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Lepton-specific universal seesaw model with left-right symmetry
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We propose a left-right symmetric framework with a universal seesaw mechanism for the generation of
masses of the Standard Model quarks and leptons. Heavy vectorlike singlet quarks and leptons are required
for generation of Standard-Model-like quark and lepton masses through a seesaw mechanism. A softly
broken Z, symmetry distinguishes the lepton sector and the quark sector of the model. This leads to the
presence of some lepton-specific interactions that can produce unique collider signatures which can be
explored at the current Large Hadron Collider run and also future colliders.
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I. INTRODUCTION

Left-right symmetric (LRS) models [1] are one of the
most well-motivated and widely studied extensions of
the Standard Model (SM). The popularity of LRS models
stems from the fact that in these models it is possible to
explain several phenomena which are not very well under-
stood in the framework of the SM. Fundamentally parity
(P) is a good symmetry in these models and can be
spontaneously broken at some high scale leading to a
SM-like gauge structure at the electroweak scale. Thus we
can understand the origin of parity violation as a sponta-
neously broken symmetry rather than it being explicitly
broken. Parity symmetry also prevents one from writing P
and charge-parity (CP) violating terms in the quantum
chromodynamic Lagrangian. Since CP violating terms in
the color sector are highly constrained from neutron electric
dipole measurements, the absence of these terms can solve
the strong CP problem [2] naturally without the need to
introduce a global Peccei-Quinn symmetry [3]. The gauge
structure of these models forces us to have a right-handed
neutrino in the lepton multiplet. This right-handed neutrino
can generate a light neutrino mass through the seesaw
mechanism [4].

Generally, in LRS models, an SU(2), triplet Higgs boson
is responsible for generation of the right-handed neutrino
mass while a bidoublet field is needed to produce the quark
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and lepton masses and Cabibbo-Kobayashi-Maskawa
(CKM) mixings. This multitude of scalar fields makes the
scalar sector quite complicated.1 It would be interesting, on
the other hand, to consider a Higgs spectrum consisting
purely of doublets. This would be similar to the two Higgs
doublet model (2HDM) but we would need four doublets
instead of two (two similar to the 2HDM and the other two
their right-handed counterparts). The model we study here is
a lepton-specific scenario where one pair of Higgs doublets
couples only to the leptons. This has the distinct advantage
that the quark and charged lepton masses can be generated
keeping the Yukawa couplings to be of the same order for
each generation. Thus we can easily avoid the large
hierarchy observed in the Yukawa sector of the SM.

To arrange the lepton-specific framework, we need to
introduce an extra Z, symmetry under which a couple of
Higgs boson doublets as well as the heavy lepton singlet
fields are odd, all other fields being even. As these odd-Z,
Higgs bosons get a nonzero vacuum expectation value
(VEV), one expects this discrete Z, symmetry to be
spontaneously broken. This could lead to domain walls
and can make the model unstable from a cosmological
point of view [6]. Such instabilities however can be avoided
by introducing soft-breaking terms in the scalar potential.
The consequence of these terms is that it leads to mixing
between the different scalars in the doublets and can lead
to interesting phenomenology. With the Large Hadron
Collider (LHC) running, it is imperative to consider differ-
ent scenarios for signals beyond the SM. In that spirit our
model within the framework of left-right symmetry pro-
poses new signals arising from a lepton-specific framework
which generates all the SM fermion masses and gives

'A detailed study of various scalar sectors in LRS models is
discussed in [5].
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lepton rich final states that could be observed or excluded
at the LHC.

All the fermion masses in this case are generated
through a universal seesaw mechanism [7] by introducing
singlet fermionic states. Most of the charged singlet
fermions are quite heavy except the top quark partner
to some extent, which is required to be lighter than the
others and of the order of a few TeV. The other low lying
states are the heavy neutral leptons and some extra scalars
in the model.

The rest of the paper is organized as follows. In Sec. II,
we discuss our model in detail and in Sec. III we discuss the
phenomenological implications of our model including the
experimental constraints and possible collider signatures.
Section IV contains our conclusions and discussion.

II. MODEL AND LAGRANGIAN

We consider a left-right symmetric model with the gauge
group being SU(3) x SU(2), x SU(2)g x U(1)g_,. An
extra Z, symmetry is introduced which prevents several
interactions facilitating a lepton-specific scenario. The
charge of a particle in this model is defined as

B-L
Q:I3L+I3R+T~ (1)

The chiral matter fields consist of three families of quarks
and leptons:

(" 32,1,
o= (2) (o)
(" 312,
o= (2),-(ra)
1L2<”> ~(1,2,1,-1),
e/
zR:<”> ~(1,1,2,~1), (2)
€/ R

where the numbers in the parentheses denote the quantum
numbers under SU(3). x SU(2), x SUR2)g x U(1)p_,
gauge groups respectively.

The scalar sector in this model does not contain any
bidoublet fields and hence heavy singlet quarks and leptons
are necessary for the generation of the quark and lepton
masses through the seesawlike mechanism. We introduce
heavy up- and down-type quarks given as U (3,1.1.3),
Ur(3.1,1,%), and D;(3,1,1,-3), Dg(3,1,1, —3) respec-
tively. The heavy charged leptonic states are E; (1,1, 1, =2)
and Eg(1,1,1,-2) while the heavy neutrino states are
givenas Ny (1,1,1,0) and Ng(1,1,1,0). It is worth noting
that while all the (B — L) charged heavy states can only
have Dirac-like terms, the heavy neutrinos can admit both

Dirac and Majorana-like terms. Of course one can still
argue that the LRS models with triplet Higgs are also lepton
specific as they do not couple to the quarks. However one
must note that the scalar sector would then define a
significantly different phenomenology from that of the
standard triplet scenarios, in particular with the absence of a
double charged scalar in the spectrum.

The minimal Higgs sector consists of the following

fields:
H} Hj,
HRQ(l,l,Z,l)—< §Q>a HLQ(172’1’1)_< gQ)’
Hyo Hig
Hy, Hy,
HR1(1,1,2»1)2< R), HL[(17271’1):< >
HY, HY,

(3)

where H; ; and Hp,, interact specifically with quarks while
H;,; and Hp; only have leptonic interactions. The H %Q and
H% ; get nonzero VEVs and are responsible for breaking the
right-handed symmetry. The heavy Wy and Zp gauge
boson masses are generated at this scale. The VEVs of
the H}, and HY, fields on the other hand are the ones
responsible for the electroweak symmetry breaking and
generation of the W and Z boson masses. Since H%, and
H(i,, which are both odd under the Z, symmetry, get
nonzero VEVs this could lead to formation of domain walls
and destabilize the model. This problem is addressed by
introducing soft Z,-breaking terms in the scalar potential
which we discuss later.

The VEVs of the Higgs fields are naturally given as (for
the universal seesaw mechanism to work)

<H(I)€Q>:”RQ9 <H%1>=UR17 <H0LQ>:ULQ’ <H21>:ULI’

4)

with the condition that v7 , 4 v, = vgy. The hierarchy of
the VEVs responsible for symmetry breaking is arranged as

VRQs VRl 2> Vg > Vp- (5)

This ensures a naturally heavy mass for the right-handed
gauge bosons which have so far eluded any signal at
the LHC.

We introduce a lepton-specific Z, symmetry under
which the E;, Eg, N;, Ng, H;; and Hpg,; fields are odd
while all other fields are even. This prevents the Z,-odd
Higgs fields from interacting with the quarks. Table I has a
list of all the particles along with their respective quantum
numbers.

The covariant derivatives appearing in the kinetic terms
of the Lagrangian that lead to interaction vertices of the
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fermions and scalars with the gauge bosons (for all the
doublet fields) in this model are defined as

9L g
D,uQL: 6”— ZTWLﬂ_l 6VVM QL?
[ ;9 g
DOk = |0, - 2’% Wiy — i 6VV,, Ox,
[ ;9 g
D, = |9, - 2LTWLﬂ+l ZVV” I,
[ g gy o, ]
DMZR— aﬂ—l?RT.WRﬂ‘f'l?VV” lR,
[ QR 9v
D”HR: aﬂ 2TWR/,4_1 2 VM:|HR,
D,H, = 8 —i%ew,, —i%v |1 (6)
utL 2 Ly o L>

where V, is the U(1)p_; gauge boson and gy its gauge
coupling, while W;, Wy and g;, g are the gauge bosons
and gauge couplings corresponding to the SU(2), and
SU(2)r gauge groups respectively. The gauge boson
masses can be calculated from the kinetic terms for the
Higgs boson fields involving the above covariant deriva-
tives. The charged gauge boson mass-squared matrix in the
basis (W, W) is given as

(7)

We can clearly see that unlike the case of LRS with
bidoublet scalar fields, there is no mixing between the two
W boson states in this case. The mass of the heavy Wp

|

%91%(”12@ + ”%ez) 0

0 19 (U%Q + 7))
—39r9v (Vo + k)

—3909v(vig +v7))

This matrix has a zero eigenvalue corresponding to the
massless photon state and two other nonzero eigenvalues
corresponding to the Z and the Zp bosons. In the limit
VEw < Ugg. Ug; and keeping only terms up to v%w/vig(m),
the masses of the two massive neutral gauge bosons are
given by

gv(vio +v3))
gx +9v

1
M7 =2 (g + 67)(vig + vi)), (10)

s

1
M%R =3 (9% + 9%/)(”12@ + vgy) +

with the effective SM U(1), gauge coupling given as

TABLE I. Particle spectrum for the lepton-specific LR univer-
sal seesaw model.
Field SUB3). SU2), SUQR)y U(l)g, Z,
_(u 3 2 1 3 +
QL - (d L
u 3 1 2 1 +
= 3
QR <d

! 7( 1 1 2 -1 +
K R
U,, Ug 3 1 1 3 +
D, Dg 3 1 1 -2 +
E., Ex 1 1 | 2 -
N, Np . 1 1 1 0 —
H
Hyo = (HQZ ) 1 2 1+
H+
Hio = ( Hég ) 2 1 1+
H+
Hy = ( Rl ) 1 1 2 1 -
RI H%l
H
Hy - ( U) 1 2 | 1 -
Mo\ H),

gauge boson and the SM W, gauge boson states are thus
trivially given as

1 1
M%;;;:_Q%Q(U%Q"‘U[zez)v M%Vizigi(vig"‘”%z)- (8)

2

The neutral gauge boson mass-squared matrix in the basis
(W3g, W3, V) is given as

_%QRQV(D%?Q + U%z)
—31909v(vig + 7)) . )
%9%/(”%@ + vf + U%Q +v;)

aLg
gy = — 5= (11)
V9L + gv

Quite clearly, in this model the Zj is heavier than the Wy
and therefore a strong limit on the Wy mass from experi-
ments would mean an indirect bound exists on the Zp
gauge boson too.

A. Fermion masses and mixings

We now look at the mass of the matter fields in the
model. The gauge invariant Yukawa Lagrangian respecting
the additionally imposed Z, symmetry in this model is
given as
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Ly = (Y OrHoUg + YugOrHroUy + Yy O HioDp
+ YrOrHgoDy + Y, I Hy N + Y plgHNy
+ Yo [ Hy Eg + Y oglgHREp + MyU, Uy
+MpD; Dy + MgE Egr + MyN; N + H.c.)
+ M, N, N, + MgNgNyg (12)

where the Y,,’s are the Yukawa coupling matrices and the
My’s are the singlet mass terms allowed by gauge sym-
metry. The conjugated scalar fields are defined as

FIL/R = iTsz/R' (13)

It is easy to see that the quark and charged lepton mass
matrices will consist of off-diagonal terms proportional to
left- and right-handed VEVs while diagonal terms exist for
only the heavy fields. Thus the quark and charged lepton
mass matrices would be very similar in form to the type-I
seesaw neutrino mass matrix and all fermions have the
same mechanism of mass generation in this framework.

1. Quarks

The quark masses in this model are obtained by
diagonalizing a 6 x 6 mass matrix quite similar to what
happens in the seesaw mechanism. The up quark mass
terms in this model can be written as

oyonp i) (). (4)
where
13

0 YuRURQ
M, = r
YuLvLQ MU

is the 6 x 6 up quark mass matrix while Y,;, Y,z and M,
are all 3 x 3 matrices. The first 3 x 3 block corresponding
to the light up-type quark is zero due to the absence of a
bidoublet field in the scalar spectrum. The off-diagonal
terms are obtained from the Y,; and Y, terms of Eq. (12)
which involve the mixing of the light and heavy states
through the Higgs doublet field, while the M, matrix is the
mass term for the heavy up-type quarks. For simplicity we
will choose all the Yukawa and heavy mass matrices to be
diagonal in the up sector. This would mean that the CKM
mixings will be generated entirely from the down sector
which is exactly what we do for the SM.
Similarly the down-type quark mass matrix can be
written as
0 Y rv
o=y ) e
Yivio Mp

where the first 3 x 3 block is again zero due to the absence
of a bidoublet scalar while the off-diagonal blocks arise
from the Yukawa couplings. The M, term is the mass term
for the heavy down-type quarks. In the down sector too,
we keep the right-handed 3 x 3 Yukawa matrix Y,z and
the Mp matrix to be diagonal while only the left-handed
Yukawa matrix Y, is nondiagonal and sufficient to
generate the correct CKM mixings for the SM quarks.

To diagonalize these nonsymmetric matrices we require
biunitary transformations. For the up-type quark mass
matrix we have

M= U, MU, (17)

where U,; and U, are the left- and right-handed rotation
matrices respectively. Similar for the down sector

Mcdnag = Uy MUl (18)

We will get two CKM mixing matrices in this case—one
for the left-handed quarks and another for the right-handed
quarks—given by

UM =y, UY, (19)
and
UM = U,z Ul (20)

respectively. These will be 6 x 6 matrices whose top-left
(bottom-right) 3 x 3 block will correspond to the light
CKM mixings for ascending (descending) arrangement
of eigenvalues by mass. For our choice of parameters and
with only the left-handed Yukawa being nondiagonal, the
right-handed CKM matrix would be almost diagonal with
the mixings being quite small while the left-handed CKM
mixings must be the same as the experimentally measured
values.

The mixing between the heavy singlet quarks and the
SM quarks is determined by the magnitude of the Yukawa
terms in comparison to the singlet mass terms. For light
quarks and even for the b quark, the Yukawa terms are
much smaller than the bare mass term and hence the mixing
is very small. For the top quarks though, because of its
heavy mass compared to the other SM quarks, the mixings
can be quite significant.

2. Charged lepton

The charged lepton mass matrix is given as

0 Y.rv
Me _ ( . eR Rl>. (21)
YeLle ME

This is very similar to the quark mass matrix with Y,; and
Y.z being the 3 x 3 Yukawa matrices while Mg is the
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heavy lepton mass matrix. Here we will choose all the
matrices to be diagonal to prevent charged lepton flavor
violation at the tree level. The mixing between the heavy
singlet leptons and the SM charged leptons is almost
negligible due to the hierarchical structure of the diagonal
and the off-diagonal elements required for generation of
correct lepton masses.

3. Neutrino

The neutrino matrix, on the other hand, would be quite
different due to the Majorana-like M; and My terms that
could be written for the heavy neutrino states. The neutrino
mass matrix in the basis (vj, Ng,vg, Nj) is given as

0 Yoo, 0 0

YZLULZ Mp 0 M{, (22)
0 0 0 YZ;RDRI
0 My Y rvR M

Thus we see that all the fermion masses in this model arise
from the seesawlike mass generation mechanism. Hence
this model is also popularly known as the universal seesaw
model. It is worth noting here that the neutrino mass matrix
is actually symmetric (if the Yukawa couplings and heavy
mass matrices are symmetric) and can be diagonalized by a
simple unitary transformation.

The neutrino mass matrix allows for a number of very
unique scenarios in the neutrino sector. Firstly, there is the
possibility that only the three left-handed doublet neutrinos
are light and everything else is heavy. We explore such a
scenario where we get three light neutrinos, three with mass
at around the electroweak scale and the rest at the TeV
scale. We will refer to this scenario as the Majorana case for
obvious reasons. Similar to the previous cases we will again
choose most of the Yukawa and mass matrices here to be
diagonal except Y,; which is chosen to be a nondiagonal
symmetric matrix to explain the experimentally observed
Pontecorvo-Maka-Nakagawa-Sakata (PMNS) neutrino
mixing matrix elements. The mixing between the light
and the heavy states is again quite small here leading to
no significant limits from experimental observations. The
heavy singlet states though can mix among themselves due
to the presence of the My term, but due to their masses
being at the TeV scale, no observable effects have been
discovered so far.

The second case that we can get is when the singlet
neutrino Dirac mass term My is zero. In this case the
neutrino mass matrix becomes block diagonal with
(vp,Ng) and (vg, N;) bases being the diagonal blocks.
In this case we get pseudo-Dirac-like states with both the
left and right doublet neutrinos being degenerate and light
while the heavy singlet states may or may not be degenerate
depending upon the choice of parameters. We refer to this
scenario as the pseudo-Dirac case. If we choose both M

and M to be diagonal and equal, we are forced to choose
both Y,; and Y, to be nondiagonal. Furthermore, in order
to get equal masses for the now light left-handed and right-
handed doublet lepton neutral components (neutrinos) we
get the condition

ULl
YDR;I- = U_Rl YI/L,-./" (23)

given we take M; = M. The mixing between the light and
heavy states in each block diagonal submatrix are still very
small due to the fact that the Yukawa terms are now
extremely small compared to the mass terms required to
generate the light neutrino masses. The heavy states in this
case do not mix as the M term is also absent.

B. Scalar masses and mixing

The full gauge invariant scalar potential for our model is
given as

4 4
V(H) = Z/’tiiH;Hi + Z’linjHiH;Hj

=1 e

+ [aIHZQHLlH;QHRl + aZHZQHLlH-IEIHRQ

+ i H o Hyy + iy HgoHry + H-C-} (24)

where

Hy=Hpy, Hy=Hp, H3=Hpg, Hy=Hpg. (25)
The last two terms involving y;, and p3, are responsible for
breaking the discrete Z, symmetry softly without intro-
ducing any domain walls which could otherwise destabilize
the model. We minimize this potential and get the following

minimization conditions

1
Hin = (v vRiVRE + 2/111sz + Avi v
LQO
+ /113ULQ1J%Q + /114ULQ7112Q1 - M%z”u),

1
o =—— (a20L0VRIVRQ + A12011V] o + 240007,
Ll

+ A3 leU%?Q + Aoy V%, — /’l%ZULQ)s

1
H33 = (@l vLvLoVR + 413 U%QURQ + Ap303 0o
RQ
+ 2/1331]%Q + 34Uk VRo — H34VR1)
1

Haa = ——(@301V10VR0 + MaVigVri + AaaV] Vi
RI
+ L34 VriVrg + 244V — H34VR0): (26)

where a}, = (a; + ay).
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The Higgs boson spectrum in this case is significantly
large and consists of four CP-even states, two CP-odd
states and two charged Higgs bosons. Two charged
Goldstone bosons are eaten up by the W; and W, gauge
boson to give them mass while two neutral Goldstone states
|

V|

2 + + 2
Vo {uir — alyvrivre} A1, VRIVRQ — H12

+ 2 ) 2 _ .t
A1 VRIVRQ — M2 oL {uir — ayvrivre}
0 0
0 0

Diagonalizing this matrix we get two Goldstone states
which are given as

1
Gl =———(vp9,v7;,0,0)T
2 2 LQs VLIV 5
v T Vg
1
Gy =———51(0,0,vgp. vg))T. (28)
2 2 » Vs VRO VRI
Vg T Uko
The two physical charged Higgs boson masses are
2 2
Vg T Vo
my, = — ——= (U3 — dhvLvLg),
1 VRIVRQ
2 2
vi; T UL
m?ﬁ =L 10 (/4%2 - 0‘1+271R111RQ), (29)
2 ’[)LI’ULQ

with the eigenstates being

L (ﬂ%z - aEURJDRQ)

+ 2
Lo A VRIVRO — Hi2

Vg

o (M%z - a-li—zleURQ)

+ 2
A1 VRIVRO — K12 v

ULIURz(az - al) ULQURl(al - az)

ULIURQ(al - ) ULQURQ(az —ay)

This again will have two zero eigenstates corresponding to
the two Goldstone bosons required for Z and Zp mass
generation. It is also easy to see here that in the case where
a; = a, this CP-odd mass-squared matrix would reduce
to the block diagonal charged Higgs boson mass-squared
matrix.

The CP-even scalar Higgs boson mass-squared matrix
elements in the basis (ReH} ;. ReH?, ReH% ), ReHY,) can
be expressed in terms of the CP-odd Higgs mass-squared
matrix elements as

M %j,CP—Even =M zzj,CP-Odd + 25,400}, (33)

give mass to the Z and Zp. The charged Higgs mass-
squared matrix in this case is a 4 x 4 block diagonal matrix
with two blocks of 2 x 2. In the basis (H} . H; ;. Hzo. H;)

the charged Higgs mass-squared matrix is given as

0 0
0 0
(27)
% {34 — alvpvro} aHULIVLY ~ Mg
v
ALVLIVLG — M o {W3s — afyvvo}
1
H =———1(0,0,—vg;, vro)"
2 2 s Uy RIs RQ )
Vi T Vo
1
" T
2 :ﬁ(_levaQ’O’ 0) . (30)
vt Vig

It is easy to see here that if we choose u3, = 3, ~ vy, then
the right-handed charged Higgs boson is indeed the lightest
state. This is due to the fact that the left-handed charged
state has an additional enhancement of v, /v, except for a
very fine-tuned region around

2
Hi2
VRIVRQ

(31)

al—ﬁ—azz

The CP-odd Higgs boson mass-squared matrix in the

basis (ImH? . ImH?,, ImHY, ;. ImHY, ) is

VLIVRI (0!2 - 0!1) ULZURQ(al - az)

VLQURI (051 - 052) ULQURQ(% - al) (32)
T (43 — aly L)

+ 2
VLIV — H3g

+ 2
A VLV — M3

Ugo

Rt (M34 — ayv11010)

[
where i, j = 1,2,3,4, v1 =010,V = V1, V3 = Vg0, Vs = VR,

and
S, = {2’
l.] - 1’

We choose our parameters such that the lightest eigenvalue
of this CP-even Higgs mass-squared matrix is the one
corresponding to the SM-like Higgs with mass of
125 GeV. This state is consistent with the SM Higgs
properties in all its decay channels and branching ratios,
while all the other states are chosen to be much heavier.
Note that we have implemented the model in SARAH [8] and

ifi=j
. (34)
otherwise.
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TABLE II.  Scalar eigenstates for ay = —02, ay = 0.1,/111 = 0.168,},12 = 0.8,/113 = 0.05,114 = —0.1,/122 = 0.5,/’{23 = 0.1,/’{24 = 01,
/133 = 0.2,/134 = 0.1,/144 = 01,/4%2 =25x% 104,ﬂ%4 =25x% 104, URQ = VR = 6.0 TCV, ULQ =1734 GCV, V) = 14 GeV.

Particle Mass (GeV) Eigenstate

H, 125.2 0.996Re(H?} ;) — 0.008Re(HY,,) 4 0.080Re(HY,) + 0.019Re(HY,)
H, 3386.1 —0.0209Re(H?} ;) — 0.381Re(H},) + 0.001Re(HY ) + 0.924Re(HY,)
H; 5638.1 0.001Re(HY ) — 0.924Re(Hy,) 4 0.008Re(HY,;) — 0.381Re(HY,)
H, 6772.5 0.080Re(HY ;) — 0.007Re(Hy,) — 0.997Re(H?Y,) + 0.004Re(HY,)
A, 214.8 0.001Im(HY ;) — 0.707Im(HY,,) — 0.010Im(HY,) + 0.707Im(Hy,)
A, 6772.7 —0.080Im(H?{ ) — 0.007Im(Hg,) + 0.997Im(HY,) + 0.006Im(HY,)
Hf 224.7 —0.707Hpz,, + 0.707Hy,

Hy 6772.4 0.080H/, —0.997H,

use the generated SPHENO [9] code to obtain the model
spectrum and calculate the decay of various particles. We
have checked that the light Higgs boson of 125 GeV is
consistent with the expected branching ratios as well as the
total decay width of the Standard Model Higgs boson. If we
consider the H; — yy decay channel for instance, it gives us
a branching ratio of 2.27 x 1073. We can write the partial
decay width as [10]

GF mH|

128v27°

FH|—>yy ZN QnglffAl/Z(Tf)

MWiHIH]*H-

H H

+g9 AT (tw) + LAy (T«
A o)+ Sl A o)
M2y bn- 2
Al (2 (35)
2CWMHZi

which can be reexpressed as

GFa mH1

128v27°

H
+ ZiFo ] (THI.*’/IHIH[.*H,T)

Ly =y T

Z; 12(Tr 9h,£r) + F ' (zy, 9r,vv)

2

(36)

giving us a better idea of the relative contribution from
each sector. The benchmark point that we have chosen
(Table II) gives us ’1H1HTHI = 0.034, /IHIH;H; = 1.20,
My: =224.7 GeV, My: = 6772.4 GeV.
Eq. (36) are thus

The terms in

Fi (T gia) = 1.835,
F "Tw, gr,vy) = —8.324,
F (v A, ) = 0.0013,
Fo (T Ay m;) = 3.6 x 1075,

where the four contributions are from the top quark, W
boson and the two charged Higgs states respectively. Note
that the contributions from the charged Higgs bosons are
orders of magnitude lower compared to the top quark and
gauge boson contributions and do not affect the H; — yy
branching ratio.

The lightest charged and pseudoscalar Higgs boson
masses come out to be around a few 100 GeV while the
heavier ones are around a few TeV. In Table II we give a list
of the physical Higgs boson masses and the respective
eigenstates for a sample benchmark point. Note that unlike
the case of 2HDMs, here only the pseudoscalar and charged
Higgs bosons are light while all other CP-even scalars turn
out to be very heavy. In addition both the light pseudoscalar
and charged scalar are admixtures of the right-sector scalar
doublets. To check whether the Higgs potential is stable for
our choice of benchmark points, we examine the coposi-
tivity conditions for the stability of the potential when the
couplings are negative [11]. The condition for the stability
of the potential for the negative coupling 4,4 is given by

Aa 2 =/ 211244,

which are easily satisfied. We checked the condition
for a; numerically by constructing the principal subma-
trices and found that it satisfies the criteria for stability
as well.

j.]] Z 0, 244 Z 0, (37)

III. PHENOMENOLOGICAL IMPLICATIONS

We now look at the phenomenological implications
of this model, viz. the allowed parameters, experimental
constraints and unique signals of this model which may be
studied at the colliders. As has been discussed before,
almost all of the matrices are taken to be diagonal except
the Y, and Y, matrices. These are necessarily off
diagonal in order to generate the CKM and PMNS mixing.
Unlike the SM where the Yukawa couplings can range from
1076 to 1, this model requires a much smaller range of
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Yukawa couplings ranging from 1073 to 1 for all the
charged particles. In general we have chosen
Y zlléL,R)

22
Yu(L,R)

Yiivr)

11 11
~ Yd(L,R) ~ Ye(L,R)

22 2 o 10-1
NYdRNYe(L,R)NIO ’

~ 1072,

~ Y~ ViR L (38)

while the other elements in the Y, matrix are of the order
of 1073. We further choose Y33 = 0.023 and Y37 = 0.26 so
that the third-generation heavy fermion masses are all of the
order of a few TeV. With this type of Yukawa structure we
can easily get the correct masses of all the fermions by
choosing the appropriate values of the heavy masses. The
left-handed CKM matrix elements are obtained entirely in
the down sector similar to the SM, while the right-handed
down quark mixings are very small due to the diagonal
structure of the Y,z matrix. The VEVs are taken to be

URQ = UVR|— 6.0 TCV,

vp=1734GeV, vy, =14GeV.

(39)

The bare masses of the singlet heavy vectorlike fermions
are chosen accordingly so as to get the correct masses for
the SM-like fermions. Here we note that since the third-
generation fermions are the heaviest followed by the
second generation and then the first-generation fermion
masses, the reverse order is generally followed by the
vectorlike singlet fermion masses. For each type of fermion
(up quark, down quark and charged leptons), our choices
are such that the third-generation vectorlike fermion is the
lightest while the first generation is the heaviest. This can
be understood easily as in the seesaw formula the mass of
the light state is inversely proportional to the heavy mass in
the seesaw matrix for the same value of off-diagonal
terms. Though it is not strictly valid for this case as the
off-diagonal Dirac masses are also higher for the third
generation, we choose our Yukawa couplings so that
the third-generation vector fermions are indeed lightest.

In Table III we list the mass of all the new fermions in our
model. With the strong sector exotic quarks and charged
leptons having masses above 3.5 TeV, it would be quite
impossible to observe any signals for these fermions at the
current LHC energies. However they could be more
copiously produced at future 100 TeV machines such as
the FCC-hh Collider [12].

The mixing between the heavy singletlike states and the
light SM-like states is very low (<1%) except for the top
sector which behaves quite differently. To get the correct
top quark mass we need to take M33 to be quite small to be
around 350 GeV. The heavy top partner mass almost
entirely comes from the right-handed top quark contribu-
tion and hence the right-handed CKM mixing of the top
quark is almost entirely coming from the heavy singlet top
partner. Thus the decay of the heavy gauge bosons which
belong to the SU(2), do not couple with the same strength
to the third-generation SM quarks as they do to the first two
generations. This effect is clearly visible in the Wy decay
modes where its branching ratio W} — tb is significantly
suppressed (~0.2%) while for the first two-generation light
quarks it is around 33% each. This in turn would make the
bounds on the Wy gauge boson much stronger from
existing dijet data than that of conventional LRS models
which have slightly lower branchings into light jets. The
current bound on a heavy SM-like W’ from the LHC is
2.6 TeV [13]. At a mass of 2.6 TeV, a SM-like W’ goes into
light quarks with a branching ratio of 47.6%. The W, in our
case has a 66% branching ratio into light quarks and
therefore the limits would be stronger. Using the exper-
imental bound on the cross sectionxbranching ratio
(6 x BR) we get a lower bound on Wjy mass of
2.75 TeV in our model. For our choice of benchmark
points, the mass of the W boson comes out to be ~4 TeV
and is safe from dijet bounds. It is also allowed from heavy
neutrino searches [14], provided the heavy neutrino mass is
not very heavy. We show the Wy decay modes and the
branching probabilities as a function of its mass in Fig. 1.

In the neutrino sector there are two specific scenarios
(Majorana and pseudo-Dirac) as has been discussed earlier.

TABLE III.  Fermion masses.
Neutrino
Up-type quark Down-type quark Charged lepton Majorana Pseudo-Dirac
M,, =136 GeV,
M, =258 GeV,
M, =317 GeV,
M7y =451 TeV, My =3.97 TeV, Mg, = 6.13 TeV, M, =9.07 TeV, M,, =200.0 GeV,
Me =6.17 TeV, Mg =10.4 TeV, Mg, =9.92 TeV, M, =9.13 TeV, M, =300.0 GeV,
My =30.0 TeV Mp =172 TeV Mg =123 TeV M, =9.16 TeV, M, = 400.0 GeV
M, = 11.06 TeV,
M, =11.1TeV,

28

M,, =112 TeV

015033-8



LEPTON-SPECIFIC UNIVERSAL SEESAW MODEL WITH ...

PHYS. REV. D 98, 015033 (2018)

Wg Branching Ratio
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TABLE IV. Experimental 30 ranges for light neutrino parameters.
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FIG. 1. Branching ratio for the Wy boson as a function of its
mass.

Here we will only discuss the case of normal hierarchy for
the neutrino masses.” For the Majorana case, we fit the
experimental data for neutrino oscillation parameters [15]
with the variations being within the 3¢ range of their
respective central values obtained in the global fits. We
have listed the values used for the fit in Table IV while
scanning the parameter space of our model. We choose all
the matrices to be diagonal except Y,; which is a
symmetric matrix. We choose

Mg = M, = Diag(10%,10%, 10%),
My = Diag(10%,10%, 10%), (40)

while the elements of the Yukawa coupling matrix
Yg,~0.1 and ¥,, ~ 1073, This choice gives us our
ij

desired neutrino masses with the three light neutrino states
lying between 0.001 to 0.05 eV while the next three heavy
states have masses around a few 100 GeV. The rest of the
physical states have mass around 10 TeV. The three light
neutrino physical states are almost entirely from the three
generations of v; and the next three (masses of a few
100 GeV) come mostly from vg. This is very similar to the
type-I seesaw in conventional LRS models and would give
very similar phenomenology with same-sign lepton signals
and neutrinoless double-beta decay. However the modified
scalar sector interaction with the heavy neutrinos leads to
much different collider signals which we shall discuss later.
The much heavier eigenstates which would be beyond the
reach of current accelerator energies are a mixture of N
and Ny. In Fig. 2(a) we show the allowed parameters which
give us the correct neutrino mass-squared differences
and the correct PMNS mixing angles for normal hierarchy.
We can see that Y, is indeed the largest owing to v3 being
the heaviest in the normal hierarchy case, while Y,  is the

It is worth noting that an arrangement for the inverted
hierarchy of the neutrino masses is equally possible in our
model, which we have not considered here.

7.03 x 107 eV? < Am3, < 8.09 x 107 eV?
2407 x 1073 eV? < Am3; < 2.643 x 1073 eV?
0.271 < sin’6,, < 0.345
0.385 < sin’6y; < 0.635
0.01934 < sin’@,; < 0.02392

0.229 - 0.516 0.438 - 0.699 0.614 — 0.790

Upmns
<O.800 —0.844 0.515 - 0.581 0.139 - 0.155)
0.249 - 0.528 0.462 — 0.715 0.595 — 0.776

smallest in magnitude as required to explain the small value
of the mixing angle 6.

The 12 x 12 neutrino mass matrix is symmetric and
hence it can be diagonalized with a simple unitary trans-
formation. The first 3 x 3 block corresponds to the three
light neutrinos and satisfies the experimental 3¢ bounds of
the PMINS matrix. The other mixing of the light neutrinos
with the heavier ones is extremely small with sin 6;; < 1078
where 0;; is the mixing angle between the heavy and light
states. Hence there are no bounds coming from lepton
flavor changing processes. The three mass eigenstates with
masses of a few 100 GeV are almost the same as the flavor
eigenstates of v with small mixing (~1%) with N, . The
six heavier states of masses around 10 TeV are almost
equally constituted of N, and N, where i =1, 2, 3.
Table III gives a list of all the neutrino masses in this
scenario for a particular benchmark point.

In the pseudo-Dirac neutrino case the singlet neutrino
mixing term M is taken to be zero. Then we choose our
parameters as My = M; = Diag(200, 300, 400). To get
the correct light neutrino masses and mixings for this
choice of M; and My, we are forced to choose both Y,
and Y, to have nonzero off-diagonal elements (still being
symmetric matrices). Now we get two block diagonal 6 x 6
symmetric matrices each of whose three light eigenvalues
should be equal and satisfy the experimentally observed
mass-squared differences for them to form pseudo-Dirac-
like states. Using Eq. (23) along with the observed mass-
squared differences and mixing constraints gives us the
following choice of the matrix elements: Y, oLy, ™ 107 and
Yog, ~ 107°. The neutrino mixings in this case again have
to satisfy the experimental PMNS mixing limits and have to
be the same for both sectors. This is easily satisfied by
using the condition given in Eq. (23). Figure 2(b) gives
some allowed parameters for this case which satisfy the
neutrino mass-squared differences and the mixing angles
for normal hierarchy. As observed in the previous case, we
find that Y, is usually the largest while the elements for
Y,,, are the smallest for most of the points.

The mixing between the states of v; and vy which are
now of equal masses in this scenario are not quite as small
as the previous case. Typically, the mixing angle 8 between
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Left-handed Yukawa Couplings for Majorana Case
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FIG. 2.

Left-handed Yukawa Couplings for Pseudo-Dirac Case
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(a) Benchmark points satisfying the neutrino masses and PMNS mixings for the Majorana case. (b) Benchmark points

satisfying the neutrino masses and PMNS mixings for the pseudo-Dirac case.

two light states of equal masses is such that sin@ ~ 1072,
The heavy states again have negligibly small mixing with
light states like in the previous case. Note that as we have
taken My = O there is no mixing between the heavy states
and they are purely compositions of Ny or Ng.. As a result
their decay width in this case becomes very small and with
suitable choice of parameters it may lead to observable
displaced vertex signals. It is worth noting that when the
charged Higgs is lighter than the heavy neutrino states, it
becomes the primary channel of decay and therefore can
provide for interesting signal channels for the model at
collider experiments, which we discuss later in more detail.

A. Experimental constraints

The scalar sector of the model discussed in this paper
may be considered as a left-right extension of the lepton
specific 2HDM. As such there are a number of flavor
constraints which restrict the parameter space of the
2HDM. The most stringent of these constraints comes
from the b — sy process and constrains the charged Higgs
mass to my= > 460 GeV [16] in the type-III 2ZHDM. The
main process responsible for » — sy in the 2HDM is given
in Fig 3. In our case, though this process is present, the
lighter charged Higgs boson of mass around 200 GeV
actually corresponds to the right-handed charged Higgs
boson as can be seen from Eq. (30). As the right-handed
down-type Yukawa coupling matrix is diagonal in this
model, the CKM mixings are really small. This results in a
much weaker bound on the lightest charged Higgs boson

FIG. 3.

b — sy through the charged Higgs.

mass in this case. There are no significant bounds from the
flavor observable on the pseudoscalar mass in the lepton-
specific 2HDM and hence there are no bounds in this model
as well.

There is a bound on the 2HDM pseudoscalar Higgs
boson mass from the single production and associated
production of the pseudoscalar decaying into two 7 final
states [17]. This gives a lower limit on the pseudoscalar
mass as a function of the ¢ x BR(A — 77) for both the
single and the associated production mode. For both these
production channels the important couplings would be
A qg where ¢ is a quark. To get significant production, the
third-generation quarks are the most important but here
again the couplings of the pseudoscalar with the third-
generation quarks will be much weaker than in the case of
the 2HDM. This is because the coupling here would be

L — Y33

L Q
Auil(Add) uL(dr) X Zai X Z 4

uR(dR) (41)

where Z%; is the amount of HY o contained in the eigenstate

(@)
of A and ZZR(dR)

and the light up-type (down-type) quarks. A similar
formula can be written for the right-handed pseudoscalar
coupling with two quarks with L <> R in Eq. (41). The
light pseudoscalar in this model is coming from the right-
handed doublets and its couplings with the third-generation
quarks come out to be much weaker than the 2HDM case.
So for our model this limit will not be applicable because
the production cross section of the pseudoscalar will be
much smaller than in the 2HDM.

is the mixing of the right-handed heavy

B. New collider signals

This model can lead to a number of interesting new
signals at accelerator experiments. We primarily focus on
mentioning the ones from the scalar sector in the form of
charged Higgs as well as the heavy Majorana neutrinos
which can be accessible to the current run of the LHC. Note
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TABLE V. Representative benchmark points of the particle spectrum where the massive neutrino states are
Majorana type. We also illustrate the dominant decay modes of the lightest charged Higgs and heavy neutrino states.
The heavy gauge bosons for both BP1 and BP2 are the same with My, = 4 TeV and M, = 4.7 TeV.

Particle Width (GeV) Important decay channels
BP1 M,, =136.4 GeV 7.12 x 1070 vy — eTjj~99.3%
M, =258.3 GeV 4.57 x 107* vs — purHT ~100%
M, =317.0 GeV 2.97 x 1073 v — tTH ~100%
My= = 224.7 GeV 4.6 x 107 HE = vge™ ~99%
BP2 M,, =317.0 GeV 211 x 1073 vy = etHT ~ 100%
M, =550.9 GeV 3.03 x 1072 vs = purHT ~100%
M, =837.6 GeV 1.04 x 107! v = tTH ~100%
5.78 x 107° H - th ~92.9%

My: =224.7 GeV

that the other exotics such as the heavy quarks and leptons
are beyond the reach of the LHC because of their extremely
heavy masses.

To highlight the signals for the model at the LHC we
choose two representative points in the model parameter
space as BP1 and BP2 and list them in Table V. Unlike other
models for heavy neutrinos including left-right symmetric
models we find that the decay modes of the heavy Majorana
neutrinos, as listed in Table V, are quite different. Note that
the heavy neutrino decays are again driven by their compo-
sition and therefore could be either singlet dominated or even
SU(2)g doublet dominated. As the Yukawa couplings
Y, g, ~ 0.1 we find that the dominantly right-sector charged
Higgs which is light, would couple to the heavy Majorana
neutrinos which have dominant right-handed components
as well as singlet components over the left-handed compo-
nents. This plays a crucial role in deciding the decay of the
heavy neutrinos in the model. The heavy neutrinos prefer to
decay via the off-shell charged Higgs while the subleading
contributions come from the decay via off-shell Wpg.
Although both the mediating particles would contribute, a
quick look at the decay probabilities in Table V shows the
absence of the leptonic modes for BP1 which are highly
suppressed. This indicates that the decay is driven by the off-
shell charged Higgs over the much heavier Wy gauge boson.
The challenge of observing the signals of these heavy
neutrinos would be dictated by the production mechanism.
At the LHC, it would mean that they could be produced via
exchange of Wy and Zj, in the s channel. This would give a
resonant production of the heavy neutrinos and therefore the
dominant channel. So we can produce the heavy neutrinos as

pp = Wi = v,

pp = Zgr > Vv
where i = 1,2,3 and j =i+ 3.
We find that a Wj of mass 4 TeV consistent with current
experimental limits has a combined branching of nearly
30% to decay to a SM charged lepton and heavy neutrino,

with the dominant mode of the three being the decay to the
first two generations ~11%. Similarly a Z of mass around
4.8 TeV has a combined ~20%—22% branching probability
to decay in the pair of vy, vs, vg for BP1 and BP2,
respectively. Resonant production of heavy neutrinos can
be useful to have appreciable rates of production [18]
without depending on the active-sterile mixing parameter
in the neutrino sector. As the decay in Table V suggests, the
heavy neutrino decays to a single flavor charged lepton in
association with jets with a 100% branching probability for
BP1, leading to same-sign dilepton signals with jets in the
final state provided the charged Higgs in the model is
heavier. In fact one can also have the interesting signal where

pp = vsus = uptHTHT = 2u™ + 2T + 4.

The pair production cross sections at the LHC for the
heavy neutrinos with /s = 13 TeV are

BPl:  o(pp — vavy) = 0.121 fb,

o(pp — vsvs) = 0.101 fb,
o(pp - HfHy) =5.27 fb.

The v, production gives the familiar same-sign lepton signal
PP = Usly — 2eT 4+ 4j.

By slightly changing our parameters we get a spectrum
where all the heavy neutrinos are actually heavier than the
lightest charged Higgs represented by BP2 as shown in
Table V. We have only modified the neutrino sector making
sure that the new set of parameters is still consistent with
the neutrino oscillation data, while keeping the other
sectors almost the same as before. In this case where all
the Majorana neutrinos are heavier than the lightest charged
Higgs which in turn is heavier than the top quark, a very
unique and different signal is produced. With no heavy
neutrino decay available to the charged Higgs, it decays to
the quark final states with the dominant channel being
H - tb (see Table V). Now as the charged Higgs comes
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from the decay of a heavy Majorana neutrino then one gets
an interesting signal where one has same-sign leptons as
well as same-sign top quarks in the final state. This is
completely free from any SM background and would be a
unique signal for discovery. Thus we have for example

pp = vavy — etetHTHT — 2e® + 27/t +2b/b

when the v, is pair produced. Again one gets 2u™ + 2¢/7 +
2b/b when vs is pair produced. The total cross sections for
the pair production of the heavy neutrino pairs at the LHC
with /s = 13 TeV are

BP2: o(pp — v4vs) = 0.096 fb,
o(pp = vsvs) = 0.076 fb.

Subsequent decay probabilities for heavy neutrino decay
as well as charged Higgs decay are almost 100%. To
compare it with the SM background, there are no sub-
processes that can contribute directly to similar final states.
Due to charge mismeasurements we can consider the
process pp — ete~tibb as a possible background. The
cross section for this process at the LHC with /s =
13 TeV is around 0.16 fb. The charge mismeasurement
probabilities are much below 1072 and therefore this would
hardly give any event even with an integrated luminosity of
3000 fb~!. The signal would still yield a handsome 516
events for BP2 where we add the contributions for both the
v4 and vs channels in the case of BP2. Although the signal
would be difficult to observe in the near future at both
ATLAS and CMS, but with the very high luminosity option
at the LHC, it would be a very unique channel to observe.

For the charged Higgs (HY) lighter than the top quark it
decays to the light quarks thus giving a more conventional
signal of same-sign leptons with multiple jets. However a
marked difference is the absence of the SM W and Z boson in
the decay cascades of the heavy neutrino decay. These modes
become available for the scenario with pseudo-Dirac heavy
neutrinos. Similarly, the single production of the heavy
neutrino through Wy resonance would lead to a signal with
a same-sign lepton along with a top and bottom quark, where
o(pp = Wg) = 3.2 fbfor My, = 4 TeV. We leave a much
more detailed signal analysis of the collider signals of the
model for future work and focus on pointing out the interesting
signals that one can expect to observe at the LHC here.

In addition, if the charged Higgs’s are heavier than the
heavy neutrinos, then they would dominantly decay into
them and the corresponding charged lepton. This can lead
to a significantly different search signal for the charged
Higgs when compared to conventional ones. Thus even
when the charged Higgs is heavier than the top quark, the
presence of a light Majorana neutrino completely over-
whelms the tb decay option. The charged Higgs production
would mostly be via the photon exchange,

pp = H{H = vyt ¢;

where again i =1, 2, 3 while j =i+ 3. The heavy
neutrino would decay via the off-shell charged Higgs in
the three-body decay channel v; — ¢*jj'. This quite
clearly gives a multilepton signature for the charged
Higgs mediated by lepton-number violating interactions
which again has very little or no SM background and can be
a very unique signal of the model. For example in the case
of BP1 there is a four-lepton channel contribution coming
from the pair production of charged Higgs

pp = HiHT > ypetvge” > 2e* +4j+ete.

Here again this is a very interesting signal channel in the
form of three same-sign electrons which has negligible SM
background. This would prove to be an interesting signal
[19] to look for the charged Higgs search in this model.

Another unique signal of this model which differentiates it
from other LR models involves the Wj decay channels.
Figure 1 gives a plot of the various W5 decay branching
ratios in this model. In general LR models an important
decay channel for the W boson is a (tb) final state but that
channel is almost absent in this case owing to the extremely
small branching ratio as can be seen in Fig. 1. In fact once the
heavy T fermion channel opens up, a significant branching is
into this (7h). Thus the model opens the possibility of some
very interesting signal topologies which are quite nonstand-
ard and can give surprisingly different and unique signals
from the production of the heavy Majorana neutrino as well
as charged the Higgs boson at the LHC.

IV. CONCLUSION

In this work we have proposed a model for SM fermion
mass generation through a universal seesaw mechanism.
The model is based on a left-right symmetric framework
where all the gauge symmetries are spontaneously broken
via SU(2) scalar doublets only. The gauge symmetry is
augmented with an additional Z, discrete symmetry which
differentiates the quarks from the lepton sector. Additional
heavy vectorlike singlet fermions are needed for the
generation of the SM quark and lepton masses through a
universal seesaw mechanism. The neutrino matrix, on the
other hand, can lead to two very interesting physical
scenarios—one with Majorana-like neutrinos and the other
where the neutrinos are pseudo-Dirac in nature.

The scalar sector here may be considered as a LRS
extension of the lepton-specific 2HDM. The SM-like
neutral Higgs boson (with mass of 125 GeV) and the
lightest charged and pseudoscalar Higgs states remain light
of the order of a few hundred GeV. The most stringent
bounds on the charged and the pseudoscalar Higgs masses in
a general 2HDM scenario come from the flavor-changing
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processes and two 7 final state decay modes. These bounds
are quite relaxed in this model due to the right-handed nature
of both of these light scalars and their much reduced
effective couplings in this model. Hence the light charged
or pseudoscalar states can be easily accommodated here
which can lead to interesting collider signatures.

The model also presents us with some unique collider
signatures that could be observed at the LHC. We have
considered two benchmark points in our model to highlight
their signal strengths. In addition to an interesting signal
from heavy neutrino production where one gets same-sign
leptons and a same-sign top quark pair in the same event,
the model also gives a very unique and different signal for
the charged Higgs in the model. As no search has been
performed at either ATLAS or CMS for such event
topologies, the observation of such nonstandard signal
events at the LHC could provide hints on new physics

with an underlying model quite different from the popular
left-right models.
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