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Abstract

In this doctoral thesis, we investigate the effects of the experimental bounds (derived from the precision
measurements of processes involving the Standard Model fields) and the theoretical constraints (arising
from the consistency requirements of the considered model) on the prospects for indirect searches for
physics beyond the Standard Model (BSM). This program can be realized within two distinct but
complementary methods: the bottom-up and top-down approaches. The bottom-up approach focuses
on studying discrepancies between experimental results and the Standard Model (SM) predictions
without assuming the form of the underlying theory. With the lack of direct discoveries of new particles
in our accelerator experiments and with the Large Hadron Collider (LHC) reaching its energy limit,
this approach is becoming increasingly common for uncovering physics BSM. Conversely, the top-down
approach is based on the specific Standard Model extensions proposed to address one or more of its
shortcomings. In this work, we present three distinct, but complementary examples of studies based
on these two approaches, providing a broader perspective on some current areas of interest in the
field of particle physics. We first present two project that follow the bottom-up approach to searches
for BSM physics. The first project, “SmeftFR v3 — Feynman rules generator for the Standard Model
Effective Field Theory”, resulted in a numerical tool designed for calculations in the Standard Model
Effective Field Theory (SMEFT). The SMEFT allows the parametrization of BSM physics by higher-
dimensional operators constructed from the SM fields, enabling the study of BSM phenomena in a
model-independent way. Although very useful, the SMEFT is also a highly complicated framework,
and tools like this one prove indispensable for efficient calculations. The second study, “Double Higgs
boson production via vector-boson fusion (VBF) in SMEFT next-to-leading order (NLO) in the EFT
expansion”, provides a detailed calculation (with the use of the SmeftFR v3 package described in
the previous chapter) of a specific process including effects of dimension-6 and dimension-8 bosonic
operators. As a result, we obtain estimates of the maximal potential enhancement of this process within
the SMEFT framework for the High Luminosity LHC (HL-LHC) accelerator experiment. The third
and final study, “Vector-like fermions, real scalar and Higgs boson phenomenology”, is a representative
example of a top-down approach to new physics searches. Assuming specific BSM particle content
— vector-like fermions (VLF) and a real scalar singlet — we work out theoretical constraints on
the model parameters and calculate the possible impact of these BSM particles on the process of
double Higgs boson production via gluon fusion, on electroweak precision observables, the electroweak
phase transition and gauge couplings unification. Additionally, we presented a procedure of matching
between the SMEFT and the considered VLF and scalar extensions, providing a bridge between the
two approaches. While all three of these research projects serve as representative examples of high-
standard research projects, their combination highlights and emphasizes indirect searches for BSM
physics as a promising approach to new physics searches.



Streszczenie

W niniejszej rozprawie doktorskiej badamy wplyw ograniczen eksperymentalnych (wynikajacych z po-
miaréw precyzyjnych procesow z udziatem pél modelu standardowego) oraz ograniczen teoretycznych
(wynikajacych z wymogoéw spojnosci rozwazanego modelu) na perspektywy posrednich poszukiwarn
fizyki spoza modelu standardowego. Ten program moze to by¢ realizowany w ramach dwdch réznych,
ale komplementarnych podejsé: oddolnego (ang. bottom-up) i odgérnego (ang. top-down). Podejicie
oddolne polega na badaniu réznic miedzy danymi eksperymentalnymi a przewidywaniami modelu stan-
dardowego (SM), bez zakladania konkretnej formy bardziej fundamentalnej teorii. W obliczu braku
bezposrednich odkryé nowych czastek w eksperymentach akceleratorowych oraz przy Wielkim Zderza-
czu Hadronow (LHC) osiagajacym swoj limit energii, to podejscie staje si¢ coraz powszechniejsze przy
poszukiwaniach nowej fizyki. Z kolei podejécie odgorne opiera sie na analizie konkretnych rozszerzen
modelu standardowego zaproponowanych w celu zaadresowania jednego lub wielu jego ograniczen. W
tej pracy prezentujemy trzy odrebne, ale uzupetniajace si¢ przyktady badan opartych na tych podejsci-
ach, oferujace szersza perspektywe na niektére z aktualnych obszaréw zainteresowan w dziedzinie fizyki
czastek elementarnych. Na poczatek, prezentujemy dwa projekty podazajace podejsciem “oddolnym”
w poszukiwaniach fizyki BSM. Wynikiem pracy nad pierwszym z nich, “SmeftFR v3 — generator regut
Feynmana dla efektywnego rozszerzenia modelu standardowego”, jest narzedzie numeryczne zaprojek-
towane do obliczeni w efektywnym rozszerzeniu modelu standardowego (SMEFT). SMEFT pozwala na
parametryzacje fizyki BSM za pomoca operatoréow wyzszych wymiaréw skonstruowanych z p6l modelu
standardowego (SM), dzieki czemu mozliwe jest badanie fizyki BSM w sposob niezalezny od konkret-
nego modelu. Choé¢ bardzo uzyteczny, SMEFT charakteryzuje si¢ wysokim poziomem skomplikowania
i tego rodzaju narzedzia okazuja sie niezbedne do efektywnych obliczenn w ramach SMEFT. Drugi pro-
jekt, “Produkcja pary bozonoéw Higgsa poprzez fuzje bozonéw wektorowych (VBF) z uwzglednieniem
wyzszych wyrazow rozwiniecia (NLO) w SMEFT”, prezentuje szczegétowe obliczenia (wykorzystujac
opisany weczesniej pakiet SmeftFR v3) dotyczace konkretnego procesu uwzgledniajac efekty opera-
torow bozonowych wyzszych rzedéw: wymiaru-6 i wymiaru-8. Jako wynik otrzymalidémy oszacowanie
maksymalnego wzmocnienia tego procesu w ramach SMEFT dla przyszlego eksperymentu akcelera-
torowego High Luminosity LHC (HL-LHC). Trzeci projekt badawczy, “Fermiony wektorowe, rzeczy-
wisty skalar i fenomenologia bozonu Higgsa”, jest reprezentatywnym przyktadem podejscia “odgbérnego”
do poszukiwan nowej fizyki. Zakladajac konkretny sktad czastek BSM — fermiony wektorowe (VLF)
i rzeczywisty skalar — zdefiniowaliémy teoretyczne ograniczenia dla parametréw tych modeli i osza-
cowali$émy ich mozliwy wplyw na proces produkcji pary bozonéw Higgsa w fuzji gluonowej, na pomi-
ary precyzyjnych obserwabli elektrostabych, elektrostabego przejscia fazowego oraz unifikacji statych
sprzezenia. Dodatkowo zaprezentowalismy przyklad dopasowania (ang. matching) ze soba SMEFT i
rozwazanych rozszerzen modelu standardowego poprzez VLF i rzeczywisty skalar, zapewniajac pomost
miedzy dwoma podejsciami. Chociaz wszystkie trzy projekty badawcze osobno stanowia wartosciowe
przyktady jakosciowych badan w fizyce wysokich energii, ich potaczenie ujawnia i podkresla posrednie
poszukiwania jako obiecujgce podejscie do poszukiwania nowej fizyki.
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Chapter 1

Introduction

The question of the nature of reality has always drawn the attention of humanity and can be traced
back thousands of years through the domains of religion and philosophy. Efforts to understand the
basic rules governing our world led to a revolution that introduced a more systematic and rigorous
approach to studying the fundamental laws of nature. This approach, rooted in observation and
experiment, now known as the scientific method, revolutionized our understanding of fundamental
principles and uncovered the laws governing the universe.

At the heart of these rapid developments lies the field of particle physics. Its most accurate descrip-
tion of elementary forces and particles, known as the Standard Model (SM), is one of humanity’s
greatest intellectual achievements. Despite its remarkable successes, the Standard Model falls short
in explaining a range of phenomena — from the origin and composition of dark matter and dark
energy, through the absence of a proper description of gravity, to the lack of a proper explanation
of matter-antimatter asymmetry. Significant effort has been dedicated to provide an explanation of
these phenomena by extending the Standard Model itself, with physicist all around the world trying
to answer the question: What lays beyond the Standard Model? Unfortunately, no one has succeeded
to this day.

This thesis provides a comprehensive overview of some main directions in contemporary particle
physics. With the lack of direct discovery of new particles in current accelerator experiments, and
with the Large Hadron Collider (LHC) reaching its energy limit, we focus mainly on the indirect
approach to searches for new physics. This approach examines discrepancies between Standard Model
predictions and precise experimental measurements, which may hint at the form of underlying, more
fundamental theory. Researchers pursuing this method usually adopt one of the two strategies: the
bottom-up or top-down approach. The former utilizes a model-independent approach to the new
physics searches, while the latter assumes a specific form of model extending the SM, which modifies
its predictions. This work presents representative examples of both methods: the bottom-up approach
is demonstrated with the Standard Model Effective Field Theory (SMEFT) framework, which
parametrizes heavy BSM physics through higher-dimensional operators constructed from SM fields in
a model-independent way, while the top-down approach is presented through a beyond the Standard
Model (BSM) scenario containing vector-like fermions (VLF) and a real scalar singlet.

This work is structured as follows. Chapter[I]- “Introduction” — sets the stage: Section[I.I]contains
notations and conventions relevant to this work; Section provides a broad overview of the current
state of particle physics, including its main achievements and challenges; and Section [I.3] outlines
strategies for searches for physics BSM. The main body of this thesis, titled “Three cases of indirect



searches for the Standard Model extensions”, is presented in the subsequent three chapters. Chapters[2]
and [3| present studies utilizing the bottom-up approach. The former is an example of numerical tool
development: “SmeftFR v3 — Feynman rules generator for the Standard Model Effective Field Theory”,
while the latter focuses on the study of specific high-energy physics (HEP) process: “Double Higgs
production via vector-boson fusion at next-to-leading order in SMEFT”. Finally, Chapter [ titled
“Vector-like fermions, real scalar, and Higgs boson phenomenology”, summarizes the top-down study,
which evaluates the impact of a specific BSM model containing vector-like fermions and real scalar on
chosen phenomena.

1.1 Notations and conventions

In this thesis, we use the notations for the metric tensor, position, and momentum four vectors in
accordance with the standard textbooks (see e.g., [1H3]):

ot = (t, 2t 2% 2%) = (¢, 7),
P = (E,p'p%p°) = (E,p),

d d (1.1)
B =i = —f—
v :dlag( ,—1,—1,-1),
which gives (Einstein’s summation convention assumed):
p? = p'pu = E?—p>=m?>0. (1.2)

Moreover, we set the fundamental constants as:

speed of light: ¢ = 2.998 x 10SE =1,
S (1.3)

h
Planck’s constant: h = o =1.055 x 10734 xs=1.
T

This leads to the assignment of mass (or energy) dimension to all considered quantities. For example:

[z] = [t] = GeV ™! = —1,

[p] = [E] = GeV = 1. (1.4)

Moreover, since the fundamental functional, action .S, must be dimensionless quantity, we determine
the mass dimension of the Lagrangian:

5= / £dzt, [S]=0, [de']=-4, [£]=14 (15)

and the assignment of mass (or energy) dimensions to the fundamental fields:

scalar field: [¢] =1,

vector field: [A*] =1, (1.6)
fermion field: [¢] = 3/2.
The 4 x 4 gamma-matrices in Dirac representation are defined by the anticommutation relation:
A"y =20" A= {1900 (1.7)



with the following relations and definitions:

7
commutation relation: o = 3 7T,

7° matrix: 4 = iy%y1y%3, {7577V} =0, (1.8)

slash notation: ¢ = a*,.

1.2 Current state of particle physics

This section provides a general overview of particle physics as we understand it today. We begin with
the most successful description of fundamental particles and interactions to date: the Standard Model.
Developed and gradually verified over much of the XXth century, it was finally confirmed with the
discovery of the Higgs boson in 2012 |4,5]. Despite its tremendous success in explaining an incredibly
wide range of phenomena, the Standard Model has many shortcomings in explaining other, which are
discussed in the latter part of this section.

1.2.1 The Standard Model

General overview and a bit of history

The Standard Model of Elementary Particles is a gauge theory formulated in terms of fundamental
quantum fields. Excitations of these fundamental entities are interpreted as particles that constitute
the structure of our universe: fermions, which make up the visible matter content; gauge bosons,
which mediate three of the four known fundamental interactions (electromagnetic, weak, and strong);
and the Higgs boson, which is responsible for giving mass to other particles through the mechanism
of spontaneous symmetry breaking. A brief graphical overview of this description is presented in

Figure

The beginning of the modern formulation of what we now call the Standard Model can be traced
back to the first half of the XXth century, with the gradual development of quantum mechanics,
quantum field theory and parallel discoveries of a plethora of new particles. Among the most important
milestones leading to the final formulation of the SM, one can list:

e Dirac equation — introduced by Paul Dirac in 1928, it successfully combined quantum mechan-
ics and special relativity, and predicted the existence of anti-particles.

e Quantum Electrodynamics (QED) — the first comprehensive quantum field theory, intro-
duced in 1949 by Richard Feynman, Julian Schwinger, and Sin-Itiro Tomonaga, established the
description of electromagnetic interactions through gauge theory.

e Non-abelian gauge theories — introduced by Chen-Ning Yang and Robert Mills in 1954,
laying the groundwork for the future description of strong and weak interactions.

e Electroweak theory — developed by Sheldon Glashow in 1961, it unifies electromagnetic and
weak interactions. Later expanded in 1967 to its modern form through the contributions of
Abdus Salam and Steven Weinberg, who incorporated the Higgs mechanism — developed by
Frangois Englert, Robert Brout, Peter Higgs, Gerald Guralnik, C. R. Hagen, and Tom Kibble in
1964.

10



Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

| 1l 1

mass  =2.2 MeVi/c? =1.28 GeVi/c? =173.1 GeV/c? 124,97 GeV/c?

o

“@®1II®I@® || ® | @&
up charm top gluon higgs
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.@ 1'® |- @ 2
down strange bottom photon
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-1 =fl =fl 0

e e Y2 u E23 T 1

electron muon tau Z boson

e

<1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? =80.360 GeV/c?
0 0 [ +1

» e . VH . Vt A

electron muon tau
neutrino neutrino neutrino

=

W boson

Figure 1.1: Particle content of the Standard Model.

e Theory of quarks — proposed in 1964 by Murray Gell-Mann and George Zweig, who introduced
quarks as fundamental constituents of hadrons, such as protons and neutrons, later expanded
by Oscar W. Greenberg who introduced the concept of color charge.

e Quantum Chromodynamics (QCD) - a non-abelian gauge theory describing the strong
interactions that governs the behavior of quarks and gluons. Its final formulation from around
1973/74 builds on the work on the theory of quarks (Gell-Mann, Zweig, Greenberg); the work
of William Bardeen, Harald Fritzsch, and Murray Gell-Mann on the gauge theory of the SU(3)
symmetry group in 1972; and the work of David Gross, Frank Wilczek, and H. David Politzer
on asymptotic freedom in 1973.

¢ Renormalization — a crucial development, ensuring the mathematically consistency of the SM
and allowing for interpretation of experimental data. One of the most important milestones
was Gerard 't Hooft’s and Martinus Veltman’s proof in 1971 that the electroweak theory is
renormalizable.

A slightly more formal introduction to the Standard Model

Setting out the notation, the Standard Model Lagrangian in the electroweak basis, invariant under the
SU3)c x SU(2)r, x U(1)y,, gauge group reads (where “primed” fields denote those in the electroweak
basis, and “unprimed” denote those in the physical mass basis):

s 1 , 1 , 1 ,
L = = GG = JWhL W — 1B, B + (D) (D) + Vi ()
(1.9)

. —/ 77 _ ~ _
+1 Z o Iy — <yfj'-l’L7igoe’R,j + Yl aL PuR + YU aaedy ; + h.c.) ,
P

11



v SUB)c | SUR)L | Yw T3 QeM

!/
U , ) | gys| TV | 2
’ d, ~1/2 | -1/3
™ 3 1| +2/3] 0 +2/3
dy. 3 1| -1/3] o —1/3

/
o= " 1 o | —12| T2 0
’ e ~12 | -1
¢ 1 1 1 0 1

Table 1.1: The Standard Model matter field content. u and d denote “up” and “down” quark types, v
and e denote “up” and “down” lepton types (i.e., neutrinos and charged leptons). j = 1,2,3 denotes
generation index.

where y;]; , k = e,u,d are complex 3 x 3 matrices of Yukawa couplings in flavor space, ¢ is a SU(2)
complex doublet with the weak hypercharge Yyr = 1/2, and @ = imap*. The covariant derivative takes
the form:

. g s ~AyA
D, =08, +ig'B,Yw + Z§W;Tf + zESGuA : (1.10)
with weak hypercharges Yy = Qg — T3 assigned in line with Table 71, I =1,2,3 representing
the Pauli matrices and A, A = 1,...,8 representing the Gell-Mann matrices. The field strength

tensors read:
G4, = 0,Gy — 9,G} — g t1PCGRGY

Wi, =8,Wl - a,W] — g KWWK, (1.11)
B, = 0,8, — 0,B,,
and the Standard Model potential written in terms of ¢ is given by:
2t Al b2
Vsu(p) = =l + 5 (0'9)7, (1.12)

After the scalar ¢ acquires the vacuum expectation value (vev), defined as the minimum of the SM
potential, we can expand Higgs doublet around it to obtain physical degree of freedom — the physical
Higgs boson H:

ot 2u2 My

Y = 1 , U= T_W’

1.13
75 (v+ H +1i2°) (1%)

where H represents the physical Higgs field, ®° and ®* are the Goldstone fields.

In order to identify physical degrees of freedom, one must perform various field redefinitions. In
the case of the electroweak (EW) sector, for the physical charged W¥ bosons, we have:

1 1

Wit= —(WS+W,), My= 590 (1.14)

S

2
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and for the photon A and heavy Z boson:

3 .
<W#> = ( cosf  sinf ) X (Z“> , My = %\/Wv, My =0. (1.15)

B, —sinf cos6 A,

For fermions, to obtain the physical basis, we have to diagonalize the general 3 x 3 mass matrices:

M;Jk = yé?%, k=e,u,d. (1.16)

We can again achieve it through proper field redefinitions of the fermion fields:
er/r = VireL/r: Upp=VigurL/r, dpp = VLd/RdL/Ra (1.17)

where VLk /R Are 3 x 3 unitary rotation matrices. In case of quarks, the mass matrices read:

Mi; = ((Vf)TM"pVZ%),,, p=u,d, (1.18)
(13

where M? is now a diagonal 3 x 3 quark mass matrix. Finally, we can define the CKM quark mixing

matrix as:

Verw = (Vi) V. (1.19)

In the absence of neutrinos, we can choose Vi = Vj, resulting in no corresponding mixing matrix
for leptons. Thus, the weak and mass eigenstates for leptons remain the same. For a more detailed
description, the reader can refer to one of the standard textbooks on the topic |1H3].

1.2.2 Open problems

Despite its enormous success, the Standard Model suffers from a limitations in its ability to explain
a number of phenomena indicating the existence of the physics beyond the Standard Model. Among
these, one can list:

1. Hierarchy problem
The SM does not explain the small value of the Higgs boson mass My = 125 GeV, with quantum
corrections making it extremely large (order of the Planck scale), implying a somewhat unnatural
fine-tuning to secure this small value.

2. Flavor problem
Neither the pattern of charged fermion masses (spanning many orders of magnitude) and their
mixing, nor the magnitude of the observed CP violation can be explained within the SM and
require building wider models, usually with new symmetries imposed.

3. Neutrino masses
Within the SM framework, neutrinos are massless, left-handed particles. However, neutrino
oscillation experiments indicate non-zero masses of these particles, which requires extending the
SM by, e.g., including their right-handed counterparts to form Dirac mass terms or by postulating
lepton-number violating Majorana mass terms.

4. Matter-antimatter asymmetry
The dominance of matter over antimatter in the observable universe cannot be accounted for by
the amount of CP-symmetry violation (which can be translated into matter-antimatter asym-
metry) in the SM.
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5. Dark matter
Gravitational effects in galaxies, such as their rotation, motion, formation, or gravitational lens-
ing, imply the existence of invisible matter responsible for roughly 27% of the mass-energy
content of the universe, which cannot be explained by the SM alone.

6. Dark energy
It is a hypothetical “force” driving the universe’s accelerated expansion that cannot be explained
within the framework of the SM.

7. Gravity
The SM does not include one of the four fundamental forces — gravity — with no consistent
and successful theory of quantum gravity established to this date.

1.3 Going beyond the Standard Model

Having outlined the limitations and issues related to the Standard Model, we can now turn our
attention to searches for physics beyond the Standard Model. These searches aim to address and
resolve one or more (preferably all) of the challenges discussed in the previous Section. There are
several ways of categorizing various strategies for BSM searches. For the purpose of this work, the
most useful is the one distinguishing the bottom-up and top-down approaches, which are described
in detail in the following pages.

1.3.1 Bottom-up approach

The bottom-up approach to searches for physics beyond the Standard Model has been a major
direction in particle physics research over the past few decades. This strategy is closely related to
the experimental searches and real data and relies on identifying discrepancies between the theoretical
predictions of the Standard Model and experimental results. Such differences, if observed, can provide
crucial insights into the nature of underlying phenomena and help us develop more accurate models
of the physical world.

There are a number of historical examples of the success of this approach, proving its utility.
These include: the discovery of the 4th ¢ quark, postulated to explain the rarity of certain kaon decays
using the GIM mechanism [6]; and later precise predictions of the Higgs and top-quark masses from
Large Electron—Positron Collider (LEP) collider electroweak precision tests before they were actually
observed at Fermilab and LHC.

The bottom-up approach has always attracted researchers’ attention, recently even more so due
to the lack of direct evidence for new physics through the production of BSM particles in high-
energy accelerator experiments. This methodology allows for model-independent studies of existing
experimental data, in the hope that with sufficiently large numbers of anomalies and deviations from
SM predictions eventually discovered, it will be possible to deduce — at least partially — the form
of the underlying UV theory. Current notable examples of such discrepancies include: measurements
of the muon anomalous magnetic moment (g — 2) (although recent lattice calculations [7] suggest
agreement with SM predictions); anomalies in B-meson semileptonic decays suggesting (again, recent
experimental results on the Rg ratio [8] did not confirm earlier reports of possible lepton flavor
universality violation); or the W boson mass anomaly. Such anomalies often tend to fade away with
time due to increased precision in measurements and calculations, and we have yet to find a truly
convincing one in well-controlled Earth-based laboratories. On the other hand, the Standard Model
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falls short in explaining a wide range of phenomena in cosmology, where the environment in which
systems are investigated is far more complex and much less under control. It is therefore important
to pursue both directions in the search for physics beyond the Standard Model.

Short introduction to the Effective Field Theories

The very important toolbox, that facilitates the bottom-up approach and allows its implementation in
the model-independent searches for new physics, is known collectively as Effective Field Theories
(EFTs) (see e.g., |9] for detailed introduction). The main idea behind EFTs is both simple and quite
intuitive, and has been an ever-present concept in physics:

Low-energy phenomena can be accurately described without the detailed
knowledge of the underlying, more fundamental theory.

Among the well-known examples of EFTs, one can list:

e Newtonian gravity — an effective description of General Relativity (GR) valid in the regime
of small, non-relativistic velocities (v < 1) and weak gravitational fields GTM < L

e Non-relativistic quantum mechanics — an effective low-energy limit of Quantum Electro-
dynamics, valid for photon energies much smaller than the electron mass E, < m.. At low
energies, relativistic effects, vacuum polarization, and loop corrections to photon scattering are
suppressed. As a result, the Schrodinger equation can be used, e.g., to describe the hydrogen
atom structure to a good accuracy. Higher order corrections can be then systematically included:
first relativistic corrections from Dirac equation and later corrections from QED itself.

¢ Quantum Electrodynamics — a remarkably successful theory describing electromagnetic in-
teractions established prior to the full development of the Standard Model and its structure.
QED itself can be seen as an EFT of the Standard Model, valid at energies below the elec-
troweak scale E < Agw, Apw ~ 100 GeV.

All of these examples have a common feature: at low energies, corrections to the more fundamental
theory can be systematically organized as an expansion in a small parameter (or parameters), 6 < 1,
arising due to the separation of scales between the low-energy and high-energy description. The
leading-order terms in the expansion match the low energy description. This behavior is also known
as decoupling. For the examples listed above, we can point out the following expansion parameters:
S = v and 05% = M for GR, dgppjou = = for QED and dsar/gmp = 5L for the Standard
Model. In each case, the separation of scales allows the more fundamental theory to be expanded
order-by-order, providing a well-defined and systematic procedure to describe it at low energies.

In the context of Quantum Field Theory, this approach has been formalized through the Appelquist-
Carazzone decoupling theorem: [10|. The theorem states that if a renormalizable quantum gauge theory
is embedded into a larger, renormalizable theory with particles at the mass scale A, the effects of a
more fundamental theory at an energy scale F < A are suppressed by the powers of the ratio %
In other words, the contributions from the heavy degrees of freedom — new particles — effectively
decouple at energies below the scale A, and the theory at low energies can be systematically expanded

around the small parameter § = % < In this way, we obtain Effective Field Theory description,

'Valid under the assumption that coupling constants in high energy theory are fixed; decoupling would not work if
they grew together with the masses of heavy particles like e.g., for Yukawa couplings in the SM. In such case, effects of
heavy fermions, like the top quark, may not decouple in the limit m; — co.
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which is valid as long as E < A is satisfied. Importantly, such EFT can be constructed and utilized
even without the specific knowledge of the underlying fundamental theory, making it a powerful tool
in the new physics searches.

As a consequence, this general model-independent framework allows us to describe and study a
plethora of new physics models through a systematically defined EFT. It enables searches for indirect
effects of heavy particles on the observables in our collider experiments. However, the price we pay for
this generality lies in the technical complexity of EFTs. This is due to the fact, that the general EFT
Lagrangian contains a very large number of terms and corresponding free parameters, especially for
higher mass dimensions. Moreover, EFTs involve non-renormalizable interactions (although EFT can
be renormalized order-by-order up to a given mass dimension), and several other theoretical issues,
such as systematic inclusion of higher-order corrections.

Example of EFT — Fermi theory

In order to illustrate the utility of this approach and provide insight into its application, let us start
with a well-known example: the Fermi theory of weak interactions. In the SM, the interactions between
quarks and leptons are described through the following charged-current Lagrangian involving exchange
of charged W¥ vector bosons:

Loo =— TV WianPrd; — %WJDﬂ“PLei +he, 4j=1,23, (1.20)

V2 V2

(we keep the same notation as in Section [1.2.1)), while in Fermi theory they are parametrized by a set
of effective four-fermion contact interactions.

Vu
po Y
-
W+
Ue
e e Ve

Figure 1.2: Muon decay in the Standard Model — left, and in the low-energy effective Fermi theory
— right. The red dot indicates the effective Fermi interaction.

As a concrete example, consider the muon decay process (1~ — e~ v,7) displayed in the left panel
of Figure The tree-level amplitude of this process in the SM reads:

. 2 .
. v —1g _ —1g _
ZM%EEVV = ( \/§> (VM’YHPLM) (p[Q/V _ lj}%/) (G’YVPLVe)' (1'21)
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At energy scales below the mass of W boson (E < My ), the W propagator can be expanded as:

1 1 1 1 1
= +0 . 1.22
‘Q)V _M‘%V M%V]_ PW My >>pw M2 <M4 ) ( )
W
Substituting the leading-order term into Eq. (|1.21)), we obtain the amplitude in effective Fermi theory:
g2

. 5 AGp
poevy P P —
z'/\/lFewm 2M2 <V:“,7 LM)(G’Y Lye) -t \/i

where G is the Fermi constant, which parametrizes the strength of this effective interaction. The
effective dimension-6 four-fermion operator is then given by:

(7" Ppp)(ey” Prve), (1.23)

4G .92

Loy = — (D Prp)(ey,Prve), Grp = ——.
v2 e 8MZ,

(1.24)

At low energies, only the effective interaction parametrized by the effective coupling G can be ob-
served. Nevertheless, its value, extracted from the muon lifetime measurement, provides an estimate
of the scale of the electroweak physics Agy (or in other words, the M2 ratio), with [11]:

1 1
=1.66x107°——, Agw ~ 290 GeV. (1.25)

Gp=-—5— :
U GeV?

EFT descriptions for the Standard Model

We are now in a situation similar to pre-electroweak times. The Standard Model is a well-established
and highly successful framework, but we have reasons to believe that it is not a fundamental theory
of nature (see the previous Section . In order to study and search for beyond the Standard
Model physics in a model-independent way, we can follow Fermi’s approach, and write down all
possible higher-dimensional interaction involving the SM fields, forming the Effective Field Theory for
the Standard Model. This description, valid to the scale of new physics A, can provide invaluable
clues about the scale and structure of the more fundamental theory through the determination of the
magnitudes and patterns of these effective interactions.

Depending on a particular set of assumptions, one can think of a number of different effective
descriptions for the Standard Model. In the context of this work, we focus on the Standard Model
Effective Field Theory (SMEFT) [12//13|, where we assume the SM gauge group and particle content,
including the Higgs as a SU(2) doublet. The SMEFT Lagrangian can be written in the following form:

LsmprT = ESM+ZAd I (1.26)

with Lgn given by Eq. , A is the scale of new physics, and O; denote higher-dimensional operators
of dimension d; invariant under the SM gauge group (note that the Lagrangian in Eq. is defined
in the unbroken phase of the theory, before identifying the physical Higgs field and other physical
degrees of freedom).

Another framework — Higgs Effective Field Theory (HEFT) [14] — is also widely used in the
context of new physics searches. It is more general than SMEFT, as it does not assume that the Higgs
boson is a linear representation of SM symmetries (which also increases the number of free parameters
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and diminishes the predictive power of HEFT), with its expansion parameter and region of validity
A<

Another class of Effective Field Theories for the Standard Model includes cases for which the SM
itself is the more fundamental theory, but due to reasons such as calculational complexity, it’s easier
to work with its low-energy effective descriptions. Examples include:

e Low Energy Effective Field Theory (LEFT) [15] — which describes the SM at energies below
the electroweak scale E < Agw, Agw ~ 100 GeV.

e Heavy Quark Effective Theory (HQEFT) |16,17] — which provides a low-energy description
of hadrons containing heavy quarks (b bottom or ¢ charm), with one of the expansion parameters
d = Agcp/mg, where mg is the mass of Q = b,c and Agep ~ 200 MeV is the energy scale of
QCD.

As this thesis focuses on the applications of EFTs to searches for physics BSM, we will not discuss
this class of EFTs further. Interested readers are referred to the provided references.

There are numerous examples of studies utilizing SMEFT (and more generally EFTs) that analyze
specific processes in this model-independent framework, such as:

e Higgs boson decays [18-27],
e Higgs and multi-Higgs production [28-38|

e Vector-boson scattering and multiboson production [39-42],

and many others. These types of analyses are especially important from the point of view of deter-
mining the values of SMEFT Wilson coefficients through global SMEFT fits |43]44]. By constraining
WCs, such fits can provide invaluable insight into the form of the underlying UV theory.

In this thesis, we present two examples of the bottom-up approach applications. First, in Chap-
ter [2| we present an example of development of a software tool designed specifically for automatizing
calculations in the SMEFT framework: SmeftFR v3 — Feynman rules generator for the Standard Model
Effective Field Theory. Such tools are indispensable for efficient computations within such a compli-
cated framework as SMEFT. Then, in Chapter [3] we demonstrate an application of the code described
in Chapter [2] by presenting calculations of one specific process: double Higgs boson production via
vector-boson fusion in SMEFT, including terms O(1/A?) (LO in the EFT expansion) and O(1/A%)
(NLO in the EFT expansion), with particular emphasis on predictions for the HL-LHC experiment.

1.3.2 Top-down approach

In the top-down approach to new physics searches, researchers begin with fundamental principles and
symmetries to propose models that address specific issues. In practice, this often involves extending
the Standard Model by introducing new particles and sectors of interactions designed to resolve one or
more of its challenges. The impact of a given new physics model is uniquely determined by its specific
particle content and allowed parameter space of their masses and couplings. The top-down approach
has a long and successful history in particle physics, which justifies the significant research effort
dedicated to it in the context of the quest for the discovery of beyond the Standard Model physics.
Examples of such successes include the discovery of the Higgs boson, the discoveries of the weak W
and Z bosons, all predicted by the unified theory of electroweak interactions, or the measurement of
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neutrino oscillations. All these phenomena began as theoretical hypotheses and were later confirmed
through experimental searches.

Over the past decades, numerous attempts have been made towards proposing a successful exten-
sion of the Standard Model that would not only address its theoretical limitations, but also have the
potential to be verified experimentally. Without going into too much detail, in Table we present an
illustrative (and arbitrary) selection of such extensions to provide the reader with a general overview
of chosen SM extensions with relevant references.

Model Class | Model Examples Key Features Applications
Supersymmetry | MSSM [45], Introduces superpartners | Hierarchy problem
NMSSM [46] for each SM particle with | Dark matter
spin differing by 1/2 Unification
Scalar Scalar singlet [47], Adds additional scalar | Dark matter
Extensions Two Higgs multiplets to the SM field | CP violation
doublet model content Baryogenesis
(2HDM) [48]
Axions and Peccei-Quinn Introduces new particle, | Strong CP problem
Axion-like par- | axion [49], axion, emerging from the | Dark matter
ticles (ALPs) | DFSZ axion [50] spontaneous breaking of a | Anomaly cancellation
new global U(1) pg symme-
try
Z' Models U (1) p—r, models, Introduces additional, Dark matter
Eg models [51] heavy neutral gauge boson | Neutrino masses
Z', arising from the break- | Anomaly cancellation
ing of an extended SM
gauge symmetry

Table 1.2: A short overview of chosen widely studied Standard Model extensions.

In the context of this thesis, in Chapter ] we present an example of a specific application of the
top-down approach with a particular class of BSM models that involve heavy vector-like fermion
(VLF) multiplets and a real scalar singlet. Basing on recent work [52], we use these model scenarios
as a case study to illustrate the practical application of the top-down approach and demonstrate how
this methodology can be used to deepen our understanding of BSM physics.

1.4 Three case studies of indirect searches for the Standard Model
extensions

The two approaches to studying physics beyond the Standard Model introduced in the previous sec-
tions: bottom-up and top-down, should be viewed as complementary to one another, with their
greatest utility arising when both are considered in parallel. Given the current lack of direct discoveries
of new physics, and with the LHC approaching its energy limit, the primary means of measuring its
effects may be through its indirect influence on precision measurements. Such potential deviations can
be efficiently parametrized in a model-independent way using Effective Field Theory techniques
(bottom-up approach). However, once such a deviation is detected, it is essential to interpret the
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results through the lens of specific models to determine which extensions of the Standard Model are
most viable. This is exactly the rationale behind the parallel model-independent and model-specific
studies of various processes in high-energy physics, and is one of the main motivations behind the
choice of specific research projects for the author’s doctoral studies.

The first two chapters summarize studies focused on the bottom-up approach in indirect searches
for the SM extensions. Both utilize the Standard Model Effective Field Theory, a common
framework that allows for model-independent parameterization of BSM phenomena, and serve as im-
portant examples of this approach in modern particle physics. Chapter [2 “SmeftFR v3 — Feynman
rules generator for the Standard Model Effective Field Theory”, provides a comprehensive description
of the numerical tool, SmeftFR v3. Due to the high level of complexity of calculations with SMEFT
framework, this kind of programs are crucial for automatizing and enabling a broad range of anal-
yses. Then, Chapter [3] “Double Higgs production via vector-boson fusion at next-to-leading order
in SMEFT”, provides an immediate SmeftFR v3 application. In it, we present a model-independent
analysis of a specific process — double Higgs production via vector-boson fusion (VBF) in SMEFT —
including higher-order therms in the EFT expansion. Our main result is the estimation of the maximal
impact of BSM physics on this process for the HL-LHC collider experiment.

The third study, “Vector-like fermions, real scalar, and Higgs boson phenomenology”, summarized
in Chapter [4] is an example of application of the top-down approach in indirect searches for the
SM extensions using two widely studied models: vector-like fermions and a real scalar singlet.
We begin by exploiting the theoretical constraints to limit the parameter space of the models consid-
ered and combine them with experimental limits. We then apply these results to evaluate potential
impact of these models on the processes of single and double Higgs boson production, electroweak
precision observables, and the electroweak phase transition. The logic behind this program is that, if
such impacts lead to detectable experimental signatures, they would indirectly support these mod-
els. Additionally, we present an example of the procedure for bridging the top-down and bottom-up
approaches — matching between SMEFT operators and VLF and real scalar models.

The selection of these research projects was, apart from addressing several outstanding issues in
high-energy physics, intended to ensure that, upon finishing his doctoral studies, the author would
emerge as a competent researcher with wide expertise across this field.
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Chapter 2

Tool development:
SmeftFR v3 — Feynman rules generator for

the Standard Model Effective Field
Theory
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2.1 Introduction and motivation

In this chapter, we present an example of a project dedicated to the numerical tool development
facilitating the use of the bottom-up approach to new physics searches within the framework of the
Standard Model Effective Field Theory. The increased interest in using the Effective Field Theory
approach is closely related to the absence of direct evidence for new particles in collider experiments,
which has shifted the focus of researchers towards searches for physics beyond the Standard Model in
precision measurements. For this purpose, Effective Field Theory tools have become invaluable and
have been commonly used in recent years for model-independent analyses of experimental data.

On the necessity for automation in SMEFT

Although universal and model-independent in parametrizing BSM phenomena, SMEFT is, at the same
time, a very complex framework. The general form of its Lagrangian is presented in Eq. . The
exact number of higher-dimensional operators for a given mass dimension d; depends on particular
assumptions, such as the number of fermion generations ny [53|, as shown in Table

di |ng=1] ny=3
5 2 12

6 84 3045
8 993 44807
10 | 15456 | 2092441

Table 2.1: Numbers of higher-dimensional operators for a given mass dimension d; and number of
fermion generations ny, as taken from [53].

The sheer number of these operators implies a high level of technical complexity involved in the-
oretical calculations for physical processes and observables in SMEFT. In addition, issues such as
matching between UV models and SMEFT, renormalization group equations (RGE) in SMEFT, or
fitting SMEFT Wilson coefficients to experimental data have proven that numerical tools are indis-
pensable in efficient calculations within the SMEFT framework. In order to face this nontrivial matter,
researchers around the world dedicated a significant amount of time and effort to develop numerical
tools that address specific challenges related to SMEFT. Below, we present a short review of the most
important tools currently available, divided by category [54}/55].

¢ SMEFT matching to UV models and RGE running
Matchete [56|, Matchmakereft |57, MatchingTools [58|, CoDeX [59], DsixTools 60|, wilson [61],
SOLD [62], RGESolver [63),

e SMEFT fitting to experimental data
SMEFiT [64], smelli 65|, HepFIT [66], match2fit [67],

e Feynman rules and physical observables
SMEFTsim [68,/69], Dim6Top [70], SMEFTONLO [71] and SmeftFR [72].

This chapter is dedicated to the description of the code that falls into the last category: SmeftFR v3
— Feynman rules generator for the Standard Model Effective Field Theory [|72,[73]. In Section
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we introduce SMEFT itself as the basis of this and the following Chapter, including its Lagrangian,
operator basis, and description of input schemes. Then, in Section we describe the main features
of the SmeftFR v3 code. Section [2.4] contains details on the steps necessary to install and use the code,
along with a description of the available options. Finally, Section provides a detailed example of
the applications of the code. We conclude in Section [2.6]

2.2 SMEFT — short overview

This section provides a short description of SMEFT and its most relevant features. We use the same
notation as in Section and follow [73,[74], whenever applicable. Some results are also discussed
and presented in |75].

2.2.1 SMEFT Lagrangian and operator basis

In this work, we use the Warsaw basis [13| for the dimension-5 and dimension-6 SMEFT operators
in the interaction basis, a standard choice now widely used in most research papers and tools on this
topic. For the dimension-8 operators, we use the basis from [76] (with similar work published at the
same time [77]). All SMEFT operators included in SmeftFR v3 are listed in Appendix[A] In particular,
the dimension-6 operators are listed in Table[AT] while all bosonic dimension-8 operators are listed in
Tables [A.2] [A.3] and [A.4] We neglect the dimension-7 and dimension-8 fermionic operators — see the
discussion in Section [2:3] In SmeftFR v3, we excluded operators of the mass dimension higher than
8 — there are very rarely important and used in the existing interpretations of experimental data.
Also, if such high-order operators were required to describe the BSM phenomena, the validity of the
EFT expansions would become questionable. Therefore, we neglect them entirely. The initial SMEFT
Lagrangian in this work reads:

1 1
L=LG+30QR + 5 D ConQun+1a Zo%b . (2.1)

boson, fermion boson

Moving from the interaction to the mass basis in SMEFT after spontaneous symmetry breaking
(SSB) — necessary for the calculation of physical observables — leads to a number of complications
compared to the Standard Model alone. This involves more complex field and coupling redefinitions to
ensure the canonical normalization of gauge, Higgs and fermion fields, as well as careful treatment of
gauge fixing. This procedure, fully automated in SmeftFR v3, is detailed in this section, highlighting
the importance of tools like SmeftFR v3.

Higgs sector

The parts of the SMEFT Lagrangian relevant to the Higgs mechanism and scalar bilinears, including
relevant dimension-6 and dimension-8 operators in the unbroken phase, read:

LIMEFT = (D) (DFp) — V()
+Cen ( f ) U (SOT<P> + Cpo (@TSO)Q U (SOTSO)
+Cyp ( ) (soTD“ ) + Cyop (soTsO) (sOTDuso)* («pTD“sO) :

i (s1e) 5 (519) = o (1) 0 (1)
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Minimization of the updated Higgs potential leads to the following relation between p, A and v,
modified in comparison to the SM (see Eq. 1.13):

— - 71)40 - 71)60@8, (2.3)
with the covariant derivative of form:
. .g
D, =0, +ig'B,Yw + Z§Wi7’[ + Z—GAAA. (2.4)

After SSB, we obtain the following form of scalar field bilinears:

- o
E%ﬂmear = <1 + —-Cyup + C<p6D — 20°C, e — v C<p65> (auH)z
+ <; §)\v +§5 10, +Z °C, ) (25)

1 4
# 3 (14 5 Cen+ 5 Cn ) () + (00 ) (0457).

In order to retain the canonical normalization of kinetic terms (as we do not want to alter the form
of propagators), we perform the following field redefinitions, with (h, G*,G?) treated as fields in the
physical, mass basis:
h=2ZyH, G°=Zc¢", GF=Zgrp*,
02 v
ZEs =1, Zio=1+ 5 Con + - Coop, (2.6)
02 4
Zh—1+ C¢D+ C@6D_2UCEI_U C@GD,

leading to the Higgs mass-vev relatlon of form:
Mj; =

7 (200 — 60*C, — 3090 s) . (2.7)

Gauge sector

In the case of the gauge sector Lagrangian, the discussion again closely follows that of [74], with some
differences arising from the inclusion of dimension-8 bosonic operators, which are additionally ac-
counted for. The relevant terms in the interaction basis Lagrangian affecting gauge boson propagators
and the field bilinears read:

Low = —{ WA — 2B, B + (D) (D)
+Cyp (SDTD/AP) (wTD“cp) + Cyop (w*so) (sOTD,M)* (cpTD“sO)
+ Cow (go gp) WI wim 4 C( ) <¢T90>2W5VWIW + C( ) (@Trlgz)) (cp T cp) W[ wn
+CyB (90%) By B" + Cpa (30%)2 By, B"
+ Cown (cp T cp) WI B" + Cyy s (goT(p) <<p T (p) WI BH*

Lacn = —5CAGM™ + Cua (1¢) G e + ) (olo) Gl oM

4
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After SSB this leads to the following gauge field bilinear terms:

. 1 2,2
LR = — 2 (1= 20Cow =" Ol ) (Wl W+ WA W) 4 S (W 4 W2 ™)
1 vt
- (1 — 20*Clw — v4C§§)2¢4 - 4053)2@4) w3, Wi
a0 ) BB+ (L s+ S W3, B
Z vV°CypB — B2yt uv ? ¢WB Z W Byt uv
(1 C 0 1 Y Cen ) (47 BB+ W g (B 4 WIBH)
3 9 oD 4 ©6D g i g o 99 1% I )

LBlear — —i (1 — 2020, — U4ng)<p4> GA GAm,
(2.9)
Canonical normalization of gauge fields Wﬁ’z and G’;‘ requires the following field redefinitions, where
VVHjE and g;l are canonically normalized gauge fields in the mass basis:

Zw _ iZw -
Gl = Zag),, Wgzﬁ(wj+wu), W= % Wi -wy), (2.10)

with:

202 vt -1/2
Zw = <1 — 2 Cew — A401(/V)2g04) :

202 vt -1/
Zg = <1 — 2 Cec — A40§;2)<p4> ~

(2.11)

Canonical normalization of gauge fields WEL’ and B, requires simultaneous diagonalization and nor-
malization of the 2 x 2 “mixing” X matrix and the mass matrix:

ilinear — _ 1 WHENv? 9 —gd\ (W
E%\}V D _Z (WSV’B'U’V) X < By ) + §ZG0 (Wj’BN) ( 9 ( B# )’

-99 g
4
_ 2 4~(1) v 3
Xll =1-2v C@W -0 CW2<p4 - ZCW24P4’ (212)
7}2 U4
Xy =Xg1 = ?C@WB + ZCWB“O4’

X22 =1- 21}20@3 — U4C(312)<p4'

This can be achieved by the following transformation of Wj and B, gauge fields, where Z, and A4,
are canonically normalized fields in the mass basis:

(5)-2(%)

The full analytical form of the Z,7 matrix is calculated within the SmeftFR v3 code following the
derivation described below. First, let us introduce intermediate “barred” fields:

w Zys W, ~1/2 ~1/2
H) = _ K Z3 =X /=X . 2.14
(Bu> < ZBBM ) ’ 3 11 > B 29 ( )
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Denoting € = Z3ZpX9) = Z3/Z5X19, we get:

ilinear I = >, 1 e W?’MV
L > =3 (Wi Buv) < 1> ()
€

(A mmr) (4)
1 .
8 ~Z3Zpg99  Zhg” b

(2.15)

In order to simultaneously diagonalize these terms, Z, 7 should have the following form:

2oy = I =5 cosf sinf ' (2.16)
—g 1 —sinf cos6

The general formulas for € and 6 are complex and lengthy, and we choose to not display it here. After
field redefinition by Z,z we get:

ilinear 1 Lo zZr 1 M2 0 zZt
ﬁg\}v ) _Z (ZMV7AIU/) (O 1) (Ap,z/) + 5 (ZMJA,U) ( OZ 0) <AM> (217)

Finally, in order to preserve the form of the covariant derivative, Eq. (2.4)), we redefine gauge couplings
in the following way:

9= Zgg g/ = Zg’gl gs = nggsa (2.18)
with: s
202 vt
_ =1 _ (1)
Zg =27 = (1 — FC@W - MCW2¢4> s
202 vt 1/2
_ =1 _ (1)
ng - ZG - (1 - FCQOG - MCG2¢4) ) (219)

92 o 1/2
-1 (1)
Zy =25 = <1 — —2@,3 — 4C’BQ¢4> .

The full electroweak bilinear Lagrangian in the mass basis has now the following form:

. 1
LEw'™ == 3 (WLW W+ WL W™ 4 7, 71 + Ay AM) +

1 o 1
+ §M5V (WiWHH + W, WH) + §M%ZHZ“, (2.20)
£giéi]%ear _ _lg;? gA;w
gomvd

with the physical masses of gauge bosons:

2 g2v? o V2 o n 2729
MW: s ]\4;4:07 MZ:§ZGO g +Z3Zgg +
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Z(g/2 + Z3729%) + 2€Zgzggg’> . (2.21)

As we have seen, the exact form of the above field normalization constants (including 7,z matrix),
the relation for the corrected Higgs vev v, and the formulas for the Higgs and gauge boson masses My,
My, Mz, depend on the particular set of Wilson coefficients included in a given analysis, leading to
potentially lengthy and complicated expressions. In SmeftFR v3, to speed up the calculations, such
expressions are always calculated for the user-chosen subset of non-vanishing operators, not hard-coded
in the full generality.
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Gauge fixing

Finally, the adopted notation leads to the gauge fixing procedure that closely follows the one outlined
in Section 5 of |74], with all the differences encoded in the form of the Z normalization constants that
may now include dimension-8 contributions (the fully general procedure of gauge fixing in R¢ gauge,
for a generic EFT up to any order in the EFT expansion can be found in [78]).

Fermion sector

In the case of fermion sector, since we do not include dimension-7 and dimension-8 fermionic operators,
we simply follow the procedure outlined in Section 3.4 of |74]. The fermion kinetic terms remain
unaffected by the SSB, with the mass terms in the initial flavor (primed) basis given by:

1 -
LrD *§V;:(CM1,/V;: — & Mlely — up M up — dy Mydy + He., (2.22)

with 3 x 3 mass matrices of the following form:

M., = —%C, M= % (Te = $Cup)
v 1428 e \/i e 2 ep bl
/ v v? / v v? (2.23)
Mu = ﬁ (Fu — ?C/u@> ; Md == ﬁ (Fd - 7C/d¢> .

The mass (unprimed) basis is defined through a unitary rotation Uy, from the initial flavor (primed)
basis:

Uy = Uyy ¥x (2.24)

with ¥ = v,e,u,d and X = L, R. This allows us to define mass eigenstates as ¥ x, with diagonal
fermion mass matrices of the form:

U;fLMéUeR = M, = diag (me, my, ms),

UJLM;UUR = M, = diag (my, me, my) ,

ULMéUdR = My = diag (mgq, ms, mp) , (225)
UVTLMLU,,L = M, = diag (my,, Myy, Mys) -

The final step to obtain the mass basis involves the redefinition of the fermionic Wilson coeflicients in

the initial basis to include rotation matrices. For example, we have the following relations (full list of
relations can be found in Table 4 of [74]):

Ce‘/’ = UJLC’W’UER’ (Cll)f1f2f3f4 = (UEL )ng2 (UEL)g4f4 (UEL);fl (UGL);sfS (C/”)91929394 : (2'26)

2.2.2 Input schemes in SMEFT

So far, we have parametrized the SMEFT Lagrangian in terms of the same couplings as those normally
used in the dimension-4 renormalizable SM Lagrangian, with the addition of Wilson coefficients of
higher-order operators. This allows us to calculate observables in SMEFT in terms of the following
set of “standard” parameters, which we will refer to from now on as the “SMEFT” input parameters:

9,95 3s SU(2),U(1),SU(3) gauge couplings,

v, A Higgs boson mass and quartic coupling,
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mg quark masses,q = u,c,t,d, s, b,

K CKM quark mixing matrix, (2.27)
mg, My, charged lepton and neutrino masses, { = e, i, T
U PMNS lepton mixing matrix.

However, parameters such as gauge couplings, the vacuum expectation value, Higgs quartic coupling,
and mixing matrices are not directly measured in experiments. Deriving their values from experimental
data depends on the Wilson coefficients of higher-dimension operators and they may not be identical
between the SM and SMEFT. In order to determine their actual numerical values, one has to relate
them to appropriate physical observables O; - referred to as “input parameters” — and, in the case of
SMEFT, to the Wilson coefficients. For example, for the electroweak sector we have:

g: g(017"‘70n7017"'70m)7

gl = gl(Ol,...,On,Ch...,Co ,

)
v=v(01,...,0,,C1,...,Cp),
A= AMOi,...,00,Ch....Cp)

(2.28)

Thus, the precise determination of (g,g’,v, A) depends on the given set of input parameters, on the
values of the Wilson coefficient, and on the order of the EFT expansion. This leads to further compli-
cations when calculating given observable A within SMEFT. Since we want to express A in terms of
known (so directly measured) constants (and Wilson coefficients), it may not be sufficient to express
the final result in terms of the initial “SMEFT” input parameters. Once we calculate A in terms
of these initial model parameters, we must use expressions from Eq. , insert them back in the
formulas for A and consistently re-expand the result up to the desired order in the 1/A expansion.
This procedure can be summarized in the following manner:

1 . .
A = A4(g,§’,-..)+—2Aé<§,g’,---)0é

+ o (Al”(‘ g...)CiCl + A%(5,7, ..)Cg) +

= A’4(01,02,...)+pA'g(ol,oz,...)cg
1 i o . ,
+ (A’éf(ol,oz, NG+ AR (01,05, )CE) + .. (2.29)

As one might expect, such prescriptions quickly become highly complex and error-prone, especially
at higher-orders of the EFT expansion. To make it more manifest, let us consider the derivation and
application of the “Gr” electroweak input scheme up to dimension-6 in SMEFT. We want to express
electroweak parameters (g,g’,v,\) in terms of the set of physical observables: (Gp, Mz, My, My).
In order to do this, we first start from the relations between both sets of parameters:

1_
MW = 591}7

1 4 6 1/2
My = Z (200 — 60" C, — 309C s)

1 — (2.30)
My = 5, /92 + 9/21; <1 + 52 fg_aC@WB) Zgo,

_ 1 02112 Czpl?) 0@13
21/4\/ Gr 2\/>GF ’
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where the first two relations for My, and My appeared in the previous section, My is the dimension-6
equivalent of Eq. 7 and the v - G relation is based on the calculation of muon decay in SMEFT,
see e.g., [19]. One can immediately note, that although the relation for v is given, and the relation for
g can be easily obtained:

Far (1.4 B O = O,
5 — 95/4 ® @
g = 2 GrMwy [ 1+ ) 2.31

( 2V2G F ( )
in order to derive formulas for A and g, one has to solve a non-trivial system of equations. Thus,
in order to facilitate SMEFT calculations directly in terms of a chosen set of input observables,
SmeftFR v3 includes hard-coded relations between electroweak input parameters in “GF” and “AEM”
input schemes up to dimension-8, see Appendix |D.2]).

The trade-off of model parameters required by the choice of “input scheme” also affects the deriva-
tion of interaction vertices generated by the higher-order operators. As an example, let us consider
the hWW vertex in dimension-6 SMEFT. In terms of the initial, “SMEFT” parameters, it is given
by Eq. . Plugging the relations from Egs. , back into the vertex expression and
expanding up to the O(1/A?) order in the EFT expansion, we obtain Eq. - a corresponding
formula in the “Gr” input scheme.

W'L
1.5 1. 23 1.5 3
+ 519 VNusps + 529 v nuzuscwﬂ - glg U Nuous Cob
J— W +  4ivCow (Ph°Ph*> — P2 - P3Npsps) s
53/4 7 12 a2
.n3/4 2 12 M, M,
VVJ; + 42 / VGEMynugps + — GFW Npans Cot — 723/4 %anuQ#SCLPD
iM, 2112 iMg, 11 22
} - - mﬁuzug Cy =+ mmm (Csols + Cwl3)
S

Hs i27/4
+  ——==Cow (P5°p4> —p2- .
\/@ P (p2 Ps3 P2 p377u2u3)

Even this relatively simple example demonstrates the complexity of such a procedure, particularly
when terms O(1/A%) are included in the analysis.

All the steps discussed in this section: the calculation and canonical normalization of the mass
basis, gauge fixing, and consistent calculation of the vertices in terms of physical input parameters,
are computationally highly complex and error-prone, emphasizing the necessity to automatize each
of them. This highlights the rationale behind the development of SmeftFR v3, which is discussed in
detail in the following Sections.

2.3 SmeftFR v3 — overview and main features
SmeftFR v3 is a Mathematica package written in symbolic Wolfram Language and based on the

FeynRules [79,80] package to produce Feynman rules in SMEFT. It is an extension and significant
improvement over SmeftFR v2 |72|, with its main features, alongside their description, listed below.
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e SmeftFR v3 enables the production of Feynman rules in SMEFT including dimension-6 operators
in the so-called Warsaw basis [13] (with numerical values initialized in the mass eigenstates
“Warsaw mass” basis as defined for dimension-6 SMEFT in [74]), and bosonic dimension-8
operators in the basis of |76] — Eq. . he produced Feynman rules are expressed in terms
of physical SM fields and normalized Goldstone and ghost fields. SmeftFR v3 novelty lies in the
consistent inclusion of terms of order O(1/A*) in the EFT expansion, including terms quadratic in
dimension-6 and linear in dimension-8 Wilson coefficients. Higher-order terms are systematically
truncated.

a1 5 , 1 (6) (6) 1 (8) ~(8)
L= Ly + KCVVQI(/V) + A2 Z C(b,f)Q(bvf) t A4 Z Co @y - (2.34)

boson, fermion boson

We decided to exclude all the dimension-7 and fermionic dimension-8 operators for both the-
oretical and practical reasons. The former are always lepton or baryon number violating and
therefore strongly constrained by experiments. The dimension-8 operators are generally strongly
suppressed and require strong enhancement to have any significant effect. That is the case,
e.g., in processes involving vector-boson scattering, where the effects of extra terms grow quickly
with process energy [40,/81-84], see also Section This justifies the inclusion of only purely
bosonic operators in SmeftFR v3. Another reason for not including fermionic operators is more
practical, namely their very high number, which makes their consistent inclusion very CPU
time-consuming. However, users can follow the instructions detailed in Section to include
any additional fermionic dimension-8 operators they require for a given analysis.

e Neutrinos can be treated in SmeftFR v3 in two different ways. First, in the absence of the L-flavor
violating dimension-5 operator ()., neutrinos are treated as massless Weyl spinors, whereas the
inclusion of Q,, leads to their treatment as massive Majorana spinors. Although this choice does
not have any impact on the standard gauge-neutrino interactions, it may affect non-standard
interactions arising from higher-dimensional operators (for discussion, see e.g., |85.86]).

e SmeftFR v3 allows users to express Feynman rules directly in terms of a set of input parameters
that are chosen to be physical observables. SmeftFR v3 users can define their own preferred set
of input parameters (see Section , or use those predefined by the authors of the code (see
Section . They include two input schemes for the electroweak sector, with all terms up to
O(1/A%*) order in the EFT expansion taken into account:

— “GF” scheme with input parameters: (Gg, Mz, My, M),

b

— “Qep,” scheme with input parameters: (aem, Mz, My, Mr).

Moreover, following [87], SmeftFR v3 includes a predefined input scheme for the CKM matrix,
including terms up to O(1/A?) order in the EFT expansion.

e Since SmeftFR v3 generates FeynRules “model files” automatically, users can include a subset
of Wilson coefficients relevant for a given analysis. This not only simplifies the results and
the analysis itself, but also significantly speeds up calculations. For a given set of dimension-6
Wilson coefficients, SmeftFR v3 is about an order of magnitude faster than the previous version,
SmeftFR v2 [72].

e Depending on a given analysis, SmeftFR v3 can generate Feynman rules in the unitary gauge or in
the linear R¢ gauge (including all relevant ghost and Goldstone vertices, a procedure thoroughly
described in [74], see also [78]).
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e Feynman rules obtained using SmeftFR v3 are produced in the FeynRules format. Users can
then decide to further export results into various formats, suitable for a different kind of analyses,
including:

— UFO (Universal FeynRules Output) [88] — a format for automated matrix-element generators,
including: MadGraph5_aMCONLO 5 [89], Sherpa 90|, CalcHEP [91], WHIZARD [92.93],

— FeynArts [94] — a format that can be treated as an input for analytical amplitude calcula~
tions using FormCalc [95] or FeynCalc [96],

— TEX- SmeftFR v3 provides a dedicated A TEXgenerator producing clear and readable ver-
tices and expressions for Feynman rules,

— WCxf 97| — a standardized format for Wilson coefficients aimed at compatibility and con-
sistency across different tools designed for calculations in SMEFT.

SmeftFR v3 has been thoroughly tested and validated utilizing various analytical and numerical tests,
detailed in Section

2.3.1 Predefined input schemes in SmeftFR v3
EW sector

SmeftFR v3 includes two predefined input schemes for the electroweak sector, in which we express
(g,g', \, v) parameters in terms of the masses of physical SM particles — Higgs and gauge bosons, and
low-energy observables — Fermi’s constant G g and the fine structure constant aey,:

o (Gp, Mz, My, M) - “Gg” input scheme,
o (em, Mz, My, Mp) - “cepy” input scheme.

These particular input schemes are widely used by the community and have several advantages, includ-
ing the lack of WCs in particle propagators, which would make calculations and the EFT expansion
in 1/A significantly more difficult. Detailed expressions, including the dimension-6, dimension-62
and dimension-8 terms, can be found in Appendix [D.2] The strong coupling constant is defined as
gs = \/4rag(Myz), with no additional SMEFT contributions to as(Myz) assumed.

Fermion sector

e Quarks — quark masses are assumed to be equal to their physical masses, while corrections to
the CKM matrix K are evaluated following [87], and include terms linear in WCs of dimension-6
operators.

e Leptons — charged lepton masses are assumed to be equal to their physical masses, while neutrino

masses are proportional to dimension-5 Weinberg operator’s WC m,, = v2|C%,|. PMNS matrix

mixing angles are assumed to be equal to ones in the SM, without any SMEFT contributions.

2.3.2 User-defined input schemes in SmeftFR v3

Apart from these predefined input schemes, users can choose their own set of input parameters and
include them in SmeftFR v3, provided that they are defined in the correct format and in relation to
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the SmeftFR v3 “default” parameters listed in Table Below, we present requirements to properly
include a user-defined input parameter scheme.

1. Input parameters are assumed to be measurable physical observables or quantities without any
contributions from SMEFT WCs, and should be real scalar numbers, without any flavor or gauge
indices.

2. Names of user-defined input parameters should not overlap with the names of variables already
used by the code (SmeftFR executes automatic checks for overlapping names).

3. User-defined input parameters and relations between them and “default” input parameters should
be defined in the file code/smeft_input_scheme.m, following the standard format of FeynRules model
definition files. A detailed example of such a scheme can be found in the file code/smeft_input_scheme.m
provided with the SmeftFR v3 distribution.

4. User has to provide analytical expressions for all variables listed in Table relating them
to the chosen set of input parameters and WCs of higher dimensional operators. A detailed
example using predefined “Ggr” and “aen” SMEFT input schemes can be found in the file
code/smeft_input_scheme.m (see routine SMEFTInputScheme).

Gauge and Higgs sector Quark sector Lepton sector
UserInput$vev v UserInput$MQU  m,, Userlnput$MLE  m,
UserInput$GW g UserInput$MQC  m,. UserInput$MLM  m,,
UserInput$G1 J UserInput$MQT m; Userlnput$MLT  m.,
UserInput$GS Js Userlnput$MQD  mgy  UserInput$MVE ~— m,,
UserInput$hlambda A Userlnput$MQS ~ ms  UserlnputSMVM  m,,
UserInput$MZ Mz  Userlnput$MQB  m;  Userlnput$MVT  m,,_
UserInput$MW My Userlnput$CKM K UserInput$PMNS U
UserInput$MH My

Table 2.2: Variables and their names in SmeftFR v3 that should be determined to properly define
input scheme.

2.4 Using SmeftFR v3

2.4.1 Installation

SmeftFR v3 utilizes the FeynRules package to derive Feynman rules. To ensure proper functioning
of SmeftFR , it is essential to ensure that the latter is installed properly. The most recent version
of FeynRules , along with detailed installation and usage instructions, can be found at the following
address:

https://feynrules.irmp.ucl.ac.be
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Once this requirement is satisfied, SmeftFR v3 can be downloaded from the following address:
https://www.fuw.edu.pl/smeft/

One can find there the latest SmeftFR version, with all necessary files, the manual, news, and infor-
mation regarding the package and its usage. To ensure proper functioning of SmeftFR v3, one should
use it with Mathematica v12.1 and FeynRules 2.3.49 or newer. To install the package, one should
download the .zip file containing the latest SmeftFR version (currently it is v3.02) and unpack it into
the following FeynRules directory:

Models/SMEFT_N_NN

where _N_NN refers to the SmeftFR package version. Once unpacked, the main $FeynRulesPath has
to be set properly in the smeft_fr_init.m and smeft_fr_interfaces.m files, corresponding to the
main FeynRules installation directory. For non-standard installations (not advised!), the variable
SMEFT$Path also has to be updated accordingly.

2.4.2 Code structure

The full general SMEFT Lagrangian, which includes the dimension-5, -6 and bosonic -8 operators is
very complicated, and leads to lengthy and CPU time-consuming numerical calculations that may last
for hours or even days on a standard PC. However, in most cases, we are interested in the effects of the
subset of all higher-dimensional operators on the studied phenomena (although one has to be careful
here, as in general operators may mix under renormalisation [98-100]). For this reason, SmeftFR v3
can dynamically calculate the Feynman rules for a chosen subset of SMEFT WCs, which significantly
speeds up the calculations.

The structure of the code and its flow are illustrated graphically in Figure and can be divided
into three main steps:

1. First, the routine relating “default” and “predefined”/“user-defined” input parameters and WCs
is executed, assigning the correct numerical values to them. Then, two FeynRules model files
— one for the gauge and one for the mass basis — are dynamically generated, including all the
information required to describe interactions in various input parametrizations.

2. Second, the SMEFT Lagrangian in the gauge basis is initialized, transformed analytically to the
mass basis, and used to generate the Feynman rules in the mass basis. This procedure also gener-
ates relations for the Zx normalization constants in terms of the “default” and “predefined”/“user-
defined” input parameters, without inserting those relations back into the Lagrangian (which
saves a significant amount of computation time). The resulting mass basis Lagrangian and
Feynman rules are written in terms of Zx constants. The expressions for the Zx are also de-
rived up to the desired 1/A order of the EFT expansion (with maximal 1/A%). It is important to
keep in mind that for a consistent 1/A expansion, one has to once again truncate the higher-order
terms once explicit formulas for the Zx factors are inserted into the Lagrangian and Feynman
rules. The resulting mass basis Lagrangian, Feynman rules, and Zx expressions are saved locally
on disk.

3. Finally, one can use the previously generated mass basis SMEFT Lagrangian to export the
generated Feynman rules to one of the formats supported by FeynRules through SmeftFR v3
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built-in interfaces. As listed above, this includes: KTEX, WCxF, UF0 and FeynArts formats,
with various options for output parametrization (in terms of Zx constants, “default” SMEFT
parameters, or “predefined”/“user-defined” input parameters) available.

2.4.3 Feynman rules calculation
Model initialization

Once SmeftFR v3 is properly installed, one can proceed with the first step in the Feynman rules
calculation: generate the FeynRules model files. This is done by executing the following command,
preceded by the selection of the relevant SMEFT operators and the initialization of numerical values

of WCs:
SMEFTInitializeModel [Optionl—Valuel, Option2—Value2, ...];

The full set of available options is listed in Table and includes the choice of: SMEFT operators,
gauge, EFT expansion order, parameter input scheme, and neutrino treatment. This command sets
the stage for the Feynman rules calculation. A full list of dimension-5, dimension-6, and bosonic
dimension-8 SMEFT operators available in the SmeftFR v3 distribution — along with the assumed
naming convention — is presented in Section [A] Several comments are in place here:

e To optimize SmeftFR v3 performance, users should select only the subset of Wilson coeflicients
relevant for a given analysis.

e To ensure compatibility with other SMEFT-related codes compliant with the WCxf format [97],
the user should initialize numerical values of the SMEFT Wilson coefficients through a WCxf
input file.

e MajoranaNeutrino and Correct4Fermion options are used to modify the analytical expressions
for the Feynman rules as calculated by FeynRules . This is because certain FeynRules interfaces,
such as UFO, intentionally leave the relative sign of four-fermion interactions uncorrectedﬂ as it
is later corrected by Monte Carlo generators like MadGraph5. On the other hand, for manual or
symbolic computations it is convenient to correct the form of the Feynman rules from the start,
obtained when options are set to their default values.

e The current implementation of the input scheme for the CKM matrix is based on [87]. It may
lead to numerically very large corrections to the CKM matrix, usually suggesting a violation
of experimental bounds on flavor transitions and the need to modify the WCs. In such a case,
the relevant warning is displayed and corrections are not included (this can be overwritten by
setting the option ForceCKMInput — True). The maximal allowed correction to any of the
CKM elements is set by the variable SMEFT$CKMTreshold in the code/smeft_variables.m file
(by default set to SMEFT$CKMTreshold=0.2, can be modified by the user).

After execution, the SMEFTInitializeModel command creates two parameter model files in the
output subdirectory:

e smeft_par_WB.fr: SMEFT parameter file with Wilson coefficients in gauge basis (defined as
“Internal’’ parameters with no numerical values assigned).

'B. Fuks, private communication.
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Figure 2.1: Structure of the SmeftFR v3 code.
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e smeft_par_MB.fr: SMEFT parameter file with Wilson coefficients in the mass basis (defined
as ‘“‘External’’ parameters with numerical values of WCs imported from the input file in WCxf
format).

These model files contain definitions of the “default” SMEFT parameters (i.e., SM parameters such as
9,9, A\), copied from the smeft_par_SM.fr, smeft_par_head_WB.fr, and smeft_par_head_MB.fr files
in the definitions subdirectory. Additionally, they contain a list of “user-defined” input parameters
from the header of the code/smeft_input_scheme.m file. Only later values of “user-defined” parame-
ters are copied to the model files and numerical values of parameters can be updated to include correc-
tions from higher-order operators (thus, hand-made modifications to files in the definitions subdirec-
tory are not advised and will be overwritten by the code). Field definitions used by SmeftFR v3 are not
generated dynamically but are taken from fixed files named smeft_fields_WB.fr and smeft_fields_MB.fr
in definitions subdirectory.

Finally, in order to manage the EFT expansion and ensure truncation of terms of higher than
@) (1 /AQEXpa“Sionorder) order in the EFT expansion, SmeftFR v3 assigns an “interaction order” pa-
rameter to the SMEFT Wilson coefficients: NP=1 for dimension-6 and NP=2 for dimension-8 WCs.
The corresponding ExpansionOrder parameter is also passed to the model files smeft_par_WB.fr
andsmeft_par_MB.fr as:

MS$InteractionOrderLimit = {
{QCD,99},
{NP,ExpansionOrder},
{QED,99}

¥

Lagrangian and Feynman rules in the mass basis

In the next step, we can calculate the Lagrangian and Feynman rules in the mass basis by executing
the following chain of commands:

SMEFTLoadModel[ ] Loads the output/smeft_par_WB.par model file and imports the
SMEFT Lagrangian in the gauge basis for the chosen subset of bosonic
operators.

SMEFTFindMassBasis[ ] Finds field bilinears and analytical transformations diagonalizing the
mass matrices. It also calculates the expressions for Zx normalization
constants.

SMEFTFeynmanRules[ ] Analytically evaluates the SMEFT Lagrangian and Feynman rules in
the mass basis to the required order in O(1/A), without substituting
explicit expressions for Zx constants (see example in Figure .

SMEFTOutput [ Options 1 By default, stores the SMEFT model file with parameters in the mass
basis as output/smeft_par_MB.m and the mass basis Lagrangian and
vertices in output/smeft_feynman_rules.m. To generate output in
different locations, use options ModelFile — filenamel and TargetFile
— filename?2.
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Constant Variable Constant Variable

Zgs gsnorm Zg Gnorm
Zg gwnorm Zw Wnorm
Zy glnorm Z,iij AZnorm[i, j]
Zp Hnorm Zqo GOnorm
Za+ GPnorm

Table 2.3: Names of normalization constants and corresponding internal SmeftFR v3 variables.

Depending on the particular choice of SMEFT parameters, the order of the EFT expansion and
the options specified during the execution of the SMEFTInitializeModel command, these steps of the
calculation may be CPU time-consuming. The user is advised to select only a subset of operators
relevant for a given analysis. In a number of cases, such as treating neutrinos as Majorana particles
with the dimension-5 Weinberg operator, or the inclusion of baryon and lepton number violating
four-fermion operators, FeynRules produces warnings of the following form:

QN::NonConserv: Warning: non quantum number conserving vertex encountered!

Quantum number LeptonNumber not conserved in vertex . ..

In these specific cases, such warnings should be ignored.

The results of the calculations, including the mass basis Lagrangian and the corresponding Feynman
rules, are by default saved in the file output/smeft_feynman_rules.m. The Feynman rules and parts
of the mass basis Lagrangian for various classes of interactions are organized into variables with self-
explanatory names, as listed in Table [C.7] Additionally, the file output/smeft_feynman_rules.m
contains expressions for the normalization factors Zx relating Higgs, gauge fields and their couplings
in the Warsaw and the mass bases, presented in both the “default” and “user” parametrizations (see
Table for the corresponding names of code variables). In addition, formulas for tree-level corrections
to the Standard Model mass parameters and Yukawa couplings are stored in variables SMEFT$vev,
SMEFT$MH, SMEFT$MW, SMEFT$MZ, SMEFT$YL[i,j], SMEFT$YD[i,j] and SMEFT$YU[i,j], alongside the
selected user-defined program options.

Once the calculations are finished, the expressions for the Lagrangian and vertices stored in the
variables listed in Table[C 7 are written in terms of the Zx constants in unexpanded form, as presented
in Figure To generate fully expanded formulas up to the required order of the 1/A expansion, the
routine SMEFTExpandVertices should be executed. For example, to expand vertices in the “default”
parametrization up to the 1/A* terms in the EFT expansion, one should use:

SMEFTExpandVertices[Input -> "smeft", ExpOrder -> 2]
and, for vertices in the “user” parametrization up to terms 1/A?:
SMEFTExpandVertices [Input -> "user", ExpOrder -> 1]

The expanded versions of the vertices are stored in variables with names ending with “Exp”
(LeptonGaugeVerticesExp, QuarkGaugeVerticesExp etc.) and can be displayed or used in further
calculations using the standard FeynRules format.
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The evaluation of Feynman rules for vertices involving more than two fermions may be problematic
for FeynRules , with possible warnings displayed. However, in most cases, these vertices are calculated
correctly despite these warnings (apart from the issue of the relative sign of four-fermion diagrams
mentioned earlier). In cases where this issue persists — such as the correct automatic derivation of
quartic interactions involving four Majorana neutrinos — SmeftFR overwrites the FeynRules result
with the correct manually calculated formulas encoded in Mathematica format.

Another remark concerns the hermicity property of the SMEFT Lagrangian. For certain types of
interactions - such as four-fermion vertices involving two quarks and two leptons - the FeynRules func-
tion CheckHermicity reports non-hermicity of terms in the Lagrangian. However, such terms are
indeed Hermitian if the permutation symmetries of the indices of the relevant Wilson coefficients are
properly taken into account. These symmetries are automatically imposed if the numerical values
of Wilson coefficients are initialized using the SMEFTInitializeMB or SMEFTToWCXF routines (see the
following Section .

The Feynman rules for the mass basis Lagrangian are now calculated; however, the definitions
of fields and parameters used to initialize the SMEFT model in FeynRules are still expressed in the
gauge basis. To avoid inconsistencies, before exporting the calculated expressions to other formats
in the smeft_fr_interfaces.m notebook, one should quit the current Mathematica kernel, and start
a new one to load the mass basis Lagrangian along with the compatible model files, as described
in next Section All further calculations should be performed within this new kernel (routine
SMEFTExpandVertices can also be used within this new kernel in the same way as described earlier).

2.4.4 Interfaces to various formats

Having obtained the Feynman rules in the mass basis, we can now export them (alongside corre-
sponding values of WCs) into other formats supported by FeynRules and SmeftFR , more specif-
ically: WCxf, IANTEX, UFO, and FeynArts. In order to do this, we have to start by opening the
smeft_fr_interfaces.m notebook in a new Mathematica kernel (see comment above) and reload
FeynRules , SmeftFR and the mass basis Lagrangian by calling the following routine:

SMEFTInitializeMB[ Options ]

with the allowed options provided in Table After executing SMEFTInitializeMB, the mass
basis model files are loaded, and the mass basis Lagrangian is stored in a global variable named
MEFT$MBLagrangian for further use by the interface routines. This step may be CPU time-consuming,
depending on the specific choice of options and SMEFT operators.

WCxf output

There are two standalone SmeftFR v3 routines translating values of WCs between the WCxf and
FeynRules formats that can be used independently of FeynRules and the mass basis Lagrangian
initialization:

1. FeynRules — WCxf
SMEFTToWCXF [ SMEFT_Parameter_File, WCXF_File, FirstLetter — SMEFTS$MB ]

where SMEFT_Parameter_File, WCXF_File define the input FeynRules and output WCxf files in
the JSON format, respectively. The latter can be used to provide numerical values of WCs to
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other codes compatible with the WCxf format (the FirstLetter option is only relevant if the first let-
ter of WCs differs from that specified in the MBFirstLetter option of the SMEFTInitializeModel
routine).

2. WCxf — FeynRules

ReadWCXFInput [ WCXF_File, Options ]
WCXFToSMEFT [ SMEFT_Parameter_File, Options]

ReadWCXFInput extracts the values of WCs from a WCxf format file, and WCXFToSMEFT creates
FeynRules parameter model file including, apart from WCs, definitions and numerical values of
all input parameters. All allowed options are presented in Table

IATEX output

SmeftFR v3 provides a dedicated IXTEX output generator distinct from the generic FeynRules one. The
output can be produced by executing the following command, with the full list of Options presented
in Table [C.5}

SMEFTToLatex[ Options ]

The generated IATEX output is saved in the output/latex directory and contains, for the sake of
clarity, only terms up to the O(1/A?) order in the EFT expansion. Additionally, it omits expres-
sions for five- and six-gluon vertices due to their high level of complexity. SmeftFR v3 utilizes the
“axodraw.sty” style |101] to draw Feynman diagrams in the IATEX output, which requires compilation
through an intermediate Postscript file. Thus, instead of “standard” compilation through e.g., pdfiater,
it is necessary to go through the following (or equivalent) set of commands:

latex smeft_feynman_rules.tex
dvips smeft_feynman_rules.dvi

ps2pdf smeft_feynman_rules.ps

For the conventions used in the SmeftFR IWTEX output, see Appendices A1-A3 of ref. [74].

FeynArts output

The mass basis Lagrangian, stored in the SMEFT$MBLagrangian variable, can be used to generate
FeynArts model files by executing the following routine:

WriteFeynArtsOutput [ SMEFT$MBLagrangian, Output — "output/FeynArts”, ...]

The resulting FeynArts model files are stored in the "output/FeynArts" sub-directory and can be used
for further analytical calculations with programs such as FeynCalc or FormCalc.

UFO output

In SmeftFR v3, the UF0 output format model files can be generated by calling the following routine,
with all of the available options defined in Table [C.6}

SMEFTToUFO[ Lagrangian, Options ]
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By default, the argument Lagrangian should be set to the variable storing the mass basis Lagrangian,
SMEFT$MBLagrangian, unless the user prefers to generate vertices for a specific sub-sector of the theory.
This can be done by specifying instead one of the variables defined in Table [C.7 with obvious name
replacements like LeptonGaugeVertices — LeptonGaugelagrangian, etc. One can note that the
SMEFTToUFO command is distinct from the FeynRules built-in WriteUFO command due to the following
reason. The UF0 format requires an additional parameter — “interaction order” (I0) — to be assigned
to all couplings. This helps Monte Carlo generators, such as MadGraph5, to handle the maximal order of
diagrams included in a process under consideration. By default, the standard FeynRules UFO interface
assigns QED IO= —1 to the Higgs boson vev, v, as it is numerically large and can effectively cancel
the suppression from smaller Yukawa or gauge couplings. In the SM, such procedure never leads to
a total negative 10 for any vertex. However, in the case of SMEFT, vertices proportional to higher
powers of v may have a negative total “QED” 10. This leads to warnings and termination when such a
model is imported to MadGraph5. Fortunately SMEFT vertices have an additional type of IO assigned,
“NP=0,1,2", defining their EFT order (which is 1/A2NF). This labeling is sufficient for MC generators
to truncate amplitudes correctly. For this reason, SMEFTToUFO command removes “QED” 10 from all
vertices proportional to WCs of higher-dimension operators (this can be switched off by setting the
relevant option).

It is important to note that some Monte Carlo generators, such as MadGraph 5, support only real
values for input parameters. Thus, to ensure that the UFO output is working properly, one should
set the option RealParameters — True when calling the SMEFTInitializeMB routine. Addition-
ally, MadGraph5 uses hard-coded names for the QED and QCD coupling constants (ee, aEWM1, aS).
For compatibility, SmeftFR v3 preserves these names, copying them into UFO model files indepen-
dently of how the “user-defined” input parameters are named. If necessary for compatibility with
other codes, additional “special” variable names can be added to SmeftFR by updating the routine
UpdateSpecialParameters in the file smeft_parameters.m.

If four-fermion vertices are included in the SMEFT Lagrangian, the UF0 model files generator
prints the following warning (similar warnings may also appear when using other FeynRules output
routines):

Warning: Multi-Fermion operators are not yet fully supported!

Although, in our experience, the UF0 output seems to work properly also for four-fermion interactions
despite the warning, it should be treated with care and limited trust - performing appropriate checks
is left to the user.

The inclusion of baryon and lepton number violating (BLV) four-fermion interactions leads to
additional problems in the UFO model files, with MadGraph5 displaying warnings that these interac-
tions are not yet supported and aborting process generation. For this reason, such terms are, by
default, not included in the SMEFT$MBLagrangian variable, unless the option IncludeBL4Fermion in
the SMEFTInitializeMB routine is explicitly set to True. When this option is enabled, the FeynArts
output seems to work properly.

Finally, one should note that the FeynRules interfaces sometimes appear to be “non-commuting”.
For example, calling the FeynArts output routine first may lead to errors in the subsequent execution
of the UFO interface, such as signaling problems with the incorrect handling of vertices containing
explicit o# Dirac matrices or issues with the color indices of the SU(3) group structure constants,
while the routines called in the opposite order are both working properly. Therefore, it is safer to
generate one type of output at a time and reinitialize the model in the mass basis. The WCxf and
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KTEX generators do not suffer from such issues and can be used safely together with others.

Forms of output

SmeftFR v3 can calculate and export interaction vertices in three forms, among which users can choose
by selecting a particular version of the Expansion option in Qutput routines:

1. Expansion — '"none"
Interaction vertices are given in terms of “default” parameters, WCs and Zx normalization con-
stants. Such output is compact and fast to produce. Also, it is the most universal one — adding
additional higher-order operators (e.g., fermionic d = 8 operators or even higher EFT orders),
apart from directly appearing in new vertices relevant to a given operator, can be accommodated
by adding new contributions to expressions for Zx constants. In this form, however, consistent
expansion to a given EFT order is not clearly defined, as it can be done only after substituting
explicit expressions for Zx. All normalization constants with corresponding internal variables
are presented in Table 23] Sample vertices in this parametrization are displayed in Figure 2.2
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Figure 2.2: Z¢t¢~ and hW W™ vertices in terms of of Zx couplings (including a sample list of
operators up to the dimension-6). Cop — Cow/ A? convention is assumed.

2. Expansion — "smeft"
The “default” SMEFT parametrization, with vertices given in terms of “default” parameters and
WCs, and with shifts of SM fields and normalization couplings expanded accordingly. The result
is expanded to the desired EFT order (d = 4, 6 or 8). Sample vertices in this parametrization
are presented in Figure [2.3

3. Expansion — "user"
Interaction vertices are given directly in terms of user-defined input parameters and WCs, again
with shifts of SM fields and couplings expanded accordingly. The result is expanded up to the
desired EFT order (d = 4, 6 or 8). Sample vertices for the (Gr, Mz, My, My ) input scheme in
the electroweak sector (see the discussion in Section are presented in Figure

41



- 5n5 (5% — 3°) ¥ Pr + 254" Pr)

2 gl2+g2
ig' gv° 2 2 o
b gy gaatns (67 =397 PL = 2% Pr) Cows
f2
(&
25’ v v v
+ \;;g+g (0223/;1 M3 PL+Cf1f2 M3 PR)
e ZBJ + V2gv o5 (Cf2f1 o3 Py .|_Cf1f2 MSVP)
i <=7
1
+ 2 /= /2+g Cflfz MSPR+7“) /g/2 _|_g Cf1f2 MSPL
1. — -
+ 5w2 /g’2+QQC£}JQV“3PL
W/J;
1 C 1‘72 3 C
+ 219 VNpaps + Zg v® Nuapsz Ll — gzg U NuapsCeD
ho----- W, + divCow (p‘2‘3p‘§2 — P2 P3NMuans)

Figure 2.3: Same as in Figure but in default (g, g, v) parametrization scheme (the Zx couplings
are expanded up to the dimension-6 terms).
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Figure 2.4: Same as in Figure but in the (G, Mz, My, M) input scheme (the Zx couplings are
expanded up to the dimension-6 terms).
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Further extensions

At this point, one can think of many possible further extensions of SmeftFR , beyond version 3. We
list a number of potential future directions.

1. Inclusion of fermionic dimension-7 and dimension-8 operators
As we pointed out in Section we decided not to include fermionic dimension-7 and -
8 operators due to their potential limited impact on studied phenomena and their very high
number that makes this endeavor very time- and effort-consuming. However, users who are
interested in extending SmeftFR v3 with a particular set of fermionic dimension-7 or -8 operators
can follow the detailed prescription describing this procedure, that can be found in Appendix
or at the following address:

https://www.fuw.edu.pl/smeft/FermionDim80perators.pdf

2. Inclusion of dimension-higher-than-8 operators
Inclusion of dimension-higher-than-8 operators would require several minor changes in the code
and could be done with a finite amount of time and effort. However, as mentioned at the
beginning of this chapter for most of the applications that we can think of, dimension-8 should
be sufficient and dimension-9 and -10 (or higher) contributions should be negligible. Also, non-
negligible dimension-9 or -10 contributions would suggest problems with the validity of the EFT
expansion.

3. Additional input schemes
As described in Section the user can define their own input parameter schemes that will
be compatible with SmeftFR v3 if this procedure is followed. On the side of the authors of the
code, we decided to include two of the most popular electroweak input schemes, and we leave
users with the task of including their own, if necessary. As for other sectors, apart from the
CKM matrix K input scheme, we are not aware of any other parameter schemes that could be
included (but this may change in the future).

2.4.5 Tests and validation

SmeftFR v3 has been thoroughly validated by the authors of this code through various analytical
and numerical tests, always finding very good or almost perfect agreement with other corresponding
publicly available software packages.

Analytical tests

For analytical tests, we have used SmeftFR v3 FeynArts output and utilized the following chain of
programs:

SmeftFR — FeynArts — FormCalc/FeynCalc
to perform the following set of analytical tests.

1. Goldstone-Boson-Equivalence-Theorem (GBET)
According to the GBET [102-105|, matrix elements of longitudinal polarizations for tree level
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vector-boson scattering processes should be equal to matrix elements for the same process, but
with vector bosons replaced by Goldstone bosons:

MLV = ViV 22 M(GG = GG), V= (W%, 2), G=(G°G*). (2.35)
We checked explicitly that this identity holds up in SMEFT up to the O(1/A*) order in the EFT
expansion, and that this result is independent of the input scheme choice. An example of such

amplitude is presented in Section Eq. (2.41)).

2. Positivity bounds
Another interesting test of SmeftFR v3 output for dimension-8 SMEFT operators comes from
the positivity constraints on WCs |106},/107]. Analyticity of the amplitude, the optical theorem
and the Froissart bound lead to the conclusion, that for any 2-2 elastic scattering amplitude of

SM particles, the following identity should hold:

d2

@M(ij —1ij)(s,t=0) >0, (2.36)
where 7, j are the SM fields, and s, ¢ are the Mandelstam variables. Qfol‘%i) dimension-8 operators
can potentially affect the scattering matrix elements between Higgs and longitudinal components
of vector bosons, leading to the corrections o< s2/A* and can therefore be subjugated to the
condition . Indeed, using the SmeftFR v3 FeynArts output, we checked that these matrix

elements lead to the following set of conditions:

1 2 3
Zih — Zih — >0, (2.38)
Wih—swin = ¢l +cl 0. (2.39)

All other longitudinal vector bosons scattering amplitudes satisfy these inequalities, e.g., WZ“ W: —
ij VVL+ amplitude gives:
wiw s wiwh = oW +c? o >0 (2.40)
L"L L"L i D4 pAD4 piDt = Y .

already satisfied by (2.37). Results obtained by us are in agreement with |106] and are again
independent of input scheme.

3. Ward identities
Finally, we used the Feynman rules generated by SmeftFR v3 to check various Ward identities,
always finding very good agreement.

Numerical tests

In order to test the validity of SmeftFR , we performed several types of numerical crosschecks against
already existing codes using the SmeftFR v3 UFO outputs.

1. We compared cross-sections for various processes obtained with SmeftFR v3 against the results
obtained with the SMEFT@NLO |71] package up to terms of order O(1/A?) in the EFT expansion
— Table in Appendix [E| (note that SMEFT@NLO, Dim6Top |70] and SMEFTsim [68| have been
formally validated up to this order |108], so it is sufficient to compare with only one of these
codes).
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2. We compared matrix elements for various processes obtained with SmeftFR against the results
obtained with the SMEFTsim package up to terms of order O(1/A?) in the EFT expansion, testing
all implemented dimension-6 operators (apart from the B- and L- violating ones) — Tables

in Appendix [E]

3. We compared matrix elements for various processes obtained with SmeftFR against the results
obtained with the code described in ref. [109] (available at https://feynrules.irmp.ucl.ac.
be/wiki/AnomalousGaugeCoupling) up to terms of order O(1/A%) in the EFT expansion, testing
all operators considered in [109] — Table in Appendix

7

For the purpose of these comparisons, we used the default predefined “Gg” input parameter scheme,
with numerical values of parameters initialized as central values from [110]. Moreover, the CKM
and PMNS mixing matrices were assumed to be equal to identity matrices. More details, including
comparison tables containing specific processes and WCs, can be found under in Appendix [E] or at
the following link:

https://www.fuw.edu.pl/smeft/Validation.pdf

2.5 SmeftFR v3 by an example

Having described the features of SmeftFR v3, it is very instructive to provide a step-by-step example of
its application to give a deeper insight into the program’s working and capabilities. For this purpose, we
decided to present a calculation of a vector-boson scattering (VBS) process at the LHC (first presented
in [55]). An example of such a process is shown in Figure (W bosons can be alternatively replaced
by Z bosons). This class of processes is particularly interesting due to its importance in probing the
electroweak sector and its potential sensitivity to BSM physics (see, e.g. [40]).

Wi Wi Wﬂ: f\/\/\/\,?fvvv\/ W:t Wi Wﬂ:
1 Z[y
W:t Wﬂ: W:t /\/\/\/\/IQ'\/\/\/\/ W:t Wﬂ: I/VIt

Figure 2.5: Diagrams of the same-sign W7 vector-boson scattering process. The red dots indicate
vertices where the SMEFT corrections can be inserted.

2.5.1 Model initialization and Feynman rules calculation

After loading the FeynRules and SmeftFR v3 codes in the Mathematica SmeftFR_init.nb notebook
included with the SmeftFR distribution, the first step is to define the set of operators in the gauge
basis. In this case, we choose the following dimension-6 and dimension-8 operators, which may have
a significant impact on vector-boson scattering processes (the naming convention is described in ap-

pendix |A)).

In[1:= OpList6={"phi","phiBox","phiD","phiW","phiWB","phiB","W"};
OpList8={"phi8","phi6Box","phi6D2","phi4nl","phi4n2","phi4n3"};

45


https://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
https://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
https://www.fuw.edu.pl/smeft/Validation.pdf

One can identify these operators with the %, ¢*D? and X?2p? classes for dimension-6 (Table|A.1)) and
o8, 09D? and ¢*D* classes for dimension-8 operators (Table [A.2)). In the next step, we initialize the
SMEFT Lagrangian with the chosen set of available options:

In[2]:=

SMEFTInitializeModel [Operators—0pList,
Gauge—Rxi,

ExpansionOrder—2,
WCXFInitFile—WCXFInput,
InputScheme—"GF",

CKMInput—'"no",

RealParameters—True,

MaxParticles—4];

We chose to generate the Feynman rules in the R¢ gauge up to the O(1/ A%) order in the EFT expansion,
including vertices with the maximal number of four external legs. The numerical values for the Wilson
coefficients were provided in the WCXFInput file. We selected the “Gfr” input parameter scheme for
the electroweak sector, and neglected SMEFT corrections to the CKM matrix. With this setup, we
can execute the chain of commands described in Section to produce model files, calculate the
Lagrangian in the gauge basis, identify field bilinears and analytical transformations to diagonalize
mass matrices, and finally obtain the Lagrangian the in mass basis with the corresponding Feynman
rules up to the O(1/A*) order in the EFT expansion. At this stage, field normalization constants are
not expanded. This whole chain takes ~ 7 minutes on a typical laptopﬂ The obtained vertices in this
form are stored in the "/output/smeft_feynman_rules.m" file.

Once the calculation is finished, we can display the vertex expression, e.g. h~vy~ in the previously
adopted “G” input scheme by executing the following command:

In[3]:=

Out[3]=

SMEFTExpandVertices [Input—"user",ExpOrder—2] ;

SelectVertices [GaugeHiggsVerticesExp,SelectParticles—{H,A,A}]

2 i
3/2

2%/4 G2 M2 (M2-M2)

1
{{{{A,l},{A,Q},{H,B}},<P>

<-C@D c Mi-g (CP)? ME+a (CP"B)? ME+16 (CP)Z M2 M2-4 (CPVB)® M2 M2+CYD Y

-8 (CP)? ME-C#P B M3 \/-M24M2-12 CPV VB M3 /oMZauR+12 oY OB My M2 o/ -M2+M2
+8 (CB)° (Mi-MZ2 M2)+C¥E My (MZ-MZ) (4 C¥BO* My+C#P My-4 CHB \/-MZ+M2)

-4 CFPX (MZ-MZ) (CFY ME-CFY ME+CHYE My -M%+M§>> (Y% P4 M, P1-P2)

124 2%4

MY (C“"B MG-CPB My o/ -MG+MZ+C <—M5+M§>) (PY2 Db My, P1-P2)}}
Z

One can easily identify the dimension-6 and dimension-62 contributions. Note that the whole expres-

p2, 1

sion is proportional to the (p}*py' — g"#2p;y - po) Lorentz factor, as expected from the requirement
of gauge invariance. Purely dimension-8 contributions can be displayed by printing other expressions,

2Running times throughout are referring to a i7,2.8GHz, 16GB-RAM computer with Linux Ubuntu 22.04.
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e.g., for the ZZZZ vertex. This vertex is first generated at this level of the EFT expansion, with

1),(2),(3)

contributions from the Q504 Da dimension-8 operators:

In[4]:= SMEFTExpandVertices[Input—"user" ,ExpOrder—2];

outd|= {{{{Z,1},{2,2},{2,3},{Z,4}},

1 2

. @4nl | ~p4n2 | ~p4n3 e 4
21 +e *e ) <A2> MZ (nl‘i:lM nﬂ2xﬂ3+nﬂ1:ﬂa nN2rN4+nN1:M2 nﬂaflh})}}

At this stage, the user can export the chosen vertices in one of the available output formats: using

the “Gp” parameter input scheme with the ‘““‘user’’ option, in the default parameter scheme with the

“‘smeft’’ option, or in the unexpanded version by selecting ‘‘none’’.

2.5.2 Interfaces and output generation

We can now generate the chosen outputs using the built-in SmeftFR v3 interfaces to IXTEX, UFQ,
FeynArts or WCxf formats. In order to achieve this (following steps detailed in Section , we
have to Quit[] the current Mathematica kernel and open the SmeftFR_interfaces.nb notebook.
Then, after loading the FeynRules and SmeftFR codes, the mass basis Lagrangian can be reloaded by
executing the following command:

In[5]:= SMEFTInitializeMB[Expansion—"user", Include4Fermion—False];

After the calculation is completed, the entire SMEFT Lagrangian in the mass basis is stored in the
variable SMEFT$MBLagrangian for further use by interface routines. This Lagrangian is expressed in the
“user”, “G'r” predefined input scheme, and includes terms up to O(1/A*) order in the EFT expansion.

At this point, we can export Wilson coefficients from FeynRules to WCxf or IATEX (only dimension-6
terms) formats. In case of this calculation, we further focus on FeynArts and UFQ outputs.

FeynArts output

SmeftFR v3 can generate FeynArts output by running the following FeynRules command:

In[6]:= WriteFeynArtsQOutput [SMEFT$MBLagrangian,
Output—FileNameJoin [{SMEFT$Path, "output","FeynArts","FeynArts"}]1];

This calculation, depending on the complexity of the model, can take several hours to complete (in this
case, approximately 3 hours). Once finished, the SmeftFR v3 model files can be used with external tools,
like FormCalc or FeynCalc, to compute quantities of interest, such as helicity amplitudes for specific
processes. In this case, we calculated helicity amplitudes for the VBS process WHW+ — W,
Isolating the longitudinal polarizations, we were able to arrive at relatively compact expressions for
the amplitudes at high energies, s > M‘%V:

M2 4
2
My Swws(5,0) = =2V2Gp M [1 — M—g <1 — Sin20>] (SM)

S .
+ (20@] + C'@D) 12 (dim — 6)
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+ [8Ce0 4 2C 6 p2 + 16(Cynn)? + (Cyp)® — 8Cyr Coop
V2 s

2 3 .
2
S .
+ [(3 +c0s20) (CUpa + CU0) + 80;?1)4} i (dim —8)  (2.41)

This result is consistent with [40] up to the O(1/A?) order in the EFT expansion, while the O(1/A%)
terms are presented here for the first time. This amplitude was also used for the GBET validation
discussed in Section [2.4.5]

UFO output and MadGraphb

SmeftFR v3 UF0 model files can serve as input for running realistic Monte Carlo simulations, and can
be generated by executing the following command:

In[7]:= SMEFTToUFQO[ SMEFT$MBLagrangian, CorrectI0O—True ];

where the CorrectIO option ensures correct interaction order assignment for MC generators. The
generation of the UFO output can be quite time consuming and may take up to several hours (in this
case it was approximately 2 hours), leading to lengthy calculations by Monte Carlo generators (here
we used MadGraph5). An important comment is in place here. Very often, the goal of the calculation
is to examine the impact of a single SMEFT operator on the process of interest. To achieve this, the
user has two options:

1. Generate a single, complex model containing many WCs and manually set only one of them to
a non-zero value using MadGraphb built-in set command.

2. Generate separate UF0 models, each with one non-zero WC, and load a separate model for each
run.

The latter approach can significantly speed up calculations and may be particularly attractive for users
with limited CPU resources. To our knowledge, among currently available software, only SmeftFR v3
is able to generate such “individual” model files for one operator at a time.

Once the SmeftFR v3 successfully generated the UF0 model files, we can use them to compute
matrix elements and cross-sections with MadGraph5. Table presents the results of such cross-
section calculation for our example of a VBS process at the LHC. We divided the results by orders of
the EFT expansion (SM, O(1/A?) and O(1/A%)) to highlight the potential importance of higher-order
SMEFT corrections. As one can note, the quadratic effects of (Cy/)? enhance the cross-section by a
factor of 4400, the impact of C’;D depends on the overall sign of the WC, while the dimension-8 WC

Cgf DA enhances the cross-section by the factor of x100. All of these effects can be understood by
following the analytic amplitude presented in (2.41]).

2.6 Summary and conclusions

In this Chapter, we presented SmeftFR v3, a software package for efficient calculations within the
Effective Field Theory framework, which is an important direction of research in modern particle
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SmeftFR O(1/A%) | SmeftFR O(1/AY)
pp>wtwt jjQCD=0
SM 0.12456 4 0.00029
Cw 8.564 + 0.020 37161 £+ 83
+C¢D 0.13387 4+ 0.00032 | 0.20981 + 0.00059
—C,ng | 0.14670 & 0.00043 | 0.12511 £ 0.00035

Cyuen - 0.12868 £+ 0.00031
(&)
C’@4D4 - 10.891 £ 0.024

Table 2.4: Cross-sections (in pb) obtained using MadGraph5 v3.4.1 with UF0 models provided by
SmeftFR v3 at the orders O(1/A?) and O(1/A%) in the EFT expansion for the p p > w+ w+ j j
QCD=0 process at the LHC with /s = 13 TeV and cuts: Anj; > 2.5, mj; > 500 GeV. Simulations are
performed in the default “Gp" electroweak input scheme with the default numerical values of input

47
Tov? for

parameters. For each run, only one of the WCs has non-zero value assigned, equal to % =

2
dim-6 and % = (T4(:TV)4 for dim-8 operators.

physics, and a part of the broader bottom-up approach. SmeftFR v3 is a specialized tool designed as a
Feynman rules generator for the Standard Model Effective Field Theory, a commonly used framework
for model-independent studies of heavy physics beyond the Standard Model.

We began by emphasizing the necessity for the automation of calculations within the SMEFT. The
sheer number of higher-dimensional operators rapidly growing with the EFT mass dimension, makes
even the typically straightforward procedure of Feynman rules derivation highly complex. We provided
a short overview of the SMEFT and its key features, including dimension-5 and -6 operators in the
“Warsaw” basis, as well as bosonic dimension-8 operators. This discussion covered topics such as the
mass basis derivation, canonical normalization of kinetic terms, and expressing SMEFT observables
in terms of experimental inputs like Gr, aem, and Higgs and gauge boson masses. These examples
further highlight the importance of automation in managing the complexity of SMEFT analyses. To
give readers a broader perspective, we also surveyed other publicly available numerical tools designed
to address various SMEFT-related challenges.

Having justified the need for such a tool, we proceeded to describe the main features of SmeftFR v3,
a new version of a well-established code, now improved with a number of new and important capabilities
in comparison to its predecessors. SmeftFR v3 — “Feynman rules generator for the Standard Model
Effective Field Theory”, enables users to consistently produce SMEFT interaction vertices up to the
O(1/A*) order in the EFT expansion. These vertices can be expressed in terms of predefined or
used-defined set of observable input parameters, encompassing not only the electroweak sector, but
also the flavor sector through the inclusion of SMEFT corrections to the CKM matrix. The code
dynamically generates FeynRules model files only for the operators corresponding to user-selected
Wilson coefficients only, significantly improving the speed the calculations. SmeftFR v3 can calculate
Feynman rules in unitary and R¢-gauges, with all other available options detailed in the main text of
this Chapter. The obtained vertices and can also be exported to various formats, such as KITEX, UFQ
and FeynArts, for further analyses.

A detailed description of the code’s installation, usage and some additional aspects follows, in-
cluding analytical and numerical consistency tests performed to ensure its correctness. Among the
analytical tests, we include the Goldstone-Boson-Equivalence-Theorem, positivity bounds, and Ward
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identities. On the numerical side, we found very good agreement between SmeftFR v3 UFO output and
other corresponding publicly available codes, such as SMEFTsim and SMEFT@NLQ, which are commonly
used for Monte Carlo simulations in SMEFT analyses. Although similar in some aspects, SmeftFR of-
fers several unique features that make it particularly suited for certain types of analyses.

Finally, we presented a detailed step-by-step example demonstrating the practical use and capabil-
ities of the SmeftFR v3 code through an analysis of the Vector Boson Fusion process. In this example
O(1/A*) terms in the EFT expansion were incorporated and included both in the analytical calcu-
lation of helicity amplitudes and in the Monte Carlo simulations. We showed here that NLO effects
may be significant and should not be overlooked in such studies.

The current version of SmeftFR v3 code and its manual can be downloaded from
www.fuw.edu.pl/smeft

We believe that SmeftFR v3 is a valuable tool that streamlines calculations in SMEFT, from the
theoretical Lagrangian level to the amplitude calculations required for experimental analyses in BSM
physics. By combining the bottom-up approach to BSM studies with the development of advanced
numerical tools, it aligns very well with the scope of this thesis, and is a great example of a high-quality,
ambitious research study that is in line with the current trends in modern particle physics.
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Chapter 3

Bottom-up approach:
Double Higgs production via vector boson
fusion at next-to-leading order in SMEFT
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3.1 Introduction: double Higgs production in the Standard Model
and beyond

In this chapter, we present another example of an analysis utilizing the bottom-up approach in the
searches for beyond the Standard Model physics. It is focused on a model-independent study of a
specific process, namely double Higgs boson production, within the framework of Standard Model
Effective Field Theory. The process of double Higgs boson production is one of the most promising
directions in the searches for the physics BSM. Current experimental bounds from the LHC read:

o(pp = HH) < 24xc°™(pp - HH), ATLAS [111],
o(pp— HH) < 3.4x°M(pp— HH), CMS [112], (3.1)

and indicate significant potential for new physics to affect this process by enhancing its cross-section
compared to the SM prediction. Moreover, double-Higgs production is very important because it is
relevant in understanding the mechanism of the electroweak symmetry breaking (EWSB) and the
determination of the Higgs trilinear self-coupling, which is essential in exploring the nature of the
Higgs potential or the stability of the electroweak vacuum.

In the Standard Model, the main production channel of a pair of Higgs bosons occurs via one-loop
gluon fusion (ggF') contributions — triangle and box diagrams displayed in Figure — and has been
widely studied in the literature [113-125]. The cancellation between these two contributions leads
to a significant suppression of the final predicted cross-section (in comparison to that of single Higgs
production) and reads |126]:

o995 (pp — hh) = 36.6975%, fb. (3.2)
g H
g L
t 7
H N
t .
t L ‘(;\3 tA Yt
t «
H t \\\
g g H

Figure 3.1: Diagrams contributing to the double Higgs production via gluon fusion in the SM. Internal
fermion lines indicated by t correspond to the SM top quarks. The black dot indicates the trilinear
Higgs coupling As.

Another important, though sub-leading, contribution to the double Higgs production comes from
the vector boson fusion (VBF) channel displayed in Figure His channel has also been widely
studied in the literature |28}|127H135|, in the SM it has predicted cross-section of [136]:

o ¥t (pp — hhjj) = 2.05570001 fb. (3.3)

While the VBF channel is subdominant compared to the ggF in the SM, with a cross-section about
an order of magnitude smaller:

oY B (pp — hhjj) < 10% x 0%F (pp — hh), (3.4)
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Figure 3.2: Diagrams contributing to the double Higgs production via vector boson fusion.

it may still be very interesting from the point of view of new physics searches. First, it offers the distinct
advantage of a clean experimental signature compared to the ggF, characterized by two forward jets
with a large rapidity gap, making it much easier to isolate the signal from the background. Moreover,
double Higgs production via VBF may play a crucial role in the searches for new physics. Despite
its small cross-section in the SM, even minor modifications of interactions between Higgs and gauge
bosons may lead to a significant enhancement of the VBF double Higgs production cross-section,
making it an important target for experimental investigations. For this reason, a model independent
study of the VBF channel in the SMEFT is essential to determine the potential for enhancing this
process in the current and future accelerator experiments. Whereas recent work [30]| focused on the
ete™ colliders, this chapter is dedicated to the hadronic colliders, with emphasis on the HL-LHC
experiment. Our primary goal is to evaluate the maximal possible enhancement of the VBF double
Higgs production process, including terms O(1/A?) (LO in the EFT expansion) and O(1/A*) (NLO in
the EFT expansion, non-negligible higher order contributions O(1/A%) would suggest problems with
the EFT expansion). By taking into account current constraints on the SMEFT Wilson coefficients,
as well as considerations such as EFT validity, we aim to provide a comprehensive description of the
VBF double-Higgs production process, and more realistic perspective on the potential of BSM physics
significantly impacting these channels.

This chapter is organized as follows. In Section[3.2)we list the dimension-6 and dimension-8 SMEFT
operators that are relevant for this analysis, alongside all relevant assumptions and other preliminaries.
Section [3-3] includes analytical formulas for VV — HH helicity amplitudes and corresponding cross-
section plots, which enables us to identify the leading-order behavior. Then, Section [3.4] includes the
results of numerical simulations and answers the question of the maximal possible enhancement of
double Higgs production via VBF in SMEFT.

3.2 Preliminaries

3.2.1 Relevant operators

To affect the process of double Higgs production via VBF, the SMEFT operators can be inserted into
three types of vertices: hhh, hVV and hhVV (red dots on diagrams in Figure h indicates the
Higgs and V indicates the gauge boson). For the hhh vertex, at least three powers of the scalar field
 are required, without any contributions from the gauge fields W or B. For the hV'V vertex, at least
one power of ¢ and at least two powers of the gauge fields W or B are needed, whereas for the hhV'V
vertex, at least two powers of ¢ and at least two powers of the gauge fields W or B are necessary. The
relevant classes of the SMEFT operators from Tables [A. ] [A.4] and [A.2] that can impact this process
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are summarized in Table B.1]

Operator class

Vertex Dimension-6 Dimension-8
hhh (,06, <p4D2 S087 @6D27 <p4D4
hVV, hhVV | ¢*D?, X%2p? | ©SD2 o*D* X2p* X2p2D? X¢*D?

Table 3.1: Classes of SMEFT dimension-6 and dimension-8 operators affecting vertices relevant for
double Higgs boson production via VBF. For the full list of operators see Tables [A.1} [A.4[ and [A.2]

Table presents the specific operators that may affect one or both of the two VBF processes
of interest: WW — hh and ZZ — hh. For the dimension-6 operators, we take into account all
possible contributions, whereas for dimension-8 operators, which are quite numerous, we have chosen
a representative example from each class from Table

Dimension-6 Dimension-8
Qp (¥Tp)? Qs (¥Tp)?
Q0 (#Te)D(pte) Quop> | (#T0) (9! Dyup)*(#TDFe)
Qep | (' DM0)" (¢"Dup) | Quo (¢T0)*O(p'p)
Qow ol WL, Wi QS4)D4 (D' Dyip)(D¥ ot DH)
Qun o' By B Qe (el )2WL, Winw

Qown | PITloWLB™ | QU ap | (DROID )W WP
Qpipe | (Fro) (DRI DY )W,
Qi (') By B
QWpape | (DPeIDY0)B,,BY
Qolipe | (o) (D! D) By,

Table 3.2: Chosen bosonic SMEFT dimension-6 and dimension-8 operators affecting the V'V — hh
process and double Higgs boson production via VBF.

Important comments are in place here. As we are interested in the most general features of the
VBF part of the process, we neglect the impact of the SMEFT operators on the fermionic external
lines and on the decays of the Higgs pair to the final states (such operators can also be independently
investigated using other processes). Additionally, we neglect all CP-violating (CPV) operators due to
their high degree of suppression. Moreover, all calculations are performed under the assumption that
only one of the WCs is non-zero at a time. Finally, we neglect the running effects on WCs. We leave
all these issues for future extended analyses.

3.2.2 Bounds on Wilson coefficients

To estimate the possible impact of SMEFT operators on the double Higgs production via VBF, one
must assign numerical values to the Wilson coeflicients. For the dimension-6 WCs, in the first approx-
imation we assume the maximal values of the WCs allowed by current fits to experimental data, as
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detailed in [43/44]. Based on this, we use the following ranges for the dimension-6 WCs:

T 1 0.5 0.5 0.5
Conl S =30 10enl S 750 1Cowl| S =30 1CeBl S 7730 IC S oo 3.5
Conl S 7 1Cen S 75 1OwIS 35 GBI S e 1Cowsl S 250 (35)
with a limit on C¥ derived from experimental constraints on the trilinear Higgs coupling [29]:
10 2
S C? S (3.6)

CTeV? YT Y Tev?
These values are slightly larger than the maximal allowed values cited in the references above. If such
fits are not yet available, as it is the case for the remainder of the dimension-6 and all the dimension-8
WCs, we assume the approach of [137], based on the study of the validity of the EFT expansion, which
leads to a particular power-counting of WCs, also known as Naive Dimensional Analysis (NDA):

c gr e
AD—4 AD—4

(3.7)

where D is the dimension of SMEFT operator, n is the number of fields involved, g, < 47 is the UV
coupling to the SM, and ¢; is an additional suppression factor related, e.g., to additional symmetries
such as shift symmetry or custodial symmetry. As a result, we get:

_ 6 _ 4 _ A @ _ 2 ()
C<p8 = G4 C8 C«p6D = G4« Cpb07 » CgDGD? = G4 Cp6D2 C aps = 9x Capa -

[
] 1 i 1 i 1
C‘(;%(p4 = gf C$/3¢4 ) C‘(};@QDQ = gf Cg/ngDz ) CSSO4D2 = gf Cg/L4D2 .

(3.8)

with V = W or B. Initially, we assume the maximal possible value of g, = 47 with no additional
suppression factors (¢; = 1). This corresponds to a rather unrealistic (and very strongly coupled) UV
scenario. We use the above numbers as input for the initial helicity cross-section estimates to identify
their leading order behavior, but in order to get more realistic estimates of the maximal possible
enhancement, we utilize the EFT validity requirements as summarized in the following section. For
all plots regarding the dimension-8 WCs, we use the cut-off scale of A = 10 TeV. Finally, although our
choice of dimension-8 WCs seems arbitrary, we think that, since they represent at least one example of
relevant classes from the Table [3.1] this choice is sufficient to present the main results and conclusions
of this work, which are applicable to all operators in the corresponding classes.

3.2.3 EFT validity conditions

To ensure the validity of the EFT expansion and impose independent constraints on the Wilson
coefficients, we apply the conditions on the convergence of the EFT series. First, let us assume that
we investigate the dependence of the total cross-sections for the V'V — HH (as before with VV = WW
or ZZ) process on a chosen single dimension-6 WC C;. In such a case, the total cross-section can be
expressed as a sum of the SM, dimension-6 and dimension-62 contributions:

C; C? 1

Vv Vv 4% Vv

o(s,Cis N snprr = 0(8)sar + 530(8) b6 + +79(8)pez + O | 5 ) - (3.9)
A A A

Here, the terms proportional to og]\‘g, agg and 0‘[/)}),/2 represent contributions to the cross-section

appearing in the SM, and at the dimension-6 O(1/A?) and the dimension-62 O(1/A%) orders of the

EFT expansion, respectively. We can rewrite this expression in the following form:

Cio(s)hy  C?o(s))r
0(87 ClvA>g]‘\§[EFT = U(s)g]‘\if (1 + pa(s)\?\ﬁf FWeﬁQ ’
SM SM

(3.10)
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To ensure the validity of the EFT, we require that the expansion in powers of 1/A converges. While
we lack the necessary tools to verify convergence to an arbitrary EFT order, we adopt a practical
criterion by demanding that the SMEFT contributions to the cross-section have to be smaller than
the SM prediction and have to decrease order-by-order. Here, we assume that satisfying such a criterion
up to the O(1/A*) order is sufficient to ensure overall convergence. This can be translated into the
following conditions:

A 144 o(s)VV.
E%°($5€ <5 & E%Zil%§,§5, (3.11)
A2 o(s)éy, A% o(s) g
where § is a parameter defining the speed of convergence that should be chosen as § < 1. The equation
above is equivalent to:

Cia(s)pg
A2 a(s)gir

Ci o(s) p

A2 o(s)pg

AYY (s,C;, A) = max

9

]§5<L (3.12)

The ratios in Equation(3.12)) quantify the relative magnitude of the dimension-6 and the SM contri-
butions, and of the dimension-62 and the dimension-6 contributions. Similarly, we can extend this
procedure to the dimension-8 WCs, with the cross-section of form:

4% 8% Ci (S)gg
o(s,Ci, N syprr = 0(8)gnr | 1+ NV ) (3.13)
a(s)snr

Based on this, we define:
Cia(s)py

A4 U(s)g]\‘fl

AVY (s5,C5, ) =

<5<l (3.14)

Here, Ugg corresponds to the total cross-section that is linear in a given dimension-8 WC, i.e. evaluated

up to the order O(1/A*) in the EFT expansion. Imposing these conditions allows us to derive realistic
upper bounds on the WCs and estimate the maximal possible enhancement of the VBF double Higgs
production process within the region of EFT validity.

A few remarks are in order here. First, for some processes contributions at a given EFT order
(which may include the lowest order SM terms) can vanish or be strongly suppressed, accidentally
or due to some model symmetry. In such cases, the definitions of Agg and Agg should be properly
refined to avoid potential issues arising due to vanishing denominators. However, for the considered
VV — HH processes, the SM result is proportional to the gauge and Higgs couplings and is not
suppressed by any mechanism, nor does such suppression occur for higher-order terms. Thus, here,
we may use the definitions and without modifications.

Second, for simplicity in estimating the maximal size of the WCs allowed by conditions (3.12))
and we assume only one non-vanishing C; at a time. The situation may become more complex
when analyzing the dependence on several WCs simultaneously. Interference or cancellations between
them may occur and, the EFT expansion may remain valid even for higher values of individual WCs
than for the “marginalised” case of one non-vanishing WC at a time, eventually allowing for larger cross-
section enhancement. Therefore, the bounds we discuss in the next section should be treated as generic
EFT estimates, without accounting for eventual fine-tuning between WCs. A more detailed analysis
including fine-tuning effects would require assuming a specific pattern of WC values, usually known
only when a concrete UV model is assumed to generate the WCs through a decoupling procedure.

Third, the WCs considered in this work alter a much wider group of processes than just VBS double
Higgs production. For such processes, imposing constraints corresponding to those given in (3.12])
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and (3.14) may lead to additional, potentially even stronger limits on a given WC. Ideally, we could
extend this analysis to other processes sensitive to the considered set of WCs, however at this time we
leave this task for future, focusing on the process of VBS double Higgs production only.

Our approach should be viewed as complementary to the perturbative unitarity constraints (see
e.g [40,/138-141]). It provides an additional criterion to consider when studying processes within
the SMEFT framework, rather than replacing such constraints. However, one should note that the
existing analyses of unitarity constraints generally do not take consistently into account dimension-62
contributions.

Finally, we should stress that the bounds on V'V — H H rates which we obtain assuming the EFT
convergence criterion are not the absolute upper values, even barring the eventual fine-tuning between
WCs mentioned above. In specific UV models stronger enhancement may be possible — however, in
such cases calculations should instead be done directly within the given model, without using the EFT
as an intermediate step.

3.3 Helicity amplitudes and cross-sections

Double Higgs boson production via VBEF is a complicated multi-particle process in the SM, which
becomes even more involved in SMEFT. For this reason, before performing numerical calculations
of the cross-sections, it is instructive to study the anatomy of individual on-shell sub-amplitudes
contributing to the full amplitude. More specifically, we study the on-shell scattering of opposite-sign
W bosons or a pair of neutral Z bosons into a pair of Higgs bosons H, namely:

V(p1, M) + V(p2, A1) = h(ps) + h(pa), (3.15)

where V. = W or Z, p; are the four-momenta of the initial and final states, and \; represent the
polarizations of the initial heavy vector bosons. The scattering is assumed to occur in the zz-plane
with the initial incoming particle of three-momentum p; moving in the direction of the positive z-
axis direction, and the outgoing particle of three-momentum p3 moving in the positive z- and z-axis
direction. In the center-of-mass (CoM) frame, the kinematics is then described by:

pl:(E170707 ’ﬁl|)7 pQZ(Elaoaov_’ﬁID y

o . o ) (3.16)
b3 = (E37 ’p3| Slnev 07 ‘p3’ COs 6) y Pa= (E37 _‘p3‘ Sln97 07 _‘p3‘ COos 9) )

where 6 € [0, 7] is the CoM scattering angle between the incoming and outgoing particles. Moreover,
we have:

. S . s
s=(p1+p2)° = (p3s+p1)° = 2F1)% = (2B3)%, || = Vi~ M., |p3| =4 1 M%. (317)

The three polarization vectors (two transverse — =+ and longitudinal - 0) of the initial heavy vector
bosons moving along the 2z axis with momenta p; and ps are given by:

1 . 1 -
fi(pl) - %(07 17:l:170)7 Eg(pl) = m (‘p1‘70707E1)7

., 1 ) 1 (3.18)
€ = —(0,1,F4,0), ¢ = —(|p1],0,0,—F7).
L (p2) \/5( Fi,0),  €(p2) i (Ipi] 1)
The helicity amplitude for the V'V — hh process can be expressed as:
MY, = MNIH(6, 5, Gp, My, Mz, My, C;). (3.19)
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Not all the 9 possible helicity configurations are independent. As we neglect CP-violating WCs, the
following relations hold:

MY =MV MYY = MYY MY = MY (3.20)

—

leaving a total of 4 independent helicity structures. The differential cross-section for a given helicity
is given by:

do”" L LYY 6, G, My, My, Mg, )2 (3.21)
dQ )\ T 209 6dnzs A% S G W Bz, A0 ’ '

21 T—0cut d
dnp/ df sin 6 < ) . (3.22)
)\ )\
1 / Ocut df2 A1A2

Summing over relevant helicities, the total cross-section is:

and the helicity cross-section:

a(s)"V = a(s)by +20(s)VY +20(s)YY + do(s)Y . (3.23)

Explicit formulae for the leading order helicity amplitudes are provided in Appendix [F]for the WV —
HH process and in Appendix [G| for the ZZ — HH process. All amplitudes and corresponding
numerical results in this section were generated using the following chain of programs:

SmeftFR — FeynArts — FeynCalc

For all plots and numerical results, we assume the sign of WCs is chosen so as to maximize the cross-
sections and to ensure their positivity across all energies. Figures and (WW — HH) and
Figures and (ZZ — HH) present the relative enhancement of the SM cross-sections, defined
- vV _ O$MEFT
SM
Based on the formulas for helicity amplitudes displayed in Appendices [F|and |G|in Egs. (F.1)—(G.3)
and from the plots in Figures we can draw the following conclusions:

1. Standard Model contributions
From Egs. (F.1) and (G.1]), the amplitude behaves as:

>>M 1 s>>M3
MEY, S—V> const., oy X 22V, (3.25)
s

which is consistent with the literature.

2. Dimension-6 SMEFT operators contributions
For the plots in Figures [3.3] and [3.5] we used numerical values of the WCs dictated by fits to
experimental data, following Egs. and . A more precise determination and application
of these values, based on the perturbativity condition formulated in Eq. , is discussed in

Section From Egs. (F.2) and (G.2]), and Figures and we observe the following effects
of the considered WCs:

e (U, — small relative enhancement of the RVV ratio, with minimal differences between the
dimension-6 and dimension-62 contributions.
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Figure 3.3: Ratios R""W between angular-integrated cross-sections in the SMEFT and the SM for
chosen values of Cy,, Cyp, Con and Cyy Wilson coefficients, including dimension-6 (black lines) and
dimension-62 (red lines) terms. A = 1 TeV and 6 € [~7/18,7/18] are assumed.

e C,p — small enhancement of the RV ratio, with visible energy dependence:

_ RVV
_ RVV

x s at the dimension-6 level,

x s2 at the dimension-62 level.

and numerical differences between the dimension-6 and dimension-62 contributions reaching
at most 20% for high energies.

e (U g — significant enhancement of the RVV ratio, with visible energy dependence:

— R"V « s at the dimension-6 level,

— R"V « s? at the dimension-62 level,

with the dimension-6 contributions dominating for /s < 500 GeV, and the dimension-62
for \/s > 1000 GeV.

o Cow — significant enhancement of the RV ratio with visible energy dependence:

_ RVV
_ RVV

x 1 at the dimension-6 level,
o s2 at the dimension-62 level,

leading to a significant difference between the dimension-6 and dimension-62 contributions,
quickly growing with s.

e Cyp and Cup — small enhancement of the RVV ratio with visible energy dependence:

— R"V x 1 at the dimension-6 level,
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Figure 3.4: Ratios R""W between angular-integrated cross-sections in the SMEFT and the SM for

chosen values of C_s, Cyor, Cuop2, Ci,{;)m, C‘(,[l,éw, C"(AI/)QCP2 p2 and CI(/;LAL D2

cients. A =1 TeV and 0 € [-7/18,7/18] are assumed.

dimension-8 Wilson coeffi-

— R"V « s? at the dimension-62 level,

again leading to visible difference between the dimension-6 and dimension-62 contributions,
quickly growing with s.

Concluding, the most promising dimension-6 Wilson coefficients for V'V — HH cross-section
enhancement are Cym and Cupy.

3. Dimension-8 SMEFT operators contributions
For the plots in Figures [3.4] and [3.6] we used numerical values of the WCs following the NDA,
as described in Section through Egs (3.7) and , with g, = 47 and A = 10 TeV as
benchmark values of the generic UV coupling magnitude and cut-off scale. A more precise
determination of these values, based on the perturbativity condition given by Eq. , is

discussed in Section From Egs. (F.3) and (G.3)), and Figures and |3.6| we can observe the

following effects of the considered dimension-8 WCs:

e (s — very significant enhancement of the RV at low /s, that can be attributed to the
large numerical value of this WC dictated by the NDA.

o Cuop, Cpop and C;?m — moderate enhancement of the ratio RV o s?, with the largest
1)

contribution coming from Cge¢. Effects of 0(4 s are strongly suppressed due to its small

numerical value dictated by the NDA.
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Figure 3.5: Ratios R?Z between angular-integrated cross-sections in the SMEFT and the SM for
chosen values of Cy, Cyp, Coo, Cow, Cpp and Cuyp Wilson coefficients, including dimension-6
(black lines) and dimension-62 (red lines) terms. A = 1 TeV and 6 € [~7/18,7/18] are assumed.

‘(/12) 2p2 — negligible enhancement of the

dictated by the NDA.

(1)
V2<,D4

° RYV x s? due to its small numerical values

° — minimal enhancement of the RV  s.

° ‘(/1;4 p2 — Do contribution at dimension-8 order due to the vanishing of the SM interference
terms. The first non-zero contributions appear at the dimension-82 level.

Summing up, the most promising dimension-8 Wilson coefficients that can lead to the strongest
(1)

cross-section enhancement are: C_ s, Cop and (to a lesser extent) CVQLPAL. Also, as one can see, the
allowed maximal numerical values of the WCs are more important for cross-section enhancement than
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and CI(/‘I,L4 pe2 dimension-8 Wilson

the energy dependence.
Finally, we want to re-emphasize that our particular selection of a representative subset of dimension-

8 operators should not affect the final conclusions. We selected at least one operator from each class
in Table with no indication that a different choice would lead to significantly different results.

3.4 Maximal enhancement of the double Higgs production via VBF
in SMEFT

We can now turn our attention towards finally answering the central question at hand:

What is the mazimal enhancement of the double Higgs boson production
rate via vector boson fusion at the HL-LHC in SMEFT?

The answer requires an analysis of the full process pp — hh + jets, rather than just the VV — hh
sub-process, which we discussed in the previous sections, in order to analytically understand the
most important effects of the higher-dimensional SMEFT operators. To this end, we performed a
numerical Monte Carlo analysis of this process for the HL-LHC experiment. The results were obtained
using MadGraph - v3_4_1 [142] event generator utilizing UF0 [88] model files generated with SmeftFR
v3.02 [73]. The process of interest is:
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pp>hhjj

where p represents the initial protons, h the Higgs bosons, and j the final-state jets. We utilized the
VBF-specific cuts on kinematic variables that are based on the ATLAS recommendations (following [28,
40,81]) on Mj; - invariant the mass of a pair of jets, An;; - the rapidity separation of jets, n; - the
rapidity of individual jets, Apr; - the transverse momentum of jets, and Mjy, - the invariant mass of
the pair of Higgs bosons:

ij > 700 Ge\/, Anjj > 5, |77j‘ < 4.5, prj > 25 GGV, Mhh > 400 GeV. (3.26)

It should be noted that a more detailed study including Higgs decays to final states, may require more
refined and final-state-specific cuts on kinematic variables.

Moreover, we assumed all fermion masses — apart from the top quark — to be equal to zero, and
the flavor mixing matrices to be equal to identity. The numerical values of the input parameters are
in line with the default SmeftFR v3 “Gp” default input scheme and read:

Gp =1.1638 x 107° GeV~2, M, =91.1876 GeV, My = 80.379 GeV,

(3.27)
My =125.35 GeV, M, = 172.76 GeV.

We run the simulations for the HL-LHC experiment with the energy /s = 14 TeV and integrated
luminosity of £ = 3000 fb—!.

To ensure the EFT wvalidity, we chose input numerical values of WCs in accordance with the
validity conditions introduced in Equations and . As one can note, the specific values of
parameters Ag: X (s,C;, A) depend not only on the & ratio, but also on the energy of the process
s. This fact has important consequences. While these conditions can be satisfied at a specific energy
scale s1, they may be violated at a different scale so # s1. This is a direct consequence of the energy
dependence of SMEFT amplitudes and cross-section. We identify two distinct scenarios based on the
energy dependence of the amplitudes (and, consequently, cross-sections), and discuss them separately
in the following subsections:

1. Scenario #1 - constant contribution dominates the amplitude at high energies:

s>>M3Z 1 s>>M2
MSMEFT —>COHS}C.7 O'SMEFTOCE —>0, (328)

2. Scenario #2 - energy dependence dominates the amplitude at high energies:

s>>MY - o 1%8% 0,1
MSMEFT s y OSMEFT XS . (3.29)

3.4.1 Scenario #1 - constant contribution dominates the amplitude at high ener-
gies

This is the case for the Cy, Cys, Cy2,4 Wilson coefficients, as can be verified from the corresponding
helicity amplitudes given in Equations (F.1)—(G.3|) and from the plots in Figures In this case,
since the leading contribution to the amplitude remains constant, we have:

s>>M 1 s>>m% s>>MZ
MEY prr —> const., sV pFr X — ——% 0, Ag (s,C;, A) —— const.. (3.30)
s
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Figure 3.7: Dependence of Ag (s, C;, A) on the energy scale s for two different scenarios. Left panel —
leading contribution to the amplitude is constant at high energies. Right panel — leading contribution
to the amplitude scales with s. Both VV — HH processes are taken into account. A = 1 TeV
(dimension-6 WCs) or A = 10 TeV (dimension-8 WCs) and 6 € [—x/18, 7/18] assumed.

Additionally, there are contributions to the amplitudes of the order O (%), negligible at higher energies,
that may become relevant at low scales. This implies that Ag’g (s,Ci, A) reaches maximum at the
lowest available energy scale, near the Higgs pair production threshold /s &~ 250 GeV. Therefore,
to ensure the validity of the SMEFT expansion, we impose the conditions (3.12)) and (3.14)) at this
lowest available energy scale. This in turn determines the maximal possible value of C'/A%*, ensuring
the EFT expansion validity for all higher energy scales. This behavior of Agg (s,Cy, A) is illustrated
in the left panel of Figure [3.7]

. CcYY . . Y% . .
Table presents the maximal allowed values of 24X (dimension-6 WCs) or —4{4% (dimension-8

WCs) for two chosen values of Agg(s, Ciy,A) = 0.5,1, where V = W, Z. Since we obtain competing
constraints from two VBF processes, bolded values correspond to the more stringent constraints im-
posed by the respective process. Empty cells indicate that the corresponding Wilson coefficient does
not affect the process under consideration.

To observe how the maximum values vary with Ag: }3/ (s,Cs, A), we display results for two scenarios:

° Ag’ X (s,C;, A) = 0.5 - corresponding to a requirement of reasonably fast EFT expansion conver-
gence,

° A(‘{ X (s,C5, A) =1 - corresponding to the “borderline” EFT expansion validity requirement.

In the last final four columns, Ao pgg and ANpg g represent the maximal cross-section and number
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of event enhancements relative to the SM, including contributions from dimension-6 and dimension-8
operators, respectively. We define these quantities as:

AO’D&S — (U%]gBEFT _ O'SM)/O'SM7 ANDG,S — Ngé\{SEFT _ NSM (331>

As we are interested in the most general features of the VBF part of the full process, we neglect
the decays of Higgs pair into final states, leaving more detailed study for future work.

Table indicates that relatively large values of WCs can lead to significant enhancement, es-

pecially for c) operators. While these values may not be entirely realistic, they may serve as an

initial estimaut‘tfé)ogl the magnitude of enhancement related to these dimension-8 Wilson coefficients.
WC | AYY (/5 = 2my) i Cifax Aops | ANpg | Aops | ANps
c. 0.5 0.63 [1/TeV?] 0.72 [1/TeV?] 32% | 622 32% 622
1 1.27 [1/TeV? 1.45 [1/TeV?] 74% | 1440 74% 1440
Coe 0.5 5.22 [1/TeV*] 5.99 [1/TeV*] - - 31% 607
1 10.45 [1/TeV*] | 11.99 [1/TeV?] - - 74% 1440
ol 0.5 - 71.90 [1/TeV*] - - 5217% | 102 x 10?
¢ 1 - 143.80 [1/TeV*] - - 20874% | 407 x 103
e, 0.5 21.46 [1/TeV?] | 20.63 [1/TeV?] - - 1339% | 26 x 103
v 1 42.93 [1/TeV?] | 41.27 [1/TeVY] - - 5456% | 106 x 10°

Table 3.3: Maximal enhancement of the double Higgs production process via VBF for Scenario

#1 WCs. ij‘\‘%‘%" represents the maximal allowed value of WC, constrained by the requirement of
Aé{g(\/g = 2myp) < 0.5,1. Aopeg and ANpgg correspond to the maximal cross-section and event
number enhancements relative to the SM, including contributions from dimension-6 and dimension-8
operators, respectively.

3.4.2 Scenario #2 - energy dependence dominates the amplitude at high energies

This is the case for the Cym, Cyp, Cow, Cown, Cun, Cuon, Cpep2, Cy2,2p2 and Cpaps Wilson
coefficients. The energy-dependent corrections dominate the amplitude, leading to:

2
8% s>>My 19 1% 0,1 1%a% 0,1
Msyprr — 8, osyprr X5, Agg (5,0, A) oc s, (3.32)

in other words, AK g (s,C;, A) increases with energy. This behavior is illustrated in the right panel of
Figure As a consequence, we need to ensure the validity of the EFT expansion at the maximal
energy scale available in the process, by imposing validity conditions (3.12)) and (3.14]) at such scale.

We can identify the center-of-mass energy s of VBF double Higgs production process with the
Higgs pair invariant mass s = m,%h. This allows us to determine the maximal energy scale sy;4x by
applying cut on m%h < syprax in the Monte Carlo simulation, ensuring that no more than 1% of the
total number of events are excluded. This approach guarantees the validity of the EFT for the entire
process.

. cYv . . ovv . .
Table presents the maximal allowed values of =2{4X (dimension-6 WCs) or =4{4% (dimension-8

WCs) alongside the corresponding maximal energies of the process v/s;,4y. We present the results for
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two chosen values of A(‘{g (s,Ci,A) = 0.5,1, where V. = W, Z. Bolded values again correspond to the
more stringent constraints imposed by the respective process (WW — HH or ZZ — HH). Empty
cells indicate that the corresponding Wilson coefficient does not affect the process under consideration.
Aopes and ANpgsg, given by Equations in represent the maximal cross-section enhancement
and the excess of the number of events relative to the SM, including contributions from dimension-6
and dimension-8 operators, respectively.

We conclude that for this class of WCs, the imposed validity conditions provide significantly

stronger constraints on the allowed maximal values of WCs. As a consequence, these conditions
strongly limit the potential enhancement of the double Higgs production via VBF process.

vV cWW CcZZ
WC Veuax | Dés (VSaax) AR AFS Aops | ANps | Aops | ANps
2 2
oo 5 Tev 0.5 -0.20 [1/TeV?] | -0.25 [1/TeV?] | 7.4% | 144 | 6.9% | 133
1 -0.40 [1/TeV?] | -0.50 [1/TeV?] | 17% | 330 | 14% | 269
2 2
Con 5 Tev 0.5 0.80 [1/TeV? 0.46 [1/TeV?] | 1.1% 22 1.4% 26
1 1.61 [1/TeV?] 0.93 [1/TeV?] | 2.9% 57 2.8% 54
0.5 0.0018 [1/TeV?] | 0.0036 [1/TeV?] | < 1% | O(1) | <1% | O(1)
CtpW 2 TeV
1 0.0036 [1/TeV?] | 0.0071 [1/TeV?] | < 1% | O(1) | <1% | O(1)
2
Comrn 5 Tev 0.5 - 0.0067 [1/TeV?] | <1% | O(1) | <1% | O(1)
1 - 0.0134 [1/TeV?] | <1% | O(1) | <1% | 0O(1)
2
Cos 5 TeV 0.5 - 0.012 [1/TeV?] | <1% | O(1) | <1% | O(1)
1 - 0.024 [1/TeV?] | <1% | O(1) | <1% | O(1)
4 4
Cot 5 Tev 0.5 -1.57 [1/TeV?] | -1.94 [1/TeV*] - - 10% | 193
1 -3.15 [1/TeV?] | -3.89 [1/TeV*] - - 23% | 440
4 4
Coop 5 Tev 0.5 -12.64 [1/TeV?] | -3.91 [1/TeV*] - - 0.4% 7
1 -25.29 [1/TeV*] | -7.81 [1/TeV?] - - 2% 41
4 4
Cfi)m 5 Tev 0.5 0.45 [1/TeV?| 0.23 [1/TeV*] - - 0.8% 17
1 0.90 [1/TeV?] 0.46 [1/TeV?] - - 2% 47
4 4
o) e | BTV 0.5 -0.12 [1/TeV4] -0.20 [1/TeV4] - - 0.6% 13
1 -0.24 [1/TeV?] | -0.40 [1/TeV*] - - 3% 56
4
ngwz 5 Tev 0.5 - -0.69 [1/TeV4] - - 4.4% 86
1 - -1.38 [1/TeV] - - 21% | 406

Table 3.4: Maximal enhancement of the double Higgs production process via VBF for Scenario

#2 WCs. Cj‘ffz‘j&x represents the maximal allowed value of WC, constrained by the requirement of
AX,X(\/EMAX) < 0.5,1. Aopgs and ANpgg correspond to the maximal cross-section and event
number enhancements relative to the SM, including contributions from dimension-6 and dimension-8
operators, respectively.

3.5 Summary and conclusions
In this chapter, we presented a study of the impact of the higher-dimensional operators in SMEFT

— a widely used EFT tailored for new physics searches — on the process of the double Higgs boson
production via vector boson fusion. Although VBF channel is highly suppressed in comparison to

66



gluon fusion, it is characterized by distinct experimental signature and strong sensitivity to BSM
interactions, making it particularly interesting from the point of view of new physics searches.

We began by identifying the classes of the dimension-6 and dimension-8 SMEFT operators that
could affect the process of interest, selecting a set that was further used in our analysis. In case of
dimension-6 operators, we selected all 6 CP-conserving operators in the Warsaw basis, as CP-violating
effects are highly suppressed and negligible in the context of this work. For dimension-8 operators,
given the high number of independent structures, we selected a representative set of 10 CP-conserving
operators. We believe that this choice is sufficient to capture general conclusions on the maximal
enhancement of the double Higgs VBF production process in SMEFT.

In the next step, we discussed the choice of numerical values of Wilson coeflicients corresponding
to the selected SMEFT operators. For the dimension-6 WCs, we adopted values consistent with con-
straints from the global SMEFT fits to experimental data. With the lack of corresponding constraints
for the dimension-8 WCs, we decided to follow so-called Naive Dimension Analysis, to put initial
estimates on their values.

Next, we introduced the method that allowed us to impose more realistic constraints on the SMEFT
WCs of interest, and as a result, on the VBF double Higgs production enhancement. This method is
based on the study of EFT validity, understood as ensuring the convergence of the EFT expansion.
We formalized this condition through by demanding that the SMEFT corrections to the VV — HH
(V =W, Z) cross-section should decrease order-by-order with the EFT expansion.

Further, we analyzed the VV — H H cross-sections in the presence of the SMEFT dimension-6 and
dimension-8 operators. We performed analytical calculations, presented relevant plots, and identified
the most promising WCs in terms of cross-section enhancement.

Finally, we performed a numerical simulation of the full process of double Higgs production via VBF
at the HL-LHC, incorporating EFT validity requirements. We divided the dimension-6 and dimension-
8 WCs into categories, based on the energy dependence of their contributions to the VV — HH
amplitude. As a result, we obtained estimates for the cross-section and number of event enhancements.
The enhancements were generally small for energy-dependent WCs and only somewhat higher for
energy- independent ones, especially for the dimension-8 WCs. However, the signal remained limited
in most cases, suggesting restricted applicability of VBF double Higgs production for new physics
searches within the region of SMEFT validity.
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Chapter 4

Top-down approach:
Vector-like fermions, real scalar and Higgs
boson phenomenology
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4.1 Introduction and motivation

Having described in detail the two studies based on the Standard Model Effective Field Theory and
the bottom-up approach, this chapter presents a study in line with the top-down logic. We focus
on specific models that extend the Standard Model by heavy fermion multiplets whose left-handed
and right-handed components transform identically under the SM gauge group. Unlike the SM chiral
fermions, these particles, known as vector-like fermions (VLF) (see e.g., [143-159]), can form gauge-
invariant mass terms (W Wk + h.c.) that remain unbounded as they lack a connection to the gauge
symmetry breaking mechanism. Vector-like quarks (VLQ) and leptons (VLL) have been studied
extensively in various contexts, including:

e stability of the electroweak vacuum [160-164],

double Higgs boson production enhancement [165}|166],

electroweak phase transition (EWPT) and baryogenesis |167176],
e g — 2 muon magnetic moment anomaly |[177H183],

e gauge coupling unification [184-190],

flavor physics [191-194],

electroweak precision observables (EWPO) [162,195H197],

e dark matter |198-200].

The magnitude of the impact of a given VLF model scenario on these phenomena depends on its struc-
ture: specific field content and the allowed ranges of its masses and couplings. The allowed parameter
space of a particular model scenario can depend on both experimental measurements and theoretical
considerations (e.g., consistency conditions). For example, direct searches for VLF conducted by AT-
LAS [201H206] and CMS [207-211] experiments provide lower bounds on their masses. Then, addition
of theoretical assumptions (VLF masses cannot be too large while, at the same time, the VLF Yukawa
couplings remain small to have significant impact on phenomenology) and consistency conditions (such
as vacuum stability and perturbativity), leads us to the prediction of optimal range of parameters of
the model, which can be further used to assess its impact on phenomena of interest. This is the scope
of the analysis presented in this chapter - to provide independent theoretical constraints on the param-
eter space of a chosen VLF model scenarios and examine their potential impact on phenomenology.
The VLF model scenarios considered in this work are considered under several assumptions, such as
uniform Dirac masses and VLF Yukawa couplings, applied in order to limit the number of free pa-
rameters and to simplify the calculations. Relaxing our assumptions may lead, apart from increased
complexity of the models, to weakening the discussed constraints and for this reason our results cannot
be “blindly” generalized to all possible VLF extensions. In the literature there are examples of theories
with more complicated BSM sectors, containing in addition to VLF multiplets also (pseudo)scalar
and/or vector particles (e.g., |1664|192/198-200,212]), or with more complicated structure of VLF pa-
rameters (e.g., flavor non-diagonal and interacting with the SM fermions [191-194]). These conditions
should then be applied in a case by case manner to determine allowed parameter space for a given
scenario. However, we believe that the results and conclusions of our analysis hold in general even for
more complex models, and suggest that the scope of applicability of VLF models may be limited.
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Since our analysis suggests that due to strong theoretical constraints on their parameter space,
models containing VLF have very limited impact on phenomenology, we investigated the possibility
of weakening those constraints by extending it by real scalar singlet. This simple SM extension has
been extensively studied in various contexts, such as:

e EWPT and collider phenomenology [213-223],
e EWPT and gravitational waves [224} 225,

o dark matter [226-228|.

Additionally, we applied the theoretical constraints worked out for the VLF models to the scalar singlet
model itself, again finding its parameter space more limited than in the existing literature.

In order to illustrate the impact of theoretical constraints on the VLF and real scalar models, we
analyze their influence on four examples of phenomena often studied in the literature: double Higgs
production, electroweak precision observables (EWPO), electroweak phase transition (EWPT), and
gauge couplings unification. We show that the maximal enhancement of double Higgs production (tak-
ing into account single Higgs production constraints) is at most 15% - far below current experimental
limits |111}/112]. Moreover, the VLF contributions to S and T oblique parameters are far below current
experimental limits [11]. Finally, we show that 1- and 2- step EWPT can occur only for a limited range
of scalar singlet parameters, with negligible impact of VLF. All in all, we conclude that due to the rig-
orous inclusion of theoretical constraints on the studied models, their phenomenological implications
may be far more limited than previously thought. We also demonstrate how top-down and bottom-up
approaches can intersect and complement each other. Taking as an example double Higgs produc-
tion process, we present the matching procedure between VLQ extension and dimension-6 SMEFT
in a simplified case. It illustrates the interplay between constraints on model parameters and on the
SMEFT Wilson coefficients, highlighting the convergence of top-down and bottom-up approaches.

This chapter is organized as follows. First, we introduce the models and relevant notation in Sec-
tion [£.2] Then, we introduce and describe the theoretical constraints used throughout this analysis in
Section Next, in Section [4.4] we utilize those constraints to determine the parameter space of spe-
cific model scenarios, extending the SM by: VLF only - Section [£.4.T], scalar singlet only - Section[4.4.2]
and VLF with scalar singlet together - Section Additionally, we study the impact of including
additional VLF couplings (like e.g., VLF-SM Yukawa interactions) in Section and discuss gauge
couplings unification in Section Section is dedicated to the detailed study of consequences of
considered models with obtained parameter space on phenomenology: double Higgs boson production
via gluon fusion electroweak precision observables and electroweak phase transition
Finally, we describe the example of matching between VLQ and SMEFT in Section [£.5.4] and conclude
in Section (4.6

4.2 The model: vector-like fermions and real scalar

In this chapter, we consider a class of models with SM particle content extended by adding heavy
vector-like fermion multiplets and/or real scalar field with Zo symmetry. The resulting Lagrangian
contains, apart from the SM fields, vector-like quarks or leptons in doublet and singlet representations
of the SU(2) weak isospin gauge group (as detailed in Table , and a new gauge singlet scalar field.
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P SU@B3)e | SUQ2)L | Yw T3 QeMm
[]d
T ; 2 | 41| T2 | 2B
D p 172 | —1/3
Us . 3 1 | +2/3] 0 +2/3
D5 » 3 1 | -1/3] 0 ~1/3
d
o | o || T2 0
N; g 1 1 0 0 0
Ej g 1 1 1 0 1

Table 4.1: VLF multiplets extending the SM field content. The superscripts d and s denote SU(2)
doublets and singlets, respectively.

The vector-like fermions are assumed to interact with the SM particles only through Yukawa
couplings between VLF and the SM Higgs. While mixed Yukawa couplings between SM and new VLF
can also be considered, such terms would only further shrink the allowed parameter space of models
studied in this work, so we decided to neglect them (for details see Section [4.4.3). The SM scalar
potential and scalar doublet ¢ have the same form as in Egs. ((1.12)), (1.13)).

New terms in the Lagrangian containing the VLF Dirac masses and Yukawa interactions between
VLF and the SM Higgs read:

nQ ny np

LD=) MJQ!Q - > (M@J;U;U; + (v QieU; +h,c.)> ->

i,j=1 i,j=1 i,j=1

(3. 0:0; + (302005 + 1)
(4.1)

nr nyN ng
=S MELILS - > (Mjgszv;zv; + (YU LIpN; +h.c.)) -3 (M}gsEfE; + (YELipES +h.c.)),

i,j=1 i,j=1 i,j=1

Eq. describes a broad class of models, with the upper summation indices indicating the number

of VLF doublets and singlets added to the SM Lagrangian. For example, ng = ny = 1, np = 0
corresponds to a model with one SU(2) vector-like quark doublet, one “up-type” vector-like quark
singlet and no “down-type” vector-like quark singlets. In each model scenario, we consider vector-like
quarks OR leptons at a time, so in this case we have n;, = ny = ng = 0 (note that 3.0 = 0).

In order to understand the most interesting and common features of the studied VLF models, we
decided to limit the number of free parameters in the Lagrangian by assuming mass and coupling
matrices to be VLF-flavor diagonal, real, and identical for each generation. In the F' = (Fd,FS)
interaction basis (where F'¢ € {U? D% N E9} and F* € {U?®, D%, N®, E*}), the mass matrices (after
the spontaneous symmetry breaking) can be then written in the following form:

A[Fd ‘jil)yF . (17d> .
R

EE;O KZP‘O qu;::(jid’jis)L o 1
5 VYF Mps F?

(4.2)

Diagonalization of M F the symmetric mass matrix requires a unitary rotation Vg that transforms the
VLF states from the interaction (F9, F'¥) to the mass (F'', F'?) basis. The rotation is the same for left-
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and right-handed states and can be parametrized by a single angle yp:

d — g 2
F =Vro B — | osTF SIAE ) B , tan2y = 7[ yrY (4.3)
F? Fy sinyr  cosvyr Fy Mpa — Mps

Diagonalization procedure results in:

_ M Ly d _
(FLF)o| 00 V2 - O<F> :(FI,FQ)LO<MF1 0 >O<F1> : (4.4)
VYR Mps F* R 0 Mg, Fy R

with eigenvalues of mass matrix (i.e., physical masses) equal to:

1
]\4}7’1 = 5 (MFd‘l‘MFb +\/(MFd —MFS)2+2’U2y%—‘>,

(4.5)
1
MF2 = 5 <MFd +MFS — \/(MFd —MFS)2 +2'U2y%—v> .

We can also write corresponding interaction terms in the mass basis:
o 0 L h d _ /
(FF)po | VR I (F ) = (Fy, By)p, 0 (YF Yr ) 0 (F1> . (46)
/
ﬁhyp 0 F) L Yr =Y. B/,
with:

1 . 1
Yi = 7 yr sin2yp, Yp= 7 Yr cos2yp. (4.7)

In addition to the VLF, in part of this analysis we further extend the SM Lagrangian by a real
scalar singlet S with an unbroken Zs symmetry EL under which S — —S. The full scalar potential
reads:

1 1 1
Vg, S) = VSM(SO) + 5#%‘ S? + 5/\1{5 QDTSO S? + 1)\5 547 (4-8)

where ¢ is defined in Eq. For the reasons of convenience, in this chapter we adopted a slightly
modified form of the Standard Model potential compared to Eq. 1.12(% — A):

Var(p) = =120l o + A(pTe)?. (4.9)

This change in notation is properly accounted for where necessary. Assuming vanishing vacuum
expectation value (vev) for S (without excluding the possibility of S acquiring vev at some point
during the evolution of the universe), leads to the following tree level masses for the scalar particles:

1
M3 =2 % = 2%, M2 = u? + iAHgv2. (4.10)

In order to illustrate the effects of different types of BSM fields on phenomenology, we distinguish
three specific classes of models:

e (Class A - models with SM extended by vector-like fermions only,

1Such discrete symmetry is assumed to simplify some formulae, but it is not crucial for the present work since it
forbids terms linear and cubic in S which do not alter 8 functions used to obtain the main results of our analysis
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e (Class B - models with SM extended by the real scalar only,

e Class C - models extended by both vector-like fermions and real scalar.

Additionally, we vary the number of VLF multiplets in Class A and B, following the notation of (4.1)),
and consider three representative benchmark “Scenarios”:

e Scenario I - n VLF doublets, 2 x n VLF singlets (n of “up-type” and n of “down-type”),
e Scenario II - n VLF doublets, n “up-type” VLF singlets, 0 “down-type” VLF singlets,

e Scenario IIT - n VLF doublets, 0 “up-type” VLF singlets, n “down-type” VLF singlets.

In what follows, n will refer to the number of VLF families (single family’s composition is dependent on
specific scenario). As already mentioned, we always consider vector-like quarks and leptons separately.
More specifically, we have:

e Scenario I with VLQ and n = 1 corresponds to:

ng=ny=np=1 np=ng=ny=0, (4.11)

e Scenario II with VLQ and n = 2 corresponds to:

ng=ny =2, nr=ng=ny=np=0, (4.12)

e Scenario III with VLL and n = 2 corresponds to:

nr=ng =2, ng=ny=np=ny=0. (4.13)

The SM input parameters used in this analysis are set following [229], with updated experimental
input parameters taken as central values from |[11]:

M, = 172.83 GeV, gy (M) = /5/3 x ¢’ = /5/3 x 0.358144,

4.14
g2 (My) = 0.64772, g3 (M) = 1.1646, y; (M) = 0.93436, A (M;) = 0.12637. (4.14)

Finally, we verified that the theoretical and experimental uncertainties associated with the input
parameters do not significantly alter our results and conclusions.

4.3 Theoretical constraints

4.3.1 Short introduction to the renormalization group equations

Theoretical constraints considered in this work are based on the energy-scale dependence of model
parameters, governed by the renormalization group equations (RGE). RGE are a direct consequence
of the renormalization procedure, which replaces bare quantities (fields ¢°, coupling constants &9, ...)
in favor of renormalized ones (¢, K, ...) to make the theory finite and predictive. This procedure
introduces an arbitrary energy scale p, called renormalization scale, and leads to the dependence
of renormalized parameters on p (although physical observables and initial bare quantities are p -
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independent). This dependence is described by the RGEs, which encode the p - evolution through the
B functions. For a given coupling x(u), the RGE take the form:

dr(p)
dlnp

B (4.15)

Corrections to f, functions can be calculated systematically order-by-order in perturbation theory.

As a simple example, consider the running of the fine structure constant e, in QED. The QED
Lagrangian is given by:
oy 1 2 . . 0 40
Lqrp = YOil) — mP)y? — 1 (FSV) . D =id —ie"A", (4.16)
where € and m® are the bare electric charge and fermion mass, A2 and ¢¥ are the bare photon and
fermion fields, and F| Sl, =0, A% — &,Ag is the bare field strength tensor. At leading order (1-loop), the

beta function for the renormalized fine-structure constant ae,, = % is given by:

2agm
52 (4.17)

B(aem) =

The solution to this equation dictates the running of ae,(u):

Qem (NO)
o

1-— %raem (o) In n

aem(,u) = (418)

where a (o) is the fine-structure constant at some reference scale 19. One can easily notice, that this
expression “blows-up” at the scale ACLQED:

a (po) AR

N 1—%04(;10)111“—“0

Qe (1) 00, A%ED = Lo exp (?nr) , (4.19)

Qem (f10)

where A%ED is the so-called Landau pole - the energy scale at which the coupling constant aen,
becomes infinite, signaling the breakdown of perturbation theory.

Using the initial value a(po = me = 0.511 MeV) = ﬁ, we find that:

A9EP > Mpp ~ 10" GeV. (4.20)

The A%ED lies at an energy scale far beyond the reach of our experiments and beyond the expected
QED validity range, but it illustrates an important point, that even a well established theory like QED
may cease to be perturbative at sufficiently high energy scale.

For a more formal derivation of RGE see e.g., [IH3]. The 1-loop S-functions for the SM and BSM
model scenarios considered in this chapter are presented in Appendix [H]

4.3.2 Three validity conditions

We treat the model scenarios introduced in the previous section as effective theories valid up to a given
cut-off energy scale A, up to which relevant constraints have to be satisfied. Below, we present three
conditions, on which we based this analysis.
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1. Stability of the electroweak vacuum
We require that the scalar potential is bounded from below. In models of Class A, this cor-
responds to the condition that the Higgs self-coupling A is positive up to the cut-off scale A

B
Ap) >0 for pu<A. (4.21)

2. Perturbativity of the model couplings up to the cut-off scale A
Ki(p) < 4w for pu <A, (4.22)
where k; = (A,yf,g%,gg,gg,y%, Ars,As). This condition is related to the breakdown of the
perturbative expansion discussed in the previous Section [£.3.1] with 47 being the maximal value

of the coupling constant for which higher-order loop corrections may remain convergent.

3. Stability of the perturbative expansion up to the cut-off scale A

(2)
min Bﬁi () <A for p<A. (4.23)
ox10°1 | B (1)

where (1) and (2) superscripts indicate, respectively, 1-loop and 2-loop contribution to a (-
function for a given coupling. We consider the ratio of 2- and 1-loop contributions minimized
over some range of y scale, in order to avoid its artificial large values around points where a
given 1-loop term vanishes. A is a maximal allowed value of such regularized ratio. For our
numerical analysis, we choose d = 1 and A = 0.4. We checked that the constraints on the model
parameters following from the condition depend weakly on the precise values of § and A
(more specifically, using higher value of A = 0.6 leads to increase of maximal allowed values of
couplings by O(20%)). This condition is analogous to those discussed in the previous Chapter,
where the validity of the EFT expansion was controlled through Equations (3.12) and (3.14). In
this case, we rely on RGE to ensure the perturbative expansion validity.

In addition to those theoretical constraints given by the Eqs. (4.21]), (4.22), (4.23), we take into
account additional conditions relevant for the discussion. This includes: experimental limits on the
triple Higgs coupling, single and double Higgs production, existing bounds on masses of VLF and
real scalar, electroweak precision observables and gauge couplings unification. The combination of all
of those factors leads to the final bounds on the parameter space of considered VLF and real scalar
models.

For the numerical calculations, we use the 2-loop RGE obtained with SARAH [230] and cross-
checked with RGBeta [231] codes. In Appendixwe collect 1-loop contributions (2-loop contributions
are too lengthy to be displayed in a user-friendly and readable manner), that serve us as a basis of the
explanation of various observed effects. Finally, we include vector-like fermions and scalar contributions
to the S-functions only for (renormalization) energy scales p above their respective masses - > Mp
for vector-like fermions and p > Mg for scalar singlet.

*In models with the singlet scalar (classes B and C) stability of the scalar potential (£.8) requires also: Ams(p) >
—24/A()As(p) and Ag(p) > 0 for p < A. Both are always fulfilled for models considered in this work. Both couplings,

As and Amg, are positive at all relevant scales if they are positive at low scale y = M; because the leading contributions
(H.5) to their S functions are positive.
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4.4 Allowed parameter space of VLF models

In this section, we examine the impact of conditions (4.21)), (4.22]), (4.23) on the VLF sector defined in
Section (see Eq. and Table on the number of VLF multiplets, their masses and couplings.
As a result, we obtain maximal allowed values of VLF Yukawa couplings for a given cut-off A for which
our conditions are satisfied. As we show, these values are too small for VLF to have any significant

impact on phenomenology. In order to somehow alleviate these stringent constraints, the additional
real scalar field S is introduced in Sections [£.4.2] and [£.4.3]
As mentioned before, in order to limit the number of free parameters in the VLF model, we

assume uniform values of Dirac masses of VLF doublets and singlets, and a single universal value of
all VLF Yukawa couplings. This simplifies formulas for physical masses and mixing matrix of VLF -

Eqs. (I5). (©3)

Mpa = Mps = Mp, yr=y, Yr=7=

V2 cosT —si
MFI/QZMF:ET'UQF7 VF: 4

ﬂ> (4.24)
4 .

We assume the lower limit of VLF masses Mp 2 1 TeV, which is based on the results of recent direct
searches from ATLAS [201-206] and CMS [207-211] experiments. As for the upper limit, too large
My values would lead to their effective decoupling and negligible impact on the phenomenology and
modifications of the SM couplings. For this reason, we consider masses of VLF and scalar between
O(1 +10) TeV. Also, the cut-off scale A needs to be larger than the heaviest particle in the model,
but its too large value leads to significant shrinking of the parameter space. Therefore, we chose the
range A = 100 + 1000 TeV.

4.4.1 SM extended with vector-like fermions only — Case A

We begin by studying the impact of VLF on the running of SM couplings. Plots in Figure show
how varying VLF Yukawa couplings influences the running of A, the gauge couplings ¢g; and gs and
the top Yukawa coupling y;. For simplicity, we assume n = 1 (behavior of models with larger numbers
of VLF families is qualitatively very similar, see Figure and discussion in Section . Plots
in Figure reveal, that in the case of VLF only, the main source of constraints comes from VLF
impact on the Higgs quartic coupling A and vacuum stability condition given by Eq. , as already
relatively small values of VLF Yukawa couplings y have a visible “negative” impact on running of
A. Looking closer, the left panel of Figure leads to the two regimes that can be distinguished
depending on the magnitude of y: 1) VLF with small (or vanishing) Yukawa couplings, and 2) VLF
with larger Yukawa couplings.

1. VLF with small (or vanishing) Yukawa couplings

In this scenario, VLF have a positive impact on the stability of the EW vacuum compared to
the SM, potentially leading to stability up to the Planck scale. This behavior by looking at
1-loop RGEs. For y = 0, VLF contributions directly influence the running of g; and g9 gauge
couplings (see Eq. ), which in turn increases the values of 5y (see Eq. ) Inclusion of
VLQ multiplets leads to a more significant effect compared with VLL, as the number of degrees
of freedom affect RGE running through the color factor N/ in Eq. . In the case of g1,
this effect is more model-dependent due to the differences in hypercharges between quarks and
leptons.
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Figure 4.1: Running of A (left column), g; and g2 (continuous and dashed lines respectively, middle
column) and y; (right column) at 2-loop in the SM extended by VLF assuming Mp = 1 TeV and
varying VLF Yukawa coupling y.

2. VLF with larger Yukawa couplings

Increase in the VLF Yukawa couplings typically has a negative impact on the stability of the
EW vacuum. For values larger than a certain critical value, the EW vacuum becomes unstable.
This can be again understood through the 1-loop RGEs: the leading VLF contribution to the
running of \ is proportional to the factor (2A —y%)y% (first equation in (H.4))). For small values
of y%, this term remains positive, but turns negative for y% > 2A. As y% grows, so is the overall
negative contribution, and soon overcomes the indirect positive contribution mentioned before.
This effect is even stronger with the positive effect of VLF on 3,,, which indirectly amplifies the
negative term in ) that is proportional to yf (first equation in )

The maximal Yukawa coupling value that satisfies the stability condition depends not only
on the cut-off scale A but also on the masses of VLF Mp. The effects from VLF are stronger for smaller
masses, as lighter particles modify the RGE from lower energy scales. This applies to both scenarios -
those which improve and those which worsen stability of the EW vacuum. Figure illustrates this
relation for two values of y in Scenario I with VLQ.

As discussed above, VLF with Yukawa couplings larger than some critical values have negative
impact on the EW vacuum stability. The larger are these couplings, the lower is the energy scale at
which A turns negative. Thus, requiring A to remain positive until a chosen cut-off scale A imposes an
upper limit on the Yukawa coupling, yyr4x, in a given mode]E| (we remind the reader that couplings
without explicit scale-dependence denote these couplings renormalized at the scale of the top quark
mass, pu = My).

Negative contributions to 5 from VLF increase with their corresponding Yukawa couplings. Thus,
the maximal allowed value of the Yukawa coupling in a given model, y3rax, is a decreasing function

3Here, we assumed that all VLF’s Yukawa couplings are equal. In more general models, this upper bound applies to
a combination of different Yukawa couplings.
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Figure 4.2: Running of A coupling for chosen values of M and y. The black line indicates A of the
SM.
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Figure 4.3: The maximal values of the VLF Yukawa coupling that satisfy the stability condition up
to a given scale p. Mp = 1,10 TeV. The vertical lines represent the energy scale at which the SM
stability breaks down.

of the cut-off scale A. Such dependence for scales above the 109719 GeV (i.e., the scale at which A
becomes negative in the SM) differs significantly for VLL and VLQ models. In VLL models, yarax
rapidly drops to zero, while in VLQ models, ypsax decreases much more gradually. This difference
follows from the impact of VLF with small Yukawa couplings on the RGE evolution of A, illustrated in
the upper row of plots in Figure[£.I] Namely, VLL can only slightly improve the EW vacuum stability,
and only for very small values of Yukawa couplings. On the other hand, the addition of VLQ with
moderate Yukawa couplings may stabilize the EW vacuum even up to the Planck scale.

Several examples of ypr4x(A) evolution for VLL and VLQ models are presented in Figure
The largest possible values of yasax, corresponding to the lowest cut-off scale considered in this study,
A =100 TeV, for Scenarios I and II in VLL and VLQ models, and for two different values of Mg, are
collected in Table (4.2
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YMAX
Scenario Mp=1TeV | Mp =10 TeV
VLQ ng=ny=np=1 0.55 0.63
ng=ny =1np=20 0.66 0.75
VLL ng, =ng =nnN — 1 0.66 0.80
np=ny=1ny=0 0.77 0.94

Table 4.2: The maximal values of VLF Yukawa couplings allowed by the conditions (4.21])—(4.23) up
to the cut-off scale A = 100 TeV for two different values of Mp.

Impact of number of VLF multiplets

Finally, one can also discuss the impact of increasing the number of VLF multiplets on the running of
the SM couplings. Once again, we can distinguish two different regimes:

1. VLF with small (or vanishing) Yukawa couplings - left panel on Figure
As one can notice, increasing number of VLF multiplets while keeping Y = 0, leads to the “im-
provement” in vacuum stability (eventually leading to the breakdown of perturbative expansion).
However, as this case is less interesting from the point of view of applications and phenomenology
considered in this work, we won’t discuss it further.

2. VLF with larger Yukawa couplings - right panel on Figure [£.4]

For values of Yukawa coupling Y, for which we have “negative” impact on vacuum stability
with n = 1, increasing number of VLF multiplets can only strengthen this problem. It can be
explained by the VLF contributions to the A coupling - Eq. . In the first approximation, the
“negative” impact on \ is caused by term o< —npy*. Moreover, this implies that in the regime
of our interest cases in which this factor is the same are identical (e.g., n =1 & y = 0.4 and
n =2 & y = 0.34), which further justifies our choice of focusing on the case with number of
VLF multiplets n = 1.

SM+VLQ Ng=Ny=nNp=n y=0 SM+VLQ Ng=Ny=nNp=n y=0_4

0.15¢7

0.15¢

—Sm —sm
— n=1
0.101 0.101 n=2 -

— n=3
~< 0.05 ~< 0.05
0.00 0.00

-0.05" : : : : -0.05"
2 4 6 8 10 2 4 6 8 10
logo(u/GeV) log;o(1/GeV)

Figure 4.4: Impact of varying number of VLQ multiplets on the running of A for small (vanishing)
Yukawa coupling - left panel, and larger Yukawa coupling - right panel.

The results presented in this section indicate that, in all considered scenarios, the maximal values
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of VLF Yukawa couplings allowed by the EW stability condition are relatively small, with yyrax < 1.
As we will see later, this suggests a limited phenomenological consequences of such SM extensions
that could be experimentally tested in the near future. Many previous studies that explore the phe-
nomenology of VLF models (e.g., |167,/168,170-176]) often require large Yukawa couplings to generate
observable effects. The present analysis suggests, however, that achieving such large couplings may
not be possible in perturbative models with a stable EW vacuum.

The impact of VLF on the EW vacuum stability presented here, aligns with the results of a similar
study [161], and we successfully reproduce their results. However, our work examines a broader class
of VLF model scenarios, emphasizing their potential observable effects on phenomenology (discussed

in detail in Section .

While our analysis obviously does not exhaust all possible VLF scenarios, it suggests that the
simple EW vacuum stability requirement strongly constraints the allowed parameter space of these
models. Testing VLF models with a more complex pattern of different couplings would require a case
by case study, which lies beyond the scope of this work.

4.4.2 SM extended with real scalar singlet — Case B

To study the full freedom in constructing VLF models and extend their allowed parameter space, we
first consider an extension of the SM with the real scalar singlet, S, with a tree-level potential defined
in Eq. . We begin our analysis by exploring the theoretical constraints on the SM extended by
the real scalar singlet alone.

The primary effect of .S arises from its coupling to the SM Higgs scalar, Agg, which contributes
positively to [y (see the first equation in Eq. ) Additionally, the singlet self-coupling, Ag,
indirectly enhances A through its positive contribution to 3, (second equation in Eq. ) As a
consequence, increasing the scalar couplings A\gg and Ag, and/or reducing Mg leads to higher values
of A, positively affecting the stability of the EW vacuum. For instance, one gets absolute stability up
to the Planck scale for Mg = 1 TeV, Ag = 0 and Ags = 0.3. This behavior is illustrated in the left
panel in Figure [4.5]

However, too high increase in the values of Ag and Apg can result in a loss of perturbativity, i.e.,
violation of the condition(s) in Eqgs.(#.22)) and/or below the chosen cut-off scale A. Figure
illustrates the regions in the Ag-Apgg plane that are consistent with these conditions for chosen values
of scale A and the singlet mass Mg. Table @ provides the maximal values of the coupling \7;¢" for
different values of Ag, A and singlet mass Mg. As expected, increasing the value of Mg relaxes the

upper bound on Apgg, while increasing Ag or A leads to a stricter limit on this coupling.

maz
HS
As | Mg=1TeV | Mg=5TeV | Mg=1TeV | Mg =5 TeV
A =100 TeV A =1000 TeV
0 3.18 4.34 2.33 2.90
1 1.60 3.16 - 1.03

Table 4.3: Maximal allowed values of Afg in the SM extended by the real singlet satisfying the
perturbativity conditions for selected values of Ag, A and Mg. An empty cell indicates violation of
conditions, even for Agg = 0.
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Figure 4.5: Left panel - the impact of the scalar couplings Afg, Ag and the mass Mg on running of A.
Right panel - the parameter space of the SM extended by the real singlet allowed by the perturbativity
constraints up to A = 100, 1000 TeV with varying Mg = 1,5 TeV.

Our approach offers a new and independent way for studying the parameter values in the real scalar
model and can be seen as complementary to the previous works (e.g., [213+215]) by further constraining
the parameter space of this model. It highlights the importance of moving beyond the naive study of
perturbativity as given by the condition alone, by taking into account the differences between
1- and 2-loop contributions to the RGE.

4.4.3 SM extended with vector-like fermions and real scalar singlet — Case C

Since the addition of the real singlet to the model improves the stability of the EW vacuum through
its positive effect on the running of A, it should also relax constraints on the VLF Yukawa couplings
summarized in Table [£.2] However, studying the constraints on yar4x in the presence of extra singlet
scalar field, we must also take into account potential violation of the perturbativity conditions in
Eqgs. (4.22)) and (4.23) as we increase the values of new scalar couplings.
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Figure 4.6: Running of A in the combined SM+S+VLF model, with Mg =1 TeV and Mr =1 TeV.

As demonstrated earlier, in the model with the SM extended only by the singlet scalar, all con-
ditions in Eqgs. (4.21)—(4.23) are satisfied as long as the values A\g and Agg small enough to avoid
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problems with perturbativity. It turns out, that the inclusion of VLF with Yukawa couplings large
enough to have meaningful phenomenological effects further strengthens the constraints imposed by
conditions in Egs. f. This occurs due to the fact, that VLF not only negatively affect the
vacuum stability (see Section but also strengthen problems with perturbativity. The reason of
the latter effect is evident from Eq. , where additional fermions contribute positively to By, ¢
proportionally to the sum of squares of their Yukawa coupling.

The impact of VLF on the RGE running A is illustrated with examples in Figure [£.6] The Higgs
self-coupling A in models with S and VLF (green curves) is lower at low scales but higher at high scales
compared to the model without VLF (red curves). These effects result in stronger constraints on the
singlet scalar couplings A\g and especially Agyg. The stability condition in Eq. (4.21)) leads to a lower
bound on Afg as a function of Ag, while the perturbativity conditions in Egs. and lead
to a corresponding upper bound. The impact of VLF on the A\ys—Ag parameter space, dependent on
the value of their Yukawa couplings, is presented in Figure (for comparison, see the corresponding
plot without VLF shown in Figure and in Table

The allowed region in the As—Apgg plane decreases as the VLF Yukawa couplings increase, eventu-
ally shrinking to the point that defines their maximal allowed value yj;4x. The addition of the singlet
S to the model increases the maximal Yukawa couplings by up to about 50% compared to pure VLF
models, as evident from a comparison between Tables and

SM+S+VLL n; =ng=ny=1 SM+S+VLQ ng=ny=np=1

Figure 4.7: Allowed regions of the singlet scalar couplings in the SM extended by the real singlet and
the VLF for the cut-off scale A = 100 TeV with Mp = Mg = 1 TeV, and for different values of the
VLF Yukawa coupling Y. The dashed blue contour is the same as in Figure

4.4.4 Models with additional VLF couplings

So far, we have assumed that there are no tree-level interactions between the VLF and the singlet scalar
S or the SM fermions. The discussion below examines these additional interactions, demonstrating
that the introduction of such couplings generally leads to a further shrinking of the allowed parameter
space.

4We accept points in the parameter space which do not satisfy condition (4.23) for Bx with § = 1 when it is clear
that this is due to ;1)(,11) ~ 0 and all other conditions remain satisfied.
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SM+VLF SM+S+VLF

YMAX MNP ynax | MY | ymax

Scenario Mp=1TeV | Mp=10TeV | Mp=1TeV | Mp =10 TeV
ng=ny =np =1 0.55 0.63 230 | 0.74 | 246 | 0.87
ng=ny=1np=0 0.65 0.74 2.55 | 0.91 2.66 1.07
np=ng=ny=1 0.65 0.79 259 | 093 | 2.71 1.16
np=ny=1ny=0 0.76 0.92 2.77 | 1.11 2.85 1.40

Table 4.4: Comparison between the maximal values of VLF Yukawa couplings yarax allowed by the
conditions in Eqs.4.21f, up to the cut-off scale A = 100 TeV with A = 0.4, between the
SM+VLF scenario (second column — the same as Table and the SM+S+VLF scenario (third
column). For the SM+S+VLF model, we also include the corresponding values of A\¥}¢** at which
ymax can be achieved. Mg =1 TeV, Ag =0 and Mg = 1,10 TeV assumed.

VLF and real scalar couplings

The simplest way of including the VLF-S interaction is by adding the following terms to the La-
grangian:

nQ ny np
> yesSQIQY = > " yusSU UL = ypsSDiD;
i~ ! i (4.25)

ng

nr, nn
= yLsSLILE = ynsSNIN? = ypsSEYE;,.
i=1 j=1 k=1

The presence of non-vanishing VLF-S Yukawa couplings imposes even stronger bounds from the per-
turbativity conditions in Egs. (4.22) and (4.23). This arises from the positive contribution to [, ¢
from the new Yukawa couplings, proportional to yxg, X = Q,U, D, L, N, E, increasing A\gg during
evolution. This has an indirect effect on ) through a term proportional to )\%{ g (see Eq. ) The
impact of this is illustrated in the left panel of Figure [4.8] where, for simplicity, we assumed that all
new Yukawa couplings are equal: yxg = yg. Figure demonstrates how non-vanishing yg pushes A
to larger values, resulting in more serious problems with perturbativity than in the case of yg = 0. In
consequence, this leads to smaller allowed maximal values of VLF-Higgs Yukawa coupling.

VLF and SM fermion couplings

Similarly, we can include additional interactions between the VLF and SM fermions. For simplicity,
we assume that the only non-vanishing couplings are between the third generation of SM quarks (qr,,
tg and br) and the VLQ in the ng = ny = np = 1 scenario. As a result, we get the following extra
terms in the Lagrangian:

~ygr (@} ptn+hc.) — yug (@Uf +hic.)
(4.26)

—YQb (QdL@bR + h.c.) — ypq (GreDx +h.c.) .
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Non-vanishing VLQ-SM quark Yukawa couplings have a similar effect on the allowed parameter space
as the VLF-Higgs Yukawa couplings discussed earlier in this section. They introduce additional nega-
tive contributions to (), strengthening the problems with vacuum stability, and making it more severe
than in the SM alone or in the case of VLF-Higgs interaction only. An example of the impact of non-
vanishing VLQ-SM quark Yukawa couplings for a simple case where yg; = yrg = ¥ob = Yng = YQq>
is illustrated in the right panel of Figure In conclusion, even relatively small values of VLF-SM
fermion couplings can destabilize the EW vacuum.

SM+S+VLQ no=nU=nD=1 SM+S+VLQ nQ=nU=nD=1
04— L L e S e By L — T 04— L

— SM — SM

0.3 — ys=0 0.3F— Yaq=0
¥s=0.5 Yaq=0.2

0.2 0.2

01l > 01l >

0.0 0.0

ot ... -0.4b

logo(n/GeV) logo(n/GeV)

Figure 4.8: Running of A in the combined SM+S+VLF model for Mg =1 TeV and Mr =1 TeV with
yr = 0.5, Agg = 1 and Ag = 0, including VLF-S Yukawa (left panel) and VLF-SM fermion (right
panel) couplings.

4.4.5 Gauge couplings unification in models with VLF and number of VLF mul-
tiplets

Satisfying the vacuum stability and perturbativity conditions in Eqgs. f is essential for
the theoretical consistency of any BSM model. However, one may think of a number of additional
considerations, that while not obligatory, can provide insights into the model and its predictive power.
One such condition is gauge couplings unification (for more detailed discussion of unification, see,
e.g., [232-235]).

We start by defining the scales 1;; at which pairs of gauge couplings, g; and g;, have equal values,
i.e., when Ag;; = gi(pij) — g5(1ij) = 0. In the SM, these scales are quite different with pog > 3 x 12,
with no single point at which all gauge couplings unify.

Grand unification theories favor models in which all three scales p;; are close to one other. More-
over, high unification scales of order 10! GeV, are preferred to prevent proton decay occurring too
quickly. VLF models (as we exclude scalar singlet since it does not affect running of gauge couplings),
have been studied in this context [184-190]. We find it worthwhile to investigate whether unification
of the gauge couplings can be realized within the model scenarios considered in this work.

In Figure we illustrate the impact of the number of the VLF multiplets on the scale of gauge
coupling unification for a given VLF mass of Mp = 3 TeV. It is important to note that the VLF
Yukawa coupling y does not impact the running of gauge couplings at the 1-loop level. A closer look
at the plots in these figures reveals the following trends (see Section for model classification):

e SM + VLL models (crosses in Figure :
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SM+VLF ny=ng=ng,=n SM+VLF n,=ng=n ng,=0 SM+VLF ny=ng,=n ng=0
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Figure 4.9: Energy scales p;; at which pairs of running gauge couplings become equal in models
with n families of VLL (crosses) or VLQ (circles) with Mp = 3 TeV. The 2-loop RGE were used.

ny € {ng,nr}, np, € {ny,nn} and np, € {np,ne}.

— Scenario I (left panel) and Scenario III (right panel)
As n increases, the gauge coupling convergence points become closer to each other, but the
intersection points shift to lower energy scales.

— Scenario II (middle panel)
For n = 1, 2, the gauge couplings converge closer to each other, but already for n = 3 they
begin to diverge.

e SM + VLQ models (circles in Figure [4.9):

— Scenario I (left panel)
The Agoz = 0 point lies above the Planck scale, even for n = 1.

— Scenario II (middle panel)
For n = 1,2, the gauge couplings converge closer to each other, but for n = 3 they start
diverging, with all intersection points shifting to higher energy scales.

— Scenario III (right panel)
For n = 1, the gauge couplings converge closer to each other, but already for n = 2 the
Agi2 = 0 point lies above the Planck scale.

As we verified, varying the VLF mass M between 1 TeV and 10 TeV does not significantly alter this
picture, with the conclusions remaining essentially unchanged.

Based on the discussion above, it is clear that the VLQ Scenario II with n = 2 (to a lesser extent
also n = 1,3) and Scenario IIT with n = 1 are the most promising configurations for the realization of
grand unification of gauge couplings in the considered VLF models. All other cases are disfavored for
various reasons. All VLL scenarios with moderate n have a positive impact on unification of gauge
couplings compared to the SM. However, the corresponding unification scales are too low. The VLQ
Scenario I has a negative impact on unification, as already for n = 2, go and g3 couplings converge
above the Planck scale. The situation is similar for the VLQ Scenario III when n > 2.

Models with large cut-off scales and a significant number of the VLF multiplets are disfavored, not
only from the point of view of the potential unification of gauge couplings. As shown in Section [£.4.1]
in Figure [£.4] increasing the number of the VLF multiplets may affect the EW vacuum stability and
perturbativity conditions in Egs. 7. Focusing solely on the perturbativity conditions, and
requiring their validity up to the Planck scale with the vanishing VLF Yukawa couplings y = 0,
provides an upper bounds on the number of the VLF multiplets presented in Table [4.5
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SM+VLL | SM+VLQ
Scenario I nyer =4 ngm‘” =2
Scenario I | n"** =12 ng“m =3

Scenario III | n7* =4 ngax =3

Table 4.5: The Maximal number of allowed VLF multiplet families, determined by the perturbativity
conditions.

A final remark regarding models with the VLL is in order here. As discussed in Section [{.4.1]
in these models, the EW vacuum becomes unstable around 109710 GeV, even for the vanishing VLF
Yukawa couplings. It is therefore reasonable to consider higher cut-off scales only when the singlet
scalar S is also added to the model to improve its stability. Since the singlet does not affect the RGE
for gauge couplings, the results presented in this section remain valid for SM+S+VLL models.

4.5 Impact on phenomenology

As discussed in Section the interplay between the stability condition , and perturbativity
conditions , results in a surprisingly small parameter space for the VLF models. While
the inclusion of the real scalar slightly relaxes the upper limit on the VLF Yukawa couplings, we
shall demonstrate that these couplings are still insufficient to generate rich phenomenology. The
experimental signatures that could be tested in the near future are quite limited. In this section,
we explore three examples of phenomena that can be associated with considered models: double
Higgs boson production via gluon fusion, electroweak precision observables and the electroweak phase
transition.

4.5.1 Double Higgs boson production

The process of double Higgs boson production is one of the most promising remaining areas where
BSM physics has the potential so significantly alter SM predictions, with the current experimental
limits far above the level of the present experimental precision:

o(pp— HH) < 24x¢°M(pp — HH), ATLAS [111],
o(pp— HH) < 3.4x0"M(pp — HH), CMS [112]. (4.27)

The dominant production channel for a Higgs pair is via gluon fusion, with the leading-order contribu-
tions presented in the diagrams in Figure (in the SM, @ refers to the top quark) H Enhancement
of the double Higgs production cross-section in the considered models can occur through modifications
of the same diagrams in one of the following ways:

1. Modification of the triple Higgs coupling
This can be realized through insertions of either a heavy scalar S or VLQ, see Figure

2. VLQ loop contributions
This can be realized by replacing @ in the box and triangle diagrams in Figure with VLQ.

®Results in this section were obtained using FeynRules |80| and MadGraph5_aMC@NLO |142| packages. All diagrams in
this thesis are produced using [236].
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g 9 H
Figure 4.10: Diagrams contributing to the double Higgs production via gluon fusion. Internal fermion

lines, denoted by @, can represent either SM quarks or VLQ multiplets. The black dot indicates the
triple Higgs coupling As.

We define the differences between the cross-sections for the gluon fusion processes of single and double
Higgs boson production in the SM and its extensions as:

SM+X
KX JggF+ (pp — final) — Ugsg]\ﬁ[ (pp — final) (4.28)
final ool (pp — final) ’

where X represents either S or VLF, and the “final” state refers to H for single Higg production and
H H for double Higgs production. From an experimental perspective, we are particularly interested in
scenarios that predict a significant enhancement of K I)_]( g While ensuring that K ﬁ remains within the
current experimental bounds.

We discuss both of these contributions separately in the following pages.

Modification of the triple Higgs coupling

Interactions of the Higgs boson with new particles can modify the triple Higgs coupling A3 which,
if sizable, may directly impact the process of double Higgs boson production. This coupling can be
defined as:

d* (Vo(H,0) + V& (H,0
(Vo( )dH30 L0 \$0 4 ANBSM Z ASM 4 AN 4 ANPSM | (4.20)

A3 = 3,tree
H=v

with the tree-level potential given by Eq. (4.8)) and its Coleman-Weinberg part by Eq. (J.1)).

The current allowed 95% confidence level intervals for the trilinear Higgs coupling modifier, defined
as Ky, = /\3//\§M, read:

[—0.4,6.3], ATLAS [111],
[—1.24,6.49], CMS [112]. (4.30)

Ks

€
Ky; €

still leaving a lot of space for the BSM physics.
The leading tree-level contribution to the trilinear Higgs coupling in the SM reads:

MM = 3MZ v, (4.31)

3,tree
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Figure 4.11: Contours of relative triple Higgs coupling enhancement in the SM extended by scalar
singlet. The red-dashed, blue-solid and green-dot-dashed lines indicate the maximal value of Agg
allowed by the perturbativity constraints up to, respectively, A = 10,100,1000 TeV with A = 0.4

(compare Eq. (4.23))).

below, we classify the leading one-loop contributions to As.

e One-loop top-quark induced contribution:

3M}
ANM ~ _vi’»wt?' (4.32)
e One-loop real scalar singlet induced contribution:
A3 o3
AN ~ HS 4.33
27 322 M2 (4:33)
e One-loop VLF induced contribution:
N30 N30
ANVEE g 10 4y 2 ¢ I0 4.34
3 A 87r2M1271 £ 8772]\41[272 (4.34)

where N/ represents the number of colors of the VLF multiplets , and the summation over
np € {nu,nn}, nr, € {np,ne} and yr, € {yv,yn}, yr, € {yp, yp} is assumed.

Another, more involved method of calculating the higher-order corrections to the triple Higgs
coupling is to directly calculate loop diagrams contributing to the hhh vertex (see e.g., [237-239]). In
other words, we have to explicitly calculate the diagrams displayed in Figure |4.12]in the low-energy
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Figure 4.12: One-loop diagrams contributing to the triple Higgs coupling: real scalar S — panel, and
fermion contributions - right panel, where @) can be either SM quarks or VLQ multiplets.

limit, where My rp, Mg > p. These calculations allowed us to cross-check and confirm formulas

presented in Egs. (4.33)), (4.34).

The Effects of the scalar singlet are shown in Figure which illustrates the corresponding
relative enhancement of the triple Higgs coupling, /if;vj +5 = )\g M+S / )\gM . The contours of maximal
allowed values of Arg for chosen cut-off scales A are obtained utilizing perturbativity conditions (4.21])—

(T.23).
For the cut-off scale of A < 100 TeV, the enhancement of A3 from scalar singlet contributions is
at most ~ 10% for Mg > 200 GeV, resulting in a moderate, at most K}ZH ~ —8%, decrease in the

double Higgs production cross-section. This decrease is due to the destructive interference between
the box and triangle diagrams presented in Figure 4.10)).

The addition of VLF also has some impact on A, though this effect i minimal. We estimate its
maximal possible value by using the values from Table and inserting them into the Eq. . As
a result, we find negligible contributions with [ANYZF/ASM| < 1% for all considered cases, leaving no
potential for a significant modification of the triple Higgs coupling modification by VLF fields alone.

VLQ loop contributions

As we have seen, heavy VLQ do not significantly alter the triple Higgs coupling A\3. However, their
impact may become much more important when considering their influence through the box and
triangle loop gluon fusion diagrams presented in Figure [f.10] When considering such corrections, one
must account for the fact that loop contributions to the double and single Higgs boson production are
closely related. The Feynman diagrams for the latter can be derived from Figure by replacing one
of the external Higgs fields with a vev insertion. Consequently, all relevant amplitudes are proportional
to the same combination of VLQ parameters:

2 2
VLQA VLQO VL Y YD
Mggh% ocMggh?lg OCMgghQ OC”UM7U2+TLDW5 (435)
U D

which in agreement with the leading-order terms in the low-energy expansion of the corresponding
one-loop diagrams. For this reason, apart from the theoretical constraints considered already in this
work, another important source of limits on VLQ model parameters comes from the the current limits
on the single Higgs production. The available experimental data |112] places strong constraints -
around 10% at 68% CL and approximately 18% at 95% CL - on the deviations of the single Higgs
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SM+VLQ vt | viax | Ky || vih | vitax | Kyp?
68% CL 95% CL
ng=ny =np =1 0.74 0.65 | +8.4% || 0.74 0.89 | +11.3%
ng=ny =np =2 0.60 0.46 | +8.2% || 0.60 0.63 | +15.0%
ng =ny =np =3 0.50 0.37 | +8.3% || 0.50 0.51 | +15.5%
ng=ny=1np=01 091 0.92 | +8.2% || 0.91 1.26 +8.2%
ng=ny=2np=01| 0.74 0.65 | +8.4% || 0.74 0.89 | +11.3%
ng=ny =3np=01| 0.65 0.53 | +8.2% || 0.66 0.73 | +13.5%

Table 4.6: The maximal enhancement of the double Higgs production cross-section from VLQ loop
gluon fusion diagrams for Mp = 1 TeV. yﬁag( and yﬂlf[ 4y indicate the maximal values allowed by
perturbativity and by single Higgs production constraints, respectively (the latter at CL=68% or

95% [112]). In each case, bold font highlights the stronger constraint that is taken into account.

boson production rate via gluon fusion from its SM value. This condition may, depending on the
choice of A in (4.23]), impose stronger constraints on the maximal values of VLF Yukawa couplings
than those listed in Table This is illustrated in Table

Table indicates that the enhancement of the double Higgs production rate resulting from the
VLQ loop contributions, KE%Q, reaches at most ~ 15%. Even this modest enhancement should be
viewed as an optimistic scenario. As discussed earlier, in models including a scalar singlet, this positive
contribution can be further minimized by the negative scalar contribution to the triple Higgs coupling.
Moreover, increasing VLQ mass Mg can also only further suppress the impact of VLQ on the process.
Additionally, the effects of increasing the number of VLQ multiplets can be deduced from the form
of the amplitudes in Eq. . For instance, assuming identical masses for all multiplets, a scenario
with n = 1 and a given value of Y is equivalent to n = N with Y — Y/ V/N. As a consequence, the
corresponding bounds on KZZQ are only marginally affected by varying n (as illustrated in the 4th
column of Table [4.6).

A comparison between the results presented in Table and the relatively weak experimental
constraints on the Higgs boson pair production at 95% CL, as given in Eq. reveals that it
is unlikely for VLQ multiplets to significantly affect the process of double Higgs production in any
observable way in the foreseeable future.

4.5.2 Electroweak precision observables: corrections to S, T and U oblique pa-
rameters

Short introduction to the STU oblique parameters

Additional constraints on the parameter space of the models considered in this work may arise from
measurements of so-called electroweak precision observables (EWPO). In our analysis, we focus on
the Peskin-Takeuchi S, T and U oblique parameters which parametrize one-loop contributions to
the electroweak gauge bosons self-energies (i.e., vacuum polarization or oblique corrections) [240-242].
These parameters are defined under three main assumptions regarding the structure of the new physics
particle content and interactions:
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1. Preservation of the SM electroweak gauge group SU(2)r x U(1)y.
2. Suppression of new physics couplings to light fermions.
3. The mass scale of new physics is much larger than the electroweak scale.

Under these assumptions, we can express the three observable oblique parameters STU in terms of
new physics contributions to the transverse parts of the vacuum polarization functions of the elec-
troweak gauge bosons HnXe}V,V(QQ). These self-energy functions contribute to the oblique parameters in
the following way:

Iy, (0)  IT77(0)

Oéem(Mz)T = M2 M2
w Z
Qom(My) o T3 (M3) —TG(0) @ — 2 I (M) II» (M) (436
4522 B M2 cs M2 MZ '
Qen(Mz) g 17y = Ty (M) — TG (0) eI (M7) T (M)
452 - M3, s M3 MZ

where ¢ = cos Oy, s = sin Oy, and 6y is the weak mixing angle.

By construction, these parameters vanish in the SM S = T = U = 0, and any experimental
deviation from these values would indicate the presence of new physics. On the other hand, for a
specific new physics model that affects these parameters, one may impose constraints on the model’s
parameter space by comparing theoretical predictions with the latest experimental measurements of
STU [11]:

S=-0.024+0.10, T=0.03+0.12, U=0.014+0.11. (4.37)

In general, S and T provide stronger constraints on new physics models than U. T measures custodial
symmetry violation and is particularly sensitive to the mass splitting between new particles within
multiplets, whereas S is sensitive to the impact of new physics on neutral current processes and can
be affected, e.g., by composite Higgs models.

The requirement of consistency with the experimental values of the STU parameters is a highly
efficient method to ensure compliance with the electroweak precision data, and allows one to test the
viability of new physics scenarios.

STU oblique parameters in the presence of VLF

In the context of VLF, as the singlet scalar does not contribute to S, T and U parameters due to
the Zo symmetry of its potential, there have been a number of extensive studies addressing this issue
(see e.g., [162,]195-197]). Current experimental constraints, obtained with U fixed to zero (again, U is
suppressed by additional factor of M?/M% compared with S, and T, see [243]), are as follows |11]:

T = 0.04 + 0.6,

(4.38)
S = —0.01 £ 0.07.

The formulas for the corrections to the S and T parameters in the presence of VLF have been
worked out in [195] and are collected in Appendix [I, These parameters, by definition, come only from
the BSM sector, so that in the absence of mixing between VLF and the SM fermions one has:

T=Tyrr,

4.39
S = SVLF- ( )
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A comparison between the constraints on VLF models based on considerations of model consistency
(EW vacuum stability plus perturbativity) and single Higgs production, with those based on the
precision S and T electroweak observables is presented in Table [£.7] and Figure

Several comments are relevant here. In the model scenarios considered in this work, we assume
the same number of left- and right-handed VLF multiplets. This significantly simplifies the formulae
from [195] (again, see Appendix [[). Moreover, we assume identical VLF masses My p and Yukawa
couplings yyrr, which limits the effect of VLF on the S and T parameters. More specifically, for
“Scenario I”, where we have the same number of VLF doublets and “up-type” and “down-type” singlets,
one has T = 0, as such setup preserves custodial symmetry. For other scenarios, the contribution to
T is significantly larger than to S, but remains well below the experimental constraints. Finally, VLL
scenarios have far smaller impact than VLQ due to the absence of the N, color factor (see formulas
in Appendix [[). Since increasing My p only leads to a further decrease in the values of S and T
parameters - even after taking into account the increase in the maximum allowed values of the VLF
Yukawas - we conclude that for the model scenarios studied in this work, the theoretical consistency
conditions provide a much stronger constraints than those arising from the experimental bounds on
the oblique parameters S and T.

SM+VLQ yCE | Tyrr | Svir
ng=ny =np =1 0.74 0 0.006
ng =ny =np =2 0.60 0 0.007
ng=ny =np =23 0.50 0 0.008

ng=ny =1np=20 0.91 0.041 | 0.012
ng=ny =2np=>0 0.74 0.035 | 0.015
ng =ny =3np =20 0.65 0.031 | 0.018

Table 4.7: Maximal contributions to T and S oblique parameters for the maximal allowed values of
VLQ Yukawa couplings for My r = 1 TeV, two different model scenarios and varying number of VLF
multiplets.

4.5.3 Electroweak phase transition

Finally, we turn our attention to the last phenomenon studied in this thesis in relation to the VLF and
real scalar models: the electroweak phase transition (for a more detailed review, see e.g., [244]). This
hypothetical process is of particular interest due to its potential role in explanation of baryogenesis
and the observed matter-antimatter asymmetry in the universe. Moreover, it may leave detectable
traces in gravitational wave (GW) signals, making it a target for near-future GW experiments such as
LISA, which seeks to capture signals from cosmological phase transitions [245|.

Introducing the electroweak phase transition

One of the most promising solutions of the observed matter-antimatter asymmetry in the universe is
electroweak baryogenesis (EWBG). It offers a mechanism that may satisfy three Sakharov conditions
necessary for creation of matter-antimatter (or baryon) asymmetry [246|: a) Baryon number B viola-
tion, b) C- and CP-violation, c) Departure from thermal equilibrium. In such scenario, EWBG occurs
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Figure 4.13: Value of T parameter as function of VLF Yukawa coupling yr (black lines) for two model
scenarios and different number of VLF families. Also shown are: theoretical upper bounds on yg (blue
lines) and the experimental upper bound on T (red line)

in the early universe during the process of the electroweak phase transition (EWPT). This process
occurs when the hot, radiation-dominated early universe cools down and the Higgs boson field set-
tles to its true vacuum, spontaneously breaking the electroweak SU(2)r x U(1)y symmetry. EWBG
can successfully generate the observed baryon asymmetry if EWPT satisfy above conditions in the
following way:

1. Departure from thermal equilibrium

EWPT has to be of first order to ensure a departure from thermal equilibrium. A first order
transition occurs when a potential barrier separates the two minima of the Higgs potential: the
symmetric phase (h) = 0 and the broken (h) # 0 phase. It leads to the non-zero probability
of Higgs field tunneling through the barrier and thereby creating expanding bubbles of broken
phase. Bubbles grow and collide, driving the system out of equilibrium. This process is illustrated
in Fig. In contrast, second order or cross over phase transitions (as it is the case for
the SM with the observed Higgs mass) lead to smooth evolution and fail to fulfill the condition
of the departure from thermal equilibrium. .

2. C- and CP-violation
Sources of sufficiently strong C- and CP-violation are necessary to generate an asymmetry be-
tween particles and antiparticles during EWPT. As the bubbles of the broken phase expand,
particles in plasma scatter of the bubble walls, generating this asymmetry through C- and CP-
violating interactions. This in turn can bias B-violating sphaleron processes to produce more
baryons than anti-baryons. In case of the SM, CP-violating phases in the CKM and PMNS
matrices are not sufficient to generate required ratios.

3. Baryon number B violation
Baryon number B violation is provided by non-perturbative sphaleron process in the electroweak
theory. However, in order to prevent wash out of generated baryon asymmetry, the EWPT has
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1st order phase transition

Vesr(h,T)

h

Figure 4.14: Thermal evolution of the potential corresponding to the first order phase transition.
Potential barrier separates the symmetric (h) = 0 and the broken (h) # 0 phases.

to be strongly first order. This ensures suppression of sphaleron processes inside the bubbles
of broken phase, preventing the washout of the asymmetry. The phase transition is considered
strong if the following condition is satisfied:

vo(To)

== =206+ 10), (4.40)

where ve is the VEV of the Higgs field broken phase at the critical temperature, T' = T - see

Fig. [1.14]

In terms of theoretical description, the EWPT can be studied using the temperature dependent
effective potential. In the case of one-loop effective potential in the SM with additional singlet scalar
field (for review see e.g. [247,[248|) reads:

Veg(H, S, T) = Vo(H, S) + Vow (H, S) + Vp(H, S,T) . (4.41)

with Vp being a tree-level potential (4.8), Vo denotes the one-loop correction known also as the
Coleman-Weinberg potential [249] and Vr is the finite-temperature contribution (for further details,
see Appendix |J)).

EWPT with real scalar singlet

The real scalar model with the tree-level potential given by Eq. (4.8]), depending on the specific values
of couplings and masses, can generate either 1- or 2-step EWPT.

e 1-step EWPT
In this case, the system begins in the high-temperature minimum with (H) = (S) = 0, and
later transitions to the EW vacuum with (H) # 0, (S) = 0. This occurs for p% > 0, which
ensures (S) = 0. In this region of parameter, the value of Ag is irrelevant, allowing us to choose
As = 0 to maximize the allowed value of the Arg coupling. The parameter space corresponding
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Figure 4.15: The shaded regions represent parts of the parameter space that allow for the 1-step (left
panel) and 2-step (right panel) EWPT in the SM extended by a scalar singlet. The orange dashed
lines correspond to the strength of the EWPT £ = 0.6 or { = 1 (1-step) and £ = 1 or & = 2 (2-step).
The red and black lines indicate the maximal values of Agyg allowed by the perturbativity constraints
up to A = 100 TeV for two different values of the VLF Yukawa couplings. The values of A\g were
chosen as 0 and 0.5 for the 1- and 2-step transitions, respectively.

to the 1-step EWPT is presented in the left panel in Figure [£.15] The blue line marks the
boundary between the 1- and 2-step regions. The red and black lines represent the maximal
allowed values of A\g(Mg) obtained under the constraints in Egs. and , assuming
A = 100 TeV for two values of the VLF Yukawa couplings. The orange dashed lines indicate
values of A\gg(Mg) corresponding to the strength of the EWPT, ¢ = 0.6,1.0. The region of
the parameter space where £ > 0.6 in the singlet scalar extension is almost entirely excluded,
in contrast to the corresponding area presented in [213|. This results follow from our careful
treatment of perturbativity conditions.

e 2-step EWPT
This is the case when, for some range of temperatures, the minimum of the effective potential is
located at (H) =0, (S) # 0. This can be realized for u% < 0, with a further condition ensuring
that at zero temperature the EW vacuum corresponds to the global minimum of the potential:

Vo(v,0) < Vo(0,w), (4.42)
which can be translated into bounds on Agg. A 2-step EWPT is possible if:

M ME Mgy
2-5 < Agg <258 + V2 YA (4.43)
v v v

The allowed 2-step region is indicated by the red area in the right plot in Figure [£.15] The lower
and upper limits from Eq. for Ag = 0.5 are indicated by the blue lines. The specific choice
of Ag allows for reasonably large value of Ajg while still leaving sufficient space for the 2-step
EWPT to occur. The red line, as in the case of the 1-step EWPS, indicates the maximal possible
values of A\yg.

EWPT with vector-like fermions

VLF can also affect the mechanism of the EWPT through thermal and loop corrections to the effective
potential (see Appendix . In the high-temperature M /T < 1 expansion of thermal effects, fermions
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do not significantly contribute to the formation of a potential barrier for the Higgs field, unlike bosons,
which in general lead to cubic terms in the potential. However, in scenarios where the critical tem-
perature is much lower than the fermion masses - which aligns well with the scope of this work, where
VLF are relatively heavy - the small-temperature expansion M /T > 1 is more appropriate. In this
regime, the leading contribution to the thermal potential are similar for both fermions and bosons.
This could result in a non-trivial impact of VLF on the EWPT and the thermal history of the universe
(see e.g., [167,247]).

Nevertheless, due to the strong constraints on the values of the VLF Yukawa couplings obtained in
this work, the impact of these particles on the EWPT is very limited. For the maximal allowed values
of the VLF Yukawas yr in SM+VLF models, as presented in Table we obtained &gy r to be
very close to £gpr. The inclusion of the scalar singlet allows for a slightly larger maximal values of yp,
see Table [£.4] which are still not sufficient to have any significant impact on the EWPT, indicating

Esmrs+vir =~ Espm+s. We verified that changes in € due to the presence of VLF are at most of the
order O(10%).

4.5.4 Constraints from matching to SMEFT

Other limitations in the parameter space of the model scenarios considered in this work may arise from
constraints on the Standard Model Effective Field Theory Wilson coefficients (SMEFT is properly
introduced in Chapter [2)). These constraints are typically obtained by fitting SMEFT to available
experimental data under certain assumptions. Recent examples of such procedures can be found
in [43}/44].

The process of relating SMEFT coefficients to heavy BSM extensions is known as matching. In this
process, the heavy BSM particles (or degrees of freedom) are integrated out to match the remaining
expressions with the SMEFT coefficients. Depending on the BSM model, the matching procedure can
be complex and tedious; hence, several publicly available tools have been developed to automate it.
For examples of these tools and further details on the procedure, see [56}57,250%251].

In this section, we provide a simple example illustrating how this method highlights the critical role
of combining bottom-up and top-down approaches in searches for physics beyond the Standard Model.
Specifically, we examine the process of double Higgs boson production via gluon fusion (previously
discussed in this work) in the presence of VLQ.

VLQ loop contributions

Let us begin with box and triangle diagrams from Figure After integrating out heavy VLQ,
one obtains two contact interaction vertices (we neglect modifications to the triple Higgs coupling
considering it is negligible, see discussion in the previous Section): ggH and ggH H - indicated by red
dots in Figure [£.16] SMEFT dimension-6 operator in the Warsaw basis that can generate this effective
interaction reads |13}|74]:

Lsyerr O Coap! oG, GHY. (4.44)

It corresponds to the Feynman rules relevant for the double Higgs production process, which are
presented in Table One can immediately notice that both contributions have the same structure
and origin; it is sufficient to consider only a single Higgs amplitude ggH for matching.

Direct calculations lead to the SMEFT amplitude of form (p; are incoming gluon momenta):
iMEprr = 200796992 5 (miy (% (p1) - € (p2)) — 2(P1 - €°(p2)) (P2 - £ (p1))) 4 (4.45)
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Figure 4.16: Diagrams contributing to the double Higgs production via gluon fusion, with effective
contact interactions remaining after integrating out heavy VLQ.

vertex Feynman rule

ggH 4iv(5a1a2050G (pllmpgl — D1 - D2Mps o)
ggHH | 4i84,0,C%C (D205 — p1 - P2 )

Table 4.8: Feynman rules for the Higgs-gluon vertices in SMEFT.

which we can compare with the corresponding amplitude in the VLQ model in the limit of heavy VLQ
mass (Myrr >> v):

Y2 Y2 1}9269192
MIIH (n U +n D > s %
Ve UMy Mys P MpiMpy ) 2472 (4.46)

(mir (€ (p1) - €°(p2)) = 2(P1 - £ (p2)) (P2 €"(11))) -

Comparison between the two expressions reveals matching condition:

Y2 Y2 92
CvE = — <nU U +np-2L > s (4.47)
M2 M3, ) 48r2

We can now compare it with the existing constraints on the C,g Wilson coefficient to derive conclusions
about the parameter space of the studied model. Following |44], one finds the following 95% confidence
level exclusion bounds:

Individual (1/TeV?) | Marginalized (1/TeV?)
Coe | [:0.002,0.005] [-0.019,0.003]

Table 4.9: Current limits on C,¢ Wilson coefficient from [44].

The two types of constraints should be interpreted in the following way:

¢ Individual: This limit is obtained by fitting experimental data assuming only the C,g Wilson
coefficient is non-zero. This leads to:

2

Yy

Y3 0.002 4872
nUMigv <

X b
M3 ~ Tev? g2

+np (4.48)

e Marginalized: This limit considers correlations between C,g and other Wilson coefficients,

leading to:
YE Y3 0.019 4872
L+ < X , 4.49
Az TP T T g2 (4.49)
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Assuming uniform values of Yukawa couplings and VL(Q masses, we present the constraints on VLQ
Yukawa couplings for various model scenarios in Table [4.9]

SM+VLQ uRax"™
Individual | Marginalized
ng=ny =np =1 0.56 1.74
ng =ny =np =2 0.40 1.23
ng=ny =np =3 0.33 1.00
ng=ny =1np=20 0.80 2.46
ng=ny =2np =20 0.56 1.74
ng=ny =3np =20 0.46 1.42

Table 4.10: Maximal allowed values of VLQ Yukawa coupling for Mp = 1 TeV and various model
scenarios, for two different fitting assumptions.

Comparison between Table with Table reveals that the constraints for the “Individual” case
are more stringent than the theoretical constraints considered so far in this work. However, this
scenario assumes that only a single SMEFT WC, Cyq, is present, which is unlikely in realistic VLQ
(and more generally BSM) scenarios where multiple operators are generated simultaneously. Thus,
the “Marginalized” scenario provides a more realistic, however less stringent, bound. To achieve even
tighter constraints, further precision data and dedicated fits for the VLQ models would be necessary.
While this goes beyond the current scope of this work, it highlights the importance of combining
top-down and bottom-up approaches in the future studies.

4.6 Summary and conclusions

In this chapter, we studied the impact of the Standard Model extensions involving vector-like fermions
(VLF) and/or the real scalar singlet S on the stability of the electroweak vacuum, the perturbativity
of the model couplings, and the possible unification of the gauge couplings. We divided our analysis
into three broader model classes, each characterized by a different set of extra fields: only VLF; only
a singlet scalar; both VLF and a scalar. The VLF models were further classified based on the fermion
types (quarks/leptons) and numbers of extra multiplets, differing by transformation properties with
respect to the SM gauge group. In order to study the most general features of the discussed models,
we assumed equal masses and couplings for the VLF multiplets, excluding effects related to flavor-like
structure of their parameters.

Following the introduction of the models, we defined a set of theoretical conditions, summarized
in Eqgs. (£.21)-(4.23)), which play a central role in deriving the final results of this chapter. These
conditions impose stability and perturbativity requirements, are based on 1- and 2-loop renormalization
group equations (RGEs), and allow us to derive constraints on the parameter space of the considered
models. Additionally, we incorporated various experimental bounds, including bounds on the masses
of VLF and the real scalar field, as well as constraints arising from the trilinear Higgs coupling single
and double Higgs production.

In models containing only vector-like fermions, electroweak stability considerations impose strong
upper bounds on the magnitude of the VLF Yukawa couplings. The specific limits on such couplings,
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denoted as yprax, depend on the details of models and the assumed cut-off scale A, up to which
the theoretical constraints should be satisfied. For all studied scenarios, we find yp;ax < 1 for
A > 100 TeV. On the other hand, scalar singlet extension of the SM offers better prospects for EW
vacuum, improving with the increase of singlet scalar couplings, Agg and Ag. However, this model
encounters problems with perturbativity when the scalar couplings become too large. Finally, models
with both VLF families and real scalar have fewer issues with EW vacuum stability compared to the
case of only VLF, but the interplay between the VLF and the scalar singlet results in more serious
problems with perturbativity than those encountered when only the scalar or only VLF are considered.
Our analysis shows that the upper bounds on VLF Yukawa couplings can be somewhat relaxed due
to the presence of the singlet scalar. Nevertheless, such enhancement of yy;4x is never larger than
about 50%.

Results of this analysis should not be blindly generalized to all model that consider VLF as a viable
SM extension. In models with more complicated pattern of VLF masses and couplings, the criteria
of electroweak vacuum stability and perturbativity should be applied on model-by-model basis and
the results will vary accordingly. However, our analysis suggests that pure VLF models, eventually
extended with one real scalar singlet, have serious limitations concerning their allowed parameter
ranges and in general may not be sufficient to explain phenomenological effects for which they were
often used. Addition of new fields and/or more complicated pattern of VLF parameters will modify
RGE evolution and may affect the stability of the scalar potential and the position of Landau poles
for various couplings. Nevertheless, our analysis suggests that the constraints from the stability and
perturbativity requirements can be important in such extended models and should always be checked
as a part of realistic phenomenological analyses of a given SM extension, as we illustrated in this
chapter for the set of simplified VLF scenarios.

Next, we analyzed the implications of the obtained parameter space on the phenomenology of the
double Higgs boson production, electroweak precision observables, and the electroweak phase transi-
tion. Addition of scalar singlet to the SM can enhance the triple Higgs coupling A3 while simultaneously
suppressing the double Higgs production rate. In contrast, the addition of VLF fields has a negligible
effect on A3 but may affect the rate of Higgs boson pair production via gluon fusion through contri-
butions to the triangle and box loops in the amplitude. Still, within the allowed parameter space,
the VLF loops may enhance the double Higgs production rate by at most 15%, partly due to the
related constraints on the single Higgs production. Consequently, the impact of VLF is very limited
and impossible to detect with current or near-future experimental accuracy.

We also examined the impact of the studied VLF model scenarios on the electroweak precision
observables: S, T and U oblique parameters, which provide an important source of constraints on
new physics affecting the self-energies of electroweak gauge bosons. We found that constraints on
the model’s parameter space resulting from experimental bounds on these parameters are weaker
than those arising from theoretical EW stability and perturbativity conditions, and from single Higgs
production measurements.

Furthermore, we demonstrated that the parameter space of the SM+S model is heavily constrained,
leaving very little room for a strong first order EWPT, one of the necessary conditions for successful
electroweak baryogenesis. We also showed that addition of VLF, with Yukawa couplings within the
allowed parameter space, has minimal impact on the EWPT, leading to the conclusion that the strong
first order phase transition in the SM with VLF only cannot be realized.

Finally, we presented the procedure of matching between VLQ model and SMEFT in a simplified
scenario, considering only double Higgs boson production via gluon fusion with single SMEFT Wilson
coefficient C,, highlighting it as a possible source of additional constraints on the model parameter

99



space. Moreover, it served as an example of the interplay between top-down and bottom-up approaches
to new physics searches.

The results presented in this chapter provide an independent set of constraints for models that
extend the Standard Model with vector-like fermions and the real scalar field. We believe that these
constraints are an important addition to the existing literature in the context of the considered model
scenarios. Although we examine only a small subset of all possible BSM models, even those contain-
ing vector-like fermions and scalar particles, our methodology can be readily applied to study other
theoretical frameworks. It serves as a comprehensive example of the top-down approach crucial for
future developments in high-energy physics.

100



Chapter 5

Summary

Particle physics has been a mature and well-established field of science long before the completion
of this thesis. Its crowning achievement — the Standard Model of fundamental interactions — was
gradually developed throughout the XXth century, and finally completed in 2012 with the discovery
of the Higgs boson. Although the Standard Model has been enormously successful in describing and
explaining a wide range of phenomena on the shortest scales in terms of fundamental quantum fields,
it falls short in addressing a number of key observations, such as the lack of proper explanation of
matter-antimatter asymmetry, the origin, and composition of dark matter and dark energy, or lack of
consistent inclusion of gravity, strongly indicating the existence of physics beyond the Standard Model.
Unfortunately, despite decades of enormous effort by the particle physics community to uncover the
nature of beyond the Standard Model physics, no Standard Model extension has been experimentally
confirmed to date.

Various strategies can be employed in the search for physics beyond the Standard Model. For the
purpose of this thesis, these strategies are distinguished into two broad categories: bottom-up and
top-down approaches.

The bottom-up approach is closely related to experimental searches and focuses on identifying the
discrepancies between observed data and Standard Model predictions to gain insights into the nature
of beyond the Standard Model physics. This approach has been widely and successfully applied in
endeavors such as the prediction of W and Z bosons properties or the precise predictions of the Higgs
and top quark masses from LEP data. For the purpose of beyond the Standard Model physics searches,
this approach was formalized through the use of the Effective Field Theory, which provide a model-
independent framework to analyze deviations from the SM predictions, relying on the observation that
low-energy phenomena can be accurately described without the detailed knowledge of the underlying
theory. Examples of EFTs include Fermi theory of weak interactions, as well as Higgs Effective Field
Theory (HEFT) and Standard Model Effective Field Theory (SMEFT), which are all commonly used
in the context of beyond the Standard Model searches.

The top-down approach is a more model-dependent strategy, in which one starts with fundamental
principles and symmetries to propose theories extending the Standard Model by introducing specific
new fields to address particular issues. The historical record of successes for this approach is broad
and includes, for example, the discoveries of Higgs, Z and W bosons, postulated earlier by the unified
theory of electroweak interactions. Examples of the Standard Model extensions designed to address
specific issues include supersymmetry, various extensions involving more scalar fields, axions and axion-
like particles, or models with additional gauge bosons. However, none of these extensions have been
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experimentally confirmed.

Although distinct, both of these approaches should be seen as complementary to one another.
With the LHC reaching its energy limit, the primary means of discovering beyond the Standard
Model physics may lie in indirect measurements, tracking its effects on various precision observables
in the form of deviations from the Standard Model predictions. The bottom-up approach provides
an efficient framework for parametrizing such discrepancies through Effective Field Theory, offering
invaluable hints on the form of fundamental theory. On the other hand, the top-down approach offers
means to interpret these results, identifying the most promising Standard Model extension. This
thesis follows this logic, demonstrating the examples of research studies that utilize both bottom-up
and top-down approaches.

After introducing all key concepts relevant for this work in the Introduction, we presented three
research projects: two belonging to the bottom-up, and one to the top-down category of approaches.

The first project, “SmeftFR v3 — Feynman rules generator for the Standard Model Effective Field
Theory”, provided a detailed description of a numerical tool designed to automate highly complex and
complicated calculations within the SMEFT framework. Thoroughly validated, this tool represents a
significant contribution to the literature and is in line with efforts of the high-energy physics community.

The second project, “Double Higgs production via vector boson fusion at next-to-leading order in
SMEFT”, presents a model-independent study of a specific process: double Higgs boson production
via vector-boson fusion within the SMEFT framework. Utilizing the SmeftFR v3 code and basing on
the requirements of the validity of the EFT expansion, it provides an estimate of the maximal impact
of beyond the Standard Model physics on this process for HL-LHC collider experiment. The results
indicate rather limited impact of new physics on this process.

Finally, the third project “Vector-like fermions, real scalar, and Higgs boson phenomenology”, is
an example of the top-down approach. In this work, we introduced two popular beyond the Standard
Model extensions: with vector-like fermions and with additional real scalar singlet. By formulating and
imposing constraints based on the requirements of perturbativity and vacuum stability of the theory,
we determined the allowed parameter space of these classes of models. These results were then used to
estimate the potential impact of considered new particles on the phenomenology of single and double
Higgs boson production, electroweak precision observables and the electroweak phase transition. Our
results indicated that such impact is very limited. Additionally, we provided an example of a matching
procedure between the SMEFT operators and VLF and real scalar singlet, providing an explicit a
bridge between bottom-up and top-down approaches to new physics searches.

All in all, the specific choice of research projects making up this thesis, the obtained results, and
the methodologies employed present a comprehensive picture of the modern approach to searches
for physics beyond the Standard Model. The combination of bottom-up and top-down approaches
highlights the importance of both strategies and their complementary nature. Although the results
indicate potential challenges in detecting significant deviations from the Standard Model predictions
- at least with this particular choice of processes and models — they also laid a solid groundwork for
the author’s future contributions to the field of high-energy particle physics.
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Appendix for Chapter 2

A SMEFT operator basis in SmeftFR v3

All dimension-6 operators in the “Warsaw” basis are presented in Table (copied here for complete-
ness from [13]). The naming of SmeftFR variables corresponding to the WCs of these operators is
straightforward: each variable name consists of subscripts that identify a given operator, with direct
transcriptions of “tilde” symbol and Greek letters to the Latin alphabet. Operator names are repre-
sented by strings to avoid the accidental use of other similarly named variables. For example, one may
consider the following WCs in OpList6:

Qsp _) “phi”
ngD — “phiD”
Qo0 — “phiBox”
Q7 — “phiWtilde”
Ql(j) N “lq377
Qéi)qd — “quqd8”
The full list of all dimension-5 and -6 operators available in SmeftFR v3 contains the following:
OpList6={ "G", "Gtilde", "W", "Wtilde", "phi", "phiBox", "phiD", "phiW", "phiB", "phiWB", "phiWtilde",
“phiBtilde"7 “phiwtildeB"7 llI)hi(;-ti]-(lell7 "phiG"7 "ephi"7 "dphi"7 II]-].I)I].ilI7 llewll’ IleBII7 lluG"’ II-L].‘A]‘II7 lluBll’
"dG"7 lld.VJII7 "dB"7 llphillll, I|phi13|l, llphj.ell7 Ilphiqlll, llphiqsll’ llphiull, llphj.d.ll7 Ilphiudll, ll]-]-ll7 llq.q.lll7
||qq3|’, ll]_(q.lll7 lllqsll’ lleell7 lluull, llddll’ Ileull, lledll7 lludlll, llud8||’ Illell, l|]_-L1||7 I'ld"7 ||qe|’, "qu1"7 ||q.-u-8||7
'qu1|’7 Ilqd8ll7 ll]_edqll7 llq--u.qdlll7 llquqd8ll, "1eq111", Illequ3ll’ "VV"7 llduqll’ llc1q--|‘1|l7 "qqq"7 llduull }

Similarly, SmeftFR v3 takes as input the bosonic dimension-8 operators from Tables
[A.4] (copied here for completeness from [76]). The naming convention is identical to that used for
dimension-6 operators. For example:

Qgﬁm s “phi4D4n1”
Q600 — “phi6Box”
Q% ., — “G2B2n4a”
Q% B2 — “W2Bphi2n2’
ng)w 2 — “W2phi2D2nt”

Table collects operators constructed solely from the Higgs doublet, ¢, and covariant derivatives.
In this Table, we modified the basis of the ¢5D? class of operators to establish a direct connection to
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the Warsaw basis. The original operators were defined in [76] as:

QL) = (vTe)(DuptDre), Q) = (ple)(eir! @) (DT D) (A1)

and instead, we use:

Qg = (¢70)’D(e),  Quop2 = (0T9) (¢! Dyup)*(p"DFyp) (A.2)

which naturally extends the definition of the dimension-6 operators Q.o and Q,p from Table
Additionally, we added the number of covariant derivatives in the naming of the operators from the
©*D* class to avoid confusion with the SM quartic Higgs operator, ¢*.

Table collects the operators that are constructed solely from gauge field strength tensors. Each
operator in this Table contains exactly four field strength tensors, and the operators are further divided
into the following categories:

e X* operators where only one of the field strength tensors from the B, W or G gauge fields
appears,

e X3X' operators where the G field strength tensor appears thrice, along with a B field strength
tensor,

e X?X"? operators consisting of two pairs of different field strength tensors.

The notation in this Table follows exactly that of [76]|. Finally, Table lists the operators that are
a combination of Higgs doublets, ¢, and gauge field strength tensors.

The full list of names of bosonic dimension-8 operators in the basis of [76] (including basis modi-
fications described above) that can be included in SmeftFR v3 calculations reads:

OpList8 = { "phi8", "phi6Box", "phi6D2", "G2phi4n1", "G2phi4n2", "W2phi4nl", "W2phi4n2", "W2phi4n3"
"W2phi4n4", "WBphi4ni", "WBphi4n2", "B2phi4n1", "B2phi4n2", "G4n1", "G4n2", "G4n3", "G4n4", "G4n5",
IIG4n6lI’ llG4n7ll’ IIG4:1,18"7 IIG4::[-19"7 Il‘“]4:111"7 II‘I‘I4112"7 llw4n3ll’ llw4n4ll’ ll‘,]4:r15)ll7 II‘IJ4::[-16"7 IIB4:111II7 IlB4n2ll, IIB4n3|I’
"G3Bn1", "G3Bn2", "G3Bn3", "G3Bn4", "G2W2n1", "G2W2n2", "G2W2n3", "G2W2n4", "G2W2n5", "G2W2n6", "G2W2n7"
"G2B2n1", "G2B2n2", "G2B2n3", "G2B2n4", "G2B2n5", "G2B2n6", "G2B2n7", "W2B2n1", "W2B2n2", "W2B2n3",
"y2B2n4", "W2B2n5", "W2B2n6", "W2B2n7", "phi4D4n1", "phi4D4n2", "phi4D4n3", "G3phi2n1", "G3phi2n2",
"W3phi2ni", "W3phi2n2", "W2Bphi2nl", "W2Bphi2n2", "G2phi2D2n1", "G2phi2D2n2", "G2phi2D2n3",
"W2phi2D2n1", "W2phi2D2n2", "W2phi2D2n3", "W2phi2D2n4", "W2phi2D2n5", "W2phi2D2n6", "WBphi2D2n1",
"WBphi2D2n2", "WBphi2D2n3", "WBphi2D2n4", "WBphi2D2n5", "WBphi2D2n6", "B2phi2D2n1", "B2phi2D2n2",
"B2phi2D2n3", "Wphi4D2n1", "Wphi4D2n2", "Wphi4D2n3", "Wphi4D2n4", "Bphi4D2n1", "Bphi4D2n2" }

A.1 Dimension-5 and -6 operators

Quy = Ei1Emn’ @™ (z’;)T ol = (@sz)T C (ngzr) . (A.3)
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X3 S06 and QO4D2 ¢2<P3
Qc fABCGﬁVGEPGg“ Qy (SOTSO)S Qey (SOT‘P) (iperSf))

G | SAPOGGEaSr | Qo | (Ple)Dlele) | Que (p10) (gpur @)
Qw | TEWIWIIWER | Qup | (#1D"0)" (¢1Dup) | Qap (¢7¢) (@pdr0)
Qi | IEWIWIrwEe

X2(,02 ¢2X(,0 ¢2902D
Qec ol Gy, G Qaw | (Lpote)rloW], | QY i(w@m@( "Ly
Q.a ol Gt GAmv Qen (I,o" €r)p By QY i(soTD @) (L y"1,.)
Qew e W[{VWI“V Qua (quuVTAur)&Gﬁl/ Qepe i(‘PTDu‘P)(ép’Yuer)
Q. loWLWI | Quw | (G0 u,) T g W], O | it D) @tar)
Qo | @eBuB” | Qup | @e"uw)EBu | QN | i Die)G ")
Q5 ot By, B Qi | (@0 Td )Gl | Qpu | (0D (@ ur)
Qewn |  ¢'TleWiLB*" | Qaw | (o d )T e Wi, | Qua | i(¢"Dup)(dpy*d,)
Q@WB SOTTICPW;{VBW Qan (Gpo"” dr)p By Qpua | 1(@'Dup)(apy"d,)
(LL)(LL) (RR)(RR) (LL)(RR)
Qu Tyl ) (T 1y) Qee (Epvper) (B er) Que (T yulr) (EsMey)
51}1) (Tpyuar) (@7 qr) Quu (Upypur ) (Usy ) Quu (Zp’mlr)(is’wut)
@ | @t a) (@ a) | Qua (dpyude)(dsyd) | Qua (L ule) (dsydy)
Qi) (T Yulr) (@ q2) Qeu (Epyper) (@ uy) Qe (@14 ) (Es7Per)
QY | GG a) | Qea (Epuer) (dsrdy) Sl (@) (@)
QU | (W) (daytdy) S | (@muTa:) (@ TAuy)
QW | (@I un)(day*TAd) | QL) | (@yuar)(dsytde)
Q4 | (@WTq,)(dsn"TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qiedg (her)(dsar) Qaug e*Peg [(d)TCul] [(q27)TCI)
QU | (@uen@d) | Quau eBesy, [(g57)T Cqf*] [(u))T Ce]
Qi | @TAu)en(@TAdy) | Qg Mejnerm [(a57)T O] [(a7™)T Ol
Qe | Been(@u) | Quuu P [(d3)TCuf] [(u)"Ce]
Qo | Bower)en(@a u)

Table A.1: The full set of dimension-6 operators in the Warsaw basis . The sub-tables in the two
upper rows collect all operators except for the four-fermion ones, which are collected separately in the

sub-tables of the two bottom rows.
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A.2 Dimension-8 bosonic operators

()08 S06D2 §04D4
Qs | (pTe)* | Queny (¢T9)?0(¢ ) Qps | (Dug! D) (DYt Divg)
Quop2 | (910) (@' Dup) (91 Drg) | QE L. | (Dt Do) (DFeT D)
Q( oips | (DuptDPo) (DLt DY)

Table A.2: Dimension-8 operators containing only the Higgs field. Table taken from ref. |76] except
for the two operators in %D? class that have been modified as discussed in this Appendix.

){47 X3X/ X2X/2
Q! (G, GAm)(GR,GPe7) Qe | (WhLWIm) (G, GAr)
~ v ~ o 2 v o
Qe (G1, G (G, GP7) ngw (W, W ><GA GAP )
(3) A Buv A Bpo Apv po
QG4 (G/,LVG )(GpO'G ) QG2W2 ( G )( )
Q4 (Gt GPr) (G G20 Q‘éz)wz W, ) W, G o)
o) (G}h,GA) (G, GPro) chwz (Wi, W) (G, GAP“)
Q! (G}, GG, GPP7) Qe | W WW)(GA G47)
Q(7) dABEdCDE(G;?VGB#V)(GEUGDPU) QgQ)WZ (WinApu)(WI GApa)
QG4 dABEdCDE(GﬁuéB/w)(GgaéDpa) QG2B2 ( B”V)(GA GApo)
Q(C?‘z dABEdCDE(GA GBMV)(GgUéD'DU) ng)gz (B B )(GA GApo’)
Qs (Wi, W) (W5, W70 ngBz (BusGAH) (B GA77)
Qg/{l (WI WI;U/)(WJ WJpo) QG2B2 (B/,LVG “V)<B GApa
QE/?/)EL (WI WJMV)(WI WJpa) Q(G?Z)Bz (B B;J,V)(GA GApa)
QE}‘;‘L (WI WJ‘LW)(WI WJpo) QG2B2 ( B,uu)( GApa)
Qi <Wf WW)(WJ W) Qs | (BuG)(BaGo)
Qi (W, W) (W3, W 7e) Quipe | (BuBr)(W),W!e)
Q! 5, BW)(BWBﬂ ) Qape | (BuB") (Wi, W100)
Q5 (B B™)(Byo B"7) QP | (B W) (B 1)
Q%) (B B")(Byo B7) Quyepe | (BuWH)(Bye W)
Q@ | dPOBLGY)GEGO™) | Qg | (Bu B )(WiLW!7)
Wy | BLCICGEET) | QL | (BB W)
QggB dABC<BMVGAuu)<G§UGCpa) Qg/)?B? (BMUWI“VXB Wlpa)
QgizB dABC(B GA#I/)(GEUéCpU)

Table A.3: Dimension-8 operators containing only the gauge field strength tensors. Table taken from
ref. |76].

106



X3p? X2t
Q4 I GleteRert Q62 (p19)2G, G
Qi PP (et G Gl GO Qa2 (pl)?G, G
Qs TR (pT)W W ew e Qe e (pl)? Wi, win
Qg/)swz T (pt o)W W Qi (plop) W, Wik
Qi e (o) B W W K Qope | (PITR) )W L, W Im
Qg | 7K (P 0) (B W, WEe + Bw ] WEe) | Qo | (plrl o) (ol 7o) W], Wk
Q$/111)3<p4 (Pro) (et i)W/, B
QW s (eTo) (il )WL, Br
Qs (¢7¢)* By B
Qgiw ( T<,0)2§WBW
X2<p2D2 XgO4D2
QU 2 pe (D#ot DY )G G Qipe | (P} (DHoIT DY o)W,
Q2 e (D"l Do) G, GAP QW e (ot o) (Drtr! DY )W,
Q2 e (DH! Do) GA,GAYP QW ape | €7E (o) (DRt DY )W E
Qe 2 po (Dot D )W WP Qi ape | €K (ol o) (Dl DY )W E
Q4 2 pe (DHt D)W WP QG e (¢T) (D! D" ) By,
Q(3)2 2 D2 (D“SOTD;A@)WDI,;WIVP ngoztpz (‘PTW)(D#@TDVW)EW
Q222 ie! " (Dt e DY o)W WP
Qiigepe | €K (DI DY) (W WEP — W1 WEP)
Qivhgepe | i€ K (DRt DY) (W, WEP + W W)
Q%/ll/)BwD? (D"t Dyp) By,WIve
Q%}?/)me (D”SQTTIDusﬁ)BupWI”p
Q%?/)BLPQDz i(DMSDTTIDV@)(Busz{p - BupWip)
Q$)B¢2D2 (D”@TTIDVQO)(BWWJP + BupW,fp)
Q%;,)BWZDQ i(D”(pTTID"(p)(BW/VIV/VIP — BWW;”)
QS?BW (D11 DY) (Bp W, ? + B,y W,?)
Q2 pe (D' D¥9) By, B,”
QB2 2p2 (D' D, ) B, ,B"?
Qi 2 e (D" Dy) B, B

Table A.4: Dimension-8 operators containing both the gauge field strength tensors and the Higgs field.
Table taken (and modified according to our notation) from ref. [76].
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B Predefined input schemes formulas for the electroweak sector

The electroweak parameters, g, §’, v
following form:

A

and A, after expansion in powers of 1/A, can be written in the

= gsm+ %57176 + %§D8 )
—/ 1 —/ 1 —/
= gsm + A29ps + AaIDs
1 1
= vsm+ A2 VD6 + AaUDs

1 1
= Asm+ p)\DG + F)\DS , (B.1)

with the exact form of “SM”, “D6” and “D8” depending on the particular choice of the input scheme.
Below, we present the relevant expressions for the two input schemes included as predefined routines
in the SmeftFR v3 distribution.

“GF” input scheme

In this scheme, the Fermi constant G (extracted from the muon lifetime measurement) and the masses
of the gauge and Higgs bosons My, Myy, My are used as the input parameters. To relate them to the
quantities defined in Eq. (B.1), we define the following abbreviations:

AM =
Bs(Cu, Cpiz) =

Bs(Cu, Cpiz, Cor1) =

- -

/MZ_MZ

Then one can express quantities in Eq. (B.1)) as:

vSM
VD6
(UF
gsm
9D6
9gDs

—/
gsm

1
2U/4/Gr’

VsSM
Be ,
NG

vs
64(1;; (B§ +8Bs) ,

25/4\ /G My |
gsm
_ B ,
INCTera

ISM. (B2 — 8By) ,

64G2,

254\ /GrAM?

(02112 Cgol?; 0@13)
(C212)2 4 (02112) B 20121112C¢z3 B 2Cﬁ1120¢13
(Chiz)? (09013) +4C ;502
Cgllcglo%?, - Cglaucﬁza + Cl 037}1 Cl 03}3 (B.2)
(B.3)
(B.4)
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ggM' 2 2
__ISM___ (_pM2C,p — AMy AMCuywp — AM2Bg) |
4\/§GFAM( Z>eD W wwB )

g/
16(}5% [—QM%@C@F)W + BsCypp) + AM?(BE — 8Bs — 1603,WB)

8 My <2MWC$)2¢4 +2AMCY, .+ AM(Bg +4C,p + ACaw)Cow B)] . (B.5)

V2GE MY |

AsM

4GF [GFMQ Cy \f<36+4C¢D—C¢D>] ,

Asm 6v/2

e [(Bg — 4By — 8Cl 00 + QC¢2D2> Gt (Bﬁcw n 20¢8>] . (B.6)

“AEM” input scheme

In this input scheme, the input parameters for the electroweak sector are chosen to be the electro-
magnetic coupling ae,,, and the masses of gauge and Higgs bosons My, My, and Myg. Using the

abbreviation AM = \/ﬂm , the quantities defined in Eq. (B.1]) are given by:

USM
VD6

UDs

gsm
dD6

gDs

—/
gsm

=/
9Ds6

My AM
Mz \/Taem
gsm M,
47rozemM2
USMMW
32m2a2, M2

(MWC@D + 4AMC¢WB) ,
[3M5’V03D — AMw AM?C 6 p2 — 8(M3 — 5Mp ) AMCypCow p

M3 —2M3,
16AM? (4My Cliyp — AMCYy y + =2 =0 )

Aﬁv W B4

32AM3(C¥,B + C@W)C¢WB:| , (B.7)

2M oz \/TOem

AM ’
—Up6 »

Gsm My,

o | =M, C2  + AMy AMPClopz + 8(Mz — 3Mi, ) AMCyupClw s
32meag,, M,

2 2 (1) M3 — 2My 3)
16AM? (2My Ciy s — AMC{p s+ A O )

32AM3(C¢B + C@W)C¢WB:| ) (B.8)
2Mz\/TOem
My ’

_ggMAM MWC
47raem]\42 oD
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Glors Mt AM?
ISM_ZW 2 [(M&V +3MZ)C2p — 16AM*Cly g + 16My AMCoupClw s

Ios = 327202, M}
— AAME(Cope +4C§3§w4)} , (B.9)
Ny = TemMiMy
AM?
Apg = m0¢ — 2M%Con + %C@D +2My AMCy,wp ,
Aps = m {12M%/AM42C¢8 — 6Mijy AM?*Cy,(MwCyup + 4AMCypw )

+ maenMEMZ (—4AM20¥,GD + MEC 2 pe + 8My AM(Cyo + Cow) Cow

2Mw (M3 — 2M3,)
AM

CopCowp — AMiyChwp

+ 4MyAMCY

3
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C File structure of SmeftFR v3 and arguments of the user available
routines

Below we display all relevant Tables taken from [73], with:

e a list of all files and directories included in the SmeftFR v3 distribution - Table [C.1]

e a description of available options for SmeftFR v3 routines - Tables [C.2] [C.3] [C.4] [C.5] [C.6]

e the names of variables containing Feynman rules expressions - Table

SmeftFR-init.nb Notebook and equivalent text script generating SMEFT La-
smeft_fr_init.m grangian in mass basis and Feynman rules in Mathematica
format.

SmeftFR-interfaces.nb  Notebook and text script with routines for exporting Feyn-
smeft_fr_interfaces.m man rules in various formats: WCxf, Latex, UFO and Fey-

nArts.

SmeftFR_v3.pdf package manual in pdf format.

code sub-directory with package code and utilities.

lagrangian sub-directory with expressions for the SM Lagrangian and
dimension-5, 6 and 8 operators coded in FeynRules format.

definitions sub-directory with templates of SMEFT “model files” and
example of numerical input for Wilson coefficients in WCxf
format.

output sub-directory with dynamically generated model “parameter

files” and output for Feynman rules in various formats, by
default Mathematica, Latex, UFO and FeynArts are gener-
ated.

Table C.1: Files and directories included in SmeftFR v3 package.
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Option

Allowed values

Description

Operators

Gauge

ExpansionOrder

WCXFInitFile

RealParameters

InputScheme

CKMInput

MaxParticles

MajoranaNeutrino

Correct4Fermion

WBUFirstLetter

MBFirstLetter

list of operators

Unitary, Rxi

0,1or?2

nn

False, True

"GFH HAEM"

n n " n

no", yes",
"force"

False, True

False, True

"C"

"CH

Subset of SMEFT operators included in calculations. De-
fault: all d =5 and d = 6 operators.

Choice of gauge fixing conditions.

SMEFT interactions are expanded to 1/A2FxpansionOrder
(default: 1/A?).
Name of file with numerical values of Wilson coefficients
in the WCxf format. If this option is not set, all WCs are
initialised to 0.

Some codes like MadGraph 5 accept only real values of
parameters. If this option is set to True, imaginary part
of complex parameters are truncated in FeynRules model

files.

Selection of input parameters scheme, see discussion in

Sectionsm ?.33.1|, m

Decides if corrections to CKM matrix are included (use
"force" to add them even their relative size exceeds the
threshold defined in variable SMEFT$CKMTreshold (de-
fault: 0.2).

Only Feynman rules with less then MaxParticles external
legs are calculated. Does not affect UFO and FeynArts
output.

Neutrinos are treated as Majorana spinors if )., is in-
cluded in the operator list or this option is set to True,
massless Weyl spinors otherwise.

Corrects relative sign of some 4-fermion interactions, fix-
ing results of FeynRules .

Customisable first letter of Wilson coefficient names in
Warsaw basis (default cg, .. .).

Customisable first letter of Wilson coefficient names in
mass basis (default Cgq, .. .).

Table C.2: The allowed options of SMEFTInitializeModel routine. If an option is not specified, the
default value (marked above in boldface) is assumed.
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Option Allowed values Description

Expansion “none” “‘smeft”, Decides which parametrization is used to de-

“user” scribe interaction vertices - with Zx normalisa-
tion constants in an unexpanded form (“none”),
using “default” SMEFT parameters (“smeft”) or
user-defined set of parameters (“user”) (see Sec-

tion and examples in Figs. .

InteractionFile filename Name of the file with mass basis Lagrangian and
vertices generated by SMEFTOutput routine. De-
fault: output/smeft_feynman_rules.m

ModelFile filename Name of the model file containing
SMEFT parameters in mass basis gener-
ated by SMEFTOutput routine. Default:

output/smeft_par_MB.fr

Include4Fermion False, True 4-fermion vertices are not fully supported by
FeynRules - for extra safety calculations of them
can be switched off by setting this option to
False.

IncludeBL4Fermion False, True Baryon and lepton number violating 4-fermion
vertices can be in principle evaluated by
FeynRules, but including them may lead to
compatibility problems with other codes - e.g.
MadGraph 5 reports errors if such vertices are
present in UFO file. Thus in SmeftFR evalua-
tion of such vertices is by default switched off.
Set this option to True to include them.

Table C.3: Options of SMEFTInitializeMB routine, with default values marked in boldface.
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Option Allowed values  Description

Operators default: all op- List with subset of Wilson coefficients to be included
erators in the SMEFT parameter file (ReadWCXFInput only)
RealParameters  False, True Decides if only real values of Wilson coefficients given

in WCxf file are included in SMEFT parameter file.
The default value of this option is the same as set in
the routine SMEF TInitializeModel, see Table @

OverwriteTarget False, True If set to True, target file is overwritten without warning

Table C.4: Options of ReadWCXFInput and WCXFToSMEFT routines. Default values are marked in
boldface. Options RealParameters and OverwriteTarget affect only WCXFToSMEFT.

Option name  Allowed values  Description

Expansion “none”, “smeft” Decides which parametrization is used to describe inter-

action vertices - with Zx normalisation constants in an
unexpanded form (“none”) or using default SMEFT pa-
rameters (“smeft”) (see discussion in Section and ex-

amples in Figs. 2.3112.4)).

FullDocument False, True By default a complete document is generated, with all
headers necessary for compilation. If set to False, head-
ers are stripped off and the output file can be, without
modifications, included into other Latex documents.

ScreenOutput  False, True For debugging purposes, if set to True the Latex output
is printed also to the screen.

Table C.5: Options of SMEFTToLatex routine, with default values marked in boldface.
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Option name Allowed values Description

Output “output /UFO”  default UFO output sub-directory, can be modified to
other user-defined location.

CorrectIO False, True By default only “NP” interaction order parameter is left
in vertices containing WCs of higher order operators. By
setting this option to “False", preserves all IOs generated
by native FeynRules UFO interface

AddDecays False, True UFO format can contain expressions for 2-body decays,
switched off by default.

Table C.6: Options of SMEFTToUFO routine, with default values marked in boldface.

LeptonGaugeVertices QuarkGaugeVertices
LeptonHiggsGaugeVertices QuarkHiggsGaugeVertices
QuarkGluonVertices

GaugeSelfVertices GaugeHiggsVertices
GluonSelfVertices GluonHiggsVertices
GhostVertices

FourLeptonVertices FourQuarkVertices

TwoQuarkTwoLeptonVertices

DeltalTwoVertices BLViolatingVertices

Table C.7: Names of variables defined in the file output/smeft_feynman_rules.m containing expres-
sions for Feynman rules. Parts of mass basis Lagrangian are stored in equivalent set of variables,
with “Vertices” replaced by “Lagrangian” in part of their names (i.e. LeptonGaugeVertices —
LeptonGaugelagrangian, etc.).
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D Adding fermionic dimension-8 operators to SmeftFR v3

Dimension-8 bosonic operators listed above do not exhaust all possible SMEFT operators that one may
want to take into account. It is therefore important to know how to include in SmeftFR v3 operators
containing fermionic fields. As the procedure is currently still rather complex, we decided not to make
it a standard feature of the published code, but rather to provide detailed instructions for a chosen
example of a fermionic operator.

The instructions below refer to specific line numbers in SmeftFR v3.02. The corresponding locations
should be easily identifiable, even if they are changed, in newer versions. We’re working in the basis
of |76], but operators in any basis (bosonic and fermionic) can be added in this or a similar way. Below
we list the steps to follow in order to add exemplary two-fermion dimension-8 operators.

D.1 Adding first operator

Operator that we are going to add reads (Table 7 in |76]):

_ —
Qyrp = (e”er) (A D H) By, (D.1)

As mentioned, we assume that the starting version of the code is identical to the one available on the
SmeftFR webpage as v3.02. The following modifications need to be done:

1. Go to /lagrangian directory and create new file 29_TwoFermionDim8.fr containing the defini-
tion of the operator:

LQe2Bphi2Dn4 := Modulel[ {spl,sp2,ii,jj,ff1,ff2,mu,nu,al,be,aux’,

aux = (Phi8bar[jj] DC[Phi8[jj],mu] - DC[Phi8bar[jj],mu] Phi8[jj]l)
1Rbar[spl,ff1] .1R[sp2,ff2] Gal[nu,spl,sp2] Eps[mu,nu,al,be]/2 HC[FS[B,al,bell;

aux = ExpandIndices[ ToExpression[SMEFT$WB <> "e2Bphi2Dn4"] [ff1,ff2]aux,
FlavorExpand->{SU2W,SU2D} 1;

aux /.SMEFTGaugeRules];

2. Open file /code/smeft_variables.m and make the following changes:

) Line 85: change SMEFT$Dim80perators by adding "e2Bphi2Dn4".
) Line 126: add TwoFermionOperators8 = {"e2Bphi2Dn4"};.
(c) Line 163: change Tensor2WC by adding {"e2Bphi2Dn4", VLR,VLR,True,False}.
(d) Line 234: change Tensor2Class by adding "e2Bphi2Dn4" -> 2.
)

Line 299: change Tensor2Ind by adding
"e2Bphi2Dn4" -> {{1, 1, True}, {1, 2, False}, {1, 3, False},
{2, 2, True}, {2, 3, False}, {3, 3, Truel}}.

3. Open file /code/smeft_io.m and:
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(a) Line 204: change SMEFTLoadLagrangian function by adding
Get[FileNameJoin [{SMEFT$Path, "lagrangian","29_TwoFermionDim8.fr"}]];.

4. Open file /code/smeft_functions.m and:

(a) Line 125: change GenerateOperatorLists function by adding
SMEFT$Dim8FermionOperators = ToExpression[l <> #]
& /@ Intersection[Join[ TwoFermionOperators8 ], SMEFT$OperatorList 1];.

(b) Line 131: change SMEFT$Dim8NullList in GenerateOperatorLists function in the follow-
ing way
SMEFT$Dim8NulllList = Join[ (# -> 0 & /@ SMEFT$Dim8BosonOperators), (#[__] -> 0
& /@ SMEFT$Dim8FermionOperators) 1J;.

5. Open file /code/smeft_initialization.m and:

(a) Line 268: change SMEFTLoadModel function by adding
SMEFT$LGferm6 = 0;.

(b) Line 285: change SMEFTLoadModel function by adding
If[ SMEFT$ExpansionOrder > 1,
If[ MemberQ[ SMEFT$OperatorList, # ], SMEFT$LGferm6 = SMEFT$LGferm6
+ Lam? ToExpression["LQ"<>#] ] & /@ TwoFermionOperatorsS8;];.

6. Open file /code/smeft_gaugeint.m and:

(a) Line 19: modify tmp variable by adding SMEFT$LGferm6
tmp = SMEFT$LGferm + SMEFT$LGferm6/.G[___]1->0 /.uql___1->0/.dql___1->0;.

7. Go to smeft_fr_init.m and SmeftFR-init.nb and add "e2Bphi2Dn4" to the OpList8 which
lists all available dimension-8 operators.

D.2 Adding subsequent operators

Once the first operator has been added, including the next one is much simpler and requires changes in
only two files in /code directory. We will present this on the another example (again, Table 7 in [76]):

<—) P
QW pop = (@"er) (HI D 1H ) W, (D.2)

1. Open file /lagrangian/29_TwoFermionDim8.fr and add next operator.

LQe2Wphi2Dn4 := Module[{spl,sp2,m,ii,jj,ff1,ff2,mu,nu,al,be,aux’t,

aux = 2 Talm,ii,jj] (Phi8bar[iil DC[Phi8[jj],mu] - DC[PhiSbar[iil,mu] Phi8[jjl)
1Rbar [spl,ff1].1R[sp2,ff2] Galnu,spl,sp2] Epsl[mu,nu,al,be]/2 HC[FS[Wi,al,be,m]];

aux = ExpandIndices[ ToExpression[SMEFT$WB <> "e2Wphi2Dn4"] [ff1,ff2] aux,
FlavorExpand->{SU2W,SU2D} ];

aux /. SMEFTGaugeRules ];
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2. Open file /code/smeft_variables.m and follow the instructions below:

) Line 85: change SMEFT$Dim80perators by adding "e2Wphi2Dn4".
) Line 126: change TwoFermionOperators8 by adding "e2Wphi2Dn4".
c¢) Line 164: change Tensor2WC by adding {"e2Wphi2Dn4", VLR,VLR,True,False}.
) Line 235: change Tensor2Class by adding "e2Wphi2Dn4" -> 2.
)

Line 302: change Tensor2Ind by adding
"e2Wphi2Dnd4" -> {{1, 1, True}, {1, 2, False}, {1, 3, False},
{2, 2, True}, {2, 3, False}, {3, 3, Truel}}.

3. Go to smeft_fr_init.m and SmeftFR-init.nb and add "e2Wphi2Dn4" to the OpList8 which
lists all available dimension-8 operators.
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E SmeftFR v3 numerical validation

All comparisons were generated using SmeftFR v3.02.

E.1 Dimension-6 O(1/A?) validation
Cross-sections comparison

For the cross-sections comparison, all particle widths, fermion masses, and Yukawa couplings, except
for the top quark, were assumed to be zero. Each cross-section was calculated assuming that all but
one Wilson coefficient was set to zero and the non-vanishing one (displayed in the left column of

Table D had the value of ‘%‘ = 1075 GeV~2, while its sign was always chosen to increase O(1/A?)

cross- section with respect to SM. The results are summarized in the second and third columns of
Table As one can note, differences between both codes at the O(1/A?) level never exceed 1%.

Matrix elements comparison

We have used a similar procedure for the matrix element comparison. Once again each matrix elements
A were calculated assuming that all but one Wilson coefficient was set to zero, and the non-vanishing

one had the value of % = 107% GeV~2. We obtained almost identical results from SMEFTsim and
SmeftFR for all of the studied processes, see Tables and with the relative differences defined
as:

A = |Aspettrr — AsyerTsin| / AsMEFTsin, (E.1)

never exceeding 0.1%.

Differences in notation between SmeftFR and SMEFTsim

SmeftFR and SMEFTsim use the same Warsaw basis [13|. However, there are some differences after the
rotation to the mass basis for four-fermion couplings. SmeftFR notation is given in detail in |74] while
SMEFTsim uses a notation equivalent to [252]. The relations between four-fermion WCs in SMEFTsim
(C) and SmeftFR (C) bases relevant for comparisons between the codes are given by (V is the CKM
matrix):

o vl

C(S)ijkl — Vimc(s)mjkl

quqd quqd

_uat ! (E.2)
(1)ijkl _ K (1)igml

Clequ =V mClequ

Cl(quijkl _ Vkmcl(é?;ﬂml
Finally, one has to take into account the symmetrization properties of four-fermion operators. These
are automatically taken into account by SmeftFR if numerical values of WCs are initialized with
WCXFInput command and, when running SmeftFR v3 interfaces, by the SMEFTInitializeMB routine.
If the user decides to set their values “by hand” in the MadGraphb run, then they has to keep track of
these dependencies on their own.
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SMEFTGNLO O(1/A?) ‘ SmeftFR O(1/A%) SmeftFR O(1/A%)
pwtp™ —tt
SM 0.16606 + 0.00026 0.16608 + 0.00024 -
c3y 0.41862 + 0.00048 0.41816 + 0.00047 -
o3 0.16725 + 0.00027 0.16730 % 0.00025 -
Ccp233 6.488 + 0.016 6.491 + 0.014 -
Cown 0.21923 + 0.00032 0.21940 + 0.00030 0.22419 + 0.00030
Cyup 0.18759 + 0.00030 0.18759 + 0.00027 0.18829 + 0.00027
Ny — tt
SM 0.0037498 + 0.0000050 | 0.0037498 = 0.0000050 -
c3y 0.008229 = 0.000012 0.008235 = 0.000012 -
Cown 0.0053056 4 0.0000086 | 0.0053056 =+ 0.0000086 | 0.0055809 4 0.0000090
Cop 0.0045856 4 0.0000061 | 0.0045895 + 0.0000064 | 0.0045882 4 0.0000069
ct — tt
SM 0.9553 4 0.0017 0.9511 4 0.0023 -
c33, 1.1867 £ 0.0023 1.1854 4 0.0021 -
c33, 0.9641 + 0.0018 0.9599 + 0.0024 -
(o554 0.9555 + 0.0017 0.9513 + 0.0023 -
C23s 0.9558 + 0.0017 0.9515 + 0.0023 -
c2es 1.0111 4 0.0018 1.0059 & 0.0015 -

Cown 0.9568 & 0.0018 0.9520 £ 0.0018 0.9522 & 0.0018
Cop 0.9558 & 0.0017 0.9511 £ 0.0018 0.9511 & 0.0018
pp — tt

SM 510.35 £ 0.72 510.46 + 0.68 -
Cc3, 664.33 £ 1.16 666.34 =+ 0.90 671.08 4 0.97
c33, 510.63 4 0.70 510.70 4 0.80 -
c2 510.37 £ 0.72 510.47 £ 0.68 -
C33s 510.39 +0.72 510.65 + 0.80 -
S, Cls 516.31 + 0.58 516.14 + 0.64 -
Cown 510.49 =+ 0.68 510.52 £ 0.71 508.94 + 0.79
Cyup 510.38 £ 0.72 510.47 + 0.68 508.89 + 0.79

Table E.1: Cross-sections (in pb) obtained using MadGraph5 with UFO models provided by SMEFTatNLO
at the O(1/A?) order of the EFT expansion and SmeftFR at the O(1/A?) and O(1/A*) orders of the
EFT expansion for a chosen set of processes and SMEFT operators. An empty cell indicates that no
O(1/A%) terms appear in the amplitude.
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‘ SmeftFR ‘ SMEFTsim A
gg>geg
SM 54.806 54.791 0.03% SmeftFR SMEFTsim A
Ca 149.35 149.35 0.00% ete->hh
Cs 149.35 149.33 0.01% SM 0.0000 0.0000 | 0.00%
zz > wt u- iy 0.0706 0.0706 0.00%
SM 3.2688 3.2688 0.00% e+ e- > wh w-

Cw 20.602 20.602 0.00% SM 0.0169 0.0169 | 0.00%
Cwr 20.661 20.661 | 0.00% clly | 1.6746 1.6745 | 0.00%
Cown | 3.7462 3.7462 0.00% Ciia 0.1830 0.1830 | 0.00%
C.o 3.4727 3.4727 | 0.00% Clis | 0.3096 0.3096 | 0.00%
Cyb 3.5563 3.5563 0.00% Cit 0.2175 0.2175 0.00%
aa> wt w- ad>w- 2z
SM 0.5168 0.5168 0.00% SM 0.0034 0.0034 | 0.00%
Cw 3.4688 3.4726 0.11% cli, 0.2495 0.2495 0.00%
Cuw 3.4793 3.4802 0.03% cliy 0.2490 0.2490 0.00%
Cowp | 0.7838 0.7838 0.00% Cils | 0.1955 0.1955 0.00%

Wt W- > Wt - Cgla | 0.0418 | 0.0418 | 0.00%
SM 0.4593 0.4593 0.00% Gu>hh
Cw 3.6653 3.6653 0.00% SM 0.0000 0.0000 0.00%
Cw 3.6774 3.6774 0.00% cll 0.0235 0.0235 0.00%
C.o 0.5375 0.5375 0.00% dd>hh
Ceb 0.4818 0.4818 0.00% SM 0.0000 0.0000 0.00%
hh>hh Cip 0.0235 | 0.0235 | 0.00%
SM 0.2024 0.2024 0.00% du>zh
Co 1.1980 1.1980 | 0.00% SM 0.0008 0.0008 | 0.00%
Cen | 09399 | 09399 | 0.00% || ¢l | 01113 | 0.1113 | 0.00%
CyD 0.1024 0.1024 0.00% 011;13 0.0325 0.0325 0.00%
wtw->hh Clei | 0.0601 0.0601 0.00%
SM 0.0218 0.0218 0.00% cll, | o.0ss4 0.0884 | 0.00%
Cew | 04662 | 0.4662 | 0.00% || 11 | o0.0802 | 0.0802 | 0.00%
C.o 0.1221 0.1221 0.00% id>an
Ceop 0.0663 | 0.0663 | 0.00% SM | 0.0010 | 0.0010 | 0.00%
zz>hh chl, | 01115 | 0.1115 | 0.00%
SM 0.0416 0.0416 0.00% ol 0.0827 0.0327 | 0.00%
Cow | 0.3088 | 0.3088 | 0.00% || ol | 0.0916 | 0.0916 | 0.00%
Cpw | 0-2068 | 02968 | 0.00% || cit. | 0.0016 | 0.0916 | 0.00%
Cpp | 0.0658 | 0.0658 | 0.00% || ¢Il | o.0715 | 0.0715 | 0.00%
Cu5 0.0626 0.0626 0.00% 2d>un
Cowp | 0.1210 0.1210 0.00% SM 0.0016 0.0016 0.00%
Cowp | 01148 0.1148 0.00% cll 0.1424 0.1424 0.00%
gg>hh ol 0.1424 0.1424 0.00%
SM 0.0000 0.0000 0.00% Cclis 0.0377 0.0377 0.00%
Coa 0.1373 0.1373 0.00% C;}l‘d 0.1767 0.1767 0.00%
Coa 0.1373 0.1373 0.00% cg>au
ete->zh SM 0.5291 0.5291 0.00%
SM 0.0021 0.0021 0.00% ol 0.6130 0.6130 | 0.00%
ol 0.3336_| 0.3336_| 0.00% eg>dd
Cen 0.0972 | 0.0972 | 0.00% SM | 05291 | 0.5201 | 0.00%
Cgir | 02559 | 02559 | 0.00% || o1t | ge130 | 0.6130 | 0.00%
Cils 0.2536 | 0.2536 | 0.00%
Cit 0.1956 0.1956 | 0.00%

Table E.2: Matrix elements and their relative differences for a given processes obtained using
MadGraph5 with UFO models provided by SmeftFR and SMEFTsim at the O(1/A?) order of the EFT
expansion. Bosonic and 2-fermion dimension-6 WCs included.

121



‘SmeftFR ‘SMEFTsim A

et e- > et e-

SM 0.0196 0.0196 | 0.00%
CiHt | 1.4222 1.4222 | 0.00%
CUM | 2.7660 2.7660 | 0.00%
CIlIM 1 1.4265 1.4265 | 0.00%

ee

| SmeftFR | SMEFTsim | A

mu+ mu- > t t
SM 0.0305 0.0305 0.00%

03288 | 11088 1.1088 | 0.00%

ci22 | 04173 0.4173 | 0.00% e

TR o5 | 0.00% CP 1.7862 1.7862 | 0.00%
Le 02233 | 19129 1.2129 | 0.00%

Cl22 | 15393 | 1.5393 | 0.00% |
2233 | 12129 | 12129 | 0.00%

cc>tt
C2233 | 0.0305 0.0305 0.00%
SM 0.6131 0.6131 0.00% -~
(3233 1.4427 1.4427 0.00%

C2233 | 10491 1.0491 | 0.00% lequl

ad 223 | 48071 | 4.8271 | 0.00%

2233 | 1.0491 1.0491 | 0.00% lequl

(2233 1.1046 1.1046 0.00%

e+ e- > mut+ mu-

SM 0.0067 0.0067 0.00%

ete->bb
qul

e+ mu- > s b
SM | 0.0000 0.0000 | 0.00%
Ci27 | 1.4681 1.4681 | 0.00%
Ci® | 14681 1.4681 | 0.00%
Cl223 | 1.4681 1.4681 | 0.00%
Cl73 | 0.2708 0.2708 | 0.00%

SM | 0.0164 0.0164 | 0.00
C228 | 1.0479 1.0479 | 0.00% 1133 %
225 | 10270 Loza | 0.00% ||_Cldi 1.7684 1.7684 | 0.00%
. 251k Ol | 17684 | 17684 | 0.00%
SM 0.5638 05638 | 0.00% ||-Ced | 16042 1.6042 | 0.00%
1133
C253 | 0.9648 0.9648 | 0.00% Clldlgs 0.2982 02982 | 0.00%
C235 | 0.9648 0.9648 | 0.00% C‘ﬁgg 0.0164 0.0164 | 0.00%
C22% | 1.0464 1.0464 | 0.00% || Cledg | 15163 15163 | 0.00%
C235 | 0.9940 0.9940 | 0.00%
2233 | 0.9298 0.9298 | 0.00%
bb>t¢t
SM 0.3540 0.3540 | 0.00%
C3333 | 0.6352 0.6352 | 0.00%

3333 | 21164 2.1164 | 0.00%

1223
e | osis3 | o0sis3 | 0.00% || Creas | 07500 | 0-7500 ] 0.00%
C333 | 07886 | 0.7886 | 0.00% et e->dd

SM | 0.0164 | 0.0164 | 0.00%
O 02759 | 0.2759 | 0.00%

G338 | 0.5939 0.5939 | 0.00%
C3388 1 0.4697 0.4697 | 0.00%
C3333 | 0.4461 0.4461 | 0.00%
C3333 | 0.4596 0.4596 | 0.00%
3333 | 1.2776 1.2776 | 0.00%

quqdl

O35 | 04656 | 0.4656 | 0.00%

Table E.3: Matrix elements and their relative differences for a given processes obtained using
MadGraph5 with UFO models provided by SmeftFR and SMEFTsim at the O(1/A?) order of the EFT

expansion. 4-fermion dimension-6 WCs included.
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E.2 Dimension-8 O(1/A*) validation

We have utilized a similar procedure for matrix elements comparison for dimension-8 operators, at
the O(1/A*) order of the EFT expansion. Each matrix element was calculated assuming that all

but one Wilson coefficient was set to zero and the non-vanishing one had the value of ‘%’ =104

GeV~* (SmeftFR v3 uses the basis of [76] while AnomalousGaugeCoupling uses the basis of [109] for
Dimension-8 operators and the translations between the operators in both bases can be found in
the first and second rows of Table . Despite the difference in input scheme between the codes,
which had to be taken into account by tuning the input parameters of AnomalousGaugeCoupling (AGC)
accordingly, we obtained almost identical results from AGC and SmeftFR v3 codes for all of the studied
processes.

Table E.4: Matrix elements and their relative differences for a given processes obtained using
MadGraph5 with UFO models provided by SmeftFR and AGC at the O(1/A%) order of the EFT ex-

pansion.

Basis of |76] Basis of |[109] | SmeftFR | AGC A
wt w- >hh
SM 0.0218 | 0.0218 | 0.00%
. cf) 0.2191 | 0.2191 | 0.00%
), oy 1.5868 | 1.5868 | 0.00%
) o 0.2191 | 0.2191 | 0.00%
1O, e oy 2.5622 | 2.5622 | 0.00%
— 10 e e oy 0.2307 | 0.2307 | 0.00%
L (CWreps = O oD 0.0576 | 0.0576 | 0.00%
zz>hh

SM 0.0416 | 0.0416 | 0.00%
. oy 0.0916 | 0.0916 | 0.00%
v, o 1.7156 | 1.7156 | 0.00%
) c) 1.7156 | 1.7156 | 0.00%
1O, e oy 1.5589 | 1.5589 | 0.00%
—1CW e oy 0.1773 | 0.1773 | 0.00%
Cid e o 0.5406 | 0.5406 | 0.00%
—C oo o 0.0920 | 0.0920 | 0.00%
1 e oty 0.4761 | 0.4761 | 0.00%
1O g oy 0.1456 | 0.1456 | 0.00%
3 (O 2p2 = O oy 0.0580 | 0.0580 | 0.00%
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Basis of |76] Basis of |[109] | SmeftFR AGC A
w+ wt > wt wt
SM 2.9395 | 2.9395 | 0.00%
ct, cf 6.5868 | 6.5868 | 0.00%
c o 2.9307 | 2.9307 | 0.00%
Cl o 2.9307 | 2.9307 | 0.00%
1O e oy 4.2146 | 4.2146 | 0.00%
— 3O 2o oy 2.6205 | 2.6295 | 0.00%
L (CWhepe = Cirpe) ¢l 3.9113 | 39113 | 0.00%
1ol o 23.541 | 23.541 | 0.00%
1c®) ol 98.636 | 98.636 | 0.00%
& (chh+ i+ i) o 6.2602 | 6.2602 | 0.00%
Zz>2z2Z

SM 0.0820 | 0.0820 | 0.00%
ct oy 2.6660 | 2.6660 | 0.00%
ct, cM 2.6660 | 2.6660 | 0.00%
Cll cg 2.6660 | 2.6660 | 0.00%
1Ok e oy 3.9388 | 3.9388 | 0.00%
— 10 e o) 0.6317 | 0.6317 | 0.00%
CHd ape oy 1.3635 | 1.3635 | 0.00%
—C oo o 0.2214 | 0.2214 | 0.00%
1O e oy 11997 | 1.1997 | 0.00%
— 1O g ol 1.0921 | 1.0921 | 0.00%
3 (O op2 = Oy ) c'? 0.3474 | 0.3474 | 0.00%
1olh) oy 57.045 | 57.045 | 0.00%
o) oy 57.045 | 57.045 | 0.00%
& (chh+ i+ i) o 13.2092 | 13.2092 | 0.00%
el oy 18.870 | 18.870 | 0.00%
1) o) 18.870 | 18.870 | 0.00%
&5 (Ol + Chpe + Ol o 44206 | 4.4206 | 0.00%
ol o) 6.2832 | 6.2832 | 0.00%
L(2ch +c)) c 15190 | 1.5190 | 0.00%

Table E.5: Matrix elements and their relative differences for a given processes obtained using
MadGraph5 with UFO models provided by SmeftFR and AGC at the O(1/A?) order of the EFT ex-

pansion. 104



Appendix for Chapter 3

In the following two sections, we present the helicity amplitudes for WW — HH and ZZ — HH
processes, including SMEFT contributions from the dimension-6 and dimension-8 operators collected
in Table For each amplitude, we display only the leading order terms in the high energy limit
(MZ/s — 0), neglecting interference terms between different Wilson coefficients. We start with
the WW — HH process in section [F| and present the Standard Model contribution in Eq. 7
the dimension-6 and dimension-62 contributions in Eq. , and the dimension-8 contributions in
Eq. . Similarly, for the ZZ — HH process, we present the SM contribution in Eq. , the
dimension-6 and dimension-62 contributions in Eq. , and the dimension-8 and contributions in

Eq. (G.3).

F W*™W~ — HH helicity amplitude

F.1 SM

WW,SM _ /5 2 4\ My,
MY —V2GrME (142 (1 - w

Sln2 0 M2H
WW. 1
Mii75M—O(>a

s (F.1)

S S 1
Mg[iw M:ME/OW M:O<\/§>'

F.2 Dimension-6 SMEFT

MPWPS — _3\/20, 900w (M) 4 L — cupy (2 dim-6
Gr AQ oW A2 +2( w0 — Cep) A2 1m-=

— 28v2C2, (J‘g > <G 1A2> +V2(4C2 + icfw) <GF1A2> (%) (dim-6)?

M, E
WW, D
M 6 (4C4p[] C ) < A2 > + 20¢W (p)

— 2V2(4C% + c )<J\iz ) <G1A2> +6v2C2y, <G§A2> (%) (F.2)
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MYWDO _4c o, )<M§V>
e = A2

+V2(4C% + C )(J\Xz ) <GlA2> +2V2C2y, (GF1A2) (%)
MWD — 43 cot §C,u <\/§MW>8c§Wcot9( ! )<\/§MW).

A2 GpA? A2

F.3 Dimension-8 SMEFT

2
Meo V% =~ 6C,s ( ! >+ﬂ(8q06m—c¢6m)51 10” (c089+1)< )

GZ A A2GpA2 8 ¥t At
— 14v20), ( ) (GFA2> S (500 + 1) ({@) (+2)
i () (R0)
MESP = - \2[ (8Cee0 = Cpop2) ]\ﬁv GF1A2 0 sin?o (Aﬁv) ()
- %CI(/Ilf)QchD2 <Z4) +3\[CW2 (GFlAz) (§2> N %C’%ng <\/]é:i;VA2> (%) ’
M L2 (80— Conrn) Y s+ 10 eno () () 3)
gt (55) + 2 () (),
Mo "P% = 81f Oyl sin 20 (%)

sY2 0 1 1 s3/2 M
_wﬁwm% MW>@MJ ¢C&w2ﬂ% iy

1/4, (1) My My /s
+2/ZC’W@4DQCO‘50<\/6TFA2>( A2 >

G 77 — HH helicity amplitude

G.1 SM

4\ M
MOZ SM \/>GFMH |:1 +2 (1 Slnza> Z:| 5

MEZSM _ <i) ’ .

MEZSV = 2/3GpM3,

ZZ SM 1 2Z,5M 1
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G.2 Dimension-6 SMEFT

77, D6 S .
M2, M2, — M2 Myy /M3 — Mg,
—20C,w < A2 ) +20C,B <WA2> —20C,w B ( A2
9 1 S . 2
+V2(4C2 — c ) < oo (p) (dim-6)

M2, — M2 1 5 M2 1 M2
28202 W Z 120202 1-- W —Z
easvacty (M (ol ) et (1- 205 ) (1) ()

77,D6 M2
MED :*2(20¢D+C¢D) ( A2 )

+ 20, <M2 ) <A2> +20,5 ( ]\]52 > (AQ) +20“"WBAJ\Z/ 1— ]j\\% (%)
— 2V2(4C2 — c ) <ij) (G;M) +6v2C2y <AA§V2%V> <G;A2> (%) (G.2)
T evacz, (1 - Af}g) (C:FlA) () +2vacky ( }2%) <G§A2> ().

27, D6 M
METT =(4Cun + Cypp) W

et -0 (30 o) 5 () o2
+2v202, < ) <GF ) () + %Ciws <G§A2> ()

sM
MEFLP0 = —4\/§cot00¢W<MV%V) (\[ Z)

A2
M2 \/gMZ \[MW
—4\/§cot90¢,3 <1— Mg) < A2 > —4\/§cotGC¢WBH< A2 >
M2 1 VsMz
2 w
_8cot90¢w(M%) <GFA2) < A2 )
M2 1 V/sMz M 1 VM
2 w 2 o
_8(;0{;00903 (1— M%) (GFA2> < A2 > —4COt0C¥;WB <1_ M%) <GFA2> < A2 )

G.3 Dimension-8 SMEFT

27,D8 1 s 1 Lo (5
MOO - — 6C(p8 (G%ALL> + \/5 (208065 + CchDQ) PGFA2 - §C<P4D4 F

2 2 2 2
W My — My 1 L@ M\ o2 Mz\ (s
+ 14\/5032@4 ( A2 ) (GFAZ) + §CB2§02D2 1- M% (Sln 0 + ].) A2 (P)
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Y}

—2V2 (2C@6D + Cys p2

(-4
MZ

1

(1)
- ZCBQ(,OQDQ

V2 <2C¢GD + 20@6D2>

o (Jﬁ
M3

JM2 -,

_Sigm (VMM s
QW@W(KMQyM

MZ 1

Z (1)
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AL ) 95/4

M2 1
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Appendix for Chapter 4

H RGE for models with extended scalar and vector-like sectors

Below, we present the 1-loop RGE for all relevant couplings in the model scenarios discussed in this
work, r; = (N, y2, 93, 95, 93, Y%, s, As), divided into contributions from various sectors of the theory
which The 1- and 2-loop contributions (latter too lengthy to be displayed), were derived using SARAH
package |230] and validated with RGBeta [231].

B = gSMQ) 4 gVLEQ) 4 gS(1) 4 gVLF(1)xS() (H.1)
with:
dk;
L) B (h3(1) = B, (1.9

H.1 SM sector

aMW = 161%2 _2 ( 3591 +g3 + 29192> — 6y + 2407 + 1247 — %91/\ 995

FEM 1-3;; 9y? — % 1= 50— 1695]

5= o [ ] "
55§M(1) - 1617r2 __13992] ’

55%]\/[(1) = # [—14g3] .
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H.2 Vector-like fermion sector

VLF(1
Y = g [20m N2 (4 A = 20 ) + 20 N, (407,0 — 20)]
p
VLF(1 Y
B = 16;2 [AN? (nr g, +nmyE,)]
T
VLE(1 g1 |8
VLF(1 1[4
2 B o 3Nén¢g§] ’
VLF(1 1[4
B8y ():W 3n3g§:|7
VLF(1) YE VL ) 18
BUAW = ZE18yE 4 dnp NlyF, + 6yf — 160373 — g8 — — g% (Vif, + 2Yw,, Yw,)
V3 167 2 5
gy g, (54 A N;) yfz%} ’ (H.4)
VLF Yh RV L ) 18 |
By% (1) _ o 2 |:3ng + 4nF2Néy%2 + 6th — 16ny Qgg 5 2 5 9% (YWH + 2YWF2YWw)
2

+AHF17’RF2 (5 + 4nF2Né) y%l} P

where N/ is a number of colours of VLF, np, € {ny,nn}, np, € {np,ng}, ny € {ng,nr}, n3 =
2nq+nu+np, yr € {yu, YN}, Y € {ypsyet, Yoy = 1/2, Yw, € {Ywg, Y.}, Ywe, € {Yuy, Yy )
Ywp, € {YWD’YWE}'

H.3 Real scalar sector

S 1 1
B)\(l) = |:2)\%{S:|

1672

S(1) HS 5 349 9,
6>\HS 16,2 [12/\ + 6As + 4 gs + 6y, — igl — §g2 (H.5)

S(1 1
Brs = 1672 275 + 18X%] .

H.4 Vector-like fermion x real scalar sector
VLF(1)xS AHS
B)\HS (WM - T 1672 [4N,( F1y%1 + any%Q)] . (H6)
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I S and T oblique parameters in the presence of VLF

The General formulas for the S and T oblique parameters in the presence of VLF can be found in [195].
In the simplified scenarios analyzed in this work, they reduce to:

N,
T = = X Vail* (04 (w0, 25) + 0 (T, 75
VLF =g Oy cos2 Oy ; [| I” (04 (za, z:) (Ta, @ ))]
’ (L7)
Y [Uasl (01 (wa,m8) + - (w0, 26))] = Y [IDig|* (O (i, ) + 0 (s, 25))] |
B<a 7<i
NC 2
Svip == x D WVail® (W (0 20) + ¢ (20, 2:))]
o (L8)
> [WUapl® (x4 (@ar 8) + X (0 28))] = D [IPi? Ot (i, 25) + X (i, 25))] |
B<a j<i
where: ) )
Li(a) = Mi(a)/M27
2:L’1.CCQ I
04 (x1,22) = 21 + 22 — _—— In g (1.9)
x1+x2, T1
0_ =2 In— -2
(o1, 22) = 2777 <m1 oy, o ) ,
—2VA (arctan ’”1_7\/%2“ — arctan “_7\/%2_1) A>0
X ,.%' = = 9
f(@1,22) = Q0 A=0 (1.10)
r1t+ze—1+V—A
VoA A A <0
A=-1- a:% — x% + 221 4 229 + 22129,
_x1+xe (1 — xz)z (x1 — :1:2)3 lx% + x% v @ —1
X+ (21, 22) =— 5 T 5 el s f (@1, 21)
zo — 1 1 = +=x z1 — 19)?
+ 26 f (2, 22) + 3 16 2o 6 2 ]f(ﬂcl,:rz),
r+x T r1,21) + f (T2,
X— (71, 72) = — /7122 [2+ <£U1 — T2 — ! — 2) lnfl—i- f @) 9 f (@2, 2) — f(z1,22) ],
x1 — X 2
(L.11)
22z, + 142z; 1 a 1z, +1 Tx; — 1
Uy (Ta, ;) Eu—flnx—'—i—xif(xa,xa)—i— - f (i, x;),
9 9 18 18 (1.12)
- 0) = = i |14 Lol £ 100,



Greek indices denote summation over “up-type” states, while Latin indices over “down-type” fields.
The matrices V, U and D, defined for the scenarios in this work, along with the simplified expressions
for the Sy 1, and Ty parameters read:

e Scenario I:

2 .
V:u:D:< CosTk COSVFSIMF) Ty Lr =0,

cos Y sinyrp sin fy%
N,
Svip =— X Var|? [y (@, 24) + 9 (2, 2y )+ (1.13)
¢+($+’x—) + ¢—(JU+75'3—) - 2X+($—’x+) - 2X_(:L‘_, ‘T-i-)] ’
2 M2 M N — V2
T4 _M:I:/MZ7 M:I:—MU:N:—MD:I:—MF:E7U?]F-

e Scenario II:

2 .
y— [cosrF U= Cos Vg COoS Yp Sinyr D=1
sinyr cosyr sinygp sin 'y%

Nc
87 sin? Oy cos? Oy

+ Va1 |? (04 (zv—, zp) + 0_(zr—,2p)) — [Ua1|? (04 (zv—, T4) + 0—(£U—7$U+))} ,

Tvir = < [Vl (04 @vs,2p) +0-(2v+,2D)

Svirr :% x Vi) (¥4 (zv4, D) + (20—, 2D))
+ Va1 Wi (zp—, 2p) + —(zr—,xp))) — [Ua1|* (x4 (z0—, 20+) + X—(UCU—axUJr))] ;

V2
T+ = M[QJi/M%, MU:I: = MU + 7va? rp — M%/M%
(1.14)

e Scenario III:

2 .

V=(cosyp,sinyp), U=1 D= T ST
CcOsYF Sinyp sin 'y%

Ne¢

87 sin? Oy cos? Oy

+ Vol (04 (zp—, 2v) + 0—(zp—,20)) — [Da1|* (04 (xp—, xpy) + 0—(2p_, $D+))} ;

x |V (04 (zp1,2v) + 0—(xp1,20))

Tyrr =

Svir :% < |1 (W4 (v, 2p+) + Y- (2v, 2D1))
+ WVi2? (i (zv,2p-) + Y- (2, 2p-)) — [Daa|* (x4 (xp—, Tpy) — X—(xD—v«TD-‘r))} 7

V2
Ttpy = Mp, /M2, Mpy = Mp+ VR, Ty = Mg /M.
(1.15)

Uniform Dirac masses Mps = Mps = Mp and VLF Yukawa couplings yr = y lead to the value of
mixing angle yp = 7.
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J Effective potential

The general formula for the one-loop effective potential is given in Eq. [£.41] The Coleman-Weinberg
part in the on-shell renormalization scheme with cut-off regularization reads:

Vow () = 5 (2aaztmaszo) i) (1o 550 - 5))

(J.1)
MF, (H) 3 2 4
M log ———"— — = C C
6422”F<F (og 2 2>+ 197 + G2 |
i=1,2
where we use the following notation:
k:(tamz>hvs)7 Nk:(12767311a1)7
Mk(H)2 = Mgk: + akh2 Mg,k: = (07 0,0, _/‘2a :U'%) y
A\? 1
ap = (2 94 g Zg 3)\,2)\1{5),
(J.2)

= (VLQ,VLL), Np=(12,4),

Ny S {nUanN}a nr, S {nDanE}a

V2

and particle statistics related sign equals to rp = +(—) for bosons (fermions).

The assumed renormalization conditions ensure that the Higgs mass and vev remain unchanged
compared to the tree-level, and eliminate explicit dependence on the renormalization scale ur in the
effective potential (apart from a field independent term which can be canceled by shifting the potential
by a constant, such that V(¢ = 0) = 0). These conditions read:

0 0?
FVCW =0, 902 s Vew =0. (J.3)
SO Y=V 80 Y=v
The first line of Eq. (J.1)) automatically satisfies the conditions in Eq. (J.3)), whereas C; and Cj in
the second line are selected to ensure the same result. The temperature corrections to the effective
potential are expressed as:

N, T4 ngT*
H,S51T)= —_— M. (H, T)+ N, d _ (Mg (H T 4
Vr(H, S, T) ; 5z I (Mi(H, S)/T) + FZZM oo - (Mp(H,8)/T),  (14)
where the thermal functions J4 (y) with y = M /T given by:
Ji(y) = + / dzz? log [1:Fe—vw2+y2}. (1.5)
0

At T # 0, the field dependent scalar and longitudinal gauge boson masses are modified by thermal
loop effects. These modifications are included as IT in the field dependent masses [253},254]:

362 g” A
My (0) = (196+z6+ +—+ ZF+ HS)
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