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Abstract

This thesis presents the derivation of the flavor structure of the Standard
Model (SM) from the trinification model with an additional family symme-
try. The trinification group is assumed to be broken in a single step to the
electroweak gauge group. A low energy Effective Field Theory (EFT) is con-
structed and matched numerically at one loop level to the trinification model
at high energies. The analysis focuses on an SM-like EFT with one Higgs-
doublet, two scalar Lepto-Quarks (LQs), and one Vector-Like-Quark (VLQ)
in the scalar potential. This is motivated by a numerical scan over the possible
mass spectra. For parameter space points satisfying the correct mass spectrum
at tree level, loop corrections are added, and the parameters are Renormaliza-
tion Group (RG)-evolved down to the electroweak symmetry-breaking scale,
at which predictions of the quark mass hierarchy and CKM matrix are com-
pared to observations. The results reveal that the constructed EFT cannot
accurately reproduce the correct SM quark masses, indicating the need for
multiple Higgs particles to reproduce the observed SM, resulting in strong
constraints on further considerations of this model.
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Popular Science Description

It has long been known that the objects we interact with in everyday life are constituted
by atoms. These atoms, in turn, consist of electrons, protons and neutrons, with the latter
two being further composed of quarks. The electrons and quarks are known as elemen-
tary particles, meaning nothing constitutes them, which together with other elementary
particles form the Standard Model of particle physics.

The Standard Model is, without doubt, one of the most successful descriptions of reality,
describing the interactions of all elementary particles. Yet, despite its success, experimen-
tal contradictions questioning its completion have surfaced. This motivates the search for
new models describing the experimentally verified part of the Standard Model, whilst
solving its anomalies.

One such model that aims to both be consistent with the Standard Model and address its
limitations is the trinification model, consisting of a larger symmetry group that is sym-
metric between left and right-handed particles. Studying the trinification model presents
the opportunity to receive insight into many features of the elementary particles of the
Standard Model, such as the origin of the large mass differences among the quarks, the
existence of dark matter, and the observation of matter anti-matter asymmetry.
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Acronyms

CKM Cabibbo-Kobayashi-Maskawa
C(P) Charge(-Parity)

DOF Degrees Of Freedom

EFT Effective Field Theory

EW(SB) Electro-Weak (Symmetry-Breaking)
GUT Grand Unified Theory

LQ Lepto-Quark

MS Minimal Subtraction

MS Modified Minimal Subtraction

RG(E) Renormalization Group (Equation)
SM Standard Model

SVD Singular Value Decomposition

VEV Vacuum Expectation Value

VLQ Vector-Like-Quark



1 Introduction

The Standard Model (SM) of particle physics has proven to be one of the most successful
descriptions of reality. Yet, discrepancies between measurements and theoretical predic-
tions of the SM have been observed, such as the observed matter anti-matter asymmetry;,
neutrino masses, and the existence of dark matter. The SM also leaves many questions
unanswered, such as the large hierarchy of the quark masses [I], which has led many
physicists to believe the SM to be incomplete. Furthermore, the discovery of the Higgs
boson, and the correctly predicted unification of the weak and electromagnetic forces into
the Electro-Weak (EW) force, invigorated physicists to theorize of a Grand Unified The-
ory (GUT) that would unite the EW and the strong force. Many such models exist but
none have been experimentally verified. One such model that potentially could explain
many of the observed discrepancies and unify the fundamental forces (except gravity) is
the trinification model.

The trinification model, first considered in 1984 in [2], is composed of a gauge group con-
sisting of three SU(3) groups: SU(3)r,x SU(3)r x SU(3)¢, referring to left, right and color
respectively. Originally an additional Z3 symmetry was also added, imposing the gauge
couplings to unify at a GUT scale, making this a viable GUT theory. The trinification
model has numerous advantages such as being flexible enough to allow for any masses
and mixing angles for quarks and leptons [3]. In particular, the SU(3)g group allows for
the inclusion of right-handed neutrinos, permitting neutrino masses. Additionally, the
model incorporates extra Higgs-doublets allowing for additional CP-violation, potentially
explaining the observed matter-antimatter asymmetry [4]. Another motivation for the
study of the trinification model is the fact that it appears as a maximal subgroup of
the exceptional Lie group Eg, a group commonly used in GUT models due to it being
anomaly-free [0 [6]. Furthermore, the trinification group also appears in the compactifi-
cation of Egx Eg heterogenic string theories [4 [7]. This motivates the investigation of
the trinification model structure from a theoretical point of view.

This thesis explores a specific variant of the trinification model. Firstly, the Z3 symmetry
is not imposed, because this requires the energy scale, at which the EW and strong
coupling constants are unified, to be very large. Hence, the imposition of the gauge
couplings to unify is not considered in this model. The variation of the trinification
gauge group considered is [SU(3)]*x SU(2)px U(1)r, where SU(2)px U(1)f represent an
additional family symmetry, restricting the possible terms in the Lagrangian, with SU(2)g
being a gauge symmetry and U(1)g being a global symmetry. Having both family doublets
and singlets in the model results in, after the family symmetry is broken, three particles
corresponding to the three generations in the SM. Since [SU(3)]* C Ep, this model can be
viewed as an intermediate stage in a larger chain of broken symmetries starting from an
even larger Fg GUT theory. The additional family symmetries allow for the unification of
gauge couplings above the trinification scale, motivating the view of the model considered
in this thesis as a partial breaking step in a larger theory. This view is supported by [8],
where an Eg group is broken into a supersymmetric version of the gauge group considered
in this thesis, which in turn is broken in several steps down to the SM.

To study how a model beyond the SM, such as the trinification model, would affect
the physics of the SM, an Effective Field Theory (EFT), as a low-energy limit of the
trinification theory is constructed and matched at one loop level. As usual in the SM,



at a given energy, the produced particles in a scattering event cannot have a total mass
exceeding the input energy. Hence, adding a heavy particle to the SM would never
be directly observed, nevertheless, it would appear as a virtual particle in interactions,
indirectly affecting observables. In the trinification model, many such heavy particles are
added, which cannot be observed at currently accessible energies. An EFT is constructed
to examine how a model, such as the trinification model, would affect the observable
phenomena of the SM, describing the impact of the high energy theory at lower energies.
This is achieved by calculating effective couplings, defined as the sum of the tree level
coupling plus all possible interactions with heavy particles only appearing in loops as
virtual particles [9]. The resulting EFT can hence be designed to resemble the SM, but
still depend on the parameters of the high energy theory.

A similar model to the one considered in this thesis has been studied at tree level in [10].
Consequently, the introductory sections describing the model will share many features.
The analysis at tree level had difficulties accommodating the correct Cabibbo—Kobayashi—
Maskawa (CKM) matrix and quark mass spectrum. Extending the analysis by matching
the EFT at one loop order will provide deeper insight into how the predicted particles of
the trinification model would influence the observable structures of the SM, such as the
quark mass hierarchy and the CKM matrix.

In this thesis a trinification model, [SU(3)], with the additional SU(2)gpx U(1)r family
gauge symmetry is considered. The fields, their representations, the Lagrangian, and ac-
cidental symmetries are described in sec. 2] The trinification group is broken in one step
with the corresponding Vacuum Expectation Values (VEVs) and the remaining gauge
and global symmetries are calculated in sec. [3] Subsequently, the field components are
renamed; their charges under the new broken symmetry group, and their mass matrices
are calculated in sec. 4] The EFT model is detailed in sec. [5] as well as the mathemat-
ical formalism of the matching procedure and calculations of loop integrals. In sec. [6]
Renormalization Group (RG) evolution and EW symmetry breaking are described, as well
as properties to compare between the matched EFT and the SM, such as quark masses
and the CKM matrix. The EFT matching was implemented numerically by first finding
parameters resulting in the correct tree level mass spectrum and adding loop corrections
for respective points, described in sec. [/} The results of the numerical scan and the one
loop matching are detailed in sec. [§, together with an outlook for further analysis of this
model. Finally, sec. [9] concludes the method and results of the thesis.

1.1 Aim of thesis

This thesis aims to derive the flavor structure of the SM quarks as well as the mass
hierarchy and CKM matrix, from the trinification model with an additional SU(2)p X
U(1)g family symmetry. This is done by first assigning VEVs such that the SU(3)g and
SU(2)r are completely broken, and SU(3);, is broken into SU(2);,. Next, heavy fields
are integrated out and an EFT is constructed and matched to the full theory at one
loop level using a numerical implementation. The numerical computations are performed
by first scanning the tree level mass spectrum and adding loop corrections to any point
satisfying the EFT mass spectrum and parameter constraints. The matched EFT is then
transformed, by RG evolution, to the energy scale of EW symmetry breaking, at which
the Higgs mass parameter runs negative, giving mass to the SM quarks, and predictions
of the analyzed model can be compared to observations.



2 Trinification model

The trinification model, as discussed in the introduction, is an attractive candidate for
beyond the Standard Model model building, consisting of the gauge group:

SU(3)c x SU(3)L, x SU(3)x, (2.1)

which is commonly used in GUT models, where the three gauge couplings are unified by a
Zs-symmetry, that cyclically permutes the SU(3) groups. Even so, the model considered
in this thesis is not a GUT model, but it still has a Zs-symmetry reducing the number
of model parameters. Additionally, a SU(2)r x U(1)r symmetry is imposed to further
constrain the allowed terms in the Lagrangian. Here, the U(1)r symmetry added is an
exact global group of the fermion sector, but is softly broken by terms in the scalar
potential. Soft symmetry breaking refers to the symmetry being broken explicitly by
quadratic or trilinear terms in the Lagrangian. That it is "soft" refers to the fact that
the symmetry will only appear broken at lower energies and will in general not affect the
running of any couplings. Thus, the gauge group considered in this work becomes:

SU(3)c x SU(3), x SU3)r x SU(2)r X Z3 (2.2)

The Lagrangian that will be described in sec. 2.2} also contains two accidental symmetries:
U(1)a and U(1)g, the latter of which corresponds to the baryon charge which will remain
unbroken, as will be shown in sec.

In this section, the fields within the model, their representations and charges under the
various symmetries, as well as the Lagrangian, for scalar, fermion, and gauge sectors, are

defined.

2.1 Field content

The fundamental representation of the trinification group, [SU(3)]3, is a 27-plet. Thus,
the fundamental representation of the gauge group given in eq. (2.2)) can be decomposed
into:
27 =(1,3,3)'®(3,3,1)'®(3,1,3)", i=1,2,3 (2.3)
T aLe Gwen

where the family index ¢ = (1,2) is put into an SU(2)r doublet, and i = 3 is placed into
a singlet. The bar denotes the field being in the anti-fundamental representation of the
group, defined as the complex conjugate of the representation.

Adding scalars and left-handed Weyl fermions into these representatlons we have the
scalars, denoted by a tllde L, QR, and the fermions, L*, Q% , Qk; with their represen-
tations shown in eq. (2.3)). The ﬁelds Li Qi and Q% denote lepton, left-handed quarks,
and left-handed anti—quarks (charge conjugated right-handed Weyl-spinors) respectively.

However, to avoid a theoretical inconsistency known as the Witten anomaly, we need
to introduce additional particles. The Witten anomaly arises for (dimension four) gauge
theories with an odd number of SU(2) fermion doublets [I1]. Hence, we add one additional
SU(2)g fermion doublet, N' (I =1,2), and their corresponding scalar fields, N', both of
which are put into singlets in the other gauge groups. Lastly, an additional scalar singlet
is added, S, to give mass to the N’ fermions by S acquiring a VEV.
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Thus, the model contains the following left-handed Weyl fermions: L*, Qf, Qg and N';
the scalars: L, Q% Q%, N' and S; and the gauge bosons: G¢, Gr, Gr and Gp. A summary
of all the high-scale fields and their representations is given in tab. [I

Table 1: Summary of fields in high-scale model and which representation of the gauge
group, eq. (2.2)), they belong to.

SUB)c SUB)L SUBR SUE)r

Fermions & Scalars

! 1 3 3 2
L3, L3 1 3 3 1
Qf, Q1. 3 3 1 2
Q7. Qf 3 3 1 1
Qk, Qk 3 1 3 2
Q% Q% 3 1 3 1
NI NT 1 1 1 2
S 1 1 1 1
Gauge Bosons

G¢ 8 1 1 1
GL 1 8 1 1
Gr 1 1 8 1
Gp 1 1 1 3

The Lagrangian, described in sec. also possess two accidental symmetries, U(1), and
U(1)g, the latter of which gives rise to a baryon number conservation and will remain
unbroken, as seen in sec. . The fields are assigned charges under the U(1),, U(1)g, and
U(1)r symmetries, similar to a model considered in [7]. This charge assignment is shown
in tab. 2

Table 2: Charge assignment under the accidental symmetries, U(1)x and U(1)g, as well
as the softly broken U(1)r symmetry.

Field Component U(1)a U(l)g U(1l)p

L' Lt 1 0 -1/2
L3, L3 1 0 1
Qf,Qf -1/20 130 -1/2
Qi Q3 -1/21/3 1
QL. QL 12 -1f3 )2
Qh. Ok 12 131
NI N! 0 0 -1/2
S 0 0 1

2.1.1 Note on notation

The fields of the trinification model can have both fundamental and anti-fundamental
components. In this thesis, indices in the fundamental representation are written as
upper indices, and anti-fundamental as lower indices. The fields are written in the form
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(LH)L where the indices outside the parentheses are the trinification group indices (note
from tab. [I| that [ and r are in the 3 and 3 respectively). The indices used will have the
following conventions, lower case indices 7, k, [, r, ¢ will range from 1 to 3, the index a will
take values from 1 to 8, and the upper case indices I, J, L, R will take the values 1 and 2.

The components of the fields can be written in a matrix representation, where the upper
(fundamental) index will indicate the row and the lower (anti-fundamental) index indicates
the column of the matrix. For instance, (L)% is represented by a 3 x 3 matrix for each i.

Lastly, to shorten the notation of the Lagrangian the discrete Zs group, defined to cycli-
cally permute the fields is introduced:

(L)L 2 @)y (D) -5 (@) GL —— Ga o —2 go
N NA NANA
(Qr)e (Qr): Gr

2.2 Lagrangian

The Lagrangian used is the most general realizable Lagrangian invariant under the gauge
group, eq. (2.2), where the Z3 symmetry is imposed to reduce the number of parameters.

The scalar potential is divided up as:
V=Vi+Va+Vs+Vi+ V54 Vs (2.4)

where V) contains all mass- and quartic bi-triplet self-interaction terms; V5 contains all
quartic interactions between the bi-triplets; V3 contains all trilinear terms between the
bi-triplet fields; V; contains all N7, S masses and interactions; Vi contains all quartic
terms between a bi-triplet and either N7 or S; and Vj contains all trilinear terms between
N’ S, and one bi-triplet.

Vi =3 (LOUET + i3 L)+ M [(TOLED]
T A (IOUENFEDS (L) + A [(TALE]
(LD E LT EDE + (LD LN (2.5)
F X (EDENL) (B3 + M(EDLERS (L) (E3);
T AIALIAEL) (L) + Mol LLE L) (L
T+ Ao IDUINLE)E (L) + (Zs permutations)



D (Quy)t + o L)L) QD) (Quy)t
(QD)i(Qua)t + (L)L L3)N (@15 (Qus)t

QD QL))

) (QDi(Qua)t + (LI (@5 (Quy)t ]

HQDFQLY)E + as(L)L(L3)h (O (Qup)k (2.6)
JF(Qua)t + (L)LY (@) (Qua)t

( DeQuy)t

+ ana [ (L)L QD (Qua)t + (L)L (L3)0(@1)5(Quy)t ]

+ (Z3 permutations)

Vs = ey [ (E)HQDFQR): + 12 (L@ (QR): + (L) (QLF(QR):] + e (27)

2 ~

Vi = 12N'N7 + 1285" + (5*2 +5) +x1 [NINI*]Q +x2 [S97] L\ aNINESS* (2.8)

=Bi(LN) (LN NG + Ba( L), (L3) N7 N7 + (L), (L5)] N' N

- 2.9
+ Ba(LNL(L3)7 SS* + Bs(L)(L%); SS* + (Zs permutations) (2.9)
Vo =1aSN'NF +7S(L)LD) +76S(LP)L(L3)] + yeers NT (L), (L3); (2.10)
+ c.c + (Z3 permutations) .
The Lagrangian of the fermionic sector is given by:
vt = = e12 (L @DHQR + L @DIQRN + i PVQDIQRE

+ y4§NINJ} + c.c + (Z3 permutations),
where the spin indices are implicitly being contracted over the Levi-Civita tensor.

The kinetic part of the Lagrangian, describing gauge boson interaction, is given by:

Con = [PLE] DAL + [,8] 0] [0,5] 57
+ (Li)l DL+ NIJDN* + SIDS*

+ GLWG“‘“’ + GRWG“ s GCWG“ B4 GFWGi " 1 (Zs permutations),

(2.12)

where the covariant derivative for the given gauge group for L is given by:
D, = 0, +igLT1.GY,, — igrTRGR,, + igr TR GY,, (2.13)
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andNSimilarly f9r QL and QR, with appropriate generators and minus signs. However,
D,N" and D,S would only contain the SU(2)r variation due to them being singlets in
SU@3)r and SU(3)r. And Gf,, denote the field strength tensor of the SU(3); gauge
group, defined as:

L = 0,GL, — O,GL, + 9uf™"GY G, (2.14)

Luv

and Gg,,, G, and G¢,, are defined equivalently, with fa in eq. (2.14) being the
structure constants of the corresponding gauge group.

Altogether, the parameters of the high-scale model are the 5 mass-parameters jiy 4,7, 7
trilinear scalar couplings ... 7, 4 Yukawa couplings v; . 4, and 30 quartic scalar couplings
)\1,...,10,041,...,12;)(1,2,3,51 ..... 5.



3 Symmetry breaking

To arrive at a model consistent with the SM at lower energies the high rank of the trini-
fication group needs to be reduced. This is achieved by spontaneous symmetry breaking
which also gives rise to massive gauge bosons, fermions, and scalars.

The U(1)r symmetry is softly broken, by the trilinear terms in Vg, eq. (2.10]). The energy
scale at which this occurs is taken to be above the breaking of the trinification group
itself. Therefore, the U(1)r will be considered broken throughout the rest of the thesis.

Writing the field-components in matrix form, using the notation described in sec. 2.1.1]
the VEVs that break the gauge group, eq. (2.2)), down to a SM-like gauge group are

o O O

0
0f,
p] (3.1
A S s W
®)-35(0) -7

Without a loss of generality, the VEVs w, f, p, p and w are taken to be real and positive.
Similar to the SM Higgs mechanism, scalars that acquire a VEV must have a correspond-

ing potential with a minimum away from the origin. To impose this condition, the mass
parameters of the fields acquiring VEVs must be negative, u%,27374 < 0.

This section details a one-step breaking scheme of the trinification group to the SM gauge
group, the minimization conditions of the scalar potential, known as tadpole equations,
and the calculation of the new unbroken symmetries.

3.1 Tadpole equations

Tadpole equations are minimization conditions of the scalar potential with respect to the
fields. This is to ensure that the VEVs are expanded around a minimum, mathematically
it is written as:

%
ad)j ¢j:<¢j>

where <¢j> is the VEVs. In the SM the minimization condition is used to solve for the
VEV in terms of other parameters of the model. Yet, in this thesis, the VEV scales are
treated as inputs. Instead, the five VEVs, in eq. (3.1)), give five minimization conditions
used to eliminate the variables pq, ps, 3, pta and ~7. The expression for these variables
are given in Appendix [A]

-0 (3.2)

Mathematically, these minimization conditions ensure there are no linear terms in the
Lagrangian, that is, a field never appears by itself. These linear terms would give rise to
Feynman diagrams with a single external leg,

______ Q (3.3)

referred to as tadpole diagrams [12].



3.2 Breaking to SM gauge group

The VEVs in eq. (3.1) can be written more compactly in terms of Kronecker-delta func-

tions:
1

(L)L) = 7 (w28} + (05 + pds)dt) . (3.4)
Using the notation: 7% = A*/2, where \* are the Gell-Mann matrices, the generators of
SU(3), the generators of SU(2) are written as the first three SU(3) generators, T% = T123,
and the U(1)4 generator is given by T, and a constant number. A general transformation

of the L’ fields, considering the gauge group, eq. (2.2), can then be written as:
O(LY), = dwf (TE)i (L)) — s (TR)y (L) + icop (T)y (L)), + dwoa(Ta)(LY); . (3.5)

The minus sign for the SU(3)g variation is due to L? belonging to the anti-fundamental
representation of this group. No variation with respect to SU(3)¢ appear in eq. ,
due to L’ being a color singlet. Moreover, no U(1)g appears due to L' not being charged
under this symmetry. Finally, considering that L’ has charge one under the U(1), trans-
formations we can set (T) to unity.

In order to leave the vacuum invariant after expanding around the new minimum, the

variation of the VEVs must vanish, ¢ <(l~7)i> = 0. Combining egs. (3.4) and (3.5) we get

5 (L)) —fé [wf(Tfj)é, (w26} + (£85 + p3§)o7) — windh (w(T8)78} + (TR)3(f0% + pd))

b (w(TEI02 + FTEVE + p(TRVOY) + wndh (wo20] + (4] + po})o?) |

=0
(3.6)
Using that (T%)4 = 0 this can be written as
0 = wf (115 (w020 + (£05 + po3)0?) — wipdh (w(TR)20% + (TR)X(f05 + poy)) -

+ whdh (w(TE)i02 + F(T)50%) + wadh (w20] + (f0h + po})dT) .
Considering all combinations i, 1,7, and imposing wf, w&, wk and wa to be real, we find

which generators that are broken by the VEVs. For example, considering ¢ = [ = r = 3,
eq. (3.7) reduces to

0 = wi(T{)3p — wi(TR)sp +wr | (TR)iw + (Ti)s f | +wap = Wi (T1)5p — wi(TR)3p + wap

—0 =0
From the Gell-Mann matrices we have that (77)3 = —%, summing over a gives
1 1
8 8
= —wp—=twr—= twa=0
L /3 R /3 A



Similarly for other combinations, we arrive at

4,7 1,2,4,..,7 1,23 _
WL = WR =wp =Y )
wip — V3wh =0, 3.9
wi — w8 — V3w, = 0. (3.10)

From this we conclude that the generators ;" = Té’2’4""7 = Tp™>® are broken.

The generators TF, T3, T3 and Ta are constrained by eq. and eq. (3.10), the

remaining unbroken generators must be a linear combination of these, giving rise to two

independent unbroken U(1) generators, one of which will correspond to the hypercharge

U(1)y. Considering a general transformation of TF, TR, T3 and Ta, and using the derived
8 8

constraints to eliminate wi = /3w and wy = T — wi), we get

WITY + Wi TE + Wi T + waTa = WiTf + Wi TR + VBWRTE + —= (wf —wf) Tu. (3.11)

A
V3
Wanting to find a generator corresponding to hypercharge we choose to define,

Bz—iw wT :7WT—WY
wr, = \/g( y +4 )7 = \/—( )7

eq. (3.11]) then becomes,

1
%((—TS—TS)—@T&JrTA 0) + ( ATS +V/3TE + T3 — TA+TA> =

V3T V3
5 1
= TY = TT

7T
Zwy< \}E(TLnLTR >

Hence, we have found the generators Ty and Tr:

1 1 5
Ty = ——= (TP +1T%) — T3, Tr = —=UTE+T3) - gTA + T8, (3.13)

V3 V3

where Tt depends on Ty which generates a global symmetry, hence T must also be global.

The remaining unbroken generators are T7°>° which are the generators of SU(2), therefore
we have broken SU(3)r, — SU(2)L. Hence, the total breaking of the symmetry group can
be written as:

! (3.14)
[SUB)c x SU(2)r, x U(1)y] x {U(1)T x U(1)p}

where square brackets [...] denote gauge symmetries and curly ones {...} denote global
symmetries.

10



4 Low-scale fields

After spontaneous symmetry breaking the new gauge group is described by eq. (3.14).
In this section new names for the components of the high-scale fields are given, their

quantum numbers are calculated, as well as the masses of all scalar, fermion, and gauge
fields.

The components of the trinification fields are renamed, with the doublets denoting the
leftover SU(2)1, doublets, and neglecting any SU(3)c index as it is not broken. The
components that receive a VEV, (L*)3 and (L?)3, are expanded into CP even and CP odd
components, then the scalar fields are given by:

Hd71 ’ Hu71 ’ I;L ‘ (.Z/Z)g 7 (5 w + I/R + lell:é)
Li= | \Haz Hy» er, , with : B 1
7

iy ~ \3 i i
R (L (L3 (L3 = —= (0Lf + oip + @' 4 id")
. . NG L UR i
Qi = <<dL fLL) DL> , Q;’{ = (gR
Dr

The N7, and S fields are also expanded around their VEVs as:

~1

NI:\}§<5{,0+TL + i (w+35+i) . (4.2)

~ 1
5=
) NG
The fermion fields are given as:

W) () ) S b

I — R &L e, . Qb = ((dL UL) DL> , Qi =|dr |,
€R VR o Dy

where the non-chiral quarks, Dy, and Dg, are known as Vector-Like-Quarks (VLQs).

The SU(2)y, doublets are in turn given the following names:

i _ Hd,li iigRi i _ g iieL,i
Hd_ (Hd,2> ) ER_ (NR> ) qr, = (dL UL) ) ‘€L_ (VL>

i _ Hu,li i _ Li (i =\ ~i_éLi
Hu_<Hu,2>7 EL_<5L>7 QL_(dL uL)a L_<DL>7

and the name of N’ is unchanged from the UV model.

The charges of the low-scale fields under the remaining symmetry group, eq. (3.14)), are

calculated by letting the new generators, defined in eq. (3.13]), act upon the fields. Con-

sider for instance how @ is charged under T, remembering that it is anti-fundamental

under SU(3),, a singlet under SU(3)g (seen in tab. [I]), and its charge under U(1)s (seen

in tab. :
(TeQLE = <= (T QL) — - Ta(QL) = 50H@LE — 500 QL5 + (@ (44)

TLl\/ng Lv = 3 2al\Wn)y = 30 &)L = 3% \&u)s T gl -
~3(QL)f
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Thus, for I = 1,2 (Q%)§ has charge 3 and for [ = 3 it has —}. Note that the calculation
for (Q})f is identical, thus it has the same charges. Hence, in terms of the low-scale
naming scheme, ¢! and di have U(1)y charges —% and % respectively, with their scalar
counterpart having identical charges. Calculating this for all fields in the theory we arrive
at the quantum numbers described in tab. [3|

Table 3: Representations and quantum numbers under the new gauge group, eq. (3.14)),
for the low-scale fields.

Fields SUBB)e SU@2)L, Uy U@y
H EY 1 2 1/2 -3
H&7E£7€£7€ZL 1 2 '1/2 -2

ek, el 1 1 1 -1

DR, U, VR, @, 00 & Al all NT 5§ 1 1 0 0
Gt i, 3 2 1/6 3/2

D}, Dj, 3 1 -1/30 -1/2

ah, uh 3 1 -2/3  3/2

diy,di, Di, Dy 3 1 1/3 1/2

Note that e} and e} have opposite hypercharge, this is due to all fields being left-handed
Weyl-spinors, hence a Dirac spinor would be constructed by charge conjugating one of

the fields, Q' = < gﬁ), which gives the expected charge structure as in the SM. Keeping
R

this in mind, the hypercharge for the electron becomes negative one as expected. In sec.

[6.2)it will also be shown that this field assignment will give the correct electric charges of

the corresponding SM fields after the EW symmetry is broken.

4.1 Tree-level masses

Before symmetry breaking the only massive scalars are those that have a quadratic cou-
pling in the UV Lagrangian, seen in sec. [2.2] with mass terms py, ui, f13, ft4, 1. All other
scalars and gauge bosons are massless at this energy scale. After spontaneous symmetry
breaking, expanding around the VEVs seen in sec. [3] additional quadratic couplings ap-
pear in the broken Lagrangian, physically interpreted as particles acquiring mass due to
the broken symmetry. Many fields will acquire mass while the SM particles remain mass-
less. The mass terms of scalars are of the form, ¢¢', and for fermions ¥) = g + VL,
thus the masses can identified by differentiating the Lagrangian with respect to the fields.

This section describes how the coefficients of the mass terms and mass matrices are found
from the Lagrangian, through differentiation. This will be described for scalars, scalars
decomposed into CP even and CP odd parts, colored scalars, fermions, and gauge bosons.

4.1.1 Scalars

The mass matrix for scalar fields can be identified as the quadratic terms in the Lagrangian
after expanding the fields around the VEVs. The mass matrix for complex scalars, (M (25)),
is calculated as

12



for complex ¢. (4.5)

7 82
(MZs))” = 96.00]

As described in sec. [4], the fields that are expanded around the VEVs are split into real
and imaginary components (CP even and odd). The mass matrices of these components
are calculated similarly to eq. (4.5), but differentiating with respect to the unconjugated
fields:

for real ¢. (4.6)

1 i 0%V
3 (M) = 35,5, ,.

Note that the reason for expanding the Components (LH3, (LH3 and (L%)3, into real and
imaginary parts in sec. [4] is that these components mix together. Hence blocks 7-11 of
the mass matrix, seen in tab. 4} only contain real fields and eq. (4.6) is applicable.

For scalars carrying colored charge, the mass terms can appear as (QL)f (QLj)Z, hence
the mass matrix can be calculated from eq. . However, off-diagonal mass terms, for
example (Q1)¢(Q3)r, also appear in the Lagrangian after symmetry breaking. The mass
matrix of these terms is given by

ij o*V S . .
(ME)" = for ¢ =Qu, o = Q. (4.7)
a¢iLa¢jR $i=(d2)
All the mass matrices of all scalar fields are calculated and put in a block-diagonal form
which can be seen in tab. [,

Table 4: Blocks of the block-diagonalized scalar mass matrix, the fields and the param-
eter dependence of each block. The un-colored complex, real, and colored scalars are
given in blocks 1-6, 7-11, and 12-18 respectively.

Block # Basis UV Parameter Dependence
1 {Hé} {A69,10}
2 {Hd,Hd} {4,100, B2}
3 {0} {X6,7.9.10}
4 {3 ,K%,H&} {Aa6,7,9,10}
5 {HZ H}} {Ma,...,10, B2}
6 {é%{aé%{ {46, B2}
7 {ﬁRLVRL(I)l n?} {7, B2}
8 {vg, @2, 03,7t 5} {1,105 81,5, 74,5,6, X1,2,3}
9 (i, v, @ 1 ~’2} {7, B2}
10 {é’Q,ci)’?’,ﬁ’l} {7, B2}
11 {5} {n?, 74,56}
12 {ar, {M,2,469,10, 12}
13 {@#.¢ {M\i, 10,01, 6,02}
14 {ag} {M 2,469,100, 0135}
15 {71121371?1?{} {1, 10, 01,6, B2}
16 {d&} {A1,2,4,6,9,10, 01,357}
17 {J%{,J%,D%T,DET,DE} {1, 10,00,12, 81,25, 71,2,3,6 )
18 {ElT,D%{,D%} {110, 01,12, B2, 71,3}
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where the dagger, t, is used to ensure that fundamental and anti-fundamental field com-
ponents do not mix.

The scalar fields é; and ﬁﬁl are not appearing in tab. M| because they remain massless
after symmetry breaking, becoming Nambu-Goldstone bosons. Since &k is complex it
carries a total of two Degrees Of Freedom (DOF). Additionally, one eigenvalue of block
6, and two eigenvalues of blocks 7, 9, and 10 are zero. Lastly, one eigenvalue of block 4 is
zero, which carries a total of four DOF, due to it being a complex doublet. In total, we
find 15 DOF of the massless scalar particles, which give rise to 15 massive gauge bosons,
described in the next subsection.

Note that all the scalar mass matrices are symmetric, hence all eigenvalues, m?, are
positive and the mixing matrices that diagonalize all mass matrices by similarity trans-
formations must be hermitian. Furthermore, since all coefficients in the Lagrangian are
real, the mixing matrices are also real and hence orthogonal.

4.1.2 Gauge bosons

The Nambu Goldstone’s theorem states that each broken generator gives rise to one
massless Nambu-Goldstone boson which is "eaten" by a massless gauge boson, gaining an
extra degree of freedom as longitudinal polarization and acquires mass [I3]. From sec.
15 broken generators were derived, which must give rise to 15 massless Goldstone bosons
which in turn give rise to 15 massive bosons. The 15 DOF of the massless scalars was
explicitly derived in the previous subsection. The mass matrix of the gauge boson is given
by:
1 v aQLGaLu e
9 (M(2G))ab 9" = _anang ' (48)
Ylgi=(¢

All the gauge boson masses and matrices are calculated and shown in tab. [ and egs.

7 ‘

Table 5: Computed masses of the gauge bosons. The first three rows show the squared
mass of the given fields, while the last three rows show mass matrices, and which com-
ponents mix. The mass matrices MéR . and MéL = are shown explicitly in eq. (4.9)

and (L10).

Field Mass Squared
G 5 (12 +9°) o
Basis Mass Squared Matrix
{G7 ? G%} Mép&yp
{G8 G2 GS ,G%} MCZ;L’R -
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(P4t w?) gd — fwgrgr

MZ. = (4.9)
o —fwgrgr 5 (f2 -+ w2) g3
2g? w2 f2ou2
% (f2 +p? + w2> _ \g/%QR % (_2f2 2_22]92 —|—w2> ( \/g)gFgL
2 - f/%gR 3w gk —Zﬁ? swlgrgR
MGL,R,F = gLIR (72](.2 9 9 n 2) 7“;29%{ é <4f2 n 4 9 n 2> 7% (410)
R A o i "
ff—w 2f“+w ' 2
(foJoeor L2gpgn _(2% E (P g2t ?)

The M(%LRF mass matrix has three non-zero eigenvalues, amounting to three massive
gauge bosons. The remaining eigenvalue is zero, corresponding to the massless U(1)y
gauge boson. Hence, 16 gauge boson fields are mixed but only 15 gain mass, as expected.

Similar to the scalars, the mixing matrices that fully diagonalize the gauge boson mass
matrices are in general orthogonal transformations.

4.1.3 Fermions

The mass terms for the fermions are man), which decompose into Weyl-spinors: majy g +
mirYL, motivating the following identification of the fermion mass matrix

M J _ ermion , 411
( (F)> DU oo ( )

where ¢r; € Qf and Vr; € Q.

The fermion mass matrix is real but not necessarily hermitian, unlike the scalar and
gauge boson cases above. To diagonalize the fermion mass matrix the method of Singular-
Value-Decomposition (SVD), described in [14], is used. With SVD two orthogonal mixing
matrices, L and R, can be found such that LTM(F)R = diag{my, ma, ...}, where m,; are
the fermion masses. The mixed fields are then written as: ¢ = Li)y,, and ¢ = Rir.

The SU(2)g doublet, N, is uncharged under all U(1) groups. Consequently, it is its own
antiparticle, known as a Majorana fermion. The mass matrix for a Majorana fermion is
calculated as

() =
a¢zaw] bi=(di)
and is diagonalized by the method of Takagi diagonalization [I4], which finds a unitary

transformation, {2, such that QTM(F)Q = diag{my, ma, ...}, where m; are the Majorana
masses.

, for o' = N7, (4.12)

Leptons do not receive mass at tree level, as in eq. (2.11) they only interact with the
colored scalars, @1, and (Qr, which do not receive any VEV, resulting in the leptons not
developing mass through any Higgs mechanism.

i
Using eq. (4.11)), it is found that the up type quarks u’ = <UL> remain massless.

Cc
UR
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The mass matrix for the down type quarks, d*, and vector-like quarks, D? becomes:

Maown = (4.13)

1
V2

S OO OO

O O O O oo

. . . dZ ,L 7/
written in the basis (DI%) Maown (dR DR).

Using SVD M gown is diagonalized, resulting in three massless down-type quarks, and three
massive VLQs. Mgown can be divided into the 3 x 3 blocks:

o, (o0 0 } L[ 0 pus —fun
Mp*=—10 0 wy |, Mp*™® =—|-pys 0 0 |, (4.14)
V2 0w 0 V2 —fy2 0 0

where M®* can be identified as the mixing matrix between Di and dj, and M5 is the
mass matrix for Dy, Dg.

Rotating the fields into a diagonal form results in the fields: 0} ,0%, D}, and D}, related

to the original fields by:
<©%> _R<Dﬁ> , (4.15)

o\, (di
(@) - <D£> ’

where 0} and 9% become massless, corresponding to the SM down type quarks, while D}
and D% become massive VLQs.

For N using eq. (4.12), the mass matrix becomes

o 0 2v/2wy,

which after using Takagi diagonalization gives degenerate masses of N' and N?:

my = 2v2wy,. (4.17)
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5 Effective Field Theory

The construction of an EFT is a general mathematical procedure to simplify problems by
approximating away irrelevant information of a certain problem. For instance, we do not
need Newton’s law of gravity to describe dynamics on the surface of Earth [9].

In the context of Quantum Field Theory, one integrates out heavy fields of the theory.
The theory containing the remaining fields is known as an EFT. At low energies, these
heavy states cannot be produced as initial or final states of any Feynman diagram, but
can only appear as virtual particles in loops. Although not directly detectable, these
particles still modify observable quantities. Calculating how the observed parameters in
the EFT are modified by the full theory, with heavy particles, is done by EFT matching.
This matching procedure calculates effective couplings of a model only containing light
particles, matched to the full, high-energy theory, but considered at low energies such
that the heavy particles only appear in loops.

This section details the EFT Lagrangian, the fields it contains, and couplings. Moreover,
a formal description of the construction of the EFT is given, as well as the matching
conditions and mathematical tools needed to calculate loop integrals.

5.1 EFT fields and Lagrangian

To construct an EFT, firstly, the light and heavy fields must be identified. Consequently,
all fields must written in the mass basis, by diagonalizing the mass matrices in sec. 4.1}
To motivate the following choice of light and heavy fields, a scan of the mass spectrum is
performed in sec. [7]

The light scalar fields that are chosen to be kept light, and enter the EFT, are: G, J%{, and
the down-type Higgs-doublet, H}. The fields are relabeled in the EFT as: ¢i = R, Ci%{ =S,
and H! = H, where colored scalars are also known as scalar Lepto-Quarks (LQs). The
scalar masses are described in sec. Diagonalizing the fermion masses, using SVD,
results in three massless fermions, 0% and 0%, corresponding to the three generations of left
and right handed down-quarks in the SM; and six massive VLQ components, D! and D%.
The massless fermions are kept in the EFT, while only the first generation of the massive
VLQ, D] and D, are put in the EFT. The 01.° particles are put into g} = ( 3 u’L)

All other fermions and leptons are massless and kept in the EFT, except for the SU(2)p
doublet N'. For the gauge bosons, only the broken generators will have a mass which is
of the scale of the VEVs and thus will be integrated out. The field content of the EFT is
summarized in tab. [
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Table 6: All scalars, fermions and gauge bosons in the EFT, their representations and
charges as calculated in sec. [3.2]

SUB)c SU@2)L U@y U(L)s

Scalars
H 1 2 1/2 0
R 3 2 1/6 1/3
S 3 1 /3 -1/3
Fermions
E 1 2 1/2 0
E} 1 2 -1/2 0
o 1 2 -1/2 0
ek 1 1 1 0
7z 1 1 0 0
P! 1 1 0 0
qt 3 2 1/6 1/3
ks 3 1 -1/3 1/3
uh 3 1 -2/3  -1/3
ok 3 1 /3 -1/3
Dk 3 1 /3 -1/3
Gauge Bosons

Gc 8 1 0 0
G, 1 3 0 0
Gy 1 1 0 0

The most general (dimension four) Lagrangian containing all these fields has a scalar
potential given by eq. (5.1)), and fermion interactions given by eq. (5.2)). That no other
combinations are possible was confirmed using SARAH [15].

Lcatar = M| HI* + mz|RI* +m3[S)* + Zi|H|* + Zo|R[* + Za|S|* + Zu|HI*IR|? (5.1
+ Z5|RI2|S|? + Z|H IS + Z7(RH)(HRT) + A(H'RS + HR'SY) '

Cltmions = MJ BLE, + M0 B + Mo®{Df + My D10y, + M vy
+ Mg &' + Mhvh® + Y Hai uf, + Y Hiqi of + YoH qi Dy
FYAHE A+ VB, + YiAH Bk + Y H e+ YN e}
+ Y MO0 + Y HE® + Yy H L@ + QY RO, + QYR O
+ QRO DL + UREL DL + WRELul + QfRIq) v, + QY Riq) &
+ URIELD] + 07 Stia], + OF SEiai + 0351 D), + 015Dy
+ 67 STequf, + OF ST + 07 ST, + 04ST Dy, + B§STP' Dy,
+h.ec

(5.2)

Note that for instance the term Y’ ”HTqiLd{{ contracts two anti-fundamental SU(2)y, dou-
blets implicitly through the Levi-Civita tensor. This structure does not appear in the UV
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Lagrangian, eq. (2.11)), and is consequently zero at tree level. The global symmetry U(1)r
does not appear in the SM, hence we break it softly, and it does not appear in tab. [6]

Altogether, we have 4 mass terms m?, 6 mass matrices M;, 7 quartic couplings Z;, one
trilinear coupling A, and 28 Yukawa couplings, Y;,§2;,©;. Note that after diagonalizing
the fermion masses, the mass matrix Mgy = 0 at tree level, but can in general become
nonzero from higher order corrections.

The gauge Lagrangian is identical to that of eq. , but instead containing the scalars
and fermions in the EFT, tab. [6, The coupling constants gc, and gi, remain the same
for the EFT, since the SU(3)¢ is not broken, and the fact that the light SU(2);, gauge
bosons, Gi’Z’?’, do not mix with any other bosons. The hypercharge coupling, gy, appears
in the EFT Lagrangian as:

D, > TG, (53)
where T¢ is defined in eq. (3.13), and GY, is identified as the massless eigenvector of
Mg, . seen in eq. (4.10)), giving

1
Gy = ———(9rG} + V39LGh + a.GY) , (5.4)

VA9E + gR

The vector bosons Gf, G, and G5, all mix to Gy and tree massive vector bosons. Finding
the orthogonal mixing matrix and rotating the gauge Lagrangian in eq. to the
broken mass basis, gy can be identified as the term in front of TyGY,,, as in eq. . A
more detailed derivation is found in [I0]. It is thus found that

V39L9R

gy = :
VA9t + 9&

(5.5)

5.2 Formalism of EFTs

Considering a Lagrangian containing particles with a wide mass-spectrum, the Lagrangian
can be divided into light fields, {#”}, and heavy fields, {¢™ }, such that Loy ({¢*}, {¢T}) =
Liight ({0¥}) + Lanix ({07}, {07 }) + Ltcavy ({#™}). The decoupling theorem states that the
massive fields will not impact the dynamics of the particles at lower energies [16], which
motivates the construction of the EFT. The EFT is constructed by integrating out all
heavy fields such that Lgpr = Liight-

The matching between the original UV theory and the EFT is done by matching the
scattering matrix elements between the theories at a low energy scale, which can be done
by matching the one-light-particle-irreducible amplitudes (1PI) [17] [18§].

Merr({97}) = Muv({0"} {0} <nr, (5.6)

where p? < M? indicates that the matching takes place at energies lower or equal to the
heaviest {¢} field with mass M.
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Following the structure of [I8], these scattering matrices can be split into tree-level, loop-
level and counter-term parts

tree loop ct . tree loop
prr + Mgpr + Mgpr = v+ MG + Mgy,
which can be rewritten as:
t 1 t 1
e — MR M + MU M+ ML (5.7)

Effectively, we take the finite part of eq. to be the matching condition, as the
divergences of individual terms in the above expression can be neglected as they will
cancel. In the UV limit, the light particles will not affect the amplitudes, and the UV-
divergences are canceled by the UV counter-terms. Furthermore, the IR divergences are
also canceled by the construction of the EFT to match the UV theory in the IR limit [19].

The loop integrals can be expanded in MY and MET where the loop integral of the

EFT part become scaleless and vanish in dimensional regularization [18§]

MEFEE Mtree + Mloop expanded + (Mcg MEFT) (58)
A more complete treatment of the theory of EFT is described in [19].

5.3 EFT matching equations

To match the EFT to the high scale theory, all couplings in eq. and , must be
matched. That is, corrections for all masses, trilinear scalar couplings, Yukawa couplings,
gauge couplings, and quartic couplings must be calculated. For simplicity, loops with only
heavy particles are considered. That is, external legs can only be light particles, and no
loops with mixed light and heavy particles appear. The different topologies contributing
to the one loop matching can be seen in the following eqgs. (5.10)), (5.11]), (5.12), (5.13)),

and (5.14).

The corrected mass can be identified by first calculating the propagator correction, cal-
culated as the sum of all 1PI diagram with two external legs. The physical mass can
then be recognized by first writing the two-point correlation function, using the corrected
propagator, as a geometric series and identifying the physical mass as its pole [13]. We
then arrive at:

where dm is the corrected propagator and myg is the tree level mass using the Modified
Minimal Subtraction scheme (MS) described in more detail in the next subsection.

Written diagrammatically, the mass term for the scalars becomes:

s

. SRR
N -G ST S A2

(5.10)
where the first term is the tree level mass, and the other diagrams constitute the mass
correction, om.

20



The fermions mass term is:

O———+ —O—+ (5.11)

The effective trilinear couplings are simply calculated as the sum of the tree level contri-
bution plus the higher order corrections. The effective Yukawa coupling is:

(5.12)
The effective scalar trilinear is:
\\\ \\\\ \‘\ \ \ . \\\
G- -+ o+ s s 5@ 61
/ / i ’ , /
/ / /7 /7 /7 /

where the last two diagrams of eq. (5.12)), and the last term in eq. ((5.13)), are the external
leg corrections at one loop level, comprising the wavefunction renormalization. They
consist of the 1PI diagrams with one loop and are given by the corrections to the mass

terms in eq. (5.10) and (5.11).

The quartic scalar interactions are approximated by the tree level matching conditions,
which still allows for dependence on the heavy fields,

~ 7~ ~
\\ // \\ // \\ // ST \| //
N7 \ / | |\ ;
= X —|— )---( + | + >\
// \\ // \\ A 1, \
// \\ s \ / \ .7 S ,)' \
(5.14)
\ i ~ 7~ ~ /
~ ”
\ / /
\ ’ \
+ P+ E + N
’ \ P \
/ \ - ~ - N

Note that in the limit of zero external momentum the last three diagrams involving the
vector boson will tend to zero, as there is no momentum that is integrated over.

The mass term for the gauge bosons calculated at one loop is calculated similarly to
eq. (b.10) and , but with two external gauge bosons. The effective gauge coupling
can be calculated by considering the one loop corrections to Feynman diagrams with one
external gauge boson and either two external fermions or two scalars. However, this work
considers the gauge boson effective masses and effective gauge couplings at tree level.

The above diagrams require the Feynman rules of the UV theory to be known. Due to
the complexity of the scalar potential, a general method of identifying the possible vertex
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interactions is needed. This can be calculated by differentiating the Lagrangian, expanded
around the VEVs, with respect to the different fields. The trilinear and quartic scalar
vertex factors, Tz(ji) and ngkl are then given by:

1 PV 1 oV
& -2 _97 , ) A — (5.15)
J S 0¢'0¢I0¢k | J S 0P 0PI D Pt
where i, j, k, [ are the index component of a list of all scalars, ¢* = { H}, HC}T, Eh, éy, S
the evaluation at zero for the trilinear term ensures any remaining fields after differen-

tiation are set to zero, and S is a symmetry factor, for instance, for four identical field

S =4l

Similarly, the Yukawa interactions, 7. U can be identified by differentiating the fermion

ijk >
Lagrangian with respect to two fermion fields and one scalar field. Thus we can write:
¢ N
\ J \\\‘7 ///l
| AG)) _ ()
¢1/ ¢k N _ZTijk ’ ¢zz’x\\ _ZQijkh (516)
,/ . ¢k N

where the factor —i is necessary to be consistent with the propagator and gauge sector
Feynman rules.

The gauge Lagrangian, eq. [2.12] is identical to that of the SM, but with additional SU(3)
gauge symmetries, additional fermions, and charged scalars. The trilinear and quartic
couplings involving SU(3) vector bosons are well known and described in [20} 21], while in
principle they could be derived in a similar manner as for the scalars and fermions. The
relevant Feynman rules are:

l/Jj N\ ¢j
\
. aNi __ - GF \ . a\i — . GS
=i (T0); =i T, e = dgx (=t + P)(TR); = (0 + )T
X
// ¢z
N\
\\
OIS GL" 7 (GSS)

X . . . .
¢i // Gg(M = Zg?f(T;); (T_g)(); =1 ijab
7
7
7

(5.17)
where G%* is a list of all heavy vector bosons of type X = L, R, F'. Note that the fermions
in Ti(ﬁF) are already rotated to the mass basis, while the scalars and gauge bosons are
not. There is not any two vector boson to scalar vertex contributing due to the outgoing
scalar always being of the scale of the VEVs, thus heavy.

The propagators for the scalars, fermions and vector bosons with momentum £ are:

! —_—— = M AN AA — _Z'gl“/ — kuku/m%

sz’ qu k2 — m2’ QL QR o k2 —m2’ G%MG%{V k2 — m?2

(5.18)
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The scalar propagator mixes the scalar and its complex component, and the fermion Dirac
propagator interchanges the chirality of fermions, hence the scalars and Weyl spinors are
mixed in the propagators above.

In eq. [5.15] the Lagrangian is differentiated with respect to the UV fields, however, the
interactions take place in the mass basis. Consequently, the tensors T(]k), Qz(]k)l, T, jk),

?
Tl(fjs and TZ]C;F) need to be rotated into the mass basis. For instance, the trilinear terms

of the scalars appear as:

Linass-basis T,abcﬁb/aﬁb/bﬁb/c - zgk’ (O¢)a1(0¢)bj(0¢)ck¢a¢b¢c ) (5-19)

where the primed fields and tensors denote fields being in the mass basis, and (Oy4) denotes
the rotation matrix for the scalars. Hence the trilinear term in the mass basis is:

TS = T5(04)ai(06)5 (Os)er (5.20)

and equivalently for the four-point vertex,

Q5 = T (04)ai(08)5(08) ek (Os)ar - (5.21)

For the Yukawa interactions, the scalar field will still be in the gauge-basis, and must be
rotated:

F
T =T 5 (00)ai - (5.22)

(2

The trilinear couplings involving the vector boson are rotated by the gauge mixing matrix,
(O¢), and considering the gauge-fermion and gauge-scalar interactions, we get:

T/(GF) - T'zjk (OG)cka T,(GS) ij (Od’)az(O‘z’)b](OG)Ck’

abc abc

(5.23)
GSS GSS)

Tt =Tt (06)ai( 08)15(06)ei(O6)a

Due to the complexity of the mass matrices, derived in sec. [L.I], it is not feasible to
analytically rotate the fields into the mass basis. Hence a numerical approach is needed
and will be described in sec. [7

5.4 Loop integrals

Considering the second term in eq. (5.10), with some initial and final particle, i, with
momentum, p, and the particles a and b in the loop with momentum p 4 k and k respec-
tively,

. \ . . .
R VPO (_Z.T/@)/ d'k i i ( i), >
w ) | Gy v R g b

(5.24)
ignoring the ie prescription, and the complex conjugated indices denotes the index of
corresponding complex conjugated field, required due to the propagator in eq. ([5.18)).

23



The loop integral can be calculated using dimensional regularization, for simplicity con-
sider m, = my so b = a, in the zero external momentum limit, p — 0, the integral, I,

becomes i |
[= / R raR (5.25)

Dimensional regularization is an analytic continuation of the number of space-time dimen-
sions, made by the following replacement: [ -2 on )4 — [t g ];d, where p is a dimensional
constant to keep the correct units, and d the dimension parameter which in the end is
taken to approach 4 [22]. The motivation of dimensional regularization is to decrease the
power of d*k to ensure that the integral converges. We also define € such that d = 4 — e,

so € — 0 as d — 4. The integral in dimensional regularization, I, then becomes

d
I = /;f (;lﬁljd & _1 . (5.26)

m)

which can be seen to converge for d < 4.

Rewriting this in terms of spherical coordinates, see [13| 22], I; becomes

dQ a1
—p / Y (5.27)

Y —m2)?

where the first integral is the volume of a d-dimensional sphere, [ d)y = 277/ I'(%). The
second integral can be solved using a change of variables and the Euler beta function,

[t L1y e

m2)2 2 \m?2 I'(2)

1; then becomes

I = (4’:>dr (2 - ‘2l> <ﬂ;>2g - (4’:)2 (47)/2T (;) mc (5.28)

Laurent expanding in e,

m2 \ € m? € m? 9
- S Y LIS I ) P (AL PR
<4WM2> L (4#/1) o <47ru2> +0E)

where vg is Euler’s constant, we get

I = (471T) (2 ve —In (’Z) In(47) + O(e )) . (5.29)

The final integral still diverges as ¢ — 0, these divergences will in general be canceled
by counter terms [23]. Using the Minimal Subtraction (MS) renormalization scheme, the
1/e pole is absorbed into the counterterm and subtracted away. Furthermore, in the MS-
scheme, one takes u? — MQ%‘?, such that the other finite constants in I; are canceled.
Thus, the poles are subtracted, leaving the finite functional dependence unaffected.
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B = (471T> (—m (Z@) —|—O(e)) : (5.30)

We are now free to take the limit d — 4, eq. ([5.24)) becomes for a = b and p — 0:

1 2
7' 75), In (“) . (5.31)

iaa~ 1*a*a* 1672 m2
a

Noteworthy is that the final expression depends on pu, which is the renormalization scale.
In general, the renormalization scale will never appear in observables [22]. As the matching
is performed at the breaking scale of the smallest VEV in eq. (3.1]), i is taken to be this
scale.

In general, a loop integral with N propagators, with masses my, ..., my_1, and P fermions,
with four-momentum of the ith fermion being p,,, becomes:

Iﬁ up(phu-,PN 15 Moy - -, MN— 1)
27m /dd [ (5.32)
Rz mg)((p1 + k)2 —mP) ... ((pv—1 +k)> —mi_y)

This integral can generally be solved using the Passarino-Veltman functions [24]. It can
be shown that this tensor can be reduced, through differentiation, to linear combinations
of scalar integrals. The Passarino-Veltman functions are usually denoted by the Nth char-
acter of the alphabet, I} = A, .12 . = By . up, and so on. The calculated loop
integral in eq. - is hence denoted by iBy(p = 0;m,, my = m,), where the subscript
zero denotes the scalar integrals. This tensor reduction can be done systematically and
is hence implemented in several computer packages, to reduce lengthy expressions [25].
One such program, to calculate these loop integrals is Package X [26] for Mathematica

used in this thesis.

In total, summing over all heavy particles in the loop, the second term in eq. (5.24])
becomes

¢z // \\\ ¢g
_———— F-—--

1
, =51 2 T/ T iBo (0 ma, my) (5.33)

N 2'abe{¢>H}

where {¢'} is a list of all heavy scalar fields, and the prefactor % is needed to avoid
double counting. The other terms are calculated similarly and additional examples are
found in Appendix [B]
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6 Matching to the Standard Model

All calculations throughout this thesis have taken place at the energy scale of the VEVs,
described in sec. [3] Due to the couplings and masses being energy dependent, we must
run the parameters down to SM-energies to compare these with observables. Specifically,
this is achieved by studying the RG evolution and S-functions, which is used to run to the
Electroweak Symmetry-Breaking (EWSB) scale and match to the SM. At the EWSB scale,
the SM Higgs boson, H, receives a VEV, giving mass to the SM quarks and electrons.

This section details the method of evolving parameters down to lower energies, through
RG evolution and the VEV-setting that breaks the EW symmetry, resulting in the SM
quarks gaining mass and charged flavor-violating interactions describebed by the CKM
matrix.

6.1 RG evolution and S-functions

The RG is a general mathematical procedure for studying how a system evolves at different
energy scales. There exist many quantities that describe this RG evolution, one of which
is the g-function, defined as the derivative of a parameter, g, with respect to the logarithm
of the renormalization scale, u

dg
~ dIn(p)

Using this Renormalization Group Equation (RGE), any parameter can be evolved to
different energies and is used in this study to run down to the EWSB scale [27, [13].

B(9) (6.1)

6.2 Electroweak symmetry breaking

After the symmetry breaking in sec. [3 all SM fermions are still massless. As in the SM,
they gain mass after EWSB, thus, in order to deduce the implications this model has on
fermion masses this symmetry needs to be broken.

Analogously to the SM, the EFT seen sec. is broken by the VEV:

(H) = \}5 (2) : (6.2)

where v is the Higgs VEV, experimentally given by v ~ 246 GeV [28]. As previously
discussed all parameters depend on the renormalization scale, letting the Higgs mass
parameter evolve to a negative value results in the potential receiving a local nonzero
minima, spontaneously breaking the symmetry. The condition for the squared Higgs
mass parameter to run negative will be a constraint on the parameter space, see sec. .
Identically to the SM, once EWSB is broken the resulting SM Higgs boson will have a
mass, my, proportional to the VEV, v, and square root of the quartic self-coupling at the

EWSB energy, Z;(v),
mp = \/2Z1<U> v (63)
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As in the SM, the VEV breaks SU(2);,x U(1)y — U(1)gm, hence the total breaking
scheme is:

[SU(3)c x SU(3)L x SUB)r x SU2)r] x {U(1)r x U(1)s x U(1)p}
1
SUB)e x SU)L x U(D)y] x {U(1)r x UL)s} (6.4)
1
[SUB)e x U(D)em] x {U(1)s}

The remaining U(1)p is a global symmetry and accidental, giving rise to the conservation
of the baryon number and explaining the observed baryon conservation.

Note that, just as in the SM, the electric charge generator is Q = Ty + T7. This gives
the correct electric charges of all the fields in the EFT in tab. [0 noting that all fields
are left-handed Weyl spinors, hence the fields with subscript R, are the charge-conjugated

7

SM right-handed fields. That is, a Dirac spinor is formed as and consequently,

Qi
Qk°)
the corresponding charges of the subscript R particles are that of the SM antiparticles.
Secondly, note that the fields with subscript L, are antifundamental under SU(2);,, hence

QL =TyQL — TLQL = (6_2> 51+<6+2> 0y = 303 =—301+ 30, — 303

d
Hence, the doublet structure ¢, = <UL> matches the charges of the SM for the up and
L
down type quarks.

6.3 Quark masses and CKM matrix

After EWSB the SM quarks receive mass, and their mass matrices can be calculated
similarly as described in sec. [£.1] The EFT shows that the only terms contributing to
the quark masses will be Y, Y, Yo, Mg and Mg. This gives the up-type quarks a mass
M, = Y7v/+/2, which after diagonalization gives the SM quark masses m,,, m., m;. The
masses of the down-type quarks are given by the 4 x 4-matrix:

=Y, %Y
MEWSB _ | \ptd (51D .
Down Mg,g M@ ) (6 5)

written in the basis <;L1> MEWSE (DiR @%{) Diagonalization of MEWSB gives the SM
L
NJEWSB

down-type quark masses mg, mg,my, and the VLQ mass mo, LL  MEWVSBRL o =
dlag(mdamsamb7mf©)'

Considering the up-type quark spectrum at tree level, M, = v/v/2Y,, where Y, can be

directly identified from eq. (2.11)). This only contributes to Y, when I = r = 1 and
J =1 =2, giving the relevant terms:

v v
—é€12(Y1 EU%U% + y2ﬁ“i“§{] +h.c (6.6)
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Ignoring any RG evolution, the tree level mass matrix, see eq. (4.11]), becomes
" 0
MM =—10 0

Performing SVD results in the tree level masses:
v v

=91 my = —= )
\/gyl t \/5?/2

Consequently, to impose the observed mass hierarchy between the charm and top quarks
we have

muzoa me =

(6.8)

Me_ %2 q00 | (6.9)

me A

which will be used as a constraint in the numerical scan in sec. [1

The mixing between flavor and mass eigenstates is responsible for charged flavor-violating
interactions and can be described by the CKM matrix for the quarks. Letting the up-type
quark mass-matrix be diagonalized by L, and R,, and the SM down-type mass matrix
by Ly and R4, then the SM CKM matrix

viM, =L, L} . (6.10)
Due to the additional ® down-type quark, the CKM matrix is extended as:
Vors = Lo P Lh= (V& [ Vai ). P=(Laxs Os0) ,  (611)

where V5N is the SM CKM matrix, describing the mixing between the up and down type
quarks, while Vi, is a 3 X 1 matrix describing the mixing between the up-type quarks
and VLQ, ©.
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7 Numerical implementation

Due to the complexity of the mixing matrices diagonalizing the masses, it is not feasible
to analytically calculate the matching conditions at one loop level. Thus, a numerical
approach is implemented using Mathematica [29]. In total, the high scale parameter
space is spanned by 46 variables, p1 4,7, 71,7, Y1,..4, )\1,...,107061,...,127X1,2,3,ﬂ1,...,5, and
the EFT parameter space is spanned by 46 variables, m;, M;, Z;, Y;, €;, and ©;, many of
which have multiple components, giving a total of 264 parameters in the EFT. The VEV
scales considered in this thesis are taken to be consistent with [10], hence we have

=500 TeV, w =500 TeV, w=2800TeV, [f=0900TeV, p=1000TeV (7.1)

The renormalization scale is thus u = p, and the EWSB energy scale is determined
dynamically by the energy at which m3, runs negative.

This section details the implementation of the numerical approach, by scanning over
parameter space to find adequate points satisfying the correct mass spectrum of the EFT,
and ensuring other constraints on different parameters.

7.1 Tree level scan

Firstly, points in parameter space are found that satisfy the correct mass spectrum, giving
rise to the correct EFT, described in tab. [6] This is achieved by first finding values for the
trilinear scalar couplings, the quartic couplings, and gauge couplings, that give the correct
scalar and gauge mass spectrum. Instead of simply randomizing these UV parameters,
individual blocks of the mass matrix in tab. [4] are inverted, reducing the parameter space
region needed to scan over. Based on the scan in [10], the scalar masses of the EFT
are inverted along with the gauge boson masses and single scalar masses, which are then
randomized in a range such that a single Higgs-doublet, H, and two scalar LQs, R and S,
are light while the other inverted masses are heavy. The trinification fields that develop
a VEV must also have a negative mass parameter. This gives the constraints N%,...A <0,
which put restrictions on the values of other parameters of the model through the tadpole
equations, see sec. [3.1]

Once such a point is found, the Yukawa couplings y; . 4 are still unspecified. These
couplings will only contribute to the mass spectrum of the VLQs, D, hence a second
scan, finding points that give the correct mass spectrum of the quarks, is performed. A
ratio of yo/y; ~ 100 correctly describe the mass hierarchy between the top and charm
quarks at tree level, see eq. , which is also chosen as a constraint on the parameters.

Furthermore, constraints on the parameters themselves must be satisfied, such as the
couplings needing to be small enough for perturbative expansions to be possible. The
constraints on the parameters are:

i

2
Y;

2L <1
47

dr —
Another set of constraints to ensure vacuum stability is to impose that the scalar potential
is bounded from below [30]. As discussed in [31], this is satisfied by constraining the
quartic terms in the scalar potential but is in general difficult to prove. Instead, a weaker
set of constraints is used for the quartic scalar couplings, namely that the sum of all

a.
_ <1

— Y

<1,

< 9 <1 (7.2)

— Y

8
47

47
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quartic couplings of the same field to the fourth power is positive, as used in [10]. From
eq. (2.4), we then arrive at the constraints:

M+ AN+ A+ A >0, A3+ Ag >0, x1 > 0, x>0 . (73)

Schematically, the scanning procedure of the tree level mass spectrum can be seen in fig[I]

Parameter space
A

Mass

Breaking scale

1| 110

<

Figure 1: Schematic illustration of parameter-space-scan. The initial variables of the
UV model are pseudo-randomized and the corresponding mass-spectrum, at this point
in the parameter space, is calculated and saved if consistent with the EFT.

7.2 One loop matching scan

The EFT is matched for each point found in the tree level scan satisfying the above
constraints. This is done by adding the loop corrections to the EFT parameters for each
tree level parameter point. Namely, corrections are calculated for all scalar masses, eq.
(5.10)), fermion masses, eq. (5.11)), scalar trilinear, eq. (5.13)), and Yukawa couplings,
eq. . The gauge boson masses for G£’2’3, Gy and the gauge couplings g, gc, and
gy are approximated by their tree level value. The quartic scalar couplings, Z;, are also
approximated by the tree level matching condition but still allows for dependence on the

heavy scalars in eq. (5.14).

Again, the same constraints of the UV paramaters are applied for the EFT parameters:

Z;

1 <1 forall 1, Z; >0 for i=1,2,3 . (7.4)
T

For the points satisfying all the above constraints, the parameters are evolved down to
the EWSB energy scale using the RGEs, see sec. [0 calculated using the Mathematica
package: SARAH [15]. The EWSB scale is determined dynamically by the energy at
which m?, < 0. Thus the SM fermions gain mass and their masses, the CKM matrix, and
other observables can be compared to SM parameters.
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8 Results and discussion

The following section presents the results of the numerical scan; the results of match-
ing calculations, eqs. (5.10), (5.11)), (5.12), (5.13)), and (5.14)); the RG-evolution; and
consequences for SM observables.

Firstly, it was found that the corrected SM down-type Yukawa coupling is zero, Ydij =0,
independently of parameter values. Consequently, the down-type mass matrix, (6.5)),

reduces to:
0 “LYs
MESSE = V2 1
Down Mglj MCD (8 )

Performing SVG, it is found that the three SM down-type quarks remain massless. Y,
is expected to be zero at tree level as no structure contracting two (anti-)fundamental
fields appear in the fermion Lagrangian, , such as ij ’HTq@%{. However, at one loop
level there is nothing preventing such structures to be non-zero. Due to the SM down-
type quarks being massless, there will be no mixing between mass and flavor eigenstates,
resulting in a diagonal CKM matrix.

This result indicates the need of an additional (down-type) Higgs-doublet, giving the
down-type SM quarks masses. Yet, Y, could gain corrections at two-loop matching, still,
these corrections ought to be very small and thus likely would not be able to accurately
describe the bottom quark mass. Therefore, further studies of the trinification model
should reasonably have multiple Higgs doublets in the EFT.

Secondly, the numerical scan described in sec. [7] found points satisfying the parameter
constraints. However, calculating the one loop corrections for these parameter points
results in large scalar mass corrections. This is not expected and indicates a perturba-
tive breakdown of the theory. The problem originates from the trilinear scalar vertices,
appearing in typologies such as in eq. , which become enormous due to the large
VEVs. After the high-scale symmetry breaking, many trilinear vertices appear as:

A4
--m- X (8.2)

where the cross indicates a field that has received a VEV.

Explicitly, consider the A5 term in eq. (2.5)),

V O A (LU (L) (L) {for: I=1,1=(1,2),r=1,and ' =1 = 3}

1 ~ L= al * 1 ~ L=/ * )\5p N1 (83)

S A H( +<I>3+1<1>3> Hi— (@1—1—@1) S 2P 13 (i)
5 /2 p d NG 9 (=)

This trilinear interaction between one light scalar and two heavy scalars, here p = 1000

TeV, and |\5| < 4, results in potentially very large vertices. Furthermore, having two

such vertices such as in eq. ([5.33)), squares the contribution. However, the vertices are

always accompanied by a loop integral which suppresses this factor, yet not enough.

Considering eq. (5.33)) again, the loop integral is ﬁ In (2—22), see eq. (5.31]), with a heavy
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particle of mass m which will be of the order of the VEVs. Consequently the logarithm
will roughly be: In (7‘7;—22) ~ ln(Z—z) ~ -1n (2?). Thus, some scalar mass corrections may be
of the order 10° TeV, per particle in the loop. Summing over multiple such particles can
give an even larger contribution. Such contributions do appear, explaining the very large
mass corrections. Note that, the quartic scalar corrections, eq. , also faces the same

large vertex factor, but is suppressed by #, preventing it from blowing up.

Considering the mass spectrum of the up-type quarks for an example parameter point, the
tree level up-Yukawa, Y, and the loop correction, Y, °°P, at u = p = 500 TeV, becomes:

y1 = 0.00739, yo = 0.770, ys = 0.802,

0 0 0 0 0 0 8.4

tree __ loop __ 7 ( . )
Y =10 0 0.00739 |, Y, =10 3.16-10 0
0 0.770 0 0 -0.00397 O

Preforming RG-evolution to the EWSB scale, estimated to 6.67 TeV (see details bellow),
using all the matched EFT parameters, but considering the tree level scalar masses, the
up-Yukawa, Y,RGE s calculated to:

0 0 0
YREE -1 0 4.51-1077 0.00739 |, (8.5)
0  0.766 0

resulting in a massless up-quark, and massive charm- and top-quarks, with m;/m. =
103.7, compared to the tree level ratio of 104.2. That the up-quark remains massless
could also be resolved by having additional Higgs-doublets in the EFT. As seen in this
example, the loop corrections and RG-evolution contributions are small, which is general
for studied parameter points, thus, the correct quark mass hierarchy between the charm
and top quarks can in general be fulfilled.

Fig. [2| presents the results of the RG evolution of the scalar masses in the EFT, m?,,
m2, m%; the inverse gauge couplings, ¢y, 91", gc"; and quartic scalar couplings, Z;. 7.
The squared Higgs mass runs negative developing a VEV, while the other squared scalars
masses remain positive, see fig. [2a] This behavior matches that of the SM, displaying the
validity of considering this model. The RGEs are evolved down to an energy stopping
scale, at which m3, has become negative with a magnitude of the order of the initial
squared mass. This defines the EWSB scale, and this is found to be, for this paramater
point, v = 6.67 TeV, leading to a mass of the Higgs boson, see eq. , my, = /221 (v) -
v = 9.83 TeV, where the quartic scalar coupling at the EWSB scale, Z;(v) = 1.09, see fig.
2d Both the calculated EWSB scale and Higgs boson mass is far greater than observed
values. The strong coupling constant, gc, increases for lower energies while the other
couplings decrease, see fig. 2D} also consistent with the SM.

The loop-corrected mass of the light VLQ, ©, in the EFT can be seen in fig. [3 for
the different high-scale Yukawa parameters, y; and ys. In fig. [Ba the VLQ mass, mg,
increases roughly linearly with y; for small values. As y; becomes larger, the allowed
values become less constrained. The Yukawa coupling y, is constrained by eq. ,
thus the mgp dependence on y, is similar to that of y;. Considering y3 however, see fig.
Bl exhibits little correlation with the mg, except for small values where it limits the
maximum value mgp can take. The results reveal that mg has a wide mass-spectrum,
thus, the VLQ mass can obtain values from zero to the scale of the smallest VEV.
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Figure 2: RG running with energy p, from the trinification scale, down to EWSB scale

for the three scalar masses, (a); inverse gauge couplings, (b); and quartic couplings, (c).
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Figure 3: Resulting loop-corrected VLQ mass, mg, for different y;, (a), and ys, (b).
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8.1 Improvements and outlook

The analysis of this project lays the groundwork for further exploration of the Trinification
model’s ability to reproduce the SM’s flavor structure. Nevertheless, several improvements
and extensions can be considered. Firstly, to recover the perturbative validity by suppress-
ing the large mass corrections, stronger parameter constraints are needed. Such points
were attempted to be found with the pseudo-random numerical scan of sec. [7} but due to
the large parameter space, spanned by 46 parameters, no such points were found. This
further necessitates the need for a more efficient searching algorithm for the parameter
space mass spectrum.

Another natural improvement would be to calculate one-loop corrections of the quartic
couplings, gauge boson masses, and gauge couplings. This will likely not affect the results
significantly as it will only contribute to the quark sector through the RGEs. Still, to
complete the one-loop matching it is necessary, and could be achieved using software that
automates the calculations. Examples of such software that automatically can perform
the one-loop matching are SARAH [17] and Matchete [32]. Implementing the model in
well-tested software would validate the results of this thesis. Additionally, SARAH has the
ability to export the code to SPHENO [33] for numerical matching, and more sophisticated
searching algorithms, such as running the RGEs up and down to iteratively converge
at parameter points matching to the SM. This could be particularly useful for finding
parameters matching the correct EWSB scale and Higgs boson mass. Both SARAH and
Matchete implementations were attempted with this model, but without success.

The analysis could further include predictions of more phenomenology, such as the study
of neutrino masses, baryon asymmetry, or dark matter candidates. As already noted, the
model considered in this thesis contains heavy Majorna fermions N, eq. (4.16]), which
has the potential to generate neutrino masses through the seesaw mechanism. Studying
CP-violating processes of the model could also be used to explain the observed baryon
asymmetry, and the many additional particles in the model could be studied as dark
matter candidates. Expanding the analysis to include the neutrino sector, CP-violation,
and dark matter candidates could give further insight into the limitations and predictions
of the trinification model.

Lastly, our analysis revealed that constructing an EFT with a single Higgs doublet is
insufficient to generate the correct SM down-quark masses. Hence exploring models with
additional light Higgs-doublets appears necessary. Previous work [I0] demonstrates the
existence of parameter points giving rise to a mass spectrum with three light Higgs-
doublets. Extending this search to consider multi-Higgs-model EFT could potentially
solve the limitations encountered in this work, specifically the inability to accurately
reproduce down-quark masses.
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9 Conclusion

This thesis aimed to study the quark mass hierarchy and CKM matrix from a trinification
model with an additional family symmetry, [SU(3)]* x SU(2), x U(1)p. The gauge group
was assumed to be broken in a single step, resulting in an SM-like gauge group with
an additional accidental U(1)g-symmetry, giving rise to the conservation of the baryon-
number. The resulting masses due to the breaking of the trinification symmetry were
calculated, then an EFT containing a single Higgs-doublet, one VLQ, and two scalar
LQs was constructed, and motivated by a numerical scan over the masses. The EFT
was matched at one loop-level, numerically, for points in parameter space satisfying the
EFT mass spectrum, found by the numerical scan. The resulting matched couplings were
evolved to the EWSB scale using RG evolution, at which the Higgs boson receives a
VEV, and the SM quarks obtain mass. The results reveal that an EFT with a single
Higgs-doublet is unable to reproduce the correct SM quark masses, namely, the down-
type quarks remain massless after EWSB. Additionally, the scalar mass corrections were
observed to become very large, implying stronger conditions on the parameters in the
numerical scan are necessary, accordingly a more efficient scanning method is required
for further studies. Finally, the up-type quark spectrum is noted to be flexible enough to
accommodate SM observations.
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A Appendix: Tadpole equations

The tadpole equations, described in sec. @ solved for the parameters 4 234 and v7:

=g (B4 522+ 2 (W (7 +62) + 20+ Ot dg + 2)e?)

-+ (/\2 + )\10) p2 + 64102 -+ 2\/5’}’511])
1
2
Ho = 2p2

+2X3p" + 2Xap” + B3p’p” + Aap’w® + iop’w? + Bsp’w’ + 2v275p"w)

Mg :2;2(—2f4>\6+6102 (f2+w2)+52p2 (f2+w2)+2f2>\4 (wz—f2)+2f2)\6w2

— [2Asp” = [2A0p” + Bap®p” + 20Mx1 + pPw’Xs + 6V2yu0%0)

(=20 N =2 N6+ Ba 0" + 2070”4+ 22 2” + [22ap” + [ Mo

i = ;(54 (f L 2) + \f (37402 + 75 (f2 + w2> + 76192) — 2% + Bsp? + pPxs + 2w2X2)

== (£ (2 #2004 20) (=) )+ O+ A0) 7)) (A1)

B Appendix: EFT matching equations examples

A selection of diagrams in eqs. (5.10)), (5.11)), (5.12)), (5.13)) and ([5.14)) written out explic-
itly. The complex conjugate of an index below will denote the appropriate transformation
of scalars and fermion propagators, as seen in eq. ([5.18)).

a
T R () [ (F) d*k Trli(f+ ma)i(F +my)]
5 Q«ﬂ =, 20, ) (1% [ = e —
b

W(F) ! (F) d*k 4k? + dmamy,
=- Z 71w,b 71@ *a*b* / 4 (1.2 9 9 2
(2m)* (k* = m3) (k> — mj)

abe{yH}
=4 > T (6" B (05 ma, 1) + mamy, Bo(0;ma, my))
a,be{yH}
(B.1)
i
P , :

----- -y () () — (B.2)
% ac{yH} —Myg ¢j ¢a

36
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Ui, Vh acioty
b be{ypH}
S 7/ (G (GF) Ak — (" — Kk /m2) (F +my)
ae{gH} who e @t (k2 —m2) (k2 —m})
be{f}
= ﬂ$“2$?>(—40m3ammmmw—wwamnmnmn
ac{GH}
be{ypH}
AV
+fymz (fyaBuua + mbB;w(O; Mg, mb)) )
(B.3)
\¢z‘
¥ (GS) ! (GS) /() d*k A L
S TG CS) (i), / v — Pl [T
Ao ae{ZG:H} e ( ' kbc) (2m)* (k2 — m2)(k? —mg)(k* — m32)
/ bee{o}
//ij
— Y TOOpEsrs) / d'k —(k? = k*/mg)
weomy (2m)* (k2 —m2)(k? — mj)(k* — m2)
b,ec{p™}
Qv oK
— was ]Ca )Tk,(;f)*z (—g“”CW(O;ma,mb,mc) + g9 ——Cuox(0; ma,mb,mc)>
ac{GH} ma
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