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The recent Jiangmen Underground Neutrino Observatory (JUNO) measurements of θ12 and Δm2
21 open a

new avenue for probing flavor symmetric structures in the lepton sector. Motivated by this, we study a model
in which μ − τ reflection symmetry naturally emerges from an underlying A4 flavor symmetry within a
type-II seesaw framework. Beyond its standard predictions of θ23 ¼ 45° and δCP ¼ �π=2, the framework
yields testable predictions for θ12 that can be probed by JUNO. Two viable scenarios arise, one predicting
sin2θ12 ≳ 0.335, which is strongly disfavored by the latest JUNO results. Correlations between θ12 and
model parameters further enhance the model’s predictivity. Future measurements at DUNE and T2HK will
provide complementary tests of this scenario.
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I. INTRODUCTION

The precision era of neutrino oscillation physics has
been marked by substantial progress in probing lepton
mixing parameters [1–8]. Recently, the next-generation
Jiangmen Underground Neutrino Observatory (JUNO) has
released its first measurements based on reactor antineu-
trino data [9–11]. With only 59.1 days of exposure,
JUNO has already achieved unprecedented sensitivity to
the solar oscillation parameters, sin2 θ12 and Δm2

21 [12].
The reported best-fit values with 1σ uncertainties for the
normal mass ordering scenario are

sin2 θ12 ¼ 0.3092� 0.0087;

Δm2
21 ¼ ð7.50� 0.12Þ × 10−5 eV2: ð1Þ

Even with its initial dataset, JUNO provides tighter
constraints than current global fit analyses [13], further
supported by independent reactor measurements from the
SNOþ Collaboration [14]. In turn, the solar sector is now
strongly constrained, enabling more incisive tests of lepton
mixing frameworks and placing tighter limits on viable
flavor models [15–21]. Nonetheless, several fundamental
questions remain to be addressed.
At present, the key unknowns in the neutrino oscillation

sector are the neutrino mass ordering i.e., the sign of Δm2
31

(Δm2
31 > 0 corresponds to normal ordering and Δm2

31 < 0

to inverted ordering), the octant of the atmospheric angle θ23

(lower octant if θ23 < 45° and upper octant if θ23 > 45°),
and the Dirac CP-violating phase δCP. The first JUNO
results [12] already establish the foundation for its long-
term program to determine the neutrino mass ordering,
while the remaining unknowns (θ23 and δCP) will be probed
with high sensitivity by upcoming long-baseline experi-
ments such as DUNE [22–24] and T2HK [25,26]. The
release of the first JUNO data have motivated a wide range
of theoretical studies [27–38], including frameworks that
predict nontrivial correlations among lepton mixing para-
meters [39–43]. Consequently, such scenarios are now
being subject to increasingly stringent constraints from
precision measurements in the solar sector.
In this context, we explore a flavor symmetric framework

in which the precise JUNO measurements [12] play a
decisive role, with further scrutiny expected from future
long-baseline experiments [22–26]. We focus on a realiza-
tion of μ − τ reflection symmetry, which conventionally
predicts a maximal atmospheric mixing angle, θ23 ¼ 45°
and a maximal DiracCP-violating phase, δCP ¼ �π=2 [44].
In its canonical formulation [45–56], the symmetry strictly
fixes θ23 and δCP, while leaving the reactor mixing angle θ13
and solar mixing angle θ12 unconstrained, allowing them
to take values consistent with experimental data. In the
realization considered here, the framework further imposes
a nontrivial constraint on θ12, thereby enabling a direct
confrontation with JUNO’s precision results [12].
In this work, we present a framework in which μ − τ

reflection symmetry emerges naturally from an underlying
A4 flavor symmetry.1 Thanks to the A4 structure [75],
the framework establishes a predictive relation among the
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parameters, resulting in a constrained value of the solar
mixing angle θ12. The model is realized within a type-II
seesaw mechanism [76–79] incorporating two types of
SUð2ÞL triplet scalars, Δ and Δ0. The specific choice of
the vacuum expectation value (VEV) of these scalars gives
rise to two different cases of μ − τ reflection symmetry, each
leading to distinctive constraints on the lepton mixing
parameters. In light of the recent JUNO results [12], we
focus here on the exact μ − τ reflection symmetry scenario,
which, in addition to the canonical predictions for θ23
and δCP, also constrains the solar mixing angle θ12. This
notable prediction is a direct consequence of the underlying
correlations among the model parameters governing the
neutrino mass matrix. Possible deviations from this exact
scenario would result in a nonmaximal θ23 and determine its
octant. Such scenarios could be probed by upcoming
experiments such as DUNE [22–24] and T2HK [25,26],
but they lie beyond the scope of the present study.
The structure of this paper is as follows. In Sec. II, we

outline the theoretical framework of the model based on
A4 flavor symmetry and discuss the emergence of a μ − τ
reflection symmetric neutrino mass matrix. In Sec. III, we
present the numerical results of themodel, including possible
correlations involving themixingangleθ12 and examine their
consistency with the recent JUNO results. Finally, we
provide concluding remarks in Sec. IV. In Appendix A,
we provide a brief discussion of the corrections to the oblique
parameters. The A4 algebra and its tensor product rules are
given in Appendix B. In Appendix C, we discuss the
determination of lepton mixing parameters.

II. MODEL FRAMEWORK

We consider a type-II seesaw model embedded within an
A4 flavor symmetry, in which μ − τ reflection symmetry
arises naturally. Neutrino masses are generated via the
type-II seesaw mechanism, and the A4 symmetry governs
the leptonic mixing pattern. We introduce two types of
SUð2ÞL triplet scalars, Δi and Δ0, transforming as A4

singlets (1; 100; 10) and a triplet (3), respectively.2 The
leptons L and lRi

(i ¼ 1, 2, 3) are assigned as 3 and
ð1; 100; 10Þ under A4, respectively. The Higgs-like doublets
ϕα (α ¼ e, μ, τ), responsible for generating charged lepton
masses, are assigned as triplets under A4. In addition, a
discrete Z3 symmetry is imposed to ensure that the charged
lepton mass matrix remains diagonal, so that the leptonic
mixing pattern is solely governed by the neutrino sector.
Under the Z3 symmetry, nontrivial charges are assigned
exclusively to lRi

and ϕα, whereas all other particles trans-
form trivially. The particle content and their transformation
properties under the various symmetries are summarized in
Table I.

The transformations ofΔi andΔ0 are chosen such that their
VEValignments, hΔii ¼ ui and hΔ0i ¼ u0ffiffi

3
p ð�1;ω;ω2Þ, nat-

urally realize the μ − τ reflection symmetry. Depending on the
sign choice in the VEValignment ofΔ0, two distinct scenarios
arise. Consequently, the model predicts the salient features
of μ − τ reflection symmetry, namely, θ23 ¼ 45° and
δCP ¼ �π=2. Beyond the standard μ − τ reflection predic-
tions, the structure imposed by the underlying A4 symmetry
tightly correlates the model parameters, resulting in robust and
testable predictions for the solar mixing angle θ12. Imposing
neutrinooscillationconstraints yields a lowerboundonsin2 θ12
in one scenario, thereby enabling the latest JUNO results to
probe this realizationof themodel.Havingdiscussed themodel
framework,wenext examine the generation of neutrinomasses
and the resulting mixing pattern.

A. Lagrangian and neutrino mass matrix

Following the charge assignments of the particles under
the various symmetries given in Table I, the invariant
Yukawa Lagrangian that governs the leptonic sector can be
formulated as follows:

L ¼ Ll þ Lν; ð2Þ
where Ll is responsible for generating the charged lepton
masses, and the neutrino masses can be extracted from Lν,
given by

−Ll ¼ yeðL̄ ⊗ ϕeÞ1 ⊗ ðlR1
Þ1 þ yμðL̄ ⊗ ϕμÞ10

⊗ ðlR2
Þ100 þ yτðL̄ ⊗ ϕτÞ100 ⊗ ðlR3

Þ10 þ H:c:;

−Lν ¼ α1ðL̄c ⊗ LÞ1 ⊗ ðiτ2Δ1Þ1 þ α2ðL̄c ⊗ LÞ10
⊗ ðiτ2Δ2Þ100 þ α3ðL̄c ⊗ LÞ100 ⊗ ðiτ2Δ3Þ10
þ βðL̄c ⊗ LÞ3S ⊗ ðiτ2Δ0Þ3 þ H:c:: ð3Þ

The lower indices in parentheses ½…�p; p ¼ 1; 10; 100; 3S; 3
denote the A4 transformation of enclosed fields. The VEV
alignments for ϕα are chosen as

ϕe ¼ v1ð1; 0; 0ÞT; ϕμ ¼ v2ð0; 1; 0ÞT;
ϕτ ¼ v3ð0; 0; 1ÞT: ð4Þ

TABLE I. Particle content and their transformation properties
under different symmetries, where i ¼ 1, 2, 3, and α ¼ e, μ, τ. To
avoid confusion, the ω charge associated with the Z3 symmetry is
indicated in boldface, distinguishing it from the ω that appears in
the A4 tensor product rules (see Appendix B) and VEValignment.

Fields SUð2ÞL Uð1ÞY A4 Z3

L 2 −1=2 3 1
lRi

1 −1 ð1; 100; 10Þ ð1;ω2;ωÞ
ϕα 2 1=2 (3, 3, 3) ð1;ω;ω2Þ
Δi 3 1 ð1; 100; 10Þ 1
Δ0 3 1 3 1

2The corrections to the oblique parameters [80], induced by the
presence of multiple SUð2ÞL triplet scalars, are briefly discussed
in Appendix A.
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This leads to a diagonal charged lepton mass matrix,
implying that the leptonic mixing arises solely from the
neutrino sector. We now rewrite Lν in its expanded form
using the A4 tensor product rules,

−Lν ¼ α1ðL̄c
1L1 þ L̄c

2L2 þ L̄c
3L3Þiτ2Δ1

þ α2ðL̄c
1L1 þ ωL̄c

2L2 þ ω2L̄c
3L3Þiτ2Δ2

þ α3ðL̄c
1L1 þ ω2L̄c

2L2 þ ωL̄c
3L3Þiτ2Δ3

þ β½ðL̄c
2L3 þ L̄c

3L2Þiτ2Δ0
a þ ðL̄c

3L1 þ L̄c
1L3Þiτ2Δ0

b

þ ðL̄c
1L2 þ L̄c

2L1Þiτ2Δ0
c� þ H:c:: ð5Þ

Here, the scalar Δ0, transforming as a triplet under A4,
is defined as Δ0 ≡ ðΔ0

a;Δ0
b;Δ0

cÞT . Once the scalar fields
Δi and Δ0 acquire VEVs, neutrino masses are generated.
We adopt a specific VEV alignment consistent with the
minimization conditions of the scalar potential [81–83],
given by3

hΔii ¼ ui; hΔ0i ¼ u0ffiffiffi
3

p ð�1;ω;ω2ÞT; ð6Þ

where ω3 ¼ 1. We choose the couplings αi; β and the
VEVs ui; u0 to be real, so that the CP-violation in the
leptonic sector originates solely from the ω appearing in
the A4 tensor product rules. Thus, using Eqs. (5) and (6), the
neutrino mass matrix can be extracted, which exhibits the
μ − τ reflection symmetric structure, given by

Mν ¼

0
B@

A C C�

C B D

C� D B�

1
CA; ð7Þ

where; A ¼
X3
i¼1

αiui; B ¼
X3
i¼1

ωð2þiÞαiui;

D ¼ � βu0ffiffiffi
3

p ; C ¼ ω2
βu0ffiffiffi
3

p ≡ ð�ÞDω2: ð8Þ

The parameters A and D are real, whereas B and C are
complex. As indicated in Eq. (8), the parameters C and D
are not independent, but are related through C ¼ ð�Þω2D.
Moreover, the parameters A and B are also not entirely
arbitrary; rather, they arise from similar combinations of the
underlying couplings and VEVs, reflecting a common
structural origin. These relations are a direct consequence
of the underlying A4 symmetry together with the specific
VEV alignments of Δi;Δ0. As a result, the neutrino mass
matrix in Eq. (7) is left with only four effective free
parameters. This reduces the parameter freedom of the

mass matrix compared to a completely general realization
of μ − τ reflection symmetry [44].
This reduced number of independent parameters has

important implications for the flavor structure of leptonic
mixing, specifically for the mixing angle θ12. In the
conventional μ − τ reflection symmetry, θ12 remains uncon-
strained, as the neutrino mass matrix contains sufficient
freedom among its elements. However, in our framework,
the additional structure imposed by the A4 symmetry and
VEV alignments induces nontrivial correlations among the
matrix elements. Since the solar mixing angle is particu-
larly sensitive to the relative structure of the (1–2) sector of
the mass matrix, these relations translate into correlations
involving θ12. As we will discuss in the next section, these
correlations manifest differently in two distinct scenarios
once experimental constraints are imposed. While both
scenarios exhibit correlated behavior of θ12 with the model
parameters, case-II leads to a more restricted parameter
space, resulting in a lower bound on sin2 θ12, whereas
case-I allows a broader range consistent with current data.
Therefore, the predictivity of θ12 in this framework arises
from the interplay between the A4 imposed structure,
the specific vacuum alignments, and the experimental
constraints.

III. NUMERICAL ANALYSIS AND
MODEL PREDICTIONS

We now discuss a detailed numerical analysis of the
model based on the neutrino mass matrix obtained in Eq. (7),
which exhibits an exact μ − τ reflection symmetry. Since the
charged lepton mass matrix is diagonal, the leptonic mixing
arises solely from the neutrino sector. As a consequence of
the μ − τ reflection symmetry, the atmospheric mixing angle
and the Dirac CP-violating phase are fixed to θ23 ¼ 45° and
δCP ¼ �π=2, respectively, independent of the specific val-
ues of the model parameters. In light of the recent JUNO
results [12], we focus on observables that play a decisive
role in testing the framework. In particular, the correlated
behavior of the solar parameters sin2 θ12 and Δm2

21 imposes
strong constraints on the model.
We present two viable scenarios corresponding to the

two possible VEV alignments of the scalar Δ0. The
associated VEV alignments are hΔ0i ∝ ð1;ω;ω2ÞT and
hΔ0i ∝ ð−1;ω;ω2ÞT , which lead to D ¼ þβ u0ffiffi

3
p (case-I)

and D ¼ −β u0ffiffi
3

p (case-II), respectively, in Eq. (7). The

model involves four free parameters: two real parameters
A and D, and one complex parameter B, parametrized as
B ¼ reiθ. We carry out a parameter scan over the following
ranges:

A ¼ ½10−4; 10−1� eV; jDj ¼ ½10−4; 10−1� eV;
r ¼ ½10−4; 10−1� eV; θ ¼ ½0; 2π�: ð9Þ

3Another possible choice of VEV alignment is hΔ0i ∝
ð�1; η; η−1ÞT , where η2 ¼ ω, which leads to identical predictions
and is phenomenologically equivalent.
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For the numerical analysis, we impose the 3σ constraints
on neutrino oscillation parameters from the Astroparticle
and High Energy Physics (AHEP) global fit data [84,85],
given by

Δm2
21 ¼ ½6.94; 8.14� × 10−5 eV2;

Δm2
31 ¼ ½2.47; 2.63� × 10−3 eV2;

sin2θ12 ¼ ½0.271; 0.369�;
sin2θ13 ¼ ½0.02000; 0.02405�: ð10Þ

As noted above, the mixing angle θ23 is predicted to be 45°,
which lies within the 3σ allowed range of AHEP global
fit data.
We next present our model predictions for both scenarios

mentioned above. The diagonalization procedure for the
mass matrix in Eq. (7), together with the determination of the
associated mixing angles, is outlined in Appendix C. We find
that inverted ordering is disfavored in case-II, while case-I
remains consistent with the current constraints. In the
following, we focus on the normal ordering case, as it is
the scenario probed by the recent JUNO measurements. The
solar mixing angle θ12 exhibits a robust correlation with the
model parameters in both scenarios. For case-I, the predicted
values of θ12 remain consistent with current data. In contrast,
case-II predicts a lower bound on the solar mixing angle,
sin2 θ12 ≳ 0.335, which is nearly excluded at the 3σ level
considering the JUNO results [12], although it remains
compatible with the AHEP global fit data [84].

A. Constraints on model parameters from
the solar mixing angle θ12

We begin by examining the correlation between the solar
mixing angle θ12 and the model parameters. We find that
sin2 θ12 exhibits a strong dependence on the ratios of model
parameters, defined as r1 ≡ jD=Aj, r2 ≡ jD=Bj, and
r3 ≡ jA=Bj≡ r2=r1. The allowed parameter spaces of
the model are shown as blue and green scatter points

corresponding to case-I and case-II, respectively. In Fig. 1,
we show the correlation between sin2 θ12 and the ratio r1.
The left and right panels correspond to case-I and case-II,
respectively. The allowed 3σ ranges of sin2 θ12 from JUNO
and AHEP global fit are indicated by the brown and light
red bands, respectively.
Similarly, we present the correlations for the ratios r2

and r3 in Figs. 2 and 3, respectively. The color code remains
the same as in Fig. 1. The correlations observed in Figs. 1, 2,
and 3 highlight the interplay between sin2 θ12 and the model
parameter ratios. In view of the recent JUNO measurement,
these relations translate into stringent tests of the model.
Once the mass-squared difference (Δm2

21 and Δm2
31) con-

straints are imposed, the free parameters of the model
become correlated, leading to fixed ratios. The additional
requirement of compatibility with sin2 θ12 further confines
these ratios to a narrow region.
In case-I, imposing the 3σ AHEP constraints con-

fines the parameter ratios to the ranges: r1 ∼ ½1.3; 2.4�,
r2 ∼ ½0.57; 0.70�, and r3 ∼ ½0.28; 0.42�. While, for case-II
the corresponding allowed ranges are r1 ∼ ½2.4; 3.0�,
r2 ∼ ½1.5; 1.8�, and r3 ∼ ½0.50; 0.78�. In addition, case-II
predicts a lower bound on the solar mixing angle,
sin2θ12 ≳ 0.335. As a result, this scenario survives only
within a very narrow region of the AHEP global fit para-
meter space and is almost excluded by the JUNO measure-
ments. Notably, the origin of this constraint lies in the
intrinsic correlation among the solar parameters, which we
discuss next.

B. Solar parameter correlations in
the light of JUNO results

We now turn to the correlation between the solar para-
meters sin2 θ12 and Δm2

21. The resulting predictions can be
directly compared with the AHEP global fit data [84] and
the JUNO measurements [12]. Figure 4 illustrates the
model correlations in the (sin2 θ12-Δm2

21) plane. The left
panel represents the model predictions for case-I in blue,

FIG. 1. Correlation between sin2 θ12 and the model parameter ratio r1. The predictions for case-I and case-II are shown in blue and
green, respectively, in the left and right panels. The brown and light red bands represent the allowed 3σ ranges from JUNO and AHEP,
respectively.
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whereas the right panel shows the corresponding predic-
tions for case-II in green. For the comparison, we consider
the 1; 2; 3σ contours from the AHEP global fit in the
(sin2 θ12-Δm2

21) plane, with the corresponding best-fit
point indicated by a red star. After imposing the constraints
from the reactor mixing angle θ13 and the atmospheric

mass-squared difference Δm2
31, we find that the allowed

parameter space in case-I, shown by blue points, spans the
entire allowed region. In contrast, the parameter space in
case-II, shown by green points, exhibits a lower bound on
the solar mixing angle, sin2θ12 ≳ 0.335. Nevertheless, both
scenarios remain compatible with the AHEP global fit data.

FIG. 2. Correlation between sin2 θ12 and the model parameter ratio r2. The color code remains the same as in Fig. 1.

FIG. 3. Correlation between sin2 θ12 and the model parameter ratio r3. The color code remains the same as in Fig. 1.

FIG. 4. Correlation between the solar parameters sin2 θ12 and Δm2
21 predicted by the model, compared with the AHEP global fit

data [84]. Case-I and case-II are shown in blue and green in the left and right panels, respectively.
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However, the presence of this lower bound in case-II
suggests a restricted compatibility with the experimental data.
This observation becomes particularly compelling consider-
ing the recent JUNO measurement of sin2 θ12. We therefore
proceed to confront the allowed parameter space of the model
with the JUNO data, which provides a more stringent and
decisive test of the framework. The allowed parameter space
of the model and their comparison with the 1; 2; 3σ contours
of JUNO are shown in Fig. 5. The corresponding best-fit
value is indicated by a black star. As in Fig. 4, the left (right)
panel corresponds to case-I (case-II). Since the blue points
span the entire allowed region in the ðΔm2

21- sin
2 θ12Þ plane,

case-I remains a viable scenario. In contrast, for case-II, the
model predicts a lower bound sin2θ12 ≳ 0.335, causing all
the green points to lie outside the 3σ JUNO contours.
Consequently, in light of the JUNO results, this scenario
of the model is nearly excluded.
Therefore, by comparing Figs. 4 and 5, we observe that

prior to the JUNOmeasurements, case-II was also consistent
and remained well within the 2σ range of the AHEP global
fit data. However, once the JUNO results are taken into
account, only the first scenario, case-I (D ¼ þβ u0ffiffi

3
p ), remains

compatible, while the second one (D ¼ −β u0ffiffi
3

p ) is almost

ruled out.

IV. CONCLUSIONS

We have developed a framework in which μ − τ reflection
symmetry is naturally realized as a consequence of an
underlying A4 flavor symmetry. Neutrino masses are gen-
erated via the type-II seesaw mechanism through the
introduction of two SUð2ÞL triplet scalars: Δi and Δ0,
transforming as singlets and a triplet under A4, respectively.
The specific VEV alignments of these scalars lead to an
exact μ − τ reflection symmetry in the neutrino sector.
Depending on the choice of VEV alignment for Δ0, two
distinct viable scenarios emerge. An additional Z3 symmetry

ensures a diagonal charged lepton mass matrix, leaving the
leptonic mixing entirely governed by the neutrino sector.
The resulting μ − τ reflection symmetry then fixes the
atmospheric mixing angle to θ23 ¼ 45° and the Dirac
CP-violating phase to δCP ¼ �π=2.
Beyond the well-known predictions arising from μ − τ

reflection symmetry, our framework yields nontrivial and
testable implications for the solar mixing angle θ12. In
particular, when combined with the solar mass-squared
difference Δm2

21, the allowed parameter space of the model
can be directly confronted with the latest JUNO measure-
ments. Among the two distinct scenarios, one predicts
sin2θ12 ≳ 0.335, which is strongly disfavored by the JUNO
results, although it remains compatible with the current
AHEP global fit data. In both cases, sin2 θ12 exhibits a
robust correlation with the ratios of the underlying model
parameters. Imposing the neutrino oscillation constraints
significantly narrows the allowed range of these ratios,
thereby reducing the parametric freedom of the model and
enhancing its phenomenological implications.
Furthermore, future measurements of the θ23 octant at

DUNE and T2HK will play an important role in probing
extensions of this framework that introduce controlled
deviations from exact μ − τ reflection symmetry. The
observation of a nonmaximal θ23 with a specific octant
preference would provide compelling evidence in favor of
such scenarios.
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FIG. 5. Correlation between the solar parameters sin2 θ12 and Δm2
21 predicted by the model, compared with the JUNO results [84].

Case-I and case-II are shown in blue and green in the left and right panels, respectively.
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APPENDIX A: ELECTROWEAK PRECISION
OBSERVABLES: S, T, AND U PARAMETERS

In this section, we briefly discuss the corrections to the
oblique parameters, namely S, T, and U parameters [80],
induced by the presence of SUð2ÞL triplet scalars (Δi;Δ0).
Within the type-II seesaw framework, these triplet scalars
carry electroweak charges and therefore interact directly
with the gauge bosons W and Z. As a consequence, they
contribute to the vacuum polarization amplitudes of W and
Z bosons, leading to modifications in the oblique para-
meters. The contributions of a scalar multiplet with general
weak isospin and hypercharge to the oblique parameters
have been computed in Ref. [86], while their explicit
evaluation in the type-II seesaw framework, involving a
scalar triplet, can be found in Refs. [87,88]. In our
framework, the scalar sector is extended to include the
multiple triplet scalars, each acquiring a VEV as given
in Eq. (6). The presence of such multiple triplet scalars
modifies the corresponding expressions [87,88], primarily
through mixing among the triplet scalars. Nevertheless,
their mixing with the Higgs doublet remains negligible due
to the smallness of the triplet VEVs, which are required for
neutrino mass generation [see Eq. (9)].

These SUð2ÞL triplet scalars Δi and Δ0 are assigned as
singlets and triplet of A4, respectively. In the 2 × 2 matrix
notation, they can be expressed as

Δq ≡
0
@Δþ

q =
ffiffiffi
2

p
Δþþ

q

Δ0
q −Δþ

q =
ffiffiffi
2

p
1
A; ðA1Þ

where Δq represents Δ1;Δ2;Δ3;Δ0
a;Δ0

b;Δ0
c. After sponta-

neous symmetry breaking, these triplet scalars mix among
themselves, neutral part with neutral and singly (doubly)
charged with singly (doubly) charged scalars, respectively.
We denote the resulting mass eigenstates as H0

i , H
þ
j , H

þþ
k ,

with corresponding masses M0
i , M

þ
j , M

þþ
k , respectively.

The relation between gauge eigenstates and mass eigen-
states is given by

Δ0
q ¼ U0

qiH
0
i ; Δþ

q ¼ Uþ
qjH

þ
j ; Δþþ

q ¼ Uþþ
qk Hþþ

k :

ðA2Þ
Taking into account the mixing relations defined in
Eq. (A2), and utilizing the general expressions for the
oblique parameters of scalar multiplets derived in Ref. [86],
we obtain the following expressions:

S ¼ −
1

3π

X1
p¼−1

X
q;i

jUsp
qij2
"
p lnM2

p;i þ 6ðp − s2WQpÞ2ξ
 
M2

p;i

M2
Z
;
M2

p;i

M2
Z

!#
; ðA3Þ

T ¼ 1

16πs2W

X1
p¼−1

X
q;i;j

U
sp
qiU

�sp−1
qj

"
ð2þ p − p2Þη

 
M2

p;i

M2
W
;
M2

p−1;j

M2
W

!#
; ðA4Þ

U ¼ 1

6π

"X
j

lnðMþ
j Þ4 −

X
i

lnðM0
i Þ2 −

X
k

lnðMþþ
k Þ2

#

þ 1

π

X1
p¼−1

"X
q;i;j

U
sp
qiU

�sp−1
qj ð−2 − pþ p2Þξ

 
M2

p;i

M2
W
;
M2

p−1;j

M2
W

!
þ
X
q;i

jUsp
qij22ðp − s2WQpÞ2ξ

 
M2

p;i

M2
Z
;
M2

p;i

M2
Z

!#
; ðA5Þ

where Mp;i ¼ fM0
i ;M

þ
i ;M

þþ
i g, sp ¼ f0;þ;þþg and Qp ¼ f0; 1; 2g for p ¼ f−1; 0; 1g, and s2W ≡ sin2 θW , θW is the

weak mixing angle.

ξðx; yÞ ¼ 4

9
−

5

12
ðxþ yÞ þ 1

6
ðx − yÞ2

þ 1

4

�
x2 − y2 −

1

3
ðx − yÞ3 − x2 þ y2

x − y

�
ln
x
y
−

1

12
dðx; yÞfðx; yÞ;

dðx; yÞ ¼ −1þ 2ðxþ yÞ − ðx − yÞ2;

fðx; yÞ ¼

8>>>>>><
>>>>>>:

−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dðx; yÞp �

arctan

�
x−yþ1ffiffiffiffiffiffiffiffiffi
dðx;yÞ

p
�
− arctan

�
x−y−1ffiffiffiffiffiffiffiffiffi
dðx;yÞ

p
��

; if dðx; yÞ > 0

0 if dðx; yÞ ¼ 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−dðx; yÞp

ln

�
xþy−1þ

ffiffiffiffiffiffiffiffiffiffiffi
−dðx;yÞ

p
xþy−1−

ffiffiffiffiffiffiffiffiffiffiffi
−dðx;yÞ

p
�
; if dðx; yÞ < 0

ðA6Þ
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ηðx; yÞ ¼ xþ y −
2xy
x − y

ln
x
y
: ðA7Þ

In the above expressions, Mp−1;i is formally undefined for
p ¼ −1, however, the corresponding terms vanish identi-
cally for p ¼ −1 and therefore do not contribute.
In the limit of small mass splittings among the triplet

components, the contributions to the S, T, U parameters
admit simplified expressions [88]. While a detailed dis-
cussion of scenarios involving multiple triplet scalars is
certainly of interest, it is beyond the scope of the current
focus of the work. Nevertheless, it is important to note that
such scalar sectors generically induce corrections to the
ρ parameter, thereby placing constraints on the VEVs of the
triplet scalars. For instance, in the minimal type-II seesaw
scenario with a single triplet Δ, one typically obtains the
bound vΔ ≤ Oð1Þ GeV, which is expected to be even more
restrictive in scenarios involving multiple triplets. However,
in our framework, the triplet VEVs required for neutrino
mass generation are naturally small. As evident from
Eqs. (8) and (9), they remain sufficiently small even for
Oð1ÞYukawa couplings. As a result, the induced corrections
to the ρ parameter and other electroweak observables are
negligibly small, ensuring consistency with current exper-
imental limits [13].

APPENDIX B: TENSOR PRODUCT RULES OF A4

The A4 symmetry is a non-Abelian discrete flavor group.
It corresponds to the group of even permutations of four
objects and is isomorphic to the symmetry group of a regular
tetrahedron. The group contains 12 elements and can be
generated by two generators S and T obeying the relations

S2 ¼ T3 ¼ ðSTÞ3 ¼ I: ðB1Þ

In the basis where S and T are real matrices, the generators
are given by

S ¼

0
B@

1 0 0

0 −1 0

0 0 −1

1
CA; T ¼

0
B@

0 1 0

0 0 1

1 0 0

1
CA: ðB2Þ

The A4 group has four irreducible representations, three of
them are one dimensional (i.e., three singlets) 1, 10, and 100,
and one of them is three dimensional (triplet) 3. The
multiplication rules for these representations are given as
follows:

1 × 1 ¼ 1 ¼ 10 × 100; 10 × 10 ¼ 100; 100 × 100 ¼ 10;

1 × 3 ¼ 3; 3 × 3 ¼ 1þ 10 þ 100 þ 3S þ 3A; ðB3Þ

where 3S and 3A denote the two independent triplet
contractions arising from the product of two triplets.

If a ¼ ða1; a2; a3Þ and b ¼ ðb1; b2; b3Þ are two triplets, then
their multiplication rules are constructed as follows [75]:

ðabÞ1 ¼ a1b1 þ a2b2 þ a3b3;

ðabÞ10 ¼ a1b1 þ ωa2b2 þ ω2a3b3;

ðabÞ100 ¼ a1b1 þ ω2a2b2 þ ωa3b3;

ðabÞ3S ¼ ða2b3 þ a3b2; a3b1 þ a1b3; a1b2 þ a2b1ÞT;
ðabÞ3A ¼ ða2b3 − a3b2; a3b1 − a1b3; a1b2 − a2b1ÞT;

ðB4Þ

where ω is the cube root of unity defined by ω ¼ e2πi=3. The
triplets 3S and 3A denote the symmetric and antisymmetric
contractions, respectively.

APPENDIX C: DETERMINATION OF LEPTON
MIXING PARAMETERS

The neutrino mass matrix given in Eq. (7) can be
diagonalized by a unitary transformation as follows:

UT
νMνUν ¼ diagðm1; m2; m3Þ; ðC1Þ

where Uν is the unitary matrix, and m1;2;3 denote the physi-
cal neutrino mass eigenvalues. In the present framework,
the charged lepton mass matrix is diagonal. Consequently,
Uν directly corresponds to the leptonic mixing Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix,

UPMNS ≡Uν: ðC2Þ

We choose the symmetric parametrization of the lepton
mixing matrix [76,85] given by

UPMNS ¼ Pðδ1; δ2; δ3ÞU23ðθ23;ϕ23Þ
×U13ðθ13;ϕ13ÞU12ðθ12;ϕ12Þ; ðC3Þ

where Pðδ1; δ2; δ3Þ is a diagonal matrix of unphysical
phases, and the Uij are complex rotations in the ij plane,
as for example,

U23ðθ23;ϕ23Þ ¼

0
B@

1 0 0

0 cos θ23 sin θ23e−iϕ23

0 − sin θ23eiϕ23 cos θ23

1
CA:

ðC4Þ

The phases ϕ12 and ϕ13 are relevant for neutrinoless double
beta decay, while the combination δCP ¼ ϕ13 − ϕ12 − ϕ23 is
the usual Dirac CP-violating phase measured in neutrino
oscillations. The leptonic mixing angles can be extracted
from the elements of the PMNSmatrix through the following
relations:
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s13 ¼ jUPMNSj13; s12 ¼
jUPMNSj12

c13
; s23 ¼

jUPMNSj23
c13

; ðC5Þ

where s13;12;23 and c13 denote the shorthand notations for sin θ13;12;23 and cos θ13, respectively.

[1] K. S. Hirata et al. (Kamiokande-II Collaboration), Results
from one thousand days of real time directional solar
neutrino data, Phys. Rev. Lett. 65, 1297 (1990).

[2] K. S. Hirata et al. (Kamiokande-II Collaboration), Obser-
vation of a small atmospheric muon-neutrino/electron-
neutrino ratio in Kamiokande, Phys. Lett. B 280, 146
(1992).

[3] Y. Fukuda et al. (Super-Kamiokande Collaboration), Evi-
dence for oscillation of atmospheric neutrinos, Phys. Rev.
Lett. 81, 1562 (1998).

[4] B. T. Cleveland, T. Daily, R. Davis, Jr., J. R. Distel, K.
Lande, C. K. Lee, P. S. Wildenhain, and J. Ullman, Meas-
urement of the solar electron neutrino flux with the Home-
stake chlorine detector, Astrophys. J. 496, 505 (1998).

[5] Q. R. Ahmad et al. (SNO Collaboration), Direct evidence
for neutrino flavor transformation from neutral current
interactions in the Sudbury Neutrino Observatory, Phys.
Rev. Lett. 89, 011301 (2002).

[6] Y. Abe et al. (Double Chooz Collaboration), Indication of
reactor ν̄e disappearance in the double chooz experiment,
Phys. Rev. Lett. 108, 131801 (2012).

[7] F. P. An et al. (Daya Bay Collaboration), Observation of
electron-antineutrino disappearance at Daya Bay, Phys. Rev.
Lett. 108, 171803 (2012).

[8] J. K. Ahn et al. (RENO Collaboration), Observation of
reactor electron antineutrino disappearance in the RENO
experiment, Phys. Rev. Lett. 108, 191802 (2012).

[9] A. Abusleme et al. (JUNO Collaboration), JUNO physics
and detector, Prog. Part. Nucl. Phys. 123, 103927 (2022).

[10] A. Abusleme et al. (JUNO Collaboration), Sub-percent
precision measurement of neutrino oscillation parameters
with JUNO, Chin. Phys. C 46, 123001 (2022).

[11] A. Abusleme et al. (JUNO Collaboration), Potential to
identify neutrino mass ordering with reactor antineutrinos at
JUNO, Chin. Phys. C 49, 033104 (2025).

[12] A. Abusleme et al. (JUNOCollaboration), First measurement
of reactor neutrino oscillations at JUNO, arXiv:2511.14593.

[13] S. Navas et al. (Particle Data Group and 2025 update
Collaboration), Review of particle physics, Phys. Rev. D
110, 030001 (2024).

[14] M. Abreu et al. (SNO + Collaboration), Measurement of
reactor antineutrino oscillations with 1.46 ktonne-years of
data at SNO+, arXiv:2511.11856.

[15] S. F. King, Unified models of neutrinos, flavour and CP
violation, Prog. Part. Nucl. Phys. 94, 217 (2017).

[16] F. Feruglio and A. Romanino, Lepton flavor symmetries,
Rev. Mod. Phys. 93, 015007 (2021).

[17] Z.-z. Xing, Flavor structures of charged fermions and
massive neutrinos, Phys. Rep. 854, 1 (2020).

[18] Y. Almumin, M.-C. Chen, M. Cheng, V. Knapp-Perez, Y. Li,
A. Mondol, S. Ramos-Sanchez, M. Ratz, and S. Shukla,
Neutrino flavor model building and the origins of flavor and
CP violation, Universe 9, 512 (2023).

[19] G. Chauhan, P. S. B. Dev, I. Dubovyk, B. Dziewit, W.
Flieger, K. Grzanka, J. Gluza, B. Karmakar, and S. Zieba,
Phenomenology of lepton masses and mixing with discrete
flavor symmetries, Prog. Part. Nucl. Phys. 138, 104126
(2024).

[20] G.-J. Ding and S. F. King, Neutrino mass and mixing with
modular symmetry, Rep. Prog. Phys. 87, 084201 (2024).

[21] G.-J. Ding and J. W. F. Valle, The symmetry approach to
quark and lepton masses and mixing, Phys. Rep. 1109, 1
(2025).

[22] R. Acciarri et al. (DUNE Collaboration), Long-baseline
neutrino facility (LBNF) and deep underground neutrino
experiment (DUNE): Conceptual design report, volume 1:
The LBNF and DUNE projects, arXiv:1601.05471.

[23] R. Acciarri et al. (DUNE Collaboration), Long-baseline
neutrino facility (LBNF) and deep underground neutrino
experiment (DUNE): Conceptual design report, volume 4
The DUNE detectors at LBNF, arXiv:1601.02984.

[24] B. Abi et al. (DUNE Collaboration), Experiment simulation
configurations approximating DUNE TDR, arXiv:2103
.04797.

[25] K. Abe et al. (Hyper-Kamiokande Proto- Collaboration),
Physics potential of a long-baseline neutrino oscillation
experiment using a J-PARC neutrino beam and Hyper-
Kamiokande, Prog. Theor. Exp. Phys. 2015, 53C02
(2015).

[26] K. Abe et al. (Hyper-Kamiokande Collaboration), Physics
potentials with the second Hyper-Kamiokande detector in
Korea, Prog. Theor. Exp. Phys. 2018, 063C01 (2018).

[27] W. Chao, Quantum field theory approach to neutrino
oscillations in dark matter and implications at JUNO,
arXiv:2511.15494.

[28] Y.-F. Li, A. Wang, Y. Xu, and J.-y. Zhu, Terrestrial matter
effects on reactor antineutrino oscillations: Constant vs.
fluctuated density profiles, J. High Energy Phys. 03
(2026) 264.

[29] J. Huang and S. Zhou, Probing unitarity violation of lepton
flavor mixing matrix with reactor antineutrinos at JUNO and
TAO, Phys. Lett. B 873, 140160 (2026).

[30] S.-F. Ge, C.-F. Kong, M. Lindner, and J. P. Pinheiro,
Neutrinoless double beta decay in light of JUNO first data,
J. High Energy Phys. 03 (2026) 105.

[31] Z.-z. Xing, Potential divergence in tracing ? and ? flavors
of astrophysical neutrinos, Nucl. Phys. B1026, 117444
(2026).

FATE OF θ12 UNDER μ − τ REFLECTION SYMMETRY IN LIGHT … PHYS. REV. D 113, 095012 (2026)

095012-9

https://doi.org/10.1103/PhysRevLett.65.1297
https://doi.org/10.1016/0370-2693(92)90788-6
https://doi.org/10.1016/0370-2693(92)90788-6
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1086/305343
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.108.131801
https://doi.org/10.1103/PhysRevLett.108.171803
https://doi.org/10.1103/PhysRevLett.108.171803
https://doi.org/10.1103/PhysRevLett.108.191802
https://doi.org/10.1016/j.ppnp.2021.103927
https://doi.org/10.1088/1674-1137/ac8bc9
https://doi.org/10.1088/1674-1137/ad7f3e
https://arXiv.org/abs/2511.14593
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://arXiv.org/abs/2511.11856
https://doi.org/10.1016/j.ppnp.2017.01.003
https://doi.org/10.1103/RevModPhys.93.015007
https://doi.org/10.1016/j.physrep.2020.02.001
https://doi.org/10.3390/universe9120512
https://doi.org/10.1016/j.ppnp.2024.104126
https://doi.org/10.1016/j.ppnp.2024.104126
https://doi.org/10.1088/1361-6633/ad52a3
https://doi.org/10.1016/j.physrep.2024.12.005
https://doi.org/10.1016/j.physrep.2024.12.005
https://arXiv.org/abs/1601.05471
https://arXiv.org/abs/1601.02984
https://arXiv.org/abs/2103.04797
https://arXiv.org/abs/2103.04797
https://doi.org/10.1093/ptep/ptv061
https://doi.org/10.1093/ptep/ptv061
https://doi.org/10.1093/ptep/pty044
https://arXiv.org/abs/2511.15494
https://doi.org/10.1007/JHEP03(2026)264
https://doi.org/10.1007/JHEP03(2026)264
https://doi.org/10.1016/j.physletb.2026.140160
https://doi.org/10.1007/JHEP03(2026)105
https://doi.org/10.1016/j.nuclphysb.2026.117444
https://doi.org/10.1016/j.nuclphysb.2026.117444


[32] Z.-Q. Chen, G.-X. Fang, and Y.-L. Zhou, Probing quark-
lepton correlation in GUTs with high-precision neutrino
measurements, arXiv:2511.16196.

[33] S. T. Petcov and A. V. Titov, Viability of A4, S4 and A5

flavour symmetries in light of the first JUNO result, Phys.
Lett. B 874, 140295 (2026).

[34] S. Goswami, A. Gupta, U. Rahaman, and S. K. Raut,
Enhancing the sensitivity to neutrino oscillation parameters
using synergy between T2K, NOA and JUNO, arXiv:2512
.00172.

[35] G.-J. Ding, C.-C. Li, J.-N. Lu, and S. T. Petcov, Discrete
flavour and CP symmetries in light of JUNO and neutrino
global fit, arXiv:2512.03809.

[36] D. Borah, P. Das, and D. Dutta, Neutrino texture-zeros after
JUNO’s first results: Implications for long-baseline neutrino
experiments, arXiv:2512.13587.

[37] S. K. Nanda, M. Ricky Devi, C. Dash, R. N. Panda,
and S. Patra, An A4-symmetric double seesaw for neutrino
masses and mixing in light of JUNO results, arXiv:2512
.24132.

[38] E.-H. Shang, J.-N. Lu, G.-J. Ding, and S. F. King, New
modular fixed point models and their phenomenological
implications for JUNO, T2HK and DUNE, arXiv:2601
.09598.

[39] D. Zhang, Trimaximal mixing patterns meet the first JUNO
result, Phys. Rev. D 113, 055035 (2026).

[40] X.-G. He, Modified Tri-bimaximal neutrino mixing con-
front with JUNO θ12 measurement, Phys. Lett. B 874,
140270 (2026).

[41] W.-H. Jiang, R. Ouyang, and Y.-L. Zhou, Modular TM1

mixing in light of precision measurement in JUNO, arXiv:
2511.16348.

[42] G.-J. Ding, R. Kumar, N. Nath, R. Srivastava, and J. W. F.
Valle, Zooming in on ‘bi-large’ neutrino mixing with the
first JUNO results, arXiv:2511.22689.

[43] D. Dutta, S. Goswami, M. Kashav, and K. M. Patel, Testing
residual-symmetry-fixed columns of UPMNS at DUNE and
T2HK with initial JUNO constraints, arXiv:2601.18397.

[44] P. F. Harrison and W. G. Scott, μ − τ reflection symmetry in
lepton mixing and neutrino oscillations, Phys. Lett. B 547,
219 (2002).

[45] P. Chen, G.-J. Ding, F. Gonzalez-Canales, and J. W. F. Valle,
Generalized μ − τ reflection symmetry and leptonic CP
violation, Phys. Lett. B 753, 644 (2016).

[46] N. Nath, Z.-z. Xing, and J. Zhang, μ − τ reflection sym-
metry embedded in minimal seesaw, Eur. Phys. J. C 78, 289
(2018).

[47] K. Chakraborty, K. N. Deepthi, S. Goswami, A. S.
Joshipura, and N. Nath, Exploring partial μ − τ reflection
symmetry at DUNE and Hyper-Kamiokande, Phys. Rev. D
98, 075031 (2018).

[48] N. Nath, μ − τ reflection symmetry and its explicit breaking
for leptogenesis in a minimal seesaw model, Mod. Phys.
Lett. A 34, 1950329 (2019).

[49] N. Nath, Consequences of μ − τ reflection symmetry at
DUNE, Phys. Rev. D 98, 075015 (2018).

[50] N. Nath, Impact of RGE-induced μ − τ reflection symmetry
breaking on the effective Majorana neutrino mass in 0νββ
decay, Phys. Rev. D 99, 035026 (2019).

[51] J. Liao, N. Nath, T. Wang, and Y.-L. Zhou, Nonstandard
neutrino interactions and μ − τ reflection symmetry, Phys.
Rev. D 101, 095036 (2020).

[52] G.-y. Huang and N. Nath, RGE-induced μ − τ symmetry
breaking: An analysis of the latest T2K results, Eur. Phys. J.
C 80, 914 (2020).

[53] M. J. S. Yang, Interplay between exact μ − τ reflection
symmetries, four-zero texture and universal texture, Phys.
Lett. B 806, 135483 (2020).

[54] Z.-h. Zhao, Combinations of the μ − τ reflection symmetry
and texture zeros in the Dirac neutrino mass matrix of the
seesaw model, Eur. Phys. J. Plus 138, 1055 (2023).

[55] Y. Shao and Z.-h. Zhao, Low scale leptogenesis under
neutrino μ − τ reflection symmetry, Phys. Rev. D 111,
035011 (2025).

[56] M. J. S. Yang, Almost general analysis of μ − τ reflection
symmetry perturbed by charged leptons and its testability by
DUNE and T2HK, Nucl. Phys. B1018, 117092 (2025).

[57] K. S. Babu, E. Ma, and J. W. F. Valle, Underlying A(4)
symmetry for the neutrino mass matrix and the quark mixing
matrix, Phys. Lett. B 552, 207 (2003).

[58] S.-L. Chen, M. Frigerio, and E. Ma, Hybrid seesaw neutrino
masses with A(4) family symmetry, Nucl. Phys. B724, 423
(2005).

[59] G. Altarelli and F. Feruglio, Tri-bimaximal neutrino mixing,
A(4) and the modular symmetry, Nucl. Phys. B741, 215
(2006).

[60] D. Borah and B. Karmakar, A4 flavour model for Dirac
neutrinos: Type I and inverse seesaw, Phys. Lett. B 780, 461
(2018).

[61] S. Centelles Chuliá, R. Srivastava, and J. W. F. Valle,
Generalized Bottom-Tau unification, neutrino oscillations
and dark matter: Predictions from a lepton quarticity flavor
approach, Phys. Lett. B 773, 26 (2017).

[62] D. Borah and B. Karmakar, Linear seesaw for Dirac
neutrinos with A4 flavour symmetry, Phys. Lett. B 789,
59 (2019).

[63] G.-J. Ding, J.-N. Lu, and J. W. F. Valle, Trimaximal
neutrino mixing from scotogenic A4 family symmetry,
Phys. Lett. B 815, 136122 (2021); Phys. Lett. B 845,
138151(E) (2023).

[64] M. Ricky Devi and K. Bora, Linking resonant leptogenesis
with dynamics of the inverse seesaw theory with A4 flavor
symmetry, arXiv:2304.13546.

[65] S. Centelles Chuliá, R. Kumar, O. Popov, and R. Srivastava,
Neutrino mass sum rules from modular A4 symmetry, Phys.
Rev. D 109, 035016 (2024).

[66] R. Kumar, P. Mishra, M. K. Behera, R. Mohanta, and R.
Srivastava, Predictions from scoto-seesaw with A4 modular
symmetry, Phys. Lett. B 853, 138635 (2024).

[67] L. Singh, M. Kashav, and S. Verma, Minimal type-I Dirac
seesaw and leptogenesis under A4 modular invariance, Nucl.
Phys. B1007, 116666 (2024).

[68] R. Kumar, N. Nath, and R. Srivastava, Cutting the scoto-
genic loop: Adding flavor to dark matter, J. High Energy
Phys. 12 (2024) 036.

[69] T. Nomura and H. Okada, Type-II seesaw of a non-
holomorphic modular A4 symmetry, Phys. Lett. B 868,
139763 (2025).

RANJEET KUMAR PHYS. REV. D 113, 095012 (2026)

095012-10

https://arXiv.org/abs/2511.16196
https://doi.org/10.1016/j.physletb.2026.140295
https://doi.org/10.1016/j.physletb.2026.140295
https://arXiv.org/abs/2512.00172
https://arXiv.org/abs/2512.00172
https://arXiv.org/abs/2512.03809
https://arXiv.org/abs/2512.13587
https://arXiv.org/abs/2512.24132
https://arXiv.org/abs/2512.24132
https://arXiv.org/abs/2601.09598
https://arXiv.org/abs/2601.09598
https://doi.org/10.1103/t3w7-y9r3
https://doi.org/10.1016/j.physletb.2026.140270
https://doi.org/10.1016/j.physletb.2026.140270
https://arXiv.org/abs/2511.16348
https://arXiv.org/abs/2511.16348
https://arXiv.org/abs/2511.22689
https://arXiv.org/abs/2601.18397
https://doi.org/10.1016/S0370-2693(02)02772-7
https://doi.org/10.1016/S0370-2693(02)02772-7
https://doi.org/10.1016/j.physletb.2015.12.069
https://doi.org/10.1140/epjc/s10052-018-5751-y
https://doi.org/10.1140/epjc/s10052-018-5751-y
https://doi.org/10.1103/PhysRevD.98.075031
https://doi.org/10.1103/PhysRevD.98.075031
https://doi.org/10.1142/S0217732319503292
https://doi.org/10.1142/S0217732319503292
https://doi.org/10.1103/PhysRevD.98.075015
https://doi.org/10.1103/PhysRevD.99.035026
https://doi.org/10.1103/PhysRevD.101.095036
https://doi.org/10.1103/PhysRevD.101.095036
https://doi.org/10.1140/epjc/s10052-020-08501-x
https://doi.org/10.1140/epjc/s10052-020-08501-x
https://doi.org/10.1016/j.physletb.2020.135483
https://doi.org/10.1016/j.physletb.2020.135483
https://doi.org/10.1140/epjp/s13360-023-04678-8
https://doi.org/10.1103/PhysRevD.111.035011
https://doi.org/10.1103/PhysRevD.111.035011
https://doi.org/10.1016/j.nuclphysb.2025.117092
https://doi.org/10.1016/S0370-2693(02)03153-2
https://doi.org/10.1016/j.nuclphysb.2005.07.012
https://doi.org/10.1016/j.nuclphysb.2005.07.012
https://doi.org/10.1016/j.nuclphysb.2006.02.015
https://doi.org/10.1016/j.nuclphysb.2006.02.015
https://doi.org/10.1016/j.physletb.2018.03.047
https://doi.org/10.1016/j.physletb.2018.03.047
https://doi.org/10.1016/j.physletb.2017.07.065
https://doi.org/10.1016/j.physletb.2018.12.006
https://doi.org/10.1016/j.physletb.2018.12.006
https://doi.org/10.1016/j.physletb.2021.136122
https://doi.org/10.1016/j.physletb.2023.138151
https://doi.org/10.1016/j.physletb.2023.138151
https://arXiv.org/abs/2304.13546
https://doi.org/10.1103/PhysRevD.109.035016
https://doi.org/10.1103/PhysRevD.109.035016
https://doi.org/10.1016/j.physletb.2024.138635
https://doi.org/10.1016/j.nuclphysb.2024.116666
https://doi.org/10.1016/j.nuclphysb.2024.116666
https://doi.org/10.1007/JHEP12(2024)036
https://doi.org/10.1007/JHEP12(2024)036
https://doi.org/10.1016/j.physletb.2025.139763
https://doi.org/10.1016/j.physletb.2025.139763


[70] A. Palavrić, Discrete leptonic flavor symmetries: UV medi-
ators and phenomenology, Phys. Rev. D 110, 115025 (2024).

[71] A. Moreno-Sánchez and A. Palavrić, Leptonic flavor from a
modular A4 symmetry: UV mediators and SMEFT realiza-
tions, Phys. Rev. D 112, 075002 (2025).

[72] R. Kumar, N. Nath, R. Srivastava, and S. Yadav, Dirac Scoto
inverse-seesaw from A4 flavor symmetry, J. High Energy
Phys. 10 (2025) 088.

[73] R. Kumar, H. K. Prajapati, R. Srivastava, and S. Yadav,
Flavor imprints on novel low mass dark matter, J. High
Energy Phys. 11 (2025) 094.

[74] S. Centelles Chuliá and R. Kumar, Minimal A4 type-II
seesaw realization of testable neutrino mass sum rules, Phys.
Rev. D 113, 055023 (2026).

[75] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada,
and M. Tanimoto, Non-Abelian discrete symmetries in
particle physics, Prog. Theor. Phys. Suppl. 183, 1 (2010).

[76] J. Schechter and J. W. F. Valle, Neutrino masses in
SUð2Þ × Uð1Þ theories, Phys. Rev. D 22, 2227 (1980).

[77] M. Magg and C. Wetterich, Neutrino mass problem and
gauge hierarchy, Phys. Lett. 94B, 61 (1980).

[78] T. P. Cheng and L.-F. Li, Neutrino masses, mixings and
oscillations in SUð2Þ × Uð1Þ models of electroweak inter-
actions, Phys. Rev. D 22, 2860 (1980).

[79] R. N. Mohapatra and G. Senjanovic, Neutrino masses and
mixings in gauge models with spontaneous parity violation,
Phys. Rev. D 23, 165 (1981).

[80] M. E. Peskin and T. Takeuchi, Estimation of oblique
electroweak corrections, Phys. Rev. D 46, 381 (1992).

[81] A. Degee, I. P. Ivanov, and V. Keus, Geometric minimiza-
tion of highly symmetric potentials, J. High Energy Phys. 02
(2013) 125.

[82] S. Carrolo, J. C. Romao, and J. P. Silva, Conditions for
global minimum in the A4 symmetric 3HDM, Eur. Phys. J.
C 82, 749 (2022).

[83] I. de Medeiros Varzielas, M.-S. Liu, A. Sengupta, and
J. Talbert, Residual symmetries and scalar multiplet vacuum
alignment in non-Abelian flavour models, arXiv:2512
.19789.

[84] P. F. de Salas, D. V. Forero, S. Gariazzo, P. Martínez-Miravé,
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