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Synopsis

The standard model of particle physics which is based on the local gauge invariance
of the gauge group SU(3), x SU(2); x U(1)y has been extremely successful in describ-
ing the electromagnetic, weak and strong interactions between elementary particles. The
theory has been verified to a high degree of accuracy in collider experiments such as the
Large Electron-Positron Collider (LEP) at CERN in Europe and the Tevatron at Fer-
milab, USA. The other very profound characteristic of the standard model of particle
physics is renormalizibility, which emerges because of its underlying quantum field theo-
retical description. However, although this theory gives a number of correct predictions,
there are still certain issues which it is unable to explain, hence the standard model is
considered a low energy description of some fundamental theory. The standard model of
particle physics cannot explain the observed small neutrino mass and the peculiar mix-
ing. It does not give any candidate for the dark matter of the Universe. It also fails to
explain the observed matter-antimatter asymmetry of the Universe. In addition, one of
its major theoretical drawback is the hierarchy or the naturalness problem. The Higgs
particle which is an essential ingredient of the standard model is not stable under quan-
tum corrections. There is no symmetry to protect its mass and hence the mass of the
Higgs gets a quantum correction dmy, ~ 108 GeV, assuming the validity of the standard
model up to the Planck scale. Beyond standard model physics such as supersymmetry
gives a very natural solution to the hierarchy problem. In the minimal supersymmetric
extension of the standard model, every standard model fermion/scalar is accompanied by
its scalar/fermionic superpartner and hence the scalar and fermionic contributions mutu-
ally cancel each other, stabilizing the Higgs mass. Other than this, standard model does
not give gauge coupling unification. It unifies electromagnetic and weak interaction, but
fails to unify the electroweak and strong interactions. Also, it does not include gravity.

Apart from these drawbacks, the mass hierarchy between the standard model parti-
cles is itself a puzzle. In the standard model, the left and right handed fermions interact
with the Higgs via the gauge invariant Yukawa Lagrangian and their masses are gener-
ated when the Higgs takes a non-zero vacuum expectation value. The nonzero vacuum
expectation value of the Higgs field breaks the SU(2); x U(1)y symmetry of the standard
model down to U(1),,. The fermion masses in the standard model is determined by
this nonzero vacuum expectation value and the Yukawa couplings. Although the mass
generation mechanism is the same for all the standard model fermions, still there exist
a O(109) hierarchy between the top and electron masses. With the inclusion of neutrino
mass, the hierarchy gets much enhanced. A series of outstanding experiments like solar
and atmospheric neutrino experiments, KamLAND, K2K, MINOS provide information
about the standard model neutrino mass splittings and its very peculiar mixing angles.
Combined with cosmological bound specially from WMAP data, the sum of the light neu-



trino masses are bounded within 0.19 eV while the observed solar and atmospheric mass
splitting are Am2, ~ 7.59 x 107> eV2and Am3; ~ 1072 eV? respectively. This extremely
small neutrino masses (< eV) point towards a 10'? order mass hierarchy between the top
quark and the neutrino. Unlike the mixing in the quark sector, in the leptonic sector two
of the mixing angles 6,5 and 63 are quite large (sin2 15 ~ 0.32, sin? fyg ~ 0.46) while at
present there is an upper bound on the third mixing angle 63 as sin®6;5 < 0.05. The
observed mixing angles are in very close agreement with the tribimaximal mixing pattern
where the solar mixing angle is sin? 6,5 = 0.33, reactor mixing angle sin? ;3 = 0.0 and the
atmospheric mixing angle is maximal sin? fo3 = 0.5. The maximal mixing angle 65 and
013 = 0 point towards a possible 4 — 7 symmetry in the neutrino sector. As mentioned
before, standard model of particle physics does not shed any light if there is any funda-
mental principle governing this extremely small neutrino masses as well as the peculiar
mixing. It is possible to extend the standard model by introducing gauge singlet neutrinos
and to explain the observed neutrino mass as a consequence of the Dirac type of Yukawa
interaction between this gauge singlet neutrinos, lepton doublet and the Higgs. However
to explain the eV-neutrino mass one eventually will need a Yukawa coupling which is
O(10') order of magnitude suppressed as compared to the top Yukawa coupling, thereby
again leading to another fine-tuning problem. All of these above mentioned problems
including the necessity for the “natural explanation” of the small neutrino masses and
mixing set the motivation to look for beyond standard model physics scenario.

Going beyond the standard model, seesaw mechanism can explain small neutrino
masses very naturally, without fine tuning of Yukawa couplings to extremely small values.
Considering the standard model as an effective low energy description, the only dimension-
5 operator allowed by the standard model gauge symmetry is y2%. The dimension-5
operator involving the lepton doublets and the Higgs field is generated when the heavy
modes of the fundamental theory get integrated out. After the electroweak symmetry
breaking, this dimension-5 operator gives rise to the Majorana mass term yQMUQ of the
standard model neutrino. Since suppressed by the mass scale of the integrated-out heavy
modes M, eV neutrino masses can be very naturally obtained even with large value
of the Yukawa coupling y. Seesaw mechanism in its simplest version is of three types,
depending on the heavy states which has been integrated out. type-I seesaw requires
additional standard model gauge singlet Majorana neutrino, while type-II and type-III
seesaw require SU(2) triplet Higgs and fermionic field (SU(3), singlet) with hypercharge
Y = 2 and Y = 0 respectively. While the neutrino mass generation mechanism are
identical for type-I and type-III seesaw, in type-II seesaw the neutrino mass (yj\‘%) has an
additional suppression due to the small lepton number violating coupling p. The seesaw
mechanism is well-fitted in the framework of grand unified theories. The other seesaw
mechanisms such as inverse seesaw and double seesaw require additional particles as well

as symmetries to justify the appropriate neutrino mass matrix.

In [1] we have build a model on type-III seesaw and have studied its detail phe-
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nomenology. The triplet fermions which transform as an adjoint representation of SU(2),
contain two charged fermionic states (X*) and one charge neutral Majorana fermionic
states (3°). Since the type-I and type-III seesaw use different SU(2); x U(1)y repre-
sentations as the heavy modes, they offer distinct phenomenology. The gauge singlet
right handed neutrino field of type-I seesaw interacts with the lepton and Higgs via the
Yukawa Lagrangian, while its interaction with the gauge bosons is suppressed by the stan-
dard model neutrino-gauge singlet right handed neutrino mixing. Compared to this, the
SU(2), triplet fermion interacts directly with the standard model gauge bosons through
their kinetic term, as well as with the leptons and the Higgs via the Yukawa Lagrangian.
Hence for the 100 GeV mass range, the triplet fermions can be produced copiously at LHC,
opening up the possibility to test the seesaw at LHC. This 100 GeV triplet fermions can
be accommodated within the SU(5) grand unified framework, where their SU(5) origin
could be identified with 247 representation of SU(5). Non-observation of proton decay
and successful unification with this 245 demand that the SU(2) triplet component of this
24 should be of the order of few hundred GeV. Since the standard model neutrino masses
are M, ~ =Y M~'Ysv?, hence for triplet fermion mass M = O(10%) GeV, the Yukawa
coupling Yy, between the triplet fermions-Higgs doublet-leptonic doublet gets constrained
as Yy, ~ 1079 by the eV neutrino mass. We show that the large Yukawa coupling and few
hundred GeV triplet fermions are still possible with the addition of another SU(2); xU(1),
Higgs doublet to this existing setup [1].

In our model we have considered three sets of right handed triplet fermionic fields
>, and one additional Higgs doublet ®,. In addition, we also have introduced one dis-
crete Z, symmetry, softly broken by the Higgs potential. The additional Higgs field &,
(Zy odd) has the same SU(2) and U(1)y transformations as the standard model Higgs
doublet ®1(Z, even), only differing in its Z, charge assignment. Hence in the Yukawa
Lagrangian, the additional Higgs field ®, interacts only with the standard model leptons
(Z3 even) and the triplet fermions (Z; odd), whereas the standard model Higgs ®; in-
teracts with all other standard model fermionic fields. Due to the very specific nature of
the Yukawa Lagrangian, the standard model neutrino and the triplet fermionic neutral
component mixing is governed by the vacuum expectation value v’ of the additional Higgs
doublet. Hence small vacuum expectation value v’ ~ 10~% GeV generates eV neutrino
mass, even with large O(1) Yukawa coupling Ys,. In the charged lepton sector, the mixing
between the standard model charged leptons and the triplet fermions is governed by the
Yukawa coupling Yy, and the VEV ¢/, however the standard model charged lepton masses
are determined by the large vacuum expectation value v ~ 100 GeV of the standard
model Higgs doublet. In this model the quark sector remains the same as the standard
model and the quark masses are governed by the same vacuum expectation value v. The
choice of the small vacuum expectation value of the additional Higgs field has a signif-
icant impact on determining the Higgs mass spectra and the mixing angle between the
neutral Higgses. With two Higgs doublets the Higgs sector in our model is enriched with
five physical degrees of freedom (H°, h° A° H¥). Working within the framework of a
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softly broken Z, symmetry, the mass of the light Higgs h° is determined by the standard
model Higgs vacuum expectation value (v ~ 10? GeV) as well as by the extent of the Z,
symmetry breaking coupling A5, whereas all the other Higgs masses are governed by the
standard model Higgs vacuum expectation value v. Hence, in our model it is possible to
accommodate a light Higgs state h’. However, the presence of the light Higgs does not
violate the LEP bound, due to the vanishing Z — Z — h° coupling. Due to the order of
magnitude difference between the two vacuum expectation values v and v’, the mixing
angle o between the two neutral Higgs h” and H? is proportional to the ratio of the two
vacuum expectation values (tan = %) and is extremely small tan 2a ~ tan 3 ~ 107°.

As compared to the type-I seesaw, type-I1I seesaw offers much richer phenomenology
due to its direct interactions with the leptons, Higgs and also with the gauge bosons.
Triplet fermion production at the LHC is mostly governed by the gauge boson mediated
partonic subprocesses. Once produced, the triplet fermion can decay to different final
state particles such as to a lepton+Higgs or to a lepton+ gauge boson. In our model,
due to the large Yukawa coupling Yy, and small value of the mixing angle a as well as
tan 3, the triplet fermions (X%, X° ) decay predominantly into standard model leptons
along with the neutral and charged Higgses h®, A°, H*. The other decay modes where
triplet fermions decay into a standard model lepton along with the neutral Higgs H or
the standard model gauge bosons is highly suppressed. The dominant decay of the triplet
fermion into a standard model lepton and a Higgs h°, A%, H¥ is 10! times larger compared
to the one Higgs doublet type-III seesaw scenario. Another feature of our model is that
it is possible to relate the neutrino phenomenology with the triplet fermions decay. In
particular, the exact or approximate p — 7 symmetry in the neutrino sector distinguishes
among the different leptonic states when the triplet fermion decays into a standard model
lepton and a Higgs. The p —7 symmetry in the neutrino sector provide equal opportunity
to u and 7 states to be the leptonic final states, whereas it forbids the electron state e. In
the Higgs sector, the different Higgs decay modes are governed by the Yukawa couplings
and also by the small mixing angle o as well as tan 8. The neutral Higgs predominantly
decays to 2b while the dominant decay mode for the charged Higgs H* is H* — W=h'.
Other than this, a distinctive feature of our model is the displaced vertex of the Higgs
h°. Unlike the type-III seesaw with one Higgs doublet, in our model the triplet fermions
do not have any displaced vertex. The type-IIl seesaw with two Higgs doublet can be
verified at LHC via the different collider signatures which this model offers.

The observed data on solar and atmospheric neutrino mass splitting constraint the
number of triplet fermion generation to be minimally two. However the R-parity violating
supersymmetric framework enables a viable description of the neutrino mass and mixing
even with one generation of triplet matter chiral superfield which has R-parity —1 [2].
R-parity which is a discrete symmetry is defined as R, = (—1)3B-1+29 and has been
implemented in the minimal supersymmetric extension of the standard model to forbid
the baryon number (U°D¢D¢) and the lepton number violating (LLE¢, LQD¢) operators.
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Non-observation of proton decay constraints the simultaneous presence of lepton and
baryon number violation, however leaving some space for the individual presence of either
of these two. To accommodate the Majorana mass term of the standard model neutrino,
lepton number violation is required. Spontaneous violation of R-parity meets both ends,
it generates neutrino mass and satisfies the proton decay constraint, as in this scheme,
the R-parity violating operators are generated very selectively. In our model R-parity is
spontaneously broken by the vacuum expectation value of the different sneutrino fields.
As a consequence, only the lepton number violating bilinear operators are generated while
working in the weak basis. Sticking to the framework of the perturbative renormalizable
field theory, the baryon number violating operators (U cﬁcﬁc) would never be generated,
hence naturally satisfying the proton decay constraint. Because of the R-parity violation,
the standard model neutrinos v; mix with the triplet fermion 3°, as well as with the
Higgsino izg and gauginos 5\870. Hence, in our model we have a 8 x 8 color and charge
neutral fermionic mass matrix. With one generation of the triplet matter chiral superfield
and the R-parity violation, two of the standard model neutrino masses can be generated
as a consequence of the conventional seesaw along with the gaugino seesaw, while the
third neutrino still remains massless. Hence, in this scenario viable neutrino masses
and mixings are possible to achieve. In addition, the standard model charged leptons
(I%), triplet fermions (%) and the charginos (A%, ﬁf ;) mixing is also determined by the
different R-parity violating vacuum expectation values, as well as the different couplings
of the superpotential. Hence, the charged lepton mass matrix is an extended 6 x 6 matrix.
In our model the spontaneous violation of R-parity is not associated with any global U(1)
lepton number breaking. Hence, the spontaneous R-parity violation does not bring any
problem of Majoron.

While the smallness of the neutrino mass can be explained via the seesaw mecha-
nism, the very particular mixing of the standard model neutrinos can be well explained by
invoking a suitable flavor symmetry. Among the widely used flavor symmetry groups, A4
and S3 are very promising ones. Ay is an alternating group where the group elements cor-
respond to even permutation of four objects. This symmetry group has three different one
dimensional ( 1,1" and 1”) and two three dimensional irreducible representations, and has
one Z5 and Z3 subgroups. The symmetry group A4 can be used to produce the tribimax-
imal mixing and viable neutrino mass splitting by introducing additional standard model
gauge singlet Higgs fields, which transform as three as well as one dimensional irreducible
representation of A, [3]. These gauge singlet Higgs fields which are charged under the
flavor symmetry group are denoted as flavon. In our model [3] we have two flavon fields
¢sr which transform as three dimensional irreducible representation of the group A4. In
addition, we also have three other flavons &, £, £” which transform as 1, 1’ and 1” respec-
tively. The Lagrangian describing the Yukawa interaction between the different standard
model leptons, Higgs and the flavons follows the effective field theoretical description. The
different flavon fields take the vacuum expectation values, thereby resulting in a sponta-
neous breaking of the symmetry group A4. The Ay triplet field ¢g can alone generate the



tribimaximal mixing in the neutrino sector if all the vacuum expectation values v;, of its
component fields are equal. However it gives the atmospheric mass splitting Am2; = 0,
and hence is clearly incompatible with the neutrino oscillation data. To generate viable
neutrino mass splittings in association with tribimaximal mixing, the one dimensional
representations has to be included. Although the representation 1 is the minimalistic
choice to recover the correct mass, this particular choice ends up with a severe fine-tuning
between the different parameters of the theory. Other than this, the normal hierarchy
(Am3, > 0) between the standard model neutrino masses is the only allowed possibility.
The fine-tuning between the parameters can be reduced by introducing additional one
dimensional flavon fields ¢’ and £”. Along with the triplet ¢g, the combination of the one
dimensional flavon fields (¢, £”) and (€, &, £”), and with certain relations between the
different vacuum expectation values and Yukawa couplings generate tribimaximal mixing
as well as viable mass splittings. In this set up both normal (Am32, > 0) and inverted
(Am3, < 0) hierarchies are possible. Deviation from the particular relations between the
different Higgs vacuum expectation values and Yukawa couplings will lead to deviation
from tribimaximal mixing. In the charged lepton sector the diagonal charged lepton mass
matrix emerges as a consequence of an additional discrete symmetry Zs, as well as the
vacuum alignment of the flavon field ¢.

The symmetry group S5 is a permutation group of three objects and is the smallest
non-abelian symmetry group. This group has two distinct one dimensional and one two
dimensional irreducible representations, along with one Z3 and three Z, subgroups. In [4]
we have constructed a flavor model based on the symmetry group Ss, which reproduces
the observed neutrino mass and mixing, as well as the standard model charged lepton mass
hierarchy. We use two SU(2) Higgs triplets (A) with hypercharge Y = 2, arranged in a
doublet of S3, and the standard model singlet Higgs (¢, &) which are also put as doublets
of S3. Due to the appropriate charge assignment under additional discrete symmetry
groups Z, and Z3, the flavon ¢. enters only in the charged lepton Yukaw Lagrangian,
whereas the other flavon & enters both in the neutrino as well as in the charged lepton
Yukawa interaction. The Higgs triplets A and the flavon field £ take vacuum expectation
value, and generate standard model neutrino masses. To reproduce the observed lepton
masses and mixings, the symmetry group S5 has to be broken such that the neutrino sector
contains the exact/approximate Z, symmetry along the v, —v, direction, while it is broken
down maximally in the charged lepton sector. This particular feature is achieved by the
vacuum alignments of the different Higgs fields A, ¢. and &. Exact pu — 7 symmetry
in the neutrino mass matrix is achieved as a consequence of the vacuum alignments
(A1) = (Ay) and (&1) = (&), otherwise resulting in mildly broken p— 7 symmetry. These
vacuum alignments have been discussed in the scalar potential. The mild breaking p — 7
symmetry opens up the possibility of CP violation in the leptonic sector. The charged
lepton sector offers very tiny contribution to the physically observed PMNS mixing matrix,
while the main contribution comes from the neutrino mixing matrix. In the neutrino sector
both normal and inverted hierarchy are allowed possibilities. Since the Higgs triplet A
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interacts with the gauge bosons via their kinetic terms, they can be produced at the LHC
and then can be traced via their subsequent decays. The doubly charged Higgs can decay
to different states such as dileptons, gauge bosons, singly charged Higgs H*. In our model
the mixing between the two doubly charged Higgs is very closely related with the extent
of the p — 7 symmetry in the neutrino sector. In the exact p — 7 limit the mixing angle
¢ between the two doubly charged Higgs is § = 7, whereas mild breaking of the y — 7
symmetry results in a mild deviation 6 ~ 7. This close connection between the y — 7
symmetry and the doubly charged mixing angle significantly effects the doubly charged
Higgs-dileptonic vertices. In the exact p — 7 limit, the vertex factors H " — u — 7 and
H; " —e— e are zero, hence the doubly charged Higgs H, ™ never decays to u* +7F or to
2et states. Other than this, the non observation of the eu and er states in the dileptonic
decay of the doubly charged Higgs would possibly disfavor the inverted mass hierarchy
of the standard model neutrino. We have very briefly commented about lepton flavor

violation in our model.

vil



Bibliography

[1] Two Higgs doublet type III seesaw with ; — 7 symmetry at LHC,
P. Bandyopadhyay, S. Choubey and M. Mitra,
JHEP 0910, 012 (2009) [arXiv:0906.5330 [hep-ph]].

[2] Spontaneous R-parity violating type III seesaw,
S. Choubey and M. Mitra,
JHEP 1005, 021 (2010) [arXiv:0911.2030 [hep-ph]].

[3] A4 flavor symmetry and neutrino phenomenology,
B. Brahmachari, S. Choubey and M. Mitra,
Phys. Rev. D 77, 073008 (2008) [arXiv:0801.3554 [hep-ph]].

[4] Lepton masses in a minimal model with triplet Higgs bosons and
S; flavor symmetry,
M. Mitra and S. Choubey,
Phys. Rev. D 78, 115014 (2008) [arXiv:0806.3254 [hep-ph]].

viil



Publication and Preprints

1. Two Higgs doublet type III seesaw with y — 7 symmetry at LHC,
P. Bandyopadhyay, S. Choubey and M. Mitra,
JHEP 0910, 012 (2009) [arXiv:0906.5330 [hep-ph]].

2. Spontaneous R-parity violating type III seesaw,
S. Choubey and M. Mitra,
JHEP 1005, 021 (2010) [arXiv:0911.2030 [hep-ph]].

3. A4 flavor symmetry and neutrino phenomenology,
B. Brahmachari, S. Choubey and M. Mitra,
Phys. Rev. D 77, 073008 (2008) [arXiv:0801.3554 [hep-ph]].

4. Lepton masses in a minimal model with triplet Higgs bosons and
S; flavor symmetry,
M. Mitra and S. Choubey,
Phys. Rev. D 78, 115014 (2008) [arXiv:0806.3254 [hep-ph]].

5. Spontaneous R-Parity Violation, A; Flavor Symmetry and Tribimaximal
Mixing ', M. Mitra, arXiv:0912.5291 [hep-ph].

INot included in the thesis

X






Contents

3.3
3.4
3.5

1 Introduction
1.1 Standard Model of Particle Physics . . . . . .. ... ... ... ... ...
1.1.1 Higgs Mechanism and Fermion Mass . . . .. .. .. .. ... ...
1.2 Problems of the Standard Model . . . . . . . . .. ... .. ... ... ...
1.3  Minimal Supersymmetric Standard Model . . . . . . . ... .. ... ...
2 Neutrino Mass and Mixing
2.1 Flavor Mixing and Neutrino Oscillation . . . . . . . ... . ... ... ...
2.2 Neutrino Mass . . . . . . . . . .
221 Dirac Mass . . . . . . .
2.2.2 Majorana Mass and Seesaw . . . . . ... ... L.
2.2.3  Supersymmetric Seesaw . . . . ... ..o
2.2.4  Seesaw and Grand Unified Theory . . . . . . . . .. ... ... ...
2.3 Flavor Symmetry . . . . . . ..o
2.3.1 The Flavor Symmetry Group Ay . . . . . . . . . .. ... ...
2.3.2 The Flavor Symmetry Group Ss . . . . . . . . . . .. .. ... ...
3 Two Higgs Doublet Type-11I Seesaw
3.1 Imtroduction . . . . . . . ...
3.2 Yukawa Couplings and Lepton Masses and Mixing . . . . . . .. ... ...

A p-1 Symmetric Model . . . ..o
Heavy Fermion Production at LHC . . . . . . ... ... ... ... ... ..
Heavy Fermion Decays . . . . . . . . . . .. .. ... . ...
3.5.1 Decay to Light Leptons and Higgs . . . . . . .. ... ... .. ...
3.5.2  Decay to Light Leptons and Vector Bosons . . . . . . .. . ... ..
3.5.3 Comparing s/ Decays to Higgs and Gauge Bosons . . . . . . ..

X1

15
16
19
20
20
23
23
25
25
27



3.5.4 Comparison Between One and Two Higgs Doublet Models . . . . .
3.5.5  Flavor Structure and the Decay Branching Ratios . . . . . . .. ..
3.6 Higgs Decay . . . . . . . . .
3.7 Displaced h® Decay Vertex . . . . . . . . . . . ... ... ...
3.8 Model Signatures at the LHC . . . . . . . . ... ... .. ... ... ...
3.8.1 Signatures from XX~ decays . . . ... ...
3.8.2 YEYXOdecay . ... ...
3.8.3 Backgrounds. . . . . .. ...

3.9 Conclusions . . . . . . . .,

R Parity Violation and Neutrino Mass

4.1 Introduction . . . . . . . ...
4.2 The Model . . . . . . . . .
4.3 Symmetry Breaking . . . .. ... oo
4.4 Neutralino-Neutrino Mass Matrix . . . . . ... .. ... ... ... ....
4.5 Chargino-Charged Lepton Mass Matrix . . . . . . . . ... ... ... ...
4.6 Neutrino Mass and Mixing . . . . . . .. .. .. .. o oo
4.7 Collider Signature . . . . . . . . ..o

4.8 Conclusion . . . . . . . s,

A4 Flavor Symmetry and Neutrino Phenomenology

5.1 Imtroduction . . . . . . . ..

5.2 Overview of the Model . . . . . .. .. ...

5.3 Number of One Dimensional Higgs Representations and their VEVs . . .
5.3.1 No One Dimensional Ay Higgs . . . . . .. ... ... .. ... ...
5.3.2  Only One One-Dimensional A4 Higgs . . . . .. .. ... ... ...
5.3.3 Two One-Dimensional A4 Higgs . . . . . .. ... ... ... ....
5.3.4 Three One-Dimensional Ay Higgs . . . . . . .. ... .. ... ...

5.4 Vacuum Alignment of the Triplet Higgs . . . . . . . . .. ... .. ... ..

5.5 Conclusions . . . . . . . .,

S; Flavor Symmetry and Lepton Mass and Mixing

6.1 Introduction . . . . . . . . . ...

6.2 The Model . . . . . . . . . .
6.2.1 Neutrino Masses and Mixing . . . . . . . . . . .. .. ... ... ..

xii

89
89
92
94
97
99
99
103
106

119
119
121

. 123

123
125
127
130
135
136



6.2.2 Charged Lepton Masses and Mixing . . . . . . . .. ... ... ... 149

6.3 Phenomenology . . . . . . . .. 150
6.3.1 Exact g — 7 Symmetry Limit . . . . . ... ..o 150

6.3.2 Mildly Broken g — 7 Symmetry Limit . . . . . ... ... ... ... 154

6.3.3 Collider Signature and Lepton Flavor Violation . . . .. . ... .. 156

6.4 The Vacuum Expectation Values . . . . ... .. ... ... ... ..... 160
6.5 Conclusions . . . . . . . . . 164

7 Conclusion 169

xiil









xXvi



Chapter 1

Introduction

1.1 Standard Model of Particle Physics

The standard model of particle physics, established by Glashow-Weinberg-Salam [1, 2]
in the 1960’s has been extremely successful in decscribing the microscopic nature of the
elementary particles. The model is based on the gauge group SU(3)cx SU(2),x U(1)y
and successfully unifies the electromagnetic and weak interaction of nature. The fermionic
particle contents of the standard model and their transformation properties under the
standard model gauge group are the following,

QL= (Zj) =(3,2,3), ur=(3,1,5), dr = (3,1, -3),
and

L= :L) =(1,2,-1), eg = (1,1, -2).
L
In the standard model there are 12 gauge bosons and three family of fermions. The gauge

fields of the standard model are the gauge bosons Wj, B,, and the gluons G, where i, v
are the Lorentz indices, i = 1,2,3 is the SU(2) gauge index and a = 1,..8 is the SU(3)
color index. The gauge field Lagrangian of the standard model is,

— S ww e P (1)

1=1,2,3

where the SU(2);, SU(3). and U(1)y field strengths W}, G, and B, are respectively

uv’
the following,
Wi, = 0W.—=0,W,+ ge*WIW},
Go, = 0,G8— 8,G% + g f*GGE,
B, = 0,B,—0,B,. (1.2)



In the above equations the SU(2), and the SU(3)s gauge coupling constants are repre-
sented by g and g, respectively. The gauge invariance of the standard model forbids us
to write the bare mass term of the gauge bosons as,

L, =mF,F* (1.3)

where F), generically represents the gauge fields W;i, B, and G};. The term in Eq. (1.3)
does not respect the gauge symmetry and hence is not allowed in the theory. Therefore,
in the absence of any mass term of the gauge bosons, we should have twelve massless
gauge bosons in the standard model. However, it is experimentally verified to a very large
degree of accuracy through the experiments at LEP, CERN and Tevatron, Fermilab that
in nature there are three massive gauge bosons W* and Z. In the standard model, the
masses of the gauge bosons are generated by the novel Higgs mechanism via spontaneous
symmetry breaking (SSB). For this purpose an SU(2); scalar doublet with hypercharge
Y = +1 which is SU(3) gauge singlet has been included in the standard model. The Higgs
spontaneously breaks the electroweak subgroup of the standard model gauge group to an
U(1)em subgroup, thereby generating three massive gauge bosons. We discuss the Higgs
mechanism and fermion mass generation in the following subsection.

1.1.1 Higgs Mechanism and Fermion Mass

In the standard model the Higgs which is an SU(2); complex scalar doublet with hyper-
charge Y = +1 is denoted as,
o+

and transforms as (1,2, +1) under the standard model gauge group SU(3), x SU(2),, x
U(1)y. The neutral component of Higgs takes vacuum expectation value (VEV) v, break-
ing the SU(2); xU(1)y — U(1),,, spontaneously. The spontaneous breaking of the contin-
uous gauge symmetry generates three massive gauge bosons Wf and Z, [3]. The photon
A, and the gluon G, remain massless due to the U(1),, symmetry and the unbroken
SU(3) symmetry. The gauge-invariant Lagrangian of the scalar field is,

£ = (D*H) (D, H) - V(H), (15)
where the covariant derivative D" is
) oy
D.H = (9, — %gwg.fﬂ - ZTHg’BH)H. (1.6)

In the above equation 77 are the Pauli matrices, Y is the hypercharge of the Higgs field
and ¢ and ¢’ are the SU(2); and U(1) coupling constants. The potential of the Higgs
field H is

V(H)=—p?H'H + \(H'H)?. (1.7)
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For positive u? and X, the Higgs field takes non-zero VEV v

oo = (9): =4 19)

The gauge boson masses are generated from the first term of Eq. (1.5) and are the
following,

L=MyWiw="+ %MﬁZMZ“, (1.9)
with
e WhEw
M \/§ )
M, = g, (1.10)
and

Z,, = cos HWW;:’ — sin 0w B,,,

/ 2(.2 /2
gy =Lz = S (1.11)
g 2

The angle of rotation Oy, is refereed as Weinberg angle and is related to the masses of the

W and Z gauge bosons as,

My,
=1. 1.12
MZ cos? Oy, (1.12)

The ratio #VZVQGW is defined as the p parameter. Experimentally the measured value of
zZ

the Weinbery angle is sin” @y = 0.23 [4]. The other linear combination of W2 and B, is

the photon A,

A, = cos QWW;;5 +sin 0w B,, (1.13)

which remain massless due to the U(1).,, invariance. The vacuum expectation value v is
v ~ 174 GeV in order to match the observed W and Z bosons masses, My ~ 80.4 GeV
and Mz ~ 91.19 GeV [4].

The Higgs gives masses not only to the gauge bosons, but also to the standard model
fermions. Similar to the gauge bosons, one cannot write a bare mass term of the standard
model fermions, because the bare mass term does not respect the gauge symmetry of the
standard model. The fermion masses in the standard model are generated through the
Yukawa Lagrangian which is

—Lyup =Y LHep +Y"Q, Hug + Y?Q, Hdp + h.c, (1.14)
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where H = im,H*. The electron, up quark and down quark masses are generated from
the above equation and are respectively the following,

me = Y; my, = Y%; myg =Y %. (1.15)

The neutrino has been considered massless in the standard model.

1.2 Problems of the Standard Model

Standard model gives a definite quantum description of the elementary particles. The
model gives many successful predictions. For example, it predicts the existence of three
massive gauge bosons which have experimentally been verified in LEP experiments at
CERN, Geneva [5]. In addition, it predicts nine massless gauge bosons and the existence
of massive quarks and leptons. Among its different successes one major success is the
top quark discovery. Standard model predicted the existence of the top quark before it
was discovered. The top quark was later observed at the Tevatron [6]. The electroweak
properties of the standard model have been verified to a large degree of accuracy in
experiments such as LEP and Tevatron [5,6]. However,there are many issues which this
theory does not explain or address. Here we list a few of them:

e A series of outstanding experiments like solar and atmospheric neutrino experiments,
KamLAND, K2K, MINOS, CHOOZ provide information about the standard model
neutrino mass splittings and its very peculiar mixing angles. Combined with cosmo-
logical bound specially from WMAP data, the sum of the light neutrino masses are
bounded to 0.19 eV [7], while the observed solar and atmospheric mass splitting are
Am3, ~ 1070 eV2and AmZ, ~ 1072 eV? respectively. This extremely small neutrino
masses (< eV) point towards a 10'? order mass hierarchy between the top quark
and the neutrino. Other than the extremely small neutrino masses, the mixing in
the leptonic sector is also a puzzle. Unlike the mixing in the quark sector, in the
leptonic sector two of the mixing angles 615 and 6o are quite large (sin” 65 ~ 0.32,
sin? 03 ~ 0.46) [8] while at present there is an upper bound on the third mixing
angle 03 as sin® 13 < 0.05 at 30 Confidence Level (C.L) [8]. The observed mixing
angles are in very close agreement with the tribimaximal mixing [9] pattern where
the solar mixing angle is sin®#;, = 0.33, reactor mixing angle sin ;5 = 0.0 and the
atmospheric mixing angle is maximal sin? 53 = 0.5. The maximal mixing angle 0a5
and 613 = 0 points towards a possible ; — 7 symmetry [10] in the neutrino sector.
The standard model of particle physics does not have any neutrino mass itself. In
addition, the standard model does not shed any light if there is any fundamental
principle governing this extremely small neutrino masses as well as the peculiar
mixing. It is possible to extend the standard model by introducing gauge singlet
neutrinos and to explain the observed neutrino mass as a consequence of the Dirac
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type of Yukawa interaction between this gauge singlet neutrinos, lepton doublet
and the Higgs. However to explain the eV-neutrino mass one eventually will need
a Yukawa which is O(10'?) order of magnitude suppressed as compared to the top
Yukawa, thereby leading to a fine-tuning problem. If the neutrino is a Majorana
particle, then there is a very natural explanation to the smallness of the neutrino
mass, which is the novel seesaw mechanism. The neutrino mass in this mechanism is
generated from a dimension-5 operator and naturally suppressed by the mass scale
of the new physics. The origin of such a higher dimensional operator requires some
more ingredient than the standard model physics. We discuss in detail about the
neutrino oscillation and mass generation in the next chapter.

The fermion mass hierarchy is a puzzle in nature. In the standard model, all the
fermion masses are generated identically, from a gauge invariant Yukawa Lagrangian.
Still we have a O(10°) order of magnitude mass hierarchy between top quark and
electron masses. With the evidence of non-zero neutrino masses which are eV or-
der, the hierarchy increases to @(10'?). The standard model does not provide any
answer to the mass hierarchy puzzle. Apart from this, there are 19 free parame-
ters in the standard model. These are three lepton masses, six quark masses, three
CKM mixing angles, one CP violating phase dcx s, three gauge coupling constants
g, ¢ and gg, the QCD vacuum angle fgcp, the Higgs quadratic coupling p and
self interacting Higgs quartic coupling A\. Except for the couplings p and A, the
numerical values of all other parameters were fixed by experimental observation.
With the inclusion of the neutrino mass, the number of free parameters increases
even further. But, the standard model does not give any theoretical predictions for
these parameters.

One of the major theoretical drawback of the standard model is the hierarchy or
the naturalness problem. The Higgs particle which is an essential ingredient of the
standard model is not stable under quantum corrections. In the standard model
the Higgs mass is not protected by any symmetry and the one loop correction to
the Higgs mass is quadratically divergent. The one loop correction to the Higgs
mass goes as AZy,, where the Ayy is the cut-off scale beyond which new physics
is expected. Considering the validity of the standard model upto the Planck scale,
the Higgs mass gets a quantum correction O(10'®) GeV [11,12]. Beyond standard
model physics such as supersymmetry [11-13] gives a very natural solution to the
hierarchy problem. We will discuss in detail the hierarchy problem and the minimal
supersymmetric standard model in the next section.

Cosmological and astrophysical observation suggest [14, 15] that the total matter
density of the universe is Q3;h% ~ 0.13, while the observed baryonic matter density
is Q,h? ~ 0.02. Taken together, these observations strongly lead us to the conclusion
that 80-85% [16] of the matter in the universe is non-luminous and non-baryonic
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dark matter. The standard model can not explain this dark matter abundance.
Beyond standard model physics, for example minimal supersymmetric standard
model provide a natural dark matter candidate.

The universe is made by matter and not by antimatter. The observed value of the
baryon asymmetry from the WMAP data and primordial nuclear abundance gives
evidence for the matter and antimatter asymmetry Z—f = (6.1+0.3) x 10710 [17]. If
the universe has been started with a matter-antimatter symmetric state, then this
baryon asymmetry is indeed a puzzle which the standard model cannot explain.
The explanation certainly needs beyond standard model physics. One of the novel
mechanism which can explain the baryon asymmetry of the universe is leptogenesis
[18], which is inherently linked with the Majorana neutrino mass generation scheme,
1.e the novel seesaw mechanism. In leptogenesis the lepton asymmetry is generated
in the decay of standard model gauge singlet states( also SU(2) triplet states [19,
20]) [21], which gets converted into baryon asymmetry due to the presence of non-
purturvative sphalaron transitions [22]. The same gauge singlet or SU(2) triplet
fields generate the dimension-5 operator from which Majorana neutrino mass is
generated. The detail about leptogenesis can be found in [17,23].

From experiments we know there are three generations of fermions in the stan-
dard model. However, theoretically standard model does not shed any light on the
fermion generations.

Aesthetically, we would like to have unification of the fundamental forces of nature.
In nature we have the gravitational interaction, electromagnetic interaction, weak
and strong interaction. Standard model unifies electromagnetic and weak interac-
tion. But it fails to unify the other forces with the electroweak one and also it does
not give a quantum description of gravity.

These above mentioned problems motivate one to look for beyond standard model

physics scenarios. In the next section we discuss the minimal supersymmetric standard
model. In chapter 2 we discuss the neutrino oscillation and neutrino mass generation in
detail.

1.3 Minimal Supersymmetric Standard Model

Supersymmetry is a symmetry that transforms a boson into a fermion and vice versa.
The main phenomenological motivation to extend the standard model into the minimal
supersymmetric standard model lies in the quadratic divergence of the Higgs mass. In
the standard model the Higgs mass is not protected by any symmetry and the one loop
correction of the Higgs mass is quadratically divergent. The fermions which have Yukawa
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interaction with the Higgs as Ay H ff, contributes to the one loop correction to the Higgs
mass as [11,12]

AP

o3 ALy + .. (1.16)

2
omi; =

where Ay is the cut-off scale beyond which the new physics is expected. Considering
the validity of the standard model upto the Planck scale, the Higgs mass gets a quantum
correction O(10'®). Cancellation of this divergences with the bare mass parameter would
require fine-tuning of order one part in 107'® rendering the theory unnatural [11,12].
This huge quantum correction due to fermionic contribution is cancelled by the scalar
contribution, if we introduce scalar particle f with the quartic interaction FIH?| f|? and
with the property Ay = |As|?. Supersymmetry is the desired symmetry which naturally

introduces a scalar particle f for the fermionic field f with the same mass and the necessary

criteria between the couplings Ay = |A¢[%. The contribution of the f scalar to the one
loop correction of the Higgs mass is the following,
(A7)
2 _ N a2

The total contribution to quadratic divergence of the Higgs mass in this case would be,

(A7 =A%)

22 Ay, (1.18)

om3; =
and hence will naturally vanish for Ay = [As[?.

The operator () that generates a supersymmetric transformation is an anticommut-
ing spinor, with

Q| Boson) = |Fermion), (1.19)
and
Q|Fermion) = |Boson) (1.20)

The hermitian conjugate of @ i.e Q' is also a supersymmetry generator. Supersymme-
try is a space-time symmetry and the possible form of supersymmetry is restricted by
Haag-Lopuszanski-Sohnius extension of the Coleman-Mandula theorem [24]. For realistic
theories like standard model, the theorem implies these following anticommutation and
commutation relations between the different generators,

{Q.Q"y = P (1.21)
{Q.Q} = {Q".Q"}=0
[P,Ql = [P"Q=0,
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where P* is the four-momentum generator of spacetime translation.

The single particle state of supersymmetric theory fall into irreducible representa-
tions of the supersymmetric algebra, called supermultiplets. Each supermultiplet contains
both fermionic and bosonic states, which are commonly known as superpartners of each
other. Each supermultiplet or superfield contains equal number of bosonic and fermionic
degrees of freedom with their masses to be equal. The supermultiplet which contains
chiral fermions and gauge bosons are denoted as chiral superfield and vector superfield,
respectively. In supersymmetry, a chiral superfield contains a Weyl fermion, a scalar and
an auxiliary scalar field component denoted as F', whereas the vector superfield consists of
the vector boson, its fermionic superpartner and an auxiliary scalar field D. Each MSSM
chiral superfield is represented as,

® = ¢+ V200 + 00F,, (1.22)

where ¢, ¢ are the scalar and fermionic fields and F, is the auxiliary field. The stan-
dard model is extended to the minimal supersymmetric standard model by introduc-
ing scalar and fermionic superpartners to each of the fermions and scalar of the stan-
dard model, respectively. The matter chiral superfield content of the MSSM and their
SU(3)s x SU(2);, x U(1)y property are as follows,

A Jpp— UZ qLi uLi e 1 A4 — I;Z — ﬂLi VLi — —
i = <Dz) <dLi sz’) =323) L= E; )~ \eL erL =121,

Us = (a5 uf)=(3,1,-2), Df~ (d di)=(3,1,2) and Ef ~ (& ) =(1,1,+2).

The Higgs chiral supermultiplets of the MSSM are,
i, = (g%) = (% Zg) ~(1,2,+1), Hy;= (gg) ~ (ZE‘ Zg) = (1,2,-1).
The gauge multiplet of the MSSM corresponds to,
Vi~ (g% §)=(8,1,0), Vi~ (W' W)=(L3,0), V~(B B)=(L1,0).
The Lagrangian of the MSSM is

c:/d29 W+/d2§W+/d29d2§K+/d29 WW+/d2§ WW, (1.23)

where K and W are the gauge invariant Kahler potential and superpotential respectively.
The form of the gauge invariant Kahler potential is as the following

K =o'V, (1.24)
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where ® is the MSSM chiral superfield which transforms non-trivially under the gauge
group with gauge coupling constant g. With all these particle contents the MSSM super-
potential is given by,

W =Wyrssyu + We,—mssar, (1.25)

where Wissy and Wy _arssu are respectively the following,

WMSSM = Y;[A{dIA/EC -+ YdﬁdQDc — YuﬁuQUc + ,uﬁufild, (126)
and
Wi, sissat = —eHul + ALLE® + NLQD® + N0 Der. (1.27)

The superpotential Wy _argsar violates a discrete symmetry known as R-parity or matter
parity. The R-parity or matter parity is defined as (—1)3F~0+25 where B, L are the
baryon, lepton number of the particle and S is the spin. Each of the standard model
particle is R-parity even and their superpartners are odd under R-parity. In other words,
the matter chiral superfield has R-parity —1 and the Higgs chiral superfield has R-parity
+1.

Since, supersymmetry predicts equality between the masses of the particles and their
superpartners and till date no superpartners of the standard model particles have been
observed, hence supersymmetry must be broken. In the minimal supersymmetric stan-
dard model the supersymmetry is broken explicitly and softly to avoid any dimensionless
quartic scalar coupling in the explicitly supersymmetry breaking Lagrangian. The soft
supersymmetry breaking Lagrangian of MSSM is,

~Liigsn = (mp)YQIQ; + (mie)Vas a5 + (mi,)Vds d§ + (m} )V LIL
(mee

)9& & +myy HiHy +m3y HiH, + (bH,H, + h.c.)
[~ A HLQuts + A HAQud + AP HAEid5 + e
1

+ o+ o+

5 (M3§§ MV 4+ MIAON 4 h.c.) . (1.28)

where ¢ and j are generation indices, m%, m% and other terms in the first two lines of
the above equation represent the mass-square of different squarks, slepton, sneutrino and
Higgs fields. In the third line the trilinear interaction terms have been written down and
in the fourth line M3, M? and M! are respectively the masses of the gluinos §, winos

AL23 and bino \°.
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Chapter 2

Neutrino Mass and Mixing

From many decades, the existence of neutrino is very well-known. In 1930 Pauli [1]
postulated the existence of a very light neutral particle neutrino to rescue the principle
of energy-momentum conservation in nuclear $-decay. After the discovery of the neutron
by James Chadwick, it was speculated that the particle which Pauli postulated could be
neutron. However, soon it was realized that the particle which Pauli proposed should
be much lighter than neutron. In 1956, Clyde Cowan and Frederick Reines [2] observed
antineutrinos, emitted by a nuclear reactor. The observed neutrino was later determined
as a partner of the electron. In 1962, muon neutrinos were observed [3]. Finally, tau
neutrinos were discovered in 2000 by the experiment DONUT at Fermilab [4], and so the
tau neutrino became the last observed particle of the standard model. Hence, with the
discovery of the tau-neutrino we have three flavors of neutrinos electron, muon and tau
neutrinos v., v, and v, in the standard model.

In the standard model the three flavors of neutrinos belong to three different doublet
representations of the gauge group SU(2); and they have hypercharge Y = —1. There is
no right handed neutrino in the standard model and hence theoretically with the particle
contents of the standard model it is not possible to generate the neutrino masses. Given
the experimental possibilities in the 60’s, when the SM was being built, no evidence of
neutrino masses were observed. Therefore the standard model with only left-handed neu-
trinos was compatible with data. However, the standard model, from 60 onwards faced
two major problems, the solar and atmospheric neutrino anomalies. In 1968, Ray Davis
detected the solar neutrinos coming from the Sun with a chlorine based detector in the
Homestake mine, USA [5]. The flux measured in this experiment was reported to be
only 1/3 of the expected one. The discrepancy originated the long-lasting ”solar neutrino
problem”. Similar discrepancy has also been observed in the flux of the muon neutrinos
coming from the Earth’s atmosphere [6]. The discrepancies in the solar as well as in the
atmospheric neutrino fluxes are possible to explain in terms of the phenomenon referred
to “neutrino oscillation” [7], the transformation of one flavor of neutrino into another
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active flavor. In recent years, several outstanding experiments have confirmed the neu-
trino oscillation. In 1998 the Super-Kamiokande [8] experiment confirmed the neutrino
oscillation in the atmospheric neutrino v,. Later, in 2002 the solar neutrino experiment
SNO [9] confirmed the solar neutrino oscillation and thus resolved the long-lasting solar
neutrino puzzle. The reactor neutrino experiment KamLAND [10] also confirmed the neu-
trino oscillation observing the disappearance of antineutrino 7,. The other long-baseline
and reactor neutrino experiments like K2K and MINOS [11] all support the oscillation
hypothesis. The neutrino oscillation has an immediate consequence that neutrinos do
possesses mass. Below we discuss the flavor mixing and neutrino oscillation in detail.

2.1 Flavor Mixing and Neutrino Oscillation

Neutrino Mixing in the 3 Flavor Scheme

A neutrino involved in EW interaction is in the flavor eigenstate. For a massive neutrino
the flavor eigenstate and the mass eigenstate are two different basis. We denote the mass
eigenstate basis by v;, i« = 1,2,3 and the flavor eigenstate by v,, o = e, u, 7. The two
basis are related through a unitary transformation:

vg) = Z Uil vi) (2.1)

The matrix U, known as the Pontecorvo-Maki-Nakagawa-Sakata i.e PMNS [12] mixing
matrix in the name of Pontecorvo, Maki, Nakagawa and Sakata, is a 3 X 3 unitary matrix.
The PMNS mixing matrix has 3 real mixing angles and 6 C'P phases. However, all of
these phases are not physical and can be rotated away by a redefinition of the fields. For
a general n X n unitary matrix there are n(n — 1)/2 mixing angles and (n — 1)(n — 2)/2
physical phases if the neutrino is a pure Dirac spinor, while n(n — 1)/2 mixing angles and
n(n — 1)/2 phases remain if neutrino is Majorana spinor. Hence, if neutrinos are Dirac
spinor, the PMNS mixing matrix will have one C'P phase while for Majorana spinor
the PMNS mixing matrix will have three physical phases. The PMNS mixing matrix is
represented as,

C12 C13 512 C13 size et 0 0
B ” ” )
U= —C23 S12 — S23 S13C12 €’ Co3 C12 — S23 813 S12 € 523 C13 0 e 0 (2-2)
6 6
S23 S12 — (€23 S13C12 € —S823C12 — €23 513 S12 € C23 C13 0 0 1

where ¢;; = cos0;; and s;; = sin0;;. 0;; are mixing angles and ¢ the "Dirac” C'P phase.
If neutrinos are Majorana fields, there are two additional phases a1, as, the "Majorana”
C'P phases.
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Am2 (107° eV ) [ 7.59 £0.20 (F05)
Am2, (1073 eV?) | —2.36 + 0.07 (£0.36)
Am2, (1073 eV?) | +2.47 4 0.12 (0. 37)
01 344i10<+32)
025 42,9704 (Hl !
013 73*35 <13.3)°
dcp € [0, 360]

Table 2.1: The 1o and 30 allowed ranges of the neutrino oscillation parameters and the
mass square differences.

The probability for a neutrino that propagates in vacuum with a energy E to oscillate
from a flavor a to a flavor 3, after having travelled a distance L, is given by

ik e
P(Va—>V5) = ‘ZUO{J'U;]»G 2B
J
‘ Am? L
=003 — 4;Re (UmU(*lj UEiUﬁj) X sin’ (Té)
C (Ami L
+ QZIm(UaanjUﬁiUﬁj)XSm( 4];3 ), (2.3)

i>j

where Am;; = m; —m3. To get a non-zero probability of the standard model neutrinos
to oscillate from a flavor « to a flavor 3, they should have masses and also nonzero mass-
square difference Am By measuring neutrino fluxes coming from different sources, the
mass-square dlfferences and the mixing parameters can be determined. Observation of the
disappearance of the atmospheric v, flux constrains the mixing angle 653 and the mass-
square difference |Amas|?. Likewise observation of oscillations of solar neutrinos to other
active flavors constrains the mixing angle 615 and the solar mass-square difference Am3;.
In addition, the CHOOZ reactor experiment [13] constrains the 3rd mixing angle 6;3. In
Table. 2.1 we present the recent 1o and 30 allowed ranges of the neutrino mass square
differences and oscillation parameters [14]. From the neutrino oscillation experiments we
know that the solar mass square difference Am32, > 0, while at present we do not yet
have any information whether the atmospheric mass square difference Am3, is positive
or negative, characterizing the normal and inverted mass ordering respectively [15]. We
present an illustration of the two types of neutrino mass hierarchies in Fig. 2.1.

The oscillation experiments however, do not shed any light on the absolute neutrino
mass my = y._; 553 M;. The absolute neutrino mass is constrained from the cosmological
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Figure 2.1: The possible neutrino spectra: (a) normal mass hierarchy (b) inverted mass
hierarchy.

observation. Measurement of WMAP 5 year analysis [16] give this following bound on
the sum of the neutrino masses

> m; <0.19eV (2.4)

There are other direct tests on neutrino mass, such as beta decay, neutrinoless double
beta decay.

Beta Decay

In the beta decay experiments measuring the distortion in the end point spectrum, neu-
trino masses can be directly tested. In the following decay

d—=u+e +71,, (2.5)

the energy of the electron is F, = Q) — F,, which is maximal for £, = Q) —m,,_, where m,,
is m,, = mq|Ua|? + ma|Ues|?* + m3|Ues|®. Here Q represents the energy released in the j3
decay. The energy spectrum of the electron is o« /(Q — E.)? —m2_, and so m,, # 0 will
imply a deviation from the line Q — E.. So far, the best constraint comes from MAINZ [17]
and TROITSK [18] experiments:

m,, < 2.2eV. (2.6)

The future beta decay experiment, Katrin [19], which is scheduled to begin data taking
on 2010, is expected to reach a sensivity of 0.2eV to neutrino masses.

Neutrinoless Double-Beta Decay

Neutrinoless double-beta decay [20] experiment (Ov 53) is very important for neutrino
physics. The observation of such a process would imply that neutrinos are Majorana par-
ticles. In Fig.2.2, the Feynman diagram for this process has been shown. The neutrinoless
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Figure 2.2: Feynman diagram of neutrinoless double beta decay

double-beta decay process is,
(A, Z) — (A, Z+2)+2e (2.7)
which violates lepton number by two units. The decay rate for this process is,
Lo, 5 0 [M* [meel*, (2.8)

where M is the amplitude and m,,. which is the ee entry of the neutrino mass matrix

2
Mee = g Uz m;
i
= cos?013(m;e?* cos015 + mae?®?sin?f,5) + masin?f;s. (2.9)

Hence this process depends on the Majorana C'P violating phases o .

2.2 Neutrino Mass

As we have seen in the previous section, the oscillation experiments indeed support a
non-zero neutrino mass which can be either Dirac or Majorana. The Dirac and Majorana
mass terms of a standard model neutrino will respectively be the following,

Lpirac = Nrm, vr, + h.c,

Litajorana = VE my, v, + h.c. (2.10)
To generate Dirac mass term one will require another spinor field Ng. Like the mass terms
of all other standard model fermions, this Dirac or Majorana mass term of the standard
model neutrino should also be generated from a gauge invariant Yukawa Lagrangian.
The Dirac mass term of the standard model neutrino conserves lepton number while the
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Majorana mass term breaks lepton number by two units. In the standard model with
only left-handed neutrino fields and lepton number conservation, Dirac or Majorana any
kind of neutrino mass is not possible to generate. Hence to explain the non-zero neutrino
mass, we must look for beyond standard model physics. In addition to the experimental
evidences of non-zero neutrino mass, the experiments also indicatate very tiny masses
of the standard model neutrino, which is at most O( eV). This extremely tiny mass
points towards a O(10'?) order of magnitude mass hierarchy between the top quark and
neutrino. The very elegant mechanism to explain the tiny Majorana neutrino mass is the
novel seesaw mechanism. Below we describe the mass generation mechanism of a Dirac
as well as of a Majorana neutrino.

2.2.1 Dirac Mass

The standard model can be extended by adding gauge singlet right handed neutrino Ng.
The neutrino masses can be generated from the gauge invariant Yukawa Lagrangian. The
Yukawa Lagrangian which incorporates the right handed neutrino state is,

~Lyur = Y, NpkH'L + h.c (2.11)

The standard model Higgs H takes vacuum expectation value v and generate the following
Dirac neutrino mass matrix,

m, = Y,v. (2.12)

For v ~ 174 GeV, eV neutrino mass m, constraints the Yukawa Y, ~ 107!2, which is
extremely tiny and leads to fine tuning problem into the theory.

2.2.2 Majorana Mass and Seesaw

The standard model neutrinos can be Majorana particles. The Majorana mass term of
the standard model neutrinos has been given in Eq. (2.10), which violates lepton number
by two units. The most elegant mechanism to explain the Majorana neutrino masses is
the seesaw mechanism [21]. The Lepton number violating Majorana mass term can be
from the dimension-5 Weinberg operator [22] O = %(Licﬁ*)(ﬁTLj), where 4, j denote
the generation indices and k is the coupling-coefficient. After the electroweak symme-
try breaking and Higgs takes a vacuum expectation value v, this dimension-5 operator
generates the following Majorana mass term of the standard model neutrinos,

"{ij —

(LT (H'L;) — %v%g v, (2.13)

Considering the standard model as an effective low energy theory, the dimension-5 oper-
ator O = % [22,23] can be generated by integrating out some heavy modes of the full
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theory. The fields which get integrated out can be either a gauge singlet neutrino field
Ng, or the SU(2) triplet field A with hypercharge Y = +2, or an SU(2) triplet field g
with hypercharge Y = 0. Accordingly, the seesaw is characterized as type-I, type-1I and

type-111 seesaw respectively. In Fig. 2.3 we present the Feynman diagram of the four point
T
function LLH H. For the type-I seesaw, the coupling ;; is Y”j\;yj
e Yy Yapa
M M2
the Yukawa couplings and pa is the coupling between Higgs triplet A and the standard

model Higgs doublet H. Below, we discuss in detail the different seesaw mechanisms.

while for type-III and

and

type-II seesaw the coupling r;; is respectively, where Y, Y5, and YA are

Type-1 Seesaw

The standard model is extended by adding the gauge singlet right handed neutrino Ng.
The Majorana neutrino in this case is N = Ng + N§. The right handed neutrino being a
gauge singlet, interacts only with the standard model lepton doublet L and the Higgs H
via the Yukawa interaction,

_ . 1 _
—Ly =Y, NpH'L + 5zwvﬁz\fg +h.c, (2.14)

where H = iooH* and M is the lepton number violating mass term of the right handed
neutrino Np. After the Higgs H takes vacuum expectation value v, the following neutrino
mass matrix will be generated from Eq. (2.14),

1 — — 0 ’UYVT 129
Emzi(yLC Ng) (UY,, Y ) (Ng)Jrh.c. (2.15)

Assuming M > vY,,, the diagonalization of the mass matrix gives two eigenvalues M and
m, ~ m%M “Imp, where we have defined mp = vY,. One can identify the eigenvalue M
as the mass matrix of the heavy right handed neutrino and the later one m,, is the mass
matrix of the standard model neutrinos.

Type-II Seesaw

Standard model neutrino masses can be generated by adding the SU(2) triplet Higgs
to the standard model field contents [24]. The Higgs triplet A has U(1)y hypercharge
Y = +2 and has the following Yukawa interaction,

~Ly = YAL"Cioy AL + h.c (2.16)

where the Higgs triplet A is,

A= ( NA/O\/§ —AA:;\/? ) . (2.17)
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The kinetic term of the Higgs triplet is,
L, = Tr(D,A)(D*A), (2.18)

and the scalar interaction

A
V(H,A) = —meHTHjLZ(HTH)Q + MX TrATA + (paH" iocoATH + he) +

+ M(HTH)TrATA + Xy (TrATA)? + X Tr (ATA)? +
+ M\ HTAATH. (2.19)
The mass of the neutrino originated from Eq. (2.16) is,

L, = YA’UAEVL + h.c, (2.20)

where the vacuum expectation value of the triplet Higgs is (A) = va = “]@g.

Type-III Seesaw

Other than type-I and type-1I seesaw, the SU(2) triplet fermion > with hypercharge Y = 0
can also contribute in the neutrino mass generation [25]. The triplet fermion denoted as
Yl s,

1 )
P b (2.21)
B2

where o; are the Pauli matrices. The right-handed component of this multiplet in the
2 x 2 notation is then given by,

0 +
Sp— (Zf%z/f —z?j ﬁ) (2.22)
The corresponding charge-conjugated multiplet will then be,
E%C_/C\/i 2;60 ) |
ST N
The object which transforms as the left-handed component of the ¥ multiplet can be
written as,

250 = C% g = ( (2.23)

Y& =ioy X% ioy = ( L R , (2.24)
S XN
such that ; = X, + i% The Yukawa interaction of the triplet fermion fields is,
_ o 1 .
Ly = |VigH'L + Yo H'SRL + h.c.} +5MT [szg + h.c.} , (2.25)
The neutrino mass in this case is generated in the same way as for type-I seesaw. The
low energy neutrino mass matrix is M, ~ mjl;M “mp where mp = %
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Figure 2.3: The three generic realizations of the Seesaw mechanism, depending on the
nature of the heavy fields exchanged: SM singlet fermions (type I Seesaw) on the left, SM
triplet scalars (type Il Seesaw) and SM triplet fermions (type III Seesaw) on the right.

2.2.3 Supersymmetric Seesaw

In the non-supersymmetric seesaw, the Majorana fermion /N contributes to the Higgs mass
divergence which is cured by embedding the seesaw into a supersymmetry framework. In
supersymmetric seesaw we denote the two component Weyl spinor by N, which will be
accompanied by its scalar superpartner N and the auxiliary field Fiy. The superpotential
which is identical to the Yukawa Lagrangian in the non-supersymmetric seesaw is the
following,

A A A 1 ~ A
W =Y,LH,N + §MNN. (2.26)
The fermion bilinear mass terms from the above superpotential will be,
L, =Y,v,vrN+ MNN, (2.27)

which resembles Eq. (2.15).

2.2.4 Seesaw and Grand Unified Theory

In this section we discuss very briefly the GUT embedding of seesaw. We show how
the type-1, type-II and type-III Yukawa interactions could come from a Lagrangian of
a unified gauge group. Aesthetically we would like to have a unification of the strong
and electroweak forces of nature. The standard model gauge group is a subgroup of the
groups such as SU(5) and SO(10), and hence can be embedded within these groups. The
generation of the higher dimensional Weinberg operator 0= % requires some more
ingredients than that of the standard model field contents, which we have discussed in
the previous section. The necessary extra particles which are required to generate the
dimension-5 operator very naturally fit into a grand unified framework, for example the
unified gauge group SU(5) or SO(10). All the standard model fermions as well as the
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right handed neutrino N can be exactly fitted to the spinorial 16z representation of
SO(10) [26]. The direct product of two 16 field gives [27]

16 x 16 = 10 + 120 + 126 (2.28)

The Pati-Salam gauge group SU(4), x SU(2);, x SU(2) is a subgroup of the gauge group
SO(10). The left-right symmetric gauge group SU(3), x SU(2); x SU(2)g x U(1)p_y, is
a subgroup of the Pati-Salam gauge group and hence is also a subgroup of the SO(10).
One can understand the interactions between different representations of the SO(10) in
terms of the Pati-Salam of left-right decomposition [28,29]. The 16, 10, 120 and 126
fields of the SO(10) have these following decompositions under the Pati-Salam subgroup
SU(4) x SU(2);, x SU(2)g

10 = (1,2,2) 4 (6,1,1)
16 = (4,2,1) + (4,1,2)

120 = (1,2,2) + (10,1,1) + (10,1,1) + (6,3,1) + (6,1, 3) + (15,2,2)

and

126 = (6,1,1) + (10,3,1) + (10,1,3) + (15,2, 2)

The SU(3) x U(1)g_;, is a subgroup of SU(4),. The representations 4, 6, 10 and
15 hence can be further subdivided under the SU(3), x U(1)y_; gauge group [28,29].
With 16, 10, 126 field contents of SO(10), one could realize type-1 and type-II seesaw as
follows,

e The Dirac mass term NzH'L of Eq. (2.14) is generated from the interaction
16p16£10g5. The 10y has a bi-doublet &y = (1,2,2,0). The lepton doublet

€L
(1,2,1,-1) and (1,1,2,-1) under the left-right symmetry gauge group. The interaction

1=

of the bi-doublet ®p field with the SU(2) doublets L = (”L) and Lp = (N R)

€r €Rr
generates the Dirac mass term, after the electroweak symmetry is broken.

L = (VL ) and Lr = ]:R) are components of 16y fields and transforms as
R

e The Majorana mass term M NN of Eq: (2.14) is generated from the Yukawa
interaction Y9616 165126 of SO(10). The 126 in the above contains a Higgs field
Ap which transforms as a triplet under the SU(2), gauge group and is singlet under
SU(2); . The direct product of the multiplet Ly of 165 with the Higgs triplet Ag of
126 generates the Majorana mass term of the right handed neutrino after the Higgs
triplet Ag gets vacuum expectation value [30,31]. Hence, the Majorana mass term
of the right handed neutrino is M ~ Yio6(ARg).
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e The LLA term in Eq. (2.16) is generated from the interaction 16p1671265. The
SU(2) Higgs triplet field A is a component of the 126 representation of SO(10)
and transforms as the (1, 3, 1, 2) representation under the left right symmetry gauge

group SU(3), x SU(2);, x SU(2)g x U(1)g_y.

Another very well-explored unified gauge group is the SU(5), originally proposed by
Georgi-Glashow [32]. For the type-IIl seesaw [33] one requires SU(2) triplet ¥ = 0
fermion field X, which can be part of a fermionic 24 representation under the gauge
group SU(5) [34]. The 24 adjoint representation of SU(5) has the following decomposi-
tion under the standard model gauge group,

24y = (1,3,0)® (8,1,0) @ (3,2, -5/6) @ (3,2,5/6) @ (1,1,0) (2.29)

Apart from the (1,3,0) field component, the 245 field also contains the (1,1,0) field
component. Hence, adding 24 field to the basic SU(5) field contents 5z, 105, 5, 24y
and 24y one will obtain both type-I as well as type-III seesaw.

2.3 Flavor Symmetry

While the extremely small neutrino masses can be explained by the seesaw mechanism,
the non-trivial mixing in the leptonic sector still remains a puzzle. The aesthetic believe
of unification suggests that the standard model should be embedded in a higher ranked
gauge group, for example SU(5) or SO(10). Although the quarks and leptons in a higher
ranked gauge group belong to same representation, however the mixing in the leptonic
sector is drastically different than the mixings in the quark sector. Unlike the quark
mixing matrix Vo, the PMNS mixing matrix in the lepton sector contains two large
mixing angles 615 and 3 and one small mixing angle #,3. These particular mixings have
been a puzzle to the physicists and without any symmetry it is difficult to understand the
origin of these mixings. The flavor symmetry [35,36] gives natural explanation in favor of
two large mixing angles and one small mixing angles. There are many symmetry groups
like Ay, S3, Sy, T" which can give explanation for the PMNS mixings as well as the mass
hierarchy in the leptonic sector. Below, we discuss the group theoretical properties of two
discrete symmetry groups A4 and S3 which have been extensively used in the literature
in justifying the mass and mixing of the leptons. Details of the different flavor symmetry
groups and its implication in the leptonic as well as in the quark sector can be found
in [35,36].

2.3.1 The Flavor Symmetry Group Ay

Alternating group A, is a group of even permutations of n objects. It is a subgroup of
the permutation group S, and has %' elements. The non-Abelian group A4 is the first
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alternating group which is not a direct product of cyclic groups, and is isomorphic to the
tetrahedral group Tj;. The group A4 has 12 elements, which can be written in terms of
the generators of the group S and T'. The generators [35,36] of A, satisfy the relation

S?= (ST =(T)*=1 (2.30)

There are three one-dimensional irreducible representations of the group A4 denoted as

1 S=1T=1 (2.31)
! S=1 T=uw (2.32)
1”7 S=1T=w (2.33)

It is easy to check that there is no two-dimensional irreducible representation of this
group. The three-dimensional unitary representations of T and S are

1 0 0 L1202
T=10 w0 |, =5 2 -1 2 . (2.34)
00 w 2 2 -1

where T has been chosen to be diagonal. The multiplication rules for the singlet and
triplet representations are as follows

Ix1=1, 1x1"=1 3x3=3+3,4+1+1+1" . (2.35)

For two triplets

a = (al,ag,CLg), b= (bl,bg,b3> (236)
one can write
1= (ab) = (a1b1 + G,ng + (lgbg) (237)
1/ = (CLZ))/ = ((Igbg —+ CL1b2 -+ a2b1) (238)
1” = (ab)" = (a,gbg + a1b3 + agbl) . (239)

Note that while 1 remains invariant under the exchange of the second and third elements
of a and b, 1’ is symmetric under the exchange of the first and second elements while 1”
is symmetric under the exchange of the first and third elements.

1
3= (ab)s = g <2a1b1 — a2b3 — (lgbg, 2(1,3()3 — albg - Q,le, 2a2b2 — a1b3 — a3b1§)2.40)

1
3A = (CLb)A = g <a2b3 — a3b2, a162 — CLle, a1b3 — CL3b1> . (241)

The representation 3 has been considered in the literature [35] to generate the neutrino
mass matrix. We can see that the first element here has 2-3 exchange symmetry,the second
element has 1-2 exchange symmetry, while the third element has 1-3 exchange symmetry.
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Conjugacy Class Elements 1 1 2

c e 1 1 2
Cs (12),(23),(13) | 1 -1 0
Cs (123),(321) 1 1 -1

Table 2.2: Character table of S3. The first column gives the classes, the second gives the
elements in each class, and last three columns give the character corresponding to the
three irreducible representations 1, 1’ and 2.

2.3.2 The Flavor Symmetry Group S3

The group S3 is the permutation group of three distinct objects, and is the smallest
non-abelian symmetry group. It consists of a set of rotations which leave an equilateral
triangle invariant in three dimensions. The group has six elements divided into three
conjugacy classes. The generators of the group are S and T" which satisfy

S?=T3=(ST)*=1. (2.42)
The elements are given by the permutations
G= {e,(lZ),(13),(23),(123),(321)}, (2.43)
which can be written in terms of the generators as
G = {e, ST, S, TS, T2,T} . (2.44)

One can see that the S3 group contains two kinds of subgroups. It can be easily checked
that the subgroup of elements

Gy = {e,T, T2} , (2.45)
form a group under Zs. In addition, there are three S, permutation subgroups!

G, = {e, (1 2)} . G, = {e, (1 3)} . G, = {e, (2 3)} . (2.46)

!The group Sy is isomorphic to Zs.
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The group contains two one-dimensional and one two-dimensional irreducible representa-
tions. The one-dimensional representations are given by [37]

1: S=1, T=1 (2.47)
1: S=-1, T=1. (2.48)

The two-dimensional representation is given by

2 S::(? é), T::(g :;). (2.49)

The character table is given in Table 2.2. Using the Table we can write down the rules
for the tensor products. For the one-dimensional irreducible representations we have

Ix1=1 1x1=1, 1x1=1. (2.50)

Tensor products between two doublets ¥ = (¢1,1,)" and ¢ = (¢1, ¢2)T are given as

2x2=1+1+2, (2.51)
where

1 = 1¢2+ ¢y, (2.52)

' = i —tady (2.53)

2 = (ﬁﬁ). (2.54)

The complex conjugate doublet ¢* is given as 2* for which the generators are S* and T™*.
One can easily check that ¢* does not transform as doublet (2) of S and therefore for
this case a meaningful way of writing the tensor products for the conjugate fields is by
defining

WEsz(ﬁ). (2.55)

Using the relations 015*0; = S and 0;7*0; = T one can show that ¢’ transforms as a
doublet. Then the tensor products ¢’ x ¢ are given by Eq. (2.51) where

L = g +¢3¢2, (2.56)

' = Y5dy— i, (2.57)
_ VYip2

2 = <¢g¢1) . (2.58)
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Chapter 3

Two Higgs Doublet Type-I11 Seesaw

3.1 Introduction

In the previous chapter we have discussed the different possibilities to generate the
dimension-5 [1] operator @(%), which give rise to the Majorana neutrino masses
after the electroweak symmetry breaking. In this scheme which is the novel seesaw mech-
anism [2], the neutrino masses turn out to be naturally small as they are suppressed by
the heavy mass scale M of the integrated-out heavy modes. We have also discussed the
different seesaw mechanisms which are referred in the literature as type-1, type-II [3] and
type-11T [4-12]. Distinct from the type-I, the type-III seesaw has the following crucial fea-
ture. Since the additional heavy fermions belong to the adjoint representation of SU(2),
they have gauge interactions. This makes it easier to produce them in collider experi-
ments. With the LHC all set to take data, it is pertinent to check the viability of testing
the seesaw models at colliders. The implications of the type-III seesaw at LHC was first
studied in [13] and [14] in the context of a SU(5) GUT model. In the SU(5) model it is
possible to naturally have the adjoint fermions in the 100 GeV to 1 TeV mass range, open-
ing up the possibility of observing them at LHC. The authors of these papers identified
the dilepton channel with 4 jets as the signature of the triplet fermions. Subsequently, a
lot of work has followed on testing type-I1I seesaw at LHC [15-17].

In the usual type-III (and also type-I) version of the seesaw model with one Higgs
doublet, the neutrino mass matrix is,

1
L= —0Yd — Ys. 3.1
m v » M > ( )

where v is the vacuum expectation value of the Higgs field, M is the mass matrix of the
triplet fermions and Yy is the Yukawa couplings of the triplet fermions with the standard
model lepton doublets and Higgs. To predict neutrino masses ~ 0.1 eV without fine tuning
the Yukawas, one requires that M ~ 10'* GeV. On the other hand, an essential requisite
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of producing the heavy fermion triplet signatures at the LHC, is that they should not be
heavier than a few hundred GeV. One can immediately see that if M ~ 300 GeV, then
m, ~ 0.1 eV demands that the Yukawa coupling Y5, ~ 107¢. This in a way tentamounts
to fine tuning of the Yukawas, and smothers out the very motivation for the seesaw
mechanism, which was to explain the smallness of the neutrino mass without unnaturally
reducing the Yukawa couplings.

In this work, we propose a seesaw model with few hundred GeV triplet fermions,
without any drastic reduction of the Yukawa couplings. We do that by introducing an
additional Higgs doublet and imposing a Z5 symmetry in our model, which ensures that
this extra Higgs doublet couples to only the exotic triplet fermions, while the standard
Higgs couples to all other standard model particles [18]. As a result the smallness of
the neutrino masses can be explained from the the smallness of the VEV of the second
Higgs doublet, while all standard model fermions get their masses from the VEV of the
standard Higgs. These large Yukawas result in extremely fast decay rates for the heavy
fermions in our model and hence have observational consequences for the heavy fermion
phenomenology at LHC. This fast decay of the triplet fermions distinguishes the two Higgs
doublet type-III seesaw model from the usual one Higgs doublet models.

The presence of two Higgs doublets in our model also enhances the richness of
the phenomenology at LHC. We have in our model two neutral physical scalar and one
neutral physical pseudoscalar and a pair of charged scalars. Due to constraints on the
vacuum expectation value from smallness of neutrino mass, our Higgs mixing angle is
very small [19-23]. We study this crucial link between neutrino and Higgs physics in our
model and its implications for LHC in detail.

Another feature associated with neutrinos which has puzzled model builders is its
unique mixing pattern. While all mixing angles are tiny in the quark sector, for the leptons
we have observed two large (015 and g3 ~ %) and one small mixing angle 63 ~ 0. The
most simple way of generating this is by imposing a -7 exchange symmetry on the low
energy neutrino mass matrix [24]. In our work we assume a p-7 symmetry in the Yukawa
couplings and in the heavy fermion mass matrix. This leads to pu-7 symmetry in the light
neutrino mass matrix and hence the correct predictions for the neutrino oscillation data.
Due to the pu-7 symmetry, the mixing matrices of the heavy fermions turn out to be non-
trivial. This affects the flavor structure of the heavy fermion decays at colliders, which
can be used to test p-7 symmetry at LHC. We study in detail the collider phenomenology
of this u-7 symmetric model with three heavy SU(2) triplet fermions and two Higgs SU(2)
doublets and give predictions for LHC.

We proceed as follows. In section 3.2, we present the lepton Yukawa part of the
model within a general framework and give expressions for the masses and mixings of
the charged and neutral components of both light as well as heavy leptons. In section
3.3, we present our -7 symmetric model and give specific forms for the mass and mixing
parameters. We show that the mixing for heavy fermions is highly non-trivial as an
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artifact of the imposed p-7 symmetry. In section 3.4, we study the cross-section for the
heavy fermion production at LHC, as a function of the fermion mass. In section 3.5, we
study the decay rates of these heavy fermions into the standard model leptons, Higgs
and gauge bosons. We compare and contrast our model against the usual type-III seesaw
models with only one Higgs. We also show the consequences of non-trivial mixing of the
heavy fermions on the flavor structure of their decays. In section 3.6, we discuss the
decay rates and branching ratios of the Higgs decays. We probe issues on Higgs decays,
which are specific and unique to our model. Section 3.7 is devoted to the discussion of
displaced decay vertices as a result of the very long living h° in our model. In section
3.8, we list the different possible final state particles and their corresponding collider
signature channels which could be used to test our model. We calculate the effective
cross-sections for these channels at LHC. We highlight some of the channels with very
large effective cross-sections and discuss qualitatively the standard model backgrounds.
Finally, in section 3.9 we present our conclusions. Discussion of the scalar potential,
the Higgs mass spectrum and the constraints from neutrino data on the Higgs sector
is discussed in detail in Appendix A. The lepton-Higgs coupling vertices are listed in
Appendix B.1, the lepton-gauge coupling vertices are listed in Appendix B.2, and the
quark-Higgs coupling vertices are listed in Appendix B.3.

3.2 Yukawa Couplings and Lepton Masses and Mix-
ing

In this section we describe the model. We add three SU(2) triplet fermions to the standard
model particle content. These fermions belong to the adjoint representation of SU(2).
They are assigned hypercharge Y = 0 and are self-conjugate. In the Cartesian basis the
triplet is

i
3

, (3.2)

where i = 1,2,3 and U; = ¥,°. In the compact 2 x 2 notation they will be represented
in our convention as

1 )
Si=—Y .oy, (3.3)

where o; are the Pauli matrices. The right-handed component of this multiplet in the
2 x 2 notation is then given by

SNE S
ERF( b —E%f/ﬂ)’ 44
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where
Shi F 15k
V2

are the components of the triplet in the charge eigenbasis. The corresponding charge-
conjugated multiplet will then be

E}iu = and E?%i = 231)%1‘ (3.5)

(3.6)

L o C + C
ZR?:CZRT:(ZM I )

Z}_%ic _Z%ic/ﬂ

The object which transforms as the left-handed component of the ¥ multiplet can then
be written as

o C - C
ZRi /\/5 ERi ) , (37)

SC, = iUg ERZC iUg = (
" EJI%C _EORiC/\/i

such that X; = X, + i%, where

5= (202/*/5 _ZEO; ﬁ) (3.9)

For notational convenience, in this chapter we have changed our notations and we denote
the standard model Higgs as ®;. In addition to the usual standard model doublet &1,
in our model we include a new SU(2) scalar doublet ®5. This new doublet couples only
to the triplet fermions introduced above. The triplet fermions on the other hand are
restricted to couple with only the new ®5 doublet and not with ®;. This can be ensured
very easily by giving Z, charge of —1 to the triplet fermions >; and the scalar doublet ®,,
and Z, charge +1 to all standard model particles. In this model we work with a mildly
broken Z; symmetry. We will break this Z; symmetry mildly in the scalar potential. We
discuss the phenomenological consequences of this Z; symmetry and its breaking when we
introduce the scalar potential and present the Higgs mass spectrum in Appendix A. The
part of the Lagrangian responsible for the lepton masses which respects the Z, symmetry
can be written as

_ e 1 .
Ly = |V, I ®|L, + Yo, BT L, + h.c.} +5My T [Engj n h.c.] . (39)
where L and [ are the usual left-handed lepton doublet and right-handed charged leptons

respectively, Y; and Yy are the 3 x 3 Yukawa coupling matrices, and ®5 = i0,®5. Once
the Higgs doublets ®; and ®, take Vacuum Expectation Value (VEV)

@i=(7). te=(1). (3.10)

38



we generate the following neutrino mass matrix

L, = % (v¢ %9) ( v,gf %jf;f) ( Vje) +he, (3.11)
' ’ V2 1 X ij ZRj
and the following charged lepton mass matrix
L = (ls, =g,) (vg;{_ ]\2) (Eliﬂc) +h.c., (3.12)
N K
= (Ip, Zp )M (EEC) +h.c, (3.13)

Due to the imposed Z symmetry neutrino mass matrix in Eq. 3.11 depend only on
the new Higgs VEV v' while in the charged lepton mass matrix both the VEV’s enter.
The value of v" is determined by the scale of the standard model neutrino masses and is
independent of the mass scale of all other fermions. Therefore, the neutrino masses can
be naturally light, without having to fine tune the Yukawa couplings Y5 to unnaturally
small values.

Since we have 3 generation of triplet fermions, the mass matrix in Eq. 3.11 is 6 x 6.
The symmetric 6 X 6 neutrino matrix can be diagonalized by a unitary transformation
to yield 3 light and 3 heavy Majorana neutrinos. The 6 x 6 unitary matrix U which
accomplishes this satisfies the following equations,

T 0 m% . Dm 0 vy, o V}/
U (mD Vi U= 0 Dy , and Z%C =U Z/(Rp , (3.14)

where mp = v'Ys/v/2, and

m, 0 0 My, 0 0
Dp=|0 mg 0|, Dy=|( 0 My, 0 |. (3.15)
0 0 ms 0 0 MEg

Here m; and My, (i = 1,2, 3) are the low and high energy mass eigenvalues of the Majorana
neutrinos respectively. In the above, the primed basis represents the fields in their mass
basis. The mixing matrix U can be parameterized as a product of two matrices

U=Ww,U, (3.16)

where W, is the matrix which brings the 6 x 6 neutrino matrix given by Eq. (3.11) in its

block diagonal form as
wr( O mpYy _ (mw O
v <mD M v 0o M)’ (3.17)
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while U, diagonalizes m,, and M as

T my Q . Dm 0
r(m Yo = (B 2 019
The above parameterization therefore enables us to analytically estimate the mass eigen-

values and the mixing matrix U in terms of W, and U, by a two step process, by first
calculating W, and then U,. This matrix W, can be parameterized as [25]

Vi—-BBT B
WV:( I_BT m)’ (3.19)

where B = By + By + B3 + ... and B; ~ (1/M)’, where M is the mass scale of the heavy
Majorana fermions. Using an expansion in 1/M and keeping only terms second order in
1/M, we get

W ~ 1 - %m})<M_1)*M_1mD m}.)(M_l)* (3 20)
T —M~tmp 1- %M‘lmDmE(M_l)* '

The light and heavy neutrino mass matrices obtained at this block diagonal stage are
given by (upto second order in 1/M )

m, = —mlT)M’lmD, (3.21)
M = M+= <mDmE(M’1)* + (M’l)*mBmT> . (3.22)
While Eq. (3.21) is the standard seesaw formula for the light neutrino mass matrix, Eq.

(3.22) gives the heavy neutrino mass matrix. These can be diagonalized by two 3 x 3
unitary matrices Uy and Us, respectively. In our parametrization

(Uy 0
w0, 29

where Uy and Uy, satisfy the following equations,

U{m,Uy = Dy,
ULMUs, = Dy (3.24)
For the charged leptons we follow an identical method for determining the mass eigenvalues

and the mixing matrices. However, since the charged lepton mass matrix M; given by Eq.
(3.13) is a Dirac mass matrix, one has to diagonalize it using a bi-unitary transformation

t my 0 . Dl 0 .
r( g 8 Ys= (20—, a9
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where m; = vY}, while D; and Dy are diagonal matrices containing the light and heavy
charged lepton mass eigenvalues. With the above definition for the diagonalization, the
right-handed and left-handed weak and mass eigenbasis for the charged leptons are related

respectively as,
ZL o Z/L ZR _ lj‘%
(Z;C) =5 (Z/EC , and Sr T s ) (3.26)

We denote the four component mass eigenstates of the standard model leptons and the
fermion triplet by I£ = I'F + 1 v, = v} + /¢, 30, =59 + Z’%C and ¥ = Y'F + Z’EC.
Instead of using Eq. (3.25) directly for the diagonalization, we will work with the matrices
MM = S M M, ST, and MM =T M, M} T", (3.27)

to obtain S and T respectively. As for the neutrinos, we parameterize
S = WLUL, and T = WRUR, (328)

where W, and Wg are the unitary matrices which bring M;Ml and ]\41]\4lT to their block
diagonal forms, respectively,

ot ot
mpmy 0 mymy 0
Wi MM W, = ( 0 MLMH) , and Wi MM Wg = ( 0 MHML)('?’”)
Using arguments similar to that used for the neutrino sector, and keeping terms up to
second order in 1/M, we obtain

(1 =m (MY M mp V2ml (M1
Wo = < —V2M~'mp 1— M 'mpmb(M~1)* ) (3.30)
1 V2mym (MY M

The square of the mass matrices for the light and heavy charged leptons in the flavor
basis obtained after block diagonalization by Wgx and W, are given by

iym] = mym) — 2mmb (MY M \mpm], (3.32)
MyMl, = MM+ 2mpm}, + (MM 'mpmimm},
+ mpmimmb (M~ M, (3.33)
and
i = mimy — [mL M M mpmimy + hue (3.34)
MMy = MM+ M 'mpm,M + Mimpmb (M~Y)* + M~ (mpm},)? (M)

1
+ [M_l(M_l)*M_lmD(m;ml)mEM—aM_lmDmEM*71M_1mDmEM +
bl (3.35)
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It is evident that the masses of the heavy charged leptons obtained from Eqs. (3.33) and
(3.35) are approximately the same as that obtained for the neutral heavy fermion using
Eq. (3.22). Indeed a comparison of these equations show that at tree level, the difference
between the neutral and charged heavy fermions are of the order of the neutrino mass
and can be hence neglected. One-loop effects bring a small splitting between the masses
of the heavy charged and neutral fermions, which is of the order of hundred MeV. This
allows the decay channel X* = X% + 7% at colliders, as discussed in detail in [14,15]. In
this work we neglect this tiny difference and assume that the masses of all heavy fermions
are the same.

The matrices m;ﬁu and Z\;[IT{M g are diagonalized by U; and U} giving,

(U 0
Uy = ( 0 U,f) . (3.36)
Similarly the Thﬂhj and M, H]\;[IT{ matrices are diagonalized by U, and U/ and hence give,
Uu. 0
Finally, the low energy observed neutrino mass matrix is given by
Upnns = UjUp. (3.38)

Here both U; and U, are unitary matrices and hence Upjysng is unitary.

3.3 A p-7 Symmetric Model

As discussed in the introduction we wish to impose p-7 symmetry on our model in order
to comply with the neutrino data so that 613 = 0 and 6,3 = 7/4. Henceforth, we impose
the pu-7 exchange symmetry on both the neutrino Yukawa matrix Yy and the Majorana
mass matrix for the heavy fermions M. Therefore, the neutrino Yukawa matrix takes the
form

a4 Q11 411
/

YZ = aiq ag as s (339)
/

In addition to the u-7 symmetry, we also assume (for simplicity) that a}; = a;;, which
reduces the number of parameters in the theory. For simplicity, we also assume all entries
of Y5, to be real. The heavy Majorana mass matrix is given by

My 0 0
M =10 M o], (3.40)
0 0 M,
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Figure 3.1: Scatter plots showing variation of sin”fj, (upper panels) and R =

AmZ, /|Am3,| (lower panels) as a function of a4, a;; and ag. All Yukawa couplings apart
from the one plotted on the x-axis, are allowed to vary freely. Only points which pre-
dict oscillation parameters within their current 30 values are shown. Blue points are for

mo = v"?/(2M;) = 0.95 eV while the green points are for my = 0.006 eV.
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Figure 3.2: Scatter plot showing the values of the Yukawa couplings which give all oscil-
lation parameters within their current 30 allowed ranges. Allowed points are shown for
mo = 0.96 eV (blue), 0.006 eV (green) and 0.0021 eV (red). All Yukawa couplings apart
from the ones plotted in the x-axis and y-axis are allowed to vary freely, in each panel.
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Figure 3.3: Non-zero values of U, and |0.5 — sin? fp3| predicted when p-7 symmetry is
broken. Shown are the oscillation parameters against the pu-7 symmetry breaking param-
eter e = M3 — M;. Only points which reproduce the current neutrino observations within
their 30 C.L. are shown. The plot is generated at a fixed set of Yukawa couplings and
heavy neutrino masses.

where without loosing generality we have chosen to work in a basis where M is real and
diagonal. Here the condition M3 = M, is imposed due to the y — 7 symmetry.

The above choice of Yukawa and heavy fermion mass matrix lead to the following
form of the light neutrino mass matrix

2 2
ay 2a7, aq as+asg aq agtas
, T aul\ay T a4 aul\ay T a4
/
v 2 2 2 2
~ asq ag+ag a1y agtag aty 2agas
My =75 all(Ml + i ) M T T T M ; (3.41)
2 2 2 2
a4 | agtas 11 | 2aeas 4 %tag
CL11 (Ml _'_ M2 ) ]\J1 + ]\42 ]\J1 + ]\42

where we have used the seesaw formula given by Eq. (3.21). It is evident from the above
mass matrix that the scale of the neutrino masses emerges as ~ v'2a?/(2 M), where a is
a typical value of the Yukawa coupling in Eq. (3.39) and M the scale of heavy fermion
masses. In this work, we restrict the heavy fermion masses to be less than 1 TeV in order
that they can be produced at the LHC. Therefore in principle, neutrino masses of ~ 0.1
eV could have been obtained with just the standard model Higgs doublet by reducing the
Yukawa couplings to values ~ 1075, However with the addition of an extra Higgs doublet,
it is possible to generate neutrino mass even with relatively large Yukawa coupling. We
introduced a different Higgs doublet ®, in our model, which couples only to the exotic
fermions. On the other hand, Yukawa coupling of the standard Higgs ®; with the exotic
fermions was forbidden in our model by the Z; symmetry. Hence, only the VEV of this
new Higgs doublet appears in Eq. (3.41). Since this Higgs &5 is not coupled to any
standard model particle, it could have a VEV which could be different. Therefore, we
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demand that v' ~ 10° eV in order to generate neutrino masses of ~ 0.1 eV keeping the
Yukawa couplings ~ 1.

We next turn to predictions of this model for the mass squared differences and
the mixing angles. Since the neutrino mass matrix we obtained in Eq. (3.41) has p-7
symmetry it follows that

913 =0 and (923 = 7T/4 (342)

To find the mixing angle 6}, and the mass squared differences Am3, and AmZ, !, one

needs to diagonalize the mass matrix m, given in Eq. (3.41). In fact, the form of m,
in Eq. (3.41) is the standard form of the neutrino mass matrix with p-7 symmetry, and
hence the expression of mixing angle 015 as well Am3;, and Am2, can be found in the
literature (see for e.g. [26]). We show in Fig. 3.1 the variation of sin® 61, (upper panels)
and R = Am3,/|AmZ,| (lower panels) with the Yukawa couplings a4, a;; and ag. We do
not show the corresponding dependence on ag since it looks almost identical to the panel
corresponding to ag. The figure is produced assuming inverted mass hierarchy for the
neutrino, i.e., Am3, < 0. The neutrino mass matrix given by Eq. (3.41) could very easily
vield Am2; > 0 and hence the normal mass hierarchy (see for e.g. [26]). However, for the
sake of illustration, we will show results for only the inverted hierarchy. In every panel of
Fig. 3.1, all Yukawa couplings apart from the one plotted on the x-axis, are allowed to
vary freely. The points show the predicted values of sin® #;, (upper panels) and R (lower
panels) as a function of the Yukawa couplings for which all oscillation parameters are
within the 30 values given in [27], For this figure we take M; = M for simplicity and
define my = v/(2M;). The blue points are for m = 0.95 eV while the green points are
for mg = 0.006 eV.

Fig. 3.2 is a scatter plot showing the values of the Yukawa couplings which give
all oscillation parameters within their 3o allowed ranges given in [27]. Again as in the
previous plot we assume M; = My, define mg = v2/(2 M;) and show the allowed points
for my = 0.96 eV (blue), 0.006 eV (green) and 0.0021 eV (red). All Yukawa couplings
apart from the ones shown in the x-axis and y-axis are allowed to vary freely, in each
panel.

Since the p and 7 charged lepton masses are different, we phenomenologically choose
to not impose the -7 symmetry on the charged lepton mass matrix?. Hence, without
loosing generality, the charged lepton Yukawa matrix can be taken as

Y. 0 0
i=[0 Y, 0],. (3.43)
0 0 Y

The masses of the light charged leptons can then be obtained from Eqs. (3.32) and/or
(3.34). For our choice of Ys; and M, it turns out that m, ~ vY. , m, = vY,, and m, = vY;,

'"We define Amz; = m7 —m3.

20Qur choice of the lepton masses and mixing are dictated solely by observations.
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if we neglect terms proportional to v'2. The mixing matrices U; and U, which diagonalize
mimy (cf. Eq. (3.34)) and rym) (cf. Bq. (3.32)) respectively, turn out to be unit matrices
at leading order.

1 0
U~|0 0], (3.44)
0 1

S = O

0 1
0, U.,~|0
1 0

S = O

Finally, we show in Fig. 3.3 the impact of -7 symmetry breaking on the low energy
neutrino parameters. For the sake of illustration we choose a particular form for this
breaking, by taking M3 # M,. Departure from pu-7 symmetry results in departure of
U.s from zero and sin?#ys from 0.5. We show in Fig. 3.3 the U, (left hand panel) and
0.5 — sin? B3| generated as a function of the symmetry breaking parameter e = Mz — M.
The figure is generated for ay = —0.066, a;; = 0.171, ag = 0.064, ag = 0.0037 and

= 0.745 eV. We have fixed M; = M, = 299 GeV in this plot. For ¢ = 0, u-7
symmetry is restored and both U,z and 0.5 — sin? fy3 go to zero. We show only points in
this figure for which the current data can be explained within 30. We note that for e > 0
the curve extends to about M3 = M, + 2.6 GeV, for this set of model parameters. For
€ < 0, the allowed range for € is far more restricted.

We next turn our attention to the predictions of this model for the heavy fermion
sector. The 6 x 6 mixing matrices, which govern the mixing of the heavy leptons with light
ones, can also be obtained as discussed before. We will see in the next section that all the
four 3 x 3 blocks of the matrices U, S and T are extremely important for phenomenology
at the LHC. We denote these 3 x 3 blocks as

o= (o )= (e ). 349

(3.46)

S — (Sll 512) _ ((WL)HUZ 12Uh
521 522 (WL>21Ul 2Uh

Tll T12 (WR)IIUT‘ WR 12Uh )

T = — 3.47

<T21 T22) ((WR)QIUT (Wa)aU (347)
(

The matrices W,,, W, and Wx have been given in Egs. (3.20), (3.30) and (3.31) respec-
tively. Hence, the 3 x 3 blocks in S, T and in U can be estimated for our choice of mp, M
and m;. In particular, we note that Sy; and T3, are close to 1, while Uj; is given almost
by Uppns. The off-diagonal blocks Uis, Usy, Sia and Ss, are suppressed by ~ mp/M,
while T15 and Ty, are suppressed by ~ mpm;/M?. Finally, the matrices Usy = (W, )22Us,,
Soo = (Wp)eoUE, and while Ty, = (Wg)auUft ~ Uft. To estimate these we need to eval-
uate first the matrices which diagonalize the heavy fermion mass matrices M, MLM ",
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and M, H]\;[IT{ respectively. For M and mp with p-7 symmetry and with the parameters
given in Table 3.1, it turns out that

1 0 0
Us~ Ul ~UF~ | 0 % —% : (3.48)
1 1
0 7%
thereby yielding
1 0 0
U ~ [0 % —% (3.49)
1 1
0 7% &
1 0 0
Soy =~ [0 5 —5 (3.50)
1 1
0 7% &
1 0 0
Ty ~ |0 5 75 |. (3.51)
1 1
V22

To be more precise, the structure of the 3rd column of Us,, UF and UF (and hence of
Uz, Soo and Tpy), is an immediate consequence of the p-7 symmetry in M and mp. The
matrices Us, UF and U* will be almost unit matrices, only if M; < My < Mj. Breaking
of the p-7 symmetry either in mp or in M, will destroy this non-trivial form for Us,, UF
and UF. But having p-7 symmetry in both Yy and M is both theoretically as well as
phenomenologically well motivated. We will see later that this non-trivial form of the
matrices Us, Ul and UJ will lead to certain distinctive signatures at LHC.

Among the different mixing matrices, while Us, UF and UF have the form given by
Eq. (3.48), U; and U, ~ I, though both M and Y; were taken as real and diagonal. The
main reason for this drastic difference is the following. While we take exact pu-7 symmetry
for M, for Y; we take a large difference between Y,, and Y values. This choice was dictated
by the observed charged lepton masses.

We comment very briefly regarding the extent of deviation from unitarity. From the
discussion of the previous section and Eq. (3.20), it is evident that the deviation from
unitarity of the light neutrino mixing matrix is oc m% /M2 ~ m,, /Ms, where m,, and My,
are the light neutrino and heavy lepton mass scales respectively. Therefore, an important
difference between our model with TeV scale triplet fermion and the usual GUT seesaw
models (for example type-I) is that the extent of non-unitarity for our model is much
larger. This will result in comparatively larger lepton flavor violating decays. Detailed

47



calculations for lepton flavor violating radiative as well as tree level decays of a generic
type-II1 seesaw model have been published in [28,29]. The authors of these papers have
also worked out the current constraints on the deviation from unitarity. Even for 100
GeV mass range heavy leptons, the predicted non-unitarity and lepton flavor violating
decay rates should be below the current experimental bounds.

3.4 Heavy Fermion Production at LHC

Here we discuss the heavy fermion production at LHC. The triplet fermions couple to the
standard model particles through the Yukawa couplings as well as gauge couplings. We
give in Appendix B, the detailed Yukawa and gauge couplings of the neutral and charged
heavy fermions with the standard model leptons, vector bosons, and Higgs particles. We
have kept the masses of the heavy fermions in the 100 GeV to 1 TeV range. Therefore,
it should be possible to produce these fermions at LHC. In this section, we will study
in depth the production and detection possibilities of the heavy leptons in our type-III
seesaw model. Compared to the usual type-III seesaw model, there are two distinctly new
aspects in our analysis — (i) presence of two Higgs doublet instead of one, leading to a
rich collider phenomenology, (ii) presence of p-7 symmetry in our model.

The heavy triplet fermion production at LHC has been discussed by many earlier

papers At LHC we will be looking at the following production channels
U YIRS ud DA I I

To remind once more, the subscript “m” denote 4 component fields in their mass basis.
The exotic fermions have both Yukawa couplings to Higgs as well as gauge couplings
to vector bosons. Therefore, they could be in principle produced through either gauge
mediated partonic processes (left diagram) or through Higgs mediated partonic processes
(right diagram)

_ / + B
G/ X G/ st
Z/y/wE RO /A0
ey
0

However, it turns out that the vertex factors for the couplings of heavy fermions
to gauge bosons which are relevant for the formers production, wiz., ¥1¥~ 7Z/v and
YO SEWT, are much larger than those involving the Higgs, viz., 3% HY/h%/A? and
YO 3 HF. To illustrate this with a specific example, we compare the ¥ %~ 7 coupling
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Figure 3.4: Variation of production cross section of X£ Y9 with the mass of exotic
leptons. The blue, red and pink lines correspond to ¥, 39 3530 and 3%+ production
respectively.

given in Egs. (B16) and (B17) with the 3% h° coupling given in Table 3.13. Tt is
easy to see that the Xt¥~ 7/~ coupling has terms proportional to T, Ths and S3, S5,
while the ¥ 3 h9 coupling depends on terms which have an off-diagonal mixing matrix
block. Since the off-diagonal mixing matrix blocks are much smaller than the diagonal
ones (as discussed before), it is not surprising that the couplings of two exotic fermions to
the Higgs particles are much smaller than to the gauge bosons. Hence the heavy exotic
fermions will be produced predominantly via the gauge boson mediated processes. We
calculate the cross-sections using the Calchep package [30].

In Fig. 3.4 we show the production cross-section for 3 %2 (bold dotted line), ¥} 329
(solid line), and ¥t ¥ (fine dotted line), at LHC as a function of the corresponding heavy
fermion mass. It is straightforward to see that the X0 %0 7 (and X0 30 W#) couplings
are absent. A very small 39 .0 7 is generated through mixing from the 1°°Z coupling.
However, this is extremely small. Hence, 39 ¥:% production through gauge interactions
is heavily suppressed and is not shown in Fig. 3.4. The production cross-sections of
the heavy fermions fall sharply with their mass. More precisely, o(SEXF) = 112 fb,
(X530 ) = 206 fb and o(X,,20) = 95 fb, for My, ~ 300 GeV. However, for My, ~
600 GeV this quickly falls to o(SEXF) = 6 fb, o(XX0) = 13 fb, and (X, 30) = 4
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fb. Therefore, it is obvious that the lightest amongst the three generation of heavy
fermions will be predominantly produced at the collider, and will hence dominate the
phenomenology. The production cross-sections that we get is identical to that obtained
in earlier papers [15,16]. This is not unexpected since our model is different from all the
earlier models in the Higgs sector. However as discussed above, it is the gauge interactions
which predominantly produce the exotic leptons. The gauge-lepton couplings in our model
is same as in the earlier works. Since the heavy fermion production comes mostly from
the gauge mediated sub-processes, we get the same production cross-sections as the other
literatures.

3.5 Heavy Fermion Decays

Once produced at LHC, the heavy fermions will decay to different lighter states due to
its interaction with different standard model particles. In particular, they could decay
into light leptons and Higgs due to their Yukawa couplings, or to light leptons and vector
bosons due to their gauge interactions. The light leptons could be either the charged
leptons or the neutrinos. The Higgs could be either the neutral Higgs h°, HY, A°, or
the charged Higgs H*. The gauge bosons could be either W* or Z. The Higgs and
gauge bosons would eventually give the final state particles in the detector, which will be
tagged at the experiment. This will be studied in detail in the following sections. Here
we concentrate on only the two body tree level decay rates and branching ratios of the
exotic leptons £ and 39 . All possible vertices and the corresponding vertex factors for
the Yukawa interactions of 3£ and X0 are given in Tables 3.13, 3.14, 3.15. The vertices
and vertex factors for the charged and neutral current gauge interactions can be found in
Appendix B.2. Presence of two Higgs doublets and p-7 symmetry in Yy and M will have
direct implications in the partial decay widths for different decay processes.

3.5.1 Decay to Light Leptons and Higgs

In this subsection, we perform a detailed study of all two-body decays of these fermions
into a lepton and a Higgs. Since we have two Higgs doublets in our model, we have a pair
of charged Higgs H*, and three neutral Higgs — h® and H° are CP even, while A° is CP
odd. The Higgs mass spectrum and mixing is given in Appendix A. The decay width I"
for ¥, — I, X is given by

r x A

My, [1 _ My _mlj)Qﬁ x [1 _ M]%

_ 3.52
327 MEiZ MEiZ J ( )

where Ms,, Mx and my, are the masses of Z?ni/ wa X and [, respectively, where X
is the relevant Higgs involved. The [,,,; could be either a charged lepton I= or a neutrino
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Vm - Accordingly m,; will represent the charged lepton or light neutrino masses D; or D,,
respectively. For the charged Higgs H* mode, and the neutral Higgs h° and H° mode,
the factor Aj; is given as

(M% —mj)
A = (€SP +ICE",P) (1= =)
+(<CX,L>f_<CX,R> 4 (CX,R)’f(CX,L) ) my; (3.53)
X Jji X Jji X Jji X Jji Mzi )
while for the CP-odd neutral Higgs A° the factor is
(M% —mj)
A = (€D +IECED,) (1 - =57
* * mlj
(MG, + (CEM ")) 37 (3.54)

In the above equations (Cray™)/(Ci;™) are the relevant vertex factors given in Table 3.13,
3.14 and 3.15, and ¢, j represents the generation. In all numerical results that follow we
will fix the model parameters (Yukawa couplings and entries of M mass matrix) to their
values given in Table 3.1. This set of model parameters yield Am2, = 7.67 x 107° eV?,
Am?2, = —2.435 x 1073 eV? and sin?f;, = 0.33. Of course 013 = 0 and fy3 = 7/4. In
this work, we take the value of Mo = 40 GeV, Myzo = 150 GeV, M 0 = 140 GeV and
Mp+ = 170 GeV. We also present the heavy fermion decay branching ratios for the case
where we have taken the light Higgs mass m;o = 70 GeV. Also, for all cases where we
present results for fixed values of the heavy fermion masses, we take My, = 300 GeV and

M22 = MEg = 600 GeV.

o ag as ain my/eV | T2
0.145 | 0.097 | 0.109 | 4 x 10~* | 2.356 | 2.0 | 2.0

Table 3.1: Model parameters used for all numerical results in section 5 and 6. This set
of model parameters yield Am2, = 7.67 x 107° eV?, Am3, = —2.435 x 1073 eV? and
sin? §15 = 0.33. Of course 13 = 0 and 633 = 7/4. Parameter mg = v'?/(2M,).

SE 5 IR0 /HO /A

Let us begin with the decay of heavy charged leptons into light charged leptons and neutral
Higgs. The Higgs concerned in this case could be h°, H°, or A°. We start by probing the
decay rate qu — lij h°. From Eq. (3.52) we see that the decay rate is governed by the
factor Aj;, which in turn depends on the vertex factors given in Table 3.13. The vertex
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Figure 3.5: Variation of I'(X,, — h%) with My,

factors are given in terms of the 3 x 3 block matrices S,;, and T, where a,b = 1,2. We
have seen in the earlier sections that Sis, T12 and T, are heavily suppressed — the first
one by O(mp/M) and Tj and Ty by O((mymp)/M?). The vertex factors also depend
on the Higgs mixing angle o. In Appendix A, we have shown how the neutrino mass
constrains the neutral Higgs mixing such that sina ~ 107% and cos« ~ 1. Therefore, for
the ¥, — [£h decay the dominating vertex factor is

1
Chl ~ ESLYQTQQ cos av. (3.55)

We have seen in Eq. (3.46) that S;; ~ 1 if we neglect terms of the order of O(m?% /M?).
Therefore,

. ay V2a1 0
Clhigi ~ | an %(G@ + ag) %(ag — a6) . (356)
ai %(%‘ + as) %(QG — ag)
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Figure 3.6: Variation of I'(3;, — l,,, H) with My,

From Eq. (3.56) we can see that (C’l}f’zi)lg ~ (. In fact one can check that this happens
because Ty given by Eq. (3.51) has a specific form, which is due to p-7 symmetry. The
consequence of this is that decay of ¥, — e, h° will be forbidden to leading order. For
300 and 600 GeV triplet fermions, the effect of the lepton masses m;; on the decay width
is negligible. Hence using Eq. (3.52) and Eq. (3.56) the decay rate of all heavy charged
fermions into pE is predicted to be equal to their decay rate into 7=. This is also an
obvious consequence of the p-7 symmetry.

The partial decay widths for ¥, — I, hY from an exact numerical calculation in
shown in Fig. 3.5, as a function of the heavy charged fermion mass. The thin blue lines
are decay into e, while the thick green lines are for decay into p,, /7. As expected, we
notice the following two consequences of p-7 symmetry

e Decay rate of X, — e, h? is zero, hence not shown in this plot.
e The decay rate of the heavy fermions into f,, is equal to that into 7,,.
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We can also see that for ¥ ~decay, the decay rate into e, is about 5 orders of magni-
tude larger than into f,,/7,,. The trend is opposite for X =~ decay, where the decay is
predominantly into . /7,.. Both of these features can be understood from Eq. (3.56)
and the values of the Yukawa couplings taken (cf. Table 3.1). X decay into e, and
W, /T is proportional to a3 and a?,, respectively. The ratio of the decay widths seen in
the figure matches the ratio a3/(a3,) ~ 10°. Similarly, one can check that for X, decay,
the corresponding ratio is 4a?, /(ag + ag)?, which agrees with the middle panel of Fig. 3.5.
Finally, the fact that the decay rate of ¥, — p, h° is less than that of ;. — .- h° can
also be understood in terms of Eq. (3.56) and the Yukawa coupling values taken for the
calculation.

We next turn to the decay width for 37— I7 H°. Expression for the decay rate is

same as that given by Eq. (3.52) except that now Mo is replaced by the H° mass Mpyo.
For this decay channel the Aj; factor is dominantly given by

CHR ~ %SLYQTQQ sin o, (3.57)
Note that compared to the effective vertex factor for X7 — I7 h° given in Eq. (3.55),
the effective vertex factor given above for X0 — [ H" is suppressed by sina. Since
sina ~ 107, the decay rate of X7 into H” are heavily suppressed. We show in Fig. 3.6
this decay rate calculated from exact numerical results. Comparing Fig. 3.5 with Fig.
3.6, we see that decays into H° are suppressed by a factor of about ~ 10!, as expected
from the order of magnitude estimate. Therefore, we can neglect ¥, — lij HY for all
practical purposes.

From Table 3.13 it is easy to see that the decay rate ¥F — lij A% will be almost
identical to that that predicted for ¥ — lij h®. The dominant vertex factors for the
two process are the same and hence the only difference could come from the difference
between the Higgs masses. However, it is easy to see from Eq. (3.52) that the effect of
the Higgs mass on the decay rate is not very significant, especially for relatively heavy
fermions.

YO — 1T H*

The decay rate for this channel is also given by Eq. (3.52), and is governed primarily by
the vertex factor

+ 1 N
Clliz’OR = ESLY;} 22 COS . (3.58)

As discussed in detail in the Appendix, the factor cos 5 ~ 1. The matrix Uy displays
features similar to the matrix 7T5,. Therefore, the form of dominant vertex factor for this
case is similar to that given in Eq. (3.56). The corresponding decay rates are shown in Fig.
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Figure 3.7: Variation of T'(X), — I, H') with My,

m

3.7. All features seen for ¥, — I, h° is also seen here. Decay channel ¥, — ef, H™* is
forbidden. Decay rates to 1} is equal to decay rate to 7,7. The huge hierarchy in the decay
rates of ¥ and X9 into e, and fi,,/7,, are also present due to same reason as given
for ¥ — [-h° decays. The decay rate and flavor structure for the final state charged
leptons is therefore seen to be same here as for the decay of charged heavy fermions into
charged light leptons and h°. However, in this case we have a charged Higgs in the final
state and it should be easy to tag this and differentiate the two processes in the detector

at LHC.

S0 1, hO/HO /A

We next turn to the decay channels with a light neutrino in the final state. This will give
missing energy in the final state. Decay of the neutral X2, will create a neutrino and a
neutral Higgs. As in the case of decay of X% to charged leptons and neutral Higgs, one
can check from Table 3.14 that the decay to the Higgs H? is heavily suppressed due to
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the sin a term. However, decay to h° is driven by the vertex factor

1
Cf;’oR = éUlTlYg 5 COS Q1. (3.59)

For the decay X9, — vy, A° we find from Table 3.14 that the dominant vertex factor is

1
C:‘;aR = _§U1T1Y2T: 2 COS [3. (3.60)

Since cos § ~ cos a, the decay rate and flavor structure for this channel will be similar to
what we found for the X — v, h? channel. The main difference comes in the difference
between the masses of the hY and A° Higgs.

For the X — v, H° decay, one can see from Table 3.14 that the vertex factors for
both P, as well as Pg vertices, are suppressed by sin a. Therefore, this decay rate can be
neglected.

¥E = v, HE
From Table 3.15 the vertex factor for this decay will be
+
szjF’L ~ UL YL Sy cos . (3.61)

As we have seen in section 3.3, the structure of S, is very similar to that of Usy. Hence,
a comparison of the vertex factor for this process with the one from E?ni — U, h® and
E?ni = Vpy, A shows that all three will have decay rates of comparable magnitude, modulo
the difference in the masses of the scalars h°, A° and H™.

3.5.2 Decay to Light Leptons and Vector Bosons

The exotic heavy leptons have gauge interactions. Therefore, it is expected that they will
also decay into final state particles with vector bosons, W= and Z. The decay width T
for X0, — Iy /v, V and 23, — 15 /v, Voin the my; = 0 limit is given by

r

. MEZ' MV2 2 M22 VL 9 V.R 9
N 327T |:1 N ME2] [2 + MV2] <|(Cli2)ﬂ| + |(Cl:|:2)ﬂ| )7 (362)

where C’l‘i’é and C’l‘i’}; are the relevant vertex factors given in Appendix B.2, and My is the
mass of the vector boson involved. The dominant vertex factor relevant for ¥ — =7
and X0 — [EWT in terms of Yx, M, v" and the mixing matrices are given respectively by

v v
Clige = = Ci UMYIMTIUE, and CYLLE = =< g UMM Us. (3.63)
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For the other two channels 3° — 1,7 and X — v, W%, they are given respectively by

v _
CuZi% ~ ——(gcw + QISw)UJTDMNsYzT:M 'Us,

2v/2
/

v
Oyt o ——= gUbywsYs MUY, (3.64)

V2

The gauge interaction part of our model is identical to that for the one Higgs doublet
type-I1I seesaw considered earlier. Some of these vertex factors can therefore can be seen
to agree with that given in [29]. The only difference is that we include the matrices U,
UR and Us, in our general expressions, while these were taken as unit matrices in [29].

3.5.3 Comparing Zﬁ/o Decays to Higgs and Gauge Bosons

In Fig. 3.8 we show the decay rates X, — v, W~ (long-dashed blue line), ¥, — e, Z
(dot-dashed green line), X2 — 1, Z (dot-dashed magenta line), 3% — ¢, W™ (thin

solid red line), ¥, — e, H° (dotted maroon line), X, — vy, H~ (dz;shed violet line),
and X, — e, h° (thick solid dark green line). To clarify the notation once more, vy,
corresponds to the charged lepton lflj, where lflj represent eX, uE and 7= for j = 1,2,3
respectively. One can see that all decays to gauge bosons are suppressed with respect to
decays to h° (and A°) and H* by a factor of more than 10'°. The reason for this can
be seen by comparing the vertex factors involved in decays to Higgs h°, A° and H* (cf.
Egs. (3.55), (3.58), (3.59), (3.60), (3.61)), with decays to gauge bosons (cf. Egs. (3.63)
and (3.64)). It is clear that while the former vertex factors do not have any suppression
factor, the latter are all suppressed by v'/M. Another important difference between the
decay rates to Higgs given in Eq. (3.52), and gauge bosons given in Eq. (3.62), is in the
kinematic factors. Comparison of the two equations reveals that (for m;, = 0), there is
an additional factor of (2 + M2 /M3) for the gauge boson decays. This factor folded with

the factor 9;;;2 which comes from the couplings, gives a suppression 9]2\;’;2 gj/}’;
we have taken v’ ~ 1073-107% GeV, M = 300,600 GeV and the gauge boson masses are
My ~ 80,90 GeV, the decays to gauge bosons are suppressed by a factor of ~ 10'°-1012
compared to the decays to Higgs. Therefore, branching ratios of the heavy fermion decay
to W= and Z can be neglected in our model and we concentrate on only decays to h°,
A® and H* in our next section. Note that the decay to H° is also suppressed by a factor
of 10'°-10'2, as was also pointed out earlier. We had seen that this suppression is due to
sin® o coming from the vertex factor for this process. Since sin? o ~ 107'2, we find that
the decay rate for this case is of the same order of magnitude as the decays to the gauge

bosons. Hence, this is also neglected henceforth.

. Since

and
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Figure 3.8: Comparison of the decay rate of the heavy fermion into (i) Higgs and (ii)
vector bosons, in our two Higgs doublet model.

3.5.4 Comparison Between One and Two Higgs Doublet Models

It is pertinent to compare the two-body decays of the heavy fermions in our two Higgs
doublet model with the usual type-III seesaw models considered earlier which have one
Higgs doublet. The expressions for heavy fermion decays to Higgs and gauge bosons in
the one Higgs doublet models have been given before in the literature [14-17|, and we
give them here for the sake of comparison. The decay rates to gauge bosons in the one
Higgs doublet model is given as (for m;, = 0)

A2 M M2 M2
[UHDM(y0 .y 7y ~ (1 — —Z2)2(1 422 3.65
( m v, ) 647T ( MEZ)( _'_ M22>7 ( )

A2 M M2 M2
[HDM(s0 i FpyE) ~ (1 — W2 4 oW 3.66
( m m ) 327’(’ ( MEZ)( + Mzz)a ( )

58



pHPM st 7y~ 1— 1+2 3.67
(X5 = 1.7) 327T( Mz)( Mz) (3.67)

A2 M M2 M2
[UEDM(yx oy JE) ~ (1 — 142 3.68
(X, —v ) 167T( Mz)(+Mz) (3.68)

where A is the triplet fermion — lepton doublet — Higgs doublet Yukawa coupling in the
one Higgs doublet model, and all mixing terms are neglected. This should be compared
with the corresponding expression given in Eq. (3.62), which on neglecting all mixing and
hence flavor effects reduces to (for m;;, = 0)

Y2 My 02 M2 M
[2HDM(50 oy, 7y ~ 22 TEC (] 142 3.69
(X = VmZ) 647rV2( MZ)(+MZ) (3.69)
Y Mo M Mg,
P2HDM (50 [F ) ~ ézwz%(l T )2 (1+2M2 ), (3.70)
Y2 My v'? M2 M2
[2HDM (v 7y~ ZZTE ) 2(1 42 3.71
Y2 My, v M2 M2
[2HDM (vt ) )~ 222U g 2142 3.72

where V2 = v2 + v/ is the electroweak breaking scale. The scale of the Yukawa coupling
constants and VEVs are fixed by the neutrino mass m, ~ A\?*V?/My for the one Higgs
doublet model and m,, ~ YZv'*/Ms. If one replaces \* and Y2v'*/V? with m, My /V? in
both set of expressions, one can see that the the decay rates of heavy fermions into gauge
bosons are identical for both models.

The rates for decay into Higgs for the one Higgs doublet model neglecting flavor effects,
is given by (for m;, = 0)

A2 M M?
[UHDM(y0 .y, [0 ~ Y (] — CH 2 3.73
(X5, — v H”) oy ( MEQ), (3.73)

A2 M M?
[UHDM (v 1 [0y ~ Z(]— ZHy2, 3.74
(3, — [ HY) o ( MEQ) (3.74)

For the two Higgs doublet model, the corresponding decay rates are given by Eq. (3.52),
which on neglecting all flavor effects reduces to (for m;, = 0)

Y2 cos® a My, MF%/A

[2HPM (530 sy RO JAY)  ~ . (1 T )% (3.75)
2HDM v+ +70/40 Y22 cos® a My Mf?/A 2
r (XE = 1h'/AY) ~ 39 (1-— = ), (3.76)
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Y2 sin? o M M?2
[2HDM (320, [0y ~ 2 Y (] — ZH N2 3.77
(X = v H") i ( MEQ) , (3.77)

Y2 <2 M M2
[2HDM (yE =0y~ 23 51;2: Y- M;g)?, (3.78)

where the first two expressions are for decays to h or A° and the last two for decays to
H°. Again, for the same value of My, ~ 100 GeV in both models, one requires A ~ 107°-
10~° for the one Higgs doublet model in order to produce m, ~ 0.1 eV, while Y5, ~ 1 for
our two Higgs doublet model. Therefore, clearly

D2HPM(530 — vy h?JA%) ~ 101 x THPM(S) — v, HO),
2IPM(Ss — 1R JA%) ~ 101 x THIPM(SE — - HO).

Hence, the the exotic fermions decay about 10! times faster in our model compared to
the one Higgs doublet model. This could lead to observational consequences at LHC.
In particular, authors of [15] talk about using “displaced vertices” as a signature of the
type-III seesaw mechanism. In our model the lifetime of the exotic fermions is a factor
of 10! shorter and so will be the gap between their primary production vertex and the
decay vertex. This model therefore predicts no displaced vertex for the heavy fermion
decays. The other decay modes such as ¥° — v, H® and ©f — £ HY are suppressed
by the sin? o ~ 1072 factor and hence turn out to be comparable to the decay rates in
the one Higgs doublet model. As a result, the branching ratio to this mode is negligible
and can be neglected. In our model, decay of triplet fermions into h°, A% and H* are
predominant. We discuss the decay modes of the different Higgs fields h°, H?, A° and H*
in section 3.6. Among the different Higgs fields, the h° decay predominantly into bb pairs,
but with a very long lifetime, as we will discuss in section 3.6.

3.5.5 Flavor Structure and the Decay Branching Ratios

In this section we present the branching fractions of the heavy fermion decays. Table 3.2
shows the branching fractions for the X%, while Table 3.3 gives the branching fraction
for 39 decays. For the channels with neutrino in the final state, we give the sum of the
branching fraction into all the three generations, as observationally it will be impossible
to see the neutrino generations at LHC. We do not show decays to gauge bosons and
H? as they are suppressed by a factor of 10! with respect to the decays into h°, A° and
H*. As a result of the inherent p-7 symmetry in the model, E%O decays to electrons is
strictly forbidden and branching ratios of their decay into ., and 7, leptons are equal.
We find that due to the form of Uy, Sy and Ty given in Egs. (3.49), (3.50) and (3.51),
the probability of E,%O to decay into u,, and 7, leptons is equal. We also find that the
branching fractions of Efw is almost equal to the branching fractions of Ei?), and similarly
for the neutral heavy fermions. The difference between the branching fraction to h°, A°
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H Decay modes‘ 2t 2E ‘ Eis H

U H* 0.363 0473 | 0.473
e A 0247 | 228x10°| 0.0

= A 23x10°| 0125 |0.125
7= A 23x10°| 0125 |0.125
e o 0380 | 25x10° | 0.0

(= RO 36x10°| 0.139 | 0.139
TE RO 36x10°| 0.139 | 0.139

Table 3.2: Decay branching fractions of ¥ | ¥% and Eig for Myo=40, Mpzo=150, My+ =

my? mo

170 GeV and M4 = 140 GeV. We have taken model parameters M; = 300 GeV and
M2 = M3 = 600 GeV.

| Decay modes | X0 > | 20
et H* 0.368 4.3x107%] 0.0

wh H* 3.4 x107° 0.236 0.236
Tt H*® 3.4x107° 0.236 0.236
Vp, AY 0.243 0.250 0.250
Vi W0 0.386 0.277 0.277

Table 3.3: Decay branching fractions of Z?nl, E?m and E?ng for Myo=40, Mpzo=150, Mz+ =

170 GeV and M, = 140 GeV. We have taken model parameters M; = 300 GeV and
M2 = M3 = 600 GeV.

and H* is mainly driven by the difference in the masses which we have chosen for these
Higgses. In Table. 3.2 and Table. 3.3 we have taken the light Higgs mass Mo = 40 GeV.
We also present the branching fractions of the heavy triplet fermions for the light Higgs
mass Mo = 70 GeV in Table. 3.4 and in Table. 3.5.

3.6 Higgs Decay

In the previous section we have seen that the heavy fermions ¥, 39 will decay predomi-
nantly into h°, A° or H* associated with a lepton. In this section we discuss the possible
decay modes of the Higgs h?, A° and H*. We tabulate those few which have significant
branching ratios. The branching ratios of the different Higgs decay modes depend on the
choice for the Higgs masses as well as our choice of the mixing angles o and [, which
appear in the coupling. The part of the Lagrangian containing the interaction terms of
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H Decay modes‘ X5 > ‘ Eis H

U HE 0.381 0475 | 0.475
e A0 0251 | 230x10°| 0.0

= AV 231x 10| 0126 | 0.126
7= A 231x 10| 0126 |0.126
e o 0.37 251x10°| 0.0

(= RO 339x 10| 0137 |0.137
TERD 339x 10| 0137 |0.137

Table 3.4: Decay branching fractions of ¥ Efm and Efm for Mo="70, Mo=150, Mpy+ =

miy?

170 GeV and M 0 = 140 GeV. We have taken model parameters M; = 300 GeV and
M2 = M3 = 600 GeV.

H Decay modes ‘ E?m E?m ‘ 29713 H
ef H* 0.381 435 x107% | 0.0

ut H* 3.51 x 107° 0.238 0.238
Tt H* 3.51 x 107° 0.238 0.238
Uy, A° 0.251 0.252 0.252
Uy h° 0.368 0.272 0.272

Table 3.5: Decay branching fractions of X9, , 39 and X9 for Mj,0=70, Myo=150, Mpy+ =

170 GeV and M4 = 140 GeV. We have taken model parameters M; = 300 GeV and
M2 = M3 = 600 GeV.

the Higgs with the leptons and quarks are given in Appendix B. The interaction of Higgs
fields with the gauge fields comes from the Higgs kinetic terms and is the same as the gen-
eral two Higgs doublet model. Possible decay channels for the charged Higgs involve the
W= and the neutral CP even Higgs. In the two Higgs doublet model, the W* — HT — H°
coupling is proportional to sin(8 — «), whereas W* — H¥ — h° coupling is proportional
to cos(f — «) [19]. In Appendix A, we have shown how constraint from neutrino mass
drives sin o ~ sin 3 ~ 107%. Therefore, in our model H* — W*H?Y is always suppressed,
irrespective of the Higgs mass. In fact, the only decay channel possible for the charged
Higgs in our model is H* — W=*h0, for which the decay branching fraction

BR(H* — W*h°) = 1.0. (3.79)

The W* next decay into either ¢,,q,, pairs or [Zv,, pairs. The branching fractions of the
neutral Higgs h°, H® and A° are given in Table. 3.6 and also in Table. 3.7. Though H°
is almost never produced through heavy fermion decays in our model, we have included
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H Decay modes‘ hO ‘ H° ‘ AY H

bimbm, 0.89 | 0.87 | 0.87
TmTm 0.07 1 0.09 | 0.09
CmCm 0.04 | 0.04 | 0.04

Table 3.6: Decay branching fractions of h°, H® and A° for Mo = 40 GeV, Myo = 150
GeV, and M4 = 140 GeV.

| Decay modes | A |

by b 0.88
T Tm 0.08
CrmCrm 0.04

Table 3.7: Decay branching fractions of h°, H® and A° for Mo = 70 GeV.

them in the table for completeness. We find that the neutral Higgs decay to by,b,, pairs
almost 88-89% of the times for Mo = 70,40 GeV respectively. The decays to 7,7, and
CmCm happen less than few percent of the times. In our following sections where we look
for collider signatures, we will consider h° decays to only b,,b,, and 7,7, pairs.

Finally, a short discussion on direct production of h°, without involving the heavy
fermion decays, is in order. In this work we have considered one of the cases where the
lightest Higgs mass as low as 40 GeV. This might appear to be a cause of concern, given
that such a Higgs was not observed at LEP. However, it is easy to see that this Higgs
mass is not excluded by the direct Higgs searches at LEP-2. This is because the coupling
corresponding to Z — Z — hY vertex is given by (¢Mz/ cosf,,)sin(8 — ). Since in our
model sin (/5 —«) is almost zero, the LEP-2 bound on Higgs mass does not pose any serious
threat to our model, irrespective of the mass of h°.

3.7 Displaced h' Decay Vertex

Amongst the most significant difference of our model with the usual type-III seesaw model
are the decay lifetimes of the heavy fermions and h°. The total decay rate for 300 GeV
Y0 is about 1072 GeV. This gives the corresponding rest frame lifetime as 107'% cm. The
lifetime for % is similar. One can check that for the usual one Higgs doublet models,
the rest frame lifetime for the heavy fermions is ~ 0.5 cm [15] for m, = 0.1 eV and
My, ~ 100 GeV, which is rather large. The authors of [15] therefore proposed that the
displaced decay vertex of heavy fermion could be a typical signature of the one Higgs type-
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1T seesaw model. Clearly, for our model with two Higgs doublets, the decay lifetime is
almost 10'3 times smaller and hence we predict no displaced vertex for the heavy fermion
decay. This can be used as a distinguishing signature between the two models.

Another very important and unique feature of our model is the very long lifetime of
our neutral Higgs h°, which comes due to the smallness of sin . In fact, since sin v ~ 1075,
the lifetime for A% in our model is 10'? times larger compared to the standard model Higgs.
In particular, the h° total decay rate is around 107!® GeV. This gives h° a rest frame
lifetime of 4.97 cm. For a h° with hundred GeV of energy, the lifetime in the lab frame
is should be few 10s of cm. Therefore, we expect a big gap between the decay vertices of
the heavy fermion and the h°. This displaced h® decay vertex should be detectable at the
LHC detectors ATLAS and CMS.

We would like to make just a few qualitative remarks about the prospects of detecting
the displaced h° vertex. The h° decay predominantly into b,,b,, pairs. While b-tagging is
a very important and standard tool for collider experiments, and while both ATLAS [31]
and CMS [32] have been developing algorithms for tagging the b, there is an additional
complication with b-tagging in our model which should be pointed out here. Since the h°
lifetime is a few 10s of cm in the lab frame, it is expected to decay inside the silicon tracker
of ATLAS and CMS. In particular, the pixel tracker of CMS and ATLAS which are only
few cm from the center of the beam pipe, will miss the h° decay vertex. However, the
silicon strip trackers would be useful in observing the b-jets. The tracks from the primary
and secondary vertices of the b-hadron should be seen. In addition, one could use the two
other standard tools for tagging the b-jets. Firstly, one could the tag the lepton in the
jet coming from the semi-leptonic decays of the b-hadron. These leptons are expected to
have smaller pr compared to the ones coming from W* and Z decays, and hence this is
called soft-lepton tagging [31,32]. More importantly, one could construct the invariant
mass distribution of the 2 b-jets. This should give us a sharp peak corresponding to the
h°. We therefore expect that ATLAS and CMS should be able to detect the displaced h°
decay vertex. This would give a characteristic and unambiguous signal of our model.

3.8 Model Signatures at the LHC

For notational simplicity, we change our convention in this section. Here, we do not use
the subscript “m” any further to denote the fields in their mass basis. All the triplet
fermions, standard model leptons and quarks fields written in this section are in the mass
basis and we denote them simply by the notations ©*° [* v | b and so on. In the
previous sections we have discussed in details the production and subsequent decays of
the exotic fermions, as well as the decay branching fractions of the intermediate Higgs into
final state particles. In this section we describe the signatures of the two Higgs doublet
type-I1I seesaw model at the LHC. We will present a comprehensive list of final state
particles and their corresponding collider signatures.
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The most important characteristics of our model are the following;:

1. Presence of pu-7 symmetry in Yy, and M. This is expected to show-up in the flavor
of the final state lepton coming directly from the */° decay vertex.

2. Presence of two CP even neutral Higgses (h° and H°), one CP odd neutral Higgs
(A%), and a pair of charged Higgs (H®).

3. Predominant decay of the heavy fermions into light leptons, and h°, A° or H®.
Decays into H° and gauge bosons almost never happen.

4. Very short lifetime for the heavy fermion due to the very large Yukawa couplings.

5. Predominant decay of h® and A° into bb pairs 88-89% and 87% of the time, respec-
tively. They decay also into 77 7-9% of the time.

6. Very large lifetime of h°.

7. The Higgs H* decays into W*h? and almost never into W*H?.

In what follows, we will use these model characteristics to identify the different final state
channels at the collider. We identify the possible channels in the collider for our model and
calculate the respective effective cross-sections. The results are given in Tables 3.8, 3.9
and 3.10. We will also discuss some of the most important channels and the characteristic
backgrounds, if any, associated with them. In this section we have only given results for
effective cross-sections for the decay of Z?/ * with My, = 300 GeV. Results for the other
heavy fermion generations can be similarly obtained. We have considered the light Higgs
mass Mo = 40 GeV, while calculating the effective cross sections given in Table 3.8, Table
3.9 and Table 3.10. For the other choice M;0=70 GeV, the effective cross section does not
change significantly. However, as an example we have also calculated the effective cross
section for few of the significant channels which have large cross section and tabulate
them in Table 3.12 for the case Mo = 70 GeV.

3.8.1 Signatures from XX~ decays

We give in Table 3.8 the possible collider signatures coming from the decay of X*¥~
pairs, for our two Higgs doublet type-III seesaw model. In the last column we also give
the corresponding effective cross-sections for these channels in units of fb. The final cross-
sections can be obtained only after putting in the various cuts and efficiency factors. These
efficiency factors will have to be folded with the cross-sections given in Table 3.8 to get
the final effective cross-sections for the various channels. We have not addressed these
issues in this present work. Few clarifications on our notation is in order. Light charged
leptons could be released in the final state through two ways: (i) from the decay of the

65



Sl no Channels Effective cross-section (in fb)
1 YT = M7 h°h° — 40+ OSD 35.84
2 YY" — I7I7h°h° — 2b+ OSD + 27 3.67
3 ST — ITI7h°hY — OSD + 4r 0.37
4 SYYT = T H v — 4b+ 1+ 25+ pr 26.88
5 YY" = IThH v — 40+ OSD(l+ ')+ pr 8.92
6 YY" —w IPWOH v — 4b+ 1+ 7+ pr 4.48
7 YY" = ITh°H v — 20+ 1+ 27 + 25+ pr 2.69
8 SYYT = IThH v — 20+ 1+ 37+ pr 0.45
9 | XYY 5 ITR°H v = 26+ OSD(I+1') + 27+ pr 0.9
10 YY" PO H v — [+ 47 + 2+ pr 0.28
11 YT = ITh°H v — OSD(I +1') + 47+ jpr 0.04
12 YT P H v = 14+ 57+ pr 0.02
13 YtYT = HYvH v — 4b+ 45+ pr 15.68
14 YY" > HYvH v — 40+ 25+ '+ pr 10.52
15 YY" > HYwH v —4b+2j+ 7+ pr 5.26
16 YtYT - HY'vH v — 40+ OSD'+ pr 0.86
17 YtY" - HY'vH v — 4b+ 27+ pr 0.43
18 XY > HY'wH v —4b+ 17+ U+ pr 0.53
19 YtYY" — HYwH v — 20+ 27 + 45+ pr 3.25
20 YY" > H'wH v —2b+ 217+ 25 + '+ pr 2.12
21 YtY" — HYwH v — 20+ 37+ 2j+ pr 1.06
22 YtYYT > H'wH v — 20+ 21+ OSD'+ pr 0.32
23 XYY" > HYwvH v — 2b+ 47+ pr 0.08
24 YY" - HYwH v — 20+ 37 +1'+ pr 0.02
25 YY" - HYvH v — 47 + 45+ pr 0.15
26 YY" > HYwH v =474+ 25 + '+ pr 0.10
27 YtYT = HYvH v — 5174 2j+ pr 0.05
28 YY" - HY'vH v =51+ 1+ pr 0.006
29 YtYT > HYvH v — 474+ @6D'+ pr 0.02
30 YtYT - Ht'wH v — 67+ pr 0.005

Table 3.8: Effective cross-sections (in fb) for different 37>~ decay channels for My, = 300

GeV.




heavy fermions ¥* — [*h% and X° — [ HT (ii) from the decays of W — [v. The charged
leptons released from the £*/° decays are different from those from W¥ in two respects.
Firstly, the former carry the information on the flavor structure of the model as discussed
in the previous sections, while the latter do not. Secondly, since they come from decays
of the heavier */°, they are expected to be harder than the ones from W#* decays. We
refer to the charged leptons from the ¥*/0 decays as [ and the ones from W* decays as
I'. The notation OSD stands for opposite sign dileptons from $*/° decays, while O.SD’
stands for opposite sign dileptons from W¥ decays. When we have one charged lepton

from ©*/° decay and an opposite sign charged lepton from W* decay, then it is denoted
as OSD(l+ ") and so on.

While we provide an exhaustive list of channels for the XtX~ decay mode in Table
3.8, not all of them can be effectively used at the LHC. We will highlight below a few of
these channels which appear to be particularly interesting.

e One of the main decay channels offZi is ©* — [ 0. The h® with mass of 40/70
GeV, then decays subsequently to bb pairs giving rise to a final state signal of a pair
of opposite sign dileptons (OSD) + 4 b-jets.

YN = M RYRY — 1T bbb — 4b+ OSD.

We have seen from Table 3.2 that the branching ratio for ¥* — [ A% is also
comparable. This will also produce the same collider signature of 4b + OSD for
140 GeV A° mass . The only observable difference will be that the b-jets produced
from the A° decay will be harder as A° is much more massive than h°. Here and
everywhere else in this section, we will ignore the information on the hardness of the
b-jets and present the sum of the cross-sections with h° and A° in the intermediate
state. We should also stress that while we write only h° explicitly in the intermediate
channels in the Tables, the cross-sections given in the final column always also
include AY as well as h°. One finds that the effective cross-section for this channel is
35.84 tb for 40 GeV Mjo, which is rather high. For M,o=70 GeV, the cross section
differs very small, as can be seen from Table 3.12. The OSD released are expected
to be hard, as they come from the decay of the massive fermions.

Instead of decaying into bb pair, the h%s could decay into 77. If one of the h° decays
into bb and the other into 77, we will get

YY1 RORY — 1T bbrT — 20+ OSD + 27

This has an effective cross-section of 3.67 fb. A third possibility exists where both
the h° decay into 77 pairs. The effective cross-section for this channel is small as
can be seen from the Table 3.8, and will get smaller once the 7 detection efficiencies

are folded.
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e The other dominant decay channel for % decay is ¥* — vH*. The neutrino will
give missing energy while H* will decay into H* — W*h?. The W* could decay
hadronically giving 2 jets or leptonically giving either a 7-jet + missing energy
or e/u lepton + missing energy. Since the lepton released in the ¥+ — [£ A0 is
important both for understanding the flavor structure of the mixing matrix as well
as for tagging the channel in order to reduce the background, we consider first the
case where one of heavy charged fermion decays into a hard charged lepton and h°
and the other into a neutrino and H*. The most interesting channels in this case
turn out to be:

ST S IR H v = TR Wy — 4b+ 1 + 25+ pr,

ST S RO H v = TR Wy — 4b+ 1+ T+ o,

where for the former, the two h° (one from the X% decay and another from H~
decay) produce 4 b-jets, and the W~ decays produce two hadronic jets. In the
latter channel, the W~ decays into 7v,, producing a 7-jet. The effective cross-
section for the former channel is 26.88 fb, while that for the latter is 4.48 fb. The
effective cross-sections for the other channels with [Th°h°WW ~v in the intermediate
states are given in Table 3.8. However, their cross-sections are smaller.

e Finally, both the charged heavy fermions could decay through the H*v mode. In
this case we have the following leading order possibilities:

YT = HwH v — BPR°WTW v — 4b+ 45+ pr,
YY" s H'wH v — B°ROWTW vy — 4b+ 25 + '+ pr,
YT HwH v — IPR°WW o — 4b+ 25 + 7+ pr.
The mode XX~ — 4b+ OSD'+ pr, appearing at serial number 16 in Table 3.8
could have been easy to tag as it contains 4b-jets and pair of opposite sign dileptons
coming from W* decay, and missing energy. However, the effective cross-section
for this channel is relatively low. Note that none of the channels with HTvH v in

their intermediate state have [ in their final state. For these channels therefore, it
is impossible to say anything about the flavor structure of the model.

3.8.2 X*XY decay

We give in Tables 3.9 and 3.10, the possible decay channels, final state configurations of
particles, and their corresponding effective cross-sections for the X*%° production and
decays. For the leptons we follow the same convention for our notation as done for the
previous section.
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Sl no Channels Effective cross-section (in fb)
1 SES0 5 ROy < 4b + I+ pr 96.3
2 YEXO - FROROy — 20+ 1+ 274+ pr 19.7
3 YENY — FRORy — I+ 27+ pr 0.99
4 YEXO - HEvh% — 4b+ '+ pr 107.4
) YEYO — HEvhv — 4b+ 7+ pr 53.7
6 YEXO — HE¥vhOv — 4b + 25+ pr 35.98
7 YEXO — HEvhOv — 20+ 27 + 25+ pr 7.36
8 YEXO — HEvhOv — 20+ 27 + '+ pr 2.42
9 YEXO — H*vhv — 2b+ 37+ pr 1.21
10 SEN0 5 HEuhOy — 47 + 25+ pr 0.38
11 YEXY — HEvhOv — I + 47+ pr 0.12
12 YEXY — HEvhOv — 57+ pr 0.06
13 SEYO y EHTIERY — 4b + 21 + 25 36.12
14 YEYO 5 FHFIERY — 4b+ 3120 + )+ pr 12.04
15 YEXO 5 [FHTIFERY — 4b+ 21 + 174+ pr 6.02
16 YEXO 5 [FHTIERY — 2b+ 21 + 27 + 25 7.4
17 | 2F80 5 EFHFERY — 20+ 3121 + ') + 27+ pr 2.4
18 YENO 5 [EHFIERY — 20+ 21 + 37+ pr 1.20
19 YEXO 5 FHFIERY — 21 + 47 + 25 0.36
20 YENO — FHFERY — 3121 + 1) + 47+ pr 0.12
21 YENY — FHFIERY — 21+ 57+ pr 0.06

Table 3.9: Effective cross-sections (in fb) of different $*X° decay channels for Ms, = 300
GeV.
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Sl no Channels Effective cross-section (in fb)
1 YEXO — HEvHFIT — 4b+ 1 + 45+ pr 13.36
2 YENY — HEvHEIFT — 4b+ 1+ 7+ 25+ pr 4.38
3 YEYO — HEvHAET — 4b+ OSD(L+ 1) + 25+ jpr 6.57
4 YEYO — HEvHET — 4b+ LSD(I + ') + 25+ pr 2.19
5 SENO — HEVHEF — 4b+ OSD(I+ 1) + 7+ fr 1.09
6 SEN0 - HEVHEIF — b+ LSD(I+1') + 7+ pr 0.37
7 | SER0 o HEUHEF = 20+ OSD(I+ 1) + 27 + 2j+ pr 1.35
8 | BEX0 - HEUH*[F — 20+ LSD(I+1') 4+ 27 4 2j+ pr 0.45
9 SEN0 — HEVHEF — 20+ OSD(I+1') + 37+ fr 0.23
10 SEN0 — HEVHIF — 20+ LSD(L+1') 4+ 37+ fr 0.08
11 SEYO 5 HEvHEF — OSD(14 1) + 47 + 2j+ pr 0.06
12 SEYO 5 HEVHEF — LSD(L+ 1) 4 47 + 2j+ pr 0.02
13 YEXY — HEvHFIT — 2b+ 1+ 27 + 45+ pr 2.78
14 YEXO — HEvHFIT — |+ 47 + 45+ pr 0.14
15 YEXO — HEvHET — 4b + 31(1 + 2U')+ pr 1.68
16 YEYO — HEvHET — 26+ 31(1 + 2U') + 27+ pr 0.32
15 SENO — HEVHEF — 31(1+2U') + 47+ pr 0.02
16 YEXO — HEvHFIT - 4b+ 1+ 27+ pr 0.42
17 YEXO — HEvH*T = 20+ 1+ 47+ pr 0.08
18 SEYO 5 HEVHEF 5 [+ 57 + 25+ fr 0.04
19 YEYO — HEvH*IT = 1+ 67+ pr 0.004
20 YEXO — HEvH*T 5 I+ 1+ 57+ pr 0.008

Table 3.10: Effective cross-sections (in fb) of different X% decay channels for My, = 300

GeV.

70




Sl no Channels Effective cross-section

in fb
1 4b +0SD 35.84
2 4b + I+ pr 96.3
3 b+ U+ pr 107.4
4 b+ 1+ pr 53.7
5 4b+ 1+ 25+ pr 26.88
6 4b + 21 + 2§ 36.12
7 1 4b+ 312+ 1)+ pr 12.04

Table 3.11: Effective cross-sections in fb for My, = 300 GeV, for the most important

channels for our model.

e We begin by looking at the X*X° decays where ¥* — [*h? and X° — vh®. This

would lead to the following final state configuration

with a very large effective cross-section of 96.3 tb. This channel should be easy to
tag. The 4 b-jets come from the displaced h° vertices, and the lepton released is
hard. This lepton will also carry information on the p-7 symmetric flavor structure
of the model. For the choice of Higgs mass Mo = 70 GeV, the effective cross
section reduces to 89.6. Another unambiguous channel with significant effective

YEXO — FROhy — 4b+ 1+ pr,

cross-section coming from the [h°h%v intermediate state is

SEXO = FRO%y = 20+ 1+ 27+ pr,

where one of the h° decays into 77.

e The other intermediate state which has very large effective cross-sections is X=X° —
vH* vh°. The H* would decay into W*h®, and W+ into a lepton !’ finally giving

with an effective cross-section of 107.4 fb. Alternatively, the W~ could instead decay

into Tv, giving

YESRY 5 HEvh®v = 4b+ '+ pr,

YESY 5 HEvh®v — 4b+ 74+ po,
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SI no Channels Effective cross-section
in fb
1 4b +0SD 33.45
2 4b+ 1+ pr 89.60
3 4b+ 1+ 2j+ pr 26.4
4 Ab + 21 + 25 36.1
5 | 4b+ 3120+ 1)+ pr 12.04

Table 3.12: Effective cross-sections in fb for My, = 300 GeV and Mo = 70 GeV for the
important channels for our model.

with effective cross-section of 53.7 fb, or decay into ¢q’ giving
YEXO — H*vh% — 4b + 25+ pr,
with an effective cross-section of 35.98 fb.

e Large effective cross-section in the X*X° channel is also expected from the following
decay chain
YEXC 5 FROFHT — 4b 4 210 + 27,
with effective cross-section of 36.12 fb. Both the leptons in this channel come from
the heavy fermion decay vertices and carry the flavor information of the model.

Choice of a 70 GeV M0 does not alter the cross section as can be seen from Table.
3.12.

e Y530 could also decay through the intermediate states H¥vH*[T. This leads to 20
possible final state particles and collider signatures. These are listed in Table 3.10.
However, the only one which has sizable effective cross-section is

SEXO - HEvHET = 4b+ 1 + 45+ pr.

However, this channel has 4 light quark jets, which is always prone to problems with
backgrounds.

In Table. 3.12, we have shown the effective cross section for few of the channels
considering the Higgs mass Mo = 70 GeV, while in the other tables the Higgs mass
has been taken as 40 GeV. The choice of the Higgs mass as 70 GeV does not make any
significant change in the effective cross sections. Hence we do not repeat the calculation
of the effective cross section for all the possible channels for the case of Mo = 70 GeV.
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3.8.3 Backgrounds

In Tables 3.8, 3.9 and 3.10 we provided a comprehensive list of collider signature channels
for the heavy fermions, and their corresponding effective cross-sections. In the previous
subsection we had also discussed some of the most important channels with large effective
cross-sections. In Table 3.11 and in Table 3.12 we give a subset of those highlighted in
sections 3.8.1 and 3.8.2. These are expected to be the most unambiguous channels, with
smallest backgrounds and the largest signal cross-sections. In almost all channels listed
in Table 3.11 and in Table 3.12, the final collider signature contains 4 b-jets and a hard
lepton coming from the primary heavy fermion decay vertex. In addition, the 4 b-jets
come from the h° decay vertex which is significantly displaced with respect to the heavy
fermion decay vertex. The main source of standard model background for the channels
with 4 b-jets and a lepton are the ¢t£bb modes, which can give multiple b-jets, leptons and
missing energy. However, as mentioned many before, the b-jets come from h° displaced
vertex and should not have any standard model background. Having the hard lepton
in the final state further cuts down the background. Therefore, each of these collider
channels are expected to have very little to no backgrounds. For a detailed signal to
background analysis one requires a detailed simulation for the final state topology, which
is outside the scope of this work. Nevertheless we add a few lines discussing qualitatively
the possibility of backgrounds for some of the listed channels in Table 3.11.

e 4b +0OSD: Here the two opposite sign dileptons come from the Y7~ decays. Since
the ©F are heavy with My+ = 300 GeV, the leptons will be very hard and we can
put a cut of pr 2 100 GeV. The displaced h° vertex should remove all backgrounds.

e 4b + [+ /pr: Here ttbb does not directly give any background, unless one of the
leptons from the final state is missed. However, the pr cut on the hard lepton and
the displaced h® vertices should effectively remove any residual background.

e 4b+ I'+ pr: Here the pr cut on the lepton cannot be imposed as the lepton here
comes from W= decay. However, the 4 b-jets still come from the displaced h° vertices
and that should anyway take care of killing all backgrounds to a large extent.

e 4b+ 1+ 2jet+ pr: The main background could again come from standard model
ttbb channels. This can also be removed by the displaced h° vertex and a cut of
pr = 100 GeV for the lepton.

e 4b+ 2] + 25: Similar to the first case, but with 2 extra jets.

e 4b+3l(2l +I')+ pr: Out of the 3 leptons in this channel, two are hard and one is
relatively soft. In addition we have the h° displaced vertex. Therefore, this channel
is expected to be absolutely background free.
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3.9 Conclusions

The seesaw mechanism has remained the most elegant scheme to explain the smallness
of the neutrino masses without having to unnaturally fine tune the Yukawa couplings
to arbitrary small values. In the so-called type-III seesaw, three hypercharge Y = 0,
SU(2) triplet fermions are added to the standard model particle contents. These exotic
fermions are color singlets and belong to the adjoint representation of SU(2). These exotic
fermions have Yukawa couplings with the standard model lepton doublet and the Higgs
doublet. Once these heavy leptons are integrated out from the theory, the dimension-5
Weinberg operator is generated. After electroweak symmetry breaking Majorana neutrino
masses are generated from this operator. In this novel seesaw mechanism, the smallness
of the neutrino mass is explained by the largeness of the heavy fermion mass and without
having to fine tune the Yukawa couplings to very small values. To generate neutrino
masses m, ~ 0.1 eV, one requires that the heavy fermion mass should be ~ 10 GeV
with Yy ~ 1. Being in the adjoint representation of SU(2), one of the most interesting
feature of these exotic fermions is that they have gauge couplings, and therefore can be
produced at collider experiments. The only constraint for the production of these particles
at LHC is that their mass should be in a few 100 GeV range. However, in order to produce
neutrino masses m, ~ 0.1 eV, one would then have to tune the Yukawa couplings to be
~ 1076,

In this work we propose an extended type-III seesaw model with two SU(2) Higgs
doublets along with the three adjoint SU(2) fermion triplets. The addition of the 2nd
Higgs doublet opens up the possibility to avoid very small Yukawa coupling. We impose
an additional Z, symmetry such that one of the Higgs doublets, called @, has positive
charge while the other, called ®,, has negative charge under this symmetry. In addition,
we demand that all standard model particles have positive charge with respect to Z, while
the three new exotic fermion triplets are negatively charged. Therefore, ®; behaves like
the standard model Higgs, while ®, is coupled only to the exotic fermion triplets. As a
result, the neutrino mass term coming from the seesaw formula depends on the VEV of
®, (v'), while all other fermion masses are dependent on the VEV of ®; (v). We can
therefore choose a value for v such that m, ~ 0.1 eV for exotic fermion masses ~ 100
GeV, without having to fine tune the Yukawa couplings to very small values.

Another typical feature about neutrinos concern their peculiar mixing pattern which
should be explained by the underlying theory. The current neutrino oscillation data
indicates an inherent u-7 symmetry in the low energy neutrino mass matrix. It is therefore
expected that this p-7 symmetry should also exist at the high scale, either on its own or
as a sub-group of a bigger flavor group. We imposed an exact pu-7 symmetry on both the
Yukawa coupling of the triplet fermions Yy, as well as on their Majorana mass matrix M.
Therefore the low energy neutrino matrix m, obtained after the seesaw had an in-built
p-1 symmetry. As a result our model predicts 03 = 7w/4 and 613 = 0. The oscillation
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parameters depend on the model parameters in Yy, and M.

A very important and new aspect which emerged from our study concerns the mixing
in the heavy fermion sector. We showed that for the case where M was p-7 symmetric, the
matrices Us,, UF and UJ were highly non-trivial, and in particular had the last column
as (0,—1/v/2,1/4/2). We showed that flavor structure of our model was reflected in
the pattern of heavy fermion decays into light charged leptons. The state Z%O decayed
equally into muons and taus and almost never decayed into electrons. This feature exists
not only for our model, but for any model with an underlying flavor symmetry group that
imposes p-7 symmetry on the heavy Majorana mass matrix M, for example the model
given in [33].

Next, we turned to the production and detection of heavy fermions at LHC. We
discussed quantitatively and in details the cross-section for the heavy fermion production
at LHC and their decay rates. While the production cross-sections for our model turned
out to be same as that in all earlier calculations done in the context of the one Higgs
doublet model, the decay pattern for the heavy fermions in our case was found to be
different. The p-7 permutation symmetry showed up in the flavor pattern of the heavy
fermion decays through the matrices Us,, UF and UJ. The decay rate of the heavy fermions
in this model is more than 10! times larger than that found for the one Higgs doublet
model and is ~ 1072 GeV for 300 GeV heavy fermions. Therefore, while for the one Higgs
doublet case one could attempt to look for displaced heavy fermion decay vertices, in our
case they will decay almost instantaneously. We found that this tremendous decay rate
came from the very fast decays of SEC into light leptons and Higgs h°, A° or H* which
stem from the very large Yukawa couplings in our model. As the Yukawa couplings are
a factor of 10° — 10° larger in our model, the decay rates which depend on the square of
the Yukawa couplings are a factor 10°-10'2 higher.

The other distinctive feature of our model appeared in the pattern of the Higgs
decays. The smallness of the neutrino masses constrained the neutral Higgs mixing angle
a to be very small. This resulted in a very small decay rate for the A Higgs. For a mass
of Mo = 40 GeV, the h° lifetime in the Higgs rest frame comes out to be about 5 cm.
This will give a displaced decay vertex in the LHC detectors, ATLAS and CMS. Finally,
we discussed in detail the expected collider signatures for the two Higgs doublet type-III
seesaw model with p-7 symmetry. We have presented the effective cross section of the
different channels and qualitatively discussed about the background. The channels with
b-jets and hard leptons are the most significant one as our model signature.
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Appendix

A: The Scalar Potential and Higgs Spectrum

Our model has two SU(2) complex Higgs doublets ®; and ®,, with hypercharge ¥ = 1.
The scalar potential can then be written as

2 2 2
Vo= A (cb{cbl - v2) T (<1>;<1>2 - v’2> T ((cb{cbl — ) (Dhd, — v’2)>

A ((cp{cpl)(cp;cpz) - (@}cb?)(q);q)l)) + s (Re(cb{cbz) — ' cos 5)2
+X6 (Im((ﬂfbg) — vv' sin 5)2 : (A1)

where
<<I)1) = < ) <(I>2> = ( . ) and tanﬁ v’ (AQ)
v )’ Vet ) v’

According to our Z, charge assignment, ®; carries charge +1, while ®; has —1 charge.
Therefore, the A5 term is zero when the symmetry is exact. We will discuss the phe-
nomenological consequences of this and argue in favor of a mild breaking of this Zs sym-
metry. With the scalar potential Eq. (A1) it is straightforward to obtain the Higgs mass
matrix and obtain the corresponding mass spectrum. The physical degrees of freedoms
contain the charged Higgs H* and the neutral Higgs H°, h°, and A°. While H° and h°
are CP even, A° is CP odd. If we work in a simplified scenario where £ is taken as zero,
then it is is quite straightforward to derive the mass of the charged Higgs H* and the
CP-odd Higgs A°. The masses are given as

M2 = M2 +07), and M2, = \g(v?> 4+ 0"7), (A3)
respectively. The mass matrix for the neutral CP-even Higgs is
Mo = 4@2()\1 + )\3) + UIQ)\g; (4)\3 + )\5)1}1], (A4)
(4)\3 + )\5)’01)’ 41)/2(>\2 + )\3) + 1)2)\5 '
The mixing angle, obtained from diagonalizing the above matrix is given by
tan 20 = ——— A5
T My — My (45)
and the corresponding masses are
1
Méoﬁo = §{M11 + Moy + \/(Mn — May)? + 4M3,. (A6)
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The physical Higgs are given in terms of components of ®; and ®, as follows. The neutral
Higgs are given as

H' = V2((Re®? — v)cosa+ (Red} — v)sina) (AT
h = V2(—(Re®) —v)sina + (Re®§ — v') cosa) , (A8)
A" = V2(=Im®Ysin § + Im®) cos ), (A9)

while the charged Higgs are
H* = —®F sin B + &5 cos . (A10)
The Goldstones turn out to be

G* = ®FfcosfB+ dfsingp (A11)
GY = V2(Im® cos B + Im®Y sin 3). (A12)

The requirement from small neutrino masses m, ~ 0.1 eV constrains v/ ~ 10~* GeV.
Therefore, for our model we get from Eqs. (A2) and (A5)

tan3 ~107° and tan2a ~ tanfB ~ 107°. (A13)
One can estimate from Eq. (A6), that in the limit ' < v,
Mo =~ (A1 + X3)v?, and MP, ~ Asv?. (A14)

We should point out here that in the limit of exact Zy symmetry, A5 = 0 exactly, and in
that case M7, v'?. Since v/ ~ 10~* GeV, this would give a very tiny mass for the neutral
Higgs h°. To prevent that, we introduce a mild explicit breaking of the Z, symmetry, by
taking A5 # 0 in the scalar potential. This not only alleviates the problem of an extremely
light Higgs boson, it also circumvents spontaneous breaking of Zs, when the Higgs develop
vacuum expectation value. This saves the model from complications such as creation of
domain walls, due to the spontaneous breaking of a discrete symmetry. The extent of
breaking of Z5 is determined by the strength of ;. Since we wish to impose only a mild
breaking, we take A5 ~ 0.05. This gives us a light neutral Higgs mass of M} ~ 40 GeV
from Eq. (Al4). For 70 GeV light Higgs mass, the coupling A5 increases to 0.16. Since
all other \; ~ 1, the mass of the other CP even neutral Higgs, the CP odd neutral Higgs
and the charged Higgs are all seen to be ~ v GeV from Egs. (A3) and (A14). We will
work with MY, = 150 GeV, and M3 = 170 GeV. We take MY as 140 GeV.

We also require the couplings of our Higgs with the gauge bosons. This is needed in
order to understand the Higgs decay and the subsequent collider signatures of our model.
These are standard expressions and are well documented (see for instance [19]). One can
check that certain couplings depend on sin « and sin(f — a). From Eq. (A13) we can see
that these couplings are almost zero. Others depend on cos a and cos(5 —«) and therefore
large. We refer to [19] for a detailed discussion on the general form for the couplings.
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B: The Interaction Lagrangian

B.1: Lepton-Higgs Coupling

The lepton Yukawa part of the Lagrangian for our two Higgs doublet model was given in
Eq. (3.9) as,

_ o 1 .
—Ly = Vi, lp®L; + Yo, $ISk L, + h.c.} + 5 My Tr [zRizgj + h.c.] . (B1)

From this the individual Yukawa coupling vertex factors between two fermions and a
Higgs can be extracted. We have three generations of heavy and light neutral leptons and
three generations of heavy and light charged leptons. In addition, we have three neutral
and a pair of charged Higgs. The Yukawa interaction between any pair of fermions and
a corresponding physical Higgs field can be extracted from Eq. (B1). We list below all
Yukawa possible interactions in the mass basis of the particles. The vertex factors are
denoted as C’?I’L/ " Where I and F are the initial and final state fermions respectively, X is
the physical Higgs involved and L/R are for either the vertex with P, or Pg respectively,
where P, and Py are the left and right chiral projection operators respectively. Note
that we have suppressed the generation indices for clarity of the expressions. But the
generation indices are implicitly there and the vertex factors are all 3 x 3 matrices.

LI =BG P+ O PRy + T (CEE P+ O PR)S,, 4 huc)

5 (N P+ IR prysy (B2)
—Lly = R {n(Cl P+ O PR)l + (L (Cli P+ Cli Pr) Sy, + huck

+5L(CRME Pyt CYE PR)s,) (B3)

L = AL (G P+ O R PR+ {1 (CRE P+ C B PR)E, + huc)
(O P O Pr)S) (B4)

L0 = GUL(CE P+ CE R PRy + {1n(CS P+ CS T PR)S, + huc
5 (CSNE P+ CSOE PR)s ) (B5)
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LT = HYTm(CI Py + CI R P)vy, + {7 (CHG P+ CHG PR)S0 + e}
+30, (Clogt Pr + CHi PR) S0, ) (B6)

30330

L0 = BT (CIE Py A OB PR) Uy, + {T (Cl P+ Cl PR)E2, + hch
+ 0 (Ol P+ Ol PR)=0 ) (B7)

30330

vv

30 (Canh P+ Coni PR)Z0 ) (BY)

0330

L% = AT (CAEP, + CA R PRy, + (T (CAF Py + CAT PR, + hic)

LG50 = G (CG P+ CA R PR + (T (Ci Pr + CO™ Pr)S0, + hic}

30 (CSE Py + CS Pr) sl ) (B9)
LI e = H {La(Cl P+ O PR + 1 (Cly P P+ Ol PRS0,
3 (CHE P+ CH R PRS0 Y + H {0, (CHE P+ CHIR Py
+h.c (B10)
L5 = G {In(CE P+ O R PR) U 4 Ln(C ™™ Pr + C0 ™ PR) X0,
S (CE P+ CS PRS0 Y + GH {0 (CS Py + CS PR )
+h.c (B11)

The exact vertex factors C’?I’L/ " for our two Higgs doublet type-III seesaw model
are listed in Tables 3.13, 3.14, 3.15.
B.2: Lepton-Gauge coupling

The lepton-gauge couplings come from the kinetic energy terms for the ¥ fields in the
Lagrangian. The kinetic energy terms are given as

—Ly = Spiv"D,Sg+ LM, (B12)
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C’lIl{O’L %(THYISH cos o + T2JrlY2511 sin o) C’lIl{O’R %(SHY T, cos o + SHY T5; sin «)
Cgo_’L %(THY}SH cos a4 TJ, Y. Sy sin ) Cgo_’R %(SHY Tha cos a + S}, Y{i Ty, sin )
C’gj’z{ %(THYZSH cos o + T}, Y5515 sin ) C’gf’; %(SHY Ty cos o + ST, YTy, sin )
C{ILO’L 7%(T11YZSH sin o — T}, Y5541 cos ) C{ZLO’R 7%(5113/ Ty sina — S, YTy cos )
Clh;LL 7%<T11}/l»912 sin o — TZTlYgSlg oS v) C{L;LR 7%( 11Y Tissin o — SHY T cos @)
C’go,’é, 7%(T12Y1512 sin o — T}, Y5515 cos ) C’gojg, 7%(5123/ Tyysina — S}, Y Thy cos a)
Cfllo’L ﬁ(TnY}SH sin 8 + T}, Y511 cos 3) Cfl‘O’R 7%(511}/ Ty sin B + ST, YTy, cos B)
ngoiL ﬁ(TnYZSu sin 3 + T2T1Y2512 cos 3) C[;OJR 7%((5113/ Tiasin 3 + 511Y T cos 3)
C’gi’é_ ﬁ(THYZSm sin 3 + T4, Y5 S5 cos 3) Cg?’g_ 7%(5123/1 Ty sin B + ST, YTy, cos B)
Cﬁo’L 7%(T11Y1511 cos 3 — T4, Y, Sy sin ) CﬁO’R ﬁ(SHY}TTH cos 8 — ST, YTy, sin )
Cg),’L 7%(T11Y1512 cos 3 — T}, Y512 sin 3) Cg)jR ﬁ(SHYlTTH cos 3 — S1, YTy, sin )
CSS’EL_ 7%(T12Y1512 cos 3 — T, Y512 sin ) C’EG?’;_ ﬁ(SlQYlTTH cos 3 — S1, YTy, sin )

Table 3.13: The vertex factors for P, (Pr) and their corresponding exact expression in
terms of the Yukawa couplings and mixing matrices are given in the first (third) and second
(forth) column respectively. The vertex factors listed here are for Yukawa interactions of

the charged leptons with neutral Higgs.

CIIVE [ e (UL YUy || CIIVF ;(UHY*U;n
Chgt | e (UL Ysln) || Cl" S”2“)‘(U YUz,
Crwn | 82 (ULYsUs) || Coil | 32 (ULYLU3,)
chib | s (UlysUy) || ChR | U], vius)
CLL;’OL s (Uy, YslUia) Cf;’oR wso (U, YiUS,)
Ot | S (ULYsUr) || Ol | <52(UL,YUS,)
Coob | S B(ULYeUn) || Ca ™ | —222(U] YiU3,)
Col | 2B (UL YaU) || Ot | 128U, YilU3,)
Cgsé% chsﬁ(UzgYEUw) ngilg _icgsﬁ<U1T2Y2TU2*2)
Cot | 232 (URYsUn) | Gyt | ==52(ULYiUS)
O’ | “S5AURYSUR) || O™ | —232 (UL YIUS,)
CGL | B (UL ysUy) || CSE | il (pf,viug,)

Table 3.14: The vertex factors for P, (Pgr) and their corresponding exact expression in
terms of the Yukawa couplings and mixing matrices are given in the first (third) and second
(forth) column respectively. The vertex factors listed here are for Yukawa interactions of

the neutral leptons with neutral Higgs.
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cHE —T}, YUy sin 8 Cy ™ | (581 Vil Usn™ — S5, Y5 Uni™) cos 8
clt —T! YUy sin 8 Cro ™ | (F551YaUss™ — S§, Y5 Uny") cos 8
CIP | (LURYeS1, — UL Y Sp) cos B || CHZF —UL,Y, Ty sin 8

cl o —T1,Y,Upssin 8 Cyyo | (58 YiUs" — SLYs" Ury™) cos 8
oot T}, YUy cos B Cp " | (ST YiUn™ — S5, Y5 Uny ™) sin 8
Ciot T}, YUy cos B Cro™™ | (581 VilUss" — S5, Y5 Uns") sin 8
Cot | (LU YsS1 — UL Ys" Sp)sin 8 || C52" UL Y, Ty cos B

Sk T},YiUss cos CE | (LSLYAUR" — SLYs U sin 3

Table 3.15: The vertex factors for P, (Pg) and their corresponding exact expression in
terms of the Yukawa couplings and mixing matrices are given in the first (third) and second
(forth) column respectively. The vertex factors listed here are for Yukawa interactions of
the charged as well as neutral leptons with charged Higgs.

where the first term is for heavy triplet fermion field and the second term contains the
corresponding contributions from all standard model fields. The covariant derivative is
defined as

Dy = 0, +1g[Wy,, X]. (B13)

Inserting the covariant derivative in Eq. (B12) one obtains the following interaction terms
between leptons and gauge fields

LGt - E _'_ ‘C _'_ ‘CCCa (B14)

where the first two terms contain the neutral current interactions between [ and XF (first
term) and between v and X% (second term) respectively. The last term gives the charged
current interaction between the leptons. The neutral current interaction Lagrangian in-
volving [ and X~ is given by

El o= Ly {7 RPR +c PL}Z Zy+ {lmy“{clz,PR + ch,PL}Z Z, +h.c}
+Zm7“{c v Pr+ Cz v Py, Z (B15)
where
ot = i o (T Th) = cug(Th Tor),
Clzz’}—% = ng (T11T12) - CwQ(T21T22)>
. = Cisfu(TJQle) — cug(ThTh), (B16)

w
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1
at = %(—5 +52)(S11511) — cwg (S5, Sa1),
1
ClZEE = Ci<_§ + Sfu)(SLSH) - Cw9<5g1522),
g 1
s = (o5 ) (Sh%he) — cug(Shh). (B17)

The neutral current interaction Lagrangian involving the neutral leptons is given by
v, 30 ! ]‘— n t
Lyc = (9ew+g's0)57" {(ULUN) PL}vZ,
1
+(geuw + §'50) 55V { (U], Un2) PLYT  Z,,
1
+(gew + Q'Sw)537“{(U1T1U12)PL}ZOZM +h.c}. (B18)

The charged current interaction Lagrangian is given by

1
Leo = 97’7”{{([];1521)+—Q(ULSH)}PLﬂL(U271T21)PR}ZWJ (B19)
1
+goy" {{(U;S22) + —2(U1T1512)}PL + (U3, To) PR}S™ W,
— 1
+g20y" {{(UL,S21) + Q(ULSH)}PL + (UgyTor) PrIIW,S

+9E0y" {{(UL,822) + —=(Uly512)} Pr, + (UgyTas) PrYS™W,F + hec

sl-3)

2

B.3: Quark-Higgs coupling
The the Yukawa Lagrangian for quark sector is given by
Lo = Yy, ur®Q; + Yp,dr®1Q; +hc, (B20)

where () is the left-handed quark doublet and ug and dg are the right-handed “up” and
“down” types of quark fields. Again, primes denote the flavor bases. After the electroweak
spontaneous symmetry breaking the up and down quark mass matrices are obtained as

MU = YU’U (BQl)
MD = YD’U

Note that only ®; couples to both the up and down quark fields due to the imposed Z,
symmetry, while the Yukawa couplings of ®, to quarks is forbidden®. However, due to the

3This is a major difference between our model and other two Higgs doublet models where the Higgs
which couples to the neutrinos also couples to the up type quarks, while the one which couples to the
charged leptons couples to the down type quarks.
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mixing between Higgs fields as discussed in Appendix A, all the physical Higgs particles
would couple to the quark fields. Here we list all the interaction vertices between quarks
and Higgs fields, which are specific to our model. The fields represents the fields in the
mass basis.

1 cosa 1 cosa—

L = N U M, umH0+% oy Myd, HO (B22)
= —%SlzaumM umho—%smad Myd,p i (B23)
L = i%srigﬁﬂmf’Muuon—i%smﬁamf’Mddon (B24)
_Li(; = —z%cojﬁ_mWSMuumGo+ TCOjﬁamf’Mddeo (B25)
Lo = Cosﬁﬂm(VCKMMdPR—MVCKMPL)de++h.c (B26)
—c = SZZB T (Verns MyPr — MyVereas Pr)dm HT + hec (B27)
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Chapter 4

R Parity Violation and Neutrino
Mass

4.1 Introduction

We have discussed the minimal supersymmetric standard model in chapter 1. The super-
potential of the minimal supersymmetric standard model, which conserves a discrete Zs
symmetry R-parity is

Warssy = Yo HaLEC + Y H,QDC — Y, H,QU® + puH, Hy. (4.1)

R-parity or matter parity is defined as R, = (—1)>#~5+25  For the standard model
particles the charge is +1 and for the superpartners of the standard model particle it is —1.
Apart from the above superpotential of the R-parity conserving minimal supersymmetric
standard model, the SU(3), x SU(2); x U(1), gauge invariance also allows the following
R-parity violating superpotential

W ssut = —cHul + NLLE® + NLOD + N0 DD, (4.2)

The 1st, 2nd and 3rd term of the above superpotential violate lepton number whereas
the 4th term breaks baryon number conservation. The Majorana masses of the standard
model neutrinos can be explained by the effective dimension-5 operator LLAZI A which vio-
late lepton number by two-units. Hence, the lepton number violation in the superpotential
Wg,—mssm opens up the possibility to generate non-zero neutrino mass [1-10]. This can
be done through one loop [4,5] and two loop [6] diagrams generated via the lepton number
breaking trilinear couplings A and A (see Eq. (4.2)). Small neutrino masses can also be
generated by the R-parity violating bilinear coupling H,L [1,2], through the neutrino-
higgsino v — fzg mixing. However these lepton and baryon number violating couplings
of the superpotential Wg, _yssn0 are severely constrained by non-observation of proton
decay and data on heavy flavor physics from Belle and Babar [11]. In particular, the simul-
taneous presence of the lepton number violating A, A couplings and the baryon number

89



violating \” coupling are constrained as X, \{j, < 1072*(m;/100GeV). For other A and
A" couplings the bound is Aj;; A, < 107 [11]. Comparable bound exist on the product
of A and N’ couplings [12]. Once R-parity conservation is implemented, all the terms of
Wg,-mssy are forbidden and hence the minimal supersymmetric standard model does
not suffer any proton decay constraint. However, only the absence of \” term is sufficient
and minimalistic choice to avoid the proton decay constraint. Sticking to a renormaliz-
able perturbation theory if R-parity is violated spontaneously, one can easily justify the
absence of the baryon number violating A" operator in the superpotential W, s,
while at the same time the bilinear R-parity violating operator and trilinear R-parity
violating operators are possible to generate. In this scenario R-parity is conserved in the
superpotential. Once the sneutrino fields acquire vacuum expectation values, R-parity
breaking terms are generated spontaneously [9,10,13-17]. In presence of additional sin-
glet or triplet matter chiral fields, this provides a natural explanation for the origin of
the R-parity and lepton number violating bilinear term! €, without generating the baryon
number violating A" term in the superpotential. Therefore, one can generate neutrino
masses without running into problems with proton decay in this class of supersymmetric
models.

There have been earlier attempts to construct spontaneous R-parity violating models
within the MSSM gauge group [9,10,13,14] and with the MSSM particle contents. In all
these models the R-parity is broken spontaneously when the sneutrino acquires a VEV.
This automatically breaks lepton number spontaneously. If lepton number is a global
symmetry, this will give rise to a massless Goldstone called the Majoron [18]. All models
which predict presence of Majoron are severely constrained. The phenomenology of the
models with singlet Majoron has been studied in detail in [10, 14].

A possible way of avoiding the Majoron is by gauging the U(1) symmetry associated
with lepton number such that the spontaneous R-parity and lepton number violation
comes with the new gauge symmetry breaking. This gives rise to an additional neutral
gauge boson and the phenomenology of these models have also been studied extensively
in the literature [15,16]. This idea has been used in a series of recent papers [17].

In this work we study spontaneous R-parity violation in the presence of a SU(2);
triplet Y = 0 matter chiral superfield, where we stick to the gauge group of the minimal
supersymmetric standard model. Lepton number is broken explicitly in our model by the
Majorana mass term of the heavy fermionic triplet, thereby circumventing the problem
of the Majoron. We break R-parity spontaneously by giving vacuum expectation values
to the 3 MSSM sneutrinos and the one additional sneutrino associated with the triplet
which leads to the lepton-higgsino and lepton-gaugino mixing in addition to the conven-
tional Yukawa driven neutrino-triplet neutrino mixing. This opens up the possibility of
generating neutrino mass from a combination of the conventional type-III seesaw and the

Tt is possible to realize the other terms A and A’ from the R-parity conserving MSSM superpotential
only after redefinition of basis [1].
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gaugino seesaw. We restrict ourself to just one additional SU(2), triplet ¥ = 0 matter
chiral superfield, and explore the possibility of getting viable neutrino mass splitting and
the mixing angles at tree level. With one generation of heavy triplet we get two massive
neutrinos while the third state remains massless. Like the neutralino sector we also have
R-parity conserving mixing between the standard model charged leptons and the heavy
triplet charged lepton states. The spontaneous R-parity breaking brings about mixing
between the charginos and the charged leptons, and hence modifies the chargino mass
spectrum. In addition to the usual charged leptons, our model contains a pair of heavy
charged fermions coming from the fermionic component of the triplet superfield. Another
novel feature of our model comes from the fact that the additional triplet fermions and
sfermions have direct gauge interactions. Hence they offer a much richer collider phe-
nomenology. We discuss in brief about the possibility of detecting our model at colliders
and the predicted R-parity violating signatures.

The main aspects of our spontaneous R-parity violating model are the following:

e We introduce one chiral superfield containing the triplets of SU(2), and with ¥ = 0.

e We have an explicit breaking of the lepton number due to the presence of the
mass term of this chiral superfield in the superpotential. Therefore unlike as in
[9,10,13,14], the spontaneous breaking of R-parity does not create any Majoron in
our model. Since we do not have any additional gauge symmetry, we also do not
have any additional neutral gauge boson as in [15-17].

e Since we have only one additional triplet chiral superfield we have two massive
neutrinos, with the lightest one remaining massless. One of the neutrinos get mass
due to type-III seesaw and another due to gaugino seesaw. Combination of both
gives rise to a neutrino mass matrix which is consistent with the current data.

e The triplet chiral superfield in our model modifies not only the neutrino-neutralino
mass matrix, but also the charged lepton — chargino mass matrix. Being a triplet, it
contains one neutral Majorana fermion X%, two charged fermions X%, one sneutrino
30, and two charged sfermions Y%, Therefore, our neutral fermion mass matrix is
a 8 x 8 matrix, giving mixing between the gauginos, higgsinos as well as the new
TeV-scale neutral fermion XV, Likewise, the new charged fermions X% will mix with
the charginos and the charged leptons.

e There are thus new TeV-mass neutral and charged leptons and charged scalars in
our model, which will have mixing with other MSSM particles. These could be
probed at future colliders and could lead to a rich phenomenology. We give a very
brief outline of the collider signatures in this work.

The chapter is organized as follows. In section 4.2 we describe the model and
in section 4.3 we present the symmetry breaking analysis. In section 4.4, we discuss the
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neutralino-neutrino mass matrix and in section 4. 5 we discuss the chargino-charged lepton
mass matrix. We concentrate on the neutrino phenomenology in section 4.6 and discuss
the possibility of getting correct mass splittings and mixings even with one generation
of SU(2); triplet matter chiral supermultiplet. In section 4.7 we discuss about detecting
our model in colliders and finally in section 4.8 we present our conclusion. Discussion
on soft-supersymmetry breaking terms, gaugino-lepton-slepton mixing and the analytic
expression of the low energy neutrino mass matrix have been presented in Appendix
A, Appendix B and in Appendix C, respectively. In Appendix C we also analyze the
constraints on the different sneutrino vacuum expectation values coming from the neutrino
mass scale.

4.2 The Model

In this section, we discuss about our model. The superpotential of the supersymmetric
standard model has given in Eq. (4.1) and in Eq. (4.2). In this work we will explore
spontaneous R-parity violation in the presence of SU(2); triplet Y = 0 matter chiral
superfield. The matter chiral supermultiplets of the model are:

A U T 19 AC AC AC
Q—(b),L—<E),U,D and F

and the Higgs chiral supermultiplets are :

= (G ) = ()
Hu: Fr 7Hd: Aai .
(it )-e= (i

In addition to the standard supermultiplet contents of the MSSM we introduce one SU(2),,

triplet matter chiral supermultiplet ZA?% with U(1)y hypercharge Y = 0. We represent ZA]%
as

. 1 pIURVE) o
Y= — 2 ). 4.
=5 (vt 5 ) 4
The three different chiral superfields in this multiplet are
SH = S5 + V2055 + 00Fyye, (4.4)
SR =T+ V20T + 00y, (4.5)
2% = 5% + V205 + 00 Fxpe. (4.6)
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The SU(2) triplet fermions are X% Yz and £% and their scalar superpartners are rep-

+c x—c S0c . . o1-
resented as X", X" and Y respectively.  Fyte y—e vo. represent the different auxiliary

fields of the above mentioned multiplet. R-parity of 2% is —1 where componentwise the
fermions Y1, X3¢ and X% have R-parity +1 and their scalar superpartners have R-parity
—1. With these field contents, the R-parity conserving superpotential W of our model
will be

W = WMSSM+W27 (47)
where Wy sy has already been written in Eq. (4.1) and Wy, is given by

N A A M A A
Wy = — Yy H, (i09)5%L; + = Tr5S5) (4.8)

Wy, is clearly R-parity conserving. The scalar fields i%c and vy, are odd under R-parity.
Hence in this model, R-parity would be spontaneously broken by the vacuum expectation
values of these sneutrino fields. We will analyze the potential and spontaneous R-parity
violation in the next section. On writing explicitly, one will get these following few terms
from the above superpotential W,

Yy, 20e P AP e
Wy = “ZHOS%D, + Yo HOSl + =2 HIS%l — Yy, HE S,

V2 V2
M cx0c C\exh—c
+72% S¥ + MR (4.9)

The kinetic terms of the ZA]% field is
Lk = / d49Tr[i%TeQQVi§]. (4.10)

The soft supersymmetry breaking Lagrangian of this model is

Lsoft _ Li\sztSM + LSEOft. (411)

For completeness we write the L33, Lagrangian in the Appendix A. L¥ contains the

supersymmetry breaking terms corresponding to scalar X% fields and is given by
LY — —m%Tr[ig ye] — (2Tr[8 58] 4 h.c) — (Ax, HTioo25 L + hec), (4.12)
where
e 1 29%0 \/521_%6
We explicitly show in the Appendix A all the possible trilinear terms which will be gener-
ated from Eq. (4.9) and the interaction terms between gauginos and SU(2) triplet fermion
and sfermion coming from Eq. (4.10). In the next section we analyze the neutral com-

ponent of the potential and discuss spontaneous R-parity violation through f]%c and vy,
vacuum expectation values.
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4.3 Symmetry Breaking

In this section we write down the scalar potential which will be relevant to analyze the
symmetry breaking of the Lagrangian. The potential is

V =Vr + Vp + Vsopt, (4.14)

where Vr and Vp, the contributions from different auxiliary components of the chiral
superfield and different vector supermultiplets are given by

Ve => F;F; (4.15)
k
]' a a
=3 > DD (4.16)

respectively. Here the index k denotes all possible auxiliary components of the matter
chiral superfields whereas the index a is the gauge index. The contribution from the soft
supersymmetry breaking Lagrangian is given by V.. Below we write down the neutral
component of the potential which would be relevant for our symmetry breaking analysis.
The neutral component of the potential is given by

Vneutral VF +VD+ soft? (417)
where
n__ 2 2 2 2
Vi = |Fugl? + | Fygl? + |y, [ + | Fyge | (4.18)

The different Fj, are given by

= nHY — Z ZZO“L + .. (4.19)

o = W, + . (4.20)

Fl, = Z 'HOVL — ME% + ..., (4.21)
Fy, = _ HOY% 4 . (4.22)
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In the above equations ... represents other terms which will not contribute to the neutral
component of the potential. With all these Fj’s, V! is given by

1 ~ 1
2 03 0c |2 0~
i +§;|YEiHuER‘ + §|ZYE¢HuVL

,LLHOZ 1200 ) e + [ MPPEYT % 4+ Z ’H0~ M%) + c.c|(4.24)

1 =0c ~
RS DI ES [4.23)

As we have three generation of leptons hence the generation index ¢ runs as 1=1,2,3. The
D term contribution of V,,cuu-q is given as

o
Vi =g (0" +a") ([ HI - H°2+ZIVL| (4.25)

The component f]%c which has Y = 0 and the third component of the isospin T3 = 0 does
not contributes to V5. The soft supersymmetry breaking contributions to the neutral
part of the potential is given by V(i ., where

wpe = —(OHHG + c.c) +miy [H,* +mi, | Hy|? (4.26)
_'_m%i(]c* ZN:OC [~ 2200200 + C.C]

+Zm U} p, + Z ’HOZOCVL + c.q].

We represent the vacuum expectation values of HY, HY, iy, and X% as (HO) = vy,
(HY) = vy, (7r,) = u; and (3%) = 4. We have con51dered a diagonal m2 matrix. In terms
of these vacuum expectation values the neutral component of the potential is

(Vaewrrat) = (|ul* +mi,)val* + (|f* + mi, ) |or[* — (bvrva + c.c)

1 2 3
+§(92+g’2)(lv1|2— oo > i)+ (IM[* + m3) )
1 1
+Zm,2;i|u,~|2 + [P + e.d] + 5 ;Y&auiﬁ +5 Z Vs, |?[ivs|?
—|ZY2UU2| + ( Z UQUU+CC (pvy Z\/_

Z

For simplicity we assume all the vacuum expectation values and all the parameters are
real. Hence (Vcuirar) simplifies to

4+ c.c)

(Ma)* + c.d]. (4.27)

1
(Voeutrat) = (1% + m?‘lu)vg + (1 + mf%)“% — 2bviva + 8<g + g — vy + Z Ui
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- 9 1 . 1
+(M? +m3)a* + ZZ: miu + 2m°u’ + §<ZZ: Yy, u) 202 + 5 ZZ: (Yy, )13
1
+§(Z Yy, u;)?v3 + ﬂZ(AinQUﬂl — pu Yy, du; + Y, Mugu;ii).  (4.28)

Minimizing (Vyeurar) With respect to vy, ve, @ and u; we get the following four equations,

2022 + iy, Jor — 2bv + (9% + ¢) (v — 03 + D) — V2 Y Youi =0, (4:29)

2(1* + m3, v 2bvl—§(g + %)W =3+ Zul )+ va(( ZYgul

+Z (Ys,)?@?) +fz (Ag, + Vo, M)u;i =0, (4.30)

2(m3, + 2M? + 2m®)a + (Z Yo,ui) i+ V2 Z (As;vou; — pYs,v1u; + Y, Muau;)
+Z (Yg,) w2 = 0,(4.31)
(g + g - U2 + Z us; U2 + ﬂQ)[YEiQUZ' + Ygi Z nguj] + \/ﬁAgivgﬂ

j#i
+V2[Ys, Myt — pYs, i@l + 2m3u; = 0. (4.32)

2

respectively. In the last equation the index i is not summed over. As mentioned before,
since vy, and i% have nontrivial R-parity, hence R-parity is spontaneously broken when
vr, and iORC take vacuum expectation values. As a result of this spontaneous R-parity
violation, the bilinear term LH, which will contribute to the neutrino mass matrix is
generated. We will discuss in detail about the neutralino-neutrino and chargino-charged
lepton mass matrix in the next section.

The minimization conditions given in Eqgs. (4.29)-(4.32) can be used to give con-
straints on the vacuum expectation values u; and @. In order to get such relations we
drop the generation indices for the moment and consider u; = u for simplicity. In this
case Yy, Ay and m?, contain no generation index and would be just three numbers. From
the simplified version of the last two equations Eq. (4.31) and Eq. (4.32) it can then be
shown that in the limit that w is small, the two R-parity breaking vacuum expectation
values u and u are proportional to each other. Combining these two equations one gets

2
9 U

Y+ 2(md + 2m2 4 2M?2)

&

5 (¢* 4+ ¢*) (v} — v3 +u?) +2m3 + Yx?v3]. (4.33)

I~
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Hence for small u which is demanded from the smallness of neutrino mass (discussed in
the next section and in Appendix C), @ will also be of the same order as u unless there
is a cancellation between the terms in the denominator. In this work we will stick to the
possibility of small u and @. We will show in the next section that one needs u ~ 1073
GeV to explain the neutrino data. Hence @ will also have to be 1072 GeV. In the u = 0
limit, # would also be 0 and this is our usual R-parity conserving scenario.

4.4 Neutralino-Neutrino Mass Matrix

In this section we discuss the consequence of R-parity violation through the neutralino-
neutrino mixing. It is well known [19] that R-parity violation results in mixing between
the neutrino-neutralino states. In our model the neutrino sector is enlarged and includes
both the standard model neutrino vy,, as well as the heavier neutrino state X%, which
is a component of SU(2) triplet superfield. Since R-parity is violated we get higgsino-

. iy Vs, - = Yo, 7 : - :
neutrino mixing terms —ZuaH,vy, and —ZulyY}, in addition to the conventional R-

parity conserving Dirac mass term %UHEORCVLZ.. The R-parity breaking former two terms

originated from the term %ﬁgi%ﬁh in Eq. (4.9), once the sneutrino fields 77, and

iORC get vacuum expectation values. The third term also has the same origin and it
is the conventional Dirac mass term in type I or type-III seesaw. In addition to the
higgsino-neutrino mixing terms generated from the superpotential Wy, there would also
be gaugino-neutrino mixing terms generated from the Kahler potential of the L; and ZA]%
In the Appendix B we show explicitly the contributions coming from Wy, and the neutrino-
sneutrino-gaugino terms originating from the kinetic term of the triplet superfield i]%
written down in Eq. (4.10). Here we write the color singlet neutral-fermion mass matrix
of this model in the basis ¢ = (5\0,5\3,I:IS,ICIS,Z%C,VL1,VLQ,I/L3)T where with one generation
of X%, the neutral fermion mass matrix is a 8 X 8 matrix. The mass term is given by

L, = —%wTanp + h.c. (4.34)

where

V2M! 0 —g'u g'v 0 —g'u1 —g'uz —g'us

0 V2M? gu —qUs 0 quy gUs gus

—qg'n guy 0 —V2u 0 0 0 0

M- 1 g'vg —gva —V2pu 0 YuYsu Ysuo Ys,uoo Ys,a 4.35)
SN 0 0 0  >.Ysu V2M  Yyua Yyue Ysgup |

—qg'uq guy 0 Yy, @ Y5, 09 0 0 0

—g/UQ qus 0 Y22ﬂ YZ2U2 0 0 0

—g/U3 qus 0 YZ?)Q Y23U2 0 0 0
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Here M'? are the soft supersymmetry breaking gaugino mass parameters (see Appendix
B), whereas M corresponds to the triplet-fermion bilinear term. We define the 3 x 5
matrix mp as

| [ Ym gm0 Yna Yy
mp = E —g'us guy 0 Yy, 0 Ysn,up | . (4.36)
—g'ug gus 0 Yy, 0 Ys,uo

Defined in this way, the 8 x 8 neutral fermion mass matrix can be written as

M, = ( M T’SD) , (4.37)

mp

where M’ represents the 5 x 5 matrix

VoM?! 0 —qg'vy g'vy 0
1 0 V2M? gu —gUy 0
M =—1 —gn g1 0 —V/2u 0 . (4.38)
V2 g'vy —gus —V2u 0 > Y,
0 0 0 Y, Ysu V2M

The low energy neutrino mass would be generated once the neutralino and exotic triplet
fermions get integrated out. Hence the low energy neutrino mass matrix m,, is

my, ~ —mbM' ™ 'mp. (4.39)

For M’ in the TeV range, m, ~ 1 eV demands that mp should be 1072 GeV. If one
takes vy ~ 100 GeV then this sets Y5 ~ 107° and the scale of u to be 1072 GeV. Since
in our model for small value of u, the & and u are proportional to each other, hence we
naturally get @ ~ u ~ 1072 GeV. We have discussed in more detail in Appendix C how
the smallness of neutrino mass can restrict the vacuum expectation values u;, @ and the
Yukawas Ys,. One can clearly see from Eq. (4.35) that in the u = 0 and 4 = 0 limit, the
gaugino-higgsino sector completely decouples from the standard model neutrino-exotic
neutrino sector and the low energy neutrino mass would be governed via the usual type-
[T seesaw only. In the work presented in the previous chapter, we have taken a large
Yukawa coupling Ys, ~ 1. In the present work since we do not extend the Higgs sector
than the minimal supersymmetric standard model and in addition we choose a TeV scale
triplet fermion mass parameter M, hence from the neutrino mass constraint the Yukawa
is bounded to take such a small value Yy < 107°. However, as of the two Higgs doublet
type-III seesaw model presented in the previous chapter, one can further extend the Higgs
sector of this model by two SU(2) doublet, so that one of the new Higgs contributes to
the neutrino mass generation. In that case, one can choose a small VEV of the new Higgs
doublet and take the large Yukawa.
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4.5 Chargino-Charged Lepton Mass Matrix

Like the neutralino-neutrino mixing as discussed in the previous section, R-parity violation
will also result in chargino-charged lepton mixing, which in our model is significantly
different compared to the other existing models of spontaneous and explicit R-parity
violation, because of the presence of extra heavy triplet charged fermionic states in our
model. Like the enlarged neutrino sector (v7,,%%) we have also an extended charged
lepton sector. With one generation of ZA?% we have two additional heavier triplet charged
leptons X £¢ and X3¢ in our model, in addition to the standard model charged leptons.
Hence we get mixing between the charginos and the standard model charged leptons as
well as the heavier triplet charged leptons. The possible contributions to the different
mixing terms would come from the superpotential as well as from the kinetic terms of the
different superfields. Since we have written down explicitly the charginos-charged lepton-
sneutrino interaction terms in Appendix, it is straightforward to see the contribution to
the mass matrix coming from Eq. (B5), Eq. (B6) and Eq. (B8) once the i]%c and vy,
states get vacuum expectation values. The chargino-charged lepton mass matrix in the
basis T = (A HF 1S 1518 2297 and ¢y = (A7, Hg 1yl 15,559) 7 is

Lc = _@Z)ch,le)Q + h.C, (440)
where
V2M? 2gu; V2gui  V2qus  V2gus gi
\/Eg’l}g \/§,u Yzlfb YZ2I~L YZSINL — Zz \/§Y2zuz
]' O _\/53/6171/1 \/53/81,01 O O O
M, = — 4.41)
\/5 O _\/53/6271/2 O \/53/62,01 O O
0 —V2Y,ug 0 0 V2Y,01 0
—gu 0 \/QY21U2 \/QYZWQ \/QY23U2 \/QM

The chargino-charged lepton mass matrix would be diagonalized by bi-unitary trans-
formation M, = TM2ST.

4.6 Neutrino Mass and Mixing

R-parity violation can contribute significantly to the 3 x 3 standard model light neutrino
mass matrix. In this section we concentrate on determining the neutrino mass square
differences and the appropriate mixings. With only one generation of singlet /triplet heavy
Majorana neutrino it is not possible to get viable neutrino mass square differences and
mixings in the R-parity conserving type-I or type-IIl seesaw scenario. Since R-parity
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is violated, we have neutrino-neutralino mixing apart from the conventional standard
model neutrino-heavy neutrino mixing, which has significant effect in determining the
low energy neutrino mass square differences and mixing angles of PMNS mixing matrix?,
through the gaugino and higgsino mass parameters M2, ;i and the R-parity violating
sneutrino vacuum expectation values u; and u. Below we write the approximate 3 x 3
standard model neutrino mass matrix. Since Yy;, u; and @ are very small, all the terms
which are proportional to Ygzuf and the terms Yg’iuiﬂ are neglected and we write down
only the leading order terms. The exact analytical expression of the low energy neutrino
mass matrix for our model has been given in the Appendix C. The approximate light
neutrino mass matrix has the following form,

v3 ap Qv

,~—A+—B
m Wi +2 +2\/§

C, (4.42)

where the matrix A, B and C respectively are,

Y2 Yy Ys, Yy Y,
A= vyYs, Y2 YV |, (4.43)
Yo,Ya, Yi,Ye, Y

U% UiUs  ULU3

B=| wuy, ui ugus |, (4.44)
UgUz  UsUz  US

2up Yy, u1Ys, +u2Ys, ui1Ys, +usYs,
C = U1Y22 —+ u2Y21 2u2Y22 u2Y23 —+ U3Y22 . (445)
U1Y23 + U3Y21 u2Y23 + U3Y22 QU3Y23

The parameter o depends on gaugino masses M2, the higgsino mass parameter p and
two vacuum expectation values vy 2 as follows

o (Myg? + Myg')
My Moy — (Myg? + MQQ/Z)Uva.

(4.46)

The 1st term in Eq. (4.42) which depends only on the Yukawa couplings Ys,, triplet
fermion mass parameter M and the vacuum expectation value vy, is the conventional
R-parity conserving type-I or type-III seesaw term. The 2nd and 3rd terms involve the
gaugino mass parameters M2, the higgsino mass parameter p and R-parity violating
vacuum expectation values u; and u. Hence the appearance of these two terms are un-
doubtedly the artifact of R-parity violation.

2The standard charged lepton mass matrix which is obtained from Eq. (4.41) turns out to be almost
diagonal and therefore the PMNS mixing comes almost entirely from M,,.
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We next discuss the neutrino oscillation parameters, the three angles in the Upy/ns
mixing matrix and two mass square differences Am3, and AmZ,. Note that with the mass
matrix m, given in Eq. (4.43), i.e taking only the effect of triplet Yukawa contribution into
account one would get the three following mass eigenvalues for the three light standard
model neutrinos,

2
v
mi =0, my =0, my=Z (Vi Y5, +V5).
and the eigenvectors
—Ys —Ys Yy
1 3 1 2 1 !
0 — | Yy Yy,

VYS FYE\ Yy, VYS +YE o VY Y, \ Yy,

respectively. Clearly, two of the light neutrinos emerge as massless while the third one
gets mass, which is in conflict with the low energy neutrino data. Similarly if one has only
matrix B which comes as a consequence of R-parity violation then one also would obtain
only one light neutrino to be massive, in general determining only the largest atmospheric
mass scale [20,21] . However the simultaneous presence of the matrix A, B and C' in Eq.
(4.42) make a second eigenvalue non-zero, while the third one remains zero. With the
choice @ as of the same order of w, the third term in Eq. (4.42) would be suppressed
compared to the first two terms. Hence the simultaneous presence of the matrix A and
B are very crucial to get both the solar and atmospheric mass splitting and the allowed
oscillation parameters. Eigenvalues of the full M, given in Eq. (4.42) are

1
my = O, Mo 3 ~ é[W F Vv W2 — V], (447)
where
2 ~
_ Y 2 | b 2 v1c
W= mzi:yzﬂu?zi:ui S ZuYE (4.48)
and
U%NO‘ ﬂzU%QQ 2/ 9 2 2 /2 2 ) 2
Vo= 4 AM 3 )[Y21<u2 + u3) + ng (u3 +ui) + ng (u + u3) (4.49)

—2(U1U2YZIYZ2 + U1U3YZIYE3 + UQU3Y22YE3)].

Similarly we have obtained approximate analytic expressions for the mixing matrix, how-
ever the expressions obtained are too complicated and hence we do not present them
here. Instead we show in Tables 4.1 and Table 4.2 an example set of model parameters

101



(M2 M, i, Ys,,v1.9, U, u;) which give the experimentally allowed mass-square differences
Am3, and Amgl and mixing angles sin® 6,5, sin® f,3 and sin® 6,5, as well as the total neu-
trino mass m;. The values obtained for these neutrino parameters for the model points
given in Tables 4.1 and Table 4.2 is shown in Table 4.3. We have presented these results
assuming Am?2; > 0 (normal hierarchy).

1 (GGV) M2 (GGV) M (GGV) % (GGV) YZI YZ2 YZg

300 600 353.24 88.31 5.62 x 1077 | 872 x 1077 | 3.84 x 107

Table 4.1: Sample point in the parameter space for the case of normal hierarchy. M2 is
the gaugino mass parameter, x is higgsino mass parameter, M is triplet fermion mass pa-
rameter, Yy, , Yy, and Yy, correspond to the superpotential coupling between the standard
model Lepton superfields L;, SU(2) triplet superfield Z and Higgs superfield H,.

1 (GeV) | 1(GeV) | a(GeV) u1(GeV) us (GeV) uz(GeV)
10.0 100.0 5.74 x 1073 | 1.69 x 107° | 9.55 x 107° | 1.26 x 10~*

Table 4.2: Sample point in the parameter space for the case of normal hierarchy. v, 5 are
the vacuum expectation values of HJ, fields respectively, (vz,) = u; for i=1,2,3 and @ is

the vacuum expectation value of triplet sneutrino state i]%c.

Am3, (eV?) AmZ, (eV?) sin? 615 | sin 0,3 sin? 65 my (eV)
7.44 x 1075 eV? | 2.60 x 1073 eV2 | 0.33 0.507 | 4.34 x 1072 1072

Table 4.3: Values for neutrino oscillation parameters for the input parameters specified
in Table 4.1 and in Table 4.2.

At this point we would like to comment on the possibility of radiatively-induced
neutrino mass generation in our model. In a generic R-parity violating MSSM, both the
lepton number and baryon number violating operators are present. Apart from the tree
level bilinear term eL H,, which mixes neutrino with higgsino, the trilinear lepton number
violating operators NLLE®, N LQDC and also the bilinear operator LH, contribute to
the radiatively-induced neutrino mass generation [4-6]. In general there could be several
loops governed by the A\, XX, BB, ¢B couplings. However in the spontaneous R-parity
violating model, working in the weak basis we would only have LH, operator coming
from H, Z L term in the superpotential, unless we do a basis redefinition. Similarly
in the scalar potential we would obtain H,L coupling coming out from H, ZC L term
in Eq. (4.12). Hence we can have loops governed by AsyAs couplings, like the BB
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loop in Fig. 3 of [4]. For the sake of completeness we have presented the diagram in
Fig. 4.1. The one loop corrected neutrino mass coming out from this diagram would be
2~2 Ax. As. .
m, ~ & 7?2;52 3 ~5—. In general for moderate values of cos 3, if one chooses the average
slepton mass m to be in the TeV order and the soft supersymmetry breaking coupling
As; ~ 10% GeV, then because @ ~ 1072 GeV, the contribution coming from this diagram
would be roughly suppressed by a factor of 1072 compared to the tree level neutrino mass.
Similar conclusion can be drawn for the €Ay, [4] loop induced neutrino mass, shown in Fig.
4.2. In our model the R-parity violating A and A couplings do not get generated in the
weak basis. However, from the R-parity conserving superpotential given in Eq. (4.1) it
would be possible to generate A and A" couplings via mixings and only after transforming
to a mass basis or after rotating away the bilinear R-parity violating term. Hence, in
general for our model we would expect the contributions coming from the A\ and A\
loops to be suppressed compared to the tree level neutrino masses. Apart from these
different bilinear and trilinear radiatively induced neutrino mass generation, there could
be another source of radiative neutrino mass, namely the non-universality in the slepton
mass matrices. In the R-parity conserving limit the analysis would be same as of [22],
only triplet fermions in our model are generating the Majorana sneutrino masses ;7;.
However, in this work we stick to the universality of the slepton masses, hence this kind
of radiative neutrino mass generation will not play any non trivial role. Due to the RG
running from the high scale to the low scale the universal soft supersymmetry breaking
slepton masses could possibly get some off-diagonal contribution [23], which we do not
address in this present work.

4.7 Collider Signature

In this section we discuss very briefly about the possibility of testing our model in collider
experiments. Because R-parity is violated in our model there will be extra channels
compared to the R-parity conserving minimal supersymmetric standard model, which
carry the information about R-parity violation. As R-parity gets broken, the triplet
neutral heavy lepton X% and standard model neutrino vz; mix with the neutral higgsino
HY and HY, with bino X\’ and wino A?, in addition to the usual R-parity conserving
Dirac mixing between them. Hence in the mass basis with one generation of heavy triplet
fermion, there will be 5 neutralinos in our model. We adopt the convention where the
neutralino state y? are arranged according to the descending order of their mass and
XY is the lightest neutralino. If one adopts gravity mediated supersymmetry breaking
as the origin of soft supersymmetry breaking Lagrangian, then the lightest neutralino is
in general the lightest supersymmetric particle (LSP). But as R-parity is broken, in any
case LSP will not be stable [20,24]. For MSSM, the production mechanism of neutralinos
and sneutrinos in colliders have been extensively discussed in [25,26]. Depending on the
parameters, the lightest neutralino can be gaugino dominated or higgsino dominated.
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In our model in addition to the standard model neutrinos we also have a heavy triplet
neutral fermion 3X%. Hence in this kind of model where heavy triplet fermions are present,
the lightest neutralino can also be ¥% dominated. Here we present a very qualitative
discussion on the possible neutralino, sneutrino, slepton and chargino decay modes.

e (A) Neutralino two body decay: As R-parity is violated, the lightest neutralino can
decay through R-parity violating decay modes. It can decay via the two body decay
mode Y2 — [W or x? — vZ. Other heavier neutralinos can decay to the lighter
neutralino state y? — X?Z, or through the decay modes ¥ — (*WT/vZ. The

gauge boson can decay leptonically or hadronically producing

L o= FWT = FlT+ B

~0

Vo= FEWT o E 42
X = vZ = FIT+ B,
Y = vZ— 20+ Fr.

e (B) Sneutrino and slepton decay: Because of R-parity violation the slepton can
decay to a charged lepton and a neutrino [27] via [ — vl. The sneutrino can also
have the possible decay 7 — [T1~. In the explicit R-parity violating scenario, this
interaction term between 7+ and Il would have significant contribution from
ALLEC. Here I*, v and [ all are in mass basis. In the spontaneous R-parity
violating scenario these interactions are possible only after basis redefinition. The
different contributions to the above mentioned interaction terms will come from the
MSSM R-parity conserving term H,LE® as well as from the kinetic terms of the
different superfields after one goes to the mass basis.

e (C) Three body neutralino decay modes: The other possible decay modes for the
neutralino are X0 — vi7, [*I7, vh. If the lightest neutralino Y2 is the lightest super-
symmetric particle, then the slepton or sneutrino would be virtual. The sneutrino
or slepton can decay through the R-parity violating decay modes. Hence neutralino
can have three body final states such as Y? — v — vIFIF, Y0 — =7 — FulF.

Our special interest is in the case where the lightest neutralino state is significantly
triplet fermion Y° dominated. Besides the Yukawa interaction, the triplet fermion 3+ ,3°
have gauge interactions. Hence they could be produced at a significant rate in a proton
proton collider such as LHC through gauge interactions. The triplet fermions ¥* and
»0 could be produced via pp — W*/Z — L£X0/5F 3 channels apart from the Higgs
mediated channels. In fact the production cross section of these triplet fermions should
be more compared to the production cross section of the singlet neutrino dominated

3By %20 we mean chargino state ¥* or neutralino state x° significantly dominated by %% and %°
respectively.
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neutralino states [7], as for the former case the triplet fermions have direct interactions
with the gauge bosons. The decay channels for these triplet neutral fermions are as
Y0 5 pZ, Y0 — FEWF, 20 — vh and also X0 — vi*, 1[* followed by R-parity violating
subsequent decays of the slepton/sneutrino.

Apart from the neutralino sector in our model, the charged higgsino and charged
winos mix with standard model leptons and heavy charged leptons Y*. Hence, just
like in the neutralino sector, there will also be R-parity violating chargino decay. The
chargino ¥, can decay into the following states, ¥, — 1*Z, vW, vh* and also to
it = 0 — UEF, 5 — vl — vwl. Just like as for the neutralinos, depending on the
parameters, in this kind of model with heavy extra triplet fermions the lightest chargino
could be as well ¥* dominated. Moreover, because of R-parity violation, there will be
mixing between the the slepton and charged Higgs and sneutrino and neutral Higgs. The
sneutrino state ©* can have the decays % — vI®, sIW*, =Z. Similarly, 39 can decay into
30 — [T]~. Apart from these above mentioned decay channels, some other possible decay
channels are, ot du, 20 ut, X — @d. For the R-parity conserving seesaw scenario,
these decay modes will be totally absent, as there is no mixing between the triplet/singlet
fermion and the higgsino/gauginos and mixing between sfermions and Higgs bosons.

We would also like to comment about the possibility of lepton flavor violation in our
model. For the non-supersymmetric type-III seesaw, the reader can find detailed study
on lepton flavor violation in [28]. Embedding the triplet fermions in a supersymmetric
framework opens up many new diagrams which can contribute to lepton flavor violation,
for example . — evy. In general the sneutrino, triplet sneutrino, different sleptons and the
charginos or neutralinos can flow within the loop [23,29-31]. In our model the R-parity
violating effect comes very selectively. The main contribution comes via the bilinear
R-parity violating terms which get only generated spontaneously. Hence as discussed
before, we ignore A and X dominated diagrams [30] and we expect that the lepton flavor
violating contribution would be mainly governed by the soft supersymmetry breaking off-
diagonal slepton mass contribution. Since we stick to the universal soft supersymmetry
breaking slepton masses, only RG running might generate the off diagonal supersymmetry
breaking slepton masses [23]. In the R-parity conserving limit the soft supersymmetry
breaking slepton masses get a contribution m? oc (3m3 + A2) (Y=Y )log(%—;‘) 4. For
mg,Ag ~TeV and Yy ~ 107%, m3 ~ 107% log(§%)GeV?. The branching ratio would be
o3 Imi |
GZ m8
our model would not violate the bound coming from pu — e7.

roughly tan?3. However, because of extremely small Yukawa Yy, ~ 107¢ — 1078

4For simplicity we have taken Yx to be real.
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4.8 Conclusion

In this work we have explored the possibility of spontaneous R-parity violation in the
context of basic MSSM gauge group and have explored its impact on the neutrino mass
and mixing. Since the R-parity violating terms also break lepton number, spontaneous
R-parity violation could potentially generate the massless mode Majoron. We avoid the
problem of the Majoron by introducing explicit breaking of lepton number in the R-parity
conserved part of the superpotential. We do this by adding a SU(2) triplet Y = 0 matter
chiral superfield ZA?% in our model. The gauge invariant bilinear term in these triplet
superfields provides explicit lepton number violation in our model. The superpartners
of the standard model neutrino and the triplet heavy neutrino states acquire vacuum
expectation values u and u, thereby breaking R-parity spontaneously.

From the minimization condition of the scalar potential, we showed that in our
model, the vacuum expectation values of the superpartner of the triplet heavy neutrino
and the standard model neutrinos turn out to be proportional to each other. For the
supersymmetry breaking soft masses in the TeV range, smallness of neutrino mass (~ el’)
constraints the standard model sneutrino vacuum expectation value v ~ 10~3 GeV. Since
for small u the sneutrino vacuum expectation values u and @ are proportional, hence
in the absence of any fine tuned cancellation between the different soft parameters, one
can expect that @ will be of the same order as u, i.e 1073 GeV. We have analyzed the
neutralino-neutrino mass matrix and have shown that the R-parity violation can have
significant effect in determining the correct neutrino mass and mixing. Since neutrino
experiments demand at least two massive neutrinos, we restrict ourselves to only on one
generation of ZA?% superfield. While in R-parity conserving type-IIl susy seesaw with only
one generation of triplet neutrino state X%, two of the standard model neutrinos turn
out to be massless. In addition, if one invokes R-Parity violation then one among the
massless states can be made massive. Alongwith the neutralino-neutrino mixing, we have
chargino-charged lepton mixing in our model.

Finally we discussed the neutralino, chargino , slepton and sneutrino decay decays
and the possible collider signature of this model. Because of R-parity violation the neu-
tralino and chargino can decay through a number of R-parity violating decay channels
alongwith the possible R-parity violating decays of sneutrinos and sleptons. In the context
of our model, we have listed few of these channels.
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Appendix

A: Soft supersymmetry breaking lagrangian of MSSM

The soft supersymmetry breaking Lagrangian of this model is given by,
Lsoft LT\%SSM 4 Lsoft (Al)

where L¥" has been written in Eq. (4.12) and the MSSM soft supersymmetry breaking
lagrangian has the following form,

Lt = (mB)IQIQ; + (M) T + (m) A &+ (m2)IELE
+ (mi)Ve e +m3y HiHy +m3y HIH, + (bH,Hy + H.c.)
+[ATHQi + ATHQud; + ATHIL + He

1 o .
+ 3 <M3§§ + MPXNN + MIAON + H.C.) : (A2)

where i and j are generation indices, m% & m and other terms in the first two lines of
the above equation represent the mass-square of different squarks, slepton, sneutrino® and
Higgs fields. In the third line the trilinear interaction terms have been written down and

in the fourth line M 3 M? and M! are respectively the masses of the gluinos §, winos
AL23 and bino \°.

B: Gaugino-lepton-slepton mixing
In this section we write down explicitly all the interaction terms generated from Wy, as

well as the gaugino-triplet leptons-triplet sleptons interaction terms originating from L%.
As has already been discussed in section 2, Wy is given by

M
Wy = —Ys, H](i02) S5 L + 5 Tr[Z555). (B1)

Yy, roe ~ 70 —cj YiA 07 Tse
Wy = \%HSZ%VLNLY&HSER I; +\/Z§HJE%ZZ- — Yy, H S Hewy,

M o cx0c C\exh—c
+72§g29% + ML e (B2)

In Table. 4.4 we show all the trilinear interaction terms generated from Yy, H, 3% L;.

5m?2 represents the mass square of the superpartner of the standard model neutrino and m2=m?

i
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_%Flgz:%ﬂh _Yziggzl_%cli_ _%HJEORC i Ygif{JEECVLi
L A0, S | Ve HOSR | SR HS | Yo H S,
S HISY, | Yo HISEL | IS | Ve i,

Table 4.4: Trilinear interaction terms between standard model leptons/sleptons,
Higgs/higgsinos and the SU(2) triplet fermions/sfermions. These interaction terms origi-
nate from the superpotential Wi,

The Kéhler potential of the ZA]% field is given by
Lk = / d49Tr[§%Tengf%]. (B3)

where V' represents the SU(2) vector supermultiplets. From the above kinetic term one
will get the following gaugino-triplet fermion-triplet sfermion interactions

g S1—C\* \ —c SERAT Y c

Ly s = SRR - EFER) +he (B4
g 0c * Y c 1 —C) * \ c

—Ly s 5+ = ﬁ((z%) AR — (SR ATEE) + hee, (B5)

s i = s (CRVAE - (SRS + he (B6)
2

Note that the mixing terms between the gauginos and triplet fermions X*EEC and S\’El_f
contribute to the color singlet charged fermion mass matrix Eq. (4.41) and these mixing
terms are generated from Eq. (B5) and Eq. (B6) respectively, once i%c gets vacuum expec-
tation value. In addition to these interaction terms between gauginos, triplet leptons and
triplet sleptons, we also explicitly write down the gaugino-standard model lepton-slepton
interaction terms which will be generated from the kinetic term of the L superfields

L/Z _ /d40EiT629V+29’V’Ei. (B7)
9 —x 3 9 7337 Sk N~ 1N
b= = gt v = gl VT = gr AT = gl Vv
g . 9 53
+7578 A\ v+ LA +he (BS)



Similar interaction terms would be generated from E¢ kinetic term and kinetic terms of
other superfields like the Higgs ﬁmd and other quarks. Looking at Eq. (BS8) it is clear
that once the sneutrino fields 7, get vacuum expectation values the first and fifth term
of the above equation would contribute to gaugino-neutrino mixing while the third term
would contribute in the chargino-charged lepton mixing, as have already been shown in
Eq. (4.35) and in Eq. (4.41).

C: The Neutrino Mass, Yy and u

In this section we discuss in detail how the smallness of neutrino mass restricts the order
of magnitude of the Yukawa Yy and the sneutrino vacuum expectation value u. Below we
write the analytical expression of the low energy neutrino mass of our model. The 3 x 3
neutrino mass matrix is

my, ~ —mpT M’ 'mp, (C1)

where mp and M’ have already been given in Eq. (4.36) and in Eq. (4.38) respectively.
With the specified mp and M’, the 3 x 3 standard model neutrino mass matrix m, has
the following form,

—m, = 2v A+ 2Mu*ouB + \/ﬁatfwlM,uC + MatvffLQA
—\/50@&1}%1}2 Z u;Ys, A — ayvrvap FL (C2)

i=1,2,3

The matrix A, B and C have already been presented in Eq. (4.43), Eq. (4.44) and Eq.
(4.45). The matrix F has the following form,

Fy Fio I
F=| Fao Fy Fyg]|, (C3)
Fiz3 Fy Iy
where the elements of F are
and
ki

The indices i, j, kin Eq. (C4) and the index i in Eq. (C5) are not summed over. o, has
this following expression,
_ (Myg? + Mag”)

4MM1M2,M2 — 4M/L<M1g2 + M29/2)’01U2 — <M192 + M2g’2)v%(2iuiYgi)2’

(C6)

Qg
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while the parameter o is

_ My Mop® — (Mig? + M2g,2)U1U2/~L
4MM1M2[12 — 4M,M(M192 + M29/2)'U1'U2 — (M192 + MQQ’Q)U%(ZZ'UZ‘YZZ.)Q )

a1 (C?)
Below we show how the choice of TeV scale gaugino masses and the triplet fermion mass
M dictate the sneutrino vacuum expectation value u to be smaller than 1072 GeV and
the Yukawa Yy < 107 to have consistent small ( < eV') standard model neutrino mass.
We consider the following three cases and show that only Case (A) is viable.

Case (A): If one assumes MM, Myp® and Mu(M,g? + Mgg’Q)vlvg > (Myg? +
Mg’ Q)U?Ygivf, the first and second term dominate over the third one®, in the denom-
inator of Eq. (C6) and Eq. (C7). Then a; and «; simplify to

(M2 + Mag'®)

~ C8
N MM Myp? (C8)
and
L + (C9)
aq AM

The neutrino mass matrix Eq. (C2) will have the following form,

vsYE (Mg’ + Myg'?) (Myg? + Myg'®) | UHEYE(Mig? + Mag'?)

v i uY;
m oM 92 M, M, +V2iuuYs AM, Moyt AM, Myys2
2 /2 2 12
~ 9 3 (Myg® + Myg'") av2 (M1g” + Mag™)
—V 20 vu Y YRR — V1V Yy, YRR (C10)

The order of Y5, and u would be determined from the first two terms of the above equation
respectively. The fourth, fifth and sixth terms of Eq. (C10) cannot determine the order of
Yy, and u. To show this with an example let us consider the contribution coming from the

2 12\, 2 ~2vy/2
fourth term &9 Lj‘f\jw): 1YY Contribution of the order of 1 eV from this term demands

Y2a? ~ 1074GeV? for M? in the TeV range, p ~ 10? GeV and v; in the GeV range”. But
if one assumes that Yy, ~ 1 and @2 ~ 10~*GeV? then we get the contribution from the first
term of Eq. (C10) % > 1eV, for M ~ TeV and vy ~ 100 GeV. The choice Yy ~ 1074
and u ~ 1 GeV also leads to % > 1eV for vy ~ 10? GeV. The other option is to have
YZ ~ 10712 and @? ~ 10%GeV? so that Y2u? ~ 107*GeV?. But to satisfy this choice one
needs 107 order of magnitude hierarchy between the two vacuum expectation values @
and v 8. This in turn demands acute hierarchy between the different soft supersymmetry

6Most likely between the first and second terms, the first term would have larger value for the choice
of TeV scale gaugino mass.

7As an example v; ~ 10 GeV.

8As the scale of u is fixed from the second term of Eq. (C10) and u < 1073 GeV.
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breaking mass terms in Eq. (4.33). Similarly, Y5 and u could also not be fixed from fifth
and sixth terms of Eq. (C10). Hence, we fix Y5, and u from the first two terms only. The
third term is larger than the fourth, fifth and sixth terms, but will still be subdominant
compared to the first two terms ? . The contribution from the first three terms to the low
energy neutrino mass matrix is

2v2 2 2 /2 2 12

w3y  wt(Myg® + Mag”™) R (Myg® + Msg'”)
i uYs .

oM 2 MM, + V2ivruYs 4M, Mg

m, ~ (C11)
It is straightforward to see from the first term of this approximate expression, that m, <
1eV demands Y¢ < 107! for M in the TeV range and vy ~ 100 GeV. On the other
hand for M; 5 also in the TeV range, the bound on sneutrino vacuum expectation value
u comes from the second term as u? < 1076 GeV2. For the choice of & ~ u, which is a
natural consequence of the scalar potential minimization conditions, one can check that
the third term in Eq. (C11) would be much smaller compared to the second term because
of the presence of an additional suppression factor Ys. Hence, neutrino masses demand
that Yy, < 107® and w and @ < 1073 GeV. One can explicitly check that for this above
mentioned Yy, u and 4 the contributions coming from 4th, 5th and 6th terms of Eq. (C10)
are smaller compared to the 1st three terms.

Case (B): If one assumes MM, Mop? < (M1g* + Mg )u?Y2 03, which is possible
to achieve only for large value of the vacuum expectation value u and Yukawa Yy, 19 so
that in the denominator of Eq. (C7) the third term dominates over the first two. Then

vlvg,uYZQUQ 12 .
I~ > 1eV for p, vo and v; in the

hundred GeV and GeV range. Therefore, this limit is not a viable option.

the last term in Eq. (C2) contributes as ~

Case(C): We consider the last possibility MM, Mop® ~ (Mig? + Mag”)u2Y3 02,
which also demands large Yukawas and large vacuum expectation value u. If one considers
M*'? and M in the TeV range and p, v, in the hundred GeV range, then demanding that
the first term in Eq. (C2) should be smaller than eV results in the bound Y& < 1071
Hence, in order to satisfy MM, Mop? ~ (Myg* + Mag'?)u?Y2 v?, one needs u > 107 GeV
for vy in the GeV range. For such large values of u, the second term in Eq. (C2) will give
a very large contribution to the neutrino mass. This case is therefore also ruled out by
the neutrino data.

Hence Case (B) and Case (C) which demand large u and Y5, are clearly inconsistent
with the neutrino mass scale, and the only allowed possibility is Case (A). This case
requires u < 1072 GeV and Yy < 1075, for the gaugino and triplet fermion masses M2
and M in the TeV range. As for small u, u and u are proportional to each other, one
obtains 4 ~ 1073 GeV as well.

9As the third term o @uYs; and from the 1st two terms Ys and u will turn out to be small.
10To satisfy this condition, the combination of Yy, and u has to be such that ufYS > 108GeV?2 for
MY2 M ~ TeV, pin hundred GeV and v; in GeV range.
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X

Figure 4.1: The Ay Ay, loop-generated neutrino mass. The cross on the internal solid
line represents the majorana mass for the neutralino and the blob on the dashed line
represents the mixing between sneutrino and the neutral Higgs.
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Chapter 5

Ay Flavor Symmetry and Neutrino
Phenomenology

5.1 Introduction

We have discussed in chapter 2 about neutrino oscillation and mass generation mechanism
of the standard model neutrino. Other than small neutrino masses, the PMNS mixing
shows a very drastic difference as compared to the Cabibo mixing angles in the quark
sector. Recent analysis of neutrino oscillation data [1-6] suggest that the solar mixing
angle is 015 ~ 34.4%, while the atmospheric mixing angle is 03 ~ 42.9°. We have given the
present 1o and 30 range of the oscillation parameters in chapter 2. At present there is an
upper bound on the CHOOZ mixing angle 03 [1,7] as 013 < 13.3". The neutrino oscillation
data suggest that unlike in the quark sector, in the leptonic sector two of the oscillation
angles are large while the third one is small. The aesthetic belief of unification suggests
that the standard model should be embedded in a higher ranked gauge group, for example
SU(5) or SO(10). Although the quarks and leptons in a higher ranked gauge group belong
to same representation, however the mixing in the leptonic sector is drastically different
than the mixings in the quark sector. One very interesting scenario is when the mixing
is tribimaximal one, which agrees very well with the experimentally allowed oscillation
parameter ranges. The initial concept of tribimaximal mixing in the leptonic sector has
been proposed by Harrison, Perkins, and Scott [8],

Urpa = —\/g \/g —\/g . (5.1)
BV

The different mixing angles for a tribimaximal mixing will give sin? 6,5 = 0.33, sin® fy3 =
0.5 and sin? 6,5 = 0. For the TBM mixing to exist, the neutrino mass matrix should be
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of the form

A B B
m,=|B 3(A+B+D) 3(A+B-D) |, (5.2)
B 3(A+B-D) i(A+B+D)
where A = %(2 my +my), B = %(mQ —mq) and D = mg, where my, my and ms are the

neutrino masses. The current neutrino data already give very good measurement of mass
squared differences, while the best limit on the absolute neutrino mass scale comes from
cosmological data, as given in chapter 2.

Maximal #53 and zero #,3 of the TBM can be easily obtained if m, possesses u — 7
exchange symmetry [9] or the L, — L, symmetry [10]. However, the solar mixing angle
sin? 6, is not so easily predicted to be exactly 1/3, as required for exact TBM mixing.
Various symmetry groups explaining the flavor structure of the leptons have been invoked
in the literature in order to accommodate the neutrino mass and mixing along with
charged leptons. In particular, the study of the non-Abelian discrete symmetry group Ay
has received considerable interest in the recent past [11-18]. This group has been shown
to successfully reproduce the TBM form of the neutrino mixing matrix, in the basis where
the charged lepton mass matrix is diagonal [14]. However, the authors of [14] work in
a very special framework where only one of the three possible one dimensional Higgs
representations under A, is considered and for the A4 triplet Higgs which contributes to
the neutrino mass matrix, a particular vacuum alignment is taken. In this framework,
the mixing matrix emerges as independent of the Yukawa couplings, the VEVs and the
scale of A, breaking. Only the mass eigenstates depend on them.

In the present work, we have consider the most general scenario with all possible
one dimensional Higgs representations that can be accommodated within this A; model.
The Higgs fields which are charged under the symmetry group Ay, are standard model
gauge singlets and they are knows as flavons. In our model we have two flavon fields ¢g
which transform as three dimensional irreducible representation of the group A4. In addi-
tion, we also have three other flavons &, ¢’, £” which transform as 1, 1’ and 1” respectively.
The Lagrangian describing the Yukawa interaction between the different standard model
leptons, Higgs and the flavons follows the effective field theoretical description. The dif-
ferent flavon fields take the vacuum expectation values, thereby resulting in a spontaneous
breaking of the symmetry group A;. We explore the conditions on VEVs and Yukawa
couplings needed for obtaining exact TBM mixing in this present set-up. We have shown
that in the model considered in [14], one gets TBM mixing simply through the alignment
of the Ay triplet Higgs VEV, however the experimentally allowed mass squared differences
can be obtained if one has the vacuum expectation value of an additional singlet Higgs.
To get the correct Am3; and Am2,, the product of the VEV and Yukawa of this singlet
is determined completely by the VEV and Yukawa of the triplet.

We have consider the presence of additional one dimensional Higgs representations
under A4, construct the neutrino mass matrices and study their phenomenology. In
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Lepton | SU(2); | A4
[ 2 3
€Rr 1 1
AR 1 1"
TR 1 1

Scalar VEV
H, 2 1 | < H) >=u,
Hy, 2 1 < Hg >=1q
¢S 1 3 (Us, Vs, Us)
¢T 1 3 (UT, 0, O)
19 1 1 U
é‘/ 1 1/ u/
é‘// 1 1// u//

Table 5.1: List of fermion and scalar fields used in this model. Two lower rows list
additional one dimensional Higgs fields considered in the present work. In section 4, we
also allow for a different VEV alignment for ¢g.

particular, we check which ones would produce TBM mixing and under what conditions.
In this A4 scenario, we have also studied the deviation from TBM and the corresponding
effect on the neutrino masses. If just only one Higgs transforming as one dimensional
Higgs representation under Ay is allowed, the model of [14] is the only viable model. We
further show that in the simplest version of this model, one necessarily gets the normal
mass hierarchy. Inverted hierarchy can be possible if we have at least two or all three
Higgs scalars with nonzero VEVs.

We proceed as follows. In section 5.2 we give a brief overview of the A4 model con-
sidered. In section 5.3 we begin with detailed phenomenological analysis of the case where
there is just one singlet Higgs under A;. We next increase the number of contributing
one dimensional Higgs representations, give analytical and numerical results. In section
5.4 we study the impact of the misalignment of the VEVss of the triplet Higgs. We end in
section 5.5 with our conclusions.

5.2 Overview of the Model

The detail group theory of the discrete symmetry group A4 has been discussed in chapter
2. The particle contents of our model has been shown in Table 5.1. There are five SU(3) X
SU(2); x Uy(1) singlet Higgs, three (&, ¢’ and £”) of which transform as the different one
dimensional representations under A, and two (¢ and ¢g) of which transform as triplets
under the symmetry group A4. The standard model lepton doublets are assigned to the
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triplet representation of Ay,
[ = (Lea Lua LT)T7

where L, denotes the standard model lepton doublets. The right handed charged leptons
€er, g and Tp are assumed to belong to the 1, 1" and 1” representation respectively. The
standard Higgs doublets H, and H,; remain invariant under A4. The form of the A4
invariant Yukawa part of the Lagrangian is

Ly = yeer(orl) + yufig(orl) + y-Tr(orl)" + z.6(11) + 2 & (11)" 4+ 256" (1)
+xp(sll) + h.c. + ... (5.3)

where, following [14] we have used the compact notation, y.er(¢rl) = yeer(prl)Hq/A,
2.&(ll) = 2, £(IH,H,)/A? and so on, and A is the cut-off scale of the theory. Here we
adopt an effective field theory approach. We assume that ¢g does not couple to charged
leptons and ¢ does not contribute to the Majorana mass matrix. These two additional
features can be obtained by introducing extra abelian symmetries for example Z3 [14].
After the spontaneous breaking of A, followed by SU(2); x U(1),, we get the mass terms
for the charged leptons and neutrinos. Assuming the vacuum alignment

<¢T> = (’UTa 07 O) ) (54)
the charged lepton mass matrix is given as
VaUT ve 0 0
Me = — 0 vy, O ) (5.5)
0 0 vy

Note that we could also obtain a diagonal charged lepton mass matrix even if we assume
that €, fip and Tg transform as 1”7, 1" and 1, and (¢r) = (0,vr,0) with appropriate
change in the Yukawa Lagrangian. Similarly, eg, 7iz and Tg transforming 1’, 1 and 17,
and (¢r) = (0,0,v7) could give us the same m,.

In the most general case, where all three one dimensional A, Higgs as well as ¢g
are present and we do not assume any particular vacuum alignment, the neutrino mass
matrix looks like

a+261/3 C—bg/g d—b2/3
my, = My C—bg/g d+2b2/3 a—b1/3 s (56)
d—b2/3 a—b1/3 C+2b3/3

2 Vg, "
X i, 0= 22,5, ¢ = 22

bi:2xb a X

where mgy =

VEVs as
<¢5> = (,U517,USQ7 053)7 <€> =u, <§,> = ula <€”> = uﬂa <Hu7d> = Uud - (57)

For simplicity, in this work we have considered all the Yukawa couplings as well as the
parameters a, b, c and d as real.

and d = 21’;% and we have written the

122



5.3 Number of One Dimensional Higgs Representa-
tions and their VEVs

In this section we work under the assumption that the triplet Higgs ¢s has VEVs along
the direction

(9s) = (vs,vs,vs) . (5.8)

This produces the neutrino mass matrix

a+2b/3 c¢—b/3 d—1b/3
m,=mo | ¢c—b/3 d+2b/3 a—-b/3 |, (5.9)
d—b/3 a—b/3 c+2b/3

where b = 2z;,-¢. In the following we discuss the phenomenology of the different forms

of m, possible as we change the number of one dimensional Higgs or put their VEVs to
zero. We assume that m,, is real.

5.3.1 No One Dimensional A, Higgs

If there were no Higgs which transforms as one dimensional irreducible representation
under Ay, or if the VEV of all three of them (&, &', ") were zero, one would get the
neutrino mass matrix
2b/3 —b/3 —b/3
m, =my | —b/3 2b/3 —b/3 | . (5.10)
-b/3 —=b/3 2b/3
On diagonalizing this one obtains the eigenvalues

mi; = my b, mo — O, ms = My b (511)

and the mixing matrix

0
v=|-/t /i —\/g . (5.12)
i1 \ﬁ
6 3 2

Therefore, we can see that the tribimaximal pattern of the mixing matrix is coming di-
rectly from the term containing the triplet Higgs ¢s and does not depend on the terms
containing the one Higgs scalars &, &', €’ !, which are charged under different one di-
mensional Higgs representations of the group A;. However, in the absence of the one

!The mixing pattern does not depend explicitly even on the magnitude of the VEV of ¢g.
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Figure 5.1: Contour plot of Am3,, Am3, and sum of absolute neutrino masses m; in the
a — b plane, for three different values of mg (1my=0.016, my=0.024 and my=0.032) for the
case with £ and ¢g. The first row shows contour plots for different values of Am3,; (in
107 eV?), with red dashed lines for 6.5 blue solid lines for 7.1, green dashed lines for 7.7,
green solid lines for 8.3, and orange dotted lines for 8.9. The second row shows contour
plots for different values of Am3, (in 1072 eV?), with red dashed lines for 1.6, blue solid
lines for 2.0, green dashed lines for 2.4, green solid lines for 2.8, and orange dotted lines
for 3.2. The third row shows contour plots for m; (in eV), with red dashed lines for 0.05,
blue solid lines for 0.07, green dashed lines for 0.09, green solid lines for 1.1, orange dotted
lines for 1.3, turquoise solid lines for 1.4, magenta solid lines for 1.6, and brown solid lines
for 1.8.
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Figure 5.2: Scatter plot showing regions in a — b parameter space for the model considered
in [14], which are compatible with the 30 allowed range of values of the mass squared
differences given in [20]. The parameter my is allowed to vary freely.

dimensional Higgs contributions to m,,, the predicted neutrino masses turn out to be very
wrong. In this case, Am%, = —b*m? and AmZ;, = 0, in strong disagreement with the
oscillation data.

5.3.2 Only One One-Dimensional A, Higgs

If we take only one Higgs at a time, which transforms as one dimensional irreducible
representation under Ay, then there are three possibilities. The resulting mass matrices
are shown in column 2 of Table 5.2. One could get exactly the same situation with
three one dimensional Higgs £, ¢’ and £” and demanding that the VEV of two of them
are zero while that of the third is nonzero. The m, given in Table 5.2 can be exactly
diagonalized and the eigenvalues and eigenvectors are shown in column 3 and 4 of the
Table, respectively. It is evident that only the case where & is present gives rise to a viable
mixing matrix, which is exactly tribimaximal [14]. Only the first case has the form for
m,, given in Eq. (5.2). Each of the m, given in Table 5.2 possesses an S, symmetry.
While the case with £ exhibits the 1 — 7 exchange symmetry, the one with £” remains
invariant under e — y permutation and the one with £ under e — 7 permutation. This
would necessarily demand that while for the first case 53 would be maximal and 6,3 = 0,
for the second and third cases 653 would be either 90° or 0 respectively, and ¢35 maximal,
and hence disallowed by the neutrino oscillation data.

Since only the case with £ reproduces the correct form for the mixing matrix, we
do not discuss the remaining two cases any further. The mass squared differences in this
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Higgs Neutrino mass matrix Eigenvalues Mixing Matrix
av2 b b mo(a+ b), L L o
b 25 b
Coml e fi R
-2 aq—-2 2 mo(b — a 1 1 1
3 3 3 o ) % AT
B -0 b mo(c+ b) % i
3 3 0 )
" b 2b % -1 L L
¢ Mo €75 5, Th, Mo¢, V6 VB V2
—2 -2 c+ 2 mo(b—c 2 L
3 3 3 0( ) \/; 7 0
I I 1
3 5 d—g mo(d +b), TV VBT
3 Mo -3 d+3 —3 mod, 2 = 0
a-t -t 2 mo(b— d) A
V6 V3 V2

Table 5.2: The mass matrix taking one Higgs at a time, its mass eigenvalues, and its
mixing matrix.

case are

Am3, = (—b* — 2ab)m3, Am3, = —4dabm? (5.13)
where my = v2/A. Since it is now known at more than 60 C.L. that Am3; > 0 [19,20], we
have the condition that —2ab > b?>. We have considered the parameters a and b as real.
Since b? is a positive definite quantity the above relation implies that —2ab > 0, which
can happen if and only if sgn(a) # sgn(b). Inserting this condition into the expression
for Am3, gives us Am3, > 0 necessarily in this model. Therefore inverted neutrino mass
hierarchy is impossible to get in the effective A4 model originally proposed by Altarelli
and Feruglio [14]. The conclusion is also valid for complex parameter a and b with a
relative phase ¢. However, going to the seesaw-realization given in [14], normal as well as

inverted hierarchy is possible to realize.

The sum of the absolute neutrino masses, effective mass in neutrinoless double beta
decay and prediction for tritium beta decay are given respectively as

2<2 dab  20°

my = |ma| + [ma| + |mal,  (mee) = mola+2b/3),  m? =m(a +?+?) (5.14)

In Fig. 5.1 we show the contours for the observables Am3,, Am2 and m; in the a — b
plane, for three different fixed values of my. The details of the figure and description of

the different lines can be found in the caption of the figure.
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In Fig. 5.2 we present a scatter plot showing the points in the a — b parameter space
which are compatible with the 30 [20] allowed range of the mass squared differences. We
have allowed mg to vary freely and taken a projection of all allowed points in the a — b
plane. While a is related to the VEV of the singlet £, b is given in terms of the VEVs of the
triplet ¢5. The TBM form for the mixing matrix comes solely from the vacuum alignment
of ¢5 and £ is not needed for that. The singlet ¢ is necessary only for producing the correct
values of Am3, and Am3,. However, it is evident from Fig. 5.2 that for a given value of
a needed to obtain the right mass squared differences, the value of b is almost fixed. The

relation between a and b can be obtained by looking at the ratio 22% = _17_24_(121)‘”’ ~ (.03,
where 0.03 on the right-hand-side (RHS) is the current experimental value. This gives us
the relation b ~ —1.88a. Therefore, in addition to the alignment (¢ps) = (vg, vg, vg) to get
TBM, one also needs a particular relation between the product of Yukawa couplings and
VEVs of ¢g and € in order to reproduce the correct phenomenology. Even if one includes
the 30 uncertainties on Am3; and Am3,, |b] is fine tuned to |a| within a factor of about

1072

5.3.3 Two One-Dimensional A, Higgs

If we take two Higgs fields at a time, belonging to two different one dimensional A4
representations and allow for nonzero VEVs for them, then the m, obtained for the three
possible cases are shown in the first three rows of Table 5.3. One can again see that of
the three possible combinations, only the £, £’ combination gives a viable TBM matrix.
The other two mass matrices exhibit e — 7 (£, ")and e — p (&, £’) symmetry respectively
and are ruled out. Note that we have chosen a = ¢ for the £, £” combination, a = d for
the £, £ combination and ¢ = d for the &', £” combination for the results given in Table
5.3. This is a reasonable assumption to make since the phenomenology of the three cases
does not change drastically unless the VEVs of the singlet Higgs vary by a huge amount.
In particular, by changing the relative magnitude of the VEVs, we do not expect the
structure of the mixing matrix for the first two rows of Table 5.3 to change so much so
that they could be allowed by the current data. In the limit that ¢ = d, it is not hard to
appreciate that the resultant matrix with £ and £” would exhibit y—7 symmetry, though
the ¢ and £” terms alone have e — 7 and e — y symmetry respectively.

Since the &', £” combination is the only one which gives exact TBM mixing in the
approximation that ¢ = d, we perform a detailed analysis only for this case. Putting ¢ = d
is again contrived and would also lead to a certain fixed relation between them and b,
as in the only ¢ case. This would mean additional fine tuning of the parameters, unless
explained by symmetry arguments. Hence, we allow the two VEVs to differ from each
other so that ¢ = d + e. If € is small we can solve the eigenvalue problem keeping only
the first order terms in €. The results for this case are shown in the final row of the Table
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5.3. The deviation of the mixing angles from their TBM values can be seen to be

€ €
L U~ 5.15

where Dy = sin?60y, — 1/3 and Das = sin®fy3 — 1/2. We show in the left hand panels
of Fig. 5.3 the mixing angles sin? 6}, (upper panel), sin? 63 (middle panel) and sin® f,3
(lower panel) as a function of e. We vary € from large negative to large positive values
and solve the exact eigenvalue problem numerically allowing the other parameters, mg, b
and d, to vary freely. For e = 0 of course we get TBM mixing as expected. For very small
values of €, the deviation of the mixing angles from their TBM values is reproduced well
by the approximate expressions given in Eq. (5.15). For large € of course the approximate
expressions fail and we have significant deviation from TBM. The values of sin® 6, and
sin? 05 increase very fast with e, while sin? o3 decreases with it. We have only showed
the scatter plots up to the 30 allowed ranges for the mixing angles given in [20]. The
mass dependent observables can be calculated upto first order in € as

Dy =0, Dy~ —

Am3, ~mg (b+d+ %)(3d —-b+ %), Amj, ~ (4bd + 2be)mg | (5.16)
2 . L2, 4bd e
<mee> :mog, mt:;|mi|, mﬁ ~m (?‘de — T+2d€_ ?) . (517)

Of course, epsilon can be larger and we show numerical results for those cases.

Normal Hierarchy

The right panels of Fig. 5.3 show Am32, (upper panel), Am3, (middle panel) and m;
(lower panel) as a function of € assuming m; < my < m3. We show Am3; and Am3,
only within their 3o [20] allowed range. We notice that while Am3, and Am3; are hardly
constrained by €, there appears to some mild dependence of m; on it.

Fig. 5.4 gives the scatter plots showing the allowed parameter regions for this case.
The upper, middle and lower panels show the allowed points projected on the b — ¢, d — ¢
and b — d plane, respectively.

Inverted Hierarchy

For this case it is possible to obtain even inverted hierarchy. We show in Fig. 5.4 the
scatter plots showing the allowed parameter regions for inverted hierarchy. We have
allowed mq to vary freely and show the allowed points projected on the ¢ — b, ¢ — d and
d—0b planes. One can check that only for the points appearing in this plot, mg < m; < ma.
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Higgs Neutrino mass matrix Eigenvalues Eigenvectors
T 1 T
atd e-g =g 5 Vv
g’gll myg C — 3 %b a — % a=c; % % 0
V6 V3 V2
mo(b — a),
2mypa,
mo(a + b)
T 1 T
2b b b —= = 5
§& | mo 73, d‘i‘g @3 a=d; V6 V3 V2
d—3 a—35 3 3 0
mo(b — a),
2mpa,
mo(a + b)
Bt d-t Vih o
g& my| e=t a+2 -2 e=d; ST W
d B b 2 V6 V3 V2
— 3 —3 C+§ 1 1 1
V6 V3 V2
mo(b — ¢),
2myc,
mo(C+b>
2 1 e
— . 3 V3 2v/2d
c=d+e 1 VB 1 14 e
V6 4v2d V3 V2 4v2d
S U/ T U U
V6l avad V3 V2 4vad
mo(b—d—g),
m0<2d+6)7

Table 5.3: Here we take two one dimensional A, Higgs at a time, and analytically display
eigenvalues and eigenvectors of the neutrino mass matrix.
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Figure 5.3: The left panels show sin? 65, sin ;3 and sin® 6,3 vs € and the right panels
show Am3,, Am2, and m; vs e respectively. Here ¢ and £” acquire VEVs. The other
parameters ¢, b and mg are allowed to vary freely.

5.3.4 Three One-Dimensional A, Higgs

Finally, we let all three Higgs which transform as different one dimensional irreducible
representations under the symmetry group A, contribute to m,. In this case one has
to diagonalize the most general mass matrix given in Eq. (5.9). This matrix has four
independent parameters. If we assume that the VEVs of & ¢ and £” are such that
a = ¢ = d, then the eigenvalues and mixing matrix are given in the first row of Table 5.4.
This gives us a mass matrix, which give us two of the mass eigenstates as degenerate.
To get the correct mass splitting in association with TBM mixing, it is essential that (i)
we should have contribution from the VEVs of the one dimensional Higgs and (ii) the
contribution from the the three one dimensional Higgs &, £ and £” in m, should not be
identical. If we assume that a = ¢ # d, then one can easily check that m, has e — 7
exchange symmetry, and hence the resulting mass matrix is disallowed. This is because
for a = ¢, as discussed before we get e — 7 exchange symmetry and the ¢’ term has an in-
built e — 7 symmetry. Similarly for a = d # ¢, one gets e — u symmetry in m,, and is hence
disfavored. Only when we impose the condition ¢ = d, we have y — 7 symmetry in m,,
since the & term and the sum of the £’ and £” terms are now separately © — 7 symmetric.
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Figure 5.4: In the left pannel, scatter plot showing the 3o [20] allowed regions for the
b—c—d parameters for the case where £ and £” acquire VEVs. The top, middle and lower
panels show the allowed points projected on the ¢ — b, ¢ — d and d — b plane, respectively.
The parameter m, was allowed to take any value. Here we have assumed normal hierarchy.
In the right pannel, the scatter plot for inverted hierarchy.

Therefore, the case a # ¢ = d gives us the TBM matrix and the mass eigenvalues are
shown in Table 5.4.

Since a # ¢ = d is the only allowed case for the three one dimensional Higgs case,
we find the eigenvalues and the mixing matrix for the case where ¢ and d are not equal,
but differ by e. We take ¢ = d+ ¢ and for small values of € give the results in the last row
of Table 5.4, keeping just the first order terms in €. The deviation from TBM is given as
follows

€ €
Dis~0, Dyg~—-— U, 5.18
12 23 Ha—d) 3 2v2(a — d) (5.18)
The mass squared differences are
2 2 € 3¢ 2 2
Ams; ~mg (2a+b+d + 5)(3d -b+ 5), Amz; ~2mgb(2d —2a+¢) . (5.19)

From the expression of the mass eigenvalues given in the Table 5.4, one can calculate the
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Figure 5.5: Scatter plot showing the 30 [20] allowed regions in the model parameter space
for the case where &, ¢ and &” all acquire VEVs. The upper panels show allowed regions
projected onto the a — ¢, a — d, a — b planes. The lower panels show allowed regions
projected onto the ¢ — d, ¢ — b, d — b planes. Normal hierarchy is assumed.

observables m;, m3 and (me.)

20? 4 2
@+i+2d2—%+2d6—%x5.20)

2b
<mee> = Mmy (a’+§)7 my :Z|mz|7 m% :mg (a2+ 3

Normal Hierarchy

Let us begin by restricting the neutrino masses to obey the condition m; < my < ms
and allow a, b, ¢ and d to take any random value and find the regions in the a, b, ¢ and d
space that give Am3,, Am3, and the mixing angles within their 30 [20] allowed ranges.
This is done by numerically diagonalizing m,,. The results are shown as scatter plots in
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mo(a+b—d—35),
mo(a + 2d + €),

Higgs Neutrino mass matrix Eigenvalues Eigenvectors
: a+2 c-% 4-2 2 L
é Mo C—g d—l-% a—% a=c=d; _i f 1
& i-t ot o4 o
’ ’ ’ ) s Vi Ve
mo0,
3mga,
mob
T
= a; 1 1
e G
V6 VB V2
mo(a+b—c),
mo(a + 2¢),
mo(b+c—a)
_ 1 1 1
V6 V3 V2
_ . 2 1
CL—C;ACL 3 % 0
1 1 1
V6 V3 V2
mo(b+d — a),
mo(2a + d),
mo(a+b—d)
1 1 1
a=d#c IRV IRV RO
2 % 0
3 3
mo(b+c—a)
mo(2a + ¢),
mo(a+b—c)
3 % a4
= . 1 1 1
a#c=d+e —J=+a, 5 as
Ve T 5 3T G

Table 5.4: The mass matrix taking all three one dimensional A4 Higgs, its mass eigenvalues

and its mixing matrix. The correction factors in the last row are: ay =

__/Be
4v2(a—d)

le

4v2(a—d)’

and a4 = as =

2\/§(€a—d) ’

a/6 = 4\/§(€a—d)'
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Figure 5.6: Same as Fig. 5.5 but for inverted hierarchy.

Fig. 5.5. To help see the allowed zones better, we have projected the allowed points on
the a — ¢, a —d and a — b plane shown in the upper panels, and ¢ —d, c—b and d — b plane
in the lower panels. There are several things one can note about the VEVs and hence the
structure of the resultant m,,

e a = 0 is allowed, since this gives a m, which has contributions from ¢ and ¢£”,
discussed in section 3.3,

e b =0 is never allowed since b is needed for TBM mixing as pointed out before,

e a =0, a=cand a=d are never allowed,

¢ = d is allowed and we can see from the lower left-hand panel how much deviation
of ¢ from d can be tolerated,

¢ =0 and d = 0 can also be tolerated when a # 0.
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Figure 5.7: Variation of sin?#;, with 7 for the case where we allow for a misalignment of
the triplet Higgs such that (¢g) = (vs1,vs,vs) and a # ¢ = d.

All these features are consistent with the results of Table 5.4.

Inverted Hierarchy

In this case too its possible to get inverted hierarchy. The corresponding values of the
parameters of m, which allow this are shown as scatter plots in Fig. 5.6. Here m( has
been allowed to take any value, and we show the points projected on the a — ¢, a — b,
a — d plane in the upper panels and ¢ — b, ¢ — d, b — d plane in the lower panels. Each
of these points also satisfy the 30 experimental bounds given in [20]. Note that for a =0
we get the same regions in b, ¢ and d, as in the right-pannel of Fig. 5.4.

5.4 Vacuum Alignment of the Triplet Higgs

In case we do not confine ourselves to (¢pg) = (vs, vg, vs), we would have the general m,
given in Eq. (5.6). Since we have argued in the previous section that the only viable
scenario where one allows for all three Higgs singlet is when a # ¢ ~ d, we will assume
that this condition for the singlet terms holds. We further realize that to reproduce a
mixing matrix with 613 ~ 0 and o3 ~ 45°, it might be desirable to keep u — 7 symmetry
in the mass matrix. Therefore, we show our results for the case (¢g) = (vg,, vs,vs). The
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mass matrix is then given as

a+2b;/3 d—0b/3 d—1b/3
my,=mo| d—0b/3 d+2b/3 a—b/3 | . (5.21)
d—b/3 a—b/3 d+2b/3

Of course for b; = b one would recover the case considered in the previous section and
TBM mixing would result. The possibility of b; # b gives rise to deviation from TBM
mixing. In order to solve this matrix analytically we assume that b; = b+ n and keep
only the first order terms in 7. The mass eigenvalues obtained are

mlzmo(a—l—b—d—i—g), me = mg (a + 2d), mgzmo(—a+b+d+g), , (5.22)

and the mixing matrix is

2
\/g(l B M) \/%(1 + 3(3dn—b)) 0
1 2 1 1
_\/;<1 T 3(3dn*b)> \/;<1 - 3(3gfb)> —\/3 |- (5.23)
1 2 1 1
_\/;<1 + 3(3dn—b)> \/;<1 o 3(33—17)) \/;

Therefore, the only deviation from TBM comes in 615, and we have

(5.24)

We show in Fig. 5.7 variation of sin?#;, with 7. As expected, sin®#f;, is seen to deviate
further and further from its TBM value of 1/3 as we increase the difference between vg
and vg;. The other two mixing angles are predicted to be exactly at their TBM values
due to the presence of © — 7 symmetry in m,. They would also deviate from TBM once
we allow for either vg, # vg, or ¢ # d, and in the most general case, both.

5.5 Conclusions

In this work we have seen the implication of A4 flavor symmetry on the neutrino oscillation
data while emphasizing mostly on tribimaximal mixing pattern. We stick to a most generic
setup and we consider all the possibilities, where the one dimensional Higgses &, &', £’
belong to 1, 1’, 1” representation under the symmetry group A4. Other than this, we
also haves two Ay triplets ¢ . We analyze the different cases by taking one, two and all
three one dimensional A, Higgs fields at a time and show only few of them can give viable
neutrino mass and mixing. To get tribimaximal mixing one would require VEV alignments
of the triplet and also specific relations between different VEV’s and Yukawa couplings.
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Also we have shown, while the triplet alone is sufficient to provide the tribimaximal
mixing, to get the viable neutrino mass splitting the one dimensional representation must
be present. We have analyzed the possibilities to get normal and/or inverted hierarchy
for these different viable scenarios. The most simple case with Ay singlet £ will lead
to normal hierarchy, while inclusion of other one dimensional representation allows for
inverted hierarchy as well. Finally we address the deviation from the tribimaximal mixing
and give one illustrative example where the deviation is realized due to deviation from
the triplet vacuum alignments.
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Chapter 6

S3 Flavor Symmetry and Lepton
Mass and Mixing

6.1 Introduction

In the previous chapter we have seen the implication of the discrete symmetry group Ay
in explaining the tribimaximal mixing matrix. Another discrete group which has been
extensively discussed in the literature as a family symmetry group is the S5 permutation
group [1-7]. In this chapter we show how the S3 symmetry group can be used to generate
appropriate neutrino mass and mixing, and as well as the charged lepton mass hierarchy.
To explain neutrino mass and mixing, we have extended our particle content by SU(2),
triplet Higgs fields and the standard model singlets.

The S35 group has the Sy permutation group as its subgroup. If one identifies this
subgroup with the y — 7 exchange symmetry, then it is straightforward to get vanishing
f,3 and maximal 53 for the neutrinos. However, since the same group acts on the charged
leptons as well, this would lead to p and 7 masses of the same order. In addition this would
lead to a highly non-diagonal mass matrix for the charged leptons, which is undesirable in
this case. Therefore, the S3 group should be broken in such a way that ;1 —7 permutation
symmetry remains intact for the neutrinos but gets badly broken for the charged leptons.

In the following, we propose a model with S3 x Z; x Z3 family symmetry. The
additional Z3 symmetry is required for obtaining the correct form of the charged lepton
mass matrix. We preserve the y — 7 symmetry in the neutrino sector while breaking
it maximally for the charged leptons. In particular, we introduce two SU(2), triplet
Higgs in our model for generating the neutrino masses. The charged lepton masses are
generated by the standard Higgs doublet. The particle content of our model has been
tabulated in Tab. (6.1). We postulate two additional S3 doublets of Higgs which are
SU(2); x U(1)y singlets, to generate the desired lepton mass matrices. The S5 group is
broken spontaneously when the singlet Higgs acquire VEVs. The VEVs are aligned in such
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a way that the residual p — 7 symmetry is intact for the neutrinos but broken maximally
for the charged leptons. We explicitly minimize our scalar potential and discuss the VEV
alignment. We show that under the most general case, the minimization condition of our
scalar potential predicts a very mild breaking of the ;1 — 7 symmetry for the neutrinos.

Since the Higgs triplet A interacts with the gauge bosons via their kinetic terms,
they can be produced at the LHC and then can be traced via their subsequent decays. The
most crucial feature of the Higgs triplet is the presence of the doubly charged Higgs. The
doubly charged Higgs can decay to different states such as dileptons, gauge bosons, singly
charged Higgs H*. We discuss the doubly charged decay modes, specially the decay to the
dileptonic mode and relate the doubly charged decay with the neutrino phenomenology.
In our model the mixing between the two doubly charged Higgs is very closely related
with the extent of the y — 7 symmetry in the neutrino sector. In the exact yu — 7 limit the
mixing angle 6 between the two doubly charged Higgs is ¢ = 7, whereas mild breaking of
the 4 — 7 symmetry results in a mild deviation rom 6 ~ 7. This close connection between
the p — 7 symmetry and the doubly charged mixing angle significantly effects the doubly
charged Higgs-dileptonic vertices. In the exact p — 7 limit, the vertex factors Hy © —p—17
and H;* — e — e are zero, hence the doubly charged Higgs H, ™ never decays to pu* + 7+
or to 2e™ states. Other than this, the non observation of the ey and er states in the
dileptonic decay of the doubly charged Higgs would possibly disfavor the inverted mass
hierarchy of the standard model neutrino. We study the phenomenological viability and
testability of our model both in the exact as well as approximate y — 7 symmetric cases.
We have also very briefly commented about lepton flavor violation in our model. We give
predictions for the mass squared differences, mixing angles, absolute neutrino mass scale,
beta decay and neutrino-less double beta decay.

The chapter is organized as follows. In section 6.2 we introduce the particle content
of our model and write down the mass matrices for the neutrinos and charged leptons.
In section 6.3 we present the phenomenological implications of our model in the exact
and approximate p — 7 symmetric case. We discuss in detail the possible collider phe-
nomenology and lepton flavor violating channels which could be used to provide smoking
gun evidence for our model. Section 6.4 is devoted to justifying the alignment needed for
the Higgs VEVs. We end in section 6.5 with our conclusions.

6.2 The Model

We present in Table 6.1 the particle content of our model and their transformation prop-
erties under the discrete groups S5 , Z; and Z3. The Higgs H is the usual SU(2); doublet,

H= () (6.1)
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Table 6.1: Transformation properties of matter and flavon fields under the flavor groups.

which transforms as singlet under S;. The Higgs Ay and A, are SU(2), triplets with

hypercharge Y = +2,
C(ATNE A
A= ( A ATV, ) ’ (6.2)

A:<§), (6.3)

under S3. Other than these fields, we also have two additional S3 scalar doublets ¢, and

3
o= (2) = (8) (6.4

which are singlets under SU(2); x Uy(1). The SU(2); x Uy(1) lepton doublets are dis-
tributed in the S3 multiplets as follows:

D, = (éz) : (6.5)

transforms as a doublet under Ss, where Ly = L, = (v, )" and Ly = L, = (v,p, 71)7,

while
Li=L.= <”€L> , (6.6)

er

which transform as a doublet

transforms as a singlet. The right-handed fields eg, ur and 75 transform as 1 under Ss.
The corresponding charges of the particles under Z; and Z3 has been summarized in Table
6.1.

6.2.1 Neutrino Masses and Mixing

Given the field content of our model and their charge assignments presented in Table 6.1,
the most general S3 X Z; X Z3 invariant Yukawa part of the Lagrangian (leading order)
giving the neutrino mass can be written as

Y1

(DD (EA) + 2951 DA + M) LEA +he + ... (6.7)

_ Y — (2] 1 1
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where A is the cut-off scale of the theory and the underline sign in the superscript rep-
resents the particular Ss representation from the tensor product of the two S5 doublets!.
Since (D;D;) and £A are 2 x 2 products which could give either 1 or 2, and since we can ob-
tain 1 either by 1x 1 or 2 x 2, we have two terms coming from (D;D;§A). The (D;D;)(£A)
as 1’ x 1’ term does not contribute to the neutrino mass matrix. In this model the pres-
ence of the Z, symmetry prevents the appearance of the usual 5 dimensional D;D;H H
and [l H H Majorana mass term for the neutrinos. In fact, the neutrino mass matrix is
completely independent of H due to the Z, symmetry. In addition, there are no Yukawa
couplings involving the neutrinos and the flavon ¢, due to Z4 or/and Z3 symmetry. The
S3 symmetry is broken spontaneously when the flavon ¢ acquires a vacuum VEV:

©-(1). (69

The SU(2); x Uy (1) breaks at the electroweak scale by the VEV of the SU(2) doublet
Higgs H. The VEV of the Higgs triplet is

(A) = (gi;;) where (A;) = (S 8) | (6.9)

The neutrino get masses due to the VEV of the Higgs triplet field A and as well as the
standard model gauge singlet field £&. The mass matrix of the neutrino is given as

2us% 2yzve 2y3v;
UV

m, = 2y3v9 2le 2?/2% ) (6-10)

uivy

2ysvr 29 21t
where w = uyvy + ugvy. For the VEV alignments
v = vy, and u; = us , (6.11)

the neutrino mass matrix reduces to the form

20424 2yguy 2y3v;
m, = 2y31}1 2y1 UIAUl 2y22u+vl . (612)
2yzvr 2y —QU}XUI 2y

We discuss about the VEV alignments in section 6.4. Denoting % as u) the mass matrix
becomes

2uu) Y3 Y3
m, = 2v; ys oy 2yul | (6.13)

ys  2youl  yiu)

!The term (I;D;A) denotes (I CitaD;A), where C is the charge conjugation operator.
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where u] = % and it is less than 1. Redefining 2y u) as y4, y1u) as y1 and 2you) as yo,
the final form of the mass matrix is

Ya Y3z Y3
my,=2v | ys 1 Y2 | - (6.14)
Ys Y2 Y1

In the above matrix, for the VEV u; = 0, we would obtain the matrix

m, = 201Y3

(6.15)

e )
OO =
OO =

This is a very well known form of the neutrino mass matrix which returns inverted neutrino
mass spectrum with eigenvalues {—2v/2v,y3,2v/2v1y3,0}, and bimaximal mixing with
O3 = 015 = w/4 and 013 = 0. The family symmetry considered in the literature for
obtaining the form of the mass matrix given by Eq. (6.15) is L. — L, — L. [8]. However,
exact bimaximal mixing is ruled out by the solar neutrino and KamLAND data [9].
Besides, as one can see from the eigenvalues of this neutrino mass matrix, that Am3, = 0.
This is untenable in the light of the experimental data. In order to generate the correct
Am?Z, and deviation of ;5 from maximal that is consistent with the data, one has to
suitably perturb m, (for instance, in [10] the authors have build a model in the framework
of the Zee-Wolfenstein ansatz). In the S3 model that we consider here, this is very easily
obtained if we allow non-zero VEV for €. The strength of the additional terms is linearly
proportional to u; /A and could be relatively small.

In what follows, we will consider all values of u;/A from very small to ~ 1. The
eigenvalues of the most general matrix given by Eq. (6.14) are?

m; = v (y1 + Yo+ ys - \/y% + 3+ yi + 8y5 + 25192 — 2y1ya — 24230 |, (6.16)

m; = v <y1 + Y2 +ys + \/yf + y% + yi + Syg + 2y1y2 — 2y1y4 — 2y2y4> , (6.17)
m3z = 21)1 (yl - y2> . (618)

In the above, i,7 = 1,2 and the only difference between m; and m; comes in the sign of
the quantity within square root. We know that the solar neutrino data provides evidence
for Am3, > 0 at more than 6o [9]. Therefore, the choice of m; and ms in Egs. (6.16) and
(6.17) is determined by the condition my > my wiz., the larger eigenvalue corresponds to

2For all analytical results given in this section we have assumed the model parameters to be real for
simplicity. We check the phenomenological viability and testability of our model in the next section for
complex Yukawa couplings.

147



mso. The eigenvectors are given as

_y1+y27y4+\/5 _y1+y27y47\/5 0
2y3b 2y3c 1
Jp— 1 L — 1 _ N
Us = 3 ’ U] - - ) Us = V2 ) (619>
1 1 1
b c V2

where U; corresponds to the eigenvalue given in Eq. (6.16) and U; to that in Eq. (6.17).
Whether U; = U; or U; depends on whether m; is smaller or larger than m;. The quantities
b and c are the normalization constants given by

(1 +y2 —ys + \/5)2

=2+ , 6.20
e (0:20)
and
+ 12 — ys — Va)?
2oy W , 6.21
(20 021
and a is given as
a=yi+ 5+ ui +8Y5 + 2012 — 2010s — 2y - (6.22)
From Eqs. (6.16), (6.17) and (6.18) we obtain
Amz = 407 (y1+y2 +ya) Va,
Am3y = v} By — v+ ys — Va) (1 — 3y —ya +Va) . (6.23)
The mixing angles can be seen from Eq. (6.19) to be
07, = 0,
tanfy, = 1,
gy — Ja)b
tandy, = (1t 2 = = va) (6.24)

(y1+yz—y4+\/5)c'

In the above, neither the ratio of the two mass squared differences Am3, /Am3,, nor the
mixing angles depend on the value of the triplet VEV v;. They only depend on the Yukawa
couplings. Only the absolute mass square differences Am3, and Am2, individually depend
on the triplet VEV. The effective neutrino mass predicted for neutrino-less double beta
decay is given as

‘ml’ee = ‘201y4‘ ) (625)

while the effective mass squared observable in beta decay m% and the total neutrino mass
crucial for cosmology m; are given as

mi =Y |mi[Ual* . and m, =Y |mj| , (6.26)
respectively.
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6.2.2 Charged Lepton Masses and Mixing

In this section we discuss the charged lepton masses. The Yukawa Lagrangian up to order
1/A3 giving the charged lepton mass is

b
Ll = %mHT(D@e)+%?RHT<D,¢6>1<&>1 o (Dio (€6

" 7

+ L TR HY Dy (etve)t + TRHT<DI¢>> (Getre)? + TRH L (0.)

A3
fg:uRH (Dl(be(be) AgﬁRHTh((be(beg) i3€RHTl1<¢e¢e¢e)
e €RHT(D1<Z5 )HPLPL)* + €RHT(D1<Z5 2Pl )? + hc+ .. (6.27)

While Z; symmetry was sufficient to get the desired m,,, the extra Z3 symmetry had to
be introduced in order to obtain the correct form for the charged lepton mass matrix.
The presence of the Z, symmetry ensures that the flavon doublet ¢, couples to charged
leptons only. This is a prerequisite since we wish to break S; such that the y—7 symmetry
remains intact for the neutrinos while it gets maximally broken for the charged leptons.
For neutrinos the y — 7 symmetry was kept intact by the choice of the vacuum alignments
given in Eq. (6.11). To break it maximally for the charged leptons we choose the VEV
alignment [7]

(¢e) = <%) : (6.28)

Once S5 is spontaneously broken by the VEVs of the flavons and SU(2); x U(1)y by the
VEV of the standard model doublet Higgs, we obtain the charged lepton mass matrix
(leading terms only)?

a’\? 0 0
meg = | 8"y BN 0 ] oA, (6.29)

", .1 1,12

YUy YUy Y

where v = (H) is the VEV of the standard Higgs, A = v./A , v} = u; /A and uy = uy /A
The charged lepton masses and mixing matrix are obtained from

2
ldiag

=U mlml U , (6.30)
giving the masses as

m, ~y v, m,~ B\, m.~a N . (6.31)

3While this form of charged lepton mass matrix has been obtained using Z; x Z3 symmetry, similar
viable forms can be obtained using other Z, symmetries. For example, we have explicitly checked that
Zg X Zy and Zg X Zo symmetries also give viable structure for m,;.
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For A ~ 2 x 1072 ~ %‘% where A, is the Cabibbo angle, the correct mass hierarchy of
to u to e as well as their exact numerical values can be obtained by choosing v = 0.36,
B" = 1.01 and o = 0.25 and v ~ 10?> GeV. In this present scenario the masses of the
charged leptons do not depend on the VEV of &£, however the mixing angles involved
depend on this parameter. We have chosen v} = v}, ~ O(107!), which is justified from
large y; and y, in Fig.6.2 and large y4 in Fig.6.3 and the perturbative nature of the
Yukawa couplings. The large redefined y; and y» in Fig.6.2 and large redefined y, in
Fig.6.3 suggest that ) , should not be much less than unity, which leads to the natural
choice ) , ~ O(1071). For v} = uy = v’ ~ 107" and 7/, " and " of the order unity, we
get the charged lepton mixing angles as

sinfl, ~ A, sinfl, ~ 0.1\, sinf; ~ 0.1\ . (6.32)

Since U = UZTUV, where U is the observed lepton mixing matrix and U, is the matrix
which diagonalizes m, given by Eq. (6.12), the contribution of charged lepton mixing
matrix would be very tiny. For sinf;3 the maximum contribution from the charged lepton
is O(107%). In any case, in what follows we show all results for U = U/U,.

6.3 Phenomenology

6.3.1 Exact u — 7 Symmetry Limit

We have already presented in Egs. (6.23) and (6.31) the expressions for the neutrino mass
squared differences and charged lepton masses, while in Eqgs. (6.24) and (6.32) we have
given the mixing angles in the lepton sector in terms of model parameters. We argued
that for A ~ 2 x 1072 ~ ’\73, we obtain the charged lepton mass hierarchy in the right
ballpark.

Since neutrino masses are directly proportional to v, it is phenomenologically de-
manded that the magnitude of this VEV should be small. In fact, since Am3, o v?, we
take v? ~ 1071 = 1072 eV?, and find that all experimentally observed neutrino masses and
mixing constraints are satisfied. It is not unnatural to expect such a small value for v?.
For instance, in the most generic left-right symmetric models,

v = v ~v*ug (6.33)
where v is the electroweak scale and vy is the VEV of the SU(2), Higgs triplet. It is
natural to take vg ~ 10% — 10" GeV for which we get v; ~ 1 — 1072 eV.

Allowing v? to take any random value between 107* — 1073 eV? we have checked
that the neutrino mass spectrum obtained is hierarchical. For larger values of vy of course
one would get larger values for the absolute neutrino mass scale and for v; ~ 1 eV, we
expect a quasi-degenerate neutrino mass spectrum. In all our plots we keep v? between
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Figure 6.1: Scatter plots showing the range of the solar mixing angle sin? 6, as a function
of the model parameters in m,, in the exact y—7 symmetry limit and for normal hierarchy.
In each of the panels all other parameters except the one appearing in the z-axis are
allowed to vary freely.

107* — 1072 eV2. In Figure 6.1 we show the prediction for sin?#;, as a function of the
model parameters y;’s. In each panel we show the dependence of sin® 65 on a given y;,
allowing all the others to vary randomly. Here we have assumed normal mass hierarchy
for the neutrinos. For the charged lepton sector we have assumed a fixed set of model
parameters which give viable charged lepton masses and we took A ~ 2 x 10~2. We note
that for normal hierarchy (Am3; > 0):

e y; = 0 and y» = 0 are not allowed.

e There is almost negligible dependence of sin? f;5 on y1 and gy, for |y;| > 1 and
ly2| > 1 respectively.

e The range of sin® f;, decreases with |ys| and |y].

Figure 6.2 gives the scatter plots showing allowed ranges for the model parameters
in two-dimensional parameter spaces, taking two parameters at a time and allowing the
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Figure 6.2: Scatter plots showing allowed ranges of the m, model parameters for the
normal mass hierarchy in the exact © — 7 symmetry limit. In each of the panels all other
parameters except the one appearing in the x and y-axes are allowed to vary freely.

rest to vary freely. We have considered normal hierarchy in this figure. We note from the
figure that for normal hierarchy:

e y; = 0 and y, = 0 are not allowed as we had seen before. With y; = 0 we would
have obtained neutrino mass matrix Eq.(6.14) with two texture zeros in y — p and
7 — 7 elements and with e — p and e — 7 entries same in the mass matrix it will not
be possible to get a normal-hierarchy [11]. However, as we will see from Figure 6.3
inverted hierchy can occur in this case. With y, = 0 one gets neutrino mass matrix
with one texture zero in u — 7 element which is not viable for normal ordering [12].
The allowed values of y; for normal hierarchy are highly correlated with the allowed
values of y, and they are necessarily of opposite signs. One obtains a rough linear
dependence between the allowed values of y; and ys.

e y, = 0 is allowed and there is very little correlation of allowed values of y, with v,
and .. For y; = 0, one gets a neutrino mass matrix Eq.(6.14) with one texture
zero in e — e element which can produce normal hierarchy only [12]. This predicts
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Figure 6.3: Same as Figure 6.2 but for inverted hierarchy.

=0.

|ml’ee
e y3 and y, are strongly correlated.

In Figure 6.3 we show the corresponding allowed ranges for the model parameters
for inverted hierarchy. In each of the panels, the parameters that do not appear on the x
and y-axes are allowed to vary randomly. From a comparison of Figures 6.2 and 6.3 we
can observe that the allowed areas in the parameter space is almost complementary?. We
find that for the inverted hierarchy:

e y; = 0 and yo = 0 stmultaneously are still not allowed, though now we can have
y1 = 0 or yo = 0 separately when the other parameter is within a certain favorable
(non-zero) range. As for normal hierarchy, allowed values of y; and yy are highly
correlated. As before there is a linear dependence between them.

40f course the same set of model parameter values would never give both normal and inverted hierarchy
simultaneously. However, we have shown two-dimensional projections of the model parameter space and
hence their could be few overlapping points in the two figures.
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Figure 6.4: Scatter plots showing variation of |m,,,
Ya-

, my and m% with the model parameter

e y3 =0 and y4 = 0 are not allowed here.

In the left panel of Figure 6.4 we show the variation of the effective neutrino mass
m,,, with the model parameter y,. The effective mass predicted for neutrino-less
double beta decay in our model is |m,, | = |2v1y4]. We have allowed v, to vary
freely in the range 10~! — 1072, From Figure 6.4 one can clearly see that our model
predicts |m,,.| < 0.07 eV. The next generation of neutrino-less double experiments
are expected to probe down to |m,,. | = 0.01—0.05 eV [13]. The middle panel of this
figure shows the total predicted neutrino mass m; and right panel shows m%. We find
that the total neutrino mass m; (in eV) varies within the range 0.05 < m; < 0.28,
while the effective mass squared observable in beta decay m% ~ O(107*—1072)eV?2.
The KATRIN experiment will be sensitive to mg > 0.3 eV [14].

6.3.2 Mildly Broken ;1 — 7 Symmetry Limit

So far we have assumed that the S3 breaking in the neutrino sector is such that the
residual g — 7 symmetry is exact. This was motivated by the fact that S, is a subgroup
of S5 and we took a particular VEV alignment given in Eq. (6.11). We will discuss about
VEV alignment in section 6.4. In this subsection we will assume that the g —7 symmetry
is mildly broken. This could come from explicit u — 7 breaking terms in the Lagrangian.
In the next section we will see that in our model this comes after the minimization of
the scalar potential due to the deviation of the VEV alignments from that given in Eq.
(6.11). Small breaking of the VEV alignments could also come from radiative corrections
and/or higher order terms in the scalar part of the Lagrangian. Any breaking of p — 7
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Figure 6.5: The Jarlskog invariant Jop (left panel) and sin 63 as a function of the y — 7
symmetry breaking parameter |e|.

symmetry will allow 653 to deviate from maximal and 6,5 from zero. Any non-zero 63 will
open up the possibility of low energy CP violation in the lepton sector. For the sake of
illustration we consider a particular g — 7 symmetry breaking for m, which results from
the deviation of the VEV alignment from Eq. (6.11). We will see in the next section
that this deviation is small and could come from v; # vy and/or u; # uy. For the sake
of illustration we consider only the breaking due to v; # vy. We will see that from the
minimization of the scalar potential one can take v; = vo(1 +€). As a result the neutrino
mass matrix (6.10) becomes

Yyau'(2 + €) Y3 ys(1 +e€)
m, = 209 s yru you'(24¢€) | . (6.34)
ys(L+¢€)  1u/(2+e€) yiu/(1+¢)
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We show the values of |Ug| = sinfy3 predicted by the above m, as a function of the
symmetry breaking parameter |¢| in the right panel of Figure 6.5. We have considered
complex Yukawa coupling in this case. The left panel panel of this figure shows the
Jarlskog invariant

Jor =m{Ua Ua U Uy } (6.35)

as a function of |¢|. We note that the model predicts values of sin 613, 5107! and Jop 51072
with the exact value determined by the extent of symmetry breaking. This could give
sin? 26,5 < 0.04, which is just within the sensitivity reach of the forthcoming reactor
experiments like Double Chooz [15] and long baseline accelerator experiments like T2K
[16] and NOvA [17]. These values of 613 and Jop could give a large positive signal in the
next generation high performance long baseline experiments using neutrino beams from
Neutrino Factories, Superbeams and Beta-beams [18].

6.3.3 Collider Signature and Lepton Flavor Violation

Recent discussion on the analysis of the scalar potential and the Higgs mass spectrum for
models with one triplet Higgs can be found in [19]. In our model with two Higgs triplets
we get mixing between the two doubly charged Higgs At and A ™. The physical Higgs
fields can be obtained from the scalar potential and are given by

Hft = Aftcosf + Aftsing , (6.36)
Hift = —AfTsinf + AJ" cosf
where the mixing angle 6 is
ea(u? + u3) + ehuus
he(uz — uf) — helve|*
The parameters es, €5, hg and hg are defined in Eq. (6.48). In the exact g —7 limit, which
can be realized by setting hg = 0 and hf = 0 5, the mixing angle  is of course 7/4. Even
when hg and hg are # 0, since the couplings involved in Eq. (6.37) are expected to be of
comparable strengths and since v? << u? (from the observed masses and mixing °) and
u32 — u? is expected to be small 7 we obtain nearly maximal mixing. In the approximate

limit where we take u; ~ uy = u and neglect |v1]?, |v.|? and v? in comparison to u?, the
square of the masses of the doubly charged Higgs are given by

M12{1++ ~ —a+u® [(4e; +2¢)) — (2e0 +€y)] (6.38)
MIQJQH ~ —a+u® [(4e; +2¢)) + (2e5 +€})] . (6.39)

tan 20 =

(6.37)

“We will see this in the next section.

6v2/A? ~ 10~* from charged lepton masses and from neutrino phenomenology u ,/A? ~ 1072 , hence
Ug < u%Q

"from neutrino phenomenology. Also see next section.
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The quantities ey, €/, e; and €}, are dimensionless coefficients in the scalar potential and
will be explained in the next section. We will see in the next section that a in Egs. (6.38)
and (6.39) has a mass dimension 2 and comes as the co-efficient of the Af; Ay, term in
the scalar potential. We note that the masses are modified due the mixing between AT+
and A", and depend on the VEV u. The difference between the square of the masses of
the two doubly charged Higgs depends only on u and the coefficients e; and ef,. Measuring
this mass squared difference at a collider experiment will provide a handle on the VEV
u, which could then be used in conjunction with the lepton mass and mixing data to
constrain the new scale A. In the most natural limit where we take all coupling constants
e1, €}, e and €}, to be of the same order, then MIQ{1++ ~ —a and Mé;* ~ —a + 9eju’.

The most distinctive signature of the existence of triplet Higgs can be obtained in
collider experiments, through the production and subsequent decay of the doubly charged
Higgs particle(s) [20-22]. The doubly charged Higgs, if produced, would decay through
the following possible channels:

o - Htpt

H* — H'WT

HY — T

H™ — Wrwt . (6.40)

In our model we have two doubly charged and two singly charged Higgs, however we have
suppressed the corresponding indices in Eq. (6.40). Likewise, we have suppressed the
flavor indices of the leptons. The first two decay modes depend on the mass difference
between the singly and doubly charged Higgs and hence might be kinematically suppressed
compared to the last two channels. We therefore do not consider them any further. The
decay rate H 1+ S — WTWT is proportional to the square of triplet Higgs VEVs vy 5, while
the decay rate to dileptons is inversely proportional to them. As a result the ratio of the
decay rates for the two channels is proportional to vy 5 and is given as [21]

D(HYS — 130 N( m, )2(L)4 (6.41)
D(H{y — WW+) ™ ’ '

M+ v
HJ 1,2

where M i is the mass of the doubly charged Higgs and m, is the scale of neutrino
mass. It has been shown [21] from a detailed calculation that for M mry =~ 300 GeV and
v12 & 107 GeV, decay to dileptons will dominate. For our model v} &~ v3 ~ 1073 — 10~*

eV? and hence we can safely neglect decays to WTW*. The decay rate to dileptons is
given as [20-22]

F(Hff; — lz:l;r) = |Fab‘2MH1+§L s (6.42)

47'('(1 -+ 5ab)
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while the branching ratio for this decay mode is

_ ++ +7+Y) — 2 | Fab|?

BRy = BR(Hy — 1)) = (15 0) Sun FuE (6.43)
where Fy;, are the relevant vertex factors which directly depend on the form of the neutrino
mass matrix. Using Eq. (6.7), we have tabulated in Table 6.2 the vertex factors for all
possible interaction channels in our model. We see that apart from e-p or e-7 combinations
given in the table, all vertices have extra suppression factor of % All other vertices
arising from Egs. (6.7) and (6.27) will involve the flavon fields & and/or ¢ and will be
suppressed by higher orders in A. We therefore do not give them here. We had argued from
Eq. (6.37) that in the exact p — 7 symmetric limit § = 7/4. One can then immediately
see from Table 6.2 that H, Tee and H, "7 couplings are zero. Therefore, in the exact
p—7 symmetric limit, the decay of H," to ee and ur is strictly forbidden. We have noted
above that even when we do not impose exact g — 7 symmetry, 6 =~ 7/4 and hence these
decay channels will be suppressed. The branching ratio of all the other decay modes
are determined by the corresponding Yukawa couplings. Generally speaking, since all
the vertices other than H 1+ Sep and H 1+ et are % suppressed, branching ratio of these
channels will be larger than all others, assuming equal values of y1,y2,y3 and y,. However,
y3 and y4 could be small for normal hierarchy while inverted hierarchy could be produced
for very small y; and y,. This will give a handle on determining the neutrino parameters
in general and the neutrino mass hierarchy in particular [22]. For instance, if the decay
modes of doubly charged Higgs to ey and er are not observed at a collider experiment,

then it would imply small y3, which would disfavor the inverted hierarchy.

Signature of doubly charged Higgs could in principle also be seen in lepton flavor
violating processes. However, in the framework of our model the additional contribution
to l; — ljy are smaller than what is expected in the standard model. One can check
from Table 6.2 that the only additional diagram which does not have any A (or u;s/A)
suppression contributes to 7 — py. However, even this diagram will be suppressed due to
My+s > My 23]. The presence of H{";" will allow the decay modes of the form I, — il
at the tree level, where [;, [; and [; are leptons of any flavor. The branching ratios for
i — eee and T — eee in our model for exact p — 7 symmetry is given by [24]

1 U_%‘ZJZZJ:&P
16 G% A2 MIA}1++

BR(p — eee) =~ (6.44)

Thus we see that even this process is suppressed by u?/A? compared to other models
with triplet Higgs. Branching ratio for all other lepton flavor violating decay modes such
as 7 — ppp are further suppressed. The only decay mode which comes unsuppressed is
T — eey, for which the branching ratio is given by

1yl
BR(T — eep) ~ @M
HS

(6.45)
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Vertices | Vertex factors F
ep Ht 2135infC Py,

epH;t 2y3cos0C Py,
eTH; 2yscosiC Py,
eTH 2y3s1nfC Py,

in0 0
€€H1++ U (sinfui+cosbu2) CPL

66H2++ U (cos@ulxszﬂwuz) CPL

MTH1++ Us (sinfu1+cosbuz) CPL
A Q

,UTHQJFJF Us (cosBuq—sinbus) CPL

A
TTH y1 3 LcosOC Py,
TTH, T “sindC Pp

ppH ylxsmﬁCPL
ppHS T y1 2 cosfC Py

Table 6.2: Doubly charged Higgs triplet and lepton vertices and the corresponding vertex
factors Fy,, where a and b are generation indices. The charged lepton mass matrix is
almost diagonal in our model. In this analysis we have considered that mass basis and
flavor basis of the charged leptons are the same.

The current experimental constraint on this decay mode is BR(T — eep) < 2 x 1077 [25],
which constrains our model parameter y3 as (assuming M o~ 300 GeV)

lys| < 1071 (6.46)

In our model y; is predicted to be large for the inverted hierarchy while it could be tiny for
the normal hierarchy. On the face of it then it appears that the bound given by Eq. (6.46)
disfavors the inverted hierarchy for our model. However, recall that the allowed values
of y3 shown in Figs. 6.2 and 6.3 were presented assuming v? to lie between 1072 — 10~*
eV2. However, v? could be higher and since what determines the mass squared differences
AmZ, and AmZ, is the product of v} and the Yukawas, higher v? would imply smaller
values of the latter. For instance, we could have taken v ~ 107! — 1072 eV? and in
that case inverted hierarchy would still be allowed. The bound given by Eq. (6.46) has
been obtained assuming M Hif ™ 300 GeV. For more massive doubly charged Higgs the

braching ratio would go down On the other hand, if one uses bounds from lepton flavor
violating decays to constrain the Yukawas, then one would obtain corresponding limits
on the value of v;. We conclude that with improved bounds on lepton flavor violating
decay modes, one could test our model and/or the neutrino mass hierarchy predicted by
our model.
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6.4 The Vacuum Expectation Values

In this section we discuss about the necessary conditions which have to be satisfied, in
order to achieve the VEV alignments required for 4 — 7 symmetry. Up to terms of
dimension four, the S3 X Z; x Z3 invariant scalar potential (cf. Table 6.1) is given by

V=>V (6.47)

where
Vi = —aTr[A'A] + Z)(T'r[A’A])2
Vit = [=c(€f) + h.e +(E€)

Vy = [d(EOHE + huc] + d(€€)HE€)* + [d"(EEHEE + hc]
Vit = [eaTr[(AAY (€€ + hc] + e Tr[(A'A) (')
Vi = [e2Tr[(AAP(E6)* + hoc] + ey Tr[(A'A)(€€)?

Vi = WTrINAF(EOY + hg (€ (dnge)t

Vi = ATr[(AA)HAAY + LTr[(A A (AA)] + fsTr[(A AP A'A)

Vs = —Iu(@Loe) + ha(@.0.) (dede)t + ha(d.60)* (dede)?

Vo = hTr[NARG b + hsTr[A AR (@00 + heTr[A'AJF (@)

Vi = [L(EOHDL) + b + 1 (€N Bude)*

Vi = [(E93H(0L0e)* + hc] + (€)X lde)? + Lu(H H)(¢0e)

Vs = aTr[ANA/(H'H) + [ax(H'H)(£€) + hec] — p*(H'H) + \(H'H)?

+r(H'm H)Tr[A'TA] + ay (HTH)(E€) (6.48)

The underline sign in the superscript represents the particular S; representation from

the tensor product of the two S3 doublets. The superscripts “2” without the underline
represent the square of the term. The quantities with primes are obtained following Eq.

(2.55)

f=a@ = (5) . dmaten = () A=a@r = (1) 6w

The potential given by Eqs. (6.47) and (6.48) has to be minimized. The singlets & and ¢,
pick up VEVs which spontaneously breaks the S5 symmetry at some high scale, while A
picks up a VEV when SU(2),; x U(1)y is broken at the electroweak scale. The VEVs have
already been given in Egs. (6.8), (6.9), and (6.28). For the sake of keeping the algebra
simple we take the VEVs of A and ¢, to be complex but the VEVs of £ to be real.

We denote vy = |v1[e™, vy = |vy|e®2, where v; and vy are the VEVs of A; and A,.
Substituting this in Eqs. (6.47) and (6.48) we obtain

V = (—a+4deuyus + ey (uf + u3) + halve|* + av®) (Joo] + [v1]?) + (b + f1 + fo)(Jvo]* + |v1]?)?
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—deuyug + ¢ (ud 4+ ud) + 8duiui + d' (uf + uy) + 4d uyug(ud + u3) + 2(fz — 2f2)|v1|?|va)?
+2|v1|[va|[ea(uf + u3) 4 ehuius] cos(ag — ) + (—hy + 4lyugug)|vel® + 1 v|? (uf + u3)

+hslve|* + dasv*urug + [—helve]* + hg(us — ui)](Jva]® = |01]*) — he(u3 — u?)|ve|?

+ayv?(u + u3) + Lo |v? — pPv? + A

where we have absorbed r in the redefined a;. The minimization conditions are:

ov

ov

=0.
Olv.|

From Eq. (6.51) we obtain the condition,
2|y ||va|[e2(u? + u3) + ehuqug] sin(ay — ag) =0 .
Hence

Qg = O ,

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

as long as |v1|, |va] and [ea(u? + u3) + eyuqus] are # 0. Eq. (6.52) leads to the condition,

(6.50)

—2alvi| + 4B(Jva]* + [o1) [v1| + 2vi |[deruruz + €} (uf + u3)] + 2[va|[ea(u3 + uf) + ehurus]
(6.59)

+4AF vy ||va]? + 2ha|vr||vel* 4 2a1|v1[v? 4 2hg|ve]?|v1] — 2hg|v1| (U3 — u?) =0,

161



where we have defined B = (b+ fi + f2), F' = f3 — 2f5 and we have used as = ;. Using
Eq. (6.53) we obtain,

—2alva| + 4B([va|* + [01]*)[va] + 2lva| [4e1uruz + €] (uf + w3)] + 2[vr[[ea(us + uf) + ehuruy]
+4F [vg||v1[* + 2hy|va|ve|* 4 2a1|va|v? — 2hg|ve|?|va| + 2hg|v1|(u3 — u?) =0 . (6.60)

Multiplying Eq. (6.59) by |vz| and Eq. (6.60) by |v;| and subtracting one from the other
we obtain,

(2e2(ui + u3) + 2¢yuruz + 4F v [va]) (Jur]* — [va]*) = 4lva[vel[hglve]” — Pg(u3 — u1))(6.61)

In the limit hg = 0 and hg = 0 we get |va| = |v1| (if €2, €, and F' # 0 simultaneously),
which is required for exact p-7 symmetry in the neutrino sector. However, there is no
a priori reason to assume that hg, and hy are zero. In the most general case keeping
non-zero hg and hg, we obtain

Al [[va| [hsvel* — hi(u3 — ui)]

2e5(u? + ud) + 2ehusus + 4F |v1||vg|

01 = Joof® + (6.62)

Since |vy ||va] < wyug ® and (u? +u3) we neglect the 4F|v; ||vy| term from the denominator.
For u; ~ us = u and ey =~ €}, one obtains
2

2|v1||vo| he|ve|?

lvi]? = |vo|® +

6.63
3equ? ( )

For a fixed vq, this is a quadratic equation in v; which allows the solution vy ~ vy(1 + €)
2
3]1662%. For hg and ey of the same order and 4 = 107!, % = 1072 we obtain

€ ~ 1072 < 1 . This would give rise to a very mild breaking of the p — 7 symmetry. We
have discussed this case in section 6.3.2.

where € =

Using Egs. (6.54) and (6.55) and repeating the same exercise we get the deviation
from u; = uy as

A
u% = u% + 3 (6.64)
where A and B are
A = duguglhg|ve|* — hg(|va]* — |01]?)] (6.65)

B = (—4c+ 16dujuy — 4duiug + 4d" (u? + ud) + dei(Jvy|* + |va]?) + 2€5|v1||va] + 4l1|ve|?
+4axv?) . (6.66)

81)32 ~ 10_3/10_4€V2, u1,2/A ~ 107! from neutrino phenomenology. Hence the hierarchy between
the VEV’s is justified.
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Using the same arguments as above, it is not hard to see that the deviation from u; = us
is also mild. Again, u; = wuy is satisfied when hy = 0 and hf = 0. Since hg = 0 is
also required for |vy| = |vs| to be satisfied, we conclude that exact p — 7 symmetry for
neutrinos demands that hg = 0, hg = 0 and h{ = 0 simultaneously.

Finally, from the last minimization condition (6.56) we get the solution,
1
lv.|? = i 2h6(|va]? — |v1)?) + 2hg (us — uf) — 20] (u] + u3) + 2hy
—2h4(|1)1|2 + |’U2|2) - 8U1U2l1 - 2l41)2 . (667)

We next use use the condition (6.67) to estimate the cut-off scale A. Since h; define
in Eq. (6.48) gives the square of the mass of the ¢, fields, it could be large. The other
couplings hs, Iy, ly, ha, h{, I and hg are dimensionless and can be assumed to have roughly
the same order of magnitude which should be much much smaller than h;. Dividing both
sides of Eq. (6.67) by A* and using |v;|* = |vs]? = 1073 eV?, % ~ 2 x 1072, 42 ~ 107!
and hence (%42)% < (%)? < (u%/\_gu%) < (“2)? | we get *

h
A ~ m x 102 GeV? . (6.68)

The coupling h; has mass dimension 2 and in principle could be large. As an example, if
we take hy in TeV range, for example if we take v/h; = 10 TeV, then the cut-off scale of the
theory is fixed as 102 TeV, where we have taken [, and [; ~ O(1). From 4=t 107!
and ¢ ~ 1072, we then obtain uro = 10 TeV and v, = 1 TeV. The constraints from
the lepton masses themselves do not impose any restriction on the cut-off scale and the
VEVs. One can obtain estimates on them only through limits on the masses of the Higgs.
For instance, from Eqs. (6.38) and (6.39) one could in principle estimate u by measuring
the difference between doubly charged Higgs masses. This could then be combined with

the neutrino data to get A, and finally use the charged lepton masses to get v..

Since we consider a model with triplet Higgs to generate Majorana neutrino masses,
it is pertinent to make some comments regarding breaking of lepton number and possible
creation of a massless goldstone called Majoron [26]. It is possible to break lepton number
explicitly by giving a lepton number to the fields £&. In that case one would not break
lepton number spontaneously and there would be no Majoron.

These VEV alignments have been obtained by assuming no effect of renormalization
group running. However, it is understood that the running from the high scale where
S5 is broken to the electroweak scale where the masses are generated, will modify the

9h6,hi=0 is motivated from y — 7 symmetry, which together with (”—Al)2 < (U—AC)2 < (“Tl)2 can also lead
to Eq. 6.68. Even for a mild breaking of ;1 — 7 which leads to (u3 — u%) < uiQ, the equation is valid.
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VEV alignments. Another way the VEV alignments could get modified is through higher
dimensional terms in the scalar potential. Due to the Z, as well as Z3 symmetry that we
have imposed, one cannot get terms of dimension five in the scalar potential. The possible
next order terms in V' would therefore be terms of dimension six. These terms would be
suppressed by A? and are therefore expected to be much less important in V.

6.5 Conclusions

In this work, we have attempted to provide a viable model for the lepton masses and
mixing by imposing a S3 x Z; x Z3 family symmetry. Our model has two SU(2),; Higgs
triplets arranged in the doublet representation of S3. In addition we also have two sets
of S3 flavon doublets which are singlets with respect to the standard model. We have
assigned the standard model fermions in suitable representation of S3. We have obtained
viable neutrino mass and mixing as well as the charged lepton mass hierarchy due to the
VEV alignments. We have analyzed the normal and inverted mass hierarchy in detail.
We gave predictions for sin? 815, Am32,, Am2,, effective mass in neutrino-less double beta
decay, the observed mass squared in direct beta decay and total mass of the neutrinos
relevant to cosmological data. We have analyzed the potential and have shown in the most
general case, one would obtain mild deviation from 63 = 7 and ;3 = 0. This will open up
the possibility of CP violation in the leptonic sector. Production and subsequent decay of
the doubly charged Higgs at particle colliders is a smoking gun signal for the existence of
triplet Higgs. We relate the y— 7 or mildly broken 1 — 7 symmetry in the neutrino sector
with the doubly charged Higgs decay modes in Colliders. We showed that in our model
since the triplet VEV is required to be very small, decay to dileptons would predominate.
In our model the mixing between the two doubly charged Higgs is very closely related
with the extent of the y — 7 symmetry in the neutrino sector. In the exact p — 7 limit the
mixing angle 6 between the two doubly charged Higgs is 6 = 7, whereas mild breaking
of the p — 7 symmetry results in a mild deviation 6 ~ 7. This close connection between
the p — 7 symmetry and the doubly charged mixing angle significantly effects the doubly
charged Higgs-dileptonic vertices. In the exact p — 7 limit, the vertex factors Hy " —p—17
and Hy ™ — e — e are zero, hence the doubly charged Higgs H, " never decays to u* + 7+
or to 2e™ states. Other than this, the non observation of the ey and er states in the
dileptonic decay of the doubly charged Higgs would possibly disfavor the inverted mass
hierarchy of the standard model neutrino. Hence, the lepton flavors involved in the final
lepton pair could be used to distinguish this model from the other models with triplet
Higgs as well as to distinguish the inverted and normal hierarchy. Our model predicts
lepton flavor violating processes such at 7 — eeu at the tree level. This and other lepton
flavor violating processes could therefore be used to constrain the model as well as the
neutrino mass hierarchy.
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Chapter 7

Conclusion

In this thesis we have looked into different aspects of beyond standard model physics and
its connection to neutrino masses and mixings. From a series of outstanding experiments
like solar and atmospheric neutrino experiments, KamLAND, K2K, MINOS we have the
information about the standard model neutrino mass splittings and its very peculiar mix-
ing angles. Combined with cosmological bound specially from WMAP data, the sum of
the light neutrino masses are bounded within eV range, while the observed solar and
atmospheric mass splittings from the different oscillation experiments are Am3, ~ 107°
eVZand Am3, ~ 1073 eV? respectively. Hence, the standard model neutrinos have ex-
tremely tiny mass, which is 102 order smaller as compared to the top quark mass. The
aesthetic belief of unification suggests that the standard model should be embedded in
a higher ranked gauge group, for example SU(5) or SO(10). Although the quarks and
leptons in a higher ranked gauge group belong to same representation, however the mixing
in the leptonic sector is drastically different than the mixings in the quark sector. Unlike
the mixing in the quark sector, in the leptonic sector two of the mixing angles 615 and
fy3 are quite large (sin?f;, ~ 0.32, sin®fy3 ~ 0.46) while at present there is an upper
bound on the third mixing angle 6,5 as sin®6;5 < 0.05. The observed mixing angles are
in very close agreement with the tribimaximal mixing pattern where the solar mixing
angle is sin?f;, = 0.33, reactor mixing angle sin®#;3 = 0.0 and the atmospheric mixing
angle is maximal sin? f,3 = 0.5. The maximal mixing angle 653 and 615 = 0 point towards
a possible © — 7 symmetry in the neutrino sector. Going beyond the standard model,
seesaw mechanism can explain small neutrino masses very naturally, without fine tuning
of Yukawa to extremely small values. The Majorana mass of the standard model in this
scheme is generated from the dimension-5 Weinberg operator %, and is hence natu-
rally suppressed by the large mass scale M of the integrated out heavy modes. However,
the mixings in the leptonic sector still remain unexplained. The mixing angles in the
leptonic sector can be explained very naturally if one imposes flavor symmetry.

We have discussed the standard model, its drawbacks and the minimal supersym-
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metric standard model in chapter 1. Chapter 2 was devoted to neutrino mass and mixing,
the different seesaw realizations. In chapter 3 [1] we built a model on type-III seesaw and
have studied its detail phenomenology. In type-11I seesaw, SU(2) triplet fermion gets in-
tegrated out and generate the dimension-5 Weinberg operator. The triplet fermions which
transform as an adjoint representation of SU(2), contain two charged fermionic states (3%)
and one charge neutral Majorana fermionic state (X°). Being SU(2) triplet, the triplet
fermions offers a distinctive feature as compared to the type-I seesaw mechanism, where
the gauge singlet Majorana neutrino generate the Weinberg operator. The gauge singlet
right handed neutrino field of type-I seesaw interacts with the lepton and Higgs via the
Yukawa Lagrangian, while its interaction with the gauge bosons is suppressed by the stan-
dard model neutrino-gauge singlet right handed neutrino mixing. Compared to this, the
SU(2),, triplet fermion interacts directly with the standard model gauge bosons through
their kinetic term, as well as with the leptons and the Higgs via the Yukawa Lagrangian.
Hence for the 100 GeV mass range, the triplet fermions can be produced copiously at
LHC, opening up the possibility to test the seesaw at LHC. Since the standard model
neutrino masses are M, ~ —Y{ M~'Y50?, hence for triplet fermion mass M = O(10%)
GeV, the Yukawa coupling Yy, between the triplet fermions-Higgs doublet-leptonic doublet
gets constrained as Ys; ~ 107¢ by the eV neutrino mass. This in a way tentamounts to fine
tuning of the Yukawas, and smothers out the very motivation for the seesaw mechanism,
which was to explain the smallness of the neutrino mass without unnaturally reducing the
Yukawa couplings. We show that the large Yukawa coupling and few hundred GeV triplet
fermions are still possible with the addition of another SU(2); x U(1)y Higgs doublet to
this existing setup [1].

In our model we have considered three sets of right handed triplet fermionic fields ;,
and one additional Higgs doublet ®,. In addition, we also have introduced one discrete Z,
symmetry, softly broken by the Higgs potential. The additional Higgs field ®5 (Z5 odd)
has the same SU(2) and U(1)y transformations as the standard model Higgs doublet
®1(Z5 even), only differing in its Z, charge assignment. Hence in the Yukawa Lagrangian,
the additional Higgs field @, interacts only with the standard model leptons (Z, even)
and the triplet fermions (Z odd), whereas the standard model Higgs ®; interacts with
all other standard model fermionic fields. Due to the very specific nature of the Yukawa
Lagrangian, the standard model neutrino and the triplet fermionic neutral component
mixing is governed by the vacuum expectation value v’ of the additional Higgs doublet.
Hence small vacuum expectation value v’ ~ 10~* GeV generates eV neutrino mass, even
with large O(1) Yukawa coupling Ys. The charged lepton and quark masses in this model
are determined by the large vacuum expectation value v ~ 100 GeV of the standard
model Higgs doublet.

The choice of the small vacuum expectation value of the additional Higgs field has a
significant impact on determining the Higgs mass spectra and the mixing angle between
the neutral Higgses. With two Higgs doublets the Higgs sector in our model is enriched
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with five physical degrees of freedom (H?, h® A° H#*). Working within the framework of
a softly broken Z, symmetry, the mass of the light Higgs h° is determined by the standard
model Higgs vacuum expectation value (v ~ 10? GeV) as well as by the extent of the Z,
symmetry breaking coupling A5, whereas all the other Higgs masses are governed by the
standard model Higgs vacuum expectation value v. Hence, in our model it is possible to
accommodate a light Higgs state h®. However, the presence of the light Higgs does not
violate the LEP bound, due to the vanishingly small Z —Z —h® coupling. Due to the order
of magnitude difference between the two vacuum expectation values v and v’, the mixing
angle o between the two neutral Higgs h" and H? is proportional to the ratio of the two
vacuum expectation values (tan 3 = %’) and is extremely small tan 2a ~ tan 3 ~ 107S.

We have studied in detail the production and subsequent decay of the triplet fermions
at LHC. Triplet fermion production at the LHC is mostly governed by the gauge boson
mediated partonic subprocesses. Once produced, the triplet fermion can decay to different
final state particles such as to a lepton+Higgs or to a lepton+ gauge boson. In our model,
due to the large Yukawa coupling Yy, and small value of the mixing angle « as well as
tan 3, the triplet fermions (X%, X° ) decay predominantly into standard model leptons
along with the neutral and charged Higgses h°, A°, H*. The other decay modes where
triplet fermions decay into a standard model lepton along with the neutral Higgs H° or
the standard model gauge bosons is highly suppressed. The dominant decay of the triplet
fermion into a standard model lepton and a Higgs h°, A%, H* is more than 10 times
larger compared to the one Higgs doublet type-11I seesaw scenario.

The different decay modes of the triplet fermions are inherently linked with the
neutrino phenomenology. In particular, the exact or approximate y — 7 symmetry in the
neutrino sector distinguishes among the different leptonic states when the triplet fermion
decays into a standard model lepton and a Higgs. The p — 7 symmetry in the neutrino
sector provide equal opportunity to p and 7 states to be the leptonic final states, whereas
it forbids the third generation of charged triplet fermions to decay into electron state e in
the decay of 3rd generation of triplet fermions..

We have also looked into different Higgs decay modes and the possible collider
signatures of our model. In the Higgs sector, the different Higgs decay modes are governed
by the Yukawa couplings and also by the small mixing angle « as well as tan 3. The neutral
Higgs predominantly decays to 2b while the dominant decay mode for the charged Higgs
H* is H* — W=*hO. Other than this, a distinctive feature of our model is the displaced
vertex of the Higgs h°. Unlike the type-I1I seesaw with one Higgs doublet, in our model
the triplet fermions do not have any displaced vertex. The type-III seesaw with two Higgs
doublet can be verified at LHC via the different collider signatures which this model offers.
We have calculated the effective cross sections for these channels.

In charper 4 [2], we have build a model of R-parity violating supersymmetry and
discussed the neutrino mass generation. The observed data on solar and atmospheric
neutrino mass splitting constrains the number of triplet fermion generation to be mini-
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mally two. However the R-parity violating supersymmetric framework enables a viable
description of the neutrino mass and mixing even with one generation of triplet matter
chiral superfield which has R-parity —1 [2]. R-parity which is a discrete symmetry is
defined as R, = (—1)3(B=L)+25 and has been implemented in the minimal supersymmetric
extension of the standard model to forbid the baryon number (U CDCDC) and the lepton
number violating (iiEc, i@ljc) operators. Non-observation of proton decay constrains
the simultaneous presence of lepton and baryon number violation, however leaving some
space for the individual presence of either of these two. To accommodate the Majorana
mass term of the standard model neutrino, lepton number violation is required. Sponta-
neous violation of R-parity meets both ends, it generates neutrino mass and satisfies the
proton decay constraint, as in this scheme, the R-parity violating operators are generated
very selectively. In our model R-parity is spontaneously broken by the vacuum expec-
tation value of the different sneutrino fields. As a consequence, only the lepton number
violating bilinear operators are generated while working in the weak basis. Sticking to
the framework of the perturbative renormalizable field theory, the baryon number violat-
ing operators (U cﬁch) would never be generated, hence naturally satisfying the proton
decay constraint. Because of the R-parity violation, the standard model neutrinos v; mix
with the triplet fermion X°, as well as with the Higgsino ﬁg and gauginos 5\870. Hence,
in our model we have a 8 x 8 color and charge neutral fermionic mass matrix. With one
generation of the triplet matter chiral superfield and the R-parity violation, two of the
standard model neutrino masses can be generated as a consequence of the conventional
seesaw along with the gaugino seesaw, while the third neutrino still remains massless.
Hence, in this scenario viable neutrino masses and mixings are possible to achieve. In ad-
dition, the standard model charged leptons (I*), triplet fermions (3%) and the charginos
(S\i, isz ;) mixing is also determined by the different R-parity violating vacuum expecta-
tion values, as well as the different couplings of the superpotential. Hence, the charged
lepton mass matrix is an extended 6 x 6 matrix. In our model the spontaneous violation of
R-parity is not associated with any global U(1) lepton number breaking, since we break
lepton number explicitly. Hence, the spontaneous R-parity violation is not associated
with generation of any Majoron. We have explicitly analyzed the scalar potential and
the minimization condition and have shown that the different R-parity violating sneu-
trino vacuum expectation values u, u in our model share a proportionality relation. From
the neutrino phenomenology these vacuum expectation values are bounded to be small
u, < 1073 GeV, where we have considered gaugino masses of the order of few hundred
GeV. We have discussed very briefly about the possible collider signatures which this
model can offer.

While the smallness of the neutrino mass can be explained via the seesaw mecha-
nism, the very particular mixing of the standard model neutrinos can be well explained
by invoking a suitable flavor symmetry. Among the widely used flavor symmetry groups,
Ay and Sz are very promising ones. We have discussed in detail about the group theo-
retical aspects of the flavor symmetry groups A, and as well as S3 in chapter 2, while
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in chapter 5 [3] we have build a model based on the group A,. We have considered the
most generic scenario with all possible one dimensional Higgs representations that can be
accommodated within this A4 model. The Higgs fields which are charged under the sym-
metry group Ay, are standard model gauge singlets and they are knows as flavons. In our
model [3] we have two flavon fields ¢g 7 which transform as three dimensional irreducible
representation of the group A,. In addition, we also have three other flavons &, £', £” which
transform as 1, 1’ and 1” respectively. The Lagrangian describing the Yukawa interaction
between the different standard model leptons, Higgs and the flavons follows the effective
field theoretical description. The different flavon fields take the vacuum expectation val-
ues, thereby resulting in a spontaneous breaking of the symmetry group A4. We have
explored the conditions on VEVs and Yukawa couplings needed for obtaining exact TBM
mixing in this present set-up. In particular, we have checked which combinations of the
different one dimensional Higgs fields &, ¢’ and £” would produce TBM mixing and under
what conditions. We have explicitly shown that the A, triplet field ¢g can alone generate
the tribimaximal mixing in the neutrino sector if all the vacuum expectation values v, of
its component fields are equal. However it gives the atmospheric mass splitting Am3, = 0,
and hence is clearly incompatible with the neutrino oscillation data. To generate viable
neutrino mass splittings in association with tribimaximal mixing, the one dimensional
representations has to be included. Although the representation 1 which was originally
proposed by Altarelli and Feruglio is the minimalistic choice to recover the correct mass,
this particular choice ends up with a severe fine-tuning between the different parameters
of the theory. The product of the VEV and Yukawa of this singlet is determined com-
pletely by the VEV and Yukawa of the triplet. Other than this, the normal hierarchy
(Am3, > 0) between the standard model neutrino masses is the only allowed possibility.
Inverted hierarchy can be possible if we have at least two or all three Higgs scalars with
nonzero VEVs. The extreme fine-tuning in the parameter space is also gets reduced if one
introduces two or three flavon fields at a time. Deviation from the particular relations
between the different Higgs vacuum expectation values and Yukawas will lead to deviation
from tribimaximal mixing. In the charged lepton sector the diagonal charged lepton mass
matrix emerges as a consequence of an additional discrete symmetry Z3, as well as the
vacuum alignment of the flavon field ¢r.

In chapter 6 we have constructed a flavor model based on the symmetry group S3 [4],
which reproduces the observed neutrino mass and mixing, as well as the standard model
charged lepton mass hierarchy. We use two SU(2) Higgs triplets (A) with hypercharge
Y = 2, arranged in a doublet of S3, and the standard model singlet Higgs (¢, £) which are
also put as doublets of S3. Due to the appropriate charge assignment under additional
discrete symmetry groups Z; and Z3, the flavon ¢, enters only in the charged lepton
Yukawa, whereas the other flavon £ enters both in the neutrino as well as in the charged
lepton Yukawa. The Higgs triplets A and the flavon field ¢ take vacuum expectation
value, and generate standard model neutrino masses. To reproduce the observed lepton
masses and mixings, the symmetry group S3 has to be broken such that the neutrino
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sector contains the exact/approximate Z; symmetry along the v, — v, direction, while
it is broken down maximally in the charged lepton sector. This particular feature is
achieved by the vacuum alignments of the different Higgs fields A, ¢, and £. Exact
1 — 7 symmetry in the neutrino mass matrix is achieved as a consequence of the vacuum
alignments (A;) = (Ay) and (§;) = (&), otherwise resulting in mildly broken p — 7
symmetry. The mild breaking of y — 7 symmetry opens up the possibility of CP violation
in the leptonic sector. We have analyzed the potential and we show that under the
most general case, the minimization condition predicts a very mild breaking of the y — 7
symmetry for the neutrinos. The charged lepton sector offers very tiny contribution to
the physically observed PMNS mixing matrix, while the main contribution comes from
the neutrino mixing matrix. In the neutrino sector both normal and inverted hierarchy
are allowed possibilities.

Since the Higgs triplet A interacts with the gauge bosons via their kinetic terms,
they can be produced at the LHC and then can be traced via their subsequent decays.
The doubly charged Higgs can decay to different states such as dileptons, gauge bosons,
singly charged Higgs H*. In our model the mixing between the two doubly charged Higgs
is very closely related with the extent of the y — 7 symmetry in the neutrino sector. In
the exact p — 7 limit the mixing angle 6 between the two doubly charged Higgs is 6 = 7,
whereas mild breaking of the y —7 symmetry results in a mild deviation 6 ~ 7. This close
connection between the y—7 symmetry and the doubly charged mixing angle significantly
effects the doubly charged Higgs-dileptonic vertices. In the exact p — 7 limit, the vertex
factors Hy* —p—7 and H;* —e— e are zero, hence the doubly charged Higgs H, ™ never
decays to ut + 7% or to 2e™ states. Other than this, the non observation of the ey and
et states in the dileptonic decay of the doubly charged Higgs would possibly disfavor the
inverted mass hierarchy of the standard model neutrino. The presence of Higgs triplet
predicts lepton flavor violating processes such at 7 — eep at the tree level. This and
other lepton flavor violating processes could therefore be used to constrain the model as
well as the neutrino mass hierarchy.
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