter 2

Functional Matching of Scalar
Leptoquarks

In this study we present a universal effective action for one-loop matching of all scalar lepto-
quarks. We use both the Universal One-Loop Effective Action (UOLEA) and covariant diagrams
to evaluate the Wilson coefficients directly in the Green basis for up-to dimension-6 operators.
On the technical side, we use the newly developed method of evaluating supertraces, to fur-
ther validate the results stemming from the use of covariant diagrams. As an application, we
perform a fully functional matching onto Standard Model Effective Field Theory (SMEFT) of
a model with two scalar leptoquark fields: a weak isospin singlet and a doublet. We demon-
strate its use by calculating several observables, such as lepton magnetic and electric dipole
moments, neutrino masses, proton decay rate, while we comment upon fine tuning issues in
this model. Apart from its phenomenological interest, this model generates the majority of
dimension-6 operators and provides an EFT benchmark towards future matching automation.
This chapter is based on ref [44].
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

2.1 Introduction

Effective field theory (EFT) [45-47] is an important part of our understanding of nature, it
constitutes a robust way of dealing with new physics phenomena for Beyond the Standard
Model (BSM) physics. One can obtain a low energy EFT action by integrating out heavy de-
grees of freedom from a, more general than the SM, UV-theory. At the end of the process we
obtain an EFT Lagrangian with modified SM couplings and masses augmented by higher di-
mensional operators whose associated Wilson coefficients (Wcs) encode the information about
the UV-theory [48]. The main technique to perform this kind of calculation has been Feynman
diagrams. However, during the last decade, functional matching has seen a renewed interest.

The first steps were taken with the application of the covariant derivative expansion (CDE)
in [49-51], while the revival of these techniques and methods was recently made in [32, 52].
A first universal result named UOLEA (Universal One Loop Effective Action) was developed
in [24, 27, 28]. However, this result is not truly universal since it does not account for mixed
statistics and open covariant derivatives, it can be used to decouple scalar particles only i.e.
involving both heavy-heavy loops as well as heavy-light loops with the scalar particles running
inside. Very recently the fermionic UOLEA was also constructed [29, 30] and the completion
of the fermionic and scalar UOLEA was also developed [53] taking also mixed statistics into
account.

Another approach to functional matching, which was used to derive the heavy-light part
of the UOLEA, are the covariant diagrams [26], which mimic the usual Feynman diagrams
but are at all steps gauge-covariant. This relatively new tool makes use of the expansion by
regions [54, 55] and a simpler matching framework [33], which builds upon refs. [56, 57],
to further simplify the matching procedure. An example application can be found in [25,
26]. The logic of these diagrams was taken a step forward with the development of supertrace
functional-technique [35] which establishes a cleaner way to make up diagrammatic traces.
Soon after that, an automated application of the CDE followed [38, 39] easing further match-
ing calculations. Although aiming at a different direction, similar effective actions based on
supertrace and Grassmannian techniques were derived in ref. [58] using a field-space super-
manifold.

Briefly, the idea behind functional matching is to equate the generating functionals,

Tgerl@ 1 =T, wle], 2.1

for the EFT and UV-theory with light fields (¢) respectively. If S is a heavy field, say a lep-
toquark field, with mass Mg > m,,, then the matching conditions at tree and one-loop level
read:

ﬁgEeTe)W] = LylS,¢] ‘ (2.2)

s=S.[$]°

f d?x ﬁ(E;bOp)[¢] = TIpuvlo] ‘ 2.3)

hard
Here S [¢] is the classical heavy field which solves the classical equations of motion (EOMs),

o0SyylS,¢]

53 =0. 2.4

S=5:[¢]
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2.1. Introduction

Moreover, the evaluation of the loop-integral in the rhs of eq. (2.3) is performed in the (hard)
region assuming momenta q ~ Mg > my and has the form

! i Lo [(K'X)"]
2 n hard

n=1

(2.5)

f dix ESF}IOOP)[qS] = Lsmr logK

2 hard
Therefore, the EFT Lagrangian is a sum of functional Supertraces through the log-function of
the propagator K in field space and a power expansion of the operator (K 'X), where X is a
field operator - an interaction matrix - evaluated at S = S.[¢ ]. Basically, finding the X-matrix,
and evaluating the Supertrace functional at the desired order in the EFT Lagrangian is what is
required for the master formula of eq. (2.5) to work. This is the functional approach mainly
of refs. [26, 35] that we use in our work here in order to

1. derive a universal one-loop effective action up-to dimension-6 operators for all scalar
leptoquark (LQ) extensions of the Standard Model (SM) [59].

2. apply the formalism in the decoupling of two heavy LQ fields, a coloured weak isospin
singlet (S;) and a coloured weak isospin doublet (52) and derive the full setof d < 6
operators, not resorting to Baryon or Lepton number conservation.

3. support the usefulness and clarity of functional matching over traditional Feynman di-
agrammatic methods or within functional methods, by comparing both supertrace and
covariant diagrammatic techniques.

There are, various worked out examples functionally integrating out non-degenerate fields in
refs. [24, 30, 53], however, with an exception of ref. [25] and to our knowledge, there is no
other functional calculation with two-field decoupling and more general Yukawa interactions
in the literature as the one we present here.! The renormalization scheme in our calculation
is a (modified) mass independent one (MS) and we regulate the integrals with dimensional
regularization. We match on to SMEFT operators within a redundant basis, referred to as
Green (or General) basis, which consists of operators written before equations of motion for
the light-fields are taken into account [63, 64]. Expressions for translating Wes from Green to
Warsaw basis [13] are given in ref. [64].

However, before taking up the above analysis, we first validated calculations performed
with Feynman diagrammatic techniques. We started from matching a single charged singlet,
the model of ref. [65] in SMEFT. We found full agreement apart from a missing operator [66].
Next, we applied functional covariant diagrams to a benchmark leptoquark model S; + S;
of ref. [64], where we found perfect agreement with v4 of ref. [64]. Part of our functional
calculation in this Chapter addresses this model too but now with the inclusion of Baryon
number violating terms in the UV-Lagrangian. Finally, regarding the tree-level part of our
calculation we found agreement with ref. [67].

We have chosen to study the decoupling of heavy scalar leptoquark fields for two main
reasons: first, there is a plethora of interesting BSM phenomena associated to them, i.e. from
neutrino masses and proton decay [68], to possible interpretation of recent flavour anomalies

A complete one-loop functional matching of the singlet scalar extension of the SM exists in ref. [35] and very
recently, there have also been two complete one loop, but one-field-type, matching calculations using functional
methods, where ref. [60] matches the Type-I neutrino seesaw onto SMEFT, while ref. [61] matches the Higgs triplet
extension of the electroweak gauge sector. Also recently, one-field heavy scalar decoupling has been classified in
ref. [62] by using the code of ref. [37].
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

and enhanced anomalous magnetic moment of the muon [69-74], and second, leptoquark
fields are naturally embedded in Grand Unified Theories (GUTs) which may be in turn linked
to even more fundamental theories.

2.2 Universal One Loop Functional Matching for Scalar Leptoquarks

Leptoquarks (S) are hypothetical fields defined by their Yukawa interactions to both SM quarks
and leptons via the Lagrangian,

Lg ¢ = FEAlFS; + fEARfS, + f A, FS; + hec., (2.6)

where fermion F = {q,{} is a Left handed quark or lepton weak doublet field, while f =
{u,d, e} is a Right-handed fermion weak singlet field. F¢, f ¢ denote charge-conjugated fermion
fields. Gauge and flavour indices are all suppressed in (2.6), or otherwise encoded in the
Yukawa couplings, AL AR and, A Therefore, there are five different scalar leptoquark field
representations in weak isospin space: three singlets, two doublets and one triplet. Their
gauge quantum numbers under the SM gauge group, are shown in Table 2.1.2 The LQ-flavour
index i in (2.6) takes the values i = {1,1,2,2,3}. 3 Obviously, by picking up only quarks from

| LQ-fields (S) | SU(3) SU(2) U |

S 3 1 3
S 3 1 3
S, 3 2 z
S, 3 2 :
Ss 3 3 3

Table 2.1: All possible representations of leptoquark fields under the SM gauge group.

F— (or from f—) fields we arrive at Baryon (B) and Lepton (L) number non-conservation
LQ-interactions.

All five scalar LQs can interact with the SM Higgs-field* (H) through trilinear and quadratic
terms of the form:

Lsy = (AHTS;S; + he) + Agi(S]SHHTH) + (A558:S;SkH +hee) + ..., (2.7)

where “..." mean other gauge invariant terms of the form (SSHH) and (SSSH). Their exact
form is irrelevant for drawing the supertrace functional diagrams since their explicit details
entered only at the end in X-matrices of (2.5). Note that the A-term of (2.7) has mass dimen-
sion one, there are only two options HS;S, and HS;S,, and it plays an important role in the
effective Lagrangian at d > 5 level as we shall see in the next section.

Furthermore, self-interactions among LQs read in general as

Lg = —MZ|S;|* + A’l.jk(s"fsjsk) + ciju(SISSIS) + oo, (2.8)

i

2In notation of (2.6) some leptoquark fields from Table 2.1 may be their charge-conjugated fields.

3Wwith apologies to the reader, the LQ-flavour indices-i, j, k used throughout this section should not be confused
with the colour indices-i, j, k introduced in section 2.3.

“The hypercharge of the SM Higgs doublet is defined so that Y;; = 1/2.
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2.2. UOLFM of Scalar Leptoquarks

where again “---” refer to different internal gauge group invariant structure of terms not in
our immediate interest in constructing the effective action. Again A’ is a mass dimension one
parameter but break baryon and lepton numbers. Among the fields arranged in Table 2.1, there
are three choices of A’-terms: SI§2§Z, Sggzgz and 5;8252. Masses M; in (2.8) are assumed
much heavier than the electroweak scale my, but the dimension-full parameters introduced
above could in general range within

0 < {A/M;, A/M;} S 1. (2.9)
In total, the BSM Lagrangian is
‘CBSM = Ls_f + ‘CS—H + Es . (2.10)

This “universal" way of writing down leptoquark interactions will be the stepping stone for
the calculation of the effective action at tree and one-loop levels using egs. (2.2),(2.3) and
(2.5), respectively, since these will determine the dimensionality of the X-matrices that we
will introduce shortly. Otherwise, the explicit form of Lgg), is given in Appendix A.

2.2.1 Tree level EFT, zf;;ff)

We start out with the UV-Lagrangian Lyy[S, ¢ 1= Loyl ¢ ]+ LasmlS, ¢ ] and derive the EOMs
(2.4) for the heavy fields S; in Table 2.1. We solve EOMs and substitute the solutions for the
classical fields S; [[¢ ] back into Ly in order to obtain the tree-level EFT from eq. (2.2). By
expanding the classical field in inverse powers of heavy masses M;

Sicld]l = 82 + s+ ..., 2.11)
we find
. 1, _ .
(ST = S (FEALF + FOARf + FAF), (2.12)
i
@y _ L G)
(Si,c ) = WAU-H' Sj,c . (2.13)

1

The solutions Si(ré) contain operators with mass dimension n which are suppressed by factors
that scale like Ml.”_l. Plugging in this back to egs. (2.6)-(2.8) we obtain the tree-level effective
Lagrangian containing d < 7 operators

3 3 3) (3
ci 19l = MRS (D) + (a;H'SDs +he), (2.14)

l.(BC) is the hermitian conjugate of (2.12). Therefore, the tree-level EFT contains only

four-fermion dimension-6 operators proportional to the product of couplings from the set
{AL,AR A}. On the other hand, all tree-level dimension-7 operators are proportional to the
dimension-full combination of parameters A x A2. From eq. (2.7) we see that the parameters

where S

Ayi and Asg appear first to multiplying operators with dimensions-8 and 10, respectively, while
from eq. (2.8), the parameters A" and c are associated with dimension-9 and 12, respectively.
Although our main focus in this chapter is on operators with dimensions less or equal to six
it is obvious that dimension-7 operators at tree-level may become equally important in the
parameter region where A~ M; and one other leptoquark mass is M; ~ v/VM;, with v being
the electroweak vev.
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

2.2.2 K- and X-matrices

The neccessary steps for one loop matching are neatly outlined in [35] and are followed closely
here. In performing the matching, the method of functional supertraces will be used as intro-
duced in [35]. After collecting and constructing the supertraces, the application of the CDE
(Covariant Derivative Expansion) is carried out automatically through two recently developed
packages [38, 39]. We will be using mainly the package, STrEAM of [38].

The rationale of these diagrams comes from an earlier diagrammatic approach to matching
which uses the so called covariant diagrams [26]. In Appendix B we make this comparison
more explicit by presenting the equivalent covariant diagrams that match to the diagrammatic
supertraces.

We begin by creating field multiplets, where we denote the five (heavy) leptoquark fields,
listed in Table 2.1, as {S;} = {81,51,52,52,53}. Additionally, to treat chiral fermions we in-
troduce fictitious fields promoting Weyl fermions into Dirac and properly inserting projections
operators to single-out the correct chirality of the fields in the end. For simplicity these pro-
jection operators are left implicit throughout the text. The field multiplets then read,

os ={¢s )= {G’)} , (2.15)
W= {()
() o

oy = {B, W, G} . (2.18)

We also introduce the conjugate field multiplets,

¢s={ds.} ={(s] s}, (2.19)
en={(H" H")}, (2.20)
G =1{00, Gg» Pus e P} ={(f €),(q@ ¢). (@ @), (e &),(d d)}, (@21
¢y =1{B, W, G} . (2.22)

These field multiplets are connected to the inverse propagator matrix-K and to interaction
matrix-X, both needed for master formula (2.5), via the second variation of the action as

1. 1,__ [ Xss Xsi|[O¢s
+=06pKdp — =6 o . 2.23
2 4 4 2( vs QPL) |:XLS XLL:|(5(PL) ( )

We have gathered all light multiplets in ¢; and we denote the whole field multiplet with ¢ for
brevity, while with 6 ¢ we denote the variation of each respective multiplet. Matrix-K is block-
diagonal with (P2 — m?) for spin-0 fields, ( — m) for spin-1/2 and —n*”(P? —m?) for spin-1
fields in Feynman gauge. Here P, =iD,, is basically the (Hermitian) covariant derivative. The
X-matrix may contain potential-only interactions and/or terms with open covariant derivatives
as well. It is evaluated with S; = S; .[¢ ]. Moreover, in the most general case,

X =U+ P2, + Z_P* + ... (2.24)

where the dots contain terms with two or more open covariant derivatives, however these
higher derivative terms do not appear in any renormalizable UV-model, such as the LQ-models
under consideration and can be ignored.
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2.2. UOLFM of Scalar Leptoquarks

The X-interaction matrix structure in (2.23) is split into heavy-heavy, Xgg, light-light, X; ;
and heavy-light (light-heavy), Xs; (X;s) sub-blocks. In terms of the expansion matrices of
(2.24) these sub-blocks are organized in the following way,

Xss)10x10 = ((Usisj)loxlo) ) (2.25)

(Xs1)10x15 = ((Usif)loxlo (USiH)loxz (XSiV)loxg) , (2.26)
(UfSi)loxw

Xishisxio = | (Uns )axio | » (2.27)
(XVSi)BXIO
(Uff)10><10 (UfH)mxz (va)10><3

(Xrr)isx15 = (UHf)leo (Unr)axz  (Unv)axs | > (2.28)

(UVf)gxlo (Uvadsxz  (Uyy)saxs

where with subscript we denote the respective matrix dimensionality for each generation of
light fermions.

From the general interactions, egs. (2.6),(2.7) and (2.8), of the scalar leptoquarks out-
lined in the previous subsection, we can now read the mass dimensions of the correspond-
ing elements of U-matrices. By schematically performing a second variation, for example on

S(f f)-terms,

52(S fF) o< (85)(6)f +(5S)F(5f)+S(6F)(55)
= (6/)U75(8) + (65 )Usr (6) + (67, (5, (2.29)

we can obtain the mass dimensions of the X-matrices. Adding the h.c. of this interaction
and doing again the exact calculation for the conjugate fermion fields, namely Sf°f¢ + h.c.,
we can get the mass dimension of the matrices [Uss] = 3, [Ug ] = 3/2 and [Uyg ] = 3/2.
Consequently, we arrive at the following mass dimensions for all involved matrices in notation
of egs. (2.25)-(2.28),

[XSS] = [(1’2: 3; 4: 6)] 5 (230)

[Xs;]1=[X;5]=[3/2 (3,4,6) (3,4)], (2.31)
1 3/2 3/2 300

Xy 1=[X; )sm + Xpplgsy = |3/2 2 2 |+(0 6 0Of, (2.32)
3/2 2 2 0O 0 6

where in parenthesis we denote all possible mass dimensions with d < 6 (starting from the
lowest) of the X-matrices.

For all scalar leptoquark interactions we need to calculate the explicit form of the X-
matrices in egs. (2.25)-(2.28). This is done in Appendix A. As an application, we shall de-
ploy those matrices in section 2.3, for a detailed functional matching procedure in a particular
model for decoupling together two heavy LQ fields, the S; and the S,.

2.2.3 Enumerating: UOLEA and supertraces

There are two contributions in the rhs of one-loop effective action [eq. (2.5)]: the log-type
term, STrlogK, and the power-type, STr[(K_lx)"]. However, a great deal of contributions
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

in eq. (2.5) are encoded in 19-UOLEA-terms [c.f eq. (2.49)] for only-heavy scalars. These
UOLEA terms include the full expressions of log-type terms and all power-type diagrams with
only heavy scalars in the loop.

What remains to be added is all heavy-light diagrams. For those we use the technique
of functional supertraces of ref. [35] and, as a cross check, the technique of covariant dia-
grams of ref. [26]. In fact, a detailed diagrammatic comparison of both techniques is given in
Appendix B.

The X-matrices are the building blocks for the functional supertraces. In most of the cases
only the U-matrices appear in the expansion (2.24). Different combinations of these matrices
are inserted into diagrams and make up operators of up-to mass dimension-6. In what follows
we list all diagrammatic supertraces along with the equivalent expressions that arise through
this process (see [35] for details). Our notation in functional diagrams below is the following:
heavy leptoquark fields S; with masses M; (double-dashed lines), f, ', f " f "= q,u,d,l,e
are the SM fermion fields (solid lines), H is the SM Higgs-doublet (single dashed-lines), and
V = G,W,B are the SM gauge fields (wavy lines). Every circle indicates an insertion from
U (or in general X)-matrices and P, is the covariant derivative. Furthermore, all SM fields are

taken to be massless and n*¥ = (1,—1,—1,—1) is the metric tensor. With these definitions we

obtain:
H
SN i 1 1
R '9 = —5 STr[Pz—MZUSiHﬁUHSi] 5 (233)
Seraz® t hard
S;
S;
u';’— Né“ . 1 1
= ST a2 Uss pUss ; (2.34)
i hard
f
Sl ,’—,():¢\SJ
I:I To _ lST 1 1 935
T T | pr g2 SSipa_ g2 oSS pIs: ’ (2:35)
f L J hard

> (2.36)

1y tutu }
a2 st plir s
p2—m2 T p P b

1 1 1 1
— U s =Ury—Uyr =Ug/c. (2.37)
2 YSif fH Hf fSlj| 5
_Mi p p2 p

hard
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2.2. UOLFM of Scalar Leptoquarks

f S \Sj
(O i 1 1
4 p2

1 1
_MZ USifﬁUij—PZ _MZ Usjf/_Uf/Si:|
i j

5 (2.38)
p hard
i, 2 f
i i 1 11
? —E STr PZ—MZ USiSj PZ—MZ Uij ﬁUff/ﬁUf/Si y (239)
SA“‘E f/ i J hard
i
1 1 u _T’,uv " 1
[mUsifﬁUfVTUVf’ﬁUf’Si] ; (2.40)
l hard
1 1 1
r|:—U5, —Uspr=Ugrgn=Usn . (241)
o ap2 Sif poff f'f f 51:| >
pz—pm2 2 p P hord
1 1 1
p2 g2 SiSip2 _pp2 SiSkpa _pp2 oSS ﬁUfSi ) (2.42)
t J k hard
U L U L U L U L U ] (2.43)
_ 2 Slf_ ff/_ f/f//_ f//f///_ f”/Si 5 .
2 ST pIS I s ||
i
/
) : S
Yoo i 1 1 1 11
f i —E STr P2—M2 USiSJPZ_M_Z USjSkPZ—Mz Uskf}_ﬁUff/}_bUflSi ,
2207 Sj J k hard
Sk (2.44)
Vﬁ
1 1 u —Nuv » 1
! P = —5 STr |:P2—M2X5iv p2 va ﬁUfSi 5 (245)
“:==;'/ i hard
S;
oy I
1 1 u nuv
! ¢ — STt [ 2 a2 Vs pE T X‘?sl} , (2.46)
Yo =;’»" i hard
S;
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

(2.47)

N 1 u Muv o,
w B _ESTr[PZ—M Xsvpa X‘/Sf]
L

hard

The total amount of heavy-light supertrace diagrams adds up to number 15.

In Appendix B one can find the explicit comparison between the number of covariant
diagrams that match to a single Supertrace diagram. There the advantage of Supertraces is
more evident.

ﬁ(l loop)

2.2.4 Evaluating L.

The full 1-loop effective action is the sum of UOLEA for heavy-heavy loops and functional
supertrace diagrams for heavy-light loops

El(leTloop) = Lyotea *+ Lstr> (2.48)

respectively. The UOLEA for only-heavy particles circulating in the loop, derived in Ref. [24]
and then re-derived in Ref. [26], reads:
/.‘“’
Lyorea = —ics tr {fz Us;s; +f3 Gg 'Gys, +f4 Us-s-Us-si
S:S;
+£5 (PG5 ) (P, G"_”)+ FEGY G G + £, (PMUg s )(PuUss,)
$iS;S /
+fg kUss Us;s,Us,s; +f9 UssGwng
SiS;SiS SiS;S
+fro ' Us, 5;Us;5.Us;s,5ss; T f11 “Us, s;,(PuUs 5, )(P"Us,s,)
+f1 K (P?Us;s,)(P?Us;s, )+f1;§ K Us;s,Us;s,Gs. G,
+f14 ' (P,Us, 5, )(PyUs;s; )G/W
+f1 (Uss (P*Us 5,) — (P*Us; s )Us s, )(PVGWS )
+f15 Uss Us,5,Us;5,Us;s,,Us,s:
SiS;SkSI u
+f17 Us,s,Us;s, (P*Us,s5,)(P,Us;s,)
+ fis Us,s;(P"Us s, )Us,s,(PuUs;s,)

$:5;SkS1SmSn
+ fro " Us;s,Us;5,Us,s5,Us;s,,Us,s, Usnsi} > (2.49)

S:iS;SkSy

where G’ = —[P,,P,] = —igG,, and g is the coupling of the corresponding field strength
tensor G,,,. P, is the covariant derivative that act to the right in every parenthesis. To get
the correct contribution for Wilson coefficients we multiply these terms with (—ic,). Since we
separate each complex scalar into a two component field multiplet, each component counts
as a real degree of freedom, thus the correct value is, ¢, = 1/2. We should note that after the
term fy only the non-diagonal terms in Ugg contribute and exclusively the mass dimension-1
terms of the Lagrangian. In this formula a summation over leptoquark fields S; from Table 2.1 is
implied. The expressions for the coefficients, fi, ..., fi9, can be found in ref. [26]. Appropriate
limits of these expressions must be taken in case of degeneracies (i.e. more than one single
S-field in the loop). Note that only U-matrices, calculated with S; = S; .[¢ ], appear in (2.49).
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2.2. UOLFM of Scalar Leptoquarks

We now need to calculate Lgy, in (2.48). For this purpose we use the package STrEAM
[38] in order to calculate the relevant supertraces in (2.33)-(2.47). The main function of
this package is the automation of the CDE application. As a result it computes local traces for
further calculation inserting the explicit expressions of the X-matrices. We note that the option
NoyinU removes all spinor indices from all matrices. However, in some instances the outer
matrices contain spinor indices while the internal ones do not, or if they do, these matrices
(anti)commute with y-matrices. Therefore some manual intervention is necessary to obtain
the final result.

The result of this procedure is given below. The traces are categorized depending on the
number of U’s and Z’s involved in the respective diagram. The single term from the heavy-light
UOLEA [(2.33)], derived in Refs. [27, 28], is also included here. The prefactor —ic, is omitted,
¢ = 1/2 for complex scalars, and note that the matrix Us; contains only chirality projection
operators P(;, r), which have been taken into account while anti-commuting y-matrices. At the
end, Lgr, in (2.48) is obtained from the equation,

Lgr = (—ic;) x (sum of all contributions below[c.f (2.51) — (2.77)]) . (2.50)
- 0(U?)
2
(1+logm)tr{UsiHUHsi} , 2.51)
1
1(1 MZ
3 (5 108 1 o (s e} 252)
4
: {U “(P?P,U Us (YH(P,P?U )} 2.53
12n2 T USST (P2PuUps,) + Us, sy (PuP"Ugs ) (2.53)
4
B o {Us,r72Ups, (PuGEMY (2.54)
2 i i S
18M:
1 (7 u? -
T3 (ﬁ+1°gM_f)tr{U5ff T(PUGI Vs (2.55)

i . )
Mtr{(P“Usif)G;vyv)fSUfSi—UsifGI/”yv}fs(P“Ufsi)} . (2.56)

1

- o(U?)
12
(1+10gm)tr{USifof/Uf/Si} 5 (257)
i
2Al.2j+(Mi2+Mj2)logMj2/Ml.2 { . }
tr4 (P US‘S‘)US»fY Urs [ > (2.58)
2 i urS;
4(Aij)2 J J
2
L og— {Us;s, Us 1 7u(P*Uss) = Uss(P*Us ()1, Uss, }
4Ai2j 0g iZtr $:iS;Usif Y £5; SiS; sif WuUss, g
(2.59)
1 (1 uz) )
— —+10g— tr{Us, (P U /)U / } (260)
2 2 1f ff fSl 2
2Ml. 2 Ml.

31



2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

1
— tr{Us s Usp/(P*Uysg)}
e {UssUpp(P*Upss)}

1

—— tr{Usg (P Us s )(PHUps)}
o {Us, s (PuUs)(P"Upss )}

1 (3 u? Ly
_4—]\/[12 (5+10gm)tr{USifof/lO'quf, Uf/Si} 5

1
1 (1 uz) . 1y
- —+log— tr{US,fla G, UspU }
2 2 i wuy frYfsif
4M? \ 2 M: f

1 .
M tf{Usiflqu(P“Uff')(Pva’si)} .

1

1 3 uz
— —+log — |triUs (Y*UryUgpy, Usic b
3(2 gMiZ) { SV YraVH YU fs,}

long.z/Mj2
o an?
long.z/M].2

_A—2 tr{USiSjUijUff’Uf’Si} ,
ij

tr {USifYMUij Uij’YMUf’Si} ,

1

3 u2)
——— | S+log— |tr{Us sy Usy Uy sy, Upis }
z( 2 sif Y Urvverulsrs s
4M: M

2
i

L {Us U U (P*Uyrs))
ap2 TSRS R Tl s,

1

_(P'uUfSl-)Uff’Uf’f”Y,uUf”Si} ,

1 u?
—_—— 1+10 — |triU U /p‘uU/// U//_
2Ml.2( gM;) {Ups, Upp (P Up )y, Uprs,

i
—Uys,(P*Ugp)Up prruUprs, }

I[q* }jlkl()z tr{Usis,-UsjskUska“(PuUfsi)
—Us,s,Us,s,(P*Us, s )YHUfsi} ,

—I[qz]}fklol tr {Usisj(P“Usjsk)Uskf YuUrss.

—(P"Us;5,)Us,5, Us, s YuUs, } .

1 uz
W (1 +10g W)tr{UsifUff/Uf/f”Uf”f”/Uf///Si} )
1

1

47[q* 1 tr {Usisj Us;s,Us,f Us s Uprs, } :

- 0(zY)

u

1 3 2 u ~ U
Z (5 + IOg W) tr{ZSiVUVfYMUfSi + USifYMUfVZVSi} .

i
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2.2. UOLFM of Scalar Leptoquarks

M2 3 ‘uz _
_t | = ~ I
2 (2 +log Mlz) tr{ZSiVZVSi:M} . (2.77)

In egs. (2.51)-(2.77) above, the trace (tr) stands for a normal trace over the product of matrices-
(U, Z) that are direct products of spinor, gauge or flavour matrices. Also, with G we denote the
usual dual tensor GZL ,= %e’“’” UG;) -+ The u-parameter denotes the renormalization scale and
the MS-renormalization scheme with dimensional regularization is used throughout. Finally,
the expressions for few integrals appearing before traces are (Al.zj =M lz —M J.Z),

logM2/M?  logMZ/M?

T[g* L2 = ke k ’ 2.78)
! 405 AK 4075 A
2 2 /72 2 2/ n g2
TP = — (% M log /M7 + M logpu /Mk)
L 2 2
! 4Aij 2 A2
log 2 /M (M? M — M) + M log s /MM — 2M? + M)
+
2 2
4(A2)2 (A2 )2
2M}? —5M?} +3M;
(2.79)

2 2
8(AZ)2A%,

Following this general procedure, the operators extracted from LS;OOP) in (2.48) are
given in a general operator basis, usually referred to as Green basis, which does not involve
field EOMs in reducing the number operators, but only integration-by-parts. There is however,
one more complication in writing down the Wilson coefficients even in Green basis. This is the
appearance of the so-called evanescent operators [ 75, 76] that vanish in d = 4 but do not vanish
in general for d # 4 in certain four-fermion interactions. The effect of evanescent operators

in SM EFT [64, 77, 78] is taken into account in the application we present in the next section.

It is easy to make the connection between egs. (2.51)-(2.77) and the functional supertrace
diagrams in egs. (2.33)-(2.47). For example, say we want to find a diagram candidate for
neutrino-mass generation operator {{HH. We need four interaction vertices, i.e. four U-
matrices but no derivative (P) operators or y-matrices. Looking at O(U*) terms we see that
only (2.68) satisfies this condition. Following the subscripts of U-matrices, in this case S; —
Si—f—f " —S;, we trivially see the corresponding diagram is that of (2.39). What is very
nice in this approach is the fact that strict correlations between observables are now obvious,
i.e., the operator resulting from (2.68) may be correlated with those containing the insertions
Us;s,» Us,f and Uy

2.2.5 Summary

Our main formulae for the full 1-loop matching up-to dimension-6 order in EFT expansion for
all scalar leptoquarks are:

1. Tree level matching: eq. (2.14),

2. One loop matching: eq. (2.48) = eq. (2.49) + eq. (2.50).
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

From now on we have to choose a specific model with heavy particles taken from Table 2.1,
plug in the explicit X(U, Z)-matrices and operators will pop-out of the traces. The general
form of interaction X(U, Z)-matrices is presented in Appendix A.

2.3 Application: The leptoquark model S, + S,

In this section, we apply the machinery of functional matching onto a particular scalar lep-
toquark model. Consequently, we consider an extension of the SM consisting of two scalar
colored leptoquarks, an isospin singlet and a doublet, S; and $,, with masses M; and M,,
respectively. Their charges under the SM gauge group are shown in Table 2.2.

| Field/Group | SU(3) SU(2) UQ) |

S, 3 1

S, 3 2

A= W[

Table 2.2: Leptoquark charges under the SM gauge group for the S; + S, model.

Interestingly, S; and S, belong to irreducible representations of an SU(5) [or SO(10)]
Grand Unified Theory (GUT). For example, S; may belong to 5,45,50 and S, to 10, 15 irreps
of minimal SU(5), respectively. From the SM EFT operator content we derive below, we see
that this model predicts fast proton decay and neutrino masses (and related B- and L-violating
phenomena). Then it is natural for the two fields to have heavy masses M; ~ 10'2 GeV which
at the same time control the proton decay rate and generate neutrino masses consistent with
experimental constraints [79-82].

On the other hand, one may apply a baryon parity where lepton, quark and therefore
leptoquark fields, transform differently under a symmetry in order to protect the model from
proton decay (although such a symmetry is not in general natural in GUTs as we argue below).
In this case, M; and M, may be within the few-TeV range. Again, one may be able to account for
radiative neutrino masses [83, 84], or current anomalous events such as the muon anomalous
magentic moment [69, 84-86] and certain B-meson decays [69, 70].

In either cases, this S; + 5,-model seems to attract a certain phenomenological interest
which motivates us for studying its effective operators and their matching onto the SM EFT
Lagrangian. However, further than a functional matching demonstration, such as a detailed
phenomenological consideration, are beyond the scope of this chapter.

2.3.1 Lagrangian and symmetries
We split the leptoquark Lagrangian into three parts,

ﬁBSM = ﬁs_f + ’C’S—H + 'CS . (280)

The first part refers to leptoquark-fermion interactions, the second one to leptoquark-Higgs
interactions, while the last part contains self and mixed terms between the two leptoquarks.
Explicitly the first part reads [64, 67],

Cor=[(AL) g5, e 6, + (A1) ace, |5, +he
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2.3. The leptoquark model S; + S,

+ (Agf)Sli etk Qpj €y + (Aﬁf)su eijk&pj u;, +h.c

+(A,,)d,8% e, +he., (2.81)
where £ and q are the lepton and quark field SU(2); -doublets while the singlets are denoted by
u,d, e in gauge basis® and € is the antisymmetric tensor with SU(2); indices. The matrix Agf
is complex symmetric in flavor space while all other matrices in (2.81) are in general complex
ones. From now on, we use the indices p, r, s, t to denote flavor without making any distinction
between quark and lepton flavors. We also use i, j,k,[ to label SU(3) fundamental indices,
while the dot-product denotes SU(2) contractions in the fundamental representation. Later
we will also use the letters a, 3,7v,6 for SU(2) fundamental and I,J,K, L for SU(2) adjoint

representation. Lastly, we use A,B,C,D for the SU(3) adjoint representation and suppress
spinor-indices throughout.

The next part of the Lagrangian, namely leptoquark-Higgs interactions, reads [71],
Loy =—(MZ+ A1 |H?)IS112 — (M2 + Aol HI?) 1521 + Ass (5;, H)(H"-8y)
—As, (8] -H)ST + %A3ei1’< (81 -€-85;)(H"- 8y ) +hoc. (2.82)
The last part containing leptoquark self-interactions is,
5= (515, + 2 (5] 827 + ¢ (518,08 -8 + <2(51,5,)(5152.)
+ Cés)(g; : §2j) (§§j -85 + [A’SL elik (§2TJ -€- §2k) + h.c.:l . (2.83)

Our convention for the covariant derivative is,
D, =09,—ig'YB,—igT'W, —ig, TG}, (2.84)

where each T represents the gauge-group generators of the corresponding representation of
a generic field and Y is its hypercharge. The field strength tensors for U(1)y, SU(2); and
SU(3), gauge-fields are respectively,

B,,=9,B,—3,B,, (2.85)
Wy, =8,W,—0,W, + g wiwk, (2.86)
G, =8,G,—3,G, + &, f*"“GIGS . (2.87)

Finally, the SM Yukawa couplings are defined as,
—Ly= (yE)per ‘He, + (.yU)pr Qpi ~e-H* Up + (.yD)pr (_Zpi Hd,; +h.c., (2.88)

while the Higgs potential is,

Vy =—m?*(H'"-H)+ %(HTH)Z ) (2.89)

It is always instructive in a given Lagrangian to check upon global symmetries such as
Baryon (B) and Lepton (L) number, which may be broken by certain interaction parameters.
For the S; + S, model these are given in Table 2.3.

SField redefinitions and flavour rotations to mass-basis are performed following ref. [17] after running the SM
EFT parameters down to the EW scale.
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LQ-fields B L | B—L
S, -1/3 | -1 | 2/3
S, +1/3 | -1 | 4/3
Parameters
ABL +1 [+1] o0
ABR +1 [ +1] o0
Asq 0 -2 2
A -1 1 -2
A 1 [ 3] 4

Table 2.3: B, L and B — L quantum numbers for the fields S and S, and parameters (pro-
moted to fields). For normalization we take B(q) = 1/3 and L(£) = 1. All other parameters in
egs. (2.81),(2.82) and (2.83) which are not quoted here, have zero B and L quantum numbers.

Obviously, by assuming baryon and/or lepton number conservation we can eliminate all
terms proportional to couplings (ABL ABR A/ A3) and/or As,, respectively. However, baryon
and lepton symmetries cannot be well-defined gauge symmetries of a GUT model since they
lead to chiral anomalies. On the other hand however, in SO(10)-GUTs for example (and also
in the SM), B—L is an anomaly free gauge symmetry and therefore we search for linear combi-
nations of B— L-quantum numbers [87]. In this case, a Z,-symmetry exp(27i(B—L)/2), does
not exclude any of couplings above, a Z;-symmetry exp(27ti(B —L)/3), excludes As;,A’, A3, a
Z4-symmetry exp(2mi(B — L)/4), excludes As;,A’, which is not desirable if we want to gener-
ate neutrino masses by loop-corrections. Therefore, there is no B — L discrete symmetry that
rejects terms proportional to AL (and APR) which lead to proton decay. We conclude that in
general, an extra (and possibly ad-hoc) symmetry should be in order if we are about to pick
a combination of leptoquark fields with masses nearby the TeV scale. For a recent discussion
the reader is referred to ref. [88].

2.3.2 Tree Level Matching

As is the case in EFTs, we assume that both leptoquarks masses, M; = {M;, M,}, are heavier
than any other scale in the theory. Moreover, the parameters As;, and A" should lay in region
(2.9). To match at tree level we need the equations of motion (2.4), in order to derive the
classical fields,

Sie = 32 (A7, - e g2 + (A guc, + (APLY g - e - g, — (ABRYTeURaE d, ]
(2.90)
. 1 o -
Soiae = =5 [—Apr)" (£, -€), d\i] - (2.91)
M,
Substituting back into the Lagrangian [see (2.14)] we obtain the following Wilson coefficients

that accompany d = 6-operators. In what follows, we split the Wilson coefficients to tree and
loop contributions as G = G© + ﬁG(l). The symbol G denotes Wilson coefficients in Green
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2.3. The leptoquark model S; + S,

basis, and we use exactly the same naming for operators as in ref. [64] that we append in
Appendix C for complementarity purposes.

In summary, we find the following twelve B-number conserving tree-level coefficients

[ (1)](0) _ Gy [G(s)](o) __ Oy (2.92)
tq Iprst 4M12 ? tq dprst 4M12 ’ )
o 0 _ GG o 0 OO o
lequ prst o 2M12 ? fequ prst - 8M12 ? (2.93)
(610 — (i )" 6,10 — GV ) .00
eu = T i 2 0 {d =TT =5 > *
prst 2M12 prst 2M22
ORI UG OGN G ,
[ qq ]prst - 2M12 ’ [qu ]prst - 2M12 ’ ( .95)
O GE 0 @O GErO 2o
[ ud ]prst - 3M12 ? [Gud ]prst - M12 5 (2.96)
o 1@ 40508 @ 10 GEGh )
[ quqd:lprst - 5 Ml2 ’ [ quqd ]prst =4 M12 ’ (2:97)
and four B-number violating ones
BL 1L BLyx(9 1R
[G ](0) _ (Apr )*(Ast [G ](0) N (Apr) (Ast (2 98)
999 dprst M12 > qquldprst — M12 ’ )
[G ](0) (7‘55)*(7%1} (G ](0) (Agf)*(lslf (2.99)
duqlprst = 2,9 duulprst = — 5 .
prst M12 prst M12

As we see all tree-level dimension-six operators are four-fermion operators in the effective La-
grangian. Besides M;, their strength is governed by products of leptoquark Yukawa couplings.

Finally for completeness, we present the five tree-level d = 7 Wilson coefficients in the
basis of ref. [14]. They are,

(0) As ~ (0)
(60 ] =——E=0bG,), 6]

= 20 Gauyd )y, (21000

LLQAH lprs¢ M2N2 LLQAH prst M2
[Greuin ], = -2 (A)(Ay) (Gruaan1®, = —2L_ (YA, ), (210D
LeudH lprst — 2M12M22 tr sp/ > LuddH dprst — MIZMZZ St pr) > .
_ _ 21 BL 3 T
[GLQQdH]prst - _ZMZMZ ()'St )*(Apr) . (2102)
1772

As noted in the paragraph below eq. (2.14), coefficients associated with d = 7 operators in
egs. (2.100)-(2.102) can be competitive to d = 6 ones in (2.98)-(2.99) if there is a certain
hierarchy between the two scales involved, e.g., M; > M, and A, v/M3 ~ 1.

The appearance of products only A-A" with |A(B—L)| = 0 and As; A-A with [A(B—L)| = 2
in coefficients for d = 6 and d = 7 tree-level EFT operators respectively, is not accidental. It
follows from the B, L-numbers for the parameters quoted in Table 2.3, and an interesting
connection [89, 90] between AB and AL with the minimum and possible dimensionality of
operators

9 3
dpin = EIAB|+§IALI, (2.103)
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2. FUNCTIONAL MATCHING OF SCALAR LEPTOQUARKS

|A(B—L)|

0,4,8,12,16,...  (d—even), (2.104)

|A(B—L)|

2,6,10,14,18,... (d—odd). (2.105)

For example, a coefficient proportional to As; x (|JA(B—L)| = 0 couplings) must necessarily be
associated to odd-dimensional d = 3,5, 7,... case which is confirmed here at tree and below
at one-loop level. Similarly, the dimension-full parameter A’ x (|A(B — L)| = 0 couplings) will
be associated for the first time with d = 7-operators in EFT at 1-loop and at d = 9 at tree level;
the dimensionless parameter A5 x (JA(B — L)| = 0 couplings) will appear first at d = 10 and
SO on.

2.3.3 One Loop Matching in the Green basis

As we explained in section 2.2.3, one loop matching is carried out in two steps. First, the
original heavy-only UOLEA in eq. (2.49) is used to derive operators with heavy leptoquark
fields (for this model S; and S,) circulating in the loop. Second, we use the general results
from evaluating functional Supertraces in (2.50) to calculate Wilson coefficients involving both
heavy and light fields in the loop.

We list all one-loop Wilson coefficients produced both from the UOLEA and the Super-

U )
G; Tz G
Furthermore, for the quantities that renormalize d = 4 operators we write, A’ = A + 0 4n)2 T304,
/2

m? =m?+ (42)25m2, yr’l =y, + ﬁ5 ¥n, Where n = E, U, D and the wave function renor-

traces. As before, we split them in tree and loop level coefficients as G; = +1 4n)2

malization is Z;, = 1+ ﬁézk with k = q,u,d,{,e. For gauge bosons, we factor out of the
resulting trace calculation the whole canonical kinetic term —1/4F,,,F*”, with F,, being a
generic field strength tensor. Following an analogous naming scheme as in ref. [64] we define,

2
L= log% . with i=1,2, (2.106)

and the general 3 x 3 matrices,
A=A, A =N, A=A, @107)
A, = (AR)TAIR Ap=AT4, Ag=AAT, (2.108)
A = APL(APL)T, AP = (ABRYT (PR AB = ABR(APRYT (2.109)
Y11L — (AlL)TyZ}AlR YlL (AlR '(AlL)'i')T (2110)
YlL _ (AIL)TyUyTllL YlL _ (AIL) yDkalL (2.111)

T

YZE = AJ’E}’EA' > YZD = 7L'}’133’D}L ) (2.114)
YAl = ABLys (APRYy YAl = APy (APR)T (2.115)
Y]’Z?R ((ABR)Ty Yu ABR) Y]’gR ((ABR) YpYp AER) (2.116)
YBL ((ABL)W), y AEL) YZBL — ((AEL)W}, yTABL) (2.117)
A = (A y ) ypypa®t)" YEE = PRy y ! yuyiatt . (2.118)
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2.3. The leptoquark model S; + S,

Armed with those definitions we can now write the, lengthy but complete, one-loop Wilson
coefficients associated to d = 4 (renormalizable operators) all the way up-to d = 6 opera-
tors in Green basis. All d =5 and 6 operators and the categories they belong to are given in
Appendix C. The hypercharges of S; and S, leptoquark fields are denoted as Ys, and Y3, re-
spectively, and can be read from Table 2.1. N, is the number of colours and CE is the quadratic
Casimir of fundamental representation of group G. Finally, we define the squared mass differ-
ence quantity A%, = MZ — M3.

Renormalizable Operators

N,
(62p)= 58" [ L +2¥2 L, ], (2.119)
NC
(6Zw) = 8"La, (2.120)
N,
(620) = -8 [L1+2L,], (2.121)
N, 1 .
(5Ze)Pr - 2C |:( 1)(A€)pr + (E +L2) (Af)pr:| I (2122)
_ N (1
(52 = (2 )(A Jor (2.123)
1(1 p
52) =33+ ¢ —8M o, (2.124)
1
(86Z)pr =§( )(A +2A9),, (2.125)
. 1
(6Z4)p, ( +Lz)(Ad)pr+(§+L1)(A§)pr, (2.126)
M2+ M2 M2MZ2log M2/ M2
(6Zy) =N |A21\2[ et — 5 . 2], (2.127)
2(A%,) (a%)
(5yE)pr = _Nc(]- +Ll)(Y1L)pr > (2128)
(6Y0)pr =—Ne(1+ L) (Y1), —4(Y0), (1 + Ly), (2.129)
(6yp)pr =—4 (Y“)pr(l +14), (2.130)
= . A2+ M2 log M2/ M?
(5}')=NC |:AIZ_11L1+(A12{2+(AH2—AQQ)2)L2—|A§1|27LH1 12 (Zz §2 2/ 1
12
s s — A A%2+M1210g]\7[22/M12_1|A~ |42A§2+(M12+1\7122)log1\7122/M12
311 AH2 — A% A2 )2 o 131 AZ )3 >
( 12) ( 12)
(2.131)
(6m?) =N, [Ays M1+ Ly) + (24555 — A33)M2(1 + Ly)
M?log u?/M? — M2 log u?/ M2
+|A21|2(1+ rlog /M, — 81/ 2)] : (2.132)
A12
Dimension-5 Operator
.\ logM?/M?
(G5 = NeAsy (WM ypd), ﬁ : (2.133)
1 2
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Vector Bosons-Scalar Operators

X3
3
G(1) 8 1 2
3¢ 360\ M2 M2
a &N, 1
W 360 M2
X2D?
2 2
G(l) N, ) Y51 2Y52
2B = 20 T2 T fe |
30 M2 M2
m _Neo 1
W 60° M2’
G _ 2(L 2)
2G 2 2
60°° \ M2 M2
X2H?

5251
| 21| ):| b

W _ o2 v A sls2 o (222 —Az3)
Ciin =18 [Y (12M2 Azl )+Y§2( 12012

(A As5) ss
Gim :N_( - 222 — A5 Pt

6

Am + (2212 — A

(1) _ s 33) a2 75152 | 758
HG ™ o [12M12 12512 il (£ + fi )]
A N
1 S
GfJJVB =—N.gg’ |Az1|2 T+ s,
12M
H?X?D?
n _ ss
GBDH N, |A21|2 /(YSI +Y52) s
O _ g s s
GWDH N, |AZl|2 2 '
H?D*
G = aN,|As, [2F552
H*D?

2 72
G(l) ey AHl + @
Ho 12 M12 M2 )’

7(,
31 2 SSS —9 SSS SS 2 SS
2

1 $15,8 75,8,8 SSS SS
G/() —N |A21|2(AH1f 1°1 2+AH f 20201 22’22 2 2) N |A21|4 2’
. 5,8 =5,5,8 %5,5,8 =5,8
G//(l):_lNclAillz(AHlflll 2 1+AH2f 25152 Azzf 152 2) iN |A21|4 152

HD
iN, [ » ,
282 (222255 —22,) .
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(2.134)

(2.135)

(2.136)

(2.137)

(2.138)

(2.139)

(2.140)

(2.141)

(2.142)

(2.143)
(2.144)

(2.145)

(2.146)

(2.147)

(2.148)

(2.149)



2.3. The leptoquark model S; + S,

3 33
1) N, (A Ay 25,5
G =—= (—+2M—)+2N A5, 1® a2

2

Two Fermion Operators

1/)2D3

Y2XD

N
G 1) _-Y%
(G I =~

N

1)
I:GfVVZinr - :C 8

[Gaely =5

7Y, — 2.
Ne (22255 Ly
12

N
[GBZ ](1) _?C

(A¢) (A)
[Gzp](l) "% [—2pr - Zpr )
M M;
N, (A,)
m — e’pr
[Geo = é v
1) B
[GqD]pr - 6 [(A )pr 8(Aq)pr] 5
1
[Gup ) =—— [2(A8),, + (A ]
ubpr 6M12 u’p u’p
it B
[ dD](l) (Ad)pr . (Ad)pr ’
3MZ 3M7
(A¢) (Ap)
g (1+L1) fzpr % ,
12 M;j 6M;

(Aé)pr
My

>

(AZ)pr . 7Yd + 2Y§2
q-1 2 12

1
(Aﬁ)pr
M? ’

(/N\Z)pr
M;

—1d

g’ [Yq

N, 7Yy — 25 (Ae)pr
oyt (P, YO
pr 3 12 Mj
W N (Ae)
] e,
pr 2 Mj
=1 O 5, 005
Galr 7 18% M2 3% M2 \4 U)”
W (AD)pr
A
Gq lpr M;
[G ](1) _1 (l—i—L )(Aq)pr+8(Ag)pr
Wq pr 6g 12 1 M]? 5
B
[ , i|(1)_1 (Aq)pr_s(Aq)pr
Walpr 4 M12 ’
(1) 1 7YK — 2YS (Aq)pr 7Yq + 2YS
[Gpel, == ——— Y0, —+ :
p 12 h 12

+ Ysz)

(Af)pr
MZ

2

2 or

2
1

8(AE
YY, L, | ———
q 1) M

|

(2.150)

(2.151)

(2.152)

(2.153)

(2.154)

(2.155)

(2.156)

(2.157)

(2.158)

(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

(2.165)

(2.166)
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8(A)pr

™ 1 (Ay)
(G =2 |

2
Ml

12

1 7Y, —2Y.
[Gaul,y) = gg’[(e—sl + Y.L

3 (h,,
— 38 (Z+L1)W’

q Mlz

1

(Au)pr 7Y + ZYS1
el +

2
h 12

+YdL1)

2(AP),,

2
1

E

® 1 (A) 2(A9)
o, 1= Lo [ oder |y 2000 ]
Bulpr 2 M? M?
[G ](1) . 1 (;\d)pr _ 1 (§ i ) (Ag)pr
Gd pr - 9 gS MZZ 3 gS 4 1 Mlz 2
[Gl ](1) _ 1 (Ag)pr
éd pr 2 gs Mlz >
3 B
2 7Yy — 25 (Ad)pr 7Y, +2Y5 (Ad)pr
GpglW =—Z¢’ Ly, |2 — L4y,L
[ Bd]pr 38 12 2% M22 12 uli 12
G (1) — o |ay (]\d)pr Y (Ag)pr
I: Ed]pr =& { 1\7[22 + u M12 5
€3] €Y 1)
/ _ / _ / —
[GGq]pr - [GWq]pr _[ Bq]pr -
1) (€Y
[G/Gu]pr = [Géu]pr =0 ’
€3] 1)
[Géd]pr = [ng]pr :O’
(D , 71 , 7(1)
[Gl//VZ pr = [GBf]pr = GBe]pr =0.
’L/JZHDZ
1L
[G ](1 _ 1& 1 I (YlU)pr
eHD1 pr - 2 2 1 Mlz >
1L
(Garpa ] = + e La0or
e 2 5
pr 2 Mj
1L
(G HDB](D — _&M
e 2 >
N VE
1L
[G ](1) N (Y
eHD4 — T 5 T a2
pr 2 Mj
1L BL
[G,ip 1 = 11, (Y1 )pr —4(¥1p pr
uHD1 pr - 2 2 1 M12 >
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(2.167)

(2.168)

(2.169)

(2.170)

(2.171)

(2.172)

(2.173)

(2.174)

(2.175)

(2.176)

(2.177)
(2.178)

(2.179)

(2.180)

(2.181)

(2.182)

(2.183)

(2.184)



2.3. The leptoquark model S; + S,

(Vo = 400 e

[Gurp21(y = 0 : (2.185)
(D —4)
[GuHD?,](l) pr2M2 =, (2.186)
(e —40)
[Gupa sy = . r2M2 =, (2.187)
1
2 (1
[Garp1 1)) = N (5 +L])(YEL)pr , (2.188)
2
[GdHDz](l) =—- (YBL)pr > (2.189)
(GarpsJyy =~ (YBL)pr, (2.190)
1
W _
[GdHD4] = (YBL)pr' (2.191)
Y2XH
N, (1 ({9
[Gew]f,lr)=—§cg(5+Ll) vl (2.192)
1
1. 3 10)
[Ges () = f [(Yq FYLy+ Yt 5Yu] et (2.193)
1
v}
[Gu6 1) = g (1+1L1) }\Z z, (2.194)
1
BL
1 1 (YD), —4(vHh)
(Gl =—5 (5+L1) per in (2.195)
1
1 1. 3. 700
(Gusly = 2 & [(n FYL+ Y+ EYe] sz'” (2.196)
1 3707
-8 [(Yq+Yd)L1+§Yq+§Yd] ”32”, (2.197)
1
(vhh
[(Gagly = +8: (1 + 1) — 7=, (2.198)
1
BL
1 (1 (Yyy)
m_1_(1 pr
[Gawl,r =581 5 +L1) W2 (2.199)
[Gas]® =g’ | (Y + YLy +2¥, + 2, (e (2.200)
dB pr - g u q 1 2 q 2 M2 . .
1
'l/)ZDHZ
1L 1L
(1) & Nc|: ( 2D )pr ( 2U )pr ( 2D)pr
G =——|(1+1L,) +(1+ L)) —5—
H{
[ ]pr 4 M1 2
_I\ilA~ |2|: 1 1\412—i_1\/[22 OgM—22:| (Aé)pr"i'(AZ)pr (2.201)
2770 Lty aahyp Ml Ay,
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G _ N, [ (VE)or + (Y )pr + 251 (Ag)pr
[ He] )

My
(2252 — A33)(A, )pr + Yap)yr
+ e
1 |As, > |:10gM2/M2 ( ~ (Agpr (;\l)pr
(ADpr + (A ) + +— . (2.202)
T4 A2 A% M? M2
W N (Y E),r + (Yh)
et ], = :C[(”Ll) avea b (2.203)
1L 1L
(3)10 N, (Y )pr (Y )pr
Kehr ]pr =3 2 : (2.204)
( ZR)pr N M2+ M2 M2 (A
[Gp ]V = (1+L1) — A P 1+ L2 1og—2 . (2.205)
elpr 1 2 21 Z(A 2) MZ (A%Z)Z
1R
[G/ ](1) _ _& (YZU)pr + AHl(Ae)pr ~ 1, |2 i + IOgI\/[zz/Ml2 (Ae)pr (2.206)
Helpr — 4 M2 4" 21 Mz A2 A2 )
1 12 12
[G(D](U -2 |a+1 )(YlL)p'” + 80V Jor =8V Dor
Hq pr 4 1 Mlz
1 o[ 1 Mp+ME o M (Adpr — 8(AP),,,
A5, I°| ==+ -5 log—3 - , (2.207)
(AZ)  2(A%) M? A2
[G’(l)](l) = _1 (YlL)Pr + ZAHl(A )pr + 16kHl(AB)pr + 8(YBL)pr (YBL)pr
Hq Ipr 8 M12
,[ 1 loghZ/M? (Aq)pr+8(A§)pr
- —|A21| —+ 5 3 , (2.208)
Ml A12 A
1L BL BL
@1» 1 (Vo )por +8(Y5p )pr — 8(Yoy )pr
G =2 |+l , 2.209
1L BL BL
[G’(B)](l) =1 [ (v Jor + 85 pr —8(¥oy Jpr (2.210)
Hq pr - 8 Mlz 5 .
| N
1 (Yorpr +2(Yyp )pr
(G IS = S (1+Ly)
pr 2 M12
1 2 1 Mlz +M22 M22 (Au)pr _2(A5)pr
=Sl S5+t S g3 3 , (2.211)
(A7) 2(A7) M? A2
[G/ ](1) _ _1 (YlR)pr + AHI(A )pr + ZAHl(AB)pr + Z(YBR)pr
Hudpr - 4 Mlz
L o[ L, 1o ME/MET (A + 2(AD) -
Tl et T4l e R— (2.212)
12 12
1 ( 2E) (
[Graly =5 (1+ L) —= —(1+Ly) 2” =
2 1
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, (2.213)
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Four Fermion Operators
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2.3. The leptoquark model S; + S,

In total, 109 out of 139 operators are generated in the Green basis which translates into 53 out
of 59 operators in the Warsaw basis. The only operators not generated by the S; +S5,-model in
the Warsaw basis are the CP violating ones, namely Qs ) ns.w.¢),mws> Which are of course
absent in the Green basis as well.

The UOLEA parameters fu — flg appearing in Vector-Bosons-Scalar operators are given
separately in Appendix D. The hypercharges of the SM chiral fermions and the Higgs are,

1 1
) Yu = — Yd = —g , and YH = E , (2.248)

respectively, while Y5 =1/3 and Y, = 1/6 for leptoquarks.

2.3.4 Theoretical Remarks

Further remarks on our findings for the complete set of d < 6 Wilson coefficients in Green
basis at one-loop are in order.

Evanescent Operators

Evanescent operators appear in 4-point functions involving fermions. Treating the integrals in
d-dimensions while using Fierz identities, that hold only in d = 4 or encountering higher order
of y-matrices products, give rise to evanescent operators that in general vanish in d = 4. The
scheme we will be using for this type of structures is the introduction of local counterterms

a feoy. For details the reader is referred to refs. [75-78, 91].

evsy*

Although, strictly-speaking, not part of the actual matching calculation, in translating the
raw results of the traces after substituting the U matrices, one needs to choose a definite
scheme to reduce the y-matrix structure appearing in the subsequent equations and match
it to a certain basis, such as the Green basis. In the model under consideration evanescent
operators make their appearance in the Supertrace of (2.40) where both left and right pro-
jection operators appear in the same trace. We keep a general parameter a,, not resorting
to any particular scheme. The usual scheme choice for evanescent operators, however, is
a,, = ...= f,, = 1. The relevant Dirac-structures appearing in the model at hand are (in the
NDR scheme d =4 —¢),

PryuyyPL®Pyty"P = 4(1 ) P, ®P,—P,0,,PL®P c"Pp, (2.249)
Py, y P ®Pry’yhP, = 4(1 ) P, ®P,+P,0,,P,®P,c""Pp, (2.250)
Ppyty"PL @ Pryty"Pr = (1 ) P,®Py+EY, (2.251)

P, y"y"P, ® Pry"y"Pg = 4 [1 —Z(1+ aev):| P, ®@Py+E. (2.252)

Plugging in a specific value for the coefficient a,,, in our case, defines the evanescent operators

(2)
E/x.

RGE checks

As a further cross check of our results for Wilson coefficients we have calculated the Renor-
malization Group Equations (RGEs) for a certain set. For purely one-loop generated operators
one has to just take the derivative with respect to the renormalization scale u and extract the
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relevant f3-function. For instance explicitly taking the derivative with respect to u on [C,y ],
we find,

d[Cew] (i)
eW lpr — N, g 1U /pr ) (2.253)
dlnu 4 Ml2
Comparing with the 3-functions from [18-20, 92],
— (3)
[Bewlor =6 g (0%, [Czequ]prst : (2.254)
after plugging in the value of the relevant Wc [eq. (2.93)], we get,
3g (Yig)pr
=—— R 2.255
[ﬁeW ]pr 4 M12 ( )

which is in complete agreement, for N, = 3, with the direct application of the derivative. The
same procedure has been followed for every other purely one-loop generated Wcs and we have
found no discrepancies in the comparison.

For operators generated at tree-level as well the picture is a bit different because at tree-
level the coupling of the respective Wcs must be considered as running parameters due to shifts
of the corresponding fields. However these exact shifts will cancel with the RG running due
to wavefunction renormalization. For example, to bring back the lepton and quark doublet
kinetic term we must make the following shift,

1

€p — Ep — 5 (5Z€)pp1 Epl , (2256)
1

qp E— qp - E (5Zq)pp1 qp1 5 (2257)

where 67 4 correspond to egs. (2.122) and (2.124), respectively. We have also suppressed
all other indices apart from generation indices. In turn this produces a shift in the coupling
A;&. To absorb this shift we redefine the coupling as,

1 1
( A}l)l;)eff. =k~ EA;; (6Z)or — Exgj; (6Z)wp - (2.258)

Taking the derivative w.r.t u-parameter we find the -function for the effective running cou-
pling,

[ﬁle]pr = % [AlL(alL)Tle +AlL(i)T7~L]

pr
1 +
+§ [(AlL)T(AlL)*(AlL)T _ 8(A1L)T)LBL(7L$L)! ]pr . (2.259)
The same of course can be done for the complex conjugate coupling,
[ﬂ(lu)?]pr = [ﬁ;LlL];r . (2.260)

These two will contribute, for instance, in the RG evolution of the operator CLE;). Ignoring
finite parts, and for the clarity of the cancellation considering only the part produced by the
shifts in the fermion fields, we find

1
[Ctg Torsr < LCE Tone = 5 {820 [C1 Tk + (520 LT3

prst E wrst pwst
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(82D [T + (6Z)e [CPID,, }

prwt
(g uif
M? '
(2.261)

M2 1
2 €8] (2) 712
+ [cl L+ —2 12 L, (3c12 + 5 )+ 8|A'| 12 Lz}

Schematically for the operator above we have,

prst 1

dlC{ Ty dICTS) d
x _—
dlnu dlnu 2dIlnu

1)4(0 1)5(0
{6205 [CP10 + (8200, [CP10N,

1)](0)

prwt q prsw}

+(6Z)ow [CL3 TP + (8Z)e [C]

]\7[2 1 (AlL)T(AlL
2 (D, (@) n2 4 [ X7psZ Mrer?
+[2c1+M12 (3c12 +cli)+16|A| Mlz] M12 .
(2.262)
On the other hand the derivative of the tree-level operator reads,
1)4(0
A s _ ) Brder + P2 (B e — el (2.263)
dinpy — 4M? Pa)er 4M2 Py s az M '

where Tm2 = dln M1Z /dInu is the anomalous dimension of the leptoquark mass. The last term
in (2.263) will cancel with the last line of (2.262). In contrast to the coupling, this cancellation
is not captured by the matching procedure, where we have assumed no heavy-external-field
legs.

The remaining terms inside the curly brackets in (2.262), due to the redefintion of the
fermion fields, exactly cancel the contributions to the f-function from the tree-level result
(2.263). Cancellations aside, by taking the explicit derivative of the whole set of Wcs we can
cross-check the logarithmic part of our results. Comparing the f-functions produced by our
model, with the relevant parts of [ 18-20, 92], we find complete agreement.

2.3.5 Phenomenological Aspects

In this section we present some interesting phenomenological aspects arising from the S; + 3,
LQ-model whose one-loop effective Lagrangian derived previously in this section.

Lepton magnetic and electric dipole moments

There is some evidence for a deviation of the muon anomalous magnetic moment. FNAL
experiment [93] confirmed previous results by BNL experiment [94] and found a 4.20 excess
w.r.t the SM, Aq,, = aZXP—aiM = (251+59) x 107! [93]. As a demonstration of our one-loop
effective Lagrangian we work out the contribution to Aa,, from the decoupling of S; + S,-

leptoquarks, and compare it with the fixed order one-loop calculation.

Within functional approach, contributions to magnetic moments of fermions arise from
egs. (2.63) and (2.64). The corresponding functional supertrace diagram and its expression
is displayed in (2.36). The above contributions along with the insertion of the tree-level oper-
ator [(’)S;u], associated with [Cg’;u] given in eq. (2.93), in a one-loop diagram computed for
example in ref. [95] constitute the full EFT formula in this model. The dominant new physics
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contributions to the anomalous magnetic moment of the £-generation lepton are thus

4mev [ 1 1 2N, u? 3)
Ad' = —Re[Cp] — —Re[C } +—= log| — | Re{[C ,
' = | Sovelca) - ooelCan]| st mema 1og( 1 ) e {163, hu}

(2.264)
where v is the vev, m, is the { = e, u, T lepton mass and m, is the quark mass running in the
loop with g = t, c,u. We note for later, that when evolving down to the top quark mass, m,, the
dominant part of the last term vanishes, hence we can neglect all other sub-leading terms in
the sum. Therefore, we are left with the first two terms in the square bracket. The coefficients
C.p and C,, are defined at low energies in mass basis of ref. [17]. They are related to the
Warsaw gauge basis coefficients, C,z and C,yy, through the expressions,

Cop = Ug"L C.3U, Coy = U;“L CowU, (2.265)

R’ R’

where the unitary matrices Ue, diagonalize the lepton mass matrices, UZL YeUe, = Y5 =
diag(y.,Yu,Y-)- Since our results are given in Green basis we need a translation from Green
to Warsaw basis. This translation is nicely given in ref. [64]. After a little algebra, we find the
coefficients at renormalization scale u (still gauge basis in 3 x 3 matrix notation) to be

1L ~
& S lo “_2 +§ Yl_U_iyE'Ae_iAe'J’E
1672 | 24 MZ) 10| MZ 24 M? 48 M2

[Cp1P(w) = } . (2.266)

N 1 u? 31Yiy 1Ay 1Ay
Co1W) = 8 ) oo P )2 2 -t , 2.267

[13 ”

where means matrix multiplication. These results are in agreement with ref. [95]. The
parameters Yllé,Ae,f\e and A, are defined in egs. (2.110),(2.108) and (2.107), respectively.
We then use the RGE running of the coefficients C,z, C,} from the heavy leptoquark mass scale
M, down to the top-quark mass scale m, and plug the result into (2.264) to find at leading-log

approximation (for N, = 3):°

2
Aa§51+§2) = Z % % [log(%) + Z:| éﬁe(ﬁéj*f\éﬁf
q=u,c,t 1 1
B m; (iu*iu + ilR*ilR) (2.268)
32712M12 qt “"qt qt "qt ) > )
where all parameters and masses are to be evaluated at m, and the “hatted” couplings are
defined in mass basis as,

A=yl Aty , AR=ylaty, , A= U;‘R}x U, , (2.269)

with UZL YuUy, = Ju = diag(yy, s, y,) being the up-quark fermion Yukawa couplings. Note
that, as it should, the one-loop expression (2.268) agrees with the fixed order calculation of
ref. [69] for the S;-leptoquark decoupling. Also obvious from (2.268) is a natural enhancement
of O(m,/m,) due to S;-decoupling, while there is no effect from the S,-particle decoupling.
However, a similar enhancement is shown in eq. (2.128), for the one-loop corrections to the
Yukawa coupling of the leptons, and subsequently to the lepton mass itself.

5To leading-log order the result is the same by setting u = m, in (2.266) and (2.267) and then take the difference
in (2.264), and neglecting the contribution from light quark masses.
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2.3. The leptoquark model S; + S,

Moreover, a bound on electron Electric Dipole Moment (eEDM), |d,| < 1.1 x 107%%e - cm at
90% CL, anounced by ACME collaboration [96] in year 2018. Our complete 1-loop functional
matching LQs renders the calculation of eEDM very easy. As mentioned previously, in the

model at hand (S; +8,), bosonic operators of the form H2FF and F? are not induced, therefore
(3)

Lequ
before. Basically, the calculation is the same with the lepton magnetic moments we performed

above. Again, neglecting the contribution from Cg;u since the evaluation is at u = m,, the
eEDM reads,

the only effect at one-loop arises from the Warsaw-basis operators Q,g, Q. and Q as

d 1 1
%) = VEv| S mlCap(n)] - 2 3mlCam]] (2.270)
€ g g 11
Plugging into (2.270) the imaginary parts of eqgs. (2.266) and (2.267) after substituting u =
m,, we find
d 1 m mi\ |7 A1L+4 1R
= st [osl(g ) 2. 2270

This result agrees with the fixed order 1-loop calculation, up to (’)(mf / Mf )-terms, obtained by
applying the general one-loop formula for lepton EDMs from ref. [97] onto the particular S;+35,
LQ-model. The leading-log term of (2.271) also agrees with the one obtained in refs. [68, 98].

The reader should note that this is a SMEFT calculation, i.e. we have chosen yu = m,.
Ideally it’s more appropriate to match onto Low Energy Effective Field Theory (LEFT) and
perform the calculation of dipole moments at lower scales, which is beyond the scope of this
chapter. For a thorough EFT analysis of leptonic magnetic and electric dipole moments along
these lines the reader is referred to refs. [95, 99].

Radiative Neutrino masses

A nice feature of the S; + S, model is that neutrino masses are induced radiatively at one-
loop. The single dimension-5 operator Q,,, defined in Appendix C, arises in the effective
Lagrangian from the supertrace functional diagram (2.39) which after calculation provides us
the associated Wilson coefficient G,,, = C,,, (2.133) in both Green and Warsaw basis. The
result is finite and agrees with ref. [71]. Then going to the mass basis SMEFT Lagrangian of
ref. [17] we have for the diagonal neutrino mass matrix

m, = —v? UVTL CyyU,, . (2.272)

By using the tree level definitions of CKM and MNS matrices’, as Kciqy = UZL Ug4, and Uyns =
Ue'L U,, and eq. (2.269) we obtain

V2 vAy
1672 M12—1\7[22

A 2 M?
m, = I:Ul\];[NS (AlL)TKCKM mdk UMNS]IOg(M_]é) B (2.273)

2
where m, is the diagonal down quark mass matrix. The neutrino masses clearly follow a
“down-quark” mass hierarchy with the couplings AL i and the CKM matrix defining off-
diagonal transitions. Obviously, depending on the value of the parameter A5, that mixes both
leptoquarks with the Higgs boson, we can probe two different mass scales: (i) As,/max(My, M,) ~
1, and (ii) As;/max(M;,M,) — 0. In case (i) correct order of magnitude of neutrino mass,

"There is no "pollution" to CKM or MNS matrices from other tree level operators in this model.
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m, $ 0.1 eV and A ~ O(1) requires M; ~ M, 2 103 GeV and this is currently consistent with
proton decay bounds (see below), whereas in case (ii) M; ~ M, ~ 1 TeV requires As; &~ 10~/
GeV which is technically natural in terms of a Z3 (or Z,) softly broken discrete symmetry dis-
cussed in section 2.3 (but still baryon number violating couplings, A- and A¥R are allowed
and have to be set to zero by another symmetry in order to avoid fast proton decay).

Proton decay

Baryon number is violated in the S; + S, model. All d = 6 baryon number violating (BNV)
operators appear already at tree level in the effective Lagrangian [eqs. (2.98),(2.99)], after
the decoupling of S;-field. From these expressions and Table 2.3 we easily see they have
AB = AL =1 consistent with egs. (2.103) and (2.104). Rotating fermion fields into the mass
basis of ref. [17] we find for the tree-level Wilson-coefficients

(0) I 5 1R
(€Y, = 32 Ko WP s, A, (2.274)
1

duq | _ 1 oy 1L
[C :|f1f2f3f4 o M12 (AB )f1f [ CKMA ]f3f4 ’ (2.275)

duu|©) - 1 BRY*  (A1R
[ i = w2 P (A p (2.276)
c9949 (0) — 2 ABL * 2.9
™ s, = 32l K&on QB T, g, (KA g (2.277)

1

where the “hatted" couplings are given in eq. (2.269) in addition to
BL — 77T 2 BL BR — 777 7BR
AL = U, APUg AR = U AP (2.278)

Obviously, due to lepton and baryon quantum numbers arranged in Table 2.3, only one BNV-
coupling, ABL or ABR appear for AL = AB = 1. Plugging these into the Feynman Rules of
ref. [17] we derive decay rates for general nucleon decay processes.

To date, proton decay has not been observed and Super Kamiokande has increased the
proton lifetime limits up to ~ 103* years with bounds [100, 101]

t(p — et n®) > 1.6 x 103 yrs , 7(p — ¥K) > 0.59 x 10>* yrs , (2.279)

being the most sensitive ones to BSM physics [102]. Based on the first of these bounds we
derive constraints on the following products of couplings:

2(ABR)* A.lR

i, 2(ABR)* AlL

1 3 x 1012

(2.280)
Note that although the CKM-matrix, Kcky, appears explicitly in tree expressions (2.274)-
(2.277), it disappears completely from the relevant BNV vertices of ref. [17] for physical fields.
In summary, M; = 3 x 10'2 GeV and first generation A% ~ 0(1) and APL and A*R of the

order of electron yukawa coupling is, currently, a safe combination.

M 2
2(7@%)* AR 4()L$L)* ML < 1078 (—1) .

At tree level, the proton decay constraints in eq. (2.280) apply on the 11 entries of A-
matrices. This changes by going to higher orders where in principle all flavour structure of
those matrices are getting involved through the CKM-matrix. One loop contributions to BNV
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2.3. The leptoquark model S; + S,

Wilson coefficients are given in egs. (2.244)-(2.247). For example, by just looking at [G,,, ]V

L

99

and the term proportional to the strong QCD coupling, gsz(kst)* (Asl ) we find a contribution

t

to the p — e*n® amplitude of the form gsz()UAgLK'C'LKM)H (KgKM}ALlL)H which, although CKM-
suppressed, displays a certain sensitivity in the off-diagonal 4,; entries under the strong proton
decay bounds of (2.279). A partial list of dedicated studies on proton decay in leptoquark-like

models are given in refs. [81, 103-105] and related reviews in refs. [82, 102].

In summary, unless there is a symmetry to prohibit BNV-couplings, the mass M; must be
bigger than the “intermediate" scale ~ 102 GeV. As we discuss in the next paragraph, this will
bring every other leptoquark masses e.g. M, at around that scale unless unnatural fine tuning
is called upon in the Higgs sector.

Perturbativity and Fine Tuning

An interesting interplay between the LQ masses can be explored in some operators that contain
the ratio of the two masses. We can thus put some bounds on the ratio M; /M, so that per-
turbation theory is not violated. For example, for the operator G,; adding the tree, eq.(2.94),
and one-loop level, eq.(2.240) that depends on the LQ mass ratio, we have,
Atplsr 1 M 12
= 1 ey
2M3 1672 M2

[Gld ]prst o —

1 2
W'Y+ +L1)) . (2.281)

Other operators depend on the inverse mass ratio M, /M. For instance, adding eq.(2.95) and
eq.(2.219), we have,
oM, ( 2 M3

(1) My W, @
[ {q ]prs[ 4M12 + 167'52 M12 (NC Cli +C12 )(1+L2)) . (2282)

For perturbation theory to work, loop level contributions have to be way smaller than tree
level ones. Then we can get a combined constrain for the ratio of the masses,
Ncc(l) + C(Z) 2 167’[2

212 12 (14))< M—12 < TR (2.283)
167 My (14 LN cjy +c3)

which depends explicitly on parameters of the self interactions of the leptoquarks. Next, we
define the following quantities,

2 @, @
2= I et (2.284)
M2’ 16m2 '
The inequality then becomes,
1
2a(1+ L)) <r*<———. 2.285
A+ <r< o (2.285)
Which can be written in the following form,
2 2 2
U 1 ) 5  Mj r
—exp|ll——|<r*<—/exp| ——1]. 2.286
M2 p( ar? U2 P\ 24 ( )

From here on we will pick up a renormalization scale, first we will pick y = M; and then
t = M,. As for the parameters c(li’z) we will take them first of order unity and second to a fine
tuned value of the order of 10™*. Plugging these numbers into eq.(2.284) we get a = 1/4n>
and a = 107*/4n? for each respective value of ¢’s. Both these values will be used for both

cases of the renormalization scale and extract some bounds for the masses.
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* For the first case, g = M;. In this case the combined inequality reads, for N, = 3,

ar?

1 2
r? exp (1 — —) <r? <exp (r_ — 1) . (2.287)
2a
The right inequality is always satisfied, while from the left one we can get that,
2 1
rr<=. (2.288)
a

Considering the two distinct values of a, we can get M; < (27, 27 x 10%) M,.

* For the second case u = M,. The inequality becomes,

ar?

1 2
exp(l - —) <r?<r? exp(g—a - 1) . (2.289)

The right part gives, r2 > 2a, while the left part is always true.

If we combine the two results we can get the following bound,

1
2a<ri< =, (2.290)
a
Plugging the values of a we get,
1 oy _ My 2
——(1,10%) < — < 2m(1, 10%). (2.291)
V2on M,

Therefore, we can conclude that when couplings c%’z)

are of O(1) the masses can be taken to
be of similar magnitude without violating perturbation theory. If we fine tune the couplings
to even smaller values we can further increase the mass ratio giving us more room to tune the

numerical values of the masses.

Noteworthy, the situation we just described for the Wcs, G&) and Glg;), share the same
characteristics with the Higgs mass hierarchy problem which is of course evident in LQ-models.
Indeed, by performing the matching procedure we have assumed that the Higgs mass m is zero
i.e., the Higgs field is part of the low energy EFT. Therefore, one-loop contributions to the Higgs
mass found in (2.132) have to be of the order of the EW scale. For this to happen there are
two cases (i) LQ-masses are of the order of the TeV-scale and Higgs couplings naturally of
order O(1) or (ii) LQ-masses are heavier but Higgs couplings e.g. Ay, Axs, As5 together with
As,/M; are small enough, although there is no known symmetry to naturally accommodate
all these limits.

2.4 Conclusions

The resurgence of functional techniques to matching has led to a fair amount of universal
results and compact formulae over the last few years. In this chapter we explored the matching
of all scalar leptoquark representations that can be constructed under the SM gauge group. We
have extracted through the use of Supertrace functional techniques [35] a universal formula,
eq. (2.14) for tree level and eq. (2.48) for one-loop matching plus all X-matrices in Appendix A,
for the decoupling of all scalar leptoquarks and put it to use in two distinct models. First we
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cross-tested it with the Feynman diagrammatic approach of the S; + S; model [64]. Then
we applied it to the, phenomenologically richer, S; + S, model taking also baryon number
violating couplings into account. In total, the latter model generates the single dimension-5
Weinberg operator at one loop, which gives rise to radiative neutrino masses. At dimension-6,
109 operators are generated in the Green basis while in the translation to Warsaw basis we
are left with 53 (out of 59) operators thus covering almost the entire spectrum of dimension-6
operators, the only exception being the set of 6 bosonic CP-violating ones. Our results of the
given Wilson coefficients, derived in section 2.3, have been also cross checked with the one
loop RGEs finding complete agreement.

On the phenomenological side, we have briefly explored several distinct observables. First,
we studied the implications to the lepton magnetic and electric dipole moments where there
has been recent experimental advances. With this example we demonstrated the use of the
matching in arriving at known results from fixed order calculations. Secondly, we have inves-
tigated possible regions of leptoquark masses, at the scale of a few TeV and at a high scale,
as well as their coupling with the Higgs field, to generate radiatively the order of magnitude
of neutrino masses through the Weinberg operator. Furthermore, we were able to put cer-
tain bounds in the combinations of BNV and non-BNV couplings, through the investigation of
proton decay at tree level and one-loop. Last but not least, we have constructed a combined
inequality for the ratio of the two LQ masses so that perturbation theory is not violated and
briefly discussed the hierarchy problem in LQ-models.

As a concluding remark we would like to point out that models covering almost the entirety
of the given operator basis spectrum, can serve as excellent benchmarks for various codes that
will perform the matching automatically. The main reason for this argument is that within
matching one needs to apply a fair amount of identities ranging from group theoretic, to Fierz
identities and also accounting for evanescent operators arising from higher number of y-matrix
structures. All of the above have been encountered in the models that have been investigated
in this chapter, ultimately, adding up to the number of fully worked out examples of one loop
matching.
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Chapter 3

Disentagling SMEFT and UV
contributionsin h — Zy and h — yy
decays

LHC searches have revealed that the Higgs boson decay to a photon pair is nearly consistent
with the Standard Model (SM), whereas recently, there is evidence for the decay of the Higgs
boson to a Z-boson and a photon. These observables are governed by the same set of Wilson-
coefficients at the tree level in Standard Model Effective Field Theory (SMEFT). In this study,
we attempt to explain a potential discrepancy between the decays h — yy and h — Zy. We
conduct a model-independent analysis in SMEFT to determine the magnitude and features
of the Wilson coefficients needed to explain a distinction between the two signal strengths.
These assumptions are then considered at a top-down approach where we consider all single
and two field extensions of the SM, including scalars and fermions, as candidates for novel
interactions. We perform the matching of these models to one loop using automated packages
and compare the models’ predictions about h — Zvy. This chapter is based on ref [106].
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3.1 Introduction

Building upon the foundations established in the previous chapters, we now turn our attention
to exploring how new physics can manifest in the properties and decays of the Higgs boson.
In Chapter 1, more specifically in Sections 1.4 through 1.6, we introduced the concept of
Effective Field Theories (EFTs) and discussed both the top-down and bottom-up approaches
to constructing them. The top-down approach involves starting from a well-defined ultraviolet
(UV) model and systematically integrating out heavy degrees of freedom to derive an EFT that
captures the low-energy dynamics. This process, known as matching, ensures that the low-
energy EFT reproduces the same S-matrix elements as the full theory. We highlighted how
matching can be performed either diagrammatically, using Feynman diagrams, or through
functional matching, which directly utilizes the path integral formalism.

In Chapter 2, we delved deeper into functional matching techniques, emphasizing their
advantages over diagrammatic methods. Functional matching provides a process-independent
way to derive the complete set of effective operators and their Wilson coefficients (WCs) with-
out the need to consider specific processes. We applied these techniques to the decoupling of
heavy scalar leptoquark fields, demonstrating how functional methods can efficiently handle
complex interactions and generate universal results. This set the stage for understanding how
new heavy particles can influence low-energy observables through their contributions to the
WCs in the Standard Model Effective Field Theory (SMEFT).

With this theoretical groundwork in place, Chapter 3 aims to investigate the impact of
new physics on the Higgs boson’s properties and decay channels, specifically focusing on the
recent observations in the h — Zy decay mode.

Since the discovery of the Higgs particle by the LHC [107, 108] and the absence of any
new smoking gun event our attention is increasingly turning to studying in detail the properties
and the couplings of the Higgs particle. Its decay and production can be affected by particles
that have not yet been discovered or hinted at, and are thus elusive. If these new particles are
heavy the Standard Model Effective Field Theory (SMEFT) (for reviews we refer the reader
to Refs. [21, 52, 109]) provides a framework to study the effects of particles that are found
above the electroweak (EW) scale, namely v ~ 245 GeV. The constituents of this framework
are higher dimensional operators that respect the SM gauge group, thus we add to the SM
Lagrangian the sum of terms with mass dimension greater than 4,

cc0° 0

L=Logy+—+
SM A A2

+..., B.1)

where as a superscript the mass dimension of each respective operator is denoted and A serves
as the scale of new (UV) physics. Each operator is accompanied by its respective coefficient
known as Wilson coefficient (Wc) which encodes the effects of UV physics.

Deviations from the SM values of decay and production channels are encoded in the so
called signal strength. These are calculated as the ratio,

[(SMEFT,h —»X) _  T(BSM,h —X)
I(SM,h > X) I'(SM,h > X) ’

Up—x = (3 '2)

where with I'(BSM) we denote the decay rate that is affected only by physics beyond the SM
(BSM). The signal strengths are split in the following manner u;_,x = 1+ O0R;_x, Where

62



3.1. Introduction

OR;_x = T'(BSM,h — X)/T(SM,h — X). Hence new physics that contributes to each re-
spective channel would shift u;_,x to values different than one. The decays of the Higgs into
two gauge bosons have been measured with high precision and in agreement with the SM are
WW* ZZ*, vy [110-116]. A detailed analysis of the properties, the decay and production as
well as future directions for Higgs physics can be found in [117, 118]. Although most of the
aforementioned decays are in agreement with the SM a recent analysis by the ATLAS and the
CMS collaboration [ 119] found evidence for the decay of h — Zvy, which was an elusive decay
up to now. Additionally, they reported a mild excess of around ~ 20 with respect to the SM
value, the measured signal strength is,

Upozy =2.2%£0.7. (3.3)

M

Subtracting the SM value of the signal strength ,uisl = 1, this implies that contributions from

—>ZY
new physics must account for ugilvéy = 1.2+ 0.7, under the assumption that all uncertainties
originate from the UV sector. This study aims to answer this question, which UV model could

account for such an excess in the h — Zy decay?

To address this question, we explore both the top-down and bottom-up approaches within
the SMEFT framework, building upon the methodologies discussed in Chapter 1, more specif-
ically in Sections 1.4 to 1.6 and on Chapter 2, Section 2.2. The values of the WCs that affect
the Higgs boson’s properties can be calculated through the matching process in the top-down
approach. In this procedure, WCs are derived from a complete UV model, and their analytic
expressions depend on the couplings and scales of the model. This matching can be performed
either diagrammatically or directly through the path integral, as detailed in Chapter 2. Func-
tional matching, in particular, has gained renewed interest due to new techniques [26, 35]
and the emergence of universal results [24, 27-31, 33, 53, 120], even at two-loop order [34].
The automation of these techniques has evolved to encompass a broad spectrum of methods,
from SuperTrace calculations [38, 39] to the efficient computation of WCs directly from the
Lagrangian [37, 40, 41, 44, 121].

Alternatively, the bottom-up approach offers a model-agnostic method where the WCs
remain unknown and their values are determined by fitting a set of observables to these co-
efficients. Throughout this chapter, we will use the Warsaw basis [13] to study the effects of
UV-independent WCs on the relevant decays of the Higgs boson. We will consider operators
up to dimension-6, as the only dimension-5 operator in the Warsaw basis (found in Table C.1)
relates to neutrino masses and is irrelevant to the observables considered here. This approach
allows us to gauge the magnitude of new physics that may affect each WC individually and
may provide hints about the structure of the UV model.

However, a downside of the bottom-up approach is the unknown correlations between
WCs that may arise from specific UV models. As discussed in Chapters 1, sections 1.4-1.6 and
Chapter 2, the bottom-up and top-down approaches should be seen as complementary. While
the bottom-up approach can highlight which WCs are most relevant for explaining the observed
excess in h — Zy, the top-down approach can provide the correlations and constraints among
WCs imposed by the UV theory, since the number of couplings in the UV model is typically fewer
than the number of independent WCs in the Warsaw basis. Moreover, the SMEFT predicts that
the h — yy decay receives contributions from almost the same set of operators as h — Zvy, with
similar governing expressions, as explored in Section 3.2. Therefore, it is crucial to investigate
these two decays under the same scope and attempt to disentangle the contributions that could
lead to an excess in h — Zy without conflicting with the precise measurements of h — vy.
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Several recent studies have addressed this question by varying the field content or ex-
tending the gauge group of the SM [122-125]. Other works have explored enhancements of
h — Zy through renormalization group effects of tree-level generated dimension-8 operators,
including massive vector-boson fields [ 126], which are not considered in this chapter. Contri-
butions from the Minimal Supersymmetric Standard Model (MSSM) to h — Zy can be found
in Ref. [127], and the decay h — Zy has been proposed as a probe to test the compositeness
of the Higgs boson within the EFT framework [128].

The structure of this chapter is as follows. In Section 3.2, we study the Higgs decays
h — yy at one-loop order within the SMEFT, using the bottom-up approach. We make sev-
eral rescalings of WCs to account for their tree-level and one-loop-level contributions. After
identifying the major contributions to their signal strengths, we fit all relevant WCs to a set
of observables related to the Higgs sector and compare the values of WCs needed to account
for the observed data. In Section 3.3, we shift our focus to possible UV-complete models that
could account for the values of WCs found in the fit. We consider all colorless single-field
extensions of the SM that respect the gauge group, as tabulated in the tree-level dictionary
[67]. We assess their ability to generate the necessary WCs through matching procedures. In
Section 3.4, we categorize interactions based on their loop functions and devise a scheme to
tabulate two-field models that generate WCs relevant to the Higgs decays. We match all mod-
els to the Warsaw basis using automated packages and perform a constrained minimization to
find the best values for the couplings and masses of each respective model. We leave the signal
strength of the decay h — Zy as a prediction of each model and compare the results to the
h — yy decay. Finally, in Section 3.5, we summarize our findings, discuss their implications
for new physics scenarios, and suggest directions for future research.

3.2 Model independent analysis in SMEFT

There are two Higgs decays in SMEFT that are of interest to us currently, namely, h — yy and
h — Zvy. Their semi-numerical expressions, at one-loop order, of the signal strengths, in the
input scheme {Gg, My, M}, and in units of TeV—2, are [129-131],

((3 £(3
BRprzy = 0.18(CLLy, — P —c$/®) +0.12(c?7 - c9P)
—0.01(Cyf — i) +0.02(Chy + CH — 1)
u? u? u?
+[14.99—0.35log — [C?® — | 14.88—0.15log — [C*" +| 9.44—0.26log — [ C*"®
M M M

w w w
u? u? >

+ [0.10—0.2010g—2] c" — [0.11 —0.04log—2] cub+ [0.71 —0.28 1og—2] cuy
MW MW MW

—0.01C —0.01CH +..., (3.4)

SRpyy ~0.18(ClL,, — P —cf/®) +0.12 (c#° — 2¢9P)
—0.01 (c;j +4C50 4504 1+ 2¢8? — 36;‘;”)

u? u? u?
— [48.04 —1.07log —2} cPB— [14.29 —0.12log —2] cV + [26.17 —0.52log —2] cPWB
MW MW MW
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(3.5)

where the dots denote terms whose contributions are lower than 0.01 x C and u is the
renormalization scale. We are restricting ourselves to contributions without CP-violation.
These operators are heavily constrained by Electric Dipole Moments (EDMs), and would con-
tribute with tiny corrections to the observables and the problem we are trying to tackle in this
chapter.

At a first glance we can naively say that the main contributions in these two observables
originate from the same three operators, {C?2,C#W,C?"E}, however in the tree-level dictio-
nary [67] these operators arise only from one-loop processes, assuming that the UV-Lagrangian
contains terms only up to dimension 4, and restrict ourselves to UV models containing only
scalars and/or fermions. If we consider the presence of operators with dimension greater than
4 in the UV Lagrangian, or if we incorporate vector fields into the analysis, these operators can
also be generated at tree level.

One way to disentangle the tree and loop level contributions is to split the coefficients
into their tree and loop level parts as follows, C = Cl%) + ﬁc[” ~ ¢l 4+ 0.6 x 1072¢],
From what was discussed in the previous paragraph, we shall set C[0198 | cl01#W gpq cl0I¢WB
to zero. This re-scales all coefficients so that we can easily compare between contributions
of different operators. Apart from the tree-loop split, for the case of the three Wilson coef-
ficients mentioned above, we can do another re-scaling, C®5 — g’2C%E, c¥W — g2CoW,
CPWB  ¢'gC?WB. We immediately see that in both expressions the operators C&wdEW),
C", are small since they occur at one-loop in the SMEFT. We can also observe that the com-
bination of the three Wcs Cfgzl, Cfleg? constitutes the correction of SMEFT to the Fermi
constant, which is known to high accuracy. The corrections of the Fermi constant in the
SMEFT read [17, 132], G3M¥T = Gy + 6Gp, where Gp = 1.1663787(6) x 107° GeV 2 and
0Gp = f (Cfgzl Cf)f(g) — C;ﬁze(g)). So, we re-write the formulas with the re-scaled contri-
butions, setting the renormalization scale to u = A = 1 TeV and the Fermi constant correction,

in order to compare the coefficients again,

5Rp_zy ~ —0.255Gy +0.12(cl0leB — ¢loleD)
+0.01¢00¢B _ .04 G119V 4 .01 ¢L110WB
001 (9%~ o)+ . oo

ORp_yy > —0.256Gp +0.12 (C[O]qbu _ 2C[o]¢p)
—0.03 9B — 0,04 CHIPW 1 0,03 CHHIPWE
—0. 01( clole¢ +4C[0]e¢)

[0 , 5 ~[01dd _ o[0Tt
—0.01(5C5M? +2¢57 —3¢iM? ) + .. 3.7)
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3. SMEFT AND UV CONTRIBUTIONS IN h — Zy AND h — yy DECAYS

Disentangling the formulas in such a way provides us with more insight on the values of the
couplings that we can expect in the UV. With this procedure we have also narrowed down a
multitude of contributing operators to just a handful of them making the study of these two
observables easier.

A few remarks are in order.

* The largest contribution to dR;_,,, no longer originates from the operator C ¢B even
o CM(B) CW(B)

12210 Y11 > “22

while next in magnitude are the Wes C%P and C?®P. Incidentally, these five operators

contribute maximally to 6Ry_, 7, as well.

though initially that was the case. The most dominant Wcs are C

>

* The model in question must not generate large corrections to the Fermi constant, whose
bl ~oLR3)

12210 11 2 V22

down its couplings to minuscule values to reach a correction of the order of 107°. Ad-

SMEFT expression depends on C , which is excluded, unless we tune
ditionally, Wilson coefficients C*® and C?? could cancel each other out in h — yy if
C?%Y = 2C*P and that could boost h — Zy, unless they are not generated at tree level
and are suppressed by a loop factor. However, in the case of a cancellation both C?? and
C?P would be heavily constrained by the T-parameter, since the coefficients are directly
related to each other.

* What values of Wcs would it take to boost h — Zy while simultaneously these Wcs
would destructively contribute in h — yy? Ideally we would like to avoid generating
the dominant tree level Wcs mentioned in the two previous bullets because they equally
contribute to both observables and there is no apparent way to cancel each other out.
Our main goal is to restore the dominance of C*EW-WE) wes.

 For both signal strengths their expressions are almost identical with the only difference
being the Wc C;g’ which contributes only to ORy_,,,, however operators of such kind
arising from the tree level are usually suppressed by the Yukawa coupling of the cor-
responding fermion and are thus suppressed for the most part. For this reason we will
keep from now on only contributions from the third generation of quarks.

* In the expressions in eq.(3.4) and eq.(3.5) for the signal strengths all Wcs are considered
at the renormalization scale u, C(u). Since we have split the operators in the tree and
loop counterparts the RG mixing of loop level operators constitutes a two loop effect and
is neglected. Since we have set y = A = 1 TeV, all Wcs are from now on considered at

C(u) = C(A).

We construct a chi-square function to explore further the correlations and the required
numerical values that these three coefficients need to take to accommodate an excess in one
over the other observable. The observables that we choose to add are the decay and produc-
tion signal strengths of the Higgs boson which can fairly constrain all Wcs in our study. We
consider the decays of the Higgs boson tabulated in the first column of Table 3.1 and the for
the production modes we include gluon fusion (ggF), vector boson fusion (VBF), associated
production with a vector boson (Wh, Zh) and lastly, associated production with a pair of top
quakrs (tth). Apart from these we also add the oblique parameters S and T, since they highly
constrain C®"® and C?P respectively. In the {Gp, My, M} scheme, these two expressions
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read,
PWB
As=— 2”2 : CA2 , (3.8)
G2My /M2 — M3,
Vi M? cop

AT

= (3.9
4GE M2 (M2 —M32) A2

Substituting the relevant values and setting A = 1 TeV, we get the semi-numerical expression,

AS =0.0199 C[1I¢WB (3.10)
AT = —4.0083C%? . (3.11)

The experimental values of decay and production channels that we are using to construct
the y? function are shown in Table 3.1. For S and T parameters we have the following two

experimental values and corresponding uncertainties, Sey, = —0.02 4 0.07 and Ty, = 0.04
0.06 [133].
Decay Experiment Production  Experiment
ORp_yy 0.10+0.07 ORggF —0.03 £0.08
ORpzy 1.20%0.70[119] ORypr —0.20£0.12
ORy 77+ 0.02+0.08 ORwn 0.44+0.26
ORL_ww+ 0.00+0.08 O6Rzp, 0.29+0.25
ORp - 0.21+0.35 OR —0.06 £0.20
ORp_p4 - —0.09 £0.09
ORy b5 0.01+0.12

Table 3.1: Numerical values used to construct the y2 function to be minimized. The decay channel
values were taken from [133], except for the h — Zvy decay. The production channel experimental
values were taken from CMS[117].

We define the y2,
Xz _ (OSMEFT _ Oexp)T (02)—1 (OSMEFT _ Oexp) ’ (3.12)

where O®*? is the column vector that contains the central values of the experimental measure-
ments of the corresponding signal strengths of Table 3.1, while in this case 02 is a N pg X Nyp
diagonal matrix containing the relevant uncertainties, where we have neglected theory un-
certainties and assumed that all measurements are uncorrelated. The quantity OSMEFT can be
decomposed into two pieces, a purely SM piece, O™ and a purely BSM piece, O™, Since
the SM piece is a pure number we subtract it from the experimental values and we define
0% = OSM — 0P, We use Singular Values Decomposition (SVD) technique as described in
[134] to solve this least squares problem and we cross-check the results by also minimizing
the chi-square function. The set of Wcs we consider here are

B w WB D ~u¢p ~de
{c?®, coW, coWB, 9B, 9P, cif, cod ), (3.13)
where we neglect the Wcs that affect corrections to the Fermi constant.

The best-fit values for the Wilson coefficients that we obtain, for A = 1TeV are,

CH9B =23 75+3.03, (3.14)
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Fig. 3.1: Error ellipses drawn by setting each respective coefficient to its best-fit value while varying
the other two. Green and light blue contours represent, 10 and 20 respectively.

CIeW — _26.26+2.68, (3.15)
CHIPWE — _1.07+3.63, (3.16)
C?%=-0.18+0.40, (3.17)
Cc*? =0.01£0.01, (3.18)
Ci =—0.83+1.21, (3.19)
ci? =0.001+0.03. (3.20)

We also note the values of the first three Wcs before rescalings to be, C B = 0.018 + 0.002,
C*W =—0.071£0.007 and C*"® = —0.0015 £ 0.005. Comparing the results of our SMEFT
analysis it can be seen that within the marginalised values reported in refs. [42, 135] our own
values fall within the ranges given in the aforementioned references. However, if we consider
the individual cases where only one Wc contributes to observables the values that we obtain
fall short of the ranges obtained in the global fits. This deviation could be justified by the
amount of observables contained in the global fits, while in this study we focus dominantly on
the Higgs sector observables.

The correlation matrix for these coefficients, is,

Wes | %8 W c¢WB ceo coP ¥ cff
C?2 | 1. 0.268 0.633 0.073 —0.013 0.192 0.032
cow 1.  0.613 0.539 —0.007 0.335 0.205
CcoWB 1. 0.003 0 0.001 0.001
coo 1. 0.03 0.33 0.374 (3.21)
cop 1.  0.006 0.007
cuf 1. 0157
cl? 1.

From the covariance matrix of the coefficients we can also draw the error ellipses, as
shown in Figure 3.1. In each of the plots we have set each respective coefficient that is not
drawn to its best-fit values and have drawn error ellipses of the other two. For example, in the
first plot we have set every coefficient but Cyyy and Cyyp to is best-fit value and have plotted
the error ellipses of the other two.

Let us now establish the criteria that UV models must meet in order to be considered viable
for further study:
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1. The most important relation that needs to hold is that C*? and C?" need to have a def-
inite sign difference. This means that the UV model has to generate both. It alone could
accommodate for an excess in h — Zy if no other Wc that affects the two observables
equally is generated.

2. We also notice that if C*W® is generated it’s value would need to be small, even account-
ing for uncertainties because of the direct relation to the S-parameter.

3. Some models could also generate a pair of C®™ and C?P, if they are generated together
at tree level they are proportional to each other. From the fit we see that including
uncertainties it could be possible to accommodate this possibility.

3.3 Single field UV models

In the following sections we examine the single field extensions of the tree level dictionary
[67, 136] as well as some potential two field cases. To get all the expressions of the relevant
generated operators we use the package SOLD [121], which contains all information on Wcs
exclusively generated at one-loop order from scalar and vector like fermion extensions, while
for tree-level generated operators we use the package MatchMakerEFT [40] and cross-check
with the expressions found in ref. [67]. We refrain from including or discussing massive vector
bosons for several reasons. First, no automated package exists up to date that could give us
immediately Wcs and facilitate our study. Second and most important, we would need to ac-
count for the gauge boson mass, which would require the inclusion of a spontaneous symmetry
breaking mechanism able to explain the origin of the mass. Additionally, if we consider vector
bosons the Wes that are of interest, namely C?®W-WB) are generated at tree level and are
either coming from already non renormalizable interactions of dimension greater than four, or
in some cases even if these operators are coming from interactions of dimension less or equal
to four there is never a sign difference between Wes C?2 and C®W [67]. The inclusion of
vector boson extensions is outside the scope of this study. Additionally, barring vector boson
extensions, CP-violating operators come from interactions of already non-renormalizable op-
erators in the models that we investigate, we restrict ourselves to interactions of the original
Lagrangian up to mass dimension four.

3.3.1 The case for BSM scalars

To examine some viable scenarios we list in Table 3.2 all scalar fields that serve as extensions
of the SM, that also have a linear coupling with the SM particle content. We also list the
tree level operators that they generate as well as the subset of loop level operators that are
interesting for our case study. We exclude colored fields, as they induce the operator O%€,
which significantly impacts the production rate of ggF. Given that this production channel
is precisely measured, we aim to avoid constraints associated with this bound. In the follow-
ing bullets all cases of Table 3.2 will be investigated if they could account for the values of
the Wcs obtained in the SMEFT analysis. In the matching calculations only the necessary op-
erators for our discussion are provided, all other operators not presented are either zero or
generated at loop-level and their contributions is deemed too small as has been discussed in
Section 3.2. In the results presented below the notation of the tree-level dictionary [67] is
being followed, the Lagrangian used for scalars can be found in Appendix A.2 of the afore-
mentioned reference. For clarity however, the subset of the Lagrangian where the operator is
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3. SMEFT AND UV CONTRIBUTIONS IN h — Zy AND h — yy DECAYS

being induced from is also presented. The mass terms of the new scalars are denoted by M;,

where i = {87 81, 82, 12 E: El) 61) 63}

Fields  Irrep Tree level operators Loop level operators

S (1,1), o8 Oy Opws Opws
S (1,1) ot OyB

S, (1,1), oee Ops

¥ (1,2)1/2 otewde O Opw, Ogpwa
= (1,3), 0P 090, olwdé Ops> Opw

=, (1,3); 02,098, 0wdd 0, Opw, Opws
0, (1,42 o? O Opw, Ogpwa
0;  (1,4)32 o? O Opw, Opwa

Table 3.2: Tree and relevant loop level operators generated by new scalar field extensions of the
SM. The first column follows the naming convention of ref. [67] while in the second one the

representation of each field is denoted as (SU(3), SU(2))y(1)-

* Field S, a neutral scalar generates all the necessary operators. The subset Lagrangian

reads,
ALD (ks)S¢T¢ . (3.22)
The expressions of the Wcs are,
c*0 = _% , (3.23)
s
CLIOWB _ o pl11B _ o pllew _ (Ks)” (3.24)

.
6M

This set of Wcs would be impossible to explain a possible deviation because of the uni-

versal contribution to C?" and additionally C%2 = C#W.

* Fields S, ,, charged singlets do no generate the required set of operators necessary for
our purposes. Additionally, S;, gives C,, which would potentially contribute strongly to

Fermi constant. For completeness, the expressions of the Wcs are

B (}’sl )}}(J’sl)ik

. o
S10 (€)= v , (3.25)
1
\ A
Glgs — S (3.26)
12M2
s ) (.ysz);(j(.)’Sz)ki (3.27)
2 ijkl = — o5 .
2MZ
\ A
ouIgE = _ "% (3.28)
3MZ

where the Lagrangian for the relevant couplings reads,
ALD A5, (8]81)(¢7) +2s,(5,5)( ")
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3.3. Single field UV models

(ysl )IJS{ZLllO-ZZEJ + (ySZ)lJSZ'éRle;;] +h.c. 5 (329)
where i, j are flavor indices. So, we exclude these two single fields as well.

* Next is the 2HDM, where a recent work [137] also explores the matching of this model
and fits to relevant Higgs observables. Field ¢ generates the correct set. The interaction
Lagrangian is presented below along with terms not contained in the tree-level dictionary
(as were generated by SOLD),

2

AL Dk 22 (]5 cpﬂ¢ynp5CaM5 +A 22 ¢ cpﬁ¢yg05Céﬁ)Y5
(Ve )ij¢ erilej + (ay)ij@ driqr; + hoc. (3.30)
Yug)ij'10°q upg; + A, (0T )9 ) +hec., (3.31)

where a summation of the indices a, 3,7, 6 is implied, which represent SU(2) indices
ranging a, 3,7, = 1,2, while C’s are the Clebsh-Gordan (CG) tensors of the coupling.
The superscript T denotes transposition in SU(2) space. The non-zero elements of the
corresponding CG tensors are,

1 @0 _

C111 = Copp = (3.32)
€] €] (1) 1 _

Cio12 = Ciop = G151 = G35 = 1, (3.33)
(2) 2 _ 2 _ 2) _

Cio10 = Co11 = —Cipp = —Co11n = (3.34)

The expressions of the Wcs are,

3K(p2¢2 + 27L(p2¢2

OLLeB _ Alllew — _ (3.35)
2 B
96 M2
CIIgWE _ _ K292 ™ 2j902¢_2 ) (3.36)
48 M2
Ao (Veg)s;
(ce#), = =21 (3.37)
ij M2
14
Ao (Yay)j;
(ci¢), = L1 (3.38)
ij M2
¥
Ay Yug)ji
[ pt
(c*), = - (3.39)
12

The Higgs-gauge boson operators are generated but the two most important ones are
equal. For this reason we exclude this model.

* Next we consider electroweak triplets. First = generates the following operators,

2
1 Kg
C¢D — ——C¢D = — , (3.40)
4 2M2
2
elues - X2 (3.41)
16M2
) 1, Az
clilew — _—glleB L —= (3.42)
4 6+v/6M2
2 ( *
Ye)j
ceb) = ==t
(c); = Ve (3.43)
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72

K2 (ya)%

d¢ ) Jji

(c )if_—Mi (3.44)
K2 (V)

up) — B

(C)y =~ (3.45)

where y(,, q) are the Yukawa coupling of the SM defined in eq.(A.1) of ref [67]. The
corresponding Lagrangian for the rest of the couplings reads,

ALD (k=) p 2% + A= (¢pT9), (3.46)

where a summation of the index a is implied. The index denotes SU(2) triplets tak-
ing values a = 1,2,3. Although the model appears promising as it generates all the
necessary Wilson coefficients (Wcs), these Wcs are strongly correlated. We can ex-
press these correlations through the following relations:, C¢® = —C%P/4 = 8C¥%5,
(D), = 2(y, ) C?%% and (C*?);; = —2(y.)j; C*P. The most stringent constraint
for this model comes from the T-parameter which is proportional to C?? and forces us
to a small value for this Wc which is related to C?2 which needs to have a large value.
To provide a clearer picture, we can express the following observables, where we retain
only the top Yukawa coupling and neglect other contributions due to their insignificance:

1N

K
AT = —8.016M—a4 , (3.47)
K2 Az
5Rh—>)/y =0.508 M_;‘ —0.0025 —g 5 (348)
K2 P
8Ry_z, = 0.2912 M— —0.0026 —~ . (3.49)

In order to satisfy the bound for the T-parameter, which in our case needs to be negative
wxp = —0.02, we get the
bound for the coupling to mass ratio k= / MH > 25 x 10~*, substituting these values into
egs. (3.48) and (3.49) we get,

and by taking the lower bound of the experimental value at T,

s
SRy, = 0.0013 —0.0025

2
2

> (3.50)

Az
ORy_z, =0.0007 —0.0026 — (3.51)
These contributions are insufficient, leaving only the universal effect of the triplet’s quar-
tic coupling with the Higgs, which cannot serve the purpose of splitting apart the two
observables. We rule this model out as well.

* The next triplet, Z; is charged and the corresponding Wcs are,

1 2|K': |2
0 _ —-~¢D _ =10
co — 2C = T (3.52)
=1
= |2 AL
Ellews _ _5|K51| _ - (3.53)
12M7  6v/3M2
A |K5 |2 Az
Al11eB _ LA 1 (3.54)

4Mg  4VeMZ



3.3. Single field UV models

. ez |2 Az
clilew — _ "5 T8 (3.55)
12M7  6v/6MZ
20Kz, 1* (ve);
= Jiu
(Ce¢)ij = Ve s (3.56)
=
2lxz, > (va)%;
d _ =1 Jji
(C ¢)ij = Ve (3.57)
=1
2|z, 1* ()
(c*),; = R (3.58)
=1
The Lagrangian is,
AL DAz (BT EN(@T ) + AL fape (BTEDN @ o)
(k) EV (i0%¢*0%¢) +h.c., (3.59)

where f,,. = i/v/2€4p, and g4, is the totally antisymmetric tensor.

In this case, the operators are directly related to each other, we can rewrite C*" as

. . As
follows, C[HeW = GI1#B /3 4 __"21_ this relation shows that we cannot easily change
12v6MZ,

the sign of these two operators since they are directly related. Also strong constraints
for the coupling k5, come from the T-parameter. Substituting the values of the Wes we

have,
|K51|2
AT =16.033 2R (3.60)
21
|'<51|2 A/51
AS =—0.008 —— —0.0019 VO (3.61)
i ch
_ |K51|2
ORp_yy =0.720 M;‘l
0.00677L5l + O.OOSBJVQ1
— —, (3.62)
MZ
_ |K51|2
5Rh—>2y =0.244 Ve
=1
0.0015Az, + 0.00117&’El
— — . (3.63)
MZ

Setting the T-parameter to be of the order of T ~ 1072, we can get a bound for the ratio
kg, |2/M§ ~ 0.6 x 1072 and we rewrite the rest,

/

AS>—0.19x 1072 —L (3.64)
_, 0674z, +0.332L,

ORp_yyy > —10 Mz , (3.65)
_, 01545, +0.112,,

SRy zy ~—10 vz (3.66)
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3. SMEFT AND UV CONTRIBUTIONS IN h — Zy AND h — yy DECAYS

From these relation we can see that the two signal strengths cannot be separated. This
model is also explored in ref [126]. The same conclusion is reached and can be seen in
their Figure 6 panel (c), where the difference 6Ry,_,,, — 6Ry,_,z, is plotted.

* Moving on the last two scalar fields we have a charged field labeled ©, in the 4-representation
of SU(2). The Wc expressions read,

Ao

elies = "9 algW _ 4 G110 (3.67)
16 M3,
A./
Cllews _ _i‘zz . (3.68)
6M2,

It is evident that we cannot under any circumstance get opposite signs for C®% and c?" .
Apart from the Lagrangian found in eq.(A.7) of ref. [67] we also have the additional
interaction term,

_. - 3
ALD A, $1079501 oy (3.69)

where summation of the indices is implied. Indices range is for a, 8 = 1,2 while for
I,J =1,2,3. The only non-zero values of the CG tensor read

B _ 0B _,-B8 _,06 _-

Ci112 = Ciop3 = €013 = Coppy = 1, (3.70)
3B _ 0B _ 3 _ 3 _

C1123 - C2311 - _C1321 - _C2113 =-1, (3.71)
@3 _ 06 -6 _,06 ___.

C1o11 = Cl39p = Co1op = Cozpp = 1. (3.72)

* The same situation stands for the other charged field labeled, ©5, but we list here the
generated operators for completeness. Part of the Lagrangian can be found on eq.(A.7)
of ref. [67] and the additional part is the same as in the previous bullet, but with the

substitution ®; — ©5 and c¢® - ¢™  The same relations hold for C), too. The

alBJ alpJ" alfJg
Wecs read,
otgs = 21es amgw _ 8 angs (3.73)
16 M3 27
3
/
cligws _ %587 (3.74)
4M3

3.3.2 The case for vector-like fermions

Barring chiral fermions, where constraints from multiple Higgs observables have ruled out this
scenario [ 125], we can extend the fermion content of the SM by the fields shown in Table 3.3.

The case here is clearer than the scalars because we will always need two fermions to
make up interactions with the Higgs and this saturates the dimension of the corresponding
operator fast. For completeness we list the generated Wcs for each fermion listed in Table 3.3
although none of them can accommodate to the splitting of the observables because their Wcs
are proportional and the dominant ones i.e. C*? and C?" come also with the same sign:

\ \ 1, Anl?
N B = ellew _ 1 aniews _ % , (3.75)
2 24M?2
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3.3. Single field UV models

Fields Irrep Tree level operators Loop level operators
N (1,1), Os, of;f) Opp> Opw> Opws
E (L1, Ocp 0% Ops> Opw> Opws
Ay (1,2)_q) Oeg> Ope Ogs> Opwa
Az (1,2)_3)2 Ocgs Oge O Opwa
b3 (1,3) Os, O, 02}153) Op> Opw» Opw
T, (1L,3), Ocp, 0% Opp> Opw> Opws

Table 3.3: Tree level operators generated by new vector-like fermions.

. R 3 . Agl?
£ ees —gemew = 3 pews _ Ael (3.76)
4 8M?2
2
Ay : CIIOB = _3a0IWE _ @ Cellew _ g 3.77)
am3,
2
A, : C[116B _ g AlLIoWB _ M Cellew — o (3.78)
¥ 1202
M2,
\ 3 . 1, As|?
w: emen = S emow - L amews _ Pl (3.79)
7 2 32M2
\ . ) 3Ag, P
3, eles = 2 pnlew — 2 anisws _ Sy (3.80)
7 8 32M2,

The Lagrangian used to obtain the Wcs for all fermions can be found in eq.(A.12) of ref.
[67], where all relevant coupling are defined. The masses of the heavy fermions are denoted
by Ml', where i = {N, E, A], A3, Z, Zl}

Summing up, we presented all relevant Wcs, both tree and loop level, of single field exten-
sions, of scalars and fermions, that primarily affect the signal strengths 6R;,_,,, and 6Rj,_,zy-
We have found that no single field can accommodate a potential excess in one observable over
the other. We must also mention that we can extend this list of fields with particles that do
not have any linear coupling with the SM and leave the hypercharge as a general parameter
that can be fit to find a suitable value. However, these contributions arise from the quartic
interactions with the Higgs and cannot yield values that align with the single-field framework
previously discussed. They become relevant when considering two-field extensions, as will be
addressed in Section 3.4.

As a general observation, it is important to note that the value of the Wc we aim to achieve
is significantly higher than what is produced in the single-field scenarios. The coefficients that
scale with the coupling-to-mass ratio vary from ideally 10! to 1072, these values need to
be increased by one or two orders of magnitude to satisfy the requirements established in
the SMEFT analysis. Addressing this challenge is complex, as the mass of the heavy field
cannot be reduced significantly without compromising the convergence of the EFT, and the
coupling cannot exceed 41 due to perturbativity constraints. Consequently, we are constrained
to consider models involving additional fields, with the hope that their contributions may
accumulate to achieve the desired effect.
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3.4 Two-field models

In the two field case scenarios we have a plethora of combinations to work with. We can
combine scalars (fermions) with scalars (fermions) and scalars with fermions and analyze
each model that shows some promising characteristics on Wcs. In order to tackle the number
of models that arise from these combinations we can rely on the single field results and add
on top of that new scalar and/or fermion fields that could amend the situation.

In disentangling the two-field models we will aim to categorize the interactions and their
corresponding Wcs systematically, by borrowing results from functional matching techniques
which directly deal with the path integral and contain a form of universality in the results,
independent of the specific interaction of UV physics. In particular, when the matching at
one loop is performed, and only heavy scalars run in the loop the resulting effective action is
called Universal One Loop Effective Action (UOLEA) first introduced in ref. [24]. Functional
matching results have also been expanded to include heavy-light particles in the loop as well as
fermions [27-31, 35, 44, 53, 120]. For our purposes we will resort to results from the original
UOLEA and the heavy-light UOLEA.

C ¢(B’W’WB), we need the functional traces to contain

In order to generate the operators
G,,G,,, where G, = —igG,, where g is the corresponding coupling of the field strength
tensor G,,,, which directly relates to the gauge group representations of the field. If the fields
have representations under several groups a summation over the different strength tensors
is understood. There are two such traces in the heavy-only UOLEA and another two in the
heavy-light UOLEA for scalar fields. The first two terms have also been presented in Chapter

2, eq. (2.49), while the last two terms can be found in [28],

fPu{vic, 6.}, (3.81)
£13 HytH
fru{uvivie, 6.}, (3.82)
Frt e (U UL 6, Gl (383)
£13B LH77HL
fera{utivite) Gl .}, (3.84)
where the coefficients f read,
- 1
fl‘g :_12M2 > (3.85)
i
1 2M + SMZM? — M]‘.‘ Ml.zMjZ M?
f2= — log| — |, (3.86)
: 12M2(A2)3 2(A2)4 M?
i ij 3] J
- 1
fBPh=—, (3.87)
' 6M;
, 1
f-lSB =——, (3.88)
' 4M;

where M; denotes the mass of the heavy scalar field. The coefficients are defined as
f =161 f and are obtained through integration of Feynman integrals over momentum. They
are labelled as universal coefficients because they factor out the mass dependence of the UV
physics. The unprimed indices of the U-matrices denote the set of heavy fields, while the
primed indices denote the set of light fields. We have also labeled the mass difference of the
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3.4. Two-field models

heavy fields as Aizj =M?—-M 12 for brevity. The U-matrices are nothing more than differentia-
tion of the Lagrangian with respect to the fields that the subscript indices denote, hence they
contain both fields and couplings which in the end need to be traced throughout all available
spaces of the fields (i.e. flavor, SU(2), Lorentz etc.).

We can now categorize the interactions needed to produce our Wcs of interest through
the terms in eqs. (3.81-3.84). For example, in the first term (3.81) the mass dimension of U
is [Uf 1= 2, which must contain two Higgs fields to produce the desired operators, and it has
been differentiated two times with respect to the heavy field, thus we can schematically write
down the Lagrangian term as, AL ~ X;X;H'H. Following the same line of thought for the
other two terms we can then write the correspondence,

feu{vlic, 6} —Aac~xxHH, (3.89)
£13 HyrH ~/ /

Bu{vivlic, G} — AL~XXH+he., (3.90)
fBPeuttuliG! Gl

:133 { ZH lH‘L l/"” l/“} — AL ~XXyH+he.. (3.91)
fi tr{Ui’i Uiy Gi/,mGi',m}

We note that for (3.91), the only light scalar in the SM is the Higgs thus X;; = H and the
interaction becomes AL ~ X;H'H and the only suitable fields have hypercharge Y; = 0 and
correspond to the neutral singlet S and the triplet =, which were previously discussed. We
can then pair up these two fields with any other one to give us the desired operators. Next,
eq.(3.89) conserves the hypercharge universally, that is this term is going to be present even
if the value of the hypercharge is arbitrary. Lastly, eq.(3.90) is a linear coupling of the Higgs
and the heavy fields so the hypercharge of the corresponding new fields have to obey the
following rule, if we suppose that we leave Y; free, the hyperchage of X; is going to take the
value Y; = Y; + Yy with Yy = 1/2. In Table 3.4 we present the two-field models that could
generate the operators C?BW-WB) We split the table depending on the field content, either
we have two scalars labelled as (SS), a scalar and a fermion labeled as (SF) or two fermions
labeled as (FF).

Our strategy to determine the most we can get in the decay h — Zy will be to construct a
x 2 with all observables mentioned in Table 3.1, excluding h — Zy and leaving it as prediction
for each model. The main reason for substituting the decay h — Zy from a constraint to a pre-
diction is that we want more freedom in the parameter space of each model, and leaving this
specific decay as a models’ prediction is more suitable for our purpose. Meanwhile, it yields
slightly better results than having it as a constraint. Seeking a sign difference in the fashion
of Section 3.3 is not an option for this procedure in certain models that we are going to inves-
tigate. The reason behind this, is that Wcs expressions in specific cases become much more
complex and an automated procedure is deemed more useful. Also, Wcs serve as a medium
for the couplings of each UV model. Since we are now considering UV physics with definite
couplings it is more appropriate to discuss couplings directly related to physical observables
instead of Wcs.

We set bounds to the relevant couplings and masses and perform a constrained minimiza-
tion of the y? for each model. In the minimization we bound the couplings of each model to
a range of A ~ [—2,2] so as to account for perturbativity and for the masses we set the lowest
values to be Mgy = 0.7 TeV to avoid issues with the EFT validity, since the lowest scale is the
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Model # Field 1 Field 2 Tree Level
SSioy, | Sa— (1,1,0) S, —(1,1,Y,) 090
SSi02v, | Sa—(1,1,0) S, —(1,2,7,) 090
SSi03v, | Sa—(1,1,0) S, —(1,3,Y,) 090
SSs02v, | Sa—(1,3,0) Sy —(1,2,Y5) o8, 09D olewdd
SSs03y, | Sa—(1,3,0) Sy —(1,3,Y5) ot 09D olewdd
SSivay, | Sa— (1L, 1,Y)) Sy, —(1,2,Y;+1/2) -

SSavay, | Sa— (1,2,Y1) S, —(1,1,Y;+1/2) -

SSavay, | Sa— (1,2,Y1) S, —(1,3,Y;+1/2) -

SSayv, | Sa—(1,3,Y1) S, —(1,2,Y,+1/2) -

SFio1y, | Sq¢—(1,1,0) Fp—(1,1,Y,) 090
SFipay, | Sq—(1,1,0) Fp—(1,2,Y,) 090
SFip3y, | Sq—(1,1,0) Fp—(1,3,Y,) 090
SFay, | Sa— (1,3,0) Fy—(1,2,Y,) 0*8, 0D oleude
SF33y, | Sa— (1,3,0) Fp —(1,3,Y,) 0*8, oD oleud
FFygy, | F—(1L,1,Y) F,—(1,2,Y;+1/2) -

FFay 1y, | Fa—(1,2,Y)) F,—(1,1,Y;+1/2) -

FFayay, | Fu—(1,2,Y;) F,—(1,3,Y;+1/2) -

FFay,y, | Fo—(1,3,Y)) Fp—(1,2,Y;+1/2) -

Table 3.4: Two field models, all singlets under SU(3), that can generate C*EW-YWE)  We have
established the following naming convention for the models. Capital letters denote field content
as described in the text. The first two subscript indices denote gauge quantum numbers under
SU(2) x U(1) for the first field shown in column 2 (Field 1), while the last two denote the gauge
quantum numbers under SU(2) x U(1) for the field in column 3 (Field 2). In the subscripts we
refrain from denoting SU(3) since all field under consideration are singlets under this gauge group.
In columns 2 and 3, the full representation of the gauge group, under SU(3) x SU(2) x U(1) is
shown for the fields considered in the model of column 1. In total there are 18 candidate models.
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Models with a neutral scalar coupled with another scalar/fermion

S55303Y2 4 SF303Y2

55302Y2 4 SF302Y2 4

. GRnyy
. GRnzy

. ORny

55103Y2
. ORizy

SF103Y2 4

i
it

55102Y2 4 SF102Y2 4

55101Y2 SF101Y2 4

—0.100 -0.075 -0.050 —0.025 0.000 0.025 0.050 0.075 0.100 -0.100 -0.075 —0.050 -0.025 0.000 0.025 0.050 0.075 0.100

Two field models with general hypercharge

553Y12Y2 4 FF3Y12Y2 4

S52Y13Y2 FF2Y13Y2 4

. GRpyy
. ORpzy

. GRpyy
. GRnzy

Model

1]

552Y11Y2 1 FF2Y11Y2 {

551Y12Y2 4 FF1Y12Y2 4

1]

—0.100 -0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100 —0.100 -0.075 -0.050 —0.025 0.000 0.025 0.050 0.075 0.100

Fig. 3.2: The orange color represents the prediction of h — Zy for each model while blue represents
the values of h — yy obtained from the minimization of the couplings and masses (in the non-
degenerate limit).

Higgs vev. In the models where the hypercharge relation obeys Y; = Y; +1/2, the minimization
with respect to the masses is more involved since there is also the degenerate mass limit that
needs to be accounted for. In the non-degenerate case we restrict the mass difference to be
greater than 0.1 TeV keeping of course the lowest bound of 0.7 TeV for both masses. We have
also explored the degenerate mass limit, where in some cases we saw a slight improvement
while in other cases we saw the gap between the two observables widen. Finally, we substitute
the best fit values into 6R;,_,z, to get the models’ prediction. The values of the corresponding
Wecs at both tree and loop-level are matched with MatchMakerEFT [40] and, for exclusively
loop generated operators, the expressions from MatchMakerEFT are also cross-checked with
the package SOLD [121].

In Figure 3.2 we present the results of the minimization procedure along with the predic-
tion of h — Zv of each respective model and the value of h — yy obtained by this minimization.
We observe that only one model predicts the value of 6R;,_, 7, to be greater than that of 6Ry,_,,., -
The only model capable to boost the one over the other observable, albeit with a negligible
difference is SF3y,, containing a neutral scalar singlet and a fermion triplet. The masses of
the particles provided by the minimization subject to the constrains mentioned previously are
for the scalar Mg = 1.62 TeV and for the fermion My = 0.7 TeV, with a hypercharge Y, = 0.
The exact values of the prediction is 6Ry_,,, = 0.099 and 6R,_,z, = 0.104. Their difference
is of the order ~ 0.5% with respect to the SM signal strength u = 1 and with the assumptions
we have made on the models it can never reach the observed difference of the two signal
strengths.

N
O



3. SMEFT AND UV CONTRIBUTIONS IN h — Zy AND h — yy DECAYS

3.5 Conclusions

Following the first evidence of the Higgs boson decaying into a photon and a Z-boson by the
ATLAS and CMS collaborations, we addressed the reported excess of ~ 20 [119]. We con-
ducted a model-independent analysis in the SMEFT, incorporating various observables in both
the decay and production channels of the Higgs boson. By performing a y2-minimization, we
found the best-fit values for each Wilson coefficient. This procedure reveals the most general
relations among the Wcs to account for any discrepancy. Our main finding is that the Wilson
coefficients C?5 and C?" need to have opposite signs and have comparable magnitudes, while
C?YEB needs to be small since it’s heavily constrained by the S-parameter.

Using a model-independent approach, we identified the necessary characteristics that UV
models must possess to account for the excess in h — Zy. We considered all scalar and fermion
single-field extensions of the SM that respect the SM gauge group but found that none could ac-
commodate the data. Subsequently, we examined two-field models combining scalars and/or
fermions. The candidate models were categorized based on their content and their universal
loop-integral coefficient using the UOLEA.

We matched all UV models using automated packages and constructed a new y2 function,
which we minimized with respect to model parameters. As shown in Figure 3.2, out of the 18
model families, only one specific model, which includes a neutral scalar singlet and a neutral
fermion triplet, can boost h — Zy while preserving the h — yy decay. However, this model
still cannot fully accommodate the observed discrepancy in the data.

While our analysis primarily focused on scenarios where new physics can be integrated
out and treated within the SMEFT framework, it is insightful to consider the possibility of
going beyond the EFT approach. If the new particles are light, with masses comparable to the
electroweak scale, they cannot be integrated out, and their effects must be treated explicitly
in the theory. For instance, introducing a light scalar and a light fermion triplet directly into
the SM would require us to consider their direct contributions to Higgs decays at the loop
level. These particles could potentially contribute significantly to the h — Zy while keeping
the h — vy decay within experimental bounds. This approach necessitates extending the
SM to include these particles explicitly and performing a detailed analysis of their impact on
Higgs observables and other precision measurements, ensuring consistency with experimental
constraints such as electroweak precision tests and flavor physics. While this is beyond the
scope of the present study, it represents a promising avenue for future research that could
potentially explain the observed excess in h — Zy decay.

In summary, this study is valuable for providing the values and characteristics of Wcs
capable of generating an enhancement in the decay channel h — Zy over h — yy. Moreover,
the exploration of various two-field model families, surpassing the limitations of single-field
models, provides insightful perspectives into potential UV physics behind this mild excess in
h — Zvy. If future data confirm this excess, our attention can pivot towards the investigation
of alternative UV physics as the source of the discrepancy.

In the following chapter, we shift our focus to the flavor sector. Specifically, we investigate
how the Minimal Supersymmetric Standard Model, can impact lepton flavor universality ratios
like Rg and Rg- in an exact manner making approximations only in the full 1-loop expansion
of the theory. We aim to determine whether the MSSM can produce significant deviations in
these ratios without conflicting with existing experimental constraints.
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Chapter 4

The R in the MSSM

We examine if the MSSM with a general flavour structure is capable of explaining the long-
standing anomalies in b — s{*{~ transitions, considering the latest LHCb measurements from
2022 where previous anomalies in the lepton flavor universality (LFU) ratios Ry and Ry have
diminished. After carefully analyzing the potentially important supersymmetric contributions,
we find that large effects can arise in the region of parameter space with a light wino, a light
muon sneutrino, a relatively light left stop, and sizable mixing among left-handed squarks of
the 2" and 3 generation. It is shown that even though the constraints from B,—B; mixing and
B — X,y can be avoided, the maximal effect in R(K Q) taking into account LHC constraints, is
below 5%. This chapter is based on unpublished work in collaboration with Andreas Crivellin,
Athanasios Dedes and Janusz Rosiek.
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4.1 Introduction

Building upon the methods and insights of previous Chapters, Chapter 4 shifts focus to another
area where new physics may manifest: flavor-changing neutral currents (FCNCs) in semilep-
tonic b — s¢*{~ transitions. These processes are highly sensitive to contributions from physics
beyond the SM, making them excellent probes for new particles and interactions at the TeV
scale. In particular, we examine the potential of the Minimal Supersymmetric Standard Model
(MSSM) to account for observed anomalies in these transitions.

In the SM, FCNCs are highly suppressed due to the Glashow-Iliopoulos—Maiani (GIM)
mechanism [138]. The GIM mechanism arises from the unitarity of the Cabibbo Kobayashi
Maskawa (CKM) matrix and the specific structure of quark couplings to the weak interaction.
It ensures that flavor-changing processes occur only at the loop level, with significant can-
cellations among contributions from different quark generations. Specifically, in the SM, the
absence of tree-level FCNCs is a consequence of the universality of the weak interaction and
the alignment of flavor eigenstates.

For the b — s{*{~ transitions, the dominant SM contributions come from electroweak
penguin and box diagrams involving the exchange of virtual W and Z gauge bosons as well
as photons. The leading-order diagrams are loop-induced and involve internal top quarks and
W gauge bosons. Due to the GIM mechanism, contributions from different quark generations
interfere destructively, leading to a suppression of the overall amplitude.

Importantly, these SM contributions are lepton flavor universal. This means that the in-
teraction strength is the same for all three lepton flavors (electron, muon, and tau), aside from
negligible effects due to differences in lepton masses. As a result, the SM predicts that the ra-
tios should be very close to unity. The experimental measurements of these ratios thus provide
a sensitive test of lepton flavor universality (LFU). Any significant deviation from Ry =Ry« =1
would indicate new physics that violates LFU.

Semileptonic b — s¢*{~ transitions have garnered significant attention in recent years
due to observed tensions between experimental measurements and SM predictions. Notably,
anomalies have been reported in observables such as the angular observable P, [139-142]
and the branching ratios of B — Ku*tu~ and B, — ¢utu~ [143-146]. These discrepancies
suggest potential violations of lepton flavor universality (LFU), which is a key feature of the
SM.

Previously, hints of LFU violation were also observed in the ratios R(K) and R(K*), defined
as:

_ Br(B—Ku'u7)
"~ Br(B—Kete™)’
_ Br(B—>K'ufu’)
"~ Br(B— K*ete™) ’

K 4.1)

- (4.2)

which were measured to deviate from the SM predictions. However, the latest measurements
by the LHCb collaboration [147, 148] have shown these ratios to be consistent with the SM:

LHCb _ +0.042+0.022

Ry = 0.94975041-0.022 5 4.3)
LHCb _ +0.072+0.027

Ry = 1.027Z5065-0.026 - (4.4)
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reducing the significance of LFU violation in these observables. Additionally, the latest mea-
surement of B, — ¢utu~ from CMS [149] is in agreement with the SM prediction [150].
Despite this, global fits still indicate tensions in the b — su™u~ sector, particularly in observ-
ables sensitive to the Wilson coefficient Cy [151-154]. A multitude of studies have attempted
to explain these anomalies through various extensions of the SM, including new gauge bosons
(Z")[155-160], leptoquarks [161-163], and loop effects from generic new physics [164-167].
Extensions of the MSSM have also been considered, such as the R-parity violating MSSM [ 168—
170], gauge group extended MSSM [171-175], and the MSSM with right-handed neutrinos
[176].

The discovery of the Higgs boson in 2012 at the Large Hadron Collider (LHC) [177, 178]
provided a crucial confirmation of the SM but also raised questions about the stability of the
electroweak scale against radiative corrections from higher energy scales. Supersymmetry,
and specifically the MSSM [7, 179, 180], offers a solution by stabilizing the Higgs boson mass
through the introduction of superpartners for each SM particle. Each superpartner has been
introduced in Chapter 1, and more specifically Section 1.3. However, supersymmetric par-
ticles can introduce new sources of flavor violation that are not aligned with the SM flavor
structure, potentially affecting FCNC processes. If these supersymmetric particles are not too
heavy, they can be produced directly at the LHC and can lead to observable effects in precision
measurements.

However, the question remains whether the minimal R-parity conserving MSSM, with a
general flavor structure, can account for the observed anomalies in b — s{*{~ transitions.
Previous analyses have yielded conflicting conclusions: Ref.[181] suggested that no sizable
effect is possible within the MSSM, while the more recent study in Ref.[182] claimed that
substantial modifications of Rg and Ry can be achieved.

In this chapter, we aim to clarify the maximal possible size of new physics contributions
to b — s{*{~ transitions within the R-parity conserving MSSM. By employing the techniques
discussed in previous chapters, we will analyze how the MSSM’s additional particles and inter-
actions can affect LFU observables, such as Ry and Rg«, as well as LFU-conserving observables
sensitive to FCNCs.

We begin by introducing the operator basis of the Low Energy Effective Field Theory
(LEFT) in Section 4.2, which is appropriate for energies below the electroweak scale. We
review the extraction of the key observables Ry and Ry and discuss the relevant WCs within
this framework. In Section 4.3, we perform a detailed phenomenological analysis using the
SUSY_FLAVOR package [ 183-185]. We explore the parameter space of the MSSM, considering
general sources of flavor violation, and evaluate the impact on b — s{*{~ observables. We pay
special attention to the constraints from other flavor processes and precision measurements
to ensure the viability of the scenarios considered. Finally, in Section 4.4, we summarize our
findings and discuss their implications for the MSSM and potential extensions. Appendix F
provides the analytic formulas derived using the Flavour Expansion Theorem [186], support-
ing the calculations performed in the main text.

By applying the methods of EFT and matching procedures from earlier chapters, we extend
our investigation of new physics effects beyond the Higgs sector to the flavor sector. The tech-
niques of integrating out heavy particles and determining their contributions to low-energy ob-
servables through WCs are equally applicable here. This approach allows us to systematically
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assess the MSSM’s capacity to account for the observed anomalies in b — s¢*{~ transitions
and to identify the key parameters and interactions responsible for any potential effects.

Moreover, the complementary use of both top-down and bottom-up perspectives, as em-
phasized in previous chapters, enables us to explore the MSSM both as a UV-complete theory
and through its low-energy effective interactions. This dual approach provides a comprehen-
sive understanding of how supersymmetric particles might influence flavor observables and
helps to elucidate the potential for discovering new physics in upcoming experiments.

This chapter thus serves as a continuation of our exploration into the ways in which EFTs
and matching techniques can be utilized to probe physics beyond the SM, as were exemplified
in Chapters 2 and 3. By focusing on the flavor sector and the MSSM, we aim to shed light on
one of the most intriguing areas in particle physics, where hints of new physics continue to
emerge and challenge our understanding of fundamental interactions.

4.2 Results

4.2.1 Operator Bases

Taking into account the LHC constraints [ 187], we can safely assume that the sparticles are
much heavier than the B-meson mass and use an effective Lagrangian for b — s¢Xt¢X= (¢K =
e, u, T for K =1,2,3) transitions, which is usually written as [188],

4Gp e? K() AK()
Lot = —2 VaVio 7o > o, (4.5)
i,K

Here V;; are the CKM matrix elements, Gp = 1/ (+/2v?) is the Fermi coupling constant (with
v & 246 GeV), e the electric charge and C l.(/)(,u) the Wilson coefficients of the corresponding
dimension-6 operators Ol.(/)(u). We will match the MSSM on this effective theory at the scale
@ = My, (thus neglecting RGE effects from the SUSY to the EW scale) and then evolve the
coefficients down to the scale u ~ mj of the processes. Since we are focusing primarily on
R o observables, the relevant operators in Eq. (4.5) are [189-191]

05" = (57, Puayb) ((<r€°) . 045" = (37, Puayb) ((rHyst™) . (4.6)

Note that we did not consider scalar operators here, which, due to their enhanced effect
in B; = p*u~ [192-195] are not capable of given a sizable effect in Ri g« [196]. This means
that we will also disregard the Higgs effects in the MSSM and thus work in the low tan 8 limit.

Most MSSM calculations have been carried out with the use of chiral basis of Ref. [197]

1
— E Cyxy O 4.7)
1672 vxy Yvxy »

X,Y=L,R

Legr = —

more natural for this model. Writing down explicitly the flavour indices (I,J for quarks and
K, L for leptons), one has

Ovsy = (@ v Pxq") (€'y, Pre") . (4.8)

Exemplifying the notation, the coefficient CS%ZLZ multiplies the operator (5y,P,b)(ay"PLu)

and so on. By comparing Eq. (4.7) to Eq. (4.5) we obtain the respective relation of Wilson
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coefficients in both bases (with A = —4GF€2V:;Vt b/ V2),

5 = 57 (G + GTE9) “9)
Cy = % (C32KK 4 c32KK) | (4.10)
cfy = o (CEK — i) (4.11)
cly = o= (K — CX) (4.12)

Note that numerically 1/(21) ~ 3.7 x 10° GeV 2. For example, a quick estimate for |Co| ~ O(1)
with [C332%| ~ e*6 3/ M2, ¢ Tesults in soft SUSY breaking masses of about Mgysy S 300 GeV,
with maximal flavour squark mixing (defined as the ratio of off-diagonal to diagonal entries in
squark mass matrix) d53 ~ O(1). This naive estimate shows that there is a need for a careful
examination of the size of one-loop MSSM contributions, as well as of the current experimental
constraints from indirect and direct SUSY searches on MSSM parameter space.

4.2.2 Observables

Following Ref. [189], the contributions to Ry and Rg- can be (approximately) captured by the
interference terms between SM and the MSSM contributions (A, ) as well as by pure MSSM
ones (X.),

Ry ~ 14+A,+%Z, (4.13)
Rgo =~ 1+p(A_—A,+Z_—2)+A,+2,, 4.14)
where
ch +£cf
AL = 2%[%—@—)@}, (4.15)
C
VLL

Ik £Ch P+ |Ck ECH 2
5, = VLL VRL - 2VLR VRR! (L—e). (4.16)
Gyl

Some remarks regarding the simplification of our notation are in order. The Wilson co-
> SM R 3222 (; . 3211 :
efficient Cy;, refers to the SM contribution C}75* (in the SM this is equal to Cy7;") while

. The

coefficients like C{,‘L , are pure supersymmetric contributions, e.g. C“,LL = Céﬁz (SUSY)

parameter p in Eq. (4.14) is the polarization fraction of transverse parallel and longitudinal
contributions to B — K*¢*{~ and its value is close to unity - for our numerical analysis, we
will use p ~ 0.86 [198]. As from Eq. (4.15) it is clear that any CP-violating effects will only
maginally affect the MSSM predictions for R and Rgo., we will assume real SUSY parameters

throughout this chapter.!

!Although in our numerical analysis we shall use the full expressions of Eqs. (4.13) and (4.14), a less precise
(up to 10% error) approximation is to assume that NP contributions are much smaller w.r.t. SM ones and ignore
3., further set p = 1 and therefore get Ry ~ 1+ A, and Rg.o &~ 1+ A_.
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4.2.3 Analytical SUSY contributions

In the MSSM, contributions to Ry k.o arise at one-loop level, like in the SM. The full expres-
sions for the coefficients Cyxy, using exact diagonalization of the mass matrices, have been pre-
sented in Ref. [197] (except for the photon-mediated diagram F, g listed here in Appendix F).
These contributions can be decomposed as

e(1—4s2) e(1—2s2,/3)
IJKL _ plJKL W’ oKL | pJI 4 JI JI 21JI sKL
Cot =B~ g2 (FZL— e (B =z |+ EF . @17)

e(1—2s2,/3)

2
es
CIKL _ glikL W k1 (FJI — (=L — Zég)) +e?F &5, (4.18)

VLR VIR T M2 ZL 2510 Cur
2
es es
IJKL _ plJKL W sKL( pJI W (sl | sl 2pJ1 sKL
CVRR _BVRR + W5 (FZR+?(ZdV+ZdA))+e F)/R(S B (4.19)
wlw M5 w
e(1—2s2) es
IJKL _ plJKL W/ oKL ( pJI W (I | sl 2pJ1 SKL
Cint =BV = 570 (FZR+ 3 (= +sz)) +e?FRs (4.20)
Swew M w

containing the contributions from box-diagrams (Byxy), Z-penguins (Fzg)), and off-shell
photon-penguins (F,(z)). Note that while the Z— and photon-contributions affect in general
b — s{*{~ transitions, their effect in Ry x.o drops out, in eqs. (4.15), as they are lepton flavour
universal.

Chargino box contributions

The box diagram containing chargino-squark-sneutrino in the loop gives

2
(B = S 202 2N 2N VA Dl mE w2 ), (42)
w

where the quark-chargino-up-squark vertices are defined in Appendix F, Eq. (E6), with Z_ , Z;, Z;;
being the rotation matrices diagonalizing the chargino, sneutrino, and up-squark mass matri-
ces, respectively. We consistently follow the notation for vertices from Refs. [199, 200] where
K is defined to be the CKM-matrix and D, is a loop function, defined in Appendix G, eq. (G.2),
with the arguments, m ,my,, m;, being the physical masses of charginos, up-squarks and
sneutrinos, respectively.

However, from Eq. (4.21) it is difficult to understand the origin and importance of the
effects. To that end, a very useful method, called Flavour Expansion Theorem (FET), has been
developed in Ref. [186] which algebraically connects the amplitudes calculated in the mass
basis of a Lagrangian to the corresponding expressions in the gauge-basis without performing
any diagrammatic calculations. We note here that, especially for the chargino box diagrams,
after expanding each term in mass-Insertions (MIs) in first order using FET we are only left
with the (By 1) terms. The other terms, (By;r)c, (Byrr)c, and (Bygr)c, in the expansion are
suppressed by higher powers of quark masses or are of higher MI order. Therefore, we will
use (Byr)c A~ 0 below.

By expanding (4.21) using the FET to the first order in MI approximation we obtain (sum-
mation over repeating generation indices is always assumed in all subsequent formulae, even
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if they repeat more than two times)

4
e
(BY e = 7 KM KM Sy Dy IM 2, M P, (M), (M) (4.22)
w
4
e
+ 48—4KNJ* KM &y (MY Eo(IMo %, M2, (MDY, (M), (M2Y) (4.23)
w
4
e
+ — KN RN (A2YRE By (M2, M2, (M) (M2, (M), (4.24)
453v

where M, is the wino mass, (M%]) ;1 the left-handed 3 x 3 up-squark squared mass matrix? and
(M%) the sneutrino squared mass matrix.> Following the notation of Ref. [186], in (4.24) and
throughout the rest of chapter the hatted mass-matrices contain only off-diagonal elements,
i.e. have zeros in the diagonal. Finally, D, and E, are loop functions defined in (G.2) and
(G.3), respectively.

The first line in Eq. (4.22), contains only CKM effects which is typical in mSUGRA scenarios
leading to so-called Minimal Flavor Violating (MFV) version of the MSSM. The second line
of Eq. (4.23) contain squark-mass mixing effects, which is typical in a general flavour MSSM
scenario. The last line, Eq. (4.24), contains only Lepton-Flavour Violating (LFV) effects, absent
for Ry or Ry« but certainly contributing to decays like B — ue or B — ut [201] - they
have been written here just for complimentary reasons, connecting to the idea of correlations
between lepton flavor conserving and flavor violating decays [202].

In order to have sizable deviations of Rg or Rk« from unity we need to have a large
mismatch of contributions between the electrons and muons in the final state, i.e. BJ23* —
B2 ~ B3222) as an effect with opposite sign is not possible, and non-universal sneutrino
masses are required (also due to the bounds from yu — ey [203]). This is a non-common
situation and is associated with the supersymmetry breaking scenario at hand. It can certainly
not be a gauge-mediated or an anomaly mediated soft susy-breaking scenario, i.e., (./\/l%))1 >>

(./\/l%)2 or (/\/li)2 >> (./\/l%,)l.

In order to grasp the effect, let’s assume, without loss of generality regarding the maximal
effect on Ry, the former limit together with the case (forbidden by Tevatron and LHC) of light
squarks, (MU)IEL ~ v, where v is the Higgs vev. The SUSY contributions are normally small
(they are loop induced) therefore it is enough to keep the linear term in Ry, i.e, Ry & 1+ A_.
By plugging into the result for B}75* from (4.22), and set the SM value for C3 = 4.2, for
the chargino contribution we get in the MFV-like scenario, i.e. for the vanishing squark flavor
mass insertions

2
Ry o (% )| ypy & 1—0.02 ( ) , (4.25)

SUSY
where we took, just for estimate purposes, equal masses for particles in the loop,
Dy(x,x,x,x) = 1/(3x2). Even in the hypothetical scenario of SUSY masses at the EW scale,
the chargino loop with only CKM flavour effects and large hierarchy of sleptons (or squarks)
are similar to the theoretical error [ 204] from just the SM QED corrections! Concluding, squark
flavour blind MSSM gives, to a good approximation, ignorable contributions to Ry and Rgo-.

*The subscript "LL" in (M?), is part of its name, not summed indices.
3As long as the neutrinos are massless, Mi equals M% appearing later, c.f Eq. (4.30), in neutralino expansion.
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Fig. 4.1: The main supersymmetric diagram contributing to Ry and Ry-o.

Let’s now examine the contributions of (4.23) and take heavy (say few TeV) and common

: ; 2VK _ g2
diagonal up squark mass matrix elements, (M7,);; = Mgy

large off-diagonal (M?] %i matrix element. In such case, all but one eigenvalues stay heavy
2

but at the same time a comparably
while the smallest one (we call it light stop mass®, m?) can become very small. Of course
in this case one has to resume higher order corrections in FET until convergence reached.
In practice, one can prove* that this can be easily achieved by replacing the diagonal squark
masses in gauge basis, (MU)IEL, by their physical (mass-basis) eigenvalues, mg,. For m; ~
My ~ (M) < (M2, ~ (M;3)!, we find,

Ry o (1)) L L TR SR (el P (4.26)
KKK Jmssm ™ 658, IK; Kol m? CQSM ~ : m% LL > :
where we have defined the squark mixing parameter as
M1
(6u)ir =611 = ok (4.27)
My,

In (4.26) we used the fact that E,(x, x,y, x,x) =~ 1/(3x?y?) for y > x. Now the corrections
are by a factor of 200 bigger than before for & %:z ~ 1. The real reason behind this enhancement
is that now the squark mixing parameter & %I’L‘ in (4.26) is divided by the small product of CKM
matrices |K}.K, 4| ~ 0.04. The value 623 ~ 1, is of course a maximal limit (otherwise we have a
tachyonic squark!). In fact, as we shall see next, eq. (4.26), the chargino-stop-muon sneutrino
box diagram shown in Fig. 4.1, is the dominant contribution to R.

Neutralino box contributions

The neutralino - down squark - slepton box diagram gives for Cy;; in (4.17) [197]:

1
IJKLy vl Ilm  y;Lomxy/K 2 2 2 2
By, v =+ | vV Vv Dz(mNm,m m mLO)

dDN,L VdDN,L VILN,L VILN,L N> Mp;>
1
~yJInx ysIlm Lonx y7Kom 2 2 2 2
+ 5 Vion,1Vaow . Vitw L Vi M, M, Do(myy s my ,my ,my ), (4.28)

where Dy and D, are loop functions defined in (G.1) and (G.2) with arguments physical masses,
my, ,mp,,m; for neutralinos, down-squarks and sleptons, respectively. The corresponding
interaction vertex Vypy 1, is defined in (E8) and

Iij €
VILLIJ\IL =
\/ESWCW

“In the case of Hermitian matrix that contains 2 x 2 block diagonal sub-matrices one can resume MI to all orders

Z(zsw + 23 ey ) + V[ 20 2 (4.29)

and arrive at this result. A. Dedes, unpublished notes.
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with Zy, Zp, Z; being rotation matrices from flavour to mass basis as given in Ref. [199, 200].
By neglecting the terms proportional to small down quark masses and terms diagonal in squark
flavour (which are negligible following our discussion that led to eq. (4.25)) the FET expanded
result is®,

et

UKLy _ KL¢ 77217
By v = 48c% 6" (Mp)r
wowW

{9Cw [Ez(|1\42|2 M2, (MB)L (MB)] L, (M),

__DO(|]V[2|2 (Mz LL:(MZ LL:(MZ)
st [E2(|M1|2 My (MY (M2 (M),

2
__1)0(|M1|2 (Mz LL’(MZ LL’(M )

—2s2.c2, [2Re(M1M*)Eo(|M1|2 IMy %, (MY (MEY] (ME)K,
FE (M2, M, (MEYL L (M) (MEYS, ]} (4.30)

Notice that for neutralinos, it is down-squark off-diagonal matrix elements (/\//YzD %i that matter.
Out of the terms in the square brackets in (4.30), the first one seems to be the dominant because
of the prefactor 9c]‘/‘v relative to the others that have the suppression of s%vcav (or even worse,
sﬁv). However, there is a leading order cancellation between the PV-functions when we replace
their arguments with physical squark masses as we did before, that is

Ey(x,x,x x)—ZD(xx x) o~ L 5—lo (yZ) > x (4.31)
WX, X, X, Y, 3 o\ X, X, Y, _3y4 2 gX2 s Yy . .
This 1/y* behaviour is effectively of a higher order than the chargino one which scales like
~ 1/(x2y?). Therefore, neutralino box-diagrams are not really enhanced even for extreme squark
mass mixing. We shall check this conclusion numerically below (c.f Fig. 4.2).

Moreover, in the case of neutralinos there are also contributions from By, even at first
order in FET expansion. These enter at the leading order in the expressions for Ry and Rg-o,
(4.13) and (4.14) respectively, and have to be analyzed. We find (neglecting terms suppressed
by down quark masses) that,

4 5KL
{/‘%K[',L - 12 4 2 (M ) [E2(|M1|21|M1|25 (M%)éR>(M%)}J{R:(M%)IEL
—2 DM, P, (M Yy (M Yo VD, ] . 4.32)

The relevant to Ry contribution is now proportional to RH squark mixing, (/\7%)122?1 but its
contribution to B{/s;" are again naturally tiny because of the cancellation (4.31). Additionally,
there is now a division of loop functions by a factor of, 125%, whereas the chargino diagram is

divided by 4531,.

This smallness of LR terms is important for the correlation between observables Ry and
Ryo.: since Cyp; ~ 0 we conclude from (4.15) that A, ~ A_. Furthermore, from Egs. (4.13)

5We used the code MassToMI [205] in applying FET to all analytical formulae of [197]. We are only focusing
on potentially large effects here and avoid displaying long expressions with subdominant contributions.
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and (4.14) we conclude that the observables Rg and Rgo. in MSSM are predicted to be equal to a
good approximation (in EFT language, we could say up-to dimension 8 contributions). Therefore,
from now on, we only focus on the results for the Rg.

Charged-Higgs box contributions

There are no box diagram contributions with charged-Higgs and u-quark to By;; and Byg; and
therefore to Ry in leading approximation (4.15). There are however, universal contributions
to By g and By gy contributing to Cg) and Cfo). All these contributions are suppressed by small
lepton Yukawa couplings.

Summary of SUSY contributions to Ry

Out of all complicated box diagrams relevant to Rx observables in the MSSM, only the chargino
one, shown in Fig. 4.1, is qualified to produce significant effects (i.e. more than few percent)
and only to Cy; coefficient. Although eq. (4.26) is an extreme limit, the seemingly large con-
tribution to Rg (perhaps also to Cy via eq. (4.10)) encourages us to proceed further by checking
its compatibility with direct and indirect searches. Before going to the exact numerical results
lets summarize our strategy in getting maximal R (& Rg+0):

* Large mass hierachy between the muon sneutrino and the electron sneutrino,

* Large left up-squark mixing, 62, of order O(1),

LL>

* Wino, stop and a muon sneutrino masses as close as allowed by the experimental searches
to the EW scale.

4.3 Phenomenological analysis

4.3.1 Direct SUSY searches

It is important to note that the dominant SUSY effect in Rg-, see Eq. (4.26), does not depend
on the Higgsino mixing parameter u, nor the Bino mass M;. Therefore, one can use these
parameters as “jockers" in evading some experimental constraints, such as searches for elec-
troweak SUSY particles. Moreover, the parameters of the Higgs sector, such as the CP-odd
Higgs mass My, the ratio of the two vevs tan 3, the holomorphic or non-holomorphic trilinear
soft breaking couplings A, and A’,, do not enter in MSSM’s Ry at leading order: they can be
used however to set the light Higgs boson mass to the experimental value, m; ~ 125 GeV. For
the figures below, we have chosen, tan 8 =5, M, = 2 TeV as reference values.

Recent ATLAS searches [206] for long-lived charginos based on disappearing track signa-
tures reveal that chargino masses up to 660 (210) GeV are excluded in scenarios where the
chargino is a pure wino (higgsino). In addition, the same analysis excludes chargino masses
below 300 GeV for a gluino mass below 2.1 TeV. These two suggest heavy gluino and bino LSP
However, the process most important to us is the Wino/Bino like case where there is a direct
production of )(it )(8 where xf and xg are mass-degenerate (pure) Winos and x? is a pure
bino state. Then they further decay as xf - w* )(f and )(8 -7 x? . This decay pattern has
been studied in Ref. [207]. We adopt the mass parameters, for M; = 0.1 TeV, My, = 0.2 TeV
which are allowed in this compressed spectrum. For M, Z 350 GeV, this area is easily allowed
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but the predicted Rg turns out to be 2-3% smaller than the case of M, = 200 GeV which we
adopt as a eference value in the figures below.

Furthermore, the gluino mass is taken to be m; = 2.5 TeV] consistent with ATLAS and CMS
searches [208]. The Higgsino mass parameter is crucial for b — sy as we shall see below in
section 4.3.2. We choose two cases: u = 0.5 TeV [c.f Fig. 4.2] and u =3 TeV [c.f. Fig. 4.3].

Another parameter of interest for Ry is the left-handed muon sneutrino mass (to a good
approximation equal to the left-handed smuon mass). This is constrained from early LHC
studies [209] from fi; — u~ x? decay to be approximately above 300 GeV. First generation
sleptons, the selectrons, must be much heavier in order to obtain appreciable impact on Rg # 1.
Therefore, in our numerics below, we choose large mass hierarchy between first and second
generation of sleptons, (M,)X=1% = 3 TeV and (M, )¥=2 = 0.3 TeV, respectively.

As we showed before in (4.26), big effects on Ry arise because of large 5%% ~ 1 and
because at this limit the light stop runs quickly towards a zero mass. Direct production of the
light top squark through gluon exchange is not affected by the mixing. The most relevant to
us here is the decay mode of the light top-squark to chargino and bottom quark, ; — b+ y".
The chargino then decays to the neutralino LSP and an off-shell W-boson, y;" — w4 x?.
Within pMSSM assumptions used in the ATLAS analysis [210] and Mo = My, it is highly
unlikely there is a (left) top-squark mass below 550 GeV. A CMS analysis [211], goes even
higher in top-squark masses. In this study, the flavour changing stop decay, t — ¢ + )(? has
been also searched for. The bounds this time are in the vicinity of 1.2 TeV or so. However, in
a very recent complementary analysis, ATLAS searches for top squark pair production exclude
top squark masses up to 1.25 TeV, considering different decay channels, which can be seen
from Fig. 2 in ref. [212]. We must however note that, to the best of our knowledge, there
are no dedicated top squark mass bound analyses in terms of the MSSM with O(1)-mixing
between 2nd and 3rd generation. We therefore, choose a common scale for the left-up squark
masses at 2.5 TeV and vary the squark mixing parameter, 5%% of (4.27) in the region [-1:1]
while forbidding light stop masses with m; < 1.25 TeVl

When 5%% ~ 1 the left sbottom mass is also running to small values, as the light stop
mass does. LHC searches [213, 214] on direct bottom squark production and subsequent
decays b — b+ x? reveal a bound of approximately 1.4 TeV. However, the light stop bound is
saturated first, and therefore we plot exclusion area only from stop searches in our figures.

The MSSM prediction® for R when varying the squark mixing parameter 5%% and other
parameters optimized as discussed above is given in Fig. 4.2. As displayed in this figure, the
neutralino loop contribution is small (as we analytically proved before), never exceeding a
few percent. The dominant contribution comes from the chargino-up squark loop and the
effect on Ry can be as large as +£25% for the aforementioned input set of parameters and
before experimental constraints on top-squark. Ry is very sensitive to the value of M,: for
example, taken a wino-LSP with the bound of 660 GeV we observe negligible deviations from
Ry = 1. Similar effects arise when varying the smuon mass parameter. The choice of the MSSM
parameter space we adopt here should be regarded as an optimum for large SUSY effects on
the Rg observable.

The increase of squark mixing |5ﬁ| in (4.27), increases the (23) element of the left-squark

5We use SUSY_FLAVOR (v2.54)-code [183-185] throughout. This code takes carefully into account the con-
vergence and ressumation effects in b — sy due to large squark mixing.
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Fig. 4.2: Rg vs. left-squark mass mixing, 5%% defined in eq. (4.27), with M, = 200 GeV and
@ = 0.5 TeV. The blue line is the full MSSM prediction to Ry whereas the black line indicates
only the neutralino contribution. The light red area corresponds to my 2 1.25 TeV whereas the
light-grey area to the allowed area by AM};ISP < 20% constraint. The area drawn with green is
allowed by the by B — X,y constraint at 30.

mass matrix and therefore reduces its lightest eigenvalue as |5%3£| becomes bigger and bigger.
The LHC bound denoted in Fig. 4.2 reduces the available effect on |Rg | which cannot be bigger
than £4% (note that it is almost symmetric under 5%:2’ — —5%%).

4.3.2 AM, and B — X,y

The variation of 5%:2’ has a moderate impact on AM; but a great impact on B — X,y (or equiv-

alently on C-, see below). In calculating those and all other observables in our analysis, we
include all chirally enhanced effects in Yukawa couplings and CKM by following Ref. [215]. All
these effects have been implemented in SUSY_FLAVOR v2.54 program, where our numerical
outcomes result from.

By taking the 20 bound from the experimental observation on AM, = 1.1688(14) x 1011
GeV [216] we see from Figs. 4.2, 4.3 that effects on |Rg| cannot be bigger than £5% for both
u=0.5TeVand u =3 TeV]

AM;
| ARkl sy S 5% - (4.33)

Supersymmetric effects on B — X,y are very well known [217-220]. The operators dom-
inating the B — X,y process are the dipole operators

mg ,_
oY = - (50, PRy b) FH". (4.34)

The associated Wilson coefficient to O is”

2

_ € 32 32 32
Cr= o (F32+m,F32, +myF32, ) (4.35)

7Similarly for C, by changing L < R.
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Fig. 4.3: Similar with Fig. 4.2 but with u = 3 TeV The allowed (green) region from b — sy
now reaches large values of 6%%

where F# are the relevant one-loop contributions. The function FY3‘L2 contains exactly the same
vertices as the one appear in (4.21) for (By;;)c and subsequently for Ry in eq. (4.13). We
have expanded by using FET the chargino/neutralino/gluino corrections to C; in (4.35) and
nailed down the dominant contribution (when the Ry is enhanced of course) to B — Xy. This
arises from the chargino-squark loop. It reads,

(C7)e o< (M2)32 [F(IMy? {(ME)2, (ME)B Y

+|u|2(1+M tanﬂ)F({lulz M2}, (M2 Y2, (MG i})]. 4.36)

|ul?
The function F(x, y, z) is a combination of Passarino-Veltman functions [221], details of which
are not important for our qualitative discussion here.® Curly brackets denote divided differ-

ences of first order, e.g. F(x,{y,z}) = w or second order, e.g F({x,y},{z,w}) =
f(x’{z’wg;f(y 2%} and so on. One can read definitions and properties of divided differences
from Refs. [186, 203]. As we obtain from (4.36), for similar values of M, and u the effect

from 5%% =0 %i = 0O(1) onto b — sy, grows even larger with tan f3.

The 30 allowed region from B(B — X,y) when varying & %:z with y = 500 GeV is presented
in Fig. 4.2 —itis denoted in green colored area. Even within 30 of the experimental observation
for B(B — X,y) = (3.32£0.15) x 10~ [216], the squark mixing is constrained to be between

—0.2 5 6%:2’ S 0.7. By setting this bound in Fig. 4.2 we obtain

|ARK|€$STM) S 3%, for|ul =500 GeV. (4.37)

There is however a cancellation/suppression mechanism that takes place in (4.36) for large
values of Higgsino mass |u|. In this case and because of the limit
lim, s co F({x, '}, {z,w}) = =22 we get

—~ M
(e o< (2 (ﬁtan/&) FUMP (M2)2, (M2YB) -0, [ul > Mytanf . (4.38)

80f course in our numerical results and in figures, exact formulae are taken into account in SUSY_FLAVOR
program.
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Hence there is more room for Ry now. For example, for u = 3 TeV and keeping tanf3 = 5
throughout we obtain from Fig. 4.3 that the LL squark mixing lies in the region —0.7 < 6 %?L’ S
0.9 and this translates in’

|ARK|?1\;SSSYM) S 10%, for |u|=3TeV. (4.39)

Other cancellation mechanisms [222] may result from varying 623 and 623 which affect Fy,
and Fy, functions respectively. As a consequence, fine cancellation between these and 5%%
effects on b — sy may occur. One can switch on effects from other squark mixings, in particular
5%%, But since 6 %i ~ 1, we need to have an exceedingly fine tuned situation with other squark
mixings, 5%%, 5}%%, of order one. Even though such a case could occur in multi-parametric
scans, it is unlikely to survive due to other B-observable constraints, such as B, — B; mixing,
and B, — u*u~. Therefore, we believe that the limit of large u is the only solution in relaxing
the b — sy constraint when 6 %?L’ = 0(1) allowing for more room in Ry MSSM predictions [see

eq. (4.39)].

Muon anomalous magnetic moment

Because the muon slepton and the Wino/Bino masses are nearby the EW scale, it is tempting
to discuss here another anomaly, the muon (g —2) anomaly. Recent BNL measurements [223]
show a 4.2¢0 deviation from the SM if data driven dispersion relations are adopted: Aa, =
aZXp — aﬁM = (251 £59) x 10711, The FET expansion to various contributions has been per-
formed in App. E.1 of Ref. [203]. The fact that we need large u > M, tan 8 for Rg in order to
avoid the b — sy constrain, amusingly results to completely analogous suppression for Aa,,!
For the input parameters of Fig. 4.4 we obtain Aa,, ~ 14 x 107! which is far too small to

explain the current deviation.

MSSM Cy and C;, in our analysis

It is customary to present the global fits from all possibly relevant observables in terms of the
low energy Wilson coefficients Cy and C;, defined in eqs. (4.10) and (4.12). A partial list of
recent reference analyses is given in our introduction section. Although Ry is entirely driven
by the box MSSM diagram in Fig. 4.1, for b — su™u~, the MSSM predictions for Cy may not
be large due to cancellations between penguin and box diagrams. In fact, this is what exactly
happens here for the Rg-optimized parameter space we studied and displayed in Fig. 4.4:
There is a partial cancellation between the photon penguin'®, and the box-diagrams. The Z-
penguin turns out to be numerically subdominant for Cy since it is proportional to, (1 — 451%v)
as it is obvious from eq. (4.17).

After applying the FET in relevant box and photon penguin diagrams, we find the dom-
inant contribution that again arises from the chargino-up-squark loop. For equal masses of
M, = My = my < mg we find for the Wilson coefficients of Cy and Cy contributing to the
process b — sutu~

23
cMssw) TTQem V_2 oL 1_252
? — \azst J\m? JUK:EK ) 3w’
w i tstethb

®Note that for y = —3 TeV we obtain a bound —0.9 $ 573 < 0.7 and hence the bound in (4.39) is for absolute
Ry and u values.
10The photon-penguin is calculated and expanded with FET in App. F.
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M(wino) = 200 GeV, M(smuon) = 300 Gev, u=3 TeV
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Fig. 4.4: MSSM contributions to Cy and C, for the same inputs as in Fig. 4.3.
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Obviously, Cy and C;, are not equal in absolute values. The partial cancellation in Cy cannot
be mitigated by varying the parameters within the MSSM. It is important to emphasize that
the parameter space we have explored is specifically chosen to optimize the observables Ry
and Rgo.; it is not a comprehensive or general scan of the entire parameter space of the MSSM.
Within this parameter space, even the maximum values for Cy and C; shown in Fig. 4.4 are
not able to explain all B-anomalies combined but Rx and Rgo. can be brought not further off
than current experimental values. Combined analyses are useful but require careful attention.

Another Interesting Scenario

In the recent summarizing plot by ATLAS, see Fig. 2 of [212], instead of bounding the stop to
be above 1.25 TeV, one may consider the region where the stop mass is around 600 GeV and
the neutralino mass is around 400 GeV. In this section, we will try to extract the maximum
effect in the R from this region, which for brevity we call the ‘ATLAS gap’. To achieve this,
we will resort to scanning the my —m 7 plane and draw contours of the values of Ry on this
plane, since this will be more illuminating on the points that fall into this region.

Our initial strategy is to find optimal values for 6 %?i, i.e. that give the largest contribution

to the R, while simultaneously avoiding constraints from direct searches and the experimental
observables, b — sy and AM,. More specifically, for the scan we set all diagonal squark mass
matrices to take equal values inside the range [1, 13] TeV, with a step of 0.1 TeV, and we co-vary
the Bino and Wino masses, with an increment of 10 GeV, always keeping a 50 GeV mass gap
from each other. Finally, we scan for large values of 5%%, in the range 5%% =[0.90,0.99] in
0.01 bins. The rest details of the scan as well as the numerical values of the other parameters
are shown in the table below. The code SUSY_FLAVOR outputs the mass eigenstates, of the
stop, the neutralino and the values of the Ry during the scan. Then the allowed values of
the Ry, by experimental bounds, are plotted on top of the ATLAS exclusion region, for each
specific 5%% in Fig. 4.5.
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Parameter Value
M, 2 TeV
tan 3 4
W 3 TeV
M, [300,600] GeV
M, 600 GeV
M, 6 TeV
(M7 600 GeV
(ML, 1=1,3 3 TeV
(M I=1,...3, 3 TeV
(Myphik,I=1,...3,X=L,R [1,10] TeV
(60)3% 0.35
55 0.99

Table 4.1: Initialized parameters for scanning the stop-neutralino plane.

One of the most stringent constraint comes from B, — B, mixing. For that reason we first
plot the allowed regions from that bound. The largest value of 5%% to open up the region into
the ATLAS ‘gap’ is found at 5%% = 0.96. Since we can safely land B, — B, mixing in the ATLAS
‘gap’ we turn our attention to the second most stringent constraint, which comes from b — sy.
Motivated by the need to allow as much parameter space as possible we fix the value of the
off-diagonal element at 5§73 = 0.96 and instead, scan for a range of (6,)%; values, where a
known enhancement of b — sy exists [224]. The range of the scan is (& ﬁ =[—0.99, 0.99]
with an increment of 0.01, which from now on we denote as (6 D)ﬁ’z = 5%. The rest of the
parameters are left the same as in the table above. Again, we plot the, allowed by b — sy
bound, Ry regions in the the calculated neutralino-stop plane on top of the ATLAS exclusion
regions, for various & %ﬁ We find that this bound can be safely avoided and a large region in
the parameter space opens up, including the ATLAS gap.

In the contour plot below Fig. 4.5 we show how the parameter space in the stop-neutralino
plane opens up into the ATLAS gap before and after allowing for LR-mixing between the
squarks. We find that the Ry deviates more for LR mixing values in the region 5%% =[0.3, 0.4].
Even though this specific region in the parameter space is fully allowed the difference doesn’t
exceed the value shown below,

|ARg &R S 5%, (4.40)
which is what we have achieved in the previous scenario as well, enforcing the case of just a
5% difference even more.
4.4 Conclusions

After clearing up analytically the complicated form of several SUSY contributions by using the
Flavour Expansion Theorem (FET) we find that large Ry happens when the stop, chargino
and muon-sneutrino are close to the electroweak scale and the left-squark mixing of second
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Fig. 4.5: The final result of our last scenario is presented here for 5%% = 0.96. On the left plot
we have 5%;’2 = 0, while on the right a stark difference can be seen for & %fz = 0.30. By allowing
LR squark mixing we have opened up a considerable amount of points in the parameter space
inside the allowed gap of the ATLAS exclusion region.

and third generation is close to unity. In principle, MSSM can result in up-to 45% corrections
on Ry as it is shown analytically in (4.26). However, this is a heavily constrained region by
direct LHC SUSY searches. Moreover, Ry is further constrained by flavour observables too,
mainly from the B — X,y process since B(B — X,y) is affected by similar Feynman diagrams
as Ri does. The conclusion is that, in the region of heavy Higgsino mass parameter y where
B(B — X,y) is suppressed, MSSM effects on Rg and Rgo-, in both scenarios that we examined,
can reach a £5%. Therefore, the MSSM prediction, Ry = Rgo. = 1 £0.05, closes down within
current experimental values, (4.3) and (4.4).
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Chapter 5

Conclusions and future directions

This thesis aimed to investigate the effects of new interactions in the low-energy regime
through the lens of Effective Field Theory (EFT). Specifically, we sought to demonstrate the
complementarity of employing both the top-down and bottom-up approaches in EFTs. We
leveraged statistical techniques by utilizing both experimental data and theoretical calcula-
tions, while also developing methods and universal results through the abstract mathematical
structures in the functional matching formalism using the path integral. From a physics stand-
point, we addressed timely issues such as neutrino masses, signal strength deviations in Higgs
boson decays, as well as lepton flavor universality ratios.

In Chapter 2, we derived a universal one-loop matching formula for all scalar leptoquark
extensions using functional methods. We successfully decoupled heavy modes from a non-
trivial model within SMEFT, comprising an SU(2) doublet and a triplet, both carrying color
charge under SU(3). This enabled us to analyze their contributions to low-energy observables,
revealing notable effects on neutrino mass generation through the dimension-five Weinberg
operator, the anomalous magnetic moment of the muon, and electric dipole moments. Further-
more, we placed strict bounds on baryon number-violating couplings to avoid proton decay
and explored the perturbativity and EFT validity of the model. Lastly, this procedure gener-
ates the majority of the operators in SMEFT, serving as an excellent benchmark for several
automated packages that perform the matching.

In Chapter 3, utilizing the bottom-up approach, we conducted a model-independent sta-
tistical analysis within SMEFT to pinpoint the values of the Wilson coefficients required to
explain the observed deviation in the decay h — Zy. We constructed a chi-squared, y2, statis-
tical framework incorporating covariance matrices and contour plots to analyze the parameter
space of the Wilson coefficients. Our analysis revealed that certain dimension-six operators,
specifically those modifying the Higgs-gauge boson couplings, must have Wilson coefficients of
particular magnitudes to reconcile the experimental data with theoretical predictions. We ex-
plored several single- and two-field scalar and fermionic extensions of the SM, such as adding
new scalar singlets or doublets and vector-like fermions, to assess their viability in matching
the required Wilson coefficients. These models were analyzed using both the top-down ap-
proach, through explicit matching onto SMEFT, and the bottom-up approach, by comparing
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their predictions with experimental constraints. Only a two-field model was able to produce an
excess in the data; however, it still did not fully match the experimentally observed deviation.

In Chapter 4, We investigated the lepton flavor universality ratios Ry and R+, which had
previously exhibited deviations from SM predictions but have recently shown diminished dis-
crepancies. By matching the MSSM onto LEFT, we calculated the maximum deviations in these
ratios that the MSSM could accommodate without conflicting with existing experimental con-
straints. Our findings indicated that, within the parameter space allowed by current data, the
MSSM can produce only minimal deviations in these ratios. This suggests that the MSSM, in its
minimal form, is unlikely to fully account for significant deviations in lepton flavor universality
ratios, highlighting the need to consider extended models or alternative explanations.

This thesis makes several contributions to the field of particle physics. The development of
a universal one-loop matching formula for scalar leptoquarks enhances the theoretical toolkit
available for studying new physics scenarios. It allows for systematic and consistent incorpo-
ration of leptoquark effects into SMEFT analyses, facilitating comparisons between different
models and experimental data, and adds to the collection of fully worked-out matching ex-
amples in SMEFT. Our work on Higgs boson decays provides valuable insights into how de-
viations from SM predictions can be interpreted within the EFT framework. By constraining
the Wilson coefficients and exploring viable SM extensions, we contribute to the understand-
ing of possible new physics in the Higgs sector and provide guidance for model-building. The
analysis of lepton flavor universality ratios within the MSSM offers important perspectives on
the model’s capabilities and limitations. It underscores the challenges in explaining flavor
anomalies within minimal supersymmetric frameworks and highlights the need for alterna-
tive models or mechanisms. By employing both the top-down and bottom-up approaches,
this thesis demonstrates their complementarity in exploring new physics. The top-down ap-
proach allows for detailed model-specific predictions, while the bottom-up approach provides
model-independent constraints essential for guiding theoretical developments.

While this research advances our understanding, several limitations should be acknowl-
edged. The conclusions drawn from specific SM extensions are inherently dependent on the
chosen models and their parameter spaces; other viable models or parameter choices not ex-
plored in this thesis could offer alternative explanations. The EFT approach relies on the as-
sumption that new physics effects can be captured by higher-dimensional operators suppressed
by a high-energy scale A. If new physics lies at energy scales close to current experimental
reach, or if the operator expansion does not converge rapidly, the EFT framework may be less
effective. The analyses involve uncertainties from both experimental measurements and the-
oretical calculations. Statistical uncertainties in experimental data, as well as approximations
made in theoretical computations (e.g., neglecting higher-loop corrections), can impact the
precision of the results.

In conclusion, this thesis contributes to the ongoing effort to uncover physics beyond the
Standard Model by providing new methods, analyses, and insights. The development of a
universal matching formula for scalar leptoquarks and the application of both top-down and
bottom-up approaches enrich the theoretical landscape and offer pathways for interpreting
experimental observations. Our work underscores the importance of EFT as a powerful frame-
work for bridging the gap between high-energy theories and low-energy phenomenology.

The findings presented here not only enhance our understanding of specific phenomena,
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such as Higgs boson decays and lepton flavor universality ratios, but also illustrate the broader
utility of combining different theoretical approaches. As experimental precision continues to
improve and new data become available, the methods and results of this thesis will serve as
valuable resources for further investigations into the fundamental laws governing the universe.

Building on the research conducted in this thesis, several avenues for future work are
proposed. Investigate the impact of two-loop and higher-order corrections in the matching
procedures for leptoquarks and other new particles. This would improve the precision of the-
oretical predictions and potentially reveal subtle effects not captured at one-loop order. Extend
the analysis to include other beyond-the-Standard-Model scenarios, such as models with vec-
tor leptoquarks. This could provide a more comprehensive understanding of possible new
physics effects. Utilize new data from the Large Hadron Collider (LHC) and future colliders
to refine the constraints on Wilson coefficients and test the viability of proposed models. Im-
proved measurements of Higgs boson properties, flavor observables, and rare decays will be
particularly valuable. Create computational tools and software packages that implement the
universal matching formulas and statistical analysis frameworks developed in this thesis. This
would facilitate broader use by the research community and enable more efficient exploration
of parameter spaces. Incorporate advanced statistical methods, such as Bayesian inference or
machine learning algorithms, to improve the analysis of experimental data and the extraction
of constraints on theoretical models.

The pursuit of physics beyond the Standard Model remains one of the most exciting and
challenging endeavors in modern science. This thesis contributes to this quest by offering new
tools and perspectives that aid in the interpretation of experimental results and the develop-
ment of theoretical frameworks. As we continue to probe the frontiers of particle physics, the
synergy between theoretical innovation and experimental exploration will be essential. It is
our hope that the work presented here will inspire further research and ultimately contribute
to a deeper understanding of the fundamental constituents of matter and their interactions.
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Appendix A

Lagrangian and X-matrices for scalar
leptoquarks

We append here the general Lagrangian for all scalar leptoquarks and the relevant X-matrices
needed to construct the EFT Lagrangian at one-loop. It can be split into three parts, in
egs. (2.6),(2.7) and (2.8). The notation for LQs is given in Table 2.1.

The LQ-SM fermion interactions are,
Crgr=[(AL)g, e 6, + (A ace, |5y +he.
+ [(Aff) etk Qpj - € a5y + ()\f}:) eijk&pj uik] S;i+he.
+ [(i;r) &;i e, + (7111)]5) elik iy uik] Sy +he.
+ [(AﬁfR)(jpiaer - (Aﬁlru) UpiLrp eﬁa] Saiq +h.c.
+ (ipr) &pingi -e-£,+h.c.

+ [(Aif)q;i ce-ol ol + (Ai’f)eijk dpj col.e- qﬁk]Séi +h.c.. (A1)

The LQ-Higgs interactions read,

Lion=— 2 (M2 + A Sa?) IHP+ D A (8L -HY(HT-S)
n n=22

[—As; ST (81 - H) +A55 85T (81 - 0! - )

+ A (Sh -HY(HT -€-85) + A5; ST (H - - o' - H)SL,

+ Az (H - ol -H)SE S +he.]

—ideys €K H - o -H)SIT ST (A.2)
Where the index n runs through, n = 1,1,2,2,3 in one to one correspondence to the sets
{$1,51,52,8,,S3}, {My, M1, My, My, M3} and { g1, A1, Apra, Asra, s}

Finally, self-interactions among scalar leptoquarks are
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where V(S) is the tree-level potential that is built from gauge group invariant combinations
among LQ fields. In general V(S) for all LQs is quite lengthy. For combinations S; + S5, the
potential V(S;,S,) can be read from (2.83), for S; + S5 from eq. (2.3) of ref. [64] while the
most general one in egs. (46) and (49) of ref. [225]. Note that X (U)-matrices are constructed
solely from simple second field derivatives of V(S) and there is no need to be written down
explicitly.

In what follows we reserve letters i, a, p, U,A and I to denote the respective field indices in
the left hand side multiplet ¢ = (¢g, @), while the letters j, 8, r, v,B,J are used for the right
hand side multiplet ¢ = (pg, ¢;) and we suppress spinor indices. Each letter represents the
respective gauge group representation given in Table 2.1. Additionally, the chirality projection
operators regarding the Weyl to Dirac conversion of fermions mentioned in the main text, are
left implicit.

Al X
Us s,
2%v
. = 2¢ , YV
Usl's1 = A |H|"6;; + 851.8Slj ) (A4
1
2%v
. — 2 4 7 "
U515} = A |H|"6;; + a5, 8Sr . (A.5)
1
Uslgz
o%v
Us,s, = Ale;;é +—5'S PYIIE (A.6)
1i 092jp
2%v
US'll‘S* —A21Hﬂ5 + m . (A7)
j
Us,s,
4 o%v
=Af .6 (Ho'H) + ——— (A.8)
H13 9ij = ,
3S..087.
1i 3j
. a%v
Us,s; = An1s & (H' 0/H) + W . (A.9)
1
Us,s,
o%v
Usig, = )'H1|H|2 t (A.10)
0S,,054;
_ 5 2 a%*v
Uglg‘li‘ = A1 |H|"6;; + m (A.11)
i 1j
Us;s,
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3%V
_ s T . .O"]-H)+—’
Ugjss—_%l%(H € agi'aséj
1
* . 1Y+ o2%v
Uy =438 011 €- )+ 25
Uszs2
i — 8%y
Usys, = Oi0apAmzlHI" — A2z 61 Ho Hp 0S54 0S25p
2 * cal
Usrs; = 6ij0apAnzlHI" — A2 6 H  Hp + m
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Usis, = #2201 Ha (e - H)p + —5—7—,
s13, ! 98514 952jp
5. o H*) + 2%v
USZTS;:AZQ i Hy (€ b aSZTmaS;}ﬂ
Us,3,

%v
e =068 5\ a|H|> —As5 6, HyH: + ———— |
Usys, = O1j0apruzlHI" — A3 81 Ho Hp 3858355
o%v
2 ik - & afppx _ caB gt . & + =,
. 2%v
2 ik & & afpy P egT . +—,
Usis; = 32s€” [ 8ok, Hp + Sora, € P H, — %P (85, - H)] 983149555
A 22356, H*Hg + o
crge = 6,18 g5 ApalHI? — As3 8, PY Y
Usrss 0ij0apAmzlH]| 2254 B 852Tia853‘j/5
Uszs1
AL H*6;: + o7V
Uz = A" ‘s a7 -
8Is, 31" a"lj asgiaaslj
As,H, 6 + oV
Usior = As it -
Sigl 217 a™ij i T
1 6)Sziotaslj
Us,s,
5., Y (e HY), 4 o EAV
Usis, = 2361 Hp (€ NPT
H) + oV
USZTSZ* = AZQ 5ij Hﬁ (e a agZia aS;j{j

Us,s,

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)
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22%v
Uster =A3,6;: (07 -H)yy+ ———— (A.26)
S.S 23 ¥1j a T ?
& 05;,,08;
2%v
Usre =A% 6::(07 -H)T + —— . (A.27)
5553 23 1] ( )a aSZIa aSé}
US353
J 2 . IJK 7 K aZV
USTS :A'H35ij5 |H| +lA€H3€ (H o H)aij+ﬁ’ (A28)
3% 355053,
1J 2 . IJK i K 32V
USTS:;:)LHB(Sija |H| —lAEH?)E (H (o) H)5U+ﬁ (A29)
3 as1. 05
U5351
2%v
Usie =Ay1a 6 (H o!H) + — | (A.30)
S381 H13 l]( ) aSé?aSU
Ugrg: = A%, 6 (HT IH)+82—V (A.31)
si81 = MmO T T 5l By '
J
U33§1
. a%v
— s (.ol e gy 2 Y
Usggl—lgi 6;j(H"-0"-€-H )+6Séf8§1j , (A.32)
U A.i 6 (H -e-of H*)+—32V (A.33)
ro = -Nar 5 (HT €0l - . .
5351 31 %ij aSélaSL
Us,s,
o%v
_ . I,
USQS;—_AZS&‘]’(U H)ﬂ+85§’lf‘8§; ) (A.34)
ip
o%v
Yt B I, a\T vy
Usrs, = —A3, 6, (0' -H )’5+6S§i8§2j,5' (A.35)

Matrix Structure

U+ Uctx
Us s, = (US”S'" S”S’“) ) (A.36)
sts, Usts;,

with n,m = 1,1,2,2,3. All combinations make up the whole matrix structure of the heavy-
only Ugs. Here we have listed all terms involving the Higgs field as well. There are also terms
coming from the potential of all leptoquarks which are found by the general formula,

U v U ov U ov U v (A.37)
f = - 5 Tox = - > T = > TSx = : *
Sisn ” asias, h asias:’ i°mT 8STS,  i*h asTasy
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A2 Xy
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USI'd - (A’pr) upke ’
o _o(51BNT e ijk
Usl'u_ Z(Apr) €%,

Us,e = =(h, )5

A1 N\T 5
Ugld:_(kpr) e;5ij,

US;Z = —(lifL)apl eaﬁ B
— 2LRNT —
Usgq - _(Apr )' 5aﬂ 5ij €p >

_ (32RLYi 5. 7
Ugiy = (A5,7) i Lpp efe,

Usge - _(Aiij)qPia )
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Usiee = ~(Apr) Gpiac®

_ 1LNT 9
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USIeC - _(Apr)* Upi >

— RN\T _ijk -
Us,qc = —(AB)T ey,

ij >

S 1hs - ik
Ug ue = 2(%}1)’5)qu eV,
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Ugrpe == )y,

' oC
Spe

— (Y
USIdC - _(A‘pr)' ep 61] B

Ugyye =02y e i,
Usrge =—(A27)" 645635 €5
Usrye = (A2 6585 P2,
Us;"ec = _(AI%?R)* pia -

Ug;[c = _(j’pr‘)>,< C_l[C)l eaﬁ >
ngTdc = (A«pr)Téij E;ﬁ eﬁa y

_ 3Ly = a I
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— 3IN\T I o — 3LN\T p I
Usrg =~ €5 01 €755, Usige = (A1) lpe 0, €178
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Matrix Structure

(A.38)
(A.39)
(A.40)
(A.41)
(A.42)
(A.43)
(A.44)

(A.45)
(A.46)
(A.47)

(A.48)
(A.49)
(A.50)
(A.51)

(A.52)
(A.53)

(A.54)
(A.55)
(A.56)

(A.57)

(A.58)
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U 0 0 Ug. 0 Uy
Uslu _( Siu ) > Y§le ( Sre ) > Usld = 51 ) > (A.59)
0 UsluC U,§1e 0 U§’1d
0 U Tpe U i 0
Us,¢ = S0, Uga=| , (A.60)
" \Usse 0 2 0 Ugry
Us 0 0 U,
O , _ spe | A.61
Szu ( 0 Usguc ) Sze US%we 0 ( )
0 USTKC U”’Td 0
Us,e = ], Ugg=| 2 , (A.62)
2 USZT[ 0 2 0 U§2Tdc
Us, = ( ° USQ“) . Ugg= (Usgq Usgq“) : (A.63)
Us u
Usty = At HpS1i +Asy S5+ A3 Sy (H' -0, (A.64)
— T I 1 T
Ugty. = A HpS]; + Ajpys S5 (0! - H)f (A.65)
Us, = AmHpS1i + Amns Séj (H' o', (A.66)
~ "
Us, i = AurHpS]; + A%, Saip + Anns Sy (0! -H)p - (A.67)
Ugtyy = Apt Hj $11 = Ao [T -e-0")p—(e- 0! -H)T ]S, (A.68)
Us,u = At H S, 5 (A.70)
» " .
Us e = A Hp 85, — X5 SH [ (07 e BN —(H 0T - ) ] . (A71)

Usty = Az Hpy Sy = Ags Sap(H' - €+ 55) — AgsHale 835 — Az (e S5)5 (e - HY),

2ia
(A.72)
Usi = An2Hp Soiq = A2z (H"-e-S35)e, (A.73)
Usry :AHZH;; Saia — Aaz €7 (SzTi'G'H*), (A.74)

Usriy- = Az Hp Saia + 255 8ap (Spi € H)+ A5 Hy (Sg; - €)p —Aga (H' - €)4 (S - €)p -

(A.75)
Usin = iHZH};SZia +45,5],64p —A3; Sy O — Ass Sap(H' - S5)
1 . - . - -
+ §A5ell’< (—26%*18y;4,Soxp + 50 - €-85i64p) (A.76)
Usiyye = AuaHpSaia + A5 €% (H' - S5)+ 255855 (e HY)y —A35€P (H' -€-53), (A77)
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U§2TH = iHZHES* —Ay3 (S; -H)eﬁ“—kzism (HT “€)g — A3 ehe (Sle -e-H"),

2ia
- - 1o —
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Matrix Structure
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sTH Usrh+

A3 Xg
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-
Uss, = 2(&, Je T e®Pqly Ussi = —(A ) e e, 5y,
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Urs, == Y dy. Ui, =G24 0.
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UZCSZ = _(AIZ)I:L)T eﬂauij , Uisg‘ = ()LIZ)}:L )T P Uj,
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(A.78)

(A.79)

(A.80)

(A.81)
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(A.84)

(A.85)
(A.86)
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Ues, = —(A2) ¢35 5 Uss; = —(A25) .55
Uges, = (ipr)Td:iea/5 , Uts; = (ipr)fdrjeaﬁ ,
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Matrix Structure
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5 q 5
! UZESl 0 1 Uqcsl Uqcsl‘
Ve = Uss, Uus{ Uss = Ug, O Uss 0 Uésj'
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S0 Vg 1 \Ug, O 1 \Ugs, O
U = 2| U — qo2 ,
(S, (UZCSZ 0 ) as; ( 0 UQCSZ
U_S 0 0 U—S*
U = Usz , U = €55 ,
us2 ( 0 Uﬁcsg) eS2 (Uécsz 0 )
U, = 2 5 U.e = 2 ,
[SZ (UZCSZ O ) dsz ( O U&cg*)
0 UZS* qu qu*
Ulss = U 0 1, UqS3 = (U- ° U- 3
fes, ass  Uges;

UHTSl = A’HIH(XSL‘ +A§1§2ja + A.ng Sg}' (O'J H)g ,

Uy

Unrs, = An1HySy; + An1s Sy (H' - 07),,
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U

= S LIyl
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2ja
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at1j a °3j°
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Uprg; = Ayi Hy S1j, (A.116)
Uyrs, = Aui H, S, (A.117)
Ugrgt = Aui H 81— Asi [(HT e 0')—(e- 0 -H)'], S5; . (A.118)

Upis, = Asiz Ho Sajp — Ay [Hy (8L - €0g = 8,4p(8L, - € - H) | = A5 (So; - )T (HT - €)],

(A.119)
Uprsy = AuaHo S35 — Aoa efrHT € S5i) (A.120)
Unrs, = Aua H, Sojp — Aaa P (Ssz -e-H"), (A.121)
Unrs; = AnaHa S350 — Ags [Hﬂ (6-85)a+(H" - §;‘j)5aﬁ]—122 (€-S5)q(e-H )p .
(A.122)
Upis, = AaHaSyis +AY 5apS1j— AL, S5 0k — Az (S5, - H)
+ %Aseiﬂ‘ [—252i0,€4P Sopq + (S2i - €S ) 8 | » (A.123)

Upis, = AaHaSajp + Al [ Spiq (€ - H)g — % (H - 83) |+ Ag5e® (H - €-53), (A124)

Uyrs, = AuaH3S5 5 — Ags [ €% (ST - H) = Spj (HT - €)1 | = 55 €%P (8- € -HY),  (A.125)

a=2jp
~ ~ -+ IL “ ~
UHTS; = An2HS2ip +A§18{j5aﬁ —Aszs 53} O-}Sa —Ass (H' - Sy)
1 ik . - et .
+ S se [ 285, P85, + (35 €-85) 8ap ] - (A.126)
Usis, = Ags Hy ST+ A% . (07 -H), ST —iA s €K (HT - o) SKT (A.127)
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Matrix Structure
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n UHTSH UHT.Sﬁ

A4 X
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Up, = (A5 (€850 Upeye = gy )" (€ S2)q
U = (yE)era 5 Ujcee = (yE):;rHZ >
Uia = G €53, Ueae = () e

(A.133)
(A.134)
(A.135)

Ugee = —(A;0)"S1;€™ + (A1) Shop €7, Ugep = —(A40)e*P S, — (A1) S, 0l P

Ugge = —Z(Agf)eaﬁeijkslk , Ugeq = —Z(Agf)*eaﬁeiijIk ,
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Ugu = (Yu)pr6:j€*PH Ugewe = (yU);r5ij6aﬁH[g’ ,
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Ugee = —(A;E)*SL , Ugce = —(A;E)Su ,

Ugae = —(A51) €Sy, Ugea = —(251) €V%s]
Ug = ()’E)Z;THE ) Ugege = (yE)Z;rH/S ,

Usg =~ S3,. Usege = =251 Sy
Usye = (A;I:\)Tsij , Uger = —(A;,E)TSU ,

Uzac = —(ipr)j‘gu > Ugeq = _(ipr)Tglj 5
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Matrix Structure
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0
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Matrix Structure

Uy 0 Ugig Upgtge
U =| 2° : Ugq= |, [1e ), (A.172)
UHTq UHch

UHTu O 0 UHTdc O UHTec
U = , U = s U == . A.173
Hu ( O UHTHC) Hd (UHTd O He UHTe O ( )

Uty
U H= (yE)prer5aﬁ H UZCH* = (yE);rei5aﬁ > (A'174)
C_IH = (YD)prdri5aﬁ > UQH* = (}’U)prurieaﬁ > (A.175)
Uqu - (yU)pre url > Uqu* = (yD);rdﬁi5a[5 , (A176)
Uan = (.)’U)pre Aria > Uges = (yU);reaﬁqﬁia > (A.177)
Ugen = ) @i » Ugrye = (Y0}, drip » (A.178)
eCH (yE)Z;reiﬁ > eH* (yE)prgrﬂ (A179)
Matrix Structure
U; 0 U; Us s
Un=| : Up=|, % ™ (A.180)
O UZCH* Uqu U CH*
Uil 0 0 Uiy« 0 Usy+
Uy = u Uqy = U.y = . A.181
uH ( O UﬁcH*) ’ dH (U&CH O ’ eH UéCH 0 ( )
Uve
Upe =—L,p8 Yer" Upee = L158'Yer", (A.182)
g5 g5

Uwe = =5 Lra, g, 7" Uwee = 5 lray O, 1" 5 (A.183)
UBq = _C_Irjﬁ g/YqYM ’ UBqC = qijﬁglyq-},ﬂ ’ (A'184)

_ & I _ &7 I
UWq - _Eqrjalo-oqﬁru ’ Uch - Eerjalo-ﬁalru ’ (A.185)
UGq = _gs(jriﬂ T{?‘Y“ > UGqc = gséii/j Tﬁ}/u ? (A.186)
Upy = _arjg/YuYH > Upye = aiig/YuYM > (A.187)
UGu :_gsurl IJY > UGuC :gsurl ]lY > (A188)
Upg = _C_lrjg Yart, Upae = &rjg Yar*, (A.189)
Uga = —&drn T1" Uga: = &d5; Thr" (A.190)
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Ug, =—¢,8'Y, 1", Upee = 58" Y 1" . (A.191)

Matrix Structure

UB( UBZC UBq Uch
UV@ - UW( UWEC 5 UVq - UWq Uch 5 (A192)
0 0 Usg Ugqge
UBu UBuC UBd UBdC UBe UBeC
Uu=| 0 0 |, Uux=[0 o0 |, Ue=[0 0 ]. (193
Ucu Ugue Uci Ugae 0 0
Upy
UZB = _g/Yvaepa > UZCB = g/YeYW;a 5 (A.194)
_ 8 1 o _ &8 1
Ui = =5 %0, lpa » Uiew = 5%ua” " Cpa, (A.195)
Uss ==& YqY " Gpia » Uz =8'YqY 04 » (A.196)
8 g
UqW = _Eo-étouyvqpial 5 Uch = EO-(leaquPia1 , (A197)
Usec = —ng“qupja , Ujeg = gs}’“Tﬁ Dpja > (A.198)
Usp ==& YuY "upi Ugp = &' Y1 1S, » (A.199)
Use = =81 Tjjup; » Ueg = 81" T} » (A.200)
Uip = —8'Yar " dpi » Ugep = &'Yay"dy; (A.201)
B
Usg = —8sY"Tjjdp; Ugeg = &Y Tjids; (A.202)
Uss =—8'Yer"ep Usp = g'Yr"e, . (A.203)
Matrix Structure
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Uy=|(." " ", Uy=| 2% ™ "9, (A.204)
Ujeg Ujey O Uch Uch Uqcc
Uy, =(Ym O Ui Uy =| s 9 Ui Uy=(Us 00 (A.205)
W UL_lB 0 Uﬁc G ’ v U&CB 0 U&c G ’ ev UéCB 00 ' )
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Appendix B

Supertraces vs covariant diagrams

The construction of covariant diagrams precedes chronologically the method of Supertraces.
The essential difference between these two techniques is the point at which the CDE is applied.
In Supertraces one first makes superdiagrams from the distinct components of the interaction
matrix X and then applies the CDE in the resulting Supertrace. In the Covariant diagrams
approach the components of the interaction matrix are split explicitly into, heavy-only, heavy-
light and light-only contributions. In the resulting trace the CDE is applied and the log-function
is ultimately Taylor expanded. Finally, from the expanded formula one reads the components
of the covariant diagrams in the same manner one would read of Feynman rules and the
covariant diagrams are drawn. All in all Supertraces are a more compact way to present
Covariant diagrams. One can also look at [35] for a more elaborate comparison between the
two approaches.

In Tables B.1 and B.2 we present the relevant covariant diagrams for the Leptoquark Scalar
Action. We have made combinations of matrices, and momentum insertions following the rules
for constructing covariant diagrams in [26]. We have classified them in terms of U, P and Z
insertions. In total we count 60 covariant diagrams.
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B. SUPERTRACES VS COVARIANT DIAGRAMS

o (u?) Q@ © o(uv?)

o(u*) o(uv?)
14
o(zYH) 0(z?) m
s

Table B.1: U and Z only, heavy-light, covariant diagrams contributing to the construction of
operators up to dimension 6. Where S; = 51,5“2, f=4,q,ue,d and V = B,W,G. In total we
count 13 diagrams.

o(U?p) O(U°P)
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Table B.2: Covariant diagrams containing powers of both U and P contributing to operators up
to dimension 6. In total we have 47 diagrams.

To summarize one can now clearly see the advantage of using the method of Supertraces.

From 60 Covariant Diagrams we ended up with 15 Supertrace Diagrams calculated in Sec-
tion 2.2.3.
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Appendix C

Green Basis Operators

The Green basis has been initially developed in ref. [64] and serves as a middle result before
the transition to the Warsaw basis by using the equations of motion of the SM fields. It is useful
because in the Feynman diagrammatic approach it is this basis that the initial calculations are
matched upon. The transition from Green to Warsaw has been also worked out in ref. [64].

In the tables that follow flavor indices are suppressed, greek letters a, 3,y denote SU(2);
fundamental indices while I, J, K denote the SU(2); adjoint representation. Small latin letters
i,j,k denote SU(3), fundamental indices, while capital latin letters A, B, C denote the adjoint
representation of SU(3).

The dimension-5 operator has the same definition in both Green and Warsaw basis:

Hzlpz
e®PeuPrgrga E;ﬁ g,

OVV

Table C.1: Single dimension-5 operator giving rise to neutrino masses after EW symmetry break-
ing.

The dimension-6 operators in Green basis are listed below. Shaded ones are included in
Warsaw basis too presented in Tables 1.1 and 1.2 in the Introduction of this thesis.
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C. GREEN BASIS OPERATORS

X3 X2H? H2D*
Oy | GG, G One GA,GM(H'H) | Opy | (D,D"H)'(D,D"H)
O | GG, G," Oys | GA,GM(H'H) H*D?
Dy | HE W;”Wj P Opw | WLWWH'H) | Oy (H'HoHTH)
Oz | e WPrw,Pws" | Oy | WILWWH'H) | Oyp | (H'DMH)'(H'D,H)
X2D? Oy B,,B*"(H'H) Oyp | (H'H)(D,H)'(DMH)
Oz | —3(D,G*")(DPGA) | Oys B,,BY(H'H) | 0, | (H'H)D,(H'i D *H)
Oaw | —3(DWH)DPW! ) | Opws | W, B*"(H o'H) H®
O | —3(8,B"")(3°B,,) | Oygs | Wi B (H'o'H) | Oy (H'H)?
H2X D>
Owpy | DyW™H(H' DL H)
Oppyy | 8,B**(H'i D ,H)
Table C.2: Bosonic operators in the Green’s basis.
Four-quark Four-lepton Semileptonic
o) @"D@r.a) | Ou | @FOUrL | OF (Cr*0)(@r,q)
0% | @r'o'))@ruo'a) | O | Erte)Erue) | 0F | Ero't)@ruo'q)
O (wy*u)(y,u) Op | y*0)(Ey e) | O, (eyte)(iy,u)
O4q (dy*d)(dy,d) Oed (er*e)(dy,d)
o | @rtu)dy,d) Oge @r'q)(ey,e)
0% | @rTAu)(dy, T d) Ot Ly )y ,u)
oLy @)@ ,u) Ota (er*0)(dy,d)
OB | (qr*Tq)(uy,T"u) Otedq (Ce)(dq)
o | @ty e | @ edeap@w
og? @r*T4q)(dy, T*d) e | € 0" e)eap(@ o ,p0)
Ol | @Weap@d)
ogigd (@ T*weqp(@" Td)

Table C.4: Baryon and lepton number violating four-fermion operators. Generation indices are

Table C.3: Four-fermion operators. Generation indices are suppressed.

B and L violating

gijeap (AT Cul [ (g*) T ClP]
€ijk€ap [(qifx)Tqué] [(uk)Tce]
Eijk€ap€ys (@) Ca ][ (g*)TCLP]

S [(di)TCuj] [(uk)TCe]

suppressed and C = iy?y° is the Dirac charge conjugation matrix.
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’ll)zDS ll)zXD QI)ZDHZ
P — — '(_)
Op | $0{D,D".B}q | Ogy | (@T"QD’GA, | OF) | (@r"q)(H'i D ,H)
0 g{p, 0" B}u | 0L | L@riyiD et | oY @ B HH)
uD 2 [ ’ Gq 2 q Y - q wv 15[(%) q q
i 7 — . ~ / —
Oa | zd{D,D¥.B}d | O | 3@T*y"iD"q)G}, | O (@r"q)3,(H'H)
0 i{p,p", B}t |0 @olyrp*w! | 0¥ | @Golytq)HTiDLH)
iz u / 1= 1 w5yl 1(3) —. 1 F I
Op | ze{D,D".BYe | O, | 3@y i DWW, | 05’ | (@i B'q)H'o'H)
—_ .<_) =7 — .
Y2HD? + h.c. o 3@o’y"i D QW] ngf) (go'y*q)D,(H o H)
—_ -~ — —_— "-<_)
OuHDl (qu)DuDuH OBq (Q‘}’“C])(_a) VBHV OHu (u‘)"u‘l(l)_()H'l D HH)
Ouspz | (@io,,D*WD H | Of | 5(@r*i DBy | O, (@i B u)(H'H)
OuHDB (GDMDMU)H O/Eq %(@”Hl D VQ)BW Ogu (ﬂ}/“u)au(HTH)
_ ~ _ — R
Ounps | (@Duu)D*H | Og, | @T*Y*u)D’G,, | Onq | (dy*d)(H'i D ,H)
— H N
Oanpr | (@D,DMH | 04, | 3@r*y"iD w6, | O, (di P d)H'H)
—. — B ed ~ — o
Oaup2 | (qio,,D*d)D'H O/éu %(uTAy“l D vu)Gﬁv 074 (dy“d)BNHI(H'H)
Odnps (gD, D"d)H OBy (ﬂy“u)(_)é’ "By, OH;zd (_ﬂYMd)(H '(i£>[LH )
Oarips | (@D,d)D'H Oy | @yt 3) "B, | O%) (ErHOH' D H)
Ouin1 (€e)D,D*H o, | 3@iD Wk, | o (Ci P O)(HH)
Oenips | (io,,DF)D'H | Ogq | (ATAyHd)D*GA, | OnY | (Ey"0)3,(H'H)
_ — — — I
Ops | (D,DPe)H | Oy, | 3(dT4*i D "d)Gh, | OF) (Zal(y_“)f)(H'l D'1H)
— — > ~ —.
Ocps | (UDye)D'H | OF %(dT_Ay“l D *d)GA, | O ('O ')
Y2XH + h.c. Oga (dy"d)3"B,, o (EO'I)f“Z)DM((PEUIH)
Ou | @T*a*WHGS, | Opy | 3(dy*i D d)B,, | O, (Ey“%HT iD ,H)
~ —_ «—> ~ -
Ow | (@ w)o'HW,, | Of 3dy*iD"d)B,, | Oy, (e B e)(H'H)
Ous @o*"wHB,, | Oy | Uoy*OD'W., | Of, (ey*e)3,(H'H)
— »y .H
Oac | @0 AHG), | Oy, %(faly“livf)WJv Y2H?3 + h.c.
Ogw | @o*’d)o'HW,, | O %(60_1 i D OW,, | Ouy (H'H)qHu
O4p _(c_la‘”d)HBW O (_6}/“8()_8) "By Oun (H"fH)csz
Ouw (Zcz‘“’e)O'IHWlﬁv Op %({y“i (2) "OB, | O (H'H)tHe
O.p (Eo""e)HB,, | Of s(y*i D 0B,
OBe (EYMe)avBuv
/ 1= ,u-(_>v
O3, 5(er 1(2) e)B,,
1= u: =
(’)%e 3(ey*i D Ve)B,,

Table C.5: Two-fermion operators in the Green’s basis. Generation indices are suppressed.
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Appendix D

Auxiliary expressions from the UOLEA

We append here expressions for the UOLEA coefficients found in eq. (2.49) that arise in case of
possible LQs mass degeneracies. In the mass degeneracy limit, M; = M;, these are well defined
functions, whose degenerate expressions can be found in the original UOLEA, ref. [24]. We
split them as f,, = ﬁ f, listing only fn. We also adopt the notation Al.zj =M 12 —M JZ and
wherever S; = {S;,3,}. The coefficients then read,

6 6 2a72 2 2 4nr2 2 2
s, 2MP+MP +3MEMP(M? —2M7) + M{M? log M? /M,

= , D.1
H 6MZ(A;))* O
5,8, M; o+ AMIMP(1+1log MP /M) + 2M/(log M /M —5/2)

= 2A , (D.2)

1
4 2712 4 2nr12 2 2 2 2
555 _ M +10MEM] + M} M2M; (M7 +M?)logM? /M .3)
12 12(Al.2j)4 2(Al.2j)5 ’ '
4 2712 4 2n 712 2 2
55, 2M{ A SMEME—M MM logM?/M; .4
13 12M2(A%)3 (a2 '
4 2ar2n0 74 2ng2 2772 2 2
w55, M H10MEMPME MEM; (M?M?)log M?/M; D5)
14 6(Ai2j)4 (Alzj)s ’ ’
2 4 2a72 6 6 4 2a72 2
5,55, a5, LBMP(M{+MPMP)—2MP —34M7 (M} +3MZM?)  M; ;
v =hy = 12M2(A2)5 t ey %z 09
2 2 8 8 27712 2 2
5558, s MM, . M —M; M?M?log M? /M )
18 —Jis — 214 20720 A2 )5 235 ’ ’
6(A7)*  12MPMP (A7) (a?)
6 6 2a712 2 2712 2 2 2 2

gossss _ s, _ (MP —M})+9MZIMP(AF) + 6MZIM (M + M?)log M? /M 08
19 19 12M12M]2(A12])5 )
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Appendix E

Semi-numerical expressions of signal
strengths

Here we provide the semi-numerical expressions of the signal strength corrections to the SM, in
the decays and production channels of the Higgs boson, that we have used in this study. Apart
from 5R;HZY and 5R;Hw, which their one loop expressions are considered, found in [129,
130], all other formulas are taken to leading order from [137] and are computed in TeV—2
units. All expressions are given in the input scheme {Gy, My,, M}, the numerical values used
throughout Chapter 3 are,

Gp = 1.1663787 x 10™° GeV 2, (E.1)

My, = 80.385 GeV, (E.2)

M, = 91.1876 GeV, (E.3)

My = 125.25 GeV, (E.4)

M, =172.57 GeV . (E.5)

E.1 Decay channels
_ dg 1 7 $L(3) _ ~9L(3)
8Ry_,pp = —5.050 Cg5 +0.121(C?7 — ZC¢D) +0.0606 (Cisyy —CH " —Cay ), (E6)

1
SRyyw- =—0.0895C* +0.121(C?7 = 2C*) +0.0606 (Cfyp, — cH® 2y ®.7)

1 ¢ ¢
Ry_r: = —11.88C5Y +0.121(C¥7 — 7 C?P)+0.0606(C1y — cH®_cd®y (8
S8Ry 7z = 0.296 (C*"E —C?")—0.197C?* +0.119 C*" + 0.005C%" + 0.181 C5,,
~0.117(c® 4 ¢y, (E.9)

1
Ry = —199.79CS2 +0.121(C7 - 2¢?), (E.10)
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E. SEMI-NUMERICAL EXPRESSIONS OF SIGNAL STRENGTHS

CM

SRpazy = 0.18(CLL,,

—cf@—cd/®)+0.12(c?"—cP)

dg _ cug pu | ~9a(1) _ ~94(3)
—0.01(Cyf — i ) +0.02(Chy' + CHV — i)

2 2 2
+ [14.99 —0.35log “—2} CB— [14.88 —0.15log “—2] cov + [9.44— 0.26log “—2] coWB
W] w u? B p? w
u u
+ [0.10—0.201ogM—V2V] cv - [0.11 —o.o4logM—V2v] L2 + [0.71 ~0.28 1ogM—V2V] cy
—0.01C —0.01CH +..., (E.11)

CM

ORpyyy 0'18( 1221

— P @ —cf/®)+0.12(c?"—2c%P)

e e u¢ d¢ u¢p
—0.01 (c22 +4C +5¢8 20 —3c33)

B 2 2 2
| 48.04—1.071og ‘“—2} CB— [14.29 —0.12log “—2] ctv + [26.17— 0.52log “—2] CcoWP
M M M
L w w w
[ u* | 5 u
+10.16—0.221log — | C" + [2.11 —O.84log—2] CyP + [1.13—0.45 log—z] cyy
M M M
L w4 w w
[ [ p? w v ap
—|0.03—0.01log | C3;' - [0.01 —0.001log M—z} cuv + [0.03 —0.011log M_Z} cd
- w - w w
[ w2 aw w? B w? w
—|0.02-0.01log - | €5 + [0.02 —0.001log M—z} ce— [0.01 —0.001log M_Z] W +....
L w 4 w w
(E.12)
E.2 Production channels
_ d¢ ¢ $LB) | ~OL3) _ ~tt
SRggr = 0.249 C3¥ +0.121C*7 —0.303 C?P —0.129 C3y —0.0606(CY " + Cay  —Cits1),
(E.13)
5Rypr = —0.423 Y1 —0.347¢?1™ 1 0.1005¢97 +0.0826 CLL,, —0.0670 ¢V
—0.0150C%? +0.0126C*"% —0.0107C?% , (E.14)
S8Ry, = 1.950 21 +0.887C#W +0.127 97 +0.0606 CLL,, —0.0303 C9? (E.15)

8Rz, =1.716CP1® 10721 c*W +0.426 ¢%* —0.173¢1 —0.142¢% +0.121 €7
+0.0865 C?% +0.0375 C*? +0.314 C*"® + 0.06045 C.?

1221 >

8R .z = 0.121C%7 —0.122C4Y —0.0606(CH/ ™ + ¢/ — ¢t ) —0.0303CP .
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Appendix F

MSSM Photon-Penguin anatomy

The photon penguin MSSM contributions to the Wilson coefficients, Cy;;, Cyir, Cyr; and
Cygrr, defined in (4.7) are

IJKL _ ~IJKL _ ,2pJI <KL
ClNLL = Cl S = e F)] 6%, (ED)
IJKL _ ~IJKL _ ,2rpJI <KL
CllSkr = Cl5k, = € Flg 651 (E2)

These are the last terms in the rhs of egs. (4.17) - (4.20). Of course the photon penguin does
not contribute to C;y and only gives a lepton flavour universal contribution to Cy through
egs. (4.10)

ACq MO = 2!l o 5KE Ac P =o, (E3)
where in mass-basis
Iyl oyl oo 2y 2 2 2
yL =~ Vduc,LVduc,L 01(mcj’mui) * 3 OZ(mch my,)
1 2¢3

LyJix Sl 2 2 Jix y7Ii 2 2
+3VdDN,LVdDN,LCOZ(mNj’mD,»)+ 3 Cr VdD,LVdD,LCOZ(mG’mDi)

11*

_EYd

. 2
Yy KN N g i 71 [Coz(miv, mi{i_) - §C01(miN, mfii_)] , (E4)

IslJ lis 10 2 2 lix 11 2 2
Yd 19) {ZlR ZlRC()l(mdl, mHlO) + ZlH ZlHCm(mdl,mA?)}

JI Jijs y,Iij 2 2 2 2 2
Fir==VavcrYavcr [COl(mcj: my,) + gCOZ(mcj’ mUl-):|

2

1 i . 2g . .

Sy Ll 2 2 3 Jix /I 2 2
+ 3VdDN’RVdDN,RCoz(mNj,le_) + e Crp VdD,RVdD,RCOZ(mG’mDi) )

1 N N
Jeyl s [ 1ix 1 2 2 Tis 1 2 2
——Y;*Y,6 [21§*21§C01(md1,mH?)+le*le COl(de,mA?)}

6 H~1H
i o0 2
— YlfV*YlfVKNJKNI*ZIZ;*Zél |:C02(m121N, mfz'll_) — §C01(m121N, mIZ_Il_ ] s (F.S)
and Cr = 4/3. The corresponding Feynman rules in the MSSM are [200]:
Iij  _ Tl pdix oyl | pdlyd 5 (J+3)ix 2]
Viger = —K 2,772 + KUY 7 z7, (E6)

Sw
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vd’;jc =Kyl Zie (E7)
j . —e Ii (1 1j ) (I+3)i
1% —— 7 2z sy —ZV ey |+ YIZU 2 (E8)
dDN,L — \/— 25y Cyr 3N w N
—e
Vi = 2= ‘/—Z(’+3)‘z“* +YlzZIiz (E9)
Cw
—. (E10)
Vi e =20 (E11)

The loop functions Cy; and Cy, are defined as,

4 2,2 4 4(o 2 2 2
7m] —29mim; +16m;  m,(2m5—3my) m;

C m2,m2 = + og — , (E12)
o1(my, m3) 36(m2 —m3)3 6(m3 —m3)* gm%
11m% —7m?m?2 + 2m? m$ m2
Cop(mZma)=—"1——12 24 1 __jog—2 (F13)
36(m7—mj3)3 6(m7 —m3)* mj

Our result when translated from external quarks to external leptons agrees with the result of
Ref. [203]. Furthermore, it has been added in the current working version of SUSY_FLAVOR
code. It is very useful to exploit the FET in egs. (F4)-(E5) in order to understand the dominant
contributions.

E1 FET in chargino diagrams

Expanding the chargino-up squark contribution and keeping terms up to 1/ MSUSY, and single
powers of quark masses as well as single powers of My, we get,
e? 2 2
(/1) g == SR KM ME Y [ConIMal?, (M)}, (ML)
Sw
2
+ 2 CoaIM P, (M (MBI |, 714)

while the right-handed (F JI r)c part s of higher order. The abbreviation {x, y} inside a function

denotes a first order divided difference e.g. f(x,{y,z}) = W (see Refs. [186, 203]
for further details and properties).

E2 FET in neutralino diagrams

Expanding the neutralino-down squark diagram to leading order we obtain,

2
e

(7)), = ¥ —— (M) [ Coa(IMa 2, {(MB)] L (MB)], 1)
W

2

+ ECOZ(|M1|2 {(M LL’(M% iL})] P (E15)

(F#)N = 27¢2, (M ik Co2(IM1 12, {(M3)fps (M3)71) - (F16)
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E3. FET in gluino diagrams

E3 FET in gluino diagrams

Finally, expanding the gluino-down squark amplitude to leading order we get,

2

(B} g = 383Cr (MR, Coalme (CMB)] . (MB)], ). (E17)
2 —~

(F%)5 = 585Cr (I Coa(mP (M3 Vi (M3 i) - (F18)

where Cr =4/3.

E4 Charged Higgs diagrams

Substituting the rotation matrices into the charged Higgs contributions, which are the last
terms in (E4) and (E5), respectively, we get,

(F’H ——MKNJKNI*tanZﬂ Coo(m2 ,m? )—%c (m? ,m? (E19)
yL/H™ — 2S§VM5V 02\ Hy 3 01\ Hy 5 L
(F =~ ™ et o g [ coym? )= 260y i (20)
R 052 M2, 028 > Wy 2 301 Ry T | '

2 _ g2 2 2 2
where, mHI =My, +my +my + 2|ul*.
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Appendix G

Auxiliary Functions

We append here relevant loop functions appeared in the text:

2

2 ™
m; logm—’%
> (G.1)

4

Do(my, my, my m4):—Z
) J J 4 2 2

72 Tim g (5 — mz)

m?
4 m;.‘ log —
Dy(my, my, m3, my) =Z 2 21 . (G.2)
j=2 l_[k—l,k#(m] m;)
2
5 m*log —
J mj
Ey(my, my, mg, my, ms) = Z 5 (G.3)
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