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Abstract We introduce a lepton mass generation and fla-
vor mixing model, realized through a (2,3) inverse seesaw
structure based on modular S4 symmetry. The model employs
modular forms to construct the lepton Yukawa couplings, sig-
nificantly simplifying the framework by reducing redundant
parameters. A detailed numerical analysis demonstrates con-
sistency with current neutrino oscillation data, yielding spe-
cific outputs for the mixing angles and CP-violating phases.
The Dirac CP phase is predicted to lie near §cp ~ £90°,
corresponding to near-maximal leptonic CP violation. The
total neutrino mass lies within Y m, ~ 0.0587-0.0924 eV,
and the effective Majorana mass |m..| =~ (0.002-0.02) eV,
within reach of upcoming neutrinoless double beta decay
experiments such as nEXO and AMoRE-II. The model also
remains consistent with current bounds on charged lepton
flavor violating processes from MEG and BaBar. We further
explore resonant leptogenesis enabled by quasi-degenerate
heavy neutrino states and show that the observed baryon
asymmetry of the universe can be successfully generated in
this scenario. The combined treatment of low-energy observ-
ables and high-scale baryogenesis demonstrates the predic-
tivity and testability of the modular S4-based ISS(2,3) frame-
work.
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1 Introduction

Neutrino oscillation measurements confirm that neutrinos are
not massless and exhibit flavor mixing [1,2]. These find-
ings prove physics beyond the Standard Model (SM). The
precise dynamics responsible for endowing neutrinos with
mass and shaping the lepton mixing matrix have yet to be
fully established. To overcome these problems, we propose to
extend the SM with a mechanism that produces tiny neutrino
masses while adding discrete flavor symmetries to restrict the
model’s flavor structure [3]. Many extensions have been pro-
posed thus far, but the inverse seesaw mechanism is an attrac-
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tive framework, it accommodates sub-eV neutrino masses
without requiring ultra-high mass scales [4—-23]. The inverse
seesaw differs from the conventional type-I scenario [24-26]
by enabling TeV-scale heavy neutrinos via the introduction
of singlet fermions and a softly broken lepton number, thus
avoiding unnaturally small Yukawa couplings. This makes
the inverse seesaw phenomenologically rich and potentially
testable at current and future colliders.

To introduce additional constraints on the neutrino mass
matrix, we formulate the inverse seesaw mechanism within
a modular flavor symmetry paradigm, where the underly-
ing symmetry group is I'4, known to be isomorphic to the
permutation group Sy [22,27-30]. Modular symmetries pro-
vide a framework for flavor model building, where Yukawa
couplings arise as modular forms determined by the symme-
try, and the complicated flavon vacuum alignment of tradi-
tional models is replaced by the complex modulus t, whose
vacuum expectation value governs both mass hierarchies
and mixing patterns. In addition to accurately capturing the
observed lepton-mixing pattern and neutrino mass splittings,
the framework significantly limits the number of indepen-
dent parameters, enhancing its predictive power. Moreover,
the modular group structure connects particle physics with
the mathematics of modular forms, offering a minimal and
highly constrained framework, and has become a focus of
recent model-building efforts.

In this work, we construct a minimal inverse seesaw model
based on S4 modular symmetry and examine its effects on
both low and high energy observables. To test the viability of
our model, we analyze up-to-date global neutrino oscillation
data, including the CP phase dcp, mixing angles, and mass-
squared splittings. Modular weight assignments and group
representations are selected to replicate the observed charge
lepton mass hierarchy while preserving the predictivity of
the model in the neutrino sector. Our analysis shows that the
model aligns well with the current oscillation data, remain-
ing within the confidence intervals 3o . In addition to neu-
trino oscillation observables, the framework also allows the
study of charged lepton flavor violation (LFV) and neutrino-
less double beta decay (OvBB). Processes such as u — ey,
T — puy and T — ey are naturally expected in the inverse
seesaw due to the presence of additional singlet states, while
contributions to OvBg can arise from both light and heavy
neutrino exchange. These phenomena provide complemen-
tary low-energy tests of the model, and we study their impli-
cations within this framework. This setup ensures that pre-
dictions for LFV rates, the effective Majorana mass m,, and
leptogenesis are not independent but originate from the same
Yukawa structures determined by the modular symmetry.

This study implements the ISS(2,3) mechanism with-in a
modular Sy flavor symmetry and examines its phenomeno-
logical consequences. While modular symmetries have been
studied with other seesaw mechanisms, the inverse seesaw
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has been explored without such symmetry constraints. Here,
we bring these two approaches together and analyze the
resulting implications consistently across neutrino oscilla-
tions, lepton flavor violation, neutrinoless double beta decay
and leptogenesis.

A particularly appealing feature of the inverse seesaw
model is its compatibility with low-scale leptogenesis, espe-
cially within the framework of resonant leptogenesis [31—
37]. In our setup, two of the heavy neutrinos form a quasi-
degenerate pair with small mass difference — naturally aris-
ing from the structure of ISS(2,3) model — can lead to a
resonant enhancement of CP asymmetry in their decays. By
studying the deacays of quasi-degenarate heavy right handed
neutrinos, we investigate whether the baryon-to-photon ratio
inferred from cosmological observations can be successfully
produced via thermal leptogenesis. The CP-violating asym-
metry originates from the quantum interference between
leading-order and radiative-level contributions to decay pro-
cesses of the heavy neutrinos. It is numerically evaluated
using Yukawa structures determined by the underlying mod-
ular symmetry. We solve the Boltzmann equations that gov-
ern the thermal evolution of the heavy neutrino densities
and the lepton asymmetry, considering the relevant decay
and washout processes. Our analysis shows that the model
can generate the correct baryon asymmetry within a viable
range of parameters, without requiring extremely high-scale
physics.

The paper is organized as follows. The theoretical struc-
ture of the model, which includes the inverse seesaw mech-
anism integrated into modular S4 symmetry, is presented
in Sect.2. Section3 contains the numerical fitting of neu-
trino oscillation parameters, followed by a phenomenolog-
ical analysis divided into two parts: one addressing LFV
processes and the other exploring neutrinoless double beta
decay signatures. In Sect.4, we describe the model’s res-
onant leptogenesis mechanism and derive the relevant CP
asymmetries. Section 5 covers the numerical study of lepto-
genesis via Boltzmann equations, analyzing the generation
of baryon asymmetry. Section6 concludes with a summary
of our results.

2 Model

The model is built upon the modular symmetry S4 and imple-
ments the inverse seesaw 1SS(2,3) configuration. The pro-
posed framework, which is regulated by the flavor symmetry
S4 x kj, where k; stands for modular weights, adds three
sterile fermions S; and pair of right-handed neutrino fields
Ng to the SM. In Table 1, the particle content and transfor-
mation properties are compiled, with the lepton doublets L
transforming as an Sy triplet, right-handed charged leptons
IR as singlets (1 or 1), and the right-handed neutrinos Ng
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Table 1 The model’s particle composition and charges

Field Lo 4. 0%.0% Ny S H, Hg

su@, 2 1 1 o2 21
S4 30 1L 2 31 1 1
ki -2 0-2-2 -2 -2 0 0 0

Table2 Yukawa interactions dictate the assignment of modular weights

; “4) “4)
Yukawa coupling Yy Y, Yy
S4 3 3 3
ky 2 4 4

as an Sy doublet. Higgs doublets H,, H;, and a gauge sin-
glet ¢ make up the scalar sector; they are all invariant under
S4. The modular weights are assigned such that all fermions
carry k; = —2, while the Yukawa couplings have k; = 2, as
shown in Table 2.

The Yukawa couplings Y are modular forms of weight
2 transforming as an Sy triplet, with higher-weight forms
Y3(4) constructed from their products. This structure signifi-
cantly constrains the possible interactions in the superpoten-
tial while maintaining predictive power. The lepton sector is
described by

Wlepton =W+ Wp + Wys + Wg, (1

where W, generates charged lepton masses, Wp mediates
Dirac neutrino masses, Wygs governs the mixing between
Nrg and S;, and Wy provides Majorana masses for the sterile
fermions.

The following terms give rise to the charged lepton mass
matrix:

W, = a(LiS )y (H Yy + B(LIG )3 (Ho Yy

c ) @)
+ v (Llg,)3(Ha)1 Y5
yielding the explicit form
O{Y3 —2,3Y2Y3 2)/Y1Y3
Mp=vg | aYs B(V3Y1Ys + VaYs5) y(V3VaYs — V1 V5) |,
aYy B(V3Y1Ys + YaYy) y(V/3Y2Ys — Y Yy)
3

We define v, as the vev of Hj, responsible for giving mass to
charged leptons. In parallel, the Dirac neutrino mass matrix
arises from an Ss-invariant interaction among the lepton dou-
blets L, right-handed neutrinos Ng and the up-type Higgs
H,, structured by the modular forms Y3(j‘3), of weight 4. The
superpotential takes the form:

Wp = ap(LNG3H Y + Bp (LN y H Y, 4)

where ap and Bp are coupling constants.

The resulting 3 x 2 Dirac mass matrix exhibits a con-
strained structure due to S4 tensor products:

Mp = v,
—2apa —2Bpb
—a9(§6+%d)+ﬂp(%d - ?e) aD(%f+§c)+ﬁD(§c—%f)
d—%e)

&)

w
ol
S

—OtD(gf‘l-%C)‘l—ﬁD(%C—TSf) ozg(%e+7d)+ﬁn(

where v, is the vev of H,, and the parameters a through f
represent specific combinations of modular forms:

a=YY3,
d =Y,Ys,

b=7YYs,
e=1Y1Yy,

c =YYy,
f=1Ys.

This matrix structure reflects the branching rules of Sy repre-
sentations when contracting the triplet L with the doublet Ng,
where each entry is explicitly calculable in terms of the under-
lying modular forms. All transformations of the Yukawa cou-
plings under the modular S4 symmetry, along with their rep-
resentation structure and modular forms, are summarized in
Appendix B. The interaction between the right-handed neu-
trinos N and the sterile fermions S; is given by:

Wys = ans(YsVNr)3(S)3¢ + Bns (Y NR)3(S)ze  (6)

where oy s and By are free parameters and vy g is the vev
of the singlet scalar ¢. This generates the 2 x 3 mass matrix:

ap az a3

Mys = vns , @)
asy a a3

where

ajl = —2aysa,

an = -9 (e+d) + LBys(v3d — o),

iy = —“S(V3f +0) + L hys(V3e - f),

ax1 = —2Bnsb,

an = Lays(V3f +0) + B3 - ),

axy = Lays(V3e +d) + B (V3d — o). 8)
whose structure is fixed by the tensor products of Sy rep-

resentations and the modular form combinations Y;Y;.
The Majorana mass for the sterile states S; is generated

through their coupling to the weight-4 modular forms Y3(4),
with the superpotential given by:

4
Ws = 10 (S8)3 3" ©)
where (o acts as the parameter that controls the extent of

violation of the lepton number. Note that the Majorana term

@ Springer
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(SS)3 Y3(,4 ) is forbidden, since the 3’-dimensional represen-
tation is antisymmetric. The resulting 3 x 3 Majorana mass
matrix exhibits a distinctive symmetric structure:

0 ~(V3f+c)V3e+d
—(V3f +¢) 2a 0 (10)
V3e+d 0 —2a

Mg = uo

This mass matrix significantly contributes to inverse seesaw
mechanism, where the light neutrino masses are suppressed
by the small ratio MS/MIZ\,S. In the (v, Ng, S;) basis, the
entire neutrino mass matrix arranges itself in an inverse see-
saw pattern:

0 Mp O
M, =ML 0 Mys|, (11)
0 MLy Ms

Atenergy scales below the Ny and S; masses, the mass matrix
of light neutrinos emerges through the inverse seesaw mech-
anism [22]:

—1
M, = —Mp(MisMys)™ My cMsMys
—1
x (MysMys)™ M, (12)

Before proceeding to the numerical analysis, we brief-
ly comment on the supersymmetry-breaking scale and its
mediation to the visible sector. Although the analysis in this
work is performed in the supersymmetric limit, modular con-
struction S4 can be consistently embedded in a framework
where supersymmetry breaking is communicated to the vis-
ible sector through higher-dimensional operators. Breaking
may be parameterized by a spurion superfield X = 6%F,
whose vacuum expectation value generates soft terms of
order msusy =~ F/Mmess, With Mpess denoting the char-
acteristic messenger scale of SUSY-breaking mediation. For
the parameter range relevant to our model, the heavy neu-
trino masses lie around My ~ 10%> GeV. A consistent and
phenomenologically safe hierarchy,

msusy ~ 103 GeV, Mpes ~ 101710 GeV,

yields a ratio msysy/Mmess < 1078, Such suppression
ensures that supersymmetry-induced corrections to the mod-
ular Yukawa couplings remain negligible, preserving the pre-
dictive modular texture of the lepton sector [38]. In this
regime, all superpartners decouple well before the leptogene-
sis epoch, and the effective low-energy description employed

throughout this paper remains valid.
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3 Numerical analysis
3.1 Neutrino oscillation data fit

We numerically evaluate the model’s predictions to ensure
consistency with current neutrino oscillation data. This is
achieved through the PMNS matrix, which encapsulates the
non-trivial mixing between the neutrino and charged lepton
sectors. Since both the the neutrino mass matrix and charged
lepton mass matrix are not initially in diagonal form, we must
diagonalize them to extract the physical mixing parameters.
The process of bringing the charged lepton mass matrix to a
diagonal form M, is as follows:

U MM U, = diag(m?2, m%, m?), (13)

where Uy is the unitary matrix that transforms the charged
left-handed lepton fields into their mass eigenstates.
Similarly, the neutrino mass matrix M, is diagonalized as:

Ul M,MU, = diag(m?, m3, m3), (14)

where the diagonalizing matrix U, transforms the neutrino
mass matrix into its mass basis, and the eigenvalues ml2 give
the physical neutrino masses. Next, we obtain the lepton mix-
ing matrix, which is also referred to as the PMNS matrix:

Upmins = U, U, (15)

The structure of the PMNS matrix involves three mix-
ing angles and a single Dirac CP-violating phase (§cp) and
two additional Majorana phases (a1, «@31). The standard
parametrization is given by:

Upmns =
c12€13 ' sppei3 s3eioce
—s12023 — €12523813¢'°CP c1a¢23 — s12823513¢°CP sp3013
512523 — €12¢23513€1°CP  —c153 — 512023513€70CP 23013

" (16)

where P, = diag(l, /*21/2, ¢!%31/2) and for i, j = 1,2, 3,
Cij = COS@,’j and Sij = sin@ij.

Using the components of the PMNS matrix, the lepton
sector’s mixing angles can be explicitly determined via:

sin” 613 = U, (17)
U 2
sin 0jp = 'e—2|2 (18)
1 - |Ue3|
2
.2 |Uu3|
sin“ 03 = ———. (19)
1 — |Ues|?

To quantify CP violation in the lepton sector, we use the
Jarlskog invariant:

2 .
Jop = Im[Ue1 U2 U5 U 5 ] = s12€12523¢23513¢73 8in 8cp,
(20)
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Table 3 The model parameters have been adjusted to align with the
observed neutrino oscillation data [39]

Parameter Best-fit + 1o 30 range

sin® 612 0.30779912 0.275-0.345

sin® 623 0.56170:012 0.430-0.596

sin® 013 0.0219510:9005¢ 0.02023-0.02376
AmZ; [1075 eV?)] 7.491019 6.92-8.05

Am3, [1073 eV?] 2.53410:022 2.463-2.606

Table4 Model parameter ranges that are used in the numerical analysis

Parameter Range

Re[7] [0.5, 2.5]

Im[7] [1, 3]

a, By [0.5, 2]

ap, Bp [0.02, 0.06]

vys [GeV] [3 x 104, 8 x 10%]
ans, Bns [0.3, 0.6]

1o [GeV] (1073, 10%]

and the Majorana phases are probed through the following
rephasing-invariant combinations:

I} = Im[U} U )? = cipsiaci3sinaay, (21)

L = Im[U};Us1* = crasizers sin(az) — 28cp). (22)

To identify parameter points that match the oscillation data
for normal ordering in Table 3, we perform an random scan
over the model’s free parameters within the ranges specified
in Table 4.

These parameter ranges are chosen to ensure that the
model remains consistent with low-energy phenome-nology

0.4 1

0.2 1

0.0
050 0.75 1.00 125 150 1.75 2.00 225 2.50

and to allow for viable texture structures in the mass matrices.
The Higgs doublets H,, and H,; acquire vevs related to the
electroweak scale by v%{ = v% + vﬁ, where vy = 246 GeV. In
our numerical analysis, we work in the approximation where
the ratio of these vevs is fixed to tan § = 5 [40,41].

The results of our numerical scan are presented in the fol-
lowing correlation plots, which illustrate the relationships
between various neutrino observables obtained from our
parameter scan. Figure 1 illustrate how the modular Yukawa
couplings Y; (t) vary with changes in both components of the
complex modulus 7. Since the ¥; are modular forms of weight
4, they exhibit non-trivial but controlled variations across the
domain. These patterns play a key role in determining the
textures and hierarchies of the lepton mass matrices.

Figure 2 illustrate how the predicted lepton mixing angles
vary with respect to the total neutrino mass »_ m, within
the context of the proposed framework. The resulting ranges
for the neutrino mixing parameters, sin® 615 & 0.30-0.32,
sin? 03 ~ 0.021-0.0225, and sin® 63 ~ 0.55-0.60, fall
within the 3o intervals reported in the NuFIT 6.0 global anal-
ysis. The total neutrino mass is predicted to lie within:

va € [0.0587, 0.0924] eV,

well below the Planck upper bound of 0.12 eV [42]. These
results confirm that the model accommodates both oscillation
data and cosmological constraints.

Figure 3 illustrates the relation between the Majorana
CP phases («21, av31) and the Dirac CP phase dcp. We find
dcp ~ £90°, with Majorana phases a1 € [—100°, 4100°]
and a3; € [—120°, +120°] exhibiting broad but symmet-
ric distributions. This suggests a strong prediction of near-
maximal CP violation, that could be probed in upcoming
experiments such as DUNE and Hyper-Kamiokande [43].

121 &g, SFDEEUD HETNETS 00 @
[ [ ) ©
XD;;)Z - o ®
0D g ®ampare e © M
0.0 ) o0 @ °
1.0 1.2 1.4 1.6 1.8
Im(7)

Fig. 1 Correlation between Yukawa coupling magnitude and the real (left) and imaginary (right) components of the complex modulus t. The plots
highlight how the modular forms, controlled by 7, shape the Yukawa structure in the S4-based inverse seesaw model

@ Springer
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Fig. 2 The relationship between the mixing angles 6;3, 612, 623 and the sum of neutrino masses y_ m, (eV)
K ws ° R o ay with respect to sin” 6,3. The values are in the expected range
[ ] . . . . .
150 . o o%e 4 A for lepton sector CP violation and highlight the constrained
° 100d °" o o . A nature of CP-violating parameters in this model. In Fig.4
5 . o (Right panel), demonstrates the strong correlation between
L] o . . .
é@ 501 ? e o0 ® o ‘J}' T Scp and sin? 653, with both parameters simultaneously con-
L] N . .
A 01 @ o e ﬁ:.?’;‘, % o - e strained to their experimental ranges.
L] .
g . . . M 4 "o.o °% . o sle To assess the robustness of the obtained best-fit solu-
g —501 %, e ';ié 0: ot tion, we have performed a detailed x2-sensitivity analy-
‘2" ~1001 .. L8 sis by varying each model parameter individually while
s o . SR keeping all others fixed at their best-fit values. The result-
—150 1 w3 ° o ..€ * o . . . 2 . .
e ©° oo . . ing one-dimensional Ay~ profiles are shown in Fig.11
150 —100 =50 % S0 100 1%0 (Appendlx.C). ".Fh.e analysis demonstrates that most param-
scp [°] eters remain within the 1lo—30 range for small variations

Fig. 3 Interplay between the Dirac CP-violating phase §cp and the two
Majorana phases 21 and o3

We show the expected values of the Jarlskog invariant in
Fig.4 (left panel), throughout the range:

Jep € [-0.03, 0.03],

@ Springer

of order £(3-5)%, indicating local stability of the fit. How-
ever, parameters such as fns and vns exhibit a comparatively
steeper x2 dependence, suggesting that the model is more
sensitive to variations along these directions. Overall, the fit
is well-behaved around the minimum and does not exhibit
any pathological fine-tuning.
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Fig. 4 Dependence of the Jarlskog invariant (Jcp) on sin? 63 and the Dirac phase dcp
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1073

Fig. 5 Total neutrino mass Y_ m,, vs effective Majorana mass |m.|

3.2 Neutrinoless Double Beta Decay

The neutrinoless double beta decay (OvBp) represents a
crucial probe of lepton number violation and the Majorana
nature of neutrinos. This hypothetical nuclear process would
manifest as:

(Z, A) —> (Z+2, A) +2e (23)

The observation of this decay would establish neutrinos
as Majorana particles while violating lepton number conser-
vation by AL = 2 units. The decay rate is governed by the
effective Majorana mass:

i(a31—28cp)

2 2 2 2 i 2
|mee|l = |micTyciy + masiycize ™ + masize

(24)

where ¢;j = cos6;;, s;j = sinf;; and a2y, @31, Scp are the
CP-violating phases.

The model prediction for the effective Majorana mass
|mee| associated with neutrinoless double beta decay is dis-

played against Y m,, in Fig.5. According to the model,

Imee| € [0.002, 0.02] eV,

which overlaps with the present experimental sensitivity
and also under the projected limits of future experiments
like nEXO[44], NEXT[45], LEGEND [46], KamLLAND-Zen
[47] and AMoRE-II[48]. This makes |m,.| an important
testable prediction of the model.

3.3 Lepton flavor violation

LFV refers to processes in which one type of charged lep-
ton, such as a muon or tau, transforms into another without
the emission of a corresponding neutrino to conserve flavor.
In the minimal SM with massless neutrinos, such processes
are strictly forbidden. Once neutrino masses and mixings are
introduced, LFV becomes possible, but the predicted rates are
so heavily suppressed (BR(;z — ey) ~ 107%) that they are
unobservable with current or foreseeable experimental pre-
cision. Consequently, any observation of LFV decays would
constitute a clear and direct signal of physics beyond the SM.
Among the most studied LFV processes are muon decays
(e.g., u — ey) and tau decays (e.g., T — uy), because
muons can be produced and controlled in large numbers in
precision experiments, and taus being heavier are more sen-
sitive to possible high-scale effects.

The effective mass matrix of neutrino is diagonalized via
the unitary transformation U MU = diag(my, mo, ms,
My, ..., My;), where the mixing between light and heavy
states gives rise to lepton flavor-violating effects. The most
phenomenologically significant signatures arise in radiative
decays £; — €y, whose branching ratios can be expressed
as [23,36,49-51]:

@ Springer
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3 2 5 2\
A, S ml, MN
BR(¢; — Ejy) = W_V; 4—’ E Uian;a F( 2a> s
256 My, Iy, |5 My,
(25)

where ay = g2/47'r, sw = sinfw, my, and I, are the
charged lepton mass and total width, and m y,, are the heavy
neutrino masses. The loop function contains the characteris-
tic mass dependence,

—2x3 4 5x% — x 3x3 |
4(1 —x)? 2(1 — x)*
Numerical inputs are taken from the Particle Data Group[52],

including I}, = 2.996 x 10719 GeV and I'; = 2.267 x
10712 GeV.

Flx) = nx. (26)
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Figure 6 displays the predicted branching ratios for the
LFV channels o — ey, 7 — puy and 1 — ey. We
find that the branching ratios for t — ey and 7 — puy
are approximately equal. This is not a generic prediction
of the model but arises due to the chosen parameter val-
ues, which yield similar off-diagonal entries in M;M D-
The dashed horizontal line in the upper-left panel marks the
MEG upper limit of 3.1 x 10~'3 [53] for the muon decay,
while the lines in the upper-right and lower panels show the
current experimental limits from the BaBar collaboration,
BR(t — ¢y) <3.3x 1078 [54]. Across the scanned param-
eter space, the model predictions lie comfortably below these
limits, demonstrating consistency with current data. This
compatibility supports the viability of the model and moti-
vates further exploration in regions that may be probed by
future experiments such as MEG II [55] and Belle II [56].
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4 Resonant leptogenesis
4.1 Overview of the mechanism

To evaluate the model’s consistency with cosmological
observations, we examine whether it can account for the
matter—antimatter imbalance observed in the universe via a
leptogenesis mechanism. In the framework of the ISS(2,3)
model, there are five heavy neutrino states: two of them are
right-handed neutrinos (N1, N>), while the remaining three
are sterile fermions (S;).

These five states form one decoupled state and two quasi-
Dirac pairings. Interestingly, a crucial aspect of resonant
leptogenesis is that the mass splittings within these pairs
are ordered by their decay widths. The decay of the lighter
quasi-Dirac neutrino pair, occurring outside of equilibrium,
serves as the source of lepton asymmetry in this framework.
Through electroweak sphaleron transitions, this asymmetry
is subsequently partially transformed into baryon asymme-
try.

Although the heavier quasi-degenerate pair (N3, N4) can
in principle generate a lepton asymmetry, its contribution is
strongly suppressed by both thermal and dynamical effects.
At the relevant temperatures 7' ~ 103 GeV, these states
are thermally inaccessible due to an exponential Boltzmann
suppression e ~M34/T while any residual asymmetry is effi-
ciently erased by lepton-number-violating washout from
the lighter pair. Quantitatively, the corresponding washout
parameters K1> = I'12/H(T = M) > 1 ensure that
only the asymmetry from (N7, N») survives until sphaleron
freeze-out. This feature aligns with the standard expectation
that the lightest (or resonant) right-handed neutrino pair dom-
inantly sources the baryon asymmetry in low-scale resonant
leptogenesis [57-59].

4.2 Generation of CP asymmetry via quasi-degenerate
neutrino decays

Here, we analyze the CP asymmetry arising from the
decays of two nearly degenerate right-handed neutrino states,
labeled N1 and N;. These states emerge through the diago-
nalization of the lower 5 x 5 submatrix of matrix M, given
in Eq. (11), which is expressed as:

_( 0 Myg
= (g, ) )

Diagonalization of My via a unitary matrix V yields four
heavy Majorana states:

di .
My" = VI My V = diag(My,, My,, My,, My,, My;)
(28)

These form two quasi-Dirac pairs: (N1, N2) and (N3, N4).In
our setup, only the lighter pair (N1, N>) contributes signifi-
cantly to produce the lepton asymmetry due to their favorable
mass splitting and suppressed washout. The complete 5 x 5
mass matrix is not easily tractable analytically, and we work
with its numerical diagonalization for convenience. For the
computation of the CP asymmetry, it is useful to choose a
basis where the heavy neutrino mass matrix is diagonal, in
which case the relevant part of the superpotential in equa-
tion(4) takes a simplified form:

Wi = hia Nf Ly H, (29)

The couplings &, in the mass eigenstate basis are obtained
from the flavor basis Yukawa couplings y;, (Yukawa
coupling between L, and N;) through a unitary rotation
defined by the matrix V, as expressed below [36]:

hig = V1*1y1<x + V1*2y2<x (30)
hye = V2*1y101 + Vz*z)’Za (31)
h3g = V1*3)’1a + V2*3)’2a (32)
hao = Vizyia + V3420 (33)

The CP asymmetry ¢; is defined as [36,37,60]:

f= Y

alegie [T(Ni = €aHy) + TNy — T H) |

[FN; = bt = T(Ni = Tu )]

(34)

In the resonant leptogenesis regime, where |[My, —
My i| ~ [}, the dominant contribution arises from self-
energy effects and the asymmetry becomes [36]:

| Im [(hh*)gj] fi
§i=o— ) T
St i

(35)

The self-energy loop function f;; is given by [36]:

2 a2
e = O~ My )P (36)
! (MR, — Mj,)* + Rij

with the regulator term:

Rij = (My, T} + M, T})° (37)
N;’s overall decay width is [36]:
hh')i My,
Fi _ ( )zz N; (38)
8w

As shown in [36], the CP asymmetry for the lightest pair
(N1, N») is given by:

1

= San [(hhf)%zflz + (hh")}5 f13 + (hh*)ﬁfm]

39)

€1
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1

27 iy

i [ (nh")3, fo1 + (0h )3 fos + (D3 |
(40)

The decay processes of these states lead to the gener-
ation of a net lepton asymmetry. However, this asymme-
try can be partially washed out by lepton number violat-
ing scatterings and inverse decays, particularly if these pro-
cesses remain efficient due to the presence of lighter sterile
states or closely spaced mass eigenstates. The survival of
the asymmetry depends on the interplay between the decay
rate, mass splitting, and the strength of these washout pro-
cesses. For instance, if the right-handed neutrinos N; and
N, are lighter than N3 and N4, and have nearly degenerate
masses (My, ~ My,), their out-of-equilibrium decays into
SM leptons and Higgs doublets can produce significant CP
asymmetries due to resonant enhancement. The associated
CP asymmetry parameters &1 and g3, enter the Boltzmann
equations that explains the generation and evolution of the
lepton number asymmetry in the primordial universe.

4.3 Boltzmann equations and evolution of lepton
asymmetry

We analyze how the number densities of N1 and N, change
over time to determine the resulting matter — antimatter asym-
metry. This analysis is performed within a kinetic framework
governed by differential equations that capture particle pro-
duction, decay and asymmetry generation. For computational
tractability, we maintain the approximation that SM degrees
of freedom remain thermally coupled to the plasma through-
out the studied cosmological period.

Let Yy, represent the comoving abundance of the heavy
neutrino N;, i.e. Yy, = ny,/s. The evolution of Yy,, Yn,,
and Yp_ is described by [61]:

d¥y, _ 2 Yn, 1), @1
dz sH(Myy) \ Yy b
d¥y, _ 2 Yn, _1),® @2)
dz sH(Myy) \ vy b
2
dYp L z [ Yy, (i)
=- P A
dz sH(My,) ; vy &
Ypr & , YB-L
+2Y;q Yy + 7 2y + 2v5) |- (43)

Here, z = My, /T is a dimensionless time parameter,
H (M, ) is the Hubble expansionrate at 7 = M, and yg) is
the thermally averaged decay rate of N;. The contributions to
the total scattering rate are decomposed into their respective
channels, denoted as y; for the s channel and y; for the ¢
channel.

@ Springer

The Hubble expansion rate at 7 = M, can be written as:

4mdg, M}
H(My,) = ‘/T&“M_ZI' (44)

With g, & 110 and Mp; = 1.22 x 10'° GeV.
Assuming equilibrium conditions, the number densities
for the lepton and heavy neutrinos are [36]:

45 gn
Y9 = — V20 (), 45
N, (2) y; g*z 2(2) (45)
45¢(3
Yleq §(4)8E (46)
2rt gy

where K;(z) is the Bessel function of the second kind,
and the interinsic degrees of freedom of the heavy neutri-
nos and leptons are gy = 2 and gy = 2, respectively.
The lepton asymmetry generated through this mechanism
undergoes conversion into matter—antimatter asymmetry via
electroweak sphaleron processes. The electroweak sphaleron
processes freeze out around Tspn ~ 150 GeV, setting the
baryon asymmetry Yp is written as [36]:

. 8Nf + 4Ny
B=\ 22N, + 13Ny

Here, Y1 (zsph) represents the solution to the Boltzmann

equations evaluated at z = zsph = My, / Tsph, Where My, is
the mass of the lightest heavy neutrino. For the SM case con-
sidered here, we have Ny = 3 fermion families and Ny, = 1
Higgs doublet. In our numerical analysis, we focus on the
decay and scattering processes mediated by the heavy neu-
trinos (see Appendix C).
Flavour considerations: In the present work, we have
employed the single-flavour Boltzmann framework for sim-
plicity. Although at temperatures 7 ~ 10*> GeV all
charged-lepton Yukawa interactions are in equilibrium, plac-
ing the model in the fully three-flavoured regime [57,62], the
total asymmetry is nevertheless dominated by the u-flavour.
This follows from the flavour projectors derived from the
Dirac mass matrix, (Kie, K1, K1) =~ (0.23,0.71, 0.04),
showing that the © and e flavours govern the decay and
washout processes, while the 7 contribution remains sub-
dominant. As a result, the single-flavour Boltzmann equa-
tions used in this work provide an excellent approximation to
the total B — L asymmetry. A full three-flavoured treatment
would mainly lead to small numerical corrections without
changing the qualitative behaviour of the predicted baryon
asymmetry.

> Yp—1.(Zsph) 47)

5 Numerical results for resonant leptogenesis

This part of the study is devoted to a numerical exploration
of resonant leptogenesis, focusing on the thermal evolu-
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AM/T ~ 1

tion of key dynamical variables. For the numerical analy-
sis, we adopt three representative benchmark points defined
by the following essential inputs: (i) a common heavy neu-
trino mass My, = 1075 GeV, with the second state taken
nearly degenerate and separated by a relative mass splitting
of order 10~8 — 1077 (ii) the Dirac mass matrix combination
M ;) Mp, determined from low-energy neutrino data and of
order 107> GeV?; and (iii) the CP asymmetry parameter &,
varied in the range 5 x 10715—1 x 1073, These three inputs
determine the decay widths and asymmetries entering the
Boltzmann equations, and provide the basis for the results
shown in the following Figures.

The left plot of Fig. 8 establishes the required mass degen-
eracy between My, and My,, with viable parameter space
concentrated along the diagonal where |[My, — My,| <
Mpy,. This near-degeneracy is essential for the resonant
enhancement of CP violation. The right panel of Fig. 8 depicts
the maximum CP asymmetry ¢ as a function of the dimen-
sionless ratio AM/I", where AM = |[My, — My,]| is the
mass splitting and I" is the average decay width. A clear
broad maximum when the mass difference becomes compa-
rable to the total decay width. This behavior originates from
the regulator term in the self-energy contribution [see Eq. 36],

where the denominator
(M}, = M§)? + (M, I + My, I')?

becomes minimal. In this limit, the self-energy diagram
induces a resonant enhancement of CP violation. For nearly
degenerate masses (My, ~ M N; = M), this condition yields
the well-known resonance criterion for leptogenesis:

n+1
—

When this condition is satisfied, the self-energy diagram
contributes maximally, leading to a significant enhancement
of CP violation through quantum interference between the
two heavy neutrino states (Fig. 7). Together, these panels
provide comprehensive evidence that our model achieves the
necessary conditions for successful resonant leptogenesis.

We have also examined whether the time-dependent oscil-
latory behavior of the CP asymmetry, discussed in [63],
could affect our results. In the present inverse-seesaw frame-
work, the heavy-neutrino pairs have masses in the range
My ~ 10*3 GeV, with relative mass splittings AM /M ~
1078-1077. The corresponding decay widths are typically
Iy ~ 107°-1073 GeV, yielding AM/I'y > 10'-3. The

associated washout parameter, defined as K = I'y/H(My),

|MN1 _MN2| x~ (48)
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Fig. 9 AL = 2 scattering processes contributing to washout

lies in the range K ~ 1037, which corresponds to the strong-
washout, overdamped regime. Under these conditions, coher-
ent oscillations of the CP asymmetry are exponentially sup-
pressed and effectively average out on timescales much
shorter than the heavy-neutrino decay time. Therefore, the
constant-¢ approximation employed in our Boltzmann anal-
ysis accurately captures the dynamics of lepton-asymmetry
generation within the parameter region explored.

The plot on the left of Fig. 10 presents the temperature evo-
lution of different interaction rates y /(s H) relevant for lep-
togenesis, plotted against the parameter z = My, /T, where
My, is the mass of the heavy right-handed neutrino and T
is the temperature of the early universe. This variable serves
as a time-like parameter: smaller values of z correspond to
earlier times (high temperatures), while larger z values cor-
respond to later times (cooler universe). This plot is crucial
for visualizing whether and when the processes that generate
lepton asymmetry occur out of thermal equilibrium, which
is a core requirement for successful leptogenesis as per the
Sakharov conditions.

The solid blue line denotes the decay contribution yp /(s H),
corresponding to the process N; — ¢ H,. The green dashed
curve represents the inverse decay y;p/(sH), associated
with £H, — Nj. The magenta dot—dashed curve shows
the scattering contribution (Sy—[f[) In the scattering sector as
shown in Fig.9 ({ + H <> ¢ + H, mediated by heavy neu-
trino N through s- and z-channels, both with AL = 2), the
contribution of the ¢ channel remains present, and the con-
tribution of the s channel is strongly suppressed. The sup-
pression originates from the fact that the s-channel diagram
contains an intermediate heavy neutrino propagator, which
can go on-shell. In this resonant configuration the contribu-
tion is already accounted for by the decay and inverse decay
processes, and including it again would lead to double count-
ing. Consequently, only the non-resonant remainder of the
s-channel is kept, but this piece turns out to be negligible
compared to the ¢-channel. Hence, the effective scattering
rate shown in the plot is dominated by 7-channel processes,
with the s-channel effectively absent.

For reference, the horizontal dotted line at unity marks the
equilibrium threshold y = sH. In our case, we find that all
interaction rates remain below the equilibrium line through-
out the entire range of z. This ensures that the universe’s
expansion dominates over the particle interaction rates, so
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that washout from inverse decays and scatterings is com-
paratively weak. As a result, once a lepton asymmetry is
generated, it is not efficiently erased, fulfilling the out-of-
equilibrium Sakharov condition.

The right panel of Fig. 10 illustrates the evolution of the
heavy neutrino abundance and the resulting lepton asymme-
try as a function of z = My, /T . The y-axis shows comoving
number densities, i.e. abundances normalized to the entropy
density, which is the standard way to describe particle popu-
lations in an expanding universe.

The black solid curve in Fig. 10 represents the comov-
ing abundance of the lightest heavy neutrino Yy,, while the
black dashed line denotes its equilibrium value Y;? . Atearly
times (z < 1), the heavy neutrinos are in thermal equilib-
rium with the plasma, as indicated by Yy, =~ Yf;?. As the
temperature drops below My, (z 2 1), the equilibrium abun-
dance becomes exponentially suppressed, and Yy, departs
from equilibrium, allowing the out-of-equilibrium decays of
N to generate a lepton asymmetry. For large washout param-
eters (K > 1), inverse decays remain efficient even after this
initial departure, leading to a mild re-population of N; that
causes Yy, to temporarily approach Y ;,? again before final
freeze-out.

The coloured curves represent the baryon asymmetry
Yp obtained for different benchmark values of the CP-
asymmetry parameter €. The horizontal red dotted line marks
the observed baryon asymmetry of the Universe, ngs ~
8.6 x 107!, The generated asymmetry increases with ;
for the largest benchmark, the predicted Yp matches the
observed value, while smaller ¢ values yield proportionally
lower asymmetries.

The growth of Yp reflects the interplay between CP-
violating decays, which source the asymmetry, and washout
processes such as inverse decays and scatterings, which tend
to erase it. In this setup, since all interaction rates remain
below the equilibrium line in the left panel, the washout
effects are relatively weak. As a result, the generated asym-
metry is only mildly diluted and remains protected at late
times. The differences between the benchmark curves corre-
spond to the variation in ¢: larger values produce a more rapid
rise in Y, while smaller values lead to a slower accumulation
of asymmetry.

6 Conclusion

In summary, our modular Ss-based inverse seesaw model
with a (2,3) structure provides a predictive framework for
neutrino masses and mixing. Through detailed numerical
analysis, we demonstrate that the model successfully repro-
duces the observed neutrino oscillation parameters within
the 30 experimental ranges. The predicted values for mixing
angles, CP-violating phases, and the absolute neutrino mass
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for different parameter sets

scale are tightly constrained. In particular, the Dirac CP phase
is focused around Scp ~ +90° and the correlation between
Scp and sin? 6,3 is consistent with NuFIT global data.

Beyond neutrino oscillation observables, the model offers
testable predictions for low-energy phenomena. The effec-
tive Majorana mass |m..| falls below the current experimen-
tal bounds but lies within the sensitivity reach of upcom-
ing OvBpB decay experiments, offering a promising avenue
for future verification. Moreover, the model’s projections for
the rates of charged lepton flavor violating processes, such
as u — ey, lie well below current experimental bounds,
thereby maintaining consistency with existing LFV con-
straints.

We also investigated the viability of resonant leptogenesis
in this framework. The small split between the masses of the
nearly degenerate heavy neutrinos fulfills the condition nec-
essary for resonant enhancement of CP violation. Resonant
enhancement of the CP asymmetry occurs as A M approaches
the scale of the decay width, with a peak observed around
AM /I’ = 1. The thermal evolution of the relevant interac-
tion rates show that this framework successfully generates the
observed matter—antimatter imbalance of the universe across
a viable region of parameter space.

In summary, this modular Ss-based ISS(2,3) framework
offers a unified explanation for neutrino masses, CP viola-
tion, rare lepton decays, and the baryon asymmetry of the
universe. Future experimental data from LFV searches and
OvBpB decay experiments, as well as more precise neutrino
oscillation measurements, will be critical in further testing
and constraining this model.
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Appendix A: Modular Symmetry

Recently, modular symmetry has emerged as a valuable tech-
nique for neutrino mass and mixing modeling. By connecting
Yukawa couplings to unique mathematical functions known
as modular forms, it provides an alternative method for under-
standing flavor symmetries. These functions depend on the
modulus 7, a complex variable confined to the upper-half
plane (Im(r) > 0), which transforms non-trivially under
modular symmetry according to:

at +b
T - —,
ct+d
Here, a, b, c,d are integers constrained by the relation
ad — bc = 1, which defines elements of the special linear
group SL(2, Z), commonly referred to as the modular group.
Subgroups of this group, known as modular groups of level
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Table 5 Number of modular forms of weight 2k for selected groups

Level N Group Number of forms (weight 2k)
2 S3 k+1

3 Ayg 2k 4+ 1

4 S4 4k 4+ 1

5 As 10k +1

N and denoted I"(N), are formed by imposing congruence
relations modulo N.
There are two basic processes that create the modular

group:

S: T ——,
T

T: t—~1+1.

(A.1)
(A2)

At low modular levels N, the finite modular groups I'y =
T (1)/T (N) correspond to well-known discrete groups that
frequently appear in flavor model building:

ID=ES3, [3=2 Ay, T4 =84, [5=As.

In this work, we focus on I'y >~ S4, which serves as the
underlying flavor symmetry. In this construction, the Yukawa
interactions are encoded through modular forms, which carry
non-trivial transformation properties under the action of the
modular symmetry group. Depending on the theory’s field
content, these couplings are arranged into irreducible repre-
sentations like singlets, doublets and triplets. The number of
available modular forms is determined by both the modular
weight and the level N of the group. The distribution of inde-
pendent modular forms as a function of level and weight is
summarized in Table 5.

By choosing a suitable value for 7, we can determine the
structure of Yukawa couplings and, as a result, predict neu-
trino masses and mixing angles. This makes modular sym-
metry a powerful and elegant way to build flavor models in
particle physics.

Appendix B: Modular Yukawa structures under Sy

This Sy group is composed of four objects permuted. 1, 1/,
2, 3, and 3/ are its five irreducible representations, and it has
two generators that meet the following criteria:

S2=T*=(T)> =1. (A.3)

For convenience, we present a collection of essential
ingredients used in model construction, including Clebsch—
Gordan decompositions, g-expansions of modular forms at
low weights and the corresponding multiplet structures, all
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formulated within the symmetric basis. This collection is
intended to support the reader in model-building applica-
tions.

1. Products involving 1

'l =1, 1 ~api,

'©2=2, 2~(_mm>,
a1 B
a1
aipo |,
a1 B3

a1 By
a1 B
a1p3

(A4)

(A.5)

'®3=3, 3~ (A.6)

'3 =3, 3~ (A7)

2. Product 2 ® 2

22=1012,
I ~aiBi+aB, ' ~aifr—api,

7~ (0!2/32 - 0!1/31>
a1y +afr)’

3. Products 2 ® 3

(A.8)

2®3=3q73,

a1 B
3~ | 3(VBaafs —aup) |
3 (V3a2pr — a1 B3)
—a2 1
$(V3a1B3 + a2p2)
3 (V3a1B2 + a2f3)

3~ (A9)

4. Products 2 ® 3’

2®3 =373,
—azf1
3~ | 3B +ap) |
3 (V3a1B + a2f3)
a1 B
3 (V323 — a1 82)
5(V3a2pr — 1 83)

3~ (A.10)
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5. Products 3 ® 3 and 3’ ® 3/

33=3®3 =192¢3¢73,
I ~aip1 +aBs+ a3,
5~ (Otlﬂl — $nps + Ot3/32))

By + a3p3)
azf3 —axfo azfr — a2 B3
3~ aiBst+e3pi |, 3~ |aBi—aipe (A.11)
—a1f2 — a2 a3 —azpi
6. Product 3 ® 3/
33¥=1U¢203073,
1~ a1Bi +oafs + azph,
s Bprtasp)
—a1 1 + $(efs +a3pa)
azfr — azB3 azfs —azf
3~lawBr—afa], 3~ | aiBs+a3fi
a3 — azpy —a1B2 — azp
(A.12)

The modular forms of minimal weight can be repre-
sented through their g-expansion, with the corresponding
basis functions taking the following explicit form:

Y1 = =37 (3 +3q +3¢* + 12¢° + 3¢* + 18¢° + 12¢°

+24q7 + 3¢% +39¢%), (A.13)
Y2 = 3v37q' 2 (1 + 4q + 64> + 8¢° + 13¢* + 12¢°

+14¢% + 244" + 1848 + 20¢°), (A.14)
Vs = (L —2q + 64> —8¢° + 64" — 12¢° + 24¢°
—16¢" + 64° — 26¢° + 384¢'Y), (A.15)

Ya = —21q"*(1 + 6g + 13¢% + 14¢° + 18¢" + 32¢°
+31¢° +30¢" + 484% + 384°), (A.16)

Y5 = —4\/§nq3/4(1 +2q +3¢% 4 6¢° + 5¢* + 6¢°
+10g° + 8¢ + 12¢® + 14¢°). (A.17)

where ¢ = ¢/>"7. The multiplets in modular form with
the lowest weight are:

Y3

=) =
2 Y

(A.18)

The modular-form multiplets at weight four are:

2 y2
vy =vl+v2 v{¥= (YZ Yl), (A.19)

2Y1Y>
=2Y»Y3
Vanys+ny |, v =
V3Y1 Y4 + Y Ys

2Y1Ys
V3YaYs — 1 Ya |,
V3V Yy — Y1 Ys
(A.20)

@ _
Y;U =

where we clearly mention the modular weight using super-
script “(4)”. The group-theoretical structures, generator
matrices, and modular form expansions presented here are
adapted from Ref. [22,64].

Appendix C: Decay and scattering rates
Decay rates

The decay rate is given by [65]:

— Ki(z)
yp=yUN =i+ j+-)=sYNIp (A21)
NP K (2)
where:
_ _ Ki(2) ;
I'p =TIy Kt 18 the thermal decay width
— The tree-level decay width is:
T
My (M,Mp)ii
ry = —2 My MpMp)ii (A22)

" sin? Oy 4M %v
In this expression, Oy is the angle associated with elec-
troweak mixing

and Myw denotes the W boson mass.

Thermal averaged scattering cross sections:

The reaction density for N +a <> i + j + -+ is [65]:
T o0 ﬁ
eq __ _ = 5 vy
y = it /Smin s6(s)v/sKq ( T ) (A.23)

where:
— Smin = max[(My + My)?, (M; + M;)?]

— The relationship between the total and reduced cross-
sections is given by:

8
6(s) = ~l(pn - Pa)* — MyM21o (s) (A.24)

@ Springer
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Fig. 11 Variation of the total x 2 as a function of key model parameters
around the best-fit point

Scattering processes via heavy neutrino exchange

For the s and ¢ channel contributions mediated by the right-
handed neutrinos N;, the reduced cross sections are provided

by [36]:

s-channel:

P o 27 I{Za (MTM ) [ 2x
N.s sin? Oy, M4 X ! P Dj(x)

x2 1 2x +a; | x+aj
+2Dj(x)2_( "D ) n( aj ﬂ

+ 2 /ara (M) Mp)3,]

X X X2
[Dl(x) R NGING
_ (x4+a))(x+ay; —2a)

Ds(x)(ay — ap)

<X+a1> (x +a))(x +ap — 2ay) <X+az)“
In| — In .
ap

Dy (x)(az —ay) as
(A.25)
with
> M3, 26
X . a; s A.
M12Vl 1 M2 ( )
1 —a; I'v. \2
-4 c,-=( N’) . (A2])
Dj(x) (x—aj)*+ajc; My,
t-channel:
N () 2ra 2 Z (MTM ) X
ON($) = ———— ai;
Nt M“/‘Vsn Ow / bljj 2a x—i—a]
1 xta; STy
+ 1 + N(M; M
x4+ 2a; n( aj )i| (M Mp)T]

@ Springer

(A.28)

x?2 sensitivity around the best-fit point

To test the local stability of the obtained solution, we varied
each model parameter individually around the best-fit point
while keeping the remaining parameters fixed. The resulting
dependence of Ax? on the parameter variation is shown in
Fig. 11. The dashed horizontal lines correspond to Ax? = 1,
4, and 9, which represent the lo, 20, and 30 confidence
levels for a single degree of freedom.
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