
A
Appendix

A.1 Loop functions of lepton flavor violation and VEV
alignments of flavons

We present in this appendix the loop functions relevant for the computation of the LFV

observables. These are

F2(x) =
1−6x+3x2 +2x3 +6x2 log(x)

6− (1− x)4 (A.1)

G2(x) =
2−9x+18x2 −11x3 +6x3 log(x)

6− (1− x)4 (A.2)

D1(x,y) =− 1
(1− x)(1− y)

− x2 log(x)
(1− x)2(x− y)

− y2 log(y)
(1− y)2(y− x)

(A.3)
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D2(x,y) =− 1
(1− x)(1− y)

− x log(x)
(1− x)2(x− y)

− y log(y)
(1− y)2(y− x)

(A.4)

A.1.1 Potential and vev alignment in the LRSM

The Higgs potential of LRSM containing Higgs bidoublet and scalar triplets that has quadratic

and quartic coupling terms is given by,

Vφ ,∆L,∆R =−µ
2
i jTr[φ †

i φ j]+λi jklTr[φ †
i φ j]Tr[φ †

k φl]+λ
′
i jklTr[φ †

i φ jφ
†
k φl]−µ

2
i jTr[∆†

L∆L+∆
†
R∆R]

ρ1[(Tr[∆†
L∆L])

2+(Tr[∆†
L∆L])

2]+ρ2(Tr[∆†
L∆L∆

†
L∆L]+Tr[∆†

R∆R∆
†
R∆R])+ρ3Tr[∆†

L∆L∆
†
R∆R]+

αi jTr[φ †
i φ j](Tr[∆†

L∆L]+Tr[∆†
R∆R])+βi j(Tr[∆†

L∆Lφiφ
†
j ]+Tr[∆†

R∆Rφiφ
†
j ])+γi j(Tr[∆†

Lφi∆Rφ
†
j ]+h.c)

(A.5)

where, i,j,k,l runs from 1 to 2 with φ1 = φ and φ2 = φ̃ . As mentioned above after SSB, the

scalar sector obtains VEV. So after the substitution of the respective VEVs and determining

the traces, so after simplification the potential can be written as,

V =−µ
2(v2

L + v2
R)+

ρ

4
(v4

L + v4
R)+

ρ ′

2
+

α

2
(v2

L + v2
R)k

2 + γvLvRk2 (A.6)

where, we have used the approximation k′ << k, and ρ ′ = 2ρ3. Our minimization conditions

are, δV
δvL

= δV
δvR

= δV
δk = δV

δk′ = 0

Therefore, we get,

δV
δvL

=−2µ
2vL +ρv3

L +ρ
′vLk2 + γvRk2 (A.7)

Here, it is evident that the Majorana mass of the left-handed neutrino MLL is dependent on

the vev vL as already defined above. Again, we have

δV
δvR

=−2µ
2vR +ρv3

R +ρ
′vRk2 + γvLk2 (A.8)
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So, the right handed Majorana mass MRR is dependent on the vev vR. Similarly, the calcula-

tions for the same can be carried out and it can be found out the Dirac mass term MD can be

expressed in terms of the vev for the Higgs bidoublet as also defined previously.

Now, we are to determine a relation between the VEVs for the scalars and so after using the

minimization conditions and simplifying the equations, we come to a relation given by,

vLvR =
γ

ξ
k (A.9)

where, ξ = ρ −ρ ′.

The neutrino mass for LRSM is given as a summation of the type-I and type-II term as

already mentioned above. So, in the approximation that k′ << k, and if we consider that our

Yukawa coupling Y l corresponding to the neutrino masses is yD and the coupling Ỹ l for the

charged fermion masses is denoted by yL, so considering yDk >> ylk′ we can write,

Mν =
k2

vR
yD f−1

R yT
D + fLvL (A.10)

Since, for due to left-right symmetry, we can consider fL = fR = f , so the above equation

can be written as,

Mν =
k2

vR
yD f−1yT

D + f vL (A.11)

So, from this equation we can come to a relation given by,

Mν = ( f
γ

ξ
+ yD f−1yT

D)
k2

vR
(A.12)

Here, we can consider two situations, namely

• If f ( γ

ξ
)<< yD f−1yT

D, the light neutrino mass is given by the type-I term MDM−1
RR MT

D .

That is, here type-I is dominant and the light neutrino mass is from the suppression of

heavy νR.
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• If f ( γ

ξ
)>> yD f−1yT

D, the light neutrino mass is given by the type-II term f vL. That is,

in this case type-II mass term is dominant and the light neutrino mass is because of the

tiny value of νL.

In our work, we have three flavons with A4 flavor symmetry. After this we follow the

same procedure given below for the scotogenic model to get the vev alignment.

A.1.2 VEV alignments of flavons in the scotogenic model

In this section we will evaluate the vev alignment of the flavons considered in the model by

minimizing the potential and solving it simultaneously. The relevent potential can be written

in terms of the field χT , χS and their interaction terms. The interaction terms are forbidden

in the model due the additional Z4 symmetry. The potential is given by-

V =V (χT )+V (χS)+Vint (A.13)

with,

V (χT ) =−m2
χT
(χ†

T χT )+λ1(χ
†
T χT )

2 (A.14)

and

V (χS) =−m2
χS
(χ†

S χS)+λ1(χ
†
S χS)

2 (A.15)

The triplet flavons can be written in the form-

< χT >= (χT1,χT2,χT3), < χS >= (χS1,χS2,χS3) (A.16)
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Considering A4 product rule the potential terms for χT will be of the form -

V (χT ) =−µ
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†
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†
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(A.17)

Taking derivative with respect to χT1 , χT2 and χT3 and equating it to zero will give the

minimization condition. After solving we will get three set of solutions which are basically

the possible alignments given by-

(1) χT1 →
µ2√
10λ2

,χT2 → 0,χT3 → 0 =⇒< χT >=
µ2√
10λ2

(1,0,0)

(2) χT1 →
µ2

2
√

3λ2
,χT2 →

µ2

2
√

3λ2
,χT3 →

µ2

2
√

3λ2
=⇒< χT >=

µ2

2
√

3λ2
(1,1,1)

(3) χT1 →
2µ2√
51λ2

,χT2 →− µ2√
51λ2

,χT3 →− µ2√
51λ2

=⇒< χT >=
µ2√
51λ2

(2,−1,−1)

(A.18)

Similarly we get the solutions for χS. We have used the first set of solution to generate the

charge lepton mass matrix and second set of solution to get the Dirac neutrino mass.
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