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a b s t r a c t

The present work is inspired by the application of A4 modular symmetry in the linear seesaw
framework, which restricts the use of multiple flavon fields. Linear seesaw is realized with six heavy
SU(2)L singlet fermion superfields and a weighton in a supersymmetric framework. The non-trivial
transformation of Yukawa couplings under the A4 modular symmetry helps to explore the neutrino
phenomenology with a specific flavor structure of the mass matrix. We discuss the phenomena of
neutrino mixing and show that the obtained mixing angles and CP violating phase in this framework
are compatible with the observed 3σ range of the current oscillation data. In addition, we also
investigate the non-zero CP asymmetry from the decay of lightest heavy fermion superfield to explain
the preferred phenomena of baryogenesis through leptogenesis including flavor effects.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Standard Model (SM) is not triumphant concerning the ob-
erved properties of neutrinos, i.e. they are not exactly massless
s predicted in the SM, but posses tiny but non-zero masses [1–
], as inferred from neutrino oscillation data. The phenomenon
f neutrino oscillation is now well-established, which provides
trong evidence for the mixing of neutrinos and atleast two of
hem have non-zero masses [5]. It is well evident from theory
nd experiments that neutrinos don’t have right-handed (RH)
ounterparts in the SM, which makes them unfavorable to have
irac mass, like other charged fermions, nonetheless, dimension-
ive Weinberg operator [6–8] can be useful for providing them
asses. However, the origin and flavor structure of this operator

s under arguable terms. As a result, exploring scenarios beyond
he standard model (BSM) becomes crucial in generating non-
ero masses for neutrinos. There exists numerous models in
he literature to explain the observed data from various neu-
rino oscillation experiments, for example, the most popular see-
aw mechanism [9–11], radiative mass generation [12,13], extra-
imensions [14], etc. A prevalent feature of many BSM scenarios,
hich elucidate the generation of non-zero neutrino masses, is
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the existence of sterile neutrinos, which are SM gauge singlets,
generally considered as right-handed neutrinos, coupled to the
standard active neutrinos through Yukawa interactions. A priori,
their masses and interaction strengths can span over many orders
of magnitude, which thus lead to a wide variety of observable
phenomena. For example, in the canonical seesaw framework, to
explain the eV-scale light neutrinos, the RH neutrino mass is sup-
posed to be of the order of 1015 GeV, which is obviously beyond
the reach of current as well as future experiments. However, its
low scale variants like inverse seesaw [15–17], linear seesaw [18],
extended seesaw [19], etc., where the heavy neutrino mass can be
in the TeV range, which makes them experimentally verifiable.

On the other hand, the non-abelian discrete flavor symmetry
group A4 provides a possible underlying symmetry for the neu-
trino mass matrix [20], which however yields a vanishing reactor
mixing angle θ13. Nonetheless, it has still been widely used to
describe the neutrino mixing phenomenology with inclusion of
simple perturbation by introducing extra flavon fields, which are
SM singlets but transform non-trivially under the flavor sym-
metry group, leading to nonzero reactor mixing angle. Thus, the
flavons become integral part in realizing the observed pattern in
neutrino mixing due to their particular vacuum alignment, which
play a crucial role in spontaneous breaking of the discrete flavor
symmetry [21]. Typically, flavons, in quite a number are necessary
to realize certain phenomenological aspects under the framework
of such flavor symmetry. However, there are additional draw-
backs to this approach, where higher dimensional operators can
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uin the predictability of the discrete flavor symmetry. Further-
ore, the customary use of flavor symmetry is to constrain the
ixing angles while neutrino masses remain undetermined ex-
ept in few scenarios. These drawbacks are eliminated by making
modular invariance approach [22].
Present, proposition of modular flavor symmetries has been

arried out in the literature [4,22,23] to bring predictable flavor
tructures into limelight. Some of the effective models of modular
ymmetry that have recently been investigated [24–27], do not
ake use of the flavon fields apart from the modulus τ , and
ence, the flavor symmetry is broken when this complex mod-
lus τ acquires vacuum expectation value (VEV). The usage of
erplexed vacuum alignment is avoided, the only need is a mech-
nism which can fix the modulus τ . As a result, this framework
ransforms Yukawa couplings, where these couplings are function
f modular forms, which indeed are holomorphic function of
. To put it differently, these couplings transpire under a non-
rivial representation of a non-Abelian discrete flavor symmetry
pproach, such that they can compensate the use of flavon fields,
hich indeed are not required or minimized in realizing the

lavor structure. In the above context, after going through myriad
exts, it was comprehended that there are many groups available
.g., the modular group of A4 [23,28–33], S4 [34–39], A5 [40,41],
arger groups [42], various other modular symmetries and double
overing of A4 [43–45], where prediction of masses, mixing, and
P phases related to quarks and/or leptons are investigated.
It is worth realizing that neutrino mass models which are

ased on modular invariance could involve only few coupling
trengths so that neutrino masses and mixing parameters are
orrelated. However, there is an extension of above formalism to
ombine it with the generalized CP symmetry [30,46–50]. As we
now that, S and T representation are symmetric, so the modular
orm multiplets, if normalized aptly, acquire complex conjugation
nder CP transformation. As a result, all the couplings get con-
trained due to generalized CP symmetry in a modular invariant
odel to be real [47], hence, the model prediction power gets
eliorated. To implement the aforesaid, it is very intriguing to
ee the application of modular symmetry in establishing a model
or neutrino mass generation as it would envisage for the signals
f new physics through the observables in neutrino sector [51].
In this paper, we intend to examine the advantages of A4

odular symmetry by applying it to linear seesaw mechanism
n supersymmetric (SUSY) context. The linear seesaw formalism
equires three left-handed neutral fermions SLi in addition to
three-right handed ones NRi (i = 1, 2, 3) and generates the neu-
trino mass matrix which is intricate enough, and has been studied
in the context of A4 symmetry in [52–54]. Furthermore, SLi & NRi
are assigned as triplets under A4 symmetry and Yukawa couplings
are expressed in modular forms by which the neutrino mass
matrix attains a constrained structure. Consequently, numerical
analysis is performed to scan for free parameters of the model
and to look for the region which can fit neutrino oscillation data.
After obtaining the constraints on the model parameters, neutrino
sector observables are predicted. It should be noted that the
imposition of modular symmetry rather simplifies the inclusion
of multiple flavons (i.e., weighton in SUSY), which complicates
the problem of vacuum alignments in usual A4 scenario. However,
apart from model building perspective, essentially there are no
distinct phenomenological differences between the two scenarios
which could distinguish them, as in both the approaches, the
singlet fermions NRi and SLi are required.

Structure of this paper is as follows. In Section 2 we outline the
well known linear seesaw mechanism with discrete A4-modular
flavor symmetry and its appealing features resulting in simple
mass structure for the charged leptons and neutral leptons in-

cluding light active neutrinos and other two types of sterile

2

Table 1
Particle content of the model and their charges under SU(2)L ×U(1)Y ×A4 where
I is the modular weight.
Fields ecR µc

R τ c
R LL NR ScL Hu,d ρ

SU(2)L 1 1 1 2 1 1 2 1
U(1)Y 1 1 1 −

1
2 0 0 1

2 , − 1
2 0

U(1)X 1 1 1 −1 1 −2 0 1
A4 1 1′ 1′′ 1, 1′′, 1′ 3 3 1 1
kI 1 1 1 −1 −1 −1 0 0

Table 2
Modular weight of the Yukawa coupling Y and its transformation
under A4 symmetry.
Yukawa coupling A4 kI
Y 3 2

neutrinos. We then provide a discussion for the light neutrino
masses and mixing in this framework. In Section 3 numerical
correlational study between observables of neutrino sector and
model input parameters is established. We also present a brief
discussion of the non-unitarity effect and lepton flavor violation.
Leptogenesis in the context of the present model is discussed in
Section 4 and a brief discussion on collider signature is presented
in Section 5. Finally in Section 6, we conclude our results.

2. Model framework

This model represents the simplistic scenario of linear seesaw,
where the particle content and group charges are provided in
Table 1. We prefer to extend with discrete A4 modular symme-
try to explore the neutrino phenomenology and a global U(1)X
symmetry is imposed to forbid certain unwanted terms in the
superpotential. The particle spectrum is enriched with six extra
singlet heavy fermion superfields (NRi and SLi) and one weighton
field (ρ). The extra supermultiplets of the model transform as
triplet under the A4 modular group. The A4 and U(1)X symme-
tries are considered to be broken at a scale much higher than
the electroweak symmetry breaking [55]. The extra superfields
acquire masses by assigning non-zero vacuum expectation value
to the singlet weighton. The modular weight is assigned to all
the particles and denoted as kI . Further, it is evident that the
breaking of U(1)X symmetry takes places by singlet ρ acquiring
VEV. Therefore, a massless Goldstone boson comes into picture
which does not have dangerous interaction among the SM par-
ticles but interact only with Higgs and contributes to the dark
radiation [56,57]. The importance of A4 modular symmetry is the
requirement of less number of flavon or weighton fields unlike
the usual A4 group, since the Yukawa couplings have the non-
trivial group transformation. Assignment of group charge and
modular weight to the Yukawa coupling is provided in Table 2.

2.1. Dirac mass term for charged leptons (Mℓ)

In order to have a simplified structure for charged leptons
mass matrix, we consider the three generations of left-handed
doublets (LeL , LµL , LτL ) transform as 1, 1′′, 1′ respectively under
the A4 symmetry. They are assigned the U(1)X charge of −1 for
each generation. The right-handed charged leptons follow a trans-
formation of 1, 1′, 1′′ under A4 and singlets in U(1)X symmetries
respectively. All of them are assigned with a modular weight of 1.
The VEVs of Higgs superfields i.e. ⟨Hu⟩ = vu/

√
2, ⟨Hd⟩ = vd/

√
2

are related to SM Higgs VEV as v =

√
v2 + v2 and the ratio
H u d
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f their VEVs is expressed as tanβ = (vu/vd) = 5 [58,59]. The
relevant superpotential term for charged leptons is given by

WMℓ
= yeeℓ LeLHd ecR + yµµ

ℓ LµLHd µc
R + yττ

ℓ LτLHd τ c
R . (1)

The charged lepton mass matrix is found to be diagonal and the
couplings can be adjusted to achieve the observed charged lepton
masses. The mass matrix takes the form

Mℓ =

⎛⎝yeeℓ vd/
√
2 0 0

0 yµµ

ℓ vd/
√
2 0

0 0 yττ
ℓ vd/

√
2

⎞⎠
=

(me 0 0
0 mµ 0
0 0 mτ

)
.

(2)

Here, me, mµ and mτ are the observed charged lepton masses.

2.2. Dirac and pseudo-Dirac mass terms for the light neutrinos

Along with the transformation of lepton doublets mentioned
previously, the right-handed fermion superfields transform as
triplets under A4 modular group with U(1)X charge of 1 and
modular weight −1. Since, with these charge assignments we
cannot write the standard interaction term, we introduce the
Yukawa couplings to transform non-trivially under the A4 mod-
ular group (triplets) and assign with modular weight of 2, as
represented in Table 2. We use the modular forms of the coupling
as Y (τ ) = (y1(τ ), y2(τ ), y3(τ )), which can be written in terms of
Dedekind eta-function η(τ ) and its derivative [22], expressed in
Eq. (51) (Appendix). Therefore, the invariant Dirac superpotential
involving the active and right-handed fermion superfields can be
written as

WD = αDLeLHu (YNR)1 + βDLµLHu (YNR)1′ + γDLτLHu (YNR)1′′ . (3)

Here, the subscript for the operator YNR indicates A4 repre-
sentation constructed by the product and {αD, βD, γD} are free
parameters. The resulting Dirac neutrino mass matrix is found to
be

MD =
vu
√
2

[
αD 0 0
0 βD 0
0 0 γD

][ y1 y3 y2
y2 y1 y3
y3 y2 y1

]
LR

. (4)

s we also have the extra sterile fermion superfields SLi, which
ransform analogous to NRi under A4 modular symmetry, the
seudo-Dirac term for the light neutrinos is allowed, and the
orresponding superpotential is given as

LS =

[
α′

DLeLHu (Y ScL )1+β ′

DLµLHu (Y ScL )1′ +γ ′

DLτLHu (Y ScL )1′′

] ρ3

Λ3 ,

(5)

here, the subscript for the operator (Y ScL ) indicates A4 repre-
sentation constructed by the product and {α′

D, β
′

D, γ
′

D} are free
arameters. The flavor structure for the pseudo-Dirac neutrino
ass matrix takes the form,

LS =
vu
√
2

(
vρ

√
2Λ

)3
[

α′

D 0 0
0 β ′

D 0
0 0 γ ′

D

][ y1 y3 y2
y2 y1 y3
y3 y2 y1

]
LR

. (6)

2.3. Mixing between the heavy superfields NR and ScL

Following the transformation of the heavy fermion super-
ields under the imposed symmetries, it can be noted that the
sual Majorana mass terms are not allowed. But one can have
he interactions leading to the mixing between these additional
3

superfields as follows

WMRS = [αNSY (ScLNR)sym + βNSY (ScLNR)Anti−sym]ρ

= αNS[y1(2ScL1NR1 − ScL2NR3 − ScL3NR2 )
+ y2(2ScL2NR2 − ScL1NR3 − ScL3NR1 )
+ y3(2ScL3NR3 − ScL1NR2 − ScL2NR1 )]ρ
+ βNS[y1(ScL2NR3 − ScL3NR2 ) + y2(ScL3NR1 − ScL1NR3 )

+ y3(ScL1NR2 − ScL2NR1 )]ρ , (7)

where the first and second terms in the first line correspond to
symmetric and anti-symmetric product for ScLNR making triplet
representation of A4 with αNS , βNS being the free parameters.
Using ⟨ρ⟩ = vρ/

√
2, the resulting mass matrix is found to be,

MRS =
vρ
√
2

(
αNS

3

[ 2y1 −y3 −y2
−y3 2y2 −y1
−y2 −y1 2y3

]

+ βNS

[ 0 y3 −y2
−y3 0 y1
y2 −y1 0

])
.

(8)

t should be noted that αNS/3 ̸= βNS , otherwise the matrix MRS
ecomes singular, which eventually spoils the intent of linear
eesaw. The masses for the heavy fermions can be found in the
asis (NR, ScL )

T , which can be written as

Hf =

(
0 MRS

MT
RS 0

)
. (9)

herefore, one can have six doubly degenerate mass eigenstates
or the heavy superfields upon diagonalization.

.4. Linear seesaw mechanism for light neutrino masses

Within the present model invoked with A4 modular symmetry,
he complete 9 × 9 mass matrix in the flavor basis of

(
νL,NR, ScL

)T
s given by

=

⎛⎜⎜⎜⎝
νL NR ScL

νL 0 MD MLS

NR MT
D 0 MRS

ScL MT
LS MT

RS 0

⎞⎟⎟⎟⎠ . (10)

The linear seesaw mass formula for light neutrinos is given with
the assumption MRS ≫ MD,MLS as,

mν = MDM−1
RS MT

LS + transpose. (11)

Apart from the small neutrino masses, other relevant parameters
in the neutrino sector are Jarlskog invariant and the effective
neutrino mass which play a key role in neutrinoless double beta
decay and can be computed from the mixing angles and phases
of PMNS matrix elements as following:

JCP = Im[Ue1Uµ2U∗

e2U
∗

µ1] = s23c23s12c12s13c213 sin δCP , (12)

|mee| = |m1 cos2 θ12 cos2 θ13 + m2 sin2 θ12 cos2 θ13eiα21

+m3 sin2 θ13ei(α31−2δCP )| . (13)

Many dedicated experiments are looking for neutrinoless dou-
ble beta signals, for details please refer to [60]. The sensitiv-
ity limits on |mee| by the current experiments such as GERDA
is (102–213) meV [61] and CUORE is (90–420) meV [62]. The
future generation experiments, like LEGEND-200 can probe 35–
73 meV [60] and KamLAND-Zen (61–165) meV [63].
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. Numerical analysis

For numerical analysis we consider the global fit neutrino
scillation data at 3σ interval from [64] as follows:

O : ∆m2
atm = [2.431, 2.622] × 10−3 eV2,

∆m2
sol = [6.79, 8.01] × 10−5 eV2,

sin2 θ13 = [0.02044, 0.02437],

sin2 θ23 = [0.428, 0.624],

sin2 θ12 = [0.275, 0.350]. (14)

ere, we numerically diagonalize the neutrino mass matrix eqn.
11) through the relation U†MU = diag(m2

1,m
2
2,m

2
3), whereM =

νm†
ν and U is an unitary matrix, from which the neutrino mixing

ngles can be extracted using the standard relations:

in2 θ13 = |U13|
2, sin2 θ12 =

|U12|
2

1 − |U13|
2 ,

in2 θ23 =
|U23|

2

1 − |U13|
2 .

(15)

o fit to the current neutrino oscillation data, we chose the
ollowing ranges for the model parameters:

Re[τ ] ∈ [−0.5, 0.5], Im[τ ] ∈ [1, 2],

{αD, βD, γD} ∈ 10−5
[0.1, 1], {α′

D, β
′

D, γ
′

D} ∈ 10−2
[0.1, 1],

αNS ∈ [0, 0.5], βNS ∈ [0, 0.0001],
vρ ∈ [10, 100] TeV, Λ ∈ [100, 1000] TeV.

he input parameters are randomly scanned over the above men-
ioned ranges and the allowed regions for those are initially
iltered by the observed 3σ limit of solar and atmospheric mass
quared differences and mixing angles which are further con-
trained by the observed sum of active neutrino masses

∑
mi <

.12 eV [65]. The typical range of modulus τ is found to be
0.5 ≲ Re[τ ] ≲ 0.5 and 1 ≲ Im[τ ] ≲ 2 for normally ordered
eutrino masses. Thus, the modular Yukawa couplings as function
f τ (Eq. (51) in Appendix) are found to vary in the region 0.99
y1(τ ) ≲ 1, 0.1 ≲ y2(τ ) ≲ 0.8 and 0.01 ≲ y3(τ ) ≲ 0.3. The variation
f those Yukawa couplings with the real and imaginary parts of
are represented in the top left and top right panels of Fig. 1

espectively, whereas, bottom panel shows the allowed region of
e(τ ) and Im(τ ) which abides all the constraints used to deduce
he neutrino oscillation parameters.

Variation of the mixing angles with the sum of active neutrino
asses, consistent with the allowed 3σ range are obtained, as
hown in Fig. 2. In the left panel of Fig. 3, we show the correlation
f Jarlskog CP invariant with the reactor mixing angle allowed by
he neutrino oscillation data, which is found to be of the order
f O(10−3). The right panel of Fig. 3, signifies the full parameter
pace for Yukawa couplings as per the observed sum of active
eutrino masses. In Fig. 4, we have displayed a correlation of the
ukawa couplings y1 with y2 and y2 with y3 in the left and right
anels respectively. The effective neutrinoless double beta decay
ass parameter |mee| for both normal and inverted orderings is

ound to have a maximum value of 55 meV from the variation of
bserved sum of active neutrino masses, which is presented in the
eft panel of Fig. 5. The results for normal and inverted hierarchies
re shown by the blue and red points respectively. The horizontal
ink and cyan bands represent the 3σ sensitivity limits of current
ERDA and the future LEGEND-200 experiments respectively. It
hould be noted from the figure that the model predictions for
mee| are within the reach of the future generation experiments
nd the inverted hierarchical region is more favored. The right
anel represents the correlation between heavy fermion masses

and M .
2 3

4

omment on non-unitarity

Here, we briefly comment on non-unitarity of neutrino mixing
atrix U ′

PMNS in the presence of heavy fermionic superfields. The
tandard parametrization for the deviation from unitarity can be
xpressed as [66]

′

PMNS ≡

(
1 −

1
2
FF †

)
UPMNS. (16)

ere, UPMNS is the PMNS mixing matrix which diagonalizes the
ass matrix of the three light neutrinos and F is the mixing

of active neutrinos with the heavy fermions and approximated
as F ≡ (MT

RS)
−1MD ≈

αDv

αNSvρ
, which is a hermitian matrix. The

global constraints on the non-unitarity parameters [67–69], are
found via several experimental results such as the W boson mass
MW , the Weinberg angle θW , several ratios of Z boson fermionic
decays as well as its invisible decay, electroweak universality,
CKM unitarity bounds, and lepton flavor violations. In our model
framework, we consider the following approximated normalized
order for the Dirac, pseudo-Dirac and heavy fermion masses to
correctly generate the observed mass-squared differences as well
as the sum of active neutrino masses of desired order( mν

0.1 eV

)
≈

(
MD

10−3 GeV

)(
MRS

103 GeV

)−1 ( MLS

10−4 GeV

)
. (17)

Therefore, with the chosen order of masses, we obtain an approx-
imated non-unitary mixing for the present model as

|FF †
| ≤

⎡⎣ 6.06 × 10−13 4.25 × 10−14 6.9 × 10−14

4.25 × 10−14 2.77 × 10−13 1.14 × 10−12

6.9 × 10−14 1.14 × 10−12 7.25 × 10−13

⎤⎦ . (18)

Since, the mixing between the active and heavy fermions in
our model is found to be very small, it leads to a negligible
contribution to the non-unitarity.

Comment on lepton flavor violation

Here, we will briefly discuss about the prospect of lepton
flavor violation (LFV) effect, in particular ℓi → ℓjγ decays, in
the context of present model. Lepton flavor violating decays are
strictly forbidden in the SM and are known to be induced in
models with extended lepton sectors. The current limit on these
branching ratios are: Br(µ → eγ ) < 4.2 × 10−13 from MEG
Collaboration [70], Br(τ → eγ ) < 3.3× 10−8 and Br(τ → µγ ) <
4.4 × 10−8 from BABAR collaboration [71].

In this model, the lepton flavor violating decays (ℓi → ℓjγ ) can
occur via exchange of heavy fermions at one loop level [72,73],
as there is mixing between the light and heavy fermions and the
corresponding dominant one-loop contribution to the branching
ratios for these decays is given as [66,74]

Br(ℓi → ℓjγ ) =
α3
W s2W

256π2

m5
ℓi

M4
W

1
Γℓi

|GW
ij |

2
, (19)

where GW
ij is loop functions whose analytic form is

GW
ij =

3∑
k=1

FikF
†
jkG

W
γ

(
M2

Nk

M2
W

)
with

GW
γ (x) =

1
12(1 − x)4

(10 − 43x + 78x2 − 49x3 + 4x4) . (20)

ere, MNk represents heavy neutrino superfields and F charac-
terizes the mixing of active neutrinos with the heavy fermions
leading to non-unitarity effect. Since in the present model, the
non-unitarity parameters are found to be extremely small (18),
the branching ratios of the LFV decays are highly suppressed.
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Fig. 1. Top left and top right panel signify the correlation of the modular Yukawa couplings (y1, y2, y3) with the real and imaginary parts of modulus τ respectively.
The bottom panel represents the allowed region of the Re(τ ) and Im(τ ) abiding all the constraints and within the range of its fundamental domain.

Fig. 2. Left (Right) panel represents the correlation between sin2 θ13 (sin2 θ12 and sin2 θ23) with the sum of active neutrino masses.

Fig. 3. Left panel displays the correlation of Jarlskog invariant with the reactor mixing angle and right panel reflects the variation of modular Yukawa couplings
with the sum of active neutrino masses.
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Fig. 4. Left (Right) panel displays the correlation between y1 and y2 (y2 and y3).
Fig. 5. Left panel shows the correlation of effective neutrino mass of neutrinoless double beta decay with the sum of active neutrino masses, where the blue and
red points correspond to normal and inverted hierarchies respectively. The horizontal pink band corresponds to the 3σ sensitivity limit of currently running GERDA
experiment and the cyan band represents the 3σ limit of the future LEGEND-200 experiment. Right panel depicts correlation between the heavy fermion masses M2
and M3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
T
e
M
e
s

M

T

α

M

t(
A

N

Thus, for TeV scale heavy fermions MNk , the branching ratios for
different LFV decays are found to be

Br(µ → eγ ) ≤ 8.9 × 10−33
(

|(FF †)µe|

4.25 × 10−14

)2

,

Br(τ → eγ ) ≤ 4.2 × 10−33
(

|(FF †)τe|
6.9 × 10−14

)2

,

Br(τ → µγ ) ≤ 1.2 × 10−30
(

|(FF †)τµ|

1.14 × 10−12

)2

, (21)

which are beyond the reach of any of the future experiments.

4. Leptogenesis

Leptogenesis has proven to be one of the most preferred way
to generate the observed baryon asymmetry of the Universe. The
standard scenario of resonant enhancement in CP asymmetry has
brought down the scale as low as TeV [75–78]. The present model
includes six heavy states with doubly degenerate masses for each
pair Eq. (9). But one can introduce a higher dimensional mass
term for the heavy neutrino superfield (ScL ) as

LM = −αRYScL S
c
L
ρ4

Λ3 . (22)

his leads to a small mass splitting between the heavy super-
ields, there by enhancing the CP asymmetry to generate re-
uired lepton asymmetry [79,80]. Thus, one can construct the
6

right-handed Majorana mass matrix as follows

MR =
αRv

4
ρ

6Λ3

(2y1 −y3 −y2
−y3 2y2 −y1
−y2 −y1 2y3

)
. (23)

he coupling αR is chosen to be extremely small to retain the lin-
ar seesaw structure of the mass matrix Eq. (10), i.e., MD,MLS ≫

R and such inclusion does not affect the previous results. How-
ver, this term introduces a small mass splitting and the 2 × 2
ubmatrix of Eq. (10) in the (NR, ScL ) basis, now can be written as

=

(
0 MRS

MT
RS MR

)
. (24)

his matrix can have a block diagonal structure in the limit βNS ≪

NS by the unitary matrix 1
√
2

(
I −I
I I

)
as

′
=

(
MRS +

MR
2 −

MR
2

−
MR
2 −MRS +

MR
2

)
≈

(
MRS +

MR
2 0

0 −MRS +
MR
2

)
.

(25)

Therefore, the mass eigenstates (N±) are related to NR and ScL
hrough

ScLi
NRi

)
=

(
cos θ − sin θ

sin θ cos θ

)(
N+

i
N−

i

)
. (26)

ssuming a maximal mixing, we can have

Ri =
(N+

i + N−

i )
√ , ScLi =

(N+

i − N−

i )
√ , (27)
2 2
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hus, the interaction Lagrangian in Eq. (3) can be written in the
ew basis N±

i as

D = αDLeLHu

[
Y
(
(N+

i + N−

i )
√
2

)]
1

+ βDLµLHu

[
Y
(
(N+

i + N−

i )
√
2

)]
1′

+ γDLτLHu

[
Y
(
(N+

i + N−

i )
√
2

)]
1′′

. (28)

Analogously, the pseudo-Dirac interaction term Eq. (5) becomes

LS = α′

DLeLHu

[
Y
(
(N+

i − N−

i )
√
2

)]
1

ρ3

Λ3

+ β ′

DLµLHu

[
Y
(
(N+

i − N−

i )
√
2

)]
1′

ρ3

Λ3

+ γ ′

DLτLHu

[
Y
(
(N+

i − N−

i )
√
2

)]
1′′

ρ3

Λ3 . (29)

The mass eigenvalues for the new states N+ and N− can be
btained by diagonalizing the block diagonal form of heavy su-
erfield masses, expressed as

RS ±
MR

2
=

(
αNSvρ
√
2

±
αRv

4
ρ

4Λ3

)(2y1 −y3 −y2
−y3 2y2 −y1
−y2 −y1 2y3

)
. (30)

n the above, the anti-symmetric part in MRS is neglected because
NS is small compared with αNS . The above matrix can be diag-

onalized through (M±)diag = UTBMUR

(
MRS ±

MR
2

)
UT
RU

T
TBM, with

mass eigenvalues

M±

1 ≈
1
6

(
αNSvρ
√
2

±
αRv

4
ρ

4Λ3

)

×

(
y1 + 2y2 −

√
9y21 + 12y1y2 + 12y22

)
,

M±

2 ≈
1
6

(
αNSvρ
√
2

±
αRv

4
ρ

4Λ3

)

×

(
y1 + 2y2 +

√
9y21 + 12y1y2 + 12y22

)
,

M±

3 ≈
1
3

(
αNSvρ
√
2

±
αRv

4
ρ

4Λ3

)
(y1 + 2y2) . (31)

ere, UTBM is the tribimaximal mixing matrix [81,82] and

UR ≈

⎛⎜⎝B−
1√
X−

0

0 0 1
B+

1√
X+

0

⎞⎟⎠ , (32)

ith

B± = −

y1 + 2y2 ±

√
9y21 − 12y1y2 + 12y22

2
√
2(y1 − y2)

, and

± =

√
1 + B2

± .

(33)

s noticed from Eq. (31), we get three sets of nearly degenerate
ass states after diagonalization. We further assume that the

ightest pair with TeV scale masses dominantly contribute to the
P asymmetry.1 The small mass splitting between the lightest

1 We also have heavier fermions i.e., N±

2 and N±

3 , whose decays can also
enerate lepton asymmetry. But these heavy fermions decouple early and
 d

7

states implies the contribution from one loop self energy of heavy
particle decay dominates over the vertex diagram. The expression
for CP asymmetry is given by [75,83]

ϵN−

i
≈

1
32π2AN−

i

× Im

⎡⎣( M̃D

vu
−

M̃LS

vu

)† (
M̃D

vu
+

M̃LS

vu

)2 (
M̃D

vu
−

M̃LS

vu

)†
⎤⎦

ii

×
rN

r2N + 4A2
N−

i

.

(34)

Here, M̃D = MDUTBMUR, M̃LS = MLSUTBMUR and ∆M = M+

i −M−

i ≈

MR. The parameters rN and AN− are expressed as

rN =
(M+

i )2 − (M−

i )2

M+

i M−

i
=

∆M(M+

i + M−

i )
M+

i M−

i
,

AN− ≈
1

16π

[(
M̃D

vu
−

M̃LS

vu

)(
M̃D

vu
+

M̃LS

vu

)]
ii

. (35)

t should be noted that because of the imposition of modular
ymmetry, which plays the role of eliminating the usage of extra
lavon fields, the CP asymmetry parameter crucially depends on
he Yukawa couplings Y = (y1, y2, y3), apart from other free
arameters of the model and the flavon VEV vρ . However, essen-
ially there is no freedom in the choice of how much can be the
umerical values of the Yukawa couplings as they depend on the
eal and imaginary part of the modulus τ , which are constrained
y the neutrino oscillation data. In the left (middle) panel of Fig. 6,
e show the variation of CP asymmetry with the magnitude
argument) of the Yukawa coupling y1 and right panel projects
ts behavior with rN . It should be noted that, the CP symmetry
n the context of the present model is broken by the vacuum
xpectation value of the modulus τ . As this vacuum expectation
alue is related to the CP phases in the PMNS matrix and the CP
symmetry of leptogenesis, it is generally anticipated that there
hould be a non-trivial correlation between these observables.
n the bottom panel of Fig. 6, we show the correlation plot
etween the Dirac CP violating phase δCP and the CP asymmetry
f leptogenesis, which depicts no appreciable correlation between
hese observables.

In Table 3, we provide benchmark values that satisfy both neu-
rino mass and required CP asymmetry for leptogenesis [84,85]
to be discussed in the next subsection).

.1. One flavor approximation

The evolution of lepton asymmetry can be deduced from the
ynamics of relevant Boltzmann equations. Sakharov criteria [86]
emand the decay of parent fermion to be out of equilibrium to
enerate the lepton asymmetry. To impose this condition, one has
o compare the Hubble rate with the decay rate as follows.

=

ΓN−

1

H(T = M−

1 )
. (36)

moreover the asymmetry can be washed out from the inverse decays of
lighter fermion mass eigenstates i.e., ℓH → N±

1 . Even though we consider the
asymmetry generated from other fermions (i.e., N±

2 ,N±

3 ), the final asymmetry
hardly changes upto a maximum of 3 times the asymmetry generated from
N±

1 in one flavor approximation, which does not really make any appreciable
ifference in the final result.
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Fig. 6. Left and middle panels represent the variation of CP asymmetry with the magnitude and argument of Yukawa coupling respectively. Right panel shows its
ependence with parameter rN . Whereas, the bottom plot represents the correlation between CP asymmetry and the CP violating phase δCP .
Table 3
CP asymmetries and mass splitting obtained from the allowed range of model parameters which
satisfy neutrino oscillation data.
ϵe
N− ϵ

µ

N− ϵτ
N− ϵN− ∆M (GeV)

−9 × 10−5
−2.13 × 10−4

−2.42 × 10−4
−5.45 × 10−4 2.94 × 10−5
c
f
d
t

γ

Here, H =
1.67

√
g⋆ T2

MPl
, with g⋆ = 106.75, MPl = 1.22 × 1019 GeV.

We consider the coupling strength
(

≈

(√
2MD
v

UTBMUR

)
ij

)
roughly

around 10−6, where the minimum order of coupling parameters
are taken from the numerical analysis section, consistent with
neutrino oscillation data. The Boltzmann equations for the evo-
lution of the number densities of right-handed superfield and
lepton, written in terms of yield parameter (ratio of number
density to entropy density) are given by [85,87–90]

dYN−

dz
= −

z
sH(M−

1 )

⎡⎣(YN−

Y eq
N−

− 1

)
γD +

⎛⎝(YN−

Y eq
N−

)2

− 1

⎞⎠ γS

⎤⎦ ,

dYB−L

dz
= −

z
sH(M−

1 )

[
ϵN−

(
YN−

Y eq
N−

− 1

)
γD −

YB−L

Y eq
ℓ

γD

2

]
, (37)

here s denotes the entropy density, z = M−

1 /T and the equilib-
ium number densities are given by [84]

eq
N− =

45gN−

4π4g⋆

z2K2(z), Y eq
ℓ =

3
4
45ζ (3)gℓ

2π4g⋆

. (38)

ere, K1,2 denote modified Bessel functions, gℓ = 2 and gN− =

denote the degrees of freedom of lepton and right-handed
uperfields respectively. The decay rate γD is given by

= sY eq
Γ , (39)
D N− D

8

where, ΓD = ΓN−
K1(z)
K2(z)

. γS denotes the scattering rate of the de-
aying particle i.e., N−

1 N−

1 → ρρ [90].2 The Boltzmann equation
or YB−L is free from the subtlety of asymmetry getting pro-
uced even when N−

1 is in thermal equilibrium i.e., by subtracting
he on-shell N−

1 exchange contribution ( γD
4 ) from the ∆L = 2

process [88].
The interaction rates are compared with Hubble expansion

in the left panel of Fig. 7. The decay (ΓD) and inverse decay(
ΓD

Y eq
N−

Y eq
ℓ

)
rates are plotted in purple with the coupling strength

∼ 10−6. The scattering rate
(

γS
sY eq

N−

)
for N−

1 N−

1 → ρρ is projected

for various set of values for coupling (of Eq. (7)), consistent
with neutrino oscillation study. For larger Majorana coupling,
the scattering process makes N−

1 to stay longer in thermal soup
and hence, number density of N−

1 depletes in annihilation rather
than decay, generating lesser lepton asymmetry. In one-flavor
approximation, the solution of Boltzmann eqns (37) using the
benchmark given in Table 3 is projected in the right panel of Fig. 7
with the inclusion of decay and scattering rates. Once the out-
of-equilibrium criteria is satisfied, the decay proceeds slow (over

2

(ab ↔ cd) =
T

64π4

∫
∞

smin

ds σ̂ (s′)
√
s′K1

(√
s′

T

)
,

where, smin = Max[(ma+mb)2, (mc +md)2] and σ̂ (s′) is the reduced cross section
with s′ denoting the center of mass energy.
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Fig. 7. Left panel projects the comparison of interaction rates with Hubble expansion, where purple lines correspond to decay (solid), inverse decay (dotted) and
scattering rates plotted for various values of Majorana coupling (green, orange, blue). Right panel projects the evolution of YB−L (dashed) as a function of z = M−

1 /T .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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abundance), YN− does not trace Y eq
N− (magenta curve) and the lep-

ton asymmetry (dashed curve) is generated. The obtained lepton
asymmetry gets converted to the observed baryon asymmetry
through sphaleron transition, given by [91]

YB =

(
8Nf + 4NH

22Nf + 13NH

)
YB−L. (40)

ere, Nf denotes the number of superfields generations and NH is
the number of Higgs doublets. The observed baryon asymmetry
is quantified in terms of baryon to photon ratio [65]

η =
ηb − ηb̄

ηγ

= 6.08 × 10−10. (41)

Based on the relation YB = (7.04)−1η, the current bound on
baryon asymmetry is YB ∼ 0.86 × 10−10.

We observe the same Yukawas i.e. Y = (y1, y2, y3) are involved
in both Dirac as well as Majorana masses and hence, appear not
only in the neutrino phenomenology but also in computation
related to leptogenesis. But the values of these couplings are
strongly constrained from the real and imaginary part of the
complex modulus τ . Thus, the free parameters play an important
role in adjusting the parameter space to generate a successful
leptogenesis.

4.2. Flavor consideration

One flavor approximation is probable at high scale (T >

1012 GeV), where all the Yukawa interactions are out of equi-
librium. But for temperatures below 1012 GeV, various charged
lepton Yukawa couplings come into equilibrium and hence flavor
effects play a crucial role in generating the final lepton asymme-
try. For temperatures below 105 GeV, all the Yukawa interactions
are in equilibrium and the asymmetry is stored in the individual
lepton sector. The detailed investigation of flavor effects in type-I
leptogenesis can be found in the literature [92–97].

The Boltzmann equation for generating the lepton asymmetry
in each flavor is [93]

dY α
B−Lα

dz
= −

z
sH(M−

1 )

[
ϵα
N−

(
YN−

Y eq
N−

− 1

)
γD −

(
γ α
D

2

) AααY α
B−Lα

Y eq
ℓ

]
,

(42)

here, ϵα
N− represents the CP asymmetry in each lepton flavor

nd

α
D = sY eq

N−Γ α
N−

K1(z)
K (z)

, γD =

∑
γ α
D ,
2
α

9

The matrix A is given by [94],

A =

⎛⎜⎝−
221
711

16
711

16
711

16
711 −

221
711

16
711

16
711

16
711 −

221
711

⎞⎟⎠ .

From the benchmark shown in Table 3, we project the B− L yield
ith flavor consideration in the left panel of Fig. 8. It is clear that
notable enhancement in B − L asymmetry is obtained in case
f flavor consideration (red curve) over one flavor approximation
black curve), as displayed in the right panel. This is because, in
ne flavor approximation the decay of heavy fermion to a specific
epton flavor final state can get washed out by the inverse decays
f any flavor unlike the flavored case [95].

. Comment on collider studies

Here, we briefly comment on the most promising collider
ignature of heavy pseudo-Dirac neutrinos without going into any
etailed estimation, in the context of the present model. In the
inear seesaw scenario the MLS is the lepton number violating
erm [98] therefore its mass scale is naturally small. Also the
ffective Majorana neutrino mass matrix as shown in eqn. (11)
or active neutrino where the smallness of mν is attributed due
o MLS being the pseudo-Dirac neutrino mass term and further
uppressed by the ratio of MD and MRS . Hence, the seesaw scale
an be lowered to TeV range which is experimentally accessible
t LHC. The trilepton plus missing energy process as mentioned
n eqn. (43), which can be studied at colliders, is an interesting
echanism involving heavy pseudo-Dirac neutrinos [99]:

(pp → ℓ±ℓ±ℓ∓
+ /ET ) = σ (pp → W ∗±

→ Nℓ±)
× Br(N → ℓ∓W±)
× Br(W±

→ ℓ±
+ ν(ν̄)),

(43)

here it is assumed that the heavy neutrinos are heavier than
he W boson, so that the two-body decay process N → ℓW
s kinematically allowed, followed by the on-shell W decay-
ng into SM leptons. Its viability is essentially determined by
irstly, large mixing between active-sterile neutrinos i.e. 2νRS ≃
mν/MRS ≤ 10−6 [100], secondly, masses of heavy pseudo-Dirac

neutrinos ranging from few [GeV–TeV], and finally its production
mechanism.

6. Conclusion

We have investigated a modular form of A4 flavor symme-
try that reduces the complications of accommodating multi-
ple flavons. The present model includes three right-handed and
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three left-handed heavy superfields to explore the neutrino phe-
nomenology within the framework of linear seesaw in SUSY
context. We have considered the Yukawa couplings to transform
non-trivially under modular A4 group, which replaces the role of
onventional flavon fields. This leads to a specific flavor structure
f the neutrino mass matrix and helps in studying the neutrino
ixing. We numerically diagonalized the neutrino mass matrix

o obtain an allowed region for the model parameters compatible
ith the current 3σ limit of oscillation data. The flavor structure
f heavy superfields gives rise to six doubly degenerate mass
igenstates and hence, to explain leptogenesis, we introduced a
igher dimensional mass term for the right-handed superfields
o generate a small mass splitting. We obtained a non-zero CP
symmetry from the decay of lightest heavy fermion eigen state
nd the self energy contribution is partially enhanced due to the
mall mass difference between the two lighter heavy fermion
uperfields. Using a specific benchmark of model parameters
onsistent with oscillation data, we solved coupled Boltzmann
quations to obtain the evolution of lepton asymmetry at TeV
cale which comes out to be of the order ≈ 10−10, which is suf-
icient to explain the present baryon asymmetry of the Universe.
urthermore, we have also discussed the enhancement in asym-
etry with flavor consideration. The promising collider signature
f the heavy pseudo-Dirac neutrinos is the trilepton plus missing
nergy, which depend crucially on the mixing between the light
ctive and pseudo-Dirac neutrinos, mass of these heavy neutrinos
nd their production mechanism.
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Appendix

Γ̄ is the modular group which attains a linear fractional trans-
formation γ which acts on modulus τ linked to the upper-half
complex plane whose transformation is given by

τ −→ γ τ =
aτ + b
cτ + d

, where a, b, c, d ∈ Z and ad − bc = 1,

Im[τ ] > 0 ,

(44)

where it is isomorphic to the transformation PSL(2,Z) =

SL(2,Z)/{I, −I}. The S and T transformation helps in generating
the modular transformation defined by

S : τ −→ −
1
τ

, T : τ −→ τ + 1 , (45)

and hence the algebric relations so satisfied are as follows,

S2 = I , (ST )3 = I . (46)

Here, series of groups are introduced, Γ (N) (N = 1, 2, 3, . . . )
nd defined as

(N) =

{(
a b
c d

)
∈ SL(2,Z) ,

(
a b
c d

)
=

(
1 0
0 1

)
(modN)

}
.

(47)

efinition of Γ̄ (2) ≡ Γ (2)/{I, −I} for N = 2. Since −I is not
ssociated with Γ (N) for N > 2 case, one can have Γ̄ (N) = Γ (N),
hich are infinite normal subgroup of Γ̄ known as principal
ongruence subgroups. Quotient groups come from the finite
odular group defined as ΓN ≡ Γ̄ /Γ̄ (N). Imposition of TN

= I,
s done for these finite groups ΓN . Thus, the groups ΓN (N =

, 3, 4, 5) are isomorphic to S3, A4, S4 and A5, respectively [101].
level modular forms are holomorphic functions f (τ ) which are

ransformed under the influence of Γ (N) as follows:

(γ τ ) = (cτ + d)kf (τ ) , γ ∈ Γ (N) , (48)

here k is the modular weight.
Here the discussion is all about the modular symmetric theory.

his paper comprises of A4 (N = 3) modular group. A field φ(I)

ransforms under the modular transformation of Eq. (44), as
(I)

→ (cτ + d)−kI ρ(I)(γ )φ(I), (49)
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here −kI represents the modular weight and ρ(I)(γ ) signifies an
nitary representation matrix of γ ∈ Γ (2).
The scalar fields′ kinetic term is as follows

I

|∂µφ(I)
|
2

(−iτ + iτ̄ )kI
, (50)

hich doesn’t change under the modular transformation and
ventually the overall factor is absorbed by the field redefinition.
hus, the Lagrangian should be invariant under the modular
ymmetry.
The modular forms of the Yukawa coupling Y = (y1, y2, y3) with

eight 2, which transforms as a triplet of A4 can be expressed in
erms of Dedekind eta-function η(τ ) and its derivative [22]:

1(τ ) =
i

2π

(
η′(τ/3)
η(τ/3)

+
η′((τ + 1)/3)
η((τ + 1)/3)

+
η′((τ + 2)/3)
η((τ + 2)/3)

−
27η′(3τ )
η(3τ )

)
,

2(τ ) =
−i
π

(
η′(τ/3)
η(τ/3)

+ ω2 η′((τ + 1)/3)
η((τ + 1)/3)

+ ω
η′((τ + 2)/3)
η((τ + 2)/3)

)
, (51)

3(τ ) =
−i
π

(
η′(τ/3)
η(τ/3)

+ ω
η′((τ + 1)/3)
η((τ + 1)/3)

+ ω2 η′((τ + 2)/3)
η((τ + 2)/3)

)
.

t is interesting to note that the couplings those are defined as
inglet under A4 start from −k = 4 while they are zero if −k = 2.
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