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Abstract: This paper aims to explore the implications of U(1)Le−Lα
gauge symmetries, where α = τ, µ,

in the neutrino sector through type-(I+II) seesaw mechanisms. To achieve such a hybrid framework,

we include a scalar triplet and three right-handed neutrinos. The model can successfully account

for the active neutrino masses, mixing angles, mass squared differences, and the CP-violating phase

within the 3σ bounds of NuFit v5.2 neutrino oscillation data. The presence of a new gauge boson at

the MeV scale provides an explanation for the muon and electron (g − 2) within the confines of their

experimental limits. Furthermore, we scrutinize the proposed models in the context of upcoming

long-baseline neutrino experiments such as DUNE, P2SO, T2HK, and T2HKK. The findings reveal

that P2SO and T2HK have the ability to probe both models in their 5σ-allowed oscillation parameter

region, whereas DUNE and T2HKK can conclusively test only the model with U(1)Le−Lµ
-symmetry

within the 5σ parameter space if the true values of the oscillation parameters remain consistent with

NuFit v5.2.

Keywords: neutrino masses and mixing; U(1) gauge extension model; muon (g − 2)

1. Introduction

The success of the Standard Model (SM) in explaining observed phenomena in particle
physics is indubitable; yet, exceptions such as dark matter, neutrino masses and mixing,
baryon asymmetry of the Universe, etc., cannot be realized within it and are beyond its realm.
Among these exceptions, it is necessary to move beyond the standard model (BSM) to explain
neutrino masses and mixing. In this context, type-I seesaw [1–7] being the simplest and the
most elegant one, other modified seesaw mechanisms such as type-II [8–15] via scalar triplet,
type-III [16–19] via fermion triplet, linear seesaw [20,21], inverse seesaw [22,23], etc., are
being explored phenomenologically in myriad literature. Despite the remarkable precision
achieved in determining the masses of charged leptons, our understanding of neutrino
masses remains elusive and lacks comparable accuracy [24]. In this work, we incorporate
the type-II seesaw in addition to the type-I by including an additional SU(2)L triplet scalar
field ∆ to explain neutrino phenomenology.

Even though both the type-I and type-II seesaw mechanisms appear appealing for
explaining the neutrino oscillation data, they need more experimental testability, as they
require new particles with very heavy masses which are beyond the reach of present
and future experiments. This motivates us to propose a simplistic yet feasible model to
concurrently account for the neutrino masses, electron, and muon (g − 2). For this, we
consider a hybrid seesaw, i.e., type-(I+II), in a U(1)Le−Lα

gauge extension model where
α = τ, µ and with the inclusion of three right-handed (RH) neutrinos and a scalar triplet.
In this work, we focus on two frameworks: U(1)Le−Lτ , named model A, and U(1)Le−Lµ

named model B. Of these, model A can explain neutrino phenomenology and electron
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(g − 2), while model B can explain muon, electron (g − 2), and neutrino phenomenology.
These kind of models have previously been explored in the literature in the context of
ANITA events [25], cosmic ray e+e− excess [26,27], and flavor-dependent long-range forces
from solar and atmospheric neutrinos [28–31].

Testing the models in the framework of long-baseline neutrino experiments is crucial;
hence, we consider the four most promising upcoming long-baseline neutrino experiments
for probing our models: DUNE, P2SO, T2HK, and T2HKK. Considering the predicted
values of the oscillation parameters from both models, we delineate the variation of δtrue

CP
with θtrue

23 and project it into the parameter space of these upcoming experiments.
The structure of this paper is as follows: in Section 2, we present the model framework

involving the type-(I+II) seesaw mechanism with U(1)Le−Lα
gauge symmetry; in Section 3.1,

we specifically discuss the U(1)Le−Lτ
framework (model A) and its implications for the

mass matrices (i.e., charged leptons and neutral leptons); in Section 3.2, we demonstrate
model B, achieved by implementing U(1)Le−Lµ

symmetry; proceeding further, in Section 4

a numerical study between the observables of the neutrino sector and the model input
parameters is established for both models; Section 5 describes the testing capability of our
proposed models using future long-baseline experiments such as DUNE, P2SO, T2HK, and
T2HKK; Section 6 presents an elaborative explanation on electron and muon (g − 2); finally,
we conclude our results in Section 7.

2. U(1)Le−Lα
Model with Hybrid Seesaw Scenario

We opt for a hybrid seesaw scenario in which neutrinos acquire their masses from
a combination of the type-I and type-II frameworks. Here, type-I is realized with three
right-handed neutrinos and the type-II contribution is attained with a scalar triplet of
hypercharge +1. We discuss these in an extended SM scenario with additional U(1)Le−Lα

gauge symmetry. An additional scalar singlet S is introduced for the spontaneous breaking
of new U(1) symmetry. The particle contents of the two models are presented in Table 1.

Table 1. Fields and their charges in the chosen SU(2)L × U(1)Y × U(1)Le−Lα
models.

Fields SU(2)L × U(1)Y Model A: U(1)Le−Lτ
Model B: U(1)Le−Lµ

ℓeL, ℓµL, ℓτL ( 2,−1/2) 1, 0,−1 1,−1, 0

eR, µR, τR (1,−1) 1, 0,−1 1,−1, 0

NeR, NµR, NτR (1, 0) 1, 0,−1 1,−1, 0

H (2, 1/2) 0 0

∆ (3, 1) 1 1

S (1, 0) 1 1

The Lagrangian for the scalar sector takes the form

Lscalar = (DµH)†(Dµ H) + (Dµ∆)†(Dµ∆) + (DµS)†(DµS)− V, (1)

where the scalar potential V is provided as follows:

V = µ2
H H† H + λH(H†H)2 + µ2

∆Tr(∆†∆) + λ∆Tr(∆†∆∆†∆) + λ′
∆Tr(∆†∆)2

+ µ2
SS∗S + λS(S

∗S)2 + λHS(H† H)(S∗S) + λH∆(H†∆∆†H) + λ′
H∆(H† H)Tr(∆†∆)

+ λ∆STr(∆†∆)(S∗S) +
λH∆S

2

[
(HTiσ2∆† H)S + h.c

]
. (2)
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After spontaneous symmetry breaking, the scalar multiplets can be written as

S = (vS + hS + iAS)/
√

2, ∆ =

(
∆+/

√
2 ∆++

∆0 −∆+/
√

2

)
, and H =

(
H+

H0

)
, with

H0 =
v + h + iAH√

2
,

∆0 =
v∆ + h∆ + iA∆√

2
, (3)

where v, v∆, and vS are the vacuum expectation values (VEVs) of the SM Higgs H and
the new scalars ∆ and S, respectively. The covariant derivatives in the kinetic terms are
expressed as

DµH = ∂µ H + ig

(
σa

2
· Wa

µ

)
H + i

g′

2
Bµ H ,

Dµ∆ = ∂µ∆ + ig

[
3

∑
a=1

σa

2
Wa

µ, ∆

]
+ ig′Bµ∆ + igeα(Zeα)µ∆ ,

DµS = ∂µS + igeα(Zeα)µS. (4)

In the above, σa with a = 1, 2, 3 stands for the Pauli matrices. The new gauge boson
associated with U(1) symmetry attains a mass MZeα = geαvS, with geα being the new gauge
coupling strength.

2.1. Vacuum Stability and Unitarity Criteria

The vacuum stability criteria [32,33] for the potential provided in Equation (2) are

λH ≥ 0, λ∆ + λ′
∆ ≥ 0, λS ≥ 0,

λ1 = (λH∆ + λ′
H∆) + 2

√
λH(λ∆ + λ′

∆
) ≥ 0,

λ2 = λHS + 2
√

λHλS ≥ 0,

λ3 = λ∆S + 2
√
(λ∆ + λ′

∆
)λS ≥ 0,

√
λH(λ∆ + λ′

∆
)λS + (λH∆ + λ′

H∆)
√

λS + λHS

√
λ∆ + λ′

∆
+ λ∆S

√
λH

+

√
2λ1 λ2 λ3 ≥ 0. (5)

Applying the tree-level perturbative unitarity constraints on the scattering processes
in the scalar sector, the zeroth partial wave amplitude [34] takes the form

a0 =
1

32π

√
4pCM

i pCM
f

s

∫ +1

−1
T2→2 d(cos θ). (6)

Here, pCM
f ,(i)

is the the center of mass momentum of the final (initial) state, s is the center

of mass energy, and T2→2 stands for the total amplitude of each 2 → 2 scattering processes.
At high energies, the partial wave amplitudes, i.e., the quartic couplings, are constrained
by the requirement of perturbative unitarity |Re(a0)| ≤ 1

2 , provided by

λH , (λ∆ + λ′
∆), λS ≤ 4π

3
,

(λH∆ + λ′
H∆), λHS, λ∆S ≤ 4π. (7)
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2.2. Scalar Mass Spectrum

The multiple scalars of the model mix with each other based on their property. The
minimization conditions take the form [35]

µ2
H = −λHv2 − λHS

v2
S

2
− λH∆

v2
∆

2
− λ′

H∆

v2
∆

2
+ λH∆S

vSv∆

2
,

µ2
∆ = −λ∆v2

∆ − λ′
∆v2

∆ − λH∆

v2

2
− λ′

H∆

v2

2
− λ∆S

v2
S

2
+ λH∆S

vSv2

4v∆

,

µ2
S = −λSv2

S − λHS
v2

S

2
− λ∆S

v2
∆

2
+ λH∆S

v∆v2

4vS
. (8)

The mass of the doubly charged scalar is provided by

M2
CC = −λH∆

v2

2
− λ∆v2

∆ + λH∆S
vSv2

4v∆

. (9)

The mass matrix of singly charged scalars in the basis (H+, ∆+)T takes the form

M2
C =

1

2
(−λH∆v∆ + λH∆SvS)

(
v∆ − v√

2

− v√
2

v2

2v∆

)
. (10)

Upon diagonalisation, we have one mass eigenstate with mass zero (absorbed as
Goldstone mode for W+) and a massive charged scalar (C1) with mass

M2
C1

=
1

4

(
λH∆S

vS

v∆

− λH∆

)
(v2 + 2v2

∆). (11)

Moving on to the CP-odd sector, the mixing matrix in the basis (AH , A∆, AS) is

M2
O = λH∆S




v∆vS − vSv
2

vv∆
2

− vSv
2

vSv2

4v∆
− v2

4
vv∆

2 − v2

4
v∆v2

4vS


. (12)

After diagonalization, we obtain two massless eigenstates (one Goldstone mode
absorbed by the SM Z boson and the other by the Zeα gauge boson), and one massive
CP-odd scalar (O1) with mass

M2
O1

= λH∆S

(
v2v2

∆ + v2v2
S + 4v2

∆vS

4v∆v2
S

)
. (13)

Now, the mass matrix of CP-even scalars in the basis (h, h∆, hS) takes the form

M2
E =




2λHv2 (λH∆ + λ′
H∆)vv∆ − λH∆S

vSv
2 λHSvvS − λH∆S

vv∆
2

(λH∆ + λ′
H∆)vv∆ − λH∆S

vSv
2 2(λ∆ + λ′

∆)v
2
∆ + λH∆S

vSv2

4v∆
λ∆SvSv∆ − λH∆S

v2

4

λHSvvS − λH∆S
vv∆

2 λ∆SvSv∆ − λH∆S
v2

4 2λSv2
S + λH∆S

v2v∆
4vS


. (14)

Assuming the hierarchical nature of the VEVs, i.e., v∆ ≪ v < vS, the mass matrix of
Equation (14) can be written in a simplified form as

M2
E =




2λHv2 −λH∆S
vSv

2 λHSvvS

−λH∆S
vSv

2 λH∆S
vSv2

4v∆
λ∆SvSv∆ − λH∆S

v2

4

λHSvvS λ∆SvSv∆ − λH∆S
v2

4 2λSv2
S


. (15)
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Taking λHS = 0 and λ∆S = λH∆S(v
2/4v∆vS), the above matrix further simplifies to

M2
E =




2λHv2 −λH∆S
vSv

2 0

−λH∆S
vSv

2 λH∆S
vSv2

4v∆
0

0 0 2λSv2
S


. (16)

In our analysis, we consider the VEVs as v = 246 GeV, v∆ ∼ 0.1 GeV, and vS ∼ 7 TeV
with the scalar couplings λS = 0.1, λH∆S = 0.001. As the VEV of S is large, the corresponding
CP-even scalar is taken to be at high scale and is decoupled from the other scalar spectrum
of the model. The above assumption is taken to simplify the expressions and allow for
a simple transparent phenomenological study. Thus, we end up with three physical CP-
even scalars; one of them is the observed Higgs at LHC, i.e., H1 with mass MH1

= 125 GeV,
and the other two are the heavy physical scalars H2, H3 with masses MH2

∼ 1 TeV and
MH3

∼ 3 TeV, respectively. Furthermore, using Equations (9), (11), and (13), we obtain
MCC ≃ MC1

≃ MO1
∼ 1 TeV.

3. Neutrino Mass Generation

3.1. Model-A

Here, we consider the U(1)Le−Lτ gauge extension of the SM to investigate the neutrino
phenomenology. The particle content and respective charges for each model are provided
in Table 1. The Lagrangian for the leptonic sector is provided below:

LLepton ⊃ −
(

ye
l ℓeLHeR + y

µ
l ℓµL

HµR + yτ
l ℓτL

HτR

)
− 1

2
y∆

(
ℓC

τLiσ2∆ℓµL + ℓC
µLiσ2∆ℓτL

)

−
(

ye
νℓeLH̃NeR + y

µ
ν ℓµLH̃NµR + yτ

νℓτLH̃NτR

)
− 1

2
y

µτ
S

(
NC

µRNτR + NC
τRNµR

)
S

−1

2
y

eµ
S

(
NC

eRNµR + NC
µRNeR

)
S∗ − 1

2
m

µµ
R NC

µRNµR

− meτ
R

(
NC

eRNτR + NC
τRNeR

)
+ h.c. (17)

The Dirac and Majorana mass matrices for the left and right-handed neutrinos take
the form

mD =
v√
2

diag
(

ye
ν, y

µ
ν , yτ

ν

)
, mR =




0 y
eµ
s

vS√
2

meτ
R

y
eµ
s

vS√
2

m
µµ
R y

µτ
s

vs√
2

meτ
R y

µτ
s

vs√
2

0


 . (18)

For simplicity, we consider the couplings involved in the RH neutrino mass matrix
to be of similar order, i.e., y

eµ
s ≈ y

µτ
s , which is a justifiable assumption for the U(1)Le−Lτ

model as the muon-type RH neutrino can couple to first- and third-generation neutrinos
with similar strength. Thus, the Majorana mass matrix takes the form

mR =




0 |yeµ
s | vS√

2
eiφA meτ

R

|yeµ
s | vS√

2
eiφA m

µµ
R |yeµ

s | vS√
2

eiφA

meτ
R |yeµ

s | vS√
2

eiφA 0


 , (19)

where we have considered the coupling y
eµ
s as complex with phase φA.

The light neutrino mass matrix in this framework receives contributions from both
type-I and type-II seesaw mechanisms. Type-I seesaw can provide the active neutrino mass
as follows [3]:

mν = −mDm−1
R mT

D (20)
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while the type-II contribution comes from a scalar triplet which takes the form

mL =
y∆v∆√

2




0 0 0
0 0 1
0 1 0


. (21)

Adding both these contributions, the expression for the light neutrino mass matrix
becomes

mν =




a b c
b d e
c e f


, (22)

where

a =
Q2e2iφA

4P
, b =

−eiφA QR

2
√

2P
, c =

2N − Q2Me2iφA

4P
, d =

R2

2P
, e =

y∆v∆√
2

− RQM

2
√

2P
, f =

Q2M2e2iφA

4P
,

with,

P =
[
−(meτ

R )2m
µµ
R + meτ

R v2
S(y

eµ
S )2e2iφA

]
, Q = vvsye

νy
eµ
s ,

R = meτ
R vHy

µ
ν , M =

yτ
ν

ye
ν

, N = yτ
νv2

Hye
νmeτ

R m
µµ
R .

After diagonalizing the neutrino mass matrix (22), it is possible to obtain the values of
various oscillation parameters.

3.2. Model B

Next, we consider U(1)Le−Lµ gauge symmetry as an extension of the SM. The charges
of the particles under various gauge groups are indicated in the fourth column of Table 1.
The Lagrangian for leptonic sector for this model reads as follows:

LLepton ⊃ −
(

ye
l ℓeLHeR + y

µ
l ℓµL

HµR + yτ
l ℓτL

HτR

)
−
(

1

2
y∆

(
ℓC

τLiσ2∆ℓµL + ℓC
µLiσ2∆ℓτL

))

−
(

ye
νℓeLH̃NeR + y

µ
ν ℓµLH̃NµR + yτ

νℓτLH̃NτR

)
− 1

2
y

µτ
S

(
NC

µRNτR + NC
τRNµR

)
S

−1

2
yeτ

S

(
NC

eRNτR + NC
τRNeR

)
S∗ − 1

2
mττ

R NC
τRNτR

− m
eµ
R

(
NC

µRNeR + NC
eRNµR

)
+ h.c. (23)

For the above Lagrangian, the Dirac and Majorana matrices mD and mL are same as in
the previous model mentioned in Equations (18) and (21). Further, assuming yeτ

s ≈ y
µτ
s for

numerical simplification, the mR matrix is found to have the form

mR =




0 m
eµ
R |yeτ

s | vS√
2

eiφB

m
eµ
R 0 |yeτ

s | vS√
2

eiφB

|yeτ
s | vS√

2
eiφB |yeτ

s | vS√
2

eiφB mττ
R


, (24)

where φB represents the phase of yeτ
s . Now, analogous to Equation (22), the expression of

active neutrino mass matrix in type I+II for model B can be derived accordingly.
Appropriate values of the Yukawa couplings and VEVs of the scalar particles provide

the required values for the neutrino oscillation parameters, which is discussed in the
next section.
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4. Numerical Analysis

In this work, we perform numerical analysis by considering experimental data on
various neutrino oscillation parameters at 3σ interval of NuFit v5.2 [36], as follows:

∆m2
31 = [2.427, 2.590]× 10−3 eV2, ∆m2

21 = [6.82, 8.03]× 10−5 eV2,

sin2 θ13 = [0.02052, 0.02398], sin2 θ23 = [0.408, 0.603], sin2 θ12 = [0.270, 0.341] . (25)

Here, numerical diagonalization of the light neutrino mass matrix for both model
A and model B is performed through U†

ν MνUν = diag(m2
1, m2

2, m2
3), where Mν = mνm†

ν

and Uν is an unitary matrix. Thus, the neutrino mixing angles can be extracted using the
standard relations [37,38]

sin2 θ13 = |U13|2 , sin2 θ12 =
|U12|2

1 − |U13|2
, sin2 θ23 =

|U23|2
1 − |U13|2

. (26)

In order to demonstrate the current neutrino oscillation data, we perform a random
scan over the ranges of the model parameter values provided in Table 2, where β represents
e, µ, and τ. We compute ∆m2

21, ∆m2
31, and δCP along with three mixing angles for all

generated sets of model parameters. We utilize the 3σ bound on the neutrino mixing
parameters [36] to obtain the consistent parameter space. Below, we illustrate our results
with suitable figures.

Table 2. Ranges of parameters in model A (left column) and model B (right column) over which the

scan was performed.

Model A Model B

Parameters Range Parameters Range

y
β
ν [1, 20]× 10−7 y

β
ν [1, 20]× 10−7

y
eµ
s [0.01, 0.1] yeτ

s [0.015, 0.08]
y∆ [20, 45]× 10−11 y∆ [10, 30]× 10−11

meτ
R (in TeV) [0.5, 10] m

eµ
R (in TeV) [0.5, 10]

m
µµ
R (in TeV) [1, 10] mττ

R (in TeV) [1, 10]
φA [0, 2π] φB [0, 2π]

Figure 1 shows the correlation plots for different neutrino oscillation parameters for
the two models; the left column is for model A and the right column is for model B. The
gridlines in each plot represent the 3σ allowed parameter space for the corresponding
oscillation parameters. The top row depicts the allowed parameter space of sin2 θ13 and
(sin2 θ12, sin2 θ23) for both models. From these plots, we can conclude that both models
satisfy the full 3σ region of NuFit v5.2 data for the plane sin2 θ13 − sin2 θ12 (sin2 θ23); hence,
they cannot provide any strong correlation for these oscillation parameters. The middle
row shows the variation of δCP with respect to sin2 θ23 for both the models. Unlike the
previous two cases, this row shows a strong constraint on the δCP value for model A. In
Model A, δCP is strongly biased towards CP-conserving values, specifically, 0◦ and 360◦; on
the other hand, in Model B δCP spans nearly the entire range from 20◦ to 350◦. Additionally,
the bottom row of Figure 1 shows the variation in the sum of the active neutrino masses
(∑i mi) with ∆m2

21; the left plot is for model A and the right plot is for model B. Model A
estimates the sum of active neutrino masses to be within the range of 0.043 eV to 0.114 eV,
while model B provides a range of 0.058 eV to 0.107 eV, keeping the ∆m2

21 value fully within
the 3σ range for both models. Similarly, for ∆m2

31 we can check that the range is within the
full 3σ region of NuFit v5.2 for both models.
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Figure 1. The left (right) column signifies the obtained range of neutrino oscillation parameters

for model A (B). The top row represents the correlation plot between sin2 θ13 and (sin2 θ12, sin2 θ23),

whereas the plots in the middle row show the variation of δCP with respect to sin2 θ23 and the bottom

row depicts the variation in the sum of the active neutrino masses with ∆m2
21 for both models.

From the plots in Figure 1, we can conclude that among all six oscillation parameters,
model A only provides a strong bound on δCP. Thus, to obtain a complete picture of
testability of the models in the upcoming long-baseline experiments, we illustrate the
variation of δtrue

CP with θtrue
23 , taking the NuFit v5.2 oscillation parameters as the true values

in the following section.

5. Testing the Models in Upcoming Long-Baseline Experiments

One of the best ways to verify the predictions of proposed models such as ours is to
probe them using long-baseline neutrino experiments. Several outstanding long-baseline
neutrino experiments are currently pending around the world, e.g., DUNE, P2SO, T2HK
and T2HKK etc. In this section, we show how our proposed models can be probed in these
future experiments.
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5.1. Experimental Details

DUNE (Deep Underground Neutrino Experiment) is an upcoming long-baseline
neutrino experiment with a baseline of 1300 km. The far detector of DUNE consists of
four modules of LArTPC (Liquid Argon Time Projection Chamber) detectors, each with
a volume of 10 kt. The specifications regarding backgrounds, systematic errors, etc., are
taken from [39]. In our calculation, we take five years of run-time in neutrino mode and
five years in anti-neutrino mode, with a POT (Proton on Target) of 1.1 × 1021. In addition,
we take a systematic error of 2% (5%) in the νe (νµ) appearance (disappearance) signals.

Another highly promising long-baseline experiment is Protvino to Super ORCA
(P2SO). It has a baseline of 2595 km from the neutrino source. The Super-ORCA de-
tector is a ten times more instrumented version of ORCA detector. For our simulation, we
take three years of runtime in neutrino mode and three years in anti-neutrino mode with a
beam power of 450 KW, corresponding to 4 × 1020 POT. For the P2SO configuration, we
take a systematic error of 5% (5%) in the νe (νµ) appearance (disappearance) signals and
use the same configuration as in [40].

The T2HK (Tokai to Hyper-Kamiokande) experiment is an upcoming long-baseline
neutrino experiment in Japan. It will have two large water Cherenkov (WC) far detectors.
Each of the detectors has a fiducial volume of 187 kt. The distance from the neutrino source
(J-PARC) to Hyper-Kamiokande (HK) is around 295 km. We take the neutrino beam for
T2HK at 1.3 MW with a POT of 2.7 × 1022. For T2HK, we use the configuration provided
in [41]. In our simulation, we take a runtime of 10 years with an equal ratio (five years for
neutrino mode and five years for antineutrino mode). For T2HK configuration, we take a
systematic error 4.71% (4.13%) in the νe (νµ) appearance (disappearance) signals.

T2HKK (Tokai to Hyper-Kamiokande and Korea) is the extended version of the T2HK
experiment, in which one of the two water Cherenkov detectors from HK will be shifted
to Korea, where it will be located 1100 km away from the J-PARC source. For T2HKK,
we use an off-axis flux of 295 km 2.5◦ and an off-axis flux of 1100 km 1.5◦. Similar to
the T2HK configuration [42], for T2HKK we take a systematic error 3.8% (3.8%) in the
νe (νµ) appearance (disappearance) signals. The runtime for this experiment is five years of
neutrino mode and five years of anti-neutrino mode.

5.2. Simulation Details

We use the General Long Baseline Experiment Simulator (GLoBES) [43,44] package
to simulate future experiments. For the sensitivity calculation, we use the Poisson log-
likelihood formula:

χ2
stat = 2

n

∑
i=1

[
Ntest

i − Ntrue
i − Ntrue

i ln

(
Ntest

i

Ntrue
i

)]
(27)

where N
true (test)
i is the total event rate from the true (test) spectrum and ‘i’ is the number

of energy bins. For the purposes of our simulations, we take the values of the oscillation
parameters from NuFit v5.2 (listed in Table 3) [36] as the true values.

5.3. Results

In this subsection, we discuss the results of testing our proposed models in the future
neutrino experiments DUNE, P2SO, T2HK, and T2HKK. Figure 2 shows the parameter
space of our proposed models with future experiments in the plane of θtrue

23 and δtrue
CP . In

each plot in Figure 2, the red and green curves represent the allowed parameter spaces of
model A and model B, respectively, whereas the skyblue contours depict the parameter
space of the different experiments with the NuFit v5.2 best-fit values as the true values of
the oscillation parameters. All of the curves and contours are in 5σ C.L. The red, green, and
black stars represent the best-fit values of models A, B, and NuFit v5.2, respectively. We
take the current NuFit v5.2 values asthe true parameters for these plots to test our proposed
model’s data.
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Figure 2. Sensitivities of DUNE, P2SO, T2HK, and T2HKK in the θtrue
23 − δtrue

CP plane used in probing

the proposed models. The left (right) plot in the upper panel shows the sensitivity of DUNE (P2SO)

for both models. The left (right) plot in the lower panel shows the sensitivity of T2HK (T2HKK) for

both models. The levels of each plot are mentioned in the legend below.

The left plot in the upper panel shows how the DUNE experiment can probe our
models. The plot shows that the 5σ allowed region of model A is incompatible with
the 5σ parameter space of DUNE. In contrast, the 5σ allowed region of model B shows
compatibility with the allowed parameter space of DUNE. Thus, DUNE can probe model B
within its 5σ allowed region, assuming that the NuFit v5.2 oscillation parameters remain
true. However, when considering the best-fit values, it can be seen that the values of both
models are outside the allowed 5σ range of DUNE. Proceeding to the right plot in the top
panel, it can be observed that the 5σ allowed regions of both models A and B are compatible
with the 5σ parameter space of the P2SO experiment. Thus, our models can be probed by
the P2SO experiment at 5σ C.L. From the left plot of bottom panel, it can be seen that the
5σ allowed ranges of models A and B are very much compatible with the 5σ parameter
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space of T2HK, as some regions of the red, green, and skyblue curves intersect. From this
plot, we can conclude that if the current NuFit v5.2 oscillation data remain true in future
experiments, then T2HK will be able to probe our models at 5σ C.L.

Table 3. Oscillation parameters with their NuFit v5.2 [36] best fit values and the required ranges used

in Section 5.

Oscillation Parameters NuFit v5.2 [36]

θ13 8.58◦

θ12 33.41◦

θ23 varied within [37–53◦]

∆m2
21 (eV2) 7.410 × 10−5

∆m2
31 (eV2) 2.507 × 10−3

δCP varied within [0–360◦]

Finally, the right plot in the lower panel plots θtrue
23 with δtrue

CP for the T2HKK experiment.
In this plot, it can be seen that the 5σ allowed region of model A does not overlap with the
5σ parameter space of the T2HKK experiment. However, this is not the case for model B,
where the allowed parameter space is compatible with T2HKK’s 5σ C.L. Thus, we can
conclude that if the NuFit v5.2 data remain as the true oscillation parameters, then the
T2HKK experiment will have the potential to probe Model B but not Model A.

6. Electron and Muon (g − 2)

6.1. Electron (g − 2)

One of the open questions in particle physics is how to deal with electron and muon
anomalous magnetic moments. Both of our models contribute to electron (g − 2) due
to the fact that flavor symmetry has electron involvement, i.e., U(1)Le−Lτ (model A) and
U(1)Le−Lµ (model B). Further, the anomalous magnetic moment for electron is not ac-
curately measured, i.e., its value is negative due to improved measurement of the fine-
structure constant αem from Cesium atoms [45] along with updated theoretical calcula-
tions [46], while from the recent measurement of αem with Rubidium atoms [47] its value is
found to be positive. The Cesium atom measurement of electron (g − 2) is [45]

∆ae = (−8.7 ± 3.6)× 10−13 , (28)

whereas the Rubidium atom measurement provides the value of the electron anomalous
magnetic moment as [47]

∆ae = (4.8 ± 3.0)× 10−13. (29)

Numerous approaches have been attempted for explaining electron (g − 2) [48,49].
Our obtained result for the anomalous magnetic moment is within the experimental range
provided by Rubidium atoms. Below, we illustrate the discussion of electron (g − 2) using
models A and B.

In model A, the contribution for ∆ae comes from the gauge boson Zeτ only, as there is
no interaction between the electron and scalar triplet ∆. The left panel of Figure 3 shows
the possible Feynman diagram for model A with l− = e−. The interaction Lagrangian in
this model contributing to the electron (g − 2) is provided as follows [50]:

L = geτ ēγµeZeτ + h.c. (30)
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where geτ and Zeτ are the gauge coupling and gauge boson for U(1)Le−Lτ symmetry,

respectively. Thus, we can obtain the expression for aZeτ
e as [50]

aZeτ
e =

g2
eτ

4π2

∫ 1

0

x2(1 − x)

x2 +
m2

Zeτ

m2
e
(1 − x)

dx, (31)

where x is the Feynman parameter. After simplification (mZeτ ≫ me), we obtain the relation

aZeτ
e = g2

eτ
m2

e

12π2m2
Zeτ

. (32)

l−

l− l−

γ

Zeα

l− µ−

τ+ τ+

γ

∆++

µ−

Figure 3. Possible Feynman diagrams for electron and muon (g − 2) calculation. For model A, only

the left panel is applicable with l− = e−. For model B, both the left and right panels are present with

l− = e−, µ−.

Figure 4 shows the variation of ∆ae with respect to the mass of the gauge boson mZeτ .
The gridlines are 3σ allowed values of ∆ae in the unit of 10−13. From this figure, it can be
seen that the allowed range of mass of the new gauge boson that satisfies the electron’s
anomalous magnetic moment is from 1 MeV to 150 MeV.

5 10 50 100

2

4

6

8

10

mZeτ
[MeV]

Δ
a
e
×
1
0
-
1
3

Figure 4. Variation of electron anomalous magnetic moment with respect to the new gauge boson

mass mZeτ
for model A.

For model B, similar relations are used to calculate electron (g − 2) with replacement
of Zeτ by Zeµ; the corresponding Feynman diagram is shown in the left panel of Figure 3
with l− = e−. The plot of ∆ae with gauge boson mass (mZeµ ) can be obtained for model B,
which is found to have similar nature as Figure 4.

6.2. Muon (g − 2)

The recent result from Fermilab’s E989 experiment provides the most precise measure-
ment of aµ [51], achieved through the combination of Run-1, Run-2, and Run-3 data as

aFNAL
µ = 116 592 055 (24)× 10−11. (33)
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Combining this result with those from the BNL E821 experiment [52] provides the compre-
hensive experimental average

a
exp
µ = 116 592 059 (22)× 10−11. (34)

Comparing this result with the SM prediction [53]

aSM
µ = 116 591 810 (43)× 10−11 (35)

yields a discrepancy of 5.1σ [52],

∆aµ = a
exp
µ − aSM

µ = 2.49 (0.48)× 10−9. (36)

These discrepancies from two independent experiments show clear failure of the SM,
demonstrating the need to move beyond the standard model. Numerous models [50,54–59]
have been proposed in the past to explain (g − 2)µ. In the present work, model B can
explain this discrepancy. The relevant interaction Lagrangian is provided as follows [50]:

L = −geµµγµµZeµ − y∆τc
LµL∆++ + h.c. (37)

where geµ and Zeµ are the gauge parameters associated with U(1)Le−Lµ symmetry and y∆

is the Yukawa coupling for the muon interaction with τ through the scalar triplet ∆, which
breaks lepton number by two units, i.e., ∆L = 2. The possible Feynman diagrams which
can provide additional contributions are shown in Figure 3 with l− = µ−. The expression

for a
Zeµ
µ i.e., the gauge-mediated contribution, can be deduced as follows [50]:

a
Zeµ
µ =

g2
eµ

4π2

∫ 1

0

x2(1 − x)

x2 +
m2

Zeµ

m2
µ
(1 − x)

dx (38)

where the mass of Zeµ is on the MeV scale. Similarly, the contribution in the triplet portal is
provided by [50]

a∆
µ = −

m2
µy2

∆

8π2

∫ 1

0

(
x2 − x3 + mτ

mµ
x2
)
+
(

x2 − x3 − mτ
mµ

x2
)

m2
µx2 + (m2

τ − m2
µ)x + m2

∆
(1 − x)

dx. (39)

As demonstrated above, neutrino phenomenology restricts the mass range of the scalar
triplet within ∼ O (TeV), which is very large compared to the muon and tau masses.
Considering thees assumptions, we have

a∆
µ = −

m2
µy2

∆

12π2m2
∆

. (40)

Equation (40) provides a feeble negative contribution towards the anomalous magnetic
moment; however, as y∆ is very small we can safely neglect the term. Effectively, the extra
contribution in muon (g − 2) is from the gauge boson only. Figure 5a shows the variation of
∆aµ with respect to the mass of the gauge boson (mZeµ ), while Figure 5b portrays the allowed
region in the plane geµ −mZeµ , consistent with Fermilab’s muon (g− 2) measurement [60] as
well as the CCFR, neutrino trident bound [61–63], COHERENT_LAr bound [64], KLOE [65],
and A1 [66,67] bound.

Summarizing the (g − 2) section, it is apparent that of the two proposed models
model A can explain electron (g − 2), whereas model B provides acceptable outcomes
for both electron and muon (g − 2) discrepancies. Figure 5b provides a stringent bound
on the parameter space of gauge coupling and the mass of the gauge boson Zeµ that are
consistent with the current experimental bounds. In the above-mentioned mass range, the
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gauge boson can explain both electron and muon (g − 2) anomalies with great accuracy.
Unlike Zeµ, there is no such specific constraint on the mass of gauge boson Zeτ ; however,
from [68] we can say that mZeτ is in the MeV scale in order to explain (g − 2)e and (g − 2)µ

simultaneously.
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3.0

3.5

mZeμ
[MeV]

Δ
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×
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0
-
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Figure 5. (a) Variation in ∆aµ value with respect to the mass of the gauge boson (mZeµ
). (b) Variation

of geµ with respect to gauge boson mass. In the plot, the brown and orange points are the outcomes

from our model for electron and muon (g − 2), respectively, while the blue, yellow, green, and purple

regions respectively represent the experimental upper bounds of the CCFR, COHERENT_LAr [64],

KLOE [65], and A1 [66,67] experiments .

7. Concluding Remarks

The motivation behind the present work comes from the interest in exploring neutrino
phenomenology in U(1) models. Therefore, we have investigated U(1)Le−Lτ (model A) as
well as U(1)Le−Lµ (model B), which contain heavy neutral fermions and a scalar triplet to
realize a type-(I+II) hybrid seesaw. The imposition of U(1)Le−Lτ(µ)

gauge symmetry places

limitations on lepton flavor structure, helping in the study of neutrino phenomenology.
The general form of the neutrino mass matrix mν provides correct ranges of the neutrino
oscillation parameters. From the neutrino phenomenology section, it can be seen that both
the models provide the full 3σ range of the NuFit v5.2 data for the oscillation parameters
θ13, θ12, and θ23. Interestingly, model A imposes a strong constraint on the value of δCP,
favoring CP-conserving values primarily around 0◦ and 360◦; in contrast, model B allows
for a much broader range of δCP, spanning from 20◦ to 350◦.

Our plots place bounds on the sum of neutrino mass as follows: 0.043 (0.058) eV ≲

∑i mi ≲ 0.114 (0.107) eV for model A (model B). We show the capacity of the future
long-baseline neutrino experiments DUNE, P2SO, T2HK, and T2HKK to test our proposed
models. The results indicate that DUNE and T2HKK can probe only model B within
their 5σ parameter space in the θtrue

23 − δtrue
CP plane; in contrast, P2SO and T2HK have the

potential to probe both models within their 5σ parameter space if the NuFit v5.2 oscillation
parameters remain as the true values in the future. Apart from this, our models successfully
explain muon and electron (g − 2); models A and B both demonstrate electron (g − 2),
while model B showcases admissible results for muon (g − 2) that are within the bounds
set by the CCFR, KLOE, A1 and COHERENT_LAr experiments.

Concerning to relevance of our models and potential future insights, if heavy fermions
can be made stable with some symmetry, they can contribute to the dark matter relic density
present in the Universe. Through coupling with the new U(1) gauge boson and scalars,
they can annihilate through weak interaction and contribute to the DM budget as Weakly
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Interacting Massive Particles (WIMPs), and can also provide a direct signal in detection
experiments. Dual portal annihilation channels can provide new region of the DM mass
spectrum as well as a constrained parameter space to probe in future experiments in search
of DM. Moreover, correlative studies investigating neutrino oscillation phenomena could
be carried out as well.

Author Contributions: Conceptualization, R.M.; methodology, R.M., P.P., M.K.B., P.M.; software, P.P.,

P.M. and M.K.B.; validation, R.M., P.P., P.M., M.K.B. and S.S.; formal analysis, P.P., P.M., M.K.B.; inves-

tigation, R.M., P.P., P.M., M.K.B. and S.S.; resources, R.M., P.P., P.M., M.K.B. and S.S.; data curation,

P.P., P.M. and M.K.B.; writing—original draft preparation, P.P., P.M. and M.K.B.; writing—review and

editing, R.M., P.P., P.M., M.K.B. and S.S.; visualization, R.M., P.P., P.M., M.K.B. and S.S.; supervision,

R.M.; project administration, R.M.; funding acquisition, R.M. All authors have read and agreed to the

published version of the manuscript.

Funding: This research was funded by University of Hyderabad IoE project grant no. RC1-20-012

and Program Management Unit for Human Resources and Institutional Development, Research, and

Innovation (grant no. B13F660066).

Data Availability Statement: Data sharing is not applicable to this article as no datasets were

generated or analyzed during the current study.

Acknowledgments: P.P. and P.M. would like to acknowledge Prime Minister’s Research Fellowship

for financial help. MKB acknowledges support from the NSRF via the Program Management Unit for

Human Resources and Institutional Development, Research, and Innovation (grant no. B13F660066).

MKB also acknowledges the National Science and Technology Development Agency, National e-

Science Infrastructure Consortium, Chulalongkorn University, and the Chulalongkorn Academic

Advancement Into Its Second Century Project (Thailand) for providing computing infrastructure

that contributed to the results reported within this paper. SS and RM would like to acknowledge the

University of Hyderabad IoE project grant no. RC1-20-012.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Minkowski, P. µ→ eγ at a rate of one out of 109 muon decays? Phys. Lett. B 1977, 67, 421–428. [CrossRef]

2. Yanagida, T. Horizontal gauge symmetry and masses of neutrinos. Conf. Proc. C 1979, 7902131, 95–99.

3. Gell-Mann, M.; Ramond, P.; Slansky, R. Complex Spinors and Unified Theories. Conf. Proc. C 1979, 790927, 315–321.

http://arxiv.org/abs/1306.4669.

4. Brdar, V.; Helmboldt, A.J.; Iwamoto, S.; Schmitz, K. Type-I Seesaw as the Common Origin of Neutrino Mass, Baryon Asymmetry,

and the Electroweak Scale. Phys. Rev. D 2019, 100, 075029. [CrossRef]

5. Miranda, O.G.; Valle, J.W.F. Neutrino oscillations and the seesaw origin of neutrino mass. Nucl. Phys. B 2016, 908, 436–455.

[CrossRef]

6. Branco, G.C.; Penedo, J.T.; Pereira, P.M.F.; Rebelo, M.N.; Silva-Marcos, J.I. Type-I Seesaw with eV-Scale Neutrinos. J. High Energy

Phys. 2020, 2020, 164. [CrossRef]

7. Ramond, P. The Family Group in Grand Unified Theories. arXiv 1998. [CrossRef]

8. Schechter, J.; Valle, J.W.F. Neutrino Masses in SU(2) x U(1) Theories. Phys. Rev. D 1980, 22, 2227. [CrossRef]

9. Mohapatra, R.N.; Senjanovic, G. Neutrino Masses and Mixings in Gauge Models with Spontaneous Parity Violation. Phys. Rev. D

1981, 23, 165. [CrossRef]

10. Cheng, T.P.; Li, L.F. Neutrino Masses, Mixings and Oscillations in SU(2) x U(1) Models of Electroweak Interactions. Phys. Rev. D

1980, 22, 2860. [CrossRef]

11. Ma, E.; Sarkar, U. Neutrino masses and leptogenesis with heavy Higgs triplets. Phys. Rev. Lett. 1998, 80, 5716–5719. [CrossRef]

12. Antusch, S.; King, S.F. Type II Leptogenesis and the neutrino mass scale. Phys. Lett. B 2004, 597, 199–207. [CrossRef]

13. Gu, P.H.; Zhang, H.; Zhou, S. A Minimal Type II Seesaw Model. Phys. Rev. D 2006, 74, 076002. [CrossRef]

14. Arhrib, A.; Benbrik, R.; Chabab, M.; Moultaka, G.; Peyranere, M.C.; Rahili, L.; Ramadan, J. The Higgs Potential in the Type II

Seesaw Model. Phys. Rev. D 2011, 84, 095005. [CrossRef]

15. Freitas, F.F.; de S. Pires, C.A.; Rodrigues da Silva, P.S. Inverse type II seesaw mechanism and its signature at the LHC and ILC.

Phys. Lett. B 2017, 769, 48–56. [CrossRef]

16. Liao, Y.; Liu, J.Y.; Ning, G.Z. Radiative Neutrino Mass in Type III Seesaw Model. Phys. Rev. D 2009, 79, 073003. [CrossRef]

17. Ma, E. Pathways to naturally small neutrino masses. Phys. Rev. Lett. 1998, 81, 1171–1174. [CrossRef]

18. Foot, R.; Lew, H.; He, X.G.; Joshi, G.C. Seesaw Neutrino Masses Induced by a Triplet of Leptons. Z. Phys. C 1989, 44, 441.

[CrossRef]

http://doi.org/10.1016/0370-2693(77)90435-X
http://arxiv.org/abs/1306.4669
http://dx.doi.org/10.1103/PhysRevD.100.075029
http://dx.doi.org/10.1016/j.nuclphysb.2016.03.027
http://dx.doi.org/10.1007/JHEP07(2020)164
http://dx.doi.org/10.48550/arXiv.hep-ph/9809459
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.22.2860
http://dx.doi.org/10.1103/PhysRevLett.80.5716
http://dx.doi.org/10.1016/j.physletb.2004.07.009
http://dx.doi.org/10.1103/PhysRevD.74.076002
http://dx.doi.org/10.1103/PhysRevD.84.095005
http://dx.doi.org/10.1016/j.physletb.2017.03.016
http://dx.doi.org/10.1103/PhysRevD.79.073003
http://dx.doi.org/10.1103/PhysRevLett.81.1171
http://dx.doi.org/10.1007/BF01415558


Universe 2024, 10, 387 16 of 17

19. Chen, M.C.; Huang, J. TeV Scale Models of Neutrino Masses and Their Phenomenology. Mod. Phys. Lett. A 2011, 26, 1147–1167.

[CrossRef]

20. Malinsky, M.; Romao, J.C.; Valle, J.W.F. Novel supersymmetric SO(10) seesaw mechanism. Phys. Rev. Lett. 2005, 95, 161801.

[CrossRef]

21. Ma, E. Deciphering the Seesaw Nature of Neutrino Mass from Unitarity Violation. Mod. Phys. Lett. A 2009, 24, 2161–2165.

[CrossRef]

22. Bazzocchi, F.; Cerdeno, D.G.; Munoz, C.; Valle, J.W.F. Calculable inverse-seesaw neutrino masses in supersymmetry. Phys. Rev. D

2010, 81, 051701. [CrossRef]

23. Ma, E. Radiative inverse seesaw mechanism for nonzero neutrino mass. Phys. Rev. D 2009, 80, 013013. [CrossRef]

24. Zyla, P.; Barnett, R.M.; Beringer, J.; Dahl, O.; Dwyer, D.A.; Groom, D.E.; Lin, C.J.; Lugovsky, K.S.; Pianori, E.; Robinson, D.J.

Review of Particle Physics. Prog. Theor. Exp. Phys. 2020, 2020, 083C01. [CrossRef]

25. Esmaili, A.; Farzan, Y. Explaining the ANITA events by a Le − Lτ gauge model. J. Cosmol. Astropart. Phys. 2019, 12, 017.

[CrossRef]

26. Duan, G.H.; He, X.G.; Wu, L.; Yang, J.M. Leptophilic dark matter in gauged U(1)Le−Lµ
model in light of DAMPE cosmic ray

e+ + e− excess. Eur. Phys. J. C 2018, 78, 323. [CrossRef]

27. Cao, J.; Feng, L.; Guo, X.; Shang, L.; Wang, F.; Wu, P.; Zu, L. Explaining the DAMPE data with scalar dark matter and gauged

U(1)Le−Lµ
interaction. Eur. Phys. J. C 2018, 78, 198. [CrossRef]

28. Joshipura, A.S.; Mohanty, S. Constraints on flavor dependent long range forces from atmospheric neutrino observations at

super-Kamiokande. Phys. Lett. B 2004, 584, 103–108. [CrossRef]

29. Bandyopadhyay, A.; Dighe, A.; Joshipura, A.S. Constraints on flavor-dependent long range forces from solar neutrinos and

KamLAND. Phys. Rev. D 2007, 75, 093005. [CrossRef]

30. Bustamante, M.; Agarwalla, S.K. Universe’s Worth of Electrons to Probe Long-Range Interactions of High-Energy Astrophysical

Neutrinos. Phys. Rev. Lett. 2019, 122, 061103. [CrossRef]

31. Kumar Poddar, T.; Mohanty, S.; Jana, S. Constraints on long range force from perihelion precession of planets in a gauged

Le − Lµ,τ scenario. Eur. Phys. J. C 2021, 81, 286. [CrossRef]

32. Kannike, K. Vacuum stability conditions from copositivity criteria. Eur. Phys. J. C 2012, 72, 2093. [CrossRef]

33. Modak, K.P.; Majumdar, D.; Rakshit, S. A possible explanation of low energy γ-ray excess from galactic centre and Fermi bubble

by a Dark Matter model with two real scalars. J. Cosmol. Astropart. Phys. 2015, 2015, 11 . [CrossRef]

34. Lee, B.W.; Quigg, C.; Thacker, H.B. Weak interactions at very high energies: The role of the Higgs-boson mass. Phys. Rev. D 1977,

16, 1519 . [CrossRef]

35. Das, D.; Santamaria, A. Updated scalar sector constraints in the Higgs triplet model. Phys. Rev. D 2016, 94, 015015 . [CrossRef]

36. Esteban, I.; Gonzalez-Garcia, M.C.; Maltoni, M.; Schwetz, T.; Zhou, A. The fate of hints: Updated global analysis of three-flavor

neutrino oscillations. J. High Energy Phys. 2020, 9, 178. [CrossRef]

37. Hochmuth, K.A.; Petcov, S.T.; Rodejohann, W. UPMNS = U†
l Uν. Phys. Lett. B 2007, 654, 177–188 . [CrossRef]

38. Frampton, P.H.; Petcov, S.T.; Rodejohann, W. On deviations from bimaximal neutrino mixing. Nucl. Phys. B 2004, 687, 31–54 .

[CrossRef]

39. Abi, B.; Acciarri, R.; Acero, M.A.; Adamov, G.; Adams, D.; Adinolfi, M.; Ahmad, Z.; Ahmed, J.; Alion, T.; Monsalve, S.A.; et al.

Experiment Simulation Configurations Approximating DUNE TDR. arXiv 2021, arXiv:2103.04797.

40. Singha, D.K.; Ghosh, M.; Majhi, R.; Mohanta, R. Study of light sterile neutrino at the long-baseline experiment options at KM3NeT.

Phys. Rev. D 2023, 107, 075039. [CrossRef]

41. Abe, K.; Ahn, S.H.; Aihara, H.; Aimi, A.; Akutsu, R.; Andreopoulos, C.; Anghel, I.; Anthony, L.H.; Antonova, M. Physics

potentials with the second Hyper-Kamiokande detector in Korea. Prog. Theor. Exp. Phys. 2018, 2018, 063C01. [CrossRef]

42. Abe, K.; Aihara, H.; Aimi, A.; Akutsu, R.; Andreopoulos, C.; Anghel, I.; Anthony, L.H.; Antonova, M.; Ashida, Y.; Aushev, V.

Hyper-Kamiokande Design Report. arXiv 2018, arXiv:1805.04163.

43. Huber, P.; Lindner, M.; Winter, W. Simulation of long-baseline neutrino oscillation experiments with GLoBES (General Long

Baseline Experiment Simulator). Comput. Phys. Commun. 2005, 167, 195. [CrossRef]

44. Huber, P.; Kopp, J.; Lindner, M.; Rolinec, M.; Winter, W. New features in the simulation of neutrino oscillation experiments with

GLoBES 3.0: General Long Baseline Experiment Simulator. Comput. Phys. Commun. 2007, 177, 432–438. [CrossRef]

45. Parker, R.H.; Yu, C.; Zhong, W.; Estey, B.; Müller, H. Measurement of the fine-structure constant as a test of the Standard Model.

Science 2018, 360, 191. [CrossRef]

46. Aoyama, T.; Kinoshita, T.; Nio, M. Revised and Improved Value of the QED Tenth-Order Electron Anomalous Magnetic Moment.

Phys. Rev. D 2018, 97, 036001. [CrossRef]

47. Morel, L.; Yao, Z.; Cladé, P.; Guellati-Khélifa, S. Determination of the fine-structure constant with an accuracy of 81 parts per

trillion. Nature 2020, 588, 61–65. [CrossRef]

48. Giudice, G.F.; Paradisi, P.; Passera, M. Testing new physics with the electron g-2. J. High Energy Phys. 2012, 11, 113. [CrossRef]

49. Andreev, Y.M.; Banerjee, D.; Bernhard, J.; Burtsev, V.E.; Chumakov, A.G.; Cooke, D.; Crivelli, P.; Depero, E.; Dermenev, A.V.;

Donskov, S.V. Constraints on New Physics in Electron g − 2 from a Search for Invisible Decays of a Scalar, Pseudoscalar, Vector,

and Axial Vector. Phys. Rev. Lett. 2021, 126, 211802. [CrossRef]

http://dx.doi.org/10.1142/S0217732311035985
http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://dx.doi.org/10.1142/S0217732309031776
http://dx.doi.org/10.1103/PhysRevD.81.051701
http://dx.doi.org/10.1103/PhysRevD.80.013013
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1088/1475-7516/2019/12/017
http://dx.doi.org/10.1140/epjc/s10052-018-5805-1
http://dx.doi.org/10.1140/epjc/s10052-018-5678-3
http://dx.doi.org/10.1016/j.physletb.2004.01.057
http://dx.doi.org/10.1103/PhysRevD.75.093005
http://dx.doi.org/10.1103/PhysRevLett.122.061103
http://dx.doi.org/10.1140/epjc/s10052-021-09078-9
http://dx.doi.org/10.1140/epjc/s10052-012-2093-z
http://dx.doi.org/10.1088/1475-7516/2015/03/011
http://dx.doi.org/10.1103/PhysRevD.16.1519
http://dx.doi.org/10.1103/PhysRevD.94.015015
http://dx.doi.org/10.1007/JHEP09(2020)178
http://dx.doi.org/10.1016/j.physletb.2007.08.072
http://dx.doi.org/10.1016/j.nuclphysb.2004.03.014
http://dx.doi.org/10.1103/PhysRevD.107.075039
http://dx.doi.org/10.1093/ptep/pty044
http://dx.doi.org/10.1016/j.cpc.2005.01.003
http://dx.doi.org/10.1016/j.cpc.2007.05.004
http://dx.doi.org/10.1126/science.aap7706
http://dx.doi.org/10.1103/PhysRevD.97.036001
http://dx.doi.org/10.1038/s41586-020-2964-7
http://dx.doi.org/10.1007/JHEP11(2012)113
http://dx.doi.org/10.1103/PhysRevLett.126.211802


Universe 2024, 10, 387 17 of 17

50. Moore, S.R.; Whisnant, K.; Young, B.L. Second Order Corrections to the Muon Anomalous Magnetic Moment in Alternative

Electroweak Models. Phys. Rev. D 1985, 31, 105. [CrossRef]

51. Aguillard, D.P.; Albahri, T.; Allspach, D.; Anisenkov, A.; Badgley, K.; Baeßler, S.; Bailey, I.; Bailey, L.; Baranov, V.A.; Barlas-Yucel,

E.; et al. Measurement of the Positive Muon Anomalous Magnetic Moment to 0.20 ppm. Phys. Rev. Lett. 2023, 131, 161802.

[CrossRef] [PubMed]

52. Bennett, G.W.; Bousquet, Q.; Brown, H.N.; Bunce, G.; Carey, R.M.; Cushman, P.; Danby, G.T.; Debevec, P.T.; Deile, M.; Deng, H.; et

al. Final Report of the Muon E821 Anomalous Magnetic Moment Measurement at BNL. Phys. Rev. D 2006, 73, 072003. [CrossRef]

53. Aoyama, T.; Asmussen, N.; Benayoun, M.; Bijnens, J.; Blum, T.; Bruno, M.; Caprini, I.; Calame, C.C.; Cè; M.; Colangelo, G.; et al.

The anomalous magnetic moment of the muon in the Standard Model. Phys. Rep. 2020, 887, 1–166. [CrossRef]

54. Altmannshofer, W.; Chen, C.Y.; Bhupal Dev, P.S.; Soni, A. Lepton flavor violating Z’ explanation of the muon anomalous magnetic

moment. Phys. Lett. B 2016, 762, 389–398. [CrossRef]

55. Majumdar, C.; Patra, S.; Pritimita, P.; Senapati, S.; Yajnik, U.A. Neutrino mass, mixing and muon g − 2 explanation in U(1)Lµ−Lτ

extension of left-right theory. J. High Energy Phys. 2020, 2020, 10. [CrossRef]

56. Mondal, T.; Okada, H. Inverse seesaw and (g − 2) anomalies in B − L extended two Higgs doublet model. arXiv 2021,

arXiv:2103.13149. [CrossRef]

57. Hammad, A.; Rashed, A.; Moretti, S. The Dark Z′ and Sterile Neutrinos Behind Current Anomalies. arXiv 2021, arXiv:2110.08651.

[CrossRef]

58. Jegerlehner, F.; Nyffeler, A. The Muon g-2. Phys. Rep. 2009, 477, 1–110. [CrossRef]

59. Bauer, M.; Foldenauer, P.; Jaeckel, J. Hunting All the Hidden Photons. J. High Energy Phys. 2018, 2018, 94. [CrossRef]

60. Abi, B.; Albahri, T.; Al-Kilani, S.; Allspach, D.; Alonzi, L.P.; Anastasi, A.; Anisenkov, A.; Azfar, F.; Badgley, K.; Baeßler, S.; et al.

Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm. Phys. Rev. Lett. 2021, 126, 141801. [CrossRef]

61. Conrad, J.M.; Shaevitz, M.H.; Bolton, T. Precision measurements with high-energy neutrino beams. Rev. Mod. Phys. 1998, 70, 1341.

[CrossRef]

62. Mishra, S.R.; Rabinowitz, S.A.; Arroyo, C.; Bachmann, K.T.; Blair, R.E.; Foudas, C.; King, B.J.; Lefmann, W.C.; Leung, W.C.;

Oltman, E.; et al. Neutrino tridents and W Z interference. Phys. Rev. Lett. 1991, 66, 3117–3120. [CrossRef] [PubMed]

63. Altmannshofer, W.; Gori, S.; Pospelov, M.; Yavin, I. Neutrino Trident Production: A Powerful Probe of New Physics with Neutrino

Beams. Phys. Rev. Lett. 2014, 113, 091801. [CrossRef]

64. Borah, D.; Dutta, M.; Mahapatra, S.; Sahu, N. Lepton anomalous magnetic moment with singlet-doublet fermion dark matter in a

scotogenic U(1)Lµ-Lτ model. Phys. Rev. D 2022, 105, 015029. [CrossRef]

65. [KLOE-2 Collaboration]. Search for light vector boson production in e+e− → µ+µ−γ interactions with the KLOE experiment.

Phys. Lett. B 2014, 736, 459–464. [CrossRef]

66. Merkel, H.; Achenbach, P.; Ayerbe Gayoso, C.; Bernauer, J.C.; Böhm, R.; Bosnar, D.; Debenjak, L.; Denig, A.; Distler, M.O.; Esser,

A.; et al. Search for Light Gauge Bosons of the Dark Sector at the Mainz Microtron. Phys. Rev. Lett. 2011, 106, 251802. [CrossRef]

67. Merkel, H.; Achenbach, P.; Ayerbe Gayoso, C.; Beranek, T.; Beričič, J.; Bernauer, J.C.; Böhm, R.; Bosnar, D.; Correa, L.; Debenjak, L.;

et al. Search at the Mainz Microtron for Light Massive Gauge Bosons Relevant for the Muon g − 2 Anomaly. Phys. Rev. Lett. 2014,

112, 221802. [CrossRef]

68. Bodas, A.; Coy, R.; King, S.J.D. Solving the electron and muon g − 2 anomalies in Z′ models. Eur. Phys. J. C 2021, 81, 1065.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevD.31.105
http://dx.doi.org/10.1103/PhysRevLett.131.161802
http://www.ncbi.nlm.nih.gov/pubmed/37925710
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://dx.doi.org/10.1016/j.physrep.2020.07.006
http://dx.doi.org/10.1016/j.physletb.2016.09.046
http://dx.doi.org/10.1007/JHEP09(2020)010
http://dx.doi.org/10.1016/j.nuclphysb.2022.115716
http://dx.doi.org/10.1016/j.physletb.2022.136945
http://dx.doi.org/10.1016/j.physrep.2009.04.003
http://dx.doi.org/10.1007/JHEP07(2018)094
http://dx.doi.org/10.1103/PhysRevLett.126.141801
http://dx.doi.org/10.1103/RevModPhys.70.1341
http://dx.doi.org/10.1103/PhysRevLett.66.3117
http://www.ncbi.nlm.nih.gov/pubmed/10043703
http://dx.doi.org/10.1103/PhysRevLett.113.091801
http://dx.doi.org/10.1103/PhysRevD.105.015029
http://dx.doi.org/10.1016/j.physletb.2014.08.005
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://dx.doi.org/10.1103/PhysRevLett.112.221802
http://dx.doi.org/10.1140/epjc/s10052-021-09850-x

	Introduction
	U(1)Le - L Model with Hybrid Seesaw Scenario
	Vacuum Stability and Unitarity Criteria
	Scalar Mass Spectrum

	Neutrino Mass Generation
	Model-A
	Model B

	Numerical Analysis
	Testing the Models in Upcoming Long-Baseline Experiments
	Experimental Details
	Simulation Details
	Results

	 Electron and Muon (g-2)
	Electron (g-2)
	Muon (g-2)

	Concluding Remarks
	References

