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Abstract

We have studied left-right-symmetric (LR) model building in two specific instances: the
Minimal Left-Right-Symmetric Model (MLRM), with gauge group SU(3)c ® SU(2);, ®
SU(2)r ® U(1)p_r, and parity as the LR symmetry; and a non-supersymmetric, trinified
theory, with gauge structure SU(3);, ® SU(3)gr ® SU(3)c ® Z3 and an additional, novel,
SU(3) family symmetry. For the MLRM, we have rederived the Lagrangian in the gauge
and mass eigenbases, partly using the SARAH [12] model building framework. We have
demonstrated how the gauge symmetry is broken to the Standard Model, and explicitly
found the corresponding Goldstone bosons. For the trinified model, we have constructed
the Lagrangian, spontaneously broken the gauge and global symmetries, and calculated
the masses and charges of the resulting particle spectra. We show that the addition of
the SU(3) family symmetry reduces the amount of free parameters to less than ten. We
also demonstrate a possible choice of vacuum which breaks the trinified gauge group down
to SU(3)c ® U(1)g, and find particularly simple minimum for this choice of potential.
We conclude that the MLRM deserves its place as a popular LR extension, with several
appealing features, such as naturally light neutrinos. The trinified model with SU(3)
family symmetry, meanwhile, is an economic and exciting new theory. Our first, simple
version seems phenomenologically viable, using very few parameters. Furthermore, several
other theoretical variations are possible, many of which seem worthy of study.



Popularvetenskaplig sammanfattning

Det ar i princip omgjligt att overskatta vikten av begreppet symmetri for modern fysik.
Redan nar Maxwell pa 1800-talet forenade elektricitet och magnetism till en enda kraft
fanns en underlig egenskap i hans teori. Hans fysikaliska system kannetecknas av poten-
tialer, som ar relaterade till de elektriska och magnetiska falten. Det visade sig att om
man fordndrar dessa potentialer enligt specifika regler sa far man samma system, samma
fysik, tillbaka. Identiska fysikaliska resultat ges alltsa av flera olika konfigurationer av
potentialerna. Man sager att teorin ar invariant under en intern symmetri, dar symmetri-
transformationerna ar de ovan ndmnda reglerna. Samma koncept styr idag hur fysiker
konstruerar teorier som beskriver de fundamentala krafterna och partiklarna; om man vet
exakt vilka symmetrier som teorin ar invariant under, sa kan man rakna ut exakt hur
de olika partiklarna vaxelverkar. Naturens fundamentala krafter ges allts av de interna
symmetrierna/

Det ar alltsa inte konstigt att mycket av arbetet i att konstruera en teori for det
subatoméra Universum ligger i att forsoka hitta vilka symmetrier den bor besitta. En
specifik typ av intern symmetri ar s.k. vanster-hogersymmetri. Med vénster och hoger
avses inte det man brukar mena i dagligt tal, utan snarare egenskaper som vissa partiklar
har; sadana partiklar kan vara antingen vanster- eller hogerhdnta. Standardmodellen for
partikelfysik beskriver naturen pa den valdigt lilla skalan battre &n nagon annan teori
nagonsin har gjort. Den behandlar dock s.k. vanster- och hogerhanta partiklar ojamlikt,
och det star inte klart varfor, eller om det maste vara sa. De flesta fysiker tycker det hade
varit mest naturligt om Naturen behandlade dem lika.

Hér granskar jag tva teorier som faktiskt behandlar véanster och hoéger jamlikt, vilket
leder till en méngd nya egenskaper och forutsagelser. Forhoppningen ar att en sadan teori
ska visa sig beskriva naturen &nnu béattre, forklara saker som standardmodellen inte kan,
och pa sa satt ge oss en djupare forstaelse for verklighetens mest grundlidggande struktur.



Contents

1 Introduction

1.1 Background and rationale . . . . . . .. .. ... ... L.
1.2 The effective potential in classical and quantum-corrected scalar theories
1.3 Goldstone’s theorem . . . . . . . .. ..o
1.3.1 Spontaneous symmetry breaking in the linear sigma model . . . . .
1.3.2 The Goldstone theorem . . . . .. . ... ... ... ... .....
1.3.3 Goldstone’s theorem in the presence of quantum effects . . . . . . .
1.4 The identification of Goldstone bosons in a scalar spectrum . . . . . . . ..
1.5 SARAH . . . . . e
1.5.1 The anatomy of a SARAH model file . . . . .. ... ... ... ..

The minimal left-right-symmetric model
2.1 Fermion and vector particle content . . . . . . . . ... ... ... ... ..
2.1.1 Fermions . . . . . . . . . ..
2.1.2 Gauge bosons . . . ... ..o
2.2  Gauge anomaly cancellation . . . . . . .. ... oL
2.3 Higgs sector and symmetry breaking . . . . . ... ... ... ... ...
2.3.1 Higgs fields and vacuum structure . . . . . . . . .. ... ... ...
2.3.2  Gauge boson masses . . . ... .o
233 SUQ2)p®@U(l)g_, — U(1)y Goldstone bosons . . . . ... ... ..
234 SU2)L®U(l)y — U(1)g Goldstone bosons . . . . . ... .....
2.4 Scalar potential and Higgs mass spectrum . . . . . . .. . ... ... ...
2.4.1 SARAH implementation of the scalar potential . . . . . . . .. ..
2.5 Yukawa sector . . . . . ..o
2.6 Tree level Lagrangian in physical basis . . . . . .. . ... ... ... ...
2.6.1 Yukawa sector . . . . . . ...
2.6.2 Gauge boson-fermion interactions . . . . . ... ... L.
2.6.3 Gauge boson-scalar interactions . . . . . .. ...
2.6.4 Gauge boson interactions . . . . . . .. ... oo
2.7 Phenomenological overview . . . . . .. ..o
2.8 Conclusions and outlook . . . . . .. ... oo

Non-SUSY Trinification

3.1 Particle content . . . . .. ..o

3.2 Symmetry breaking . . . . . ... oo

3.3 Tree-level Lagrangian . . . . . . . . . . ...
3.3.1 Kineticterms . . . . . . . ...
3.3.2 Yang-Mills sector . . . . . .. ...
3.3.3 Yukawa sector . . . . .. ...
3.3.4 Scalar potential . . . . . ... ..o

13
13
15
17
18
23
23

25
25
25
26
26
28
28
30
32
35
37
43
44
47
47
50
52
95
o7
o8



3.4 Mass spectrum and charges . . . . .. . ... L oL

34.1 Scalars . . . ...
3.4.2 Gauge symmetry Goldstone bosons . . . . . ... ...
3.4.3 Leptons . . . ...
344 Quarks . . . ..o
3.4.5 Gauge bosons . . . ...
3.5 Conclusions and outlook . . . . . .. ... ...

4 Summary
4.1 Acknowledgements . . . . . . . ... ..

A MLRM SARAH model file

B References



Foreword

This thesis is the result of roughly one year of work, done at Lund University, under Roman
Pasechnik. In the early summer of 2014, when discussing my project, Roman presented me
with a long list of possible projects. Among them was a fascinating Grand-Unified Theory,
called Trinification, which seemed to offer a wide range of predictions; regenerating the
rich theoretical structure of the Standard Model, using a highly unified structure, with
very few free parameters. I was intrigued, and the choice was easy. In order for me to
learn about model building before tackling this new theory, we thought it wise for me to
treat a more well-studied case, where results would be available in the literature for me to
reference. This model ended up being the Minimal Left-Right-Symmetric Model (MLRM),
which is of additional interest as an intermediate step when Trinification is broken down
to the Standard Model.

The experience has been highly educational. 1 have learned how field theories are
constructed from the ground up, and become intimately familiar with symmetry breaking.
I have had to handle large, messy calculations using several of the computational tools of
the trade. I have also learned about more about renormalization theory, effective potentials,
anomalies and other field theory. Thinking back to what I knew, or didn’t, a year ago,
seems almost surreal. This project has been my first taste of actual research and I feel
well-prepared to continue my career in particle physics.

In hindsight, it’s tempting to think that I would have liked to have done more with the
Trinification theory. Furthermore, there are several avenues of research which we started to
pursue, like studying the vacuum structure at the 1-loop level for both theories, but were
unable to complete due to computational limitations or lack of time. However, I realize
that reproducing the known results for the MLRM was a necessary step in order for me
to learn how to treat Trinification, and that studying the MLRM with tools like SARAH
has opened interesting new possibilities, like studying the vacuum at 1-loop, as mentioned.
To my knowledge, this has not been done before. Thus, several of the things that I would
have liked to address in the thesis we are now planning to study; things I have worked
on which are not included here, like code for the effective potential and a Trinification
SARAH model file, will be of use as my work continues in the coming months.



1 Introduction

1.1 Background and rationale

Having been almost continually tested through the latter half of the last century, the
Standard Model (SM; for a thorough description, see Ref. [1]) is one of the most complete
and accurate theories in the history of physics. Its gauge group SU(3)c @ SU(2),@U(1)y
encompasses all known fundamental interactions except gravity (a consistent quantum field
theory of which currently eludes theoretical physics). Its successes range from excellent
predictions of the electroweak gauge boson masses [2] to the discovery of the Higgs boson
in 2012 [3, 4].

However, the SM is, in several regards, theoretically incomplete and arbitrary. There
are no convincing Dark Matter candidates; the particle spectra contain huge hierarchies
which are theoretically not well-motivated (why is the top quark 35,000 times heavier than
the down quark? Why are the neutrinos so extremely light?); the large number of free
parameters (around 30) allows fine-tuning which detracts from the impressiveness of some
predictions.

Since the SM so well describes Nature at energies for which it is phenomenologically
valid, further theoretical developments should approximate the SM, at least to some degree,
at these energies (in the same way that modern physics approaches classical results when
quantum effects are small). Thus, when new theories are constructed, in the hopes of
solving some of the theoretical shortcomings of the SM, they are commonly designed as
extensions to the SM, with larger symmetry groups or particle content.

One class of such theories is left-right-symmetric (LR) models, where left and right
chiralities are treated equally at high energy scales. This is in contrast to the SM, where,
for example, the charged electroweak current only couples to left-handed fermions. These
models resolve a number of unsatisfactory features of the SM, such as

e The fact that the SM prefers one handedness over the other is not theoretically well-
understood. LR models are often seen as more appealing since they restore this
symietry.

e Since these models commonly feature heavy Majorana right-handed neutrinos, small
left-handed neutrino masses are naturally introduced via see-saw mechanism [5, 6].

e In the SM, the hypercharge Y is an arbitrary quantum number. In left-right-
symmetric models this generator arises in a more coherent way from the less arbitrary
quantity B — L (the baryon number minus the lepton number).

This leaves unresolved, of course, several other problems with the SM: The arbitrariness
of the large mass hierarchies, the unappealingly large number of free parameters, and
the fact that charge is quantized (meaning the charge of the electron and the charge of
the proton satisfy . = —Qp), among others. These issues are addressed in Grand-
Unified Theories (GUTSs); theories where the SM, or extensions to it, are embedded in more



symmetric theories. These large symmetry groups are then broken down to the SM group
at some high scale, often in steps, producing the correct phenomenology and, preferably,
new predictions. Desirable qualities include a group structure which, through the way it is
broken, produces the aforementioned charge quantization; fewer free parameters by means
of unification; dark matter candidates among its particle spectrum, et cetera.

In this study, we have considered two LR theories: The first is a straight-forward
extension to the SM, possessing a SU(3)c ® SU(2)r ® SU(2)r ® U(1)p—r symmetry,
commonly referred to as the Minimal Left-Right-Symmetric Model (MLRM) [7-9]. The
second is a non-supersymmetric (non-SUSY) version of a GUT with the gauge group
SU3)c ® SU(3), ® SU(3)g, called Trinification [10]. In addition to these gauge sym-
metries, Trinification also possesses a global family or flavour symmetry, SU(3)y, a novel
feature. We have investigated symmetry breaking, particle spectra and mixings, and other
features of the models. This has been achieved in part with the help of the Mathematica
package SARAH [11, 12].

The study is essentially divided into three parts: Chapter 1 contains an introduction
and the theoretical basis used throughout the thesis.

Chapter 2 is dedicated to the MLRM. We first introduce the model and its symme-
tries and particle content, and go on to study the spontaneous gauge symmetry breaking
mechanism, including the identification of the Goldstone bosons. We also derive the tree
level Lagrangian in the physical basis, and give a short phenomenological overview. Fur-
thermore, we have laid the basis for future research, most notably by constructing the
corresponding SARAH model file, and other code, which may be used to find the renor-
malization group equations and, subsequently, to study the vacuum properties at the 1-loop
level.

Chapter 3 introduces the Trinification model. We have shown that the group SU(3) ®
SU(3)r ® SU(3)c ® SU(3)s, where the last group is a global family symmetry, breaks
down to the SM group, and derived the group representations, masses and charges of the
particles at tree level. We discuss the features of the theory, most importantly the novel
addition of the global SU(3) family symmetry.



1.2 The effective potential in classical and quantum-corrected
scalar theories

We will now briefly review the effective potential and spontaneous symmetry breaking
(SSB) for simple scalar theories, classically and with quantum corrections. Our derivations
roughly follow Refs. [13] and [14].

In a classical field theory, in order to find the vacuum expectation value of some field (¢),
we simply minimize the classical potential. When quantum effects are turned on (that is,
when higher-order loop diagrams are also taken into account), however, this value may be
shifted [13]. We seek a function which, when minimized, yields the quantum loop-corrected
value of (¢).

Consider a classical theory of a single real scalar field ¢ with the Lagrangian

1

— ¢t (1.1)

_1 2_122_
—2(8¢) T

The theory is generated by the functional

2] = Wl — /D¢€i(5[¢>}+J¢)

Jop = /d4xJ(x)¢(:p)

is the source term and S is the action. Let us define the classical field as

¢a(x) = (Qo(2)[02),

where |€2) is the vacuum state; i.e. the VEV of the quantum field (in the presence of the
external source). Then

where

W] _

¢cl( ) 5J(

/ DS99 (). (1.2)

Note that ¢ is given as a functional of J.
We wish to construct a Legendre transform, moving from W (.J), to some I'(¢y). Let
us define

Tigu) = W) - [ d'es(a)sul) (13)

The idea is that J be eliminated from the RHS in favour of ¢, through the dependence
of J on ¢ given in Eqn. (1.2). T'is called the effective action. Calculating the functional
derivative of the effective action with respect to J, we find the simple result

ollpa] _ [ 4 0J(y) SWIJ] FTREUC)
5¢cl($) B /d 5¢cl(x) (y) / 5¢cl(x)

Galy) — J(x) = =J(2).
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In other words, if J(z) = 0 and we have no external source, we have

6P[¢C1]
dpa ()

Now, since the effective action should be a spatially extensive quantity [13], we can write
it as some coefficient V. times the four-volume V of the system,

F[¢cl] = _V‘/eff(¢cl) .

~0. (1.4)

Plugging this into (1.4), we immediately see that

Vet (a1
8¢C1

for J = 0; in other words, the effective potential Veg gives (¢) when minimized in the
absence of external sources. Since J = 0, the definition (1.3) implies that I' = —W; the
effective potential is simply the energy density of the state.

Let us now derive the form of Vg, following [14], to the first loop order. We start by
computing W[J]. From here on, we omit the “cl” index and write ¢ = ¢. Let us denote
by ¢s(x) the solution to the equation

6(S[g] + [ dyJ(y)o(y))
o (x)

=0

=0,

implying
P os(z) + V'(¢s(x)) = J ().

Letting ¢ = ¢ + gg, expanding in powers of qg and restoring h, we have

Z[J] = el — / Depeli/M(S+72)
e e(i/D)(Slbs]+T6s) / D e/ [ d*e((96)2/2=V" (828 /2)

— (i/0)(S[l+T)—trlog(0%+V" (¢5))/2

or )
W[J] = S[os] + Jos + %itr log(9% 4+ V" (5)) + O(1?).
Using (1.2),
_ W O(S[gs] + T¢s) 60 3
¢=—+= 53, 57 T 9s T OM) = ¢+ Oh).

Plugging this into Eqn. (1.3), the Legendre transform defining the effective action, we find
h
[lg] = S[¢] + 5 trlog(d® + V"(9)) + O(?). (1.5)
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which follows from the relation det M = ' for the matrix exponential. Assuming ¢
is constant in z (the vacuum is invariant under translation) allows us to evaluate the trace
in momentum space:

trlog(@® +V"(6) = | dta(al og(@” + V"(0))lo)
= [t [ e talt) (1 lox(@® + V@)l )

Let us write as an Ansatz for T’
(g = / I'o(—A(6) + B(@)(06) + C(6)(06)" +...)). (16)

Then, under our assumptions of ¢ constant in z and no external sources,

T4 = / d'e(—A(6)).

Eqn. (1.4) thus implies that A’(¢) = 0; minimizing A gives (¢), and we identify A = V g.!
Using the Ansatz (1.6) with (1.5), recalling that S[¢] = [ d*z(—=V(¢)) under our as-
sumptions, we finally obtain

Viel0) = V(o) ~ 5 [ yitor (g ) + 00 (1.7

known as the Coleman- Weinberg effective potential. We have supplied the factor k2 to
make the logarithm dimensionally sensible. Eqn. (1.7) takes the form of the classical
potential V' plus quantum corrections parametrized by h.

The momentum integral in (1.7) diverges due to its quadratic dependence on the im-
plicitly imposed cutoff. To remedy this, we add counterterms to the original Lagrangian

(1.1):

£:%@@?—;ﬁf—iﬂ&+A@@?+Bf+C&.

Adding these to (1.7) we obtain

B A? d*k k2 "
Vialo) = V(o) +5 [ Tpreton (FE ) 4 B2+ Cot + O()

where we have also performed a Wick rotation into Euclidean space and imposed a cutoff
k% = A% Integrating, we find

A2 . (V”(¢))2 e1/2A2
322/ O~ g s gy

!Note that the argument of A is ¢, equal to the VEV (¢) of the quantum operator ¢, with the subscript
dropped.

Ve (0) = V(9) + + B¢* + O, (1.8)

11



V() ~ ¢t so V'(¢) ~ ¢* and (V"(¢))? ~ ¢!, and each term containing the cut-off
can be absorbed into a corresponding counterterm, leaving the expression for the effective
potential containing only physical parameters.

We will now demonstrate how this occurs for the simplified case of y*> = 0. This
scenario is of physical interest; when p? > 0, the vacuum lies at the origin and everything
is symmetric; when p? < 0, the ¢ — —¢ symmetry is spontaneously broken. It is not
clear, however, what happens when we take > = 0 and include quantum corrections. Is
the symmetry spontaneously broken or not?

Plugging V (¢) = —2¢" into (1.8), we get

A2\ A A2 ¢’
Vet = (647T2 + B) ¢* + (Z + ng (E) + C) " + O(/\S) (1.9)

where C' has been redefined to absorb constants in ¢. To determine the two counterterm
coefficients B and C' we need two renormalization conditions. To obtain the first, we note
that setting y? = 0 means that the so-called renormalized mass-squared, defined as the
coefficient of ¢? in V| is zero. We wish to preserve this in Vg, so we take

d?V,
2ff =0
i |,
as the first condition. Referring to (1.9), this implies B = —A?)\/(647%). We cannot

employ the same idea for the ¢* term, since the corresponding coefficient in V.g contains
log ¢, which is not defined for ¢ = 0. Instead, we evaluate this derivative at some scale Q.
Thus

A" Vet

oh| =M@ (1.10)

$=Q
where A(Q) is a coupling that runs depending on the scale @), is our second renormalization
condition. Solving (1.10) for C' and plugging back into (1.9), we get, finally,

v = 2250 29Dt (15 (2) - 2) + 000(@), (111)

where we have noted that A = A\(Q) + O(\?). Thus, we have the renormalized (depending
only on purely physical parameters) effective potential for our ¢* theory with u? = 0.

We are now equipped to answer the question regarding the spontaneous symmetry
breaking, or lack thereof, in a quantum-corrected theory with p? = 0. Let us consider the
effective potential (1.11) close to the origin. The leading, “classical”, term oc ¢*, vanishes.
The next-to-leading order term, however, contains the factor log(¢?/Q?), which approaches
negative infinity in the ¢ — 0 limit. The origin, then, is a local maximum, which means
that there is a local minimum at some (¢) # 0.

The function ag* + be?* log(¢?), for some coefficients a and b, has been plotted against
¢ in Fig. 1.1 to illustrate this. Thus, clearly, the reflection ¢ — —¢ symmetry is spon-
taneously broken by the minima generated by quantum corrections. This is known as
radiative symmetry breaking [16].

12



Figure 1.1: The function Vg = a¢* + bp*log(¢?), for some constants a, b, plotted against
¢. This function is of the form of the effective potential in Eqn. (1.11). The two minima are
generated by quantum corrections, and spontaneously break the original reflection symmetry
of the theory, despite the lack of a classical * term.

Even for more complicated theories, the expressions remain simple. In this paper, we
will use the form given in [17], for a general, renormalizable theory:

1
Vg =V + — VWD
i N (16m)2 "’

4 2 3
v =% %(—1)2&1(23” +1) <log (%) - 5) .

Here, V is the classical (tree-level) potential; the sum over n runs over all particles in the
theory; s, and m, are the spins and tree-level masses for each particle. This form holds
for the so-called DR renormalization scheme.

1.3 Goldstone’s theorem

1.3.1 Spontaneous symmetry breaking in the linear sigma model

Following [13], we will give a brief introduction to the concept of spontaneous symmetry
breaking (SSB). Consider the N-field linear sigma model,

Lo Lo i A
L = S(0,0") + 512(0")° = (1))
2 2 4
where the factor (¢)? is always summed over i = 1,..., N. Note the rescaling from the

usual convention A\/4! — A/4. This Lagrangian is invariant under the group O(N) of
rotations in N-dimensional space, the operations of which can be written as

¢i — Rij¢j:

13



where R is an orthogonal N X N matrix.
Since, at this stage, this is a fully classical field theory, we obtain the vacuum by simply
minimizing the potential

, 1 , A
V(9) = — 26 + (6 (112)
This is satisfied by any vector of fields ¢}, for which
2
i2 _ M

Thus, we are free to choose the direction in which this vector of fixed length points. One
common such choice is

¢0: (0,...,0,’0),

i.e. letting the vacuum point purely in the ¢y direction in field space, for some number v.
From (1.12), v* = p?/\. We are obviously free to write the theory in terms of new fields
7,0, shifting from the origin to v in the ¢ direction:

¢'(x) = (7"(2),v + o(2)),

where now k =1,..., N — 1. Let us plug our new fields into the Lagrangian, keeping only
the interesting terms (quadratic and higher), and simplify:
1 2, L p 1 2 2
Z = 5(0,m)" + 5(0u0)" — 5(\@#) o
A A A
— Vpo® — 104 — Vo (7F)? — 50'2(7Tk)2 — Z((Wk)Q)Q.

Looking closer at this result, we interpret the 1/2(y/2u)?0? term as a mass term for
the boson o. The mass terms ~ (7%)? are absent, so the 7%’s are massless. Since there are
N — 1 of these directions in field space to rotate among, the Lagrangian’s original O(N)
symmetry is hidden, replaced by the subgroup O(N — 1). Our choice of a specific vacuum,
the vector ¢, which points in the Nth direction, breaks the O(N) symmetry of the vacuum.

A rotation in N-dimensional space can take place in N(N —1)/2 planes; cf. the familiar
case of N = 3, where there are 3 planes in which a rotation can be made (or, three Euler
angles which together completely specify any rotation). Thus, a theory which is symmetric
under the group O(NV) has N(N —1)/2 continuous symmetries. We end up with a O(N —1)-
symmetric theory, and so N(N —1)/2 — (N —1)(N —2)/2 = N — 1 symmetries have been
broken, the same number as the massless m bosons. This is a very general result, encased
in Goldstone’s theorem, which we will treat in more detail below.

Considering Fig. 1.2, where the N = 2 case is plotted, we may also argue geometrically.
The potential is rotationally symmetric around the origin, and we can excite the system
from the vacuum in two directions; radially, climbing the slope, or tangentially, by moving
around the minimal circle. Moving along this equipotential circle corresponds to a massless
excitation; the Goldstone mode.

14



V(¢')

Figure 1.2: The linear sigma model potential V- = —p%(¢")* + A\((¢")?)?, for N = 2,
plotted against the fields ¢%2. The infinitely degenerate vacuum states lie along the circle
with radius p*/\ = v, among them our choice of ground state (v,0).

1.3.2 The Goldstone theorem

We will now give a general overview and proof of the Goldstone theorem [15], of which
we saw an example in the previous section. The theorem states that when a continuous
symmetry of a theory is spontaneously broken, there will result a massless boson corre-
sponding to each generator of the broken symmetry. The proof given here follows Ref.
[13]. Consider a classical theory of N scalar fields ¢’(x), abbreviated ¢. The Lagrangian is

< = kinetic terms — V(o). (1.13)
Let ¢} be a constant vector of fields such that it minimizes the potential V'

oV (¢)

90 =0.

#(z)=¢0

The expansion about this minimum is

9510

0*V(¢) ) 2
( ¢’ ad)] $=do "

15

V(¢) =V(go) + %@ — ¢0)' (¢ — o)’ (8 V<¢))¢¢ +

where the matrix




is symmetric and has as its eigenvalues the squared mass of each particle. Since V' has a
minimum at ¢q, the curvature is positive there, and thus the eigenvalues of mfj are non-
negative. We wish to show that any spontaneously broken symmetry (that is, a symmetry
of Z in (1.13) but not of the vacuum ¢) results in a zero eigenvalue of mg;.

That .Z is invariant under a continuous symmetry means that it is unchanged under a

transformation

@' — ¢+ al'(¢) (1.14)

of all the fields. Here, a parametrizes the transformation, and A’ depends on all the ¢%’s.
If we consider only constant fields, .2 = —V, and so the potential must be invariant under
(1.14). Another way of writing this invariance is

oV (9)

V(¢') =V(¢' +al'(¢) = N(@T&

=0.

Differentiating once w.r.t. ¢/ and evaluating at the vacuum, we get
OA ) ( ov ) ’ 0?V

(8¢3 %o 9¢ %o 0410 $o

Since ¢y minimizes V', the first term is zero. It follows therefore that the second term be
must also be zero. The relation then reads

0*V

0- Aj(¢o) = A(¢o) (W

) = Ai(%)m?j
o)

which is an eigenvalue problem: when the vector A‘(¢y) is nonzero, which means that
vacuum is not invariant under our symmetry transformation, it is the eigenvector of mfj
corresponding to the eigenvalue 0. Thus, a spontaneously broken symmetry engenders a
massless scalar, which we wished to prove.

Let us now look more closely at a non-Abelian gauge theory, containing a set of real

scalar fields which transform as
¢ — (L+1w"t")i;¢, (1.15)

while keeping the Lagrangian unchanged. The w®’s are infinitesimal parameters (with non-
trivial spacetime dependence, which we suppress) and the t*’s generate the transformation.
The gauge-covariant derivative acting on ¢° is then

Dugzﬁi = (@M — igt“Wﬁ)ijgbj

The scalar kinetic terms are half the square of this, while letting the ¢*’s obtain a nontrivial
VEV (¢") = ¢}. The term of interest to us is then

1
gGB mass — §mZbW5Wbu
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where the mass matrix is given by
mey, = g° (it go)" (i)' (1.16)

If a symmetry remains unbroken, it means that the corresponding gauge boson remains
massless. This is encoded in (1.16): the vacuum transforms as (1.15), so invariance under
the symmetry generated by some t* is equivalent to t*¢y = 0. Then, the corresponding
entry of m?2, is zero.

We can now also compare the transformations (1.14) and (1.15). As we saw, the vector
A¥(¢y) is an eigenvector of the scalar mass matrix with mass zero (using the simplification
of constant fields). Thus, (it%¢pg); is, in fact, a vector which at the vacuum is parallel to the
Goldstone mode. In other words, ¢ times some broken generator transforms the vacuum
(infinitesimally) in the corresponding Goldstone direction. This important fact will be
useful to us when aiming to identify the Goldstone bosons in the scalar spectra treated in
later chapters.

1.3.3 Goldstone’s theorem in the presence of quantum effects

In Section 1.3.2, we showed that when a symmetry of a scalar theory is spontaneously
broken, the matrix of second derivatives of the potential V' w.r.t. the fields has a cor-
responding zero eigenvalue for each broken generator. We now wish to argue that the
situation is completely mirrored in a theory where quantum corrections are taken into
account. As discussed in Section 1.2, the effective potential V., when minimized, gives
the classical expectation value just as V' does without quantum effects. In addition, it
necessarily obeys the same symmetries as V' [13]. Thus, the first part of the original proof
may be immediately repeated for the present case; for every continuous symmetry of the
theory that is spontaneously broken, the matrix

82 V:eﬁ“ (¢cl)
0a0

(recalling that ¢ = (Q|¢|Q2); we will once again use the shorthand ¢, = ¢) obtains one
zero eigenvalue. It remains to be shown that this means that there is a massless scalar
boson in the spectrum.

In Ref. [13], it is shown that the second derivative of the effective action I' is equal to
the inverse propagator (that is, the inverse of the sum of connected two-point functions)
times i:

or
69" ()07 (y)
Assuming constant fields and Fourier transforming,

Da) = [ e ™ Do)

= (¢ ()¢ (¥))connected = D (2, Y).
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where the momentum-space propagator D(p) is given by [13]

- i
D =
#) = mg — M>?(p?)’

that is, a geometric series of one-particle irreducible? two-point diagrams. The pole, at the
physical mass, is shifted away from the bare mass mg by the self-energy M?(p?). The poles
of the propagator are the zeroes of its inverse, and so the physical masses squared m? are
obtained by solving

ity = [ R iy T
0=iD76") = [ e ™ e A7)

with respect to p?. We seek massless particles, so let us study (1.17) with p* = 0. Since,
this means that I is differentiated w.r.t. constant fields. But, from Eqn. (1.2) we see that
this in turn implies

g = / Ie(~Vir(6)).

Thus, as we wished to show, the matrix

PVer
06i0¢i

does indeed have a 0 eigenvalue for every zero-mass scalar in the spectrum; Goldstone’s
theorem holds also in the quantum theory.

1.4 The identification of Goldstone bosons in a scalar spectrum

We will now develop the machinery later used for identifying the Goldstone bosons in a
theory of the type of those considered in this text.

It is instructive to first explore the Standard Model. The SM electroweak symmetry
G = SU(2) x U(1)y is broken into the EM symmetry group H = U(1)g. The Higgs field

is fundamental under G,
_ o _ ¢1 + ig2
b= (v+¢0 \v+ @3+ igy (1.18)

We first seek to find the generator of the unbroken symmetry (EM), i.e. ). To do this, we
note that the vacuum, which we chose to be

@ =),

2One-particle irreducible (1PI) diagrams are those which cannot be split into two diagrams by the
removal of any one line.
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should be invariant under U(1)q. Since & is fundamentally represented under SU(2), it
transforms under the gauge transformation of G as

D — 295" i1 Ye P oy (1 + %wgaa + iwﬂ@) =0+ 0P

where 0% are the Pauli matrices and Yo = +1/2 is the hypercharge assignment. In the
second step we assume infinitesimal transformations, without loss of generality. We have
also suppressed the spacetime dependence in the parameters w¢,wy. Acting on the vacuum
and requiring no change,

oo (g 0) () -5 (S755) - )

So, the vacuum is invariant under the gauge transformation with wj = w? = 0 and
wy = wi =wg. Thus, @ = T3 +Y as we expected.

The gauge transformation of U(1)g on the Higgs doublet (which is in the fundamental
representation of U(1)g) is then

eiQwQ ¢1 + Z¢2 _ G%UBwQequ)wQ ¢1 + Z¢2
v+ @3+ iy U+ @3+ iy

. €in 0 ¢1+Z¢2
N0 0) \v+ds+idy

This tells us that, indeed, ¢ = ¢; + ¢y transforms as an object with () = +1 under the
EM group. Similarly, v + ¢° = v + ¢3 + i¢, is also in the fundamental representation and
has EM charge = 0. Thus, assuming infinitesimal transformations,

0(p1 +i2) = iwg(d1 + iga),
(v + g3 +igy) =0.

The conjugate fields transform like
6(d1 — i) = —iwg(P1 — ig2),
(S(U + ¢3 - Z¢4) =0.

From linearity we can find the individual transformation properties; subtracting and adding
the above equations we find

0 = _WQ¢2>
5¢2 = WQ¢17
5y = 0y = 0.

From analysis of the gauge boson spectrum we know that there are three mass and EM
charge eigenstates; Z° and W* = (W, F iW,)/v/2, which must eat a Goldstone each in
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order to become massive. The scalar mass matrix reveals that ¢, ¢2, ¢4 are massless (¢3
becomes the physical Higgs). Thus, the three massless scalars mix in some particular way
into three Goldstone states, with definite EM charges 0,+1, in order to take the roles
of longitudinal polarization states of the gauge bosons. As we will see, there is only one
possibility for each.

Let’s start by finding the state K;¢; (summed over i; K; are constants and i € {1,2,4})
which has ) = 0. In other words,

S(K;¢i) = K00, = Ki(—wgo2) + Ka(wgpr) + Ky -0 L 0,

where, in the last step, the equality is enforced. Clearly, there are no nonzero constants
K, 5 that satisfy this. Then the uncharged Goldstone contains only ¢4. K, is arbitrary
here but fixed to unity by requiring normalized kinetic terms. So, Z° eats the Goldstone
GO - ¢4.

The positively charged Goldstone is found in the same way, by requiring

O(Kips) = Kidp; = Ki(—wqo2) + Ka(wgol) + Ky - 0 - +iwg (K;¢;)

Identifying coefficients we learn that K, = 0, iK; = K5 and iKy = —K; (noting that the
last two conditions are equivalent). So, the Q = +1 state G, eaten by W is K;(¢1+i¢s).
K, =1/ v/2 can be seen from requiring normalization.

Finally, G—, which becomes the transverse mode of W~ is found by setting

5(Kigs) = Kids = Ki(—woe) + Ka(wgol) + Ky - 0 = —iwg(Kid;)

We find Ky = 0 again, and iKy = K; <= iK; = —K3. So, G~ = Ki(¢1 — i) =
\/%(le — ).

To recapitulate, the three Goldstone modes engendered by the spontaneous breaking
SU2), x U(l)y — U(1)q are, in terms of the EW gauge eigenstate Higgs fields,

¢ = ¢

1 .
Gi = E((}Sl + Z¢2).
Since the Lagriangian is invariant under global phase transformations, we are free to rede-
fine

) 1
Gt — P20 = —iGt = —2(¢2 —i¢1),

1

V2

We can also find the Goldstones by first finding the generators of the spontaneously
broken part of G. The gauge-covariant derivative of the SM is

G~ — e B2G =iG™ = —=(¢o +ich). (1.19)

Dy =8, —igW,T" —ig'Y By,
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where the SU(2) generators are one half times the Pauli matrices, 7% = ¢%/2, and the
hypercharge Y generates the U(1) transformations. Let us write this in terms of the
mass eigenstate fields. These are obtained from diagonalization of the gauge boson mass
matrices: WI}’Q are already mass eigenstates; the photon and Z are

_ 1 / 3
Ay = w(y W, +gB,),
1
o__ - 3
Zy - W(QWH g B,LL)'
We get
Dy, =8, —igl"'W, —igT*W}
1 /
e (TP — V)20 — i3 (T3 4 V) A,. (1.20)

Vo +g? VRt
Each term in Eqn. (1.20) is a product of —i times a charge, a physical gauge field, and a
thereto associated generator. We can immediately read off Q = T3 + Y as the generator
of the EM symmetry, again, and e = gg'/+/g% + ¢’* as the elementary electric charge.
Furthermore, the broken generators (i.e. those corresponding to the degrees of sym-
metry which do not live on as U(1)g after spontaneous symmetry breaking) are T, T?
and (g*T3 — ¢”?Y). As we found in Section 1.3.2, complex unity times a broken generator
transforms the vacuum in the corresponding Goldstone directions. This allows us to find
the Goldstone bosons corresponding to each generator and gauge boson. We get, for the

first broken generator,
ol _ (0 1\ [0\ _ (i3
i <CI)>_2(1 o) (v)_(o ‘

This tells us that the Goldstone mode corresponding to the generator T, and thus eaten
by W, is the complex part of the top component of ®, defined in Eqn. (1.18), i.e. ¢s.

Similarly,
ro-5( )0)-0)
=5 )0 0)- Cadern

tells us that the Goldstones eaten by W?2 and Z° are ¢; and ¢, respectively.

Now, of course, we prefer to express the mass eigenstates W12 as the normalized,
complex charge eigenstate fields W=+ = (W' F i1¥/?)/+/2. This implies that the Goldstone
eaten by W is

and

G* = (P2 F Z¢1)/\/5
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Consulting Eqn. (1.19), we see that the results agree.

Finally, we will make one observation which will speed up finding the generators cor-
responding to the physical gauge bosons, as per Eqn. (1.20). The covariant derivative
contains terms of the form complex unity times a gauge coupling, a generator and a gauge
field:

D, D>iTr*we, (1.21)

where T% = ¢g*t* (no sum); ¢* and t* are the corresponding gauge coupling and generator
(in some representation), respectively, to the (gauge eigenstate) gauge boson W% We
wish to express this in terms of physical gauge fields W. Let the rotation into physical
eigenstates be achieved by

Wa — Rabwb
where R is an orthogonal® matrix. Then, the gauge eigenstates are

Wb — (RT)ba/Wa — RabWa

which implies (renaming a, b)
W = R*W".
Plugging this into Eqn. (1.21), we find that

D, > iT"W",

where now 7% = RbaTa (recalling that 7% = ¢g“t* without summing). Thus, the generators
mix exactly in the same way as the gauge bosons, only multiplied by the gauge coupling.
In other words, to find out how the generators mix, we need only look at how the gauge
bosons mix into physical states and replace the gauge eigenstate gauge fields by the gauge
coupling times the corresponding generator.

As an example, consider the Standard Model Z boson. We know from the gauge boson

mass spectrum that
1

3 /
T

Then, according to our prescription, the generator corresponding to this physical gauge
boson should be

0 _
Z, =

1
Ty = W(g(ﬂ?’) —g'(gY)).
We can extract the normalization factor 1/4/¢? + ¢’2 and call it a coupling, leaving (¢g*T> —
g"*Y) as the generator, which is exactly what we found in Eqn. (1.20).

3Tt can be shown that any real, symmetric matrix can be diagonalized by an orthogonal matrix. The
gauge boson mass matrix is real since its elements come from the square of the gauged scalar kinetic terms
and obviously symmetric.
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1.5 SARAH

SARAH [11, 12] is a Mathematica [18] package which calculates masses, mixings and
vertices for gauge theories (supersymmetric and non-supersymmetric). It can also give
tadpole equations and the renormalization group equations (RGEs) for all parameters up
to the two-loop level. The model of choice is input by writing and loading so-called model,
particle and parameter files. These contain the necessary information about the model
structure: The model file encodes gauge symmetries; particle content and representations in
the different eigenbases; superpotential (for SUSY theories) or Lagrangian (for non-SUSY
models). The particle and parameter files, meanwhile, contain less crucial information
regarding the particles and parameters of the model, such as output names and descriptions.

SARAH currently comes with a selection of around 50 models already constructed, most
of which are extensions of the SM. If one wishes to use SARAH to calculate features of a
model not included by default, constructing a model file manually is mostly straightforward.
We will give a brief overview of the required steps in the following section.

1.5.1 The anatomy of a SARAH model file

In order to make this thesis somewhat self-contained, we will give a short outline of the re-
quired sections of a non-supersymmetric model file. For detailed instructions, we obviously
refer to the SARAH manual [12].

Gauge groups. First, the gauge group of the theory is typically specified as a product of
U(1) and SU(N) groups. For each such group, quantum numbers (such as hypercharge or
colour) and dimension should be given. We can also choose which group indices should be
expanded over in calculations. The gauge bosons for each group are added automatically.

Matter fields. Next, we must write the (Weyl spinor) fermions and scalars of the theory,
including their charges under each gauge group.

Scalar potential and Yukawa Lagrangian. These two parts of the model’s Lagrangian
must be manually supplied. SARAH understands how to build invariants out of the scalar
and fermion fields, since their representations are known, and as such can contract the
indices without them having to be written out explicitly. For example, SARAH would
understand a term such as HHT for the SM Higgs, since there is only one way of con-
tracting the (implicit) indices; as an SU(2) product. However, in the event that there are
several ways of constructing a gauge invariant, the desired contraction must be written out
explicitly in the model file.

Vacuum structure. The vacuum structure must be supplied for all scalars which obtain
a nonzero VEV.
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Gauge and matter sector mixing. While SARAH can calculate the mixing matrices,
we must tell the program which particles actually mix. This is done by supplying the gauge
eigenstates that mix, and defining mass eigenstate and mixing matrix variables. SARAH
then computes the latter. This must be done for fermions and scalars as well as for the
gauge bosons.

Dirac/Weyl spinor structure. Lastly, we must input the way in which Dirac spinors
should be constructed from the Weyl fields previously defined.

Examples of model files are included, as mentioned, in the SARAH package download
[12]. Our model file for the MLRM is included, for reference, in Appendix A.
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2 The minimal left-right-symmetric model

Left-right-symmetric models containing the gauge group SU(2), ® SU(2)p®@U (1)1, have
been studied extensively since the 1970’s [7-9, 19]. The extended symmetry in the elec-
troweak sector leads to new phenomenology and several attractive theoretical features, not
least as an intermediate effective theory between the SM and some higher-scale unified
theory. We will consider the so-called Minimal Left-Right-Symmetric Model (MLRM),
which is an gauge-group extension of the Standard Model to SU(3)c @ SU(2), ® SU(2)r ®
U(1)p_r. We take the transformation between L and R fields to be parity?, and impose
parity invariance before spontaneous breaking down to U(1)g. The latter is achieved by
assigning VEVs to selected components of the triplet and bi-doublet Higgs fields.

We will begin by introducing the gauge group, fermion and gauge boson content in
Section 2.1. In Section 2.2 we verify that the model is gauge anomaly-free. Section 2.3
treats the Higgs sector and symmetry breaking. We introduce the Higgs fields, calculate
the gauge boson mass spectrum, and identify the Goldstones associated with breaking the
MLRM gauge group to the SM. In Section 2.4 we write the scalar potential and, having
solved the tadpole equations, obtain the scalar mass spectrum. Section 2.5 contains an
analysis of the Yukawa sector. Furthermore, the entire Lagrangian is then put into the
physical basis and presented in 2.6. Finally, we give a brief phenomenological overview
and a summary in Sections 2.7 and 2.8, respectively.

All calculations have been performed in Mathematica. An MLRM model file was cre-
ated for use with SARAH, and the results of the manual calculations were used to verify
the correct construction of the model file. All results agree between the methods. There
is also complete agreement with the literature in all results unless noted otherwise.

2.1 Fermion and vector particle content

2.1.1 Fermions

The fermion fields are assigned to the doublets

; = Y y = Y Qz = ( ) Y Ql = ( > *
- (e)L " <e)R - d/, " d)
where 7 is a family index. These represent, respectively, SU(2);, ® SU(2)g ® U(1)p_1, as

1 1 1 1
(2,1,—5), (1,2,—5), (1’2’6)’ <2’1’6)' (2.1)

Thus, left- (right-) handed fermions occupy left-handed doublets (singlets) and right-
handed singlets (doublets). The third component of “left-handed weak isospin” T%, act-
ing as the charge of SU(2)y, is straightforwardly given a “right-handed” analogue in Tj.

41t is also possible to define charge conjugation as the transformation that takes fields from L to R.
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Figure 2.1: The triangle diagrams which spoil gauge invariance for chiral theories [15].

The generator of U(1)p_y, is simply the half the difference in baryon and lepton num-
ber, (B — L)/2. The factor 1/2 is a matter of convention. When this gauge group is
supplemented by (unbroken) SU(3)¢, colour charge is assigned as per the SM.

2.1.2 Gauge bosons

The gauge boson spectrum (before breaking) is also a simple extension of the SM: We have
two triplets,

e Wik
Wik = wx| o wr=|w] |
Wk ) wan )

the first transforming as the adjoint (singlet) under SU(2)r(r), and vice versa for the
second. Additionally, a U(1)p_1 gauge boson exists, called B* in analogy with the SM.
Then, the gauge-covariant derivative is

- i i i oi (B-1L)
Dy =0, —igcWp, T} — igpWg,Tr — ZgB—LTBu (2.2)
where T}, g are just the Pauli matrices in the fundamental representation.
Furthermore, g;, = ggr is commonly enforced if a parity-symmetric theory is desired.

We will indeed make this identification in the following.

2.2 Gauge anomaly cancellation

It can be shown that diagrams of the type shown in Fig. 2.1, acting as corrections to
the three-gauge boson couplings, may spoil gauge invariance in chiral theories [13]. In
addition, there is similar, gravitational, anomalies may occur when gravitons replace the
gauge bosons at the vertices [13]. Thus, we must ensure that, as in the SM, all contributions
from such diagrams cancel. We will see how this happens below.

The diagram in Fig. 2.1 is proportional to the group-theoretic expression

tr[(—1)XT{T", T°}], (2.3)

where the T"s are the generators of the corresponding gauge currents (see Fig. 2.1) [13].
The factor (—1)X (denoted ~® in [13]) is equal to —1 (+1) for left- (right-) handed fermions,
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U(1) SU2) SU(2) SU(3)
(a) (b) (c) (d)
U(1) SU(2) U() SU(3) SU(2) SU(2)
SU(3) SU(3) SU(2)
(e) (f) (g)
SU(2) SU(2) SU(2) SU(3) u() gravity
SU(3) SU(3) gravity
(h) (i) ()

Figure 2.2: The complete set of potentially anomalous triangle diagrams.

while the commutator simply expresses the need to count diagrams with fermions running
in both directions in the loops.

Diagrams that couple three bosons of non-chiral (left-right-symmetric) interactions, i.e.
gravitons or gluons, do not contribute. So, for our theory of SU(3)c ® SU(2)r® SU(2), ®
U(1)p_r, the potentially troublesome diagrams for consideration are those in Fig. 2.2. We
will address them separately, essentially following Section 20.2 in Ref. [13].

Any diagram coupling exactly one SU(2) or SU(3) current to any others are propor-
tional to the trace of one Pauli or Gell-Mann matrix (since the trace in Eqn. (2.3) is over
a tensor product it separates: tr A® B = tr Atr B). These are Lie algebra generators and
thus traceless, from which it follows that no such diagram (Fig. 2.2 (b), (d), (e), (h), (i))
can contribute.

Meanwhile, the diagram in Fig. 2.2(g) is also group-theoretically trivial, since the
SU(2) generators satisfy {0, 0*} oc 6°, implying again that A, o tr[c°] = 0, where, in
the notation we now adopt, A, is the amplitude of the diagram in Fig. 2.2(x).

The remaining, nontrivial amplitudes are thus A,, A., Ay and A;. In the case of A, the
two SU(2) currents may be either both SU(2), or both SU(2)g. The diagram connecting
SU(2)r, and SU(2)g to U(1) is not a physical process since no fermion couples to both
currents SU(2),, and SU(2)g currents.

The (U(1)p-1)* diagram A, is simply proportional to tr[(£5£)%], where we interpret
the trace as a sum over the quantum number (B — L)/2 cubed, for all fermions. We must
also keep in mind that left-handed fermions enter with a minus sign due to the (—1)X
factor. Then we have

(58] () (v o)
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according to the assignments in Eqn. (2.1).
The anomaly A., with both SU(2) currents either L or R, is proportional to

trjoc?(B — L)/2] o 6% Z(B — L)y p

fL,r

by properties of the Pauli matrices. The sum runs over only L (R) fermions for the
(SU(2)1)? ((SU(2)r)?) diagram. We also count each quark three times for colour, and, as
usual, L-fermion contributions are subtracted. Thus,

Afcxngﬂ(—%)—&z(%) -

Af”ocfZR(B_TL)fR:2(—%)+3-2(é):O.

For Ay, which couples two SU(3)¢ currents to U(1)p_r, we have

and

tr[]A\°A(B — L)/2] = ié“bZ(B — L)y o< —3-2 <é> +3-2 (é) =0,

where, naturally, only quarks run in the loops.
Finally, the A; diagram is proportional to the trace over the (B — L)/2 matrix,

A te(B = 1)/2] = —2 (%) +2<%> —3-2(%) +3.2(%> 0.

Thus, we conclude that there exist no chiral gauge anomalies or gravitational anomalies
in the theory. The analysis done in SARAH confirms this result.

2.3 Higgs sector and symmetry breaking

2.3.1 Higgs fields and vacuum structure

We wish, as in the SM, to spontaneously break SU(2), ® U(l)y — U(1)g. Thus, we
must first break SU(2)gp @ U(1)p_ — U(1)y, requiring an extended Higgs sector. For
phenomenological reasons we require that this happens at a higher scale. This is to ensure
a high mass for the new (apparently hidden) Wg, Zr bosons; we discuss this further in
Section 2.7.

The breaking of the right-handed symmetry can, in principle, be performed by intro-
ducing two new Higgs doublets [20]. However, we instead introduce two triplet Higgs fields,
conveniently represented by

isi A (00/V2 o isi_ AL (0R/VZ O ORT
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This is done to open the possibility of Majorana mass terms for the right-handed neutrinos
via the see-saw mechanism [21] (see Section 2.7). These fields transform as the repre-
sentations (3,1,1) and (1,3,1), respectively, of the SU(2), ® SU(2)gp ® U(1)p_1 gauge

group.
In order to spontaneously break SU(2), ® U(1)y down to U(1)g, we introduce the

bi-doublet d)o ¢+
o— (2 2,
(%)

belonging to the (2, 2%, 0) representation®.
These representational assignments mean that the Higgs fields transform under Uy, €
SU(2)L7R as

> — U, U},
AL — ULALU};
AR — URARU}T% (25)
In order to spontaneously break the symmetries, as we will see in the next section, we

must chose appropriate ® and A vacuum structure. Since we wish to end up with U(1)g
unbroken, the neutral Higgs field components gain VEVs®. We define them by

1 (ke 0
<(I)> - E ( 0 k/eiak/) )
1 0 0 1 0 0
<AL> - E (ULeiBL 0) ) <AR> - E (UReiBR 0) :

Since they are in general complex, there are four phases. However, we may gauge-transform
away two of them. This owes to the transformation properties in Eqn. (2.5): The vacua
are invariant (by construction) under the U(1)q transformation. The EM generator is
Q=T +T}+ (B—L)/2, as we will find in Section 2.3.4 (Eqn. (2.11)). Let us then
consider the three operators that commute with Q; T’ 2 r and (B—L)/2. Under these gauge
transformations, the vacua transform as

<<I3> - eiTEwL <(D>efiT1§wR’
(AL) — eWB-L TR WL <AL>€—iTng7
<AR> N ein,LeiTng <AR>€_ZTI%MR,

where we have plugged in (B — L)/2 = 1 for the triplet fields. This implies that the phases

transform as ] 1
o — O — §wL + §CUR,

°Note that for SU(2), 2*=2.
OIf the vacuum is not invariant under U(1)g, we do not end up with EM charge conservation or massless
photons.
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1
Qpr —r O + —Wr, — —WR
2 27

Br = Br +wp_1 — wr,
Br — Br+ wp_1 — Wg.

Since two independent combinations of the parameters appear in the above transforma-
tions, two phases can be rotated away [22] . Thus, we remove two phases, conventionally
leaving

@ == (5 o )
(Ap) = % (ULSWL 8) (M) = % (12% 8> . (2.6)

There must exist a distinct hierarchy between the VEVs of the Higgs fields, both in order
to hide the experimentally unobserved gauge bosons associated with SU(2)g, and to match
other phenomenology (see Section 2.7); we require vg > k, k' > v, with Vk? + k2 lying
around the EW scale. The R-breaking VEV vp is usually taken to be at least 10! GeV
[21].
The gauged Higgs sector Lagrangian, without the scalar potential (treated in Section
2.4), is simply
Lriges = Tr[(D,AL) (DM Ap)] + Tr[(D,AR) (DFAR)]+
+Tr[(D,®) (D" ®)] (2.7)

with D,, is given by Eqn. (2.2).

2.3.2 Gauge boson masses

As in the SM, the gauge boson mass eigenstates do not coincide with the weak eigenstates.
Acting on the Higgs multiplets with the covariant derivative we find

D,Apr=0,ALRr — 59 [WE,RuUZ, Apr| —igp-1B.ALR,

where we have set g;, = gr = ¢, and plugged in B — L = 2 for the A fields, and
ig i i i i
D,® =0, - > (WLMU S — Wy 0 ) .

Using the above in the gauged Lagrangian (2.7), and evaluating at the vacuum with
the Higgs VEVs (2.6), we obtain, after some algebra, the W mass term

1 .271.2 12 2 1.2 ! =10 +
wE e (397 (K* + K= 4 207) —59° kK e W
gmass (WL WR) ( _%92/{;]{;/610%1 11192(1{;2 4 k/2 4 21}12?) W;{ .
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We use the ubiquitous notation I/VLi R= \%(I/VL1 rTF ZWE r), suppressing spacetime indices

from now on. We also rename gp_y, to ¢’ and introduce k% = k?4 k' for notational brevity.
Clearly, since the mass matrix is not diagonal, the Wf r States are not mass eigenstates.
Diagonalizing and letting sz denote the mass eigenstates, we find

2
M = 5 |0 07 o b T o = o) akie.

Invoking the hierarchy vg > k, k' > vy, mentioned above, we find
M2, =~ g—2k2 1— —2]{:%,2
1% 4 Ko )
2
2 9 o
Note that we have expressed the W7 mass-squared in the form of the correct SM expression
(if k. is equal to the SM VEV) plus as small correction. In other words, the gauge
eigenstates are also approximate mass eigenstates, and since the expressions for currents,

etc., are simpler in the Wf r basis, it is often used. The mixing is given by

WiE\ [ cos¢  —sin¢e (Wi
Wi )~ \sinCe™  cos( Wi )
The phase is A = —ay (which is often set to 0, see the following sections) while the mixing
angle is given by [22]
kK

27
VR

tan( = —

which is clearly suppressed.
As mentioned above, the W#’s mix with the B field to produce Z g and +, in analogy
with the SM. The mass part of the Lagrangian is,

Wi
gWB,RvB _ 1 W3 W3 B M2 %,u
mass 5 ( Lu Ru N) 0 WR
B
where the mass matrix is
2 2
) T F4p) Tk —gg'v}
My = -4k Gk +4R) —gg'vR
—g9'vi —g9'vy  g7(vi +vR)

Again, diagonalizing in the vy, — 0 limit, we obtain the mass eigenvalues

MA:07

1
M%l,z =3 g (k% +2v3) + 2¢%0F F \/g4ki + dvh(g% + g)? — 4g%gv3 kL | .
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Again in the limit of vg large, the latter two are
k‘2 2 k’2
M2 o~ (g ),
L 4 cos? Oy 4vg, cost Oy
M%z ~ gPv%,.
where we have pre-emptively plugged in the expressions introduced below for the mixing

angles. Once again, the Z; mass is equal to the SM value plus a small correction. The
mass matrix is diagonalized by the transformation (in the vg > k; limit)

A Sw CwSy CwCy Wz’
Zl = —Cw SwSy SwCy W}%
ZQ 0 —Cy Sy B

where the mixing angles are defined via

/

9
/92_|_29/27

gQ+g/2
92+2g/2’

Sy = sinfy =

cw = cos by =

/

9

Sy =sinfy =

_ _ g
cy =cosby = —\/W (2.8)
Thus, the weak eigenstates expressed in physical fields are
Wg = SwA — CWZ1;
W]% = CWsyA + Swsyzl — CyZQ,
B = CchA -+ SchZ1 —+ SyZQ. (29)

The mixing can be thought of as occurring in two steps: first, the neutral components
of the W field mix with B to produce the two weak eigenstate fields Z;, r and the photon
A. Then, the weak eigenstate Z;, r mix to produce the mass eigenstates Z; o

Furthermore, the hierarchy vg > k, means that the latter mixing is small, and, as with
the charged bosons, the electroweak eigenstates Zp r (where Zy = Z is identified with the
Standard Model gauge boson) are almost mass eigenstates.

2.3.3 SU2)r®@U(1)p-r — U(1l)y Goldstone bosons

We now wish to explicitly find the Goldstone modes associated with the breaking of the
MLRM gauge group down to the Standard Model. The strategy is to find the generators
which are spontaneously broken and apply them to the vacuum to find the Goldstone
directions, as demonstrated in Section 1.4.
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We will first consider the breaking of SU(2)g ® U(1)p_r to U(1)y only, taking k =
k' = vy, = 0,ug # 0. This will allow us to find the three Goldstones eaten by the new,
heavy Wlf, Zy gauge bosons. While the groups involved in this breaking look the same as
those involved in the SM symmetry breaking, an important difference is that the vacuum
Apr now transforms as the adjoint under SU(2)g. The vacuum triplet (d;, 2, d3) is usually
put in the form (2.4):

_sioijo - (R/IVZ LT

Thus, the components are

=i+

%= (51 — 8%,

0 = V205, (2.10)
The vacuum expectation values are (0%) = vp/v/2 and (65) = (5;T) = 0.

We begin by finding the broken generator. Requiring the vacuum (Ag) does not change
under the transformation,

2

The first and second terms encode the behaviour of the dz components under infinitesimal
SU(2)r and U(1)p_1, transformations respectively. The B — L charge is 2 for all the dg’s.
Solving these equations for each a and real w’s, we obtain

5(6%) = —eeuh,5e + wp_d% = 0.

1 _ .2 _
wp =wp =0,
wh=wp_ [ =w.

In other words, the gauge transformation under which the vacuum is invariant is generated
by Y = Tj + 5L, where T} is the third generator of SU(2)p, represented in the adjoint
by —ie3be,

Using the prescription developed in Section 1.4, we can find the broken generators by
considering the gauge boson mixing. Considering only the breaking SU(2);, ® SU(2)g ®
U(l)p_r — SU(2), @ U(1)y, the only massive gauge bosons come from the mixing of the
SU(2)g fields Wg with the U(1)p_, field B as

Wi VEEt+g? 0 0 0\ [ Wi
Wil _ 1 0 2+g> 0 0 Wi
Ar | @+ g7 0 0 g g W
ZR 0 0 —qg ¢/ \Bs-1L

where g (¢') is the SU(2) (U(1)) gauge coupling. The field Ag, which is massless, corre-
sponds, according to our prescription, to the generator

g—g/ T3_|_E
/§ + g2 R 2 :
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This is just proportional to the hypercharge, an unbroken symmetry (since the gauge field
remains massless), as we have already seen. As a sanity check, let us confirm this result
by computing the result of this operator acting on the vacuum:

1 0 10 1
B-1L
@(Tg+—)”—R il [=1 0 0)+i]|=i|=0,
2/ V2 0 0 0 0

as we suspected.
The three broken generators are then T, T4 and (—g*Tp + ¢?£5L). To find the Gold-
stone modes, we apply these generators to the vacuum. From (2.10), we see that the

vacuum is
oL (1
65) V2 \ o

As mentioned, T3 is represented by —ie3* in the adjoint. Applying i times this generator
to the vacuum, we find

B_IN v 1 ; 0 10 1
z<—g2T§+g'2 )_R —il="E-¢2-1 0 0] +ig” —i
2 00

_ vr(g*+9")

1
V2. \o

The Goldstone mode corresponding to this broken generator, and eaten by Zg, is then
proportional to (Imdy + Red%), or, using Eqn. (2.10) and normalizing, Im 6%.
The two Goldstones corresponding to W}%’Z are found from

z’gg—oz'”—R—lz’—@g

o o) V2\o) V2
and

iggéU—R—lz':%g

g—iooﬁo V2 \y

to be Im 6%, = v/2Im 67 and Redy = V2 Re &1, respectively. In complete analogy to the
SM, the W? mass eigenstates are put into charge eigenstates Wi = \%(W}{:F W32) (which

are approximate mass eigenstates; see Section 2.3.2). Thus, calling the Goldstone eaten by
Wz G%, we have

G4 = Im 0%, — i Re o7,
Gy, = Im 0} + i Re o}
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As in the SM case discussed in Section 1.4, we are also free to rotate the Goldstone fields
by a phase; the Lagrangian is invariant. A prudent choice is /2, yielding the redefined
Goldstones

GE = Red}, +ilmdj, = 6,
Gr =Red} —ilmé} = 5.
2.3.4 SU2),®U(l)y — U(1)g Goldstone bosons
Next, let us consider the breaking of SU(2), ® U(1)y — U(1)g by means of assigning the

Higgs bi-doublet
A cbl*)
b=
& %

okl

As we saw, the hypercharge is given by Y = T’ + %. Let us compute how ® transforms
under this symmetry. We know that, since ® is in the anti-fundamental representation
of SU(2)g, ® — U}, for an SU(2)r gauge transformation Ug. Since (B — L)g = 0, ®
transforms as

the VEV

P — e vTh

under a hypercharge transformation. This is, plugging in the generator T3,

A o) (e 0
v (¢; #)\ 0 ererr

9 — e g,
by — €3y,
o = e,
¢ — T agh,

So, we see that ® seems to split into two doublets,

(¢ _ 1
@1_(%1), v--1

T 1

To identify the broken generators, we need the gauge boson mixings. These come from the
Lagrangian terms

or

and

Z DO Tr |D”q)1|2 + Tr ’DP«(I)2|27
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evaluated at the vacuum, where

D,y = (—ngga“ - %By) Dy ,.

The mixing is identical to what occurs in the SM:

Wi ViE+g: 0 0 0\ (W}
wil_ 1 0 g +g? 0 0| |WE
AL i+ 0 0 g gl |WE
Z 0 0 -g d By

Then, the broken generators corresponding to VVLl’2 and Z are T}, gT? and (—¢*T} + ¢”*Y),
respectively. The prescription is to apply ¢ times these generators to the vacua

w- ()
and

(22} = (k’/oﬁ) |

The resultant of these directions in field space are parallel to the Goldstone modes.
Let us first find the Goldstone eaten by Z. We have

i(—g°T} + ¢"Y) (k/a/ﬁ>:i( Qg\j— (1 01> 295_) (k)
iy

oot =50 %)+ ) ()
g 0
- 2f (’H)

Adding these directions and normalizing, we find the Goldstone boson
G = 1
1 k2 + k2

1
—m | —
m[\/k:uk@(

It remains to find the Goldstones eaten by WLl’Q, and, in turn, the EM charge eigenstates
VVLi The Goldstone corresponding to W', G} is in the direction of

e dg (0 1\ (k 0\ _ g (0 Ki
i =575 (o) (0 w) =z (i )
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i.e. proportional to &' Im ¢ + kIm ¢, . The W? Goldstone G2, similarly goes as

2y g (0 =i\ (kK 0\ g 0 ¥
AN (@ 0) (0 k) e (—k 0)
or is proportional to &' Re ¢ — k Re ¢, . Constructing the charge eigenstates W+ = (W' F
iW?)/v/2, we obtain

G = (6L —iG}) & (F Imof + kIm ;) — i(k' Re o — kRe03)
= (o —igf)
and
G; = i(G; +iG3) oc (K'Im ¢ + kIm ¢, ) +i(K' Re¢] — kRegy)

/2
= e "¢y —idy).

We have rotated the fields by e*/2 in order to agree with the expressions given in Ref.
[19]. Thus, the Goldstones eaten by Wf, rotated and properly normalized, are (recalling

ke = VEZ 1 K2)
1 .
Gy = k—(ﬁﬁf — i)
+

Since we found in the previous section that Y = T + £%, we now see that the EM
charge generator is
3 3 3 B-L

(2.11)

As a final consistency check, let us verify that this operator indeed keeps the vacuum
invariant. We find the changes in (®; ) under this transformation to be

e (36 %)) ) -6
e (36 2)+3) o8- ()

just as we expected.

and

2.4 Scalar potential and Higgs mass spectrum

In construction of the Higgs potential we will only assume parity invariance (and, of course,
renormalizability). In its most general form under these restrictions, the potential is [19]
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V(AL Ap, @) = 2 Tr &' — 12 [Tr bt + Tr<i>‘f<1>}

2 T AAl 4T ARA;]

F(TrdM )2 4 ) [(Trdah)? + (Trciﬂcb)ﬂ

F O TrddT Tr 1 + A\, Tr ot [Tr o 4+ Tr ciffcp}
o [(TeALAL)? + (Tr AAL)?]

o |Tr AL AL TrALAL + Tr ApAp Tr ALAL|
oy T ALAT Tr ApAl

+py [ Te AL AL T ALAT + Tr AT AT Tr ARAR]

+ay Tr 0@ [T ALAL + Tr AfAg|

+ [azei‘s [Tr OPT Tr ALAE + Trofe Tr ARAE] + h.c.}

+ as(Tr@df AL AT + TrdfdARAL)

+ Bi(Tr dARPTAT + TrofA, AL

+ Bo(Tr DPARDTAT + Tr dF A, DAL

+ B3(Tr dARPTAT + Tr ot AL AL, (2.12)

where ® = 09®*09 is the charge conjugated field. The parameters :“%,2,37 A1,2,345 P1,2.3.4,
ag23 and (23 are all real, except ay which may be complex, indicated explicitly above
by the inclusion of the (CP-violating) phase 6. We will treat the case where there is no
explicit or spontaneous CP violation (real scalar potential, 6 = 0, and oy = 0); referred to
in the literature as the manifest left-right-symmetric limit. We define normalized real and
imaginary parts of the neutral fields,

]' r - 101
! ( 12 T (1),2)

1,2:E

and analogously for 07 p.
The potential is, after spontaneous symmetry breaking, extremal at the VEVs (2.6).
This yields six tadpole equations,

oV 9V 9V 9V vV oV
007~ 9Gy — 20y 96y 04y 0oy

=0.
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The first four equalities, evaluated at the VEVs, together imply

1t = 2upvr(Bok® — Bsk™®) + (vi + vi)(ank? — azk®)]/(2K2) + k3 Ay + 2Kk Ay,
pa = [vpvr(Bik?® — 2K (By — B3)) + (v +v3)(200k® + askk)]/(4k2)
+ kE'(20a + A3) + Aak? /2,
p; = (k? + daokk’ + ask’™ + 2p103, + 2p1 (v + v3)) /2,
By = (—Bikk — Bsk"™ +vrvr(2p1 — p3)) /K> (2.13)

Note the last equation: In the scenario 5; = o = 3 = 0, which we shall justify and adopt
later, it reads

0 =wvrvr(ps — 2p1).

This is known as the VEV see-saw relation. Clearly either vy, vg or (p3—2p;) must vanish.
We know that vg must be nonzero to break SU(2)g and give large mass to Wgr, Zg. The
factor (ps —2p1) is known to be nonzero due to phenomenology: As we will find, several of
the new Higgs bosons have masses proportional (to first order) to (p3 — 2p;). If they are
massless, they would open up new Z decay channels with widths comparable to Z — vv
channels [19]. Even with small mass contributions from loop corrections, such extra decays
would be easily detectable, and we thus conclude that the only possibility in the g; = 0
case is vy, = 0.

We will now derive the scalar mass spectrum. First, the mass matrices M3, M7, M2

and M2, in the bases
{0, 05", 0%, 07},
{o%, 05", 0%, 01}
{01, 03,05,0/}
and

{0r",00"},

respectively, are constructed from the bilinear terms resulting from expanding the potential
(2.12) around the VEVs (2.6). Then, these matrices are rotated into the flavour-diagonal
bases

{0, o, 05 o7},
{0, ¢4, 0% or }.
{(ko! +K'¢3)/ky, (kdy —K'&])/ky, 05,07}
and
{607,057}
where
(ko + k' ¢y)

(e + koY), 0=
;

|-
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and, in particular,

1 / 07 T T 1 T ! 0
O = (KA + koY), o = (ke + K65,
ky ky

Plugging in the relations (2.13) allow us to eliminate the LHS parameters. We also take
B; = 0, following several previous studies [19, 23], in order to avoid fine-tuning among
them. This is discussed further in Section 2.7.

Thus, the mass matrices, in the

{02, 6%, 0%, 07},
{02, 0%, 0%, 01},
{(koy + K 63)/ ks, (kdy — Kéf)/ky, 6,00},
{5Z+75E+}7

bases respectively, are

M2, =2\ K2 + 8kTKS (2X0 + A3) /K2 + 8k1kay,

My = My, = dkikak? (222 + As) /K + 20K,

M2, = M2, = ayvpky + kovp(dask + asks)/ky,

M?y = M7y = vr(202k? + agkiks) /Ky,

M333 = 2P11’?%a

M7"214 = Mfzu = M342 = M324 = M343 = M334 =0,
2

M7«244 = ?%R(PB» —2p1),

0 0 0 0
e |0 e x4 "R 0
' 0 0 0 0 ’
0 0 0 %(P:@ — 2p1)
a32kk?§v§ 0 agi,/%m 0
T P A
NG 1
0 0 0 U4 E(p-2p)
and e
M, = <2p2v,2% o ask v ’ >
0 4 (s — 20)
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Following [19], we present these matrices below in a shorthand notation: replacing any
parameter o 23 by the generic o, A\j1234 by A, and so on. Expanding in the hierarchy
vr > k, k' and keeping only the most important terms we find

M2 A2 aupk 0
9 A2 v, augk 0
M= = 2 ,
T QURK QURK 2p1V% 0
1)2
0 0 0 -2
0O 0 0 0
0 avyd 0 0
2 _ R
Mi=10 0o o 0 )
0 0 0 %(ps—2m)
avy 0 augk 0
a2 — 0O 0 O 0
+ avpk 0  ak? 0
0 0 0 E(ps—2p)

and

M2 _ QPQU%% - O .
o 0 Z(ps—2p1)

Diagonalizing these matrices allows us to find the physical Higgs masses. Identifying the
six Goldstone modes which are eaten by the gauge bosons Zp g, WiR is done in detail
in Sections 2.3.3 and 2.3.4. We will recount the results of that analysis here. The results
agree fully with Ref. [19].

The mass matrix M?, containing real parts of the fields, diagonalizes in the vy > &
limit with four nonzero eigenvalues. The first, which we interpret as the SM Higgs boson,

1S
E? [ o?
Mo = ) (— — 2)\) : (2.14)

This is the only Higgs boson which is not at the heavy SU(2)g-breaking scale vg. The
three remaining masses belong to three heavy, neutral, scalar Higgs bosons HY, 3:

2 02
MH? R Qupg,

2 2
MHS ~ plUR7
2

v
M12{§ = 7R(103 = 2p1).

Clearly, M? contains the two zero-mass Goldstone modes GY = ¢% = Im ¢° and GY = 0%;
the two neutral degrees of freedom which become the longitudinal polarization modes of,
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respectively, the Z; and Z; physical gauge bosons. There are also two neutral pseudoscalar
Higgs bosons, A?, with masses

2 2

MA(l) NO['UR,
2
UR

M, = - (ps = 2p1).

The third matrix, M2, written in the basis

(- thot + wap), -kt — wo), o o1 ).
in the form above already betrays one (complex) Goldstone degree of freedom Gf, propor-
tional to the mixture (k¢g — k'¢)/k, which is absorbed by Wy. The second, GF, is, in
the vg > k; limit, almost exclusively proportional to ¢}, which becomes the longitudinal
state of Wg after symmetry breaking. Two degrees of freedom remain, realized in physical,
singly-charged Higgs states HfQ with masses

)

and
2

v
MIQ{; = 7R(P3 —2p1).

Finally, the doubly charged matrix M7, is already in diagonal form. We find two
doubly-charged Higgs bosons 5%; with masses

2 2
M(Slii ~ P2UR,

2 vk
M(;Zii = 7(93 —2p1).
The mass matrices above are all diagonal in the vg > k. limit. Thus, in this limit, the
gauge eigenstates (in the basis given above) and physical eigenstates coincide. The form of
our results for the Higgs masses agrees with [22] but disagrees with [23] for the SM Higgs
mass. We discuss this discrepancy in 2.8.

Below we present the gauge eigenstate Higgs fields in terms of the physical Higgs fields

42



and Goldstone modes for ky/vg — 0.

f ——[kH) — K'HY +i(kGY — K AY)]
+

Py ~ \/_k [kH) + K HY —i(kGY + K AY)]
+
v

+ ~
¢2 \/§]€+
[HY +iAY]

—_

[kHS — K'Gf]

—_

[K'Hy + kG|

&IH

5% ~ —[HS +iGY]

Sl

6f ~ H
5t ~ G (2.15)

Note that (5% r are both gauge and mass eigenstates.

To summarize, there are 20 degrees of freedom stored in the ten complex numbers in
the Higgs fields; four in the bi-doublet, three times two in the triplets. We saw above
that SSB produces six massive bosons (WL r» Z1,r); six Goldstone modes have been eaten,
leaving 14 degrees of freedom for the physu:al nggs bosons Four real scalars H0 19,3 two
real pseudoscalars Af 2; four complex scalars HE o and (5 . All of the physical nggs states
but HY lie hidden at the high scale vg.

2.4.1 SARAH implementation of the scalar potential

A short section on the implementation of the scalar potential in the SARAH model file
(found in full in Appendix A) is warranted here. While most parts of the implementation
of the MLRM into SARAH were straightforward, there are several things to keep in mind
here.

Consider the terms of Eqn. (2.12) containing the field ® = 0,®*0,. This is the charge
conjugate field to ®. Our first approach was to introduce this in the model file as a sepa-
rate field in the scalar field definitions, with all gauge group charges conjugated, as a kind
of auxiliary field. This did produce the correct potential; however, we discovered” that
SARAH was including kinetic terms for this field which contributed to the gauge boson
masses, et cetera. This is obviously wrong. SARAH does not support including “external”
objects like o9 in the scalar potential, or, indeed, complex conjugation (without also trans-
position). Furthermore, it was not possible to expand the contractions component-wise by
hand (for example, writing Tr POt = %*¢%* +...); SARAH does not seem to support this

"Partly due to correspondence with the F. Staub, the creator of SARAH.
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feature either. Every term in the model file Lagrangian must be written in terms of, for
our case, the full bi-doublet or triplet objects.

Our workaround was to calculate exactly what the correct contractions were, and then
constructing these terms in the model file potential using only the non-charge conjugated
fields. That is, we have written contractions like ®®' using ®T®T, contracting the indices
manually, so that it is, despite its appearance, a gauge-invariant. SARAH does support
such manual contraction, achieved by writing out the indices and tensors (Kronecker, Levi-
Civita etc.) explicitly.

Let us provide an example. The contraction discussed above, part of the y3 term in
Eqn. (2.12), is .

(©)(@N)] = 2(¢" 85" — 1 63)
which we see is equal to
(q)T)?((I)T)lr' e = 2(¢(1)*¢(2)* — 01 03 ).

Consulting Appendix A, we see the term discussed written as

-mu22 epsTensor[lef2,lefl] epsTensor[rig2,rigl] conj[phi].conj[phil

So, by replacing all terms in the potential containing ® by contractions containing only ®

and @7, the correct potential could be input without having to resort to separately defined

fields.

Finally, it should be noted that SARAH does output warnings when checking the
Lagrangian, due to it understandably misinterpreting terms like ®® and ®T®' as non-
invariants. However, as we have illustrated, the explicit contractions ensure that they are
proper gauge invariants, so these errors may be safely ignored.

2.5 Yukawa sector

We write, with generality, the Yukawa Lagrangian for (gauge eigenstate) quarks @ as
gYukawa = @Lz(hl]@ + }Nlijci))QRj + h.C. (216)

where, again, ® = 09®*05 and h, h are hermitian three-by-three matrices with generation
indices ¢, 7. This hermicity is required by invariance under the parity transformation

QL Qr, @ 0.
Evaluating at the VEVs (2.6), we obtain the mass matrices for up- and down-type quarks:

My = kh + Ke " h,
Mp = k'e™ h + kh.
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The hierarchy that exists between the top and bottom masses implies that h, h and
k, k' should not lie at the same scales [22]. Thus, we assume k > k' and h;; > h;;. This
allows us to approximate

MU ~ k‘h,
Mp = ke h + kh.

Since our gauge couplings are flavour-independent, and A is hermitian, we can work in
a basis such that My is diagonal. We write

MU = SU]/\ZU

where ]\/4\(] = diag{m,, m., m;} is the diagonal up-type mass matrix and Sy = diag{s,, s., S},
where s, = £1 depending on the sign of the corresponding eigenvalue of M. Thus, we
have defined the masses as strictly positive and extracted the sign. Mp is not necessarily
diagonal in this basis, since it also contains a term o h, and h is not, in general, diagonal-
ized in the same basis as h. With this in mind, we define the Cabibbo-Kobayashi-Maskawa
24, 25] (CKM) matrices, which bring Mp into diagonal form, via

17 17CKM
Mp = VM Mp VM sy,

where, in general, Vi = VngM £ VLCKM =

notation. Using the above we find

V1, where we also introduced some shorthand

~ — k' — .
kh =V, MpViSy — —SuMye'™v.

Subtracting the hermitian conjugate from the above, and recalling the hermicity of h, we
find the equation

~ ~ —_~ k —_
MpVi — VeMp = £ 2isin o VI My Sy Vi, (2.17)

where ‘73 = Vg SuVr has been introduced, relating the left and right CKM matrices. Note
that, in the case of manifest left-right symmetry (ay = 0) discussed above in the context
of the scalar potential, Vi = Sy V. Sp; that is, the CKM matrices are equal up to the signs
of the eigenvalues.

Being a three-by-three unitary matrix, Vi has nine independent parameters. Eqn.
(2.17) contains nine relations which can be used to find Vz. We will outline how this may
be done, following [22]. Noting that m, < m; < Mp and keeping only terms proportional
to the heaviest quark mass, the RHS of (2.17) can, from its antihermicity, be written

—2iMp Im Vg —ms Vg2 —mpVR13
msViis —2imsIm Veas  —mypVpas
me Vi3 My Vs —2imy Im Vgas
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Meanwhile, the RHS of (2.17) depends on the usual SM CKM matrix, the quark masses

J/\/[\U and the CP-violating factor & sin oy, where we introduced £ = k/k’. We recall the
well-known Wolfenstein parametrization [26] of the CKM matrix:

1— 2N A AN (p —in)
Vi = - 1—1x2 AN? + O(\Y), (2.18)
AN(1 —p—in) —AN? 1

written as an expansion in the parameter A = sin QCalgi\bbo; with 7 as the CP-violating
parameter. Using this, and solving for the elements of Vi to O(A?), Ref. [22] finds (r =

fmt/mb)

= . mpmm my
Im Vg = —rsin oy % (sc + 50— AN (1 — p)* + 772)) ,
DMy me
=5 . mpm my
Im Vizoo = —7sin ayy S s+ s;— A2\ |
mgmy me
Im Vg1 = —rsinay sy,

‘7312 = 2¢rsin (657 mbmc)\ (SC + StﬁAZ)\Al(l —p + ’Ln)) s
mgsmy me

Ving = —2ir sin aw ANs,(1 — p + in),

VR23 = 2irsin Ock/A)\QSt.

Again to order A3, and defining three new phases 6; = Sp; Im V;; for i = 1,2, 3, the
remaining elements can be found from unitarity:

Viii = Spie’® (no sum over 1),
Vo1 = —Sdb‘s‘/}ﬁmei(el*%),
‘7}231 = —Sdsb‘7§13€i(91+93),
‘71%32 = —Sbss‘?ﬁggeiw”%).

Then the right-handed CKM matrix can be written
Vi = PV, Pp

with P = diag(s,, s.e292. 5,e%93) P, = diag(sgze’™, s,e™ 2 s,e=3) and
U uy 2c y Ot ) d ) 98 3 Ob

N 1—1a2 A AN (p — in)
Vi = —A 1—4X2 A% 202 |
AN(1 — p—in) —ANZ2i02 1
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which is just the Wolfenstein CKM matrix with an additional phase on the (3,2) and (2,3)
elements. Performing this matrix product, the final result is

R S4Suy (1 — %)\2 it SgSyNe 02 S8, AN (p — in)e 0
Vi = — 58 Nei011202) 5s5.(1 — 1A2)eif2 SpS.AN2e 103
545t AN (1 — p — in)e 120 5 5, A)\2ei(02+203) spsp€08

In orders of A, Vz has the same structure as the SM CKM matrix (cf. Eqn. (2.18)):
Mixing between generations one and two is ~ A, between generations one and three ~ A3
and between generations two and three ~ \2. However, every term now contains a CP-
violating phase which leads to enriched phenomenology in CP-related areas [22].

Let us here also add that entering the Yukawa-sector Lagrangian (2.16) into SARAH
posed the same difficulties as described in Section 2.4.1; they were, however, easily resolved
using the same methods as described there.

2.6 Tree level Lagrangian in physical basis

Here we collect the full MLRM tree-level Lagrangian, developed in the preceding sections,
in the physical basis.

2.6.1 Yukawa sector

Quarks. The quark mass terms are simply

Zq

mass

- Uiz(MU)sz},%] + Dle(MD)z]D;gj + h.c.

where U’ (D') is the 3-dimensional vector of up (down)-type quarks in the weak basis.

The quark-scalar Lagrangian, with quark mass matrices (see Section 2.5) h@ = (kMy —
k' Mp)/k? and h@Q = (kMp—Kk My)/k* (denoted h, h here for brevity) and Higgs bi-doublet
with its charge-conjugate

(¢ ¢1+) ~_<¢8* —¢§)
¢_(¢2 ¢ )" b= —¢7 oY

= Qui(hijé + hij0)Qh; + hc. = L+ L

where, in the last step, we have divided the Lagrangian into neutral and charged scalar
boson parts. These are, respectively,

18

Q
gYukawa

Ly = dy;(hi @3 + hijdy ) dg; + 0, (hijé + hijd*Jug; + h.c.

and
Lo = dy;(hijoy — hijéy Jug; + U (hij¢f — hijés )dy; +hee.
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Plugging in the physical Higgs states (2.15), and rotating the weak quark fields ¢’ into the
mass eigenbasis states ¢ using the CKM matrices described in Section 2.3.1, we have

k(M) — K (Mp): 1
(’“( vy ~ K(Mp)y (kHY + K HY — i(kGY + K A})]

gN - dLi k’% \/§l{j+
k(Mp)i; — K (My)y; 1

k2 V2,
— (k(My)y; — K (Mp); 1

+ uLZ( k% \/§k+
k(Mp)y — K (My); 1

k2 V2k,y

3 — Y~ (KCE — KAD) )i,

[kH) — K HY +i(kGY — K AY)]

_|_

[kH + K HY +i(kGY + k’A?)]) ug; + h.c.

and

k(My)y; — K (Mp)y; 1
i e

Lo = JM( [K'Hy + kG}]

k(Mp)ij — K (My)y; 1
- : 2 JEWIJ — K'GY] |ug,
k(My)i; — k' (Mp)y; 1
+uu( ( U)JkQ ( D)]H[kHQL—k’GJE]
 k(Mp)i; — K (My)y; 1
k2 =

(K Hy + sz]) dp; + h.c.

Note that the mass matrices M, 4 have been diagonalized by
Mp = VSN,V EEME g,

as discussed in Section 2.3.1.

Leptons. The lepton-Higgs interaction Lagrangian contains, in general, both Dirac and
Majorana pieces. Again denoting the (Dirac) lepton mass matrices h* = h, h* = h and the
Majorana mass matrix hjs, the most general such Lagrangian invariant under SU(2); ®
SU(2)r and parity is [19]
LStawa = {L1i(higd + hiyd) Lyy + huc.}
+ {Li(har)iyZe Loy + Liy(har)i SrLlny + hoc.}
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where the first term yields, upon SSB, Dirac masses, and the second part Majorana masses.
The field X1 p = i02AL . In the gauge basis, we have

Lrepton—scalar = V3 (hiz8) + hizd3 Wi + V5 (hiydf — hijos )
+ Ui (hijdy — hijdy )i; + Ui(hijdh — hijdd )y,

+ —
+ D;%i(hM)ijéngLj - \/_%(Dgi(hM)ijlzg' + l%i(hM)ijl/Lj)
(')‘Jr
—Ic R

+ V5 (han)ij0RVi; — E(Dﬁ(hmijlﬁj + U5 (har)ijVR;)
- Zgi(hM%jéerrlle - Z/Lci(hM)ij(SEJrl;%j + h.c.

where the primes indicate mass eigenstate fields and L¢ is the charge conjugate of L.
Inserting the physical fields in (2.15) we obtain the lepton mass Lagrangian

Lnss = Ua(My) il + Uy (M) 3511,

mass

where the lepton mass matrix is M; = M, ZT = \%(/ﬂﬁl +k'h;). The neutrino mass Lagrangian
is

—_

L = =(NF M’y + ngMin', ), (2.19)

mass 2

/c /

, v v : .

with fields n/p = ( 1/[2) and n} = ( ,Lc) The neutrino mass matrix is

v v
R L

(0 Mp
MV(M%; MR)’

where Mp = \/Lﬁ(khl + k’ﬁl), Mz = v/2hyvg, and the (1,1) element follows from vy, = 0.
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Meanwhile,

1
glepton—scalar = Dzz‘ (hw\/ﬁ—]{}[ng - k/H? + Z(k’G(l) — k,A?)]
+

[KHY + K HY +i(kGY + k’A‘f)]) Vi

~ 1
+ hy
]\/_k+

-1
+ vy, h,jk—[kH+ k’GZ] — hijk—
+ +

77 /
+ U, VRj

WHS + kag]) Iy,

1
hwa[k’H + kG — hyj i lkHz = MG

+ 1 h [KH + K H? —i(kGY + k' AY)]

/\/\/\

’Lj\/—
+

1 :
iy [kHS - WHY = (bG8~ KAY] ),
+sz( ) [HO+ZGO]VRJ

ij \/—
Hf -
/ C
- \/5 (VRz(hM)l]lL] l;{i(hM)ijyle)

wﬁ
G+ / 7
_\/i(VLz(h’M)UlR] chi(hM)z’jV/Rj)
— T (har) 05 1y — T (R 08 g + hece,

[H] +iGY|vg,

once again recalling that 5; r are already physical.

2.6.2 Gauge boson-fermion interactions

The gauge boson-fermion interactions are obtained from the Lagrangian

ggauge—fermion = QLzZmQLz + I/LzZlDLLz + (L - R)

with the covariant derivative (2.2).

Quarks. Considering first quark fields, we have charged and neutral currents of the forms

Zcharged current U/ uw 9 WE_MDL +D fy“ g WL,U,UL (L — R)

gauge—quark \/5 \/§
and
neutral curren g
ggaugelquark ’ Ui a |:2WLM+ 6B :| UL+D |:_§WLM+ 6B :| DIL

+ (L — R)
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in the gauge eigenbasis (where, once again, U’, D" are 3-dimensional vectors of up- and
down-type quarks, respectively). Rotating into physical fields, we obtain

2 = O VENM LW Dy + Dy VI Ly U 4+ (L - R)

V2 V2

and

~

Q

ggc_q = UL")/M |:g (SWAu — cWZ#) + (CchAu + SchZ1 + SYZQM):| UL

)

Q

+ DL’)/M |:g (sz” — SwA”) +

|

(chyAu + SchZ1 + Syzgu):| DL
+ UL,}/M |:g<CW8yA# + SWsyZu - CyZQ#)
g/
+ E(CWCYAH + Schzl + SYZQM):| UL

+ DL’YM {g(CWSYAM + swsyZ, — CYZ2M)

/

Q

_l_

o |

(CchAM + chyzl + SYZQM):| DL.

Leptons. The charged and neutral current gauge boson-lepton Lagrangians are, in terms
of weak eigenstate fields,

charged current __ —/ g + 7/ 77 g —
ggauge—lepton - VLVMEWL;LZL + ZLVHEWLMVL + (L — R)

and

neutral curren = g g/ 77 g g/
"%gaugefllepton b= V}ﬂ/# [ﬁwgu - EBH} V/L - /L’yﬂ |:§Wg,u + EBM} llL + (L — R)

Inserting the physical fields, and introducing the Pontecorvo-Maki-Nakagawa—Sakata [27,

28] (PMNS) matrices, which simply mix leptons to physical states in analogy to how the
CKM matrices mix quarks, we have

cc = VPN W+ VN W (L )

gauge—lepton \/— \/—
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and

ne — 5 oanld _
gauge—lepton — VL7 [g(SWAp CWZLLL>
/

- %(CWCYAM + swey Zy + SYZQH):| VL

- [LVM [g(SWAM - CWZm)

~

s

+

b |

(CchAM + SWCYZ1 + Sngu):| ZL
+ 17R")/M |:g (cws;/Au + Swsyzlu — CYZQN)
g/
— §<CwCyAu + SchZ1 + 8ngu):| VR

— Z_R’}/'u g(CWSyA# + SwSyZLu - CYZ?H)
2

/

Ne}

+

|

(CchAM + chyzl + Syzgu):| lR

Simplifying using the expressions (2.8) for the coefficients, we find that vz g do not interact
with the photon field, as we require.

2.6.3 Gauge boson-scalar interactions

Starting from the kinetic Higgs Lagrangian

L = Tr((D, AL (D*AL)] + Tr[(D,AR) (D Ag)]
+Tr[(D,®)" (D" ®)]

and expanding around the vacuum, we obtain the following pieces:

kinetic kinetic mass bilinear
< + 2L Gotistone + L +Z +Z

Higgs gauge gauge—scalar

The first two terms are kinetic terms for the physical Higgs and Goldstone states:

inetic 1 1
Lt = S(OuHOH) + 5(0,4%) (0 4)
+ (0, H)(0"H;) + (9,07 7)(0"0, ) + (9407 )(9"d5 ),

where ¢ runs from 0 to 3 and j from over 1,2, and

inetic 1 — _
L dsione = (0G0 GY) + (0,G1)(0"G) + (0,GH) (0" G-
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The gauge boson mass Lagrangian, treated in detail in Section 2.3.1, is

AH

mass 1 W+H
ggauge - 5 (Au Zlu, ZQ,LL) M% Zf (WLH WR/L)MW (W_i_u) s
Zy

where the mass matrices are diagonal with the eigenvalues found in the aforementioned
Section. We recall that Wf r are mass eigenstates to O(kk'/v%).

Plimear ontains bilinear terms which are made to cancel when gauge-fixing terms
added; this is beyond the scope of this study, but is done in [23].

The remaining part of the Lagrangian, £, .o scalar> CONtains interactions between the
gauge and scalar bosons. We first present the terms containing three fields. We do not, in
the interest of compactness, print the insertion of the physical states (2.15).

Couplings between two gauge bosons and one scalar.

2

g — — - _
jgauge—scalar D) E [(k,¢1 - k¢2 )Wj?%uWZ_H + (k/¢2 - k¢1 )WEHWEM]

+ V20,07 (9/B" — gwg”) - Q}R Wi Wity

= (k! + K o) (W, Wi (W =W

2

Q

+

?\

s amm

0%(gW, — ¢'B.)(gWp' — g’ B")
(k‘cbo + K g) (W W+ Wi WEH)

(k’¢0+kq§ W LMW*“+g \/_Raowguw z

+ h.c.
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Couplings between one gauge boson and two scalars.

2 gong-scator 229 [(0"07)6r — (0"93)65] (WP, + Wi,
—ig' [(0"65)0% + (0"01)6}] B,
—i(0"057)0% " (gWiy, + 9'By)

— (0", 7)1 (gW, + 9'By)

(0"55)07 — (9"057)35] Wi,

(0"55)8, — (9"5,7)5F | Wi,

zg[
zg[

E{ (05 )Y — (991 )Y + (9991

— (0"67) ey — V2 [(0"67)0% — (9"6%)

+ {0 6)8 — (000) + (' )or

— (0"61)¢y — V2 [(9"0;)0 — (9"02)8

+ (@) — (@ e)e] (WP, — Wh,)

+i(06% )% (W, — 9'Bu) + (06787 (WL, — ¢'By)

+ h.c.

o4

or] YW,

RS



Couplings between two gauge bosons and two scalars.

2
g _ _
L sauge-scalar O Z(qsm + 30y ) (WP, + Wi, (W + W
2

000+ 0303 Wi, W™ + Wy, W)
+ (0707 + 6405)B.B"
+ 29700 Wi Wi + 24°67 6, W/ W
+ 04705 [(9Wh, + ' B (gWR' + g/ B*) + Wy, Wi
+040, [(gWD, + g Bu)(gWi* + g/ BY) + ¢*W W]
2
g * *

+ 8%0% (gWh, — 9/ Bu)(gWi' — ¢’ BY)
+ 0000 (gWy, — g'Bu)(gW" — g'BY)
+ gPOLOTWE W 4 gPopdy W Wit
— POy W L Wit — gl W Wi
- {92¢§¢TWL}WL_”

+ 96505 (gWR,, + 29 B )WR"

+ 9650, (gWL, + 2¢'B,)W "

2
9 o
+ L (0760 — oy W,
2
A

+ (0305 — o )WL,

+ 9000 (—gWh, + 29/ B) Wi

+ 96,00 (—gWL, + 2¢'B, )W, "

— g0 ORWE W — g0, Wi W+ h.c.}

2.6.4 Gauge boson interactions

The gauge-gauge Lagrangian is, in the gauge eigenbasis,

| L. iuwrrri | R
Z gange—gauge = _ZWLM Wi — ZWRM Whu — ZB“ B,
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where we have introduced the field strength tensors
luv 14 4 1 2 v 3 v
WLflR = aMWg,R -0 WL?R + g(WLfLRWE,R - WLfﬁ%WiR)a
2uv v vrs2 3 v 1 v
Wi = 8“WE’R —"Wi'h + g(WLﬁQWLl,R - WLZQWI%,R)a
3uv 3v v 3 1 2v 2 v
WLZ% = aMWL,R -0 WL?R + g(WL',uRWL,R - WLfﬁzWLl,R)a
B" = o'BY — 0" B".

Inserting the physical fields A, WLi’R, Zrr (see Section 2.3.1; we use vg > k, k' through-

out, which means that Wf r are already physical fields and the neutral fields are given by
Eqn. (2.9)) we have

VW = MWL 4+ W) = 0 (W + W)
+ ig {(W:“ — WL_“)(SWA” —cewZy)
— (swA — e ZE) (W Wm] ,
VWY = QM WEY + W) — 0% (Wi + W)
+ Zg |:(W1‘%|'M — W}gu)(CWSyAV — Swsyzly — CyZ2V)
— (cwsy A' — swsy Zy — ey ZY) (WY — Wﬁy)] ;
VW =i (WY — W) —io" (W — W)
to {@WA” — w2 W+ W)
— (W + W) (swAF — CWZf)} :
VW — i (WY — WYY — 0" (W — Wi
+ g |:<CWsyAV - Swsyzly - CyZ2V>(W]—;u + W};M)
- (W}—%—V + Wg”)(CWSYAM - Sw8yZ{L — CyZ;):| s

Wi = 0" (swA” — cw Zy) — O (swA* — ew Z1')

Ii - v —V - 14 —V
e e e A R U A (U AR ]
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WI?%V“ = a“(CW8yAV — 5W3ny — CyZé/>

- 8V(CwsyAM — SwsyZ{L — Cng)

i _ 1% —V - 124 et Z
+§9 (WJJ{M+WRM)(WE - Wg )‘(WEM_WRMXW}%L +We") |,

BHY = 8”(01/[/6)/14” + SchZIV + SyZQV)
— al/(CchA‘u + SchZ{L + SyZSL).

We will not explicitly insert the above into the Lagrangian; the operation is straight-
forward. For the full expanded expressions we refer to, among others, [23].

2.7 Phenomenological overview

While we do not focus on experimental aspects in this paper, we will give here a brief
review of the current phenomenological status of the MLRM.

Since the model introduces right-handed neutrinos, the possibility of making the left-
handed neutrinos naturally very light arises via Majorana masses and the see-saw mecha-
nism. Let us review this process.

Having arrived at the neutrino mass Lagrangian (2.19) in Section 2.6,

1
L s = =L M,y + hec.,

mass 2

/c

/

with fields n/, = <Zﬁ> and n} = (Zi) We found the neutrino mass matrix to have the
R L

form

(0 Mp
MV_<Mg MR>’ (2.20)

where Mp are Dirac mass matrices, dependent on the SM-scale VEVs. Mpg, meanwhile,
depends on the large VEV vg.

The see-saw mechanism [5, 6] is essentially realized when diagonalizing a matrix of the
type (2.20) above, where the (2,2) element is much larger than the off-diagonal elements.
Let us, for simplicity, consider a case where the dimensionality is reduced, so that Mgz and
Mp are numbers and not matrices. We find the eigenvalues

1
Mo =3 (MR + /M2 +4Mg) .

Using Mg > Mp, the eigenvalues are, to leading order,

)\1 ~ MRv
M2
Ay ~ —D
Mg
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Thus, we find one neutrino mass proportional to the large scale introduced in vg, and the
other suppressed by it. This see-sawing, where the light mass is pushed down as the scale
vg is raised, supplies a natural explanation for the light left-handed neutrinos, from only
the hierarchy vy > k, k’, where the SM cannot.

Measured upper limits of the SM neutrinos can in this way place lower limits on the
scale vg; [21] writes at least 1010 GeV.

In Section 2.4, we mention that the ; parameters in the scalar potential may be set
to zero. This choice appears in the literature [19, 23|, motivated by the elimination of the
need to fine-tune the f;’s: Consider the last equation in (2.13), the so-called VEV see-saw
relation. The authors of [19] argue that if reasonable constraints (from neutrino and gauge
boson masses) are placed on vg and vy, the 8;’s must be fine-tuned to six or seven orders
of magnitude. After failing to find a symmetry constraining 3; = 0 within the model, they
conclude that this can reasonably be achieved by assuming the MLRM is embedded in
some GUT, a hidden symmetry of which forces the §;’s to vanish exactly.

Since the model predicts several new particles, searches for such supply limits on the
free parameters of the model. Two important classes of such are searches for new gauge
bosons and for charged Higgses.

Currently, the best mass limits on new neutral or charged gauge bosons (so-called Z’
and W') come from the LHC. For left-right-symmetric models CMS has excluded a heavy,
charged W boson, assuming a heavy right-handed muon neutrino N, also exists [29]. The
excluded area in the plane spanned by (My,, My, ) reaches a lower bound on the Wx mass
of 2.5 TeV.

For singly-charged Higgs bosons, ATLAS reports [30] a model-dependent lower limit on
the mass of approximately 100 GeV. This limit depends heavily on the ¢ — bH ™' branching
ratio, and assumes Br[H" — v7] = 100%: Please consult [30] for the full exclusion zones
in parameter space.

Possible charged Higgs signals at the LHC are reviewed in [31]. They find a current
limit on MLRM doubly-charged Higgs boson mass of Mpy++ 2 400 — 500 GeV, and that
this limit should be improved by around 100 GeV during the coming /s = 14 TeV LHC
run.

Thus, the MLRM is very much alive; while no signal has been detected, due to the
large scale of vy required anyway for light neutrino mass generation, the model is not
immediately threatened by this fact.

2.8 Conclusions and outlook

We have introduced the particle content, symmetries and vacuum structure of the MLRM,
and verified that it does not suffer from any chiral gauge anomalies. We have broken
the MLRM group down to U(1)g ® SU(3)¢ and found the Goldstone modes associated
with each broken generator, using a general method. We have not seen this calculation
done explicitly in the previous literature. We have also rederived the Lagrangian in the
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gauge and physical bases, using purpose-written Mathematica code as well as SARAH.
The methods agree fully.

The above results have been cross-referenced with the literature and agree, with the
exception of the SM Higgs mass (2.14), which disagrees with Ref. [23]. It does, however,
agree with Ref. [19]; a seminal paper to the field, with calculations presented, which Ref.
[23] also cites. In the light of this, we are confident in our results, and assume there is a
mistake or typographical error in Ref. [23].

Since SARAH is a powerful tool for non-SUSY models (it is generally harder to calculate
RGEs for non-SUSY than SUSY models), having a complete MLRM SARAH framework es-
tablished opens several interesting research avenues. We have short-term plans for, among
other things, calculating the RGEs in SARAH and studying the vacuum stability at the
1-loop level.

We have seen that left-right-symmetric models, like the one studied here, have a number
of very attractive features. Most notably, the seemingly arbitrary way in which the SM
treats chirality by favouring left-handedness is completely cured. While the hierarchy
vr > vy, breaks parity at low scale, like the SM, it is restored at high scale. Furthermore,
right-handed neutrinos with large Majorana masses explain the observed small but finite
masses of the left-handed SM neutrinos, through the see-saw mechanism, in an appealing
way.

While no direct signals of predictions made by this model have been measured, no
phenomenological evidence against it has been found.

However, the MLRM is significantly more complex than the SM in certain sectors; the
scalar potential, for example, has 18 free parameters just by itself (as compared to one in
the SM). In order to remedy this, we must look to theories with unification and higher
symmetries.
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3 Non-SUSY Trinification

Trinification, first suggested in 1984 by de Rijula, Georgi and Glashow [10], is traditionally
a GUT with gauge group
SU@B)L @ SU(3)r @ SU(3)¢

where the gauge interactions are unified (or indeed trinified) by a discrete Zs symmetry.
Such models have been studied in a variety of contexts over the last 30 years [32-38], and
have been found to have several attractive features: All fermions and scalars are symmet-
rically and elegantly represented as bi-fundamentals of the above groups, and Trinfication-
class models, since they do not require adjoint-representation Higgs fields to break their
gauge group down to the SM, may be embedded in heterotic string theories [35]. Further-
more, trinified theories have been shown to have suppressed proton decay rates [32, 35|, a
problem which otherwise plagues GUTs.

However, there are issues with this type of model. Trinified models have, in general,
large flexibility in the fermion couplings it can accommodate [35]. While this tends to
gives a model phenomenological survivability, its predictive power is diminished by the
large amount of free parameters (here, Yukawa couplings) it must introduce.

We propose a novel trinified model, symmetric under

[SU(?))L ® SU(?))R X SU(3)0] ® SU(g)f ® Zs.

SU(3)s is a global family symmetry. We will see that this addition vastly reduces the
amount of free parameters (ending up with fewer than ten; only one Yukawa and one
gauge coupling) and further unifies the theory. Additionally, we show the existence of a
potential minimum where the potential takes a remarkably simple form, parametrized by
only one quadratic and one quartic coupling.

The particle content and group representations are introduced in Section 3.1. We then
study the SSB of global and gauge symmetries in Section 3.2. In Section 3.3 we write the
tree-level Lagrangian of the theory, before deriving the charges and masses of the scalars,
fermions and gauge bosons of the theory, as well as identifying the Goldstone bosons as-
sociated with the SSB of the gauge symmetries, in Section 3.4. Finally, we give some
concluding remarks and an outlook regarding future research in Section 3.5.

3.1 Particle content

The fermions are grouped into the 27-plets (three-index objects)

L7 QLa QR:

transforming under the gauge and global symmetry group [SU(3); ® SU(3)s ® SU(3)3] ®
SU(3)f as
(3,3%,1,3),(3",1,3,3),(1,3,3%,3),
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respectively. The scalars, meanwhile, are placed in the object H whose representation of

the above group is
(3,3%,1,3).

The three SU(3); 2,3 symmetries are local, and the remaining is a global family symmetry.
We will be using 4,7, k,... to denote SU(3); indices; a,b,c,... for SU(3)s; s,t,u,...
for SU(3)3 and «, 8,7, ... as the family index. Upper indices indicate the fundamental
representation and lower the anti-fundamental: Thus, for example, the object Li® belongs
to the fundamental representations of SU(3); and family space, and the anti-fundamental
representation of SU(3)s,.

In everything that follows, we will identify the groups SU(3)123 as SU(3) rc for
left, right and colour, but this is in principle only decided by the vacuum structure pre-
sented in the next section. The particular choice of vacuum we make below results in the
aforementioned group identification.

Then, as the notation anticipates, we interpret L as a lepton multiplet and Q) r as left-
and right-handed quarks, respectively, while the H components are Higgs fields.

3.2 Symmetry breaking

In order to break the gauge symmetry SU(3),®@SU(3)p@SU(3)c down to SU(3)c®@U(1)g,
we assign the Higgs fields VEVs as follows.

00 O 0 00 1
(= (0000 )i gz =0 0 0] (H) = —
00 Z L0 0

oo
o O
o O O

This is, as we will see, sufficient for breaking Trinification fully. We could, however, imagine
a more complicated vacuum structure with more Higgs components getting VEVs. For
simplicity, we will consider only this, simplest, case. The VEVs p and ¢ break SU(3); ®
SUB)r — SU(2), ® SU(2)r ® U(1) and SU(2)r ® U(1) — U(1), where the aim is to
move from the full symmetry to a left-right-symmetric model like the one studied in the
previous chapter. The VEVs in the third generation ensure SM breaking.

The Higgs multiplet VEV transforms under SU(3)., g as

(Hy) — (H)*) + 6(H,®)
where .
O(H™) = (iwg (T})50% — i (Th)505) (H®). (3.1)

The wy, r’s are 848 real infinitesimals which parametrize the gauge transformation. We
wish to find the transformation which leaves the vacuum invariant, or for which 6(H) = 0.
Since we break the SM fully, this last unbroken symmetry should be U(1)g. Solving the
system of equations obtained when (3.1) = 0, we find

w = wh = —VBuwd = —V3uwh
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and the rest 0. We define

WB=wh=w = w%:w%:—\/gw,
which means that the EM charge is
Q =T; + Ty — V3(T} + Tp). (32)

We now turn to the breaking of the global SU(3); family symmetry. Since a global
transformation is just a special case of a gauge transformation, the most general (infinites-
imal) global transformation of the vacuum we can write produces the change

S(H) = (iw$(T5)56:08 + iwg (Tr 56205 — iwy(T5)46105) (HP),

since H transforms in the fundamental representation under SU(3); and SU(3)., and
in the anti-fundamental under SU(3)g. Solving the system of equations resulting from
the demand of no change of the vacuum under the above transformation, we obtain the

following solutions.

1,2,4,5,6,7
wi'h =0,

wi = wp = —V3w] = —V3wp,
w}lc,2,3,4,5,6,7,8 —0

It should not come as a surprise that we have found the U(1)q transformation again here,

since, as we mentioned, any global transformation is also a gauge transformation. From

the last line, we learn that SU(3); is, in fact, fully broken by our vacuum; there are no

parameters available with which to parametrize a transformation.

3.3 Tree-level Lagrangian

3.3.1 Kinetic terms

The fermion kinetic Lagrangian is
<z ) L;[ZZ'.ZDLQQ Lsazm@ Raazm@

Note that the first field in each term is conjugated with respect to all indices. The covariant
derivatives are

(DML) [5151)8 —Zz(ACT) 5b—|—22(B<T> 5;] I’
(DuQu); = [326:0,+ 12 (A5T)is: — i(Csm )zl
(DuQr)s = [@‘fdiau 2<B<T yagt 432 (C<T) 53] Qv

where family index has been left implicit. The groups SU(3)r rc have corresponding
gauge fields A, BS, C5, ¢ € {1,...,8.}. Each field, lying in the adjoint representation, has
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8 components, matching the eight SU(3) generators T°. The couplings to the gauge fields
are g; = go = g3 = ¢, respecting the Zs symmetry.
Meanwhile, the kinetic terms for the scalars are

25 D) (D e

where ' ‘ p ' p A A
(DuH), = [83800, =i (AT, + iS5 (BSTL)ko) | ),

identical in structure to the term for L, since H transforms the same way as L.

3.3.2 Yang-Mills sector
The Yang-Mills contribution to the Lagrangian is written, as usual,

1 1
v ¢ v n»(
LD - AN, — BB

1
V¢
; - G,

Ruv
The field strength tensors are constructed in the normal way:
_ 0
A‘C“’ = 0rA; — 8“14? + gf" Ap Ay
where g and f are the corresponding couplings and structure constants respectively.

3.3.3 Yukawa sector

In our highly unified theory, the only Yukawa term is

L D yeas, Hy' Qi Q%
where vy is the coupling. Note that there is only one coupling since the interaction must be
a scalar under all gauge groups and SU(3), and this is the only term possible to construct.

3.3.4 Scalar potential

The quartic terms in the scalar potential are naively given by all possible ways of fully
contracting the product of two pairs of the object (HHT). Defining the tensor

ibae — ryic pyTh
jaB — Ha Hjﬁa

these are
iao\2 iaf jbo iax jbgB iao jbB
V> Al(Hiaa) + AQ(HiaaXHjbﬂ) + )\3( iba)(%jaﬁ) + )\4(Hjaoz)<HibB)
+ A5 (i) (H15) + Mo (Hipe ) (Hia) + M(Hjaa) (Hips) + As(Hn) (HE5).

Jba iba jax jba
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Expanding these terms (and adding the quadratic p? term), we have

VD — @ Hy i 4 A (o H)? + Do (H HI) (H)" H)
+ Ag (HG HI) (HP HTG) + M(Hi HIg) () H)

+ A (I HIS) (HIP HIY) + Mo (H HE) (HIHTY)

a

+ A (HPHIS) (H]HI2) + Mo (HPHIS) (HIH]E).

However, when they are expanded, the Aj 234 terms are simply reproduced by the Ag576
terms, respectively, so we are left with only four independent quartic terms. The scalar
potential is then
_ 277 taa 7 faa\2 3 taa J 108
V= 2 HaaHi + Al(HaaHi ) + )‘Q(HaﬁHi )(HbaHj )
7 ac ] b i ao j b
- Ny HI®™) (B3 HIP) + Ny(HL, HI)(HI,H) + hc.

The requirement that the potential is extremal, i.e. that its first derivatives w.r.t. the
fields vanish, allow us to further restrict the above expression. The tadpole equations are

1%
<aH:;a> =0

for all components H'®. These conditions imply several trivial relations, as well as and the
equations relating the potential parameters and the VEVs

0= —%MQ + (0" ¢ )+ PN+ ) + (0 + )y,
0= —%/ﬁ + (P + )N F P+ (P FuD)As 4+ (PP @),
0= —%/ﬁ +(P*+ @+ + )N+ (WP 0) A+ (¢ + uP) s+ uP Ay,
0= —%;ﬂ + (P® + @ + v+ )M+ (W + 0P + P (A3 + ).

Solving yields

1= @+ ¢+ +07%),
)\2 - )\3 - )\4 :O

The potential at this point is characterized by only two parameters! Note also that since
u? >0, we have \; > 0. Using this, we can evaluate the potential at the vacuum,

_ M

4 Hix=0 4

(p* +¢* +u* +0%)* <0,

a point, which, as we shall see in Section 3.4.1, is a minimum.
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3.4 Mass spectrum and charges

3.4.1 Scalars

The potential terms quadratic in the fields make up the mass matrix for the scalars of the
model. Separating the fields into real and imaginary parts, H'* = H* + iH!®, we write
the mass matrix M in the basis

11 11 11 21 21 21 31 31 31
{Hr17Hr27Hr37Hr17Hr27Hr37H Hr27Hr37

rl>
12 12 12 22 22 22 32 32 32
Hrl ) Hr2 ’ Hr3 ’ Hrl ) Hr? ’ HTS ) Hrl ) HTZ ) Hr37

13 13 13 23 23 23 33 33 33
Hrl ) Hfr2 ) Hr3 ’ Hrl ’ Hr2 ’ Hr3 ) Hrl ) Hr2 ’ HR37
11 11
HilszQa--'}

and find

(MIQ-I)Q,Q = 4p2)\17
(M[%[>16,16 = 4q2)\1,

(M7 )19.10 = 4u”Ay,
(M12{)23,23 = 4712)\17

(M7)o16 = (Mi)160 = 4pgh,
(M7)o10 = (Mo, = 4puls,
(M7)9.23 = (Mi)aso = 4pvs,
(M?{)m,w = (Mg{)lg,la = dqu,
(M7)1623 = (M7)23,16 = 4qu,
(M12{)19,23 = (M[2{)23,19 = 4uv,

with all other elements 0. This matrix is straightforwardly diagonalized, yielding only one
nonzero eigenvalue:

MZ =40 + ¢ +u? +07)
The physical field ¢ is the linear combination

1

= Wz+Uz+p2+q2(uHif’+vH3§+pr§+qH312)-

Since this, the only nonzero mass, is positive definite (again recalling that p? > 0 implies
A1 > 0), the vacuum is indeed a true minimum. Clearly, the mass M, lies at the high
Trinification-breaking scale p.

Thus, at tree level, there is only one massive scalar. The remaining 53 massless particles
have among them 15 Goldstone modes, associated with the gauge symmetry SSB, identified
below. There should also be further Goldstones associated with the breaking of the global
SSB from SU(3), which we have not identified.
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To match with SM phenomenology, the massless Higgs bosons should acquire masses
when loop effects are taken into account. This would occur by quantum effects generating
spontaneous symmetry breaking, as described in Section 1.2.

Let us now find the charges of the scalars. From the discussion in Section 3.2, the
unbroken gauge transformation is

i

b
Héa_><€iw(—\/§Tg+T§)> <6—z‘w(—\/§Tg+Tl§)) H.

7 a

The SU(3) generators are just the Gell-Mann matrices, for which

/3 0 0
V33 +T18 =0 -2/3 0 |,
0o 0 1/3

so, from the properties of the matrix exponential,

/3 U e—iw/3 b

e o—iw2/3 oiw2/3 Hi*.
eiw/S e—iw/?)
J a
Since the contraction over R-indices instructs us to multiply columns of the first matrix
with the rows of the second, the RHS can be written as the matrix product

6iw/E} Hll H21 H?} e—iw/3
e—zw2/3 | H12 H22 H?? eiw2/3 |
ezw/S Hi? H23 H?f’i e—zw/S

Performing this, we find the transformation properties of each element under the EM gauge
group. For example, H} picks up ¢™/? from the L transformation and e=*/3 from the R
transformation, so

H! — ¢G5 H].

Thus, H transforms as an object with 0 charge under U(1)g. Similarly,
HY — e*GH L

so Hj has Q = +1. We can repeat this for each component. The EM charges of the Higgs
components are then

0 1 0
QH)=|-1 0 -1
0 1 0
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3.4.2 Gauge symmetry Goldstone bosons

To identify the Goldstones from the breaking of the gauge symmetries, we know, from
the method developed in 1.4, to find the broken generators from the gauge boson mixing
matrix. To leading order in %, the mixed gauge boson states are given in Table 2. To
reiterate, we obtain the broken generator corresponding to each massive gauge boson by
mixing the generators T} p corresponding to the gauge eigenstates A, B in the same way
as the latter mix into physical states, except that each Ty r must also be multiplied by the
corresponding gauge coupling gr, g. In this model, there is the additional simplification of
gL = gr = g, so all the ¢g’s multiplying each 77, r can be pulled out. Thus, the unbroken

generator corresponding to the photon #ﬁ(—\/g(Ag + B3) + Ag + Bg) is proportional to

—V3(T? +T3) + T + T3, as we have already determined.
Reading off Table 2 directly, we find the broken generators to be (up to normalization)

Tpi Ty Tps Tps Tis Tps Tf TP Ths Tjs Tps Tgs
TS — T8, V3(T§ +T5) — 373 + 5T%; 273 +V/3(TF +T5).

As per our prescription, we now apply ¢ times these generators to the vacuum and see
which direction the vacuum is pushed. Recalling the vacuum structure

00 0 0 00 L (v 00
(HY=10 0 0 |; H*=]|0 00 ;(Hjﬁ):E 0 v 0
00 I % 00 000

we will do the first two calculations explicitly. Let us start with g77, the generator corre-
sponding to the mass eigenstate gauge boson A°. We have

S
S

00 0 o (00 00 0 00 ;2
igrofo o 0o |="2foo o]looo|l=(o0 0],
00 pvz) 22\i 0 0/ \o o p 00 0

—q 99
(0 00y (00 =\ (00 0Y /5% 000
igT° 0 0o o0l=—21(0o0 o)[oool={0 0o,
vz ool 22 i 0 o) \g o0 o0 0 0 0
L {v 00 ig (00 =i\ (w00 0 00
igT°— [0 v 0] =—={0 0 0 0v 0)={0 00],
V2o 00/ 2¥2\i 0 o/ \o 0 0 =20 0

acting on each generation of the vacuum in turn. Thus, the Goldstone direction, which is
the resultant of these pushes in field space, is, normalized to unity,

1
Gl = — e (pHY gl — ),
VPPt gt t+u
where we recall the notation H® for the real part of the (i,a) component of the ath

generation H field.
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Turning to T3, we must take care to multiply the generator and the vacuum correctly.
The vacuum transforms in the anti-fundamental representation of SU(3)g. Thus, we need
the generator acting on it in the anti-fundamental representation as well. The generators
in the two representations are related by

Ty =-Tp =Ty, (3.3)

where A stands for anti-fundamental and F for fundamental. The first equality in (3.3)
follows from, assuming a field in the fundamental transforms as

¢ — exp(iwTy)o,
the transformation of the conjugate (anti-fundamentally represented) field
¢" — exp(iw’(=Tg)*)¢" = exp(iwTy)¢™;

the second equality in (3.3) follows from the SU(N) generator property TT = T*.
Then, the correct contraction we seek is

ig(Th )i (H) = —ig(Trp) )i (HL™).
Performing this, we see that this generator pushes the vacuum in the direction

qu

0

0 0 00 O 00 %
0O O0O0l+(0O0 O ]+[0o0 0
2 00) Vo) \oo o
and so find the Goldstone corresponding to T3
1
Gy = (=pH + qH5 + uH,3).

/q2 +p2 + U2
Using the same methods and notation, we present the full number of Goldstone bosons
associated with the breaking of SU(3)r ® SU(3)r, — U(1)g in Table 1 below.

3.4.3 Leptons

Since L transforms in the same way as H, we know immediately that

0O 1 0
QL =[-10 -1
0O 1 0

The leptons do not acquire tree-level masses in this model, since the only Yukawa term
is ~ HQpQr. If the model is to successfully recreate the SM spectrum, charged lepton
masses must be generated by quantum corrections, just as for the massless scalar bosons
discussed in the previous section.
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Table 1: Broken generators associated with the spontaneous breaking SU(3)r @ SU(3); —
U(1)g and their corresponding Goldstone modes.

Broken generator Goldstone state

T3 ————(—pH} +qH} + ul}3)
24 p2 12 T T T

T} Y (CpHE - qHE — uHY)
2+ 2+u2 (2 K2 (2

T} L (pH + gHE — uH)
p2+q2+u2 T r r

T} —L_(pHY + qH2 +uH3})

L b3 qit;y [t

/21 p2 2

T \/ﬁ(—pHﬁ +vH3)
s @(—qHél —vH)
7 T PHE + gl — vH)
7 m@ffﬁl +qHF + vl
7 T (VHLE — uHY)
T} T (VH + uHY)
T \/ﬁ(—qlff’f —uHl —vHE)
Th ———— (+a 3 + uH )} — vH)
7513 o (D I S — o)
V3(TS +T8) — 373 + 5T \/4(p2+q2)1+9u2+25v2 (2pHY + 2qH¥ + 3uHi} — 50HZ)
2T1% + \/g(TL8 + TI%) —25(12;1(“2%2) (_5q2H{g’12 - 2UH¢113) + QUHZ'223
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3.4.4 Quarks

The changes in the quarks ()7, and QQr under a full infinitesimal gauge transformation are
0Q1 = (iwp(Te);8] — iwi (T1)i6) Q1

and
0Qh, = (iwh(T3);05 — iwe(T6)505) Qs

so when we consider the electromagnetic gauge transformation (3.2) we find

Qn Qiy Qs [e ™ 0 0
Qr— | QL QL Qs 0 e/ 0
Ql Qi Qs 0 0 e

implying the EM charges

-1/3 2/3 —-1/3
QQu) = (-1/3 23 -1/,
-1/3 2/3 —-1/3
and '
et/ 0 0 Qri Qhe Qns
Qr— | 0 e 0 o Qhe Qs |,
0 0 el 7w Qh Qs
yielding

1/3  1/3  1/3
QQr) = | —2/3 —2/3 -2/3
1/3 1/3 1/3

In order to obtain the quark mass spectrum, we collect the quark bilinear terms into a
matrix

82chukawa
(M) = LD e
Y0000 |

where );; is shorthand for any (Qp)¢ or (Qgr)**. Note that colour indices have been

suppressed; any physical state or mass found is simply three times degenerate in colour.
Then, the quark masses can be easily found by diagonalizing the matrix
2 _ gt
Mg = MyMg.

We find nine Dirac mass eigenstates (27 when accounting for colour; in the following we
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will leave the colour degeneracy implicit). The masses are, to leading order in ﬁ,

20%y?
2U2y2
2(p* + ¢*)y?

Thus, there are two exactly massless quarks, for which masses should be generated when
loops are taken into account in order to match any phenomenology. Among the remaining,
three masses lie at the high scale ~ p, ¢ (note that we do not assume any hierarchy between
p and ¢ here), while four lie at the SM scale ~ u,v. Assuming the massless quarks obtain
small loop masses (compared to the Trinification scale p), there are six light quarks; these
might be interpreted as the SM quarks.

If we set u = v = 0, the mixing of the states becomes transparent. The Yukawa
Lagrangian is then

gYukawa = yeagvHéaniQ? + h.c.

where the contraction over colour has been suppressed. Expanding and evaluating at the
vacuum for this simplified case, we get

L vukawa = —YV2 (Q13(4QR1 — PQRs) — 4Q13Q% + PQ73Q%s] + hoc.

1 2
— VRV o T

+ Z/\/§q [QlLsQ3Rl + h-C-} - y\/ip [Q%:J,Q?})%S + h-C-} )

+ h.c.

which corresponds to three Dirac spinors

Qs 1 2
Q(Q}m)T_p(Qﬁm)T ; ( Q[ég T) ) ( %LS T)
/02442 _(QRI) ( R3)
with the masses-squared
200 + )y*, 267, 207y
respectively. Clearly, these masses lie at the large Trinification-breaking and LR-breaking
scales (p and g, respectively).
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3.4.5 Gauge bosons

In the basis {A', A%,... A% B! B? ..., B%} the nonzero elements of the gauge boson mass
matrix are

(Mép)ha = g*(u? +0*)/16,

(Mép)22 = g°(u® + v*) /16,

(Mép)ss = g*(u? +0*)/16,

(Mép)aa = g°(0* + ¢ + u*) /16,

(Mép)ss = 6> (0° + ¢ + u?) /16,

(Mép)ss = 9°(0° + ¢* +0*)/16,

(Mép)rn =9 (0" + ¢ + 02)/1&

(Mép)ss = g (40" + ¢* +u” +v*) /48,

(MCQ;B)gg = 92(q2 + C]2 + 112)/16),

(Mé&p)110 = 9°(¢* + ¢ + v°) /16,
(MéB)ll 1= 92(172 +q+ UQ)/167
(Méphaiz = g°(0° + ¢ + u?) /16,
(Mé&p)isas = g°(P* + ¢* +u*) /16,
(Mg = g*(p* +v%) /16,
(Még)1515 = g°(p* +v°) /16,
(Mé&p)is16 = g°(4p + ¢ + u® +v%) /48,

(Mgp)1o = (Mép)os = —g*uv/8,
(MZg)210 = (M&g)o2 = —g*uv/8,

(M2p)ss = (M&g)ss = g*(u® — v*)/(16V3),
(M&p)sa1 = (M&p)is = —g° (u* +v%)/16,
(MEp)s16 = (Mép)iss = 9°(v* — u?)/(16V/3),
(Mgg)si = (M&phis = 9°(2¢° — u* +v?)/(16V/3),
(MEp)s16 = (Mgp)ies = —g°(4p° — 2¢° + u® + v*) /48,

(M&p)16 = (MZg)isn = ¢2(¢* +u® — v?)/(16V/3),

This matrix is diagonalized to give the physical gauge boson spectrum. The phenomeno-
logically justified VEV hierarchy p > ¢ > u ~ v is imposed, and results, both masses
and states, are given to leading order in 2% in Table 2. The first state in Table 2, which
is massless, is identified as the photon. There are three further states that are massless in
the limit of no SM breaking u = v = 0; these are the three electroweak gauge bosons. Let
us now find the EM charge eigenstates. A® lies in the adjoint representation of SU(3).
and is a singlet under SU(3)g, and vice versa for B*. Thus, the transformation properties
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Table 2: Physical SU(3)Lr gauge bosons given in terms of the gauge eigenstates A, B,
and their respective masses squared.

Physical eigenstate Mass-squared
5v3(—V3(As + By) + Ag + Bs) 0
Bs L+ )
B, C(p* + )
As C(p? + )
By (0 + ¢%)
B; &2
Bg 2
A; (p* + %)
Ag (p* + %)
Ay %(02 + u?)
Ay {—2(1)2 + u?)
By %292
By %292
%(Bs — Ag) %(16}72 +¢%)
5o (VB(As + Bs) = 3By + 543) 40 + u?)
5(2Bs + V3(As + By)) 5
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for these gauge bosons are
a abc, b pc
AY — —f"w; A
B — _f'abcw%“Bc7

where we temporarily relax our assignment of a,b,c¢ as SU(3)g indices and simply use
them generically. The structure constants are defined through [T, T%] = if®¢T*. Under
the electromagnetic gauge transformation (3.2) in particular,

1
A® _fa3chc + faSC—LL)AC,

V3

1
B® — _faSCch + faSc_ch7
V3

The only nontrivial transformations are then

A = wA?,
§A? = —wA!,
SAS = —wAT,
AT = wAS,

and similarly for B. It is clear that any gauge boson state containing none of (A, B)%267

are EM singlets. In analogy with the case of the Standard Model, we construct charge
eigenstates out of the components with the same mass that transform into each other.
Thus,

§(A% —iAT) = —jw(A® —iAT),
§(A® +4AT) = +iw(A® + A7),

and

§(B® —iB") = —iw(B® —iB"),
§(B®+iB") = +iw(B® +iB")

form the states W= and W5 with masses g+/p? + ¢2/4 and gp/4, respectively. In a similar
vein, we find the states

which we denote Wf and Wf%[, respectively. ng has the mass gq/4 and Wf is identified
as the SM W, with (SM scale) mass gv/v? + u2/4.
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3.5 Conclusions and outlook

Having concluded the initial analysis of the model, we are convinced that it deserves more
detailed study. We will here collect a few comments on our results, and give a brief overview
of the avenues of study which may be pursued.

First of all, it should be noted that, as we saw, SU(3) is fully broken by this particular
vacuum. We have, however, also been able to construct vacua which leave global U(1)
symmetries unbroken (placing the SM-breaking VEVs u, v on the off-diagonal instead of
the diagonal). Although this particular vacuum spontaneously broke the Trinification
gauge group down to a U(1), the scalar components which get VEVs were not neutrally
charged under it; the group is not electromagnetism. It should be possible to construct
another vacuum (or perhaps change the representations of the fields) so that the charges
are sensible, and there are unbroken global symmetries in addition. There are accidental
global symmetries in the SM; U(1)p_, and the custodial SU(2) symmetry on the scalar
sector, for example. Unbroken remnants of the broken SU(3); might be a compelling origin
of these.

Furthermore, the breaking of the global family symmetry should engender Goldstone
bosons. We have not identified them, but doing so should be straightforward following the
prescription we have developed.

As we saw, the tree-level masses for all but one scalar, all leptons and six quarks are zero.
This means that mass terms need to be regenerated at the 1-loop level, via the radiative
symmetry breaking process described in Section 1.2. Obviously, further investigation into
whether or not this happens is needed. If the radiatively generated masses of the six
quarks are small enough, they might correspond to the SM quarks, which is an interesting
possibility.

An obvious area of study is the potential minimum at 1-loop and its stability. Work
on this has commenced. A SARAH model file has also been developed for this trinified
model; it is not included in this thesis since it is not completely done, but SARAH might
help with such vacuum analysis.

Finally, we add that several Trinification variants are currently being studied by R.
Pasechnik et al. Whether the model is supersymmetric or not; the form of the scalar
potential and the various modes of symmetry breaking employed, all contribute to give the
theory a promising array of different attributes.
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4 Summary

We have studied two LR models; the SU(3)c® SU(2),®@ SU(2)r®@U(1)p—, MLRM, and a
trinified model with gauge group SU(3),®@SU(3),®SU(3) p®Z3 with an additional, global,
SU(3)s family symmetry. We have written the Lagrangian for each model, and derived
masses, charges and representations of the particles. We have also implemented SARAH
model files which should prove useful to future studies. The MLRM has been extensively
studied previously; while the trinified model certainly requires further research, we find
both models theoretically attractive and phenomenologically viable.
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A MLRM SARAH model file

Model ‘Name = "MILRM" ;

Model ‘ NameLaTeX ="MIRM” ;

Model * Authors = "E. Corrigan”;
Model ‘ Date = 72015—-03—-08";

(x Gauge Groups %)
Gauge[[1]]={B, U[1], bminl, gBL, False};
Gauge [[2]]={WL, SU[2], left, gl, True};
Gauge [[3]]={WR, SU[2], right, g2, True};
Gauge[[4]]={G, SU[3], color, g3, False};
(% Matter Fields * )
FermionFields [[1]] = {qL, 3, {uL, dL}, 1/3, 2, 1, 3};
FermionFields [[2]] = {qR, 3, {conj[uR],conj[dR]}, -1/3, 1,
FermionFields [[3]] = {IL, 3, {vL, eL}, —1, 2, 1, 1};
FermionFields [[4]] = {IR, 3, {conj[vR],conj[eR]}, 1, 1, =2,
1}
ScalarFields [[1]] = {phi, 1, {{phil0, philp},{phi2m, phi20}},
07 2a _27 1}a
]

ScalarFields [[2]] = {delL, 1, {{delLp/Sqrt[2],delLpp},{delLO,—
delLp/Sqrt[2]}}, 2, 3, 1, 1};
ScalarFields [[3]] = {delR, 1, {{delRp/Sqrt[2],delRpp},{delR0O,—
[2

delRp/Sqrt [2]}}, 2, 1, 3, 1};
NameOfStates={GaugeES ,EWSB} ;
(+ Before EWSB x)
DEFINITION [ GaugeES | [ LagrangianInput|=

{
{LagHC, {Overwrite—>True, AddHC—True}},

{LagNoHC,{ Overwrite—>True, AddHC—False}}
}s
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(* Scalar potential —— NOTE: SARAH warns about charge
nonconservation for the vertices below, but they are

contracted correctly .x)

LagNoHC = —(—mul2 phi.conj[phi] — mu22 epsTensor[lef2  lefl]
epsTensor [rig2 ,rigl] conj[phi].conj[phi] — mu22 epsTensor[lef2
,lefl] epsTensor|rig2 ,rigl]| phi.phi — mu32 delL.conj[delL] —
mu32 delR.conj[delR] + lambdal phi.conj[phi].phi.conj[phi] +
lambda2 epsTensor[lef2  lefl] epsTensor[rig2 ,rigl] epsTensor|
lef4 ;lef3] epsTensor|[rig4 ,rig3] conj[phi].conj[phi].conj[phi].
conj|[phi] + lambda2 epsTensor[lefl ,lef2] epsTensor[rig2 ,rigl|
epsTensor[lef3 ,lefd] epsTensor|[rigd ,rig3] phi.phi.phi.phi +
lambda3 epsTensor[lefl ,lef2] epsTensor|[rig2 ,rigl] epsTensor|
lef3 ,lefd] epsTensor|[rigd ,rig3] conj[phi].conj[phi].phi.phi +
lambda4 epsTensor[lef2 ,lefl| epsTensor[rig2 ,rigl] Delta[lef3
lef4d] Delta[rig3 ,rig4] conj|[phi].conj[phi].phi.conj[phi] +
lambda4 Delta[lefl ,lef2] Delta[rigl ,rig2] epsTensor[lefd ,lef3]

epsTensor[rigd ,rig3] phi.conj[phi].phi.phi + rhol delL.conj|
delLL]. delL.conj[delL] + rhol delR.conj[delR].delR.conj[delR] +

rho2 dell.delL.conj[delL].conj[dellL] 4+ rho2 delR.delR.conj|
delR]. conj[delR] + rho3 delL.conj[delL].delR.conj[delR] + rho4

delL . delL.conj[delR]. conj[delR] + rho conj[delL]. conj[delL].
delR.delR + alphal phi.conj[phi].delL.conj[dellL] + alphal phi.
conj[phi].delR.conj[delR]| + alpha2 epsTensor[lef2 ,lefl ]
epsTensor[rig2 ,rigl] Delta[rig3 ,rig4] Delta[rig3b ,rigdb] phi.
phi.delR.conj[delR] 4 alpha2 epsTensor[lef2  lefl]| epsTensor|
rig2 ,rigl] Delta[lef3 ,lef4] Delta[lef3b ,lefdb]| phi.phi.delL.
conj[delL] + alpha2 epsTensor[lef2 ,lefl] epsTensor[rig2,rigl]
Delta[rig3 ,rig4] Delta[rig3b ,rigdb] conj[phi].conj[phi].delR.
conj [delR] + alpha2 epsTensor[lef2 ,lefl]| epsTensor|[rig2 ,rigl]
Delta[lef3 ,lef4] Delta[lef3b ,lefdb| phi.phi.dellL.conj|[delL] +
alpha3 Delta[lefl ,lef4]| Delta[lef2 ,1ef3] Delta[lef3b ,lefdb ]
Delta[rigl ,rig2]| phi.conj[phi].dellL.conj[dellL] + alpha3 Delta]|
lefl ,lef2] Delta[rigl ,rig3] Delta[rig3b ,rigdb] Delta|[rig2 ,rig4
] phi.conj[phi].delR.conj[delR] (x + betal Delta[lefl ,lefdb]
Delta[lef3 ,lef4] Delta[rig2 ,rig2b| Delta[rigl ,rig3] phi.delR.
conj [phi].conj[dellL] + betal Delta[lefl ,lef3] Delta[lef3b ,lef3
| Delta[rigl ,rigdb]| Delta|rig3 ,rigd] conj|[phi].dell.phi.conj]
delR] + beta2 phitil.delR.conj[phi].conj[dellL] + beta2 conj|
phitil]. delL.phi.conj[delR] + betad phi.delR.conj[phitil]. con]j
[delL] + beta3 conj[phi].delL.phitil.conj[delR]x*) );
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Yukawa Lagrangian NOTE: SARAH warns about charge
nonconservation for the vertices below, but they are
contracted correctly .x)

(*

LagHC= —(hl conj[phi].IL.IR + hltil phi.lL.IR + hqtil phi.qL.qR
+ hq conj[phi].qL.qR);

(% VEVs %)
DEFINITION [EWSB| [ VEVs]=
{
{phil0, {vevk, 1/Sqrt[2]}, {AphilOps, I/Sqrt[2]},{hphilOs, 1/
Sqrt [2]}},

{phi20, {vevkprime, 1/Sqrt[2]}, {Aphi20ps, I/Sqrt[2]},{hphi20s,
1/Sqrt[2]},{alphakprime}},
{delL0, {vevL, 1/Sqrt[2]}, {AdelLOps, I/Sqrt[2]},{hdelLOs, 1/
Sqrt [2]},{betalL}},
{delR0O, {vevR, 1/Sqrt[2]}, {AdelROps, I/Sqrt[2]},{hdelROs, 1/
} Sqrt [2]}}

(%

DEFINITION [EWSB| [ MatterSector|=

{
{{{dL}, {conj[dR]}}, {{DL,Vd}, {DR,Ud}}},

[dR]}}, {

{{{uL}, {conj[uR]}}, {{UL,Vu}, {UR,Uu}}},
[eR]}}, {
VRIS A

Matter sector mixing

{{{eL}, {conj[eR {EL,Ve}, {ER,Ue}}},
{{{vL}, {conj[vR {NuL,VNu} ,{NuR, UNu}}},

{{hphilOs , hphi20s ,hdelROs , hdelLLOs , AphilOps , Aphi20ps, AdelROps,
AdelLOps},{hrealim ,Urealim}},

{{philp, conj[phi2m]|,delRp, delLp},{singchar ,Usingchar}},

{{delRpp ,delLpp},{doubchar , Udoubchar}}

b

bl

}s

(% Gauge sector mixing *)
DEFINITION [EWSB| [ GaugeSector| =

{

{{VWL[3] ,VWR[3] ,VB},{VPP,VZ1,VZ2} UZ},
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{{V\f\gL[l]},VWL[Q] SVWR[1] ,VWR[2]} ,{VWpl, conj [VWpl]| ,VWp2, conj [VWp2
JUW
i

(* *)

DEFINITION [EWSB]| [ DiracSpinors|=

Dirac spinors

{
Fd —>{ conj [DR]},
Fe —>{ conj [ER]},
Fu —>{ conj [UR]},
Fv —>{ NuL conj [NuR]|}
¥
DEFINITION [ GaugeES | [ DiracSpinors|=
{

Fdl —>{ dL, 0},
Fd2 —>{ 0, dR},
Ful —>{ uL, 0},
Fu2 —>{ 0, uR},
Fel —>{ eL, 0},
Fe2 —>{ 0, eR},
Fvli —>{ vL, 0},
Fv2 — { 0,vR}
}s
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