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Abstract We study a different variant of left-right symmet-
ric model, incorporating Dirac type neutrinos. In the absence
of the bi-doublet scalars, the possibility of a universal see-
saw type of mass generation mechanism for all the Standard
Model charged fermions have been discussed. The model has
been constructed by extending the Standard Model particle
spectrum with heavy vector-like fermions as well as different
scalar multiplets. We have shown that this model can generate
non zero neutrino mass through loop mediated processes. The
parameters which are involved in neutrino mass generation
mechanism can satisfy the neutrino oscillation data for both
normal and inverted hierarchy. The lightest charged Higgs
plays a crucial role in neutrino mass generation mechanism
and can have mass of O[GeV]. We have systematically stud-
ied different constraints which are relevant for the charged
Higgs phenomenology. In addition to that we also briefly
discuss discovery prospects of the charged Higgs at different
colliders.

1 Introduction

The Standard Model (SM) of particle physics consistently
describes the dynamics of three out of four fundamental
forces of nature. The last missing puzzle of the theory, the
Higgs boson which arises due to the manifestation of the
Brout-Englert-Higgs (BEH) mechanism [1-6] was discov-
ered by the ATLAS [7] and CMS [8] collaboration in the
beginning of last decade. Since its discovery the experimen-
talists have studied its properties with a great detail and the
information accumulated from these analysis solidify the tri-
umph of the SM. Having said that, the questions that revolve
around the SM from both the theoretical as well as experi-
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mental stand point motivate physicists to consider the SM as
a minimal theory and an extended version of this model is
required to address these questions.

Out of the various shortcomings of the SM, eV light neu-
trino mass and their mixing remains one of the most signif-
icant one. In SM these neutral leptons are considered to be
massless, which is in disagreement with the measured neu-
trino oscillation data [9]. The simplest solution to explain
light neutrino masses is to add three right handed SM gauge
singlet neutrino fields vk with the existing SM particle con-
tents and generate Dirac mass term. The eV scale masses of
the neutrinos however force to choose tiny Yukawa coupling
Y, ~ 10711, The presence of small Y, introduces additional
Hierarchy problem to the theory. As neutrino is a neutral
fermion, another compelling solution is to consider it as a
Majorana particle instead of Dirac particle. With this, small
neutrino masses can be generated from the d = 5 lepton
number violating (LNV) Weinberg operator [10] via seesaw
mechanism [11-14].

If neutrinos are Majorana particles, they give rise to dif-
ferent lepton number violating (LNV) signatures, such as,
neutrino-less double beta decay, LNV decays of mesons, as
well as, LNV processes at the LHC. The null results from
these experiments enforce stringent bounds on correspond-
ing processes, such as, on the half-life of Ov88 process in case
of neutrino-less double beta decay, on the relevant produc-
tion cross-section in case of LHC etc. As a result the Dirac
type neutrino mass models also remain a much motivated
option, see [15-26] for few of the previous studies. To avoid
any additional hierarchy problem, tiny neutrino masses can
be generated via loop diagrams where relatively heavy par-
ticles flow in the loop and shift the neutrino mass pole to a
non zero value. The mass generation in this scheme does not
demand unnatural fine-tuning of any model parameter. One
may recall examples such as, Scotogenic Model [27], Zee-
Babu Model [28-30] etc. The work by Ma and Sarkar [31]
has systematically summarised the different avenues for the
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Dirac neutrinos to achieve masses via radiative process. In
this work, we consider an alternate version of gauge extended
left-right symmetric model (LRSM) with two scalar doublets
and a charged scalar singlet and explore Dirac neutrino mass
generation in detail. In LRSM, one can naturally introduce
right-handed neutrino fields vg which belong to doublets
under SU(2)g gauge group. In the absence of a scalar bi-
doublet which is charged under both the SU(2) /g groups,
the fermions in the model remain massless. One can generate
tree level masses for quarks and charged leptons by introduc-
ing heavy vector-like fermions. The mass generations scheme
is known as universal seesaw mechanism [31-35]. In absence
of any gauge singlet fermionic field, the neutrino however
acquires mass via radiative processes. The idea to generate
one loop diagrams, relevant for neutrino mass generation is
straightforward. One needs to connect vz and vg with an
internal fermion and scalar line. With this set up one can
come up with four independent structures out of which two
correspond to Zee-Babu and Scotogenic model. The remain-
ing two possibilities were first discussed in [31] with exotic
scalar representations playing crucial role in neutrino mass
generation.

In this paper we present a detail description of a vari-
ant of LRSM model where the left right gauge sector does
not mix through a scalar bi-doublet. Using the idea of uni-
versal seesaw mechanism we generate the masses for the
SM-like charged fermions with the help of heavy vector-like
fermions. As a result, the model possesses a natural expla-
nation for the observed fermion mass hierarchy between the
SM quarks and leptons. On the other hand the Dirac-like
neutrinos in this model remain massless at tree level. Apart
from the extended gauge and fermion sector the model also
contains an enlarged scalar sector with exotic scalar rep-
resentations. These scalar fields generate the tiny mass of
neutrinos through loop-mediated process. In this model the
mechanism for the neutrino mass generation can be under-
stood as the amalgamation of two recently proposed method,
mentioned in [31]. In addition to the neutrino mass genera-
tion, we also discuss the direct and indirect constraints on
the model parameters coming from ATLAS di-lepton+MET
search, LEP mono-photon search as well as from Big-Bang
Nucleosynthesis. We analyse the production cross-section as
well as branching ratios of the gauge singlet charged Higgs
and briefly discuss discovery prospect at different colliders.

The article is organized in the following manner. In Sect. 2,
we begin with the general set up of the model and describe
the gauge, scalar and fermion sector in a detailed manner.
In Sect. 3, we discuss the mechanism of neutrino mass gen-
eration and show the allowed region of the parameter space
which satisfy the well-measured neutrino oscillation data.
In Sect.4, we discuss the phenomenological aspects of our
model focusing on the lightest singly charged scalar present
in our model. By scrutinizing all the possible direct as well
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as indirect searches, we show the available parameter space.
Finally, in Sect. 5, we summarize our findings.

2 A brief review of the model
2.1 General model setup

The model we have considered here is based on the gauge
group: SUB)c xSUQR) xSUQR)r xU(1)p—_1, whichisa
minimal extension of the SM gauge symmetry with an addi-
tional SU (2) g gauge symmetry. We further assume that the
SU (2) 1 groupresembles with the SM counterpart. The gauge
coupling corresponding to each gauge groups are denoted
as g1, gr and gp_ respectively. Two scalar doublet fields
®; and ®g which are charged under SU (2); and SU (2) g
respectively develop vevs and invoke the spontaneous sym-
metry breaking in this model. The @ field breaks the elec-
troweak symmetry down to SU(2); x U(1)y at the energy
scale vg. After that the other scalar doublet ®; develops a
vev (vr) and breaks the residual symmetry downto U (1) g .
Based upon the electroweak symmetry breaking (EWSB)
pattern, the charge operator in this model can be defined
as [36], 0 = % + % + %.1 In Eq. 1 we present the
explicit form of these scalar doublet fields

+ o
®L=|:((l;6:|=>|:U—L+L(;’+m2j|’
L V2 V2

+
_ dﬂ x
dp = =1, O4in |- (1
’ [‘f’% [ﬁ“%

In our notation, qﬁf and ¢7§ denotes the charged goldstone
fields whereas the rc(L) and n,% denotes the neutral goldstone
bosons. The h(z and h% are the CP-even Higgs bosons which
are written in the gauge basis. The vy and vg are the vev’s
correspond to the doublet fields 7 and ®g respectively.
Throughout this paper we fix the value of vy to be EWSB
scale v = v ~ 246 GeV. Apart from the scalar doublets,
the model contains other exotic scalar fields which play a
crucial role for the neutrino mass generation in this model.
It is important to note that these exotic fields do not take part
in the EWSB. In Eq.2 we present the explicit form of these
fields. The ¢, /¢r are SU ()1, /SU (2) g doublets which con-
tain both the doubly and singly charged components whereas
the xTisaSU(2), /R singlet. In Table 1 we present the gauge
charges of these fields with respect to the underlying sym-
metry:

++ ++
cLz[gL } cR=[§R ] x= 2)

o i

! The subscript in each of the generators denotes the corresponding
gauge group.
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Table 1 Scalar representation of the model

Multiplets SUB) e x SUQ)g x SUQ)L x U()p—1
@ (1,1,2,1)
dg (1,2, 1,1
cr (1,1,2,3)
R (1,2, 1,3)
X+ (1,1,1,2)

The interesting aspect of our model is the absence of bi-
doublet scalar field which is charged under both the SU (2) 1,
and SU (2)r groups. As a consequence of this, the mixing
between light and heavy gauge bosons is minimal contrary
to the conventional left-right symmetric models [37-39]. We
will elaborate on this in the coming section.

The LRSM with an exact parity symmetry has been exten-
sively studied in [37—43], where the parity is spontaneously
broken at a high energy scale. Another class of LRSMs exits
where a discrete left-right symmetry named as D-parity is
broken at a higher scale compared to the breaking scale of
SU (2) g gauge group [44-51]. In this work, we also assume
that the parity is broken at a high energy scale and leaves
an approximate parity invariance rather than an exact one.
We will not discuss the details of parity breaking mechanism
because our work focus in an energy regime which is much
lower than the scale at parity breaking occurs.

2.2 Gauge sector

The kinetic energy term corresponds to electroweak gauge
sector takes the following form

1 ajpuv 1 apv
LK.E.Z_ZFR Flg;w__ L Fg;w_

1
4 ZB;LVBMV (3)

where By, = 9, B, — 0, B, is the field-strength tensor cor-
responding to U(1)p—1 gauge group and Fj'p (a = 1
to 3) is representing the field-strength tensor correspond to
SU(2),r gauge groups. Out of these seven gauge fields, six
become massive after EWSB. To calculate the mass of each
of the gauge bosons, one needs to write down the scalar field
kinetic energy terms. In Eq. 4 we present the explicit form
for this.

i i
LGauge = (DIIZCDL) DﬁCDL + (D/IECDR) DIIECI)R
i i
+ (D[;g) DLep + (ij;R) DRy

N t N
+(Dix) Dix. @

The covariant derivatives corresponds to individual scalar
multiplets are defined as —

igr IgB—L

L
DM =8M——2 O'aniL— ) YBfLB;u
R IR igB-L
DIJ- =8M——2 O’aWZR— YBfLB,uy
i8B-L
DS =0, — Y_1B,. (5)

Here ¢! with i€[l, 3] corresponds to three Pauli matrices.
After EWSB the charged and neutral gauge bosons mass
eigen states are defined as {Wfﬂ, W,fﬂ}, {ZLyu, ZRu} respec-
tively. The mass squared terms for each of the charged gauge
+ +

bosons W, P and Wj . are,
2 2,2

8RVR
. O M:, = ) 6
Wi T 4 ©)
The absence of cross term between the WLi and W;e_LM would
make them orthogonal to each other even in the gauge basis.
This is the consequence of not having any bi-doublet scalar
in our model. We identify Wli as the SM like charged gauge
bosons for our subsequent discussion. The neutral gauge
boson mass matrix takes the following form in the gauge

basis, {By,, W2, W3 p}:

—8B-L8LV] givi 0
—8B—L8RVR 0

) 1 g%,L (v% + v%g) —gB—LgLv% _gB—LgRU%g
Mg = )
8RVR

(N

The MI%GB mass matrix has two non-zero and one zero eigen-
values. The eigenstate corresponds to the zero eigenvalue of
the MI%IGB matrix is identified as photon (A ). On the other
hand the neutral gauge bosons Z,,; and Z,, z have non-zero
mass eigen values, Mz, and Mz, respectively. In Eq. 8, we
present the explicit form of these masses. Out of these two
neutral gauge bosons Z; is the lighter one and Z, is its heav-
ier counter part. Here after we consider the lighter state (Z1,)
as the SM Z-boson:

102 g2 1 g2 v2
My =L ML =g 3, +EE). ®)
4 ¢ 4 c
Ow dw
To diagonalise the neutral gauge boson mass matrix one
needs to perform three consecutive similarity rotations as
discussed in [52,53]. The relation between the gauge basis
{B,, W3,, W3} and the mass basis {A,, Z,1, Z,r} is

KL> T
defined in Eq. 9:

Bé‘ Cow 0 =Sy Coy —Soy 0
WML = 01 0 Soy  Coy 0
Wog Spw 0 Coy 0 0 1
1 0 O Ay
X |0 coy —Spw | | ZuL | - ©)]
0 5oy Coy ZuR
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Here s; and ¢; denote sine and cosine of the angle i (where
i = ¢w,Ow, pw are the mixing angles) respectively. The
angle Oy represents the usual Weinberg angle. In Eq. 10, we
parameterize these mixing angles in terms of various gauge
couplings present in the model [52,53]:

5 8Y 4 s 8B—L 8y
' == —, ¢W =" = —
V& & SF Vs +8r Sk
2C¢W09WngRs2 UI%
tpy = 2w - (10)

(87 — CewgB LS¢W)C¢W”L _Ceng R
In Eq.10 we denote #,,, as tan(2pw). In addition the gy
and e stands for the usual hypercharge and electromagnetic
couplings respectively. Using normalization condition of the
photon state A, one can establish the following relation
between the gauge couplings and electromagnetic constant

1 1 n 1 n 1 1 1 n 1 (11
2T 2T 2 0 2T 2 2
e 8. 8r 8L 8y 8r 8B-L

2.3 Scalar sector

‘We now turn our attention to the scalar sector of this model. In
Eq. 12 we present the most general potential which is invari-
ant under the SU(2); x SU(2)g x U(1)p—_1 gauge group:

V (i, 1. ¢) = M1, OLP + Ao D Dg
+23 [‘I>2<1>L<1>Z<DR] + dalx T x P
g+ (8o + eher)
e [e i 1
+As CLCL +§R§R

(CL L<I>T Dp + é“RiR(DT <DR>
(

i [d> o + @ <I>R]

+X6

+A7 s“LELd)T <I>R+§R§R<1> <I>L>

+Ag CLEL + §R§R] x'x

10 [P ELEk bR + Phire/ DL
+hr [@] 18] @1+ @lertfor]
+[ A8l + A X dher +hec]

2oy — pk ol Dp. (12)

Both the doublet fields, ®; and g, that are charged under
SU(2)r and SU(2)g gauge group acquire vevs and break
the underlying symmetry down to U (1)gys. The rest of the
scalar multiplets do not acquire any vev and do not participate
in the EWSB. Using the minimization condition [54] of the

scalar potential V (&, x, ¢;) i.e. 2 = 2 = 0, one can

le 31}L - 8UR

@ Springer

express different vevs in terms of the scalar parameters (X;)
in the following manner

_% _ )\3/1% - 2)L2M% (13)
2 )»% —4r1A2

2 2 2
VR _ Mpg — 2)»1MR' (14)
2 )% —4r1A2

From Egs. 13 and 14 it is evident that in case of u; = ugr
both the vevs (vy, and vg) become equal. As a consequence an
exact parity invariance would emerge. A difference between
vy, and vg can however be generated through different radia-
tive corrections. In the beginning of Sect.2.1, we have men-
tioned that we consider parity to be broken at a high energy
scale and leaves an approximate parity invariance rather than
an exact one. As a result one can assume (; # Wg. The
assumption is valid as we are working at a scale where par-
ity invariance is not realized. Using this assumption we will
fix vg > v for our further study, with the assumption
ur > g In absence of the exact parity invariance, one can
also write two soft breaking terms which are proportional to
A’ and A" respectively. In our further study, we consider a
very small A’ and A” for which, as we will show in the next
section, one of the charged Higgs (x4+) become decoupled.

Along with the quadratic field terms the scalar potential
contains various mixing terms which are permitted by the
gauge symmetry of the model. Moreover these mixing terms
can bring forth rich phenomenological aspects for this model.
The neutral component of ®; and P, i.e. h% and h%, mix
among each other through the potential term proportional to
A3. The 2 x 2 mass matrix corresponding to these real scalar
fields takes the following form in the gauge basis

e _ My M
Even Mz Mo
[t +Ed e
2 73URUL —;LR+3A1UR Mv%
15)

The off-diagonal terms of the above mass matrix are equal
due to the hermiticity. After diagonalising Méven, one can
obtain the following two neutral scalar mass eigenstates

H® = cos0hY + sin0h%
hgm = — sin th + cos Qh(,)e (16)

where the mixing angle 6 is defined as

2 M2
tan20 = ——— (17)
Mz — My
and Mo,y are the eigenvalues correspond to each these
mass states. The explicit form of these mass eigenvalues are
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M?

HO/ o [M11+M22 + \/(/\/122—/\/111)2 +4M%2} )

(18)

Hereafter in our discussion we denote the Ay, as the SM-
like Higgs boson which has been discovered at the LHC.
In the limit vg > vy the mass of the heavy Higgs H' is
proportional to SU (2) g breaking scale vg. In this regime the
mixing between the light Higgs &, and the heavy Higgs H"
is minimal and the value of scalar parameter A1 will be in the
range of SM scalar self-coupling Aj,.

Apart form the neutral Higgs bosons the particle spec-
trum of the model contains both singly and doubly charged
scalars, {f, {%, Xi, {fi, {;eti, after symmetry breaking.
The underlying electroweak symmetry does not permit the
doubly charged Higgses to mix among each other. In Eq. 19
we write down the explicit mass terms for the doubly charged
fields by adding up the appropriate quadratic order field terms

SR 2
k6v2 + )»71)2
My = pg + ——F (19)

The absence of an explicit mixing term makes the dou-
bly charged scalars (¢ fi ££) to be orthogonal even in the
gauge basis. In contrast to that a similar conclusion can not be
made for the singly charged scalars: x*, ¢ f {%. The terms
associated with A”, A’ and A1 give rise to nontrivial cross
terms between various singly charged scalar fields in this
model. In Eq. 20, we present the explicit form of the singly
charged scalar mass matrix in the gauge basis {x*, ¢ it, ;Iﬂf}

5 My My Myr
My = | My Mp Mpg
Myr Mg Mg
Ay A'vg
i+ (v +0}) 72 S
2 2
_ Avy 2 AVRHAIVL | hyp 2 Ao
= 7 M+ —5——+5 ] S ULVR
Avg Ao eV HVE | Ay v2
7 5 VLUR /I.§+ 2 +

(20)

The next step is to diagonalise the above 3 x 3 matrix
to derive the mass eigenstates and eigenvalues of the singly
charged scalars respectively. In order to do so, one need to
construct the appropriate unitary matrix that would diago-
nalise Mi and establish the relation between the gauge basis
and mass basis. One can obtain this result by applying the
Jacobi prescription for matrix diagonalisation. For simplicity
we assume the soft-breaking terms proportional A’, A” ~ 0,
which decouples the singlet charged scalar (x*) from the
rest of the two singly charged scalars and its mass is equal
to M, . In this scenario, the above matrix in Eq. 20 takes the

following block diagonal form

M, 0 0
MI=|0 Mp Mg (1)
0 Mpr Mg

To diagonalise the above mass matrix one can use the fol-
lowing rotational matrix

1 0 0
0 cosfy —sinO4
0 sinf+ cosb+

Ur =

where the mixing angle 6+ can be defined as
2M7 .

tan 29i = m

(22)

The mass M, + and M, = corresponding to { ; and ;  fields
can be obtamed using the following relations

1
2 2 2
Mpe,s=> [MR + M F \/(MR —Mp)? - 4MLR} .
(23)

In Eq.24 we present the physical basis of the singly charged
scalars in terms of gauge basis

+ +
Xm ~ Xm
g‘rfL = coso* ;f +sin6* {;et

t = —sing* gf + cosHF gf;.

Cmr = (24)

2.4 Fermion sector

The matter sector of the model contains both the left and right
handed doublet fermions which are transforming under the
SU(2)r and SU(2)g gauge group respectively. In addition
to that there are SU (2) singlet fields correspond to each of
the charged fermions

. ui . ])i . . .
L,R _ | "L,R
QZL,R = |:a”L R] ’ LlL,R = |:52 R]’ Ui,R’ DlL,R’ ElL.R'
(25)

In Eq.25 Q) (L)) represent SU(2)., doublets and SU(2)g
singlets whereas Q g (L) are SU 2)r doublets and SU(2)1
singlets, respectively. U ’L R D! 1.g and E 1.g are the heavy
fermionic fields that transform as singlets w.r.t SU(2)1 X
SU(2)r gauge group. The index i€ [1, 3] signifies different
generations of these fermions. The gauge charge assignment
correspond to each of these fermion fields is illustrated in
Table 2.

The presence of both the left and right fermion doublets is
an immediate consequence of the left-right symmetric nature
of this model. In absence of neutral singlet fermion field, the

@ Springer
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Table 2 Fermions content of the model

Multiplets SUQB)c x SUR)g x SUQR) x U(1)p—1
, i
01(3,1,2, 1) = [Z,L]
L
. 1 ul
Quarks 0%3,2,1,3) = |:d’R]
, R
Uj z3.1,1,3)
D} 3.1,1,5)
L1121 ="
er;
Leptons

Lei(1,2,1,—1) = ZR"
Ep g (1,1,1,-2)

model prohibits neutrinos to get mass in the same way as the
charged fermions do at tree level. In Eq.26 we write down
the fermion Lagrangian following the gauge symmetry as

Lyuk = y;JLaLi‘i)LURj + nyaLiq)LDRj
+V Lii®LERj + yéjL_cLifLELj + 37é]L_CLl-LLjXJr
+Y/ ULDrxt + (L — R) + Ui M Ug;

+DMY D + ELi MY Egj + h.c. (26)

Here i, j are the generation indices and &DL JR =1 r2<Dz /R
where 7; stands for second Pauli matrix. Apart from the &, /g
fields, the other scalar representations, viz {z g and Xi do
not contribute to different charged fermion masses. However,
they play important role in neutrino mass through loop medi-
ated processes. We will discuss this elaborately in Sect. 3.
Before writing down the mass matrices correspond to quarks
and leptons we like to comment on the different parameters
that are involved in Eq. 26.

e To obtain correct SM fermion masses we consider that
the Yukawa couplings y;fL / y;’L / y;JL resemble with the
SM counterpart. We further assume that all these Yukawa
matrices are real and do not give rise to CP-violating inter-
actions. The CP-violation is not the focus of our current
study. Due to this consideration the couplings between
Higgs and SM-like fermions receive minimal modifica-
tion.

e To make our calculation simple we consider that the bare
mass terms correspond to the heavy vector like fermions,
MZ /p/E> e diagonal. As an outcome these matrices
can not serve as a possible source for FCNC processes.

e To simplify our calculation even further, we fix the
explicit form of )2/ and ),/ matrices. From space-time

Fig. 1 Generation of fermion
masses through universal
seesaw mechanism

symmetry one can realise that the y;'f' is anti-symmetric
matrix. However to minimize the number of independent
parameters we considered the ),/ matrix to be diagonal
which is in reality can be an arbitrary 3 x 3 complex
matrix. Keeping that in mind we define the matrix );’
and yéf in following fashion:

. Yiu 0 0
VY c {Symmetric Matrices} — | 0 ) 0
0 0 Vi3

27
3 0 2 Vi3
V¢ c {Anti-Symmetric Matrices}— | — L 0 V5
Vi3 =V 0

(28)

Invoking symmetry breaking in Eq.26 one can write down
the mass matrices correspond to the charged fermions as dis-
cussed in [32,55-57]

0 Yurvr 0 Yarvr
[ e ol B B -
e yu‘RvR M ’ d= yJRUR M ’
L V2 v V2 b
[ o Yew
M= | V2 (29)
yeRvR M
L V2 E

The generation of fermion masses is diagrammatically
illustrated in Fig. 1. To obtain the mass eigenstates, corre-
sponding to mass matrices that are mentioned in Eq.29 one
needs to diagonalise these using appropriate bi-unitary trans-
formations

MP =UEm U, (30)

In Eq.30 we present the diagonalisation of the mass matri-

ces while invoking unitary rotations. Here the subscript

x € [u,d,e] for up-quark, down-quark and charged lep-
. . . L/R

ton sector respectively. These unitary matrices, U,” ", can

be parameterised as,

L/R TL/R L/R
UL/R _ 1 — Px gx — Py
o TL/R pit R ol

Px 1-

€19

where pl = v/{/l—Jj;, ok = % and My with X €
[U, D, E] are 3 x 3 diagonal matrices. If we assume the
bare mass terms of the vector-like fermions to be sufficiently

ok

X
i

- P i
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Fig. 2 Variation of heavy-top mass (M) as a function of (vg) for
different values of top Yukawa coupling );

large, then in the limit v ), <K vp)y <K My, the ele-
ments of pr g will be significantly smaller than unity. Using
the matrices U f‘ /R as described in Eq. 31, the mass matrices
can be diagonalised and the standard model charged fermion
masses would take the following form,

my ~ v vRY? ~ v vRYS L~ v vRY?

My Mp Mg
Such seesaw realisation of fermion masses are termed as
Universal seesaw mechanism [31-35]. The aforementioned
seesaw relation has an interesting consequence on the heavy-
top mass, M. From Eq.32 one can notice, if M7 > v,
then ); should be much larger than one to satisfy correct
top quark mass. For this large value of ), the underlying
model would violate perturbativity and consequently leading
to instability of the electroweak vacuum. In Fig.2, we have
shown the variation of the heavy-top mass as a function of vg
to show the variation of the top Yukawa coupling ();). This
will help us to identify the allowed region parameter space
of our model which is M1 < vg.

(32)

3 Neutrino mass generation

In the last section we have laid out the essential details of
the model. Now we will turn our attention to neutrino mass
generation. Due to the absence of gauge singlet field compo-
nents, the neutrinos in this model do not achieve the necessary

masses via tree level Yukawa like terms. However, the addi-
tional lepton and scalar fields of the model that are charged
under the gauge group SU (2)1, x SU (2) g xU (1) p— interact
via loop mediated process with neutrinos and induce small
Dirac type neutrino mass. The model conserve lepton num-
ber which is the consequence of the Dirac neutrinos present
in our model. To elaborate this point, let us write down the
essential part of the fermion sector Lagrangian, as discussed
in Eq.26:

Lfermion C yzijLTingELj+yCijL_cijLLjX+

+ (L - R)+ h.c. (33)

Expanding the above Eq.33, one can figure out all possi-
ble Feynman diagrams that would generate the one loop
neutrino mass. In Fig.3 we present the corresponding dia-
grams in the gauge basis. The right plot of Fig.3 can be
obtained from the left plot by simply interchanging the left
and right handed components respectively. In the mass basis
of the fermions the left plot give two contributions, i.e.
the contribution of ¢ and E, to neutrino mass: (m,(e) +
my,(E))vrvg + h.c., similarly the right plot also has two
contribution: (nﬂ(e) + rhi(E))\?R vz, + h.c. Here the flavor
indices are suppressed. Hence there are four contributions,
two from each diagrams, which would generate neutrino
mass at one loop in our model. This can be clearly seen from
Fig.4.

In Fig. 4 we present the loop diagrams contributing to the
neutrino mass generation considering the mass basis of dif-
ferent scalar and charged fermions. Both the light and heavy
charged leptons along with the heavy singly charged scalars
are responsible for radiative one loop Dirac mass of neutri-
nos. Considering all the contributions the 3 x 3 non-diagonal
neutrino mass matrix in the flavor basis, viz v., v, vy will
be,

m:}nn =my (e))"™" +my (E)™" + v, (e)™" + my, (E;)™
(34)

where m,n € [e, i, t] for three flavors of neutrinos. Each of
the individual contributions to the neutrino mass is obtained
as,

Fig. 3 Diagrams responsible 0 0
g g esp X X R
for One-loop neutrino mass ' '
generation in gauge basis M M
1 1
’_-‘L-~ ’_-‘L-~~
X L7 N2 X~ .07 NG
’ A 4 ~
4 AY , A}
’ AY ’ A}
1 \ 1 \
L 1 L 1
VR er Er VL VL er : Er VR
\ \
1 1
Y0 Y0
Xr XL
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Fig. 4 Diagrams responsible h; h;
for One-loop neutrino mass PPEED LRI T SR
generation in mass basis '," \“ ,/' \“
VR ," \“ vy, vy, ," \“ VR
> @——>——> > @ —>——>
e;.E; e;. E;
trino oscillation data. Assuming M ;E to be the lightest one,
m, (e;)™ = Ym U1L1f mefz Z Ulhji U3hji* hence considered to be an independent variable, the heavy
167 7 vector like leptons and the heavy charged scalars are consid-
m? m2 ered to be of the O[TeV]: Mg = 10 TeV, Mg.:t =2M,+ and
« hf In h; yRIt pni M = 3M,+. Among the neutrino oscillation parameters,
mii - mg[ mgi 2 ¢ for the CP-phase we consider §cp = 180°. From Eq. 35,
/ It is clear that out of the two contributions: the SM lep-
iy ()™ = ymi Lf ME; Z U ton.1c contrl'butlf)n and the heavy leptonic cont.rlbutlon, the
VAT - e 12 162 L= 71 73) major contribution comes from the heavy fermion loop. Le.
J m, mii . .
5 5 mg X —"=1In| -~ ). Also for a given heavy fermion
mhi mhi m, =g mg
X — J > 1In zj U 2sz f ygi mass, with increase in charged scalar mass increases the cor-
m,+ — Mg, mE, ' responding loop contribution. From Fig. 5 it is clear that with
J . .
large charged scalar mass we require small diagonal Yukawa
it (e;)™ = ymi Rf Me; Z Uhi Uhi* couplings, viz )J;, however the anti-symmetric Yukawas )/,
v ¢ I jem2 £~ 71 don’t follow a particular pattern and can span over a large
J
) 5 range of parameter space.
my . my .
hj 1 h] ULf i ni
x3 Tl 2 | Ve
m h:t - mgi mei
j 4 Phenomenology
~ i | 77 Rf ME; hE rhE . .
il (Ey™ =y | Uy 62 Y oulugt We now turn our attention towards the phenomenological
J aspects of this model with the extended particle content: the
mi N mz N additional heavy gauge bosons, scalar particles as well as
x— J —In 2-/ Ulef l yzni (35)  fermions. With an extensive charged as well as neutral scalar
m,+ — Mg, myg, spectrum, the model has a rich phenomenological implica-

where, UL® are the charged lepton mixing matrix, U W s
the singly charged scalar mixing matrix and m,+ € [M,=+,
M, £, M, =]. For better understanding of the aforementioned
contributions to the neutrino mass we have elaborately dis-
cussed one contribution, the contribution of SM like leptons,
in Appendix A.

The 3 x 3 non-diagonal matrix in Eq.34 can be diag-
onalised by bi-unitary transformation to generate the light
neutrino mass in mass basis, viz vy, v, V3 as,
Utm,v =m¢ (36)
where U is the usual PMNS matrix and V is the right-handed
counterpart.

In Fig.5 we have shown the variation of Yukawa cou-
plings, ), and )., with respect to the singly charged scalar
mass M ;—L for normal hierarchy. For inverted hierarchy the
behavior is same as that of normal hierarchy and hence we
have not shown them separately. The figures provide evi-
dence for the existence of parameter space satisfying 3o neu-

@ Springer

tion. Significant number of searches for BSM scalars, both
charged and neutral, have been carried out at the LHC by
ATLAS and CMS collaboration, and the scarcity of any
excess over SM signal ensued stringent constraints on viable
parameter space. Firstly we discuss some of the important
constraints applicable on the model parameter space and then
quantify production cross-section of some of the BSM par-
ticles in pursuit of the future collider searches.

4.1 Constraints
4.1.1 Constraints from LFV

The presence of doubly charged Higgs and its interaction
with the SM fermions can give rise to possible lepton flavour
violating (LFV) processes. A detailed discussion on LFV
constraints can be found in [58-60]. From the fermion sec-
tor Lagrangian as described in Eq. 26, one can notice that no
two charged SM leptons couple to the doubly charged Higgs
(Eq. 33 for details) through the tree level interaction terms.
Therefore processes such as I[; — [;lxl; can not occur at
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Fig. 5 The figure shows the
variation of Yukawa couplings,
Y, and Y., with respect to M?
taking 3¢ variation in neutrino
oscillation data with an
exception of §¢cp = 180” in
Normal hierarchy. The values of
masses of other heavy particles
are mention in the text. The
figure proves the existence of
available parameter space in our
model. Similar behavior has
been obtained for Inverted
hierarchy and hence not shown
separately

tree level. However the aforementioned process and other
LFV processes, such as u — ey can occur at one-loop
where light-heavy charged lepton mixing play a crucial role.
Among the limits that are obtained from non-observation of
different LFV processes, we consider the following stringent
constraints for 4 — eee and u — ey. The current lim-
its on these are BR(u — eee) < 1.0 x 10712 [61] and
BR(u — ey) < 4.2 x 10713 [62]. In our model these
constraints lead to following relations between the doubly
charged Higgs mass as well as relevant Yukawa terms

1 — eee : |(ULDu VY (U 1 11(UR) 10V UR) 1]
++ )2

my

100 GeV

1= ey [(UR Y (UR) il U1 VP WUF) 1]
++ )2

Ma_

100 GeV
Here the repeated indices are summed over. In the above, U 5
and ), are the left-handed unitary rotation and the Yukawa
matrix respectively. In our current study, we have chosen
the Yukawa matrix ), to be diagonal (see Eq.27). We have
also considered ),y to be diagonal in the flavor basis, which
results in a diagonal U 1L1 and U2L1 matrix. As a consequence
the LFV constraints won’t affect the relevant parameter space
of this model. However, if one consider a non-diagonal sym-
metric ), matrix, then the LFV constraints can still be evaded

<23 x 10—7<

<27 x 10—6< (37)

1400 1400
— —
1200 5 1200 5
[0} (8}
1000 .L_D. 1000 9.
+ +
> >
800 = 800 =
600 600
1400 1400
— —
1200 5 1200 5
[0} [}
1000 .L_D. 1000 9.
+ +
> >
800 E 800 E
600 600

0.4 0.6 0.8 1.0

yzn

if one consider the value of different mixing parameters to
be less than O(1073).

4.1.2 Collider constraints

The doubly charged Higgs in the model can copiously be
produced at the LHC. However their decay to SM particles
are mixing suppressed. Similar conclusion holds for singly
charged Higgs from the same multiplet {7 and {g. Hence the
production-times-branching of the charged Higgs, mainly the
scalars from the extra doublets, are not significant for LHC.
However the singlet scalar y &, has direct interaction with the
SM leptons leading to unsuppressed branching ratios, hence
the collider constraints are directly applicable on this scalar.
We have reinterpreted the ATLAS dilepton+missing energy
search [63] using CheckMATE and obtained the unfavoured
region marked in blue colour in Fig. 6.

4.1.3 Mono-photon constraints

The singly charged Higgs x* primarily couples to SM lep-
tons in this model. As a result this charged Higgs can directly
contribute to eTe~ — vy cross section. In case of SM,
the s-channel Z boson exchange and t-channel W boson
exchange channel participate in this process. In Fig.7, we
present the Feynman diagrams correspond to each of these
processes.

@ Springer
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1.0
Mono-photon(LEP) /

0.8
BBN constraint

0.4

0.2

200 400 600 800 1000

M,: [GeV]

Fig. 6 Directas well as indirect constraints in M Xi versus ), plane. The
blue colored region is excluded from ATLAS di-lepton+MET search
[63], and the yellow region is constrained by mono-photon search from
LEP [64]. The pink region is the excluded region from BBN [65]. The
figure shows that the BBN constraint is more strong as compared to the
ATLAS di-lepton+MET search and LEP mono-photon search

Fig. 7 Feynman diagrams of the s-channel Z boson exchange and t-
channel W boson exchange for eTe™ — vy process in SM

Fig. 8 Feynman diagram of the
t-channel x* boson exchange
for eTe™ — vy process

In presence of new physics (NP) interactions additional
diagrams would contribute to this process which can poten-
tially deviate the currently measured cross section. As a con-
sequence, one can adopt the y + £ 7 cross section to impose
suitable bound on the mass of the charged Higgs as well as
the relevant couplings. The diagram correspond to t-channel
x T exchange is illustrated in Fig. 8.

@ Springer

The other two singly charged Higgs {Li/ g and heavy Wg
boson also contribute to this process. As we have set their
masses to a large values the effects coming from these exotic
channels can be ignored owing to a large propagator sup-
pression. To calculate the cross section we will first calculate
the tree level ete™ — v cross section (afe _, ;) and incor-
porate the photon emission effect with an appropriate radi-
ator function as described in [66]. The relation between the
cross section ¢ __ - and the full cross section is described

ee—>vv
in Eq.38:

Oee—viy (S) :/dx/chH(x’SV;s) O-eoe—wﬁ (3:)’
a1l 141 —x)?

H(x,s,;5)=— (38)
(x.8738) = — 5 ———

Y
Here s is the center-of-mass energy, the cross-sectiono,,_, -

is evaluated at the energy scale § = (1 — x)s. The function
H determine the probability of radiation where the photon is
emitting with an energy x = 2% at the angle 6,,, which is
the angle between the emitted photon and the beam axis. The
sy, and ¢, stands for sine and cosine of the 6, respectively. In
Eq. 39, we present the analytic expression for the 01?, p that
arises due to the x exchange. The first line corresponds to the
square of x mediated amplitude whereas the second and third
term signifies the interference with the W and Z exchange
diagrams respectively

anp ()
3V ((M34s)? 5 M2+s )
- (M2 +5)1 [ ]—M
16752\ M2 (M) +s) log M2 X
GchzM%V

+ (2(M2—M%,V) — (M? +5)?
2 X X
2V27 52 (M —M3,)

M2 +s M2, +s
log [X—Z] + (M‘ZV +5)?log [W—2]>
M; My

3GFyC2M%V(M% —5) (1 —2si)
A2 s (M3 — 5)2 + MZT2)\ 1 =53,
4s M)z( + 652 ) ) M )2( +s
(T — (M}, +5)"log |:M—)2(}> (39)
Here ). and M, signifies the relevant coupling and the mass
respectively. The logarithm dependency arises because of the
x T mediation via t-channel mode. The SM counterpart O’SM
for the tree level ete™ — v process is mentioned in [67].
Substituting al(\), p (s) in Eq. 38 while appropriately changing
the variables and integrating over the convolution function
H, one can evaluate the full cross section for the new physics
interactions as well as for the SM piece. To compare our result
with the experimentally measured data we first add the NP
and SM contribution together to obtain the total cross section
for the underlying processi.e. o (s) = onp(s) +osp(s). To
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derive the constraints from the experimental results, one can
interpret |0 — Oexpl < 80cxp, Where oexp £ 30y is the
experimental measured cross section for the process ee —
vvy. Expanding the o with the NP and SM contributions and
dividing both side with os)s one can write [67],

< (Uexp) (80‘@(;})‘ (40)
osM Oexp

From Eq.40, one can translate this inequality to impose
bound in the M, vs ), plane. To do so, we adopt the results
from [64], and considering the veto 14° < 6, < 166°,
E, > 1GeV and p? > 0.02s. The measured experimen-
tal value we have used is, 0.y, (pb) = 4.29 £ 0.85 & 0.05
for /s = 208 GeV, where the first uncertainty on Oexp 18
statistical and the second is systematic. The theoretical cross
section, asyy, is considered to be 4.12 pb with a the theoret-
ical uncertainty of 1% [64,68]. We can see that the central
values, o,xp and o5y, are not the same but of the same order.
The exclusion region for this bound is illustrated as the yel-
low shaded region in Fig. 6.

ONP Oexp

i

osMm osm

4.1.4 BBN constraints

The neutrinos in this model obtain the required eV scale
Dirac mass via loop-mediated process. The vg is the right
chiral component of the Dirac field. In principle, this new
degrees of freedom, vg, can populate the early universe via
{0~ < vgrVR, with cross-section denoted as o, where
the process is mediated through t-channel x* exchange.
The Big Bang Nucleosynthesis (BBN) suggests the new
relativistic degrees of freedom must lie within the range
ANgrs = Nepp — 3.046 = 0.107043 at 95% confidence
level with the combination of He + Planck TT + lowP + BAO
Dataset [65]. Using [65,69,70], one can recast this limit for
our model and impose constraints in the M, — ) plane. To
satisfy this condition, we demand the right-handed neutrinos
decouple from the thermal bath before the quark-hadron tran-
sition. Setting the decoupling temperatures for right handed
neutrinos is 7y ,, ~ 200 MeV and for left handed neutrinos
is Ty,», =~ 3 MeV [71] respectively, one can put an upper
bound on £¥£~ — vgig cross section via [72] following
relation,

(Tawg/ Tany)® = (oL/oR) = @M /oL ViVi)* (41

where |Vy;| is the right-handed counterpart of the Uppyns
matrix which is required to diagonalise the neutrino mass
matrix (see Eq. 36) and vy, is the vev that invoke the symmetry
breaking of SU (2) gauge group which is 246 GeV. Fixing
| Vei| at a moderate value 0.5, we deduce the corresponding
bound and illustrate the exclusion region in the Fig.6 as a
pink shading.

4.2 Charged Higgs boson decay and production

With a large number of scalars: neutral, singly and doubly
charged, the model has a rich phenomenological implication.
Though the presence of doubly charged scalar makes the
model more interesting, its interaction with the SM leptons
are proportional to the heavy-light lepton mixing, and is not
quite promising. However the singly charged scalar (x *) has
direct interaction with the SM leptons and is independent of
the heavy-light lepton mixing. Thus we have focused mainly
on this singly charged scalar. We considered the following

mass hierarchy of the singly charged scalars: M )2<i < M{Zi <
L

M?i. The possible partial decay widths of x¥ is given in
Eq.42:

r (Xn; — Z,;pvmk>
_ 1
8 M

2 2 2
x(MX,mzp,m )

Vk

L .12 1
ijyrik L jp 2 2 X
2V U s US| (M2 = m ) 22

_ - 3 ijyrLxiky R J 2
T (X = Umkdmp) = T YE ‘y’-’ ! UdZI"p‘
X
2 2 2 ) 2 2 2
x (M2 —md —md )ik (M2 w2 om3 ). @)

From the aforementioned, Eq. 42, it can be seen that the singly
charged scalar, x*, has two possible decay modes: / v and
u d, where the flavor indices are suppressed. While for the
former, the light-light lepton mixing U, eL” enters in the expres-
sion of partial decay width, for the later decay mode both U F
and U f enters in the expression. The Yukawa coupling, ),
which is a free parameter of the model can be chosen of
the O[1072] such that the leptonic mode become the most
dominant decay channel.

The analytical expression for the x* x ¥ pair production
at eTe™ collider is given by [73,74],

2GE My, sg, 4sg, — 1
Oete—>xFa® = 3s [1 * 2 M2
2cy (l — —Z)
w s
8sgw — 4s§w +1 1 4M)2(i 3/2 s
+ et (1_ M3)2 ( s ) ' 43)
Cow( - T)

We have implemented the model file in FeynRules [75]
and used MadGraph [76] to get the leading order cross sec-
tions. For comparison purpose, we have presented the cross-
section for pair-production of x * at 14 TeV LHC and at 3 TeV
CLIC in Fig.9. For M,+ = 500 GeV at 14 TeV LHC and
at 3 TeV CLIC the cross sections are obtained to be 0.69 fb
and 20.3 fb respectively. Again from the figure it is clear that
with increase in the mass of x* the cross section for LHC
falls more sharply as compared to CLIC.
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Fig. 9 Production cross-section of x* at \/s = 14 TeV LHC and
/s =3 TeV CLIC

4.2.1 Associated production of x* from decay

The model also contains many heavy vector like fermions,
important for the mass generation of the SM fermions. For
our choice of masses, a pair of the heavy vector like top
and its subsequent decay can also produce charged scalar
xT hence increasing the total production cross-section of
x*. The partial decay widths of the heavy-top T and heavy-
bottom B are expressed as follows,

1 1
—-
1672M3. 4

2 2 2
X (MT,m,,thm)

1
(T — thg,) = \Vul?(M7 +m} —mj,_ )2

F(T > tHY) = W%WMZ(M% +m? = mipnt
x (M3, m?,m¥)
(T - bW*) = z;—i‘//[;|vtb|2|UTt|2
2
(IM_) (1+2M_iv)
M3 M
(T — Bx*) = mwz

1
x((Mr + Mp)* — M)A (M7, My, m?)

[(B = bhym) = ——— 323+ m2 —m3 )1
167T2M13), 4 sm
X <M§’m%’m%sm>
1 1
(B — bH®) = ———— |V |* (M3 + m3 — m?%)2
( ) 16712M§4| al” (Mg b H)
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2 2 2
x (MB,mb,mH)

2
G rM?> M?2
I'(B— tWF) = B vl \Uss* [1 - X
( 871\/5' ! 1UBb| W3
M2
X (1—}—2—2/). (44)
MB

In the left panel of Fig. 10 we show the branching frac-
tions of heavy-top T, considering the heavy-bottom mass
Mg = 2TeV, M ;(—L = 500 GeV and heavy neutral scalar
mass Mo = 2 TeV respectively. In the right panel of Fig. 10
we have shown the branching fractions of heavy-bottom B.
The Yukawa couplings, ), and ), 4, are set to 1 and 0.01
respectively.

From Fig. 10, its clear that before the threshold of heavy-
bottom B and the heavy neutral scalar H the dominant decay
mode of the heavy-top T will be the ¢ hy,;, mode. After the
heavy-bottom B threshold is reached the dominant decay
model of the heavy-top will be the Bx® mode. Similarly
for before the heavy neutral scalar H? threshold the heavy-
bottom will decay dominantly into b hg,, mode.

Figure 11 shows the TT pair-production cross-section at
14 LHC, and at a pp machine with /s = 27 TeV respec-
tively. For higher mass of the heavy-top quark (T), a larger
center of energy is more suitable, which is quite apparent
from the figure.

With the information of the production cross section of
the heavy-top pair and their respective decay modes, we pre-
dict the most efficient signal, a multi b-jet as well as multi
lepton final state, for the heavy-top T discovery at LHC.
In Table3, we have shown the predicted cross section for
6b + 21 + E final state resulting from the consequent decay
of the produced heavy-top T at 14 and 27 TeV LHC respec-
tively. We have considered M7 = 3TeV, Mp = 2TeV,
M, + = 500GeV.

5 Summary

We have discussed an alternate variant of Left-Right sym-
metric model, embedding Dirac type neutrinos, where the
small neutrino masses have been generated radiatively. In the
absence of any bi-doublet scalar charged under both SU (2),
and SU (2) g, we consider a universal seesaw scheme for the
mass generation of SM like charged fermions; the realization
of such a seesaw mechanism is performed by heavy vector-
like fermions. In the absence of any gauge singlet neutrino,
light neutrinos acquire their masses radiatively. For neutrino
mass generation at one-loop, we require additional scalar
multiplets. We consider 3¢ variation of neutrino oscillation
data and find out the relevant parameter space, in which neu-
trino mass and mixings are satisfied. We find that
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Fig. 10 Branching fractions of heavy-top quark (T) and heavy-bottom quark (B)
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Fig. 11 Production cross-section of heavy-top quark (T) for /s = 14,
27 TeV LHC respectively

Table 3 In the above table, we have shown the predicted cross section
for 6b + 2/ + E7 final state resulting from the consequent decay of the
pair produced heavy-top T at 14 and 27 TeV LHC respectively. Below
the kinematic threshold the produced heavy-top T decays to B x * and the
heavy-bottom B then decays to b hy,,. Again the produced x* decays
to [ + E7 final state, leading to 6b + 2/ + E7 signal resulting from
the pair produced heavy-top T at LHC. The above cross sections are
calculated by considering the following masses: M7 = 3TeV, Mp =
2TeV, My+ = 500GeV

Vs Final state Cross-section
14 TeV 6b+20 + Er 0.72828 x 1073 fb
27 TeV 6b+21+ Er 0.129132 tb

e With the increase in heavier gauge singlet charged
scalar’s mass M, +, diagonal Yukawa couplings )V.,, s
decrease in order to satisfy neutrino oscillation data.

e For both normal and inverted mass hierarchy, there are
ample parameter space, where neutrino oscillation data
is satisfied.

We furthermore perform a detailed analysis of the scalar sec-
tor, mostly focussing on the lightest charged scalar x*. In
our analysis, we consider different direct as well as indi-
rect search constraints applicable on x* including ATLAS
di-lepton+MET search [63], LEP mono-photon search [64],
and the constraints from Big-Bang Nucleosynthesis [65]. We
find that the BBN constraint can rule out a significant param-
eter space,

e In particular, Yukawa coupling )., which is the cou-
pling between x* and a lepton and neutrino, larger than
0.3 (0.7) are ruled out for M,+ > 400(1000) GeV
from BBN. The LEP mono-photon constraint is relatively
relaxed than the BBN bounds.

o ATLASdi-lepton+MET searchrulesout M, + < 320GeV
independent of the parameter ).

e The LFV in our case does not impose any serious con-
straint on the model parameters.

The extended scalar sector which is required for the neutrino
mass generation at one-loop via Figs. 3 and 4, has rich phe-
nomenological significance. Out of the three singly charged
scalars ({f, ;I:ek, xT), the singlet one x* has direct interac-
tion with two SM leptons and hence can giverisetoal+ Er
and gq’ final states. We discussed its collider phenomenol-
ogy such as production, decay and branching ratios in detail.
We find that

e For M= between 250-1000 GeV, the pair-production
cross-section at 14 TeV LHC variesas o ~ 102—10~" fb.
Forae™e™ machine with c.m.energy 3 TeV, cross-section
is o ~ 10 fb.
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Furthermore, we also consider the associated production of
xT from the decay of a heavy vector like top-quark T. We
find that, the heavy vector-like 7" quark of mass ~ 1 TeV can
copiously be produced at the HL-LHC with & ~ 107 fb, and
decay pre-dominantly to a x * and heavy vector-like B state.
A more sophisticated collider analysis of the BSM particles
will be our future goal.
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Appendix A: One-loop calculation of neutrino mass

From Fig. 4, the loop integral with the SM charged leptons
mediating the loop will be [77],

, d*ky i
— i Xy = 7
Q2m)* \yrkur —me,
i h:t h:t*
X—— Ul Ul e
2 .2 Clj T3 Smn
(P kl) mhj
_ d kl é;—' hi hi M,
aydemmUi; Us 2 2 2
(2m) (ki =mZ) (kl _mh,-)
i
= & U UL = 230<p2=0,m§i,m,3j)
2
m
= U U —— |[A+1+In|—&
Smn 167'[2 + + /,1,2
2 2
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+— / 5 In 2’ (A1)
mhj —mg, me,
where

@ Springer

A= % —1Inm + yg?
1 = Scale of renormalisation

b np
Emn = ym Ullba U21/3a
By is the Passarmo—Veltman function and its expression
can be found in the literature [80].

with further simplification one can obtain the mass contribu-
tion coming from m, (e;)™" term. Similarly the rest of the
three contribution can be calculated.
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