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We have analyzed the vacuum structure of the Dirac scotogenic model, whose scalar sector consists of
two complex Higgs doublets and a real singlet field. In this model, the standard model like the Higgs
doublet acquires the nonzero vacuum expectation value (VEV), whereas, the other two fields acquire zero
VEVs. This pattern of VEVs constitutes a minimum, which is the desired vacuum of the model. After
analyzing the scalar potential of this model, we have found that other vacua are also possible in this model.
We have shown that plenty of parameter space exists where the desired vacuum of this model is the global
minimum. We have studied the implications of the scalar sector of this model on the observable quantity of
signal strength of Higgs to diphoton decay. After evaluating this quantity, we have found that the current
experimental values of this quantity can be fitted in this model. Lastly, we have studied on the possibility of
making any of the additional scalar fields of this model as a candidate for dark matter.
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I. INTRODUCTION

With the discovery of Higgs boson at the LHC [1,2], the
spontaneous breaking of electroweak symmetry has been
verified. In the standard model (SM), the breaking of this
symmetry is explained by postulating a single scalar Higgs
doublet [3—7], which acquires the nonzero vacuum expect-
ation value (VEV) at the minimum of the scalar potential.
A consequence of this breaking mechanism is the existence
of the Higgs boson, which is found in the LHC. As of now,
the properties of the Higgs boson, which are measured at
the LHC, agrees with the SM predictions [8]. However,
more work is to be done in order to precisely measure
the couplings of Higgs boson to all the SM particles. On the
other hand, several reasons exist for the extension of the
SM [9,10]. As aresult of this, it is worth exploring theories
by proposing additional Higgs doublets. A minimal exten-
sion to the SM, in this aspect, is the two Higgs doublet
model (2HDM) [11], where the field content is the same as
that of the SM apart from an extra scalar Higgs doublet.

In the SM, at the minimum of the scalar potential, the
VEV of the scalar doublet breaks only the electroweak
symmetry. In contrast to this, in the 2HDM, both the Higgs
doublets can acquire VEVs in such a way that, in addition
to the electroweak symmetry, CP and charge symmetries
can also be broken spontaneously [12,13]. Different forms
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of VEVs to the Higgs doublets are possible in the 2HDM,
due to the parameter choice of the model. As a result of this,
in the 2HDM, the possible vacua are categorized as
follows [12,13]: (i) neutral minimum, (ii) CP-violating
minimum, and (iii) charge-breaking minimum. Here, neu-
tral minimum breaks only the electroweak symmetry.
Whereas, CP- and charge-breaking minima break the
respective symmetries, in addition to the electroweak
symmetry. CP-violating minimum is phenomenologically
acceptable, however, charge-breaking minimum should be
avoided since violation of charge symmetry is not found in
experiments. Theoretically it is demonstrated that, in the
2HDM, a neutral minimum do not coexist with either CP-
or charge-breaking minima [12—15]. In other words, it is
possible to choose a parameter region of the scalar potential
of the 2HDM in such a way that the minimum breaks only
the electroweak symmetry spontaneously, and moreover,
this can be the global minimum. This result is appealing,
and it makes the 2HDM as a viable candidate for the
extension of the SM.

The result mentioned above is valid in any model where
the scalar sector contains only two Higgs doublets. Several
models are proposed with only the two Higgs doublets, in
order to explain the limitations of the SM [9,10]. One among
these is the scotogenic model [16], whose motivation is to
explain the smallness of neutrino masses and the existence of
dark matter. This model contains an additional and exact
discrete symmetry Z,, whose purpose is to generate neutrino
masses at 1-loop level and also to accommodate a candidate
for dark matter. In order to achieve the motivation of this
model, one of the two Higgs doublets of this model should
acquire nonzero VEV and the other one should acquire zero
VEV. We can consider this pattern of VEVs to the Higgs
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doublets as the desired vacuum of the scotogenic model.
However, by minimizing the scalar potential of this model, it
is possible for both the Higgs doublets to acquire different
patterns of VEVs, and thus generate different possible
vacua. Topics on this subject are discussed in [17,18],
and it is shown that it is possible to make the desired
vacuum of the scotogenic model as the global minimum by
restricting the parameter space of the model. See
Refs. [19,20] for alternative proposals on scotogenic mecha-
nism in composite Higgs models.

In the scotogenic model [16], neutrinos are Majorana
particles. Since there is no indication from experiments on
the Majorana nature of neutrinos, a priori, it is worth it to
construct models based on the Dirac nature of neutrinos. It
is for this reason the scotogenic model has been modified
into the Dirac scotogenic model [21], where the neutrinos
are purely Dirac particles. In this later model, three copies
of Weyl singlet fermions vg, Ny, N{ are introduced. Here,
a = e, u, 7, which is the generation index of the lepton
family and k = 1,2, 3. N; and Nj combine to give massive
Dirac fermions N?. Whereas, v, combine with left-handed
neutrinos of the lepton doublets to form Dirac neutrinos /2.
To forbid Majorana masses for the above Weyl fermions
and to conserve the lepton number, an additional and
exact symmetry U(1),_, is proposed. In the scalar sector
of this model, there exist two complex Higgs doublets
(®, 1) and a real scalar singlet (y). Here, ® is the SM-like
Higgs doublet. This model has an additional symmetry
Z(ZA) X Z§B>, which prevents masses to Dirac neutrinos
at tree level and generates them at 1-loop level [21].
The construction of the model is such that the Z(ZA)

(B)

symmetry is softly broken but Z;" is exact symmetry.

Hence, the lightest charged particle under ZéB) can be a

viable candidate for dark matter.

Like in the case of the scotogenic model, in the Dirac
scotogenic model as well, the scalar fields should acquire
VEVs in a specific pattern in order to generate masses for
neutrinos at 1-loop level in a consistent way. This pattern is
such that only @ acquires nonzero VEV, whereas, 7 and y
acquire zero VEVs [21]. We expect this pattern of VEVs to
constitute a minimum of the model in some parameter
region of it. On the other hand, with the description we have
given for the cases of the 2HDM and scotogenic model, one
can expect other possible minima for the Dirac scotogenic
model, apart from the desired minimum which is men-
tioned above. A noteworthy point is that the scalar content
of the Dirac scotogenic model is different from that of the
2HDM. Hence, the results we described above for the case
of the 2HDM need not be applicable to the Dirac scoto-
genic model. More specifically, we may expect some
charge-breaking minima to coexist with the desired mini-
mum of this model. As a result of this, we need to know if
the desired minimum of this model can be made as the
global minimum.

In this work, after analyzing the scalar potential, we
describe all possible inequivalent vacua of the Dirac scoto-
genic model. We have found that, including the desired
minimum of this model, there can exist 11 different vacua,
which includes three charge-breaking minima. As part of our
investigation on global minimum, we have studied if the
desired minimum of this model can coexist with other
possible vacua of the model. In our numerical analysis, we
have found that the desired minimum of this model does not
coexist with charge-breaking minima in the viable parameter
space of this model. We have justified this result by giving an
analytical proof to it. On the other hand, the desired minimum
of this model is found to coexist with certain other minima of
the model. In the case that the desired minimum of this model
coexists with other minima, we have given the conditions that
need to be satisfied in order to make the desired minimum of
this model as the global minimum. We have shown that there
exists plenty of parameter space where the desired minimum
of this model is the global minimum.

The study on global minimum of the Dirac scotogenic
model will have implications on the scalar sector of this
model since the analysis is mainly concerned with the
parameters of the scalar potential. One of the phenomeno-
logical implications of the scalar sector of this model is on
the signal strength of the Higgs to diphoton decay H — yy.
The signal strength of H — yy, R,, is measured in the LHC
experiment, and its value is around 1 [8]. The additional
contribution to the decay H — yy in the Dirac scotogenic
model [21] is due to the trilinear coupling of the Higgs with
the charged component of 5 field. As a result of this, the
contribution to R,, is determined by the above trilinear
coupling and also by the masses of components of # field.
Since the couplings and masses of scalar fields are affected
by the above described analysis of global minimum, we
have studied its implications on R,,. In our analysis, we
have found that the experimental value of R,, can be fitted
in this model, irrespective of the fact that the desired
minimum of this model coexists with other minima or not.
The fitted value to R,, in this model is found to be either
less or greater than 1, depending on the parameter choice.

Another implication of the scalar sector of the Dirac
scotogenic model is on the dark matter phenomenology [8].
As described above, in this model, Z;”’ is an exact
symmetry. Hence, the lightest particle charged under the
ZEB) can be a candidate for dark matter. We have studied on
the possibility of making any of the additional scalar fields
of this model as a candidate for thermal cold dark matter.

The paper is organized as follows. In the next section, we
give a brief description on the Dirac scotogenic model. In
Sec. III, we describe all different possible minima of this
model. In Secs. IV and V, we discuss making the desired
minimum of this model as the global minimum. In Sec. VI,
we present our study on the signal strength of Higgs to
diphoton decay. In Sec. VII, we discuss the possibility of a
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scalar dark matter candidate in this model. In Sec. VIII, we
have compared the phenomenology of the Dirac scotogenic
model with that of the scotogenic model. We present the
conclusions of our work in Sec. IX. In the Appendix, we
describe analytical arguments in order to justify some of the
numerical results of Sec. V.

II. DIRAC SCOTOGENIC MODEL

We have given a brief introduction to the Dirac scoto-
genic model [21] in Sec. I. In this work, we follow the
original model of this, which is proposed in [21]. Apart
from this, other models are also proposed which have the
idea of scotogenic masses to Dirac neutrinos [22-28]. In
the Dirac scotogenic model [21], additional scalars and
fermionic fields are introduced along with the additional
symmetry U(1)z_, % Z(ZA) X ZgB). The field content of this
model, which is relevant to the lepton sector, and their
charge assignments are given in Table I. Here, the sym-
metry U(1)z_, can be either global or gauged [21]. In this
work, we have taken this to be global, and it is an exact
symmetry. With the charge assignments of Table I, the
allowed interaction terms in the Lagrangian are

—L = yaﬁ(ya¢+* + fa¢o*)f/cj +fak(l/a7]0 - l’ﬁarfr)N%
+ hkaNkl/gZ + meNkNi =+ H.c. (1)

Here, my, is the Dirac mass for NP = (Ny, N§). The
couplings y,s in Eq. (1) generate masses to charged leptons
after the electroweak symmetry breaking, where @ acquires
nonzero VEV. On the other hand, the terms of Eq. (1) do
not generate masses to light neutrinos at tree level since 7
and y acquire zero VEVs, which is due to the fact that both
these fields are charged under the exact symmetry ng.
However, if there exists a trilinear term among @, #, and y,
then neutrinos acquire masses at 1-loop level in this model.
Shortly below, we explain how such a trilinear term can be
present in this model. We notice from Table I that all the
additional fields of this model are charged under the ng
symmetry. Since this symmetry is exact, the lightest among

TABLE 1. Fields in the lepton sector of the Dirac scotogenic
model [21] along with their charge assignments. As described in
Sec. I, @, i, and y are scalars. The rest of the fields are fermionic.

Field sUu), UQ), Uy, 2z 2zP
L, = Vg, Cy) 2 -1/2 -1 + +
£ 1 1 1 + o+
v 1 0 1 -+
7 = (¢*,¢") 2 1/2 0 + 4+
n" = (n*.n°) 2 1/2 0 + -
X 1 0 0 - -
N¢ 1 0 1 + -

these additional fields can be a candidate for dark matter.
Later in this work, we discuss the possibility of a scalar
dark matter in this model.

As discussed in the previous section, the Dirac scoto-
genic model is motivated from the scotogenic model [16],
where neutrinos are Majorana particles. We notice that
there is an analogy between these two models in terms of
field content. Instead of (N, N¢), there exists N} in the
scotogenic model, which is a Majorana field. The scalar
sector of the scotogenic model is the same as that of the
Dirac scotogenic model, except for the singlet field y. As a
result of this, the third term of Eq. (1) does not exist in the
Lagrangian of the scotogenic model. Moreover, by replac-
ing (N, N¢) with a Majorana N field in Eq. (1), we get
corresponding terms in the scotogenic model [16]. Later in
this work, we compare the above two models in terms of
neutrino masses and other physically observable quantities.

The scalar potential of the Dirac scotogenic model is [21]

1 1. 1
V=200 + udn'n + 5#%)(2 + 5/11 (@f®)* + 5/12('7“7)2
+ (DT ®) (17"n) + A4 (@) (n' D)

1 1 1 .
3 45(@)* + He] + 1/16)(4 + 5/17(‘1)@3))(2

+ %/Ig(n*n)j(z + Ay[®'n + H.c]. (2)
Here, we have chosen the parameter A to be real by fixing
the phases in @ and #. For this particular choice, the
parameter A5 can, in general, be complex. However, in the
analysis of [21], A5 is taken to be real for the sake of
simplicity. We discuss 45 in the context of our work, later in
the next section. The terms of Eq. (2) generate masses to
physical fields of this model, after the electroweak sym-
metry breaking, where @ acquires nonzero VEV and the #,
y acquire zero VEVs. The nonzero VEV for @ can be taken
as {¢°) = vgw = 174 GeV, which is the electroweak
symmetry breaking scale. We see that, after this symmetry
breaking, ¢ and imaginary part of ¢° become Goldstone
bosons. The real part of ¢ is physical, and we identify
Re(¢") = H as the Higgs boson. The charged component
of 5 is physical. On the other hand, the neutral component
of 17 has mixing with y through the last term of Eq. (2). As a
result of this, we write 7° = (1% + i?)/+/2. Now, the mass
spectrum of the physical scalar fields in the Dirac scoto-
genic model is [21]

m%, = 24 vy,
m§+ = /-4% + /3 U%W’
mio =mZ =5 + (A3 + A4 — A5) Vi,

1
s (/4% + (44 +2s)vky  V2A0gy ) 3)
15+ vk

’72 &4 \/EA VEw
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2 . . . O
Here, Mn?e , gives the mixing masses between 7, and y,

whose mass eigenstates are denoted by { ,. Also here, for
the sake of notational simplicity, we have written 70 = {5.

The last term of Eq. (2) breaks the Z(2A> symmetry softly.
This term is necessary in order to generate masses to
neutrinos at 1-loop level [21], and moreover, this is the
trilinear term that we have discussed above. Now, with the
A-term of Eq. (2) and with the interaction terms of Eq. (1),
neutrinos acquire masses at 1-loop, whose expressions are
given below [21];

3
(Mu)a/)’ = (fAh>a/3 = ZfakAkhk/},
K=1

sin(26)
k= my
32222
2 2 2 2
> n, m, _ mg, In g, (4)
2 —m2 o om m2 —m2  oma |
Cl Nk Nk 4‘2 Nk Nk

Here, 0 is the mixing angle between ;% and y. As a result of
this mixing, the diagonal masses for these fields are
denoted by m, and m,,. As already described before, this
mixing is arising due to the A-term of Eq. (2). As a result of
this, @ is proportional to the A parameter. Since the A-term

breaks ZgA) symmetry softly, the parameter A, and hence,
the 0 can be small. The small mass for neutrinos in Eq. (4)
can be explained either through the small mixing angle 8, or
by the large value for my,, or by taking degenerate masses
for {5, apart from the loop suppression factor. It is to be
noted that the masses of {; , depend on various parameters,
which are given in Eq. (3). It is possible to fine-tune these
parameters in such way that m; and m;, are nearly
degenerate, which gives an additional suppression for
neutrino masses in Eq. (4).

Apart from the smallness of neutrino masses, we need to
explain the observed neutrino mixing angles [8] in the
Dirac scotogenic model. In order to explain this, we use the
Casas-Ibarra parametrization [29], and thereby, the Yukawa
couplings in Eq. (4) can be expressed as

f=UJ/mRVAN", — h=vVA'S'mV,
m, = diag(mu] ’ ml/z ’ mu3)' (5)

Here, m, , where i = 1,2,3, are the neutrino mass eigen-
values. R and S are, in general, complex matrices, which
satisfy RST = I. After using the above parametrizations for
f and h in Eq. (4), we get U' M,V = m,, which is the
desired relation for diagonalizing the M,. Here, U =
Upmns 18 identified as the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which is parametrized in terms of the three
neutrino mixing angles and a CP violating Dirac phase [8].
V is a unitary matrix which rotates the right-handed
neutrino fields from flavor to mass eigenstates. As a result

of the above given description, the neutrino mixing angles
in the Dirac scotogenic model can be explained by para-
metrizing the Yukawa couplings as in Eq. (5). In the
parametrizations of f and 4, the neutrino mass eigenvalues
can be chosen either in normal or inverted ordering, in order
to fit the solar and atmospheric mass-square differences of
neutrinos [8].

The expression for neutrino masses in the Dirac scoto-
genic model, which is given in Eq. (4), is similar to the
corresponding expression of the scotogenic model [16]. In
the context of neutrino mass generation, the difference
between the above two models is described below. The
neutrino masses in the Dirac scotogenic model are driven
by two different Yukawa couplings, whereas, in the
scotogenic model these masses are driven by one kind
of Yukawa coupling. The parametrizations of Yukawa
couplings in the Dirac scotogenic model, which are given
in Eq. (5), are similar to that in the scotogenic model, which
can be seen from [30]. In [30], we have worked on the
lepton flavor violating (LFV) decays of Z and Higgs boson
in the scotogenic model, where we have also done
numerical analysis on fitting the neutrino masses and
mixing angles in this model. This numerical analysis can
be analogously worked in the Dirac scotogenic model.

To test the Dirac scotogenic model in collider experi-
ments, such as the LHC, we should take the masses of all
additional fields to be around a few hundred GeV. Now,
using the discussion given before, for my, ~ 1 TeV, the
small masses for neutrinos can be explained if either of the
following quantities are taken to be small: 6 or m; —m,.
In the limit that these quantities are small, we see that A, of
Eq. (4) becomes small. Hence, from Eq. (5), the Yukawa
couplings f and A can become O(1) in some region of
parameter space. The couplings f; drive LFV processes in
this model, which can have significant branching ratios,
since fo are not suppressed and my, ~ 1 TeV. Later in
this work, we describe about LFV processes of this model.

As described before, in the Dirac scotogenic model, ®
acquires nonzero VEV and #, y should acquire zero VEVs.
This pattern of VEVs can be achieved by minimizing the
potential of Eq. (2) for 3 < 0. Here we notice that in some
parameter region of the scalar potential the above pattern of
VEVs constitutes a minimum for the model. By choosing
different parameter regions of the scalar potential, it is
possible to find other minima of this model. In the next
section, we argue that the above minimum required for the
Dirac scotogenic model is only one possible minima of
this model.

III. POSSIBLE MINIMA OF THE DIRAC
SCOTOGENIC MODEL

In this section, we describe different possible minima of
the Dirac scotogenic model, after analyzing the scalar
potential of it. The scalar potential of this model is
described in Eq. (2), which consists of the fields @, 7
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and, y. At the minimum of the scalar potential, either of
these scalar fields can acquire nonzero VEVs. First, let us
consider the case where (@) # 0 and (1) = 0. In this case,
using the SU(2) transformation, the VEV of ® can always
be brought into a form where the neutral component of it
acquires nonzero and real VEV. As a result of this, there can
exist two different minima, depending on whether y
acquires a VEV or not. These possible minima are

N1: (@):( 0 ) <n>=<0>7 (x)=0. (6)

Vgw 0

N2: <q’>=(%0<2)) w=(g) W=ver O

where v,(5) and v,(;) are some nonzero real variables. Here,
N1, N2 are neutral minima which break only the electro-
weak symmetry. N1 is the desired minimum of the Dirac
scotogenic model, which we have considered to be the true
model of our Universe. Hence, we have equated the VEV of
@ field to vgw. On the other hand, N2 is one possible
minima of the scalar potential of the Dirac scotogenic
model. But otherwise, this minimum is not consistent with
the model framework. Hence, N2 does not represent the
observable world of our Universe. As a result of this, the
VEVs of @ and y in this minimum are some variables and
need not represent the electroweak symmetry breaking
scale. Now, let us consider the case where (®) =0 and
(n) # 0. In this case, in analogy to the description given
above, the following two minima are possible:

vt @)= (o), <n>=<v’:3)>7 w=o. @

s @)= (o) w=(," ) wene O

n(4)

The nonzero entries in the above equations are real and
arbitrary. The minima N3 and N4 are unphysical since they
do not generate masses to SM fermions of this model.

In the case where (®) =0 = (i), there can exist one
nontrivial minimum, which is given below,

0 0
wsi (@=(o) =(,) W=ves 0
Here, the VEV of y is real and a nonzero variable. The
minimum N5 is clearly unphysical since it does not break
the electroweak symmetry. Finally, in the case where
(®) # 0 # (), the following six minima are possible:

wor @)= (" ) w=(,) ) w-o an

#(6) n(6)

NT: <<1>>=(%0(7>), <n>=<wj(7)>, W=0. (12)
v o= () ) w=(, ) W= 03
)

0
C10: (®)= <U (10)>

Cll: <¢>:<”¢(()11)> <’7>:<ZZEE§> ) = v,0)-
(16)

Here, C9, C10, and C11 are charge-breaking minima,
where the charged component of 5 acquires nonzero VEV.
On the other hand, N6, N7, and N8 break only the
electroweak symmetry. In obtaining the forms of VEVs
in Egs. (11)-(16), we have used the SU(2) transforma-
tion [31] on @ and #. It is to be noticed that the variables of
the form vy, vyk)» Cp(i)> Uyry in Eqs. (11)—(16) are real
and nonzero. While obtaining that these variables are real,
we have taken the 15 parameter of Eq. (2) to be real. Shortly
below, we give a demonstration about this. We notice that
the VEV of 5 in Egs. (12) and (15) is complex, which tells
something about CP symmetry in the minima of N7 and
C10. As we have taken A5 to be real, the minimum N7
respect the CP symmetry, since Eqs. (2) and (12) are
invariant under the following CP transformation:
O - & .y — —n*, y - —y. On the other hand, C10 breaks
the CP symmetry spontaneously, apart from the charge and
electroweak symmetries.

After using the SU(2) transformation [31], the general
structure of the VEVs of the scalar fields in the Dirac
scotogenic model can be written as

@-(,) o-() w-uw o

In the above equation, Vg, Cy» U, ATE real variables, and v, 1S,
in general, a complex variable. Apart from v,, the other
complex variable in this model is the A5 parameter of Eq. (2).
As a result of this, we write the forms for 45 and v, as

As = |As|e®s, v, = |v,le"n. (18)
Here, 05 and 0, are phases in 45 and v,, respectively. After

plugging Eq. (17) into Eq. (2), the relevant part of the
potential is
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(V)

In the above equation, we have written only that part of the
potential which contains only the phases 6s and 6,. The
extremum for (V) with respect to these phases is found to be

= |4s|vj |v,|* cos (05 +26,) +2Av,vy|v,| cosb,.  (19)

0s = (m —2n)m, 0 (20)

, = nr.
Here, m, n are any integers. Using the above relations, we see
that 45 and v, are real quantities at any extremum of the
potential. To see if the values of Eq. (20) correspond to the
minimum of Eq. (19), we need to evaluate the second-order
derivatives of (V) with respect to 65 and 6,. As aresult of this,
we get the following matrix:

Py R
Mo — 907 90500, )1
YT 2w ew) (1)
0500, 062

Os=(m—2n)n.0,=nn

After demanding that the eigenvalues of M, are positive, and
since 45 and v, are real at the minimum of the potential, we
get the following conditions:
A5 <0, Avyv,v, <O0. (22)

Using the analysis, which is described in the previous
paragraph, we notice that in the minima of Eqgs. (13) and
(16), the quantities v,g) and v, should be real.
Moreover, in these minima, A5 should be a real parameter,
and the conditions of Eq. (22) should be satisfied. Now, in
the analysis of the previous paragraph, let us consider the
case where v, = 0. In this case, at the minimum of the

potential, the individual phases in 45 and v, cannot be
determined. However, if we choose 45 to be real, then v,
can be either real or purely imaginary at the minimum of
the potential. As a result of this, the VEV of the neutral
component of # is taken to be real in Eqgs. (11) and (14),
whereas, this quantity is taken to be purely imaginary in
Egs. (12) and (15). Let us mention here that A5 can, in
general, be complex in the minima of Egs. (6)—(10).
However, to simplify our numerical analysis, we have
taken A5 to be real in the rest of this work.

We have described that the VEV structures given in
Egs. (6)—(16) as possible minima of the model. In order to
clarify this point, we refer each of these VEV structures as a
stationary point (SP). A SP becomes a minimum if the
following two conditions are satisfied: (1) minimization
conditions of the scalar potential, (2) mass-square eigen-
values of scalar fields, which are not Goldstone bosons,
are positive. The minimization conditions, which should
be satisfied by the SPs of Egs. (6)—(16), are given in
Table II. Shortly below, we describe how we compute the
mass-square eigenvalues of scalar fields at the SPs of
Egs. (6)-(16). It is to be noted that, in the Dirac scotogenic
model, the scalar sector consists of nine real degrees of
freedom. Out of these nine, some of them may become
Goldstone bosons since the electroweak and charge sym-
metries are spontaneously broken by some of the SPs of
Egs. (6)-(16). The SP N5 of Eq. (10) does not break either
of these symmetries, and hence, in this case all the nine
scalar fields become massive.

As stated before, the general structure of VEVs of scalar
fields in the Dirac scotogenic model is given by Eq. (17).
Hence, in order to compute the mass eigenstates, we
parametrize these fields as

TABLE II. Minimization conditions which should be satisfied at the SPs of Eqs. (6)—(16).
N1 pi+ vy =0
N2 A =0, i+ hvg) + 35050 = 043 + devy) + Ay = 0
» < 221}%3) N 02 1y .2 2 2 2
N4 A= 0, ”2 +/12’l}'7(4> +§/181))((4) = 0, /l3 +/161))((4) +18U11(4) =0
N5 w3 +/16u§(5) =0
N6 A=0,u2 +/11”;‘;(f,) + (A3 + 44+ 45)vy ) =0, 3 +/12v2 0t (A +24 +15)v;(6) =0
N7 /l%‘i‘/ll’l)z 7)+(/1'; +/14 15) —O ,Ll2+127j 7)+(/l'§ +A4—/15) ¢(7 =0
N8 /41 +/111} 8) +(3+ 4 +/15)1J 7(8) + /171) ) H A 0(8)/ Vgs) = 0,
/42‘*‘/12” (/12+/14+/15) >+ /1811 +A” 8)U¢ /1) ® =0,
/l3 +/’{6’U ( )+/171)¢(8)+/181J )+2A1J¢ 8)’[} 8)/ (8 —0
C9 A—O ﬁ4+45—0 /41+2.11] (9>+/’i‘;( ’1<9>+’U(9>)—0 ﬂ2+/’12( (9>+U(9>)+l31}() 0
C10 Ay —As =0, 3 +2111 5(10) + A3(c? Cyi0) T vﬂ(m)) =0, u3 + (2 0) ”,,(10 ) +13v 510y =0
Cl1 Av, 11)+(/14+/15) 11%(11)—0 M|+/1|U (1 +/1%( 10>+U<11>)+ A0, =0,
/42 +}.2( ’7(”) + 1}’7(“)) +lg1} 1) + /181) (11>
/’13 4’1'67] (11) +/171) (11) +/18(c,7 11) +v (11)) +2A1}(/, 11)Vp(11) /U (1) — =0
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_< (bk + 1)/ V2 >
o+ B+ i) /V2)
_ <cn+(’7}e+i’7})/\/§>
B Yo YA
X =V, + Xr- (23)

Now, in the case of Eq. (6), which corresponds to
the desired minimum of the Dirac scotogenic model,
¢k, pr, @Y become Goldstone bosons. Moreover, for this
minimum, we have v, = vgy and ¢, = v, = v, = 0. Now,
after identifying ¢% = H as the Higgs boson and

nt = (nk +in})/V/2, we see that the mass spectrum of
physical fields in the case of N1 matches with that of
Eq. (3). Similar to what we described above, the mass
spectrum of scalar fields at other SPs of Egs. (7)-(16) are
computed accordingly. It should be noted here that, even if
any of these SPs become minima, the scalar fields in these
minima are unphysical since these minima do not represent
the physical world of ours. In our analysis, which we will
present later, we have computed the scalar masses at the
SPs of Egs. (7)—(16) numerically. We have found in our
analysis that each of the SPs given in Egs. (6)—(16) can
become a minimum in some region of parameter space of
the scalar potential. Since multiple minima can exist for the
scalar potential of the Dirac scotogenic model, we need to
know if N1, which is the desired minimum of this model,
can become the global minimum. The next few sections
discuss this.

IV. RELATIVE DEPTHS IN POTENTIAL

At the end of the last section, we noted that N1 is one
possible minimum among other minima of the Dirac
scotogenic model. In order to address if N1 is the global
minimum of this model, we need to know if N1 coexists
with other minima. If it coexist with other minima, we
demand that the potential depth at N1 is lower compared to
that at other minima, so that N1 is the global minimum of
this model. In this section, we assume that the minimum N1
coexists with other minima in some region of parameter
space. We then calculate the differences in the depth of
potential at N1 and at other minima. Using these quantities,
we predict the possibility of making N1 the global mini-
mum of this model. The results obtained in this section are
helpful for the next section, where we study the coexistence
of N1 with other minima.

In order to compute the difference between the value of
potential at N1 and at any other SP, we follow the work
of [12,13,32], which is based on a formalism of bilinears.
For some works using the bilinear formalism, see
Refs. [33-37]. Using this formalism, we notice that, except
for the last term of Eq. (2), other terms of the scalar

potential are either quadratic or quartic. As a result of this,
we define the following bilinears:

X1 = (I)Tq),
x4 = Re(®'n),

X =0 x3=x%
X5 = Im((DTn). (24)

Apart from these, we also define the following matrices:

X1 M1
X2 ﬂ%
X=|x |, M=|14].
X4 0
X5 0
Mo A ik 0 0
VSV PR VR 0 0
My= |12 12 Lig 0 0 (25)
0 0 0 2(A4+4s) 0
0 0 O 0 2(A4 = 25)

Now, using Egs. (24) and (25), the scalar potential of
Eq. (2) can be expressed as

V:V2+V3+V4,

1
V2 == MgX, V3 == 2A)(X4, V4 == EXTM4X (26)
At any SP of Egs. (6)—(16), the scalar potential has to
satisfy the minimization conditions. Hence, we get the
following relation [32]:

)%
Z(pia_(/)-

1

=0=2(Va)sp +3(V3)sp +4(V4)sp = 0.
P

(27)

In the above equation, ¢; represent any real scalar degree of
freedom of the Dirac scotogenic model. Here, (V;)p,
where i = 2,3,4, is the value of V; evaluated at a SP.
Using the above relation, the value of scalar potential
evaluated at a SP is found to be

Vsp =5 (Va)sp +%(V3)sp' (28)

[NSRR

We define X¢p as the matrix X evaluated at a SP. We then
define the following quantity at any SP:

ISP :M2+M4XSP~ (29)

Using the above definitions, for the case of N1, we get
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Viw 0
0 m$+
Xvi=1] 0 [, Vi = | 33 + A7vky) (30)
0 0
0 0

While obtaining the form of V), we have used the
minimization condition for N1, which is given in
Table II. Similarly, for other SPs of Egs. (7)-(16), we
have obtained Xgp and V§p, accordingly. Below we
describe the expression for difference in the value of
potential at N1 and at any other SP. To do this computation,
we first consider the following products: X%, V¢, and
X%, VY, Now, using the quantities described in the pre-
vious paragraph, these products can be expressed as

1
X Vep =2V — 3 (V3)w1 + X3 MaXsp,

1
XHp Vi = 2Vsp _§<V3)SP + X§pMaXy. (31)
From the relations in the above equation, we get the
following expression, which gives the relative depth in
potential between a SP and N1,

1 1
Vsp =V = E(Xgp‘/;\n — X} Vsp) +Z((V3)SP = (V3)n1)-
(32)

It is to remind here that the above expression is obtained
after using the minimization conditions for the SPs of
Egs. (6)—(16), but otherwise, these SPs need not be minima.

Using the general expression given in Eq. (32), we have
computed the differences in the value of potential at N1 and
at any other SP of Eqgs. (7)—(16). These expressions are
given below,

)
V=V = % (U3 + A7 0Ew ) (33)
2
V)3 2
Vi = Vi %ﬂ% - %ﬂ% (34)
) o VRw o U o
Vs — Vi =y T A +T 5 (35)
v? 2
Vs =V = ﬂﬂ% JEw %» (36)
4 2
Uyte) 2 2
Ve =V = . (15 + (A3 + A4 + A5)vgy).  (37)
2
L%
Vi =V = %mﬁ([) (38)

2
e
Vs = Vi = %(ﬂ% + (A3 + A4 + A5)vEw)
2
v
8
+ A2 3+ Do)
Av, g\ v
28)Yn(8) , 2 2
Co®Tn®) (2 4 g2 ), (39
2U¢(8) ( EW (j)(8)) )
2o + V2
9 9
Veo=Vn = Mmiﬂ (40)
2 2
000 T V00
Ve =V = i )2 a )m§+, (41)
2 2 2
an T U LN
Ven =V %mﬁ +%(M§+/{7U%W)
1
+ 5 AT Vi) V1) (42)

In the above equations, m$+ and mzo are mass-square
1

eigenvalues of #* and #? for N1, whose expressions are
given in Eq. (3). Now, in the region where N1 is a
minimum, we should have m% > (0 and mzo > 0. Hence,

1

in this region, we get V7 — Vi > 0, Vg — Vyy > 0, and
Veio — Vyr > 0. This means, if the N1 minimum coexist
with either of N7, C9, and C10, then the value of potential
at N1 is always lower than that at N7, C9, and C10. Now,
let us consider a region where the N1 minimum coexists
with either N2 or N6. In this region, we should have A = 0
since this is one of the minimization conditions for N2 and
N6, which can be seen from Table II. Now, using A = 0 in
Eq. (3) and also from the fact that N1 is a minimum, we get
U3+ (A3 + A4 + A5)vdw > 0 and p3 + A;vdy > 0. This
implies Vo — V1 > 0 and Vg — Vi > 0, which means
that the potential depth at N1 is deeper than that at N2
and N6.

We have argued above that the potential value at N1 is
always lower than that at N2, N6, N7, C9, and C10 in a
region where these minima coexist. However, the situation
is different in a region where the N1 minimum coexists
with either of N3, N4, and NS5. In each of Egs. (34)—(36),
there exist both positive and negative terms, and hence, it is
not guaranteed that the potential depth at N1 is deeper than
that at N3, N4, and N5. Now, let us look at Egs. (39) and
(42), which give the relative potential depths for N8 and
C11 with N1. As described in Sec. III, the minima N8
and C11 should satisfy the conditions of Eq. (22). As a
result of this, the last term of Egs. (39) and (42) should give
negative contribution. Hence, it is not guaranteed that the
potential depth at N1 is lower than that at N8 and C11.

In Sec. III, we have described that 11 different minima
can exist in the Dirac scotogenic model. If we assume that
N1, which is the desired minimum of this model, coexists
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with other minima of this model, then we have shown that
the potential value at N1 is not guaranteed to be deeper than
that at N3, N4, N5, N8, and C11. But otherwise, we have
argued that N1 minimum is stable against the other vacua
of N2, N6, N7, C9, and C10. Now, in order to address if N1
can be made the global minimum of this model, we follow
the below described steps. First, we find a parameter region
of this model where N1 is a minimum. Now in this
parameter region, we check if N1 coexists with either of
the minima of N3, N4, N5, N8, and C11. If N1 minimum is
found to coexist with the above described minima, then we
demand that the relative potential depths for these minima
against N1, which are given in Eqgs. (34), (35), (36), (39),
and (42), should be positive. After this demand, we see that
N1 becomes the global minimum in the region of coex-
istence. In the next section, we present numerical analysis
on the above described steps and give results on the status
of N1 as the global minimum of this model.

V. NUMERICAL RESULTS

As we have described at the end of the last section, we
first find a parameter region where N1 is a minimum and
then check if N1 coexists with the other minima of N3, N4,
NS, N8, and C11 in this region. This parameter region
depends on the dimensionless A parameters and dimen-
sionful parameters of the scalar potential, which is given in
Eq. (2). While finding the above mentioned parameter
region, we scan over these parameters in such a way that
perturbativity bounds on A parameters and boundedness
from below conditions on the scalar potential are satisfied.
As a result of this, in our scan over parameters, the below
perturbativity conditions are satisfied on A parameters,

|4;| < 4. (43)

As for the boundedness from below conditions, they are
determined by the quartic part of the scalar potential. In our
case, the quartic part of the scalar potential is the same as
that considered in [38]. Hence, the allowed region by the
boundedness from below of the scalar potential of the Dirac
scotogenic model is given by [38]

QUQ,.

Ql = {11,2,6 > 0, \/ 2/11&6 +/17 > 0, \ 22216 +A'8 > 0,
N A
/11},2+/13+D>O,ﬂ7+ /1—/1820 N

2

Qz = {/11,2.6 > 0’2/12)’6 Zj%, \/ 2}.]&6 > —/17 >4/ 2}“216 +ﬂg,
VB =20106) (7 = 2421) > dohs = 2(D + )},
D= min(/14 - |/15|,0> (44)

In our numerical analysis, we randomly generate the A
parameters in such a way that the bounds in Eqgs. (43) and
(44) are satisfied. In addition to these A parameters,
dimensionful parameters are also existent in the scalar
potential of Eq. (2). Among these dimensionful parameters,
we fix y? = —1, v}y, in our numerical analysis. This is due
to the fact that we search for a region where N1 is a
minimum, and the above relation is the minimization
condition for this minimum. The rest of the dimensionful
parameters such as y%, ,u_%,A are either fixed to a value or
randomly generated. Here, we notice that the A-parameter
is necessary in order to explain neutrino masses in the Dirac
scotogenic model, which we have discussed in Sec. II. It is
described that this parameter breaks ZgA) symmetry softly,
and hence, this parameter should be small. As a result of
this, we have taken this parameter to be small in our
numerical analysis. On the other hand, the parameters 3 5,
except that for N1, determine the minimization conditions
of all minima, which can be seen from Table II. As a result
of this, either we have fixed these parameters in order to
satisfy minimization conditions of a particular minimum, or
else, we have generated them randomly. We discuss details
on these parameters later.

In the previous paragraph, we have described our meth-
odology in scanning over parameters of the scalar potential.
We notice that these parameters are physical since they can
be measured in future experiments. Apart from these
parameters, in our scanning procedure, we have randomly
varied the nonzero VEVs of Egs. (7)—(16). It is to remind
here that the minima of Eqgs. (7)—(16) are unphysical since
they do not correspond to the vacuum of our physical world.
As a result of this, the nonzero VEVs of Egs. (7)—(16) are
unknown, and a priori, they can take arbitrary values.

As described previously, we scan over parameters of the
model and find a region where N1 is a minimum. For the
N1 minimum, the mass eigenstates of the scalar fields are
physical since this minimum corresponds to the vacuum
of our physical world. The mass eigenstates of this
minimum are described in Eq. (3). Among these eigen-
states, only the Higgs boson is found in the LHC experi-
ment and rest of the scalar fields are yet to be found. In
order to fit the Higgs boson mass in our analysis, we have
taken my = 125.25 GeV [8]. This value of Higgs boson
mass also fixes the 4; parameter in our analysis. Regarding
the additional mass eigenstates of the N1 minimum, they
should satisfy the phenomenological lower bounds on their
masses due to nonobservation of these fields in collider
experiments. As a result of this, we apply the following
bounds on these masses in our analysis:

m,+ > 105 GeV, me ., >S5 GeV. (45)
The lower bound of 105 GeV on m, is based on the fact
that no non-SM charged particle is found in the large
electron positron collider.
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Below we present our numerical results in the form of
percentage of chances on the coexistence of N1 minimum
with other minima. To get these results, we have done
multiple scans over the parameter space. In each of these
scans, the percentages are computed after generating a large
number of parametric points (at least 15000), which satisfy
the bounds of Eqgs. (43) and (44).

In Table III, we have given numerical results on
coexistence of the N1 and N3 minima. In order to search
for this coexistence, in our scan over parameters of the
scalar potential, we satisfy the minimization conditions
only for N1 and N3. As a result of this, from Table II, we
notice that the relations for y7 and 3 are fixed, but y3 can
be chosen arbitrarily. Moreover, the quantity v,,3) can also
be chosen arbitrarily. In our scan, we have varied v,(3) and
u3 randomly in the ranges of (—100,100) GeV and
(—=10°,10°) GeV?, respectively. For these ranges of v,

and 3, we have found that the percentages given in
Table III to be large. In Table III, we have chosen A-
parameter to be suppressed as compared to the electroweak
scale since this parameter should be small, which is
described previously. From this table, we see that there
is nearly a 44% chance in finding the N1 minimum. On the
other hand, there is around a 15% chance in finding a
parametric point for which both N1 and N3 are minima.
From the last column of Table III, we see that around 11%
of the points correspond to the N1 minimum to be deeper
than the N3 minimum, in terms of potential depth. In this
table, the difference of percentages between the second and
third columns, for a particular value of A, is about 29%.
This percentage corresponds to the parametric region in
which N1 is the only minimum. We see here that, out of the
total area of scan, in a significant fraction of it, N1 is the
only minimum. From this table, we see that the numerical
results are not sensitive to the A-parameter. Moreover, by
changing the sign of A, we nearly got the same percentages
that are given in Table IIL

After satisfying only the minimization conditions for N1
and N4 in our scanning procedure, we have obtained
numerical results on the coexistence of these minima.
These results are given in Table IV. In a region where
N1 and N4 coexist, the parameters ;4%3 are fixed according

TABLEIII.  For various values of A, percentages of coexistence
between the minima N1 and N3 are given. In the second column,
percentage of existence of N1 minimum is given. In the third
column, percentage of coexistence of N1 and N3 is given. In the
fourth column, percentage of coexistence of N1 and N3 with
V1 < Vi3 is given.

A

T N1 N1 and N3 N1 deeper than N3
0.1 43.3% 15.2% 11.1%
1073 43.6% 14.7% 10.6%
1073 43.7% 15.1% 11.0%

TABLE IV. Percentages of coexistence between the minima N1
and N4 are given. The columns in this table are analogous to that
in Table III.

N1 N1 and N4
0 33.5% 18.3%

N1 deeper than N4
12.3%

to the relations given in Table II. Here, the quantities v, 4)
and v,(4) can be chosen arbitrarily. We have varied these
quantities independently in the range (—100, 100) GeV in
order to obtain percentages in Table IV. For this particular
range of values, the percentages given in this table are large.
We notice that the minima N1 and N4 coexist in a region
where A = 0. For this value of A, and from the discussion
given below Eq. (4), the neutrino masses in this model
become zero. Hence, in order to explain nonzero masses to
neutrinos, we should choose A # 0, and thereby, the
coexistence between N1 and N4 can be avoided.

In analogy to the results described for Tables III and IV,
we have searched for the coexistence of the minima N1 and
NS. The results of this coexistence are given in Table V. In
order to get results in this table, we have varied v,(5) and 43
in the ranges (—100,100) GeV and (—10°,10°) GeV?,
respectively. From this table, we see that the percentages
are not sensitive to the value of A. Moreover, we have seen
that these results are not sensitive to the sign of A. After
comparing the results in Tables III and V, we see that the
percentage of coexistence between N1 and NS5 is lower as
compared to that between N1 and N3.

In Table VI, we have given the results on the coexistence
of the minima N1 and N8. These results are obtained after

TABLE V. Percentages of coexistence between the minima N1
and N5 are given. The columns in this table are analogous to that
in Table III.

A

VW N1 N1 and N5 N1 deeper than N5
0.1 36.0% 9.4% 7.8%
1073 36.0% 9.5% 8.1%
1073 36.4% 9.3% 8.0%
TABLE VI. Percentages of coexistence between the minima N1

and N8 are given. The columns in this table are analogous to that
in Table IIL

1Al

p— N1 N1 and N8 N1 deeper than N8
0.1 26.4% 4.8% 4.2%

1073 21.0% 0.57% 0.56%

1073 21.4% 0.14% 0.14%

0 21.7% 0% 0%
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satisfying only the minimization conditions of N1 and N8.
Among these conditions, the relation for ,u% gives a
constraint relation. This relation is satisfied by solving
for unknown A parameters, and later we have checked if
these A parameters obey the conditions of Egs. (43) and
(44). While obtaining the results in Table VI, we have
varied each of vyg), v,), ,(s) independently in the range
(=100, 100) GeV, for which the percentages in this table
are found to be large. After comparing the results in this
table with that of Tables IIl and V, we see that the
percentage of coexistence for N1 and N8 is lower than
that for N1 with either N3 or N5. In Table VI, we have
given the value of |A| since the sign of A is determined by
the sign of vg)v,(3)v,(g) in our scanning procedure. This is
due to the fact that we have a condition of Eq. (22) for the
minimum N8. We notice that by decreasing the value of |A|,
the percentage for coexistence between the minima N1 and
N8 is getting decreased. We have found that, for A = 0, the
minimum N8 exists in some region of parameter space.
However, N8 minimum does not coexist with N1 minimum
in the region where A = 0. In the numerical analysis, we
have noticed that N8 becomes a saddle point in the region
where N1 is a minimum, for A = 0.

In our scanning procedure, we have searched for the
coexistence of minima N1 and C11. While satisfying the
minimization conditions of these minima, the relation for
u? gives a constraint relation. This is solved in an analogous
way of what we have described for Table VI. We have
varied the quantities vy11), C,(11)s Vy(11)s Uy(11) arbitrarily in
our analysis. Now, we see that the parameter A is
determined by the above quantities through one of the
minimization conditions of C11, which is given in Table II.
As already described before, the parameter A should be
small in order to be consistent with the model framework.

As a result of this, we have demanded % <0.1 in our

analysis, and thereafter, we have not found a region for the
coexistence of the minima N1 and C11. In the Appendix,
we argue that for A to be a negligibly small variable, C11
becomes a saddle point in the region where N1 is a
minimum. The result shown in this appendix, concurs with
our numerical result that the minima N1 and C11 do not
coexist for A to be a small variable. On the other hand, in
our analysis, for Al 0.1, we have found a region for the

VEwW
coexistence of minima N1 and C11. However, this region is

not viable due to the above mentioned reasons.

In the previous section we have argued that, even if the
minimum N1 coexists with either of the minima N2, N6,
N7, C9, or C10, the potential depth at N1 is always deeper
than that at the other minima mentioned here. For the sake
of completeness, in our numerical analysis, we have
searched if N1 coexists with any of the above mentioned
minima. This search is done in an analogous way of what
we have described for the results of Tables III-VI. In our
analysis, we have not found a region where N1 coexists

with either of the minima N2, N6, N7, C9, or C10. In the
Appendix, we argue that some of these SPs become saddle
points in a region where N1 is a minimum.

From the numerical results presented so far, we have
seen that in the Dirac scotogenic model, the minimum N1
can coexist with either of the minima N3, N4, N5, or NS.
Here, it should be noted that the coexistence of the minima
N1 and N4 happen in a region where A = 0. This region is
not interesting since neutrino masses become zero in this
region of the model. On the other hand, the coexistence of
N1 with the other minima of N3, N5, and N8 can happen in
a region where A # 0, which is an interesting region to us
from the point of neutrino masses. Hence, in this region, we
have searched to see if the N1 minimum coexists with more
than one minima of N3, N5 and N8. In Table VII, we have
given results on the coexistence of the minima among N1,
N3, and N5. While obtaining results on this coexistence,
we have satisfied minimization conditions only for these
minima. Also, for these results, we have varied Vy(3) and
v,(s) independently in the range (=100, 100) GeV. We see
that the percentage of coexistence among these minima is
far less than that given in Tables III and V. We have noticed
that the percentages given in Table VII are not sensitive to
the value of A, which is also the case in Tables III and V.

We have also searched for the coexistence of minima
among N1, N3, and N8 and also among N1, N5, and N8. In

our analysis, we have found that the above mentioned

1Al
. . . . . DEW

this region is not viable since A should be a small

coexistences can happen in a region of -— > (.1. However,

A .
parameter. Hence, we have demanded % <0.1 in our

analysis, and thereafter, we have not found a region for the
above mentioned coexistences. This result may be under-
stood in the following way. In Table VI, it is shown that in
the limit that A is small, the percentage of chances for N8 to
coexist with N1 is getting decreased. Hence, for small A, it
is difficult for N8 to coexist with N1 and N3 or with N1 and
NS5. Finally, we have found that the minima N1, N3, NS5,

and N8 can coexist in a region of % > (.1, but otherwise,

we have not found a region for these minima to coexist.
While describing the results of Table III, we have
mentioned that the difference in the percentages of the
second and third columns corresponds to the fraction of
the total scanned region, where N1 is the only minimum. This
statement is true even for Tables IV-VIL In any of these
tables, the difference in the percentages of the second and
third columns, for a particular value of A, is at least 15%.

TABLE VII. Percentages of coexistence among the minima N1,
N3, and N5 are given. The columns in this table are analogous to
that in Table III.

4 N1

VEW

0.1 32.9%

N1, N3 and N5
0.81%

N1 deeper than N3, N5
0.77%
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After comparing percentages in these tables, we notice that in
a significant parameter region of our scanning process, N1 is
the only minimum. Moreover, in this region, N1 is obviously
the global minimum of the Dirac scotogenic model. On the
other hand, there exist a certain parameter region where N1
can coexist with other minima, whose percentage of chances
of finding is given by the third column of Tables III-VIL. In
the region where N1 coexists with other minima, we have
demanded that the potential depth at N1 is lower than that at
the other minima, so that N1 can be the global minimum of
this model. The fourth column of Tables III-VII gives the
percentage of chances for N1 to be the global minimum in the
region where it coexists with other minima.

VI. HIGGS TO DIPHOTON DECAY

In the previous section, we have described the status of the
N1 minimum as the global minimum of the Dirac scotogenic
model. We have noticed that the analysis of the previous
section is determined by the parameters of the scalar potential.
We now want to study the impact of this analysis on
phenomenological observable quantities. One of the observ-
able quantities is the decay H — yy upon which the scalar
sector of this model can have an impact. This decay is, in
general, driven by charged particles through a loop induced
process. In the Dirac scotogenic model, this decay gets
additional contribution due to the #* field. This decay is
the subject of experimental investigation since it can distin-
guish any new physics signals from that of the SM. As part of
this investigation, in the LHC experiment, the signal strength
of H — yyismeasured, anditis found tobe 1.1 & 0.07 [8].In
this section, we compute the signal strength of this decay in
the Dirac scotogenic model and study consequences on this
quantity due to analysis of the previous section.

The signal strength of H — yy is defined as the ratio of the
observed cross section of pp — H — yy against to the same
quantity computed in the SM. The observed cross section of
pp — H — yy in the LHC experiment should match with
that computed in the model of our work, which is the Dirac
scotogenic model. We notice that the production cross
section for the Higgs boson in the Dirac scotogenic model
is nearly the same as that in the SM since the dominant
process for this production is through the gluon fusion. As a
result of this, after using the narrow width approximation, the
signal strength of H — yy in our work is given by

_ Br(H = yr)psm _ T(H = 77)psm Ty
" Br(H = yy7)sm C(H = 77)sm FgSM

(46)

Here, the quantities having the suffixes DSM and SM are
the ones computed in the Dirac scotogenic and standard
models, respectively. o\ o, correspond to the total decay
widths of the Higgs boson in the above two models. The
decay widths of H — yy, which are required in Eq. (46), are
computed using a general expression for this quantity given
in [39]. For the case of the Dirac scotogenic model, we have

a?>Gpm3
T(H = 77)psm :T\/E; ZfoszrFl/Z(ﬂf) +Fy(Bw)
303 2
+ janwFO(ﬂn) ’
'7+
4m? Am? 4m?.
f w n
:—’ :—, :—’ 47
ﬂf m%{ :BW m%{ ﬂn m%{ ( )

where o and Gy are fine-structure and Fermi constants,
respectively. Here, Ny, O and m; are color factor, charge,
and mass of SM fermion, respectively. After excluding the
last term in the modulus of the above equation, we get the
expression for I'(H — yy)qy. The F-functions in Eq. (47)
are the form factors of spin-1/2, —1, and —O0 fields, which
drive the decay H — yy. These functions are given below:

Fip(p) = =261+ (1 = B)F (B)];
Fi(B) =2+36+362-P)f(B).
Fo(B) = p[1 = Bf(B)].

7 ) S
= 2
_%[mtg—m], p<1

While computing R, in our analysis, we have taken
the total decay width of Higgs boson in the SM as
I, =4.1 x 107 GeV [40]. Now, the total decay width
of Higgs boson in the Dirac scotogenic model, to a leading
order, is given by

[Bom = Téy +T(H = 161) +T(H = £183)
+T(H = §8) + T(H — §43)
+T(H - n'n). (49)
In the above equation, the partial decay widths of Higgs
boson into scalar particles of the Dirac scotogenic model

are computed using tree level couplings of these processes.
These couplings are given below:

Crz,e, = =iV 20pw[(4s + A4 + 25) 07, + 47 03)]
—i2A0,0,,,

—iV20gw[(43 + 44 + 45) 011013 + 4704, 01
—iA(01,04; + 0110y),

Chg,e, = =iV 20pw[(43 + 44 + 45) O + 2,03

CHClCz =

—i2A0,,0,;,
Chgye, = —iV2(43 + Ay — 25) vgw,
CHﬂ*n’ = —i\/§ﬂ3UEw. (50)
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Here, O;;,
matrix which diagonalizes the mixing mass matrix of 7%
and y, which is given in Eq. (3). In our numerical analysis,
we follow the below convention for the diagonalization of
this mixing matrix,

where i, j = 1, 2, is the element of an orthogonal

OTM’?%)KO = d.l.':lg(l’l’lé'2 . mcl ) (51)
Here we identify m,, to be the lightest.

Using the expressions which are described above, we
have computed R,, after scanning over parameters of the
scalar potential of the Dirac scotogenic model. We notice
here that while scanning over these parameters, it is
possible that the N1 minimum of this model may coexist
with other minima of the model. In order to see the effect of
this coexistence, we have done the scanning in a way of
what we have described in the previous section. The
difference in the scanning of the previous section and
the current section is that, in the current analysis, we have
taken m,, as the lightest among the masses of additional
particles of the Dirac scotogenic model. It is to remind here
that the additional particles of this model are charged under

Z(ZB) symmetry, which is exact. Hence, {;| is a possible
candidate for the dark matter. As a result of this, we have
applied the following constraints in the current analysis:

+ > 105 GeV, (52)

m 5 GeV < me, < Mg, My

n

The results of our analysis, after doing a generic scan over
parameters, are given in Fig. 1.

We see that many points exist in the left-hand side plot as
compared to that in the right-hand side plot of Fig. 1. This
implies that many parametric points in our scan correspond
to the points where N1 is the only minimum. This result is
also described in the numerical analysis of the previous

1.2 -
10}
08}
& 06
04} °
02} .,
0.0 Lotz . . . . .
0 100 200 300 400 500 600

FIG. 1.

section. From the plots of Fig. 1, we see that for

me < mpy/2, R, is suppressed. This suppression is due

FH
to the factor F,SM
DSM

channel H — {;{; opens up, whose decay width is found
to be at least about 0.1 GeV, which gives the necessary
suppression in the above mentioned factor. Also, in Fig. 1,
we have found that the points, for which m; < my/2, do
not satisfy the constraint due to invisible decay of Higgs
boson. For m; < my/2, the Higgs boson of this model
decays invisibly, whose branching ratio is constrained to be
Bry_iny < 0.145 [41]. In order to get enhancement of R,,
for m; < mpy/2, one has to suppress the couplings of
Higgs to scalar particles, whose expressions are given in
Eq. (50). In the scanning process, after including the above
mentioned constraint on Bry_;,,, we have seen that the
suppression in couplings is possible, and thereby, R,, can
be enhanced to within the experimentally allowed region,

for my, < my /2. On the other hand, for m; > my /2, there

. . . T ..
will not be suppression in =#*-. Hence, a majority of the
DSM

points are within the experimentally allowed region,
for m; > my /2.

In both the plots of Fig. 1, for m;, > my/2, the points
are around the horizontal line, which corresponds to the
lower 30 allowed value of R,,. Moreover, we see that only a
few points give the enhancement of R,, > 1. In this regard,
see Refs. [42-47] where enhancement of R,, > 1 has been
reported in various models. Below we describe the reasons
for not getting much enhancement in R,, in the plots of
Fig. 1. As already explained before, for m; > my/2, we
l—*H

SM.
s
R,, > 1 only if 13 <0 since , > 1. The value of 13 is
constrained by the bounded from below conditions of
Eq. (44). After satisfying these conditions, we have noticed

in R,,. For m; <my/2, the decay

get 1. Hence, in the region of m; > my/2, we get

1.2
1.0}
0.8}

< 0.6}
0.4}
0.2}

e,

0 1 1
0 100

200 300 400 500

The left-hand side plot is for parametric points for which N1 is the only minimum. Right-hand side plot is for parametric points

where the N1 minimum coexists with other minima of the model, and moreover, for these points, the potential depth at N1 is deeper than
that at other minima. In the right-hand side plot, blue, green, red, and yellow are the points where N1 minimum coexists with N3, N5,
N8, and N3 + N5 minima, respectively. The horizontal line in these plots indicates the experimentally allowed lower 3¢ value of R,,.

In these plots, we have taken % = 0.01.
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that A; > —2. Since the negative values of 15 are restricted
by these conditions, we do not get much enhancement in
R,, in our work. On the other hand, in our scanning
procedure, we have seen that by restricting m,,+ to as low as
130 GeV, it is possible for R, to be as high as 1.3.

In the region where N1 minimum coexists with N3
minimum, we do not get R,, > 1. This is due to the fact
that, in this region, we have u3 <0 because of the
minimization condition of N3. As a result of this, in order

to get m}% > 0 we should have 1; > 0, and thereby we get
R,, < 1. Similarly, in the region where N1 and N8 minima
coexist, we have found 4; > 0 in the scanning analysis, and
hence, we get R,, < 1. On the other hand, in the region
where N1 and N5 minima coexist, 43 is a free parameter.
Hence, in this region, we can choose ,u% > 0, and thereby 4,
can be negative, so that R,, > 1. Now, it should be clear
that in a region where N1 is the only minimum, we can get
u3 >0, and thereby, we get R,, > 1. From the above
described results, we see that the future determination of
R,, by the LHC experiment can have an impact on the
study of global minimum of this model. It is to be noted that
a precise determination of R,, in the LHC experiment can
distinguish the above described vacuum realizations. On
the other hand, if the error bar is large enough so that the
allowed value of R, is around I, then the above vacuum
realizations may not be distinguished. Finally, from Fig. 1,
we notice that the experimentally allowed values of R,, can
be fitted in the Dirac scotogenic model, irrespective of the
fact that the N1 minimum either coexists or not with other
minima of this model.

VII. POSSIBILITY OF A SCALAR
DARK MATTER

It is described in Sec. II that, due to exact symmetry of
Z<ZB) , the lightest among the additional particles of the
Dirac scotogenic model is a candidate for dark matter. We
notice that the lightest among the singlet Dirac fermions
NP is a possible candidate for dark matter. In the original
model [21], this possibility has been studied, and it is
shown that NP can consistently explain the dark matter
phenomenology. See Ref. [48], for another work in this
direction. In the present work, since our motivation is to
study the scalar sector of the Dirac scotogenic model,
we study on the possibility of scalar dark matter in
this model.

In the previous section, it is described that, while
obtaining the results of Fig. 1, we have taken ;| as the
lightest particle among the additional particles of the Dirac
scotogenic model. From Eq. (3), we notice that {; is an
admixture of % and y. For sufficiently small A, which is the
case in Fig. 1, #% and y are nearly equal to the mass
eigenstates of this model. In such a case, {; is dominantly
made of either 7% or y, depending on the parameter choice

of the model. We see that the scalar dark matter in this
model is either part of an SU(2),; doublet or a singlet field.
We first consider the case of {; being dominantly made of y
and analyze if this case can consistently explain all the dark
matter phenomenology. Later we analyze the case where &,
is dominantly made of 7%.

In the phenomenology of dark matter, we need to explain
the relic abundance of dark matter in the present Universe
and also the null results of direct and indirect searches for
dark matter detection. The current relic density of dark
matter is 0.12 +0.0012 [49]. In order to explain this
relic density, we need to compute thermally averaged
pair-annihilation cross section of dark matter times the
relative velocity of these particles, which is denoted by
(6v.e). To a good approximation, for a cold dark matter,
the above mentioned relic density can be fitted if
(6Ve) ~3 x 10726 ¢cm®/s = 1 pb [8]. In the Dirac scoto-
genic model, for the case of dark matter {; = y, the possible
pair-annihilation processes at tree level are as follows:

¢ — I/,D_?, (53)
€18y — HH, (54)
&8 = H — ff,WtW~,ZZ HH. (55)

Here, H* is virtual Higgs boson, and f is any SM fermion.
VP are the mass eigenstates of the neutrino fields of the
Dirac scotogenic model.

The reaction in Eq. (53) is driven by the A, couplings of
Eq. (1), via a r-channel process mediated by the singlet
fermions N?. We can take the mass of N (my,) to be
around 1 TeV and the couplings /;, ~ 1. For these values of
my, and hy,, and from the discussion given below Eq. (4),
we see that it is possible to explain small masses to
neutrinos either by suppressing the A-parameter or by
taking degenerate masses to {;,. Now the annihilation
cross section for the process in Eq. (53) is given by

J(é,lé’l - I/iDDjD)vrel
1 |Za,ﬂhkavéihltﬁvﬂj|2
(m%l + mjz\,k)2

= — (m2 +m2). (56)
8 T i i

Here, V, are the elements of V, which diagonalize the
neutrino mass matrix, which is discussed in Sec. II. For
neutrino masses around 0.1 eV, the above pair-annihilation
cross section is suppressed by 14 orders of magnitude as
compared to the required amount. Hence, the process in
Eq. (53) cannot explain the relic density of dark matter.
The processes in Egs. (54) and (55) are driven due to
quartic and trilinear couplings of {; to the Higgs field,
and these couplings are proportional to 44, for {; = y. By
taking m; = 200 GeV and 4; = 0.1, we have found the
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following pair-annihilation cross sections for the processes
of Egs. (54) and (55):

OVpet|z = 0.17 pb, OVret|lww = 0.94 pb,

OVpel|zz = 0.44 pb, OVret| gy = 0.51 pb. (57)
We see that the cross section into WW channel is dominant
among all possible pair-annihilations of ;. The above cross
section values decrease with increasing m; . From these
cross section values, we see that, for few hundred GeV of
mass to {; and for A; ~ 0.1, using the processes of Egs. (54)
and (55), the relic abundance of dark matter can be fitted in
this model. However, in this model, the trilinear coupling of
£, to the Higgs field also drives the process of dark matter
scattering against a nucleus. This process has been searched
in many dark matter experiments [50-52], which use xenon
as the target nucleus. Since no sign of dark matter is found
in these experiments, upper bounds on the cross section of
dark matter against a nucleon have been obtained. In the
Dirac scotogenic model, using [53], we estimate the spin-
independent cross section of {; ~ y with xenon nucleus as

L mgmy, \2|54f, +T7f,|?
=7z me, + my, 131 ’
2 A
Jo _ [0.075 +—(1- 0.075)} —,
m, 27 mg my
2 A
Iu [0.078 + (1= 0.078)} . (58)
m, 27 me my
Here, m,, m,, and my, are masses of proton, neutron, and

xenon nucleus, respectively. As stated before, upper bounds
on oy have been set due to null results of dark matter
detection in various experiments. Among these, the most
stringent limit is 6, < 6.5 x 107* cm? [52]. In order to
satisfy this limit, in the Dirac scotogenic model, we get
A7 < 4.8 x 107 for mg, ~ 100 GeV. For this suppressed
value of 1; and for no fine tuning in the mass of m, , we see
that the cross sections in the processes of Egs. (54) and (55)
are highly suppressed, and we cannot fit the relic abun-
dance of dark matter in this model. On the other hand, for a
fine tuned mass of m; ~my/2, via the process
£¢, = H* = bb, the relic abundance of dark matter can
be fitted for A; = 1.3 x 107>, which also satisfies the upper
limit on 6y. However, from the indirect searches of dark
matter, the thermal annihilation cross section of dark matter
into the bb channel has been ruled out for dark matter mass
of up to 300 GeV [54]. As a result of this, we see that the
processes in Egs. (54) and (55) cannot consistently explain
the dark matter phenomenology, for the case of {; ~ y.
Now, we consider the case { zr/%, where the dark
matter is dominantly made up of a component of SU(2),
doublet. In this case, in order to explain the relic density of
dark matter, pair-annihilation of {; through the processes

given in Egs. (53)—(55) can be analyzed. It should be noted
that the process of Eq. (53) happens for the case ¢} ~ %
through the f,; couplings of Eq. (1). As a result of this,
pair-annihilation cross section for this process is analogous
to that of Eq. (56), where h;,V’,; should be replaced by
i Uni- Now, we see that, due to small masses to neutrinos,
this pair-annihilation cross section is highly suppressed as
compared to the required amount in order to explain the
relic density of dark matter. The processes in Egs. (54) and
(55) are driven by the quartic and trilinear couplings of {; to
the Higgs field. We see that, for the case ¢| ~ 7%, these
couplings are proportional to A3 + 44 + A5. As a result of
this, the cross section values of Eq. (57) are also applicable
to the case {; ~ r/OR, where we take m; = 200 GeV and
A3 + A4 + 45 = 0.1. Hence, the relic density of dark matter
can be fitted for the case ¢ ~ % However, analogous to
what we described above, due to nonobservation of dark
matter in direct detection experiments, the quantity A5 +
A4 + A5 should be suppressed to around 107>, As a result of
this, the processes in Egs. (54) and (55) cannot consistently
explain the relic density of dark matter, for the case ¢; ~ 1%.
Apart from the processes of Egs. (53)—(55), due to gauge
interactions, the following annihilations are also possible
for the case of ¢; ~ 1%,
GG —-WIW™, (6 —~2ZZ, LG ->WiWTyy. (59)
In the above equation, the first two annihilations happen
due to quartic interactions and the third annihilation
happens due to mediation of x* field at tree level.
Moreover, for m; < my z, one of the V.= W=, Z in the
first two processes of Eq. (59) can be off shell, and thereby,
we get 3- and 4-body final states from the annihilation
products of VV* and V*V*, respectively. A priori, for
mg, 2 my, the first process of Eq. (59) can give the
required amount of thermal annihilation cross section in
order to fit the relic density of dark matter. Moreover,
constraints due to indirect detection of dark matter from
pair-annihilation into gauge bosons are weaker [54].
Nevertheless, the first two processes of Eq. (59) can induce
scattering between ¢ and a nucleus at 1-loop level. In fact,
there exist other 1-loop processes, which are mediated by
gauge interactions, for the above mentioned scattering.
Although this scattering happens at 1-loop level, given the
strong constraints on this due to direct detection experi-
ments, we may expect it is challenge for {; =~ ;% to evade
these constraints.

VIII. COMPARISON WITH THE
SCOTOGENIC MODEL

In this section, we compare the phenomenology of the
Dirac scotogenic model with that of the scotogenic
model [16], where neutrinos are Majorana particles. It is
described in Sec. II that there is an analogy between these
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two models in terms of field content and also from the
viewpoint of neutrino masses and mixing. Here, we
describe some more analogies between these two models
in terms of phenomenological observable quantities of dark
matter, LFV, and collider signals.

In the previous section, we have discussed the status of
scalar dark matter in the Dirac scotogenic model. We have
discussed two possibilities, where in one case {; & y and in
the other case {;| ~ 77°R. Now, below we compare the scalar
dark matter phenomenology of this model with that of the
scotogenic model [16]. It is to remind here that in the
scotogenic model, the singlet field y does not exist. Hence,
a possibility for scalar dark matter in the scotogenic model
is {; =% As a result of this, the phenomenological
discussion we have given in the previous section for the
case of {; ~n% is applicable to the scotogenic model. A
difference in the scotogenic model is that, in addition to the
process of Eq. (53), the following process {;¢; — v}/v}
can also happen, which violates the lepton number. Here,
z/f-"’ is a neutrino field of the scotogenic model, which is a
Majorana particle. The above process is mediated in the
scotogenic model by the analogous couplings of £, which
are given in Eq. (1). As already described below Eq. (1), in
the scotogenic model, there exist NQ” field, instead of
(N, N§). The field N¥ is Majorana in the scotogenic
model. As a result of this, the annihilation cross section for
the above process is found to be

2

o818 = Vﬁ‘””ﬁ”)”rel = %zk: azﬁfakUaifﬂkUﬂj
Mk
X 0+ mgl)z . (60)
Here, M, is the mass of N¥/ field of the scotogenic model,
and S is a symmetry factor which is 1(2) for i # j(i = j).
For fu ~1, m; ~100 GeV and M; =2.78 TeV, the
above pair-annihilation cross section is around 1 pb, which
is the required amount in order to fit the relic abundance of
dark matter. Moreover, it looks like there exist no con-
straints on the above pair-annihilation cross section from
experiments. On the other hand, see Refs. [55-57] for
indirect searches of dark matter, where an upper limit on the
pair-annihilation cross section of dark matter into & mode
is set to around 1072* cm?/s. As a result of the above
description, in the scotogenic model, it is possible to fit the
relic density of dark matter and avoid the indirect detection
bounds on it. However, as already described in the previous
section, the first two processes of Eq. (59) can induce
scattering of {; with a nucleus at 1-loop level. The loop
diagrams for this scattering are driven by gauge couplings
and are mediated by SM fields. Hence, it appears that the
amplitude of these diagrams have only the loop suppression
factor. It may be worth it to compute the cross section for

the above scattering in order to see if it satisfies the direct
detection bound [52] on the dark matter.

As described in Sec. II, there is a region of parameter
space where the couplings f,; can be of order 1 and these
couplings drive LFV processes [8] in the Dirac scotogenic
model. So far none of the LFV processes are observed in
experiments, and upper bounds have been set on the
branching ratios of various LFV decays and also on the
conversion rate of y to e in a nucleus [8]. Among the LFV
decays, stringent limits exist on the branching ratios of
u — ey [58] and yu — 3e [59]. The above mentioned LFV
processes are driven in the Dirac scotogenic model due to
mediation of 7" and N? at 1-loop level. Analyzing LFV
processes is out of the scope of this paper. Nevertheless, in
our work, experimental limits on these processes can be
satisfied by taking the masses of 7 or N? to be sufficiently
high, for f, ~ 1. In addition to this, there is also a
possibility of suppressing the couplings f,; in order to
satisfy the above experimental limits.

Below, we compare the Dirac scotogenic and scotogenic
models in terms of LFV processes. As stated before,
Feynman diagrams for LFV processes in the Dirac scoto-
genic model are driven by #" and N?. Whereas, in the
scotogenic model [16], the corresponding Feynman dia-
grams are driven by 7 and N¥, where N¥! is an additional
Majorana field. In the scotogenic model, LFV processes
have been analyzed in [60]. We see that, in the Feynman
diagrams for LFV processes of scotogenic model, one
should replace the N}/-propagator with N?-propagator in
order to get the corresponding Feynman diagrams of the
Dirac scotogenic model. As a result of this, by interchang-
ing the mass of N with NP, we get the same branching
ratio expressions for g — ey in both these models.
However, the branching ratio expression for y — 3e should
be different in these models, which is explained below. The
amplitude for u — 3e arises from the following contribu-
tions in both these models: y-penguin, Z-penguin, Higgs-
penguin and box diagrams. The penguin diagrams should
give the same kind of expressions for amplitude in both
these models, due to the above mentioned replacement of
propagators. On the other hand, the box diagrams of the
scotogenic model involve diagrams which are due to the
Dirac and Majorana nature of the N/ -propagator. Whereas,
these diagrams are driven only due to the Dirac nature of
the NP-propagator in the Dirac scotogenic model. As a
result of this, we get additional contribution to box
diagrams in the scotogenic model as compared to that of
the Dirac scotogenic model. Now, we see that the expres-
sion for the conversion rate of u to e should be the same in
both these models since this conversion happens due to
penguin diagrams.

The additional fields in the Dirac scotogenic model are
NkD, nTand {;, i = 1,2, 3. The best way to test this model in
collider experiments is by probing the 7" field. Note that ™
can be produced in the LHC experiment via gauge
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interactions, and it decays as ™ — £TNP or " - W*¢,.
Here, N? is the lightest among N?. The above two decays
give us missing energy plus a charged lepton or a dijet
signal, depending on the decay channel of W. Analyzing
collider signals of this model is out of the scope of this
work. However, see Refs. [61,62] for some collider analysis
on scalar sector in related models. The above described
signal in the Dirac scotogenic model is also possible in the
scotogenic model. The difference between these two
models in terms of field content is the presence of the
singlet scalar field y in the Dirac scotogenic model. Since
the singlet field does not experience gauge interactions, it is
a challenge to probe the existence of y field in the Dirac
scotogenic model. Hence, one needs to develop some
techniques to distinguish the above two models in collider
experiments. It is worth it to do a detailed analysis on this
aspect in the future.

IX. CONCLUSIONS

In this work, we have studied on the vacuum structure of
the scalar potential of the Dirac scotogenic model. One of
the motivations of this model is to explain neutrino masses
through a radiative mechanism and also to have Dirac
nature to the neutrinos. The other motivation is to have a
stable dark matter candidate. After analyzing the scalar
potential of this model, we have found that 11 different
minima are possible. Out of these 11, the N1 minimum of
Eq. (6) is the desired minimum of this model. Only with
this minimum, the motivations of this model can be
achieved consistently. As a result of this, we have worked
to see if the N1 minimum can be made as the global
minimum of this model. Through our numerical analysis,
we have shown that plenty of parameter space exists where
N1 is the global minimum. In our numerical analysis, we
have found that the N1 minimum can coexist with certain
other minima in some regions of parameter space.
However, in the viable parameter space of this model,
we have not found the coexistence of the N1 minimum with
charge-breaking minima. We have justified this statement
with an analytical demonstration to it in the Appendix.

We have studied the Higgs to diphoton decay in this
model since the scalar sector of this model has an
implication on this decay. After doing a generic scan over
parameters of the scalar potential, we have found that the
signal strength of this decay can be within the experimen-
tally allowed region, but most likely to be around the lower
30 allowed value of this quantity. With some tuning of the
parameters, the signal strength of this decay is found to be
as high as 1.3. In the numerical analysis, we have found that
the experimentally allowed values of this quantity can be
explained irrespective of the fact that the N1 minimum
coexists with other minima or not.

Finally, we have studied the possibility of making the
lightest among the additional scalar particles of this model,
as a candidate for dark matter. We have found that the

singlet scalar field of this model cannot be a viable
candidate for dark matter. This we have found, due to
the fact that the current bounds from the direct and indirect
detection of dark matter in experiments rule out the
possibility of explaining the relic density of dark matter.
The other possibility for scalar dark matter in this model is
the 1% field, which is a component of the SU(2), doublet.
In this case, we have found that constraints due to direct
detection bounds on the dark matter are difficult to be
satisfied.

APPENDIX: SADDLE POINTS

From the numerical analysis of Sec. V, we have noticed
that certain minima do not coexist with the N1 minimum.
Below we present analytical calculations through which we
justify why some of these minima do not coexist with the
N1 minimum. Our methodology in these calculations is
based on the discussions given in [12,38].

In Sec. V, it is described that, by demanding % <0.1in
our numerical analysis, we have not found a region of
coexistence between the minima C11 and N1. Here we
show that, in the limit that A is a negligibly small parameter,
C11 becomes a saddle point in the region where N1 is a
minimum. From the minimization conditions of CI11,
which are given in Table II, we notice that A becomes a
small variable if either A4 + A5 Or Vg1 Vy11)/Vy(11) 18
suppressed. As a result of this, we neglect terms involving
the above mentioned variables in comparison to other
terms of the scalar potential. Now, apart from satisfying
the minimization conditions of C11, we need to evaluate
the mass-square eigenvalues of the scalar fields in
order to check if C11 becomes a minimum or not. For
calculating these eigenvalues, we have described the
parametrization of scalar fields of a SP in Eq. (23). We
express these scalar fields in the following basis:
@ = (dg- D1+ Mg 11> P D) Mg 1> X&) Now, the general
form of the mixing mass-square matrix among the scalar
fields of a SP is given by

(A1)

M2, = PV PV ox0x, oV Px
Y 0pi0p;  0x10x,, 0p; 0p;  0x; 09;0;

Here, i,j = 1,...,9 and x;, where [ = 1, ..., 5, are defined
in Eq. (24).

The last term of Eq. (A1) becomes zero for the case of
C11 since after using the minimization conditions we get
g—)‘(’l = 0. As a result of this, for the SP C11, Eq. (Al)

becomes MZ,, = YTBY. Here, Y and B are matrices of
orders 5 x 9 and 5 x 5, respectively. The elements of these
matrices are given below:

N axl 02V

AV N
7a(pi’ lmiaxlaxmi 4]Im

0x;0x,,

(Y] (A2)
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In the limit that A is a small variable, the matrix B takes the
following form:

0 0
B, 0 0
A
B = Ur(an) 0 )
0 0 A 2%+ ) 0
0 0 0 0 24y = s)
Mo A 3k
Bl - /13 /12 %’18 . (A?))
34 3As 5k

Now, as it is argued in [12], it is possible to express the
matrix M%,, in the following block form:

v =<0 0 )
i 0 Y'BY

Here, Y’ is a 5 x 5 matrix which depends only on the VEVs
of C11. From the above form of M2,,, we see that C11 has
four Goldstone bosons. This is expected since the SP C11
breaks the electroweak and charge symmetries, which are
continuous. Also, from the above equation, we see that, if
all the eigenvalues of B are positive (negative), then M%, is
positive (negative) definite, and thus, C11 is minimum
(maximum). On the other hand, if B has both positive and
negative eigenvalues, then C11 becomes a saddle point.
Now, in the limit that A is a small variable, the first three
eigenvalues of B are determined by that of B. We see that
Tr(B;) > 0, due to the conditions of Eq. (44). As a result of
this, B has at least one positive eigenvalue, in the limit that
A is a small variable.

In Eq. (42), we have given the difference in potential
depths at the stationary points C11 and N 1. In the limit that
A is a small variable, the last term of Eq. (42) can be
neglected. Moreover, in this limiting process, m3 + 4703y
is nearly equal to one of the eigenvalues of the scalar fields
of the SP N1. Hence, in a region where N1 is a minimum
and in the above limiting process, we get V~;; — Vi > 0.
To get the expression for V17 — Vyy, we have used the
general expression of Eq. (32). Here, we see that
X%, Vi, = 0. Hence, in the limit that A is a small variable,
we get Ve — Vi 3 X5, Vi, Now, we define X¢iy,

(A4)

Xyis Vﬁvv and M, as 3-column matrices, whose elements
are the first three elements of Xy, Xyi, V. and M,,
respectively. With these definitions and in the above
limiting process, we get the following relation:

av

=0= X¢y ~ —B7'M,.
x| e

(AS)

After using the above relation, we get

1 1o, -
Ve =V WEXEMVM :EXEII N1
1. - 1. - -
= —EVZIBTIMz =-3 VBT (Vi = BiX 1)
1 i7" -1y
= _EVNIBI V- (A6)
Earlier we have argued that V;; — Vy; > 0 in a region
where N1 is a minimum. Hence, after using the above
relation, we see that B; should not be a positive definite
matrix, and thus, one of the eigenvalues of B, is negative. As
aresult of this, in the limit that A is a small variable, one the
eigenvalues of B is negative. Combing this result with the
earlier result that B has at least one positive eigenvalue, we
see that C11 becomes a saddle pointin aregion where N1isa
minimum and also that A is a negligibly small variable.

The above described result on the nature of C11 is valid
evenif A = 0. However, for A = 0, we get 44 + 45 = 0, and
thus, the inverse of B does not exist. To circumvent this
problem, we have used By, which is a submatrix of B, in the
above described analysis.

The above described analysis can be applied to other SPs
of N2, C9, and C10, in order to show that these become
saddle points in the region where N1 is a minimum. The
difference we encounter is that the last term of Eq. (Al)
does not vanish for the above mentioned SPs. As a result of
this, we have explicitly computed the mixing masses for the
scalar fields of the above SPs. For instance, in the case of
C9, we have found that the fields nk, ¢%, and 7% mix
together, whose masses are given by

b A A
VAN VA B=|4k 4 X,
b A3 A
Cy(9) 0 0
Z = 0 vy 0 (A7)
0 0 Vy(9)

Now, using an analogous formalism described for the case
of C11, we can show that the matrix B has one positive and
one negative eigenvalue, apart from a zero eigenvalue. As a
result of this, C9 becomes a saddle point in a region where
N1 is a minimum.

In Sec. V, we have mentioned that the minima N6 and
N7 do not coexist with the N1 minimum. Moreover, we
have also described that the percentage of coexistence
between the minima N8 and N1 is zero for A = 0. All the
above mentioned SPs become saddle points in a region
where N1 is a minimum. We have realized this statement
through our numerical analysis, but otherwise, we do not
have an analytical proof for this.
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