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ABSTRACT OF THE DISSERTATION

Anomalous Higgs Yukawa Couplings from Radiative Masses and Related Phenomena
by
Sean Patrick Fraser

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, August 2016
Dr. Ernest Ma, Chairperson

The experimentally accessible branching fractions of the 125 GeV particle discov-
ered in 2012 are consistent with the Higgs boson of the standard model (SM), but they are
not yet conclusive due to large experimental uncertainties. Of particular interest are the
inferred Yukawa couplings of the Higgs boson to a heavy quark or charged lepton. In the
SM, this is given by a tree-level expression in which the Yukawa coupling is proportional
to the fermion mass. We consider instead a radiative origin of fermion mass which occurs
in one loop through dark matter. It is shown that the effective Higgs Yukawa coupling can
have significant deviations from the SM, with potential consequences for Higgs production
and decay. The radiative model also explains the muon anomalous magnetic moment, with
predictions for rare lepton decays in parallel with a radiative model of neutrino mass based
on the inverse seesaw. Also considered are three other possible extensions of the SM, with
tree-level masses for charged fermions: A Higgs triplet model of radiative neutrino mass
with dark matter and collider phenomenology, a vector dark matter model with relic density

and direct detection analysis, and a supersymmetric model which relaxes the constraints



on the Higgs mass and accommodates the recent 750 GeV diphoton excess.
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Chapter 1

Introduction

1.1 Outline: Looking for New Physics

The standard model (SM) is a renormalizable theory because it is based on a local

gauge symmetry. Phenomenologically, this symmetry is
SU@B)e x SU12), xU(1)y (1.1)

The particle content and real gauge fields before spontaneous electroweak symmetry break-
ing are shown in Table which assumes a minimal scalar sector consisting of a single
Higgs doublet. No further symmetries are imposed other than the local gauge symmetry.
The SM has been extremely successful in explaining the fundamental interactions of the
observed particles and in confirming a wide range of experimental results. Even so, the
SM cannot be a complete theory because neutrino mass and dark matter are not included.
Throughout this thesis, several explanations of these will be given. All neutrino masses

considered will be Majorana. The types of dark matter considered will be scalar, fermionic,



Particle SUB)c | SUQ2)L | Y
strong force Ja 8 1 0
weak isospin W, 1 3 0
weak hypercharge B 1 1 0
!/ / /
/ uy, cr, tr
il — <d/> (S/> (b/) 3 2 1/6
ro_ O F F F
up = uR cr tn 3 1 2/3
'n = dp sy n 3 1 -1/3
v v v
w2 () ()] | e
ep = € Wy TR 1 1 -1
¢+
o = ( 40 1 2 1/2

Table 1.1: Particle content in the standard model.

and vector. The radiative mass models that will be studied are all inspired by the original
scotogenic model [7], where the loop diagram responsible for neutrino mass has particles
from the dark sector propagating in the loop.

The recent discovery [8, (9] of the 125 GeV particle at the Large Hadron Collider
(LHC) is, on the one hand, a long-awaited confirmation of the Higgs boson in the SM. At the
same time, it is also an opportunity for new discoveries, because the current experimental
uncertainty of the measurement allows other models to be considered that are consistent
with the data. Part [I] of this thesis is a unified discussion consisting of Chapters 4
The motivation is to reexamine the assumption previously made in radiative mass models
that the effective Higgs Yukawa interactions are unaffected. The results are new, and may
be important for the LHC era. Chapter [2| focuses on heavy quarks and leptons in a model

of radiative fermion mass through dark matter. The purpose is to demonstrate that the



effective Higgs Yukawa coupling can have significant and measurable deviations from the
SM, and that the new particles are within reach of the LHC. It will also be established that
the radiative contribution to the muon magnetic moment has the correct sign and magnitude
to explain the anomaly with the SM. Chapter [3] develops a new radiative implementation
of the inverse seesaw for neutrino mass. This is adapted for use in Chapter 4] which adds a
discrete flavor symmetry to encompass the entire lepton sector and incorporate real scalar
dark matter.

The motivation for Part [[I] of this thesis is to explore other extensions of the SM
with tree-level masses for charged fermions. Chapter [5| uses a scalar Higgs triplet extension
for radiative inverse seesaw neutrino mass. Chapter |§| uses an SU(2)y gauge extension for
vector dark matter. Chapter [7| uses a U(1) gauge extension of with supersymmetry, with
an emphasis on explaining the recent preliminary LHC measurement of a diphoton excess.
This bears some relation to the diphoton Higgs decay covered in Chapter

Finally, the conclusion and bibliography are given in Part [[TI, The remainder of

this introductory chapter is a brief review of some relevant concepts and technical details.

1.2 Fermion Masses and Mixings

The measured fermion masses and mixing parameters [10] are shown in Table
and Table Part [[] of this thesis fits into a larger theoretical framework that links flavor
symmetry and dark matter |[11] with the long-term goal of deciphering these patterns.

In the SM, the masses and mixing derive from the Higgs Yukawa interactions for the fermions

listed in the previous Table For quarks an additional color index is understood. The



Uckm
quarks masses in GeV 010 | 13°
u c t 3x10~° 1.3 175 O3 | 2°
d s b 6x1073 0.1 4.3 615 | 0.2°
dcp | 60°

Table 1.2: Quark masses and mixing parameters in the standard model.

UpnmnNs

leptons masses in GeV 012 34°

e uoT 5x107% 0.1 O3 | 45°

v vy U3 ~107% ~107% ~10°° 613 8°
ocp | —108°

Table 1.3: Lepton masses and mixing parameters in the standard model.

primed fields denote fermions in an arbitrary interaction basis, as opposed to the physical
mass basis. This is a general feature that will be encountered throughout this thesis. The
particles that carry charge under the gauge group or other symmetries are not necessarily
mass eigenstates because they can mix due to interactions. In terms of the primed fields,

the Higgs Yukawa interactions are
Lyukawa = — 1 L ® €5p— L QL @ dip — f4 Q) @ uip + hec. (1.2)

where the couplings f¢, f¢, f* are 3x 3 complex matrices in generation space, and the dual of
the Higgs doublet is ® = ioo®*. The hermitian conjugate terms in Eq. for the charged
leptons are shown in Fig. with similar diagrams for the up and down type quarks.
Mass terms for fermions and gauge bosons are not explicitly present in the SM Lagrangian

because they do not respect the local gauge symmetry, but they will be generated when the



>
eir €iR
Figure 1.1: Higgs Yukawa interaction for charged leptons.

electroweak part of the gauge group is spontaneously broken. The virtue of breaking a local

gauge symmetry spontaneously is that the theory remains renormalizable. This strategy

will be used throughout this thesis for other scalars besides the Higgs. In the SM, the

electroweak part of the gauge group is spontaneously broken down to the electromagetic
gauge group U(1)g

SUR2), xU(l)y = U(1)g (1.3)

where Q = T3 + Y. This occurs when the neutral component of the Higgs doublet develops

a nonzero vacuum expectation value (VEV). In the unitary gauge, this is

@ =(,s) (1.4

which allows the three scalar degrees of freedom contained in ¢ and Im(¢°) to be gauged
away. These scalar degrees of freedom are essentially absorbed by three combinations of the
four originally real massless gauge fields Wi 23 and B, which are mixed into the massive
vector bosons W, Z and the massless photon A. The real part Re(¢°) contains the SM

Higgs h. The masses mp, myy, mz are all of order the electroweak energy scale

v/V2 =174 GeV (1.5)



which is the only mass scale in the theory (apart from the non-perturbative QCD scale

Agcp ~ 200 MeV). The real part of #° generates the two terms
Re(¢°) = (v+h)/V2 (1.6)

The massive Higgs boson h retains Yukawa interactions with the charged fermions, and the

VEV generates complex mass matrices M&%% = fodu (y/1/2)
o / T d g a /
Ly ukawa D —€j, M5 €5 — dip MG djp — ujy, M ujp + h.c. (1.7)

Arbitrary unitary rotations of the left-handed and right-handed fermion fields, for example
el, = (Uf)ij ei and efp = (Ule:i)ij eip, will keep the fermion kinetic terms diagonal. A
e,d,u

specific set of unitary rotations Uz’d’“ and Up™" will diagonalize the mass matrices M e,d,u

and so they will also diagonalize the coupling matrices f&%*. For charged leptons
diag(me, m,, my) = Us f¢ UgT (v/V?2) (1.8)

and similarly for quarks. This is the familiar SM result that the fermion mass is proportional
to the Higgs Yukawa coupling in the physical mass basis. The replacement of ¢° with <¢0> in
Fig. turns this three-point interaction into a two-point interaction. In the diagonal mass
basis, it is a connection between only two massless fermions in the same generation. For
example, the electron mass eigenstate has the infinite series of diagrams shown in Fig. [I.2

This infinte series can be formally summed to give
meee = me (€fer + €rer) (1.9)

which is the statement that the inherently massless particles ey, and e have paired up to
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_— = >————b—0—b—0—b—

Figure 1.2: Electron mass as an infinite series with Higgs VEV.

become one massive Dirac particle e = ey, + eg in the presence of the Higgs VEV. Part 1
of this thesis is a fundamental modification of the Yukawa sector Eq. , and radiative
versions of Fig. [[.1] will be studied in Chapters [2] and ] Each two-point vertex in Fig. [I.2
will be replaced by an effective two-point vertex caused by radiative loops.

The unitary rotations that diagonallize the Yukawa couplings will not, however,
diagonalize the charged current weak interactions. In the physical mass basis, the mismatch

between left-handed rotations results in nondiagonal flavor mixing

LQuarks D W ar ¥ Uokmiy dip + hec.

Sle Sle

ELeptons D) W, €L 7“ UPMNS ij ViL + h.c. (110)

which defines the unitary mixing matrices

1 02 0

_ wrrdt
Uckm = UL UL ~ -02 1 0
0 0 1

V2/3 V130
Upmns = UULT ~ | /176 Vi3 —/1)2 (1.11)
—V1/6 V13 V1/2




where the approximate structure shown corresponds to the mixing parameters given earlier
in Tables and Table Beyond the SM, flavor symmetry may help to understand
if there is a deeper reason for the mismatch between the left-handed field rotations which
produce Ucgpr and Upprnys. The following chapters will focus on the lepton sector, and the
flavor symmetries Z3 and A4 will be used in Chapters [3|and |4} respectively. In the radiative
models that will be considered, the field rotations are determined by the particle content
and the full symmetry assignments. In Chapter (3| only v/, will be rotated. In Chapter

only €}, will be rotated. In Chapter {4} both e}, and v/, will be rotated.

1.3 Neutrinos

In the SM, neutrinos are massless becasue they are left-handed and do not have
interactions with any right-handed fields. Of course, this must be remedied in light of the
observed neutrino oscillations. A simple solution is to add three right-handed neutrinos N;g
with (SU(3)¢, SU(2)1,Y) = (1,1,0), that is, N;r are singlets under the full gauge group.
The new Lagrangian terms are the usual kinetic terms for N,z and the Dirac Yukawa
interaction

Lpirae =—f5 Ly ® Njg  +  hc. (1.12)

The diagram for the hermitian conjugate term is shown in Fig.[I.3] This will generate Dirac
mass terms after spontaneous symmetry breaking, but they are not the only possible mass

terms. Explicit mass terms are also allowed by the gauge symmetry using the conjugate



- - - - - —

L >
vir Nj

Figure 1.3: Higgs Yukawa interaction for left- and right-handed neutrinos.

fields (V;g)¢. These invariant Majorana mass terms are

£Majo7’ana = —HMij (NjR)C NiR - M;{j TZR (NjR)C (113)

and the corresponding Feynman diagrams are shown in Fig.[I.4] The conventional direction
of arrows illustrates that in the first term a right-handed particle goes in and a left-handed
particle goes out, and in the second term a left-handed particle goes in and a right-handed
particle goes out. Thus a pure Majorana particle constantly transforms on its own between
left- and right-handed chiralities because of its Majorana mass. If both Dirac and Majorana
mass terms are present, the general outcome will be six Majorana particles with different
masses. For illustration, consider only one generation Ny and Ng. The distinction between a
pure Dirac particle Npjrqe = Np+Ng and a pure Majorana particle Nysqjorana = N+ (Np)®

is the existence of extra degrees of freedom from Ng. As a final comment, neutrinos in the

- - - -
Nir Nir Njr N;

Figure 1.4: Majorana mass terms for right-handed neutrinos.



SM do not have Majorana mass terms W Vi1, + h.c. because these terms do not conserve
weak isopin or hypercharge. However, in other models these terms can be generated from
the VEV of a Higgs triplet, as will be done in Chapter [5| although not at tree-level. The use
of a Higgs triplet VEV to generate Majorana mass terms will also appear in Chapter [6] at
tree-level, but applied instead to new fermions n;y, rather than the SM v;r,, and also applied

to new right-handed fermions n;g.

1.4 Naturalness

Pure Dirac neutrinos require the arbitrary assumption pu;; = 0, but this can be
remedied by the imposition of an exactly conserved global U(1);, symmetry, namely lepton
number L = +1 for L;;,e;r, N;jgr. This will forbid the Majorana terms since they break
L by two units. A shortcoming is that this does not give any insight into why the Dirac
Yukawa couplings should be so much smaller for neutrinos compared to charged fermions.
Closely related to this are pseudo-Dirac neutrinos which occur when p;; is small, which
could be considered natural in the 't Hooft sense. A parameter is allowed to be small and
is considered natural in the 't Hooft sense if taking that parameter to be small enhances a
symmetry in the Lagrangain. The Majorana terms break L by two units, but this breaking
is small when ;5 is small, so the global U(1)r, symmetry is enhanced.

A pure Dirac particle that carries no U(1) charges can be written as the super-
position of two mass-degenerate Majorana particles. Genuine Majorana neutrinos occur
when p;; is not too small and this degeneracy is removed. The well-known canonical seesaw

mechanism occurs when one or more components p;; ~ M > v, where M is a new inherent

10



mass scale of the new physics responsible for the heavy Majorana neutrinos. Extremely
small neutrino masses are then explained by a very large but otherwise arbitrary mass scale
M. Light neutrino masses in the eV range can be obtained with M ~ 10° GeV and Dirac
Higgs Yukawa couplings f ~ 1. This mechanism is used in Chapter [7] Various other cases
wij ~ eV,keV,MeV,GeV, TeV, > 10°GeV are surveyed in Ref. [12]. These are tree-level
neutrino masses. Radiative neutrino masses will be considered in Chapters [3] [4] and

For charged leptons, it could be argued that the small Yukawa couplings are natural
in the 't Hooft sense because in the limit when they are all zero the SM Lagrangian possesses
an accidental symmetry |13] of unitary rotations. Even so, the numerical values and ordering
are unexplained. Similarly for quarks, there is an accidental symmetry of unitary rotations
in the zero mass limit. But this argument does not apply to the top quark. Its Higgs
Yukawa coupling is of order 1, which by itself is not unusual because this gives a mass of
the same order as the Higgs VEV. But then it is difficult to understand why the other

quarks are so light. The radiative mass models in this thesis respond to these questions.

1.5 Quantum Corrections

Although they are not imposed, two global U(1) symmetries exist at tree-level in
the SM Lagrangian. They are therefore accidental symmetries. There is a global U(1)p
symmetry for baryon number a global U(1); symmetry for lepton number, where quarks
have B = +1/3 and leptons have L = +1. A global symmetry has an associated conserved
current that can be computed at the tree level, that is, at the classical level. There will

also be corrections which occur at the one-loop level or higher, that is, at the quantum

11



level. At the quantum level, neither B nor L is conserved, but the combination B — L is
conserved. For this reason, the SM actually possesses only one true global symmetry, which
is U(1)p—r. So in the previous section, it is actually more precise to say that Majorana
terms are forbidden by conservation of B — L rather than by conservation of L. Even so, it
is usually not a problem if a global symmetry becomes anomalous at the quantum level [14]

But for a local symmetry, that is, a gauge symmetry, its associated current must
be conserved when the quantum corrections are included, otherwise the theory will not
be renormalizable. This involves checking triangle loop diagrams with three external gauge
bosons connected to fermions in the loop, and all the diagrams must add to zero so that there
is no gauge anomaly. That is, the theory must be anomaly-free. It can be shown that the
SM is anomaly-free, based on the its gauge symmetry and particle content. Throughout
this thesis, either the gauge symmetry or the particle content will be enlarged, and the
anomaly-free condition must be satisfied. In the simplest extensions, it is arranged so that
any additional contributions from new left- and right-handed fermions cancel. In the earlier
section [I.3] this was not an issue when adding the three right-handed neutrinos N;r because
they are gauge singlets, which means they do not have gauge interactions and therefore do
not contribute to the triangle diagrams.

Radiative mass models make use of the fact that any tree-level diagram receives
quantum corrections from higher-order loop diagrams. Consider divergences that appear
during renormalization. The original work of Symanzik [15, [16] illustrates that when a
symmetry-breaking term is added to an initially symmetric Lagrangian, no new divergences

are introduced with dimension greater than that of the symmetry-breaking term. In essence,

12



a soft-breaking term leaves a remnant of the initial symmetry, whereas a hard breaking term
destroys the initial symmetry [17]. The general result is that soft symmetry-breaking terms
do not destroy the renormalizability an initially symmetric theory [18]. This applies to the
original scotogenic model of neutrino mass [7] and is also used in the following radiative
mass models of quarks and leptons in Chapters (] and

Radiative corrections are also responsible for the SM contributions to the muon
magnetic moment. The SM prediction is usually divided into three parts based on the
particles appearing in the loop diagrams [10]. The QED part includes photons and leptons.
The electroweak part includes the heavy W*, Z or Higgs particles. The hadronic part
includes quarks and gluons, and is the main source of theoretical uncertainties. Currently
there is a discrepancy between the theoretical prediction and the experimental measurement.

Radiative mass models can generally give contributions of the rough form

m2
Aay, ~ Cﬁ‘; (1.14)

where M is a physical high mass scale associated with the new physics and the value of
C ~ 1 is very model-dependent [19].

Radiative mass models can also explain very small fermion masses with much larger
Higgs Yukawa couplings compared to the SM due to the nature of the loop integrals. This is
the subject of the next chapter, which also examines the corresponding effective interaction
with the Higgs particle, which for charged leptons is feghll. The result is that the deviation
of the effective Higgs Yukawa coupling feg from the SM expectation m;/v is not suppressed

by the usual one-loop factor of 1672 and may be large enough to be observable. Compare

13



this with the common approach of using higher-dimensional operators

_ t
— L= filglpd® <1 + qu) (1.15)

where A% >> v2. This implies that the mass is m; = (fiv/v/2)(14v%/2A?) and the effective
Higgs coupling is fog = (fi/v/2)(1 + 3v2/2A%) ~ (m;/v)(1 + v?/A?). This approach is only
valid for v? << A2, which guarantees the effect to be small. The result of the following
chapter is that both m; and f.g are infinite sums in powers of v? but each sum is finite.

Their ratio is not necessarily small because some particles in the loop could be light.
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Chapter 2

Radiative Masses with 25

Symmetry

2.1 Tau Lepton

This chapter is the foundation of Part [[j and is based on the work previously
published in Ref. [1]. The main goal is to establish that the radiative mass mechanism can
give large, measurable predictions for the effective Higgs Yukawa coupling in the case of
heavy quarks and charged leptons, and the proper contributions for the anomalous magnetic
moment in the case of the muon. A simple modification of the SM is used to illustrate the
underlying strategy. The full symmetry group is based on that of the SM, but incorporates

two discrete Z5 symmetries

SU(3)C X SU(Q)L X U(l)y X Z2 dark X ZQ (2.1)
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The first Zs 4471 is used to stabilize dark matter and is therefore assumed to be exactly
conserved. The main purpose of the second Zs is to forbid the Higgs Yukawa coupling at
tree-level, but to permit its realization in one-loop. This is the essence of the radiative
mechanism. To complete the loop, the second Z5 symmetry will have to be softly broken by
the Dirac mass term of the new neutral fermion N = N+ Ng. The particle content is shown
in Table The particles ®, 77, are the same as in the SM but 7 is (—) under the second
Zy. The tau neutrino is shown for completeness, but is not needed for this chapter. All other
SM particles have (Z3 gark, Z2) = (+,4) and are therefore not affected by the imposition
of the extra discrete symmetry. Since only the new particles have (—)gqrkx under Zs gork,
they comprise the dark sector of this model. After any mixing effects have been included,
the lightest neutral mass eigenstate among them is a candidate for dark matter. The new
scalars are an electroweak doublet 1 and charged singlet ™. Note that each component of

any electroweak doublet must have the same assignment under Zs g4k X Z3. The only new

Particle | (SU(3)c,SU(2)1,Y) | Z2 dark | Zo2
¢+

o = <¢0 (1,2,+1/2) + |+

I — (VL> (1,2,+1/2) + |+
TL

TR (1717_1) + —

NL (17170) - -

Ng (1,1,0) — +
nt

= <?70) (1,2,+1/2) - |+

X+ (1,1,+1) - +

Table 2.1: Particle content in the Z5 model for tau.
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fermions are the electroweak singlets Ny, and Ng. They have no gauge interactions so they
do not contribute to the gauge anomaly, hence this model is anomaly-free.
The SM Higgs Yukawa coupling is strictly forbidden because under Zs g6 X Zo

this term reads

ZQdark’ = (+)(+)(+) = (+)dark

Z = (D) =) (2.2)

which is overall (+)4q,1(—) = (—) and therefore not allowed since all Lagrangian terms must
be trivial singlets under the full symmetry group. Allowed Lagrangian terms are listed in
Table In Ly, and Liriinear, the dual of 1 is 77. Note that a Hermitian conjugate field
or a dual field has the same Z, assignment as the original field, but this will not be the
case for the other discrete symmetries Z3 or A4 encountered in the models considered in
Chapters [3] and [} The effective one-loop vertex for the Higgs Yukawa interaction with

tau is shown in Fig. [2.1} The vital scalar interaction Liritinear = i 1 T X~ + h.c. is the

d)O
|
|
— ,——L\\ -
n /’ \\X
/ \
/ \
I \
e
TL Ng Ni TR

Figure 2.1: Radiative Higgs Yukawa interaction for tau.
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Terms that respect Zs

Ly,

Ly

X

Etm’linear

'Cscalars

Lowpm

= _fnfLﬁNR _anﬁTLL
= —fy (wzn™ =70~ ) Ng — fy Nr (vpn® — 7on™)

= A NLxtTR+ fxTRX Ni

= pntex” +p Tt
= u (770¢+ _ 77+¢0) X+ p (n0*¢— _ n—¢0*) X+

= —mi(xTx7) = A (@TR) (XX ) = A (i) (X Tx )

= +ugy (®T®) —mZ(nin)
—Asm (®T®)? — X, (nTn)?
—Xo(®T®) (n'n)
— (@) (ni @)
—X5(@Tn)? — As(n'@)?

Terms that break Zo

Ly

= —my (Ny Ng+ Ng Np)

Table 2.2: Lagrangian terms in the Zy model.
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only connection to the Higgs doublet at the top of the loop before spontaneous electroweak
symmetry breaking, and it is the primary connection to the Higgs particle after spontaneous
electroweak symmetry breaking. As already mentioned, the loop requires the soft-breaking
of Z5 which allows Ny and Ng to pair up and become one Dirac particle N = Np + Ng

with an invariant Dirac mass. Under Zj 44,4 X Z3 this term reads

N, Ng
Z2 dark = (_)(_) = (+)dark

Z = () =() (2.3)

which is overall (+)4qk(—) = (—) and therefore does not respect the discrete symmetries.
This soft-breaking is indicated by the cross. Before spontaneous electroweak symmetry
breaking, 77, and 7y are massless, and their chiralities do not change as they propagate
along their respective fermion lines.

The two scalar doublets ®,n in this model are a special case of general two Higgs
doublet models (2HDM) with ®1,®2, which have the same electroweak assignments as the
SM Higgs doublet. By considering all possible combinations of ®;,®5 and their duals,

the most general scalar potential for these two doublets can be written in the customary
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form [20]

—Loupy = miy(B]01) + mi,y(D]Py)
+miy(@]@a) + (mt,) (21 :)
FA(R]01)2 + N (B D)2
+ x3(®1 D)) (DlDy)
(2.4)
+ A (@] o) (D] D1)
+ 25 (] 2)” + A5 (@L01)?
+ D@} @) + Nj(@L))| (@] 1)
+ (@] @2) + Ap(@fe)] (2]e,)
Without loss of generality, the coefficients m%Z and A5 67 are complex, and all other coeffi-
cients are real. In our model, ®; = ® is (4, +) under Zs gorkx X Z2, and $o = n is (—, +).
Thus the m2, terms are forbidden because (®!®,) is overall (—)gepk(+) = (—). Similarly,
the A\g and A7 terms are forbidden because of the products in square brackets. Hence the
new scalar terms in our model are the ones listed in Table with change of notation. In
passing, note that the elimination of terms compared to the general 2HDM now allows A5
to be real because its phase can be absorbed into one of the complex doublets.
Actually, the model of this chapter is close to a specific version of the 2HDM, the
Inert Higgs doublet model, where the neutral component of o = 1 does not get a VEV. In

our case, this is because 1 has (—1) 44k, and Zs gqrk is assumed to be exactly conserved.
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2.2 Radiative Mass

The spontaneous breaking of electroweak symmetry

0
o — (2.5)
(v+h)/V2
generates the radiative mass for tau, as shown schematically in Fig. The Higgs VEV
induces mixing of n and x into the the mass eigenstates (; and (2, which then propagate

in the loop. The Higgs mass my, receives the expected SM contributions in the usual way

from the +M%M and —Agpys terms in Logpamr

Logpm = +M%M(<I>T<I>)—m3,(n*n)
—Xsn (@10)2 — Az (nfn)?
—Ap(@T)(nn)
—A\4(DTn) (n'®)

~5(@1)? + A5 (n' @)? (2.6)

For 7, its invariant mass from the (n'n) term receives additional contributions from the

)‘77”2 term, but we absorb this into the m% parameter. The particle ° will not be needed

=/

Figure 2.2: Radiative tau mass.
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here, but its analogue will be referred to shortly in section It has the same invariant
mass from the (') term, and receives additional contributions from the A\v? term, as
well as the contributions from the Asv? terms, which split the complex 7,° into its real and
imaginary components. For xT, its invariant mass receives additional contributions from

the )\Xv2 term

Lo+ h2 (O (2.7)

Lscalars D _mi(XJrXi)_AXQ

but we absorb this into the mi parameter. The Higgs VEV also generates the important
mixing term

MU o — -+
ﬁm’inear o ——= + 2.8
tril \/5(77 X~ +n7x") (2.8)

We therefore have the mass-squared mixing matrix

Xt [ m2 w2 [
L£L> - (2.9)

po/V2 - my, X~

which is diagonalized by rotating n,x into the mass eigenstates (i o with masses mj 2

n- cos) —sinf <
= (2.10)
X~ sinf cos6 Cy
where the new parameters m1, mo, 0 are related to m,, m,, u by
% = sinfcosf(m? —m3) (2.11)
m% = cosfm? + sin Om3 (2.12)
mi = sinfm? + cosfmj (2.13)

23



Now we need the Yukawa terms shown in the self-energy diagram Fig. 2.2l They

come from

Ly = fo(FTLNrn +Nr1n")

Ly = f(TRNLXx +Np7rXx") (2.14)

The projection operators Pr,r = %(1 F 75) can be separated from the fields A,B using
A Br = APRrB and ArBr, = AP;B. Also expressing the fields 7,y in terms of the mass

eignenstates (1.2, we have

Ltf, = Z 7 [aifyPr + bifx PLN¢ + N [aify P+ bify PRI ¢ (2.15)
i=1.2

with the shorthand notation

G G
a; = C —S (2.16)
b, =|s ¢

and ¢ = cosf and s = sin§. Let the arrows in Fig. 2.2] dictate the flow of momentum. Then
the momenta for 7, N,(;” are p, k,p — k respectively, and we set p to zero. Then the loop

integral for the self-energy is

numerator

—im,; = it d'
= # 3 [ G [(k?—m%)(k?—m%) (217)

i=1,2

where the factor of 4 = 1 is from the two propagators and the two vertices. and the
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numerator is

numerator = [a;fyPr+ bifyPr] [k + mn][ai fyPr + b; fy PR
= aibifnfme(Pg + PIQ%)
= aibifanmN (2.18)
In the first line, the term linear in k integrates to zero, and the the projectors makes

some terms vanish due to Py, rkF = %PR, . and PpPr = P Pr = 0. In the last two lines,

Pg r = Pr.r and P, + Pr = 1. Then using a; and b;, we have

) B d*k scmy —SCMmpN
-ime = b | oyt [ =+ @)

dik scmy (m3 —m3)
i | G G i =)

= fofx mn (mf—m3) sc I(my,ma, my) (2.19)

The first line is the sum of two terms, each of which diverges, but their sum is finite,
as shown in the second line by putting both terms over a common denominator. The
Feynman parameters can be introduced in the usual way, and then the integral over d*k

can be performed, which gives

d*k 1
tommemy) = [ e T2 (% — ) (R — ) (2.20)

—i ! d(l—z—y—2)
167T2 0

2 2 2
xmy +yms + zmy
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Integrating over z,y, z gives

—1 1 m? m? m3 m3
I(m1,mg,my) = 1672 m2 o 5 In—- — — 5 In—
™ mi—m3 |m2—mi  mi mi-mi  mi

—1 1
1672 m3 (v — x2)

—1

= —F 2.21
16722, (w1, 22) (2.21)
where z15 = m? ,/m% and
x
H = 1
(x) e
1 T T
F(xi,29) = Inz; — In x5
x1—x2 [T — To —
1 Inx
F(z,x) = - (2.22)

x—1 (z—1)2

Note F(x1,z2) > 0. Here F(z,z) is the limit 1 — 22, and F(1,1) — 1/2 . In terms of

F(x1,x2), the radiative mass is

—1

—im,; = fofymysinfcosd(m} —m%)mF(xl,xg)
fafysinfcosO(m2 — m3)
my = 167r2mN F(IL‘l,IL‘g) (223)
fnfx/“)
L b Ly o P 9.24
Ty, 72 (2:24)

The factors —i cancels on both sides, so m, > 0. In the last line we used Eq. (2.11]).

2.3 Effective Higgs Yukawa Coupling

Fig. [2.3]shows the effective one-loop Higgs Yukawa coupling for tau. Schematically,

the Higgs connects to the mass eigenstates (; = (12 in three different ways. They come
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Figure 2.3: Effective Higgs Yukawa coupling for tau.
from the three types of Higgs interactions with 1 and y
ﬁtrilinear ) _ih (77+X7 + 777X+)
V2

Lonpym D _)‘nvhn+77_

ﬁscalars D) _)\xth+X_ (225)
In the physical mass basis, all three types of Higgs connections have the same form
k (k) (4
ﬁ(k) D) —V( )hztij (Cz <j ) (2.26)
i,J

where V(1:23) — (,u/\/i Apv, )\Xv) for the three Higgs connections. The coeflicients tgf) are
combinations of s = sin# or ¢ = cos  with various signs. For the primary f() contribution,

going to the mass basis gives

Etrilinear ) 5/}1 [77+X_ + 77_X+]
f [( i = sC)(8CT + ey ) + (¢ — 8¢5 ) (8¢ + )]

= \7 [2SCC Gr = 25¢6y Gy + (2 = ) (GG + GG (2.27)
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so that

i (1 2s¢c 2 —s? (2.28)

G| -5 —2sc

For the other f® contribution in the mass basis, we have

Loupvm D —>\77’Uh77+77_

= h(elt — sGH (e — 5G7)

= Aeh [P+ GG - sel(F G+ GG (2.:29)
so that
G (¢
tz('g?) = G| & —sc (2.30)

G| —sc  §?

Similarly, for Lscatars D —AvhxTx~, we have

G ¢
tz(?) = G| s? s (2.31)
G| sc 2

Let the arrows in Fig. dictate the flow of momentum. Assuming that m? is small
compared to m?\, and m%g the momenta for 7, N, (", Cj_ are p,k,p — k,p — k respectively,

and we set p to zero. Then the loop integral for the effective Yukawa coupling is

d*k numerator
. 6
s ’Z%/@ﬂ4hm—mMW—mww—mm (232
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where the factor of i® = —1 is from the three propagators and the three vertices, and the

numerator is

numerator =~V [a; f,Pr + b f PL) [k + my] [ai fy Pr + i fy Pl

—VE® g fem(ajbi PR+ bja; PE) (2.33)

which has been partially simplified as before by the projection operators. The integral over
d*k has already been done in I(mg, my, m.) from Eq. (2.21)). Note that the value of this

integral does not depend on the order of the masses mg, my, me. Using the fact that the

¢

;; are symmetric in ij, we have for the effective Yukawa coupling

—ify = —iffymn Y VO (a;0,Pg + bjai PL)I;
0,7,k

= +fanmN Z V(k)ai(tgf)lij)bj (Pr+ Pp)
i7j7k

_ —1 k), (4(k)

N gk

where in the last line the projection operators add to one. Evaluating this using the a;, b;

and t,gjl.) for the primary Higgs Yukawa coupling gives

= b m 2522 Fiy + 2522 Fog + (% — %) Fia)] (2.35)

16m2my /2
The factors of —i have canceled and fT(?’) > 0 as it should be for the primary contribu-
tion since m; > 0. The correction due to nonzero my is a long expression for arbitrary
mp,mi, Mo but in the case my = mi = mo it easily found to be mi/(lQm%\,), which shows
that it should be generally negligible.

Similar to the calculation of fT(l), the other contributions to the Higgs Yukawa
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coupling are

2 = 16]72]2!};);”\[ (Ago) se [P Fiy — 87 Fag — (¢ — 8%) Fia]
@ _ _Infx 2 — AR ? - S 2
fT 167r2mN ()‘X’U) sc [S 1 Cr22 + (C 5 ) 12] ( 36)

Combining all three contributions and using the radiative mass Eq. (2.24) we have

frv |:f7('1) + fT(z) + f7('3):| v

My Mr

= 232C2F11 + 28262F22 + (02 - 52)2Fl2

Apv

+ 786(62}7’11 — §2Fyy — (02 - 52)F12)
1/V2
Ay U
+ LSC(S2FH — 02F22 + (02 — 82)F12) (2.37)
n/V2

The factors of 1672 and fnfyxv/mn have cancelled. To make the meaning of this expression

clear, define

F(zy,x1) + F(x2,x2)
Filonwz) = 2F(z1,9)
F(:cl,:vl) — F(.Z‘Q,.rz)
o =
(561, x2) 2F(IL‘1, :L‘g)
Tnx = )\n,x(mN/u)2 (2.38)

where Fy(z1,22) > 0 and Fy(z,z) = F_(x,x) = 0. After rearrangement, we find

1
— = 1+ i(sin 20)? {2F + (21 — x2) [cos 20(ryy — 1y ) Fy + (ry + 7 ) F_]}

(2.39)

In Fig. we plot (frv/m,)? as a function of 0 for various (r,,ry) for z; = 3, 3 = 1 and
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(,v/mz)?

0.0 0.2 0.4 0.6 0.8 1.0

20/m

Figure 2.4: The ratio (f,v/m,)? versus @ with 1 =3, 20 = 1, p/my = 1.

u/my = 1. It shows that a significant deviation from the SM is possible. This spans the
range of the relatively large uncertainties in the LHC measurements from ATLAS [21] and

CMS [22)

p(h = 77)|arpas = 1437033

ph = 77)|oys = 0.91+0.28 (2.40)

where the signal strength p is the measured production cross section times branching frac-

tion divided by the SM expectation

(0 X BR)eap

= (0% BR)sy (2.41)
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The parametrization used is explained as follows. The radiative mass formula

Eq. (2.24) must be satisfied, but the couplings cannot be too large

fnfx . 'm‘r47'f\/§ (WW)
4r - \wF(x1,10) ]

= (0.4) <T> (2.42)

where is the last line we have chosen z1 = 3 and zo = 1. Thus for this choice of z1 2,

we need p/mpy 2 1 so the couplings are not too large. However, u must also satisfy the

mass-mixing constraint Eq. (2.11)

% = sinfcos Hm?v(wl — 1)

p V2v
_ N 2.4
my <mN) (xl —J,’Q) Sin29 ( 3)

The four independent parameters are taken to be (u/my), x1, xo and 0. This defines my
as a function of all four. For illustration, we have chosen to let 6 vary, and have picked
uw/my =1, x1 = 3, zo = 1. As a final comment, these results are minor corrections to
Ref. [1]. The above Eq. (2-35)), Eq. and Fig. respectively correct the Ref. [1]
Eq. (6) for factors of ¢ and s, Eq. (10) for the coefficient 2 times F;, and Fig. 3 for greater

maximum value of (f,v/m,)2.

2.4 Higgs Decay to vy

If this radiative model is the true description of the tau mass, then the new charged
scalars will contribute to h — «. The amplitude for this decay is equal to the sum of all

diagrams that have one Higgs and two photons connecting to an internal loop of any charged
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particle. In the SM, the dominant contributions to the diphoton decay rate I'gps are from
the top quark and W boson. Here there are additional contributions from ¢; 2 as shown in
Fig. 2.5l The loop amplitudes for a fermion, gauge bosons, or scalar are well-known [23],
and adapting these results we find the total decay rate to be

4 4Am? AM2 4Am? 4m?3
3A1/2< 2t>+A1< Z’VV)JrflAO( 21>+f2A0< 22)
m m m m

h h h

r B Gpa2m%
T 1984/2n3

where the couplings fi 2 are

fi = Zklnl(sin 20)2(z1 — x2) {1 + %(m — x2)[(1ry + 1) + cos 20(r,, — rx)]}
fa = 4iz(sin 20)(z1 — 2) {—1 + %(wl — x2)[(ry + 1) — cos 20(ry — TX)]} (2.45)

------ t,W, (1,2

Figure 2.5: Higgs decay to two photons.
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and the loop integral functions are

Aoy) = —yll—yf(y) (2.46)
Arpp(y) = 291+ (1 —y)fw)] (2.47)
Aly) = —[243y+3y2—-y)f(y)] (2.48)
fly) = aresin®(y™'?) . y=>1 (2.49)

The ratio I'y/I'sy as a function of 6 is shown in Fig. We see that deviations of a

few percent from the SM are predicted. This is consistent with the bounds from LHC

1'06j (I’U,I’X) 6 0\3) ]
: TN
1.04
5 I
= 1.02
; |
—
1.00
0.98 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

20/r

Figure 2.6: The ratio I'y,/I'sps versus 6 with 1 =3, 20 =1, u/my = 1.
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measurements by ATLAS [21] and CMS [22]

u(h =y |arLas = 1174037
ph = ) lepgs = 1.12£0.24 (2.50)

2.5 Muon Anomalous Magnetic Moment

Consider now the case when the muon mass is radiative. The previous results
of sections and are easily adapted, using a different IV and different f, . Closely
related to this is the electromagnetic interaction shown in Fig. which essentially connects
a photon to the charged scalar in the radiative mass diagram. This single diagram can
be used to calculate the contributions to the muon magnetic moment Aaq, = (g — 2)/2.
However, it is important to emphasize that two other diagrams exist, where the photon
attaches instead to either the ingoing or the outgoing muon. The divergent portions of
these diagrams cancel the divergent portions of Fig. but do not otherwise affect the

finite portion of this diagram which is responsible for the contributions to the magnetic

Y
G /’g‘\ ¢
A R\

/ \

§ / \
1 \
1 1

-
Z=1,2 qu

-
e

=4 |

Figure 2.7: Main diagram for calculating Aa,,.

35



moment. The simplest approach is to examine the vertex correction

Y de(k) + kb t
et = 1-62/ d . 226( 1 ;— 22 X nu2mer2a or i
- (2m)* (k3 — m3) (k3 — m2) (k3 — m2)
numerator = [a;fyPr+ bifyPr] [kn + mn][a; fyPr + bi f\ Pr] (2.51)

and extract the relevant terms by expanding the numerator. After this, the Feynman

parameters can be introduced in the usual way, and then the integral over d*k can be

performed. The Gordan identity is used, since the spinor product u,(p’) [...] wuu(p) is
understood on both sides of the above equation. This is carried out for a virtual photon with
momentum ¢*, in the limit ¢> — 0. Following this procedure, the dominant contributions
will come from the terms and PrmyPr and PrmpyPr, which correspond to u; — pr
and purp — pr respectively. We find these dominant contributions to be positive, which
is crucial to explain the the experimental measurement discussed below, and the total

dominant contribution is given by

_om;, G(z2)
dau= ot | e A G) (252)

where

A P} R RS E
H(z) = ffi‘f (2.53)

The subdominant contributions will come from the terms and Prf  Pr, and Ppk x Pr, which

correspond to pur, — pr and pr — pg respectively. They are subdominant because fp is
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essentially converted by the spinors into the very small masses of the external leptons. We

find the subdominant contributions are negative as expected [24] and given by

2
(Aay,) = % {fg [cos® 0.J (1) + sin® 0] (z2)] + fi [sin® 0.J (1) + cos® 0.J (22)] }
16m“m3y,
(2.54)
where
2 _ —
J(x) = rlnx % — 5T — 2 (2.55)

@—17 " G@—17
The current discrepancy of the experimental measurement [25] versus the theoretical cal-
culation [26] is

Aay = aS® — ;M = 39.35 £ 521y + 6.3ex, x 107 (2.56)

In Fig. the shaded region is the range of this discrepancy, and the dashed limits corre-
spond to the experimental and theoretical uncertainties combined in quadrature. Using the
parameterization x1 = x2 4+ 2, we see that values of mpy, m1, mo in roughly the TeV range
can provide the required contributions to Aay,.

The parametrization used is explained as follows. We must satisfy two conditions,

the radiative mass formula Eq. (2.24))

<fnfx> <M> _ mydnV2 (2.57)

A7 my vF(x1,2)

and the mass-mixing constraint Eq. (2.11))

sin20 = <an> <?:N> <x13x2> \}i (2.58)

In Fig. [2.8] we pick values of 1 — x9 = 2 and (v/my) < 1. Together, these will satisfy
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dashed: th. + exp.\ uncertainty
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3.x1070 |

2.0 50 10.0

X2

Figure 2.8: Aa, versus xa with x; = x2 + 2 and various my.

the second condition by giving sin20 < 1/v/2, as long as (u/my) < 1. This allows the
couplings to be small for the first condition, since we have checked that the left-hand side

varies between 0.01 and 0.1 for x; = x2 + 2 and z2 in the range of Fig.

2.6 Bottom Quark and Higgs Production

Consider now the case when the bottom quark mass is radiative. The previous
results of sections and [2.4] are easily adapted. The new particle content is given
in Table The top quark is shown for completeness, but is not needed here. For quarks
an additional color index is understood. The Higgs VEV will induce mixing of /3, y~1/3
which also carry color. They mix into the physical particles Ci,2 with angle #” and masses

m’m. All other SM particles, including muon and tau, have (Z2 ggri, Z2) = (+,+) and are
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Particle (SUB3)c,SU((2)r,Y) | dark Zy | Z>
¢+
o= <¢0 (1,2,+1/2) + +
t
Q= (bL) (3,2,+1/6) + |+
L
tr (3,1,+2/3) + -
bR (3717_1/3) + —
NL (17 1’0) - -
NR (17 170) - +
nt2/3
n= <77_1/3> (3727+1/2) - +
X (3,1,-1/3) - |+

Table 2.3: Particle content in the Z> model for bottom quark.

therefore not affected by the imposition of the extra discrete symmetry. Similar to the
previous case, Fig. generates both the the radiative mass for the bottom quark and its
effective Higgs Yukawa coupling when the Higgs gets a VEV. A significant deviation of the

effective Higgs Yukawa coupling is again possible, as shown in the previous Fig. This

¢0
]
|
L B
,'771/3{// \\\X 1/3
/ \
/ \
1 \
—
bL NR NL bR

Figure 2.9: Radiative Higgs Yukawa interaction for bottom quark.
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is consistent with the bounds from LHC measurements by ATLAS [21] and CMS [22]

p(h — bb)|arLas = 0'521L8j

p(h = bb)| e = 0.84+0.44 (2.59)

1/3

The scalars 71/3, y~1/3 are charged, so they will affect the Higgs diphoton decay

+2/3 Because these

rate as in the previous case, with an additional contribution from 7
particles also carry color, they will also affect the gluon fusion rate for Higgs production
gg — h shown in Fig. To estimate the size of this effect, we will compute the reverse
process of Higgs decay since the Higgs production cross section o4y = 0(gg — h) is directly
related to the Higgs decay rate I'gg = I'(h — gg) by integration over the parton distribution.
The previous loop amplitudes Eq. for a scalar and Eq. for a fermion can be used
by including the appropriate color factor [27]. At the parton level, the amplitude for this

process is equal to the sum of all diagrams that have one Higgs and two photons connecting

to an internal loop of any colored particle. In the SM, the dominant contributions to

77+2/3 ) Ci,z ) [N U o it

9

Figure 2.10: Higgs production from two gluons.
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T'sar are from the top quark and W boson. Here there are additional contributions from
(1o and nt2/3. For nt2/3 we may refer to the previous reduced 2HDM Lagrangian in
Table The electroweak doublet @ is still a color singlet, but the electroweak doublet 7
is now a color triplet. This means the Ay and A5 terms are absent because the contracted
indices in A\4(®Tn)(nf®) and A5(®Tn)2 + A5(n'®)? do not not allow trivial singlets under
SU(3)c x SU(2)1. So after the Higgs gets a VEV, the mass of the colored 512/3 is simply
given by m%Z = cos 9’m’12 + sin 9’m’22 from Eq. (2.12). Using Thy = )\%’X(mN/;/)Q and

/ ! 27,2 N
Ty o, =M, /My, the decay rate I'yy is given by

Graim3 4m? , am/? , Amly? , 4m;72
Lyy = 64V A1)z =2 + | f14o e + f240 e + 40 m2
/ _ 1 . 20/ 2 ) 1 1 ) / / + 29/ /o /)]
i = 471"1(81]0 )7 (zh —29) 41+ 5(% z9)[(ry + 1) + cos20°(ry, — 7
I 1 in2002(2 — 2 _1+1 /_/[/+/_ 20/(1_1)]
fo = @(sm ) (x] — x5) 5(3:1 xsy) (Tn TX) cos Ty = Ty
,,,J
fro= ﬁ(sinQG’)Q(x'l — xh)? (2.60)
n

The ratio I'y,/T'sar as a function of 6 is shown in Fig. 2.11| for 2} = 3 and x}, = 1 with
99 1 2
' /my = 1 for various (r],r"). We see that Higgs production from gluon fusion may be

neox

significantly affected.
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L2 (mpry) T {04,04)

20’ I

Figure 2.11: The ratio I'yq/T'sas versus 6" with o} =3, 24 =1, p//my = 1.

To summarize, this chapter has established that the radiative mass mechanism
can give large, measurable predictions for the effective Higgs Yukawa coupling in the case of
heavy quarks and charged leptons, and the proper contributions for the anomalous magnetic

moment in the case of the muon.
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Chapter 3

Scotogenic Inverse Seesaw

Neutrino Mass

3.1 Radiative Mass

This chapter discusses a model of neutrino mass that is a radiative implementation
of the inverse seesaw [28-30]. It is based on the work previously published in Ref. |2] and
will be adapted for use in the next chapter. For background, a concise summary of most
Majorana neutrino mass models can be understood from the Weinberg operator, which is
the unique effective dimension-five operator [31] given by

(L ®)($'Lsz)

L5 = T e (3.1)

where A is a large effective mass. This describes Majorana neutrino masses in terms of the
SM particle content with all new heavy particles integrated out. At tree-level, it was shown

in Ref. [32] that there are three possible ways to obtain the Weinberg operator, and they
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are classified by the heavy particle used. Type I uses a heavy singlet neutral Majorana
fermion. This is the canonical seesaw, which will appear in Chapter[rl Type II uses a heavy
triplet Higgs scalar. A radiative version of this type will be studied in Chapter Type
IIT uses a heavy triplet Majorana fermion. Going beyond the level of effective operators
and specifying all particle interactions at one-loop, it was also shown in Ref. [32] that there
are three generic one-loop mechanisms that lead to the Weinberg operator. The model
discussed in this chapter is a new realization of the third such mechanism.

The full symmetry group of the model is the SM gauge group with the addition

of a discrete symmetry

SU(3)C X SU(2)L X U(l)y X Zg dark (32)

The discrete symmetry Zs 44, is assumed to be exactly conserved because its purpose is to
stabilize dark matter. The particle content is listed in Table All the new particles are

odd under Z3 j4rx- There is one left-handed neutral fermion Ny which is an electroweak

Particle (SU(S)C, SU(Q)L, Y) 79 dark
o= () () ()] aza ¥
er ML TL
Lir = eR KR TR (1,1,-1) +
¢+
o = (qb“) (1,2,+1/2) +
EO
Err = ( _> (1,2,-1/2) -
E L,R
NL (17110) -
s = s1 $9 S3 (1,1,0) —

Table 3.1: Particle content for radiative neutrino mass.
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singlet, so it does not contribute to the gauge anomaly. There are also two electroweak
fermion doublets £, g. Since E is vector-like, the left- and right-handed contributions to
the gauge anomaly cancel, hence this model is anomaly-free. Although not listed, lepton
number may be defined as L = +1 for E7, g, Ny, and the SM leptons. There are also three
real scalars sq 23 which are electroweak singlets.

The allowed Lagrangian terms are listed in Table before spontaneous symmetry
breaking. The SM charged fermions have the usual Higgs Yukawa interactions and will
obtain masses as in the SM after electroweak symmetry breaking. The conservation of lepton
number allows the hard Yukawa terms in L£p but forbids the similar hard Yukawa terms
Er P (NL)¢+ h.c.. For the fermions Ey, r the general mass terms maErLEr and mpERE]
are allowed, but adding their hermitian conjugates simply leads to mg = (ma+mp). Since
the model does not include any right-handed fermion singlets, Ny, only has Majorana mass
terms, which softly break lepton number and so these terms may be naturally small. This
soft-breaking of the lepton number symmetry allows completion of the loop as shown in
Fig. for a single neutrino v; and a single scalar mass eigenstate s. In general, the
original states s; and s; listed in the Lagrangian terms will mix after electroweak symmetry
breaking due to L . Note that Ey, is not needed to complete the loop, but it is needed
to provide a large invariant mass mg for the inverse seesaw mechanism. It is also used to
cancel the gauge anomaly from Fp.

After spontaneous electroweak symmetry breaking, the Higgs VEV mixes Er and

Nyp. Together with the Majorana terms for Ny, the complete fermion mixing matrix is
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ACHiggs = —l—M%M(I)T‘I)—%)\SM((I)T(I))Q

Lieptons = —fsm,ij Lir of lir + h.c.
Ly = —mfj sis; + quartic terms
Los = —)\,-j(@TCI))sisj
L = -mpEE = —mg(ELEr+ EREL)
Ly = —3mpy (FL(NL)C + WNL)
Lp = —fpEr® N — fp Ni, @ Ep

= —/p (BR¢" — ¢ E) Ni — fp Ni (°B} — 6" )

Ly = fiLir Egsi +fi Er Lip si
= fi (LEY+erER)si+ fi <E%V¢L - EéeiL) S

Table 3.2: Lagrangian terms in the scotogenic neutrino mass model.
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given by

0 mg  fov/V2 E%
(B9 EQ, V)
LN+E+D D — mg 0 0 (Eg)c +  h.c

fov/vV2 0 my (Np)°
(3.3)

where the identities EOE% = (EO) (E9)¢ and NLEY = (EO) (N1)¢ have been used. Let
mp = va/\/i. Assuming that my is much less than mp, mg, the mass eigenvalues of the
mixing matrix are

2
mymy

2 2
my +mp

mro= VmE+mD m+m)
E D
m2my
mg = —\/m%+m% + mED+mD) (3.4)

Taking the limit when my — 0 shows that my = —mg. This indicates that E% pairs
up with E% cosf + Np sinf to form one Dirac fermion with a mass of 1/mfE + m%, where
sinf = mp/ mQE + m2D. In this limit, the self-energy is easily computed from Fig. by

writing out the fermion sequence of one Dirac propagator, a mass insertion proportional to

Figure 3.1: Radiative scotogenic neutrino mass.
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my denoted by the cross, and another Dirac propagator. Including the scalar propagator

and integrating over the loop momentum gives the result

_ frmpmy ~ mZIn((my; +mp)/m3)
v = o2 (m2 2 o |1 2 2 2
w2 (my + mp, —mg) (mg +mp —m3)
2 mimy
= F(x 3.5
1672 (m2, + m32)) (z) (3.5)
where
z = m;/(mE+mbp)
1 zlnx
F(x) = 1_x[1+1_$] (3.6)

Note F(0) = 1 and F(x) — 0 as © — oo. The second expression for m, is extremely
suggestive of the inverse seesaw relationship. In the denominator, when mp can be neglected
compared to mg, the ratio

2

b3 (3.7)
E

is exactly the well-known expression for the inverse seesaw neutrino mass, which is small

because of the combination of a small Majorna mass my and a small ratio of the Dirac

mass to the invariant mass (mp/mg)?.

3.2 Three Generations

With three scalar mass eigenstates s1 2 3, three generations of neutrino masses can
be obtained. A realistic model must also obtain the neutrino mixing matrix Upyrng. To

this end, a discrete flavor symmetry may be used, for example the Abelian group Zs. This
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will restrict the Lagrangian terms listed previously in Table Under Z3, let the particle

assignments be given by

Lip ~ 1,1,1”
Ly ~ 1,11
s1 ~ 1
(59 +is3)/V2 ~ 1’
(59 —is3)/V2 ~ 1" (3.8)

where 51 2 3 denote the mass eigenstates determined by the allowed scalar Lagrangian terms.
The three cubic roots of unity are essentially the three group elements of Z3 described by
the notation of 1,1’,1”. The Z3 symmetry restricts the scalar mass terms to be given
by L5 D —mg2s? — mf(s% + s2). Tt also restricts the quartic couplings to be given by
Los=—(PT®) (As? + X(s3 + s3)) which generates mass terms after electroweak symmetry
breaking, but these can be absorbed into the mass eigenvalues mgs and m/, m/, for the mass
eigenstates s; and sg, s3 respectively. Using a shorthand notation, the scalar interaction

states defined by the Z3 assignments above are U;js; where

1 0 0
U = lo 1/v2 i/V2 (3.9)
0 1/vV2 —i/V2
The Z3 symmetry restricts the SM charged lepton Higgs Yukawa terms to be

diagonal Lreptons = —fsnm,ii Lir ot lir + h.c. with ¢ = e, u, 7 so the tree-level charged
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fermion mass matrix will be diagonal after electroweak symmetry breaking. This means the

neutrino mixing matrix is given by
Upuns = ULUY = UY (3.10)
and it remains to determine U7 .
The radiative neutrino mass matrix M, in the Z3 basis is

(VerL)®
(Ver, VuL, VL)
My | (v,r)° + he (3.11)

(vrL)°
where each entry of the 3 x 3 matrix involves a loop integral of the same form as Eq. .
The matrix M, corresponds to (v;1,)¢ — v, and the hermitian conjugate term with the
matrix M], corresponds to v;;, — (viL)°.
The couplings f; between the Z3 interaction states v;7, and U;;s; form a diagonal
matrix. Using a shorthand notation where the matrix f = diag(fe, fu, fr) and the row
vector 7, = (Ver, Vpr, V7) and the column vector s = (s1,52,53)T, the allowed Yukawa

terms for the calculation of the radiative neutrino mass loop diagrams are

Ly D v fUsEYR + he
= (E%es'UTf (vp)° + he (3.12)

where in the last line o E% = (E%)¢(v1)¢ and fT = f were used. Then reading off the
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matrices from this expression gives

00 I(m)
f2Imy) 0 0
= o 0 fuloZ(m)) (3.13)
0 fufI(ml) 0

where the loop integral I(my) is given by Eq. with f? removed.

This M,, is not realistic, but it can be made realistic. Let Z3 be broken softly by
arbitrary but suitable Lagrangian terms (Mz)ijsisj so that the new mass eigenvalues are
My, Msy, M, corresponding to the new mass eigenstates s , 3 given by s; = O;;s; where

O is an orthogonal matrix. This gives

I(ms,) 0 0
M, = fUO"[ o  rmg,) o |OUf (3.14)
0 0 I(ms,)

Since f is diagonal, this identifies U ZT = U O7, which determines Upyns. The couplings
fe, fus fr may be taken to be real by absorbing their phases into the arbitrary relative phases

between v.r,v,r, v, and E%. Consider the case f, = fr, which results in the interesting

51



pattern

A C C*
M, = ¢ D B (3.15)
C* B D

where A, B are real but C, D remain complex. This pattern is protected by a symmetry
e — e and pu < 7 with CP conjugation [33-35]. This means that the neutrino mixing
matrix Uppyyg will have maximal mixing of #33 = 7/4 and maximal C'P violation of
exp(—idcp) = +i while 613 may be nonzero and arbitrary.

For charged leptons, there are corresponding radiative contributions to the muon
anomalous magnetic moment Aa, and rare decays such as y — ey. The values f, , - ~ 0.1,
my ~ 10 MeV, mp ~ 10 GeV, mg ~ 1 TeV, My 53 < mpg give negligible contributions
to Aa, and satisfy the experimental bound of u — ey. They also give realistic neutrino
masses m, ~ 0.1 eV.

To summarize, this chapter has examined a new model of radiative neutrino mass
based on the inverse seesaw that accommodates dark matter. In the next chapter, the model

will be slightly modified by enlarging both the particle content and the discrete symmetry.
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Chapter 4

Radiative Masses with Ay

Symmetry

4.1 Outline of the Model

This chapter discusses a comprehensive radiative model for the entire lepton sector,
and is based on the work previously published in Ref. [3]. The full symmetry group is the

based on the SM gauge group, but incorporates two discrete symmetries
SU(3)C X SU(Q)L X U(l)y X ZQ dark X A4 (41)

The discrete symmetry Zs 445 is used to stabilize dark matter and is therefore assumed to
be exactly conserved. The main purpose of the discrete flavor symmetry Ay is to forbid the
Higgs Yukawa coupling to charged fermions at tree-level, but to permit its realization in
one-loop. To obtain a realistic neutrino mixing matrix U = Upyng = UZL UZT the method

of Ref [36] will be used, which is motivated by real scalar dark matter and is partially
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based on the model in the previous chapter for radiative inverse seesaw neutrino mass.
The rotation U; will be an orthogonal matrix that will come from an orthogonal rotation
O required for non-degenerate neutrino masses. The rotation UZL will come from the soft
breaking of A4 required for the existence of charged lepton radiative masses. The rotation

U lL is based on the unitary matrix

1 1 1
Uw = 1 w w? (4.2)
1 w? w

where w = exp(27i/3) is the cubic root of 1. Although U, is familiar from the group Ay,
it is mostly used here as a bridge between the charged lepton and neutrino sectors. It also
accommodates Z3 lepton triality [37] because the use of U, for the soft-breaking described
in the next section breaks A4 to its subgroup Z3.

Details of the group muliplication rules for A4 are given at the end of the chapter.
In brief, the non-Abelian discrete symmetry A4 allows an irreducible triplet representation
3 and three inequivalent one-dimensional representations 1,1’,1”, with the basic multipli-
cation rule

3x3=1+1+1"+3+3 (4.3)

This makes A4 ideally suited as a flavor symmetry for three generations. The particle con-
tent of the model is shown in Table All new particles belong to the dark sector. The
particles Ny, g have no gauge interactions so they do not contribute to the gauge anomaly.
The fermions Eg R EL_ r form vector-like electroweak doublets, so their contributions to

the gauge anomaly cancel. Hence this model is anomaly-free. Radiative masses for charged
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Particle (SU3)c,SU2)L,Y) | Z2 dark Ay
L = (’;L) (1,2,-1/2) + 3
iL
lir (1,1,-1) + 11,11
¢+
d = (¢O> (1,2,+1/2) + 1
EO
Err = ( _> (1,2,-1/2) — 1
E L,R
NL,R (17170) - 1
r, = x; (1,1,-1) - 3
Yi = yl_ (1717_1) - 171/71”
S; ( ,1,0) - 3

Table 4.1: Particle content in the A4 model.

lepton masses use the electrically charged scalars x1 2 3 and y; 2 3. Radiative masses for neu-
trinos use the real scalars sq 23 the lightest combination of which is dark matter. Although
not listed, lepton number may be defined as L = +1 for E,N and the SM leptons, and
L = +2 for z;, y;. All other SM particles have (Z5 gark, A1) = (+, 1) and are therefore not
affected by the imposition of the extra discrete symmetry.

The allowed Lagrangian terms before electroweak symmetry breaking are listed
in Table for the Yukawa and pure fermion terms, and in Table for the pure scalar
terms. The form of the scalar mass terms for z;, y;, s; follow from the A4 symmetry.
For the new fermions the general mass terms maFErEr and mpERrEL are allowed, but
adding their hermitian conjugates simply leads to mg = (m4 + mp), and similarly for the
singlets Nz r and my. For the hard Yukawa terms in £p, there are similar terms allowed

under A4 with Ng replaced by (Np)¢ and fp replaced by a different coupling, but these
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Terms that respect Ay

Lg

Ly

Lp

Lp

~mp (EQES, + By By + BRES + B )

—my (NLNr + NgNL) — 3mp, (FL(NL)C + (NL)CNL)
—3mn <N7R(NR)C + (NR)CNR)

—fp @5 Ny — fp N, @f Ep
~fp (EQ6™ — 67 Eg ) Nu — fo Ni (6°E}, — 6+ Fp)

~frEL®Ng  —frNgdlEp

~fr (BJ6% — 6 Ep ) Np— fr Nu (63 - 67 )

' Liz (Ep) + 1 (Br) Liz

1 (B ) —wn () s+ (B v — (B)eeis)

—fi lir (NR)y; — fi (NR)® liry;

f Lip, Er s +fE7R7LiL5i7
f (GLEY +&rER) si + f <E9{ViL + EﬁeiL) Si

Table 4.2: Yukawa and Fermion Lagrangian terms in the A4 model.
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Terms that respect Ay

['Higgs +M%M(I)T(I) - %ASM((I)T@)Z
L —%mg (s% + 83 + s%) -\ (s% + 83+ 33)2 - A (s% + 83 + s%) (OT®)
Ly —m2 (v}z) + x5y + wiws)  — Ag (i) + Ty + 25ws)°
=Xz (]x) + 2529 + 2523) (0T ®)
* * 2
Ly _mzlylyl —As (y1y1)2 — s (¥7y1) (‘I’T‘I))
—m§2y§y2 — A6 (y§y2)2 — Ao (Y3y) (DT @)
—maysys  — M (Y3Ys)T — Ay (U5ys) (9T@)
L =11 (2781 + whs2 + 25s3) (xy51 + T9S2 + 453)
—Xig (22y + 25z, + hwy) (514 55+ 53)
Loy = —Msyiyy (sT+s3+53) — [ Moyiys (s +wsd +w’sd) + he ]
— 14 Y5 (5% + s% + s%) — [ A7 Y5Y3 (s% + ws% + wzsg) + h.c ]
—Ms U5y (8T + 5534 53) — [ Msyiys (s§ +w?s3 +ws3) + he |
Lszy ~Xoyy (z7s] +xbs3 +a3s3) + hec
—X20 Yy (2757 + wayss +w?aks3) + hec
—Xo1y3 (2757 + w?asss + wrksy) + hec
Ly Quartic terms  z7z,yry, and ziziyy,
Terms that break Ay
Loy 7 yi(Uw) s+ he where 7= pl, p, g2
Lss —sim?jsj + h.c

Table 4.3: Scalar Lagrangian terms in the A4 model.
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are not included because they break lepton number. Similar comments apply for Lr and
the use of N, instead of (Ng)¢. The soft breaking of lepton number by the Majorana mass
terms NL(NL)¢, Nr(Ng)¢ is needed for neutrino mass in section but these terms can
be naturally small because their absence enhances the lepton number symmetry. So in the
following sections that deal with charged leptons we will neglect the Majorana mass terms.
Also, when writing out the most general Lagrangian, there are additional terms that are
similar to those listed in Ly ykqwa,f, With a different coupling, —f}, W (I)TE% + h.c., but
adding these simply gives (—fp + f))Er ON + h.c, so the coefficient is redefined as —fp.
Similar comments apply for L and L.

As mentioned earlier, there is soft-breaking of the A4 symmetry, and this comes
from the scalar terms y;z; and s;s;. Most of the other scalar terms listed are not needed
in what follows, although at the end of the chapter there are some technical remarks about

the quartic terms as they relate to the soft symmetry-breaking terms.

4.2 Charged Leptons

Every possible SM Yukawa term <I>OLTLZJ- R is forbidden by the A4 symmetry. This
follows from the group multiplication rules given at the end of the chapter. The Higgs
@Y ~ 1 is trivial, and the multiplication of L;, ~ 3 and ljr ~ 1,1’,1” yields another 3, so
the total combination is a 3. Therefore these terms are forbidden since they are not a 1
under A4. All 27y, terms are likewise forbidden, since 2} ~ 3 and y; ~ 1,1’,1”. For charged
leptons, the one-loop Higgs Yukawa interaction is shown in Fig. Connecting x; with y

requires the breaking of A4. This can be done explicitly or it can be done spontaneously
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I x Y In

Figure 4.1: Radiative Higgs Yukawa interaction for charged leptons.

using the VEV of another A4 scalar. We choose explicit breaking terms because other A4
scalars would introduce extra contributions to the effective Higgs Yukawa coupling and we
want to highlight the SM deviations caused by the underlying radiative mechanism. The

soft-breaking indicated by the cross in the figure is assumed to be

Loy = —piyi(Uy);as +  he (4.4)

)

which as mentioned earlier is chosen for the method of obtaining the neutrino mixing matrix.

These terms can be interpreted as a rotation from z; to z;, that is
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where in the last line the property U, = Ul has been used. This is a convenient rotation

because going to the basis of z; and y; will make the scalar mixing matrix block-diagonal

mz_ /Jg 0 0 0 0 21

Z*, *,Z*, *72*7 *

(21,97, 23, Y5, 23, Y3) 12 mgl 0 0 0 0 Y1
0 0 m2 pui, 0 0 22

. (4.6)

0 0 w2 mi 0 0 Y2
0 0 0 0 m u 23
0 0 0 0 p2 m ) \ys

For example, the electron block has mass eigenstates (ie, (2 with masses mi., mo. and

mixing angle 6,

2y cosf, —sinb, Cle
= (4.7)

Y, sinf. coséb, Coe

where the new parameters mj., ma., 0. are related to the old parameters m,, m,, p. by

p? = sinf, cosfe(m?i, —m3,) (4.8)

m% = cosf.m?, + sinf.m?, (4.9)
2 _ 2 2

my = sinfemj, + cosfcmi, (4.10)

and similarly for the blocks corresponding to p and 7.

4.3 Radiative Mass

The one-loop Higgs Yukawa interactions in the previous Fig. generates radia-

tive masses for all three charged leptons when the electroweak symmetry is spontaneously
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broken. The Higgs VEV induces the mixing of N and E°, which comes from the diagonal

mass terms Ly, Lg and the off-diagonal fp, fr Yukawa terms Lp, Lr. The mixing matrix

(Mo BY) [ my fov/v2) [N

LN+E+D+F D — +  h.c (4.11)
fro/V2  mp EY,

is diagonalized by a rotation of the left-handed fields Ny, EY and a separate rotation of

the right-handed fields Ng, E% into the two physical Dirac particles n1 = nip + n1r and

ng = noy, + nor with mass eigenvalues m; and mo. For the left-handed fields

NL COSQL *SineL niyr,
= (4.12)
Eg sinf; cosfy noJ,
and for the right-handed fields
NR COS@R —sin@R nNRr
= (4.13)
E% sinfp  cosfOg NoR

The four new parameters m1, ms, 01, g are related to the four old parameters my, mg, fp, fr

by the four equations

my = mqcosfcosfr + mosinby sinfg
mEp = mocosfi cosfr + mqsinfy, sinfg
fDU/\/§ = myqcosfsinfr — moycosfgsinby,
frv/V2 = mycosfpsinfy — mycosfy sinfg (4.14)

In the case when 67 = Op the last two lines above are the same and give fp = fr, and

so there are only three equations. The three new parameters mq, ms, 0y, are related to the
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three old parameters my, mg, fp by the three equations

my = mycos’l; +mysin® 0y,
mp = mscos? 0 4+ mqsin? 6
fov/V2 = (my —my)cosfysinfy (4.15)

The previous rotation from x; to z; affects the other f’ Yukawa interactions of the

left-handed charged leptons

Ly D> f (E(E%)Cwi + (E%)Clm?f>

= ' (Gp(ED) 2 + (E)resns;) (4.16)
which identifies the linear combinations of the A4 basis states [;f,

&L = liL(Uw)z'j

€L = liL(Uj;)ij = (sz)jiliL (4.17)

that diagonalize the radiative mass matrix

er.mpp, ) | ™e 0 0 €R
0 my 0 1R (4.18)
0 0 mr TR

so that the physical Dirac field of charged lepton e; is e; = e;;, + e;g. The right-handed

charged leptons have the Yukawa terms

Ly = filir (Nr)Yi + fi (NR)® Liry; (4.19)

and since y; is not rotated, the A4 basis states [;g already correspond to the mass-diagonal
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states e;R.

The calculation of the electron mass is shown schematically in Fig. It is
similar to the calculation in Chapter [2, and as before the projection operators may be
separated from the fields. Because the conjugate fields n¢ propagate in the loop, we use
(np)¢ = (n°)r = Pr(n®), (ng)¢ = (n)r = Pr(n®). This allows contractions to made
between n§ and n¢ to give propagators. Expressing the fields E°% N in terms of the mass
eigenstates ni, ny and the fields z1, y; in terms of the mass eigenstates (1., (2. we have

Ef"i‘fl = Zé [aikf/PR + bikfePL] nf(kj + 717;3 [aikf'PL + bikfePR] EC’:F (420)
i,k

Figure 4.2: Radiative electron mass in the A4 model.

63



with the shorthand notation

G1 G2

Ak = n{ | spc —sLs

ns | cpc —crs

G1 G2

bik = n{ | cgrs CRC (4.21)

ng | —SrS —SRC
where ¢ = cosf., s = sinf,, ¢, = cosfy, s;, = sinfy, cg = coslr, sg = sinfr. Let
the arrows in Fig. dictate the flow of momentum. Then the momenta for e, n$,(, are

p, k,p — k respectively, and we set p to zero. Then the loop integral for the self-energy is

d*k [ numerator
. .4
—ime = i (4.22)
= Y T
where the factor of i* = 1 is from the two propagators and the two vertices, and the
numerator is

numerator = [aif'Pr+ bipfePr] [k + mi] [airf P + bix fe Pr]

= f'feaibimi(P? + P3)

= [ feambipm; (4.23)

which has been simplified as before, since the term linear in k will integrate to zero, and
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(spc)(crs)ma

the projectors make some terms vanish. Then using a;; and b;;, we have

(=srs)(cre)my

(k2 — m3)(k? — mi,)

(k2 —m3)(k? — m3,

)

A%
—iMme = ffe/(2ﬂ_)4
(—crs)(—=src)ma
(k2 —m3) (k2 —m3,) |

(cre)(—srs)ma
L (k2 —m3)(k2 —mi,)

sc S[,CR M1 (m%e — m%e)
(k2 - m%)(kQ - m%e)(k2 - m%e)

d*k
= ! e | —— 4.24
£t [ g (1:24)
—sc cr,Sp Mo (m%e — m%e)
- mg)(kZ - m%e)(k2 - m%e) J

L (K2

In the first equation, each term diverges, but the sum is finite, as shown in the second
equation by putting terms over common denominators. Using the integrals from Chapter
the radiative mass is

f/fe%SC [sperma [H(21e1) — H(xe,1)] — cnsrma [H(x1e2) — H(z2¢,2)]]

spcrmy [H(z1e,1) — H(22¢,1)]

—1
= f/femsc (425)

—crspma [H(T1e2) — H(x2¢2)]
where the notation x4 denotes the scalar-to-fermion ratios of mass-squared ;e 1 = m?e / m%

_ 2 2
and Zje o = m;,/ms.
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4.4 Anomalous Higgs Yukawa Couplings

Consider now the heaviest charged lepton tau. There are three contributions to
the effective h77 coupling

gr =g + g + g (4.26)

First we will calculate the primary contribution ggl) shown in Fig. There are two Higgs

connections at the top which come from the fp and fr Yukawa terms in Lp and Lg

h — N
Lp D —fpﬁ [E%NL—FNLE%}
[ .
Lr D _fFﬁ [E%NR—FNRE%} (4.27)

We express E/%Rv Np g in terms of the mass eigenstates (n1)r g, (n2)r,r and then use

(np)¢ = (n°)r = Pr(n®), (nr)¢ = (n%r = Pr(n®) to allow contractions to made between

‘
j

1,2
1,2
k=1,2

Figure 4.3: First contribution to A77 in the A4 model.
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n¢ and n¢ to give propagators. This gives

»CD+F D) —hA TT‘fn‘f
—hB n$n$
—hnif[CPL + DPR] ns

—h?”?é[DPL + CPr|nj (4.28)
where

A = ( focLsr+ frsicr) /V2
B = (—fpsicr — freosg) /V2
C = ( focrer — frsosg) /V2
D = (—fpsLsg+ frerer) V2 (4.29)

Let the arrows in Fig. dictate the flow of momentum. Assuming that m}% is small

compared to miz and mzm, the momenta for 7, ng, n;?, ¢, are p, k,k,p—k respectively, and

we set p to zero. Then the loop integral for the primary effective Yukawa coupling is

. . d*k numerator
—igh) = #3° / : [ 5 (4.30)

2m)4 | (k2 — m?2)(k? — mjz)(k2 —mZ,)

Z'7j7k
where the factor of i® = —1 is from the three propagators and the three vertices. For the

numerator, consider the four cases numeratorj; corresponding to nijnf For the two cases
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when ¢ = j we have

numeratoryy = [a1f Pr + biefrPr) [f + ma] [ A] [k +mi] (a1 f P + bii fr PR
numeratorasy = [aokf'Pr + bor f~Pr] [k + m2] [—B] [k + ma] [aok f'Pr + boy. f7 Pr]
(4.31)

The terms linear in k integrate to zero and the projection operators each of these simplifies

numeratoryy = —f frA aipbig [m% + k2]

numeratorss = —f f+B asbas [mg + k‘Q] (4.32)

For the two cases when ¢ # j we have

numeratoryy = [agf' Pr+ bar frPr| [k + mo] [—DPL — CPR] [k +mi] [a1xf'PL + b1k f~ Pr]
numeratoris = [alkf/PR + blkaPL] [k + mﬂ [—CPL — DPR] [k) + Tng] [agkf’PL + kafTPR]
(4.33)

Together, these two equations combine to give

) la2kb1,C PR + baga1, D Pr)
numeratorairor = —f frmime
+ [alkb%DPR + blkagkCPL]
) lagkb1x D PR + bogai,CPp]
7f/f7' k
+ [alkakCPR + blkangPL]

= —f'frmimg [agkbixC + baraix D]

—f'fr K [agkbirD + baga1C (4.34)
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Then using a;; and b, we have

spcrsc A (m? + k?) spcrscA(m3 + k?)

(2 — m32(k2 —md,) (K2 — md)2(k2 —m3,)

crsgsc B (m3 + k?) crsgr sc B (m3 + k?)
(k2 —m3)2(k* —mi,) ~ (k? — m3)(k* — m3,)

(cLer scC — spsgp sc D)(mims)
(k2 —mi) (k2 — m3)(k? —m3,)

4
Cig® = 4f'f, / (;iﬂ’; (4.35)

(cLer scC — spsgp sc D)(mims)
(k2 —mi) (k2 — m3)(k? — m3,)

(crcrse D — spsgscC)(k?)
(k? —m3)(k* — m3)(k? — mi,)

_ (crerseD —spsr scC)(k?)
(k2 —m3)(k? — m3)(k? — m3,)

The integrals involving m;m; are finite, and the integral has already been done. The inte-
grals involving k2 diverge, but can be put over a common denominator with a neighbouring

term to give a finite result. So this reduces to

spcr Ami(Iig1r — T112r)
—crsp Bm3(Iao1r — I222;)
4 ) +(crerC — spsp D)mima(li 217 — 112,2r)
—ig) = 4f'frsc (4.36)
+sper A(mi, — m3)Ki11r2r

2 2
—crpsr B (mi; —ma. ) K22 172r

+(crer D — spsp C)(mfr - m%T)KL?,lTQT
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where

Ia,b,c = I(mavmbamc)
_ i [ m2 In(m?2/M?) m3 In(mZ/M?) m?2In(m?2/M?)
1672 [(m2 —mP)(m2 —m2) " (mf —m2)(mZ —m2) " (m2 —m2)(mZ —m?)

Kopea = K(ma,my,me,mq)

[ d% k2
B / (2m)* (k2 = mg) (k? — mi)) (k? — m2) (k? — m)

mﬁ ln(mg/MZ)

(mg —mp)(mg —mg)(mg —m3)

mg In(m /M?)

+
| g — w2 g — )
—q
= o5 (4.37)
N m‘c1 ln(mg/M2)
(m2 —m2)(m2 —mg)(m2 —m3)
L i)
2

| (md —mg)(mi —mp)(mG —m2) |
The factors of —i cancel and ggl) is real. Here the mass scale M is arbitrary. It appears
if we choose to put the loop integrals into dimensionless form before doing the momentum
integration. For convenience we choose M = m; as described at the end of this section.

The second and third contributions gg) and g$3) to the effective Higgs Yukawa
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coupling come from the scalar interactions

L, DO —(Agv)h(x]jz + 2529 + 2524)

Ly D =(Ay)h(y3ys) (4.38)

respectively. Putting this in terms of the mass eigenstates (; = (12 gives the diagrams shown
schematically in Fig. Looking back to Chapter |2, this is the same type of diagram as
Fig. so the integrals have been done and it is straightforward to adapt those results, so
the expressions for gg) and gf’) are not written here for brevity.

Adding all three contributions, the effective Higgs Yukawa coupling will deviate

from the SM prediction when

(1) (2) (3)
9rv _ lgr ' +97 +g v (4.39)

mr msr

deviates from unity. To simplify the analysis, we focus on 87, = 0g, in which case fp = fp.
We use the relation fpv/v/2 = sper(mi —ma) = spepmy(1 —ma/my) from fermion mixing
Eq. (4.15) to define m; as a function of §y, for a constant ratio msy/m; = 2.2 and coupling

fp/vV4Ar = —0.19. In this parameterization, the combination spcrm; remains constant,

ﬁ
(LR

Figure 4.4: Second and third contributions to A77 in the A4 model.
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and also appears in the radiative mass formula for each charged lepton. In addition, we use
the value f’/v/4r = —0.6. For the scalars in the tau sector, we choose fixed mass ratios
mir/my = 5.7 and ma,;/my = 1.1. To satisfy the mass formula, we verify that the product
frsin26; is not too large. We have checked that the values used here also allow solutions
for the muon and electron radiative masses. In Fig. E we plot the ratio (g,v/m,)? from
Eq. as a function of 0y, using the values fT/\/ZE = —0.54, 0, = 0.8 for the \;,

curves. We see that a significant deviation from the SM prediction is possible. This is

mi (GeV)
632.  276. 200. 276.  632.
1207 ‘ ‘ ‘ ‘
7N AMfAr=-0.02
/
' \
115} /
' \
/
\
/ L=1,=0

(g-v/m.)*
S

105} / -7 S

P NJAr=+0.02 SN

I L L ~

Lo
0.0 0.2 0.4 0.6 0.8 1.0

29L/7T

Figure 4.5: The ratio (g,v/m,)? plotted against 8, with various Az,y for the case 01, = Op.
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consistent with the bounds from LHC measurements by ATLAS [21] and CMS [22]

p(h = 77)|arLAs = 1-43J—r8:§§
p(h = 77)|eys = 0.9140.28 (4.40)

Note that in this model, lepton flavor is not violated by the effective Higgs Yukawa
couplings. A recent preliminary measurement [38] of the branching fraction BR(h — Tu) ~
0.01 is only at the 2 sigma level, but if it is confirmed by future experiments this model will

need to be adjusted.

4.5 Muon Anomalous Magnetic Moment

Turning now to the muon, there are three contributions to the anomalous magnetic
moment. The electromagnetic interaction shown in Fig. has the same structure as
Fig. from Chapter 2] and those results are easily adapted. Similar to the previous

model, the dominant contribution is

Aa, = mi { serm2[G(@1,1) — G(@2u1)] + srepmi [G(w22) — G(2142)] } (4.41)
mimso SLCle[H(Cvlu’l) — H(I’le)] + SRCLmQ[H(xQMQ) — H(xlug)]

K G G H

v

Figure 4.6: First and second contributions to the muon magnetic moment.

73



where z;,,; = (mg,/m;)? and

2xlnzx z+1
C@) =T T oy

(4.42)
The second, subdominant contribution is negative as expected

T

S C2
I AT TCERME Ve RE 1 ¢ EEE ve))
(Aau)/ =—
3272

2|k [ 2 2 sh( 2 2
+fﬂ m% Suj(xlu,l) + CNJ(SCQM,I) + m% SHJ(IEIM,Q) + C,u']<m2/%2)

where

zlnx 22 —5x —2
T@) =G T S

(4.43)

The third contribution from exchange of s1 2 3 is also subdominant, and it will be discussed
in the next section.

In the simplifying case we are considering, Eq. is independent of §;, = 0. In

Fig. we plot my,, against m, for various ratios mg, /m u in order to show the values of m;

and my 2, which can account for the discrepancy between the experimental measurement [25]
and the SM prediction [26]

Aay, = 39.35 + 5.21, £ 6.3y x 10710 (4.44)

We have combined the experimental and theoretical uncertainties in quadrature, which

corresponds to the curved limits of the shaded regions. The lower limit of 200 GeV for my
corresponds to 0 = w/4.
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Figure 4.7: Values of m1, m1, and mg, which can explain Aa,, for the case 01, = 0.

4.6 Neutrinos and Rare Lepton Decays

The radiative neutrino mass diagram comes from the four-point diagram shown in
Fig. It is almost the same as Fig. from the previous Chapter, except that here Np is

also present. The cross indicates the breaking of lepton number by the Majorana mass terms

Figure 4.8: Radiative neutrino mass in the A4 model.
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for Ng and Np. All interactions in this diagram respect the A4 symmetry. Furthermore,
if A4 were unbroken, then sq 23 have the same mass from £ D —%mg (s% + s% + s%) The
A, symmetry is also responsible for the one-to-one correspondence between v;; and s;
from Ly = f L;;, Er s;. But as mentioned at the beginning of this chapter, the terms
Les = —sim?jsj arbitrarily break A4 so that a realistic neutrino mixing matrix can be
obtained and also allows nonzero neutrino mass differences. Let the physical mass states be
s = Oj;s;. Because the orthogonal matrix O is arbitrary due to the arbitrary mass matrix

m?j, it does not preserve the Zs lepton triality which exists in the charged lepton sector.

Because L is written with A4 basis states, the interaction 757, E% s; corresponds

/

to 75, ((’)T)Z.j s; where §; are mass eigenstates with masses mg,. This identifies l/l{ . = OiviL

as the physical neutrino mass states. Together with the charged lepton rotation mentioned

earlier e;;, = (UI,) lj1,, the neutrino mixing matrix is U = ULor.

]
Corresponding to Fig. 4.8/ for neutrinos is Fig. [£.9] for charged leptons. It describes

contributions to the muon magnetic moment as well as the rare process 4 — e~y. For charged

leptons, because Ly is written with A4 basis states, the interaction L E} s; corresponds

Figure 4.9: One-loop diagram for e; — e;7.
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to eTL(U‘,TJ)Z-j Er ((’)T) sj. where s} are mass eigenstates. The resulting combination of
UUTJ OT is the neutrino mixing matrix U as explained above, so the vertex factors for diagrams
involving mass eigenstates are determined by the known values of U.

One such diagram is y — py with a virtual photon, which is the third contribution

to Aa, mentioned in the previous section, and this contribution is

" o__ f2|U/ﬂ|2
(Aay) —;MG MEDR (4.45)

where z; = m? /m%, and

223 + 322 —622Inz — 62 + 1 1
Gy(z) = 6z — 1)t < 6 (4.46)

Due to our parameterization for the fermion mixing of N and E°, the mass of E~ has a
lower limit of mp ~ 300 GeV. Hence (Aay,)” is less than 10719 f2) which for f < 1 is below
the present experimental sensitivity of 1072 and thus can be neglected.

This diagram also applies to the rare decay p — ey, which has the amplitude

ef’m
A, =M E U 44
e =553 UsU,iG~( (4.47)
For small z; and x1 ~ x4
\§ UUiGry (1)) = 2578 |1 — (4.48)

75

where s13 = sinfi3, c¢13 = cosfq3, and we have taken sinfl3 = 1/v/2. This gives the

branching fraction

2
B— 053%30%3 f2’$3 - 1'2‘ (4 49)
384 Grm?, '

The lower limit mentioned earlier of mg ~ 300 GeV is numerically equivalent to G FmQE ~ 1.
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Let f = 0.2, |3 — 22| ~ 0.05, then B = 5.6 x 1073, which is just below the experimental
constraint [39] given by 5.7 x 10713

This diagram also applies to another possible rare decay is u~ — e~ eTe™, which
has one set of contributions from the processes u= — e (v,Z) — e"ete™. The process
with a virtual photon is obtained by adding v — eTe™, and the amplitude for this process

is

, —ie2f? S . @ . oPq
iM, = o, Z UsUpiu(pr) [Ge(xi) ('y - ng> P, — ZmMG’Y(xi)TﬂPR
=1
Xy (p)u(p2)yav(ps)
—(p1 < p2) (4.50)

where the spinors indicate the particles and their momenta, ¢ = p — p1, and

7 —36x + 4522 — 162° + 62%(2z — 3) Inx

Ge(2) 18(z — 1)*

(4.51)

The amplitude for the process with a virtual Z boson has a similar form because Er, g is
vector-like, but it is further suppressed by mZZ

With the same specific parameters already chosen, we find that the dominant set of
contributions to 4~ — e~ eTe™ comes from the box diagrams given in Fig. and Fig.
In these diagrams, the muon has momentum p, and the outgoing electron connected to it
by the fermion line has momentum p;. The other outgoing electron has momentum ps and
the outgoing positron has momentum ps. In the limit of zero external lepton masses, all

diagrams have the same loop momentum integrals. We calculate the total amplitude from
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Figure 4.11: Third and fourth box diagrams for u — eee in the A4 model.

all the box diagrams to be

. if*[a(p1)vaPruu(p)u(p2)y*Pro(ps) — (p1 <> p2)] . i §

iMp = wb - Z UiU5[UaUZ; — U U] By
4,j=1

(4.52)

B(z;) — B(zj) . , . 2?2 —2z;Inw; — 1 2?Inx 1
= 2\ 7 7)) B = 2 B(z) = .
T — 1 ¢ 7é Js 1 ($z — 1)3 ’ (I‘) (CB — 1)2 z—1

(4.53)

There are four different ways to make field contractions, and so there are four basic diagrams.
The first and second diagrams shown in Fig. have the same relative sign. They differ
in the reversal of the fermion line with one electron and one positron. Similarly, the third
and fourth diagrams shown in Fig. have the same relative sign. However, there is a

relative sign between the diagrams in Fig. and Fig. This is the sign that appears
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inside the summation symbol in M p. In addition, there are copies of all diagrams with a
relative sign due to fermion statistics. This is the reason for the p; <+ po in Mp and M.,.
Since the box diagram contribution is dominant, the y — eee branching fraction

is

b= 2(8m) 4mEG2 Z UiUej[UeiUc; = Ue;Uci| Bij (4.54)
2,j=1

For small z; we have

B Vi sin?(4613)
- 2(8m)imLGL 8

(4.55)

Using Gpm% ~ 1, f = 0.2 we have B’ = 1.35 x 107'3 which is comfortably below the

bound [40] of 1.0 x 10712,

4.7 Dark Matter Properties

The real scalar dark matter particle in this model is taken to be s, which is the
lightest mass eigenstate of s;23 in the physical basis. The only direct connections of s
with SM particles is through the Higgs and the left-handed charged leptons. If the Yukawa
coupling f to leptons is small, then the coupling A in the Avhs? interaction with the Higgs
will determine both the dark matter relic density and the elastic cross section off nuclei.
This places a strong constraint on the mass of s to be in a small region near mgs < my/2
according a recent study [41]. This difficulty was solved in Ref. [42] by the radiative mixing
between the Higgs and another scalar. The strategy is to increase the channels for dark

matter annihilation without affecting the scattering off nuclei through h exchange. We
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therefore augment the particle content of our model with a complex electroweak singlet y
with (SU3)c, SU(2)1,Y; Z3 dark,s Aa) = (1,1,0;4,1’). The additional Lagrangian terms
are listed in Table Since x,y2 ~ 1’ under A4, the new interactions are analogous
to those of yo listed in the previous Table but with fewer allowed terms since x has
(+)dark and yo2 has (—)gark- Also, new cubic terms Ly p;. are allowed, which are needed for
the dark matter annihilation channels shown in Fig. as well as the radiative mixing
shown in Fig. The soft-breaking of A4 involving x is assumed to occur only through
the dimension-two terms Lyrcaking = w2x% + (1*)%(x*)?, which split x into its real and
imaginary components xyr and x;.

In the physical mass basis, let the masses of xr ; be denoted by mpg ;. For illus-

tration, we assume mp < mg < my, and take the x;x% coupling to be zero, so that the

Terms that respect Ay

Ly = —mx*x — X007 =X (x) (219)
Lo = —NzxX*x (57 + 53+ s3)
Loy = Quartic terms  z7z,;x"x and z7zixX
Ly = Quartic terms yiy;x"x and y7y;xx
Leuvic = MxX® + 15 (X*)? + s (57 + wsh + w?s3) x + pk (87 + w?s3 + ws3) x*

Terms that break A4

Ebr‘eaking = M2X2+(M*)2(X*)2

Table 4.4: Additional Scalar Lagrangian terms in the A4 model.
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Figure 4.12: Dark matter annihilation channels for ss to x g ; mass eigenstates.
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Figure 4.13: Radiative mixing of x g ; and h.

dark matter annihilations ss — xgrxr are controlled by the interaction terms

)\/ /
— Lint = 1 SZXg% + %SQXR + %x?}’g (4.56)

As a result, the annihilation cross section times relative velocity is given by

1 — (mpr/ms)? ! 2 2
0 X Upel = 61(17;24 s) <)\/ 4 99 _ g > (4.57)
S

Since s is a real scalar, we use [43] the value o X v, = 2.2 x1072cm?®s™! and with
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ms = 200 GeV and mpr = 150 GeV, we find

/

2
2
N +0. V99 ) g1 (—T ) =0.1514 4,
+0073<100Gev> 0.17 <1OOGeV) 0-15 (4.58)

Recall that x g mixes radiatively with h, so that the dark matter annihilation to SM particles
is achieved from ss — xYrxr — h — SM.
As mentioned earlier, the spin-independent elastic cross section proceeds through

the interaction Avhs? and h exchange with nuclei. The cross section is
(4.59)

where © = mymg/(my + mg) is the DM-nucleon reduced mass, my = (my, + my)/2 =
938.95MeV is the nucleon mass, and fy = 0.3 is the Higgs-nucleon coupling factor [44].

The LUX bound [45] for ms = 200 GeV is o ~ 1.5 zb , which implies
A<33x1074 (4.60)

The next two sections are supplementary to the main results already discussed.
To summarize this chapter, we have reaffirmed the important idea that the effective Higgs
Yukawa couplings to SM charged fermions can have measurable effects which may point to

new physics across the entire lepton sector.
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4.8 Quartic Terms and the Soft-breaking of A4

There is a subtle issue concerning the scalar Lagrangian terms that has tacitly
been postponed in the previous sections. Table includes the dimension-four terms that
respect Ay

Loz D —A11 (2751 + 2552 + 353) (151 + 2952 + 353) (4.61)

as well as the dimension-two terms that arbitrarily break Ay
Lgs D —sim?jsj (4.62)

Together, these will induce the dimension-two term shown in Fig. which is a logarithmic
divergence. This is a radiative correction to the tree-level term x5 which by construction
is not present due to the method used to derive the neutrino mixing matrix U. This method
assumes that there are only two sources of soft-breaking of A4. The first source comes from
the s;s; terms above for neutrino mass, and the second source comes from the y;z} terms

for charged lepton mass

Ly D _N? yi(Uw)ijx; (4.63)

Figure 4.14: Radiative z125 term.
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A consistent treatment requires that the tree-level term for z;x3 be present so that the
one-loop divergence can be absorbed in the context of renormalization. This compromises
the validity of deriving U from the soft-breaking matrices U, and O.

This is an aspect of the technical difficulty inherent in A4 models. In the original
works, the most general Higgs potential allowed by A4 alone makes it difficult to align three
different scalar VEVs in different directions [46]. In some cases [47] it is expected that more
elaborate frameworks, such as extra dimensions or supersymmetry, are needed to solve this
so-called sequestering problem.

In our model, if the quartic couplings are small, then the problem is mitigated, with
the understanding that the analysis of the previous sections is valid only in the energy range
where the couplings have negligible flow under the renormalization group. In a similar model
with a comparable particle content, the A4 obstacle has just recently been overcome [4§],
where essentially an enlarged symmetry group is used to forbid the troublesome quartic

term.

4.9 The Group A; and its Subgroup 73

The non-Abelian discrete symmetry Ay is the symmetry of the tetrahedron. It
has 12 elements and is the smallest group which admits an irreducible 3 representation. It
also has three one-dimensional representations 1,1’,1”. The group A4 has two generating
elements S and T. For the singlets 1,1’,1”, S and T are given by S = 1,1,1 and T =
1,w,w? respectively. Here w = exp(2mi/3) is the cubic root of 1, and satisfies w? = w* and

1 +w+w? = 0. For a triplet 3, a convenient representation of S and 7" due to Ma and
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Rajasekaran [49] is

1 0 0 010
S=10 -1 0 : T=10 0 1 (4.64)
0 0 -1 1 00

The basic multiplication rule given earlier

3x3=14+14+1"+3+3

has the explicit multiplication of two triplets (aj, as,as) ~ 3 and (by, by, b3) ~ 3 as follows

arbr + agby +aszbs ~ 1
aiby + w?aghy + wasbs ~ 1/
arby + wasgbs + w?azbs ~ 1"

(agbs, asby , arby) ~ 3

(agby, aibz, azb; ) ~ 3 (4.65)

Instead of the two 3’s given above, it is often useful to employ the symmetric and antisym-

metric combinations

( C1/2b3 + a3b2 s a3b1 + ale s a1b2 + a2bl ) ~ 3symmetric

(agbs —agby , —agby + aibs , aiby —agb1 ) ~  Banitsymmetric (4.66)
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Other multiplication rules [50]. For the multiplication of one singlet a and one triplet

(bl, b2, bg) we have

1x3 ~ 3 a(bl,bg,b3) ~ 3
1x3 ~ 3 a(by, why, w?bg) ~ 3 (4.67)
1”"x3 ~ 3 a(bl,wag,wbg) ~ 3

The multiplication of two singlets a and b is just ab for the trivial combinations

1x1 ~ 1 ab ~ 1
1x1 ~ 1 ab ~ 1/ (4.68)
1x1" ~ 1" ab ~ 1"

as well as for the nontrivial combinations

1/x1" ~ 1 ab ~ 1
17 x1" ~ 1 ab ~ 1/ (4.69)
1x1 ~ 1/ ab ~ 1"

The generators S and T only acts on the states /1 23 in the A4 basis. The subgroup Z3 of
Ay is generated solely by the action of the T" generator [51]. As a first example, consider the
mass eigenstates of charged leptons. The right-handed projections of the mass eigenstates
are e;g = l;r, which transform as singlets 1,1’,1” so under the action of T' they transform

as

erR — €R

MR — WHUR

TR — W’TR (4.70)
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as described at the beginning of this section. For the A4 triplet of left-handed charged

leptons in the A4 basis, the action of T is

lir 010 lir lar,
T l2L = 0 01 l2L = l3L (471)
lar, 100 lar, lir

which is simply the permutation l1;, — lor,lor, — l31,l31, — l11,. The left-handed projec-

tions of the mass eigenstates are e;;, = (Uj,)ij ljL, so we have

e, = lip+lap+13L
pr, = lip+ w? lop, 4 w 31,
77, = hrp+tw l2L+w2 31, (4.72)

and under the action of T" on l; 2 3 this becomes

er, — lop+1l3p +1liL = eL
ur — l2L+w2 lap, twly, = w[llL+w2 lgL—i-wlgL] = WUy
L= brtwlp+wilh, = W [+ wlar + w? lsg] = w? 71, (4.73)

Thus the left- and right-handed fields transform the same way, which must be true for the
mass eigenstates to obey the Z3 lepton triality. In this model, the assignment is e, u, 7 ~
2

1, w,w”.

As second example, consider the scalars. The fields y; transform as singlets 1,1/, 1"
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so under the action of T" they transform as

i — 0N
Y2 — WyY2

ys — w’ys (4.74)

as described at the beginning of this section. For the A4 triplet z} in the A4 basis, the

action of T is

x] 010 x] x5
Tlzs| = 1001 xy | = | =3 (4.75)
x3 100 x3 x]

which is simply the permutation ] — 25,25 — 23,25 — x]. The rotated states z; are

* L. *
zf = (Uy)ij z; so we have

2] = ] +x5+ a5
2 = sitwal+u?al
z = zi+wialtwal (4.76)

and under the action of T" on z7 5 5 this becomes

2 = rytaz+a) = 2
5 o mytwah+ois = Wi+ sitwai = W'
5 = sh+wialtwal = wlritwai+w’al] = w2z (4.77)
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So under the action of T' the soft terms that break A4 to Z3 transform as

2 . * *
He Y121 = 1%

2 . * 2 ok *
[, Y225 = W Y2 WS 25 = Ya2s

2 . * 2 * *
M7 T Y3Z3 W Yz W Z3 = Y3Zg

so these Lagrangian terms are invariant under Z3 lepton triality.
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Chapter 5

Higgs Triplet Scalar Extension

5.1 Neutrino Mass

This chapter considers the phenomenology of a particular type of Higgs triplet
model. The motivation is to obtain the radiative Majorana neutrino mass shown in Fig.
For simplicity, it shows only a single neutrino vy, and a single scalar mass eigenstate s. The
emphasis will be on an interesting collider signature, and also on dark matter constraints
from relic density. The constraints from direct detection are accommodated in a simple
way and so a comprehensive analysis is not needed. This chapter is based on the work
previously published in Ref. [4].

The full symmetry group is the based on the SM gauge group
SU(?))C X SU(?)L X U(l)y (5.1)

but also incorporates a discrete symmetry which is assumed to be exactly conserved since
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Figure 5.1: Radiative neutrino mass.

its purpose is to stabilize dark matter. This dark Zs symmetry (dark parity) functions in
the same way as Zs 441 used in the previous chapters, but here it is actually derivable from

the concept of lepton parity [52] according to
22 dark = (71)L+2j (52)

where L is lepton number and j is particle spin. Lepton number corresponds to a global
U(1)r symmetry, which in this model is the symmetry used to to forbid the Higgs triplet
coupling to neutrinos at tree-level but to permit its realization in one-loop. The particle
content is shown in Table The Higgs triplet consists of the complex scalars £++, ¢+ €0
which are arranged for convenience into a 2 x 2 matrix. The dark sector includes new
fermions Ny r and E; r arranged in electroweak doublets, which are vector-like so the
model is anomaly-free. The dark sector also includes three complex scalars s; which are
electroweak singlets and carry lepton number. The lightest physical s; is taken to be the
dark matter candidate in this model.

The allowed Lagrangian terms are listed in Table before spontaneous symmetry

breaking. Conservation of lepton number is imposed on all hard terms. The SM charged
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Particle (SU3)c,SU2),Y) | Zo dqark | L

Lip = <’Z’LL) (1,2,41/2) + |1
Lin (1,1, 1) v
¢+

» = <¢0> (1,2,41/2) + o

Yrr = (gf’R> (1,2,+1/2) ~ o
L.R

+ ++

¢ = <5 (S/O‘/i —§£+/\/§> (1,3,+1) + o

s; (1,1,-1) |1

Table 5.1: Particle content in the Higgs triplet model.

fermions have the usual Higgs Yukawa interactions and will obtain masses as in the SM
after electroweak symmetry breaking. The conservation of lepton number forbids the hard
Yukawa term 71, € (v;1,)¢ which would otherwise be allowed. This term would have produced
a Type II tree-level Majorana neutrino mass from the interaction W £0 vjr, when €0 gets
a VEV. As mentioned at the beginning of Chapter[3] this effective term must still be realized
at one-loop in order to obtain the Weinberg operator. As shown in Fig. the connection
with €0 at the top of the loop is achieved with the help of the new fermions N rL.r- The
soft-breaking of lepton number comes from the following scalar terms which in general split

the complex s; into their real and imaginary components
1 2
Lbreaking = §(Ams)ij8i8j +  hec (5.3)

This is indicated by the cross in the figure and allows completion of the loop.
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Terms that respect U(1)r,

‘CLept(ms = _fSM,ij Tm EIV)T ljR + h.c.
Ly = —mE@d) = —mg (E?ER + N, Np + h.c.)

Ly, = Yr Lir (fs) s; + h.c.

Lye = [fubr€vr + he
+frUREVR +  hec
—Log = mPOT® + M>Tr(£1E) + 30 (1D)?
+322[Tr(ET6)]% + SA3Tr((£7€)?)
A (@TR)Tr(£1€) + LAsDTELTD
+u(BTED) + h.c.

Lo, = m?jsfsj -+ )\ij(<I>T(I>)s;ksj + NabedSgSgSesa +  h.c

—Les = NgTr(¢€h)sis; +  hee

Terms that break U(1)y,

1 2
_Ebreaking = Q(Ams)ijsisj—i-h.c.

Table 5.2: Lagrangian terms in the Higgs triplet model.

After electroweak symmetry breaking, the mass-squared matrix (Mg)” spanning
s;sj is given by

(M2)i; = m?j + Aijv? (5.4)

where the effects of Ly eqring have been neglected for the moment since they are small. In

general, there are the allowed Yukawa interactions
Ly, = Yr Lir (f5)ij 5 +  hec
_ (NT;C vip + By liL) (fo)is 5+ he (5.5)
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/

We can rotate the s; into the physical basis s;

so that the general scalar mass terms

L s;-. The new primed coupling

(M2),;s%s; become diagonal in the physical basis (M’'2);; s
matrix is (fs);;. We assume that the primed coupling matrix is diagonal (fs);; = fidi;. We
also assume that the neutrino states v;;, are mass eigenstates, which means that rotating
charged lepton states l;;, with the neutrino mixing matrix Uppsnyg will give the physical
states e;r, WL, TiL-

The first term in parentheses in the second line of the preceding equation is the

neutrino Yukawa term in Fig.[5.1] The other allowed Yukawa terms at the top of the figure

come from the Higgs triplet

Lye D fLEf¢L + hec

(®)e,-0y) (et /va e | (e
= [ + hec

& —& V2 ] \ EpL

(BL)* (EY/V2) N +  (BL)c¢tt Ep
= I +  he (5.6)

—(N) &N, 4+ (Np) (£7/vV2) Er

where JL is the dual of ¥ and similarly for the fr terms. The top of the radiative loop

involves the (N1)¢ ¢°Np and (Ng)¢ € Ng terms.

Evaluating the radiative mass involves minimizing the scalar potential after elec-
troweak symmetry breaking. The VEV of ¢° induces a VEV for ¢ from the ,u(@‘fcf))
term in Lg¢. For the self-energy calculation, there are two sequences of propagators. The
sequence along the fermion line is a propagator for N, followed by a mass insertion propor-

tional to <§O>, followed by another propagator for N. The sequence along the scalar line is
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a propagator for s, followed by a mass insertion proportional to Am?2, followed by another
propagator for s. We can obtain very reasonable neutrino masses of order 0.1 eV using the

values

(€% ~ 0.1GeV
m2/m% ~ 0.1

fr o~ 0.1

Am?/m? ~ 0.1

fs ~ 0.01

For the rest of this chapter, we will treat s1 2 3 as complex scalars since the effects of Lycaking

are small.

5.2 Collider Signature

In this model, the VEV of £° is not too small. However, the effective coupling of &
to leptons is very small, which is different from the tree-level Type II seesaw model, where
the decay of €71 to same-sign dileptons is expected to be dominant. Here, the £TF term in
Ly ¢ written out in the previous section is responsible for the decay {t+ — ETET which

is possible when m(£71) > 2mpg. In Fig. n we plot the LHC production cross section for
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Figure 5.2: LHC production cross section of £77¢~ at 13 TeV.

ETTE~~ for 13 TeV. The subsequent decays after E7T¢~~ production are

et o BYEY o (ITs)(ITs)
£ o EE - (s s (5.7)

where the second set of decays follows from the terms in Ly, as written out in the previous

section

ET — Its

E- — I s (5.8)

This yields the interesting collider signature of a final state of four charged leptons I, "y 1.~ g
and missing energy due to sss*s*. We assume that £t and €9 are heavier than £+ so that
we can focus only on the decay products of £+ and £~ ~. We also assume that the lightest

s is s1, which is the dark matter candidate discussed in the next section.
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Recent LHC searches for multilepton signatures at 8 TeV by CMS and ATLAS are
consistent with SM expectations, and are potential restrictions on our model. In particular,
the CMS study includes rare SM events such as etetu~u~ and eTeTpu~. Due to the
absence of opposite-sign, same-flavor (OSSF) [T~ pairs, both events are classified as OSSF0
where lepton [ refers to electron, muon, or hadronically decaying tau. Leptonic tau decays
contribute to the electron and muon counts, and this determines the OSSFn category.
Details from CMS are shown in Table for > 3 leptons and N paq = 0.

The CMS study estimates a negligible SM background for SR1-SR3, and in our
simulation we use the same selection criteria. We impose the cuts on transverse momentum
pr > 10 GeV and psuedorapidity |n| < 2.4 for each charged lepton, with at least one lepton
pr > 20 GeV. In order to be isolated, each lepton with pr must satisfy >, pr; < 0.15p7,
where the sum is over all objects within a cone of radius AR = 0.3 around the lepton
direction. We implement our model with FeynRules 2.0. Using the CTEQG6L1 parton

distribution functions, we generate events using MadGraphb, which includes the Pythia

Selected CMS results OSSFO  Nipaq =0, Ny =0

signal regions | Hp >200 GeV | Hp <200 GeV

> 4 leptons | Fr (GeV) | Obs. | Exp.(SM) | Obs. | Exp.(SM)
SR1 (100,00) | 0 | 0017003 | 0 | 0.1170%
SR2 (50,100) | 0 | 0.007002 | 0 | 0.0179%
SR3 (0,50) 0 | 0007552 | 0o | 0.017507

3 leptons | Bp (GeV) | Obs. | Exp.(SM) | Obs. | Exp.(SM)

SR4 (100,00) | 5 | 37+1.6 | 7 |11.0+49
SR5 (50,100) | 3 | 35+14 | 35 | 38+15
SR6 (0,50) 4 | 21+08 | 53 | 51+11

Table 5.3: Events observed by CMS at 8 TeV with integrated luminosity 19.5 fb=1.
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package for hadronization and showering. MadAnalysis is then used with the Delphes card
designed for CMS detector simulation. Generated events intially have 4 leptons. About half
are detected as 3 lepton events, but the constraints from signal regions SR4-SR6 are less
restrictive than SR1-SR3. The number of detected events in the OSSF0 > 4 lepton category
is almost the same as eTe* T uF2s 2s] with very few additional leptons from showering or
initial/final state radiation.

To examine the production of eTe*uTuT we take the mass of s; to be 130 GeV,
which allows s1 to be dark matter as discussed in the next section. We use the values
fr = fr = 0.1 and f; = 0.01, although the results are not sensitive to the exact values
due to on-shell production and decay. The effects due to the VEV <£0> ~ 0.1 GeV may be
neglected.

For our model, we scan the mass range of ¢+ and E*. In Fig. mwe plot contours
showing the expected number of detected events in the OSSFO > 4 lepton category for
13 TeV at luminosity 100 fb~! assuming a negligible background as for the 8 TeV case.
Although the branching fractions of E+ to 71s; or s are comparable, we find that most
of the contributions from 7+ decay to e* or u® in the > 4 lepton final state are not detected.
A similar analysis performed for 8 TeV at 19.5 fb~! has a maximum number of detected
events of 0.4 in the plot analogous to Fig. 5.3, which corresponds to a small estimated

exclusion at the 15% confidence level.

100



5001

450

Mmg++ (GeV)
N
S
S

350

300

140 160 180 200 220 240
mg+ (GeV)

Figure 5.3: Number of ete® T uT2s12sF events for 13 TeV at luminosity 100 fb™!.

5.3 Dark Matter Properties

The complex scalar dark matter particle in this model is taken to be s;, which is
the lightest mass eigenstate of s 2 3 in the physical basis. Even though s; is approximately
complex, the comments about real scalar dark matter from Chapter 4| apply here as well.
There are only two direct connections of s; with SM particles, namely, the connection with
the Higgs, and the connection with the left-handed charged leptons. The latter will be small
since the Yukawa coupling to leptons is small. In this case, the coupling X in the Avhs?
interaction with the Higgs will determine both the dark matter relic density and the elastic
cross section off nuclei. This places a strong constraint on the mass of s to be in a small
region near mg < my,/2 according a recent study [41].

In this model, we can make use of s3 3. After electroweak symmetry breaking, the
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mass-squared matrix (Mg)lj spanning s s; is the same expression given earlier
2 2 2

Upon diagonalizing M2, the coupling matrix Aij will not be diagonal in general. In the
physical basis, s; will interact with so through h. This allows the annihilation of s;s] to hh
through so exchange, and contributes to the dark matter relic density without affecting the
s1 scattering cross section off nuclei through h. This mechanism restores s; as a dark-matter
candidate for mg > my,.

To demonstrate the scale of the values involved, we consider the simplifying case

2

— 2 2
535 = Mg, + mj ensures that

when mg, = mg, and A2 = A3. The additional choice m

s9.3 are heavier than si, and is convenient because then the relic abundance requirement

2

523" Taking into account that s; is a complex scalar, we

no longer depends explicitly on m
use [43] the value o x v, = 4.4 x10726cm3s~! and in Fig. H we plot the allowed values

for A2 and my, taking A3 = 0 for simplicity to satisfy the LUX data.
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Figure 5.4: Allowed values of A\j2 plotted against ms, from relic abundance assuming
A1 = 0.
To summarize, this chapter has examined a radiative Higgs triplet model for neu-

trino mass. It has an interesting verifiable collider signature that also includes the missing

energy signature of dark mater.
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Chapter 6

Vector Dark Matter SU(2)y Gauge

Extension

6.1 Outline of the Model

Vector dark matter is somewhat unique compared to fermion or scalar dark matter.
Introducing a new massive vector particle requires a Lorentz covariant description of its
spin degrees of freedom. This essentially promotes the vector particle to the status of a
gauge field, and the mass of the vector boson is generated when the gauge symmetry is
spontaneously broken. This is analogous to the SM, where the massive vector gauge bosons
W= and Z obtain masses after spontaneous breaking of the electroweak gauge symmetry.
This chapter is based on the work previously published in Ref. [5]. Similar to the earlier
versions [53), [54] of the model, there is an extra global symmetry U(1)gs, but here it used

to define a conserved dark charge S. Another difference is that in this model, all the SM
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fermions are singlets under the extra gauge symmetry SU(2)y. This extension of the SM
is similar to other works [55], |56] which use an extra U(1) gauge symmetry to obtain vector
dark matter and an extra Zy discrete symmetry to stabilize it. Other possibilities for vector
dark matter include considerations of the Littlest Higgs [57] or extra dimensions [5§].

The full symmetry group of our model before spontaneous symmetry breaking is

SU(3)C X SU(Q)L X U(l)y X SU<2)N X U(l)gl (61)

The first factor is the extra local SU(2)y gauge symmetry, whose new gauge bosons will
be the source of vector dark matter. As in the SM, when the () = 0 component of ® gets a
VEV and spontaneously breaks the local electroweak symmetry SU(2); x U(1)y down to

the local U(1)q, the electric charge @ of all particles remains exactly conserved

Q=Ts+Y (6.2)

In this model there is a somewhat similar construction, except that U(1)g is a global
symmetry rather than a local symmetry. Some of the new particles carry charge global S
defined by

S =Ty + 5 (6.3)

which will also remain exactly conserved when the S = 0 components of the new scalars
X, ¢, A get VEVs and spontaneously break the SU(2)y symmetry. In this model, particles
with charge S # 0 belong to the dark sector, and the lightest mass eigenstate with ) =0
is expected to be the dark matter candidate. Here T3y and S’ are analogous to T3 and
hypercharge Y respectively in the SM. In this model, the imposed U(1)g’ is global symmetry

without any corresponding gauge field. This global U(1)g is the second extra factor in the
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full symmetry group. It is chosen in such a way that S is exactly conserved after SU(2)y
and the electroweak symmetry have both been completely broken, as described above. Note
this means the new scalars that get VEVs must have both § =0 and @ = 0.

The particle content is listed in Table Also listed are the charges S' and S
corresponding to U(1)ss and U(1)g. Before the spontaneous symmetry breaking of SU(2)y,
there are three real gauge fields X7, X2, X3 but only the complex combinations X, X of
X1, X9 carry S charge. Under SU(2)y, all SM particles are neutral gauge singlets with
Tsy = 0 and S’ = 0. In contrast, all new particles carry SU(2)y gauge charges Ty # 0
and S’ # 0. There is one complex doublet y and one complex triplet A. There is also one
complex bidoublet ¢, which transforms vertically under SU(2)r x U(1)y and horizontally
under SU(2)y. The new fermions come in three generations n,n’,n”. Each of these is
a vector-like doublet under SU(2)x so their contributions to the SU(2)y gauge anomaly
cancel, hence this model is anomaly-free. Although not listed, lepton number may be defined
as L = +1 for n,n/,n” and the SM leptons, and L = —2 for the triplet particles A.

The notation for the VEVs and their approximate hierarchy is

(x2) = uz ~ TeV
(VY = vy~ 100 GeV
< g> = V2 ~ GeV

(As) = uz ~ keV,MeV (6.4)

This means that SU(2)y is mostly broken by the largest VEV of (x2) = ua. Note this is

slightly higher than the scale of electroweak symmetry breaking. The electroweak symmetry
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Particle (SUB3)¢,SU(2),Y) | SU2)y | S S
Lip = <’Z’L> (1,2,-1/2) 1 0 0
il
lir (1,1,-1) 1 0 0
¢+
d <¢0> (1,2,+1/2) 1 0 0
X (X1 —iX)/V2 +1
X (X1 +iX2)/V2 (1,1,0) 3 0 -1
X3 0
0 0 ~-1 0
¢ <C11 Cj) (1,2,-1/2) 2 -1/2 (_1 0)
X = <§;> (1,1,0) 2 | +1/2 (ng>
1
nLp = (Z;)LR (1,1,0) 2 | 4+1/2 (B)
;o n +1
i (D, | e | e ()
noo_ nf +1
A A _
a o= (M B ) ao R

Table 6.1: Particle content in the vector dark matter model.
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is mostly broken by (¢°) = v;. This is close to the SM value, and is part of the reason why
the SM Higgs will be approximately Re(¢") with a small admixture of the other new scalars.
This small mixing is also partly due to the small value of (¢J) = vy relative to v;. The VEV
of ¢{ breaks both the electroweak and SU(2)y symmetries because ( is a bidoublet. In this
model, the bidoublet is an important link between the SM and the dark sector. Without
it, the only link would be the Higgs portal from other scalar interactions [59, [60]. The
bidoublet is also important for neutrino mass, in combination with the smallest VEV of
(As) = us, which is needed to implement the inverse seesaw mechanism [28-30].

The allowed Lagrangian terms before spontaneous symmetry breaking are listed

in Table where the duals of the fields are

~ ¢0*>
- (5
- ()

—X1

- S
C =
_ 0% 0%
2 1
~ (ngL)C>
ng = <—(n1L)C (6.5)

and similarly for ng, n’L r and n’]-: r- The Lagrangian is written in terms of A but not
its dual A because using A does not give any additional independent terms. Note that
because n,n/, n” are not gauge singlets under SU(2) y, explicit Majorana mass terms such as

7L (n,1)¢ or Mig(n;r)¢ are forbidden for all combinations of 72z, n}, n/ and (n;)°, (n})¢, (nf)°.
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Fermion and Yukawa Terms

—L, = Myng nlj’{ + h.c where n®® = n, n/,n”

_£C = fz ZLCnR + f{mgn/]{ + f{/mcn% + h.c
= fi [z (¢ nir+¢9 ner) + e (¢ nir+ ¢ n2g)]

+fi [7iE (G nig + 8 nhp) &L (¢ mig + G nhg)]
+ff! [7ir ( nig+ @ nhg) +ar (G nig+& nhp)] +  he

LA = f} nLAnL + h.c

ab |7mae (A2 —ve Ay
= fi* |(ng,)e <\/§”lﬁ + As”%L) — (nfp)° <A1nlfL - ﬁngLﬂ + h.c.

—LAR = fﬁb % A nR + h.c.
a _T A 7a \c A
= fg |ngp)e <\/%an + A3n23> — (n9gy)° <A1n§’R — \/%ngRﬂ T hec.

Scalar Terms

_Escalars = 2 TT(CTC) + /-L2 (I)T(I) + MX XXT + IUQA TT(ATA)
(u@*é“x - uszAX + h.c.)

AT (O + Ixa(0Td)?

+35 AsTT(CTCCTC) 1)\4(XT )2+ IXAs[Tr(ATA))?

+§A6 Tr(ATA — AAT)? + fixtct Cx

+hxfex + f07¢CTe + £ ¢l

+f5(@10) (xy) + folxTx) Tr(ATA)

+fxH(AAT — ATA)x + f3(2®) Tr(ATA)

+fo Tr(CTQ) Tr(ATA) + fio Tr[C(ATA — AAT)CH

Table 6.2: Lagrangian terms in the vector dark matter model.
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6.2 Spontaneous Symmetry Breaking

First consider first the gauge bosons. Their masses are affected by all four of the

scalar VEVs. The masses of W* and X, X are

1
why = g
2 1 271,,2 2 2
my = igN[UQ + Uy + 2U3] (66)

where go and gy are the gauge couplings. The mass of W is mostly due to v; = <<;50> and
the mass of X is mostly due to us = (x2). The mass matrix that mixes the interaction

state gauge bosons Z and X3 = 7’ is

) 1 [ (gf + a3 +03) —gn/(gf +93)v3
mZ7Z/ = 5 (67)
—gn /(97 +93)v3 g (u3 + v + 4u3)
which determines the physical mass eigenstate gauge bosons. Unlike other Z’ models, this
Z' does not couple directly to SM particles, so it will not be easy to detect at the LHC.
Next consider the SM fermions. As in the SM, Dirac mass terms for the charged
SM fermions come from the larger Higgs VEV vy = <¢O>. For neutrinos, Dirac mass terms

come from the modest VEV vy = <C§> and small Majorana mass terms come from the

smallest VEV u3 = (A3). The relevant Lagrangian terms are

—£ 5 (7, R ) (Mun) | g (6.8)

where the neutrino mass matrix M,,, has the schematic form
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C

(Ver)® mor  (nar) (VuL)C n/2R (n/QL)C (vrL)¢ n’le (nlzlL)c

Vel 0 fev2 0 0 fova 0 0 Jvg 0
(n2r)® | feva fRlus My | flve  fRus Mg vy fRus Mg

nar 0 My filus 0 Mo f}Pus 0 Mz flBus

UuL 0 Juv2 0 0 fLv2 0 0 fava 0

(nhp) | fuva fRrus  Mix | fiva  fRus My | flva  fRus Mg

@ 0 M12 1112u;3 0 M22 %QU3 0 M23 %3U3
UrL, 0 frva 0 0 f7/.1)2 0 0 f.;./vg 0

()| frva  fRus DMz | floa  [fBus Mg | flvo fPus  Mss

13 23 33
Uy’ 0 M13 L us 0 M23 L us 0 M33 L U3

(6.9)

The VEV u3 = (A3) is naturally small because it breaks lepton number L to (—1). The
couplings f}j{’R are not naturally small, but the end result is that the products fgf’Ru;z, are
small Majorana masses.

The simplest case occurs when the following parameters can be neglected compared
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to other terms

(fé? é,)UQ ~ 0
(f#,fZ)UQ ~ 0

(frqul-)UQ ~ 0

(II/Qa [l,Sa I2,3>u3 ~ 0

(]1%2’ ]1%3’ ]%LS)UZ’» ~ 0

M12 ) M13 ) M23 ~ 0 (610)

so that the 9 x9 neutrino mass matrix is block diagonal, and each block takes the well-known

form of the inverse seesaw. For the electron block

0 erQ 0
Munle = | fon fHus My (6.11)

0 My filus

When filu;g and f}zlug are much less than M, this gives the inverse seesaw neutrino mass

~ (fev2)2( ilufﬂ)

my, ~ 78 (6.12)

where the small neutrino mass results from the combination of the small Majorna mass
ilu;), and the small ratio of the Dirac mass to the invariant mass (fevo /M11)2.

Consider now the scalar particles. Minimizing the scalar potential and taking into
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account the hierarchy of the VEVs mentioned earlier, we find the VEVs to be given by

2
ud o~ “hx
2 ¥
2 —N% - f5U%
T T
vy ~ —H1V1U2
Mg + fauj
2
2 —H2Ug
uz o~ (6.13)
ST A+ (fo— foud
and the physical masses of the scalars to be given by
m2(V2Re x3) ~ 2\ul
m?(V2Re ¢°) ~ 2X\0?
m*(5) = uf+ frud + favl
m*(Cy) = pg+ faub + fyof
m*((7) >~ pE+ frul + faol
m*(Cr) = g+ fuuj + fsvf
m* (A1)~ pi+ (fo+ fr)us + fivf
m*(Ag) ~ pA + (fs — fr)us + fvi
m*(Dg) = pi + fous + fsvl (6.14)

where the names of the physical particles reflect the dominant component of the scalar
mixtures. The five scalar components Rexi, Imyxi, Redt, Imot, Img® are not listed
because they are absorbed to become the five longitudinal components of the massive gauge

bosons W+, X, X and the physical gauge boson mixtures of Z, Z’.

113



6.3 Dark Matter Properties

The particles with dark charge S # 0 are the fermions nj,n},nf, the scalars
A1, A, (1, and the gauge bosons X, X. Of these, we assume X, X are the lightest, which
means they are stable. In this way, we obtain vector dark matter. The new particles with no
dark charge S = 0 are the fermions ng, nj, nj, the scalars As, (2, Rex2, and the interaction
gauge boson X3 = Z'. Of these, we assume for illustration that ¢§ and ¢y are lighter than
X so that the dark matter annihilations XX — ¢§¢9* and XX — (¢, are kinematically
allowed and other annihilations are kinematically forbidden. Note that in this model, dark
matter does not annihilate directly to SM particles. Subsequent decays such as CQC;L — 7t
maintain thermal equilibrium with SM particles.

Using the diagrams for the dark matter annihilation shown in Fig. we calculate

the annihilation cross section times relative velocity to be

4 m? 4(m% —m?2) 2
o XU = N 12 g 1y e (6.15)
576mm5, my mg, +m5x — me,

We use [43] the value o X v, = 4.4 x10726cm3s~! which takes into account that X is

X ol X a

Figure 6.1: Dark matter annihilation of XX to (2(s.
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a complex vector field, and in Fig. we plot the allowed values of mx/ 9]2\1 versus the

2 /02
parameter r = mg, /my.

1200
1000
800
600

my/g% (GeV)

400
200

r

Figure 6.2: Allowed parameter values from relic abundance.

In this model, there is a chance of detecting X from its scattering off nuclei due
to h exchange, where h is the 125 GeV particle resulting from a linear combination of
V2Red?, /2Re() and v/2Rex2. The hX X interaction is due primarily to the mixing of ¢°
and Y2, and is approximately (g3v1/v/2)(f5/A1). The Higgs interaction with quarks hqg
has coupling strength given by (m,/ v2v1). The spin-independent elastic cross section for
scattering off a nucleus of Z protons and A — Z neutrons normalized to one nucleon is given

by [61]

pr+(A_Z)fn 2
A

(6.16)

2
1 my
ogr = —
St m <mX+AmN>
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where we find

o 9% (f5/ M) 9% (f5/A4)

m—f; = —0.075 [N4mé] —0.925(3.51) [N54m§,]

I g o7s | 98Us/A) — 0.922(3.51) 9n(fs/ M) (6.17)
My, 4m$5 54mi

with mg = 125 GeV. In Fig. [6.3| we plot maximum allowed value of g% (f5/A4) as a function

of myx using the LUX data [62]

1.0
- r=0.8 r=0.2

Relic abundance :
(allowed) |

0.8

0.6

0.4

g3 (fs/\s) » g%

0.2

Direct Detection (allowed)

200 400 600 800 1000
my (GeV)

Figure 6.3: Allowed parameter values from relic abundance and direct detection.

Although not considered here, this model includes the interesting possibility that
one of the A particles is stable, allowing A to become a significant additional component [63]
of dark matter. Consider the interactions based on the Lagrangian terms, neglecting the

mixing between scalars. From La ; and LA gr there are possible decays A — nnb. In
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general these decays are not suppressed by the couplings fgf’R, but they can be kinematically

forbidden by the large invariant masses My, of nan®.

This is consistent with the inverse
seesaw mechanism for neutrino masses outlined in the previous section. There are also
possible decays from Lg.qars, but we assume these are also kinematically forbidden. The
remaining possible decays come from gauge interactions. For example, the Lagrangian
term A3A3X X describes the decay Az — A1 XX. Thus Ag is kinematically stable if we
have m(A3z) < 2mx + m(Ap). Similarly, the Lagrangian term A;A3X X describes the
decay A1 — A3X X and A; is kinematically stable if m(A1) < 2mx + m(A3). Note this
stability of A arises from kinematics rather than from any additional modification of the
dark symmetry. One indication of this can be seen by comparing the dark charges of the
stable particle. In the first case A; carries dark charge S = —2, whereas in the second case
A3 does not carry any dark charge S = 0.

To summarize, this chapter has examined a realistic model of vector dark matter
that includes tree-level neutrino masses based on the inverse seesaw. The 125 GeV particle

is an electroweak scalar that mixes only slightly with its scalar counterpart in the dark

sector.
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Chapter 7

Supersymmetric U(1)y Gauge

Extension

7.1 Outline of the Model

The original motivation for the analysis of this chapter was the suggestion of a 750
GeV diphoton excess based on preliminary LHC measurements |64, 65]. The importance of
this event was the hope that it was the first solid glimpse into physics beyond the SM. Since
that time many papers have appeared in response to this issue. Very recent updates |66,
67) report that the intial LHC results were most likely due to statistical fluctuations, which
was of course also widely suspected from the begining. Nonetheless, the diphoton analysis
for the model considered in this chapter may still be valuable should a similar phenomenon
reappear as the LHC run continues. Independent of this aspect, another important outcome

of this chapter is the relaxation of the standard supersymmetric constraints on the Higgs
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boson mass of 125 GeV. This chapter is based on the work previously published in Ref. [6],
where further details may be found that are not included here.

The LHC diphoton data do not show any significant excesses in the dijet, massive
diboson or tt channels. This strongly suggests that for an explanation due to a resonance,
the new particle is neutral under the SM gauge group and has spin 0 or spin 2, with
suppressed decays into massive electroweak gauge bosons and SM fermions [68]. For the
model outlined in this chapter, this precisely describes the complex scalars S1 23 and their
interactions with the new vectorlike fermions U, D which are colored singlets. These particles
are essential ingredients in this model for a unique pattern of anomaly cancellation, and
were not invented after the fact to explain the diphoton excess.

For background, recall that the SM is an excellent reference model even though it
treats neutrinos as massless. Similarly, the well-known minimal supersymmetric standard
model (MSSM) is a popular reference model even though it treats neutrinos as massless.
The main appeal of supersymmetric models is their ability to greatly alleviate the hierarchy
problem, which is the question of why scalar masses near the electroweak scale should
remain small when they receive large radiative corrections from a higher mass scale. In
the SM by itself, there is no hierarchy problem because there is no hierarchy, that is, the
electroweak scale in the only mass scale the theory. The problem arises when the SM is
embedded into any broader framework that introduces a higher mass scale, for example,
implementing the canonical or inverse seesaw mechanism for neutrinos introduces a large
fermion invariant mass. The most realistic models consider the very high Planck scale,

which introduces enormous radiative corrections. In spite of the advantage offered by the
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MSSM and other supersymmetric models, there is one shortcoming, which is the u problem.
This is the question of why the dimensionful y coupling in the Higgs sector should be so
close the mass scale of soft supersymmetry breaking. On general grounds, these scales are
expected to have very different physical origins, and yet for the correct phenomenology they
must both be close to the electroweak scale.

The particular model which is the subject of this chapter stems from the original
proposal [69] which is a U(1) gauge extension of the SM with supersymmetry. It includes
neutrino masses and explains the p problem. A specific version of it 70, |71] is the basis of
this chapter. Before spontaneous breaking of the gauge symmetry, the gauge group part of

the full symmetry group is

SU(3)C X SU(Q)L X U(l)y X U(l)X (71)

which shows the U(1)x gauge extension of the SM. The remaining part of the full symme-
try group involves the supersymmetric transformations between the bosonic and fermionic
fields. Details may be found in Ref. [72], which is also a good source for other aspects that
are only briefly covered below.

The particle content of the model is listed in Table and grouped by particle
type. Listed first are the SM gauge bosons and the new U(1) x gauge boson, the SM quarks,
the SM leptons and new fermions NV for neutrino masses, the two scalar Higgs doublets and
new scalars .S, and the new exotic fermions U and D. The R parity familiar from the MSSM
is defined by R = (—1)% +3B+L where j is particle spin. The corresponding superpartners

and values of R parity are indicated with a tilde. Asin the MSSM, R parity is also conserved
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R| Particle |copies| Particle |R| B L |SU@B)c |SUQ2)L| Y X
+ 9a 1 Ja -1 0 |0 8 1 0 0
+ W, 1 W, ~| o |o 1 3 0 0
- B 1 B -1 0 |o 1 1 0 0
+ Bx 1 Bx —1 0 |0 1 1 0 0
v g=(" 3 | Qi= (%) |-1]1/3]| 0 3 2 1/6 | 0
d dr
+ uc 3 s, —=1/3] 0 3* 1 | —2/3] 1/2
+ d° 3 5, — | =1/3] 0 3* 1 1/3 | 1/2
+| L= (”) 3 | L= (ZL) — 0 |1 1 2 | -1/2| 1/3
e €r
+ e 3 G - 0 | -1 1 1 1 | 1/6
- N© 3 N, ~ 0o |-1] 1 1 0 | 1/6
#° _ 40
+ ¢1:< 5) 1 ¢1:<{> -1 0 |0 1 2 —-1/2 | -1/2
1 b1
(9 - (%
b=\ 3 1 da=(5])|-] 0 |0 1 2 1/2 | —1/2
¢3 5
+ Sy 3 Sy 1 0o |o 1 1 0 |-1/3
+ Sy 3 Sy -1 o |o 1 1 0 |-2/3
+ Ss 2 Sy 1 0 |0 1 1 0 1
- U 2 UL +1 13 |1 3 1 2/3 | —2/3
- D 1 Dy, +1/3 |1 3 1 ~1/3 | —2/3
- Ue 2 Us +|-1/3| 1] 3 1 | —2/3|-1/3
- D¢ 1 Dy +|-1/3|-1] 3* 1 1/3 | —1/3

Table 7.1: Particle content in the supersymmetric model.

in this model. It serves the same function as the discrete Zs 44, Symmetry in the previous
chapters, and the lightest neutral mass eigenstate with odd R parity is the dark matter

candidate. The number of copies (generations) is indicated separately. Except for the
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vector gauge bosons and their Majorana superpartners, generation indices are suppressed.
For the particles with SU(3)c ~ 3, 3* an additional color index is understood. The notation
used for left- and right-handed fermion fields differs from the previous chapters, and follows
the standard convention where all fermion fields are left-handed. For example e is a left-
handed electron and e€ is a right-handed positron. Their superpartners are the two complex
scalar electrons ey, and e, respectively. It is highly non-trivial to show that in this model,
all gauge anomalies cancel.

The supersymmetric Lagrangian terms can be obtained in a lengthy but relatively
straightforward way. Alternatively, the formalism of superfields can be used, where the tilde
is not written and the context determines whether the tilde is implied or not. For example,
the superfield e stands for either e or €7, and e stands for either e® or €, depending on the
calculation involved. The auxiliary device used to obtain the Lagrangian terms involves the
concept of the superpotential. The allowed superpotential terms for this model are listed
in Table [7.2] which will be referred to throughout this chapter. The terms affected by the
VEVs produce masses for fermions and mass mixings for scalars, as well as interactions.
The terms without VEVs produce interactions including decays of the scalar leptoquarks
U and D.

There is currently no direct evidence for the existence of the superpartners, which
would have the same mass as the known particles if supersymmetry were exact. Therefore
at the low energy scales available in experiments, a valid description must incorporate
some kind of supersymmetry breaking. The spontaneous breaking of supersymmetry at

some high energy scale is usually considered ideal, but for phenomenological purposes it is
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Superfields scalar VEV Particle Particle
Quopo <¢)g> wu® Dirac masses uruy, scalar
Qd¢¢q <¢(1)> dd® Dirac masses (;ZVLJ} scalar
Lefon <¢(1)> ee® Dirac masses erey, scalar
LN¢gpsy <¢>8> vN¢ Dirac masses DLJ\E*{ scalar
SsUU* (S3) UU*® Dirac masses ﬁLﬁ}% scalar
S3D D¢ (Ss3) D D¢ Dirac masses ﬁLﬁE scalar
N°N¢S; (S1) N°N°¢ Majorana masses ]\Nf;‘zﬁjg scalar Re, Im
515253 (S1),(S2), (S3) S;S; scalar Re, Im §Z§] Majorana masses
S3d1 9 (S3), <q5(1]> , <¢8> G102 , S3¢; scalar 51% fermion masses
u*NeU 0 vu U

u®eD 0 eu ++ D

d°N°D 0 vd < D

QLD¢ 0 eu, vd D

Table 7.2: Superpotential terms in the supersymmetric model.

customary to parametrize our ignorance of how supersymmetry breaking occurs by including
explicit soft breaking terms in the Lagrangian. These soft-breaking terms include tree-level
mass terms for the scalar particles and the fermionic gauginos (the superpartners of the
gauge bosons). Consistency then requires that corresponding terms should appear in the
superpotential. For this model, the superpotential only contains terms that are trilinear in
the superfields. Note that in the MSSM, the bilinear superpotential term ¢;¢s is allowed
by gauge invariance |73|, but here it is forbidden by the U(1)x gauge charges. So in this
model all masses originate from soft supersymmetry breaking. This explains why the VEVs

responsible for the spontaneous symmetry breaking scales of SU(2) x U(1)y and U(1)x
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are not far from the breaking scale of supersymmetry. In this model, there are five scalar

VEVs, two from the Higgses ¢V, and three from the first copies of S 23
1,2 2,

o= (e1)
v = (¢3)
ur = (S1)
uy = ()
ug = (S3) (7.2)

7.2 Quarks, Leptons and Neutrinos

It is clear from the terms in the superpotential that the SM quarks and leptons
receive Dirac masses from the VEVs vy 2 as in the MSSM. It is also clear that the neutrino

mass matrix for each generation is of the form

(Va Nc) 0 mp e
Loy = — + h.c (7.3)
mp MmN N
where mp comes from vy and mpy comes from wuq. This is the canonical seesaw, where a

small neutrino mass results from a small Dirac mass mp compared to a large Majorana

mass my.

7.3 Gauge Bosons

When the three VEVs (S 2.3) become nonzero, they give the new Zx gauge boson

mass. When the two VEVs <q§(1]72> become nonzero, they give the Z gauge boson mass, and
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give further contributions to Zx mass, and also produce off-diagonal terms in the mass-
squared matrix that mixes Z and Zx. The mass-squared matrix determines the physical
vector particles. Precision electroweak measurements require Z and Zx mixing to be very

small |74], which in this model translates to

1

U1 V2

= (174 GeV)/V2 = 123 GeV (7.4)

which will be assumed in the following. As will be mentioned shortly, in the MSSM this
corresponds to the parameter choice tan = vy /vy ~ 1.

There are also experimental limits on the decays Zx — [7I". To check these,
we use the following mass estimates. We take the SM quarks and leptons to be massless,
we take all the scalar quarks to have mass 800 GeV, and we take all the scalar leptons to
have mass 500 GeV. We take the exotic U, D fermions to have masses 400 GeV so they
can explain the diphoton excess, which will be discussed in the last section. We take one
of the pseudo-Dirac fermions coming from a linear combination of S; and Sy to have mass
200 GeV so it can be the dark matter candidate, as will be discussed. Finally, we take the

U(1)x coupling to be gx ~ 0.5. This gives |6] a lower bound of mz, ~ 3 TeV.

7.4 Scalars

As mentioned earlier, all scalar particles obtain explicit mass terms due to soft
symmetry breaking. Along with the VEVs of spontaneous symmetry breaking, these de-

termine the physical masses after mixing has been taken into account. Consider the scalar

125



quarks and scalar leptons. The approximate range of their physical masses has been quoted
above. Consider the exotic scalars U, r.r and 15,;’ r.- They are leptoquarks and decay into
ordinary quarks and leptons based on the form of the superpotential terms. Consider the
neutral S scalars that do not have any VEV. The second and third copies of 512 are as-
sumed to be heavy enough so they have not yet been discovered. The second copy of S5 will
be the key ingredient to explain the diphoton excess, to be discussed in the next section.

The remaining scalars are examined below. We calculate or estimate the physical
particles to be given by approximate linear combinations of the interaction states listed in
the particle content Table [7.1] In the following tabular equations, the first entry is the
numerical mass or a description. Coefficients are not normalized, and null coefficients are
indicated by 0 or left blank. Very small coefficients are indicated by a dot. Coefficients that
are generically nonzero are denoted by =x.

The two charged Higgs scalars give one Goldstone and one physical charged Higgs.
For the neutral scalars, the real components will in general mix, but we require that the

Re(¢Y,) sector be isolated from the Re(S 23) sector, which requires
1,2 2,
Uy = \/iUg (75)

This gives the two physical real scalar Higgses h, H where h is to be identified with the
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125 GeV particle, and three other physical real scalars

¢f  ¢5 | Re(4]) Re(49) | Re(S1) Re(S2) Re(S3)
Goldstone  G* | 1 1
scalar HT| -1 1
125 GeV h 1 1
heavy H -1 1
scalar x x x
scalar x x T
scalar x x T
(7.6)

The case when there is small mixing, indicated by the dots, will be referred to later in

regards to the direct detection of dark matter.

For the neutral scalars, the five imaginary components give three pseudoscalars

and two Goldstones

Im(¢?) Im(49) Im(S1) Im(S2) Im(S3)
pseudoscalar A -1 1 0 0 0
pseudoscalar Aio 0 0 2 —V2 0
pseudoscalar Ag 0 0 Uug usVv/2 uzV2
Goldstone GY% 1 1 0 0 0
Goldstone Gy | v/2  —w/2 —up V2/3 —up2/3 us

(7.7)

which assumes vy ~ vy is much less than us 3. Note that A is familiar from the MSSM, but
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this model has the additional pseudoscalars Ais and Ag. It is worth mentioning that to
correctly achieve only two zero mass eigenvalues for the Goldstone modes it is necessary to
include a non-standard but otherwise technically allowed trilnear Lagrangian term of the
form given by Eq. (5.2) in Ref. [72].

Based on the physical states above, the physical Higgs mass in this model is
2
mi, = (g% +2f7 + X2) (1) (7.8)

We see that mp = 125 GeV is determined from three parameters. First, the parameter
gx = 0.5 is the gauge coupling as mentioned earlier. Second, the parameter Ay is the well-
known one-loop correction from the top quark and the associated physical scalar quarks ¢

and ?2

2,4 m- m-
o = SGEM ln< “2@) (7.9)

2 my
Third, the parameter f is the Yukawa coupling of the fSs¢i¢s term in the superpotential.

Note that the VEV uz = (S3) generates the p term

po= f(Ss) (7.10)

whereas in the MSSM p is just an explicit coupling with dimension of mass.

Taking mg ., = 1 TeV and mp = 125 GeV determines f ~ 0.5. Thus the three
parameters gx, Ao, f can easily be chosen in this model to give my = 125 GeV. This is
the relaxation of the supersymmetric constraint on the Higgs mass. That is, the MSSM
requires a large value of tan § and must also achieve m; = 125 GeV, and satisfying both

of these conditions simultaneously is difficult in the MSSM. Note that the values chosen
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for the three parameters gx, Ao, f are consistent with the earlier constraint mz, ~ 3 TeV.
For example, taking (S3) = 2 TeV and (S2) = 4 TeV gives mz, ~ 3 TeV directly from the
Z, Zx mass matrix.

The approximate mass range quoted earlier for the scalar leptons includes the
scalar neutrinos, but here we make some additional comments. The scalar neutrinos are
the only neutral scalars in this model that have odd R parity, so in principle they are
scalar dark matter candidates. In the MSSM, scalar neutrinos cannot escape dark matter
direct detection bounds due to Z exchange with nucleons. One popular way to avoid this
is to introduce mass splitting between the real and imaginary components of the complex
scalar neutrino[75]. This is what happens in this model due to lepton number violating
terms, which are analogous to the Majorana mass terms NN€ of the fermionic superpart-
ners. Here the complex scalars have corresponding mass terms N RN Rr, which combine with
the DLNE terms to determine the physical states of real scalars as linear combinations of
Re(vr,), Im(vr), Re(Ng), Im(Ng). However, as already mentioned, we assume the scalar
mass eigenvalues are greater than the mass 200 GeV of the lightest pseudo-Dirac dark

matter candidate to be discussed in the next section.

7.5 New Fermions

Consider first the charged fermions. It is clear from the terms in the superpotential
that the exotic fermions U and D receive Dirac masses from the VEV wu3. The masses
quoted earlier of 400 GeV are in the correct range to explain the diphoton excess, as will

be discussed. On the other hand, the mixing of the charged gauginos (winos) and charged
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higgsinos

W o1, 65 (7.11)
come from gauge interactions rather than the superpotential. Although they are charged,
they do not contribute to the diphoton excess because they do not couple to the S3 scalar
as discussed in the next section. Similarly, even though the gluinos are colored, they do not
couple to the S3 scalar, so they will not contribute to its production from SM gluons at the
LHC.

The remaining fermions are neutral and have odd R parity, so they are potential
dark matter candidates. Consider first the Majorana fermions S whose scalar counterparts
do not have VEVs. These are the third copies §172 and the second copies §172’3. As
mentioned earlier a specific linear combination of them will be the dark matter candidate.
As outlined in Ref. [6], the form of the mass matrix allows us to redefine the interaction

states as new linear combinations such that the physical states are

Sl S2 §1 52 §3

200 GeV S |1 1

>200CGeV  S,p | 1 -1

heavy Stev |- ) r T x
heavy ey | - . T T
heavy T I . T T

(7.12)

where the lightest S is the dark matter candidate, ng is its pseudo-Dirac companion, and
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the other heavy Majorana fermions are in the TeV range. The value of 200 GeV is chosen
in order to accommodate the invisible width of the diphoton resonance, as discussed in the
next section.

Since S is Majorana, there is no chance of direct detection from elastic scattering
off nuclei through the Zx interaction. For a spin-independent cross-section, the only hope
for direct detection is from h exchange. As listed previously in the scalar sector, we have
taken h to be approximately given by a linear combination of ¢?’2. It is clear from the
superpotential that the desired SSh interaction must come from the 515253 term, that
is, from §Z~§jSk where S), are the S scalars that have VEV. This means that the previous
requirement that the Re( ?72) sector be isolated from the Re(S1 2 3) sector must be relaxed
to give h a nonzero Si component. Details of this are given in Ref. [6], along with analysis
of direct detection and relic abundance similar to that already provided for the vector dark
matter model in the previous Chapter [6]

Finally, consider the Majorana fermions S whose scalar counterparts do have

VEVs. They mix with the fermionic partner of the U(1)x gauge boson

Bx, 83,52, 51 (7.13)
and these will mix with the neutral gauginos (bino, wino) and neutral higgsinos

B, W3, 9, 69 (7.14)

but again we take these mass eigenvalues to be heavier than 200 GeV.
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7.6 Diphoton Excess

Fig. shows the diagram for the loop contributions to explain the 750 GeV
diphoton excess based on the parton level process gg — S3 — vy. To emphasize the
structure, the particle labels show interaction states rather than physical states. The scalar
superpartners U r,r and ZNDL r will also contribute in the loop diagrams, but will not be
the focus here because the enhancement of the diphoton signal due to fermions is generally
stronger|76]. The reason for using S3 is clear from the superpotential terms S3UU® and
S3D D¢, that is, S3 is the only S particle that connects to colored fermions for its production.
The extra photonic loop connection to the charged Higgsinos from S3¢1¢9 is a bonus of the
model. The physical scalar or pseudoscalar that propagates could come from one of the
neutral S scalars that do not have any VEV, which are the second and third copies of Si o
and the second copy of S3. Or it could come from the second copy of S3. We choose the
pseudoscalar version of the second copy of S3, with physical state x. One reason for this

choice is that a pseudoscalar will not mix with the SM Higgs. Another reason is that this

U’D _________ U7D75+

Figure 7.1: Diagram for gg — S3 — 7.

132



allows the physical couplings fs, fur, fp for the physical terms X&%, xUU¢, xDDF¢ to be

independent of these fermion masses. The diphoton cross section for the LHC at 13 TeV is

given by [77]
o(pp = x —vy) = (100 pb) x (Ay TeV)? x BR(x = v7)
(6%
Ny = — Fg(md /m?
g Ty %fQ Q(mQ/mX)

(7.15)

Flz) = 2/ [arctan (@)F

where Q = U, D and the loop function F'(z) has the same origin as the digluon and diphoton

loop functions for the Higgs decays covered in Chapter [2] For the diphoton subprocess

F(x =7

BR( 7)) = T :
X
A s
L(x =vy) = GLTme

2«
Ay = — D NyQyFy(miy/m3) (7.16)

Xy

where v = U, D, 5*. We assume the total width of y is dominated by its decay to dark
matter S , which as described in the previous section is the lightest pseudo-Dirac fermion
coming from a linear combination of §1 and §2

2

T(x — 519) = E% m2 —m? (7.17)

where fg is the X§1§2 coupling. Here m, = 750 GeV for the resonance explanation of
the diphoton excess. If fg = 1.2, then I'y = 36 GeV. If fg = 0, then then I'y, <1 GeV
is dominated by x decay to two gluons. Using the measured value of the cross section

o(pp = x = vy) = 6.2£1 b for the diphoton resonance|[77], In Fig. we plot the allowed
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Figure 7.2: Parameters that explain the 750 GeV diphoton excess.

parameters for these two cases. There is also the probability for y to decay back into two
gluons as shown in Fig. so we also plot the most stringent dijet exclusion upper limit

of 2 pb from the 8 TeV data. Including important higher-order corrections moves the

UDA  >-—--c---- U,D

Figure 7.3: Diagram for gg — S3 — gg.
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dijet exclusion lines toward the allowed regions for the correct cross section but does not
compromise this analysis.

To summarize, this chapter has examined a supersymmetric U (1) x gauge extension
of the SM, with an emphasis on explaining the recent LHC diphoton excess and relaxing

the supersymmetric constraint on the Higgs mass.
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Part 111

Summary
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Chapter 8

Conclusion

We have mentioned in Chapter (1| that the SM can accommodate small fermion
masses but cannot fully explain or predict them. The radiative models studied in this
thesis have taken steps to address this.

In Part I, experimental verification of the Zs and A4 radiative models studied in
Chapters [2] and [4] is expected to come from the heavy fermions due to significant deviations
from the SM in the Yukawa sector. This is not the case for leptons, which are all light
compared to the electroweak scale, but experimental verification could come from the muon
anomalous magnetic moment contributions provided by these models. The very light neu-
trino masses in Chapter [3] and Chapter [4] are Majorana, so neutrinoless double beta decay
is one option for confirmation of these models. There is also the possibility that the new
particles could be detected or inferred from other experimental signatures.

Experimental signatures were also important in Part II. An interesting collider

signature from new particles was the main result in the Higgs triplet model for radiative
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inverse seesaw neutrino mass from Chapter 5l It has a good discovery potential at the LHC.
The tentative measurement of the 750 GeV diphoton excess was analyzed based on the new
particles from a supersymmetric model in Chapter [7] And for the vector dark matter model
in Chapter [6] there is a small cross section to be detected in underground experiments.
Most of the models considered took dark matter to be scalar, as in Chapters[3} [4]
Fermionic (Majorana) dark matter was considered in the last Chapter but either fermionic

(non-Majorana) or scalar dark matter could have been considered in Chapter
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