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Abstract

We propose a two Higgs doublet Type I1I seesaw model with u-7 flavor symmetry. We
add an additional SU(2) Higgs doublet and three SU(2) fermion triplets in our model.
The presence of two Higgs doublets allows for natural explanation of small neutrino
masses with triplet fermions in the 100 GeV mass range, without fine tuning of the
Yukawa couplings to extremely small values. The triplet fermions couple to the gauge
bosons and can be thus produced at the LHC. We study in detail the effective cross-
sections for the production and subsequent decays of these heavy exotic fermions. We
show for the first time that the u-7 flavor symmetry in the low energy neutrino mass
matrix results in mixing matrices for the neutral and charged heavy fermions that
are not unity and which carry the flavor symmetry pattern. This flavor structure can
be observed in the decays of the heavy fermions at LHC. The large Yukawa couplings
in our model result in the decay of the heavy fermions into lighter leptons and Higgs
with a decay rate which is about 10'! times larger than what is expected for the
one Higgs Type III seesaw model with 100 GeV triplet fermions. The smallness of
neutrino masses constrains the neutral Higgs mixing angle sin « in our model in such
a way that the heavy fermions decay into the lighter neutral CP even Higgs h?, CP
odd Higgs A° and the charged Higgs H*, but almost never to the heavier neutral CP
even Higgs H°. The small value for sina also results in a very long lifetime for h°.
This displaced decay vertex should be visible at LHC. We provide an exhaustive list
of collider signature channels for our model and identify those that have very large
effective cross-sections at LHC and almost no standard model background.
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1 Introduction

Understanding of the flavor structure of the fermions has emerged as one of the most
formidable problems in particle physics. While all fermions are expected to attain masses
in the standard model through their Yukawa couplings with the standard Higgs doublet, it
is not clear why the mass of the electron should be six order of magnitude smaller than that
of the top quark. The extremely tiny neutrino masses pose a further challenge and demand
an explanation. The “seesaw” mechanism [1] has been the most widely accepted method
of explaining the smallness of the neutrino mass compared to that of the charge leptons.
The seesaw mechanism was so named because the lightness of the standard neutrino is
explained due to the heaviness of an additional particle beyond the standard model of
particle physics. The new mass scale could be associated with a GUT scale, or in general
with any intermediate mass scale. Being much heavier than the rest of the standard model
particles, this additional field can be integrated out, giving a dimension five Majorana
mass term for the neutrinos [2]. This mass term is inversely proportional to the mass of
the heavy particle, and hence neutrinos become naturally light. There are three variants
of the seesaw mechanism. These come from the fact that one can obtain the dimension
five effective operator by integrating out either SU(2),x U(1)y (i) singlet fermions [1], or
(ii) triplet scalars [3], or triplet fermions [4] (also [5]). The three variants are commonly
known as Type I, Type IT and Type III seesaw mechanism, respectively. While Type I and
Type II scenarios have been extensively explored in the literature for a long time, focus
has only recently shifted to the Type III seesaw mechanism, and a plethora of papers have
appeared of late. While the possibility of gauged U(1) symmetry with fermion triplets
was studied in [6], authors of [7] studied for the first time predictions for leptogenesis
within the framework of Type III seesaw. A hybrid Type I+11I seesaw framework is shown
to result within a SU(5) GUT model in [8,9], and within a left-right symmetric model
with spontaneously broken parity in [10]. The effect of the additional fermions on the
Higgs mass bounds was studied through renormalization group equations in [11], while the
renormalization group evolution of the neutrino mass matrix within the Type III seesaw
framework was performed in [12]. In [13] the authors work with just one extra heavy
fermion triplet and generate the addition light neutrino masses at the loop level. The
phenomenology of the Type III seesaw in lepton flavor violating processes was studied in
great depths in [14,15] and also recently in [16].

The most crucial feature concerning the Type III seesaw is the following. 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 experiments. 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 [17] and [18]
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, throwing 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 III seesaw at LHC [19-21].



In the usual Type III (and also Type I) version of the seesaw models with one Higgs
doublet, the neutrino mass is given by

1
, = —0Yd — Y 1
m v EM > ()

where, v is the Higgs Vacuum Expectation Value (VEV), M is the mass (matrix) of the
adjoint fermions and Yy is the Yukawa coupling (matrix) of these fermions with the stan-
dard 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 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 tenta-
mounts 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 paper, we propose a seesaw model with 300-800 GeV mass range triplet fermions,
without any drastic reduction of the Yukawa couplings. We do that by introducing an
additional Higgs doublet in our model. We impose a Z, symmetry 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 [22]. 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.
Therefore, we use the presence of two different VEVs in our model to explain the smallness
of the neutrino masses compared to all others, without resorting to unnatural suppression of
the neutrino Yukawa couplings. We show that 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. We show how this can be used to distinguish
our 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. We will work out in detail our Higgs
mass spectrum by imposing constraints coming from the neutrino masses. We will show
that due to these constraints, our Higgs mixing angle is very small and the Higgs behave
in a very peculiar way and have collider signatures which are very different from the usual
two Higgs doublet models in the market [23-27]. We will 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 it unique
mixing pattern. While all mixing angles are tiny in the quark sector, for the leptons we
have observed two large and one small mixing angle. In its standard parametrization with

!The largeness of the Yukawa couplings (along with the smallness of the heavy fermion masses), also
brings in larger non-unitarity and larger lepton flavor violation in our model, compared to the earlier Type
IIT seesaw models. However, these are still well below the sensitivity of the current and upcoming future
experiments.



mixing angles 015, fs3 and 013 and phases ¢ (Dirac), o and § (Majorana), the neutrino
mixing matrix is given as

—is
C12 C13 S12 C13 513 € 1 0
_ ) 6 o
Upvns=| —cCa3S12 — S23S13C12¢€ Co3 C12 — 523 513 512 € $23 C13 0 e 0
6 6 i(B+6
S23 812 — C23 S13C12 €' —823 C12 — 23 813 S12 €' C23 C13 0 0 B+

In this parametrization, the mixing angle 653 is observed to be very close to /4, while
0,5 has so far been seen to be consistent with zero. This indicates that there should be
some underlying symmetry which drives one mixing angle to be maximal and another to
be zero. The most simple way of generating this is by imposing a p-7 exchange symmetry
on the low energy neutrino mass matrix [28].

In this paper we will impose the p-7 symmetry on the Yukawa couplings and the heavy
fermion mass matrices. This leads to u-7 symmetry in the light neutrino mass matrix and
hence the correct predictions for the neutrino oscillation data. We discuss in detail the
light as well as heavy neutrino mixing. We first provide general expressions for all mass
eigenvalues and mixing matrices and then study the experimental consequences for our
model. We show that due to the p-7 symmetry, the mixing matrices of the heavy fermions
turn out to be non-trivial. In particular, they are also p-7 symmetric and hence much
deviated from unity, even though we start with a real and diagonal Majorana mass matrix
for the heavy triplets. This is a new result and we will show that this affects the flavor
structure of the heavy fermion decays at colliders, which can be used to test pu-7 symmetry
in neutrinos at LHC. We study in detail the collider phenomenology of this p-7 symmetric
model with three heavy fermion SU(2) triplets and two Higgs SU(2) doublets and give
predictions for LHC.

The paper is organized as follows. In section 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, we present our p-7 symmetric model and give specific forms for the mass and mixing
parameters. We show that the mixing for heavy fermions is non-trivial and p-7 symmetric.
In section 4, we study the cross-section for the heavy fermion production and LHC, as
a function of the fermion mass. In section 5, we study the decay rates of these heavy
fermions into 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
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 7 is devoted to the
discussion of displaced decay vertices as a result of the very long living A" in our model. In
section 8, we list all 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 all channels at LHC. We highlight some of the channels with very large effective cross-
sections and discuss the standard model backgrounds. Finally, in section 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.
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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.

2 Yukawa Couplings and Lepton Masses and Mixing

We add three extra SU(2) triplet fermions to our standard model particle content. These
fermions belong to the adjoint representation of SU(2) and are assigned hypercharge Y = 0.
This makes each of them self conjugate. We will denote their Cartesian components as?
>
vi=| X7, (3)
=

where ¢ =1,2,3 and V. = \11;0. In the compact 2 x 2 notation they will be represented in
our convention as

1 .
¥ = 7 szg $ 0y, (4)
J

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

2/0 /\/§ Z/—h
r Ri Rq
ZRi - ( /Ei —E/%i/\/i> ) (5)

where
Sk F % s
V2

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

E%i = and 2/2% = Z/?;%i (6)
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The object which transforms as the left-handed component of the ¥ multiplet can then be
written as
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2Throughout this paper we denote particles in their weak eigenbasis by primed and mass eigenbasis by
unprimed notation.
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~ C
such that X'; = X'p, + X5 .

As discussed in the introduction, we include in our model a new SU(2) scalar doublet,
®,, in addition to the usual standard model doublet ®;. 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®. The part of the Lagrangian responsible for the
lepton masses can then be written as

_ e 1 .
— Ly = Vi, [, @IL) + Yo, BTy L) + he] + S My Tr S S, + hec| 9)

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 = 10,®3. Once the
Higgs doublets ®; and ®, take Vacuum Expectation Value (VEV)

@) =(y). @=(,). (10)

v

we generate the following neutrino mass matrix

1, — - 0 vy v
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and the following charged lepton mass matrix

_ 7 NY— UYEU 0 llLJ
L, = ( 3%2 Z/Ri) (U'YEU Mw> <Z’EC> + h.c., (12)

- : J
= ( e YR, ) M, <Z/Jic> + h.c., (13)

R;

Note that due to the imposed Z, symmetry neutrino masses 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 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 Yukawas Yy to unnaturally small values.

The 6 x 6 neutrino matrix (11) can be diagonalized to yield 3 light and 3 heavy Majorana
neutrinos. The 6 x 6 unitary matrix U which accomplishes this is defined as

/

r( 0 m%) _(Dm 0 ) VL \ VL,

3We will break this Z, symmetry mildly in the scalar potential. We discuss the phenomenological
consequences of this Zs symmetry and its breaking when we introduce the scalar potential and present
the Higgs mass spectrum in Appendix A.



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

mq 0 0 Mgl 0 0
Dm = 0 mo 0 y DM = 0 MEQ 0 . (15)
O O m3 0 O MEg

Here m; and My, (i = 1,2, 3) are the low and high energy mass eigenvalues of the Majorana
neutrinos respectively. We reiterate that the primed and unprimed notations represent the
weak and mass eigenbases respectively. The mixing matrix U can be parameterized as a
product of two matrices

U=W,U, (16)

where W, is the matrix which brings the 6 x 6 neutrino matrix given by Eq. (11) in its
block diagonal form as

W[/ ( mD M WI/ - 0 M Y (17)
while U, diagonalizes m, and Mg as
r(m 0 (D, 0 )
UV(O M)Uy _ (o o) (18)

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,. Since the unitary matrix U has 6° = 36 free parameters and
the matrix U, has 2 x 3% = 18 parameter, the matrix W, should have 36 — 18 = 18 free
parameters. This matrix therefore can be parameterized as [29]

W_(\/l—BBT B )
=\ -Bt  vi—BB)

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

W o 1-— %m})(M_l)*M_lmD mh(M~1)*
T ~M~tmp 1— M~ mpmi (M) )

(19)

(20)

The light and heavy neutrino mass matrices obtained at this block diagonal stage are given
by (only second order terms in 1/my are kept)

m, = —mpM 'mp, (21)
~ 1
M = M+§(mDmTD(M_l)*+(M_1)*m*DmT). (22)



Note that Eq. (21) is the standard seesaw formula for the light neutrino mass matrix,
while Eq. (22) gives the heavy neutrino mass matrix. These can be diagonalized by two
3 x 3 unitary matrices Uy and Uy, respectively. This yields

e (3 8)

For the charged leptons we follow an identical method for determining the mass eigen-
values and the mixing matrices. However, since the charged lepton mass matrix M; given by
Eq. (13) is a Dirac mass matrix, one has to diagonalize it using a bi-unitary transformation

+ my 0 ) . (Dl 0 ) .

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 eigenbases for the charged leptons are related

respectively as,
L\ _of e \ _ o lr
<2/;C>_S<2§C>’ and <zf;°“ —T<z;>‘ (25)

Instead of using Eq. (24) for the diagonalization, we will work with the matrices
MM, = SM] M, S", and MM =T M, M/ T, (26)
to obtain S and T respectively. As for the neutrinos, we parameterize
S=W,Ur, and T = WgrUg, (27)

where W and Wpg are the unitary matrices which bring MlTMl and Ml.MlT to their block
diagonal forms, respectively,

iy Ty 0

o f
W{M;MlWL=< . MHTMH>’ and W;MZMJWR:<mlml 0 ).(28)

0 MyMy'
Using arguments similar to that used for the neutrino sector, and keeping terms up to
second order in 1/my,, we obtain

W - (1—mg(M—1)*M—1mD V2mb (M1 ) (20)
L= —V2M ™ mp 1— M 'mpmb(M~1)* )"
B 1 V2mym (M) M
W = <—\/§(M_1)*M‘lmpmlT 1 )’ (30)



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

) = mym) — 2mymb (MY M mpm], (31)
MyMl, = MM+ 2mpm}, + (M~ M 'mpm)myml,
+ mpmjmymb (M~ M (32)
and
mimy = mim — [mh M M mpmim; + h.d] (33)
MMy = MM+ M mpmbM + Mfmpmb (M~ + M~ (mpm)2(M~1)*
1

MMM (g Mo M mpml, MM mpmi, M.+ bocj34)

One can explicitly check that the masses of the heavy charged leptons obtained from Egs.
(32) and (34) are approximately the same as that obtained for the neutral heavy fermion
using Eq. (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 and neutral fermions of ~ 166 MeV. This allows the decay channel
¥ = 3% + 7% at colliders, as discussed in detail in [18,19]. In this paper we will neglect
this tiny difference and assume that the masses of all heavy fermions are the same.

The matrices m}ml and ]\;[IT{M r are diagonalized by U; and UF giving,

(U0
UL—<O U}f>. (35)
Similarly the mlmj and M HML matrices are diagonalized by U, and U and hence give,
U. 0
UR_<0 U}f)‘ (36)
Finally, the low energy observed neutrino mass matrix is given by

Upnns = U Up. (37)

Note that both U; and Uy are unitary matrices and hence Upjsyg is unitary.

3 A pu-7 Symmetric Model

As discussed in the introduction we wish to impose p-7 symmetry on our model in order to
comply with the current neutrino data, which shows a preference for 613 = 0 and 6y3 = 7/4.
Henceforth, we impose the u-7 exchange symmetry on both the neutrino Yukawa matrix
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Figure 1: Scatter plots showing variation of sin? §1 (upper panels) and R = Am2, /|Am2,|
(lower panels) as a function of a4, ay; and ag. All Yukawa couplings apart from the
one plotted on the x-axis, are allowed to vary freely. Only points which predict oscillation
parameters within their current 30 values are shown. Blue points are for mg = v'?/(2M;) =

0.95 eV while the green points are for mg = 0.006 eV.
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Figure 2: Scatter plot showing the values of the Yukawa couplings which give all oscillation
parameters within their current 3o allowed ranges. Allowed points are shown for mg = 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: Non-zero values of U, and |0.5 — sin®fy3| predicted when p-7 symmetry is
broken. Shown are the oscillation parameters against the p-7 symmetry breaking parameter
€ = 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.

Yy and the Majorana mass matrix for the heavy fermions M. Therefore, the neutrino
Yukawa matrix takes the form

aq A1l a
_ /
Yo = [d}y as as |, (38)

!/

In what follows we will assume (for simplicity) that a}; = a1;. Note that the -7 symmetry
does not impose this condition. It only imposes that Yy, = Yy,, and Yy,, = Yy,,. We
have put a}; = a;; in order to reduce the number of parameters in the theory. For the
same reason, we assume all entries of Yy, to be real. The heavy Majorana mass matrix is
given by

My 0 0
M =10 M 0], (39)
0 0 M

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 p — 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
a1 2a, a4 astas aq ag+as
M T ;T g a3, T g
2
v 2 2, 2 2
5 o~ a4 | agtag a1, agtag ai; 2asag
m= 2 a11<M1 + Mo > M,y + Mo M + Mz ! (4())
2 2 2., 2
a4 | agtag 91 | 2aeas a1 | %tag
a11<M1 + Mo > My + Mo M- + Mo
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where we have used the seesaw formula given by Eq. (21), which is valid up to second
order in 1/my. One can straightaway see from the above mass matrix that the scale of
the neutrino masses emerges as ~ v'?a?/(2my), where a is a typical value of the Yukawa
coupling in Eq. (38) and my the scale of heavy fermion masses. As discussed in the
introduction, 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, this is usually considered as extreme fine
tuning as there is no reason why the Yukawa couplings of the neutrinos should be so much
suppressed, and the motivation for the seesaw mechanism is lost. In order to circumvent
this, we introduced a different Higgs doublet ®5, 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. (40). Since this Higgs ®, is not coupled to any standard model particle,
it could have a VEV which could be different. Therefore, we demand that v ~ 10° eV in
order to generate neutrino masses of ~ 0.1 eV keeping the Yukawa couplings ~ 1. We have
checked that such low value of Higgs VEV is not in conflict with any experimental data.
We will discuss in detail the scalar potential and the Higgs mass spectrum in Appendix A.

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. (40) has pu-7 symmetry
it follows that

913 =0 and 923 = 71'/4 (41)

To find the mixing angle 6, and the mass squared differences Am3, and Am3, 4, one needs
to diagonalize the mass matrix m given in Eq. (40). In fact, the form of m in Eq. (40) is the
standard form of the neutrino mass matrix with p-7 symmetry, and hence the expression
of mixing angle 65 as well Am3, and Am3, can be found in the literature (see for e.g. [30]).
We show in Fig. 1 the variation of sin® 6, (upper panels) and R = Am2, /|Am2,| (lower
panels) with the Yukawa couplings a4, a1; 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. (40) could very easily yield Am2, > 0 and hence the
normal mass hierarchy (see for e.g. [30]). However, for the sake of illustration, we will show
results for only the inverted hierarchy in this paper. In every panel of Fig. 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?6;, (upper panels) and R (lower panels) as a function
of the Yukawa couplings for which all oscillation parameters are within their current 3o
values [31],

7.1 x 107%eV? < Am3, <83 x 107%eV? | 2.0 x 107%eV? < |Am3,| < 2.8 x 107%eV? | (42)

0.26 < sin® 615 < 0.42 , sin?26y3 > 0.9, sin®6y3 < 0.05 . (43)

4We define Amfj =m? — mf

12



For this figure we take M; = M, for simplicity and define mq = v"?/(2M;). The blue points
are for m = 0.95 eV while the green points are for mg = 0.006 eV.

Fig. 2 is a scatter plot showing the values of the Yukawa couplings which give all
oscillation parameters within their current 3o allowed ranges given in Eqgs. (42) and (43).
Again as in the previous plot we assume M; = My, define my = v?/(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 p-7 symmetry on the charged lepton mass matrix®. Hence, without loosing
generality, the charged lepton Yukawa matrix can be taken as

Y. 00
=0 v, 0o],. (44)
0 0 Y

The masses of the light charged leptons can then be obtained from Egs. (31) and/or (33).
For our choice of Y5, and M, it turns out that m. ~ vY. , m, =~ vY),, and m, =~ vY, if
we neglect terms proportional to v'*>. The mixing matrices U; and U, which diagonalize
miiy (cf. Bq. (33)) and mym) (cf. Eq. (31)) respectively, turn out to be unit matrices at

leading order.

100 100
U~|o 10|, U=~[01o0], (45)
00 1 00 1

Finally, we show in Fig. 3 the impact of pu-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
Uz from zero and sin?fy; from 0.5. We show in Fig. 3 the U, (left hand panel) and
0.5 — sin? B3] generated as a function of the symmetry breaking parameter € = Mz — M.
The figure is generated for ay = —0.066, a;; = 0.171, ag = 0.064, ag = 0.0037 and
mgy = 0.745 eV. We have fixed M; = My = 299 GeV in this plot. For € = 0, p-7 symmetry
is restored and both U, 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 ¢ > 0 the curve
extends to about M3 = My + 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 masses of the heavy fermions can be obtained using Yy, and M, as discussed
in the previous section. 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

SWe reiterate that our choice of the lepton masses and mixing are dictated solely by observations.
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for phenomenology at the LHC. We denote these 3 x 3 blocks as

7= (o va) = (Wi wiaes ) 2
s= (g0 9= (v k). ()
- () = (e e, (1)

The matrices W,,, W and Wx have been given in Egs. (20), (29) and (30) respectively.
These can be estimated for our choice of mp, M and m;. In particular, we note that S7; and
T1, are close to 1, while Uy is given almost by Upyrvs. The off-diagonal blocks Usg, Usy,
S12 and Syq, are suppressed by ~ mp /M, while T}5 and Ty, are suppressed by ~ mpm;/M 2,
Finally, the matrices Usy = (W,)2oUs, Sao = (W1 )2UFE, and while Ty ~ UR. To estimate
these we need to evaluate first the matrices which diagonalize the heavy fermion mass
matrices M , MLM w, and M H]\;[IT{ respectively. For M with p-7 symmetry, it turns out

that
1 0 0
1 1
Ug~UF ~UF~ |0 Tl R (49)
0 7% &
thereby yielding
1 0 0
1 1
Uy =~ 0 7 5| (50)
0 L 1
V2 V2
1 0 0
1 1
Sog 0 v (51)
0o L L1
V2 V2
1 0 0
1 1
Toy =~ 0 2 v (52)
0o L L
V2 V2

This structure of Us;, UF and UF (and hence of Uy, Sop and Ty, ), is an immediate conse-
quence of the pu-7 symmetry in M and mp. This is an extremely new and crucial feature.
To the best of our knowledge, this has not been pointed out in any of the previous Type
IIT seesaw models studies. The main reason is that no study so-far has considered the
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flavor aspect of Type III seesaw. As a result none of them considered imposing an un-
derlying flavor symmetry group on the fermions such that the triplet fermion Majorana
mass matrix and the Yukawa matrix would be u-7 symmetric. They assume that Uy, UF
and Uf? are almost unit matrices since M is real and diagonal. However, this is true only
if M} < My <« Mj;. Breaking of the pu-7 symmetry either in mp or in M, will destroy
this non-trivial form for Us,, U and UF. But having u-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, U and U will lead to certain distinctive signatures
at LHC.

One should note that while Us,, UF and U have the form given by Eq. (49), 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.

Finally, a comment regarding the extent of deviation from unitarity in our model is
in order. It is clear from the discussion of the previous section and Eq. (20) that the
deviation from unitarity of the light neutrino mixing matrix is oc m% /m% ~ m, /msx, where
m, and my are the light neutrino and heavy lepton mass scales respectively. Therefore,
an important difference between our model and the usual GUT Type III seesaw models
is that the extent of non-unitarity for our model is much larger. This will result in larger
lepton flavor violating decays in our case. Detailed calculations for lepton flavor violating
radiative as well as tree level decays of a generic Type III seesaw model have been published
in [14,15] and we do not repeat them here. The authors of these papers have also worked
out the current constraints on the deviation from unitarity. One can check that even for
100-1000 GeV mass range heavy leptons, the predicted non-unitarity and lepton flavor
violating decay rates in our model are far below the current experimental bounds. In fact,
the predicted decay rates can be seen to be far below the sensitivity reach of all forthcoming
experiments.

4 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 earlier papers, there
are two distinctly new aspects in our analysis — (i) presence of two Higgs doublet instead
of one, leading to a far more 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
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[17-21]. At LHC we will be looking at the following production channels
pp — DEET ER0 2090,

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)

(j/q/ Ei (j/q/ E:I:

zZ/v/wH h0 /A0

HO/H*E
q 20/ SF q S0/ $F

However, it turns out that the vertex factors for the couplings of heavy fermions to gauge
bosons which are relevant for the formers production, viz., X*¥~Z /v and XOS*WT, are
much larger than those involving the Higgs, viz., XtX~H°/h%/A° and X°N*FHF. To illus-
trate this with a specific example, we compare the ¥ 73~ 7 coupling given in Eqs. (B16)
and (B17) with the XTX~hY coupling given in Table 9. Tt is easy to see that the XX~ 7/~
coupling has terms proportional to 7T: QTQT 5o and 532522, while the X*X~hY 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 in section 3), 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. For the heavy fermion production cross-section at
the LHC, we chose CTEQG6L [32] as the parton distribution function (PDF) and partonic
center of mass energy as the renormalization and factorization scale. We have explicitly
checked that the production cross-sections do not change much with the PDF and scale.
All cross-sections in this paper are calculated using the Calchep package [33].

In Fig. 4 we show the production cross-section for X=X (bold dotted line), 37X (solid
line), and Xt~ (fine dotted line), at LHC as a function of the corresponding heavy fermion
mass. It is straightforward to see that the ¥'°¥°Z (and ¥/°Y/° W) couplings are absent. A
very small 20507 is generated through mixing from the /°1/°Z coupling. However, this is
extremely small. Hence, %% production through gauge interactions is heavily suppressed
and is not shown in Fig. 4. One can see that the production cross-sections of the heavy
fermions fall sharply with their mass. More precisely, o(XFXF) = 112 fb, o(XTX%) = 206
fb and o(X7X%) = 95 fb, for My, ~ 300 GeV. However, for My, ~ 600 GeV this quickly
falls to o(X*XF) = 6 fb, o(X+X°) = 13 b, and o(X~X") = 4 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. One can check that
the production cross-sections that we get is almost identical to that obtained in earlier
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Figure 4: Variation of production cross section of 3%, X° with the mass of exotic leptons.

papers [19,20]. 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 other papers.

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°, H?, 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 decay rates and branching ratios of the exotic leptons ¥* and X°.
All possible vertices and the corresponding vertex factors for the Yukawa interactions of
¥+ and X° are given in Tables 9, 10, 11. 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
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decay widths for different decay processes.

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
> — ;X is given by

r

| My —my,)*13 M V3
_]\42I 1_( X mlj):| X[l—w XA (53)

N 327 ]\422.2 ]\422.2 7

where My,, Mx and m;, are the masses of Y9/%F, X and l;, respectively, where X is the
relevant Higgs involved. The [; could be either a charged lepton or a neutrino. For the
charged Higgs H* mode, and the neutral Higgs h° and H° mode, the factor Aj; is given as

| | (M3 — MP)
A = (ICEM P+ 1™, 2) (1- 220
3
* * mlj
(OO, + (CEMCR,,) 17 (54)
while for the CP-odd neutral Higgs A° the factor is
M2 — M?
A = (1€ e, (1 - BE )
Y
* * mlj
- (Cl)§L>ji(Cl)§R)ji + (Cl)éR)ji(Cl)éL>jz‘ : (55)
My,

In the above equations (Ciy")/(Ci™) are the relevant vertex factors given in Table 9, 10
and 11, and 7, 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 1. This set of model parameters yield Am3, = 7.67x107° eV% Am2, = —2.435x1073
eV? and sin® 61, = 0.33. Of course 613 = 0 and Oy = /4. Throughout the rest of the
paper, we also take the value of Mo = 40 GeV, Myo = 150 GeV, M4 = 140 GeV and
M+ =170 GeV. Also, for all cases where we present results for fixed values of the heavy
fermion masses, we take My, = 300 GeV and My, = My, = 600 GeV.

5.1.1 X — 1= p0/H0 /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 ¥ — lj-:ho. From Eq. (53) we see that the decay rate is governed by the factor
Aji, which in turn depends on the vertex factors given in Table 9. The vertex factors are

18



ayq ag as ai me/eV | 17 |
0.145 [ 0.097 [ 0.109 | 4 x 107* | 2.356 | 2.0 | 2.0

Table 1: Model parameters used for all numerical results in section 5 and 6. This set
of model parameters yield Am3, = 7.67 x 107° eV?, Am32, = —2.435 x 1072 eV? and
sin? 015 = 0.33. Of course 013 = 0 and fy3 = 7/4. Parameter my = v'2/(2M).
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Figure 5: Variation of I'(¥; — [ h°) with My,

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 Si2, Th2 and Ty are heavily suppressed — the first one by O(mp/M)
and T 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 ~ 1075 and cosa ~ 1. Therefore, for the ¥ — [*h° decay
the dominating vertex factor is

ChO’R ~ L

tx+ — \/5

We have seen in Eq. (47) that S1; ~ 1 if we neglect terms of the order of O(m%/M?).
Therefore,

ST YTy, cos . (56)

. aq \/§CL11 0
CLE ~ | an %(aﬁ + as) %(as —ag) |. (57)
aiy %(C% + as) %(aﬁ — as)
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Figure 6: Variation of I'(¥; — [;H) with My,

From Eq. (57) we can see that (C’ﬁf’ERi)lg ~ (. In fact one can check that this happens
because Ty given by Eq. (52) has a specific form, which is due to p-7 symmetry. The
consequence of this is that decay of ¥3 — e~h° will be forbidden to leading order. Also
note from Eq. (57) that the decay rate of all heavy charged fermions into p* is predicted
to be exactly equal to their decay rate into 7+. This is also an obvious consequence of the
U-T symmetry.

The partial decay widths for 3 — [ h® from an exact numerical calculation in shown
in Fig. 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~/77. As expected, we notice the
following two consequences of p-7 symmetry

e Decay rate of ¥3 — e~ h is almost zero.
e The decay rate of the heavy fermions into ™~ is exactly equal to that into 7.

We can also see that for X7 decay, the decay rate into e is about 5 orders of magnitude
larger than into p~ /7. The trend is opposite for X5 decay, where the decay is predomi-
nantly into p~/7~. Both of these features can be understood from Eq. (57) and the values
of the Yukawa couplings taken (cf. Table 1). 37 decay into e~ and p~ /7~ is proportional
to a? and a3, respectively. The ratio of the decay widths seen in the figure matches the
ratio a3/(a?;) ~ 10°. Similarly, one can check that for 35 decay, the corresponding ratio
is 4a?, /(ag + ag)?, which agrees with the middle panel of Fig. 5. Finally, the fact that the
decay rate of X3 — u~h? is less than that of ¥5 — p~h° can also be understood in terms
of Eq. (57) and the Yukawa coupling values taken for the calculation.
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Figure 7: Variation of I'(X? — [;H ™) with My,

We next turn to the decay width for ©F — ljiH 0. Expression for the decay rate is same
as that given by Eq. (53) except that now Mo is replaced by the H° mass Myo. For this
decay channel the Aj; factor is dominantly given by

1 .
CHgE ~ ESLYZTTzz sin v, (58)

Note that compared to the effective vertex factor for ©Ff — lj-EhO given in Eq. (56),
the effective vertex factor given above for ¥ — ljiH U is suppressed by sinca. Since
sina ~ 107, the decay rate of ¥ into H° are heavily suppressed. We show in Fig. 6 this
decay rate calculated from exact numerical results. Comparing Fig. 5 with Fig. 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 ¥ — lj-:H Y for all practical purposes.

From Table 9 it is easy to see that the decay rate X — ljiAO will be almost identical
to that that predicted for ¥F — lj-:ho. The 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. (53) that the effect of the Higgs mass on the decay rate
is not very significant, especially for relatively heavy fermions.
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5.1.2 XY — [T H*

The decay rate for this channel is also given by Eq. (53), and is governed primarily by the
vertex factor

CHGE ~ %SLY;U;Q cos . (59)
Recall that cos 5 ~ 1. As discussed before, the matrix Uy, displays features similar to the
matrix T5,. Therefore, the form of dominant vertex factor for this case is similar to that
given in Eq. (57). The corresponding decay rates are shown in Fig. 7. All features seen for
%7 — [;h° is also seen here. Decay channel ¥§ — ef H* is forbidden. Decay rates to u¥ is
equal to decay rate to 7F. The huge hierarchy in the decay rates of X9 and X9 into e and
u/7 are also present due to same reason as given for £~ — [7hY 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. We will also discuss in the following
sections that the h° also has a much longer lifetime than H*, which can be observed in
the detector. In addition, the heavy lepton itself is charged in one case and uncharged in
the other. The two processes should hence be separable at the collider experiment.

5.1.3 X0 — vh0/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 ¥° will create a neutrino and a
neutral Higgs. As in the case of decay of ©F to charged leptons and neutral Higgs, one can
check from Table 10 that the decay to the Higgs H® is heavily suppressed due to smallness
of Uy as well as the sin o term. However, decay to h° is driven by the vertex factor

1
Cf;’oR = iUlTlYZTng Cos Q. (60)

For the decay X9 — v;A° we find from Table 10 that the dominant vertex factor is
1
Ciit = —5ULYU;, cos . (61)

Since cos 8 =~ cos «, the decay rate and flavor structure for this channel will be similar to
what we found for the XY — v,;h° channel. The main difference comes in the difference
between the masses of the h’ and A° Higgs.

For the 39 — v; H° decay, one can see from Table 10 that the vertex factors for both P, as
well as Pg vertices, are suppressed by sin a. Therefore, this decay rate can be neglected.
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5.1.4 X* v H*

From Table 11 the vertex factor for this decay will be

cl Zi ~ U Y2 Soo cos f3. (62)

v

As we have seen in section 3, the structure of Syy is very similar to that of Us,. Hence,
a comparison of the vertex factor for this process with the one from XY — v;h° and
¥ — v;AY shows that all three will have decay rates of comparable magnitude, modulo
the difference in the masses of the scalars h°, A° and H*. Since we assume masses of h°,
AY and H* as 40 GeV, 140 GeV and 170 GeV respective, the decay rate for ¥+ — vH*
is predicted to be the lowest.

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 I" for
57 = I /vV and $Y — I /vV in the my = 0 limit is given by

My,
I'= L1 —
32#[

%‘;} {2 " %‘E/ } <|( liE)ﬂP + |(Cliz)ﬂ‘ >7 (63)

where Cz‘iz and O £y, 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 Zi — [*Z and
¥0 — [*WT in terms of Y5, M, v’ and the mixing matrices are given respectively by

/ ,U/
Ol ~ 5 Ci UMM, and GYGE e~ —< g UM Us. (64)

w

For the other two channels X° — vZ and ¥* — vW¥, they are given respectively by

Z,L v

v’ _
Crso = m(gcw 9'50)UbpinsYosM Uy, and Cuzi = _ﬁgUlZMNSYgM 'U;.(65)

As mentioned before, the gauge interaction part of our model is identical to that for the
one Higgs doublet Type III seesaw considered earlier. Some of these vertex factors® can
therefore can be seen to agree with that given in [15]. The only difference is that we
include the matrices U;, UE and Us, in our general expressions, while these were taken as
unit matrices in [15].

5.3 Comparing ©*/° Decays to Higgs and Gauge Bosons

In Fig. 8 we show the decay rates X7 — 1y W~ (long-dashed blue line), 37 — e~ Z (dot-
dashed green line), 39 — 11 Z (dot-dashed magenta line), X9 — e~ W™ (thin solid red line),

6Vertex factor for X° — 17 is not given in [15].
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Figure 8: Comparison of the decay rate of the heavy fermion into (i) Higgs and (ii) vector
bosons, in our two Higgs doublet model.

Y7 — e~ H° (dotted maroon line), X7 — v H~ (dashed violet line), and X7 — e~h° (thick
solid dark green line). One can clearly 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. (56), (59), (60), (61), (62)), with decays to gauge bosons (cf. Egs. (64) and
(65)). It is clear that while the former vertex factors do not have any suppression factor,
the latter are all suppressed by v'/My. Another important difference between the decay
rates to Higgs given in Eq. (53), and gauge bosons given in Eq. (63), is in the kinematic
factors. Comparison of the two equations reveals that (for m; = 0), there is an additional
factor of (24 MZ/M2) for the gauge boson decays. This extra Mg in the numerator cancels
out the 1/M2 in the denominator coming from the square of the vertex factors. However,
the suppression of the gauge boson decay rates due to g?v'* /M2 o v'?/V? remains, where
V2 = 02 + 9% Since we have taken v’ ~ 1073-107% GeV, the decays to gauge bosons
are suppressed by a factor of ~ 10°-10'2 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 HY 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® a coming from the vertex factor for this
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process. Since sin? a ~ 10712, 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.

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 [18-21], 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)

PHPM(50 7)) ~ AZL{EQ ]\]\g )2(1 +2]\]\£ ), (66)
PLHDM (50 _y (%) o A;é\iz(l B j\\ﬁg)?(l + 25\‘2"2), (67)
PHOM v+ L 5 7) ~ A;\fu - ]\]\f2)2(1 +2]\]\j§), (68)
MHAPM(sE W) ~ )\ié\f(l — ]\]\f2)2(1 + zﬂj\g). (69)

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. (63), which on neglecting all mixing and hence
flavor effects reduces to (for m; = 0)

2 M- 'U/2 M2 M2
P2HDM (30 _y 7y o S2HEY 142

(s vz) = TP EP A2 (70)

2 My v M? M?
[2HDM (70 _ [F{7%) ~ Yy, Mx U 1— W2 4 9 MW 71

2 M ’0,2 M2 M2
rHDM(sE gy~ BB (g 72
(£ 1rz) = LR T 2 (72

2 M 12 M2 M2
PRAPM (S oy W*) o~ BT Z)%( 2). (73)

160 V2 ( ME ME

where V2 = v? 4+ v/ is the electroweak breaking scale. The scale of the Yukawa coupling
constants and VEVs are fixed by the neutrino mass m, ~ A?V?/Ms for the one Higgs
doublet model and m, ~ y2v"*/Ms. If one replaces A2 and y3v'*/V? with m, Ms/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
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given by (for m; = 0)
My, M2

[HDM (30 0% ~ o (1— Mz2>2’ (74)
A2 M, M}
PHIPM(SE = FPHO) ~ (1 - M;g)?. (75)

For the two Higgs doublet model, the corresponding decay rates are given by Eq. (53),
which on neglecting all flavor effects reduces to (for m; = 0)

2 2 o M- M2
[2HDM (570 RO/A0) ~ Yy, cos” & My 1 /A2
( — Vv / ) 647T ( ME2 ) ? (76>
2 2 2
y2 cos? o My, M 4
PHPM(S = P0/A°) = e (1 ME/Q )2, (77)
2 2 M M2
[2HDM (x0 _y 170y ~ Yy S o My 1 — CH 2 78
(&7 = vi) T vacll (78)
2 2 M M2
[2HDM (vt _ £ 0y~ Yy s o My 1 — 20H 2 79

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 ~ 1075-1076
for the one Higgs doublet model in order to produce m, ~ 0.1 eV, while y», ~ 1 for our
two Higgs doublet model. Therefore, clearly

P2HDM (320 10/ 40) 1011 x PHHDM (50 3 f0),
F2HDM(2:I: — l:l:hO/AO) ~ 1011 % FlHDM(z:I: — liHO).
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 [19] talk about using “displaced vertices” as a signature of the Type
I11 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. Our model therefore predicts no displaced vertex for the heavy fermion decays. In
addition, decay to h? are predominant. The h° decay predominantly into bb pairs, but with

a very long lifetime, as we will discuss in section 6. This will give a distinctive signature
of our model at LHC. We will discuss displaced vertices from h° decay in section 7.

5.5 Flavor Structure and the Decay Branching Ratios

Finally, we present the branching fractions of the heavy fermion decays. Table 2 shows the
branching fractions for the X%, while Table 3 gives the branching fraction for X° decays.

"We reiterate that the decays ¥° — vH? and ¥* — I*HO are suppressed by the sin? o ~ 10712 factor
and hence turn out to be comparable to the decay rates in the one Higgs doublet model. However, the
branching ratio to this mode is negligible and can be neglected.
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H Decay modes‘ Y5 ‘ 53 ‘ S H

v HE 0.363 0.473 | 0.473
et A0 0.247 | 228x10°°| 0.0

= A0 23x10°° 0.125 0.125
7T AD 2.3 x 1079 0.125 0.125
e 1P 0.389 25x107° | 0.0

(= RO 3.6 x 1079 0.139 | 0.139
TR0 3.6 x 1070 0.139 [ 0.139

Table 2: Decay branching fractions of 7, ¥3 and X3 for Myo=40, Myo=150, My = 170
GeV and M4 = 140 GeV. We have taken model parameters M; = 300 GeV and M, =
M5 = 600 GeV.

| Decay modes | 0 | ¥9 | 2% |
et H* 0.368 43%x107%| 0.0
ut H* 3.4x 1078 0.236 0.236
T H* 3.4x1078 0.236 0.236
v AY 0.243 0.250 0.250
vh? 0.386 0.277 0.277

Table 3: Decay branching fractions of %9, 39 and X9 for M;0=40, Myo=150, My+ = 170
GeV and M, = 140 GeV. We have taken model parameters M; = 300 GeV and M, =
M3 = 600 GeV.

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
u-7 symmetry in the model, th/ 0 decays to electrons is strictly forbidden and branching
ratios of their decay into p and 7 leptons are equal. We find that due to the form of Uss,
Sao and Ty, given in Egs. (50), (51) and (52), 5 /% decays to electrons is also negligible and
their probability to decay into p and 7 leptons is equal. We also find that the branching
fractions of X3 is equal to the branching fractions of ¥, and similarly for the neutral
heavy fermions. We also notice that EIi/ 0 decays only to electrons and their decay to u
and 7 lepton is almost zero. This as pointed out before, comes due to the constraint on the
Yukawa couplings from the low energy neutrino oscillation data. The difference between
the branching fraction to h°, A° and H¥ is mainly driven by the difference in the masses
which we have chosen for these Higgses.
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6 Higgs Decay

In the previous section we concluded that the heavy fermions will all decay into h°, A°
or H*. We next turn to the subsequent decay of these Higgs particles. We concentrate
on the possible decay modes of h°, A° and H* and tabulate only those few which have
significant branching ratios. The branching ratios obviously depend on our 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 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 general two
Higgs doublet model. Possible decay channels for the charged Higgs involve the W=+ and
the neutral CP even Higgs. It is well known that in the two Higgs doublet model, the
W+ — H¥ — H° coupling is proportional to sin(§ — «), whereas W+ — HT — h® coupling
is proportional to cos(f — «) [23]. In Appendix A, we have shown how constraint from
neutrino mass drives sin o ~ sin 8 ~ 1075, Therefore, in our model H* — W*H? 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. (80)

The W= next decay into either q¢’ pairs or [y, /i pairs with the following decay branching
fractions

BR(W* = ¢¢') = 0.67,
BR(W* — e*v, /1) = 0.11,
BR(W* = y*v,/p,) = 0.11,
BR(W* — v, /v,) = 0.11. (81)

The branching fractions of the neutral Higgs h°, H® and A° are given in Table 4. Though
HY is almost never produced through heavy fermion decays in our model, we have included
them in the table for completeness. We find that the neutral Higgs decay to bb pairs almost
90% of the times. The second largest decay fraction is to 77 pairs, while decays to cc
happens less than few percent of the times. In our following sections where we look for
collider signatures, we will consider h° (and A°) decays to only bb and 77 pairs.

Finally, a short discussion on direct production of h°, without involving the heavy
fermion decays, is in order. In our model, the lightest Higgs has a 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 — h° vertex is
given by (¢Mz/ cos8,,) sin(f — ). Since in our model sin(f — «) is almost zero, the LEP-2
bound on Higgs mass does not pose any serious threat to our model, irrespective of the
mass of hP.

80ne can see that this channel is also kinematically forbidden for our choice of the Higgs masses,
whereby with Mg+ = 170, it is impossible to create an on-shell pair of W+ and H°.
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| Decay modes | A° | HY | A° ||

bb 0.89 | 0.87 | 0.87
TT 0.07 | 0.09 | 0.09
cc 0.04 | 0.04 | 0.04

Table 4: Decay branching fractions of A, H® and A° for Mo = 40 GeV, Myo = 150 GeV,
and M40 = 140 GeV.

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° (as well as A%). We had seen in
section 5 that the total decay rate for 300 GeV X° is about 4 x 1072 GeV. This gives the
corresponding rest frame lifetime as 4.97 x 1071 cm. The lifetime for X% 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 for m, = 0.1 eV and My ~ 100 GeV, which is rather large. The
authors of [19] therefore proposed that the displaced decay vertex of heavy fermion could
be a typical signature of the one Higgs Type III seesaw model. Clearly, for our model
with two Higgs doublets, the decay lifetime is 10*' 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 o ~ 107, the
lifetime for A° in our model is 10'2 times larger compared to the standard model Higgs. In
particular, the h° total decay rate is 4 x 1075 GeV. This gives h° a rest frame lifetime of
4.97 cm. For a h° with 200 GeV of energy, the lifetime in the lab frame is seen to be close
to 25 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. Like stressed many times before, the h° decay predominantly into
bb pairs. While b-tagging is a very important and standard tool for collider experiments,
and while both ATLAS [34] and CMS [35] 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.
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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 [34,35]. 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.

Note that while the lifetime of h° is constrained to be large due to the smallness of sin «
alone in our model, things are slightly more complicated for the lifetime of A°. This is
because in principle A° could decay through the mode A% — Zh®. While this is forbidden
kinematically for the A° mass we assume, one could argue that for a large enough mass
for A°, the lifetime of A° could be shorter. However, we stress that even if A° decays fast
into A", that would still produce a displaced vertex, since the h° would still have a very
long lifetime.

8 Model Signatures at the LHC

Having 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,
we next describe the signatures of the two Higgs doublet Type III seesaw model at the
LHC. We will present a comprehensive list of final state particles and their corresponding
collider signatures.

The most important characteristics of our model are the following:

1. Presence of u-7 symmetry in Yy and M. This is expected to show-up in the flavor
of the final state lepton coming directly from the £*/0 decay vertex.

2. Presence of two CP even neutral Higgses (h° and H'), one CP odd neutral Higgs
(AY), 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 89% and 87% of the time, respectively.
They decay also into 77 7-9% of the time.

6. Very large lifetime of h° and A°.
7. The Higgs HT decays into W*h? and almost never into W+ H?.
8. Short predicted lifetime for H*.

In what follows, we will use these model characteristics to identify distinctive final state
channels at the collider. We identify all possible channels in the collider for our model
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and calculate the respective effective cross-sections. The results are given in Tables 5, 6
and 7. 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 Zli/ ¥ with My, = 300 GeV. Results for the other
heavy fermion generations can be similarly obtained.

8.1 Signatures from XX~ decays

We give in Table 5 all possible collider signatures coming from the decay of XX~ 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. Of course 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 5 to get
the final effective cross-sections for the various channels. 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 heavy fermions ¥* — [*h? and X° — [ HT, (ii) from the decays
of W — 1. The charged leptons released from the X*/0 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 ¥*/° decays as [ and the ones
from W* decays as I'. The notation OSD stands for opposite sign dileptons from %*/°
decays, while OSD’ 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 X7~ decay mode in Table
5, obviously not all of them can be effectively used at the LHC to provide smoking gun
evidence for our two-Higgs doublet Type III seesaw model. We will highlight below a few
of these channels which appear to be particularly promising.

e As discussed in details before, one of the main decay channels of Y is B = [T 10,
The h° with mass of 40 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.

VYT — I RORY — 1 bbb — 4b + OSD.

We have seen from Table 2 that the branching ratio for ¥* — I+ A° is also com-
parable. This will also produce the same collider signature of 4b + OSD. The only
observable difference will be that the b-jets produced from the A° decay will be harder

9 We should also mention at this point that for some cases whether the charged lepton in the final state
is al or I’ can be said from the detector topology only after proper cuts have been imposed on the lepton
transverse momentum. This will however require detailed simulation, which is outside the scope of this
paper and will be done in an independent work.
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Sl no Channels Effective cross-section (in fb)
1 YT — IFI7h°hY — 4b+ OSD 35.84
2 YEYT = ITI7hOh° — 20+ OSD + 271 3.67
3 YT = AR — OSD + 47 0.37
4 SEYT = T H v — 4b+ 1 + 25+ pr 26.88
5 YT = IThH v — 40+ OSD(l+ ')+ pr 8.92
6 ST o TROH y s db+ L+ T+ pr 4.48
7 YY" S PO H v — 20+ 1+ 27 + 25+ pr 2.69
8 YY" S PP H v = 2b+ 1+ 37+ pr 0.45
0 | StY S FROH » — 26+ OSD(+ 1) + 27+ pr 0.9
10 SHST s PROH Y — [ 4 47 + 25+ fr 0.28
11 | St = ROH v — OSD( + 1) + 47+ pr 0.04
12 YY" = ITh°H v — I+ 57+ pr 0.02
13 SHYT o HYwH v — db+ 45+ fr 15.68
14 ST o HYwH v — 4b+2j + '+ pr 10.52
15 YY" > HY'wH v —4b+ 25+ 7+ pr 5.26
16 ST HtwH v — 4b+ OSD'+ pr 0.86
17 YY" > HYvH v — 4b+ 27+ pr 0.43
18 ST HtwH v — 4b+ 17 + 1+ pr 0.53
19 ST s HwH v — 20+ 21 + 45+ pr 3.25
20 ST o HvH v — 20+ 21 +2j + U+ pr 2.12
21 St s HYwH v — 2b+ 37+ 2j+ pr 1.06
22 Y1YYT - H'WwH v — 20+ 21+ OSD'+ pr 0.32
23 SHS s HYwH v — 2b+ 41+ pr 0.08
24 St s HYwH v — 2b+ 37 + U+ pr 0.02
25 S s HYwH v — 41 + 45+ pr 0.15
26 SHS s HYwH v — 41 +2j + U+ pr 0.10
27 S — HYwH v — 57 4+ 2j+ fr 0.05
28 YY" - HY'vH v = 57+ 1U'+ pr 0.006
29 YtYT - HYvH v =474+ OSD'+ pr 0.02
30 XY - H'wH v — 673h pr 0.005

Table 5: Effective cross-sections (in fb) for different 3>~ decay channels for My, = 300
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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 A° as well as h°. One finds
that the effective cross-section for this channel is 35.84 fb, which is rather high. 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

YY" = M RORY — ITITbbTF — 20+ OSD + 27

This has an effective cross-section of 3.67 fb, which will reduce further due to the
lower 7 detection efficiency. 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 5, and will get smaller once the 7 detection efficiencies are folded.

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 ¥* — [* A% 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:

SN 5 TR H v — IPRORO Wy — b+ 1+ 25+ pr,
SEST S TR H w — PO Wy — db+ 1+ 7+ pr,

where for the former, the two kY (one from the ¥+ 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°TW~v in the intermediate states are given in Table
5. However, their cross-sections are smaller.

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

YIYT > H wH v — BPR°WTW - vv — 4b+ 45+ pr,
SIS s H wH v — IR WTW v — 4b+ 25 + '+ pr,
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YT H wH v — IPR°WTWov — 4b+ 25 + 7+ pr.

The mode ¥t~ — 4b+ OSD'+ /pr, appearing at serial number 16 in Table 5
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 H*vH 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.

8.2 X*X' decay

We give in Tables 6 and 7, all possible decay channels, final state configurations of parti-
cles, and their corresponding effective cross-sections for the X*X° production and decays.
We reiterate that the final effective cross-section after cuts will be obtained once these
cross-sections are folded with the efficiency functions. For the leptons we follow the same
convention for our notation as done for the previous section.

e We begin by looking at the %% decays where ¥* — [*h? and X° — vh®. This
would lead to the following final state configuration

YERY 5 ARy — 4b + 1+ pr,

with a very large effective cross-section of 96.3 fb. This channel should be easy to
tag. The 4 hard 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. Another unambiguous channel with significant effective cross-section
coming from the [*h°h%v intermediate state is

YESO 5 ROy — 20+ 1 + 274+ pr,
where one of the h° decays into 77.

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

¥EYY — H*vh®v — 4b+ '+ pr,
with an effective cross-section of 107.4 fb. Alternatively, the W~ could instead decay

into 7, giving
YEXY = HAvhv — db+ 74+ po,

with effective cross-section of 53.7 fb, or decay into ¢q’ giving
YEX —» HEvh®v — 4b+ 25+ pr,

with an effective cross-section of 35.98 fb.
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Sl no Channels Effective cross-section (in fb)
1 YEXO — IFROR0y — 4b + 1+ pr 96.3
2 YENY — R0 — 20+ 1+ 27+ pr 19.7
3 YEXO — IFROROy — 1+ 27+ pr 0.99
4 YEXO — HEvhOv — 4b + 11'+ pr 107.4
5 YENY — HEvhOv — 4b+ 7+ pr 53.7
6 YEXO — HE¥vhOv — 4b + 25+ pr 35.98
7 YENY — HEvhOv — 2b+ 27 + 25+ pr 7.36
8 YENY — HEvhOv — 2b+ 27 +1'+ pr 2.42
9 YENY — HEvhOv — 2b+ 37+ pr 1.21
10 YEXY — HEvhOv — 41 4+ 25+ pr 0.38
11 YEXO — HE*vhOv — U + 417+ pr 0.12
12 YEXY — HEvhv — 57+ pr 0.06
13 YEYO 5 [FHTIERY — 4b+ 21 + 25 36.12
14 YENY — FHFIERY — 4b+ 3120 + )+ pr 12.04
15 YENY — FHFIERY — 4b+ 21 + 17+ pr 6.02
16 YENY — FHFIERY — 20+ 21 + 27 + 25 7.4
17 | 2F80 - FHFIERY — 20+ 3121 + ') + 27+ pr 2.4
18 SEYO s (EHFIERY < 2b+ 20 + 374 fr 1.20
19 YEXO 5 [FHTIERY — 20 + 47 + 25 0.36
20 YENY — FHTIERY — 3121 + ') + 47+ pr 0.12
21 SES0 5 EHFER < 20+ 57+ pr 0.06

Table 6: Effective cross-sections (in fb) of different ¥*Y° decay channels for Ms, = 300
GeV.
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S1 no Channels Effective cross-section (in fb)
1 SENO s HEVHETF 5 b+ 1 + 4+ pr 13.36
2 YEXO — HEvHFF — 4b+ 1+ 7+ 25+ pr 4.38
3 YEY0 — HEVHEF — 4b+ OSD(1+ 1) + 2j+ pr 6.57
4 SES0 — HEVHEF — 4b+ LSD(I+ 1) + 2j+ pr 2.19
5 SENO 5 HEyHEF = 4b+ OSD(I+ 1) + 7+ pr 1.09
6 YENY — HEvHFIT — 4b+ LSD(I+ 1) + 7+ pr 0.37
7 | SES0 — HEUHEF = 20+ OSD(I+ 1) + 27 + 2j+ pr 1.35
8 | XY — H*wHEIFT — 20+ LSD(L+1') + 27 + 25+ pr 0.45
9 YENY — HEvHEIFT =20+ OSD(I+ 1) + 37+ pr 0.23
10 YEXY — HEvHEIFT — 20+ LSD(L+1') + 37+ pr 0.08
11 SEN0 — HEvHEF — OSD(I+1') 4+ 47 4 2j+ pr 0.06
12 YENO —» HEvHEF — LSD( +1') + 47 + 2j+ pr 0.02
13 YEXO — HEvHFIT — 20+ 1+ 27 + 45+ pr 2.78
14 YEXO — HEvHFIT — |+ 47 + 45+ pr 0.14
15 SEN0 - HEVHEF — 4b+ 31(1 + 20)+ pr 1.68
16 NEN0 — HEVHEF — 2b+ 31(1+ 20') + 27+ fpr 0.32
15 SEN0 - HEVHEF — 31(1+ 2) + 47+ pr 0.02
16 YEXO » HEvHFIT = 4b+ 1+ 27+ pr 0.42
17 YEXO — HEvHFIT — 20+ 1+ 47+ pr 0.08
18 SEYO s HEVHAF — [+ 57 + 25+ pr 0.04
19 YEXO — HEvHFIT — |+ 67+ pr 0.004
20 YEXO — HEvHFIT — [+ 1 + 57+ pr 0.008

Table 7: Effective cross-sections (in fb) of different %% decay channels for Ms, = 300

GeV.
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e Large effective cross-section in the Y*X° channel is also expected from the following
decay chain
YEX 5 FROEHT — 4b + 21 + 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.

e Y*Y0 could also decay through the intermediate states HT¥vH*IT. This leads to
20 possible final state particles and collider signatures. These are listed in Table 7.
However, the only one which has sizable effective cross-section is

YEXO — FROFHT — 4b+ 1+ 45+ pr.

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

8.3 Backgrounds

Sl no Channels Effective cross-section

in fb
1 4b +0OSD 35.84
2 4b+ I+ pr 96.3
3 b+ U+ pr 107.4
4 4b+ 17+ pr 53.7
5 4b+ 1+ 25+ pr 26.88
6 4b + 21 + 2§ 36.12
7 4b+ 3121+ 1)+ pr 12.04

Table 8: Effective cross-sections in fb for My, = 300 GeV, for the most important channels
for our model.

In Tables 5, 6 and 7 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 8 we give a subset of those highlighted in sections 8.1 and 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 8, 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
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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 ttbb modes, which
can give multiple b-jets, leptons and missing energy. However, as mentioned many times
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 8.

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

e 4b + I+ /pp: 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+ '+ 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.

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

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

o 4b+31(2l + ")+ 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.

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
very small values. In the so-called Type III seesaw, three self-conjugate (Y = 0) SU(2)
triplet fermions are added to the standard model particle content. 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.
They also have a Majorana mass term. Once these heavy leptons are integrated out from
the theory, we are left with a Majorana mass term for the neutrino given by the famous
seesaw formula, where the smallness of the neutrino mass is explained by the largeness of
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the heavy fermion mass, 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. 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 ~ 107%, which ruins completely the very spirit and motivation for seesaw.

In order to circumvent this problem and preserve the motivation of the seesaw mech-
anism, we propose an extended Type III seesaw model with two SU(2) Higgs doublets
along with the three self-conjugate SU(2) fermion triplets. We impose an additional Z,
symmetry such that one of the Higgs doublets, called ®;, has positive charge while the
other, called @5, has negative charge under this symmetry. In addition, we demand that
all standard model particles have positive charge with respect to Zs 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 neu-
trino 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 sug-
gests an inherent p-7 symmetry in the low energy neutrino mass matrix. It is therefore
expected that this pu-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 p-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 u-7
symmetry. As a result our model predicts fa3 = m/4 and 013 = 0. The mixing angle 6,5 as
well as the mass squared differences Am2, and Am3, are given in terms of the entries of
Yy and M. We showed how the oscillation 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. It had been assumed in all past studies that the mixing
matrices Us, U} and U which diagonalize the heavy fermion mass matrices Ms, MIT{M H
and M HMIT{ respectively, are almost unit matrices. However, we showed that for the case
where M was p-7 symmetric, these matrices were highly non-trivial, and in particular had
the last column as (0,1/v/2,1/4/2). We showed that this has observable consequences for
the heavy fermion decays at the collider. We showed that flavor structure of our model
was reflected in the pattern of heavy fermion decays into light charged leptons. These
showed a p-7 symmetry. The state Z;,t/ 0 decayed equally into muons and taus and almost
never decayed into electrons. We have checked that 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. In fact, we have made explicit checks
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on the seesaw model proposed by Altarelli and Feruglio [36], where A, was imposed as the
flavor symmetry group. Though the proposed A, model by Altarelli and Feruglio was a
Type I seesaw model, it can be easily adapted to the Type III seesaw case. We found that
the mixing matrices Us, UF and U even for that case had (0,1/v/2,1/y/2) as their last
column.

Having established the flavor structure of our model, we next 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 calcula-
tions done in the context of the one Higgs doublet model, the decay pattern for the heavy
fermions in our case was found to be extremely different and unique. The p-7 permutation
symmetry showed up in the flavor pattern of the heavy fermion decays due to the typical
last column (0,1/+/2,1/+/2) of the matrices Us;, UF and UF. We also showed that in our
case the decay rate of the heavy fermions was about 10! times larger than that found
for the one Higgs doublet model. In fact, the heavy fermion decay rate for our model
is 5.8 x 1072 GeV and 4 x 1072 GeV for 300 GeV charged and neutral heavy fermions,
respectively. 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 ¥*/° into
light leptons and Higgs h°, A or H*. The very large decay rate was shown to stem from
the very large Yukawa couplings in our model. As the Yukawa couplings are a factor of
105 — 10° larger in our model, the decay rates which depend on the square of the Yukawa
couplings are a factor 10'°-10'? higher. Decays into H° and gauge bosons in our model
was shown to be same as in the one Higgs doublet case, and the reason explained.

Another distinctive feature of our model appeared in the pattern of the Higgs decays.
We showed that the smallness of the neutrino masses constrained the neutral Higgs mixing
angle o to be very small. This resulted in a very small decay rate for the h° Higgs. For a
mass of Myo = 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. The
lifetime for H* turned out to be small.

Finally, we discussed in detail the expected collider signatures for our two Higgs doublet
Type III seesaw model with p-7 symmetry. We tabulated a comprehensive and exhaustive
list of all possible collider signature channels for the heavy fermions at LHC. We gave the
effective cross-sections for each of these channels. The effective cross-section for some of
these channels were seen to be very high. We made a short-list of channels with very high
effective cross-section and low background at LHC. This was presented in Table 8. In all
the listed channels we have 4 b-jets coming from the decay of two k" which have displaced
vertices. In addition, all (except one) of them have a hard lepton in the final state coming
from the ¥*/° decay. This lepton in addition to being hard, also carries information on the
p-7 symmetry of our model. These collider signature channels are hence very distinctive
of our model and suffer from almost no standard model background.

In conclusion, we proposed a Type III seesaw model with large Yukawa couplings and
triplet fermion masses light enough to be produced at the LHC. This could be achieved
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through a unique two Higgs doublet model. The very large Yukawa couplings resulted in
very fast decays of the heavy fermions, with a decay rate about 10'! times faster than
obtained in the earlier Type III seesaw models. We imposed a p-7 symmetry on our model
in order to comply with the low energy neutrino oscillation data. This flavor pattern is
reflected also in the mixing matrices of the heavy fermions, which are no longer unity,
and which have observable consequences for the heavy fermion decays at the LHC. The
neutrino mass constrains also the mixing angle of the neutral Higgs to be very small. This
nearly forbids the decay of the heavy fermions into the heavier CP even neutral Higgs
H°. Thus they decay almost always into h° (and A°) and H*. More importantly, the
small neutral Higgs mixing angle increases the lifetime of the h’. These are expected to
live for more than 10 cm at LHC before decaying predominantly into bb, producing b-jets.
This would be seen as a displaced h° decay vertex in the detector. We identified collider
signature channels at LHC which have very large effective cross-section and almost no
standard model background. These could be used to provide smoking gun evidence for our
model.
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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

Vo= (18— 0?) 4 0 (@00 — o) 4 g (@101 —0?) + (@0, — 0?))
2
s (@] 1)(2502) — (@]D2)(®LD1)) + A5 (Re(@]ds) — w0/ cos )
2

+X (Tm(@[Dy) — v0/sin¢) (A1)

where
!

(@) = (2) (D) = (Ugg) and tan =2 (A2)

Recall that under the imposed Z; symmetry, ®; carries charge +1, while &5 has —1 charge.
Therefore, the A5 term is zero when the symmetry is exact. We will discuss shortly the
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phenomenological consequences of this and argue in favor of a mild breaking of this Z,
symmetry. 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

MEo = M2+ 0%, and M2, = Ag(0? +v'?), (A3)

respectively. The mass matrix for the neutral CP-even Higgs is

;L 4’02(>\1 + )\3) + U/2)\5 (4)\3 + )\5)’01)/ )

M= ( (4)\3 + )\5)'&11)/ 41)/2()\2 + )\3) + ’112)\5 ' (A4)

The mixing angle, obtained from diagonalizing the above matrix is given by

2 Mo
tan 200 = ————, A5
My — Mo (45)
and the corresponding masses are
1

Mipo o = 5{ My + Moz & V(M — M) + 4M3,. (A6)

The physical Higgs are given in terms of components of ®; and ®, as follows. The neutral
Higgs are given as

H' = V2 ((Req)(l] — ) cosa + (Re®) — v') sin Oé) ; (A7)
o= V2 (—(Re(I)(l) —v)sina + (Re®) — v') cos Oé) ; (A8)
A0 = ﬂ(—lm@? sin 3 + Im®3 cos ), (A9)

while the charged Higgs are
H* = —®F sin 3 + &3 cos 3. (A10)
The Goldstones turn out to be

G* = ®FcosfB+ dysinfp (A11)
G’ = V2(Im®? cos B+ Im®Ysin 5). (A12)

Recall that 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 ~ tanB ~ 107°. (A13)
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One can estimate from Eq. (A6), that in the limit v' < v,
M]%[O ~ ()\1 + )\3)’02, and M;%o >~ )\5’02. (A14)

We should point out here that in the limit of exact Z, symmetry, A\s = 0 exactly, and in
that case M7, o ﬁv’z. 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 Z;, 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 Z, is determined by the strength of A\5. 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. (A14). Since all other A\; ~ 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, MY = 140 GeV and M7 = 170 GeV.

Also required are 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 [23]). One can
check that certain couplings depend on sin o and sin(f — «). From Eq. (A13) we can see
that these couplings are almost zero. Others depend on cos @ and cos(f — a) and therefore
large. We refer the reader to [23] for a detailed discussion on the general form for the
coulings.

B Appendix 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. (9) as,
— Ly = |V, T, ®IL + Yy, BT, L 4 h I T [, 56

v = [Yi,Tr L) + Yo OIS L + hc.| + 2 My Tr (SR 5 + he]. (B1)
From this one can extract the individual Yukawa coupling vertex factors between two
fermions and a Higgs. 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/ R, where F' and [ 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 Pg are the left and right chiral projection operators respectively. Note that
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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.

— L = BUCT P+ O P+ (UG Py + CRE R PR + he} (B2)
+S- (L p 4 cEE sy

— Ll = RO P+ CF P+ {I(Ch P+ Cl i PR)ST + hee)  (B3)
S (CEE Py 4 IR PRy

—Li. = ACEP + G EPR)L + {I(C Py + Ca PRS- hee)  (B4)
S (CAN P+ O PRy

— LG = G P+ CF T PR) 4+ (I(CS P+ CS PR + hue} (B5)

0 0
+3-(CSE P+ CSl Pr)YY

— Ly = HYW(CI P+ CI R Pr)y + (V(CLE Py + CILR Pr)S0 + h.c} (B6)
+50(CHE Py 4+ CHE PR)S0)

— LM = RO(CIE P+ O R Pr)y 4+ (B(ChE P + Clal PR)S0 + hoe} (BT)
+IO(CIE Py + CIE )0}

— cff’zo = AB(CALP, + CAE PRy + {ﬁ(CVA;(’)LPL + C,f‘;()RPR)ZO + h.c} (BS)

vv

+I0(CAE P+ CAE PRS0

— LS = G(CS PP+ CAE PRy + {(P(CSLE Py + COl PRS0 + hc} (BY)
(OS5 Pr + O Pr) 2}
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Cfu L %(THYSH cos a + TzlYZSH sin o) C’fl{O’R %(SHY T cosa + Sllszgl sin «)
CgO,L %( T}, Y;S15 cos o + T4, Ys.Sposin ) C’go,’R %( 1Y, Ty cos a + S, YTy sin @)
C’gf’EL, %( T}, Y1815 cos o + T, Ys.S1o sin ) Cgf’ER, %( 12Y Ty cos o + ST, YTy, sin )
C’ﬁo L 7%( HYSH sin v — T21Y2511 cos ) C’ﬁo R 7%( YTTH sin v — SHY T3 cos «)
ClhEO,L 7%( T, Y1815 sin oo — T4, Ys.Sy5 cos @) Cf;LR \/—%( SHY T sina — ST, VA Ty, cos )
C’go,’é, 7%( 12Y512 sin v — TQQYESIQ oS v) C’go,’g, \/—%( 12Y Tiosina — 512Y2T22 oS (v)
Cﬁo’L ﬁ( T),Y1 811 sin B + T§, Y Sy cos 3) Cﬁo’R 7%(5113/ Ty sin B + S, Vi Ty cos )
C’éo,’L ﬁ( T}, Y;S1asin B + T4, Ys.S15 cos ) CéOLR 7%((511Y Ty sin 8 4 ST, YTy, cos )
C'QS’ZL, ﬁ( T}, Y812 sin B + T3, Y5515 cos 3) C‘S?’; 7%(512}/ Tio sin 8 4 ST, Vi Ty, cos )
Cy" | A (T, YiSh cos B — T, Y Sy sin )| Cf " ﬁ(suy Th1 cos 8 — S}, Vi Ty sin B)
Clar™ | S5(T,YiSz cos B — T, Vi Siasin B) | C" | 5(S1,Y,"Thz cos B — S, Vi Tyy sin B)
O | SH(TLYiShn cos B — ThYsSiasin B)|| CE | Z5(S],Y, Tia cos 8 — SLYiTay sin )

Table 9: 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 leptons with neutral Higgs.

— L s = H{(CE P+ Cl Pr)v +1(C " P+ Cly P PR)E° (B10)
+X (Cg VLPL + CE v PR)” +3- (Cz EOPL + C 20PR)20}
+h.c
— L0, = H{(CL "PL+Cy "Pr)v+1(Cro™" Pr + Cra’ PR)ZO (B11)
X (CS P+ CS PR 4+ 57 (CF 3 P+ CS 4 PR) X0}
+h.c

The exact vertex factors C?}L/ B for our two Higgs doublet Type III seesaw model are
listed in Tables 9, 10, 11.

B.2 Lepton-Gauge coupling

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

— L, = YRiv"D,Sg + LM, (B12)
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CHML | sneulypUy) || CHVE | Se U] vius,)
CHGE | e (UL YeUs) || CHGF | sie(u] Yivs,)
Chit | 2 (URYsU) || Chg™ | ne Ul yius,)
Chvb | o (UhYeUy) || CioR | U], vivs,)
Ol | s (ULYsUn) | Chal | e, vius,)
Clos | <=2(ULYsl) || Cro | <22(ULYIUS,)
Cayb | “2B(ULYeUn) || Ca " | —222(U] Y4U3,)
Col” | 22 (UL YU || O™ | —222 (U, vilU3,)
Conso | 22 (URYeUn) || Coug | —22(ULYU3,)
Copt | 232 UAYsUn) || G | =252 (UL Y3Us)
C | 2 (U voun) Ot | —32(ULYIUS)
02020 iSi;B(Ug;YEUH) 02020 _iSiQHB(U;[zYETng)

Table 10: The vertex factors for Py, (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 neutral leptons with neutral Higgs.

cit ~Tf, YUy, sin 8 Cy " | (F5SLYaUn"™ = S5 Y5 Un™) cos 8
clo* ~Tf, YUz sin 8 Cro™™ | (F591YslUns™ — 4, Ys"Uny") cos 8
CfE,L (&5U$YsS1s — UL Yy Sp) cos B || C5 " —U! YTy sin B

Cz zo _T1T2Y2U12 sin 3 CH zg (%SI2Y2TU22* - ngyz*Um*) cos f3
C T1T1Y2U11 cos f3 C (%S&YgUm* - Sglyz*Uu*) sin 3
Clzo T1T1Y2U12 cos f3 Clzo (%S&YETUM* - Sglyz*Um*) sin 3
C,?Z,L (FUFYsS1s — UL Yy Sp)sin 8 || CF- VR UL, Y, Tha cos 8

Cz; 520 T1T2Y2U12 cos f3 Cz 520 (%SizszUm* - S§2YE*U12*) sin 3

Table 11: The vertex factors for Py, (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 as well as neutral leptons with charged Higgs.
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where the first term is for heavy triplet fermion field and the second term contains the
corresponding contributions from all standard model fields. The ¥/, field is defined in Eq.
(5). The covariant derivative is defined as

3 +
Du=0,—v2g (e ). (B13)
7 1

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

Liwe = L5 + %5 + Lec, (B14)

where the first two terms contain the neutral current interactions between (= and $* (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 ¥~ is given by

£y = WM Pr+ " P Z, + (IS Pr 4 2t PLYST Z, + huc)
Sy Pr+ Gl PLYST Z,, (B15)

where

= Cis?u(TlTlTll)_ng(Tngﬂ)}a

w

R = Cisi(Tflle)—ng(TleTm),

w

Cg’fsz = isi(TlT2Tl2) - CwQ(T§2T22)> (B16)
zL 49 1 2 i 1
al = C—(—§ + 53,) (S11511) — cwg (521 521),
g 1
e = (=5t 50)(ShiS12) — cug(ShSz),
g, 1
oy = (=5t 52)(S12512) — g (ShyS22). (B17)

The neutral current interaction Lagrangian involving the neutral leptons is given by
v, 20 / 1— n t
Lyc = (gewtyg Sw)§V7 {({ULUn)PL}vZ,
1—
+(gew + 0'5) g5V {(ULaUr) PLIY 2,

1
+{(gcw + g’sw)5?7“{(U1T1U12)PL}ZOZM +h.cl. (B18)

47



The charged current interaction Lagrangian is given by

Loc = gvy"{{(U3Sx) + ([]11511)}PL+(U21T21)PR}”/VJr (B19)

7
7
+gE0 {{ (UL, S0) + 7

+g7y" {{(US, S22) + —= (U1, S12)} P + (U Too) PrIS™ W,
(U1,S11)} Pr + (UgyToy ) PRHW,

+gE M {{ (U, S0) + (U12512)}PL + (U Toa) PRISW,S + hec

sw

B.3 Quark-Higgs coupling

Finally, we discuss the the Yukawa Lagrangian for quark sector, which is given by

where @' is the left-handed quark doublet and u}, and d; 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 = YUU (B21)
MD = YDU

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
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.

HO 1 cosa 1 cosa

Ll = %o ——aM,u HME dMydH" (B22)
1 1
L = _E“Z%M uh® — ﬂsmadedhO (B23)
1 1 sinf—
LA = SIS M A — i 55 G500 B24
u,d

Vo V2

10This 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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.1 cosp_ 1 cosp

- L% = —i— SMuGO + i dy° MdG® B25

u,d Z\/§ v ury u + Z\/§ v 8 d ( )

— L8 = 0055 W(VerarMaPr — MVeraPr)d + h.c (B26)

- EuH,ZlE = _Szzﬁﬂ(VCKMMdPR — M VogyPr)d+ h.c (B27)
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