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Abstract

We have considered a model, originally proposed by Ma and Wegman, where the mixing pattern in
neutrino sector is explained with three Higgs doublets, six Higgs triplets and A4 symmetry. The mixing
pattern is explained with the help of vacuum expectation values (VEVs) of the above mentioned doublets
and triplets. In order to study about the VEVs of the scalar fields, we construct the full invariant scalar
potential of this model. After minimizing this scalar potential, we have found that two Higgs triplets can
acquire zero VEVs. In order to generate non-zero VEVs to all the six Higgs triplets, we have added two
more Higgs doublets to the model. Thereafter we have demonstrated that the current neutrino oscillation
data can be consistently explained in our model. To study some phenomenological implications of this
model, we have worked out on the branching ratios for lepton flavor violating decays.
© 2022 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Neutrino sector can give hints about physics beyond the standard model (SM) [1]. The masses
of neutrinos are tiny as compared to other fermion masses [2]. In order to explain the tiny masses
for neutrinos, one has to extend the SM. In addition to the masses of neutrinos, mixing pattern
in neutrino sector can also give a hint to physics beyond the SM. From the global fits to neutrino
oscillation data [3], the three neutrino mixing angles are found approximately close to the tri-
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bimaximal mixing (TBM) [4]. To understand this mixing pattern in neutrino sector, the SM
should be extended with additional symmetries and particle content [5].

In this work, we consider the Ma-Wegman (MW) model [6], where A4 symmetry [7] is in-
troduced to explain the neutrino mixing pattern. For early works on A4 symmetry, see Refs. [8].
In the MW model, the scalar sector contains three Higgs doublets and six Higgs triplets. Due to
the presence of scalar Higgs triplets, neutrinos acquire masses via type Il seesaw mechanism [9]
in this model. The above mentioned scalar fields and lepton doublets are charged under A4 sym-
metry in such a way that a realistic neutrino mixing pattern can be explained. A unique feature
of the MW model is that the six Higgs triplets, which are responsible for obtaining the neutrino
mixing pattern, are charged under all possible irreducible representations of A4 symmetry. See
Ref. [7] for an introduction to A4 symmetry. In Appendix A we have summarized product rules
among the irreducible representations of A4 symmetry.

The A4 symmetry in the MW model is spontaneously broken when the neutral component of
doublet and triplet Higgs fields acquires VEVs. The VEVs of the triplet Higgses generate a mix-
ing mass matrix for neutrino fields. After diagonalizing this mass matrix, one can obtain neutrino
masses and mixing angles. In the work of MW model [6], this diagonalization has been done af-
ter making some assumptions on the VEVs of triplet Higgs fields, and thereby, it is concluded
that neutrino masses can have normal ordering. This problem of diagonalizing the neutrino mass
matrix of the MW model has been revisited in Ref. [10]. In the work of Ref. [10], after relaxing
some of the assumptions made in Ref. [6] and also after using some approximation procedure
[11], diagonalization has been done for the neutrino mass matrix of the MW model. Thereafter,
it is concluded that both normal and inverted orderings for neutrino masses are possible in the
MW model, apart from explaining the mixing pattern in neutrino sector.

As described above, the VEVs of scalar triplet Higgses are responsible for generating the
neutrino masses and mixing angles in the MW model. One obtains the VEVs of scalar fields
after minimizing the invariant scalar potential among these fields. The scalar potential in the MW
model contains both the doublet and triplet Higgs fields. Minimization for this scalar potential
has not been done before. On the other hand, minimization for the invariant scalar potential
containing only the Higgs doublets has been done in Ref. [7], where it is shown that there exists
a parameter region in which the three Higgs doublets of this model acquire the same VEV. This
is known as the vacuum alignment of the Higgs doublets [12], which is necessary to achieve in
order to diagonalize the charged lepton mass matrix, and thereby to explain the mixing pattern
in neutrino sector.

In this work, in order to see the implications of scalar potential on neutrino masses and mix-
ing pattern, we write the full invariant scalar potential containing the three doublet and six triplet
Higgses of the MW model. After minimizing this scalar potential, we have found that the two
triplets, which are charged under the non-trivial singlet representations of A4 symmetry, acquire
zero VEVs. It is to remind here that in our previous work of Ref. [10], we assumed the VEVs of
all triplet Higgses be non-zero and later showed that neutrino oscillation data can be explained
in the MW model. Moreover, it is stated before that we followed a specific diagonalization pro-
cedure in our previous work of Ref. [10]. Now, in this work, after finding that two Higgs triplets
can acquire zero VEVs, with the diagonalization procedure of Ref. [10], we have found that the
current neutrino oscillation data cannot be consistently explained. To alleviate the above men-
tioned problem, we add two more Higgs doublets to the MW model. After doing this, we show
that at the minimum of the scalar potential, all the six Higgs triplets can acquire non-zero VEVs.
As a result of this, we demonstrate that the neutrino oscillation data can be fitted in this model
for both normal and inverted neutrino mass orderings. While doing the above mentioned mini-
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mization, we also address the problem on vacuum alignment of the Higgs doublets. We show that
sufficient parameter region exists in this model, where the vacuum alignment of the necessary
Higgs doublets can be achieved.

After analyzing the scalar potential, it is worth to study some phenomenological consequences
of our model. We argue below that the scalar fields of our model can drive lepton flavor violating
(LFV) processes such as £ — ¢’y and £ — 3¢'. Here, £ and ¢’ are charged leptons belonging to
different families. None of the above mentioned LFV decays have been observed in experiments,
and as a result of that, upper limits on the branching ratios of these processes have been obtained
[13]. See Refs. [14], for related studies on LFV processes in neutrino mass models. In our model,
the above mentioned LFV decays are driven by the scalar fields which are charged under the A4
symmetry. Hence, one can expect that these decays carry imprints of A4 symmetry. In this work,
one of our interests is to study signatures of A4 symmetry in LFV decays. In a related direction
to this, see Ref. [15].

The scalar triplet Higgses of our model drive LFV decays, since the Yukawa couplings for
lepton doublets are flavor violating in a type II seesaw framework [16,17]. We compute branching
ratios for the decays £ — 3¢’ and £ — £’y in our model. The decays ¢ — 3¢’ are driven by doubly
charged scalar triplets at tree level, whereas, the decays £ — ¢’y are driven by doubly and singly
charged scalar triplets at 1-loop level. The above mentioned LFV decays can also be driven by
scalar fields of doublet Higgses, however, the contribution from these scalars has been neglected
in this work. We comment about this contribution later. While computing the branching ratios for
the above mentioned decays, one needs to know the mass eigenstates of the doubly and singly
charged scalar triplets. These we obtain from the invariant scalar potential of our model, which
we have described above. The branching ratios of the LFV decays in our work depend on Yukawa
couplings and the masses of above mentioned scalar fields. We have found that for some decays
the branching ratios are vanishingly small, if we assume degenerate masses for triplet scalar
fields. Another fact we have found is that, due to the presence of A4 symmetry, some of the
couplings between charged scalar triplets and leptons can depend on one another. As a result of
this, branching ratios for some LFV decays can depend on each other. The above mentioned facts
are some of the signatures of A4 symmetry in our model. Since the Yukawa couplings depend on
neutrino oscillation observables, numerically we study the variation of these branching ratios in
terms of neutrino mixing angles and the C P violating Dirac phase §cp.

The paper is organized as follows. In the next section, we briefly describe the MW model
and present essential results from our earlier work [10] on this model. In Sec. 3, we construct
the full invariant scalar potential of this model and give our analysis on the minimization of this
potential. We study the implication of this analysis on the neutrino mixing pattern by taking into
account of the results of our previous work [10]. We demonstrate that by adding two additional
Higgs doublets, one can explain the neutrino mixing pattern consistently in our model. In Sec. 4,
we study the LFV decays of our model. In Sec. 5, we describe future directions based on the
phenomenology of our model. We conclude in the last section. In Appendix A, we have given
the product rules of A4 symmetry, which are useful for making invariant terms in our scalar
potential. In Appendix B, we have listed all different quartic terms of the scalar potential, which
contain only the Higgs triplets.

2. The MW model and essential results from it

In this section, we describe the MW model [6]. As stated in the previous section, the method
of diagonalizing the neutrino mass matrix of this model has been improved in Ref. [10]. The
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Table 1

Fields in the lepton sector of the MW model [6]. Here, i =1,2,3 and j =4, 5, 6.
Field Li=@i. ti)T g br g ¥ & & & &
Ag 3 1 v 1 3 r r 1 3
sU@2yp 2 1 1 1 2 3 3 3 3
uyy -4 -1 -1 -1 5 1 o1 o1

essential results, related to neutrino masses and mixing angles, from the work of Ref. [10] are
also presented in this section. These results are used in our study on LFV decays, which is
presented in Sec. 4.

The relevant fields of the MW model, along with their charge assignments under the elec-
troweak and A4 symmetries are tabulated in Table 1. With the charge assignments of Table 1, the
Yukawa couplings for charge leptons can be written as [7]

+

£=/’l,‘jkL_,‘£jR<Dk+h.C., q)k=<¢]f)). (1)
P

Here, i, j,k =1,2,3. h;j; are Yukawa couplings, whose form is determined by A4 symmetry,

which can be seen in Ref. [7]. Assuming that the three Higgs doublets acquire the same VEV,

after the electroweak symmetry breaking, we get a mixing mass matrix for charged leptons. This

mass matrix can be diagonalized with the following transformations on the charged lepton fields

[7].
Yy, - ULV, WYg—> UgrWg,

Wy = (b1, o, €32)T,  Wr=(ligr, bar, t3R)],

1 1 1 1 1 0 0
U=Uw=—|1 o o*], Ug=[0 1 0 2)
V3 1 o o 0 0 1
Here, w = 27i/3,
In the neutrino sector, the invariant Lagrangian is
L=y1(L{io2€ Ly + L5iosEi Ly + L§ionk L3)
+y2(LSio2&r L1 + wLSiongr Ly + w2L_§i02€2L3)
+y3(LSio2&3 L1 + w*LSiorE3 Ly + wLSiong3L3)
+y(LSioag6 Ly + LSiorksLs + LSiongsLy) + h.c., 3)
& ++
0 —i = &
02=<i O), = Y2 Y. k=16 )
_50 _ Sk
k V2

Here, y1, y2, y3, ¥ are dimensionless Yukawa couplings. Also, Lf, where i = 1, 2, 3, are charge
conjugate doublets of L;. The above invariant Lagrangian can be obtained from the product rules
of A4 symmetry, which are given in Appendix A. After giving VEVs to neutral component of &,
from Eq. (3), we get mixing mass matrix for neutrino fields, which is given below [6].

1
L= _EWCVMV\DV +hec., W,= i, v, i),
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a+b+c f e
M, = f a + wb + w*c d , ®)
e d a+ b+ wc
a=2yv;, b=2yv), c=2y5 d=yv;, e=yvs, [f=yuv. (6)
Here, (Sio) = vlf ,i=1,---,6. As stated in the previous section, the masses for neutrinos are very

small. In order to obtain small masses for neutrinos, using the above relations, we can take either
the Yukawa couplings or the VEVs of Higgs triplets to be small. In this work, we choose the
VEVs of Higgs triplets to be small so that the Yukawa couplings can be O(1). With this choice,
we can notice that LFV decays in this model are unsuppressed, and as explained in the previous
section, study of LFV decays is another topic of interest in this work.

The matrix in Eq. (5) can be diagonalized after assuming b — ¢, e, f to be small and also after
applying the following transformation on the neutrino fields [10].

W, - UcwUrpmUc Wy,

V273 1/V3 0 1 €12 €13
Urn=| —1/v6 1/4/3 —=1/V2 |, Uc=|—€, 1 exn|. (7
—1/4/6 1/43  1/42 —€ly —ey 1

In the unitary matrix U, [18,19], the € parameters are complex and the real and imaginary parts of
these are assumed [10] to be less than or of the order of sin6;3 ~ 0.15 [3], where 013 is a neutrino
mixing angle. Here, one can notice that U, is unitary only up to first order in € parameters.
From the above equation, we can see that U, gives a perturbation to U7 gz, which can produce
deviation from TBM mixing pattern. There are other ways to parametrize these perturbations.
However, in this work we stick to the above mentioned parametrization, which is suggested in
Refs. [18,19]. Now, while diagonalizing the neutrino mass matrix in Eq. (5), terms which are of

2
the order of sin® 013 ~ % ~ 1072 [3] have been neglected [10]. Here, m and m, are the square-

a
root of solar and atmospheric mass-square differences among the neutrino fields, respectively.
The central values for these mass-square differences are given below [3].

m2=m3—m?=75%x10"eV?, m2=

®)

m3 —m? =255 x 1073 eV? (NO)
m} —m3=245x 1073 eV? (10)

Here, m > 3 are neutrino mass eigenvalues and NO (IO) represents normal (inverted) ordering.
In order to fit the above mass-square differences, the neutrino mass eigenvalues can be taken as
follows.

NO: miZmg, mp= m%+m%, ms3 = ma+m%.

10: m3<ms, myi=m2+mi my=,/m2+m3. 9)

2
As described previously, terms of the order of or higher than that of sin® 63 ~ % are ne-

glected in the diagonalization of M, of Eq. (5) [10]. As a result of this, the neutr(ilno mass
eigenvalues in terms of model parameters have been found to be [10]

b+c b+c

m =a+d— 7 my=a+b+c, mi=—a+d+ 7 (10)
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The above expressions are valid in NO and IO cases. The relations for other model parameters
containing in M, depend on the neutrino mass ordering. Expressions for these are given below
[10].

V3

i
NO: =0, —b—-0)= N, —(e— f)= .
e+ f ) ( ) m3e3 «/5(6 b)) m3e€ns

e+ f
V2

3 i
10: = —mi€1 + mael,, 7(17 —c) = —mie€13, E(e — f)=—maens.

(11

Now, after diagonalizing the mass matrix M,,, one can get expressions for neutrino mixing an-

gles. The procedure for this is explained below. After comparing the transformations for charged

leptons and neutrinos of Eqgs. (2) and (7), the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix can be written as

Upmns =UrgmUe. (12)

The PMNS matrix is parametrized in terms of three neutrino mixing angles and §c p, in accor-
dance with the PDG convention [13]. Using this parametrization in Eq. (12) and after solving
the relations of this matrix equation, the leading order expressions for the three neutrino mixing
angles and d¢ p are found to be [10]

1 2
sinfp = — + \/jRe(Elz), Im(ez) =0,
f

\/_ [ nge(€23), Im(e13) = 2Im(ex3),

sinés ( fe@y }ERe(E 3)) cosdcr <f3lm(613) }31’"(623)) sindcp,
R ( ) : R ( 2. ) S.H(S(P =1 ( ) —1 ( 23 ) COSS(jP—O
—ne(€e + —=Re(e 1 m(€ m(e =VU.
\/ 3 13 \/_ 3 + 143 3 13) + — \/_ 3

13)

sinp3 = —Re(e13) +

Here, Re(e;;) and Im(e;;) are real and imaginary parts of €;;,7, j =1,---, 3.
From Eq. (13), we can notice that the imaginary part of €7 is zero. Using this in the case of

2
10, from Eq. (11), we gete + f ~m ﬂRe(e 12). As described previously, in the approximation

procedure of Ref. [10], terms higher than the order of sin® 013 ~ —% are neglected. Hence, to the

leading order, in both NO and IO we get e + f = 0. This 1mphes v5 —vg, which follows from
Eq. (5). Now, from Eq. (13), we can see that all € parameters can be determined in terms of three
neutrino mixing angles and §¢ p. Using this fact and from Eqs. (10) and (11), we can notice that
all model parameters of M), are determined in terms of neutrino oscillation observables. Among
these model parameters, except for a and d, rest of them depend on the neutrino mass ordering.
Expressions for these parameters are given below.

mi +my —ms3 _mp+m3

NO&IO: a= 3 d=
3 2
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NO: b:@—ml_’m—i—mﬁﬁ, c:@_ml_’m_mﬁﬁ, e=_im3€§3
3 6 \/g 3 6 \/:)_, ﬁ
O: pM2_mi—ms mi€s  _my  mi—m3  meg e:im2€23
3 6 \/g ' 3 6 ﬁ ’ ﬁ

(14)

Using the above expressions in Eq. (5), we can see that all Yukawa couplings of the MW model
can be determined in terms of neutrino oscillation observables and the VEVs of Higgs triplets.
Here, one can notice that the coupling y can be obtained from either d or e. The fact is that v}
and vg are not independent parameters. As a result of this, we can consider the following two
cases in order to determine y.

15)

casel: y= casell: y=

WA
4

o

In case I(II), v} (v5) is independent parameter and v5(vy) is determined in terms of v} (vs). An
interesting point is that if we choose v} as an independent parameter, the coupling y do not
depend on neutrino mixing angles and é¢ p. On the other hand, in case II, y depends on neutrino
mixing angles and ¢ p. The above mentioned cases can make a difference in the branching ratios
for LFV decays of this model, which is presented in Sec. 4.

3. Analysis of scalar potential

In the MW model [6], three Higgs doublets and six Higgs triplets exist. From the previous
section, we have seen that the VEVs of Higgs triplets generate masses and mixing angles for
neutrino fields. The VEVs for these fields arise after minimizing the scalar potential of this
model. Hence, in this section, we write the full invariant scalar potential of the MW model.
Thereafter, we analyze the implications of this potential on neutrino mixing.

3.1. Scalar potential of the MW model

The invariant scalar potential in the MW model can be written as

Viuw = Vo(®) + Vi(P, &) + Vo (§). (16)

Here, V(@) is a potential which depends only on the Higgs doublets, whose form is already
given in Ref. [7]. Vi(®, &) contains terms involving both Higgs doublets and triplets. Vp(§)
contains exclusively the quartic interaction terms among the Higgs triplets. In the minimization
of the scalar potential, quartic terms in V(&) give negligibly small corrections, due to the fol-
lowing reasons. From precision electroweak tests [13], p parameter gives a constraint on VEV
of triplet Higgs to be less than about 1 GeV. In the MW model, since three Higgs doublets ex-
ist, we can choose the VEVs of Higgs doublets to be around 100 GeV. Hence, while doing the
minimization, terms in V(&) are at least suppressed by 10~* as compared to that in Vi (®, £).
In our work, as stated in the previous section, we choose VEVs of Higgs triplets to be much
smaller than 1 GeV, say around 0.1 eV, in order to explain the small neutrino masses. Shortly
below, we give arguments for making triplet Higgs VEVs to be as small as 0.1 eV. For the above
mentioned reasons, we can notice that terms in Vo (&) give negligibly small contributions to
the minimization of the potential. Hence, we omit these terms in our analysis. However, for the
sake of completeness, we present all the invariant terms of Vp(§) in Appendix B. In order to

7
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write the invariant terms of Vi(®, &) + V(§), we follow the work of Ref. [20]. In Ref. [20],
invariant scalar potential under the electroweak symmetry is given, for the case of one doublet
and triplet Higgses. To write the terms in Vi(®,£) 4+ Vp (&), we generalize the potential given
in Ref. [20], by including three Higgs doublets, six Higgs triplets and A4 symmetry. In order
to make the scalar potential invariant under A4 symmetry, we follow the product rules of A4
symmetry, which are given in Appendix A.

To write the scalar potential of the MW model, we define the following quantities.

(@' D) =0 + 0Jdy + Did;, (@TD) = [0 + D)D) + 0] D3,

(@7®) = [0+ wd]dy + O3,  (678) =8]8 + 165 + 8/ %,

E78) =&/t + 0PElEs + 0t &, (E78) =8]8+ wE Es + 78] e

(@ f(E)D) = @] F(E)P1 + B F(5) P2 + ] £ (6) D3,

(@ F(E)D) = ] £(&)D) + 0®] £(8)Ds + 2B £(£)Ds. (17
Here, f () is a function depending on the Higgs triplet fields. Now, we have [7]

2 T 1 T 2 T / T "
Vo(@) = m*(@7®) + 231 (07T0)* + (@) (07P)
3 [ (@] 03)(®]®2) + (P]01)(P] @) + (@] 02) (@) |
1 ¥ ¥ "
+ { Sk [(q>;<1>3)2 + (@i o)+ (q>{q>2)2] + h.c.} . (18)

In the above, m? has mass-square dimension and A parameters are dimensionless. The invariant
terms in V1 (®, &) can be written as

Vi(®,86) =
m3 Tr(E[ &) +m3 Tr(E]€2) +m3 Tr(&]&3) + mg Tr((€76)) + 25" (@7 @) Tr & &)
+0(@10)Tr(E] ) + 30 (@ ) Tr(E] g3) + 28" (@ @) Tr((66))

+ [0 @0y TrE ) + 40 (@ o) Trief ) + 2 (@1 0) Tr(e )
0@ @Y Tr(EE)) + 25 [ @] @3Tr(E] ) + DL01Tr(g 60) + @] @2 Tr(]85) |
#3417 [ D] 03Tr(e &5) + L1 Tr(E[ ) + @] @2 Tr(e]0) | + e}

2 (@7 ¢ en®) + 2.2 (@ (e ®) + 20 (@ ElEn @) + 20 @ ¢ ) )

+ 20 @ eo) + 10 @ Egn o)+ @ e ey + 20 @l e) @y
o (q,;ggaq% + ®lefes o) + ole] §6d>2) +2.00 (cbIéZ E5®) + DIETE6 Dy
+<I>§§g'g4cb1) 4200 (qﬂgﬁsj'cbg + OieEl Dy + DlEsE] d>2) +2g? (‘1’754551"1’2
+olEst 0y + c1>§§65}q>1) + [é{iozél &) + Oliors By + BT icnk) 5’3]

+u2 [613171'02526131 + 0@ ioE Py + 602&);”252&)3] RE [&DIT’."Z&CEI

8
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+?®Tiong3 @) + wdliong; &)3] +u [&’{iazés 3+ ®LionEe®) + &>3Ti62$4&>2]
+h.c.}. (19)

In the above equation, m(z)’]’z’3 have mass-square dimensions, p parameters have mass dimen-
sions and A parameters are dimensionless. Here, &Dk =ioy @2, k=1,2,3. We assume A param-
eters to be O(1). As stated before, (¢>?) ~ 100 GeV. m%yl’m ~ sz give mass scale for scalar
triplet Higgses. Since we want these scalar triplet Higgses to be produced in the LHC exper-
iment, we take m%,1,2,3 ~ sz ~ (100 GeV)2. Now, after minimizing Eq. (19) with respect to
triplet Higgses, naively we expect the VEVs of these fields to be ~ ,uT(q)?)z / m2T Here, pr
represents any of the u parameters of Eq. (19). After using the above mentioned choices of the
parameters, we can see that the VEVs of triplet Higgses can be as small as 0.1 eV, provided the
W parameters are suppressed to around 0.1 eV. By suppressing the p parameters, one can real-
ize the hierarchy in the VEVs of doublet and triplet Higgses. See Ref. [16], for a loop induced
mechanism in order to explain the smallness of p parameters.

The minimization of Vp(®) has been done in Ref. [7] and it is shown that (qb?) = v can
be achieved for i = 1,2, 3. In this work, doublet Higgses have interactions with triplet Hig-
gses. Since we are taking VEVs of triplet Higgses to be around 0.1 eV, the contribution from
(V1(®, &)) is negligibly small in comparison to (Vo(®)). Hence, in this work, we get (d)?) v
for i =1, 2, 3. As stated previously, this is known as the vacuum alignment of Higgs doublets,
which is necessary in order to diagonalize the charged lepton mass matrix, which is described
around Eq. (2). Now, after minimizing the V| (®, £) with respect to neutral components of & and
&3, we get

m3 +22310)EH =0, m+2P310)ED) =o. (20)

From the above equations, we get v5 = v} = 0. This implies b = ¢ = 0. Using this in Eq. (11),
we get €13 = 0. Thereafter, relations in Eq. (13) can be solved for ¢ p = 7, which is allowed for
the case of NO by the current neutrino oscillation data [3]. As a result of this, at leading order,
we get the following constraint relation

1
sin® 63 = 3 ++/25in63. 2D

The above constraint relation cannot be satisfied in the allowed 3o regions for sin® 653 and
sin 03 [3].

The problem described in the previous paragraph arises due to the fact that &, and &3, which
transform as 1’ and 1” respectively under A4, acquire zero VEVs. On the other hand, the other
Higgs triplets &1 and &, which transform as 1 and 3 respectively under A4, can acquire non-zero
VEVs. Let us mention here that in Ref. [19] a model with & and &; is presented in order to
explain neutrino mixing pattern. It is shown that the model of Ref. [19] can consistently explain
neutrino mixing pattern and can predict normal ordering of masses for neutrinos. Hence, one can
see that the MW model, for the case of (53,3) = 0, effectively reduces to that of Ref. [19], as
far as neutrino mixing is concerned. As a result of this, even if (53‘3) =0, the MW model can
explain neutrino mixing pattern but may only predict normal mass ordering for neutrinos. In this
regard, it is worth to see if the MW model can be modified in such a way that it can explain both
normal and inverted mass orderings for neutrinos. In our earlier work [10], we had shown that
the above mentioned orderings are possible in the MW model, provided (ég 3) # 0. So to solve

9
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the above mentioned problem, one needs to find a mechanism which can give @2 3) # 0 in the
MW model.

One can notice that, because of the vacuum alignment of Higgs doublets, the tri-linear cou-
plings w2, u3 of Eq. (19) do not contribute to (&'g) and (%‘3) after minimizing the scalar potential.
Whereas, the other tri-linear couplings w1, i can contribute to the VEVs of rest of the Higgs
triplets, even with the vacuum alignment of Higgs doublets. One cannot break the vacuum align-
ment of Higgs doublets in the MW model, since it will affect the diagonalization of charged
lepton mass matrix, which in turn has an effect on the mixing pattern in neutrino sector. Hence,
in order to give non-zero VEVs to &; 3, one can introduce additional tri-linear couplings involv-
ing these fields. We know that &, 3 are charged under 1’,1” of A4 symmetry. With 1’,1”, the
following are the only two singlet combinations, which can represent tri-linear terms in the po-
tential: 1’ x 1" x 1/, 1” x 1” x 1”. Hence, in the additional tri-linear couplings containing & 3,
the Higgs doublets should be charged under 1’ and 1” of A4 symmetry. As a result of this, we
propose additional Higgs doublets ®s and ®¢ which transform as 1’ and 1” respectively under
A4 symmetry. Now, one can see that the following terms can exist in the scalar potential, which
can give non-zero VEVs to & and &: &L i026:®g, ®LiorE3®s. However, the Higgs doublets
®5 and Pg can give rise to extra terms in the scalar potential with the fields ®;,i = 1,2, 3. These
extra terms can affect the vacuum alignment of Higgs doublets of the MW model. We study these
topics in the next subsection.

3.2. Extension of the MW model with two additional Higgs doublets

As described previously, in order to get non-zero VEVs to & and &3, we add the Higgs dou-
blets ®5 and ®¢ to the MW model. Since these Higgs doublets are charged under 1" and 1” of A4
symmetry, with the charge assignments given in Table 1, one can notice that they do not generate
Yukawa couplings for charged leptons and neutrinos. However, the Higgs doublets ®5 ¢ can have
interactions with the other Higgs doublets ®; » 3 and also with the Higgs triplets of this model.
As a result of this, the scalar potential of the MW model, which is given in Eq. (16), will change
to

V = Vigw + V§(®) + V{(®,8). (22)

Here, Vj(®) and V|(®, §) contain terms between ®s ¢ and already existing scalars of the MW
model. Their forms are given below.

Vj(@) =
i s+ mio (g + 11 (@09 + 120 (@06 + 21 @]y (@]0)
+3(7 (@ 0) (@] 05) + 117 (07 @) (0] @) + 25 (@[ D) (0] D)
n }A?)(@W)/(‘DE‘I’S) + h.c.]
+5 [@Len(@]0s) + (@02 @]05) + (@] (@]0s)]

) 1
22 [(q)éq)l)(qﬂcbﬁ) + (0] D) (D] Dg) + (<I>§<I>3)(d>§<l>6)] + {Ekf) [@;@1)2

+ot (@D + w(qﬂjcbg)z] + Exf) [(d)j,)cbl)z + (0] @) + w2(¢gq>3)2]

10
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357 [(@LD)(@f01) + (@] @) (0 02) + (@]03) (@[ 3)

347 [(@[@)(@]06) + w(@[02) (@]0g) + 0 (@[0n (@]0e) | +he . @3

VI(®,8) = ®los [2{ "Tr(e 1) + AP Tr(ef ) + 20V Tr(e] ) + 10 Tr((e e |
+D] D [xgls)Tr(sfsl )+ 10O Te (gl 6) + 20 TrEl &) + Ag%«gs»]
0506 [ 1§V Tr(E] 65) + 280 Tr(e 61 + 28 Tr(e]62) + 27 Tr( )
+0f 1 Ve e + 2§V el 6+ el e + 20O €0 | 05 + o] 1 Vet

18 19), %, 4 (20 27, - S -
+)»é )€1$3T+)»é )5352 -H»é )(SET)/] D5 + s ®f i028) s + s Df i028: P

+r6®L i02E3Ds + 7 (D] io2és + W @ ioés + wd] iorke) Ps

+ug(®Tiorts + w®F ionks + w? ®Lioge) D + h.c. (24)
In the above two equations, all A parameters are dimensionless W parameters have mass dimen-
sions and m5 ¢ have mass-square dimensions. We choose m5 ¢~ (100 GeV)? so that the VEVs
of @56 can be of the order of VEVs of other Higgs doublets. We suppress the © parameters in
order to conceive small VEVs for Higgs triplets. Due to this suppression, one can notice that
(V{(®, &)) is very small in comparison to (V;(®)).

As stated previously, terms in Vj(®) can affect the vacuum alignment of Higgs doublets
®1,2,3. To study these effects, we minimize Vy(P) + Vé(@) with respect to qbo, ¢(2) , ¢g and
thereby we get three relations. We solve these relations by demanding (qb? y=vfori=1,2,3.
Thereafter we get the following relations.

[m? + Gh 4203 + 2a +2DIR + G+ 25 + G + 2716l v
+2)\4(‘3)*v6v5v* =0,
(}\52)* + k§4))v6v§v + )\il)*v*vg =0, ()\;2) + )»f)*)vg V5V + )Lf)*v v6 =0. (25)

Here, (¢(5)> = vs and (¢g ) = vg. By solving the unknown parameters in the above three relations,
the vacuum alignment for the Higgs doublets ®; > 3 can be achieved. Now, the VEVs of ®5¢
should satisfy the following relations.

[m§ +309 a2 422+ +/\§1))|v6|2] vs + 3P0 =0,
(124365 + 2P+ 16 + G + 40 lusP s + 320 vus =0, 6)

As stated before, we take m? m5 ¢~ (100 GeV)? so that the VEVs for Higgs doublets can be
chosen to be around 100 GeV. As a result of this, relations in Eqgs. (25) and (26) can be solved
for the unknown A parameters, which can be O(1).

The VEVs of Higgs triplets can be found after minimizing the potential V;(®, &) 4+ V{(®, £).
Expressions for these are given below.

[m% N 3k(1)|v|2 +A(11)|v5|2 +A§15)|v6|2] o)+ (}ng) +Aél$) Yvveus
(A(ZO) n )‘(17))'}5”6”2 3M>1kU2 — wivevs =0, 27)

11
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(13 + 32108 4+ 2§ P s 4+ 28wl 05 + £ + 287 Yodvsup

FOPT 0 usutv) — i =0, (28)
[m§ + 3P0+ 28 |us ) + x§”)|v6|2] V54 08 2095

—i—()»gl) + kélg)*)v§v6vé — piv: =0, (29)
[mg + 30 )2 4 28 vs 2+ 200 w62 + 022 + 220wz vg

+O2 4 Agzo))v5v§] v+ O + 28 w2k + 0 00 vy — po?
—u3vvs — ugvve =0, 30
[mg + 3P 2 428052+ 201062 + 002 + 220 ) vzg

+? 057 4280 wsug | 05+ 67+ ulog + 68 + 2Py — wt?
—wU5VVs —w2u§vv6=0, (3D
[mg + 3P+ 2 s 2 + 18P 62 + 02 (P2 + 287 kg

+o0.8 + xgm)vsvg] v+ O + 28w, + 0 20 Pl — po?

—w? pivvs — wpvve = 0. (32)

From Egs. (28) and (29), we can notice that the VEVs for & and &3 can be non-zero due to
the contribution from p parameters. In fact, using Egs. (27)—(32), one can infer that for O(1) A
parameters, all the VEVs of Higgs triplets can be chosen to be around 0.1 eV by suppressing the
1 parameters accordingly.

We have shown that all the Higgs triplets can acquire non-zero VEVs, after adding two addi-
tional Higgs doublets to the MW model. Moreover, we have demonstrated that vacuum alignment
of the Higgs doublets @1 5 3 can be achieved in this model. Hence, in a scenario like this, results
described in Sec. 2 are valid. As a result of that, in this model, the neutrino masses can have
either NO or 10, and moreover, this model is compatible with current neutrino oscillation data.

4. LFV decays

In this section, we compute the branching ratios for LFV decays in the scenario where we
extend the MW model with the Higgs doublets @5 ¢. As described in Sec. 1, LFV decays can
be of the following two types: £ — 3¢/, £ — ¢'y. In our scenario, decays of the form £ — 3¢’
are driven by doubly charged triplet Higgses. On the other hand, decays of the form £ — ¢’y
are driven by both doubly and singly charged scalars of this model. In order to compute the
branching ratios for these decays, one needs to obtain the mass eigenstates for doubly and singly
charged scalars. Below we present these mass eigenstates.

It is to be noted that neutral fields from doublet Higgses, other than the standard model Higgs,
can also contribute to the above mentioned LFV decays [7]. Most of these decays are suppressed
due to smallness of charged lepton Yukawa couplings. However, there are some decays, whose
amplitudes are proportional to tau Yukawa coupling, can give appreciable contribution [7], pro-
vided the masses of the neutral fields are low. To study the contribution of neutral fields to LFV
decays in our scenario, we have to diagonalize the mixing masses among the neutral fields of the
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Higgs doublets. It is to remind here that since the VEVs of triplet Higgses are very small, the
mixing between neutral fields of doublets and triplets can be neglected. In this work, we assume
that the masses for the above mentioned neutral fields are high enough that their contribution to
LFV decays is suppressed. In this regard, let us mention that in Ref. [21], LFV decays driven by
neutral scalar fields are studied. The work done in Ref. [21] is based on some flavor models [22]
containing A4 symmetry, where neutral flavon fields induce LFV decays.

4.1. Mass eigenstates of doubly and singly charged scalars

The doubly charged scalars belong to the Higgs triplets of our model. The masses for these
fields can be obtained from the scalar potential of this model, which is given in the previous
section. Since six triplet Higgses exist in the model, one can expect mixing masses among the
doubly charged scalars. These mixing masses are given below.

Vs @O IXy T+ @ Trys (33)
Yyt =@ e DTyt =@t e e T,
X11 X12 X13 yir Y12 Y13
X=|xf, x»2 xa3 |, Y=|y, y2 y3].
Xi3 X33 X33 Yi3 Y3 ¥

i =mi 4348 + 2017 4+ 25 v + 28 v 2,
x=m} +308 +2P) w2 + 18P |us 2 + 2.1 |ug 2,
x33=m3 430 a2 + 28V s 2+ 27 g 2,
xi2= 0 4205w,

xi3= 047 + )»(14)*)@06, X3 = (Kgﬂ)* + 15 ywsuf,
yir=md 4308 + 25 w2 + 18 s 2 + 28 v
OGS + 28 svg + he,

v =m§ 4308 + AN I + 25 [us 2 + 24 jve
H? O 200502 4 heel,

y33 =mG 4308 + A1 + 25 [vs 2 + 28 el +
Ho P 420050 + e,

yi2 = ()»(9) + )»(10)* + )»(9) + K(IO))Ivlz, VI3 =Y, YB3 =12 (34)

From Eq. (33) we can notice that there is no mixing between "31 23 and & 4 5+ - However, from
the quartic terms of the potential, which are given in Appendix B, there may be mixing between
the above mentioned doubly charged scalars. One can expect this mixing to be proportional to
square of the VEVs of Higgs triplets, which in our case is very small. Hence, we neglect the above
mentioned mixing. After diagonalizing the matrices X, Y of Eq. (33), we get mass eigenstates
for doubly charged scalars, which are defined below.

g ( )++ g (m)++
ZU S Hg—Zv Sy (35)
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Here,i =1,2,3 and &, (my++ ,where k =1, --- , 6, are the mass eigenstates of the doubly charged
scalars. The unitary matrices Utt, VT diagonalize X, Y as
WHXUtt = d1ag(M++(1), M-2++(2)’ M-2++(3))’ (36)
(VIDTYVIF = diag(M3 4y, M3 5 M7 15)- 37

In analogy to doubly charged scalars, mass eigenstates for singly charged scalars can be ob-
tained. Singly charged scalars belong to both doublet and triplet Higgses. In our scenario, due
to smallness of VEVs of Higgs triplets, we can neglect the mixing among singly charged scalars
between doublet and triplet Higgses. Singly charged scalars of doublet Higgses can drive LFV
decays ¢ — ¢’y through charged lepton Yukawa couplings. One can expect this contribution to
be small unless these decays are induced by tau Yukawa coupling. To simplify our analysis we
assume the masses for the singly charged scalars of doublet Higgses are high enough that their
contribution to LFV decays is suppressed. As a result of this, in this model, the above men-
tioned LFV decays are dominantly driven by singly charged scalars of triplet Higgses. For these
reasons, below we present the mass eigenstates for singly charged scalars from triplet Higgses.
These scalars can have mixing masses, which can be written as

Vo @H Xy + @Yy (38)
v =@ e ENDT, v =& e EDT
Xjp X X3 i Y2 Vi3
X' = xi*z Xy Xy | Y= yi*z Yo Y3 |-
Xy Xy X Vi3 Va3 i3
Xy =x11 — %Ag‘)wﬁ Xy = x20 — %A%F, xg3 = x33 — %Aé,”wﬁ

a4* _

I a3 17 18)*
x12=x12—§(>»é bl NosvE,  xjy=x13—= (k é ) Yvive,

1 a5 19
X3 =x23 — E(Xé ) _ )Lé ))v5vg‘,

(16)*

3 4 1 20*
Yii =y — —)»é)|v|2 [ é ) Yvsve + h.c.,

2 2
3.4 1 16 20)*
Yoy = Y22 — 5)»( )|U| 2[ ()»( ) é ) Yvsve + h.c.],

3 4 1 16)* 20)*
y§3=y33—5)~é)|v|2—§[602()~é ) —)»é ))v§v6+h.c.],

[PNC 10 I* (12"
Y=y =508 +ag” =4 —AdTOE Ya= 00 =y (39

From Eq. (38), in analogy to doubly charged scalars, we can notice that there is no mixing
between €1+ 3 and é;’ 5 ¢ at leading order. Now, we can define the mass eigenstates for singly
charged scalars as

+ & (m)+ + & (m)+
ZU,ksm : ,+3—Zv,ksk’13 ~ (40)

Here, i =1,2,3 and &; (m)+, where k = 1,---,6, are the mass eigenstates of singly charged
scalars. The unitary matrices U™, VT diagonalize X', Y’ as
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(UHTX'UT =diag(M3 1), M3 ). M3 3)). (41)
(VHTY'VE =diag(M3 4. M3 (5. M3 6))- (42)

4.2. Branching ratios of £ — 3¢’

In this subsection, we compute the branching ratios for decays of the form £ — 3¢’. Since
these decays are driven by doubly charged scalars at tree level, we need to obtain couplings
between doubly charged scalars and charged leptons. These couplings are determined by the
Lagrangian of Eq. (3), where all the scalars and fermions of this Lagrangian are in flavor states.
For charged leptons, by applying the transformations in Eq. (2), we get the corresponding mass
eigenstates. For doubly charged scalars, the mass eigenstates have been described in the previous
subsection. After using the above mentioned mass eigenstates in Eq. (3), we get the desired
couplings needed for the decays ¢ — 3¢’. These are given below.

3 1
(m)
> g c

3
k.l g (m)++ k.l e (m)++ (m)
Zflj 5 thisis b

kl=1,k<l

L1 _ ++ 1.1 t+ 4yt ++

iy =nU" f —_(V + Vot + V3,

2,3 _ 1,1 2,3

=2 5 —fz,,

2,2 ++ ++ 2y ++ ++
fii =»Uy", fzj = V +o VT Vi),
1,3 _ H (22 1,3 _ 2,2

f]j —zfljv ij __le"

3,3 33_Y

f]j :y3U3+j+» f2j :_(V+-++(1)V2_;+ V++)

A =207 hi=—6 (43)
Here, C is the charge conjugation matrix and ¢ is a mass eigenstate of charged lepton. From
the above equation, we can notice that some of the couplings between doubly charged scalars
and charged leptons are related to one another. This is a result due to A4 symmetry of the model.
This result has implications on the branching ratios of the decays of the form ¢ — 3¢’. We will
explain these implications shortly later.

Using the couplings in Eq. (43), we compute the branching ratios for £ — 3¢/, after neglecting
the masses of final state charged leptons. Branching ratios for t decays are found to be

) s 3L (ks fi3 (Fikye fid 2
Br(t — £;0;€) = In ~ Zln 4 20| Br(t — uiv). (44)
! 32G2 M? M2
F |n=1 ++(n) ++(n+3)

Here, G r is the Fermi constant and Br(t — puvv) = 0.1739 [13]. Moreover, the indices i, j, k =
1, 2 are for electron and muon fields. § = 1(2) if £; # £, (£; = £). In the above equation, one

should use flj;;k = lkr;j and fzj = fznj These relations follow from the Lagrangian of Eq. (43).
The branching ratio for u — 3e is

3 1,1yx 1,2 L1k 1,2
1
Br(n — éee) = — Z(f}&z) Jin +(1{;g U 45)
Fln=1 ++(n) ++(n+3)
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In this work, we have assumed Br(u — evv) = 100%.

As stated before, some relations exist among the couplings in the Lagrangian of Eq. (43). An
implication of this is there can exist relations among branching ratios for some decays. From
Eq. (44), we can see that

Br(t — eee) =Br(t — iupm). (46)
From Egs. (44) and (45), after assuming degenerate values for Mi () Mi +(5)? Mi +(6)> We get
Br(t — piep) =2Br(u — eee)Br(r — pvv). @7

On the other hand, in the limit where the masses for all doubly charged scalars are degenerate,
Egs. (44) and (45) imply that the branching ratios for following decays go to zero: T — eee,
T — eel, T — AU, T — e, L — eee. Relations among the branching ratios described in
Egs. (46) and (47) are due to the A4 symmetry of our model. In the work of Ref. [21], which is
based on A4 symmetry, a similar kind of relations among various branching ratios for £ — 3¢’
have been derived. Since the flavor models considered in Ref. [21] are different from our model,
the relations for branching ratios given in Ref. [21] are different from Egs. (46) and (47). We can
notice here that searching for LFV decays in experiments can distinguish various flavor models.
Moreover, these searches can give some hints about A4 symmetry.

Among various decays of the type £ — 3¢/, branching ratio for u — eee is severely con-
strained. From experiments, we have Br(iu — eee) < 1.0 x 10~12 [23]. In order to satisfy this
constraint in our work, we study the branching ratio of u — eee. From Eq. (45), we can see that
Br(i — eee) depends on masses of doubly charged scalars and on couplings between doubly
charged scalars and charged leptons. These couplings, which can be seen from Eq. (43), depend
on neutrino Yukawa couplings and the unitary matrices which diagonalize the mixing masses for
doubly charged scalars. Hence, the masses for doubly charged scalars and the above mentioned
unitary matrices are determined from the parameters of the scalar potential. On the other hand,
the neutrino Yukawa couplings are determined from the VEVs of Higgs triplets and neutrino
oscillation observables. This fact can be seen from Egs. (6), (14) and (13). From these equations,
one can notice that the neutrino Yukawa couplings depend on 613 and 6,3, but not on 615.

As described above, Br(u — eee), in our work, depend on neutrino oscillation observables,
VEVs of Higgs triplets and parameters of scalar potential. It is interesting to see the variation of
Br(u — eee) in terms of neutrino oscillation observables. Hence, we have fixed VEVs of Higgs
triplets and parameters of scalar potential to some specific values in our analysis. The details of
our analysis have been described below.

To simplify our numerical analysis, we take all the independent Higgs triplet VEVs to be same
as vr. It is to remind here that the VEVs vé, vg are not independent. It is discussed in Sec. 2 that
the Yukawa coupling y can be determined in terms of v or v5. As a result of this, from Eq. (15),
we can see that in case I(I) v (v5) is independent parameter. As for the masses of doubly charged
scalars, they are determined after diagonalizing the X, Y matrices of Eq. (33). Since there are
several A parameters exist in X, Y, for the sake of illustration, we choose all these A parameters
to be 0.1. We take the mass-square parameters of X, Y as m% = m% = m% = m% = (850 GeV)>.
We have taken the VEVs for doublet Higgses as v = vs = vg = 174/+/5 GeV. With the above
mentioned parameters, we have found the masses for all doubly charged scalars to be slightly
above 850 GeV. These mass values for doubly charged scalars satisfy the lower bound on them,
which is obtained by the LHC experiment [24].

In Figs. 1 and 2, we have given the plots for branching ratios of u — eee, in the cases of
NO and IO respectively. As already described above, the neutrino Yukawa couplings of our
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Fig. 1. Branching ratios for yt — éee in the case of NO. Here, red and blue lines are for the cases I and II respectively.
3¢ p is expressed in degrees. In these plots, vy = 0.08 eV. In the top-left plot, sin? 623 and §c p are fixed to the best fit
values of Table 2. In the top-right plot, sin? 013 and ¢ p are fixed to the best fit values of Table 2. In the bottom plot,
sin? 013 and sin? 6r3 are fixed to the best fit values of Table 2. In all these plots, lightest neutrino mass is taken to be

zero and the other neutrino masses are computed from Egs. (8) and (9). For details related to masses of doubly charged
scalars, see the text.

Table 2
Values of the neutrino oscillation parameters [3],
which are used in this work.

Parameter best fit 30 range

sin2613/1072 (NO) 2200 2.000 - 2.405
sin20;3/1072 (10) 2225  2.018-2424
sin2623/1071 (NO) ~ 5.74 434-6.10
sin26,3/10~1 10)  5.78 4.33-6.08
scp/o (NO) 194 128 - 359
scp/o(10) 284 200 - 353

model, up to the leading order, do not depend on the mixing angle 6;12. Hence, in Figs. | and 2,
Br(u — eee) is plotted against sin? 013, sin? 623 and §¢ p. The allowed ranges and best fit values
for the neutrino mixing angles and §¢ p, which are used in this work, are tabulated in Table 2.
In Figs. 1 and 2, in the plot between Br(u — eee) and sin? 613, we have fixed the best fit values
for sin? 623 and §cp, which are given in Table 2. Similar kind of things have been done in other
plots of Figs. | and 2. In the plots of both these figures, we have taken the lightest neutrino mass
to be zero and the other neutrino masses are computed from Egs. (8) and (9). In Figs. 1 and 2, we
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Fig. 2. Branching ratios for ;t — eee in the case of 10. Here, red and blue lines are for the cases I and II respectively.
3¢ p is expressed in degrees. In these plots, vy = 0.14 eV. In the top-left plot, sin? 63 and §c p are fixed to the best fit
values of Table 2. In the top-right plot, sin2 013 and ¢ p are fixed to the best fit values of Table 2. In the bottom plot,
sin? 013 and sin? 6h3 are fixed to the best fit values of Table 2. In all these plots, lightest neutrino mass is taken to be

zero and the other neutrino masses are computed from Egs. (8) and (9). For details related to masses of doubly charged
scalars, see the text.

have taken vr to be 0.08 eV and 0.14 eV respectively. If we decrease vy below than the above
mentioned values, the value for Br(u — eee) may exceed the experimental limit on this in the
plots of Figs. 1 and 2. One can notice, in each plot of these figures we get two lines, which is due
to the fact that the Yukawa coupling y can be determined either in terms of v or v;. Depending
on our choice of free parameter between vg and vg, the branching ratio for © — eee can be
different in this model, which is evident from Figs. 1 and 2. Which of these two choices is true
is something we may tell after measuring the branching ratio for this decay in experiments.

4.3. Branching ratios of £ — {'y

As stated before, decays of the form ¢ — £’y are driven by both doubly and singly charged
triplet scalars. Interaction terms between doubly charged scalars and charged leptons, which are
given in Eq. (43), drive £ — ¢’y at 1-loop level. In addition to this contribution, singly charged
triplet scalars interacting with charged leptons and neutrinos also contribute to ¢ — ¢’y at 1-
loop level. To obtain these interaction terms, which involve singly charged scalars, we use the
transformations for left-handed charged leptons and neutrinos of Eqgs. (2) and (7) in Eq. (3), apart
from using Eq. (40). As a result of this, we get the following interaction terms for singly charged
triplet scalars with charged leptons and neutrinos.
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3
m" L=V 11.m+ | 1.2+ ,0m)
L3 v C—— [3/1« & 8§43 ]51
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(m) - e+ | 32.0m+] m)
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jk=1
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RV + Vo + Vi Wpnns) i — (Vi + Vs + 0 Vi Upmns)n

g?}; =2y U1+j(UPMNS)3k + )’ZU;_j(UPMNS)Zk +¥3 U3+j(UPMNS)1k]7
y
g?f = m[—(Vl’; + ij; + a)zV;;)(UPMNS)lk

+2(V1ﬁ; + szzJ; + wV;;)(UPMNS)Zk - (VlJ; + VZJ; + V3J;)(UPMNS)3k]’

g;}(l = \/E[lefrj(UPMNs)zk + y2U2+j(UPMNS)1k + 3 U3+j(UPMNs)3kL

y
g = 75V +0MVa 0V Wrnns )i = (Vi + V3 + Vi) Urins)u
2V + oV + 0? Vi) (Upmns)ail. (48)

In the above equation, v,ﬁm), where k = 1, 2, 3, are mass eigenstates for neutrinos.

Using the interaction terms of Egs. (43) and (48), the total amplitude for the decay £ — £’y
can be written as

02
2472

/ 1 ’ _ 1— Y5 1 + Y5
@y} + e e @i (p—q) [mp +mp—

M=— .

i| iUWé]vW(P)-
49)

Here, my and m, are masses for the charged leptons ¢’ and £ respectively. Q. is the magnitude

of charge of electron. The quantities ai’i and aﬁ’g depend on masses of triplet charged scalars
and their couplings with leptons. Their forms are given below.

3 e aT e 3+ aT &
, hp > , A o
= J 4+ 2 ’ abt :Z J + 2 ’
++ § : M2 M2 + M2 M2
j=1 T ++0) ++(j+3) j=1 "7+0) +(j+3)

e ol o120 L 130k 223 1205 (2.2 _

= L ) i+ B A ) i m=102
3 3

T _ N Ly 20 ) N 12y 2.2

a0 = e a =) e g
k=1 k=1

w120 413 22k 2.3 23vk £33 _
apj _E(fnj )*fnj +(fnj )*fnj +(fnj )*fn] , n=1,2,
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3 3
+(tp) 2,1y% 3.1 +(tp) 2.2\% 3.2
ali" =Y @i g ay Y =) @i gk
k=1 k=1
Fme) ol o 13, L 120 23 1,3v% 3.3 _
anj _(fnj ) fnj ‘l'i(fn] ) f”' +(fn] ) fnj , n=12,
3 3
+(7, 1,1 3,1 +(7, 1,2 3,2
al " =3 " e @t =) (e e (50)
k=1 k=1

Using the amplitude in Eq. (49), we find the branching ratios for the decays of the form ¢ — €'y,
where we have neglected the mass of £’. Expressions for these are given below.

2
Br(t —> £'y) = —— %! + lai" Br(t — puiv),
127 G5 8
o “ I e 2
Br(u — ey)= — |a*f + —a 51
(n V) 127_[(;%: ++ T gt (5D

Here, a = f—f and ¢ =e, .

In the previous subsection, we have shown in Egs. (46) and (47) that branching ratios for
different decays of the form ¢ — 3¢’ can relate to each other. We have explained that this is
due to an implication of A4 symmetry, under which the couplings of doubly charged scalars can
relate to one another. We have found that even for the decays of the form ¢ — €'y, there can
exist relations among branching ratios of different decays, under some particular conditions. If
M? M~2Hj) are degenerate for j =4, 5, 6, from Eq. (51) we get

++3)?
Br(t — pny) =Br(u — ey)Br(t — uvv) (52)
On the other hand, if M42r+(j73), MJ2r+(j), Mi(j) are degenerate for j =4, 5, 6, we get
Br(t — pny) =Br(tr — ey) =Br(u — ey)Br(t — uvv) (53)

We can also notice that in the limit where all the masses of doubly and singly charged scalar
triplets are degenerate, the branching ratios in Eq. (51) go to zero. Verifying the relations of
Egs. (52) and (53) in experiments can give some hints about A4 symmetry of this model. Notice
here that, in a related work of Ref. [21], similar kind of relations among the branching ratios for
the decays £ — £’y have been given.

Among the various decays of the form ¢ — £'y, branching ratio for u — ey is severely
constrained and we have Br(u — ey) < 4.2 x 1073 [25]. From the expression given for
Br(u — ey) in Eq. (51), one can see that this depends on the masses and couplings of both
doubly and singly charged triplet Higgses. The couplings of doubly and singly charged triplets
are given in Eqs. (43) and (48). These couplings depend on neutrino Yukawa couplings and also
on parameters of scalar potential. Now, from the discussion given for the case of Br(u — eee),
one can realize that Br(u — ey) in our work is determined by neutrino oscillation observables,
VEVs of Higgs triplets and parameters of the scalar potential. From the same discussion, one can
also realize that Br(;t — ey) in our work do not depend on the mixing angle 61, at the leading
order. Since it is interesting to study variation of Br(u — ey) with respect to neutrino oscillation
observables, we have fixed VEVs of Higgs triplets and parameters of the scalar potential to some
specific values, which will be described below. It should be noticed that both Br(i — ey) and
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Fig. 3. Branching ratios for  — ey in the case of NO. Here, red and blue lines are for the cases I and II respectively.
8¢ p is expressed in degrees. In these plots, vy = 0.08 eV. The neutrino oscillation parameters in these plots are taken to
be same as for Fig. 1. For details related to charged triplet scalar masses, see the text.

Br(i — eee) are determined by a common set of parameters, since doubly charged triplet Hig-
gses contribute to both of the above observables. In addition to this common set of observables,
Br(i — ey) is determined by parameters related to singly charged triplet Higgses.

We have computed Br(x — ey) in our model for the cases of NO and IO, which are presented
in Figs. 3 and 4 respectively. While computing the Br(ix — ey), we have used the same set
of parameters which are described for the computation of Br(u — eee). Now the additional
parameters which govern the decay u — ey are due to the singly charged triplet scalar fields.
The masses and couplings of these singly charged scalars are determined after diagonalizing the
mass matrices for these, which are given in Eq. (38). There is a common set of parameters in
the mass matrices for singly and doubly charged scalar fields. This common set of parameters is
same as what we have used for the computation of Br(. — eee). The additional A parameters in
the mass matrices of singly charged triplet scalars are taken to be 0.1 in this analysis. As a result
of this, the masses for both doubly and singly charged triplets are slightly above 850 GeV. After
using the above mentioned parameters for the computation of Br(u — ey), from Figs. 3 and 4,
we can see that the branching ratio for this decay is around 10~!. This value of branching ratio
is two orders lower than that for © — eee, whose results can be seen from Figs. | and 2. The
reason for this suppression in the branching ratio is due to the fact that the decays © — ey and
W — eee take place at 1-loop and tree level respectively. As a result of this, a loop suppression
factor of o ~ 1072 exists in the Br(u — ey), which gives the above mentioned suppression.

In the upcoming MEG II experiment, the sensitivity to probe Br(x — ey) is around 1074
[26]. Hence, the parameter region of Figs. 3 and 4 may not be reachable in the upcoming MEG II

21



R.S. Hundi and I. Sethi Nuclear Physics B 980 (2022) 115764

2200 T T ———1 22
n
o 2.15) T 21
x a X
S 2.10 S50
; 2.05} g o
@ 2,00} @ -
1.05 . . . 1 18 . . .
0.021  0.022 0.023 0.024 0.45 0.50 0.55 0.60
Sin26,, Sin26,,
2.2
© 24
o
% 2.0}
S
uTJ 1.9¢
218
@ 47t
16—
200 220 240 260 280 300 320 340
6cp

Fig. 4. Branching ratios for © — ey in the case of I0. Here, red and blue lines are for the cases I and II respectively. ¢ p
is expressed in degrees. In these plots, vy = 0.14 eV. The neutrino oscillation parameters in these plots are taken to be
same as for Fig. 2. For details related to charged triplet scalar masses, see the text.

experiment. We can get Br(i — ey) ~ 10~'# in this analysis, by decreasing the values of either
vr or the masses for charged triplet fields. However, in such cases the branching ratio for u —
eee may exceed the experimental limit on this decay. Moreover, it is to be noted that we have
chosen the parametric values of m% = m% = m% = m(z) = (850 GeV)? in such a way that the
doubly charged scalar fields have masses above 850 GeV. The current stringent lower bound on
the doubly charged scalar mass is around 850 GeV [24]. By decreasing the values for above
mentioned mass-square parameters, one needs to ensure that the lower bound on the doubly
charged scalar masses is satisfied. One can do a detailed study on the above mentioned topic,
nevertheless, we can notice that probing LFV decays in experiments can reveal something about
our model, which is based on the MW model. Finally, in each plot of Figs. 3 and 4, the two lines
correspond to the choice of the free parameter between v and vi, which is described around
Eq. (15). Depending on this choice of parameter, the branching ratio for © — ey can be different.
After this decay is observed in experiments, by matching the theoretical formula for Br(u — ey)
with the observed data, we may tell which of the above mentioned parameters can be chosen free.

It is mentioned previously that contribution from the neutral scalar fields to the LFV decays
is neglected in this work. Even after including this contribution, it is still an interest to know the
results about LFV decays, in the limit where the masses of these fields are heavy enough that
the contribution can be neglected. In this work, we have analyzed the above mentioned case. On
the other hand, depending on the masses and coupling strengths of these neutral scalar fields,
the results mentioned in this work can be altered. It is worth to study this contribution, however,
it is stated that only the neutral scalars which interact with tau lepton may give appreciable
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contribution. Before studying this contribution, one has to diagonalize the mixing masses among
the neutral scalar fields, which is an involved work and we postpone it to future.

5. Future directions and phenomenology of our model

The model presented in this work contains additional scalar fields which are five Higgs dou-
blets and six Higgs triplets. After the electroweak symmetry breaking, the following fields remain
in the theory: six doubly charged scalars, ten singly charged scalars, twenty one neutral scalars.
One of these neutral scalars can be identified as the Higgs boson, which is discovered in the LHC.
All the above mentioned scalars have gauge interactions. Hence, it is possible to produce them at
the LHC, and after production, they can subsequently decay into standard model fields via their
Yukawa or gauge interactions. So the model presented in this work can be tested at the LHC.
We have shown that this model can make certain predictions in LFV decays, which are given in
Egs. (46), (47), (52) and (53). Among these, testing the LFV relation in Eq. (46) is the best way
to check this model in experiments, since this relation is independent on the assumptions made
on the masses of charged scalars.

From the context of LFV decays, the model presented in this work can be distinguished from
the original MW model. Our model is an extension of MW model with additional Higgs doublets
@5 ¢. Hence, by putting ($5 ¢) = 0 in our results of LFV, one can get corresponding results in the
MW model. After using ($56) = 0 in the mixing mass matrices of doubly and singly charged
triplets, which are given in Sec. 4.1, one can notice that doubly and singly charged scalars of
£1.2,3 are already in mass eigenstates. On the other hand, doubly and singly charged scalars of
&4 5,6 can mix non-trivially. As a result of this, in the MW model, LFV decays are driven by only
the doubly and singly charged scalars of &4 5 ¢, in contrast to the fact that these decays are driven
by all charged triplet Higgses in our model. Hence, the rate of LFV decays in the MW model can
be different from that in our model. This can be one source to distinguish our model from the
MW model in experiments. Another source to distinguish our model from other A4 symmetry
models is the study of collider implications in the scalar sector.

From the plots of Figs. 1 to 4, we can see that the LFV decays in our work depend on neutrino
oscillation observables. However, due to large number of parameters in our model, we have
simplified the numerical analysis by choosing some specific values for the parameters in the
scalar potential. Hence, the plots in Figs. 1 to 4 are for some specific benchmark points of our
model, where we have taken all A parameter to 0.1. An extensive numerical analysis on LFV
decays in our model is still possible. Since in our model, neutrinos are Majorana particles, the
neutrino oscillation observables can get additional constraints due to neutrino-less double beta
decay. From the non-observation of this decay, upper bounds have been set on the effective
Majorana mass m, [13], which is expressed in terms of neutrino masses and elements of the
first row of Upyns. The most stringent upper bound on m,, is 61-165 meV [27]. Using this
bound on m,,, allowed regions for LFV decays in our work can be studied. Apart from the above
mentioned bounds, precision electroweak observables [13] can also give additional constraints
on the model.

The singly and doubly charged scalars of our model can drive H — yy at 1-loop level. Here,
H 1is a neutral scalar of our model, which represents Higgs boson of standard model. The decay
rate for H — yy in our model depends on the tri-linear couplings of H with singly and doubly
charged scalars. These couplings are determined by the parameters of the scalar potential of our
model. Since the signal strength for H — yy at the LHC [13] agrees with the standard model
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prediction for Higgs boson, there can be additional constraints on the above mentioned tri-linear
couplings in our model.

In Sec. 3.2, we have given the minimization conditions for the doublet and triplet Higgses of
our model. These conditions can represent a possible minimum for the scalar potential of our
model. This minimum may or may not be a global minimum of our scalar potential. We may
expect additional conditions to be imposed on the parameters of the scalar potential in order to
make this minimum to be global. For related studies in this direction, see Refs. [28].

In this work, we have studied mixing pattern in lepton sector by introducing additional Higgs
doublets and triplets. It is interesting to know about masses and mixing pattern of quarks in
our framework with A4 symmetry. In this direction, in Refs. [29], breaking of A4 symmetry
is suggested for obtaining realistic mixing pattern in quark and lepton sectors. Following these
ideas, one can study quark masses and mixing pattern in our model.

6. Conclusions

In this work, we have considered the MW model [6], where the mixing pattern in neutrino
sector is explained with three Higgs doublets, six Higgs triplets and with the additional symmetry
A4. The VEVs of Higgs triplets play a part in explaining the neutrino mixing pattern, apart from
the fact that the VEVs of Higgs doublets should be same in order to diagonalize the charged
lepton mass matrix. To study the pattern of VEVs of scalar fields of the MW model, in this work,
we have constructed the invariant scalar potential of this model. After minimizing this scalar
potential, we have found that among the six Higgs triplets two of them acquire zero VEVs. As
a result of this, after using the results from the diagonalization procedure of our previous work
[10], we have found that the neutrino mixing angles cannot be consistently explained. In order
to see if we can get a consistent picture with the diagonalization procedure of our previous work
[10], we have added two additional Higgs doublets to the MW model. Thereafter, we have shown
that all the Higgs triplets acquire non-zero VEVs and the current neutrino oscillation data can be
explained in this model. After adding extra Higgs doublets to the model, we have demonstrated
that enough parameter space exists, where the above mentioned vacuum alignment of Higgs
doublets can be achieved.

To study some phenomenological consequences of the model under consideration, we have
computed branching ratios for the LFV decays of the form £ — 3¢’ and £ — ¢’y . We have found
that A4 symmetry of this model can bring some relations among the couplings between charged
triplet scalars and lepton fields. As a result of this, relations can exist among branching ratios
for different decays. Relation shown in Eq. (46) is independent of any assumption on the masses
of charged triplet scalars. However, relations in Eqgs. (47), (52) and (53) are valid under some
assumptions made on the masses of charged triplet scalars. Apart from this, branching ratios for
the LFV decays in our work depend on the neutrino mixing angles 613 and 63 and also on the
C P violating Dirac phase écp. We have plotted branching ratios for these decays in both the
cases of NO and IO. From these plots, we have found that the choice of free parameters among
the VEVs of Higgs triplets can have implications on the branching ratios for the LFV decays of
this model.
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Appendix A. Product rules of A4 symmetry

The discrete symmetry A4 has 12 elements which constitute the following 4 irreducible rep-

resentations: 1, 1, 17, 3. Product rules for these irreducible representations are
I'xl'=1" 1"x1"=1, I'x1"=1,
I'x3=3, 1"x3=3, 3x3=1+1+1"+3,+3,. (54)

Let (x1, x2, x3) and (y1, y2, y3) be two triplets under A4. Then we have [30]

L=xiy1+x20 +x3y3, U=x1y1 +0’xy + wxsys,

1" =x1y1 + 0x2y2 + 0*x3y3,

31 = (x2y3, x3y1, X1)2), 35 = (X3y2, X1y3, X2)1)- (55)
Letu ~ 1" and v ~ 1”. Then we have [30]

= u(x1, wx2, 0*x3), 1" x 3 =v(x1, 0>x2, wx3). (56)

[SS)

Appendix B. Quartic terms in the scalar potential

Quartic terms in the scalar potential, which contain only Higgs triplets, can be categorized

into three classes. To write some of the invariant terms, we define the following quantities.

(EE) = Ea&a + E5Es + ok, (€)' = Eaka + 0P EsEs + wEeE,

(E6)" = E4fq + wEsks + wEeke,  (EET) =48] + EsEd + &6k,

(€N = 48] + 0’858l + wkeE!, (B8N =48] + wEsE] + &k,

Eeh=¢o" ¢ ="', ¢EE =@ (57)
Below we list all the distinct quartic terms in the scalar potential, which are formed with only
Higgs triplets of the MW model. If a term is not self-adjoint, hermitian conjugate of that should
be included in the potential.

[Te(5[ D12, [Tr(55 617 [Tr(6163)1% [Tr((€ 612, Tr(E 6)Tr(E; 62,

Tr(E] EDTr(E] £3), Tr(E[EDTr(ETE)), Tr(E] £2)Tr(E]€3), Tr(E) £2)Tr((ET)),

Tr(E]£)Tr((ETE)), Tr(E] E)Tr(E | &3), Tr(EE)Tr(E €1), Tr(E ) Te(E £2),

Tr(E[E)Tr((ETE)"), Tr(E{&)Tr(E[ &), Tr(g &) Tr(E1€), Tr(g &) Tr(E8)"),

Te(&, 63)Tr(61 £2), Tr(&] 6)Tr((€78)"), Tr((€76))Tr((78)"),

Tr(6d&6) Tr(&, €5) + Tr(&] £0) Tr(5) &6) + Tr(&, £5)Tr(£] £4),

[Tr(¢]66)1% + [Tr(&) €417 + [Tr(&) €)1 (58)

Te(s] € Tr(61£1), Te(E £ Tr(6gs), Tr(g ) Tr((E6)), Tr(g, &) Tr(6263),
Te(%, €D Tr((€€)), Tr((E &) Tr((68)), Tr(E]€DTr(&18), Tr(s[EDTr(E8),
Te(5[6)Te((58)"), Te(&) 6 Tr(E262), Tr(E] 6)Te((58)"), Tr((ETET))Tr((£8)"),
Te(5] &) Te(6162), Tr(5] &) Tr(5363), Tr(E/ &) Tr((€€))), Tr (&) 6 Tr(&:83),
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Tr(€1 £ Tr((58)"), Tr((¢T€7))Tr((5)),
Tr(£] &) Tr(Es&6) + Tr(g, &) Tr(€6Ea) + Tr(6) £1) Tr(84Es). (59)

Te(E[61618)). Tr(E 616 6), Tr(E&168)), T8/ &1 6), Tr(61E] £26)), Tr(E] £18183),
Tr(E[ £1638]). Tr(EiE &) 63), Tr(6i£| E38]), Tr(E[£1(E78)), Tr(E[&1(EET)),

Tr(51£ (€78)), Tr(61] (EET), Tr(E) £2626)), Tr(E, 6261 63), Tr(E] £26385).
Tr(6261 £ 63), Tr(a61 636, TrE, £2(676)), TrE) £2661), Tr(eag) (€76)),

Tr(6265 (567)), Tr(&{63638]). Tr(6163(678)), Tr(e]&3(687)), Tr(&e] (€76)),

Tr(536, (66), Tr(€76)(E€T), Tr((ET6)(E76)), Tr(E| ©8] &), Tr(g/&26:8)),
Te(626, &) 63), Tr(628638)), Tr(E/62618)). Tr(6a8]£581), Tr(g/ 62618, Tr(E 68,
Te(626£,6), Tr(ag]66]), Tr(g 62(76)"), Tr(g 6286,

Tr(62£] (£78)"), Te(eat (E6D)), Tr(E]E1838)), Tr(E1E] € &3), Tr(E]E18]82),
Te(&]616269), Tr(E16166), Tr(EE 68]), TrEl61(678)"), Trg 6 gD,

Te(516 (676)"), Te(g16 (66D)). Tr(&) 63626)), Tr(&a&1 €1 62), Tr(e]&:(76)"),

Te(§, 63667, Te(g36, (676)"), Tr(g36, (687)"), Te((678) (76)"),

Te((ETe) &£D), Tr(EEY E79)), Tr(Ee") €D, Tr€1£1658)), Tr(61£1616)),
Te(&161 (677, Tr(eagaETED), Tr(g36267ET), Tr((€8)(E7ET)), Tr(&i626,8]),
Te(6261£,69), TrE6(ETED), Trt ETET)), TrgeETeN),

Te((58) (676)"). Trl(61&6)% + (§164)% + (6]89)°1,

Te[6s6] 6660 + ko 64&y + £y 6560 1, Trle] 65 66 + &) 6ot) 4 + &) 481551,

Trl6eksE 61 + Eakeby &) + Estabatn ] Trlésese &) + Eobot) 6 + Eakatisl]. (60)
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