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Neutrino masses and mixing in an inverse seesaw (2,3)
model augmented with S, modular flavor symmetry
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Abstract. In our work, we constructed an inverse seesaw(2,3) model using the
modular invariance approach. The predictability of the model is enhanced and
the number of flavon fields reduced by using this modular invariance approach.
Here, we have used the S 4 modular group to assist us design the model. Within
the present framework, the neutrino phenomenology can be studied with the
help of the non-trivial transformation of Yukawa couplings. The right-handed
neutrino mass can be experimentally verified by reducing it to the TeV range
via the application of the inverse seesaw mechanism. In this work, we build the
neutrino mass matrix and explain about the neutrino mixing phenomena. We
show that the obtained CP violating phase and mixing angles are compatible
with the observed 30 ranges of existing neutrino oscillation data.

1 Introduction

The conclusive evidence of the existence of massive neutrinos implies an emerging area of
particle physics beyond the Standard Model (SM). Precision measurements of neutrino data,
which includes solar and atmospheric neutrino mass splittings (Am?j) and reactor angles (6;;)
of neutrino flavor mixings, are being carried out by the neutrino experiments. However, there
are still certain parameters that need to be determined experimentally, such as the neutrino
mass ordering, octant degeneracy of the atmospheric mixing (6,3), CP violating Dirac and
Majorana phases J, @, and S. It is important to look into possibilities beyond the standard
model (BSM) in order to generate non-zero neutrino masses. The existence of sterile neutri-
nos, termed as SM gauge singlets, is a key feature of BSM scenarios. These are considered
as right-handed neutrinos connected via Yukawa interactions to the active neutrinos under
the standard model. The mass of right-handed neutrinos is thought to be of the order of 10
GeV in the conventional seesaw framework, which is beyond the reach of current neutrino
oscillation experiments to explain the eV scale light neutrinos. Nevertheless, there are several
low-scale mechanisms that can be verified experimentally, such as the inverse seesaw[3, 4],
linear seesaw[5], extended seesaw[6], etc., where the heavy neutrino mass is taken in the TeV
scale range.

However, one of the challenges in SM is understanding the flavor structure of fermions.
Hence, symmetry can be crucial for describing the flavor structure. In the literature[7-11],
some non-abelian discrete flavor symmetry groups S4, A4, As, etc. are found to be effective
for constructing models. According to these approaches, the discrete flavor symmetry cannot
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be spontaneously broken without additional flavon fields[12], and the model becomes less
predictable when higher dimensional operators are implemented. A modular invariance tech-
nique has been developed in the literature[13] to prevent such challenges, which has several
appealing characteristics. This method enhances the predictability of the model by eliminat-
ing the need for flavon fields other than the modulus[14]. This encourages us to explore the
present model.

In this study, we use modular S4 symmetry to construct an inverse seesaw model (2,3).
We generate the desired neutrino mass matrix in our scenario using the proposed symmetry,
and we conduct a numerical analysis for various parameters to fit in with the existing neutrino
oscillation data.

The structure of the paper is as follows. The formalism and the neutrino mass matrix from
the inverse seesaw process with modular S 4 symmetry are described in Section 2. Section 3
presents the numerical study of correlations between the neutrino sector observables and the
input model parameters. Finally, we conclude our results in Section 4.

2 Model Building

In this section, we present our model framework for the inverse seesaw mechanism that intro-
duces modular S 4 symmetry. The fact that S, modular symmetry requires fewer flavons than
the typical S4 group emphasizes its significance. The group transformation associated with
Yukawa couplings is non-trivial in this case. In this model, we introduce left-handed sterile
fermions transformed as {1, 1’} under modular S, symmetry, and right-handed S U(2) sin-
glet fermions Ng, which are transformed as doublet under the same symmetry. Additionally,
considering modular S 4 symmetry, two Higgs doublets H,, H; have charge 1.

Table 1 provides the particle content and group charges under S 4 X k; for the model. Here,
the number of modular weights is indicated by k;.

Table 1: Particle content of the model and their charges

Fields L g Ny S; H, H; ¢

SUQ). 2 1 T 1 2 1
S4 31,1 2 3 1 1 1
k; 2 2 2 =20

Table 2: Modular weight attributed to the Yukawa couplings

Yukawa coupling S4 k&

Y 3 2

The Lagrangian for the leptonic sector of the model is provided by the above charge
assignments and symmetries.

Liepion = L1+ Lp + Lys + Ls (1)

where £, is the mass term for charged leptons, L) is the Dirac mass term which connects
left-handed (v;) and right-handed (Ng) components of neutrinos, Lys reprsents the mixing
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term for right-handed neutrinos (Ng) and sterile fermions (S;) and Lg is the majorana mass
term for gauge singlet sterile fermions (S ;).

2.1 Charged Lepton Mass Matrix

Under S, symmetry, the left-handed lepton doublets (I, le Ir.) in this model are trans-
formed into singlet (1,1”,1"). Further, under S, the right-handed lepton I is transformed
into a triplet. They have been allocated a modular weight of —2. Similarly, under this sym-
metry, the yukawa couplings Y = (Y1, Y», Y3) transform as triplet (3, 3'), with (2,4) as the
modular weight.

The Lagrangian for the charged leptons is given by

Ly = a(LE))y (Hon Yy +BLE)H Yy + y(LES)y (Hon Yy, @
where a, 5,y are the free parameters. The charged lepton mass matrix can be written as
Q’Y3 —2ﬂY2Y3 2’yY1Y3

My =vg|aYs B(N3Y Y4+ YaY¥s) y(V3YYy +Y,Ys) A3)
aYs B(V3Y\Ys+YaYy) y(V3YaYs— Y Yy)

where vy is the vev for down type Higgs doublet.

2.2 Dirac Mass Matrix for the model

Here, the right-handed S U(2) singlet fermions Ng transformed as doublet under S4 group.
The modular weight assigned to it is —2.
Hence, the Lagrangian for Dirac mass term for the model can be written as

Lp = (LN (H) Y, + LNy (H Yy, )
Now, the Dirac mass matrix for the neutrinos is given by
—2apa -26pb
Mp = v,|—ap(Le+ s +poGd - Loy apGf + Lo +oGf+Lo| )
~ap(Lf+ 10+ BpCGe- 21 apGe+ Lad)+ e+ La)

where v, is the vev for the up type Higgs doublet and «p, Bp are the free parameters.
Here, we denote a = Y, Y3, b =Y Y3, c = YoY4,d = YoYs,e =Y Yyand f = Y1 Vs.

2.3 Mass term for the mixing between the right-handed neutrinos and gauge
singlet neutral fermions

Here, the additional sterile fermion S; transforms as triplet under S4 symmetry and the mod-
ular weight assigned to it is —2.
Thus, the Lagrangian for this mixing can be written as

Lys = ays(Yy Ne)s(S1)3¢ + Bus (Y Ne)s(S2)y ¢ (6)
The resultant mass matrix for this mixing is found to be
“2aysa % (V3e+d)+ Lpys(V3d—e) —%(V3f + )+ Lpys (Ve - f)

“2Bvsb  Pans(V3f+ )+ 52(VEe- ) Pans(Vie+d)+ B (V3d - e)
™

Mpys = vys

where ays,Bys are the free parameters and vyg is the vev for scalar field ¢.
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2.4 Majorana mass term
The Lagrangian for Majorana mass term can be written as
Ls = ppSSyyY ®)

So, the Majorana mass matrix becomes

0 ~(V3f+¢) V3e+d
Ms = uo|—(V3f +¢) 2a 0 9
V3e+d 0 —2a

2.5 Inverse Seesaw Mechanism for light neutrino masses

The complete neutrino mass matrix for the present model is given by

0 Mp O
M,=|M) 0 My (10)
0 ML, M

where M is at electroweak scale, Mygs at TeV scale and Mg at keV scale to get SM
neutrinos at sub-eV scale[16]. Now, the inverse seesaw formula for light neutrinos is given
by
_ -1 —INT 24T
M, = MpMygMs(Mys)' M, an

3 Numerical Analysis
In this section, we will carry out some calculations for parameters satisfying neutrino oscil-

lation data [15]. Table 3 gives the 30~ ranges for current neutrino oscillation.

Table 3: Current neutrino oscillation parameters from global fits[15]

Oscillation parameters Normal Ordering Inverted Ordering
Best fit+ 1o 30 range Best fittlo 30 range
Am3 /107eV? 7. 42+021 6.82 — 8.04 7. 42+021 6.82 - 8.04
|Am§l|/10‘3eV2 2. 510*0 8% 2.430-2.593 | -2. 490+0 8%3 -2.574 - -2.410
67, 33. 45+o 77 31.27-35.87 | 33. 45*0 ;g 31.27 -35.87
0%, 42, 1+1 é 39.7 -50.9 49. 0*03 39.8-51.6
67, 8. 62*0 12 8.25-8.98 8. 61+O 5 8.24 -9.02
O¢p 230:'36 144 - 350 278’:% 194 — 345

Here, the neutrino mass matrix of Eq. 11 can be numerically diagonalized by a unitary
matrix U, from which the standard relations can be used to obtain the neutrino mixing angles:

: . 1% . U3l |
sin® 015 = |U13I2, sin® 01, = #, sin® 63 = (12)
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Apart from this, the Jarlskog invariant which controls the size of CP violation in the quark
and leptonic sector is given by the equation

JCP = Im[Uel U,uZU:QU;]]
= sin 63 cOS Ba3 sin By, cos Oy sin By3 cos® Oy3 sin Scp (13)

Now, to satisfy the current neutrino oscillation data, we can choose the following ranges
of the free parameters for the model:

Re[7] € [0.5,2.5], Im[7] € [0.8,2], {ap,Bp} € [0.1,10],
{ans,Bys) € [0.1,1], vys € [1,10] TeV, po € [10%,10°] eV.

Here, we have taken only the case for normal ordering. Figure 1 show the variation of
modular Yukawa couplings with allowed region of Re(7) and Im(7) for NO.
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Figure 1: Correlation of modular Yukawa couplings with real and imaginary parts of modulus
of 7 for NO respectively.

Also, the mixing angles for the model can be obtained from the relations given in Eq. 12.
Figures 2, 3, 4 show the variation of the sum of neutrino masses (Xm,) with the mixing angles
sin 63, sin 61, and sin 6,3 for both normal ordering.
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Figure 2: Correlation between sum of neutrino masses (Xm,) and sin® 8,5 for NO.

It is evident from the figures that a wide number of parameter space lie within the allowed
region for sum of neutrino masses i.e., (Xm, < 0.12 eV) and the mixing angles. The lower
bound for sum of neutrino masses is found to be around 0.06 eV.

Also, we have calculated Majorana phases for the model. The figure 5 implies that a;;
takes the value in the range (0° — 40°) and the ranges for @3; is found to be (0° — 360°) for
NO.
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Figure 3: Correlation between sum of neutrino masses (Xm,) and sin® 8y, for NO.
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Figure 4: Correlation between sum of neutrino masses (Xm,) and sin’ 6,3 for NO.
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Figure 5: Correlation between Majorana phases and Dirac CP phases for NO.

4 Conclusion

Here, we have studied an inverse seesaw model with modular S4 symmetry. This symmetry
restricts the use of multiple flavon fields. The neutrino mass matrix for the model is charac-
terized by the modulus 7 and the free parameters of the model.

After that, we have carried out some numerical analysis in search of various parameter
sets to fit into the 30" ranges of neutrino oscillation data for normal and inverted ordering.
Here, the Dirac CP phase is restricted in the region 0° to 90° and the lower bound for sum of
the neutrino masses is around 0.06 eV. Furthermore, we have found the Majorana phases for
the model. The ranges for a,; and a3, are found to be (0° —40°) and (0° — 360°) respectively.
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