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The Uð1ÞLμ−Lτ
Z0 model has emerged as a promising candidate to address the longstanding muon

ðg − 2Þμ anomaly. Flavor-conserving Z0 interactions are subject to stringent constraints from the neutrino
trident process and NA64μ experiments, which limit the Z0 mass to mZ0 < 40 MeV. To circumvent these
constraints, flavor-conserving Z0 interactions can be converted into maximal flavor-violating interactions
through a discrete exchange symmetry. Maximal flavor-violating Z0 interactions contribute to τ → μνν̄ via
the neutral current, yet the parameter space for this process conflicts with the ðg − 2Þμ allowed regions. To
resolve this conflict, we propose introducing a singly charged scalar that mediates via charged current
interactions. This scalar is anticipated to produce a negative contribution to the lepton ðg − 2Þl while
concurrently inducing the tau decay τ → μνν̄. Three distinct scenarios arise from the introduction of singly
charged scalars: theOLL operator, driven by weak singlet and triplet, and theOLR operator, driven by weak
doublet. Our analysis of the phenomenology in these three cases reveals that the tension between the muon
ðg − 2Þμ anomaly and τ → μνν̄ for large Z0 masses can be effectively alleviated only by the singly charged
scalars from the weak triplet, whereas the singlet and doublet scenarios fall short. Furthermore, the singly
charged scalars from the weak triplet offer an additional explanation for the electron ðg − 2Þe anomaly. Our
findings indicate that weak triplets could play a crucial role in Z0 models, potentially providing valuable
insights for future research into Uð1Þ frameworks.

DOI: 10.1103/PhysRevD.110.115047

I. INTRODUCTION

The Standard Model (SM) of particle physics has proven
to be remarkably successful in accurately describing
elementary particles and their interactions. However, in
recent years, significant discrepancies have emerged
between Standard Model predictions and observed flavor
observables [1]. Among the most notable of these discrep-
ancies is the longstanding anomaly in the muon anomalous
magnetic moment, aμ ≡ ðg − 2Þμ=2 [2,3]. Recently, a new
approach known as the “window” observable theory [4,5]
has been proposed to reconcile the differences between
dispersive and lattice methods for computing the muon
ðg − 2Þμ. The persistent deviation in aμ is widely regarded
as strong evidence for physics beyond the Standard Model
(BSM); for a comprehensive review, see Refs. [6–8]. A
promising candidate for explaining this anomaly is the
gaugedUð1ÞLμ−Lτ

Z0 model [9–17]. This Z0 interaction with

muons is also expected to alter the muon neutrino trident
(MNT) process νμN → νiμ

þμ−N, placing constraints on
the Z0 mass to be below approximately 300 MeV if it is to
resolve the ðg − 2Þμ anomaly [12,18]. Recently, the NA64μ
experiment, employing the missing energy-momentum
technique with a muon beam, has imposed significantly
tighter constraints, limiting the Z0 mass to mZ0 < 40 MeV
[19]. These stringent bounds can be circumvented by
converting the original flavor-conserving Z0 interaction,
ðμ̄γμμ − τ̄γμτ þ ν̄μLγ

μνμL − ν̄τLγ
μντLÞZ0

μ, into a fully off-
diagonal interaction, ðμ̄γμτþ τ̄γμμþ ν̄μLγ

μντL þ ν̄τLγ
μνμLÞZ0

μ,
through discrete symmetry transformations [20,21].
However, in scenarios with a large Z0 mass, these flavor-
violating interactions are excluded by the stringent bounds
on the decay process τ → μνν̄. Fortunately, the allowed
mass range for Z0 can be expanded in the context of
resolving the muon g − 2 anomaly by introducing type-II
seesaw SUð2ÞL triplet scalars, as shown in Refs. [22,23].
Specifically, the introduction of a singly charged scalar
from the triplet can mitigate this tension. However, the
accompanying doubly charged scalar complicates the
analysis, as it mediates processes like τ → 3μ; μγ and is
tightly constrained by collider experiments. To streamline
the analysis, one might focus exclusively on the singly
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charged scalar, which has been extensively employed in
analyzing the decay τ → μνν̄ [24–26]. Previous studies
have demonstrated that a singly charged scalar within the
triplet scalar framework can substantially extend the viable
Z0 mass range [22]. This raises the question of whether
alternative mechanisms exist to achieve similar effects,
given that singly charged scalars can originate from various
sources.
The singly charged scalar can emerge from various

extensions of the Standard Model (SM) that incorporate
additional Higgs multiplets. The most straightforward
extension is the Two Higgs Doublet Model (2HDM),
which features a physical charged Higgs boson H�

D whose
couplings to fermions are proportional to their masses, as
discussed in the reviews [27,28]. The type-II seesaw
mechanism [29–33], which introduces scalar triplets to
explain small neutrino masses at tree level, also provides a
physical charged scalar and can simultaneously lead to

deviations of the electroweak ρ parameter ðρ ¼ m2
W

m2
Z cos

2 θW
Þ

from unity. The Georgi-Machacek model [34], which
introduces both complex and real weak triplets, predicts
two singly charged Higgs bosons that transform as a 3-plet
and a 5-plet under SUð2ÞC while preserving ρ ¼ 1 at tree
level. The couplings ofH�

3 to fermions andH�
5 toW∓Z are

determined by the triplet vacuum expectation value (VEV).
Additionally, weak-singlet singly charged scalars are fea-
tured in the Zee [35] and Zee-Babu models [36,37], which
generate small radiative neutrino masses through one- and
two-loop processes, respectively.
Experimental searches for singly charged Higgs bosons

have been extensively carried out at high-energy colliders,
exploiting their distinctive electric charge signature. The
specific strategies for these searches are shaped by the
couplings between the charged Higgs and Standard Model
(SM) particles. Within the 2HDM framework, LEP experi-
ments have ruled out charged Higgs bosons with masses
below 80 GeV (Type-II) and 72.5 GeV (Type-I) [38]. At the
LHC, searches for charged Higgs bosons in the 2HDM
primarily focus on top quark decays whenmH�

D
< mt, or on

associated production with a top quark for mH�
D
> mt,

where mt denotes the top quark mass. Numerous decay
channels have been probed for 90 GeV < mH�

D
< 2 TeV,

but no significant excess has been detected. These channels
include tb [39,40], τν [41,42], cs [43], and cb [44]. In the
Georgi-Machacek (GM) model, the singly charged Higgs
has been investigated through vector-boson fusion proc-
esses such as pp → jjH�

5 ð→ W�ZÞ for 90 GeV < mH�
5
<

1 TeV [45] and resonant WZ production in fully leptonic
final states [46]. A global fit of all LHC searches for
charged Higgs bosons within the GM model indicates that
the triplet’s charged member remains viable for masses
above 200 GeV [47]. Additionally, the LHC’s sensitivity to
weak-singlet singly charged scalars decaying into electrons
and muons has been evaluated in Ref. [48]. Based on these

experimental studies, we consider the singly charged scalar
with hundreds of GeVs in the subsequent analysis.
In this manuscript, we construct an ultraviolet (UV)

model featuring a maximal lepton flavor-violating Z0 inter-
action by incorporating three Higgs doublets with distinct
Uð1ÞLμ−Lτ

charges and enforcing a discrete exchange
symmetry. The introduction of a singlet scalar allows for
an increase in the mass of the gauged boson Z0. While the
maximal flavor-violating Z0 interaction induces the decay
τ → μνν̄, which restricts the model’s parameter space, this
process is mediated not only by the neutral current inter-
action of the maximal flavor-changing Z0 boson but also by
the charged current interaction of the singly charged Higgs.
To address the tension between the ðg − 2Þμ anomaly and the
τ → μνν̄ decay caused by the maximal flavor-violating Z0
interaction, we propose the introduction of singly charged
scalars. Generally, the leptonic interactions involving the
charged scalar occur with lepton pairs, irrespective of their
chirality. However, without including right-handed neutri-
nos, the interaction is characterized by a single operator in
three different scenarios:

(i) Case I. Weak singlet induced OLL operator:
ν̄LaecLbh

− þ H:c:
(ii) Case II. Weak triplet induced OLL operator:

ν̄LaecLbΔ− þ H:c:
(iii) Case III. Weak doublet induced OLR operator:

ν̄LaeRbHþ þ H:c:,
here the superscript c denotes the charge conjugation
transformation, and the subscript L(R) represent the left-
handed (right-handed) component. We investigate the pos-
sibility of resolving the ðg − 2Þμ anomaly and the τ → μνν̄
decay issue associated with the maximal flavor-violating Z0
interaction under three different scenarios involving singly
charged scalars. Our analysis indicates that only case II
effectively resolves the conflict, while case I worsens the
issue, and case III maintains an approximate situation
comparable to the original Z0 interaction.
The layout of this article is given as follows: Section II

outlines the constraints on the flavor-conserving Uð1ÞLμ−Lτ

model, then constructs the maximal off-diagonal Z0 inter-
actions, and analyzes the viable parameter space for
ðg − 2Þμ, τ → μZ0 and τ → μνν̄. Section III explores the
possibility of expanding the Z0 parameter range by intro-
ducing singly charged scalars across three different scenar-
ios and further analyzes the associated phenomenology.
Section IV draws our conclusion.

II. THE Uð1ÞLμ −Lτ
MODEL WITH FLAVOR-

CONSERVING OR -CHANGING Z0 INTERACTION

The gauge group of the model is SUð3ÞC × SUð2ÞL ×
Uð1ÞY ×Uð1ÞLμ−Lτ

with the corresponding coupling con-
stants gs, g, g0 and g̃, respectively. The left-handed leptons
LL¼ðνL;lLÞT ¼ðLL1

;LL2
;LL3

Þ, the right-handed charged
leptons, lR ¼ ðlR1

; lR2
; lR3

Þ have SUð3ÞC×SUð2ÞL×Uð1ÞY
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quantum numbers ð1; 2;−1=2Þ and ð1; 1;−1Þ, respectively.
Here the subscripts 1,2,3 correspond to different gener-
ations. The first, second and third generations transform
under the gauged Uð1ÞLμ−Lτ

as 0; 1;−1, respectively. The
corresponding charges for all particles in our model are
collected in Table I.
In this section, we first analyze the flavor-conserving

Uð1ÞLμ−Lτ
Z0 interaction and its associated phenomenology,

including ðg − 2Þμ and neutrino trident process. We then
proceed with the model construction for maximal flavor-
changing Z0 interactions and explore the viable parameter
regions by considering constraints from τ → μνν̄ and
τ → μZ0 decays.

A. Flavor-conserving Z0 interaction

In the simplest Uð1ÞLμ−Lτ
model, the Z0 gauge boson of

the model only interacts with leptons in the weak inter-
action basis [9,49]

LZ0 ¼ −g̃ðμ̄γμμ − τ̄γμτ þ ν̄μγ
μLνμ − ν̄τγ

μLντÞZ0
μ; ð1Þ

where LðRÞ ¼ ð1 − ðþÞγ5Þ=2. Note that the interaction in
Eq. (1) is fully flavor-conserving one. The vector-type
couplings will contribute to muon ðg − 2Þμ by exchanging
Z0 at one loop level [50] as shown in Fig. 1(a),

ΔaZ0
μ ¼ g̃2

8π2
m2

μ

m2
Z0

Z
1

0

2x2ð1 − xÞdx
1 − xþ ðm2

μ=m2
Z0 Þx2 : ð2Þ

In the limit mZ0 ≫ mμ, ΔaZ
0

μ ¼ ðg̃2=12π2Þðm2
μ=m2

Z0 Þ. While
the experimental measurement of ðg − 2Þμ is uncontrover-
sial [2,51,52], the corresponding SM theory prediction is
subject to ongoing debate and research, approached
through three primary methods. The first approach is the
Muon (g − 2) Theory Initiative [53], which employed
dispersive techniques to extract the leading-order hadronic
vacuum polarization (HVP) contribution from eþe− →
hadrons data, resulting in a discrepancy of 5.1σ between
theory and experiment. In contrast, the BMW Lattice QCD
collaboration [54] in turn employed a first-principles lattice
QCD approach to calculate the HVP contribution to
ðg − 2Þμ, reducing the discrepancy to 1.6σ. To address
the discrepancy between the dispersive and lattice methods,

a new approach known as “window” observable theory
[4,5] has been proposed. This approach utilizes data-driven
techniques that are less susceptible to systematic uncer-
tainties, yielding a discrepancy of 3.8σ. The corresponding
discrepancies between each theory prediction and the
experimental measurement read [55,56]

Δaexp;datμ ¼ ð2.49� 0.48Þ × 10−9;

Δaexp;latμ ¼ ð1.05� 0.62Þ × 10−9;

Δaexp;datþlat
μ ¼ ð1.81� 0.47Þ × 10−9: ð3Þ

For a summary of the current status of the SM prediction for
ðg − 2Þμ, refer to Refs. [57,58]. In the following, we will use
the last one (window theory),ΔaWμ ¼ ð1.81� 0.47Þ × 10−9,
for our analysis.
If we further consider the kinetic mixing effects, the

relevant Lagrangian is

L ¼ −
1

4
BμνBμν þ σ

2
BμνZ0μν −

1

4
Z0
μνZ0μν; ð4Þ

here B and Z0 stand for the Uð1ÞY and Uð1ÞLμ−Lτ
gauged

fields, respectively. The parameter σ quantifies the mixing
strength with jσj < 0.1. The aforementioned kinetic mixing
will introduce a correction to the muon (g − 2) at second
order σ2 [18]

amix
μ ¼ g̃2

12π2
m2

μ

m2
Z

�
m2

Z

m2
Z −m2

Z0

�
2

σ2sin2θW: ð5Þ

FormZ0 > mZ and σ < 0.1, the kinetic mixing effect can be
ignored.
Besides, the Z0 exchange will produce a nonzero

contribution to the neutrino trident process (MNT): the
production of a μþμ− pair from the scattering of a muon-
neutrino with heavy nuclei vμ þ N → vμ þ N þ μþμ−. The
SM contribution includes electroweak W and Z boson as
shown in Figs. 1(c) and 1(d), described by the Lagrangian

LSM ¼ −
g2

16m2
W
μ̄γμð1þ 4s2W − γ5Þμv̄μγμð1 − γ5Þvμ: ð6Þ

here sW ¼ sin θW with weak Weinberg mixing angle θW .
The Fierz transformation is employed to combine the Wand

TABLE I. particle contents of the model and corresponding charges under the gauged groups SUð3ÞC × SUð2ÞL×
Uð1ÞY ×Uð1ÞLμ−Lτ

. Here h�i ði ¼ 1; 2; 3Þ represent the singly charged scalars with (h�i ;Δ�
i ; H

�
i ) for three different scenarios.

Gauge group L1L L2L L3L e1R e2R e3R H1 H2 H3 S h�1 h�2 h�3
SUð3ÞC 1 1 1 1 1 1 1 1 1 1 1 1 1
SUð2ÞL 2 2 2 1 1 1 2 2 2 1 1 1 1
Uð1ÞY −1=2 −1=2 −1=2 −1 −1 −1 1=2 1=2 1=2 0 1 1 1

Uð1ÞLμ−Lτ
0 1 −1 0 1 −1 0 2 −2 1 0 2 −2
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Z contribution. In the heavy Z0 limit with GeV scale, the Z0
model gives the correction to the cross section in Fig. 1(b) as

σZ0

σSM

����
trident

¼ ð1þ 4s2W þ 8g̃2m2
W=g

2m2
Z0 Þ2 þ 1

1þ ð1þ 4s2WÞ2
; ð7Þ

The current ratio is measured by three experiments
with [59–61],

σðvμ→vμμþμ−Þexp
σðvμ→vμμþμ−ÞSM

¼

8>><>>:
1.58�0.57 ðCHARM− IIÞ
0.82�0.28 ðCCFRÞ
0.72þ1.73

−0.72 ðNuTeVÞ
: ð8Þ

The above gives the weighted average data 0.95� 0.25.
However, the above neutrino trident data excluded the large
Z0 mass case for resolving the ðg − 2Þμ anomaly. In the
following we show the relevant details.
Assuming the difference Δaμ is due to ΔaZ0

μ , we have
g̃2=m2

Z0 ¼ ð1.92� 0.50Þ × 10−5 GeV−2. Inserting this into
Eq. (7), we obtain σZ0=σSM ¼ 4.05 which is several times
larger than experimentally allowed upper bounds [59–61].
In this context, Z0 contribution to MNT process should be
lowered to a factor 20 to be within the one sigma range of
the weighted average 0.95� 0.25 from the above three
data.
Therefore, the neutrino trident data constrain the

upper limit of mZ0 to be less than 300 MeV [12,18]. And

NA64μ further provides stronger constraints around
mZ0 < 40 MeV [19].
Therefore, we attempt to find the ways to evade these

stringent constraints. If there is a mixing θ between μ and τ,
the MNT process will be suppressed by a factor of θ2, and
simultaneously the parameter g̃2=m2

Z0 is suppressed by the
factor θ2mτ=mμ. This reduction in the parameter can lessen
the MNT constraint. However, with both flavor-diagonal
and off-diagonal Z0 couplings to μ and τ, lepton flavor
violating (LFV) processes, such as τ → μγ and τ → 3μ, will
be induced. These processes impose very stringent
constraints, making it impossible for the mixing model
to explain the ðg − 2Þμ anomaly [18]. Therefore, if the
flavor-conserving interaction described in Eq. (1) can be
converted into a purely flavor-changing interaction, the
stringent bounds from neutrino trident and NA64μ could be
avoided while still prohibiting lepton flavor violating
(LFV) processes. Fortunately, such a purely flavor-
changing interaction can be realized as proposed some
time ago [20]. In the proceeding subsection, we will present
the ultraviolet (UV) realization of Uð1ÞLμ−Lτ

with the
maximal off-diagonal Z0 interaction.

B. Flavor-changing Z0 interaction

The off-diagonal Z0 interaction can be realized by
introducing new scalar particles, as shown in Refs. [20,22].
In order to construct the maximal flavor-changing Z0

FIG. 1. The Feynman diagrams for ðg − 2Þμ and neutrino trident processes with flavor-conserving Z0 interaction. The last two
diagrams (c,d) represent the SM contribution mediated by W and Z bosons, respectively.
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interaction, three Higgs doublets H1;2;3∶ ð1; 2; 1=2Þ
(hHii ¼ vi=

ffiffiffi
2

p
) with Uð1ÞLμ−Lτ

charges (0; 2;−2) are

introduced. These contribute to m2
Z0 ¼ 4g̃2ðv22 þ v23Þ, with

the vev below 4m2
W=g

2, implying that the Z0 mass cannot be
too large. Therefore, a singlet scalar Sð1; 1; 0Þð1Þ with vev
vs=

ffiffiffi
2

p
is introduced to raise the Z0 mass, given by

m2
Z0 ¼ g̃2ðv2s þ 4v22 þ 4v23Þ. In this case, Z0 can have an

arbitrarily mass depending on the values of v and vs. At the

electroweak scale Uð1ÞLμ−Lτ
Z0 has been shown to be

allowed by experimental data [62].
In addition, a discrete exchange symmetry is imposed

such that Z0 → −Z0, H1 ↔ H1 and H2 ↔ H3 with
v2 ¼ v3 ¼ v. The unbroken symmetry forbids the kinetic
mixing terms in Eq. (4). Moreover, it simplifies the Yukawa
couplings y22 ¼ y33 and y23 ¼ y32. Under this symmetry,
the Z0 interaction and Yukawa terms to leptons are given by

LH ¼ −g̃ðl̄2γμLl2 − l̄3γμLl3 þ ē2γμRe2 − ē3γμRe3ÞZ0
μ

− ½Yl
11l̄1Re1 þ Yl

22ðl̄2Re2 þ l̄3Re3Þ�H1 − Yl
23ðl̄2Re3H2 þ l̄3Re2H3Þ þ H:c: ð9Þ

The Yukawa couplings in the second line are nondiagonal, necessitating a transformation to realize the diagonalization. The
transformation between the lepton mass eigenstates and weak eigenstate basis is given by�

μ

τ

�
¼ 1ffiffiffi

2
p
�
1 −1
1 1

��
e2
e3

�
;

�
νLμ

νLτ

�
¼ 1ffiffiffi

2
p
�
1 −1
1 1

��
νL2

νL3

�
: ð10Þ

In the new basis, the Z0 interactions with leptons become the following form as desired,

LZ0 ¼ −g̃ðμ̄γμτ þ τ̄γμμþ ν̄μγ
μLντ þ ν̄τγ

μLνμÞZ0
μ: ð11Þ

Therefore, we realize the purpose of converting the flavor-conserving Z0 interactions in Eq. (1) into flavor-changing Z0
interactions in Eq. (11). Note that the additional neutral and charged Higgs fields from H1;2;3 are regarded as sufficiently
heavy such that their corresponding physical effects can be neglected.
The maximal off-diagonal Z0 interaction also contributes to ðg − 2Þμ, with tau leptons running in the one-loop diagram, as

shown in Fig. 2(a). The contribution is [50]

Δaμ ¼
g̃2Z0m2

μ

4π2

Z
1

0

dx
ðx − x2Þðxþ 2mτ

mμ
− 2Þ − ðmτ−mμÞ2

2m2

Z0
ðx3 − x2ð1þ mτ

mμ
ÞÞ

m2
μx2 þm2

Z0 ð1 − xÞ þ xðm2
τ −m2

μÞ
: ð12Þ

In the limits of mZ0 ≫ mμ, it can be simplified as

Δaμ ¼
g̃2Z0m2

μ

4π2

Z
1

0

dx
ðx − x2Þðxþ 2mτ

mμ
Þ

m2
Z0 ð1 − xÞ ¼ g̃2Z0m2

μ

12π2m2
Z0

�
−2þ 3mτ

mμ

�
: ð13Þ

Compared to Eq. (2), there is an enhancement factor ð3mτ=mμ − 2Þ to Δaμ, which reduces the value
g̃2=m2

Z0 ¼ ð3.96� 1.03Þ × 10−7 GeV−2. Additionally, the constraint from neutrino trident process do not apply since

FIG. 2. The Feynman diagrams for ðg − 2Þμ and τ → μνν with maximal flavor-changing Z0 interaction.
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Z0 cannot induce a muon pair μþμ−. For small Z0 case, we
should use the full expression to obtain the corresponding
contribution [20].
The Z0 decay width can be calculated from the maximal

flavor-changing interaction,

ΓðZ0 → μ�τ∓Þ ¼ g̃2Z0

24π

1

m5
Z0
ðm2

Z0 −m2
τÞ2ð2m2

Z0 þm2
τÞ;

ΓðZ0 → νμðτÞν̄τðμÞÞ ¼
g2Z0mZ0

24π
: ð14Þ

here we ignore the muon mass. The corresponding
decay widths are shown in Fig. 3. We found that the decay
Z0 → μτ only applies for the case of mZ0 ≥ mμ þmτ. It
becomes apparent that the two decay channels become
comparable when mZ0 is significantly larger than mμ þmτ.
In the limit of mZ0 ≫ mτ, the decay width into neutrinos is
half that of the charged lepton decay due to only the left-
handed neutrinos,

2BðZ0 → νμðτÞν̄τðμÞÞ ¼ BðZ0 → μ�τ∓Þ: ð15Þ

This corresponds to BrðZ0 → νμðτÞν̄τðμÞÞ ¼ 1=3 or 1, which
depends on whether the process Z0 → μτ can happen or not.
The above maximal off-diagonal Z0 interaction in

Eq. (11) can induce the decay τ → μνν̄ with off-shell or
on-shell Z0 boson as shown in Fig. 2(b). For the case of
mZ0 ≥ mτ þmμ, it corresponds to BrðZ0 → νμντÞ ¼ 1=3. In
this case, the main experimental constraint is from the
decay τ → μν̄ν by the off-shell Z0 boson. Including the SM
W and the new Z0 contributions, the effective Lagrangian
LWþZ0 as

LWþZ0 ¼ −
g2

2m2
W
ν̄τγ

μLνμμ̄γμLτ

þ g̃2

m2
τ −m2

Z0
ðν̄τγμLνμ þ ν̄μγ

μLντÞμ̄γμτ; ð16Þ

here we choose q2 ¼ m2
τ . And we consider the family

lepton-number preserving three-body decay τ → μν̄μντ and
the family lepton number violating decay τ → μν̄τνμ at the
same time since the neutrino flavor of final states is
indistinguishable in the experimental measurement.
The current experimental measurements are in terms of

the ratio as

Rτ
μe ¼

Γðτ− → μ−ντν̄μÞ
Γðτ− → e−ντν̄eÞ

: ð17Þ

The corresponding SM predictions [63] and experimental
values [64] from HFLAV collaboration global fit

Rτ
μejSM¼0.972564�0.00001; Rτ

μejexp¼0.9761�0.0028;:

ð18Þ

Recently, Belle-II updates the result as Rτ
μejBelle ¼

0.9675� 0.0007� 0.0036 [65]. The above two experi-
mental results can be combined into the average weighted
value Rτ

μejaver ¼ 0.972968� 0.002233. Because our model
does not affect τ → eντν̄e, the ratio can be transformed as

Rτ
exp ≡ Γðτ− → μ−ν̄μντÞ

Γðτ− → μ−ν̄μντÞSM
¼ 1.00042� 0.00230: ð19Þ

The interaction in Eq. (16) will contribute the decay
τ → μνν̄ as [20,66]

FIG. 3. The Z0 decay width with three different parameters, g̃ ¼ 10−4 (blue), g̃ ¼ 10−3 (orange) and g̃ ¼ 10−2 (green). The solid and
dashed lines mean ΓðZ0 → μ�τ∓Þ and ΓðZ0 → νμðτÞν̄τðμÞÞ, respectively.
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Rτ ¼ 1þ g̃2

g2
4m2

W

m2
Z0

f

�
m2

τ

m2
Z0

�
þ g̃4

g4
4m4

W

m4
Z0

g

�
m2

τ

m2
Z0

�
ð20Þ

with the functions

fðzÞ ¼ 2

z4

�
5

6
z3 þ 2z2 − 2z − ð1 − zÞ2ð2þ zÞ logð1 − zÞ

�
;

ð21Þ

gðzÞ ¼ 2

z4
½−z3 − 3z2 þ 6zþ 6ð1 − zÞ logð1 − zÞ�: ð22Þ

here we consider the momentum transfer for mZ0 of the
order of the tau mass. In the limit of mZ0 ≫ mτ, we can
obtain limz→0 fðzÞ ¼ 1 and limz→0 gðzÞ ¼ 1.
Further, Rτ can constrain the model parameters.

Unfortunately, data fromRτ ¼ 1.00042� 0.00230, excludes
the total parameter regions bymore than5σ level if required to
solving the ðg − 2Þμ anomaly simultaneously.
For the case of mZ0 ≤ mτ −mμ, the main process is the

tau invisible decay of τ → μZ0 due to the kinetic allowed
requirement. The corresponding decay width is

Γðτ → μZ0Þ ¼ g̃2Z0m3
τ

16πm2
Z0

�
1þ 2m2

Z0

m2
τ

��
1 −

m2
Z0

m2
τ

�
2

: ð23Þ

here the muon mass is neglected. The current experimental
upper limit is Brðτ → μZ0Þ < 6 × 10−4 at 95% CL [67],
which can constrain our model parameters. Besides, the on-
shell Z0 can further decay into νμðτÞν̄τðμÞ with the branching
ratio equal to one. In this case, the constraint from
Brðτ → μZ0Þ is much stronger than Rτ.
By combining the constraints from ðg − 2Þμ,

Brðτ → μZ0Þ, and Rτ, we plot the corresponding parameter
regions, as illustrated in Fig. 4. The black line and green
region represent the allowed parameter ranges for ðg − 2Þμ,
corresponding to the central value and within the 2σ range.
The orange and blue regions mean the excluded areas due
to the decays τ → μZ0 and τ → μνν̄, respectively. We find
that the decay τ → μZ0 only applies in the case where
mZ0 < mτ −mμ. The most stringent constraints arise from
the decay τ → μνν̄, which exclude the entire parameter
space formZ0 > mτ −mμ. This indicates that the aμ allowed
region only exists in the case of smallmZ0 . In order to avoid
the stringent bounds, we attempt to introduce new inter-
actions involving singly charged scalar in the following
section.

III. NEW EFFECTS INDUCED BY SINGLY
CHARGED HIGGS

In the previous section, we identified that the most
stringent constraint on the interaction arises from the decay

τ → μνν̄, which is induced by the maximal off-diagonal Z0
neutral current. In order to weaken this constraints, we
attempt to introduce new interactions. Analogous to the
neutral and charged currents in SM, we propose introduc-
ing a singly charged scalar that can mediate the process
τ → μνν̄ through charged current interactions.
In general, introducing singly charged scalars can lead to

three different scenarios: a weak singlet scalar (case I), a
triplet scalar (case II), and a doublet scalar (case III). The
corresponding operator is described as

Lh� ¼ CLLν̄LaecLbh
− þ CLRν̄LaeRbhþ þ H:c: ð24Þ

In the context of renormalizable theories, the LL operator in
the first term arises from gauge-invariant leptonic inter-
actions involving either a weak singlet or a triplet, while the
LR operator in the second term is realized when the
interaction involves a doublet. Furthermore, both operators
can also be generated within effective field theories where
the heavy states have been integrated out.
For the singly charged Higgs, the contribution to lepton

ðg − 2Þl is expressed as [50]

FIG. 4. The allowed parameter regions for the maximal flavor-
changing Z0 model. The green region means the ðg − 2Þμ allowed
ranges within 2σ errors and black line represents the central value
of aμ ¼ 1.81 × 10−9. For small mZ0 region, the decay τ → μZ0

excludes the region in orange. For mZ0 > mτ −mμ, the decay
τ → μνν̄ excludes the region in blue.
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al ¼
−qhþm2

l

8π2

Z
1

0

dx
C2
sðx3 − x2 þ mF

ml
ðx2 − xÞÞ þ C2

pðx3 − x2 − mF
ml

ðx2 − xÞÞ
m2

l x
2 þ ðm2

hþ −m2
l Þxþm2

Fð1 − xÞ : ð25Þ

here mF means the fermion mass running in the loop. qhþ
means the carried electric charge in unit of positron e.
The coupling is defined as Cs ¼ CLLþCLR

2
and Cp ¼ CLR−CLL

2
.

If only one term in Eq. (24) is present, regardless of
whether it is case I, II, or III, it will lead to
C2
s ¼ C2

p ¼ C2
LLðLRÞ=4.

For the large mhþ with hundreds of GeV as required by
the current collider constraints, the expression can be
further simplified to

al¼
m2

l

32π2
C2
LLðLRÞ

Z
1

0

dx
2ðx3−x2Þ
m2

hþx
¼−

1

96π2
m2

l

m2
hþ
C2
LLðLRÞ:

ð26Þ

We found that the singly charged Higgs results in a
negative contribution to ðg − 2Þl, which is opposite to
the positive contribution from maximal off-diagonal Z0
interactions.
Note that in Eq. (26), we retain the general expression for

charged fermions, as the singly charged Higgs can
contribute to ðg − 2Þl for fermions of other generations.
For the experimental measurement of ðg − 2Þμ, it has been
discussed in Eq. (3). Regarding the case of ðg − 2Þe, the
current status remains unclear, as the most precise mea-
surements of the fine structure constant α are not in
agreement. The latest measurement of ðg − 2Þe [68] is in
tension with the SM prediction by either þ2.2σ or −3.7σ
[69], depending on whether the fine-structure constant α
obtained from Rb [70] or Cs [71] is used as input

rubidium∶ ΔaeðRbÞ¼ð34þ16Þ×10−14; 2.2σ;

cesium∶ ΔaeðCsÞ¼ð−101þ27Þ×10−14; −3.7σ; ð27Þ

Due to the negative contribution from the singly charged
Higgs, we use the experimental values from cesium,
ΔaeðCsÞ, for the analysis that follows. For ðg − 2Þτ,
the current experimental values have large uncertainties:
aτ ¼ 0.0009þ0.0032

−0.0031 (CMS [72]), with the SM prediction
aSMτ ¼ ð1.17721� 0.00005Þ × 10−3 [73]. Therefore, we
do not consider ðg − 2Þτ in our analysis.

In this section, we will analyze the possibility that
whether the singly charged Higgs can reconcile the
discrepancy from maximal flavor-violating Z0 inter-
actions between ðg − 2Þl and τ → μνν̄ in the three different
cases mentioned above. In order to maintain the
discrete exchange symmetry 1 ↔ 1 and 2 ↔ 3, we intro-
duce three new scalars withUð1ÞLμ−Lτ

charges of (0; 2;−2),
respectively.

A. Singly charged Higgs from weak singlet (case I)

For the LL operator in Eq. (24), there are two distinct
contributions, generated by singlet and triplet scalars.
Firstly, we focus on the case of singly charged Higgs from
weak singlet. In this case, the Yukawa interaction with
lepton pairs can be written directly as

Lhþ ¼ yabLc
Laiσ

2LLbhþ þ H:c:

¼ yabðνcLa; ecLaÞ
�

0 1

−1 0

��
νLb

eLb

�
hþ þ H:c:

¼ yabðνcLaeLbhþ − ecLaνLbh
þÞ þ H:c: ð28Þ

here LL denotes the lepton doublet and σ2 means the pauli
matrix. The existence of Clebsch factor iσ2 generates the
antisymmetric feature for the Yukawa coupling yab. The
antisymmetry makes yaa ¼ 0, which results in the disap-
pearance of the same lepton flavors.
Due to the definitionψc ¼ cψ̄T with charge conjugation c

and fermion ψ , one can naturally prove the relations of
ψc
i PLψ j ¼ ψc

jPLψ i. Therefore, Eq. (28) can be expressed as

Lhþ ¼ yabðνcLaeLb − νcLbeLaÞhþ þ H:c: ð29Þ

In order to maintain the discrete symmetry 1 ↔ 1 and
2 ↔ 3, we introduce three different singly charged singlet
Higgs hþ1;2;3 with the corresponding Uð1ÞLμ−Lτ

charges
(0; 2;−2), respectively. The antisymmetric Yukawa cou-
pling cancels the contributions from h�2;3, leaving only the
effect from h�1 , with the interaction given by

Lhþ ¼ 2y23ðνcL2eL3 − νcL2eL3Þhþ1 þ H:c:

¼ y23ðνcLμ μcLτÞ
�
1 −1
1 1

��
0 y23h

þ
1

−y23hþ1 0

��
1 1

−1 1

��
νLτ

τLτ

�
þ H:c:

¼ y23h
þ
1 ð−μcLντL þ νcLμτL − νcLτμL þ τcLνLμÞ þ H:c:; ð30Þ

here in the second line we use the transformation in Eq. (10) between the weak eigen-states and mass eigen-states.
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From Eq. (30), we find that h�1 mediates only flavor-
changing interactions. Consequently, it does not produce
μþμ− pairs in the neutrino trident process, and thus h�1 does
not contribute to this process.
The interaction described in Eq. (30) contributes to

ðg − 2Þμ at the one-loop level, as shown in the left panel
of Fig. 5. By using the general expression in Eq. (26) with
l ¼ μ, one can obtain the contribution to ðg − 2Þμ in the
limit of large mhþ

1
,

aμ ¼ −
1

96π2
m2

μ

m2
hþ
1

4y223 ¼ −
1

24π2
m2

μ

m2
hþ
1

y223; ð31Þ

here we use the relation μcLντL ¼ τcLνμL to obtain the 4 times
enhancement.
Similarly, the h−1 couplings in Eq. (30) can induce the

decay τ → μνν̄ at the tree level with the amplitude as shown
in the right panel of Fig. 5,

Lh−
1
¼−

4y223
m2

hþ
1

ν̄cμLτLμ̄Lν
c
τ ¼−

2y223
m2

hþ
1

μ̄Lγ
μPLτLν̄τγμPLνμ: ð32Þ

here in the second equation we use the Fierz transformation
and νci γ

μPRν
c
j ¼ −νjγμPLνi.

Combining with the contribution in Eq. (16) fromWand
Z0 boson, we can obtain the total amplitude Mtotal as

Mtotalðτ → μνν̄Þ ¼
�
−

g2

4m2
W
þ g̃2

m2
τ −m2

Z0
−

y223
m2

hþ
1

�
μ̄γμτν̄τγμPLνμ −

�
−

g2

4m2
W
−

y223
m2

hþ
1

�
μ̄γμγ5τν̄τγμPLνμ −

g̃2

m2
Z0
μ̄γμτν̄μγμPLντ;

ð33Þ

Note that the total amplitude indicates that the new charged singlet will further enhance the effects of the SMW boson and
Z0 boson for largemZ0 due to their same alignment in sign. This exacerbates the discrepancy between ðg − 2Þμ and τ → μνν̄.
Consequently, this will affect the ratio Rτ as

Rτ ¼
�
1þ 4m2

W

g2
y223
m2

hþ
1

�
2

þ g̃2

g2
4m2

W

m2
Z0

�
1þ 4m2

W

g2
y223
m2

hþ
1

�
f
�
m2

τ

m2
Z0

�
þ g̃4

g4
4m4

W

m4
Z0

g
�
m2

τ

m2
Z0

�
: ð34Þ

The presence of the term y223=m
2
hþ
1

further increases the
predicted value ofRτ, which is excluded by the experimental
value Rτ

exp.
Based on the above analysis, we plot the corresponding

parameter regions as shown in Fig. 6. The black line and
green region represent the ðg − 2Þμ allowed ranges: the
black line indicates the central value of aμ ¼ 1.81 × 10−9,
while the green region represents the range within 2σ
errors. For the region of small mZ0 , the decay τ → μZ0
excludes the orange region. For mZ0 > mτ −mμ, the decay
τ → μνν̄ excludes the blue region. In Fig. 6(a), we illustrate
the effect of two different charged Higgs parameters,
y23=mhþ

1
¼7×10−3GeV−1 and y23=mhþ

1
¼7×10−5 GeV−1,

on the results. We find that as y23=mhþ
1

increases, the

allowed region for aμ shifts upward and becomes narrower.

This occurs because the opposing contributions from the
maximal flavor-changing Z0 and the singly charged Higgs

hþ1 compete with each other. In Fig. 6(b), we illustrate the
case of large mZ0 using the formula in Eq. (13). This
indicates that the allowed region for ðg − 2Þμ is entirely

excluded by the decay τ → μνν̄.
Therefore, we find that the singly charged Higgs hþ1 from

a weak singlet cannot reconcile the discrepancy between
ðg − 2Þμ and τ → μνν̄ in the large mZ0 case. Furthermore,
the introduction of hþ1 will increase the Z0 coupling
parameter g̃ by a factor of approximately 2 if it is required
to explain the positive experimental value aexpμ .

FIG. 5. The corresponding Feymann diagram contribution for singly charged Higgs from weak singlet. The left panel means the muon
ðg − 2Þμ mediated by hþ1 . The right panel means the decay process τ → μνμντ mediated by h−1 .
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B. Singly charged Higgs from
weak triplet (case II)

In this part, we focus on another LL operator in Eq. (24)
that is induced by a weak triplet scalar. The corresponding
Yukawa coupling term can be expressed by

L¼yabðνcLa;ecLaÞiσ2
� Δþffiffi

2
p Δþþ

Δ0 −Δþffiffi
2

p

��
νLb

eLb

�
þH:c:

¼yab

�
νcLaΔ0νLb−

Δþffiffiffi
2

p ðecLaνLbþνcLaeLbÞ−ecLaeLbΔþþ
�

þH:c:; ð35Þ

By focusing solely on the singly charged Higgs
interaction, we find a positive sign of ecLaνLb þ νcLaeLb,
which differs significantly from the negative contribution
in the singlet case. This indicates that for the same
flavor (a ¼ b), the Yukawa couplings do not vanish,
L ¼ −

ffiffiffi
2

p
yaaνcLaeLaΔþ þ H:c:.

Similarly, three triplets Δ1ð0Þ, Δ2ð2Þ, and Δ3ð−2Þ
are introduced to ensure the discrete exchange symmetry
1 ↔ 1 and 2 ↔ 3. Here the numbers in parentheses denote
the corresponding Uð1ÞLμ−Lτ

charges. This discrete sym-
metry also implies mΔþ

2
¼ mΔþ

3
. Therefore, the Yukawa

coupling terms can be expressed as

L ¼ −
ffiffiffi
2

p

2
ð νce; νcμ; νcτ Þ

0BB@
2y11Δþ

1 0 0

0 y22Δþ
2þ3 − 2y23Δþ

1 y22Δþ
2−3

0 y22Δþ
2−3 y22Δþ

2þ3 þ 2y23Δþ
1

1CCA
0B@ eL

μL

τL

1CAþ H:c:;

−
1

2
ð ec; μc; τc Þ

0BB@
2y11Δþþ

1 0 0

0 y22Δþþ
2þ3 − 2y23Δþþ

1 y22Δþþ
2−3

0 y22Δþþ
2−3 y22Δþþ

2þ3 þ 2y23Δþþ
1

1CCA
0B@ eL

μL

τL

1CAþ H:c: ð36Þ

FIG. 6. The allowed parameter regions for the maximal flavor-changing Z0 models with singly charged Higgs from weak singlet (case I).
The black line and green region represent the ðg − 2Þμ allowed ranges for the central value of aμ ¼ 1.81 × 10−9 and within 2σ errors,
respectively. For small mZ0 region, the decay τ → μZ0 excludes the region in orange. FormZ0 > mτ −mμ, the decay τ → μνν̄ excludes the
region in blue. (a) shows the log½mZ0=GeV� − log½g̃� plane with two different charged scalar parameters, y23=mhþ

1
¼ 7 × 10−3 GeV−1 and

y23=mhþ
1
¼ 7 × 10−5 GeV−1. (b) shows the log½g̃=mZ0 ðGeV−1Þ� − log½y23=mhþ

1
ðGeV−1Þ� plane for the large mZ0 case.

FEI HUANG and JIN SUN PHYS. REV. D 110, 115047 (2024)

115047-10



where Δþ;þþ
2þ3 and Δþ;þþ

2−3 represent Δþ;þþ
2 þ Δþ;þþ

3 and
Δþ;þþ

2 − Δþ;þþ
3 , respectively. Here, we use the transforma-

tion given in Eq. (10) to relate the weak eigenstates to the
mass eigenstates. Note that Δþ

1 mediates only flavor-
conserving interactions, whereas Δþ

2;3 can mediate both
flavor-conserving and flavor-changing interactions be-
tween tau and muon leptons. The different signs in the
diagonal and off-diagonal terms for Δþ

2;3 cancel each other
out, as seen in processes such as τ → μγ.
Note that we also include the couplings for doubly

charged Higgs Δþþ
i since they could affect the certain

physical processes. As mentioned in Appendix, the
mass differences between singly charged and doubly
charged scalars depend on the vacuum expectation value
ṽi, which is constrained by EW ρ parameter to satisfy
ṽi < Oð1Þ GeV [67]. Consequently, the masses for Δþ

i and
Δþþ

i are approximately degenerate, necessitating the con-
sideration of their corresponding physical effects. Current
collider constraints place the lower bound on the doubly
charged scalar mass at approximately 800 GeV [74] (84 GeV
[75]), depending on the dominant decay modes Δþþ →
lþlþ (Δþþ → WþWþ). For the degenerate case with
ṽi ∼ OðGeVÞ, collider constraints have already excluded
doubly charged scalar masses below 420 GeV [76].
Additionally, the doubly charged scalars will contribute to

lepton ðg − 2Þl as shown in Fig. 7 with total effects
as [50]

al ¼ −
2m2

l

96π2
C2
LL

m2
Δþþ

−
m2

l

48π2
C2
LL

m2
Δþþ

¼ −
m2

l

24π2
C2
LL

m2
Δþþ

; ð37Þ

here the first and second term corresponds to the lower left
and lower right panel in Fig. 7, respectively.
Besides, the Δþ

1 can generate the electron ðg − 2Þe as
shown in the upper left panel of Fig. 7. By choosing l ¼ e

in the general expression in Eq. (26) and combining the
effects from doubly charged scalars in Eq. (37), we obtain
the total contribution as

ae ¼ −
m2

e

96π2
2y211
m2

Δþ
1

−
m2

e

24π2
y211
m2

Δþþ
1

¼ −
y211
16π2

m2
e

m2
Δþ

1

; ð38Þ

here 2y211 in the first equation comes from the coupling co-
efficient −

ffiffiffi
2

p
y1. And the second equation uses the degen-

erate conditionmΔþ
i
¼ mΔþþ

i
The experimental data aexpe ðCsÞ

constrains y211=m
2
Δþ

1

¼ ð0.61� 0.16Þ × 10−3 GeV−2.

For muon ðg − 2Þμ, it can be induced by Δ1;2;3 simulta-
neously as shown in the upper right panel of Fig. 7. The
corresponding total contributions with singly and doubly
charged scalars are

aμ ¼ −
1

96π2
m2

μ

m2
Δþ

1

2y223 −
1

96π2
m2

μ

�
y222

2m2
Δþ

2

þ y222
2m2

Δþ
3

�

× 2 −
m2

μ

24π2
y223
m2

Δþþ
1

−
m2

μ

24π2

�
y222

2m2
Δþþ

2

þ y222
2m2

Δþþ
3

�
× 2

¼ −
m2

μ

16π2
y223
m2

Δþ
1

−
m2

μ

16π2
y222
m2

Δþ
2

; ð39Þ

here the factor 2y223 in the first term and y222=2 in the second
term come from the coupling coefficient

ffiffiffi
2

p
y23 and

−y22=
ffiffiffi
2

p
. And the additional factor 2 in the second term

comes from the neutrino flavors ðνμ; ντÞ running in the
loop. Similar situation also applies to the case for doubly
charged scalars. The second equation uses the relations
mΔþ;þþ

2
¼ mΔþ;þþ

3
to simplify the results.

FIG. 7. The electron ðg − 2Þe and muon ðg − 2Þμ for singly charged and doubly charged Higgs from weak triplet.
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The above interaction in Eq. (36) can induce the neutrino trident νμ þ N → νμ;τ þ N þ μþμ− at tree-level as shown in the
right panel of Fig. 8. The interaction term,

ffiffiffi
2

p
νcμðy22ðΔþ

2 þ Δþ
3 Þ=2 − y23Δþ

1 ÞμL þ H:c:, contributes to the corresponding
ratio as

σΔþ

σSM

����
trident

¼

�
1þ 4s2W − m2

W
g2 ð2

y2
22

m2

Δþ
2

þ 4y2
23

m2

Δþ
1

Þ
�
2

þ
�
1 − m2

W
g2 ð2

y2
22

m2

Δþ
2

þ 4y2
23

m2

Δþ
1

Þ
�
2

½ð1þ 4s2WÞ2 þ 1� ; ð40Þ

here we use the degenerate condition mΔþ
2
¼ mΔþ

3
required

by the discrete symmetry. We find that the Δþ contribution
will reduce the SM prediction, which makes σΔþ=σSM < 1.
Based on the averaged value 0.95� 0.25 from the exper-
imental results in Eq. (8), we can obtain the upper limit�

y2
22

m2

Δþ
2

þ 2y2
23

m2

Δþ
1

	
< 2 × 10−5 GeV−2.

Similarly, the interaction described in Eq. (36) also
induces the decay τ → μν̄ν as shown in the left panel of

Fig. 8. However, the process involving same-flavor neutrino
final states, τ → μν̄τντ þ μν̄μνμ, will not occur because Δþ

2;3

cannot mediate both flavor-conserving and flavor-changing
interactions simultaneously. Therefore, the only left decay
channels are τ → μν̄μντ þ μν̄τνμ. Combining with the con-
tributions from the SM W boson and Z0 described in
Eq. (16), we can obtain the total amplitudes as

Mtotalðτ → μνν̄Þ ¼
�
−

g2

4m2
W
þ g̃2

m2
τ −m2

Z0
þ y222
4m2

Δþ
2

�
μ̄γμτν̄τγμPLνμ −

�
−

g2

4m2
W
þ y222
4m2

Δþ
2

�
μ̄γμγ5τν̄τγμPLνμ

þ
��

y222
4m2

Δþ
2

þ g̃2

m2
τ −m2

Z0
−

y223
2m2

Δþ
1

�
μ̄γμτ −

�
y222

4m2
Δþ

2

−
y223

2m2
Δþ

1

�
μ̄γμγ5τ

�
νμγ

μPLντ: ð41Þ

Here, we find that Δþ
2;3 will weaken the contributions from

the SMW boson and large mass Z0 due to the opposite sign,
which is in stark contrast to the weak singlet case described
in Eq. (33). Additionally, Δþ

1 will further reduce the effects
of Δþ

2;3, as shown in the last line. In fact, the contribution in
the last line is proportional to the quartic couplings, which
are much smaller than those from the first two terms with
quadratic couplings. Correspondingly, the ratio Rτ can be
obtained as

Rτ ¼
�
1 −

4m2
W

g2
y222

4m2
Δþ

2

�
2

þ 4m2
W

g2
g̃2

m2
Z0

�
1 −

4m2
W

g2
y222

4m2
Δþ

2

�

× f

�
m2

τ

m2
Z0

�
þ g̃4

g4
4m4

W

m4
Z0

g

�
m2

τ

m2
Z0

�
: ð42Þ

here we simplify the expression by adopting the condition
mΔþ

2
¼ mΔþ

3
.

Similar to the decay τ → μνν mediated by Δþ
i , Δ

þþ
i can

also contribute to the decay τ → 3μ by converting neutrinos
into charged muons with

Brðτ → 3μÞ ¼ m5
τ ττ

3ð16πÞ3
�

y222
m2

Δþþ
2

−
y222
m2

Δþþ
3

�
2

¼ 0 ð43Þ

Fortunately, the exchange symmetry enforcesmΔþþ
2
¼mΔþþ

3
,

which prohibits the aforementioned decays. A similar
situation occurs in the decay τ → μγ.
Based on the preceding analysis, we plot the correspond-

ing parameter regions, as illustrated in Fig. 9. To simplify
the analysis and highlight the viable parameter regions, we

FIG. 8. The decay τ → μνν and neutrino trident process νμ þ N → νi þ N þ μþ þ μ− for singly charged Higgs from weak triplet.
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set y23 ¼ 0 to ensure the processes τ → eνν̄ and μ → eνν̄
unaffected because we choose nonzero y11 for ðg − 2Þe. If
we do not case about ae anomaly, alternative choices are

possible, such as y2
22

4m2

Δþ
2

¼ y2
23

2m2

Δþ
1

. The green regions represent

the ðg − 2Þμ values allowed within 2σ uncertainties.
In Fig. 9(a), we fix the charged Higgs parameter at
y22=mΔþ ¼ 10−3 GeV−1. The excluded regions for
τ → μZ0 (for small mZ0 ) and τ → μνν̄ (for mZ0 > mτ −mμ)
are shown in orange and blue, respectively. We find that
there are viable parameter ranges that reconcile the dis-
crepancy between ðg − 2Þμ and τ → μνν̄ across the entire
mZ0 range. In Fig. 9(b), we denote large mZ0 values,
on the order of hundreds of GeV. The neutrino trident
constraint excludes the parameter region for charged
Higgs, which is highlighted in yellow. The allowed
regions by ae, aμ, and τ → μνν̄, are shown in red, green,
and blue, respectively. We choose y11=mΔþ

1
¼ 25y22=mΔþ

2

to ensure the ae intersection of the intervals with aμ and
τ → μνν̄. We find that there are common regions, specifi-
cally y22=mΔþ ¼ð10−3.15−10−2.95ÞGeV−1 and g̃=mZ0 ¼
ð10−3.35−10−3.12ÞGeV−1, that can explain the ðg − 2Þe;μ
anomaly while satisfying the other constraints.
Therefore, we find that the singly charged Higgs Δþ

from weak triplet can reconcile the discrepancy between
ðg − 2Þμ and τ → μνν̄ in the case of largemZ0 . Furthermore,
it can also explain the electron ðg − 2Þe anomaly. This

suggests that the weak triplet scalar could play a crucial role
in studying the Z0 model.

C. Singly charged Higgs from weak
doublet (case III)

In this subsection, we analyze the LR operator case
presented in Eq. (24). Analogous to the SM Yukawa
coupling, the LR operator involving a singly charged scalar
and leptons can be readily realized with a new weak doublet
Higgs H0, which has

LLR ¼ gabL̄LaH0eRb þ H:c:

¼ gabðνLaH0þeRb þ eLaH00eRbÞ þ H:c:; ð44Þ

hereLL means the left-handed lepton doublet, and eR means
the right-handed charged lepton singlet. a; b ¼ 1; 2; 3
stands for the generation of leptons.
Actually, the LR operator can also be realized at

dimension-5 using only a singly charged singlet with

LLR
h� ¼ cab

Λ
lLaH̃eRbhþ þ H:c:;

⟶ LLR
h� ¼ cab

Λ
vffiffiffi
2

p ν̄LaeRbhþ þ H:c:; ð45Þ

here SM Higgs H̃ ¼ iσ2H�, and cab encodes the informa-
tion about new degrees of freedom with scale Λ. After
spontaneous symmetry breaking, we can naturally obtain

FIG. 9. The allowed parameter regions for the maximal flavor-changing Z0 models with singly charged Higgs from weak triplet (case
II). The red and green regions indicate the ðg − 2Þe and ðg − 2Þμ allowed ranges within 2σ errors, respectively. The excluded regions are
shown in orange and blue: τ → μZ0 for small mZ0 and τ → μνν̄ for mZ0 > mτ −mμ, respectively. (a) shows the log½mZ0=GeV� − log½g̃�
plane with y22=mΔþ ¼ 10−3 GeV−1. (b) shows the log½g̃=mZ0 ðGeV−1Þ� − log½y23=mΔþðGeV−1Þ� plane for the large mZ0 case.
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the required LR operator. Here v ¼ 246 GeV is SM Higgs vacuum expectation value.
Both methods outlined above can generate the required LR operator. Therefore, we will focus on the general expression,

given by

LLR
H� ¼ gabν̄LaeRbHþ þ H:c:; ð46Þ

Similarly, we can introduce three charged Higgs bosons: Hþ
1 ð0Þ, Hþ

2 ð2Þ, and Hþ
3 ð−2Þ, to preserve the discrete exchange

symmetry. The numbers in the bracket stand for the corresponding Uð1ÞLμ−Lτ
charges. Based on these Uð1ÞLμ−Lτ

charges,
we can construct the corresponding Yukawa coupling, given by

LLR ¼ g11ν̄L1eR1H
þ
1 þ g22ν̄L2eR2H

þ
1 þ g33ν̄L3eR3H

þ
1 þ g23ν̄L2eR3H

þ
2 þ g32ν̄L3eR2H

þ
3 þ H:c:

¼ ð ν̄L1; ν̄L2; ν̄L3 Þ

0BB@
g11H

þ
1 0

0 g22H
þ
1 g23H

þ
2

0 g23H
þ
3 g22H

þ
1

1CCA
0B@ eR1

eR2
eR3

1CAþ H:c: ð47Þ

In the second equation, we use the relation of the coupling constant g23 ¼ g32 and g22 ¼ g33 from the discrete exchange
symmetry. Furthermore, we use the diagonalized transformation in Eq. (10) between the charged lepton mass eigenstate and
flavor eigenstate basis. Then we can obtain the couplings as

LLR ¼ 1

2
ð ν̄Le; ν̄Lμ; ν̄LτÞ

0BB@
2g11H

þ
1 0 0

0 2g22H
þ
1 − g23H

þ
2þ3 g23H

þ
2−3

0 −g23Hþ
2−3 2g22H

þ
1 þ g23H

þ
2þ3

1CCA
0B@ eR

μR

τR

1CAþ H:c:; ð48Þ

with Hþ
2þ3 ¼ Hþ

2 þHþ
3 and Hþ

2−3 ¼ Hþ
2 −Hþ

3 . Note that Hþ
2;3 can mediate both the flavor-conserving and -changing

interactions between the tau and muon leptons, while Hþ
1 only has the flavor-conserving interactions. And the feature with

different sign in the diagonal and off-diagonal terms forHþ
2;3 cancels out each other, such as τ → μγ in Fig. 10.We find that the

neutrinos running the loop diagramare themuon νμ or tau neutrinos ντ, which both involve in diagonal and off-diagonal terms.
In this case, theHþ

1;2;3 can generate the lepton ðg − 2Þe;μ as shown in Fig. 11. Based on the general expression in Eq. (26),
the corresponding contribution is

FIG. 11. The charged lepton ðg − 2Þl from the charged Higgs Hþ
1;2;3 induced by weak doublet.

FIG. 10. The decay τ → μγ from the charged Higgs Hþ
1;2;3 induced by weak doublet.
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ae ¼ −
m2

e

96π2
g211
m2

Hþ
1

;

aμ ¼ −
m2

μ

96π2
g222
m2

Hþ
1

−
m2

μ

96π2

�
g223

4m2
Hþ

2

þ g223
4m2

Hþ
3

�
× 2

¼ −
m2

μ

96π2
g222
m2

Hþ
1

−
m2

μ

96π2
g223
m2

Hþ
2

: ð49Þ

For aμ, the factor g223=4 in the first equation is from the
coupling coefficient −g23=2, and the additional factor 2 is
due to the neutrino flavors ðνμ; ντÞ running in the loop. In
the second equation for aμ, we use the degenerate condition
mHþ

2
¼ mHþ

3
required by the discrete exchange symmetry.

The above interaction in Eq. (48) can induce the neutrino
trident νμ þ N → νi þ N þ μþμ− at tree-level by the inter-
action term νμðg22Hþ

1 − g23ðHþ
2 þHþ

3 Þ=2ÞμL þ H:c:, with
the corresponding Feynman diagram in Fig. 12.
As shown in Fig. 12, the second diagram will disappear

due to the opposite coupling sign for Hþ
2 and Hþ

3 .
Therefore, the only left diagram is the first one with the
Lagrangian as

LH ¼ −
�

g222
8m2

Hþ
1

þ g223
32m2

Hþ
2;3

�
μγμð1þ γ5Þμv̄μγμð1 − γ5Þvμ:

ð50Þ

This correspondingly results in the ratio as

σHþ

σSM

����
trident

¼

�
1þ 4s2W − m2

W
g2

�
2

g2
22

m2

Hþ
1

þ g2
23

m2

Hþ
2

��
2

þ
�
1þ m2

W
g2

�
2

g2
22

m2

Hþ
1

þ g2
23

m2

Hþ
2

��
2

½ð1þ 4s2WÞ2 þ 1� ; ð51Þ

Compared to the case in Eq. (40) induced byweak triplet, the
only difference is the positive sign in the second term.
Similarly, the averaged data 0.95� 0.25 from Eq. (8) can

constrain the upper limit ð2 g2
22

m2

Hþ
1

þ g2
23

m2

Hþ
2

Þ < 1 × 10−4 GeV−2.

The interaction in Eq. (48) also induces the decay
τ → μν̄ν as shown in Fig. 13. However, the process
involving in the same flavor neutrino final states,
τ → μν̄τντ þ μν̄μνμ, will disappear since the Hþ

2;3 cannot
mediate the flavor-conserving and -changing interactions
simultaneously. Therefore, the left decay channels are
τ → μν̄μντ þ μν̄τνμ as show in the left two Feynman dia-
grams in Fig. 13. Then we can the interaction Lagrangian as

LHþ ¼
�

g223
8m2

Hþ
2

þ g223
8m2

Hþ
3

−
g222

2m2
Hþ

1

�
ν̄LτγμPLνμμ̄Rγ

μPRτR

þ
�

g223
8m2

Hþ
2

þ g223
8m2

Hþ
3

�
ν̄LμγμPLντμ̄Rγ

μPRτR; ð52Þ

here we use the Fierz transformation ū1γμð1 − γ5Þu2ū3γμ
ð1þ γ5Þu4 ¼ − 1

2
ū1γμð1 − γ5Þū4ū3γμð1þ γ5Þu2. And we

found that the charged lepton is right-handed, which is
totally different from the case of LL operators.
When incorporating with the contribution from SM W

boson and Z0 in Eq. (16), we can obtain the total decay
amplitudes as

Mðτ → μνν̄Þ ¼
�
−

g2

4m2
W
þ g̃2

m2
τ −m2

Z0
þ g223
8m2

Hþ
2

−
g222

4m2
Hþ

1

�
ν̄τγμPLνμμ̄γ

μτ þ
�

g2

4m2
W
þ g223
8m2

Hþ
2

−
g222

4m2
Hþ

1

�
ν̄LτγμPLνμμ̄γ

μγ5τ

þ
��

g223
8m2

Hþ
2

þ g̃2

m2
τ −m2

Z0

�
μ̄γμτ þ

g223
8m2

Hþ
2

μ̄γμγ5τ

�
ν̄LτγμPLνμ: ð53Þ

FIG. 12. The neutrino trident production νμ þ N → νi þ N þ μþμ− from the charged Higgs Hþ
1;2;3 induced by weak doublet.
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Here we use the degenerate conditionmHþ
2
¼ mHþ

3
required by the discrete exchange symmetry. We found that the first two

lines about Hþ are canceled out at the order Oðg̃2=m2
HþÞ, and the Hþ contribution only appears in g̃4=m4

Hþ .
Correspondingly, the ratio can be characterized as

Rτ ¼ 1þ g̃2

g2
4m2

W

m2
Z0

f

�
m2

τ

m2
Z0

�
þ g̃4

g4
4m4

W

m4
Z0

g

�
m2

τ

m2
Z0

�
þ 4m4

W

g4
g̃2

m2
Z0

�
g223
m2

Hþ
2

−
g222
m2

Hþ
1

�
f

�
m2

τ

m2
Z0

�
þ 4m4

W

g4

��
g223

2m2
Hþ

2

−
g222
m2

Hþ
1

�
2

þ g423
4m4

Hþ
2

�
; ð54Þ

here we found this expression keeps the approximate form
with Eq. (20) for the maximal flavor-changing Z0 model
since the term g4=m4

Hþ is much suppressed. Thereby Hþ

induced by weak doublet keeps the same situation with
maximal Z0 model approximately.
Based on the above analysis, we plot the corresponding

parameter regions as shown in Fig. 14. For simplifying the
analysis to show the viable parameter regions, we choose
g22 ¼ 0 to avoid affecting τ → eνν̄ and μ → eνν̄ as a
nonzero g11 is selected to explain ðg − 2Þe. If ae is not a

concern, we can make other choice, such as g2
23

m2

Hþ
2

¼ g2
22

m2

Hþ
1

. The

green regions mean the ðg − 2Þμ allowed ranges within 2σ

errors. In Fig. 14(a), we fix the charged Higgs parameters
g23=mHþ ¼ 10−3 GeV−1. The excluded regions by τ → μZ0

(for smallmZ0 ) and τ → μνν̄ (formZ0 > mτ −mμ) are shown
in orange and blue, respectively. We find that, for large mZ0

on the GeV scale, the ðg − 2Þμ allowed region is completely
excluded by τ → μνν̄. Moreover, the figures approximately
match the regions observed in the maximal flavor-changing
Z0model, as shown in Fig. 4. In Fig. 14(b), we illustrate large
mZ0 values on the order of hundreds of GeV. The neutrino
trident constraint excludes the parameter region for the
charged Higgs, highlighted in yellow. The allowed regions
based on ae, aμ, and τ → μνν̄ are shown in red, green, and
blue, respectively. Similarly, here we choose y11=mΔþ

1
¼

40y22=mΔþ
2
to ensure the ae intersection interval with aμ or

τ → μνν̄. We find that there are no viable common regions
that can explain the ðg − 2Þe;μ anomaly while satisfying the
experimental constraints from τ → μνν̄.
Therefore, we find that singly charged Higgs boson Hþ

from weak doublet cannot reconcile the discrepancy
between ðg − 2Þμ and τ → μνν̄ in the case of large mZ0 .
Furthermore, it essentially maintains the same situation as

FIG. 13. The tau decay τ → μνν̄ from the charged Higgs Hþ
1;2;3 induced by weak doublet.
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the maximal flavor-changing Z0 model, since the contri-
bution from the charged Higgs is negligible in terms of
quartic couplings.

IV. SUMMARY

In this paper, we investigate theUð1ÞLμ−Lτ
Z0 model with

singly charged scalars and analyze the relevant phenom-
enology to determine the viable parameter regions. The
exchange of a Uð1ÞLμ−Lτ

Z0 gauge boson is a favored
mechanism for addressing the muon ðg − 2Þμ anomaly. The
simplest Uð1ÞLμ−Lτ

model features a flavor-conserving Z0

interaction given by ðμ̄γμμ − τ̄γμτ þ ν̄μLγ
μνμL − ν̄τLγ

μντLÞZ0
μ.

The diagonal Z0 interactions are stringently constrained by
muon neutrino trident and NA64μ experiments, which
impose an upper bound on the Z0 mass of approximately
mZ0 < 40 MeV. The kinetic mixing between the hyper-
charge Uð1ÞY and Uð1ÞLμ−Lτ

cannot significantly relax
these constraints. In fact, the bounds could be relaxed by
introducing mixing between μ and τ. However, this mixing
would induce lepton flavor-violating (LFV) processes,
making it impossible to resolve the ðg − 2Þμ anomaly. To
circumvent these constraints, we propose converting the
diagonal Z0 interaction into an off-diagonal one:
ðμ̄γμτ þ τ̄γμμþ ν̄μLγ

μντL þ ν̄τLγ
μνμLÞZ0

μ. This off-diagonal
Z0 interaction is referred to as the maximal flavor-violating

Uð1ÞLμ−Lτ
model. From the perspective of UV completion,

the maximal flavor-violating Uð1ÞLμ−Lτ
model can be

constructed by introducing three Higgs doublets with
Uð1ÞLμ−Lτ

charges of ð0; 2;−2Þ and imposing the discrete
exchange symmetries 2 ↔ 3 and Z0 → −Z0. The exchange
symmetries also forbid kinetic mixing effects. The corre-
sponding decay channels are Z0 → νμντ and Z0 → μτ,
which depend on the Z0 mass.
The maximal flavor-violatingUð1ÞLμ−Lτ

model induces τ
lepton decays, including the family lepton-number pre-
serving three-body decay τ → μν̄μντ and the family lepton
number violating decay τ → μν̄τνμ, due to indistinguishable
neutrino flavors. Current experimental data on τ → μνν̄
exclude the Z0 parameter regions allowed by the muon
ðg − 2Þμ for mZ0 > mτ −mμ, as shown in Fig. 4. In order to
reconcile the discrepancy between the muon ðg − 2Þμ and
τ → μνν̄, we attempt to introduce new interactions to
circumvent the stringent τ → μνν̄ constraints. Similar to
the SM charged and neutral current interactions, we
introduce a singly charged Higgs interaction that can
mediate the decay process τ → μνν̄. To ensure discrete
exchange symmetry, we introduce three singly charged
scalars with different Uð1ÞLμ−Lτ

charges of ð0; 2;−2Þ.
In general, introducing singly charged scalar can lead to

three distinct scenarios: a weak singlet scalar (case I), a

FIG. 14. The allowed parameter regions for the maximal flavor-changing Z0 models with singly charged Higgs from weak doublet
(case III). The red and green regions indicate the ðg − 2Þe and ðg − 2Þμ allowed ranges within 2σ errors, respectively. (a) shows the
log½mZ0=GeV� − log½g̃� plane with g23=mΔþ ¼ 10−3GeV−1. The excluded regions by τ → μZ0 for small mZ0 region and τ → μνν̄ for
mZ0 > mτ −mμ are shown in orange and blue, respectively. (b) shows the log½g̃=mZ0 ðGeV−1Þ� − log½g23=mΔþðGeV−1Þ� plane for the
large mZ0 case. The excluded region by the neutrino trident process is shown in yellow.
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triplet scalar (case II), and a doublet scalar (case III). We
analyze these three singly charged scalar models and their
corresponding phenomenology in detail. Note that singly
charged scalars contribute negatively to lepton ðg − 2Þl,
which is in contrast to the positive contributions from the Z0
boson. This indicates that the Z0 boson and singly charged
Higgs bosons must compete with each other to achieve the
required positive experimental results for aexpμ . Our findings
for these three cases are presented below:

(i) For case I, the weak singlet generates interactions of
the singly charged Higgs hþ (LL operator) with
leptons through antisymmetric Yukawa couplings.
The antisymmetric nature ensures that hþ mediates
only flavor-changing interactions, which can con-
tribute to both the ðg − 2Þμ anomaly and τ → μνμν̄τ.
Analysis of the relevant experimental data reveals
that the singly charged Higgs hþ from the
weak singlet exacerbates the discrepancy between
ðg − 2Þμ and τ → μνν̄. The Z0 parameter regions
with mZ0 > mτ −mμ are further excluded regardless
of the singly charged Higgs parameters, as shown in
Fig. 6. This restricts the allowed Z0 parameter space
to small mZ0 ranges, around the MeV scale.

(ii) For case II, the weak triplet generates interactions of
the singly charged Higgs Δþ (LL operator) with
leptons, involving both flavor-conserving and
flavor-changing interactions. These can lead to
phenomena such as neutrino trident production,
lepton ðg − 2Þl, and τ → μνν̄. We found that there
are viable parameter regions across the entire mZ0

range that can explain the lepton ðg − 2Þe;μ anomaly
while satisfying other experimental constraints from
neutrino trident production and τ → μνν̄, as shown
in Fig. 9. This indicates that singly charged scalars
induced by the triplet can reconcile the discrepancy
between ðg − 2Þμ and τ → μνν̄ in the large mZ0

regime, around GeV scales. This implies that the
triplet scalar could play an essential role in studying
Uð1ÞZ0 models.

(iii) For case III, the weak doublet generates interactions
of the singly charged Higgs Hþ with leptons in
terms of LR operator. The LR operator can induce
both flavor-conserving and flavor-changing Yukawa
couplings. The opposite signs in the diagonal and
off-diagonal entries for Hþ

2;3 cancel out processes
involving both flavor-conserving and flavor-
changing interactions, such as τ → μγ and
νμ þ N → ντ þ N þ μþ þ μ−. Other physical proc-
esses, such as ðg − 2Þl, νμ þ N → νμ þ N þ μþμ−

and τ → μνμν̄τðντν̄μÞ, can also be mediated. The

bounds on singly charged Higgs from MNT are
weaker compared to case II because they result
in the interaction with right-handed muons. The
most stringent constraints from τ → μνν̄ essentially
yield a situation similar to that of maximal flavor-
changing Z0 models, as the contribution from singly
charged Higgs arises from quartic couplings. We
found that the lepton ðg − 2Þl allowed regions have
already been excluded by τ → μνν̄, as shown in
Fig. 14. This restricts the allowed Z0 parameter space
to small mZ0 ranges, around the MeV scale.

Our study shows that singly charged scalars induced by
weak singlets and doublets cannot efficiently reconcile the
discrepancy between the muon ðg − 2Þμ and τ → μνν̄
in the large mZ0 case. In contrast, singly charged scalars
induced by weak triplets can simultaneously explain the
lepton ðg − 2Þe;μ anomaly while satisfying other experi-
mental constraints. Our findings indicate that singly
charged scalars could play an essential role in studying
Uð1ÞLμ−Lτ

Z0 models, especially triplet scalars. This insight
may be beneficial for future investigations into the
Z0 model.
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APPENDIX A: GAUGE BOSON MASS

In the Appendix, we show the description of scalar
potential and provide a full parametrization of all involved
bosons masses, including electroweak gauge bosons, Higgs
boson, Z’ boson, scalar S, Δ0, Δþ, Δþþ.
In case II of our model, we introduce the following

scalars: three Higgs doublets H1ð0Þ; H2ð2Þ; H3ð−2Þ, three
triplet Δ1ð0Þ;Δ2ð2Þ;Δ3ð−2Þ, and one singlet S(1). The
numbers in the bracket mean the corresponding Uð1ÞLμ−Lτ

charges. The symmetry breaking modes can be analyzed.
Due to the new U(1) charges in H2;3;Δ2;3 and S, they will
both contribute to Uð1ÞLμ−Lτ

symmetry breaking while
H1;2;3 and Δ1;2;3 broken the electroweak symmetry.
The relevant Lagrangian is

LII ¼ ðDμHiÞ†ðDμHiÞ þ ðDμΔiÞ†ðDμΔiÞ þ ðDμSÞ†ðDμSÞ − VðHi;Δi; SÞ: ðA1Þ
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Here VðHi;Δi; SÞ means the scalar potential. The covariant derivative is defined as

DμHi ¼
�
∂μ − ig2Wa

μ
σa

2
− ig1BμY − ig̃Z0

μXi

�
Hi;

DμΔi ¼ ∂μΔi − i
g2
2
½Wa

μσ
a;Δi� − ig1YBμΔi − ig̃Z0

μXiΔi;

DμS ¼ ð∂μ − ig̃Z0
μXSÞS; ðA2Þ

here σa means the Pauli matrix, Y(X) represent hypercharge(new U(1) charges) of the corresponding scalars. And g2; g1; g̃
mean the corresponding coupling constant of gauge group SUð2ÞL; Uð1ÞY; Uð1ÞLμ−Lτ

.

After symmetry breaking, these scalars obtain nonzero vacuum expectation values (vev), hHii ¼ vi=
ffiffiffi
2

p
, hΔii ¼ ṽi=

ffiffiffi
2

p
,

hSi ¼ vs=
ffiffiffi
2

p
. The above kinetic terms will contribute to the gauge boson masses. Using the relation Ỹμ ¼ cWÃμ − sWZ̃μ

and W3
μ ¼ sWÃμ þ cWZ̃μ, we can obtain the mass matrix as

Lm ¼ −
1

2
ðZ; Z0Þ

 
g2Zðv

2
1
þv2

2
þv2

3

4
þ ṽ21 þ ṽ22 þ ṽ23Þ gZg̃ððv23 − v22Þ þ 2ðṽ23 − ṽ22ÞÞ

gZg̃ððv23 − v22Þ þ 2ðṽ23 − ṽ22ÞÞ g̃2ð4ðv23 þ v22Þ þ 4ðṽ23 þ ṽ22Þ þ v2sÞ

!�
Z

Z0

�
−
1

4
g22ðv21 þ v22 þ v23 þ 2ðṽ21 þ ṽ22 þ ṽ23ÞÞWþ

μ Wμ−: ðA3Þ

Here we define gZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
. Note that Hi and Δi have

both Uð1ÞY and Uð1ÞLμ−Lτ
charges, there is in principle

mixing between Z and Z’ bosons as shown in Eq. (A3). Due
to the discrete symmetry imposed, v2 ¼ v3ðṽ2 ¼ ṽ3Þ, the
mixing will disappear. Therefore, we can obtain the massed
of gauge bosons as

m2
W ¼ 1

4
g22ðv21 þ 2v22 þ 2ðṽ21 þ 2ṽ22ÞÞ ¼

1

4
g22v

2
SM;

m2
Z ¼ g2Z

�
v21 þ 2v22

4
þ ṽ21 þ 2ṽ22

�
;

m2
Z0 ¼ g̃2ð8v22 þ 8ṽ22Þ þ v2sÞ; ðA4Þ

where v21 þ 2v22 þ 2ðṽ21 þ 2ṽ22Þ ¼ vSM ¼ 246 GeV.

Furthermore, we can obtain the electroweak ρ
parameter as

ρ ¼ 1 −
2ðṽ21 þ ṽ22 þ ṽ23Þ

v21 þ v22 þ v23 þ 4ðṽ21 þ ṽ22 þ ṽ23Þ
: ðA5Þ

Current bounds will require small ṽi < OðGeVÞ.

APPENDIX B: SCALAR POTENTIAL

For the above scalars H1ð0Þ, H2ð2Þ, H3ð−2Þ, Sð1Þ,
Δ1ð0Þ, Δ2ð2Þ, Δ3ð−2Þ, the most general potential under
the exchange symmetry 2 ↔ 3 can be expressed as

VðHi;Δi; SÞ ¼ λ1

�
Hþ

1 H1 −
v21
2

�
2

þ λ2ðHþ
2 H2 þHþ

3 H3 − v22Þ2 þ λ3ðHþ
2 H2 −Hþ

3 H3Þ2

þ λ4

�
Hþ

1 H1 þHþ
2 H2 þHþ

3 H3 −
v21
2
− v22

�
2

þ λ5ðHþ
2 H2H

þ
3 H3 −Hþ

2 H3H
þ
3 H2Þ

þ λ6½ðHþ
1 H1ÞðHþ

2 H2 þHþ
3 H3Þ −Hþ

1 H2H
þ
2 H1 −Hþ

1 H3H
þ
3 H1�

þ λ7½ðHþ
1 H1ÞðHþ

2 H2 þHþ
3 H3Þ −Hþ

1 H2H
þ
1 H3 −Hþ

2 H1H
þ
3 H1�

þ λijðHþ
i HiÞTr½Δþ

j Δj� þ λ̃ijH
þ
i ΔjΔþ

j Hi þ ðμiHT
i iτ2Δ

þ
i H1 þ μ̃iHT

1 iτ2Δ
þ
i Hi þ H:c:Þ

þ λ0ijðHþ
i HjÞTr½Δþ

j Δi� þ λ̃0ijH
þ
i ΔiΔþ

j Hj þ λ01½ðHþ
1 H2ÞTr½Δþ

1 Δ3� þHþ
1 H3Tr½Δþ

1 Δ2� þ H:c:�
þ kijTr½Δþ

i Δi�Tr½Δþ
j Δj� þ k̃ijTr½Δþ

i Δj�Tr½Δþ
j Δi�

þ k̃ijTr½Δþ
i ΔiΔþ

j Δj� þ k̃0ijTr½Δþ
i ΔjΔþ

j Δi� þM2
Δi
Tr½Δþ

i Δi� þ
1

2
μ2s jSj2 þ λsjSj4: ðB1Þ
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Actually, the above general potential is complicated, so that we attempt to simplify the analysis. Here we assume that the
mixing betweenHi and Δi can be ignored with all λij ¼ 0. Additionally, we further assume no any intersection for different
triplets, which means i ¼ j. Therefore we can obtain the following potential as

VðHi;Δi; SÞ ¼ λ1

�
Hþ

1 H1 −
v21
2

�
2

þ λ2ðHþ
2 H2 þHþ

3 H3 − v22Þ2 þ λ3ðHþ
2 H2 −Hþ

3 H3Þ2

þ λ4

�
Hþ

1 H1 þHþ
2 H2 þHþ

3 H3 −
v21
2
− v22

�
2

þ λ5ðHþ
2 H2H

þ
3 H3 −Hþ

2 H3H
þ
3 H2Þ

þ λ6½ðHþ
1 H1ÞðHþ

2 H2 þHþ
3 H3Þ −Hþ

1 H2H
þ
2 H1 −Hþ

1 H3H
þ
3 H1�

þ λ7½ðHþ
1 H1ÞðHþ

2 H2 þHþ
3 H3Þ −Hþ

1 H2H
þ
1 H3 −Hþ

2 H1H
þ
3 H1�

þ 1

2
μ2s jSj4 þ λsjSj4 þ M̃2

Δi
Tr½Δþ

i Δi� þ λ̃2iðTr½Δþ
i Δi�Þ2 þ λ̃3iTr½Δþ

i ΔiΔþ
i Δi�: ðB2Þ

Firstly, we analyze the doublet scalar λ1−7 to identity the
SM Higgs bosons. The neutral components of doublet
scalar fields are

H1 ¼
v1 þ h1 þ iη1ffiffiffi

2
p ; H2;3 ¼

v2 þ h2;3 þ iη2;3ffiffiffi
2

p ; ðB3Þ

Due to the imposed discrete symmetry, it is convenient to
define new eigenstate basis as

h� ¼ h2 � h3ffiffiffi
2

p ; η� ¼ η2 þ η3ffiffiffi
2

p ; ðB4Þ

here the subscripts with plus and minus denote
exchange-even and -odd, respectively. Note that the odd
field h− have no mix with even case h1; hþ. It results in
m2

h− ¼ 4λ3v22 þ λ7v21.
For even field h1; hþ, the mass matrix in the basis

h1; hþ is

m2
h1;hþ

¼
�
2v21ðλ1 þ λ4Þ 2

ffiffiffi
2

p
v1v2λ4

2
ffiffiffi
2

p
v1v2λ4 4v22ðλ2 þ λ4Þ

�
: ðB5Þ

We found that the mass matrix is not diagonal. We should
conduct the diagonalization. The transformation between
mass eigenstate and flavor eigenstate basis is given by

�
h0

h0þ

�
¼
�

cos θ sin θ

− sin θ cos θ

��
h1
hþ

�
;

tan 2θ ¼ 2
ffiffiffi
2

p
v1v2λ4

ðλ1 þ λ4Þv21 − 2ðλ2 þ λ4Þv22
: ðB6Þ

Therefore the masses of SM Higgs and another exchange-
even field are

m2
h0 ¼ 2v21ðλ1 þ λ4Þcos2θ þ 4v22ðλ2 þ λ4Þsin2θ þ 4

ffiffiffi
2

p
cos θ sin θv1v2λ4:

m2
h0þ

¼ 2v21ðλ1 þ λ4Þsin2θ þ 4v22ðλ2 þ λ4Þcos2θ − 4
ffiffiffi
2

p
cos θ sin θv1v2λ4: ðB7Þ

The other physical scalars of mH0 and mH0
þ include the CP-odd and charged components, which are not pertinent to our

current discussion. As mentioned in the main text, these components are sufficiently heavy to neglect the corresponding
physical effects.
For the triplet and singlet scalars, after symmetry breaking the last line in Eq. (B2) will become

Lm ¼ s2

2

�
1

2
μ2s þ 3λsv2s

�
þ M̃2

Δi
ðΔ−

i Δ
þ
i þ ðΔ0

i Þ2 þ Δ−−
i Δþþ

i Þ þ λ̃2iðΔ−
i Δ

þ
i þ ðΔ0

i Þ2 þ Δ−−
i Δþþ

i Þ2

þ λ̃3i

��
Δ−

i Δ
þ
i

2
þ Δ0

i

�
2

þ
�
Δ−−

i Δþþ
i þ Δ−

i Δ
þ
i

2

�
2

þ ðΔ−
i Δ

þþ
i − Δ0

iΔ
þ
i ÞðΔ−−

i Δþ
i − Δ−

i Δ0
i Þ
�

ðB8Þ

It will contribute the relevant mass as
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m2
s ¼

1

2
μ2s þ 3λsv2s ;

m2
Δ0

i
¼ M̃2

Δi
þ 3ðλ̃2i þ λ̃3iÞevi2;

m2
Δ�

i
¼ M̃2

Δi
þ ðλ2i þ λ3iÞevi2;

m2
Δ��

i
¼ M̃2

Δi
þ λ̃2iṽ2i ðB9Þ

We found that the mass difference for Δ0;Δþ;Δþþ depends on ṽ. Due to the stringent constraints ṽ < OðGeVÞ from EW ρ
parameter, we can naturally regard the triplet components as degenerate, mΔ0 ≈mΔþ ≈mΔþþ .
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