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Resumo

Uma abordagem global da fisica para além do modelo padrao

A descoberta do bosao de Higgs representou um momento extraordinario para a Fisica de Particulas,
uma vez que foi a verificacao experimental da ultima peca do Modelo Padrdo. No entanto, a busca por
uma teoria fundamental da Natureza continua, ja que o Modelo Padrao enfrenta ainda varios desafios,
tanto experimentais como tedricos, motivando varias propostas de teorias para além do Modelo Padréo.

0 trabalho desenvolvido na presente tese segue duas direcdes complementares na pesquisa por nova
fisica: uma abordagem motivada por modelos especificos, que tem como objetivo explorar assinaturas
experimentais comuns a varias classes de modelos; e uma abordagem baseada na teoria de campo
efetiva, valida se a nova fisica for suficientemente pesada, em que podemos parametrizar os efeitos de
nova fisica sem ter de especificar nenhum modelo.

Apesar da primeira abordagem abranger, por definicao, menos modelos de nova fisica, & possivel
desenvolver estratégias para que a analise seja aplicavel a varias classes de modelos. Para além disso,
se a nova fisica incluir campos leves, esta abordagem tem necessariamente que ser seguida. No ambito
desta abordagem, consideramos modelos de Higgs composto, em que o problema da hierarquia asso-
ciado ao bosdo de Higgs pode ser explicado considerando que este ¢ um bosao de Goldstone. Estas
teorias compostas prevéem a presenca de novos fermides. Deste modo, desenvolvemos analises para
procurar por leptdes pesados em colisionadores, considerando diferentes decaimentos para 0s mesmos
e estudando a complementaridade entre estes testes e outras observaveis associadas a matéria escura.

Na segunda abordagem, independente de modelos, extendemos os calculos existentes no contexto da
teoria efetiva do Modelo Padrao considerando operadores de dimensao 8. Estes termos sdo importantes
do ponto de vista experimental, ja que algumas observaveis recebem as principais contribuicoes a esta
ordem, mas também porque os coeficientes destes operadores podem ser constrangidos por argumentos
tedricos. Para além disso, estudamos uma extensdo desta teoria efetiva incluindo um pseudo-escalar
leve, motivado pelas teorias de Higgs composto. Finalmente, usamos também a teoria efetiva do Modelo
Padrao para ligar resultados experimentais com nova fisica através da classicacdo sistematica de modelos

que podem gerar os operadores que contribuem para o0 momento magnético anomolo dos mudes.

Palavras-chave: Equacdes do Grupo de Renormalizacdo, Fenomenologia de colisionadores, Leptdes
Pesados, Teoria de Campo Efetiva, Teorias para além do Modelo Padréo



Abstract

A global approach to physics beyond the Standard Model

The discovery of the Higgs boson marked an extraordinary moment in particle physics as the last piece
of the Standard Model was experimentally verified. However, the quest for a fundamental theory of Nature
continues as the Standard Model still faces several challenges, both from experimental evidence and from
a theoretical perspective, prompting the proposal of a tremendous amount of beyond the Standard Model
scenarios.

This thesis follows two complementarity directions in the search for new physics: the first one, the
model-driven approach, requires the selection of a model or class of models and explores their most
unique signatures; the second one, valid if new physics is heavy, is to follow the effective field theory
approach and parametrize new physics effects in a model-independent way.

While the model-driven approach encompasses, by definition, less beyond the Standard Model sce-
narios, we can develop strategies so that the setup is applicable to a wide range of models; furthermore,
if new physics predicts light degrees of freedom, then this approach must be followed. We proceed
with this strategy focusing on composite Higgs models, motivated theories which explain the hierarchy
problem by considering the Higgs as a pseudo-Nambu Goldstone boson. A ubiquitous prediction of the
composite framework is the existence of vector-like leptons. As such, we propose dedicated analysis to
search for these particles at colliders considering a generic setup for their decays and study the possible
complementarity with dark matter probes.

In the model-independent approach, we extend the current calculations within the Standard Model
Effective Field Theory to account for the one-loop contribution of dimension-8 terms. These terms are
important not only from the experimental point of view, since certain observables receive their main con-
tribution at this order, but also because dimension-8 Wilson coefficients are the first ones on which purely
theoretical bounds can be placed. Furthermore, we consider the extension of the Standard Model Effec-
tive Field Theory with an extra light pseudo-scalar, a motivated scenario within the composite framework.
Finally, we use this model-independent approach to connect experimental results with Standard Model
extensions by classifying models which can generate the effective operators possibly responsible for the

anomalous magnetic moment of the muon.

Keywords: Beyond the Standard Model, Collider Phenomenology, Effective Field Theory, Renormali-
sation Group Equations, Vector-like Leptons.
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Resumen

Un enfoque global de la fisica mas alla del modelo estandar

El descubrimiento del bosdn de Higgs representd un momento extraordinario para la fisica de Parti-
culas, ya que supuso la verificacion experimental de la ultima pieza del modelo estandar. Sin embargo, la
busqueda de una teoria fundamental de la naturaleza continua, ya que el modelo estandar todavia se en-
frenta a varios retos, tanto experimentales como teodricos, lo que motiva una gran cantidad de propuestas
de teorias mas allad del modelo estandar.

Esta tesis persigue dos direcciones complementarias en la busqueda de nueva fisica: la primera,
motivada por modelos, pretende explorar las sefales experimentales comunes a varias clases de los
mismos; la segunda, valida si la nueva fisica es suficientemente pesada, consiste en utilizar las teorias de
campos efectivas y parametrizar los efectos de nueva fisica pe manera independientemente del modelo.

Aungue el primer enfoque abarca, por definicion, menos escenarios de nueva fisica, es posible desa-
rrollar estrategias para que el analisis sea aplicable a un amplio rango de modelos. En el marco de este
enfoque, consideramos modelos de Higgs compuestos, en los que el problema de la jerarquia asociado
al bosén de Higgs puede explicarse considerando que es un pseudo-boson de Nambu-Goldstone. Estas
teorias compuestas predicen la presencia de nuevos fermiones. Por ello, desarrollamos analisis para bus-
car leptones pesados en los colisionadores, considerando sus diferentes desintegraciones y estudiando
su posible complementariedad con otros observables asociados a la materia oscura.

En el segundo enfoque, independiente del modelo, extendemos los calculos existentes en el contexto
de la teoria efectiva del modelo estandar considerando operadores de dimension 8. Estos términos son
importantes desde un punto de vista experimental, ya que algunos observables reciben sus contribu-
ciones dominantes a este orden, pero también porque sus coeficientes pueden ser restringidos usando
argumentos tedricos. Ademas, estudiamos una extension de esta teoria efectiva incluyendo un pseudoes-
calar ligero, motivado por las teorias de Higgs compuesto. Por ultimo, también hemos utilizado la teoria
efectiva del modelo estandar para vincular los resultados experimentales con modelos de nueva fisica,
clasificando sistematicamente aquellos que pueden generar los operadores que contribuyen al momento

magnético andmalo del muon.

Palabras clave: Ecuaciones del grupo de renormalizacion, Fenomenologia de colisionadores, Lepto-
nes pesados, Mas alla del modelo estandar, Teorias de campos efectiva
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Introduction

The discovery of the Higgs boson in the Large Hadron Collider (LHC) [1, 2] was one of the most significant
moments in recent history in particle physics. It was the final component of the Standard Model (SM) to
be experimentally confirmed, giving rise to a consistent theory that has proven to be incredibly robust,
finding agreement with experimental results in a wide array of observations.

Despite the success of the SM, it still faces theoretical and experimental challenges to which it does
not provide satisfactory answers. To name a few, the SM does not possess the ingredients to account
for neutrino masses nor the observed dark matter relic density; moreover the SM does not provide a
dynamical explanation for the flavour hierarchy nor to the light mass of the Higgs boson. As a result, an
intense effort in model-building has taken place with different theoretical ideas put forth as candidates
to describe these and other unexplained phenomena and hence constitute the next step towards a more
fundamental theory of Nature.

In spite of the wide motivation to study beyond the Standard Model (BSM) physics, we do not have
a clear indication on what the nature of new physics should be, or, more importantly, at which scale of
energy it should lie. Therefore, given the tremendous amount of theoretical ideas, the pursuit for new
physics must employ a global approach by developing strategies which are able to probe a wide range of
models.

Throughout this thesis we aim to undertake this quest for the search of BSM physics following two
main directions:

1. Look for direct evidence for BSM physics by searching for specific signatures which are theoretically
motivated. This method involves choosing a particular model or signature as a starting point which
inevitably decreases the range of applicability of the analysis. To counter this, signatures which
are prevalent among several classes of BSM scenarios should be chosen.

2. Look for indirect evidence of BSM physics by searching for deviations from the SM predictions.
This can done following the effective field theory (EFT) approach, in which new physics effects are
parametrized in terms of the low-energy degrees of freedom without mention of the UV dynamics.
This method has the clear advantage of being model-agnostic, not requiring a commitment to any



CHAPTER 1. INTRODUCTION

particular theoretical or experimental motivation. However, it is only valid if there is a decoupling

between the scale at which the experiment is taking place and the scale of the UV theory.

Concerning point (1), the hierarchy problem (HP) is one of the main motivations to expect physics
at an energy scale that could be probed by current and future experiments. The HP boils down to the
idea that a light scalar is not natural, that is, its mass is not protected against quadratic contributions of
heavy physics, for instance, BSM physics responsible for the generation of the observed neutrino masses.
These apparently large contributions demand a large degree of fine-tuning in order to explain the observed
light Higgs which, in turn, suggests the existence of some new physics lying at the TeV scale responsible
for protecting the Higgs mass. Composite Higgs models (CHMs) are amongst the most explored of the
hierarchy problem solutions. The core idea is that the Higgs is not an elementary scalar at small distances,
being instead a composite particle. In the CHM framework, the Higgs arises as pseudo-Nambu Goldstone
boson (pNGB) from a spontaneously broken symmetry which allows it to be lighter than the scale of
compositeness. While the simplest versions of CHMs have been pushed by experimental null results to
larger energies (such that they are no longer effective solutions to the HP), non-minimal scenarios are still
viable and they provide the added benefits of being able to account for other unexplained phenomena by
the SM, such as dark matter (DM), baryogenesis, B-physics anomalies, among others.

With this motivation in mind, we aim to follow approach (1) through the lens of CHMs. A particular
signature which is ubiquitous within the composite framework (and also arises in many other models)
are vector-like leptons (VLLs). While their simplest realizations have been studied at colliders, when
considered as part of a complete non-minimal model, VLLs can give rise to different signatures. For
example, through decays to other exotic states that can escape the target of current searches. Moreover,
VLLs can be involved in the generation of a DM candidate or in explaining some flavor anomalies, which
motivates the study of the complementarity between collider observables and other experimental data.

However, the lack of a clear picture on what the next step towards the construction of a more fun-
damental picture of Nature should be leads us to also follow the model-agnostic approach (2), which we
employ within the context of the Standard Model Effective Field Theory (SMEFT). The SMEFT extends the
SM by including higher-dimensional operators built with the symmetries and fields of the SM. We will work
towards improving the SMEFT’s predictions in several directions. Firstly, by considering the non-leading
order (NLO) in the SMEFT expansion, the contribution of dimension-8 operators. This is not only use-
ful phenomenologically, as several observables receive their leading contribution at this order, but also
because dimension-8 WCs are the first ones which can be subject to theoretical bounds, the so called
positivity bounds, which can be used to, under some assumptions, delimit the space of EFTs that can be
completed by a theory in the ultraviolet (UV). Secondly, by extending the SMEFT with extra light degrees
of freedom, which is crucial to describe hierarchical BSM scenarios, that is, new physics which predicts
both light and heavy new particles. Indeed non-minimal CHMs are among those scenarios where, besides
heavy resonances, extra light pNGBs along with the Higgs boson are expected to arise. Finally, we will also
consider the NLO (loop-level) contribution in the matching calculations of UV models to the SMEFT, which



are vital to correctly map the extensions of the SM responsible for generating specific Wilson coefficients
(WCs), namely those which contribute to observables which seem to deviate from the SM prediction.

Our attempt at a global approach to physics beyond the Standard Model is organized as follows.
Assuming knowledge of the main ideas behind Quantum Field Theory (QFT), chapter 2 is devoted to a
brief introduction of the SM and its shortcomings. Due to the importance of collider physics in the search
for BSM, we also introduce collider experiments, the relevant observables they provide and the analysis
setup used. This chapter does not intend to be a review of the topics covered but simply an introduction
to the relevant aspects for the remainder of the thesis. The model-driven approach is given in chapter
3, where we first present the main ideas behind CHMs and realize them within the Little Higgs scenario,
motivating a signature of VLLs with exotic decays. Afterwards we present a study on collider searches for
VLLs with arbitrary branching ratios (including an exotic decay) and explore the possible complementarity
with DM probes. Chapter 4 is dedicated to exploring the model-independent approach following the
SMEFT; we explore the dimension-8 contributions for the SMEFT, namely through the construction of a
bosonic Green’s basis at this order and the calculation of the renormalisation group equations (RGEs) of
the dimension-8 WCs. We also extend the SMEFT with an axion-like particle and compute the RGEs of this
theory. In chapter 5 we use the SMEFT to connect experiment with particular UV scenarios by considering
the measurement of the anomalous magnetic moment of the muon and classifying the SM extensions
which can generate the relevant operators at one-loop. Finally, we summarize and conclude in chapter
6, stressing the main results of this thesis.

Sections 3.2, 4.3, 4.4, 4.5 and 5 are based on works published during the development of this thesis
[3-8].



2

A swift introduction to the Standard Model

2.1 Building blocks

The Standard Model (SM) of particle physics comprises our current knowledge of elementary particles
and their interactions. The construction of the SM is based on its field content, that is, the degrees of
freedom needed to describe Nature, and the symmetries the theory must respect.

The SM is governed by the set of gauge symmetries SU(3)¢c X SU(2); X U(1)y. The SU(3)c
symmetry — called the colour group - describes the strong force, quantum chromodynamics (QCD), with
8 corresponding gauge bosons, the gluons, G;j‘ (A = 1...8). The SU(2) group corresponds to the
weak interaction mediated by the 3 WyA(A = 1...3) gauge bosons, whereas U(1)y is the abelian group
describing the hypercharge interaction mediated by the B, boson.

Matter is, on the other hand, constituted by fermions, which can be divided by whether they are
charged under SU (3)¢ (quarks) or not (leptons). Only the lefthanded (LH) projections of fermions, ¥,
are charged under SU (2)., making it therefore simpler to divide them into their chiralities, defined as
¥ g = PLrY, where Pr g = 1/2(1Fys5). The LH quarks and leptons transform as doublets meaning that
each of them has 2 components, the up- and down-type quarks and the neutrino and charged leptons.
Each of these components has a right-handed (RH) counterpart (singlet under SU(2);) except for the
neutrino. There are 3 families (flavours) of each fermion which differ only in their interaction with the
spin-0 particle of the theory. The up-type quark families are called the up (u), charm (c) and top (t); the
down-type quark families are the down (d), strange (s) and bottom (b). The charged lepton families are
the electron (e), the muon (u) and the tau () and the neutrino families are the electron-neutrino (v), the

muon-neutrino (v,) and the tau-neutrino (v).

The spin-0 boson in the theory has a special role. Because fermion chiralities transform differently,
it is not possible to construct a gauge invariant mass term for them, which is in contradiction with the
observation of massive fermions. The Higgs boson plays the crucial role of generating masses for the SM
particles through electroweak symmetry breaking (EWSB). The Higgs is an uncolored complex SU(2).
doublet which can be written as ¢ = (¢1 + igho, P + ihg) "

4
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Fields (SU3)c, SU(2)1, U(1)y)
G (8,1,0)
Sosons WA (1,3,0)
B, (1,1,0)
¢ (1,2,1/2)
qr = (ur, dp)’ (3,2,1/6)
I = (vi, er)” (1,2,-1/2)
Fermions Ug (3,1,2/3)
dg (3,1,-1/3)
er (1,1,-1)

Table 1: The fields present in the SM and their representations under the SM gauge groups.

In table 1, the field content of the SM and how each field transforms under the gauge groups are pre-
sented. In principle, an infinite number of interactions could be written that respect the aforementioned
symmetries. However, there is one last ingredient to build the SM, which is the principle of renormalis-
ability. The SM is a renormalisable theory in the sense that it contains all the terms needed to absorb any
divergence it generates. In essence, this means that it is limited to interactions of mass dimension < 4.
With this in mind, the Lagrangian for the SM can be written as:

1A a1 1 A A
Lo == 7GAGM" = ZW W — 2B, B" — 0G),G* "
+q7ilqs + 1%L + ulilpufl + d%iPdE + elilped (2.1)

+ (Dup)  (DH9) = gPIgI° - MI* = (515 q dua + i ol + o gl deh +hc)  (22)

where o and S are family (flavour) indices, (/’; = io¢, with o, being the second Pauli matrix, and

Gh, = 3,Gll — 8,GJ + g3 fAPCGRGY (2.3)
Wo, = 9Wi — d, W + ge W W (2.4)
B = 9,B, — 8,B,, (2.5)

where £ABC and ¢9%¢ correspond to the structure constants of SU(3) and SU(2) respectively and g3
and g, are the couplings strenghts of the color and weak interactions respectively.

The SM also contains the QCD 6-term, QGﬁVGA”V, where é{}v = %eﬂmﬂGﬁﬁ and €"7?F is the totally
antisymmetric Levi-Civita tensor. This interaction is a total derivative, however, it cannot be removed from
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the Lagrangian since it is a topological term .

The covariant derivative, which when acting on fermions is given in its contracted form Ip = Dyy",
is defined in the minus-sign convention as:

I A
. .0 A
D, =38, —igYB, — lngW‘uI - 1937GA, (2.6)

where g, is the coupling strength associated with U(1)y, Y is the hypercharge of the particle on which
the derivate is acting upon, o' are the Pauli matrices and A the Gell-Mann matrices.

2.2 Electroweak symmetry breaking

Knowing that A must be positive such that the Higgs potential is bounded from below, then, for a negative
,uz, the potential develops a minimum, resulting in a non-vanishing vacuum expectation value (vev), o,
for the Higgs boson. This originates the spontaneous symmetry breaking (SSB) of SU(2); x U(1)y —
U(1)em Which explains why at low-energies we observe the electromagnetic interaction mediated by a
massless photon.

Without loss of generality, the vev of the Higgs can be chosen to be real and aligned with its lower
component such that:

1 0
¢=$(h+v), (2.7)

where v = \/W and h is the Higgs boson. The choice in Eq. (2.7) corresponds to the unitary gauge,
where by the appropriate rotations, allowed by the gauge symmetry, we remove the remaining degrees
of freedom of the original Higgs doublet as they become the longitudinal components of 3 gauge bosons
which, in turn, become massive [11-13]. Indeed, by taking the kinetic term of the Higgs term in Eq. (2.1)
and considering now that the Higgs acquires a vev results in a mass term for W,} and WH2 and mixing
between the gauge bosons W5 and B:

D) ) > 22 [(W;)Z ()" + (2 W)] 08

where we neglected terms with h. The rotation to the mass basis results in:

M cleis —swB, (2.9)
Ay = 5,W) +¢,By, (2.10)

where ¢,, = cos 8, s, = sin 8, and 0, is the Weinberg angle defined as

1
tanf, = 2*. (2.11)
g2
10ne could think of considering terms of the same form with the other gauge bosons, but these are not physical as they
can be rotated away [9, 10].




2.2. ELECTROWEAK SYMMETRY BREAKING

u ¢ t d s b e u t  Z W' h

Mass (GeV) 0.002 1.27 173 0.005 0.093 4.2 0.0005 0.105 1.78 91.2 80.4 125

Table 2: Approximate mass of the SM particles. Values taken from Ref. [14], where the uncertainties
associated with these quantities can also be obtained.

Applying the rotations to Eq. (2.8) results in the mass terms

1
90 =222 ma=o, (2.12)

Mmy= =
wET o 2

where W= = (W' ¥ W?)2/4/2. We see that the gauge boson A, the photon, remains massless after
EWSB.

Upon considering the redefinitions of the gauge bosons, the covariant derivative becomes (up to the
coupling with the gluon which remains unaltered):

. O-i + .92 03 2 .
D, =09, - 192$Wp— - lc— =~ 55,01 Zy — ig1c, QA (2.13)
w

where we see that g;¢,, = e with e the electromagnetic coupling strength and the electric charge is given
by Q = Tz + Y where T; is the third component of isospin. We also redefined o* = (o! + 02)/2.

2.2.1 Fermionic Sector

Upon EWSB the fermions also gain a mass from the Yukawa sector

1 - N JE—
L = o) (gl + vydfdg + vigefeg + o) (2.14)
2

To move to the mass basis of the fermions, a unitary rotation, U{R,

of each sector f = {u, d,1} such that it diagonalizes the Yukawa couplings:

is applied to each chiral component

Uy UL = diag(yus Yo Y1) (2.15)
ULy U = diag(ya, ys 1) (2.16)
Uly'UL = diag(ye Y yo) (2.17)

resulting in masses of the fermions given by my, = vy‘”/\/ﬁ. The masses of fermions and other particles
are presented in table 2.

These rotations have no influence in the couplings with neutral gauge bosons since their effect is
UﬂU{R = 1. However, the couplings with the W= bosons, after taking into account the covariant
derivative in Eq. (2.13) become, in the quark sector,

M5 —L\/_ﬂLy“ (vruf) duwyt +he., (2.18)
2V2
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where (UfTUI’j’) = Vexm is the Cabibbo-Kobayashi-Maskawa (CKM) matrix which is responsible for
flavour-changing charged currents at tree-level in the SM. In the SM the CKM is a unitary matrix which
can be parametrized by 4 physical parameters, 3 mixing angles, 6;2, 613, 623 and a CP-violating phase,

6. Explicitly,
-i
C12€13 $12€13 S13€
Vekm = | —S12623 — 0123235136"S C12C23 — 3125233136“S $23€C13 > (2.19)
i5 i5
$12823 — €12€23513€" —C12523 — S12€23513€" C23C13
where Cij = cos 91']‘ and Sij = sin 9,‘]'.
In the lepton sector the couplings with the W boson would read:
£ 5 —i\/_m” (vt'uy) mwy +hee., (2.20)
2V2

where we introduced a unitary rotation to the neutrinos ULV. The leptonic counterpart of the CKM matrix
is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, where Uppins = U]fTULV . However, since
within the SM there is no Yukawa term including the neutrinos, we are free to choose U, = UL” resulting
in Upmns = 1. Therefore, there are no flavour changing currents, either charged or neutral, in the lepton
sector of the SM.

Note that even before EWSB there is freedom within the Lagrangian of Eq. (2.1) to rotate I and eg
such that the lepton Yukawa can always be written as a diagonal matrix. In the quark sector, since we
have two Yukawa terms including gz, there is only freedom to take either y* or yd diagonal.

2.3 Shortcomings of the Standard Model

As hinted before, and in the title of this thesis, despite the incredible success of the SM at describing
most of the experimental data to this day, it does not provide satisfactory answers to everything that we
observe, prompting the study of BSM physics. Some of the shortcomings of the SM are:

* Gravity
The SM is incomplete as it does not provide a description of the gravitational interactions and
therefore does not describe all the observed forces.

* Neutrino oscillations

Neutrinos were observed to oscillate between their states in the flavour basis [15-22] implying that
they have a mass. The SM does not include a mass term for neutrinos and as such, explaining it
is among the most important directions for searches of BSM. From cosmological observations the
sum of their masses is bound to be ) m, < 0.12¢eV [23].

8
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¢ Dark matter

The anomalous rotation velocity of galaxies far from their center prompted the conjecture that
there was more matter than what could be seen [24]. Other evidence for this dark matter (DM)
stems from studies on gravitational lensing of clusters of galaxies [25], the observed cosmic back-
ground [23] or the observation of the bullet cluster [26] - see Refs. [27, 28] for a complete overview
on the motivation for DM. However, the SM does not provide a viable DM candidate.

* Baryon asymmetry

Our observations of the Universe lead to the conclusion that it is dominated by baryons instead
of anti-baryons [29]. Sakharov derived 3 conditions which had to be met for baryogenesis [30] to
occur: baryon number violation, C and CP-violation and departure from thermal equilibrium. The
SM alone does not possess these ingredients (for instance, CP-violation present in the CKM matrix
is not enough to generate the observed domination of baryons [31]) and as such, baryogenesis
points to BSM scenarios.

* Hierarchy problem

A scalar can receive contributions to its mass which are proportional to arbitrarily heavy scales
(possibly corresponding to BSM solutions to any of the problems in this list). Therefore, to explain
the observation of a light Higgs boson within the SM, a huge fine-tuning between the bare parame-
ters of the theory and quantum corrections would be needed, deeming the theory unnatural. Note
that if there is no BSM physics, there is no HP.

e Strong CP-problem

From symmetry principles, the CP-violating interaction Géﬁ‘vGﬁv can be written within the strong
sector of the SM. However, from measurements of the electric neutron dipole moment this term is
bounded to be |8] < 107! [32-34]. The SM does not provide any explanation for the smallness
of this dimensionless coupling.

* The flavour puzzle

As can be seen from table 2, the mass of fermions within the SM extends over six orders of
magnitude. This has no dynamical explanation within the SM and it is simply parametrized with
the degrees of freedom of the Yukawa couplings.

* Cosmology

The A-CDM model is currently the most successful at describing the cosmological history of the
Universe [23, 35]. However, some of its important aspects do not find any explanation within the
SM, such as inflation and dark energy (besides the already mentioned DM candidate) [35].
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¢ Flavour anomalies

While not yet a clear indication for new physics since these observations have yet to cross the 50
mark for discovery, recent experimental data regarding lepton flavour universality violation (LFUV)
in B-meson decays seem to point to BSM. Adding to these, a recent measurement of the anomalous
moment of the muon [36] seems to corroborate a deviation from the SM reported in 2006 [37].
Taken together, these two measurements result in a 4.20 deviation from the SM prediction [38].

Some of these shortcomings are a result of direct experimental evidence, such as neutrino masses and
dark matter, while others have to do with the fact that the SM does not explain its parameters dynamically,
such as the flavour puzzle or the hierarchy problem. Looking at the intersection between these two
approaches can be a fruitful direction since many models motivated by theoretical considerations can
provide solutions to other more experimentally driven shortcomings of the SM.

Let us look in more detail at the motivations to explore BSM physics which are most relevant for this
thesis.

2.3.1 The hierarchy problem

To understand why the HP only features in light elementary scalars, let us see what it means for a
parameter to be naturally small.

When a parameter is the sole responsible for breaking some symmetry, which is equivalent to saying
that when we take this parameter to zero a symmetry is recovered, all contributions to this quantity must
be proportional to itself. This is so since we assumed there was no other coupling capable of breaking the
referred symmetry. In this case, it is technically natural for the parameter to be small, following 't Hooft's
criteria [39].

Within the SM, by taking fermion (gauge boson) masses to zero one recovers a chiral (gauge) symme-
try. Therefore, contributions to the masses of these particles must be proportional to themselves and can
consequently be considered naturally small. The Higgs boson mass, on the other hand, is not responsible
for breaking any symmetry that we know of.

The Higgs mass can be written as
my = m) + Smy, (2.21)

where my, is the observable Higgs mass, m?l the bare parameter in the Lagrangian and dmy, the quantum
corrections. If dmy, is very large, then a fine cancelation with mg ~ —d0my, would be required. If there
is no other BSM physics, the Planck scale seems like an unavoidable cut-off of the SM description which
would require a fine-tuning of one part in ~ 10> to explain the observed Higgs mass.

We can see the dependence of the Higgs mass on a scale of new physics explicitly through a simple
example. Consider extending the SM with a heavy fermion ¥ with mass My which, besides its kinetic

10
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term, couples to the Higgs through a Yukawa-like term as Y¢@¢‘P. The contribution of this heavy degree

of freedom to the Higgs mass, calculated in dimensional regularization with the MS scheme, is given by:

3Y1//
= M? 2.22
5mh 167[2 J o ( )

where it becomes evident that the corrections are quadratically proportional to new physics. The same
qualitative result would arise if instead of a fermion we had considered a heavy scalar for instance.
Fine-tuning does not reflect an inconsistency within the theory, but it has served us well as a guiding
light in the recent past by hinting towards the existence of the p-meson or the charm quark for example
[40]. Naturalness principles did not predict an exact value for the mass of a particle, but indicated where
to expect new physical phenomena. Indeed, the HP points to new physics at the TeV scale to protect
the Higgs mass. Two of the most popular solutions to the HP are supersymmetry (SUSY) and composite
Higgs models (CHM); in this thesis we will focus on the latter and introduce the composite framework in

section 3.1.

2.3.2 Dark Matter

To explain the DM evidences with a particle, the SM must be extended with a stable and electrically neutral
candidate. Furthermore, the DM candidate needs to account for the relic abundance observed today [23]:

Qpmh? = 0.120 + 0.001, (2.23)

where Q; corresponds to the ratio between the observed energy density of the component i and the
critical density and h is the reduced Hubble parameter [14]. Let us highlight the main features of some
of the most explored mechanisms to generate the correct relic density.

Consider a DM candidate, y;, with a mass around the EW scale which, in the early Universe, is in
thermal equilibrium with the SM bath through 2 < 2 processes such as y; y; <> SMSM, where SM
corresponds any SM particle. The evolution of the DM number density, n, is given by the Boltzmann
equation:

dn (2 2
o+ 3Hn = (neq _n ) (Gann0) | (2.24)

where H is the Hubble parameter, neq is the equilibrium number density which, for a non-relativistic
species follows neq oc (m,, T) /D e=ma/T) [41, 42], G,yy is the annihilation cross-section, v is the DM
velocity and (- - - ) corresponds to a thermally averaged quantity. When the right-hand side of Eq. (2.24)
dominates, that is, when the interaction rate is sufficiently large, the DM number density tends to its
equilibrium value. However, as the Universe expansion, second term on the left-hand side of Eq. (2.24),
becomes more important, the DM becomes more dilluted and the annihilation process less efficient.
Indeed, when H ~ {oannv) 1, the DM decouples from the thermal bath and its comoving number density
becomes constant and equal to what we observe today. Therefore, knowing the annihilation cross-section
of a given DM candidate, one can solve numerically Eq. (2.24) to calculate the DM present day relic

11
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density. This mechanism for generating the DM relic density is called freeze-out. For weakly interacting
massive particles (WIMPs) that decouple from the thermal bath while non-relativistic, freeze-out occurs at
a temperature Tr ~ m,, /20 [41-43].

Co-annihilation [44] happens when there is a particle, y2, with a similar mass than that of the DM
candidate, y1, which can enhance the annihilation cross-section. The processes which are now relevant
for setting the DM relic density are y; y1 < SMSM, x1 x2 <> SMSM and y;y2 <> SM SM.

A rough estimation of the mass splitting needed for co-annihilation to play a significant role can
be obtained by assuming the same coupling strengths for the co-annihilation and standard annihilation
processes. Considering that, for the two particles to be in thermal equilibrium at freeze-out, we need
my, —my, ~ Tr, and, assuming Tr ~ m,, /20, the resulting mass splittingis A = (m,, —m,,)/m,, =
0.05 [43-45].

If DM cannot reach thermal equilibrium in the early Universe, freeze-out cannot occur and another
mechanism is needed. This can happen in scenarios where DM couples extremely feebly to the SM,
hence why these candidates are called feebly interacting matter particles (FIMP) [41]. In such cases, the
DM initial abundance is assumed to be very small, usually set by an inflationary epoch and its current
day relic density can be set by a non-thermal process such as the decay of a heavier particle, which can
be a SM particle SM — y; y; or another BSM state, y, — x1SM [41]. The relic density also reaches a
constant value when the particle decaying into DM is depleted from the thermal bath.

2.3.3 Flavour anomalies

Recently there have been multiple tests of LFUV which show some deviation from the SM prediction. The
most significant are the measurements of the ratios
() _ BR(B = Ky

= R(*) _ BR(B — D(*)?Vr)
K BR(B — K(ee)

and b = —
BR(B — D™ ¢vy,)

(2.25)

where £ = e, p. RI(:) is related to a neutral b — s transition and happens at loop-level in the SM whereas
RI()*) corresponds to the charged b — ¢ transition which in the SM takes place at tree-level. The combined
measurements of Rp and R}, [46-54] point to a deviation from the SM prediction at 3.10 [55]. On the
other hand, the latest measurement of Rx alone deviates from the SM prediction at 3.1¢ [56] and Ry at
2.50 [57].

Another interesting measurement is the apparent violation of unitarity in the first row of the CKM
matrix, called the Cabibbo angle anomaly (CAA). Measurements of V,,; from the leptonic kaon decay,
K — xlv, are in tension with those obtained when assuming CKM unitarity and taking V,,4 from super-
allowed S decays. These results are quite dependent on the parametrization of the f decays and the
corresponding significance has been quoted as being between 3 and 5 ¢ [58, 59].

Finally, an anomalous magnetic moment of the muon, a,, has been observed in 2006 by the
Brookhaven National Laboratory [37]. More recently, the Fermilab Muon g-2 Experiment has also mea-
sured this quantity [36] and seems to find agreement with the previous observation of a larger value than
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the SM prediction. Combined, these results present a deviation from the SM of 4.2 o with

Aay = a —a™ = (251 £59) x 107", (2.26)

where we used the SM prediction quoted in Ref. [38]. This calculation does not include the latest lattice
calculation of the hadronic vacuum polarization (HVP) contribution by the Budapest-Marseille-Wuppertal
collaboration [60] which seems to alleviate the tension. However, since this new result for the HVP also
introduces tensions in other results such as in the ete™ — hadrons cross-section [61-64], it is commonly
neglected in the literature for now, until the situation becomes clearer.

2.4 Collider phenomenology

Some of the strongest constraints set on new physics come from collider experiments, which consist in
colliding beams of particles and studying the kinematic distributions resulting from these collisions. The
most energetic collider ever built is the Large Hadron Collider (LHC) [65] at CERN, which collides proton
beams at a center of mass energy of v/s = 13 TeV.

A common prediction of BSM theories is the existence of new particles which could in principle be
produced (and decay) at the LHC, which would provide a clear evidence for new physics if ever observed.
Collider experiments are therefore a powerful avenue to test BSM scenarios. The idea is to simulate the
expected result from proton collisions given a benchmark model and compare it to the actual distribution
of data. We dedicate this section to introducing the generic features of colliders and the different tools used
in collider simulations aimed at searching for BSM scenarios such as the ones which we will introduce in
the next chapter.

2.4.1 Features and geometry of a detector

There are 4 main detectors within the LHC:

e ATLAS [66, 67] and CMS [68, 69], multi-purpose detectors which capture particles that fly in all
directions;

e LHCb [70, 71], a forward detector focusing on the study of heavy flavoured mesons;
e ALICE [72], a detector focused on heavy-ion physics.

ATLAS and CMS are the most relevant for this thesis as they are the more suitable to search for heavy
new particles. While the details among the two are not the same, the general setup is similar and we will
not make any distinctions when analyzing the geometry of the detectors.

These detectors are cylinder shaped, with the central axis aligned with the particle beam, the z-axis.
The flight directions of particles resulting from the original collision can be parametrized through the polar
angle, 0, and the azimuthal angle, ¢; see figure 1 for an illustrative diagram of the detector.
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n=2, 0=15°

n=3, 0=6°
n=4, 0=2°

Figure 1: Scheme of a detector [73]. The detector is centered around the beam, the z-axis. The azimuthal
angle, ¢, goes around the beam and is defined as ¢ = 0 in the x-axis. The pseudo-rapidity, n, is shown
as a function of the polar angle, 0.

It is useful to define the angular distance between two tracks AR = +/(A@)? + (Ay)?, where y is
the rapidity defined as
1. E+
S e L (2.27)
2 E-p,

with E and p, denoting the components of the four momentum p# = (E, py, py,p-). In the limit of
massless particles, rapidity is equivalent to pseudo-rapidity, defined as n = —Intan g.

The components of the 4-momentum of particles resulting from the collision can be approximately
reconstructed through the deposit of energy along the calorimeters and through the measurement of the
curvature of the particle’s trajectory due to effect of a strong magnetic field. This curvature also allows
the distinguishing between positively and negatively charged particles.

An important observable which can be constructed from the 4-momentum of the reconstructed par-
ticles for an event (a collision) is the 2-vector missing transverse momentum

Pr=-.p1 (2.28)

where 17%1' = (px py) is the transverse momentum of particle i and the quantity is summed over all
particles in an event. The related scalar quantity missing transverse energy (MET), denoted by Er, is
given by:

Er=1p,). (2.29)

The relevance of this observable has to do with the fact that, since the original colliding particles are
taken to be aligned with the z-axis, the transverse momentum of the initial system of particles is zero. By
momentum conservation, summing all the transverse momentum of the resulting particles should also
give a vanishing result. If that is not the case, then some part of the event must have gone unidentified
such as a neutrino or a BSM particle which did not decay within the detector.

Particle identification is done through the layered structure of the detector: different particles trans-
verse different layers. The innermost layer corresponds to a tracking system which identifies tracks (and
their curvature) from charged particles near the collision vertex. In the next layer, the electromagnetic
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calorimeter, electrons and photons deposit all of their energy. Hadrons transverse into the subsequent
hadronic calorimeter, where they lose their energy. Finally, muons are detected by the outermost layer.
As mentioned before, neutrinos do not interact with the detector leading to large MET signatures. Heavier
particles, such as the top, tau and the massive gauge bosons decay promptly within the detector and can,
in principle, be reconstructed according to the identified decay products.

Quarks and gluons are not identified at the detector level since these are only found within hadrons
(the only exception is the top-quark which decays before hadronizing). Jets are objects created to capture
the collection of particles arising from the same original quark or gluon through hadronization [74]. The
precise definition of a jet is not unique and several algorithms have been proposed in the literature to
characterize a jet. Clustering algorithms consider two distances to define a jet: d;;, a distance between
two hadrons i and j and dj;, a distance from hadron i to the beam. If the former is the smallest, then
the hadrons i and j are combined; otherwise, if d;;, is larger, then the object is taken from the hadron list
and considered a jet [73]. Within this thesis we will use the clustering anti-k; algorithm [75].

2.4.2 Analysis setup

When looking for new physics at colliders, from the theoretical point of view we try to predict some excess
in a particular observable (the discriminating observable) when comparing with the SM prediction. This
way, an experimental analysis can search for that excess which, if found, could indicate BSM physics at
some confidence level.

To study how a BSM model behaves at colliders, the first step is to generate events, that is, use
Monte Carlo simulators to generate the predicted results from proton-proton collisions under a theoretical
scenario. At this level, these results can include photons, leptons, quarks and gluons (or any other stable
BSM state that is included in the model). The properties of the particles resulting from the collision
will follow the probability distribution of the underlying theory. We implement the theory under study
using FeynRules [76] and generate a Universal Feynman Output (UFO) [77] which can then be read by
MadGraph5_aMC@NLO [78] to simulate events following the chosen model. In general we are interested
in a particular final state from the BSM scenario, so the generation of events focuses in those which result
in such final state. Note that we also need to generate the SM predicted events for the same final state,
that is, the background of our analysis.

The hadronization and showering of the generated particles in the previous step is done through
Pythia [79] and is a model-independent computation, following mainly QCD calculations. Finally, the
detector response is modelled using Delphes [80], which parametrizes the momentum and pseudo-
rapidity thresholds for particles to be identified and considers the identification efficiencies (in terms of
these kinematic observables) of a realistic detector.

The final number of events from the signal is typically many orders of magnitude smaller than the
background from the SM. As such, a search strategy with selection cuts on several observables (other
than the discriminant one) must be developed such that these selections reject most of the SM events
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while keeping the majority of signal events. After the optimization of this strategy, a statistical analysis
on the discriminant variable can be performed to bound - or quote a discovery of — the BSM physics

scenario.

2.4.2.1 Statistical tools

The statistical analysis is performed according to the CL; method [81]. This method introduces a test
statistic, Q, defined as the ratio between the likelihoods associated with the signal + background hypoth-
esis (Lg,p) — corresponding to new physics — and the background only hypothesis (L):
Lep(n)

Ly(n) ~

where the likelihood functions are given by L.(n) = P(n|x), that is, the conditional probability for the

0= (2.30)

observed data, n, given a particular theory input x, which is either signal+background, or background
only.
The confidence estimators on both hypotheses are given by

CLs+b = Ps+b(Q < Qobs) s CLb = Pb(Q < Qobs) s (231)
where 0
obs P
Py(Q < Qops) = / @dQ’ (2.32)

and %‘ the probability distribution function of the test statistic for the scenario x (s + b or s).

With this, if we obtain CLg,;, < a = 0.05 for a particular model, this means that such model can be
excluded at a confidence level of CL = 1 — o = 95%. However, when the distributions of P, and P,
are very close, as is the case for very small signal, the CL,,; method can actually exclude models which
it does not have sensitivity to [81]. It is therefore common to normalize CL,,;, by CL;, giving rise to the

CL, quantity: c1
_ s+b

CL, = .
CL,
To concretize the CL; method let us consider a simple case of a single bin experiment, based on the

(2.33)

predictions from the SM and a BSM model. The number of events in the specific bin follows a Poissonian
distribution with expected values s for the BSM scenario and b for the background SM prediction. Starting
from Eq. (2.30), we can write the test statistic in its more useful form, In Q, as:

o-cfinf]

:an:—s+nln[1+%], (2.34)

where n is the number of events observed. Since n follows the same behaviour as In Q (up to a multi-

plicative factor and a shift), for simplicity let us choose n as the test statistic. Consequently:

P, <
CL, = Py (n < nops) (2.35)
Pb(n < nobs)
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If zero events are observed in a bin in which zero background events are expected, then any model which

predicts more than 3 events could be excluded at 95% confidence level, since

CL; =e* <0.05 (2.36)
= 5> 2.99. (2.37)

Conversely, a model which does not predict at least 3 events can never be excluded, even in the best
case scenario of the analysis being background-free.

For multi-binned analysis, we will use the OpTHyLiC [82] tool? to obtain the sensitivity on new
physics following the CL, method. Given a discriminant variable and the signal and background distri-
butions, the program outputs the signal strength modifier p,, = aup/ath, where o"P corresponds to
the maximum cross-section allowed at a chosen confidence level and o' is the theoretical cross-section,
given by MadGraph [78].

%The tool pyhf [83] was also used to cross-check some results.
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3

Model-driven approach

The search for new physics following a model-driven approach requires, by definition, the choice of a par-
ticular model which motivates the phenomenological signature under study. CHMs are good candidates
for such models as they have received considerable attention as viable explanations of the HP [84-88].
Furthermore, in their non-minimal realizations, CHMs can also provide solutions for other shortcomings of
the SM, such as presenting a DM candidate. Motivated by CHMs, we choose to look for vector-like leptons
(VLLs) not only because they are ubiquitous in composite scenarios (and other theoretical frameworks)
but also because they have not yet been extensively studied from the experimental point of view, with
most analysis making strong assumptions on their signature such as considering that they can only decay
to SM particles, which is not in general the case when the VLL is considered as part of a complete model.

With this in mind we will start this chapter by introducing the idea behind CHMs in section 3.1 and
building a particular realization based on the collective symmetry breaking mechanism, the Littlest Higgs
model with T-parity (LHT). Within this model, VLLs are predicted to exist with decays to other exotic
particles. As such, section 3.2 will be devoted to the construction of a collider search strategy to look
for VLLs with arbitrary branching ratios into SM decays and an extra decay channel to another BSM
particle. Note that this analysis can probe the LHT model but it is also applicable to a much wider range
of scenarios. Furthermore, we will also explore the complementarity between collider probes and other
observables in section 3.2.5. Section 3.2 is based in the work published in Ref. [3].

3.1 The composite Higgs idea

CHMs provide a natural solution to the hierarchy problem by considering that the Higgs boson is not an
elementary light scalar, but is instead a bound state of a strongly interacting new sector. The lack of
experimental evidence for such a sector so far points to a scale of compositeness above the TeV. In order
for it to be lighter than this scale, the Higgs is predicted as a pseudo-Nambu Goldstone boson (pNGB)
arising from a spontaneously broken continuous symmetry of this sector.

Considering the Higgs as a pNGB is quite an alluring idea since it finds a clear analogy within the
SM. At low energies, the pion seems to be a light elementary scalar and would therefore suffer from a
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hierarchy problem. However, at smaller distances we find out that the pion is in fact a composite particle
which can be seen as a pNGB arising from the chiral symmetry breaking.

In general, from the Goldstone theorem [89], a spontaneously broken continuous symmetry G — H,
where H is a subgroup of G, implies the existence of massless scalars, the Nambu-Goldstone bosons
(NGBs). These NGBs parametrize the degenerate vacua of the SSB and as such, each NGB is associated
with a broken generator of the coset G/H resulting in n = dim(G) — dim(9H) NGBs. For the Higgs
boson to be explained through this mechanism, the coset G /H must include at least 4 NGBs which must
form a doublet under SU(2).

If part of the original symmetry is local, the NGBs can be removed with the appropriate field redefini-
tions, giving mass to the gauge bosons associated with the broken generators. This process was already
seen in the SM electroweak (EW) transition, in which the SSB SU(2); X U(1)y — U(1)em originated
3 NGBs which became the longitudinal degrees of freedom of the W*, W~ and Z bosons. In general,
taking G as the gauged subgroup of G and H as the gauged subgroup of H, ng = dim(G) - dim(7:()
NGBs are therefore unphysical and n — n, remain in the theory. The effective description of NGBs arising
from SSB follows from employing the Callan-Coleman-Wess-Zumino formalism [90, 91].

The NGBs have an exact shift-symmetry [9, 92] which implies that another ingredient is needed to
describe the SM Higgs, which has shift-breaking couplings such as a mass, a quartic coupling and Yukawa
terms. Indeed, in order to explain the Higgs boson as arising from a SSB, the symmetry must be explicitly
broken so that terms breaking the shift-symmetry can be generated. In this case the NGBs are actually
called pseudo-Nambu Goldstone bosons (pNGBs) as they arise from an approximate symmetry. There
are different strategies on how to explicitly break the symmetry and in this section we will go over the
collective symmetry breaking mechanism, which is at the heart of Little Higgs models [93, 94].

Collective symmetry breaking was proposed as a method to explicitly break the symmetry such that
the common quadratic divergences that generate a mass to the Higgs boson are actually alleviated to
logarithmic divergences. This mechanism naturally accounts for a separation between the EW scale and
the compositeness scale and allows for heavier fields to be responsible for generating the Higgs mass
than in typical CHM scenarios. Note that when we mention quadratic or logarithmic divergences we are
following the nomenclature usually used in the literature which is commonly working with the cut-off reg-
ulator scheme. Statements about these divergences are not scheme-dependent and within dimensional
regularization with the MS scheme (where divergences are subtracted by appropriate counterterms), we
obtain quadratic or logarithmic dependences on the masses of the heavy particles contributing to the
Higgs mass, as we saw in Eq. (2.22).

3.1.1 Collective symmetry breaking

Let us introduce the mechanism of collective symmetry breaking through a toy model [92, 95]. Consider
the spontaneous symmetry breaking pattern SU(3) x SU(3) — SU(2) x SU(2), which gives rise to
10 NGBs. The SSB is triggered by two fields, ¢; and ¢,, which acquire a vev, each responsible for one
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of the SU(3) — SU(2) breakings. The fields can be parametrized as

0 0
pr=el o |, gp=e"| o |, (3.1)
f f

where the Goldstone matrices are given by II;, = nizT“ where ¢ are the NGBs and T¢ the broken
generators of the SSB, and f is the magnitude of both vevs, which, for simplicity, we assumed to be
aligned. Both Goldstone matrices will include a complex doublet under SU(2), h, which we will indentify
with the Higgs:

II; = (3.2)

KT o0

022 h )

where i = 1, 2. We neglected the remaining 6 NGBs since they will either become the longitudinal degree
of freedom of massive gauge bosons or are simply not relevant for the analysis.

The symmetry is explicitly broken by gauging the diagonal subgroup of SU(3) x SU(3), SU(3)p.
The corresponding NGB Lagrangian is given by:

L = |Dug1|* + [Duge|*, (3.3)
such that the gauge interactions between two gauge bosons and two scalar fields are given by
L> |ngy¢1|2 + |92Xy¢2|2, (3.4)

where X, corresponds to the SU(3)p gauge bosons. Under a generic transformation of this symmetry,
U = e*T", the fields transform as [95]:

¢1 — ei(xfTad)l ¢2 — ei(nga()bz Xy — e—i(xaTaXyeia“T“ , (35)

which leaves the Lagrangian (3.3) invariant when af = a5 = a“, as expected.

Let us now consider a scenario in which the second term in (3.4) does not exist, that is g, = 0. In this
case, we must have af = a“ in order to keep the Lagrangian invariant; however, ¢, is free to transform
with a different 3. As such, the theory still possesses an SU(3) x SU(3) symmetry which has not been
explicitly broken. Indeed, each of the terms in (3.3) conserves by itself SU(3) x SU(3). Only when both
terms exist, g1 # 0 and g # 0, is the original symmetry actually explicitly broken to SU(3)p, since in
that case ¢; and ¢, must rotate with the same angle af = a3 = a“. The mechanism through which
more than one coupling is needed in order to explicitly break a symmetry is called collective symmetry
breaking (CSB).

Due to the CSB, any contribution to the mass of the pNGBs must therefore be proportional to both g;
and g,. Diagrammatically, this results in one extra propagator, which generates a logarithmically divergent
contribution at one-loop. This can be seen from the diagram in figure 2. Simply from dimensional
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Figure 2: Diagram contributing to the pNGB mass term in collective symmetry breaking; see text for
details.

analysis this can also be predicted: since any contribution must be proportional to both couplings, it
must be contribution to the quartic coupling involving both fields, |¢f¢2|2,
|¢I¢2|2 = f*- 2f2hTh + - - -. Any contribution to this quantity must be dimensionless and therefore, at

most it can be logarithmically divergent.

which when expanded gives

The CSB method can also be applied in the fermionic sector, by embedding the SM doublet Q; and
an additional top partner, T, ina 3 of SU(3)p, ¥ = (t, by, T). Including also two right-handed fermions
t12, singlets of SU(3)p, we can write the fermionic Lagrangian as

Lfermionic — A1¥¢1t1 + 12¥¢2 t, +h.c.. (3.6)

After expanding ¢, 2, a combination of t; and ¢, will give rise to the SM right-handed top quark and another
combination will correspond to the right-handed counterpart of the top partner.

Following the same reasoning as in the gauge sector, in order to explicitly break the SU(3) x SU(3)
symmetry, both A; and A, must be non-zero. Otherwise, if A1 (A;) is zero, then ¢, (¢1) would be able to
rotate freely, resulting in an SU(3) x SU(3) symmetry. Therefore, any contribution to the pNGBs mass
must once again be proportional to both couplings which generates a contribution at most logarithmically
divergent; see figure 3.

3.1.2 Littlest Higgs

The Littlest Higgs model (LHM) is amongst the most economical and realistic applications of the CSB
mechanism and therefore it has been widely studied in the literature [96-98]. This model predicts that
the Higgs arises as a pNGB after the SSB SU(5) — SO(5) at the scale f ~ 1TeV after a field in the
symmetric representation of SU(5) develops a vev,

0ox2 0 1o
So=fl o 1 o |. (3.7)

Ioxo 0 02x2

We parametrize the resulting 14 NGBs in a similar fashion to what was done before:
3(x) = 23, (3.8)
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A
!

Figure 3: Diagram contributing to the pNGB mass term in the fermionic sector in collective symmetry
breaking.

where IT = 7%T¢, 7% are the NGBs and T the associated broken generators of SU(5).
The source of explicit symmetry breaking comes from the gauging of an [SU(2) x U (1)]? subgroup

of SU(5), whose generators are given by

. > 0 O .
Qil = E 0 0 0 5 Yl = Edlag(37 35 _23 _29 _2) )
0 0 0o
(3.9)
) 0s%s O 0 .
Qs== 0 0 0 | Yp=—diag(222,-3,-3),
2 10
0 0 —o*

where the subscripts 1 and 2 denote each of the gauged SU(2) x U(1).

The spontaneous breaking induced by the vev of Eq. (3.7) results in the breaking of the gauged group
to a single copy of SU(2) x U(1). One combination of the [SU(2) x U(1)]? will belong to the set
of unbroken generators and its corresponding gauge bosons will be identified with the SM ones; another
combination will be found within the set of broken generators and the corresponding gauge bosons will eat
4 of the NGBs becoming massive. The gauge bosons resulting from these combinations can be written

cosa —sina wl B cosa’ —sind’ B!
= LR ) = ", (3.10)
W sina  cosa Wﬂ2 B, sina’  cosa’ Bfl

where tana’ = g,/g; and tan @ = g»/g, with g; and g, corresponding to the gauge couplings of SU(2),

as:

=

and SU(2), respectively and g and g/, corresponding to the gauge couplings of U(1); and U(1),. The
combinations W, and By, are the SM gauge bosons, whereas le and BL are the heavy gauge bosons.
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Finally, the NGBs matrix is given by:

° Ui ot .t ++ . ot
-5 -= % —it= id —i==
2 W20 2 V2
_w_ w0 N oth+in® _iCI)_+ —ip'+p”
V2 2 V20 2 vz V2
— Y. v+h—in® 4 .t o+h+in®
m=| oz ek 4 m ek (3.11)
. —— [N Iy w° n o~
i® i—= iz -£-= -
V2 2 W20 V2
o i®°+dP  o+h—in® ot 0 N
V2 V2 2 V2 2 20

where ¢ = (—iz*, (v + h + i7°)/V/2)T is the SM Higgs and @ is an SU(2); triplet. These pNGBs
remain in the physical spectrum of the theory, whereas w™, wq and  become the longitudinal degrees
of freedom of the heavy gauge bosons.

The presence of CSB can be seen through the way the [SU(2) x U(1)]? generators are embedded
in SU(5). If we take g2 = g;, = 0 (91 = g7 = 0), then the generators Qf (Q7) and Y; (Y2) will commute
with an SU(3) group embedded in the lower right (upper left) corner of an SU(5) matrix. That is, if
only one of the copies of SU(2) x U(1) is gauged, then an SU(3) X SU(2) X U(1) symmetry remains
unbroken which prevents the generation of the Higgs mass. Only when all gauge couplings are taken to
be non-zero is the symmetry explicitly broken to SU(2) x U(1), allowing a mass generation to the Higgs
boson.

3.1.3 Littlest Higgs model with T-parity

Despite its success in explaining a light Higgs boson, the LHM introduces several problems when com-
pared with experimental data [97-99]. In particular, the tree-level exchange of the heavy gauge bosons
generates 4-fermion operators, constrained by LEP data, and also modifies the couplings of the Higgs
boson to SM fermions. Furthermore, this tree-level exchange of heavy gauge bosons as well as a non-zero
vev of the triplet pNGB, @, contribute to electroweak precision observables (EWPQ). All things considered,
Ref. [98] found that the scale f had to be > 4 TeV which would still demand a significant fine-tuning to
account for a light Higgs, going directly against the main motivation of these models.

In order to avoid these tree-level contributions, an additional discrete symmetry can be added to
the theory, known as T-parity [100-102]. The Littlest Higgs with T-parity (LHT) is therefore endowed
with a symmetry under which most of the new particles are T-odd. This T-transformation will act as an
automorphism between the two copies of SU(2) x U(1) such that:

G, — G, . (3.12)

For the gauge sector to be T-even, the gauge couplings must therefore be the same g; = g2 = g and
g, =g, =¢g'. From Eq. (3.10) this results in:
V2o V2 o
23

Wi
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where the W* and B* are T-even and correspond to the SM gauge bosons, whereas W~ and B~ are
T-odd. We relabel the latter to Wy and By to refer to the fact that they must be heavy in comparison with
the former T-even combination. Invariance under T-parity forbids tree-level exchange of a heavy gauge
boson (T-odd) by external SM particles (T-even), therefore relaxing the main constraints on the LHM. Any
contribution of the heavy gauge bosons to electroweak precision observables (EWPQ) can only occur at
loop-level.

On the other hand, the Goldstone matrix can be taken to transform as:

M — —QIQ (3.14)

where Q = diag(—1,—-1,1,—1,—1). This ensures that the Higgs boson is T-even, whereas the pNGB
triplet, @, is T-odd. Consequently, the trilinear coupling H'®H is forbidden, preventing the triplet from
acquiring a vev.

Upon EWSB, when the Higgs acquires a vev, the heavy gauge bosons in their mass basis are given

by:
1 —xp% w3
=( 2 Hf)( H) (3.15)
xHJTz 1 By

oy = 299
4(5¢* - g"?)

Ay

where
(3.16)

Their masses are [103, 104]:

2
My, = Mz, = gf [1 - (%) ] , (3.17)
_9 |, 5 (e)
MAH_\/gf[l S(f)]. (3.18)

For the light gauge bosons, EWSB follows the same procedure as in the SM. Note that Ay is the lightest
T-odd particle (LTP) introduced in the LHT [103, 105, 106] and it is therefore stable, resulting in a MET
signature at colliders. This is relevant since the decay of all T-odd particles follows a chain which always
ends up in the LTP, Ay, and SM particles. Furthermore, given that Ay is neutral, it is also a viable dark
matter candidate. In section 3.2.5 we will study this possibility.

In order to implement T-parity in the fermionic sector we introduce two doublets ¢; (a doublet of
SU(2)4) and ¢, (a doublet of SU(2),) for each SM fermionic doublet. 1; and ¢, are then embedded in
incomplete SU (5) multiplets

YL 0
\Pl = 0 and \PZ = 0 . (319)
0 Var
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Under T-parity, these multiplets transform as
T
‘Pl — QZ()“Pz, (320)

where ¥; + Q>,¥, is T-even and can therefore be recognized as a SM doublet and ¥; — Q3% is
T-odd and is identified with the LH component of a new particle. In order to give a mass to these heavy
doublets we introduce the RH components which will also transform as a doublet under SU(2) giving
rise to vector-like fermions. The RH must be included in a complete multiplet, ¥, which will result in
the introduction of other fields. Details on the phenomenological effects of these extra fields and on the
remaining pieces of the LHT Lagrangian can be found in Refs. [104, 107-109]. While important to
understand the complete framework of the model, these details will not be relevant for the analysis which
we aim to perform in this work.

The heavy femions acquire their mass through the Lagrangian
L8 = —kf (¥2§+¥120§T) ¥ +hec., (3.21)

where & = I/f and transforms under T-parity as & — Q&'Q. The mass of the heavy T-odd vector-
like fermions is given by my,, = \/Ekf [104, 108]. Note that k is not necessarily universal and can in
principle have flavour indices [104].

Within the fermionic sector, CSB is only included for the top quark. This is done by including yet
another pair of heavy fermions, Ty and T3, and including them in the original ¥; » of Eq. (3.19) such that

qiL 0
\Pl = Tl and \Pz = Tz . (322)
0 qoL

The Lagrangian responsible for the mass generation of the remaning fermions is given by

LY :;L\/lifexyzers [(E)x(z)ry(z)sz + (?ZZOQ)x(E)ry(E)sz IR

+Aof (TlLTlR + TzLTzR) h.c., (3.23)

where % L > = Q%2 3,0 and x, y,z and r, s sum over the indices {3, 4,5} and {1, 2} respectively.
The termsin Eq. (3.23) exist for all SM fermions except for the term proportional to A, which is only present
for the top sector to introduce CSB. If only A, is non-zero the Higgs is decoupled from the top-sector; if
A1 is the only non-zero coupling, a SU (3) symmetry remains which would protect the Higgs mass.

3.2 Vector-like leptons with exotic decays

The LHT introduced several new particles, providing a rich phenomenological landscape. Amid the ex-
pected signatures, vector-like fermions (VLFs) are among the most interesting as they are prevalent in
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many other CHMs realizations. For instance, in partial compositeness, the main source of explicit sym-
metry breaking arises from linear couplings between the SM fermions and heavy vector-like fermionic
partners which are therefore crucial in generating the Higgs mass and Yukawa terms [110].

Furthermore, new heavy fermions are well motivated from a phenomenological perspective as they
can function as mediators between the SM and a dark sector [111, 112]; they can help explain the
anomalous magnetic moment of the muon [113, 114]; they can be related with explanations of LFUV
anomalies [115-117] or of the mass generation of neutrinos [118, 119], etc.

For these reasons, the phenomenological implications of VLFs have been studied in the literature,
with a particular focus on vector-like quarks (VLQs) which can be strongly produced at proton-proton
colliders. On the other hand, VLLs have received much less attention due to their lower cross-section
through electroweak pair production. Moreover, their mixing with the SM leptons is constrained by EWPO
[120, 121], reducing the possibility of sizable single-production at colliders. This has resulted in modest
limits obtained for VLLs [122-126] (when compared with VLQs), which is why we will focus on developing
a strategy to probe VLLs at current and future collider experiments.

Within currently available experimental searches for VLLs, these have always been assumed to decay
to SM final states through a mixing term between the VLL and a SM lepton. However, this is not always
the case as, when considering the VLL as part of a fully-fledged model, other predicted BSM states can
drastically change its phenomenology. As we saw in the LHT, T-parity actually forbids VLLs from decaying
solely to SM particles; instead, VLLs decay to the neutral heavy gauge boson, Ag, and a SM lepton.
Taking Ay as the lightest T-odd particle, the pair-production of VLLs results in a signature of MET and
2 SM leptons, similarly to what happens in slepton pair-production [127] (up to the spin of the particles
involved).

More interestingly, in this section we develop a strategy which expands upon these scenarios to
consider a phenomenological setup in which VLLs decay with arbitrary branching ratios (BRs) to Wv,,
Z{, Ht and Apt, where £ = e, u. This general scenario has not been studied in the past from the
collider point of view and is well motivated by LHT with T-parity violation [108, 128, 129] or FIMP DM
models [112]. Nonetheless, given that the results can be presented as a function of arbitrary branching
ratios, the original limiting scenarios such as the SM decaying VLL or the LHT VLL can be easily recovered.

Furthermore, if Ay has a lifetime larger than the age of the Universe (besides being stable at detector
scales) it is a viable dark matter candidate. This is exactly the case of the LHT, in which Ag is stabilized
through T-parity. As such, we will also explore this scenario, studying the complementarity between
astrophysical bounds from DM experiments and collider searches.

3.2.1 Setup

The generic setup consists of a VLL singlet! with electric charge -1, E1 g, and mass Mg, and a massive
vector boson A“H, which is taken to be stable at detector scales with mass My,, < Mg, so that the decay

1As will be noted in the section 3.2.4, results are easily applied to a doublet.
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of E into Ay and a SM lepton is kinematically possible.

To show that arbitrary branching ratios can arise, an explicit realization of our model is given in
Appendix A - details are, however, not relevant for the collider analysis. We will assume that E decays
are given by the branching ratios BR(E — ¢H), BR(E — v,W), BR(E — ¢Z) and BR(E — {Apg),
where ¢ stands for either electron or muon?. These 4 BRs add to unity but are otherwise arbitrary; decays
into SM particles are usually taken to be fixed by the quantum numbers of the VLL but mixing between
heavy states can lead to different decay patterns [133].

We consider Drell-Yan pair production of E. From the possible decay channels, the easiest to detect
are E —> tZ and E — fApg. The decay into v,W is challenging to distinguish from the overwhelming
W + jets background whereas the one into £H suffers from similarly overwhelming backgrounds (and
a small BR of the Higgs to easy to detect final states). Thus, we will focus on the cleaner channels
BR(E — ¢Z) and BR(E — ¢Apg); regardless we will show that our results are mostly insensitive to the
two extra BRs.

There are experimental analyses sensitive to these discovery channels: searches for VLLs which
decay into £Z [124] and slepton searches [127]. We need to recast both since they do not account for
the contamination of the other decay channels in our general setup. We will also update the analysis to
tZ to take advantage of the current higher center of mass energy.

3.2.2 Recasting existing analyses

Given that we aim to interpolate between the cases in which the VLL decays 100% of the time through
the MET channel or 100% to SM final states, our starting point is to reproduce searches for these two
limiting scenarios. For event simulation we follow the approach introduced in section 2.4.2. The VLL
model is implemented in FeynRules [76] and event generation (at leading order) is performed with
MadGraph5_aMC@NLO [78] using the NNPDF23L0 [134] parton distribution functions. Due to the large
statistics required for these analysis, we perform cuts at the level of generation. These cuts (which are
always mentioned along the text) were tested to verify their minimal impact on the final yield of events
after the selection cuts. Showering and hadronization are done using Pythia8 [79], while the detector
response is simulated with Delphes 3 [80]. The default CMS detector card is used for the LHC analysis
and the HL-LHC detector card for the 4/s = 27 TeV. The 95% C.L. limits are calculated following the CL
[81] method using OpTHyLic [82].

3.2.2.1 Decays into SM particles

To explore the limiting case of a VLL decaying only to SM particles we reproduce the analysis in Ref.
[135], an ATLAS analysis performed at v/s = 8 TeV and an integrated luminosity of £ = 20.3 fb™!,
searching for a multi-lepton final state arising from a singlet VLL decaying to Z¢. The production and

2Decays to SM final states with taus have been considered in [130-132].
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Figure 4: Drell-Yan pair production of E (VLL singlet) and the corresponding decay channels.

decay processes are shown in figure 4. The strategy which the analysis follows is to select 2 opposite sign
same flavour (OSSF) leptons that reconstruct a Z boson and a third lepton with a AR < 3 away from the
reconstructed Z boson. We will call this third lepton, which respects the AR condition, the off-Z lepton.
The description of all considered cuts and the corresponding efficiencies are presented in table 3.

The discriminant variable is chosen to be Am = ms, —my,, Where my,, the mass of the reconstructed
Z boson, is subtracted from ms,, the invariant mass of the 3-lepton system. Moreover, signal events will
be distinguished in 3 exclusive signal regions:

* J-lepton (4f) region, in case the event has at least 4 identified leptons;

* 3-epton + jj (3¢ + jj) region, when precisely 3 leptons are identified together with 2 jets, j, with
an invariant mass, m;;, which respect my, — 20 GeV < m;; < 150 GeV, where myy is the W
boson mass;

* 3-epton (3¢) only region, for events in which exactly 3 leptons are identified but which do not fit in
the previous criteria.

The analysis is performed separately for a VLL coupling to first or second generation leptons which
corresponds to the off-Z lepton being either an electron or a muon. The most important backgrounds to

consider are ZZ, WZ and Zy, for which the simulation accurately reproduces the shape presented by the

| Selection Cuts ZZ WZ  Zy
OSSF lepton pair with
|mee — mz| < 10 GeV
Py > 26 GeV 025 0.19 0.0023
AR(Z, off-Z lepton) <3 0.17 0.11 0.0008

0.25 0.19 0.0024

Table 3: Cumulative efficiencies of the selection cuts when applied to the background events for the
analysis done at v/s = 8 TeV. Efficiencies are defined as the number of events selected over the initial
number of events.
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Figure 5: Comparison between the recast of the VLL search and the ATLAS collaboration results. We
show the case of an electron off-Z lepton, with the 1 (green) and 2 (yellow) sigma exclusion region from
our simulation and the expected limit quoted by the ATLAS analysis (solid blue line) and the theoretical
pair production cross section in the dashed red line.

ZZ wZ Zy (x1079)
Selection cuts A B C A B C A B C
OSSFlepton pairwith | o0 095 025 | 018 018 018 | 048 048 048
|mee — mz| < 10 GeV
AR(Z,off—Z lepton) <3 | 0.6 016 016 | 010 010 010 |014 014 014
pf > {80, 100, 120} | 0054 0029 00098 | 0029 0015 00052 | 005 002 001
pP> {20, 40, 60} | 0.054 0025 00073 | 0.029 0012 0.0035 | 005 0.02 0.1
% > {0, 0, 20 0.054 0025 00067 | 0029 0012 00031 | 005 002 <0.01
offZ lepton = ¢ 0029 0013 00034 | 0013 00053 00014 | 0.03 001 <0.01
mr < 160 GeV (31jj) | 0.0079 0.0043 0.0014 | 0.0013 0.0009 0.0004 | 0.01 001 <0.01

Table 4: Cumulative efficiencies of the selection cuts when applied to background events for the new
analysis performed at v/s = 13 TeV. Efficiencies are defined as the number of events selected over the
initial number of events. The regions denoted by {A, B, C} correspond to different values of the mass of
the VLL, {Mg < 300, 300 < Mg < 400, Mg > 400}, in GeV.

ATLAS collaboration. The simulated backgrounds are normalized to the values quoted in the experimental
publication, which amounts to applying a factor between 1.4 and 3.5, which depends on the signal region
and that includes the corresponding K-factor to account for the NLO cross-section considered in the original
analysis. In figure 5 we show the comparison of our 1- and 2-sigma exclusion plot with the expected limit
quoted by the ATLAS collaboration, together with the pair production cross-section of the VLL. This result
is shown for an electron as the off-Z lepton, but the result for the muon case is very similar. The resulting
limit on the VLL mass of Mg > 160 GeV represents a difference of ~ 7% when compared with the one
obtained in the original analysis.
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Figure 6: Limits on the mass of a VLL singlet decaying into electrons (muons) on the left (right) panel at
/s = 13 TeV and an integrated luminosity of 139 fb~! following the improved analysis. We present the
1 (green) and 2 (yellow) sigma exclusion regions and the theoretical pair production cross-section in the
dashed red line.

To study the limits obtained with current data, at /s = 13 TeV and £ = 139 fb~!, we should
take advantage of the higher center of mass energy to impose more stringent cuts, particularly on the
transverse momentum of the identified leptons. Because the pr of the identified leptons in signal events
increases as the VLL mass increases, we have defined 3 clusters of masses to vary the selection threshold
for pr of observed leptons. These are presented in table 4 as well as the efficiencies of all selection cuts.
Following these more stringent selections, we also applied generation level cuts on the Zy background,
simulating events in which the lepton with leading pr respects pr > 62 GeV.

Furthermore, at these higher center of mass energies, almost the entirety of the WZ background
can be removed by applying a cut on the transverse mass, mr, of the reconstructed W boson. The
effectiveness of this cut is a result of the fact that for events from WZ — fve¢, the off-Z lepton is, in
theory, coming from the W decay, whereas all the missing energy of the event, Er, originates from the

neutrino (again in theory). For events arising from the W Z background, we expect to have

mr = \/2 (Erpre — Er-pre) < mw, (3.24)

where pr is the transverse momentum of the off-Z lepton. Therefore, the transverse mass calculated in
this way should, in principle, be at most the mass of the W boson. To retain as many signal events as
possible, this cut is only performed on the 3¢ signal region, where most of WZ background lies. Figure
6 shows the limits obtained with this new analysis. Assuming that the expected background corresponds
to observed data, one could probe a VLL with a mass up to 410 GeV (420 GeV) for the case in which
the off-Z lepton is an electron (muon). Due to this similarity between the limits obtained for electron or
muon off-Z lepton we will only consider the former case from now on.

Despite being developed for a singlet VLL, this analysis can be applied for an SU(2) doublet, L,
of hypercharge —1/2. In this scenario pair production of the neutral component, p p — NN, and
associated production of the neutral and charged components p p — E*N are also relevant. In the limit
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Figure 7: Limits on the mass of a VLL doublet decaying into electrons (or electron neutrinos) at /s =
13 TeV and an integrated luminosity of 139 fb™! following our improved analysis. We present the 1 (green)
and 2 (yellow) sigma exclusion regions and the theoretical pair production cross section in the dashed
red line.

of large masses, and taking the neutral and charged components to have the same mass, the charged
component decays with the same BR to £Z and £H, while the neutral one only decays to vW. Therefore,
the relevant background remains the same and the analysis can be recast, resulting in the limits shown
in figure 7. As expected by the larger cross-section, much more stringent bounds can be obtained when
comparing with the singlet case, with masses up to ~ 820 GeV being excluded.

The CMS collaboration has performed an analysis searching for VLL doublets in Ref. [136] with an
integrated luminosity £ = 77 fb™!. The bound on M; > 790 GeV was obtained in this analysis from the
observed data, but the expected limit, which is the fair comparison to the bound we are able to compute,
corresponded to MszeCted > 690 GeV. Rescaling our results to the same integrated luminosity we find
ML£=77 b~ > 730 GeV, very close to the expected limit in the CMS search?.

3.2.2.2 Decays with missing energy

For the case in which the VLL decays into a SM lepton and MET (originated by Ag in our case), we
consider an ATLAS analysis [137] at \/s = 13 TeV and an integrated luminosity of £ = 36.1 fb~!
searching for pair produced sleptons. The analysis considers the sleptons decaying into a SM lepton and
a neutralino, as shown in figure 8. The analysis strategy is to select events with 2 OSSF leptons (e, p) with
an invariant mass my, > 40 GeV. Several inclusive and exclusive signal regions are defined in which
different requirements are chosen for m,, and the my, variable [138, 139]; mr is called the stransverse
mass and is defined by

mr, = ming, [max(mr(pr1, qr), mr(pr2, Er — q1)] (3.25)

3This analysis targeted tau decays meaning that the comparison between limits is not immediate.
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Figure 8: Pair production and subsequent decay of sleptons, where ¢ corresponds to the charged slepton
and 3? is the lightest neutralino.

Selection Cuts 27 wZz ww tt

OSSF lepton pair ~ 0.33 0.33 0.23 0.53
me>40GeV 031 028 011 053
py >25Gev 031 028 011 053
pp>20GeV 028 026 0095 051
pi7% <20Gev 024 024 0093 013
Py <60Gev 015 014 0.081 0.061
mrz > 100 GeV  0.0064 0.003 0.0002 0.0001
mee > 110 GeV 0.0016 0.001 0.0002 0.0001

Table 5: Cumulative efficiencies of the selection cuts when applied to the background events for the
slepton search [137] done at /s = 13 TeV. Efficiencies are defined as the number of events selected
over the initial number of events.

where pr1,2 denote the transverse momentum of each of the leptons and qr is the vector that minimizes
the maximum value of both transverse masses which are defined as

mr(pr. qr) = V2(prqr — p1qr) - (3.26)

The most relevant backgrounds for this search are diboson processes (ZZ, WW and WZ) and tt.
To maximize the obtained statistics we require 2 leptons respecting my, > 95 GeV at the generator
level in the final state during background simulation. The full set of selection cuts and their efficiencies
are presented in table 5. We considered all signal regions of the original analysis to validate our results;
however, new results are calculated considering only the signal region of m,, > 111 GeV and mpy >
100 GeV as we found the difference when considered all regions to not be significant.

For the validation of the analysis we implemented a slepton-neutralino model and fixed the neutralino
mass to be Mﬁ) = 1 GeV. The obtained results are presented in figure 9, where we show a limit
M; > 565 GeV, similar to the expected limit obtained by the ATLAS collaboration, which was ~ 570 GeV.

Having validated the analysis, we can apply it to the VLL model. Unlike in the purely SM decays

scenario, in this case we have an extra parameter in our analysis, the mass of the other new particle,
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Figure 9: Obtained limit on the slepton mass, M;, for a neutralino mass M P = = 1 GeV after recasting
the analysis in [137]. We present the 1 (green) and 2 (yellow) sigma exclu3|on reglons and the theoretical
pair production cross section in the dashed red line.
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Figure 10: Limits in the Mg — Ma,, plane from the analysis in [137]. The expected limit is given by the
solid black line and green band is the 1-sigma exclusion limit.

M,,,. Different models can predict different values; for instance, the LHT predicts it to be around the the
EW scale, Eq. (3.18), whereas FIMP models require sub-GeV masses [112]. Therefore, for each mass
point of the VLL, we vary My,, from 1 GeV up to the mass of the VLL. The obtained results are presented
for /s = 13 TeV and an integrated luminosity £ = 139 fb~! in figure 10. As expected, a lighter Ay
results in final state leptons with larger pr, which corresponds to points which can be better constrained.
As the difference between the mass of the VLL and Ay decreases, final state leptons become softer and
more difficult to identify. For Mg = 900 GeV the production cross-section is too low to be constrained,
regardless of Ma,,.
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Figure 11: Dependence of the obtained signal strength, u"? = auP/ath, on BR(E — Wv), varying
the remaining parameters. The benchmark masses are Mg = 500 GeV and My, = 98 GeV (Mg =
400 GeV and M,,, = 98 GeV) for the left (right) panels.

3.2.3 Constraints on vector-like leptons with general decays

After verifying the accuracy of our analysis setup, we are now in a position to recast these searches for
arbitrary branching fractions in the different channels. In order to avoid generating signal events for every
combination of BRs, we apply a weight to each signal event according to its generator-level decay. Firstly,
we generate a sample of pair-produced VLLs with BRy(E — Apf) = BRy(E — Zf) = BRy(E —
Ht) = BRy(E — Wv) = 0.25, where the g subscript describes the generated sample. To probe
different BRs, each event is then weighted according to BR},/BRi, where the p subscript represents the
probed BR and the i superscript corresponds to the specific decay — once again note that the particular
decay of each event is determined at generator level and has nothing to do with the analysis itself at the
detector level.

Depending on the particular value of the BR, either the SM decays analysis or the MET search can
be more constraining. However, since these analysis target final states of Ay or £Z, the results are
presented in the BR(E — Agt) vs BR(E — Z¢) plane, while the other BRs are fixed to

2
BR,(E — Wv) = 2BR,(E — H{) = 3 [1—BR,(E — Apt) - BR,(E — Z¢)], (3.27)

which corresponds to the large Mg limit for a singlet if BR(E — Agf) = 0.

We verified that the obtained bounds are relatively insensitive to this latter choice. The dependence
is mainly due to contamination between different channels into the defined signal regions. In figure 11,
we represent the change in the signal strength, p"P, as a function of the BR into Wv, fixing the remaining
parameters for two benchmark points. The signal strength changes at most by 20%, resulting in a relatively
mild effect on the final limit on M.

The final results are presented in figure 12 for two different values of My,, = 1 GeV (left panel) and
Ma,, = 98 GeV (right panel). Both analyses were applied for each BR point, and the most constraining
result was picked. As expected, the effect of the Ay mass is more relevant when the MET signal dominates
and for lighter VLL, as the smaller mass difference results in softer leptons. Even so, the differences
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Figure 12: Bound on the VLL mass Mg as a function of BR(E — Ag¢) and BR(E — Z¢) considering
My, =1 GeV (left panel) and M,,, = 98 GeV (right panel). The limits are shown as contour plots for
fixed Mg in which the regions above and to the right of the lines are excluded. The limits are taken by
applying the analyses described in the previous section with 4/s = 13 TeV and an integrated luminosity
of £L =139 fb7 1.

between the two different M,,, points are minimal. Thus, henceforth we will report results for My, =
1 GeV.

The results are presented as contours for fixed Mg, where the regions above and to the right of the
contours are excluded. The bound for a VLL singlet with SM decays can be obtained by looking at the
vertical axis (corresponding to BR(E — Apgf) = 0) at the relevant (mass dependent) BR(E — Z¥).
The most constraining bounds occur when the BRs are maximized, given the sensitivity of the chosen
searches to these channels. The bounds for these three relevant cases are

405 GeV, [VLL singlet],
Mg 2 { 630 GeV, [BR(E — ¢Z) =1], [Vs =13 TeV, £ =139 fb7!]. (3.28)
895 GeV, [BR(E — tAy) =1],

There is a slight difference between the bound obtained here for the VLL singlet, and the one quoted
in figure 6. This is a result of the fact that here the BR through the channel Z¢ is fixed to 25% whereas
before the BR was set by the couplings and masses of the model (the BR only tends to 25% in the large
mass limit).

3.2.4 Future projections

Figure 12 presented results with current data at the LHC. In this section we explore the reach at the
high-luminosity (HL-LHC) and high-energy (HE-LHC) configurations of the LHC. We will also investigate
the reach of a 100 TeV hh-FCC.

At the high-luminosity phase, HL-LHC, we consider v/s = 13 TeV and an integrated luminosity of
£ = 3 ab™!; we use the same analysis as described previously with the selection cuts detailed in
table 4 and we make sure to generate enough statistics for the chosen integrated luminosity. The result is
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Figure 13: Projected bounds on the mass of the VLL, Mg, in the BR(E — Agf) and BR(E — Z¢)
plane for the HL-LHC. Limits are shown as contour plots for fixed Mg in which the regions above and to
the right of the lines are excluded.

presented, for My,, = 1 GeV, in figure 13, following the same conventions as before. The corresponding
final reach of the HL-LHC in the three most relevant cases are

785 GeV,  [VLL singlet],
Mg 2 { 1090 GeV, [BR(E — ¢Z2) =1], [HL-LHC]. (3.29)
1450 GeV, [BR(E — fAp) = 1],

At the HE-LHC, for which we consider 4/s = 27 TeVand £ = 3 ab™! we can once more impose more
stringent cuts on the different variables, in particular in the transverse momentum of the identified leptons.
For the SM decays analysis, we impose a generator-level cut on all backgrounds of pr > 75 GeV for the
leading lepton whereas for the MET decay analysis, the cut on the leading lepton was of pr > 100 GeV .
We also updated the selection threshold in table 5 to p? > 120 GeV. The results are shown in figure 14.
The estimated bounds for the limiting cases is

1295 GeV, [VLL singlet],
Mg > { 1770 GeV, [BR(E — ¢Z) =1], [HE-LHC]. (3.30)
1965 GeV, [BR(E — tAy) =1],

A detailed study of the reach at the FCC considering the full simulation of backgrounds was beyond
the scope of this thesis. However, with the results already obtained, a simplified extrapolation can be
performed usingthe Collider Reach tool [140]. We verify the validity of this approach by extrapolating
the v/s = 13TeV and £ = 139 fb~! results, given in Eq. (3.28) to the HL-LHC and to the HE-LHC and
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Figure 14: Projected bounds on the mass of the VLL, Mg, in the BR(E — Agf) and BR(E — Z¢)
plane for the HE-LHC. Limits are shown as contour plots for fixed Mg in which the regions above and to
the right of the lines are excluded.

comparing with what we obtained for these future colliders. We find that such an extrapolation agrees with
our detailed simulation within 6%(14%) for the HL-LHC for the SM decays analysis (MET decay analysis)
and within 6%(35%) at the HE-LHC for the SM decays analysis (MET decay analysis). The difference in
regards to the analysis focusing on MET decays drops to 14 % when we extrapolate from the HL-LHC
results instead.

Assuming /s = 100 TeV and L = 3 ab™! at the hh-FCC, we extrapolate the results of Eq. (3.30)
and obtain the results shown in figure 15 and the following bounds:

2525 GeV,  [VLL singlet],
Mg 2 | 3665 GeV, [BR(E — ¢Z)=1], [hh-FCC (extrapolation)]. (3.31)
3330 GeV, [BR(E — fAp) = 1],

The results presented so far are completely general except for the assumption of the production
cross-section of a VLL singlet with hypercharge -1. For the sake of generality, we also provide in figure 16
the cross-sections used for the LHC, HE-LHC and hh-FCC searches so that one can easily translate the

obtained limits to generic VLLs (for example doublets) by rescaling the pair production cross-section.

3.2.5 A dark matter candidate

The collider analysis we performed assumed only that the lifetime of Ag was large enough so that it
was stable at detector scales. However, Ay can have a lifetime larger than the age of the Universe and
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Figure 15: Projected bounds on the mass of the VLL, Mg, in the BR(E — Agf) and BR(E — Z¥) plane
for the hh-FCC. Limits are obtained after extrapolating the previous results with the Collider Reach
tool [140]. Limits are shown as contour plots for fixed Mg in which the regions above and to the right of
the lines are excluded.
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Figure 16: Cross-section of VLL singlet pair production at hadron colliders with /s = 13,27, 100 TeV.
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Figure 17: Relevant processes for the annihilation of DM in the freeze-out scenario.

therefore be a suitable DM candidate. In this case, DM probes such as relic density and direct detection
experiments can be used to further constrain the model.

3.2.5.1 Standard freeze-out

The scenario which we find in the LHT is that of a DM candidate with a mass around the EW scale, Eq.
(3.18). For a DM particle with such a mass it needs a symmetry to stabilize it (T-parity in the LHT),
usually a discrete one, under which new particles are odd and the SM ones are even. In these cases the
VLL decays exclusively through the MET channel explored in the previous section. The relic abundance
of this DM candidate would be set through freeze-out. The relevant Lagrangian to study the freeze-out

mechanism is given by:
1 _
L =—cang’® | V2vhAL Ay, + EhhAf{AHy +qug [Eryutr + hc]JAL +. . (3.32)

where v ~ 174 GeV and we factorized the U(1)y gauge coupling g’ to make the connection with the
LHT model more immediate. In the LHT model ca,,» = 5 and g = 15 [141].

A DM model should predict a relic density equal (Ag accounts for all of DM) or smaller than (Ay is
only part of DM content) the observed value of Qh? ~ 0.12 [142]. The processes which will dominate
the DM annihilation in our model correspond to Ay annihilation to b-quarks, W*W ™ or Z bosons or top
quarks (depending on the mass of the DM candidate) through an s-channel exchange of a Higgs [105].
Annihilation into leptons through the exchange of the VLL can also be relevant. The annihilation diagrams
are shown in figure 17. The relic density calculation will therefore be dependent on the couplings of Ay to
the Higgs and the coupling to the VLL and SM lepton introduced in Eq. (3.32). We will therefore calculate
the relic density for different values of these couplings. Note also that, when the s-channel annihilation is
subdominant, the mass difference between Ag and the VLL is also important.

The computations of the relic density abundance and direct detection bounds are perfomed using
MadDM [143]. Results are shown in figure 18 for a fixed mass of the VLL of Mg = 1 TeV in the
Ma,, — ca,n Plane for different values of gg. The curves correspond to points in which the calculated
relic abundance agrees with the observed value. The region below the curve is excluded as it corresponds
to overabundant DM and the one above corresponds to an underabundant DM candidate, requiring other
sources of DM. For small gi (< 1), the s-channel annihilation through the Higgs dominates; however, as
qm increases, the VLL exchange channel becomes more relevant and a significant rise in the annihilation
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Figure 18: Contours corresponding Qh? = 0.12 for different values of gy and Mg = 1 TeV. The region
below the curves is excluded as it results in an overabundant DM candidate. The grey region is excluded
through direct detection.

cross-section occurs for a g ~ 1.7 allowing for a large part of the depicted parameter space. For large
enough values of g, as the mass difference between the VLL and the DM candidate decreases, the
VLL-mediated channel becomes dominant. The c4,, coupling is also important for the direct detection
as it affects the scattering cross-section with nucleons; the dominant diagram is shown in figure 19. The
corresponding scattering cross-section was computed with MadDM and the excluded region is shown, in
shaded grey, in figure 18 using the XENON1T data [144] (assuming that Ag is all the DM).

Varying qg also affects DM-nucleon scattering cross-section. In principle gy could be responsible
for a photon-mediated 1-loop DM nucleon process. However, as noted in Ref. [145], for a real DM
vector candidate, 2 DM particles and a photon can only couple through a dimension-6 operator, as the
dimension-4 AH#AHVF“V vanishes due to the antisymmetry of F#*. Furthermore, the resulting amplitude
will be further suppressed in the non-relativistic limit. We will therefore neglect these contributions to
direct detection bounds.

The coupling gg is also responsible for generating a contribution to the the anomalous magnetic
moment of both the electron and the muon (depending on which of the leptons the VLL mixes with). The

latest experimental results are [36, 146]

Age = ar® — M = —1.06(0.82) x 1072, (3.33)
Aa, =a,® - aiM =25.1(5.9) x 107, (3.34)

where uncertainties include both the theoretical and experimental parts.
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Figure 19: Relevant process for the scattering of DM with nucleons.

The new physics contribution from a VLL and a heavy vector is given by [145],

2

— € 2 12 2 4 6 8 4 9 3
ar = _487r2r2(1 — r2)4qu [5 — 14r° +39r* — 38r° + 8r° + 18r°In(r )] +0(€e’), (3.39)

where € = m;/Mg and r = Ma,, /Mg and my is the mass of the SM lepton for which the anomalous

magnetic moment is calculated. This contribution has a fixed negative sign and it can therefore not explain
the muon anomaly. Figure 20 shows the parameter space that can account for the apparent anomalous
a. and for which the contribution to a,, is smaller than the combination of the experimental and theoretical
uncertainties. For the muon case, the region above the lines is excluded.
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Figure 20: Region that can account for the a, anomaly for Mg = 500 GeV (green) and Mg = 1TeV
(blue). The limits (2 sigma) from the contribution to a, are shown for Mg = 500 GeV (yellow solid line)
and for Mg = 1 TeV (red solid line). The regions above these lines are excluded.

The relic density results shown in figure 18 reflect a tension between the production of the observed
relic abundance through a Higgs portal and direct detection experiments for a WIMP. This tension can be
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Figure 21: Contours of Qh? = 0.12 for different values of the mass splitting, A. The solid curves

correspond to gy = 0.1 and the dashed curves correspond to gy = 0.2. The region to the right of the
curve is excluded since it results in an overabundant DM candidate. The shaded grey region is excluded

through direct detection.

relaxed if the VLL has a nearly degenerate (but slightly larger) mass than that of Ag. This results in the
regime of co-annihilation [43] which increases the efficiency of the annihilation processes since processes
such as AgE — SM SM can also contribute significantly. These processes will be more relevant as the

mass difference decreases and also as the coupling g increases. From the estimation done in section
2.3.2, the splitting should be A ~ 0.05, where A = (Mg —Ma,,)/Ma,,, for co-annihilation to be relevant.

In figure 21 we show the results for relic density calculation considering co-annihilation. We consider
two values of g = 0.1 (solid lines) and gy = 0.2 (dashed lines) and plot the contours of QA% = 0.12
for different mass splittings. The region to the right of the curves is excluded as it corresponds to an
overabundant DM candidate. Again, direct detection bounds are shown in shaded grey. As expected,
only for A < 0.05 do we observe a significant deviation from the standard annihilation scenario.

To account also for the dependence on g in the co-annihilation regime we present in figure 22 the
Qh? = 0.12 contours in the Ma,, — qu plane, again for different values of the mass splitting, fixing
cayh = 1. Direct detection exclusion is given by the shaded grey region. Before, as we increase A, the
curves collapsed to the non co-annihilating regime. In this case, even though co-annihilation is negligible
for A = 0.05, the annihilation process mediated by the VLL dominates and as such, the cross-section

depends strongly on A, even outside the co-annihilation regime.
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Figure 22: Contours of Qh? = 0.12 for different values of the mass splitting, A, and for a fixed value of
cayh = 1. The region below each curve gives an overabundant DM candidate and is therefore exclided.
The shaded grey region is excluded through direct detection.

The co-annihilation scenario is complementary to the collider analysis explored previously. The small
mass difference between the BSM states results in very soft, and therefore difficult to identify, leptons.
More recently, analyses have focused on these compressed mass spectrums, particularly in the context
of sleptons [147]. These co-annihilation results show that such an effort in the context of VLLs is also

very well motivated.

3.2.5.2 Freeze-in in feebly interacting dark matter

For a very light DM candidate which couples very weakly with other particles, its abundance can be
generated through the freeze-in mechanism [148]. Within our setup, the relic abundance of Ay is set
through the decay of the VLL. Such a possibility has been recently investigated in [112] focusing on the
DM phenomenology, therefore fixing the VLL mass to a conservative Mg = 1 TeV avoiding any collider
constraint. Since the DM is light it can be stabilized kinematically and does not need a discrete symmetry,
meaning that all decay channels for the VLL are available. Let us see if our collider results can provide
any complementary information in this FIMP scenario.

This scenario can be realized by the explicit model shown in Appendix A. The relic density is given by
[112]:

Qh% ~0.12x107° M ( g3 )2, (3.36)
My, \5.3 x 10717

where gy and s are defined in Egs. (A.0.4) and (A.0.7), respectively.
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Figure 23: Contours collider limits, for the LHC with 4/s = 13 TeV and £ = 139 fb~! for models with a
DM candidate whose relic density is set through the decay of a VLL, for different values of the mixing of
the VLL and the SM lepton, s. The region below the curves is excluded by collider searches, either looking
for SM decays (solid) or targeting decays through channels with missing energy (dotted). More details
can be read in the text and in Appendix A.

For each mass point, requiring that Ay corresponds to all the DM, that is, Eq. (3.36) = 0.12, fixes
gy X s. By choosing a particular value s, all BRs of the VLL are therefore fixed, allowing us to use the
collider bounds obtained in the previous section.

These results are shown in figures 23 and 24 for the search at 4/s = 13 TeV and £ = 139 fb™*
and for £ = 3 ab™! respectively. For each mass point, all parameters are fixed in order to explain the
observed relic density, and the region below the curves can be excluded by collider searches. All lines
(one for each value of s) is displayed either with a solid or dotted style, to distinguish between the cases
in which the strongest constraint is a result of the analysis looking for SM decays or from the analysis
searching for the MET signature. This information is important since either E — Z¢ or E — Apf must
be prompt for the collider analysis to be usable. We consider that a flight distance of 1 cm corresponds
to a promptly decaying VLL.

Eq. (A.0.22) provides the minimum s so that E — Z¢ is prompt. Note that for the chosen values
of s, only a VLL that mixes with muons would decay promptly. For E — Apf the value of gy (fixed for
each mass point by requiring the correct relic density) determines the flight distance. For the parameter
space probed in figures 23 and 24, no point corresponds to a prompt decay and as such, we cannot use
directly the bounds obtained by the analysis focusing on the MET signature. A detailed study focusing
on displaced vertices could in principle probe a significant region of the parameter space for this class of

models.
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Figure 24: Contours collider limits, for the LHC with 4/s = 13 TeV and £ = 3 ab™!, for models with a
DM candidate whose relic density is set through the decay of a VLL, for different values of the mixing of
the VLL and the SM lepton, s. The region below the curves is excluded by collider searches, either looking
for SM decays (solid) or targeting decays through channels with missing energy (dotted). More details
can be read in the text and in Appendix A.

3.2.6 Next steps

As we saw in section 3.1.3, most of the new particles predicted in the LHT were T-odd. An exception to
this are the top partners, T; and T, introduced in Eq. (3.22). Similarly to what happened to the doublets
introduced in Eqg. (3.19), a linear combination of the top partners is going to be T-odd and the other one
T-even [103]. This has important phenomenological consequences since the T-even top partner, T, can
be singly produced at colliders.

While pair production of VLQs is more appealing due to its model-independence, as larger masses
of VLQs are probed, attention has shifted towards the study of single production [149-152]. The ATLAS
analysis of Ref. [153] studied the single-production of a VLQ which decayed to a SM final state with a
signature of a SM top and MET. This signature was assumed to result from T+ — Z(vv)t. Within the
LHT this signature would also arise but with a different twist. Instead of decaying directly to SM particles,
T can decay to its T-odd partner T~ and the lightest T-odd particle, the gauge boson Ag [103]. The
T-odd partner would then decay to another Ay and a SM top [103] resulting in the signature explored in
the ATLAS search Ref. [153].

Following the spirit of the VLL search proposed in the previous section, in the future we aim to recast
the analysis of Ref. [153] parametrizing the decays of the VLQ so that it can be applicable to a wider
range of models, including the LHT scenario.
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Model-independent approach

4.1 A brief introduction to Effective Field Theories

The fundamental concept behind effective field theories is the idea that physics at different energy scales
decouples. That is, the description of physical observables at a given energy does not entail the full
knowledge of the underlying theory at much higher energies. While apparent in classical mechanics, this
statement is more subtle in QFT where loop integrals involve different energy scales; however, it has been
proven in the context of QFT through the Applequist-Carazzone decoupling theorem [154].

From this decoupling it follows that, making only use of degrees of freedom present at an energy scale,
p, we can describe an experimental observation taking place at that energy, effectively integrating out any
heavy fields — by heavy we mean that their mass is much larger than p. The information on the interactions
of these heavy fields is given by the full theory, a theory needed to describe physics in the ultra-violet (UV).
Integrating these heavy fields out results in p/A suppressed contributions, with A representing the high-
energy scale (which can be understood as the mass of these heavy fields). Expanding these contributions
in powers of p/A results in local effects captured by the low-energy theory, the Effective Field Theory
(EFT) [9]. The EFT description is therefore only valid when p < A.

In chapter 3 we followed the approach of looking for BSM physics by considering direct evidence from
the production of new particles at the LHC. That is, we considered that current or future experiments had
enough energy to produce BSM particles on-shell. On the other hand, following the EFT approach which
is only valid description at energies much lower than the mass of the BSM particle, we are actually looking
for deviations on low-energy observables from the SM predictions. These deviations are suppressed by
powers of the scale of new physics and as such, experimental precision must overcome this suppression
to observe them.

Furthermore, regardless of how general we aimed to be, in order to proceed with a direct search for
new physics we had to make bold assumptions on the nature of the BSM theory - in our case we focused
on signatures from CHMs. Since the EFT description is built from the low-energy degrees of freedom,
we can construct all allowed operators (respecting the symmetry considerations of the low-energy theory)
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without any mention of the underlying UV theory. In this way we are searching for new physics in a model
independent fashion; there is no need to assume a particular UV model, allowing us to probe a wide range
of BSM physics.

A prime example of the use of EFTs in particle physics is the Fermi theory. Without knowledge of any
particle other than leptons, Fermi’s theory accurately describes the muon decay to an electron and two
neutrinos by parametrizing it through the 4-fermion contact interaction

Lr = ~Gr(Yay" Puy) ey Pun) (4.1.1)

where Gr is the Fermi constant. Nowadays, with experiments taking place at higher energy scales, we
know the muon decay is actually mediated by the W-boson. Eq. (4.1.1) is the effective description of the
process after integrating out this boson, and Gr is set by enforcing that the Fermi theory reproduces the
SM prediction at a particular energy scale. In this effective approach, Fermi's theory parametrized the
effects of a new heavier particle much before experiments could probe it directly. Hopefully, we can do
the same in the near future.

4.1.1 The Standard Model Effective Field Theory

As extensively pointed out in previous sections, there are several reasons pointing towards the existence
of BSM physics. The lack of evidence for physics BSM seems to point to two possibilities: either new
physics is light and couples feebly with the SM or it is heavier than the energy scales current experiments
have been able to probel. In the latter case, a decoupling between the EW scale and the scale of new
physics, A, is present and, as such, the SM can be considered an effective theory, the Standard Model
Effective Field Theory (SMEFT) [155].

The SMEFT is constructed with the degrees of freedom of the SM and extends the SM Lagrangian
with local operators which parametrize the effects of high-energy physics:

(5) (6)
LSMEFT _ M LT + f\_z +O0(1/A) (4.1.2)

where £ are the d-dimensional components of the Lagrangian. £(9 is composed by all Lorentz and
SM gauge invariant operators at mass dimension d, Ol.(d), each multiplied by an arbitrary dimensionless
coefficient ci(d), denoted as Wilson coefficient (WC). In principle, the Lagrangian of Eq. (4.1.2) contains

infinite terms since terms with increasing mass dimension can always be written; therefore, in order to

1We can also have a combination of the two scenarios, for instance, pNGBs originating from a ~ TeV scale spontaneous
symmetry breaking which can be naturally light. This is the case of non-minimal CHMs.
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make use of this effective description, an order up to which effects will be considered needs to be chosen.
Commonly the order at which the effective expansion is truncated is related with the experimental precision
of the process we are interested in describing; as more precise measurements arise, more orders can be
included in the expansion. Therefore, once the truncation order is fixed, the SMEFT is a renormalisable
theory since all higher-order counter-terms are neglected.

At dimension-5 there is only one operator, the Weinberg operator [156],
Ls = ¢V H(L)(LH) +hc., (4.1.3)

which is a lepton number violating (LNV) interaction. This operator could be responsible for generating a
Majorana mass to neutrinos, with a high-energy scale A ~ 10'* GeV for c® ~ O(1) in order to comply
with the bounds on neutrino masses.

The leading contribution from non-LNV new physics arises at dimension-6. Contributions at this order
have been widely studied in the literature [155]. The minimal set of operators to describe physics at
this order, comprised by 59 operators (neglecting flavour), is given in the well-known Warsaw basis [157],
presented in tables 6 and 7. This is not a unique basis, different sets of operators could have been chosen
[158-160]; however, the Warsaw basis has been by far the most used in the literature and the one we
will use throughout this thesis.

Knowing the SMEFT Lagrangian at order O(1/A?), its contributions to observables at this order can
be calculated. In this way low-energy experiments can provide bounds on the WCs of the operators of
the chosen basis, without any mention of the particular dynamics of UV physics. This approach which is
focused solely in the EFT is called the bottom-up approach.

Despite the model independence which characterizes the EFT approach, at some point it might be
pertinent to trade this description by a specific model. This is particularly relevant in case a set of WCs is
preferred to be non-zero by experimental data; the next question to answer would be about the nature of
the UV physics responsible for generating those WCs. We can trade the generality of the EFT description
by a particular UV model by requiring that the EFT reproduces the results of that particular UV theory at
low-energies (within the range of validity of the EFT), effectively writing the WC in terms of the parameters
of the UV theory. This is achieved through matching, which we will go into more detail in section 4.1.2. In
essence this allows the translation of bounds obtained on WCs onto the parameter space of the parameters
of a more complete theory. The study of the connection between the EFT description and particular SM
extensions is called the top-down approach. Results for the matching at tree-level onto the SMEFT (for
generic UV extensions of the SM) are given in [161].
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Class Operators Operators
(LyulL) (ery*er) O (qLyuqr) (ery*er) Oge
- - Iuyuli) (agy*ur) Oy ILyulL) (dry"dr Ou
(Yey1) (Yrye) eyl ) o _ Uupds) { o ) 0
(qryuqr) (@ry"ur)  Ogu (qryuTaqr) (ary"Taur) ~ Ogu
(Gryuqr) (dry*dg) O;;) (GyuTaqr) (dry*Tadr) O;fl)
) ] (Lyult) (Ly*It)  Ou
(Yeyr) (Yoyr) (Gryuqe) (Gy"qr)  OL) (q_LYpUaQL) (Gy"ouqr)  OL)
(LyulL) (qy*qr) Ol(ql) (ILyuoals) (Gry*oaqr) Oz(;)
(e-RY,ueR) (er Y’ueR) Oee
- - (ryuur) (dgy*ur) Ouu (dry,dr) (dry"dr) Ouq
YrYR) (YRY, _ _ -
) (Jd) (aryuuz) (dry"dz) O.) (ary,Taur) (dry"Tadg) O\
(eryuer) (dry*ur)  Oeu (ery,er) (dry"dr) Oeq
(Veyr) (Yryr) (lLer) (drqL)  Oteag
- n (quug) ioy (qudp)™ O (qrTaug) icz (G Tadg)”  O%)
(Vryr) (Y1yr) ST ? 4 - o N\T T
(ILer) ioz (GLur) lequ (lLover) ios (Gro* ug) Olequ
easc (d54ub) (g6 lelL) Ouugq
Baryon number violating cABC (qL qug) ( R) quu
eac (d54uB) (@5 er)  Oguu
€aBc(i02)as(i02)py ( CAo‘qfﬂ) (‘Ccyl5) Ouqq

Table 6: Four-fermion operators of the Warsaw basis. We follow the notation of Ref. [161] and adapt the
tables therein. Flavour indices are absent.
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Class Operators Operators
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¢° (¢¢)’ Oy
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¢TGAHGAR Oy ¢T PG, GAM Oy
¢2¢3 (¢T¢) (ZL¢6R) Oe¢ N
(#79) (@rgdr)  Oug (67¢) (@dur)  Ou
(l_LO'#VeR) ¢~pr OeB (l_LO'”VeR) O'agZSNW;V OeW
¢2X¢) (C_]LU'UVUR) QbByv OuB (qLGpvuR) 0a¢%av OuW
(qLo""dr) $Byy  Oup (qro*Vdg) c’¢Wy,  Oaw
(GLo*"Taur) Gy, Ouc (qLo*"Tadr) $Gyi,  Ouc
(¢"iDy9) (Ly'l) O (¢'iD,¢) (Ly'ou)  OF
¢2¢2D (¢TiD,u¢) (ery*er) O¢e .
(¢7iDu$) (@uy'ar) Oy ($iD,$) (@uy'ouqr) O
(¢"iDup) (ary*ur) Ogu (¢7iD,¢) (dry"dr)  Opa
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Table 7: Bosonic and 2-fermion operators of the Warsaw basis. We follow the notation of Ref. [161] and

adapt the tables therein. Flavour indices are absent.
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Due to the different energy scales at play in the EFT description, the knowledge of how the WCs
evolve with energy is fundamental; this evolution follows the renormalisation group equations (RGE),
whose calculation we will go over in section 4.1.4. Indeed, a significant amount of work has been done
in the computation of the RGEs of the SMEFT, in particular at dimension-6 [162-167].

The full power of the EFT approach can be seen when we combine these approaches: (1) The bottom-
up approach allows us to set experimental constraints on the WCs in a model-independent way; (2) Using
the RGEs, the value of the bounded WCs at the experimental scale can be calculated at any other energy,
namely at the matching scale; (3) Knowing the matching conditions of a particular UV theory to the SMEFT,

the bounds on the WCs can be traded by constraints on the parameter space of our favorite model.

An advantage of this setup is that each step can be worked on separately, and the loss of generality,
that is, the commitment to a particular UV model only occurs in step (3).

In this thesis, works which tackle each of these 3 steps are presented with the aim of extending the
current knowledge of the SMEFT. Before delving into the details of these works, let us present some of

the theoretical framework needed to do those calculations within the SMEFT.

4.1.2 UV matching

Trading the arbitrary WCs of the EFT by the parameters in a particular full theory is done by requiring that
the EFT reproduces the results of the UV theory at some energy scale. We mentioned an example of this
procedure in the Fermi theory in which, in order to set the value for G, the muon decay calculated at
a determinate energy scale through the EFT 4-fermion interaction and through the W-boson exchange in
the full theory had to match.

In general, this matching can be achieved at the level of the Green’s functions, by requiring that the
Green’s functions with light external particles are the same in both theories. This amounts to equating
the light field dependent part of the generating functionals of both theories:

ZJg Jo = 0] = ZegrlJgl (4.1.4)

where Jy (Jo) is the source term for light (heavy) fields. Respecting this condition corresponds to cal-
culating the one-light-particle irreducible (1LPI) diagrams in the full theory for a particular process, and
matching them to the EFT 1Pl diagrams of the same process, effectively setting the WCs matching con-
ditions at a particular energy scale. This is called off-shell matching.

The condition above can be further relaxed; since we are interested in observables and not exactly

in Green’s functions, the EFT can instead be required to reproduce the same S-matrix elements as the
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full theory in its regime of validity. For this calculation, we now need to compute all connected and
amputated diagrams for a given process for both theories and equate the results to obtain the WCs
matching conditions at a given energy scale. In this process, the external light-particles are on-shell and
therefore this is called on-shell matching.

From the LSZ formula, it can be seen that S-matrix elements are invariant under non-singular field re-
definitions [9, 168, 169]. As such, one can greatly reduce the number of operators in the EFT Lagrangian
needed to reproduce the full theory by applying appropriate field redefinitions. The operators which can
be removed by the use of field redefinitions are called redundant, whereas the remaining ones compose
the physical basis of effective operators. We will go over the removal of these redundant operators in
more detail in the section 4.1.3.

Since the end goal of any EFT calculation is to calculate observables, any obtained result can be
translated into the physical basis through field redefinitions. Given its minimality it is actually preferable
to work with a physical basis and that is why most results at dimension-6 are quoted in term of the WCs
of the physical Warsaw basis.

At first sight it might therefore seem counter intuitive to perform off-shell matching if results from on-
shell matching are directly obtained in terms of the minimal set of WCs. However, from the computational
point of view, on-shell matching demands the calculation of more diagrams, whose number scales much
faster as we go to higher dimensions with more external legs when comparing with the 1LPI calculations
of off-shell matching. On the other hand, the main argument against off-shell matching is that it requires
the knowledge of a larger set of operators — and how they are reduced to the minimal physical basis —
which are not trivial to construct; however, this work only has to be done once for a given EFT.

For these reasons, unless stated otherwise, in this thesis all EFT calculations will be done off-shell
and only at the end will we trade the redundant operators for those in the physical basis.

4.1.3 Constructing a minimal basis

When building the basis of EFT operators with which we perform calculations, we want to work with the
most minimal set of operators possible, that is, the smallest set of parameters which are independent
among themselves. There is no physical issue with working with an over-redundant set of operators,
however this just adds undesirable complexity to the computations.

When performing off-shell calculations, operators are related by algebraic or group-theory identities
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and also through integration by parts (IBP)2. The minimal set of operators that can be built with the low-
energy degrees of freedom which are not related through IBP or other identities is called the Green’s
basis.

As mentioned in the previous section, if we are interested in calculating observables, Green’s basis
operators can be further reduced through appropriate field redefinitions. The remaining more minimal
set of operators composes the physical, or on-shell, basis.

Let us illustrate this with a simple example of an EFT of a real light scalar, ¢:

. ? NOREEENO
L= 209" - 7¢2 - ¢t + ﬁ(/’)é + ﬁ(ﬁ&zqﬁ +O(1/AY), (4.1.5)

where, for simplicity, we imposed a Z, symmetry, so that only even powers of ¢ exist, and we only
considered 2 effective operators.

Knowing that observables are invariant under field redefinitions, we can apply the redefinition ¢ —
¢ + %43, such that

k
L £+F¢3 (—9* —m? — 42¢%) ¢ + O(1/AY). (4.1.6)
By taking k = céé) we can remove the operator ¢39%¢ of Eq. (4.1.5), which is therefore a redundant
operator. The Lagrangian would now be given by:
(6) (6) (6)
1 m? c c c
L= 20,p9"¢ - 7¢2 —|1- %mz Pt + # -~ 4&% ¢ +O(1/AY), (4.1.7)

where it can be seen that, besides removing the redundant operator, contributions to the other non-
redundant operators are also generated.

Note that the quantity within the parenthesis in Eq. (4.1.6) is actually the EOM of ¢, obtained with
the dimension-4 operators of Eq.(4.1.5); indeed, performing a field redefinition such as

¢ — ¢ +kF(9), (4.1.8)

where F(¢) is a function of fields and derivatives, is equivalent to adding a term to the Lagrangian
proportional to the EOMs, or analogously, to applying the EOMs on redundant operators. This statement
is only true up to higher-order effects [170], that is, up to O(1/A*) in the example above.

2This is due to the vanishing of total derivatives when we integrate over space-time taking the limit of fields going to zero
at infinity (only valid up to topological effects).
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Indeed, in Eq. (4.1.6) we only showed explicitly the effects of the field redefinition when applied to the
dimension-4 terms; when applied instead to the dimension-6 operators it generates contributions linear in
k but of O(1/A*). These effects would not be captured by simply using the EOM of dimension-4 terms
but instead the EOMs of the dimension-6 Lagrangian would need to be taken into account. However, even
when using the higher-order EOMs, we would not capture the quadratic terms on k, which once again,

since k is suppressed by 1/A? in order to remove an effective operator, would only show up at O(1/A%).

Let us make more explicit the origin of these k? terms by considering the mass term of Eq. (4.1.5)
after applying the field redefinition of Eq. (4.1.8) where, once more, F(§) = ¢°:
m? m? k m? k?

2 2 2 4
AR ARy vy

¢, (4.1.9)
where we wrote k as k/A? to make the mass dimension clearer. The last term cannot be reproduced by
the use of EOMSs, either at dimension-4 or at dimension-6. The only way to get a contribution proportional
to m?/A* would be to apply the EOMs to a redundant dimension-8 operator, such as ¢°8?¢; however,
this term would be proportional to the WC of the redundant dimension-8 operator, whereas k is fixed to
remove a dimension-6 term (k = cgﬁ) above); therefore applying EOMs would not reproduce the result of
(4.1.9)3. This fact that EOMs and field-redefinitions are only equivalent at leading order has been recently

studied in [170].

However, in the case of one-loop computations — as is the case of a RGE calculation —, in which the
redundant WCs are suppressed by a loop factor, quadratic effects on k are formally a two-loop effect. If
we are limiting our computation accuracy to one-loop then we can safely use EOMs to remove operators.
This is not the case for the calculation of the matching conditions of a UV extension onto the SMEFT
which involves also tree-level contributions. There are no clear reasons why quadratic terms in k could
be neglected which invalidates the use of EOMs in favour of using the sometimes cumbersome field
redefinitions.

4.1.4 Renormalisation Group Equations

As has been pointed out throughout this chapter, EFTs deal with several energy scales, namely, the scale
at which the EFT is matched to an underlying UV completion and the energy scale at which experiments
to probe WCs take place. Therefore, for a coherent analysis, it is paramount to take into account how the
couplings of the SMEFT theory evolve with energy. This knowledge is important when we want to combine

3Note that in order to remove the term ¢(®) /A%$>3%¢ from the Lagragian, a different field redefinition like Eq. (4.1.8)
would be needed, where k would be of order 1/A*.
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experimental measurements at relatively different scales, for instance, bounds associated with B-meson
decays with probes of EWPO, or when we want to translate the bounds obtained in a global fit to limits
on the couplings of specific models at their matching scale. The evolution of the theory couplings with
energy is encoded in the RGEs; let us look at how to calculate them.

We perform calculations in the dimensional regularization scheme, where the dimensions of the theory
are analitically continued to d = 4 — 2e and divergencies appear as 1/e-proportional terms from loop
diagrams. Within the MS scheme, these divergences are subtracted by introducing counterterms with
the appropriate coefficient (and loop-suppression factor) in order to cancel the generated divergency,
producing finite results. These counterterms can be seen as arising by a rescaling of the fields and
couplings on the original Lagrangian, the bare Lagrangian.

Let us show this more explicitly with a simple example of a theory of a massless real scalar, ¢, with
an assumed Z,-symmetry where we rescale ¢° — /Z;¢ and the quartic coupling 1° — Ay Z;:

L= (3,4")(0,9°) + 2°(4°)*
= (9u9) (3ud) + AP + (Zy — 1)(9u9) (9u9) + N Z2Zy — 1)¢*, (4.1.10)

where the superscript 0 corresponds to bare quantities. We introduce the scale p in order to have [ L] =
4 — 2¢ while keeping A dimensionless. The Z; term - called the wave function renormalisation (WFR)
— is going to be fixed by requiring that it cancels the terms proportional to the pole 1/¢ in the ¢ — ¢
process, whereas Z; is fixed by cancelling the divergences in the ¢¢ — ¢¢ process.

Let us now see how this works in an EFT scenario. Consider a generic Lagrangian at a certain fixed

scale constructed with operators of arbitrary mass dimensions, £ = 3}, ¢;O;. This Lagrangian generates
divergences at 1-loop which can be absorbed by the appropriate counterterms such that:

aj
Ly = —16”201, (4.1.11)

where «; is a function of all couplings in the theory, not only the WC corresponding to O;. Note that the
operators present in the divergent Lagrangian can in fact contain operators which were not part of the
original Lagrangian. In principle, in order to capture all possible generated divergences, a basis (either
physical or off-shell depending on how we are performing calculations) is needed.

This divergent Lagrangian can be canceled by the rescaling of the bare couplings such that:

Ci(O)Oi(O) — ,uanjchij, (4.1.12)
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where once again n; is chosen so that the coupling keeps its mass dimension in 4 — 2e space-time
dimensions, Z; is defined as

k;
Zj=1+-2, (4.1.13)

and ZF corresponds to the WFR of the fields which constitute the operator O, that is, the divergent
contribution to the kinetic terms of those fields, as we saw in Eq. (4.1.10). Therefore, the Z factors can
be removed by canonically normalizing the kinetic terms. In the following, we will consider that such a
canonical normalization is performed and therefore Zr no longer appears explicitly.

In order to cancel the generated divergences we have kjc; = —a;/(167%), where it becomes clear
that, as «j, k; can receive contributions from all couplings in the theory.

The RGE of a coefficient c; follows from the condition that the bare coupling does not depend on the
introduced renormalisation scale, that is,

0 _ 0 _
,u@cj = Cj =0
0=p" [njeZic; + Zjcj + Zjé;| (4.1.14)

In general one can calculate n; as

nj=N;+N{+Nj -2, (4.1.15)
where N)j(, st and NI/{ correspond to the number of field strengths, scalars and fermions that constitute
O; respectively.

We can rewrite Eq. (4.1.14) as:
. Cj
éj:_njecj_kj_J; (4.1.16)
€

where the first term corresponds to a tree-level contribution (which is why n; is commonly called the
tree-level anomalous dimension) and the second term is a one-loop contribution. The latter term can be
expanded as:

. Cj akj ¢ akj

—kj_ =———C; = a—Clnlclcj’ (4117)

where in the last equality we took ¢; = —njec; + - - - neglecting the second term in Eq. (4.1.16) because
it would result in a two-loop effect here.
Finally we can write a master formula for the calculation of the RGEs:
d ok;
—c;=¢j —nycy, 4.1.18
d,ll J J zl: ac; 1¢] ( )

where ¢; sums over all couplings in the theory.
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Figure 25: A scheme of the WCs constrained by different classes of observables. Taken from [171].

4.1.5 Experimental constraints

While the EFT parametrization allows the study of a wide range of new physics models, this comes with
the added price of introducing a large number of free parameters to our theory.

This has become less of an issue in recent years due to the immense number of observables that
have been measured by the experimental community. Indeed, recent studies have considered more than
341 observations to constrain the SMEFT [171].

This process of fitting the SMEFT WCs with different experimental data is called a global fit. The WCs
are fitted to the values which minimize the difference between the SMEFT prediction and the experimental
measurement across a range of observations. By taking different observables at the same time, these
analyses not only constrain the allowed parameter space of the SMEFT but can also take into account

important correlations between WCs.

The minimization function can be written as a y? function, defined as
12(0) = [Oexp — Ot (0)]7V ™" [Oexp — O (0)], (4.1.19)

where 6 are the free parameters of the theory — the WCs -, 5exp are the observations, 5th(9) are
the corresponding theory predictions for a set of the WCs and V is the covariance matrix, defined as
Vij = oipijo; where o are the experimental errors and p the correlation matrix. Clearly, in order to
proceed with the minimization of Eq. (4.1.19) one needs to know the contribution of the free parameters,

57



CHAPTER 4. MODEL-INDEPENDENT APPROACH

the WCs, to the considered observable. Predictions from the SMEFT at dimension-6 have been included
in several available tools [172-176].

A recent global fit has been performed in Ref. [171]. In this work the authors considered experimental
data from top physics, EWPO, Higgs physics and diboson processes, allowing them to constrain the
operators in figure 25.

Following the top-down approach, particular models can also be probed by trading the WCs by the
particular matching conditions of the corresponding UV extension and considering the degrees of freedom
— the 0 in Eq. (4.1.19) which will minimize the y? function - to be the model’s couplings and masses
instead of generic WCs. This will in general result in more stringent bounds since the correlations between
WCs are enforced from the matching conditions [171, 177].

4.1.6 Theoretical constraints

In the previous section we explored setting experimental bounds on WCs. However, assuming only the an-
alytical properties of scattering amplitudes and unitarity of the underlying theory, we can further constrain
the parameter space of the EFT theoretically by enforcing its consistency with these principles. These
constraints are commonly denoted positivity bounds since they imply positivity conditions on certain com-
binations of WCs [178-188].

Let us consider the forward limit of a 2 — 2 scattering process of scalars, such that the amplitude
is only a function of s, i.e., A(s, t = 0). The derivation of the positivity bounds is based on the fact that,
when written in terms of complex momenta, these scattering amplitudes are analytic, except for the single
poles and branch cuts along the real axis of s [179]. Let us define the integral

I= L_j{ﬂ(:)ds, (4.1.20)
27i Jo s

where C denotes a circular contour around the origin. From Cauchy’s theorem, this contour integral

is given by the residue of @ at s = 0, which will allow us to isolate the s?-proportional term of the

amplitude, i.e. the second derivative of the amplitude with respect to s when evaluated at the origin.

Due to the analytic properties of A(s), we can deform the circle C to infinity wherever it does not
intersect discontinuities, resulting in the contour C” shown in figure 26. The Froissart bound [189] states
that the scattering amplitude evolves at most as A(s) o s log2 s; as such, the integrand in Eq. (4.1.20)
vanishes in the circular part of the contour C’ as s — co. We are then left only with the discontinuities
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near the real axis. The integral can then be solved as

Izi_‘/ ooIim (A(s +ie) — A(s — ie)) (4.1.21)
Tl Sd e—0
= i‘/ ooiZIm(\?l(s)), (4.1.22)
mi Js,

where s; corresponds to the beginning of the branch cut. We assumed a cross symmetric amplitude,
invariant under s — —s which allows us to only consider the integral in the positive branch cut. In the
second equality we used the Schwarz reflection principle, A(s*) = [A(s)]* [179]. Unitarity leads us to
the optical theorem which relates the imaginary part of an amplitude with the cross-section, such that:

+00
I= E/ 7(9) 4 (4.1.23)
Sd

T s2
which is always a positive quantity. Therefore, we finally conclude that

d*A(s)
ds

(4.1.24)

s=0

From this result, we can calculate a scattering amplitude in the SMEFT and infer positivity conditions
on WCs. Note that a 2 — 2 amplitude is dimensionless ([A] = 4 — n = 0, where n is the number of
external particles); therefore, the s2-proportional term in the amplitude must be suppressed by A*, that
is, the condition of Eq. (4.1.24) is only relevant for dimension-8 operators.

As an example, calculating at tree-level the scattering amplitudes ¢1¢92 — @102, P13 — P1¢3
and ¢1; — $11, where ¢; are the components of the Higgs doublet, ¢ = (¢; + iy, p3 + igpy)T, the
following positivity constraints on dimension-8 4-Higgses WCs can be obtained [179]:

c;‘i) >0,

o +c$) >0,

W, @, 3
e+l +cil 0, (4.1.25)

K6

where the WCs correspond to the dimension-8 operators defined in table 19.

Further bounds can be derived from Eq. (4.1.24) by considering different processes [181, 190]; we
will explore some of those and the stability of Eq. (4.1.25) under one-loop effects in section 4.4.3.
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Figure 26: Analytical structure of the forward 2 — 2 scattering amplitude in the s complex plane, where
the discontinuities (zigzag lines) can include branch cuts and poles. Taken from [179].

4.2 SMEFT at dimension-8

One direction in which to extend the SMEFT approach is to consider further orders in the 1/A expansion.
Most of the SMEFT studies done so far focus only on dimension-6 operators, that is up to 1/A? order;
neglecting LNV operators, the next relevant contributions arise by dimension-8 terms.

While these contributions are expected to be less important due to the extra 1/A? suppression, there
are several phenomenological reasons which motivate their study:

¢ Some observables can receive their leading contribution at dimension-8 either because dimension-
6 operators do not contribute or the relevant dimension-6 may not be generated at tree-level by
weakly-coupled UV theories. Examples of the former case are light-by-light scattering [191], which
has been observed recently by ATLAS [192], pure anomalous quartic gauge couplings [193-197]
- changes to the quartic gauge couplings which do not affect triple gauge couplings — or neutral

triple gauge couplings [198-200];

e The precision of several measurements is so large which, for a fixed A, allows the probing of
dimension-8 contributions [201-204].
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From the theoretical point of view there are also interesting factors which only come into play at this
order:

* Neglecting odd-dimensional operators, order 1/A% is the first one in which co-leading contributions
arise: two insertions of dimension-6 operators or one dimension-8. A priori there are no reasons
to expect one to dominate over the other;

* (lasses of dimension-8 WCs are subject to positivity bounds which limit the parameter space of the
SMEFT and can be used as priors on global fits, or give us windows to probe the building blocks
of the underlying QFT, that is, unitarity and analyticity [178].

Following these motivations, more recently, the interest within the SMEFT community has shifted
towards considering these dimension-8 contributions [205-208]. These efforts culminated in the con-
struction of the full dimension-8 on-shell basis [191, 209], which we present in Appendix B*. However,
as previously argued for, working off-shell offers many advantages; in particular, the amount of diagrams
needed to compute at dimension-8 (with up to 8 external legs) in an on-shell approach would be very
large.

Therefore, in order to begin our work towards extending the SMEFT at dimension-8, we will start by
the construction of a Green’s basis at this order which will allow us to compute quantities off-shell. Due
to the inherent challenge of this task — the Green’s basis at dimension-8 is comprised of 1649 operators
on top of the 993 of the physical basis [191, 209] — we will focus for now on the bosonic sector.

4.3 A Green’s basis for the bosonic SMEFT at dimension 8

Knowledge of the set of independent operators which form the Green's basis is fundamental to perform
off-shell calculations in the SMEFT. Automatic tools that can count the number of operators which form
this basis exist, Basisgen [211] and Sym2Int [212]. In spite of this, the explicit construction of those
operators and their reduction to a defined physical basis is a task which is yet to be automatized - Ref.
[213] has been the latest development in this direction. Besides algebraic and group theory identities
relations, one must check whether the operators are independent under IBP, Fierz identities and Bianchi
identities, which read

D,F"? + D,FPF + D,F"" =0, (4.3.1)

“We only present the classes of operators which will be relevant throughout this thesis, namely all bosonic operators and
the 2-fermion operators which can be generated at tree-level by weakly coupled UV theories [210]. We follow the notation of
Ref. [191] and adapt the tables therein. The purpose of this appendix is to keep the thesis as self-contained as possible.

61



CHAPTER 4. MODEL-INDEPENDENT APPROACH

where F is a field-strenght tensor.

While it might seem straightforward to check whether two operators are related under these identities,
it becomes quite cumbersome at dimension-8 when the operators are composed of several fields and
derivatives.

Therefore, in order to simplify the task at hand, we work in momentum space, where independent op-
erators contribute to 1PI tree-level amplitudes through independent kinematic invariants. In momentum
space, IBP is equivalent to enforcing momentum conservation, whereas other identities manifest auto-
matically through relations between different Feynman rules. This section is based on the work published
in Ref. [4].

4.3.1 Off-shell independence in momentum space

As hinted above, we will study operator independence by studying their contribution to a 1Pl amplitude for
a given process. Let us take {O;}i=1..n as N operators whose independence we are trying to ascertain,
and study their contribution to the amplitude A(a — b). One can write the contribution of each operator,
O;, to the process in terms of independent kinematics invariants {k,}. At tree level:

Ala—b)=ci ) fi(g)ka, (4.3.2)

where f is a matrix which represents the contribution of an operator O, as a function of the SM gauge
couplings, g, to the kinematic invariant x,.

For two operators to be independent, that is, to describe different off-shell physics, then there must
exist at least one process for which the corresponding f} = (fi,fs ....) and fl = 0{1, 0{2, ...) are
non-collinear vectors (since k are independent). More generally, this means that if there is at least one
amplitude in which the associate matrix M with elements (M);; = jj.i has rank N, then the operators
{O;}i=1..N are independent.

Let us exemplify this by considering the following dimension-8 hermitian six-Higgs operators:

O1 = (¢'$)Du(¢7¢)D (97 9), (4.3.3)
0, = (¢'$)*(D*¢'¢ +¢'D?¢), (4.3.4)
05 = (¢7¢)*D,p"D"¢ . (4.3.5)

The 1Pl amplitude for ¢°(p1) — @°(p2)e* (p3)@~ (pa)@* (ps)e~ (ps) reads:

A = 2i 61(2K13 + 2K14 + 2K15 + 2K1¢ — 2K23 — 2Ko4 — 2K25 — 2K9g
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— K34 — 2K35 — K36 — K45 — 2K46 — K56)
— 4icy(Kyq + Kog + K33 + Kag + Ks5 + Kgg)
+ 2i C3(2K12 — K34 — K36 — K45 — K56) s (436)
where k;; = p; - pj.

At first sight one might think the matrix M associated with this process has rank 3. Indeed, taking for
simplicity the sub-matrix M associated to the invariants K11, K12, K13

0 0 4i
M=|-4i 0 0|=> 3> Rank(M) > Rank(M) =3. (4.3.7)
0 4i 0

However, the kinematic invariants with which we wrote our amplitude are not independent. By momentum
conservation p; = pa + ps + pa + ps5 + pes, and therefore k;; can always be reduced to other kinematic
invariants. Taking this into account, we arrive at:

A =2i C1(2K33 + 3K43 + 2K44 + 2K53 + 3Ks54 + 2K55 + 3Kg3 + 2Kgq + 3Ke5 + 2K66)
— 8i Cz(Kzz + K32 + K33 + K42 + K43 + K44 + K59 + K53 + K54 + K55 + Kg2 + Kg3
+ Kea + Kg5 + Kes)

+2i 03(2K22 + 2K39 + 2K40 — K43 + 2Ks50 — Ksg4 + 2Ke2 — Ke3 — K65) . (438)

The corresponding matrix now only has rank 2. This can be seen from the fact that the first and third
lines in the equation above add to minus half the second one. In other words, O, = —2(O0; + O3). At
the Lagrangian level, this could be seen through IBP:

D,l[<¢*¢)2D“<¢*¢>} =2(¢"$)Du(¢'9)D" (¢ )
+(¢'9)*(D*¢"¢ + ¢"D*¢)
+2(¢'¢)?D,p D . (4.3.9)

Let us also explore a slightly more elaborated case. Let us consider the following three operators com-
posed of two Higgses and two By,

01 =D,(¢"$)D"B*B,,, (4.3.10)
O, = (D*¢'¢ + ¢'D*$)B"’B, ,, (4.3.11)
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Os = D,¢'D*$B"PB,, . (4.3.12)
The amplitude for the process ¢°(p1) — @°(p2)B(p3)B(py) is given by:

_ . ’ 7 ’
A = —ic1 (k3334 + 2K3434 + K3444 — Kyz33 — 2Ky334 — Kyzaq)
. ’ ’
+4icy(2K2234 + 2K2334 + 2K2434 + K3334 + 2K3434 + K344a — 2Ky39p — 2Ky33
’ ’ ’
— 2Ky3p4 — Kiz33 — 2K — 2Kj334 — Ka3a4)

. 4
- 4103(K2234 + K2334 + K2434 — Ky399 — K4323 — K4324) > (4.3.13)

where we removed p; using momentum conservation, and the kinematic invariants are: x;jx; = (e3 -

e4)(pi - pj)(px - p1) and Klfjkl = (&3 - pi)(es - pj)(pr - p1), Where e represents a polarization vector.
The rank of the corresponding matrix is 2, so one of the operators is a linear combination of the other

two. From inspection of the equation above, one arrives at O; = —iOz - %Og. This result can again be

obtained at the Lagrangian level through the following relations:
Oy = -D,,(¢"$)D"B""B,, — D,(¢"$)D’B"B,),
= —D,(¢"$)D"B"B,, - D,(¢'$)D"B"B,,,
= _D,u(gbfgb)Dprvap - 01

1
=0, = —EDp(gi)Tg[))D‘”BPVBVp
1

= D (¢'¢)B"' B - %DM%)BP”D“BVP
= %D2(¢*¢)BPVBVP -0
= 0, = {D*($ HB" B,
- —i(ng{)TqS +¢'D*$)B"’B,, — i(ZDungD”gb)BVvap
- _41102 _ %()3. (4.3.14)

In the first equality we used the Bianchi identity whereas in the second we simply renamed the indices
as v < p in the last operator; in the fifth equality we have integrated by parts the derivative acting on
BPY while in the penultimate equality we have simply expanded the derivative. In all steps, we have also
taken into account that B is anti-symmetric: B"# = —B*".

These example calculations might look straightforward to address from the Lagrangian (position
space) perspective. However, as hinted in the second example, things can get more involved when several
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operators are involved. More importantly, the examples above demonstrate that, at the Lagrangian level,
relations between dependent operators can be derived; however, proving whether operators are indeed
independent at the Lagrangian level, entails proving that they are not related by whatever combination of
operations you can perform. The power of tackling this issue in momentum space is that through this
approach, calculating the rank of the corresponding matrix is enough to prove independence of operators.

One last issue to be taken care of when constructing the kinematic invariants has to do with the fact
that we are working in 4-dimensions. This applies only to operators which involve dual field strength
tensors, as the fully anti-symmetric Levi-Civita symbol e#"4 is a 4-dimensional object which respects the
Schouten identity:

Guv€apys t Gua€pysv + Gup€ysva + Guy€svap * 9us€vapy = 0. (4.3.15)

This can be translated into the following relations involving an arbitrary tensor T and field strength tensors,
X and F:

Ty X' F? = Ty X P (4.3.16)
— ~ 1, ~
Ty X' F'P = =Ty X F'P + ET;XVPFVP, (4.3.17)
~ 1 ~
T XMPX", = ZTiX"pXVp, (4.3.18)

where [pv] and {uv} denote, anti-symmetrisation and symmetrisation, respectively. The relations hold
in D = 4 space-time dimensions, and as such, we need to impose this in momentum space. This is done
by requiring that momenta and polarization vectors involved are indeed four-vectors, that is, there can at
most be 4 independent Lorentz vectors, with the others being simply a linear combination of those 4. We

require this by writing, for instance:
P4 = a163 + agéq + aspy + aqps, (4319)

where a;, ay, az and a4 are arbitrary coefficients.

Let us see an example of using this condition, by considering the following operators:

O, =i(D,¢'o'D,¢ — D,¢"o'D,$) B, WP, (4.3.20)
O, =i(D,¢'o'Dy¢ — D,¢" o' D) B, W? (4.3.21)

which are related through Eq. (4.3.16).
Let us calculate the amplitude associated with the process ¢°(p1) — @°(p2) W (p3)B(p4):

A = c1(—K323443 — K323444 + K343424 + K342334 + K342344)
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+ 2 (—K423433 — K423434 — K343423 + K342433 + K342434) ; (4.3.22)

Where iiximn = €uvprel p L P (em - pn) and k’ = €uppael €' p(pm - pn) and we have already
ijklmn uvpAe; PP Py \ém " Pn ijkimn pvpAc; € PPy \Pm * Pn

applied momentum conservation in order to remove p;. By considering that the rank of the associated

matrix is 2 one would think that these operators are independent.

However, imposing D = 4 through Eq. (4.3.19) results in
A = (c1 + c2) | askzapses + az(1 + ag) k342323 + a4 (1 + a4) k342333
+ a1a3K342332 + a1(1 + 2a4)K342333 + A204K342343 + a%;<342333 . (4.3.23)

Clearly, both operators describe the same off-shell physics and are therefore not independent. The
difference between the two vanishes in D = 4 and is therefore an evanescent term. Knowing now how to
prove operator independence, the strategy for finding the minimal set of operators in the Green’s basis is
to build all operators which can contribute to a particular process whose rank is the same as the number
of off-shell operators provided by Sym2Int and Basisgen and eliminating operators whose removal
does not affect the rank of the system.

4.3.2 Explicit form of the operators

We are expanding upon the on-shell basis showed in Appendix B [191], and as such, we will only include
here the redundant operators. There are 2 redundant operators in the class ¢°D?, 10 in ¢*D*, 1 in
$?D®, 4in X$*D?, 44 in X?¢2D?, 6 in X¢2D*, 16 in X3D? and 3 in the class X?D*.

4.3.2.1 Operators in the class ¢°D?

0;? = (¢'$)2(¢'D%¢ +hc.), (4.3.24)
Ol = (§"9)*Du(¢i D). (4.3.25)

4.3.2.2 Operators in the class ¢*D*

Oq(;? = D¢ D' ¢($'D?*¢ +hec.), (4.3.26)
0;? = D¢ D' ¢($1iD*p +h.c.), (4.3.27)
0;? = (D' $)(D*¢'D,g) +hec., (4.3.28)

66



4.3. A GREEN'S BASIS FOR THE BOSONIC SMEFT AT DIMENSION 8

05 = (D,$$)(D*¢7iD,g$) +h.c., (4.3.29)
05 = (D*$7¢)(D*$"9) +hec., (4.3.30
05 = (D*$"$)(iD’¢7¢) + hc., (4.3.31)
05" = (D*$'D*$)(¢79)., (4.3.32)
05 = (4'D*$)(D*¢7¢), (4.3.33)
05” = (D' (D'$'D*) +hec., (4.3.34)
047 = (D" ¢)(D"¢TiD*$) + hec.. (4.3.35)

4.3.2.3 Operators in the class X¢*D?

Ophipe = ($T)DWH (D¢a'g +h.c), (4.3.36)
Opyipe = (8" HDW™ (D,$Tic"¢ +h.c), (4.3.37)
Offhipe = 5(D8'a'$) (90’ D) WHr", 1:3.38
01(324D2 = (¢'¢)D,B" (D, ip + h.c.) . (4.3.39)

4.3.2.4 Operators in the class ¢*D°
Oy = D*¢'D,D,D'D"$ . (4.3.40)

4.3.2.5 Operators in the class X¢?D*

X=8B
Oggpy = i(D$'D*¢ — D*¢"D,$)D, B, (4.3.41)
Ogpy = (D1$'D*$ + D*¢'D,$) D, B, (4.3.42)
Oy = 1(DpDy§"DP$ — DP$'D,D,$) DB (4.3.43)

X=W
Oévl()ﬁzm =i(D,¢'o'D*¢p — D*¢"o'D,¢) D, W, (4.3.44)
0152521)4 = (DVQSTO'IDZgb + ngbTaIquﬁ)DpWI”V, (4.3.45)
Oézs)zm = i(D,Dy¢'o'D’$ — D" ¢'6'D,D\$) D, W' . (4.3.46)
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4.3.2.6 Operators in the class X?¢?D?

XZ = BZ
O\, = (D,$'¢ +§'D,$)D,B B, (4.3.47)
O, = i(§'DuDyg — D,D,G 1) BB, (4.3.48)
Ofyupe = $'$DuD,BBY,, (4.3.49)
Ol = ((¢'Dy — Dyg §)D,B B, (4.3.50)
Oftyape = (#'Dug + Dyg"$) DB B, (4.3.51)
Ogoyupe = ($7D*¢ + D*¢7$)BB,,,, (4.3.52)
O, . =i(¢ D% - D’ ) BB, (43.53
g = (6'D + D,§T$)D, BB, (4.3.54)
Ol = 1(9'Dug — Dyg'$)D, BB, (4.3.55)
X2 = W2
O{(,;gquDZ _ ieI]K(¢TGIDv¢ _ DV¢TO_I¢)DwaHPWVI;’ (4.3.56)
Oy ype = €570’ $D, DWW, (4.3.57)
0$3¢2 e = i(¢"Dy¢ — D¢ $) DWW (4.3.58)
Oljeyepe = ("D + Dyg ') DWW, (4.3.59)
Opyasape = ($'Dug + Dy’ $) DWW (4.3.60)
Opispe = 1($'Dug = Dug ') DWW, (4.3.61)
Opispe = $'$DWD,W", (4.3.62)
Opyasape = (Dud'$ + $' D)W DFW, (4.3.63)
Opispe = (Db "¢ = §"D, WP DHW (4.3.64)
0535’352 e = (Dud'¢ +¢' D) DFWPW (4.3.65)
Opipe = (Db "¢ = §"D,$) DWW, (4.3.66)
OIE;'?;SZDZ _ €1JK(¢1-01DV¢ " DV¢T0_I¢)DpWJﬂPWV1;, (4.3.67)
05;33521)2 = ie’®(¢*6'D"$ — D'¢" o $) D, W/H WK . (4.3.68)
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X2=WB

Ol

OéSZ)(ﬁZDZ

Oééz)(ﬁzDz

O ape

Oégz)(ﬁzDz

9
O((;z)qu D2

0
Oé12¢)2D2

Ol

2
Oé12¢)2DZ

= i(¢'o'D"¢ - D*¢'o'$)D, B W],
= (¢'o'D*¢ + D¢ o' $)D, B WL,
= i(¢-r01Dv¢ _ DV¢'YUI¢)DHB”’)WVIP,
= (¢7c’¢)D"B,,D,W"?,

= (Dyp'd'$p + ¢ o' D,$)B,, DWW,
=i(Dyp'o'$ — ¢'a'Dy$)B,, D W',
= (¢7c'$)B,, D, DFW"?,

= i(Dyp'a'p - ¢'a'D,$) DB, WP,
= i(¢'o'D,u¢ — D¢ o' $)D"B,, WP,
= (¢'a'$)(D’B")W,,,
= (¢'o'$)(D’D,W"")B,,,
=i(D"¢"o'¢ - ¢'c'D"$)B* D, W,
= (D"¢o'¢ + ¢'o'D"$)B* D, W}, .

= (Dugp' ¢ + ¢'D,$)D,GM G,

= i(¢"DyuDug — DuDug' $)GH7 G,
= ¢'¢D,D,G* G,

= i($'Dy$ - D,§"$)D, GG,

= ($"Dv¢ + Dy $) D, GG,

= (¢ D%p + D2pT$)GAPGAY |
=i(¢'D*p — D2¢T¢)GAVp5,VAp

= (¢9'Dyg + Dygp" $)D, GG

=i(¢"Dyp — Dy p)D,GHP G .
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4.3.2.7 Operators in the class X3D?

X* =W?B
X*=G*B
X3 = w3
X3 = G3

(1 _ I I
o) . = BuD, W D,wee,
2
0% . = Bu(D*W)w!" .
(3) _ 7 I I
0% . = BuD, W D,we,
y !
oY) . =B, (D*WH)w!" .
0. . = BuwD,G¥' DG,
O((;ZZ)BDZ = B/JV(DZGAHP)GAV‘D s
08, = BuwD,GM DG,
f I
0%, = Bu(D*GY*)G,.
o\, = e’ wl p,w/mp,wkee,
0%, = e’ wl D, w/rrp,wke,
0¥, = Wl p,w/mp,wkee,
oY), = /KWl D, w/rrp,wke”
o\, = fA5°G4,D,G*" DG
0%, = fA5°G4,D,G*" DG |
08, = fA5°G4,D,G"" D, G,
Oét)Dz — fABC’G“;xV DPGBpp Dchov ,

4.3.2.8 Operators in the class X?D*

X=B

Opps = (DsD,B")(D°D’B,,) .
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Oyr2ps = (DD, W) (D°DPW,) . (4.3.108)

Og:ps = (DeD,G")(DDPGY),) . (4.3.109)

4.3.3 On-shell relations

For the RGEs calculations we will perform in the next sections, we can remove the redundant operators
by using the SM EOM. Neglecting fermions, the SM EOMs read:

D*¢' = —2M($7p)¢", (4.3.110)
3"By = %(gﬂmycp —D,¢Tig), (4.3.111)
D'W., = %(gb*ip,,af ¢ — ¢Tic' D), (4.3.112)

where we neglected here the contribution proportional to u in the Higgs EOM. The shift on the WCs of
on-shell operators from the removal of the redundant ones is given by:

1 8 1
Cgs — Cys — 50B2D49192/1 + cézzﬁzngzl + 201(3(;21)491/12 + cB¢ZD4glg§/1

— 2 giA* + ! g1+ 40;140)/12 + 4c ;141)/12 40;142)/12 + 8¢ ;84)/12

B¢?D* B¢4D2

1 1
- CW2D4gngA ZCWZD“gZA + C‘(,;';()jsznggl - _c](,‘l/g()ﬁznggﬂ' - C%E;znggl
( 1) 2
1 2 10 wpg2p29192
‘(,,,3D2927L + Cév)gngz/l - ECT(/VB)Wnglng Yt ‘(,\/B)qunglgz/l
(7) 2
3 W¢4ngz
+2 ( ;2D492/12 2 ‘(,1/)¢2D49192/1 - ZC( )¢2D492/12 +C ¢,4ngZ/1 T
—delil A - cge (10 + G517 +320°) (4.3.113)
(8)
RO 3 epedy 3)

¢6 - C¢s + CBZD49192 - 30(229&91/1 - _CB¢2D49192 + 3CB¢2D491/1

4

(3)
3cpup2dt 3
- nrE c¢zg1)t + c¢zgz/1 + 8c¢z)tz + 40(12)/1 4c(4))t 20(6)/1

2
(11) (13) (19)
3 2 9 SCWZD‘}g‘ZL 5Cw2¢2D292 50w2¢2D292 5Cw2¢2DZgz
Totw gt T T Ty 4 2
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1 3
+ SCI(/\%DZgZ _ 501(,5?51)29; + 3c I(A/B)¢2nglgz C‘(,;;;;znglgz B 36$B)¢2D29192
2 4 4 4 2
(8) (6)
c 9192 S5¢ 41292
WB¢*D? (1) 3.0 (3) ‘wgp
f 5S¢ ¢2D492)' ¢2D4glgz + Scw¢2D492ﬂ' - T
~ Ciipad2s (4.3.114)
(8)
L2, @ , Cwgpdi o O INC)
¢6 —C ¢6 + CBZD4gng T B¢2D4glﬂ B¢2D49192 + ZCB¢2D491A
(10)
2029192
- c(¢)4ng1 + c¢zgz)t + 2c(12))t 20(6)/1 + CW2D49192 —WB¢ ;)
(8) (11)
B CWB¢2D29192 B 3CWB¢2D29192 (13) B l 3)
4 8 WB¢2D29192 2 W¢2D4glgz
(7)
W¢4ngz
-, 4.3.115
. (4.3.115)
g(éi) ;4) + CBZD4gl - C(E;ZZD‘lgl CW2D492 + C( 2{;2D492 s (43116)
g(;) — 0254) - CBZD491 + CB¢32D491 chD4gz + c‘(/v)qszmgz, (4.3.117)
e = ¢+ 2ewpigh — 20090 (4.3.118)
s = e g5 (4.3.119)
(1)
el = ciy. W3ngz (4.3.120)
W3¢2 W3¢2 2 5 I
3
@ —c? - e (4.3.121)
CW3¢2 Cw3¢2 2 3 I
W 919 1D 9
3p2d1 WB¢2D2
c‘(/;qusZ - c‘(/;qusZ - W D2 + 2 + C$Z)¢2ngz H (43122)
0 c(19
L2 @) Cyp2d192  Cwpgeped2
Clepge > Cwzpg 4 + 5 , (4.3.123)
st = Coamg + Ao (4.3.124)
Clings = Cogs = Ao (4.3.125)
(11)
(1) o 1 2 2 O ,  Cwzpidy CW2¢2D292
CW2¢4 - CW2¢4 8CB2D49192 16 B¢2D4glgz 3 4
(19) 1 2 ( 1)
PRI CW2¢52D292 B Cé\,gngz N Cév)Sngz _ Cwag2p:9192
W?¢?D? 2 2 4 16
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® R0
WB(ﬁZnglgz N W¢4ngz 1 2y
— ) ’
8 8 2092
(10) 2 (7) 2 3 4
(2) (2) ‘weg2p292 (16) 5 Cw2g2p292 C@lngi Cévz ngi
Coyzgs > Cprzge +—+ 20W2¢2D2 - 5 + > + 1
(160 19
WB¢2D29192 N WB¢2D29192
4 16 ’
0(7) c(8) C(11)
(3) (3) NG o w292 Cwpgp29192 - Cypgp:9192
CW2¢4 - CW2¢4 + ECB¢2D49192 + 8 + 3 + 16 >
(16) 19
() @  Swapp29192  Cypyepe9192
CW2¢4 - CW2¢4 - 4 - 16 s
Chpedis  Coppedide 1 .
1 1 B2¢2D? B2¢2D? 5
CY(/VLqS‘* - cgvgaqs‘* - 1 + 1 + §CI(3¢32D4g%gz - 50w2D4919§
(11) (19) (11) 2
CW2¢2D29192 CWz¢2D29192 1 (1) 5 1 (2) 9 CWBq’)ZngZ
4 B 2 T 5 w2919z T Cyapedide t o
c(13) gz ) C(7) P
11 WB@$2D272 3 WtD?
+ CI(/VB)¢2DZA + 4 + ZC‘(,V)¢,2D49193 + 4 C¢29192Aa
c(ll) c(lo) c(7)
(2) (2) B2g2p29192 w2g2p29192 wegzp29192 1 3) )
Chrpgt = gt 1 + 1 - 5 5 Cype 9192
(19) (17)
1 CWB¢2D293 CWB(}SZDZg%
FERD R L9
4 w3p2J192 4 WB§2D? 1 )
(6) 2 (®) 2
(1) R (1) N CBzD4g;1 () ~ CBZ¢2D291 s CBZ¢2D291 _ gc 5
ch¢4 CBz¢4 CBZ¢2D2 4 4 3 w2D49192
c(ll) c(13)
WB¢2D29192 WB¢2D29192 1 (3) 5 1 )
3 + 1 + 1Cwgepidi9z ~ 5%291/1,
LD £(19 L7
(2) (2) B2g2291 (9) wBg2p29192  Cypyepe9192
CBZ¢4 - CBZ¢4 + T - 4CB2¢2D2 - 4 - 4 >
2 2 1 4
C(Gz)¢zD2 - Cé2)¢zD2 - EC(GZ)QSZDZ >
2 2 14
01(/‘/2452])2 e C‘(/V'Z(]SZDZ - CY(/\/Z();SZDZ >
3 3 16
C‘(A/ZQSZDZ - C‘(,qugzDz - CI(/VZZSZDZ >
4 4 1
Cy(,vg(]gzDz - c‘(,‘/z(pzDz - ZC‘(,VgngZ >
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c) spe = e s e .2, (4.3.138)
C(ll) 272
(1) (1) WB¢*D
Chrpgepr > Cwagepe — (4.3.139)
(19
(2) (2) WB¢*D*
CWB¢2D2 - CWB¢i2D2 - 2 > (43140)
3 3 2 2 7
ci(/V)BqﬁzDz - Cw(/v33¢2D2 - CI(/;ZBngZ + CI(/VlBngZ + Cl(/\llB)qﬁzDz + zcévZ¢zDz g (4.3.141)
(4
3c g
5 5 3 2BD? 5 8
CX(A/)BQSZDZ - Cw(/v33¢2D2 — c‘(/szngz 4 —WBDTTE SD + ZCSB)gsz2 + c‘(/;B)¢2D2 , (4.3.142)
(4)
c
2 2 BZ¢2D2
Chogene ™ Compipr ~ g (4.3.143)
3)
¢ 9192
Bg2D*
CI(/;B]S“DZ - C‘(,;;%Dz - CBZD‘*g%gZ + T - Cw2D493 + CI(AI/;;ZDZQZ - 4C$3;2D292
D 9 c® P
1 2 WB¢$?D? 8 W¢2D*
— 461(/V)3ng§ + 2C15|/:)SD29§ - 2 - C‘(/V)B(ﬁzngl - 2
7
+ 2cév)¢4D2 : (4.3.144)
C‘(;';4D2 - C$L4DZ + C‘(/;'(z)zszng - 40](/;24521)292 + 4C1(4?;)3ng§ + 201(/:21)293 + zc‘(/;'%)quDZgl
(19)
¢ 2291
+ —WB¢2D , (4.3.145)
(1) (12)
3 .0 “w2pp29192  (12) L _Cwegpdt ()
CW¢4D2 CW¢4D2 2 CW2¢2D292 CW2¢2D292 2 CWB¢2D291
)
—-c g1, (4.3.146)
WB@$?D?
c® 9192 @ 9192
4 4 2BD? 2BD? 8 9 4
CY(/V)¢4D2 - C‘(/V)¢4D2 = BDz + = BZ - CI(/V)2¢2D292 + C](/qugzngZ + CI(/\IIB)qizngl
c(18) 9
(15) WB§$>D?
~ Cypgpedt — (4.3.147)
(3 2
¢ 9
B¢2D4 1
02324D2 - 0224@2 + CBZD49? - 02362)(}521)291 + ng)gﬁzngl - 2 - 3CW2D49192
(11) (3)
3c g2 3c 94192
WB$?D? 13 W¢2D*
: 30‘(/‘”3)(;721)292 " I (4.3.148)
2 2 9 7
| ¢LD2 — ¢l ¢)4D2 + c;gzngl - 3c§;B>¢2DZg2 - 3c§;B)¢Zngz . (4.3.149)
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4.3.4 Some applications
4.3.4.1 Automated one-loop matching

Recently, automated tools to calculate one-loop matching conditions of generic UV extensions onto the
SMEFT have been developed [214-217]. Of those, matchmakereft [217] performs off-shell matching
and as such, it requires knowledge of a Green's basis of the SMEFT. The program already provides a
Green’s basis at dimension-6, but if the user wants to perform calculations at dimension-8, an off-shell
basis at this order must be provided as well as the reduction to the on-shell basis.

Let us perform the one-loop matching of a heavy singlet scalar, S ~ (1,1, 0), where the numbers

within parentheses represent the SU (3)., SU(2);, quantum numbers and the hypercharge, respectively.
Let us also impose a Z, symmetry S — —8. The full theory Lagrangian is given by:

1 1
Lip =~ (DyS)(D1S) = -mS* = AsyS*9Tp - 158" (4.3.150)

Due to the required Z, symmetry, effective operators do not arise at tree-level. Thus, by implementing
this Lagrangian, together with the Green'’s basis of dimension-8 operators and the reduction to the on-
shell basis in matchmakereft [217], one can automatically calculate the following one-loop matching

conditions.
6
R (5hes - 8) (4.3.151)
A 1920 mi, 2 Sp 1S9 ’ "
(3)
C
1
A 2 (4.3.152)

A* 960 mh p2” 59
where we have taken the limit g, — 0 for simplicity.
Let us also present a more complex example in which we extend the SM with a quadruplet scalar,
O (1,4,1/2). The relevant full theory Lagrangian is given by:
Lyp = D,0'D'0 - m50'0 - 26($'0'$)Cfy¢ e, © +hoc., (4.3.153)

where Cf‘ﬁ is the Clebsh-Gordan needed to form a SU(2); singlet from a quadruplet, a doublet and a

triplet. Ignoring for simplicity contributions proportional to g,, we obtain:

(1) 4
c 7
B 9 (4.3.154)
A% 92160 mg m2
c(i) 4
B oA (4.3.155)

A 92160 md 22’
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(1) 2 2 2
c¢s |lo|? —6440 97 |[Ae|® + 103040 |Ag|°A
- = +

_ ’ 4.3.156
AT 3me 80640 mg, 72 ( )
¢ el +3640 e l? — 655200 |Ael? A
p° _ |del gil1e ©
o _ s , (4.3.157)
Al 2m? 483840 mg, 7°
(1)
€y _ 4480|Je|’ - 3¢} (4.3.158)
A 40320 m¢, 72 -

2
0(4) 3g4+ 1120M@|2
¢t _ 29 (4.3.159)
A 40320 mg, w2
(3)
C.y Aal?
St _ 1ol ’ (4.3.160)
A* 18 mg, 7
(1)
Cpgs 1960 g%|Ael? — 3¢ (4.3.161)
A4 322560 mg -
(1)
Cpiape >
B¢>4D __ 9 — (4.3.162)
A 13440 mg 7°

;16) and 0;26) in Ref. [191] and with the contribution

previously computed in Refs. [179, 218].

We find agreement with the tree-level contribution to ¢

(1) and c(z)

to Cps i

4.3.4.2 Reduction to a physical basis

Another approach to matching is to use functional methods which integrate over the heavy dynamical
fields in the path integral [219-221]. One of the main advantages of this approach is that it does not
require the construction of an EFT basis. However, the drawback of this is that the matching result is

given in terms of redundant operators, whose reduction to a physical basis is not a priori known.

While automated tools to perform this matching at one-loop exist [214-216], the problem of obtaining
the matching result in a redundant set of operators can even be observed in simple models at tree-level.
Let us focus on an extension of the SM with a heavy vector triplet ‘W ~ (1,3,0), with the relevant
Lagrangian given by:

1
Lnp = 5| DyW] D" W — DWIDIW” + by W W + (g0, WHgTaliD,p +he) .

(4.3.163)
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The results for the tree-level matching of this theory (up to order 1/me) with MatchingTools [222]
are given by:

2
®) (gw)
Lepr =

2(Dy$ " Dyg)(D*$"D'$) +4(Dy¢ ' D*D*$)(Dy¢"§) — 2(Dyd D) (¢ D*D"9)
W

— 4(Dyp’$)(D*Dyp"D"$) + 2(Dy$"Dy$) (D*D"$7¢) — 4(Dyd"D¥ ) (Dyp"D* )
+2(D,9'Du) (D'$ D) + ~(§7D,D) (¢ DD'9) — 2(D,Dp D'DPP)(§79)
+(DuDy¢"$) (" D*D'$) — 4(¢"Dp$) (D¢ D’ D" ¢) + 2(¢"D,D,§) (D*¢" D" )

+ 2 (DD, 9)(DD'19) +4(D,D,¢ D*)(D'$'$) - 2D, ) (D9 D)

- %(¢TDVDH¢)(¢TD" D'$) +2(D,Dy¢"D'D?$) (¢ ¢) — (D'D*$"$)(¢'DyuDyp)

1

- 5 (DuDp"$) (D D'$79) |

We reproduce exactly the result given by the automatic calculation, even when operators are related
by renaming of the indices. Automating the reduction of such a result to a physical basis could be easily
done following our approach by exporting Léﬁ)T to FeynArts [223], calculating the needed 1Pl tree-level
off-shell amplitudes and projecting the results onto our basis, which can then be reduced to the physical
basis through the relations presented in section 4.3.3. The much simpler result in the physical basis is

given by:
(9¢ ) 1 1
L = 20, +20,) — 405 = 2G30() . + 91920,
W
+ 910;%4 - 2920%@2 +6g,0., ¢)4D2 + 2g10§}4D2 . (4.3.164)

Note that results from phenomenological studies of the SMEFT, such as global fits, are presented in
the most minimal basis, a physical basis. As such, if one wants to interpret these bottom-up studies as
bounds (or preferred regions) for the parameters of a particular model, the matching calculations must
be given in a physical basis and therefore, knowledge of a Green’s basis and its reduction to the physical
one can be useful even for functional methods.
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4.4 The renormalisation group equations of the bosonic
SMEFT at dimension-8

The importance of knowing a theory’s RGEs has already been stressed in section 4.1.4; let us furthermore

argue why they are important to be considered even at dimension-8:

* Even before explicitly calculating the RGEs, it is known that several classes of dimension-8 inter-
actions which are one-loop generated by weakly-coupled UV completions can be renormalised by
tree-level generated dimension-8 terms [210]°. This running might therefore be the leading con-
tribution for certain observables where loop-induced dimension-8 operators are the first SMEFT

correction;

* Neglecting odd-dimensional operators, dimension-8 is the lowest dimension at which there are
co-leading contributions to the RGEs: an insertion of a dimension-8 operator or 2 insertions of
dimension-6 terms. Non-renormalisation theorems have been derived for contributions of the first
kind [210], but in order to get any information on the second contribution, the RGEs have to be
explicitly calculated,;

* Dimension-8 WCs can be subject to positivity bounds [179-181, 183, 184, 224, 225]. Studying
whether these relations hold when considering the one-loop running effects is also one of the aims
of studying the dimension-8 RGEs.

Following from these arguments, in this section we present the RGEs of the bosonic sector of the
dimension-8 SMEFT.

For the calculation of the divergences with which we will calculate the RGEs we use the background
field method and work in the Feynman gauge in dimensional regularisation with space-time dimensiond =
4 — 2¢. The one-loop divergences are computed using dedicated routines that rely on FeynRules [76],
FeynArts [226] and FormCalc [227]. We have used matchmakereft [217] to cross-check most of
the calculations.

The co-leading contributions to the dimension-8 RGEs from a single insertion of a dimension-8 term

or 2 dimension-6 interactions are given by:

, 4”6 @ (8)
167 uW:yijkcj ¢ FYije; - (4.4.1)

5This only happened in one case at dimension-6 for the loop-level induced operators of the class Xi?¢ [210].
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We will study both contributions separately; in section 4.4.1 we will show the computation of the first
term in the right-hand side of Eq. (4.4.1), the structure of the resulting RGEs and some phenomenological
implications of those results. This section is based on the work published in Ref. [5]. In section 4.4.2,
a similar analysis will be conducted for the second term of Eq. (4.4.1) and it is based on the work
presented in Ref. [6]. Due to their large nature, we provide these RGEs in a mathematica notebook in
https://github.com/SMEFT-Dimension8-RGEs instead of in writing in order to ease their use for further
calculations. Regardless, we will consider parts of the RGEs when relevant for the discussion.

4.4.1 Insertion of pairs of dimension-6 terms

Let us start by considering the contribution to the dimension-8 RGEs from two insertions of dimension-6
interactions, the first term in the right-hand side of Eq. (4.4.1). As we are only focused on the renormal-
isation of the bosonic sector, we do not need to consider dimension-6 four-fermion operators since, at
one-loop, a process without fermions in the external legs is impossible to be generated from a four-fermion
vertex. Even considering generating redundant fermionic operators, these would never be reduced to only
bosonic operators as can be seen from the fermionic EOMs [228]. The opposite is not true since a bosonic
redundant operator can be turned into a fermionic operator under the use of the gauge bosons and Higgs
EOMs.

We will also limit ourselves to insertions of operators which can be generated at tree-level by weakly-
coupled UV completions of the SM; one-loop generated operators would formally result in a two-loops
contribution. With this in mind, the relevant dimension-6 Lagrangian can be written as

Lov= Lt {6190+ <408 $0'9) + (6D (4'D,9)
+e) (87D ) Gy + ) (971D L) Py o'y + ey (671 D 1) (v

+ [coFiD,9) @) + o' 8700+ | 442)

with Yygr = ug,dg,eg and Y1 = qr,lr. Since we are restricting to the bosonic sector of the SMEFT,
only dimension-eight operators with Higgs bosons will be renormalised (at one-loop) from the constructed
Lagrangian.

The bosonic one-loop divergent Lagrangian, involving Higgs bosons, can be written as:

; 0@ oY
167° Low = Ky(Dyg) (D) + P1gI° ~ Agl* + &7 =+ &P =, (443
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Figure 27: lllustrative diagrams responsible for renormalising the classes of operators ¢® (first), ¢°D?
(second), ¢*D? (third), X2¢* (fourth) and X ¢*D? (fifth) through 2 insertions of dimension-6 terms, which
are denoted by the grey vertices.

where i and j run over operators in the Green’s basis of dimension-6 and dimension-8, respectively.
For the former we will consider the Warsaw basis and extend it with the redundant operators in table 8,
whereas for the latter we will use the dimension-8 Green's basis constructed in section 4.3. In figure 27
we show an example of the diagrams which will be responsible for renormalising the dimension-8 WCs.

The removal of the contributions to redundant operators will follow from applying the dimension-6
SMEFT EOMs [228]:

D¢’ = ¢’ — 24($"$)¢' + %{3%(‘/%)2‘%5" +20404'0(479)

—cpn | (D) (¢7D ) + ¢'0" (47D,9)| } LRE (4.4
o', = 91¢T D ¢+ ¢D g1 (¢T¢) (¢Tl D u¢) P (4.4.5)
D'W., = %2& iDL+ %92 (gzsT o’¢) (gsT i‘B’ygs) toee, (4.4.6)

where the ellipses represent the neglected contributions from fermionic operators. Besides the dimen-
sionful term p? which can reduce divergent contributions for dimension-8 (6) redundant operators into
dimension-6 (4) terms, these EOMs also have 1/A? terms which can turn dimension-6 redundant contri-
butions into dimension-8 when projected onto the physical basis.

Because of these effects, in order to perform a full study of the contribution for the renormalisation
of bosonic operators at O(1/A*), we need to not only compute divergences at this order, but also the
contributions to redundant dimension-6 terms at O (1/A?). Furthermore, we also need the O (1/A?) for
the kinetic term of the Higgs which, under canonical normalisation, can also result in higher dimensional
contributions.

Applying the EOMs on the redundant dimension-6 and dimension-8 operators results in the following
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Operator Notation Operator Notation

¢’D*  (D,D"¢")(D,D"$) Opy

$'D*  (H'P) (D) (DM) Oy, (DD ) O

X¢2D?  D,W($1i D)  Owny 2,B"(¢'iD ,$)  Onpy

Table 8: Redundant dimension-6 operators relevant for our calculations, following the notation of
Ref. [229].

shift for the physical dimension-4 and dimension-6 WCs:

AZD T Al ot " Cgr) T ot T Oy
2

H
2/

p p
A— - ! l -2 (0(4) - 0(8)) +c0 4 c(ll)] , (4.4.7)

Cp — Cp + ZAc;ﬁD + [3(C¢D +2¢4n)cg — (cpp — 8eyn) (C;SD + 2g2cwpg)

— 2g2C4pCWDp — G1C$DCBDY — 40;36) +4A {—Zc;;? + 4C;§) + 20;10) + 205;1) - 0;142)}

g2
+gZC‘(,254D2 + 301(4254132 +glcl(;24D2] > (4-4-8)
#1 6 , (12)
C¢p — Cyp t+ ZJF E(quD + ZC¢D)C¢D - C¢4 + C¢4 s (4.4.9)
2
Cgn = Cho+SChp + 1% (csp +2¢40)cgn = iy + c;}f)] , (4.4.10)

where we canonically normalised the Higgs kinetic term.

4.4.1.1 The renormalisation group equations

In this section we provide an overview of the structure of the RGEs of the dimension-8 WCs. Since these

contributions arise from the insertion of 2 dimension-6 terms, this structure is easily seen in a symmetric
(8)

matrix for each dimension-8 WC, ¢;, with the collumns and rows being the relevant dimension-6 WCs.
For each entry in the matrix, we denote with a X a non-zero contribution, with a 0 a trivial zero, that is, a
case in which all contributions in the Green’s basis vanish (for example if there are no possible diagrams),
and with a @ a non-trivial zero, for the cases in which the contribution is non-zero in the Green'’s basis but

cancels once we reduce all redundant operators to the physical basis.

81



CHAPTER 4. MODEL-INDEPENDENT APPROACH

The matrices for each dimension-8 WC are:

(1)

(3)

Ycﬁs C4 CoD Cho célw)L c;s;L Chyr Coud Cyrd yc;{} Cg €D Chni Cyy Cg Chy Chud Cying

Co X X X 0 x 0 X X Ch 0O 0 0 0 O 0 0 0
CoD X X X X X C4D X X 0 0 0 0 0
Cho X 0 x 0 %X X C4o X 0 0 0 0 0
c;;#)L X x x 0 X c;lw)L X 0 0 0 0
b x X 0 X o x 0 0 0
Coyr X 0 X Coyr X 0 0
Coud x 0 Coud X 0
Cyre X Cyr 0
Y | € gD Cgo C;slgp)L c((;/jL Chyr Coud Cyrg Y | € gD Cgo Céslgp)L c((;/i Chyr Coud Cyrg

gt gt

Cp 0o 0 0 0 O 0 0 0 Cp o0 0 0 O 0 0 0
C4D X X 0 0 0 0 0 C4D X X 0 0 0 0 0
Con X 0 0 0 0 0 Con X 0 0 0 0 0
c;;p)L x 0 0 0 0 C;;p)L 0 0 0 0 O
C;S?’VBL X 0 0 0 C;S?:/BL X 0 0 0
Chyr X 0 0 Chyr 0 0 0
Coud 0 0 Coud X 0
Cyrs 0 Cyrd 0

, (1 .3 ’ (1 3
YC;:G) Cp CoD Con Cyy Cyy Chyr Coud Cyrg YC(;G) Cp CoD Con Cyy Cyy Chyr Coud Cyrg
Ch 0 X X 0 0 0 0 0 Ch 0 x 0 0 O 0 0 0
4D X X X X X X 4D X X X X X X
. X 0 x 0 x X C4o X 0 0 0 0 0
C;SIV,ZL X X X 0 X C;:tﬁ)L X X X 0 X
c;s?p)L X X X X C;s?p)L X X X 0
Chyr X 0 X Chyr X 0 X
Coud X X Coud X X
Cyr¢ x Cyr¢ x
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’ 1 3 ’ 1 3
Vi | C oD Com ) Co Copr Cpud Oy Ve | €D Com Cho Sl € Cud Sl
W2t W2t
CH 00 0 O 0 0 0 0 CH 0 0 0 O 0 0 0 0
Cp x 0 0 0 0 0 0 ¢ 0 0 0 0 0 0 0
C4o 00 0 0 0 0 C4o 00 0 0 0 0
c;)ll;L X 0 0 0 0 Célw)L 0 0 0 0 0 (4.4.14)
ng;lzL X 0 0 0 C(ESS;//)L 0 0 0 0
Chyr X 0 0 Chyr 0 0 0
Chud X 0 Chud 0 0
Cyre 0 Cyre 0
, (1) (3 , (1) .(3)
Y. \ ¢ CoD Cho €y Coyy Coym Cpud Cynd Yc(lz) \ € CoD Cho Cyyy Coyy Covm Chud Cyng
WB¢ B2
Cp 0O 0 0 O 0 0 0 0 Cp 00 0 O 0 0 0 0
CsD ® 06 0 0 0 0 0 CD x 00 0 0 0 0
C4o 0 0 0 0 0 0 . 0 0 0 0 0 0
célw)L ® 0 0 0 0 ;ZL X 0 0 0 0 (4.4.15)
"<§>3¢)L 0O 0 0 0 c;ij X 0 0 0
Coyr 0 0 0 Chyr X 0 0
Coud 0 o0 Coud X 0
Cyrd 0 Cyrp 0
Y ¢ cop coo e B cp cpuac Y ¢ cop con et ¢ ey e dc
C$;4D2 ¢ CoD Con Coy Copyy CPYR CPud Cyrd 0;2402 ¢ LoD Con Loy Coyy CPYr CPud CYrd
Ch 00 0 O 0 0 0 0 Ch 00 0 O 0 0 0 0
¢4 Xx 0 0 0 0 0 0 C4D X 00 0 0 0 0
C4o 0 0 0 0 0 0 C4o 0 0 0 0 0 0
Céslw)L Xx 0 0 0 0 ";slw)L X 0 0 0 0 (4.4.16)
c;fw)L X 0 0 0 c;j;L X 0 0 0
Chyr X 0 0 Chyr X 0 0
Chud x 0 Chud x 0
Cyrg 0 Cyre 0

For all other y” matrices their entries correspond to trivial zeros.

In table 9 we show another way to examinate the RGEs structure by representing for each pair of
dimension-6 terms the class of dimension-8 WCs which are renormalised by them.
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4.4.1.2 Phenomenological implications

Let us discuss some of the implications of the results presented without the intention of being as compre-
hensive as possible:

¢ Dimension-8 operators which had non-zero contributions to their RGEs can be tree-level gener-
ated by weakly-coupled UV theories [210]. This is also true for dimension-6 bosonic operators
which results that, in the bosonic sector of the SMEFT, dimension-6 tree-level generated operators
do not mix into loop-level induced interactions to order 1/A*. This was already known at order
1/A? [230]. However, this result could have been deduced beforehand; dimension-8 operators
which can only arise at loop level involve two Higgs fields, which one can not achieve with two
insertions of the tree-level dimension-6 operators considered.

* Several non-trivial zeros can be seen in the y” matrices. Particularly, the RGEs associated with the

(3) (1)
W and Chypg

better understood following the helicity-amplitude formalism [231, 232].

operators ¢ are zero despite that not being the case off-shell. Such results maybe

¢ The Peskin-Takeuchi parameters [233] S and U do not receive contributions through renormali-
sation at order v*/A* (by tree-level generated dimension-6 operators). The contributions to these
parameters in the SMEFT are [191, 206]:

1 _ Uz (1) 04 1 _ 04 (3) 4 4 17
ES = F C¢WB + cWBd)‘*P s EU = FCWW)‘* . ( A )
From the results pointed out in the previous point, c‘(/l%%‘* and C‘(/\i)%‘* do not renormalise on-shell.

Together with the known non-renormalisation of ¢4 [167], means that these parameters are not
generated by tree-level induced dimension-6 operators.

¢ |n the context of the Peskin-Takeuchi parameters, the T parameter, defined by [191]

1 02
ol = ———
2 A2

02
cop + c;i)ﬁ] , (4.4.18)

with @ ~ 1/137 the fine-structure constant, receives the leading contribution from the operator

Ogpya at order ot /A (cyp is not renormalised by one insertion of Ogpyua [166]). From the bounds
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on T from Ref. [234], and assuming that only the flavour structure cy;, is non-vanishing, we con-
clude cgrp < 5.9 for A = 1 TeV. This bound obtained through running is at the level of the one
quoted in Ref. [235], ¢y < 5.3.

¢ Some of the numerical coefficients in the RGEs are significantly larger than the naive estimate of
O(1). To see how large their effect can be, let us see the importance of one-loop v*/A* effects
for the EW phase transition (EWPT) occurring from modifications of the Higgs potential [236-241].
Assuming c as the only non-zero WC in the UV (and neglecting gauge and Yukawa couplings), the
Higgs potential is given by running ¢, - defined at a high-energy scale, A - to the EW scale. At
the EW scale we have:

¢ 126
Vil 211+ (1 -

1672 A%

A 6 A 2 8
16ﬁzuog;) 161° + log —~cj ¢l*,  (44.19

where we take the renormalisable couplings as scale-invariant for simplicity.

EW baryogenesis requires a first and strong order EWPT [242], which can occur if 500 GeV <
A/~Jcert < 750 GeV [241, 243], where cef = ¢ +3/20* /A®cys. Taking A = 1 TeV, a first order
strong phase transition occurs for:

1.7TeV? < ¢y < 3.7TeV™? (4.4.20)
without the cgs contribution. Considering it we obtain:
1.5TeV? S ¢y < 2.6TeV ™2, (4.4.21)

This 30 % change in the upper limit shows the potential value of including dimension-8 running in
phenomenological studies.

4.4.2 Insertions of a dimension-8 term

To complete the work done in the previous section, let us now focus on the contribution to the renormal-
isation of the SMEFT at dimension-8 by insertions of other dimension-8 operators, the second term in
the right-hand side of Eq. (4.4.1). Note that for this component, non-renormalisation theorems [210] are
already known which we will cross-check by explicit calculation.

Ref. [244] had already calculated some partial results, namely contributions up to quadratic order
in gauge or Yukawa couplings or linear order in A, following on-shell methods - in Appendix C we show
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how one can compare the results in our basis to theirs. However, considering higher orders in the SM
couplings results in mixing between certain classes of operators; moreover, in particular for the strong

coupling or the top Yukawa, there are no reasons to neglect higher orders in these couplings.

As was the case before, we will consider in the UV only operators which can be generated at tree-level
by weakly coupled extensions of the SM [210], with at most 2 fermions, which corresponds to the classes
#3, $SD?, $*D*, XP*D?, X244, Y2X $3, Y242 D3, Y295, Y2 44D, y2X $2D, Y2 ¢° D,

We need to calculate the divergent contributions at order 1/A* to be absorbed by the dimension-8
Green's basis (introduced in section 4.3), the contributions proportional to 2 /A* which contribute to the
Green's basis at dimension-6 (the Warsaw basis extended with the operators of table 8) and ,u‘*/A‘* which
will contribute to renormalisable couplings.

Note that, unlike what happened when there were dimension-6 operators in the UV Lagrangian, in
this case using the SM EOMs to remove the redundant operators will suffice as all divergences must
already be suppressed by 4 powers of A. The shift in the WCs of dimension-8 (dimension-6 and below)

by removing redundant operators is given in section 4.3.3 (section 4.4.1).

We will also need the WFR factors, that is, the divergent contributions to the kinetic terms, given by:

Zy= 1+ﬁ gf+3g§—2y¢(f)],
Zg=1- 9217192%6 ’
2
Zw =1+ 9169719226 ’
Zg =1 % (4.4.22)
where these Z-factors have been defined in section 4.1.4 and where we have defined
yd()Y) =Tr [y”ye + 3y”Ty” + 3y‘”yd , (4.4.23)

In the next section we will comment on the structure of the obtained RGEs. Note that the full results,
including the contribution from the insertion of 2 dimension-6 terms, can be found in https://github.com/
SMEFT-Dimension8-RGEs.
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¢4D4 B¢4D2 W¢4D2 B2¢4 W2¢4 WB¢4 G2¢4 ¢6D2 ¢8

B2§D? | g2 0 0 0 0 0 0 0 0
W2$iD? | g2 0 0 0 0 0 0 0 0
WB¢?D? | 9192 0 0 0 0 0 0 0 0
G2¢?D? | 0 0 0 0 0 0 0 0 0
W32 0 0 0 0 0 0 0 0 0
W2B¢? | 0 0 0 0 0 0 0 0 0
G342 0 0 0 0 0 0 0 0 0
¢'D* | 42 0 0 0 0 0 0 0 0
B§*D* | g2 A 0 0 0 0 0 0 0
We¢'D? | g 0 g2 0 0 0 0 0 0
B¢* | gig;  giA  gig2 A 0 g2 O 0 0
w3t | g g 9 0O 42 g9 0 0 0
WBo* | gig;  g2h gk g9z qig2 A 0 0 0
G2¢* 0 0 0 0 0 0 g2 0 0
#°D? g5 g1 goh 0 0 0 0 A 0
P® A3 gi1A? g2A? FA gA gigeh 0 A A

Table 10: Structure of RGEs of the bosonic dimension-8 terms triggered by other bosonic dimension-8
terms. The entries correspond the order in SM couplings of the leading contribution. Entries in blue are
terms that deviate significantly from naive dimensional analysis. The WC in gray are loop-level generated
in weakly-coupled UV completions of the SMEFT.

4.4.2.1 Structure of the anomalous dimension matrix

The structure of the anomalous dimension matrix is depicted in tables 10 and 11 for insertions of bosonic
or fermionic operators respectively. Operators composed solely of gauge bosons are not renormalised
because insertions of the tree-level generated operators will result, at one-loop, in diagrams with external
Higgses. This happens because only two particles from these operators can be taken to be internal at
one-loop: for the fermionic operators these must be the 2 fermions while for the bosonic ones these are
all composed by at least four Higgses.

From looking at tables 10 and 11, it can be seen that terms which are responsible for mixing among
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1//ZB¢3 ¢2W¢73 ¢2G¢3 ¢2¢2D3 lp2¢5 ¢2¢4D ¢ZB¢2D ¢2W¢2D ¢2G¢2D ¢2¢)3D2

B2$?2D? 0 0 0 P 0 0 0 0 0 0
W2¢2D? | 0 0 0 42 0 0 0 0 0 0
WB$?D? 0 0 0 9192 0 0 0 0 0 0
GX¢?D? | 0 0 0 g 0 0 0 0 0 0
W3§? 0 0 0 0 0 0 0 0 0 0
W2Bg? 0 0 0 0 0 0 0 0 0 0
G3¢? 0 0 0 0 0 0 0 0 0 0
$iD* 0 0 0 Iyt |? 0 0 0 0 0 0
Bp*D? 0 0 0 a1ly’|? 0 0 ly*|? 0 0 a1y
WDt | 0 0 0 gl 0 0 0 ly'[? 0 g
B** | gyt 0 0 gily'P 0 0 aily')? 0 0 giy'
w2g! 0 9oy’ 0 g3ly'? 0 9; 0 galy'? 0 95y
WB¢* | gyt gy 0 gqugly'® 0 9192 gy’ aily'P 0 91924
G2 0 0 g5yt 0 0 0 0 0 0 0
¢6D2 0 0 0 g§|yt|2 0 |yt|2 gl|yt|2 92|yt|2 0 ytlyt|2
¢° 0 0 0 Ayt Yy AP gy P geAly' 0 Ay |y |2

Table 11: Structure of RGEs of the bosonic dimension-8 terms triggered by fermionic dimension-8 terms.
The entries correspond the order in SM couplings of the leading contribution. Entries in blue are terms
that deviate significantly from naive dimensional analysis. The WC in gray are loop-level generated in
weakly-coupled UV completions of the SMEFT.

most classes only arises with higher order in gauge couplings or A than what was calculated in Ref. [244].
There are several terms which deviate significantly from the naive estimate of y;; ~ 1. We highlight in
blue those that respect y;; > 10.

A result that arises at dimension-8, which had been hinted at before, is that operators which only
arise at loop-level in weakly-coupled UV completions of the SM, are renormalised by tree-level generated
operators. An example of this is the renormalisation of the class X?¢2D? by the class ¢*D*.

Almost all zeros in tables 10 and 11 were expected from the results of Ref. [210]. Unlike what
happened with the insertion of pairs of dimension-6 operators, in this case only the RGE of the WC
O‘(/;ZB(]&Z corresponds to a non-trivial zero, that is, a cancellation when reducing to the physical basis.
Off-shell we have:

n  __92 (1

Cwepg = Too,2e CBg*D? (4.4.24)
(11) _
Chpgepe = 0, (4.4.25)
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¢4D4 B¢4D2 W¢4D2 BZ¢4 W2¢4 WB¢4 G2¢4 ¢6D2 ¢)8

¢ L6 0 0 0 0 0 0 0 o0
¢* wt gt gt 0 0 0 o 4t 0
B%¢? gou? g1’ 0 u? 0 0 0 0 0
Weg? gap® 0 ga i’ 0 12 0 0 0 0
WBY* | qigap®  gap® gt 0 0 T 0 0 0
G2 0 0 0 0 0 0 2o 0 0
¢'D* | At gyt gt O 0 0 o # 0
¢° | AP At Agapt gt got gqigep® 0 A P

Table 12: Structure of RGEs of the bosonic dimension-6, dimension-4 and dimension-2 terms triggered by
bosonic dimension-8 terms. The entries correspond the order in SM couplings of the leading contribution.
Entries in blue are terms that deviate significantly from naive dimensional analysis. The WC in gray are
loop-level generated in weakly-coupled UV completions of the SMEFT.

(13) _ g2 (1)

CWBgD? = T Tonn2e CBiD? (4.4.26)
However, the WC cé‘ng is shifted on-shell to
g2
g = Coopge + o Cugene + I (4.4.27)
thus taking C‘(/;ZBW to zero on-shell.

In tables 12 and 13 we show the same results as in tables 10 and 11 but this time for the renor-
malisation of the bosonic SM Lagrangian terms and dimension-6 operators. Once again, loop-generated
dimension-6 operators can be renormalised by dimension-8 tree-level generated terms.

4.4.3 A discussion on positivity bounds

In this section we aim to discuss the effect of the RGEs of dimension-8 WCs, on the translation of the
positivity condition on the second derivative of the amplitude with respect to s, Eq. (4.1.24), to bounds
on the WCs of the SMEFT, for example, Eq. (4.1.25).

Following the strategy employed in Ref. [245], let us make explicit the fact that WCs can be generated
at different orders in the loop expansion by writing them as ¢ = c¢%¢® + clOOP/(167r2) + ---, where ¢
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l//2B¢3 ¢2W¢3 ¢2G¢3 l//2¢2D3 l//2¢)5 ¢2¢)4D ¢2B¢)2D ¢2W¢2D tﬁngsz ¢2¢3D2

2 0 0 0 0 0 0 0 0 0 0

P* 0 0 0 wyt|? 0 0 0 0 0 uty!
B2 | 0 0 0 0 0 0 0 0 0 0
w2 | 0 0 0 0 0 0 0 0 0 0
WBg? | 0 0 0 0 0 0 0 0 0 0
G2 | 0 0 0 0 0 0 0 0 0 0
$*D? 0 0 0 1 yt|? 0 0 0 0 0 iyt

¢° 0 0 O S T [ KO T 7 T [ 0 Ayly?

Table 13: Structure of RGEs of the bosonic dimension-6, dimension-4 and dimension-2 terms triggered
by fermionic dimension-8 terms. The entries correspond the order in SM couplings of the leading contri-
bution. Entries in blue are terms that deviate significantly from naive dimensional analysis. The WC in
gray are loop-level generated in weakly-coupled UV completions of the SMEFT.

corresponds to any coupling in the theory. A forward 2 — 2 cross-symmetric scattering amplitude of
Higgs doublet components reads, schematically:
Aloop ( )Ltree)Z A?
+ log | —
16772 1672 s
¢ (Dloop de? )

(i)tree ¢ _ ¢t A_2 S_
e * ez M s log( b (4.4.28)

A(s) ~ A +

where we ignored the particular numerical coefficients which accompany each term and, following Ref.

[245], neglected contributions with gauge couplings in order to simplify the anaIysisG. The combination

of coefficients c(i) which participate in the amplitude depends on the particular components of the Higgs

¢4
doublet which are being scattered.
higs = dige = oyl =cil,
hids = igs © eyl =c) v,
. i _ (1, (2, ()
$191 — P11 : Cat = il +Cyu 0 (4.4.29)

The last term in Eq. (4.4.28) corresponds to the running of the relevant dimension-8 operators and
can be written as in Eq. (4.4.1), with contributions from 2 insertions of dimension-6 operators and 1
dimension-8 term.

BAll conclusions can also be extrapolated for non-zero gauge couplings [245].
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To use the argument presented in section 4.1.6, we need to give a small mass, m, to the Higgs,
to avoid the branch cut from the logarithm to extend to s = 0, which would not generate the needed
analytic structure [178, 245]. We can then study the limit of vanishing m after expanding the logarithm
log[A?/(s + m?)].

Let us look at Eq. (4.4.28) in the case’ of At¢¢ = 0and c;?tree = 0; the leading contribution is given
by [245]:

As) ~ —ylcD ) Ml (4.4.30)
S Yijc(é)c(ﬁ) Og m2 A4 > e

where the - - - correspond to to higher order terms in s/m? from the expansion of the logarithm, yl.’j, iS
the anomalous dimension matrix corresponding to the insertion of 2 dimension-6 terms — as defined in

Eg. (4.4.1) - and CE;)) correspond to the dimension-6 WCs which renormalise the relevant dimension-8

WCs. Respecting the positivity constraint on the scattering amplitude, Eq. (4.1.24), we can arrive at two
conclusions:

(@)
@t

at loop-level, given that the amplitude is then dominated by the RGE effects, c;? do not have to

1. If the combination of ¢}, coeffcients contributing to the 2 — 2 scattering are only generated

respect the conditions of Egs. (4.1.25).

2. The RGEs of the c;’f driven by two insertions of dimension-6 terms must always respect

PUNE)
Yijc(é)c(ﬁ) <0. (4431)

In Appendix D we show an example of a UV completion in which arbitrary dimension-6 coefficients

can be generated compatible with c;’ztree = 0, meaning that the result of Eq. (4.4.31) holds,

irrespective of the values of c&))

Point 1. was verified in Ref. [245] where they show that a neutral scalar singlet or a scalar triplet do
; ;
also verify that in case no 4-Higgs operator is generated at tree-level (dimension-6 and dimension-8) but

not generate ¢, at tree-level, and at one-loop ¢, < 0 going against Egs. (4.1.25). Furthermore they
only at loop-level - as is the case of heavy scalar quadruplets with hyprecharge Y = 1/2or Y = 3/2 -

then Egs. 4.1.25 are respected at one-loop.

Point 2. can be seen from the explicit results of the full RGEs. Let us rewrite here the RGEs of the
4-Higgs dimension-8 operators driven by 2 insertions of dimension-6 as:

"Note that this is can always be achieved by tuning of the renormalisable Lagrangian.
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167 ﬁ(l) 3 [ - 2(C¢D) - —(C¢D)2 + 4c( ) Chp
+3c¢d +c +2(c(1))2 _ 2(c(3))2+6(c(1))2 6(c(3))2 + 3c¢u - 3c§5ud] , (4.4.32)
(2 _ _ 2
167 ﬁ 3 [ 2(C¢D) 2¢cpncyp (C¢D)
3c¢d —c —2(c<1))2 2(c (3))2 ( (1))2 6(c (3))2 3C¢u] , (4.4.33)

7
167 2/3<3> g[ —5(cpn)’ + g(%)2 — 2epnch, + 4(c§53l>)2 + 12(c;3q>)2 +3c3, d] . (4.4.34)

where the fermionic WCs squared should be read as the trace in flavour space, that is, ¢ = Tr[c'c].
The RGE of 0;4) is always negative; for c;;) + cf;),
of the terms underlined (note that terms cancel according to the number of lines underneath them). For
W, .@ 0
¢4 ¢4 €gt
the remaining (not underlined) fermionic terms in Eqgs. (4.4.32) and (4.4.33). Indeed we see that our

the definite negative sign arises from the cancelation

the combination ¢ the fermionic terms with positive sign in Eq. (4.4.34) are canceled by
results agree with point 2., that is, the RGEs of 4-Higgs operators triggered by dimension-6 terms respect
Eq. (4.4.31).

Let us now consider the contribution from the RGE triggered by an insertion of a dimension-8 operator.
In this case, as confirmed in Ref. [245], since there are lower-dimensional operators which can contribute
at the same coupling order to the amplitude as the dimension-8 operator (and dominate the amplitude)

the RGE from the dimension-8 operator does not have a fixed sign. Let us show this with a simple example
(2)tree (i)
¢* ¢t
6 contributions, which we already know fulfill Eq. (4.4.31), the part of the amplitude of the scattering

taking ¢ = 0 and considering its renormalisation by the other ¢, and A. Neglecting dimension-

process ¢1¢, — ¢1h; proportional to s* reads:

(Atree)z A4 X . AZ
Als) ~ | g~ vid el log A4, (4.4.35)

(2)
¢4
tion of a dimension-8 term. Even if the term A in the renormalisable Lagrangian is zero, the diagram
0

where y; corresponds to anomalous dimension matrix from the renormalisation of c},” through an inser-

responsible for generating ¢\ can in principle also generate a contribution to A¢¢. The two terms will
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scale as c;) ~ k%/M?, and A% ~ k% /M?, where k is the coupling between 2 Higgs and whatever
heavy field was integrated out to generate these relevant operators and M is the mass of said heavy field.
Therefore, first term in Eq. (4.4.35) scales as ~ x*/M?*, while the second one as ~ k*/M? (the extra
mass suppresion comes from the A* of the effective operator which we are identifying with the mass of

the heavy particle). The amplitude is therefore dominated by the first term in this case. As such, nothing
(i)tree

(8)
Indeed, by looking at the contribution to the RGEs of ¢

can be said in general regarding the sign of y;c
(i)tree
¢4

terms, both in our full results and in Ref. [245], we concluded that there is no definite sign for the RGEs

from tree-level generated dimension-8

of the 4-Higgs operators from insertions of other dimension-8 terms.

Positivity bounds have also been derived for the dimension-8 operators X2¢?D?. These were obtained
in Ref. [181] through amplitudes V1V, — V;V,, with V; = W=, Z, y, in the broken phase of the SM. They
can also be derived from the amplitude ¢V — ¢V in the unbroken phase. For this amplitude, contrary
to what happened for the 4-Higgs scattering amplitude, no lower-dimensional operator can dominate the
amplitude in general, since the contributions from different dimension terms will always scale differently.
Furthermore the RGEs of X2¢2D? WCs do not receive contributions from 2 insertions of dimension-6
operators. Given also that the WCs of the X?¢2D? operators are not generated at tree-level by weakly-
coupled UV theories, the s%-proportional part of the amplitude V' — ¢V can in general be dominated
by the renormalisation of X2¢?D? triggered by other dimension-8 terms, which should therefore have a
definite sign.

The relevant operators considered in Ref. [181] are in a different basis defined as Oyy;, for i =
1,...,5,7. The translation of their WCs to the ones in our basis is given by:

2 1 4 4
fM,O = _g Wz¢zDz sfMl ‘(/V)2¢2D2 ‘(/VZ(;SZDZ) fMZ gz 1(32)¢2DZ >
2
4. 4 <1> __ 8 @ .
fM,3 gz BZ¢2D2 :fM4 _ECWBQSZDZ 5fM,5 - _ECWquZDZ ’fM7 g W2¢2D2 (4436)

The positivity bounds obtained by Ref [181], when translated to our basis, read:

2 (1) 2.(1) _9 (4) <0 4438
gl Bz¢zDz+gz W2¢2D? glgchB¢2D2 = (4.4.38)
g% {(424521)2 + 2919201(4/;3(]521)2 +g§ 1(312)952132 <0, (4440)
2,(1) (4) 2.0 g wan

9:1¢ w2¢2D? 29192cW3¢2D2 *9;¢ B2¢2D?
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Given that these operators are not generated at tree-level, their value at energies much lower than the
matching scale is dominated by the running triggered by single insertions of (tree-level) dimension-8
operators. Considering the RGEs of the X?¢2D? WCs, at leading-log, results in

zc;}) + 3c;j> + c;‘? >0, (4.4.42)
c;? + 2c¢(j> + c;? >0, (4.4.43)
‘?5514) + C;i) 20, (4.4.44)
(1) (2) | <

e (4.4.45)

(1) (2) (3) (4) 1
[CWW tlyppe T g * ] =0 (4.4.46)

1 2 3 4 b
[c;f)wg +Cyans ~ Sy ~ Cyops| <03 (4.4.47)

- 1,01

for Yy = I,q and Yy = e,u,d. The WCs are defined at a high-energy (matching) scale. The first three
inequalities are simply linear combinations of the already presented positivity bounds in Egs. (4.1.25) and
as such always hold true since all WCs in the equations above must be generated at tree-level. The last
three inequalities are equivalent to those obtained in Ref. [190] which have been obtained by applying the
positivity constrain to the amplitude ¢y — ¢y/; see Ref. [246] for the positivity of amplitudes involving
particles with spin. As such, we showed that for X?¢2D? the positivity relations quoted in Egs. (4.4.37

- 4.4.41) are always respected through one-loop running.

4.5 Running in the ALPs

An important assumption that has been present in our SMEFT analysis so far is that at low energies
there are no extra degrees of freedom besides the SM ones. However, it is possible that light particles
exist that have, for some reason, avoided direct detection so far. Singlets of the SM gauge groups which
couple feebly to the SM are good candidates of such particles since they cannot be EW produced and are
therefore very difficult to search for at colliders. In this section we will study the SMEFT+ALP, an extension
of the SMEFT with a light pseudo-scalar, s, which is commonly called an axion-like particle (ALP).

The clearest motivation to study ALPs comes from axions (hence the name ALP) which aim to solve
the strong CP problem [247-249]. CHMs also predict several light scalars (CP-odd or even) which arise
from the spontaneous breaking of the underlying global symmetry which can generate not only the Higgs,
but other pNGBs which are naturally light [250]. ALPs have also been studied as DM candidates [251,
252] or as part of several flavour theories [253, 254].
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In the literature, ALPs are generically taken to be endowed with a shift-symmetry, s — s + a, with
a being an arbitrary constant, broken only by its mass term. However, this shift-symmetry arises as a
consequence of the periodicity condition required to solve the strong CP-problem [255]; other motivations
for light pseudo-scalars, such as CHMs, do not require such a symmetry. Therefore, and for the sake
of generality, we will not enforce shift-symmetry in our theory; we will comment on this choice in section
45.1.

Given their ubiquitous theoretical motivation, the experimental effort in searching for ALPs has been
far-reaching, spanning a wide range of energy scales. In figure 28 we can see that bounds are obtained
from different experiments; heavier ALPs are mostly constrained by collider searches [256, 257], with a
center of mass energy of v/s = 13 TeV, whereas lighter ones are constrained by astrophysical probes,
with, for instance, the observation of anomalous red giant cooling providing bounds at an energy scale
of around the keV [258]. In order to correctly interpret these bounds, knowledge of how the couplings
in the ALP theory vary with the energy scale (and how the couplings mix among themselves) is therefore
essential. In this section we will compute the RGEs of couplings in the SMEFT+ALP at dimension-5
assuming only CP conservation, and study some of the phenomenological implications of considering
these contributions. This section is based on the work published in Ref. [7].

4.5.1 Building the basis

The renormalisable Lagrangian of an extension of the SM with an ALP is given by:

1 1 K A
LP= = Lo+ 3 (9us) (9s) — 5m232 - 2$-=

As
3! 4134 — Ksgs|gl® - 7¢52|¢|2, (4.5.1)

with real coefficients.

Due to its singlet nature, the most interesting phenomenology of ALPs - its couplings to fermions
and gauge bosons - arises through dimension-b operators, which, unlike in the SMEFT, are not LNV. We
will therefore perform our analysis up to O(1/A). We construct the Green'’s basis at this order which is
shown in table 14.

We defined the operators in their hermitian form such that the WCs associated with operators with
flavour indices are followed by 3 X 3 real matrices, whereas the other WCs are real numbers. The
operators represented with an R are the redundant ones and can be reduced to the physical basis by
EOMs; since the renormalisable Lagrangian is no longer just the SM one, these EOMs are now given by:

Ks 5 AsS®
2 3!

— Ksg |91 — AsgsIgI? (4.5.2)
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Figure 28: lllustration of the probes of the coupling between an ALP and photons as a function of the
mass of the ALP. Taken from [259].

Asg _ B T
DAy =~ 201~ kg = =5 i~ gl ety ~ Uiy — ViRl (453
iBqY, = ylpdudy + Yl spruy, DI = yE prek, (4.5.4)
i = Y gl iPd = ylidliql,,  ief =yigill, . (4.5.5)
The resulting shift in the physical (CP-even) WCs read:
Asup = Asup — Tsgnl" — Tsqy" + y'ril (4.5.6)
Asap — Asdp + Tsgny’ — gy’ +y'ryy, (4.5.7)
Qyep — Aseg + gl — Foay +Y°re, . (4.5.8)

A comment regarding the choice of basis is in order [260]. In the literature it is common to find a

derivative basis to describe the SMEFT+ALP which is given by:
Lderivative = Z (8,,5) YCyy"¥ + CBg%sBWE‘”’ + nggsmavﬂ/fv + CGggsGﬁvCN}ZV, (4.5.9)
¥

This choice stems from the shift-symmetry motivation for the ALP that we mentioned before; due to its

derivative nature, this basis explicitly respects this symmetry.
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Scalar Yukawa Derivative Gauge
om is(qpuf ~ b ) s¢u=is<¢*D2¢—<D2¢>T¢> 0,5 = GGl
osd¢ is(@@gdl - db'qp) | RY = s+ D) | O = WA WL

W = is(I%peh — efjgmg) “ﬁ:s(lalﬁlﬂHﬂIDl“) Oz = sB,,B"

ﬂsf = s(u“lDu +uﬁlDu“)
R = s(dazz)dﬂ +d D)
= s(e”‘IDe + eﬁlﬁe“)

Oy = s° iﬁ = s(q_fguﬁ + uﬁ;ﬁ ) | Ro=s 8/18”5 O = sGﬁVGﬁV
Su
Op = s*I¢I* | 02 ¢ = s(@gdl + dhd' ) | Ry = I120Ps Ogw = sW W,

O =slgl* | O =s(Fpef+ehd'l) | Rz =s(§ D%+ (D*)'9) | Oup = BB
R = s(qFilbg] — ¢/iDg?)
< = DI - LiDI)
ﬂ;ﬁ = s(@imug —u_l’ii(lgug)
R = s(dgilpd} — dbipds)

(4 . _.&
7€s~eﬁ = s(egllﬁeg — eﬁlm ex)

Table 14: Green’s basis of SMEFT+ALP at dimension-5. All operators are hermitian (operators with flavour
indices are hermitian for each fixed value of & and f, (Oa,ﬁ)T = Ogp). Operators in the top panel are
CP-conserving, whereas those in the bottom are CP-violating.

In order to simplify the analysis, let us look at the leptonic sector to compare both bases. The
basis introduced in table 14, which we will refer to as Yukawa-like, has 18 free parameters to describe
the leptonic sector from the operators Og.4 and O;q;. The derivative basis is also composed by 18
parameters from the WCs C, and C,.. However, the Yukawa-like basis describes both shift-symmetric and
shift-breaking physics; as such, using the same number of parameters it seems to describe a wider range
of physical models. However, at first sight it might seem counter-intuitive that the Yukawa-like operators

can also describe shift-invariant physics. To see this, let us consider the following Lagrangian:
L =-I (¢} —isa.)peg + hec., (4.5.10)

where a, is an arbitrary matrix in flavour space of order 1/A. Shifting s — s + o induces the following
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change:
L — L - |l (~ioa.)peg +h.c.| . (4.5.11)

We can now perform arbitrary chiral rotations which, to the order we are considering, read
I - (1+ A, er — (1+ Ag)er, (4.5.12)
where Ay g are anti-hermitian matrices of order o/ A, resulting in
Lo L- [E(yeAeR — ALy - ican)deg +he.| . (4.5.13)
A sufficient condition such that a, respects shift-symmetry is that
I < (R TUSTY - (4.5.14)

with Hj, ., being arbitrary hermitian matrices, corresponding to +iA;, .. /o in Eq. (4.5.13), respectively.
Relating «, and the WCs in the Yukawa-like basis

asey = Rea, ags = —Ima,, (4.5.15)

(and expanding the same conclusions to the quark sector) we get the following constrains on the form of
the WCs so that they describe shift-invariant physics:

a:gi{)ft—inv = Re(H,y" +y"Hyy), (4.5.16)
a;}gt—inv _ —Im(Hqu” + 1y Hy,), (4.5.17)
a;g;ft—inv _ Re(Hqud +y%Hy,), (4.5.18)
a:%ft—inv _ —Im(Hqud " dedR)’ (4.5.19)
a;?;ft—inv = Re(H,,y° + y°He,) (4.5.20)
a%ft—inv = —Im(Hy, y° +y°Hyy) ., (4.5.21)

where once again H, are arbitrary hermitian matrices.

L.IL,uR,dR.€R

Knowing these conditions, we can repeat the comparison with the derivative basis considering how
both of them describe the same shift-invariant physics. Once again, considering the leptonic sector and
taking the further simplification of the ALP coupling only to 1 family, the derivative basis is composed
of 2 free parameters, one from C, and one from C.. However, in this assumed limit, the Yukawa-like

basis has only one free parameter, a4 (note that from the conditions derived in Eq. (4.5.21) the CP-odd
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component is zero in the 1 family case). As hinted before, this implies that there is some redundancy in
the derivative basis.

In general, we derive the following on-shell relation:
_ —>
AusliCry*l;, = 9, serHy e + seg(iA)i ID eg, (4.5.22)

where <D_u> =D, - <D_u and H and A are hermitian and anti-hermitian matrices, respectively, given by
1 e\—1 e et e\—17F
A= W) 'Cy -y iy, (4.5.23)

1 _ _
H= -3 [(ye) Loy + v Ci(y°) ”] . (4.5.24)

If A vanishes, the operator corresponding to the LH and RH fermions are equivalent. A sufficient condition
for this is that the Yukawa commutes with C;, which can happen in the example explored before when
the ALP couples only to a single lepton family.

4.5.2 Renormalisation of the SMEFT+ALP

Following the same procedure as in the previous sections, we calculate the RGEs of the SMEFT+ALP.
Besides the WFRs presented in Egs. (4.4.22) we also need the fermionic ones given by:

_ 1 (15,9, o o ad dt
ZCIL =1- m »ggl + 592 + 893 + 3yuyu + 3y s (4525)
LT
Zy =1- 64m2e g% + 393 + zyeyeT > (4.5.26)
1 74 2 2 ut, u
ZuR =1- M ggl + 4g3 + 3y s (4527)
1 (1, 2 adid
ZdR =1- m ggl + 4g3 + 3y s (4528)
) -
Zey =1= 1 g+ Tye|. (4.5.29)
Defining the beta function of an arbitrary coupling a, as
d
B = 1621 = Yuma, (4.5.30)
U

where y,n, is the anomalous dimension matrix, the resulting beta functions for the SMEFT+ALP theory
are given by:
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17¢?  9¢* 1
ﬁasucﬁ :2|:()LS¢ - _1 - _2 - 49% + EY;Y))aSu¢

3 4 dt

5 1
- Y'Y st ZyuyuTasmﬁ + asungyuT .

d
Y+ e,y = aagy ™y

4
1792 992 e ut u
- (Tlas§+ 726‘31/\7 + 16g§a35 +Tr [y a3;¢ + 3ydasTd¢ = 3asupy ')] )y , (4.5.31)

5g°  9¢* 1
ﬁasdq& = 2[(AS¢ - = -2 49% + EYQ(gY) Asdg

24 8
_ 3ty p 2t L dtyd , u T d_ 1 ut, d
2J Y Gsdp t LYY Gedg F AsdgY Y Y Ay Y~ S AsugY Y
592 992 d d
- (?lasg+ ?zasw + 1ég§a55 —Tr [yea'31;¢ + 3y a};hﬁ - 3a5u¢y”T)] y*|, (45.32)

1597 995 1 5 .
ﬁase¢ = z[asegﬁ (As¢ - Tl - ?2 + Eyq(&Y) + A—Lyeyefasqu + ase¢ye'ye

15¢° 942

- (Tas§+ — 4w~ Tr [yeasTe¢ + 3yda£i¢ - 3a5u¢y”T)] )ye] , (4.5.33)

41
Ba; = ?gfasg, (4.5.34)
19
Pa = —;g%asw, (4.5.35)
Pa - = —l4g5a . (4.5.36)

A more illustrative picture of the operator mixing can be obtained by taking the limit of diagonal flavour
cuplings aqp = d4paq (and neglecting off-diagonal Yukawa couplings as well). Writing y,m,, where n runs
over 03@’ O.Zid)’ OS”‘E¢, Oz, O, and O g, and m over the same operators but with flavour index p, we
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can express the anomalous dimensions in the following form:

v+ 6ysyL Yy —6yay,  —2uiyl  -32g%ys —9g5yn —F vk
yoiyd - 6ySy, v +6ySY, 2%yl —32¢5y% —9g5y%  —2g%y"
—6y2y, 6yly,  ysm+2ufyl 0 —9gyY —15g%y¢
y= . (45.37)
0 0 0 —1443 0 0
19
0 0 0 0 -39 0
0 0 0 0 0 Lg?

where a &4, should be understood in every entry in which the p-index does not explicitly appear, and we
have defined

3 2 9 2 17 9 Y
v =2k =3 (05" + 5 ()" — 9t - gb -8+ (4.5.38)
_ 3 a\2 9 a\2 5 2 9 2 2 (Y)
Yoo = 2 = o (i) + 5 (Wg)” — 597 = 92 =895+, (4.5.39)
_ 2 1o 9,
vas = 2+ o (U0) = 91— oty (4.5.40)

Note that, despite having considered flavour diagonal couplings, due to the contribution from ryyq, there
is inter-generational mixing. The choice of diagonal Wilson coefficients is radiatively stable (up to the small

non-diagonal terms in the SM Yukawa couplings).

The running of the renormalisable couplings was obtained with the tool Pyr@te [261], and is given

by:
41
B = <91 (4.5.41)
19
Bo= -9 (4.5.42)
Bos = =793 (4.5.43)
Bz = A sppi® + Asm?, (4.5.44)
e, e u, u T 3 9
Bz = /lsqgmz + [2Tr(yy M+ 6Tr(y"y M + 6Tr(y?y?") - Eg? - Egg — 122 p%, (4.5.45)
By, =345 + 122, (4.5.46)
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. 3 9
Brs = |As + 44 + 2Tr(yfy" ") + 6Tr(y"y* ") + 6Tr(yly?") + 122 — ng - Egg Aegs (4547
l2 u. ut, u, ut d dt 4 df e.et e et 3494322
Par= 5 A5 = 6Tr(y y YY) — 6Tr(yy™ yy™ ) = 2Tr(y"y 'y "y™) + g1 + 202 + 1919,
+ [24/1 —3¢% — 9¢2 + 4Tr(y°y°") + 12Tr(y"y"") + 12Tr(ydy‘”)] A, (4.5.48)
3 u.u 3 i u.u i e et 17 9 u
Py = {Ey yt - Yy +3 [Tr(y ") + Tr(y?y? )] +Tr(yy™) - 9t - 95 —89§}y ,
(4.5.49)
3 T 3 u.u u.u i e et 5 9
Py = {Eydyd -y 43 | Tr(yy ) + Try ™ |+ Tryy) - 59~ 7%~ 89%}3/“’,
(4.5.50)
3 e, .e u,.u T e_ e 15 9 e
Bye = {Ey e +3 [Tr(y ") + Tr(y?y )] +Tr(yy"") - S9 - ;193} Y. (4.5.51)

Given the wide usage of the derivative basis, we use the results of the previous sections to translate
the obtained RGEs to that basis. In the limit of vanishing complex phases for the Yukawa couplings we

arrive at:
fe. =y Ty"Cu+2Cuy" Ty + 244 Cu + (¥*) 'y Cay Ty
+ 13—79ch +9g,Cw + 32C595C — 2y, (4.5.52)
Pes =y Ty Ca+ 2Cay Ty + 2444Ca + (v 'y Cuy Ty
+ gg;*cB +9g,Cw + 3293Cc + 2y, (4.5.53)
pec, = yeTy°C, + 2Cy° Tyt + 2M5¢Ce + 15¢7Cp + 993Cw + 2y, (4.5.54)
with
Y = Tr|y°CoytT + ?ﬁydC‘dydT — 3y Cuyt | . (4.5.55)

4.5.3 Renormalisation of the LEFT+ALP

Below the EW scale, we can describe the ALP phenomenology by a low-energy theory, which we call
the ALP LEFT, in which the high-energy scale is now the vev of the Higgs and we integrated out the now
massive top quark, the Higgs, the Z and the W bosons. Assuming still CP conservation, the corresponding
on-shell ALP LEFT Lagrangian, to dimension five, can be written as:

1 1 55 A4 1 1 A a
Ligrr = 5(@,5) (d¥s) — s = 4—§s - ZA;WAW - ZGWG wv
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|

+ Z {Wilﬁt//“ - [(Thw)aﬁgﬁ_ﬁ%g - Si(él/,)aﬁl//_gl/lg +h.c.

Y=u,d,e

~ A SApy | o~ ALY
+a,55 G, G™ +a gsA A

+ Z {(dl/,A)aﬁl//_gO'ﬂvgbgAﬂv + (&lpg)aﬁlp_gGyVTA‘I’gGﬁv + 82(&¢)aﬂlﬁ_glﬁ£ + h.C.} R
Y=u,d,e
(4.5.56)

where a, § are flavour indices that run over the three families for d and e and over the lighter two families
for the case of u. The assumed CP invariance forces all coefficients to be real (matrices in case flavour is
involved). Contrary to what we saw before, there are now effective operators of the same dimension with
and without the ALP.

The following redundant operators should also be considered:

Lr= ) [(f¢D)aﬂ¢_£‘D2¢£+i(FS¢L)aﬁs¢_£‘iD¢Lﬁ +1 (Fugi) op SYRIDYR +hc. |, (4557)
Y=u,d,e

where, due to CP invariance, we have real WCs. The purely SMEFT redundant operator can be removed
by making use of the relation

Ouv . N v
D*=1p" + % (EQA™ + GsG'Ty) (4.5.58)
and the fermion EOM
DY = mapy +ml r =i (Eg) 55U +1(E)apsiy - (4.5.59)

To fix the parameters of the ALP LEFT at the scale i = v, one has to choose which physics lies above
the EW scale. While all results in this section hold for general models above the EW scale, if we consider
that the SMEFT+ALP (the theory studied in section 4.5.2) is valid above the EW scale, then the matching
conditions at tree-level are given by:

A
€ = gaSw = G1Cw m? =m? + %ﬁvz, (4.5.60)
~ 02
g3 =93> As = As =3— A, (4.5.61)
my,
N v, 3 v
(mu)aﬂ = @(y )(Zﬁ: (Cu)aﬂ = %(asu(p)aﬂ, (4562)
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~ 0 - (4]
(Mg)ap = %(yd)aﬂs (Ca)ap = %(asdd))aﬂ’
0 0
(ﬁle)a = _(ye)a > (Ee)a = _(ase )(x 5
B \/E B B \/— ¢Jap
~ 2
a55 = asé’ sg = asWsW + asﬁcw >

(4.5.63)
(4.5.64)

(4.5.65)

where, as before, & and f are flavour indices that run over the three families for d and e and over the

first two for u. All the other Wilson coefficients vanish at the order we are computing.

As the energy scale approaches the mass of the fermions in the theory, we can integrate them out.

The effective Lagrangian is of the same form as in Eq. (4.5.56) except that the flavour indices now run

only over the remaining fermions and the WCs have to be matched at each mass threshold.

The WFRs needed to calculate the RGEs in ALP LEFT are given by:

o1 ) 2 )
= _ c.C —_ me.a A. M s
e dre  32m2e \ €€ 1672 \ ¢ eAe
PR N T e P I o i
Zew =1~ 4re 327l (cece) 1672 ( Gealle meaeA) ’
1 1 1
Zgy =1-—|—a+a| - (501)
& 3re [12 5] 3272e \ 4d
— é ~ + q T + g~_3 + 7 T
Lonle \Md%ga T Gdallg | & 7 57 mdadG dacmy |
Z= 1= L] - L (5a)
=1- —|—a+a,| - ———|¢'¢
R 3zel|127 " | 3272e \d ¢
— ¢ my+m'a + j aT my+m'a
167T2 dA d d dA 4 dG d d dG | »
Z, =1 — + ! (~ ~T)
=1- —|-a+a,| - —— [¢,¢
“ 31e |3 | 3272e VMM
2e j . .
mﬂJMT+%WwUMJm%ﬁ%mw’

1= [ - ()
=1-—|-a+al - é'e
R 37me |3 1 3272e VW

2 (. t 3 t
lonle a,,Mu +m,aus) + m quu +m,a,c
Zy=1 a + L + :
=1——|n;+-ng+-n
4 3me | 34 3"
+ 2712 Tr [(a Me + M) Gpp) — Z(dzAmu +m) d,a) + (&ZAmd + le&dA)
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(4.5.68)
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(4.5.70)

(4.5.71)

(4.5.72)



CHAPTER 4. MODEL-INDEPENDENT APPROACH

(04 2 g3 - - o ~

Zg=1+ 4;6 [ll - g(nu +ng)| — 47_[2€Tr [aZled + mZadG + aleu + mZauG] ,  (4.5.73)
1

Zo= 1= —Tr el +3 (cad +acl) (4.5.74)

The WCs shifts originating from reducing the redundant operators of Eq. (4.5.57) are given by:

R - -
m¢r¢Dc¢ + cl/,rl//Dmlp
PN s e oo
Cy —Cy + 5 + Py, My — YTy (4.5.75)
N T T T
dy — dy + CyFyaCy + Fy Cy — YTy (4.5.76)
eQyr
Gya — Gya + QZ =y (4.5.77)
. 3 g3
Gy — iy + 2 2‘“] , (4.5.78)
Finally, the couplings in the ALP LEFT evolve following;
4 1 4
Bs = 3 [netgnat gnu] & (4.5.79)
+8&Tr| — (G y e + ] den) +2(a] 41y + i dua) — (d ,1ig + mjiadA)] ,
2 . . L e L L
Bs, = [-11+ §(n” + nd)]gg + 4g§Tr [aZled + m;adc + aLGmu + mZaug] , (4.5.80)
I e P oo
P, =— 6€°m, + E(mecece + CeCome + 4C.m/Ce)
+ Tr(Corit) + &) it + 38,1 + 31y + 3mgl + 3 éq)
e e u u d d
+12¢ (rherﬁZdeA + deAthrhe) — 2%, (4.5.81)
I P o s DU SN o
B, = — 8G5my, — ge my, + E(mucucu + ¢, C,my + 4C,m,,Cy)
+Tr(Com! + &, + 36,0 + 36Ty, + 3mae! +3m'e,)e
e e e e u'tty u''tu d d d d Cu
— 8¢ (mum;am 4 aum,ﬁmu) ~ 16 (mum,ﬁauG 4 &qu,ﬁﬁzu) _om%a,,  (45.82)
~2 2.9 Lo 4. ~ At ~ o~ T
B, = — 8G3mg — L + E(mdcdcd + CqC Mg + 4Cqm ;Cq)
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+ Tr(ce |+ che + 3¢, m +3é WMy + Smdc +3m cd)cu
42 (arifaan + daarilging) - 16gs (harlac + aciiing) - 2i*as,  (4.583)

i = Astit® + 41 Tr(EeEl) + 12> Tr(Eq6)) + 12im°Tr(G,¢})

b+ GgElmgm’) — 18Tr(E) Gyl + &\ Gq my)

— 24Tr(&uE) iy} i

- 12Tr(cum Cym T + chuchu + cdmdcdmz + czmdc my)

RPN

— 6Tr(cum my,C,) A MgC ,Cqm  + CoCelh, me)

- 2Tr(4cec Mem T + 2cemTce e ZCTmeche + cemee T)

8 (3T (s} darsng + il ad i
+Tr( ER mjmeajme) ] (4.5.84)

i =32 — 144Tr(G4E16461) — 144Tr(uE[EuE)) — 48Tr(EeE)cec))

+ 24A,Tr(E460) + 24A,Tr(6,E)) + 8A,Tr(éeE}) + 96

et +3 (Trﬁ + Trf;) ] . (45.585)

Tr(cec ) + 3Tr(cqC ) +3Tr(c, ~T) Cut

5 = ——(e + 393)cu + 3cuc Cy+2

_32|lea 4 +2|a, (Eimy, —2mle,) + (mué - 2¢,m] ) a
3e as i 93 mu ay, (c,my m,,Cy myc, c,m) | ay
+ 8 | 1y, &l dya + AuaClmy, — Gyl dus — a ““]
uCyAuA T AyAC, My CyMm, dya — AyAm, Cy
+ 1643 [muEZduG + Ay iy — Gl dug — aqugéu] , (4.5.86)

2
Bs, = _g(é2 +12G8) &g + 3848164 + 2| Tr(G6l) +3Tr(G4e)) + 3Tr(5u53;)]5d

g + 2| dy (éj,md - zmjlad) + (nadajl - z&drhj,) ad]

—8|1eta; + 4dta
3 SA 9346

- 4é[md5;&dA + GgaC g — Gam dga — ddAﬁlZEd]

+ 163 [ﬁzdajlddc; + dgGE Mg — Eqtitidac — adcﬁzjlad] : (4.5.87)
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Bs, = —662C, + 36,61, + 2

Tr(Ged)) +6Tr(E48)) + 6Tr(5u5;)]5e

- 8[3&2% e + 2

G (&m. - znajae) + (mec] - 260w ae]
-~ 12é[rheEZdeA + AoACl g — Col) o — aeArhjae] ; (4.5.88)

for the renormalisable couplings, and we have used Pyr@te [261] with manual cross-checks to compute
the parts of the beta functions that depend only on renormalisable couplings.

For the non-renormalisable Wilson coefficients, the beta functions read:

8
ﬁauz[—ge -8G5+

ay —32[36 asA+g3 sG]Cu

. 13 . 13 . i
+2| — cuaicu + — 2 auc*cu + Zcuclau + 4Tr [ +3 (cdcT + ¢,C T)] ay,
+ 88| 6uldga + duaCléy | + 1645 [EMEZ&uG +duGElé, | (4.5.89)

2. B ~ . 1 . o 5
Pa, = [— gez - Sgg +Aldg — BZ[EezaSA +g§asé]cd

13 13

+ 2| — cdadcd + Zadczcd + chczad +4Tr [cec +3 (cdcT + C,C )] ag

— 4¢ [50,52% +aga8léq| + 16d3 [50,5;@(; + dgGE e (4.5.90)
_ =2, 5|~ 2 NS Nt
5, = [ - 6€° + Ala. — 24é°a ;c, — 12¢ [ceceaeA + deaC,Ce
ot 13 . 5. 13 . i, _ . . .
+2| - ceaTce + — 2 aecTce + Zcec;(ae +4Tr [cecé +3 (cdcz + cuc:ﬂ)] de, (4.5.91)
Ba - = 4éTr[ (6ol + Elden) + (Gadly + Ehdan) — 2 (ualy + €lun)
. . 8. 1 4 .
+ 2Tr [EeEZ +3 (Edéc{i + cch)] ag; + gez ne + gnd + gnu ag;, (4.5.92)

Bi. = —2gsTr [561‘72@ g +édl g + 53;%] +2Tr [5652 +3 (édajl + 5u5§)] i

(4.5.93)

o2
+Zg§ [g(nu +ng) — 11| a.z
~D ~ ~~ o~ 1 ~ T~ .~ T
ﬁdeA = 10e“acq + 4ecea ; + 5 CeCpleA + AeAC,Ce
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4 1 4
+ géz ne+ Zna+ Sy Aep (4.5.94)
40 _, . 8 __ . 64 __ . 8 . 1. . - i
,BduA = ?e ayA — gecuasA + ?eggaug + §g3auA + E (cucuauA + auAcucu)
4 1 4
+ 552 ne+ 2na+ Sy AyA (4.5.95)
10, 4 326 _ _ 8 . 1. . . s
:deA = ge aga + gecdasA - ngadc + §g3adA + E (cdcdadA + adAcdcd)
4 1
+ géz ne+ Zna+ oy aga, (4.5.96)

16 . .. R 8 9. 1/ s s st
G = ?g3eauA —4gscya.5 + 66’ a.c + 2 (cucuauG + auchcq)
N .
+3|2 (ny +ng) — 29|G5a,6 » (4.5.97)

2 1
~ o~ ~ o~ o~ ~D ~ ~ ot~ ~  wte
:Bﬁdc = —§g3eadA - 4ggcdasG~ + 66 ag; + 5 (Cdcj;adc + adGc;cd)

0 ]
+ 5|2 (nu+na) - 29 G544 ; (4.5.98)

where n,, ng and n, are the number of dynamical up-type quarks, down-type quarks and charged leptons,
respectively, for the EFT we are considering.

Once again note that the equations above are fully generic, that is, they are valid regardless if the
theory in the UV is the one we have assumed in Section 4.5.2 that leads to the matching conditions in
Egs. (4.5.60)-(4.5.64), or any other theory containing different degrees of freedom.

4.5.4 Some phenomenological applications

Mixing among different effective operators can have important phenomenological effects, in particular for
theories in which a WC is not generated at the matching scale but can originate from the running of other
WCs. As an example of such a case, let us look at the case of a photophobic ALP [262], whose Lagrangian
at A =10TeV is given by :
1 [ a7z 2 v 2n .
L= Lo+ Ea,,sa”s + Em S+ s (cprVW” - smB,,VB‘”’) , (4.5.99)

cczo_sa)

where Lgy is the SM Lagrangian. From Eq. (4.5.99), the ALP couples to pairs of Z bosons but
not to pairs of photons. This theory is motivated by CHMs based with the symmetry breaking pattern
50(6)/SO(5) [263]. The photophobic condition is stable, that is, a ; remains vanishing at all scales.

109



CHAPTER 4. MODEL-INDEPENDENT APPROACH

Taking the the physical ALP mass to be O (keV), a_5 can be directly bounded at colliders. From pp —
Zs searches with LHC Run Il data values of a_; larger than 0.2 TeV~! [264] can be excluded, whereas
for the High-Luminosity phase of the LHC a_z could be constrained to be less than 0.04 TeV~! [264] .

However, the running of a_; generates other WCs, which can also be constrained. In particular,
a ; generates a4 — which can be seen from Eq. (4.5.33) - which is tightly bounded experimentally.
For ALPs with a mass ~ keV the strongest constraint is the anomalous cooling of Red Giants from ALP
radiation. This observable constrains the ALP coupling to electrons (the coupling in the LEFT + ALP) to
be ¢, < 3 x 10713, for a typical core temperature of T ~ 10® K [258].

Considering that above the EW scale only the ALP exists besides the SM, ¢, runs proportionally to
itself. Resumming Eqgs. (4.5.80) and (4.5.88), at the EW scale, the bounded coupling reads:

Ge(v) <2.8x1071, (4.5.100)

which translates into
asep(0) S 1.6 X 10712 TeV™", (4.5.101)
from the matching conditions in Eq. (4.5.64).
Solving numerically Egs. (4.5.31)-(4.5.36), (4.5.41)-(4.5.43) and (4.5.49)-(4.5.51) for )Ls¢ =0, we

can obtain a bound on a (10 TeV) of:
a;(10TeV) < 4.8x107° TeV ™', (4.5.102)

This result is four orders of magnitude more constraining than prospects from direct searches.

Another example is the case of a top-philic ALP at A = 10 TeV, with a Lagrangian
1 1 ~
L=Loy+ ansays + Emzsz + a;s[ig; ¢ptr +h.c], (4.5.103)

where g stands for the third generation quark doublet and a; = (asu¢)33. Once again, a; generates
through mixing a non-vanishing coupling with electrons. Following the same procedure as above, we
obtain a,;(10TeV) < 4.3 X 107® TeV~! from the bound ¢, (i ~ KeV) < 3 x 10713,

Direct bounds on the coupling with a top quark could in principle be obtained from pp — tts, but
they are likely to be very weak due to the difficulty in discriminating this signal from the overwhelming
tt background. Other indirect constraints on a; have been studied in Ref. [265] but they are much less

constraining than the one obtained above.
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5

Connecting theory with experiment through the
SMEFT

In this section we follow the top-down approach within the SMEFT at dimension-6, in a sense combining
both approaches studied so far, as we will be looking at particular UV completions which can explain the
SMEFT results. The measurement of an anomalous magnetic moment of the muon can be parametrized
by a non-zero WC of the dipole operators in the SMEFT, in a model-independent way. Our goal in this
section is to study the matching conditions of this operator at one-loop, allowing us to study the specific
BSM scenarios (up to 3-field extensions) which can accomodate the observed anomaly. In section 5.2,
we will also perform a full one-loop phenomenological study of one of these 3-field extensions which can
also account for other flavour anomalies. The work presented in this chapter is based on Ref. [8].

5.1 Bridges — UV completions to explain the a, anomaly

The anomalous magnetic moment of the muon which we introduced in section 2.3.3, has received a lot of
attention, with a significant amount of work done to map the possible BSM scenarios which could account
for Aay, given in Eq. (2.26). From an EFT prespective, the contribution to a,, can be parametrized in the
Low-Energy Effective Field Theory (LEFT)! of the SM, which is obtained after integrating out the top, the
W and Z bosons and the Higgs (similarly to what was done in the LEFT+ALP theory of section 4.5.3). In
the LEFT, at tree level, the contribution to a, is given by

4m,0
NP SM H 2,2
—a," = ——Rela’’], (5.1.1)
(2 iz VZe ey
1The RGEs of the LEFT have been calculated in Ref. [266] and the matching conditions of the SMEFT onto the LEFT have
been given in Ref. [267, 268].

Aa,l:a

111



CHAPTER 5. CONNECTING THEORY WITH EXPERIMENT THROUGH THE SMEFT

where m,, is the mass of the muon and aé’;v/\/i is the WC of the photon dipole operator defined as [267]
LY = (1'6"e))F,, +hec., (5.1.2)

where i and j correspond to flavour indices.

The matching conditions, at tree-level, for the photon dipole operator at the EW scale with the SMEFT
result in;

= (eheo - atiyso) (5.1.3)

where the SMEFT dipole operators are defined in table 7. The SMEFT dipole operators can only be
generated by weakly-coupled UV completions at loop-level [161, 210, 269]. As such, a complete one-

loop study of the contributions to a, should involve several other components:

* Tree-level generated operators which renormalise the dipole operators;
¢ One-loop matching conditions from the SMEFT to LEFT of the photon dipole;

* One-loop contributions to the observable a, from tree-level generated operators.

Ref. [270] took into consideration all of these contributions and, in Eq. (5.2) of that reference, it is
shown that, for an EFT with a cut-off A = 10 TeV, the only relevant SMEFT operators besides the dipoles

was OS;”.

for a coherent one-loop analysis, we only need to consider the tree-level generation of O

The contribution from this 4-fermion operator is already a one-loop effect and therefore,
g;u according
to Ref. [161], only the leptoquarks S; ~ (3,1,-1/3) and S, ~ (3,2,—7/6) — where the number in
parenthesis are the representations under (SU(3)¢, SU(2)1, U(1)y) - generate this operator at tree-
level. Given that this result is known in the literature, for the remainder of the chapter we will not mention
it and focus solely on possible UV extensions which generate the dipole operators at one-loop. Note

however, that when extensions with S; and S, are mentioned, one should also add the contribution from

A wide array of SM extensions (with different number of new fields) have been suggested to generate
the dipole operators — Ref. [271] (and references therein) offers a very comprehensive review on these
models and their status according to current experimental data. Given the large contribution needed to
explain the observed ay,, any contribution to the dipole operators which is suppressed by a muon Yukawa
requires that the heavy particles running in the loop have a mass at most of O(100) GeV. In our SMEFT
analysis we are concerned with heavier particles with a clear decoupling between the scale of new physics

and the electroweak scale. Therefore, we will focus on chirally enhanced solutions, that is, UV extensions
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in which the NP contribution to a,, is not suppressed by the muon Yukawa coupling. Refs. [117, 272~
276] have studied chirally enhanced solutions for several 3-field extensions of the SM.

This work will focus on the (chirally enhanced) contribution to a, generated through the diagram of
figure 30, which we will refer to as bridge hereafter. We will classify all SM extensions which can generate
such a topology. Regardless of the matching being performed (on-shell or off-shell matching), the particle
which connects the loop and 2 external states (the bridge) must be heavy, otherwise it would give rise to
a Yukawa coupling. Furthermore, one or both particles in the loop must be heavy, meaning that either 2-
or 3ield extensions can generate this diagram.

This bridge diagram has been considered in particular 2-field extensions with VLLs [277, 278]. How-
ever, we perform a complete classification of all 2- and 3-fields extensions of the SM responsible for
generating this topology. These extensions can sometimes also generate a box diagram? which must also
be calculated when computing the full contribution of a particular model to a,.

Our approach in the SMEFT allows us to consider several 2-field extensions which have so far been
overlooked in the literature, where only the lepton Yukawa-suppressed contributions to a, from these
models were considered. This ended up excluding these models as viable explanations of the anomaly
(either because particles had to be very light or because the contribution had a fixed negative sign). By
also taking into account the bridge contribution from these 2-field extensions, we have restored as possible
solutions to the observed anomaly in a,,.

The 3-field UV completions (which produced chirally enhanced contributions to a,) considered in Refs.
[117, 272-276] generated the dipole operators through a box diagram, shown in figure 33. The heavy
fields which could generate such a topology are not the same as those which would generate a bridge
diagram. As such, we present a completely new class of 3-field extensions which can account for Aa,,.

5.1.1 Computation of q,

We will consider fermion and scalar® extensions of the SM (with 2 or 3 fields) which can generate the
bridge diagram of figure 30 where the W or B gauge bosons can couple to any of the internal propagators.
In practice, the calculation could be done directly with a photon insertion if the appropriate electric charge
is considered; however, in order to maintain our language within the SMEFT consistent, we always refer
to diagrams with the gauge bosons in the unbroken phase of the SM. Throughout all computations,

2In the LEFT, given that the Higgs takes a vev, this corresponds to the triangle diagram, which is what is usually mentioned
in the literature.

3Heavy vectors can also take the place of scalars with the same quantum numbers. However, we only show the explicit
results for scalars.
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contributions suppressed by lepton Yukawas will be neglected, as well as terms proportional to the Higgs
mass, of the form (mgy/M).

To compute the one-loop matching conditions for the dipole operators, the 4-point amplitude between
£, er, ¢, and B/W is calculated, considering all momenta incoming. For simplicity, the momentum of
the Higgs, py, is taken to zero. We equate the process in both the full theory (the SM extension) and the
SMEFT and focus on the kinematic structure ¢¢, where g is the momentum of the gauge boson and € its
polarization vector, since this is the structure which fixes the dipole operators WC. The following on-shell
relation is useful in the calculations:

Oy ¢ ue = —0; (P, + P, )¢ the = —2€ - Pe Vg Ue (5.1.4)

where p, () is the momentum of the right-handed (left-handed) lepton, and o,, u, are the corresponding
external spinors. In order to apply the second equality we took the on-shell conditions o, #, = 0 and
P, ue = 0 valid for massless fermions. This results in € - p, being the only relevant kinematic structure
that must be calculated to arrive at the matching condiitions.

This matching calculation to the dipole operators is particularly efficient in the on-shell approach unlike
what has been done throughout this thesis. That is because, disregarding lepton Yukawa insertions, no
other connected diagram can arise. One could wonder whether attaching the gauge boson to the external
legs would give a contribution; however, this contribution is either proportional to p[;é or Mﬁe, or, if the
gauge boson couples to the Higgs, proportional to g - € = 0 or py - € = 0.

We also do not need to consider the cases in which the gauge boson is attached to the fermionic
bridge since all contributions are proportional either to ¢ or ¢ g, which are zero in light of the previous
arguments. Therefore, only contributions where the gauge boson is coupling with the particles in the loop
must be taken into account.

Results presented in the following sections have been cross-checked with matchmakereft [217] 2.
As mentioned previously, this tool calculates the one-loop matching conditions for generic UV extensions
of the SM following the diagrammatic approach off-shell. In this case, as explored in section 4.1.2, results
are given in terms of operators in a Green's basis, which should then be translated to the Warsaw basis.
When using matchmakereft the following relations can be used to move to the Warsaw basis:

_ G 9.6 91 oG 91 oG
“eB—aeB_g eHD2 ™ “g PeHDa ~ 5 PeHD3 (5.1.5)

_ G 92 G 92 G
Aew = Uew = " Pep2 T g PeHD4 (5.1.6)

“When results were available in the literature we also cross-checked against those in them.
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written in matchmakereft’s convention, where the superscript G denotes WC of operators defined in
the Green'’s basis. Yukawa-suppressed contributions and the evanescent operators were neglected.

5.1.2 General results

Before delving into the results for the bridge diagram, let us mention that some of the considered ex-
tensions can also contribute to a, through the usual box diagrams shown in figures 32 and 33. For
completeness, we present in Appendix E the contribution to a,, for generic heavy fields. With those results
and the general results from the bridge topology contribution presented in this section, the full contribution
to a, can be calculated for arbitrary UV extensions of the SM.

The bridge topologies can be classified depending on the particle that connects the loop with the 2
external particles, that is, the particle in the bridge. This can never be a SM field as it would result in a
Yukawa-suppressed contribution. The possible representations for the heavy particles in the bridge are
fixed according to the SM particle with which it couples:

1. Scalar in the bridge

The heavy scalar in the bridge must couple to the left- and right-handed muon fixing its quantum
numbers to be those of the SM Higgs. However, all contributions to a, with a scalar bridge are
zero since they are always proportional to € - q.

2. Fermion in the bridge coupled to right-handed muon

The heavy fermion must have the same quantum numbers as the SM left-handed lepton, A ~
(1,2,—1/2). These three numbers in parenthesis correspond to the representations of the heavy
fields under (SU(3)., SU(2)r and U(1)y).

3. Fermion in the bridge coupled to left-handed muon

The heavy fermion must either have the quantum numbers of a SM right-handed lepton, E ~
(1,1,-1),0r X ~ (1,3, -1).

For the case of a heavy fermion in the bridge, there are 3 possible combinations for the particles
within the loop: 1 extra heavy fermion, ¥, and the SM Higgs, figure 29a; 1 heavy fermion and 1 heavy
scalar, ®, figure 30; 1 heavy scalar and a SM fermion, figure 29b. The latter case of figure 29b does
not contribute to a,,. This is so because a mass insertion in the bridge propagator is needed in order to
provide a non-zero result for the dipole operators which in turn, requires an extra mass insertion from the
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fermion in the loop to result in the correct chirality of the external fermions. Therefore, a heavy fermion
inside the loop is needed.

Once the particle in the bridge is fixed, we present the results of the contribution to a, for generic
representations of the remaining heavy fields in the next subsections.

For concreteness, we fix a particular orientation for the internal propagators shown in the diagrams
which avoids the presence of fermion-number violating terms. For some representations of the heavy
fields, one might need to consider the diagram with a flipped propagator; in this case adding a minus sign
in the contribution coming from the gauge boson insertion in the flipped propagator is enough.

5.1.2.1 VLL doublet bridge

Let us write a general Lagrangian which extends the SM with the VLL doublet, A, and extra fields such

that it can generate the bridge contribution. The relevant terms read:

L > gYe ¥y, ¥B" + gw Ty Yry, ¥ W (5.1.7)
— igYeB"(9,®'® — @9,®) — igw T Wy (3,0 ®) — 19, ®;)

+ yMZeR QS + T[K] (yf EIPR AK(I)] + yi @[ Pr AK(I)]) +Yr TI/(UE\PICD}' + h.c. s

where ® can stand generically for a heavy scalar or the SM Higgs (¢ always stands for the SM Higgs), ¥ is
an extra heavy fermion (besides A) and £ is the lefthanded SM lepton. No family indices are considered
in the couplings with the SM leptons as we only need the couplings to the second generation. The indices
10, 7O, K correspond to the SU(2) components of the fields, Yy(a) is the hypercharge of ¥ (@), and
TV, T and T’ are the Clebsch-Gordan coefficients of the corresponding interaction term, determined by

the representations of the fields comprising that term.

4+ TV Y5

Following this notation and defining Tl.?‘/’ = Yy i3j where ¢ correpsonds to any particle, we

can now write the result for a., from the bridge topology generated by generic fields as:

iNe , ,
@y = TyMyFyf Z Ty [WTK’}PTZ el T (5.1.8)
1j

with yg ¢ being kinematic factors which will be defined below. Each y term corresponds to insertions of
the gauge boson in the fermion and scalar propagators within the loop. N is the dimension of the SU(3)
representation of the particles within the loop.

5TYv¥ would be diagonal and proportional to the electric charge if the charge eigenstate basis is chosen for the ¥ multiplet,
i.e., T"-¥ is diagonal.
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A\
V4

4 A\

(@) (b)

Figure 29: Left: Bridge diagram for a fermion in the bridge with a heavy fermion and the SM Higgs in the
loop. Right: Bridge diagram for a fermion in the bridge with a heavy scalar and a SM fermion in the loop.
In both diagrams, doubled (single) lines correspond to heavy (SM) particles. The B or W bosons can be
attached to any of the internal lines.

The kinematic factors yy ¢ are always expressed through two functions of the masses of the involved

particles:
B iMp Mg - 4M§M§ + 3Mé + ZMéLog[Mg/Mg]
f (Mg, Mg, Mc) = — , (5.1.9)
(47)*Ma (ME — M2)3
h(Ma, My, Mc) = — iMg Mg - Mé - 2M§MéLog[M§/Mé] (5.1.10)
A, MB, Mc) = (47)2M, (ME—M(%)f‘ . 1.

When inside the loop there is a heavy fermion, ¥ and the SM Higgs, figure 29a, the kinematic factors
in Eqg. (5.1.8) are given by:

—i

Yo =Yo = lim f(Ma, My, Mo) =
M@-)O

If the bridge diagram composed of three heavy propagators is generated, figure 30, the contribution

to a,y is given with:

yw = f(Mp, My, M), (5.1.12)
Yo =h(Mp, My, Myp) . (5.1.13)
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o

z X
7 N\

x

e

Figure 30: Bridge diagram with a fermion in the bridge and only heavy particles in the loop. Doubled
(single) lines correspond to heavy (SM) particles. The B or W bosons can be attached to any of the
internal lines.

5.1.2.2 VLL singlet (triplet) bridge

The relevant Lagrangian extending the SM with a VLL triplet, X, that can be responsible for generating
the bridge contribution can be written as:

LD yM?LO'I(]SPRZI + yFWIQDIeR + TKI] (yf EKPR‘III(D} + ylf EKPL\I’I(I);) +h.c., (5114)

where o! denotes the Pauli matrices and we use the same gauge conventions and general notation as
introduced previously in Egs. (5.1.7) and (5.1.8).

The general result for the bridge contribution to ., is given by:

R v, ¥ YA
v T 4 YMYry, ;TSU [Y‘I’TU +}’<I>TU . (5.1.15)

(04

The relevant Lagrangian for extending the SM with a singlet VLL which can generate the bridge diagram
is the following:

LD yM?Lgf)PRE + yFWIQIER + nyPR\I’[@}L + yi‘EPL\P]@; +h.c., (5116)

where, once again, the same conventions as in Egs. (5.1.7),(5.1.8) are used. Contributions to ., are

given by:

iNe
@ = = YMYrYy (TelT" Ty + T[T ) (5.1.17)
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Table 15: SM extensions with 2 heavy fields which can generate the bridge topology, with two heavy
propagators. The presented a,, result for these completions include all contributions (not only the one
generated through the bridge diagram).

Bridge Other Fermion a, result

A~ (1,2,-1/2) Eq. (5.1.21)
As ~ (1,2,-3/2) Eq. (5.1.22)

E~(1,1,-1)

E~(1,1,-1) Eq. (5.1.21)
A~(1,2-1/2) =~ (1,3,-1) Eq. (5.1.23)
N ~ (1,1,0) Eq. (5.1.24)
S0 ~ (1,3,0) Eq. (5.1.25)

A~ (1,2-1/2) Eq.(5.1.23)
As ~ (1,2,-3/2) Eq. (5.1.26)

S~ (1,3,-1)

The kinematic factors are the same on both Egs. (5.1.17) and (5.1.15) and, for the case of a heavy
fermion and the SM Higgs in the loop, are given by:

ye=yo= lim f(Mpc), My, Mg), (5.1.18)
(I)_)
whereas for a heavy fermion and a heavy scalar in the loop are given by:

Yy = f (Mgs), My, Mo) , (5.1.19)
Yo =h(Mg(s), My, Mg) . (5.1.20)

5.1.3 Two-field extensions

Since the number of 2-field extensions which generate the bridge diagram is finite, we will calculate the
full contribution to a,, for all these models. Such models are presented in table 15 for the case in which
the bridge diagram is generated with only one extra heavy propagator besides the bridge, figure 29a. In
this case, once the particle in the bridge is chosen, the quantum numbers of the extra heavy field are
fixed.

The contributions to ., are given below:

119



CHAPTER 5. CONNECTING THEORY WITH EXPERIMENT THROUGH THE SMEFT

1. E~(1,1,-1)and A ~ (1,2,-1/2)

Two different diagrams must be taken into account for this completion: one with the VLL singlet

on the bridge and the VLL doublet in the loop, and vice-versa.

R
22 = _ 1 ¢YmYry,
e 1672 4MpMy

(5.1.21)

The couplings above can be equivalently interpreted from the Lagrangianin Eq. (5.1.7) or Eq. (5.1.16).

2. E~(1,1,—-1) and As ~ (1,2,-3/2)

Se R
R UL/ (5.1.22)
Y 16m% AMgMp,

3. A ~(1,2,-1/2)and = ~ (1,3,-1)

Two different diagrams must be taken into account for this completion: one with the doublet on
the bridge and the triplet in the loop, and vice-versa.

1 3eymyryr
aZt = - IMIT Yy (5.1.23)
1672 4AMpMs
Both (5.1.7) and (5.1.14) can be used to interpret this result.
4. A~ (1,2,-1/2)and N ~ (1,1,0)
ayl=0. (5.1.24)
This null result has been discussed in the literature in Refs. [277, 278].
5. A~ (1,2,—-1/2) and 3y ~ (1,3,0)
2,2 1 eymyryy
a2 = — : (5.1.25)
Y 1672 2MpMs,
6. >~ (1,3,-1) and A3 ~ (1,2,-3/2)
2,2 1 5eymyry,
g = — . (5.1.26)
Y 1672 4Ms M,
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A 2-field extension can be responsible for a bridge diagram with 3 heavy propagators if the bridge
fermion can also be the heavy fermion inside the loop, resulting in the diagram of figure 30. The repre-
sentations of heavy fields for which this can happen are listed in table 16 and their contributions to a,

are given by:
1. E~(1,1,-1)and Sy ~ (1,1,0)

4 212 4 4 2 2
Mg — AMEME +3M¢ +2M¢ Log[ME/M?, ]
4(M: - M§0)3

1
2,2 _ _ R
e T 1gx2 €Y, YMYF

a ; (5.1.27)

2. E~(1,1,-1)and S, ~ (1,1,-2)

4 2212 4 4 212 2 2
e L ¢ 3My — AMEMS + Mg, + (2My, — 4MpMg JLog[ My /M5 ]
or = onz I IMIF 2(MZ - M2, )? ’
(5.1.28)
3. A~(1,2,-1/2)and Sy ~ (1,1,0)
o1 My — 4MZME +3M +2M Log[ My /M, | . 5.1.99)
o T T qgm2 Yo IMIF 4(M; - M%,)° ’ -
4. A~ (1,2,-1/2)and S; ~ (1,1, 1)
az?=0; (5.1.30)

ey

5. A~ (1,2-1/2)and Zy ~ (1,3,0)

4 202 4 2 2 4 2 2
vy 1 Mjy +4MEMZ - 5ME - (4MZ M2 + 2MZ )Log[ M2 /M2 |

Fer = Tomz Yo YMYF 4(M2 - M2 ) ;
(5.1.31)

6. A~ (1,2-1/2)and E; ~ (1,3,-1)

- 1 . TMy — 8MAMZ + M + (=10MZ M3 +4MZ )Log[ M5 /MZ ]
o, = — ;
o = Tqgp2 IbIMIT 2(M2 - M2 )3
(5.1.32)
7. 3~ (1,3,-1) and Zy ~ (1,3,0)
2 2 2 2 2
I M2 — MZ + M2 Log[MZ /M2]
%y =T ey YrYF L =0 d ; (5.1.33)

(M2 = ME)?
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8 X~ (1,3,-1)and E; ~ (1,3,-2)

ayl=0. (5.1.34)

The zero obtained for completions (5.1.30) and (5.1.34) can be explained from the fact that the bridge
coupling y; involves two equal fields whereas the gauge symmetry of that interaction is antisymmetric
(this would not be true if we were dealing with more than 1 generation for the heavy fields). Furthermore,
note that for models (5.1.27), (5.1.29),(5.1.31) and (5.1.33), the operators associated with the couplings
yx and y; are related by hermitian conjugation leading us to redefine yX = y +y[* as the right-handed
coupling.

The contribution from these models to Aa,, had already been considered in the literature [114, 272,
279] (apart from the ones that involve fermion number violating (FNV) vertices). However, only the
Yukawa-proportional contribution had been calculated, which excluded these models as solutions to the
anomaly since the new particles had to be lighter than what is allowed by collider experiments. However,
by doing our computations in the unbroken phase of the SM (in the SMEFT) it becomes simpler to verify
the existence of the chirally enhanced contribution arising from the bridge diagram; this allows the BSM
particles to be heavier than before, restoring this class of models as viable explanations of the Aa,,
anomaly.

From these models, an interesting example is the A ~ (1,2,—-1/2) + £y ~ (1, 3, 0) extension whose
contribution was calculated to be always negative in the literature and would therefore be incapable of
accounting for the observed anomaly. However the contribution from the bridge diagram was neglected
and we see, from Eq. (5.1.31), this contribution from the bridge topology is proportional to 3 distinct

couplings, resulting in a contribution which does not have a fixed sign.

5.1.4 Three-field extensions

Due to the presence of a loop with heavy particles, the possible representations of three-field extensions
which can generate the bridge diagram of figure 30 are infinite. As such, we will present the conditions on
the gauge representation on the new fields such that the bridge diagram can be generated. All conditions
are shown by considering no FNV vertices; if a model has those interactions, the conditions should be
applied to the conjugate versions of the fields.

The extra heavy scalar, ®, and heavy fermion, ¥, must respect:

1. VLL singlet

Yo — Y = -1, (5.1.35)
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Table 16: SM extensions with 2 heavy fields (a fermion and a scalar) which generate the bridge topology
with 3 heavy propagators. The grey color corresponds to models with fermion number violating interac-

tions.

Fermion Scalar Result

E~(1,1,-1) So ~ (1,1,0) Eq. (5.1.27)
Sy~ (1,1,-2) Eq. (5.1.28)
So ~ (1,1,0) Eq. (5.1.29)

A~ (1,2,-1/2) S;~(1,1,-1) Eq. (5.1.30)
Eo ~ (1,3,0) Eqg. (5.1.31)
=;~(1,3,-1) Eg. (5.1.32)

5~ (1,3.-1) Eo ~ (1,3,0) Eqg. (5.1.33)
=, ~(1,3,-2) Eqg. (5.1.34)

SU(2)p ® SU(2)y = 1;

2. VLL doublet

Yoy - Yo =-1/2,
SU(2)e ® SU(2)y = 2;

3. VLL triplet

Yo — Yp = -1,

SU(2)e ® SU(2)y = 3,
SU(2)e ® SU(2)y =1,

(5.1.36)

(5.1.37)
(5.1.38)

(5.1.39)
(5.1.40)
(5.1.41)

where Eq. (5.1.40) refers to the coupling with the bridge triplet and Eq. (5.1.41) to the coupling

with the SM right-handed muon.

The color charge of the heavy fields within the loop must always form a singlet. Larger color repre-

sentations result in an enhancement factor to the diagram, as mentioned in [275] for the case of box

diagrams.
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Table 17: SM extensions with 3 heavy fields which generate the bridge topology. We limited ourselves
to considering only singlet, doublet and triplet SU(2) representations. Only the SU(2) representation
of the 2 extra fields, ® and ¥, is shown since color representation must be the conjugate of each other
and hypercharge is constrained from the conditions specified in the text. Exchanging the assigned SU (2)
representations between ® and ¥ gives also a valid extension.

Bridge (SU(2)y,SU(2)g) Result
(1.1) Eq. (5.1.42)
E~(11,-1) 2.2) Eq. (5.1.43)
(3.3) Eq. (5.1.44)
A (L2 -1/2) 2.1) Egs. (5.1.45), (5.1.46)
2,3) Egs. (5.1.47), (5.1.48)
(L3 (2.2) Eq. (5.1.49)
(3.3) Eq. (5.1.50)

Limiting the analysis to singlets, doublets and triplets of SU(2), the UV completions which can be
responsible for the bridge topology are listed in table 17.

None of these extensions is among the ones studied in Refs. [117, 272-276] and are therefore
novel extensions of the SM which can serve as an explanation to the a, anomaly. The contribution
to a., from these models is shown following the the notation introduced in Egs. (5.1.7),(5.1.14) and
(5.1.16). Results are presented in terms of a generic hypercharge for ¥, Yy, and we use the notation
(P, @) ~ (SU(2)y,SU(2)g) to denote the SU(2) representations of the fields, as listed in table 17.

1. E~(1,1,—-1) + (¥, ®) ~ (1,1)

o 1 eNMuyuyryy
o)) =
v 16m% aMp(ME - M2)3

{(Mg — MZ) (M3 (1 - 2Yy) + My (1 +2Yy))
(5.1.42)
— 2(—Mg Yy + MEMA(1 + Y\y))Log[Mé,/Mé]} ;
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CE~(L,1,—1)+ (¥,®) ~ (2,2)

2o 1 eNMyyyyryy
Uy = T2 2 _A12)3
167 ZME(M\F Mq))

{(MEU — MZ) (M3 (1 — 2Yy) + M (1 + 2Yy))

(5.1.43)
~2(—M3Yy + MEM2(1 + Y\p))Log[Mi/Mé]} ;
CE~(1,1,-1) + (¥,®) ~ (3,3)
1 3eNM\yyMyFyR
29 b 2 2 2 2
= Mg — Mz)(Mgz (1 —2Yy) + Mg (1 +2Y
—2(—MgYy + MEME (1 + Yw))LOg[szy/Mé]} ;
A~ (1,2,-1/2) + (2, D) ~ (2,1)
1 eNM R
aez,z _ YYMYFY,, Z(M\%/ _ Mé)(M(%(l — Yq/) +M§/Y‘P)
T167m% AMA(ME — M2)3 (5.1.45)
—(MA(1 - 2Yg) + MEME(1 + 2Yw))Log[M\2v/M§>]} :
LA~ (1,2,-1/2) + (¥, ®) ~ (1,2)
1 eNMyypyryy {
29 b 2 2 2 2
a>? = (M —M)(M (1—2Y\y)+M (1+2Y\y))
YtemtaMa(ME - MR T ) (5.1.46)
—2(=Mj Yy + MEM2(1 + Yw))Log[Mi/Mci]} ;
A~ (1,2,-1/2) + (¥, D) ~ (2,3)
1 eNMyypyryy
29 b 2 2 2 2
2 = 2(Mg, — M3)(Mz (1 —3Yy) + Mg (2 + 3Y:
%y = T AOE — M2)? (My — Mg) (Mg ( v) + My ( v)) 514
+(Mg (1 +6Yy) — MEME (7 + 6Yw))Log[Mi/M§>]} ;
A~ (1,2,-1/2) + (2, D) ~ (3,2)
1 eNMyymyryy
29 b 2 2 2 2
2 - M2 — M2)(M2(7 — 6Yy) + M2 (—1 + 6Y:

—2(Mg (2 — 3Yy) + Mz M2 (1 + SYW))Log[M\%/Mé,]} ;
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8 3~ (1,3-1)+ (%) ~ (22)

1 eNMyyuyry;
2,2 b 2 9 9 ) )
T A Mg — Mg — M3Log[Mg /M3 ¢ 5.1.49
%or = Tor? ZMZ(M\%_M(%)Z{ y — Mg — MgLog[My/ @]} ( )
9. X~ (1,3,-1) + (¥,d) ~ (3,3)
1 eNMyyuyry,
2,2 _ b 2 9 9 ) )
Yor T Ton? My (M2 — M2)? {M‘I’ - Mg _MchOg[Mq//pr]}. (5.1.50)

5.1.5 General phenomenological considerations

The VLL in the bridge is the most general feature of all the models presented thus far. Also since it mix
with the SM muon, it is bounded by electroweak precision observables (EWPO) [120, 121]:

0
— < 0.03(0.04), 5.1.51
MEyM < (0.04) ( )
9 ynt < 0.065 (0.075), (5.1.52)
Mn
0
— <0.1(0.11), 5.1.53
Yl (0.11) ( )

for the singlet, doublet and triplet of SU(2) respectively at 1 (2) o confidence levels.

Collider searches for these VLLs can set lower limits on their masses. Indeed we have seen that in
section 3.2 and for a VLL decaying to SM final state we estimated that the HL phase of the LHC could
exclude masses lighter than 800 GeV for an SU (2) singlet. The doublet case has been more recently
searched by CMS [125], where masses below ~ 800 GeV were excluded; these are conservative results
since only tau decays were considered. For the triplet case, Ref. [280] estimates the discovery reach of
the LHC at 3ab™! at 5 o to be of approximately 1.4 TeV.

Further direct bounds can be obtained from the heavy particles running in the loop, through EW or
QCD (when possible) pair production. However, this and other probes are very dependent on the particular
choice of model, and it is beyond the scope of this thesis to go over the particular implications of every
model.

A common issue which most chirally enhanced solutions to a, face is the generation of a large
contribution to the muon Yukawa coupling. This happens through the same diagrams which accounts for
a, but without the gauge boson. Note that this is actually not a problem for the bridge solution when there
is a VLL triplet in the bridge; this is because in order to have a non-zero contribution, a W-boson insertion
is needed in this case. For the singlet and doublet VLL bridges, indeed a sizable contribution to the muon
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Yukawa should be expected which can result in a fine-tuning problem to explain the observed coupling.
Several UV scenarios have been explored in which the dipole operators and the Yukawa couplings have
the same origin [281-283].

5.2 The triple triplet model

The previous section introduced several new models and their contributions towards a,. However, given
the new degrees of freedom introduced by considering multi-field extensions, there is enough room to
accommodate other anomalous observations. This section shows how the bridge topology can connect

explanations of different anomalies.

Let us focus on RI((*) and the CAA, introduced in section 2.3.3. In [284], it is shown that the CAA can
be directly related to a correction in the muonic vertex with the W boson, which we denote by €,,,.

To explain these two anomalies, we consider one specific realization of the last class of models in
table 17, in which the SM is extended with the VLL triplet, 3, a triplet scalar leptoquark with hypercharge
—1/3, S3, and a triplet vector-like quark, ¥p, with hypercharge —4/3.

The triplet leptoquark is a well-known solution to the neutral flavour anomalies at tree-level [285-288]
and the VLL triplet can account for the CAA, in spite of creating some tension with EWPO [121, 2841°.

Using the bridge to to explain a, including these two fields, fixes the quantum numbers of ¥p.

The Lagrangian of this model is the following:
_ - : S IS o Kt
L2 yrluido’Sp+yp¥or i eri + ’ylerKzR%,LS . lyerKzL\Pé’RS'j | (5.2.1)
T 5 A 205

with ¢¢ = CQT and C the charge conjugation matrix. The SM SU(2) doublets g; and ¢ are in the

down-quark and charged lepton diagonal basis, respectively.

We will consider the minimal set of couplings which explain the observed discrepancies in B-meson
decays, Vexum Unitarity and the anomalous magnetic moment of the muon, without mention of a possible
UV origin. Therefore, we assume that new physics only couples to the second generation of leptons. This
allows the evasion of constraints from the Lepton Flavour Violating (LFV) decay ¢ — ey. As for quarks,
we will only consider couplings with the second and third generations in 1/, namely A" and )LIS”’.

The latest CDF Il measurement of the W-boson mass [289] has increased this tension between explaining CAA and
EWPO (see [290] for a recent analysis).
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The anomalies are explained in this model by the generation of 02)’(3) at tree-level by S5 exchange,
OI(;,) also at tree-level by integrating 3 and a bridge-like one-loop contribution to Aa,. The matching
expressions for the relevant Wilson coefficients are:

3A5kAY 1
Wy _27s s
[agg Lijkr = e +0( ) (5.2.2)
3
*killj
By _"s s 1
[y Lijt = aM? +0(32) (5.2.3)
3
i %]
(3) YrYr 1
ij = +0 , 5.2.4
Lag, i) a2 (16”2) (5.2.4)
[aeBlij =0, (5.2.5)
P M2 — M2 + M2 Log| %
3gwyf leyi) My, ¥o S s, 08 M@Q
[aew]ij = ; 5 , (5.2.6)
1671 Ms (M‘I’Q — MS3)

where the ~ means that we are neglecting Yukawa-suppressed contributions.

Explaining RI(:) and CAA fixes the ratios xs = A;s“AZ”/Mg and xr = y7./Ms, up to one-loop cor-
rections that break this scale invariance in couplings over masses. However, the loop factor suppression
makes it so that observables are relatively flat on the values of the masses (in a certain range). The xr ra-
tio also enters in the expression for Aay,, but the couplings yf and xp = yg/Mp give us enough freedom
to fix both observables to the measured values. Since they couple only two and three heavy fields, both
yp and xr always generate coefficients at one-loop order, so one can expect a wider parameter space in
comparison with other couplings.

To explore the one-loop low-energy phenomenology of this model, we computed the complete one-
loop matching with matchmakereft [217] - which was provided as an auxiliary notebook in Ref. [8]-
and used smel1i [175, 291] to construct the y? function from the observables at low energy in terms of
the WCs matched at a high scale. Then, we performed a fit, using the iminuit [292] python package,
to the mentioned anomalies, EWPO and quark-related observables like B — B mixing.

We considered couplings smaller than 1, and fixed the masses to Ms, = 3.4 TeV, Ms, = 2 TeV and
My, = 4.6 TeV. The observables were relatively insensitive to the masses between 1-5 TeV, so we chose
this hierarchy as a benchmark. Other hierarchies and values between 1-5 TeV would yield similar results.
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Table 18: Pulls from the SM and from the experimental value for the most relevant observables as given
by smelli.

Observable Pull experiment (o)  Pull SM (o)

a, 0.82 -4.16

(Rue) (B — K*gtrm)11:000] 1.41 -2.89
(Rye)(BY — K0t ¢~)10:085.1.1] 1.98 -1.32
(Rye)(B® — K0t ¢~)l1-1.601 1.04 -2.33
€ 1.20 -3.87

AM, 1.08 0.06

AMy 1.25 0.002

My 2.28 1.50

A, 2.77 1.66

The best-fit point in this setup is:

xp = 0.2 TeV ™}, x5 = 0.00078 TeV 2,
xp = 0.17 TeVY, A% =0.07, (5.2.7)
yy = 0.10, yy = 0.13,

which corresponds to a global pull from the SM of 6.2 o. For the calculation of this pull we took the
observables that were fitted, i.e., the ones available in smel11i in the classes EWPO, leptonic observables,
lepton flavour universality for neutral currents and quark flavour observables. Intable 18, we present some

pulls for individual observables.

Finally, in figure 31 we show the 1- and 2-o regions from the bestit point for the model parameters
xs and x obtained using the global likelihood provided by sme11i. For each point, we minimize y? by
varying the other parameters. The results for the rest of the variables are very similar to what one would
expect from only taking the tree level solutions, showing that the one loop effects give us enough freedom

to explain Aa,, without entering in tension with the tree-level solutions to the other anomalies.
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Figure 31: The 1 and 2-o regions in green and yellow, respectively, around the obtained best-fit point.
For each point in the grid, the other couplings were marginalized in order to minimize the )(2 function. As
mentioned in the text, the observables included in the fit were the ones available in smel1li in the classes
EWPO, leptonic observables, lepton flavour universality for neutral currents and quark flavour observables,

and Epp-
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6

Summary and Conclusions

There is plenty of motivation to search for BSM physics, both from direct experimental evidence which
the SM cannot explain and also from theoretical questions to which the SM cannot answer. With the
vast amount of models for new physics being proposed in the literature to face these challenges, from
the phenomenological point of view, we are confronted with the difficult task of developing strategies to
search for BSM physics in a way that encompasses the largest possible number of models.

Our attempt at following a global approach for the search of BSM physics led us to two complemen-
tarity directions: a model-driven approach, focusing on signatures motivated by specific models; or a
model-independent approach, following the SMEFT paradigm, in which heavy new physics effects are
parametrized in terms of higher dimensional operators constructed from the degrees of freedom of the
SM.

In principle, following a model-independent approach seems preferable given its wider applicability;
however it is not always the case that the effective description of new physics is available. This is because
EFTs suppose a decoupling between the UV scale and the scale at which the experiment takes place. As
such, theories which predict light new physics cannot be described by the SMEFT. Furthermore, from the
collider perspective, the SMEFT also cannot account for processes in which the final state contains a heavy
(stable) particle since it can only contain operators with the SM fields. Therefore, choosing a particular
signature can be the best way to follow, particularly when the BSM resonances can be produced at current
experimental setups. Moreover, the EFT parametrization can only point to a direction of new physics, but
a priori it does not explain the structures that appear, which can only be predicted by specific models.
For example, if a particular WC with a specific flavour structure is preferred by data to be non-zero (for
example, the second diagonal entry in the WC of O.pw to explain ay), itis relevant to explain why this is
the flavour structure that arises (why the off-diagonal terms are suppressed to avoid p — ey constraints)
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from a full UV model which, in turn, can point to new particles with a particular phenomenology that could
potentially be seen at future experiments. The highlights of each approach followed in this thesis are

presented below.
The model-driven approach

To follow the model-driven direction, we focused on CHMs, which explain the HP by considering the
Higgs as a pNGB arising from the SSB of a strongly interacting sector. The choice of CHMs as our object of
study boils down to the fact that a solution to the fine-tuning problem should lie at the TeV scale, predicting
resonances which could lie within the reach of current — or expected - collider experiments. Furthermore,
CHMs predict several new BSM fields which can also serve as solutions to other SM shortcomings. We
concretized the compositeness framework in the LHT, a model based on the collective symmetry breaking
mechanism which alleviates the contributions of heavy physics to the Higgs mass. Moreover, since this
model possesses a discrete symmetry under which most new fields are odd, the lightest odd field is a
suitable DM candidate.

We explored the signatures of VLLs not only because they are a generic prediction of composite
scenarios, but also because when included in complete models they can have a drastically different
phenomenology than what is covered by current searches, which focus on the VLL decaying to SM final
states. Indeed, due to T-parity in the LHT, VLLs cannot decay solely to SM particles, decaying instead to
a heavy neutral vector and a SM lepton. Therefore, we proposed dedicated analyses to test VLLs with
arbitrary BRs to the common SM decay channels and an exotic channel of a heavy vector (stable, resulting
in a MET signature) and a SM lepton. Given that the results were presented for arbitrary BRs, the analysis
can be easily interpreted in the limiting cases of a SM only decaying VLL, a VLL within the LHT which
decays solely through the exotic channel or any other model which can have the 4 channels available,
e.g. DM models where the relic density is set through freeze-in, by the decay of a VLL.

We showed that current LHC data can probe Mg < 405 GeV for a singlet VLL decaying to SM final
states whereas a VLL decaying solely through the exotic channel can be excluded up to Mg < 895 GeV.
We also studied the prospects for the high-luminosity phase of the LHC and for possible future proton-

proton colliders, running at a center of mass energy +/s = 27 and 100 TeV.

Furthermore, we explored the case in which the heavy vector is not only stable at detector scales, but
also at cosmological scales, constituting a viable dark matter candidate. After showing that the standard
freeze-out scenario for generating the appropriate relic density presents tension with limits from direct
detection, resulting in only a small region of viable parameter space, we considered the possibility that
the VLL and the heavy vector have very similar masses. This leads to a successful generation of dark
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matter via co-annihilation, compatible with all current experimental limits. If the exotic vector is very light
and feebly interacting, it can generate the observed relic density through the freeze-in mechanism. We
have shown that in this case collider searches looking for displaced vertices can be very useful in probing

a large part of the parameter space.
The model-independent approach

For the model-independent approach we aimed to expand the current description of the SMEFT. The
first direction in the effort of improving the predictions of the SMEFT was to consider dimension-8 effects.
The study of the SMEFT at this order is not only relevant from the experimental point of view, as certain
observables receive their leading contribution from dimension-8 operators, but it is also interesting since
the parameter space for some WCs of dimension-8 operators is bounded solely from principles of unitarity
and analyticity, limiting the space of EFTs which can be UV completed.

While a physical basis of the SMEFT at dimension-8 had already been constructed in the literature,
performing calculations off-shell is sometimes preferable as they scale slower as the number of external
legs grows when compared with on-shell computations. The main bottleneck in the off-shell computation
is the knowledge of the extended Green'’s basis and its reduction to the physical operators. As such, we
started our work by building the Green’s basis of the bosonic sector at dimension-8, extending the on-shell
bosonic sector with 86 new interactions. Their off-shell independence was verified in momentum space.

Knowing the Green'’s basis of bosonic operators, we proceeded with the computation of the RGEs
of the WCs at dimension-8. The RGEs at this order have co-leading contributions from two insertions of
dimension-6 terms and one insertion of dimension-8 interactions. There were no renormalisation theo-
rems for the former contribution which made their explicit computation especially important. We verified
that no combination of tree-level generated dimension-6 operators renormalises dimension-8 operators
induced at loop-level. This results, for instance, in the conclusion that tree-level generated dimension-6
operators cannot contribute to the S and U parameters (to one-loop accuracy) up to O (v*/A*). Further-
more, we also observed several numerical factors which deviated significantly from naive power counting
which can result in non-negligible results when the RGE contribution is included; we showed this explicitly
by considering the SMEFT parameter space compatible with a strong first order EWPT.

As for the RGE component arising from a single insertion of dimension-8 operators, we verified that
one-loop generated operators can in general be renormalised by tree-level induced ones. Therefore, this
running effect can in principle be non-negligible when compared with the one-loop matching contribu-
tion from a UV model. Once again, we also found large coefficient in the RGEs of some WCs which
compensated in part the one-loop suppression, possibly resulting in significant effects.
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We also explored the stability of the positivity bounds obtained in the literature under one-loop running.
For the dimension-8 4-Higgs WCs, we concluded that the contribution with two insertions of dimension-6
operators respects the positivity bounds obtained at tree-level, while the contribution from one insertion
of dimension-8 operators does not need to respect the positivity condition in general. We also applied the
positivity condition to operators in the ngzSZD2 class concluding that the RGE resulting from an insertion of
a dimension-8 operator respects the positivity conditions derived when considering only tree-level effects,
and therefore, these conditions hold at all scales at one-loop accuracy. This bolsters the idea that these
positivity restrictions can be used as priors in experimental fits looking to probe the WC of quartic-gauge
operators.

As mentioned before, light new physics cannot be described within the SMEFT. Therefore our second
step in extending the SMEFT was to include an extra light degree of freedom, a light pseudo-scalar,
resulting in the SMEFT+ALP theory. This scenario is motivated by the axion, a solution to the strong-CP
problem, but also by CHMs where, besides the Higgs, other pNGBs can arise with a naturally light mass.
Given that the experimental effort to look for these particles spans several orders of magnitude in energy
scale, we computed the RGEs of this theory to improve the interpretation of the obtained experimental
bounds. We applied the RGEs to specific cases, namely that of a photophobic ALP, obtaining an indirect
bound on the UV couplings of the ALP to Z bosons roughly 4 orders of magnitude stronger than direct
bounds from searches at colliders.

Finally, we studied the connection between experiment and UV extensions of the SM through the
SMEFT. We focused on the recent measurement of the anomalous magnetic moment of the muon which
seems to deviate significantly from the SM prediction, possibly pointing to a new physics contribution. In
the SMEFT, this observable is parametrized by the dipole operators involving muons and the B and W
bosons, which can only be generated at one-loop by weakly-coupled renormalisable UV theories. Given that
Yukawa-suppressed contributions to a,, demand light new physics, we instead studied chirally enhanced
contributions which could be generated through a particular Feynman diagram, the bridge. We classified
all possible representations of 2- and 3-field extensions which could generate the bridge diagram and
provided general results for their contribution to a,, in terms of their representations under the SM gauge
groups. Through our approach within the SMEFT we proposed a class of 2-field UV extensions capable
of explaining the a, measurement, which had been neglected so far in the literature. Furthermore, we
presented a novel class of 3-field extensions which can also account for the observed anomaly. This study
shows the importance of systematically considering the one-loop matching contributions to the SMEFT in
order to accurately classify UV explanations of anomalies.

As theoretical predictions and experimental measurements abound, we showed the importance of
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extending the current efforts for searching for new physics beyond minimality, by exploring signatures
motivated in complete and non-oversimplified scenarios and by improving the accuracy of our model-

independent predictions, to ensure no stone is left unturned in our quest for physics BSM.
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A

An explicit realization of a vector-like lepton with
arbitrary branching ratios

The goal of this appendix is to demonstrate a minimal setup with a VLL with arbitrary BRs through the
SM decay channels and an extra channel Agf which motivates the dedicated analysis presented in 3.2.
The explicit realization described here follows from the FIMP DM candidate introduced in [112] !. Let us
consider a model with the SU(3)¢ X SU(2); X U(1)y X U(1)y gauge symmetry. The matter content
is given by the SM particles, neutral under U(1)g, a VLL with the following quantum numbers (with the
notation (SU(3)c, SU(2)L)u(1)y,u(1)):

Efp~ (L)1, (A.0.1)
and a complex scalar
D~ (1,1);. (A.0.2)

The renormalisable Lagrangian for this model reads
I 2 5(0) (0) 5(0) 5,,(0)
L=Lsu— L—}FH Friyy + |Dy®@|" = V(@) + E'Y (i) — My)E" — A (E;"®ep” +hc)+..., (A0.3)

where V() is a potential that triggers the spontaneous breaking of U (1) and that makes the physical
Higgs scalar of such breaking much heavier than all other fields so that it can be safely neglected. For
simplicity we assume negligible kinetic mixing between the abelian group 2 and that the VLL only couples
to the right-handed electron (every conclusion could also be extrapolated for a coupling with a muon or
tau).

!indeed this model can be translated to the one in [112] with the replacements: My — Mg, Ay — x5,V — w/\/z, s —
Og.
2The expected order of magnitude for kinetic mixing [293] is small enough in the parameter space we will consider [294].
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APPENDIX A. AN EXPLICIT REALIZATION OF A VECTOR-LIKE LEPTON WITH ARBITRARY BRANCHING RATIOS

The relevant part of the covariant derivative for the new fields reads
Dy = ap - igHAHys (AO4)

where we considered Qy = 1.

After the spontaneous breaking of U (1)g the corresponding gauge boson, Ay, gains a mass term
Ma, = V2guV, (A.0.5)
where V' = (®) is the vev of ®, and eéo) and EI(QO) mix through
L£=-E"AVe) + MEY) +hee. ... . (A.0.6)

To define the SM RH lepton we can rotate this mixing through

) )

where AV Y
s= ﬁ c= ﬁo’ M = \[MZ + A2V2, (A.0.8)
Denoting E;O) = E; we have extended the SM with a VLL singlet, resulting in the following mass matrix
for the charged leptons
_\[m m)\[er
£=(é E) +..., A.0.9
AT ( )
where m and m’ arise after EWSB:
m s
—=-. (A.0.10)
m C

The couplings of Ay are given by

L = guAy, (é E) Yu

0 0 2 —sc e
Pr+ Pr +.... (A.0.11)
01 —sc¢ ¢ E

The mixing effect of a VLL with a SM lepton is well known in the literature known [295]. Diagonalizing

the mass matrix in (A.0.9) gives rise to

Z _ oL OR j

L 2c Wor' [X PL+ XG5 Pr— 253,08;19),
9 L R j

LY = \/_W;wa“[VUQ PL+ VI Pely),_, +h.c
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-E :—TIPQ PRI//Q+hC

LY = gy Au oy 125 P+ 25 PrIYy, (A.0.12)
where x//g"2 is a fermion of electric charge Q and i, j are flavor indices. The couplings are given by

_m
M

m/ mr2
M T M

WLO =~ Uil Ui,l%)s ng ~ (0),

. Xz'=(0),

m
MM
m’? m’ 2_ .2 mm’
- s% 4 2sc —sc + (s — %)
-1 7 -1 z 2
ZL ~ Mm, M , 7 ~ A/é o’ M s (A013)
-5 1 —sc+ (s? — o — 2scZ MZ

where v =~ 174 GeV is the Higgs vev, i denotes the neutrino flavor. Note that these are only to leading
order in the m’/M expansion.

Our intended scenario needs My,, < M so that the VLL can decay to Ze, He, Wv and Age. The
corresponding decay widths are given by

3 3
M 232 2\
3 ~ 0 0y E 95 MM
ZF(EHWVI)~Z [(V + (V ’E]m P (A.0.14)
2 M3 22 20
T(E — Ze) ~ [( “H2 4 (X! ] Ly 95 MR (A.0.15)
128 5 128mcy,c® ms,
2
D(E = He) x ——[I0r el + 17wl M [1 - 278
64 e e Mfzj
2 ZM m2
v MeME(_,THY (A.0.16)
64mc? o2 Mé
gz 3
M(E— Ane) ~ 21 [(Z -+ (Z; ]—ZE
Ag
2
2 72 ’ M3 2326.2 M3
v TN oset (52— ) Bt £ 9 L (A.0.17)
327 | M2 ME || ME T Tem ME

where we considered only the leading terms in the x/ Mg, with x = m,, mz, my, my, except for the case
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APPENDIX A. AN EXPLICIT REALIZATION OF A VECTOR-LIKE LEPTON WITH ARBITRARY BRANCHING RATIOS

of mpy, for which the subleading term is relevant for low Mg. Considering

my = 3% = cyymy, (A.0.18)

V2

we recover the standard 2 : 1 : 1 decay pattern into W, Z and H for large masses of the VLL.

If Mag > 2m, then the gauge boson can decay to ée with the decay width

2
_ g _
[(An — e'e) ~ il [(Z 2+ (Zgh2 | Ma,

2 2
’2 , s
%.294H n]\142) + 52+2sc";\e4';1) MAHzgz—i Ma,,. (A.0.19)
T T
E E

Ap needs to be stable at detector scales, E should decay promptly and the branching ratios of E
should be of similar order. Considering a decay length larger than ~ 10 m for Ag (for it not to decay in
the detector) and smaller than 1072 m for E (in order to be prompt), these conditions translate into

[(Ag — ete”) $2x107Y7 GeV, (Invisible Ap), (A.0.20)
[(E — Ze,Age) 2 2x 107 GeV, (Prompt E decays). (A.0.21)

Knowing the decay widths, we can find for each value of Mg and My,,, the allowed values of g and
s. Requiring prompt E — Ze decays results in

1
1287c, m? 2 3.1 X 10‘2\/M, electron,
S W_"Z 9xq1071 GeV] = Mg (A.0.22)

c | ¢ miMg 1.5 % 10‘4,/500Mﬂ, muon.
E

In the electron case this is close to the bounds obtained by electroweak precision data [120, 121]; for

the muon there is still room.

Requiring that Ay does not decay within the detector and that the decay E — Age is prompt provides
an upper limiton s

3
T'(A e Mg \2
(Ar 2 ete) 055 corxn0? | ME) (A.0.23)
r(E — AHe) Cc Af

Note that for the values of Mg we are interested, unless My, is very close to Mg, the obtained two
limits are always compatible. Provided s is fixed in the allowed range, requiring E — Apge to be prompt
can fix a minimum value for gy such that

1
som M, |
S ME

(A.0.24)

3
_1.3x107° My, [500GeV]?
- sc 100 GeV Mg
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Requiring Ay to be stable at detector scales results in an upper bound given by

1
24r2x 1071712 4x107°
il ] ~ (A.0.25)

< 100 GeV 2
gH ~ 34 MAH '

My,

s2

The relative decay of E into Ay and Z is also fixed, once gi and s are chosen, up to the dependence
on the masses involved. For the muon case we get

R

TE—Zp ¢ M m 73x107 ( M, )2 (500 GeV

2
~ — =~ . A.0.26
I'(E > Anp)  4c,clgy, m2 M; gt 100 GeV Mg ) ( )

Taking the minimum and maximum values of gy we arrive at

st [ My, \°(500GeV\? s2 [ Mg
45x108= H <R <43x107= . A.0.27
* (100 GeV) ( M; ) sRs 2 (500 GeV) ne.27)

As an example, let us take Mg = 500GeV and My,, = 100 GeV resulting in

1.5x107* < Z < 0.3. (A.0.28)
Choosing for instance s = 1073 results in
13X 107> < gy < 4.4% 1072, (A.0.29)
and
45x107* < R < 43. (A.0.30)

Had we considered an electron instead of a muon mixing would decrease R by a factor (me/m,,)2 ~
2.3 X 107> and increases the lower limit of s/c by a factor my/m, ~ 210.
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Dimension-8 Operators

¢* ¢°D? ¢'D*
O | (#'9) 0y | ($'9)*(Dug' D) 0y | (Dug'D.$)(D*$'DHg)
0% | (¢7$)(¢c') (D¢ 7' DH9) 05 | (Du¢"D.¢)(DH$'D )
0, | (D"¢'Du$)(D"$Dyg)
X3¢? X%¢*
Oy I Carlenleriers Ogigs (¢79)°G/1, G
Ogiye I Carlenleriers Oy (¢7¢)°G/l, G
O K (gt Wi Wi, Oy (¢7¢) Wy, Wi
Oy K (gt W W W, Oyl (7¢) Wy, W
Onips UK (g1 g)Byw Wt Opigs | (@RS T pyW], win”
Owipge | €75 (@ OB WL, W, "+ BYWLW,SS) O | (¢TI (T pW Wk
Owpge | @D (@ HW], B
Owbge | @' D)@ HW], B
Ol (§19) BB
Ol (§'9) BB

Table 19: Table with the dimension-8 operators of the classes ¢8, $°D?, ¢p*D*, X3¢? and X?¢*.
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X2¢2D2 X¢4D2
A
Oy (D*$7D"$)Gp, G’ Ophipe | T O) (DT D )W,
Oy (D*$Dy) Gy, GA*° Ophipe | (7)Y (D¢ D )W,
O (D*$Dy) Gy, GA*° Ophipe | €75(¢7'9) (D¢ e/ DY W
I + ~
O (D*¢$* D $)W3,W,” Ophipe | €75(¢7'9) (D¢ e/ DY IW
Oy oy (D¢ D)Wy, WP Oy (¢7¢)(D"¢$'D"$)By,
3 ~ ~
Oy oy (D¢ D)Wy, W™ Oy (¢7¢)(D"¢'D"$)B,,
. K
oY) s ie VK (Drg T DY )W, Wi?
+ K 7 K
Owigepe | €75 (DHGTTD ) (Wi, Wy ” — Wil Wy )
0(6) icJK(DESTHI DY W] WKP W] WKP
W2$2D? L€ ( ¢ T ¢)( pup ¥Vv + pp Vv )
Owbaep: (D*¢'r'D,$)B,, WP
O (D*¢'r'D,$)B,, WP
. 1, 1
Opwpppe | 1(D'$TT'D"$)(ByyW,” = B, W,")
1 1
Owpppe | (D'$'7'D"$) (B, W, +B,,W,”)
o® i(D*$ ' DY$) (B, W.” — B, W.”)
WB¢2D? Hp 'tV vpTTH
0 (DEGTID$) (B, WP + B,y W)
WB¢2D? Hp v vp Tl
g (D*¢D¥$)B,,B.°
O ey (D*¢*D,$)B,,B"
Ogio e (D"$'D,)B,,B"

Table 20: Table with the dimension-8 operators of the classes X?¢2D? and X¢*D?,
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APPENDIX B. DIMENSION-8 OPERATORS

P’ X¢® +h.c. p’¢*D?

O | Gpo et $(dTOIW], Opofopy i(lpy*D"1) (DD $'¢)
Opvss | Gpo e)d (@i 9], Oty i(ly"D"1) (¢ DDy )
Orengr | (1p0""e)p(¢7¢) By Oppops i(l,y*7'DV1) (D(uDy)p 7' $)
Opucg | (@po TAu)$($7$)GL, Opoopy i(l,y"7'D"1,) (¢ D(uD,)9)
Opivgr | (@ u)T'$(B W], O%py i(2py*D"e,)(D(uDy)$ ')
O;fjw (G0 u)p(¢ T H)W], 053;21)3 i(e,y"D"e,)($"D(uDy)9)
Ogusgr | (@p0™ ur)p(¢'$)Byy Oy i(@py*D"q,)(D(uDy ")
Ogacss | (dpo" T d)$($'$)Gy, Oty i(@py"D"4r) ($"DuDyy )
Ol | (@ d)T (8" )WL, 0% | @' Dq) (DD ')
08 s | (@ d)g(d' I GWL, 0% | @' D"q)($' DDy )
Ogapg® | (Gp0*"dr)p($¢)Byy 015;;2133 i(@py"D"u,) (D (uDy)$' )

O\t i(ipy"D"ur) (¢ D(uDy) $)

Ol i(dpy"D"d,)(D(uDy)$' )

Ol i(dyy"D"d,)(¢D (D))

Ouagpeps +h.c. i(4py"D"d,)(¢"D(,Dy )

Table 21: Table with the dimension-8 operators of the classes ¥*X¢* and y2¢2D?>.
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(Yryr)X$*D (Yryr)X$*D

(Zpy"e ) DI ($TT G)W], Oviyen | (dpr'TAd)DH($$)Gi,
S | Er'e) DA HWL, Optyn | (dpy'T4d)DH($'$)Gy,
(epy"er) (97 D )W, Oftsn | (dy'TAd)(¢7 DHH)GL,
(epy"er) (97 D )W, Oftsn | (dy'TAd) (97 DF$)GE,
Uhgn | (@pr'e)DH($1$)B,, Opvsn | (dpy'd)DH(@i I HIW],
Sep | (@y'e)DM($TH)B,, Opvsn | (py"d DM@l HIW],
(epy"er) (9" D ¥ ) By OGhsn | (pr"dr) (@7 D)WL,
(&y"e)(§T D" $)B,, OMsn | (dpr"dr) (97 D)WL,
(@py " Tu,) D* ($7$)GL, Oibsen (dpy"d,)D¥ (¢ $) By
(@py " T u,) D* ($7$)G2, Oyihsen (dpy"dy)D¥ (¢7$) By
@y TAu,)(¢7 D $)Gf, OGhsn | ([@y'd)($T D $)B,,
(a1 TAu,) (9" D )G, Ohen | ([@y'd)($T D $)B,,
@y u)DH (@ A GWS, Ol L +he | (@ TAd) (§T D )G,
gn | @ uIDHGTIHWE, 0% whe. | (apy'TAd)($T D )G,
@y u) (T D W, 0N b | (@y"d) (@ D YW,
@y u) (9T DYWL, 0% +he | (@y'd)(§T D W],
(dpy"u) DV (¢ $) B,y Ol +he | (@pr"dr) (@' D¥) By
(apy"u,) D" ($'$)B, 0B w+he | (@py"d) (@ DV$)By
hsn | @y ) (@7 DG)B,
s | (@pr"u) (¢ DBy,

Table 22: Table with the dimension-8 operators of the class (i/51/r) X $2D.

173



APPENDIX B. DIMENSION-8 OPERATORS

@L91)X9*D @L91)X9*D

Opwsn | By DT HW, Oisgp | (@py'T7'a)DH($T' )Gy,
Opwsn | "D HW, O | (@py'TA'g) D (g7T$)G,
Ofhsn | oyl (g D g)W, O | @y TATg) (97 D )G,
Ofsn | (or"l) (g7 D g)W, O p | (@pr' A7) (" D )G,
Opwgen | Upy"Th)D (T )W, Ovibun | (@pr'TAa)D" (7 9)Gy,

Opwsn | Gy" D (' $)W, Oibn | (Gpy' T a)D (¢ $)G],

O | (oo (& DYWL, ODsn | @pr'TAa) (¢ DH9)Gp,
Ofsn | Lyt (@ DrHW], 0% un | (@pr'TAa) (¢ DH9)Gp,
Opsen | €X Uy e l)DH (72 )W, Ovgn | (@y'a)D (@' H)W,

Opywsep | €K Uy el D (7 )W, Otan | (@pr"'a D ($T )W,

O | /XLyl (¢ DIHpWE 08 | (Gr"a) (T D W,

0L o | €75y L) (T DIHOWE 0D Lp | (@r'a) (gt D WY,

Opsgp | (py'tl)D!(¢'e'$)B,, O | (@pr'T'a)D (g7 )W,

Opngn | (Gpy"T'h)D" (g7 $)By, Ot | (@pr'T'a) D ($T )W,

Ofhn | (Upy'e'1) (g7 D g)B,, 0D sn | @r'T'a (T Drp)W,

O on | Gyt (¢7 D p)B,, 08 sn | @r'T'a) " D o)W,

Ofsgn | (pr'l)D"($'9)B,, O sep | €7@y T q) DI (§T T pYW
Opnsen (Ly"1,)D* (¢ $) By Oigen | €75 (@pr* gD ($7e PIWS,
Ofasn | (Upy"h)(@ DH9)By, OGsn | €75 (@pr"ean) (9" DIHGIW
Ofasn | Upy"h)(@ DH9)By, 0L% i | €K (gpr"elgn) (97 DIHGIW
0% sen | (@y"T'a) (g7 D $)B,,

Oipn | (@pr"a)D (¢'9)B,,

Ofngn | @y a)D (¢'$)B,

0D en | (@r'a) (¢  DH)By,

08 sn | (@)@ DH9)By,

Table 23: Table with the dimension-8 operators of the class (JLgbL)ngzD.
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(@L9L)X¢’D

(qpy"7'q,) D (¢ 7' $) By,
(4py"t'q,) D (¢ 7' $)B,,
(Gpy"t'q,)(¢" D #¢)B,,
(@py"7'q,) (67 D' $)B,,
(dpY"4-)D*($'$)By
(qp¥"qr)D"($"$)Byy
(@pr*a,)(¢" D¥$)B,,
(@pr*a,)(¢" D¥$)B,,

p’¢*D? + h.c.

0N | (D D) (perd)

O | (D' DHG) Gy '9)

0 | (DD (o erd)

Ol(;qz3D2 (D¢ ' D) (Lyo*" e ' §)

0 | (@D (bpeDrg)

0 | (#" D)o e,Di)

chizbw (D™D $) (Gpur)

O e | (Dug™e'D ) (Gpu'$)
O e | (Dub Do) (@p0" ur )
@ e | (Dud' T D) (@po ur ')
D e | (Dud' ) (@purD )

O;z;wz (Du$"$)(3p0" urDyp)

06(12#%2 (D" D ) (qpdrd)

Oiope | (Dug'e'D*$)(gpd,7'$)

chiz/ﬁDZ (D" D) (gpod,§)

032753132 (Du¢'e'D.§) (gpo*"d, 7' §)

Oviope | ($7Dug)(Gpd,DH9)

05253132 (9" D) (qpot"d, D)

Table 24: Table with the dimension-8 operators of the classes @LIPL)ngzD and 2¢°D2.
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APPENDIX B. DIMENSION-8 OPERATORS

P?¢*D p’¢° +h.c.
Opip i(Loy"1,) (¢7 D u$)($79) Oregs | (97¢)2(lperg)
Oy | iy TG D)) + (67D up)TID]  Ogugs | (679)(Gpurf)
0 i€ (Lyre'1) (¢7 D h¢) (6775 ) Ogags | (679)*(dpdr9)
Opip VK Loy ) (77 $)D,(¢7 74 9)
Ocgin i(epy*e) (67D 1) ($79)
0% i(gp1"qr)(¢7 D u$)($79)
0%y | i@ Ta)[($T Dp) (679 + (87 D u) (#'r')]
o8, i€/ (qpy*7lq,) (97 D 19) ($7759)
Ortin X (qpy*e'q:) (97 $) Dy (774 9)
Ougip i(upy*ur) ($7 D u) ($'9)
Ogip i(dpy"d,)(¢7 D ) (679)
Ouagip> +hic i(upy"dy) (§7D 1) ($7)

Table 25: Table with the dimension-8 operators of the classes ¥/*¢*D and y/2¢° .
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C

Comparison with the dimension-8 basis of
Ref. [244]

The O(g% 1) contributions to the RGEs of the dimension-8 WCs were calculated in Ref. [244], using a
completely distinct approach than the one we present in 4.4.2. Here we check the consistency between
both results.

Let us show the method considering only the sub-matrix of the RGEs defined by the operators ¢,
$°D?, p*D*, X?¢*, X¢*D?. In Ref. [244], these operators correspond to the minimal amplitudes (A;,
i =1,19,18,44,45,46,11,10,8,6,9,7,5,4, 3, 2,43, 41, 42,40, 25,24. The rotation matrix that moves
the corresponding WCs in our work to the WCs considered in Ref. [244] reads:

1
P¢6D2
P = Pyips , (C.0.1)
PX2¢4
PX¢4D2
with
1 10
-1 2

P¢6D2:( 1 1), P¢4D2: 1 0 1 s (COZ)

2 00
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APPENDIX C. COMPARISON WITH THE DIMENSION-8 BASIS OF REF. [244]

, (C.0.3)

whereas
1 —i
Q= (1 ) . (C.0.4)

Only if our results agree with those in Ref. [244], can our RGE matrix y truncated to order O(g?, 1) be
related to theirs, y, through:

Plyp=y. (C.0.5)
We have checked that Eq. (C.0.5) holds.
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D

A completion of the Standard Model

This appendix serves the purpose of proving the existence of a UV completion of the SM that generates
arbitrary values of ¢, cyp and cyg. Let us extend the SM with three uncolored scalars: S ~ (1, 1)o, Z¢ ~
(1,3)0 and Z; ~ (1,3);. The numbers in parenthesis and the subscript indicate the representations of
SU(3)c, SU(2)r and U(1)y, respectively.

Let us assume that these fields all have the same mass M much larger than the EW scale, and that
the full theory Lagrangian is:

Lip = k5S¢ + A5 S p + k2, ¢ Eload + (Kaa‘;w%qs + h.c.) . (D.0.1)

(We ignored other terms for simplicity.) Integrating out the heavy fields at tree level at the scale M, we
obtain [296]:

Co ks

- sy
Cop 2 2 2
Az = %E T RE)

Cpo 1 2 2 2

F = W(‘LKEl + KEO - K'S) . (DOZ)

The signs of the three tree-level generated dimension-6 WCs can be seen to be arbitrary and uncorrelated.

Note that dimension-eight operators arise too. Using MatchingTools [222], we find that (see also
Ref. [179]):

2 3
c;}l) Kéo 0;4) Kél 0254) 2 2 2
a oY AT Se A TS TRE) 003
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APPENDIX D. A COMPLETION OF THE STANDARD MODEL

These couplings fullfill the positivity bounds c;i) >0, c;i) + c;i) > 0and c((ﬁi) + c((;) + c;:;) > 0 obtained
in Ref. [179] for arbitrary values of the ks. Note also that dimension-8 couplings can be zero, for instance
(2)

e with non-zero dimension-6 WCs.

c
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E

Results for the box diagram

In this appendix we present the contribution to a, from box diagrams. These contributions are the ones

commonly considered in the literature.

For the box diagram with two heavy fermion propagators, figure 32a, the relevant (schematic) La-
grangian reads

L5 yRTI]?IHbJCR + yLTI]KE,I(]S}r‘“PZK + ygTIIfK@IQS]PR‘PlK
+ Tyl ¥arg PL ¥k +hec., (E.0.1)

(@) (b)

Figure 32: Left: Box diagram which can contribute to @, with 2 heavy fermions. Right: Box diagram
which can contribute to a., with 1 heavy fermion and 1 heavy scalar. Doubled (single) lines correspond
to heavy (SM) particles. The B or W bosons can be attached to any of the internal lines.
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APPENDIX E. RESULTS FOR THE BOX DIAGRAM

Figure 33: Box diagram which can contribute to a,, with all heavy internal propagators. Doubled (single)
lines correspond to heavy (SM) particles. The B or W bosons can be attached to any of the internal lines.

where we kept the same conventions for the gauge interactions of ¥ and ® as in Eq. (5.1.7).

The contribution to a, is given by:

i
0(3;/2 = (4_1) €YRYL Z yﬁ [EJTZJKY})’/IT;IZI'YQ
X=RL

+T;; T, ]KTI?IZITgK,y@ + Ty T, ]/KTI?;ITJY, ]yg ] , (E.0.2)
where y sums over the RH and LH chiralities and the kinematic factors read:

L
Yo, = 0,
2 Mé’l 2 2
i M‘Yz M\PILOg W - ]VI\I,1 +M‘P2
2
y\];l = 2 ’

M, (M\%,l - MPYZ)

MZ
My, (—M\%zLog (M—;"l) + M~ Mfuz)

R)

5

2
My, (M, - M, )
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-
= — E.0.3
Y§ 167T2M\{/1M\p2 ( )

For the box diagram with a light fermion and in which the heavy fermion couples to the RH muon, the

relevant Lagrangian reads:
L DyRTIe]?Hq)]eR + yLTIIJJQS]PL\PH + ycpTIq])Eq)}PRw +h.c. s (EO4)

where ¢ is any light SM fermion which fits with the heavy field representations. The resulting contribution

to aey is:
i
0(55 = (Z) eNyRyLyq> []}3’1}),/11}1,2’1“;}}/\11
STV Ty + TS TLT) Ty (E.0.5)

with the following kinematic factors:

M2
M (M5 + ME) Log (5 ) — 205 + 202

Y =-

3 3
(Mg — M)
MZ

~M3Log (5F) + M — M2

Yy = ,
T g
MZ

M - 2MEM3Log (5 ) - M}

Yo = . (£.0.6)

3
(Mg, — Mg)
In the case the heavy fermion couples with the LH muon, the Lagrangian can be written as:
LD nyG{}KEI‘P}‘IﬁK + yLTIZJI(WldUleﬁK + yq;TI?JICDJER +h.c., (E.O.7)

resulting in the following contribution to ey
i
%y = (;) eNyryLyo | T T T Ty e
{ T2 Ty 7o t 12 7O 1Y
1 Tk T T Vo + T T Ty Ty ]yq)] , (E.0.8)

where
2

M
M2 ((Mg,l + M2) Log (WE) —2M + 2M§))
Yo = ,




APPENDIX E. RESULTS FOR THE BOX DIAGRAM

My,
(16,00 (5 - v, + )
Yy = — ) ,)\2 ’
(a5, )

4 2 312 M 4
M - 2MEM3Log (5) - M

(E.0.9)

. (M2 - M2)?

When there are 3 heavy propagators in the box diagram, as shown in figure 33, the Lagrangian reads:

LD yRTf]?HCD JeR + yLTIZJE\PZICD} + YR Tij P19 PRY 1k
+yi Tk Yo prPL ¥k + hc., (E.0.10)

and the resulting a., is given by:
i
oy = (;) YRyL ) Y [EZJTIIJKTI?K/T% R
X=RL
FTET Tk T v, + T TaTiera Ty | (£.0.11)

Iy mr

where

1
v, =——M; [((M‘Ifg — My,)(My, + My,) (Mc%(M‘IfZ — My,)(My, + My,) (M\%l (Mé - ZM\%Z)

1672
2
P

+M2) Log (M—;) — (Mg — My, ) (Mg, + My) (M, — My) (Mg, + M) (Mg,1 (M@Z - 2M§,)
(0}

X

M?

2 2 4 2 2 3 ¥
+M\1,2Mq,)) M (M% —M(D) Log(M2 )
k)

! , (E.0.12)

3
(My, — My,)*(My, + My,)? (Mé - M\%l) (Mg, — Mg)?*(My, + Mp)?

i
)’\51 =Ton2 My, (My,(My, — My,) (My, + My,) ((My, — Mo) (My, + Mg)

(Mg, — My) (M, + Ma) (Mé,lMé,z — 3MM? + 2Mg) + M (Mg, — My,) (Mg, + My,)
2 2
2 2 2 M‘Pl 3 2 2 3 2 2 M‘Iﬁ
(M3, + 203, — 33 ) Log |2 ||+ M5, (M3, - M3) (M3, - 2M3) Log | —* || x
Mg Mg,
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1
(My, — My,)?(My, + My,)?(My, — Mo)3(My, + My)3(My, — Mp)*(My, + Mp)?’
(E.0.13)

2

i 3 Mg
Ve, = " lon? [M‘?ﬁ (_ (M\%z - Mci) ) Log ( M&Z:) + My, (My, — My) (Mg, + Ms)

2

M,

¥

(Mg, — Mg)*(My, + Mg)*Log (M21 ) + (My, — Mo) (Mg, + Mg) (M (My, — My,) (My, + My,)
£ 2]

2
(My, = Ma) (M, + Mo) (MG, (M3, + M) - 203 M2) + (M@1 MG, - M, (M3, - M)

MZ
+MZ, M3, M? (Mé,z - 3M§,1) + ME M (Mff,l MM - M?PZ)) Log ( i ))

5 X
@
1 (E.0.14)
(M\I,l _ M\IJZ)Z(M\Ill +M\I/2)2(M‘I/1 _ M(I))Z(M“Pl +M(I))2(M‘P2 - M(D)3(M‘IJZ +Mq))3 > .U,

o 2 2 2\’ Mé’l

¥, = Tomz M My, | 2M3, (My, — Ma) (My, +My) (M5 — M, ) Log |

kP
4 2 2\’ Mél

+My, (M\yz - Mcb) Log 2w | T (Mo — My,) (My, + Mo) ((My, — My,) (My, + My,)

@

(My, = Ma) (M, + Ma) (MG, (M, = 3MZ ) + 203 ) + (MG M, + Mg, M, (M5, - 31

M
4 4 2 a2 4 ks
M (—zM% +6M2 M, — BM%)) Log ( . ))) x

®
: (E.0.15)
(My, — My,)?(My, + My,)?(My, — Mo)?(My, + Mo)*(My, — Mo)3 (Mg, + Mg)3’ o
. 2 M2
L 1M<I> 1 4 14 6 2 2 2 ag2 a4 ¥
Vo = 1o -2 (M%M\U2 + M, (M\Y1 + M\yz) - 3M2 M2, Mq») Log MZZ
(M\%' B Mé) ®
2

~ (Mg — My,) (My, + Ma) (M, — Ma) (My, + Ma) (M3 (M5, + M@Z) - 3ME, ME, + M})
M2
2M§ Log | —*
¥ g (Mé,2 ) 1

Mé’l N M‘%’z (M‘I’l - M‘D)S (M‘Iﬁ + Mq’)3 ’

(E.O0.16)
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2
i (M

o = 7o Mn M, (2MEV1M§> (M5, - M) " Log (M—zl) + (My, = My,) (M, + My,)
¥,

((M‘Pl — My) (My, + Ma) (My, — My) (My, + My) (Mé (M(%l + Mff,z) + My M, - 3M§))

M2
2 4 a2 2 4 2 a2 6 ¥,
—2Mj, (M\I,lM\I,2 + M\I,1 (M\I,2 — 3M\P2M¢) + Mq)) Log ( M22 ))) X
@
1

(—M@l + M@)(M@l - Mg)ﬁ(Mg,z - M2)3°

(E.0.17)

We cross-checked this last result considering a box diagram with only heavy internal propagators with
Eq. (4.4) of Ref. [275] and found perfect agreement in the limit of degenerate masses.
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