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A Z0 gauge boson with sub-GeV mass has acquired a significant interest in phenomenology, particularly
in view of the muon g − 2 anomaly and coherent elastic neutrino-nucleon scattering. The latter is
challenged by the nuclear recoil energy of a few tens of keV but has been observed by the COHERENT
experiment. To further reconcile the observed excesses in RðDð�ÞÞ from semileptonic charmful B decays
and in the W boson mass, we investigate a model with a gauged Uð1ÞLμ−Lτ

symmetry and a scalar

leptoquark. In contrast to the mechanism that involves kinetic mixing between the gauge bosons of Uð1Þem
and Uð1ÞLμ−Lτ

, we adopt a dynamical symmetry breaking of Uð1ÞLμ−Lτ
by incorporating an additional

Higgs doublet. Through mixing with the Uð1ÞLμ−Lτ
-charged Higgs doublet, new Higgs decay channels

h → Z1Z1=Z1Z2 occur at percent-level branching ratios, which could be accessible at the LHC. The
W-mass anomaly observed by CDF II can be potentially resolved through the enhancement in the oblique

parameter T. Due to the flavored gauge symmetry, the introduced scalar leptoquark S
1
3 ¼ ð3̄; 1; 2=3Þ

exhibits a unique coupling to the τ lepton, offering an explanation for the excesses observed in RðDð�ÞÞ.
Moreover, τ → μðZ1 →Þe−eþ via the resonant light gauge boson decay can reach the sensitivity of Belle II
at an integrated luminosity of 50 ab−1.

DOI: 10.1103/PhysRevD.109.055038

I. INTRODUCTION

The possible existence of a sub-GeV Z0 gauge boson has
attracted much attention in recent years in addressing
unresolved problems in particle physics phenomenology,
particularly in flavor physics and dark matter (DM). The
former includes the long-lasting puzzle in the anomalous
magnetic dipole moment of muon (muon g − 2), while the
latter could lead to establishing a portal between the visible
and dark sectors.
Furthermore, a light Z0 can play a substantial role in

coherent elastic neutrino-nucleon scattering (CEνNS).
Since the proposal of measuring CEνNS [1], conducting
such experiments has been quite challenging, not just
because of its tiny cross section but mostly due to the fact
that the maximum nuclear recoil energy would be only
several tens of keV. Nevertheless, the CEνNS has finally

been observed by the COHERENT experiment using CsI
and Ar targets [2–4]. The obtained total cross sections
averaged over neutrino fluxes are

hσiϕ ¼ ð16.5þ3.0
−2.5Þ × 10−39 cm2 ½CsI�;

hσiϕ ¼ ð2.2� 0.7Þ × 10−39 cm2 ½Ar�: ð1Þ

The standard model (SM) predictions are 18.9 ×
10−39 cm2 [3] and 1.8 × 10−39 cm2 [4], respectively.
Additionally, besides improving our understanding of
atomic nuclei and neutrinos, precision measurements of
CEνNS can be used to explore or constrain physics
beyond the SM [5–14]. Since the momentum transfer
to the nucleus is at the sub-MeV level, a light Z0 gauge
boson stands out as one of the most appealing extensions
of the SM [15–25].
Meanwhile, several deviations from the SM predictions

have emerged in experiments, such as the muon g − 2,
RðDð�ÞÞ in the B → Dð�Þτν̄ decays and the mass ofW gauge
boson. It would be intriguing to build a light Z0 model that
cannot only resolve these observed anomalies but also have
a significant impact on the CEνNS phenomenon. To fulfill
these objectives within one coherent framework, we con-
sider extending the SM with a new local Uð1Þ gauge
symmetry. Numerous potential candidates of such a Uð1Þ
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gauge symmetry exist in the literature, including universal
Uð1Þ, B − L, By þ Lμ þ Lτ, B − 3Ll, B − Le − 2Lμ, and
Ll−l0 [25], where Bi and Ll denote the quantum numbers
of quark and lepton, respectively. Among these, we find
that in addition to satisfying gauge anomaly-free conditions
without introducing new chiral fermions, the gauged
Uð1ÞLμ−Lτ

≡Uð1Þμ−τ model can effectively address the
above-mentioned concerns.
Having Uð1Þμ−τ symmetry as a gauge extension of the

SM has many advantages from a phenomenological view-
point [26,27]. As mentioned earlier, the gauge coupling gZ0

of Oð10−4Þ with Z0 mass of Oð10–200Þ MeV can explain
muon g − 2 [28], where the discrepancy between exper-
imental measurements and theoretical calculations, which
use the data-driven approach to evaluate the hadronic
vacuum polarization, reaches ∼4σ [29]:

Δaμ ¼ aexpμ − aSMμ ¼ ð2.51� 0.59Þ × 10−9: ð2Þ

Instead of kinetic mixing between Uð1Þem and
Uð1Þμ−τ [16,20,25], we examine the Z0 − Z mass mixing
scenario, which arises from the consideration of sponta-
neous Uð1Þμ−τ symmetry breakdown by a new scalar field
carrying the Uð1Þμ−τ charge [28,30]. It would be useful
if the new scalar field could also resolve any poten-
tial anomalies from a phenomenological perspective.
Interestingly, the CDF II Collaboration used the full dataset
from proton-antiproton collisions at

ffiffiffi
s

p ¼ 1.96 TeV to
determine the mass of the W boson as [31]

mW ¼ 80.4335� 0.0094 GeV: ð3Þ

The newly observed value differs from earlier measure-
ments of mW ¼ 80.385� 0.015 GeV from the combined
results of LEP and Tevatron [32] and mW ¼ 80.360�
0.016 GeV from the updated ATLAS result [33].
Moreover, it deviates from the SM prediction of mW ¼
80.361 GeV [34] by ∼7σ. If the anomaly in the W-mass
measurement is confirmed with more data from the LHC, it
would provide another piece of strong evidence for new
physics. [35–53]. This anomaly also motivates the intro-
duction of a Higgs doublet charged under the Uð1Þμ−τ
symmetry [54,55].
The observed anomalies in the ratio of branching ratios

(BRs) in semileptonic charmed B decays are defined by

RðMÞ ¼ BRðB → Mτν̄Þ
BRðB → Mlν̄Þ ; ð4Þ

withM ¼ D;D�. The SM predictions are RðDÞ ¼ 0.298�
0.004 and RðD�Þ ¼ 0.254� 0.005 [56–63], while the
current experimental values are RðDÞ ¼ 0.356� 0.029
and RðD�Þ ¼ 0.284� 0.013 [64]. Recent measurements
from LHCb have been included in the average [65,66].

As seen, there is an overall 3.3σ deviation from the SM
predictions [64]. Because B → Mτν̄ is mediated by the
tree-level charged weak currents in the SM, the required
mechanism to enhance RðMÞ should have nonuniversal
lepton couplings and be induced at the tree level. Although
RðJ=ΨÞ and RðΛcÞ have the potential to observe the
breakdown of lepton universality as well, their statistical
errors in the experimental data are still too large to be
conclusive [67–69]. Hence, we concentrate solely on RðDÞ
and RðD�Þ in this work.
Without further introducing a heavy charged gauge boson

(e.g., W0) or vector leptoquark (LQ) for the RðDð�ÞÞ
anomalies, the new mediating bosons of interest include a
charged Higgs boson [70–75] and a scalar LQ [76–83]. The
flavored Uð1Þμ−τ symmetry strictly limits the Yukawa
couplings to different lepton flavors, resulting in a sup-
pressed contribution of the charged Higgs to RðMÞ by
mbmτ=v2 in this model, where v is the combined vacuum
expectation value (VEV) of the introduced Higgs doublets.
Hence, the introduction of scalar LQ emerges as a more
apposite solution. We find that among various LQ repre-
sentations, the simplest choice to explain the observed
excess in RðMÞ is the S1

3 ¼ ð3̄; 1; 2=3Þ representation under
the SUð3ÞC × SUð2ÞL ×Uð1ÞY gauge symmetries.
Additionally, based on the flavored Uð1Þμ−τ gauge sym-
metry, there is a natural suppression in the LQ Yukawa
couplings to the light leptons, while the τ lepton and τ
neutrino, respectively couple to up- and down-type quarks to
resolve the observed anomaly in RðMÞ. It is worth mention-
ing that using the exclusive- and hadronic-tag approaches
with 362 fb−1 of data, the Belle II Collaboration recently has
observed the first evidence ofBþ → Kþνν̄ decaywith a 2.7σ
deviation from the SM prediction, and the measured result
is given as BRðBþ→Kþνν̄Þ¼ ð2.3�0.5þ0.5

−0.4Þ×10−5 [84].
Applying the LQ S

1
3 in the model, the branching ratios for

B → ðK;K�Þντν̄τ can be significantly enhanced. A detailed
phenomenological analysis of the neutrino-pair production
in B and K meson decays can be found in Ref. [85].
In addition to the total cross section of CEνNS and

RðDð�ÞÞ, we propose new observables sensitive to new
physics as a function of incident neutrino energy for elastic
neutrino-nucleus scattering and as a function of invariant
mass-square q2 of lν for semileptonic charmed B decays.
We find that CEνNS mediated by the light physical Z1 can
deviate significantly from the SM in the low neutrino
energy regime. Additionally, RðDÞ in the large q2 regime is
more sensitive to the leptoquark effects and can signifi-
cantly differ from the SM.
This paper is organized as follows: In Sec. II, we

formulate the model and derive the spectrum of scalar
bosons and various new couplings. The Z0 − Z mixing and
lepton flavor mixing are also discussed in detail. With the
new interactions, Sec. III discusses the new physics effects
on various phenomena, including the cross section of
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CEνNS, values of RðDÞ and RðD�Þ, new Higgs decay
channels h → HH=Z1Z1=Z1Z2, LFV processes, lepton
g − 2, and the oblique parameters. Constraints on the
model parameters and detailed numerical analysis are
presented in Sec. IV. A summary of our findings is given
in Sec. V.

II. THE MODEL

We consider in this work a model that extends the SM
gauge symmetry by the Uð1Þμ−τ gauge symmetry, under
which only the μ and τ leptons in the SM are charged. Due
to the oppositeUð1Þμ−τ charges within the second and third
generations of leptons, it can be easily checked that the
loop-induced triangle anomalies mediated by the muon
and τ lepton for Uð1Þ3μ−τ, Uð1Þ2μ−τUð1ÞY , Uð1Þμ−τUð1Þ2Y ,
SUð2Þ2Uð1Þμ−τ, and gravity2-Uð1Þμ−τ cancel out automati-
cally without the need of introducing extra chiral fermions.
As a result, the gauged Uð1Þμ−τ symmetry model stands
free from gauge anomalies.
In addition to the SM Higgs doublet, denoted by H2,

whose neutral component has a VEV, v2, to spontaneously
break SUð2ÞL ×Uð1ÞY , we introduce an additional Higgs
doublet, denoted byH1, which carries not only the Uð1Þμ−τ
charge, twice that of μ, but also the weak isospin andUð1ÞY
hypercharge. The new Higgs doublet is assumed to also
develop a VEV, v1, in its neutral component to break
Uð1Þμ−τ besides SUð2ÞL ×Uð1ÞY , resulting in a massive Z0

boson. Therefore, unlike the conventional two-Higgs-
doublet model (2HDM), the model has one charged Higgs
and two CP-even Higgs bosons but has no CP-odd Higgs
boson, as it has become the longitudinal component of Z0.
Finally, we include an SUð2ÞL-singlet scalar LQ with
hypercharge Y ¼ 2=3 that also has the sameUð1Þμ−τ charge
as μ. The quantum number assignments of the leptons, the
Higgs doublets, and the LQ are given in Table I. As we will
see, such a model can simultaneously accommodate the
measured lepton g − 2, RðDð�ÞÞ, and W mass anomalies,
while the cross section of the CEνNS process can be
enhanced to deviate from the SM expectation by up to 25%.
In the following subsections, we analyze the spectra of

Higgs and gauge bosons and determine their physical
eigenstates. In addition, we also derive the gauge,
Yukawa, and trilinear couplings of Higgs bosons, which

are used for the phenomenological analysis presented in
the paper.

A. Spectra of Higgs bosons and
Higgs-related trilinear couplings

We first write down the scalar potential consistent with
the SUð2ÞL ×Uð1ÞY × Uð1Þμ−τ gauge symmetry as

VðH1; H2; S
1
3Þ ¼ μ21H

†
1H1 þ μ22H

†
2H2 þ

λ1
2
ðH†

1H1Þ2

þ λ2
2
ðH†

2H2Þ2 þ λ3H
†
1H1H

†
2H2

þ λ4H
†
1H2H

†
2H1 þ μ2SS

−1
3S

1
3

þ S−
1
3S

1
3ðλS1H†

1H1 þ λS2H
†
2H2Þ: ð5Þ

Owing to the Uð1Þμ−τ symmetry, there is no so-called μ
term that couplesH1;2 quadratically, and all terms in Eq. (5)
are self-Hermitian due to the Uð1Þμ−τ symmetry, rendering
all the coefficients real. The components of two Higgs
doublets can be parametrized as (i ¼ 1, 2)

Hi ¼
 

ϕþ

1ffiffi
2

p ðvi þ ϕ0
i þ iηiÞ

!
: ð6Þ

Using the tadpole conditions ∂V=∂v1;2 ¼ 0, we obtain two
equalities:

μ21 þ
λ1
2
v21 þ

λ34
2

v22 ¼ 0;

μ22 þ
λ2
2
v22 þ

λ34
2

v21 ¼ 0; ð7Þ

with λ34 ≡ λ3 þ λ4. To achieve spontaneous breakdown
of the SUð2ÞL ×Uð1ÞY ×Uð1Þμ−τ gauge symmetry, we
require μ21;2 < 0. For the vacuum stability, where the scalar
potential is bounded from below in all field configurations,
the quartic couplings have to satisfy the criteria given
by [86,87]

λ1;2 ≥ 0; λ3þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0; λ34þ

ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0: ð8Þ

Two neutral Goldstone bosons result from the mixing
between the two CP-odd components:

�
G0

Z0

G0
Z

�
¼
�

cβ sβ
−sβ cβ

��
η1

η2

�
≡Uβ

�
η1

η2

�
; ð9Þ

where β is defined by tβ ≡ tan β ¼ v2=v1, v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
,

cβ ≡ cos β, and sβ ≡ sin β. To obtain the states of charged
Goldstone and charged Higgs bosons, we can use Eq. (9)
by substituting ðG�; H�Þ and ðϕþ

1 ;ϕ
þ
2 Þ for ðG0

Z0 ; G0
ZÞ and

ðη1; η2Þ, respectively. As a result, the mass squared of the

TABLE I. Quantum numbers of the leptons, Higgs doublets,
and scalar leptoquark.

eLðRÞ μLðRÞ τLðRÞ H2 H1 S
1
3

Lμ − Lτ 0 qX −qX 0 2qX qX
SUð2ÞL 2(1) 2(1) 2 (1) 2 2 1
Uð1ÞY −1ð−2Þ −1ð−2Þ −1ð−2Þ 1 1 2=3
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charged Higgs boson is solely dependent on the parameter
λ4 as follows:

m2
H� ¼ −

λ4
2
v2: ð10Þ

Since the massive LQ is irrelevant to the EWSB, its mass
squared with the assumption that μ2S > 0 is found to be

m2
S ¼ μ2S þ

v2

2
ðλS1c2β þ λS2s

2
βÞ; ð11Þ

and can be as heavy as OðTeVÞ.
From the scalar potential in Eq. (5) and the tadpole

conditions in Eq. (7), the mass terms for the CP-even
scalars can be written as

1

2
ðϕ0

1; ϕ0
2 Þ
�

λ1v21 v1v2λ34
v1v2λ34 λ2v22

��
ϕ0
1

ϕ0
2

�
: ð12Þ

Equation (12) can be diagonalized by a 2 × 2 orthogonal
matrix, and the resulting eigenstates of neutral Higgses can
be parametrized using a mixing angle α as

�
H

h

�
¼
�

cα sα
−sα cα

��
ϕ0
1

ϕ0
2

�
≡Uα

�
ϕ0
1

ϕ0
2

�
; ð13Þ

where h is the 125-GeV SM-like Higgs boson, cα ≡ cos α,
and sα ≡ sin α. In the following, we would focus on the
scenario where the new CP-even state is lighter than the
SM-like Higgs boson, i.e., mh > mH. Using the parameters
λi and vi, the masses of the h and H states, as well as the
mixing angle between them, can be obtained as

m2
h;H ¼ λ1v21 þ λ2v22

2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1v21 − λ2v22Þ2 þ 4v21v

2
2λ

2
34

q
;

tan 2α ¼ −
2v1v2λ34

λ2v22 − λ1v21
: ð14Þ

The scalar potential in the model involves six parame-
ters, namely, μ21;2 and λ1−4. One can write them in terms of
the physical parameters fmH�;h;H; v; α; βg as

μ21 ¼ −
1

2cβ
ð−sαsβ−αm2

h þ cαcβ−αm2
HÞ; ð15aÞ

μ22 ¼ −
1

2sβ
ðcαsβ−αm2

h þ sαcβ−αm2
HÞ; ð15bÞ

λ1 ¼
1

v2c2β
ðm2

hs
2
α þm2

Hc
2
αÞ; ð15cÞ

λ2 ¼
1

v2s2β
ðm2

hc
2
α þm2

Hs
2
αÞ; ð15dÞ

λ3 ¼ −
s2α
v2s2β

ðm2
h −m2

HÞ þ
2m2

H�

v2
; ð15eÞ

λ4 ¼ −
2m2

H�

v2
: ð15fÞ

An important parameter of the scalar potential in the SM
is the quartic coupling λSM, which not only determines the
mass of the SM Higgs boson via m2

h ¼ λSMv2 but also
controls the potential shape. Therefore, to probe the
existence of extra scalars, it becomes crucial to precisely
determine the Higgs self-coupling through the hh produc-
tion that involves the Higgs trilinear coupling [88]. In the
2HDM, the SM-like Higgs field is a linear combination of
ϕ0
1;2, and, instead of a factor of 3m2

h=v for the SM, the
Higgs self-coupling also involves the parameters β and α.
Moreover, when mH < mh=2, the decay channel h → HH
becomes accessible. Current measurements of Higgs
decays can impose stringent constraints on the related
parameters. To take these constraints into account, we
present all the Higgs trilinear couplings as follows:

−L ⊃ −
s2αsβ−α
vs2β

ðm2
h þ 2m2

HÞ
hH2

2

þ s2αcβ−α
vs2β

ð2m2
h þm2

HÞ
h2H
2

þ 3m2
h

v

�
sβ−α þ

2

s2β
cβþαc2β−α

�
h3

3!

þ 3m2
H

v

�
cβ−α þ

2

s2β
sβþαs2β−α

�
H3

3!

þ vðλSþcβ−α þ λS−cβþαÞHS−
1
3S

1
3

þ vðλSþsβ−α − λS−sβþαÞhS−1
3S

1
3: ð16Þ

Taking the limits of α → 0 and sβ → 1, it can be seen that
only the self-couplings of h andH remain. We note that the
scalar couplings to the LQ are also included, which can be
used to analyze the loop-induced Higgs boson decays.

B. Z0 −Z mixing and gauge couplings of scalars

The masses of the gauge bosons and the gauge couplings
of scalars are determined by the kinetic terms of H1;2, with
the covariant derivatives given as

DμH1 ¼
�
∂μ þ i

g
2
τ⃗ · W⃗μ þ i

g0

2
Bμ þ gZ0XZ0

μ

�
H1;

DμH2 ¼
�
∂μ þ i

g
2
τ⃗ · W⃗μ þ i

g0

2
Bμ

�
H2;

DμS
1
3 ¼ ð∂μ þ iQSg0Bμ þ igZ0qXZ0

μÞS1
3; ð17Þ

where g, g0, and gZ0 denote the gauge couplings of SUð2ÞL,
Uð1ÞY , and Uð1Þμ−τ, respectively, X ¼ 2qX is the Uð1Þμ−τ
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charge of H1, and QS ¼ 1=3 is the electric charge of LQ.
As in the conventional 2HDM, the tree-levelW boson mass
can be obtained as mW ¼ gv=2. However, since H1 carries
the charges of both electroweak and Uð1Þμ−τ symmetries,
its VEV breaks not only SUð2ÞL ×Uð1ÞY but also Uð1Þμ−τ
at the same time. As a result, the Z and Z0 states are not
physical and generally mix with each other. More explic-
itly, the mass squared terms for Z and Z0 are given by

1

2
ðZ0; Z Þ

�
m2

Z0 m2
Z0Z

m2
Z0Z m2

Z

��
Z0

Z

�
; ð18Þ

where m2
Z0 , m2

Z, and m2
Z0Z are defined as

m2
Z0 ¼ g2Z0X2v21 ¼

ðgZ0XvÞ2
1þ t2β

;

m2
Z ¼ g2 þ g02

4
v2 ¼ g2v2

4
ð1þ t2WÞ;

m2
Z0Z ¼ −

ggZ0X
2cW

v21 ¼ −
ggZ0Xv2

2cWð1þ t2βÞ
: ð19Þ

The states of the photon and Z boson fields are written, as
in the SM, as

Aμ ¼ cWBμ þ sWW3
μ;

Zμ ¼ −sWBμ þ cWW3
μ; ð20Þ

where cW ≡ cos θW , sW ≡ sin θW , and θW is the weak
mixing angle. The mass squared matrix in Eq. (18) can
be diagonalized using a 2 × 2 orthogonal matrix, para-
metrized by a mixing angle θZ, in a fashion analogous to
Eq. (13). Assuming thatmZ0 ≪ mZ and taking Z1 and Z2 as
the physical states of the neutral gauge bosons, their mass
squares and mixing angle can be approximately obtained as
follows:

m2
Z1

≃m2
Z0 −

m4
Z0Z

m2
Z

¼ m2
Z0

t2β
1þ t2β

;

m2
Z2

≃m2
Z þm4

Z0Z

m2
Z
;

sθZ ≃ −signðθZÞ
m2

Z0Z

m2
Z

¼ signðθZÞ
2cW
gtβ

mZ1

v
; ð21Þ

where signðθZÞ ¼ �1 represents the sign of the mixing
angle. Apparently, the mixing angle is suppressed by
mZ1

=ðvtβÞ as tβ gets large. If the mass of mZ1
is of

Oð10Þ MeV, sθZ is at most of Oð10−5Þ.
To study the loop-induced processes or variables (e.g.,

lepton g − 2) mediated by the Z1 boson, we also need the
gauge couplings of scalars and LQ as follows:

L⊃ i
g

2cW
½ð∂μH−ÞHþ−H−

∂
μHþ�ðs2WAμþc2WZμÞ

þ
h
−i

gsβ−α
2

Wþ
μ ðH∂

μH− −H−
∂
μHÞ

þ i
gcβ−α
2

Wþ
μ ðh∂μH− −H−

∂
μhÞþH:c:

i
þgmWW−

μWþμðsβ−αhþcβ−αHÞ
− iQSeðAμ− tWZμÞðS−1

3∂
μS

1
3−S

1
3∂

μS−
1
3Þ

þ2m2
Z

v
ðcβ−αHþ sβ−αhÞ

ZμZμ

2
þ2m2

Z0

v1
ðcαH− sαhÞ

Z0
μZ0μ

2

−
gmZ0

cW
ðcαH− sαhÞZ0

μZμ: ð22Þ

C. Yukawa couplings of fermions

The Yukawa sector plays a crucial role in flavor physics
as it governs the mass generation of the SM fermions and
the couplings of scalars to fermions in the model. The
Lagrangian of the Yukawa sector under SUð2ÞL ×Uð1ÞY ×
Uð1Þμ−τ gauge symmetry can be written based on the
quantum number assignments in Table I as

−LY ¼ QLH2YddR þQLH̃2YuuR þ L̄lH2YllR

þ yμτL̄μH1τR þQc
Liτ2y

q
LLτS

1
3 þ ucRy

u
RτRS

1
3 þH:c:;

ð23Þ

where, except for the L̄μH1τR term, the flavor indices are all
suppressed, QT

L ¼ ðu; dÞTL and LT ¼ ðνl;lÞTL represent the
quark and lepton doublets, respectively, lR denotes the
right-handed charged lepton, and Fc ¼ Cγ0F� for a fer-
mion F with C being the charge conjugation operator. The
Uð1Þμ−τ gauge symmetry restricts the 3 × 3 Yukawa matrix

Yl to be a diagonal matrix; i.e., Yl ¼ diagðye; yμ; yτÞ. We
note that because H1 and H2 simultaneously couple to the
charged leptons, the term L̄μH1τR will induce flavor-
changing neutral currents (FCNCs) at tree level. After
diagonalizing the quark mass matrices and using the
physical states of scalars, the Yukawa couplings of quarks
to hðHÞ and H� are found to be the same as those in type-I
2HDM [89]. Although the charged Higgs boson could in
principle enhance the b → cτν transition [70–75], the
involved Yukawa couplings in this model are suppressed

by mb;c=ðtan β
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
Þ and are irrelevant for our later

discussions. The explicit expressions of the couplings can
be found in Ref. [89].
While the diagonal Yl matrix contributes to the charged

lepton masses, the L̄μH1τR term induces flavor mixing
between the μ and τ leptons. Thus, the electron mass is
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simply me ¼ yev2=
ffiffiffi
2

p
, and the mass matrix for the μ and τ

leptons is expressed as

ð μ̄L; τ̄L ÞMl

�
μR

τR

�
¼ð μ̄L; τ̄L Þ

�
m̂μ m̂μτ

0 m̂τ

��
μR

τR

�
; ð24Þ

where m̂μðτÞ ¼ yμðτÞv2=
ffiffiffi
2

p
and m̂μτ ¼ yμτv1=

ffiffiffi
2

p
. The

matrix Ml can be diagonalized through a bi-unitary trans-
formation:ml¼Vl

LMlV
l†
R . Accordingly, the Yukawa cou-

plings of the Higgs bosons to the leptons are found to be

−LY ⊃ lLmllR þ lL
ml

v
lR

�
cα
sβ

hþ sα
sβ

H

�

þ lL
Xl

v
lR

�
−
2cβ−α
s2β

hþ 2sβ−α
s2β

H

�

þ νL

� ffiffiffi
2

p
ml

vtβ
−
2
ffiffiffi
2

p
Xl

s2βv

�
lRHþ þ H:c:; ð25Þ

where Xl is defined as

Xl ¼ Vl
L

�
0 m̂μτ

0 0

�
Vl†
R : ð26Þ

It is worth mentioning thatXl induces the tree-level FCNCs
mediated by theHiggs bosons in the lepton sector. To see the
decoupling and large tan β limits, it is useful to rewrite cα=sβ
and sα=sβ as

cα
sβ

¼ sβ−α þ t−1β cβ−α;

sα
sβ

¼ cβ−α − t−1β sβ−α: ð27Þ

When the lepton Yukawa couplings are real, we can
obtain the 2 × 2 flavor mixing matrices Vl

R;L using the
identities:

m†
lml ¼ Vl

RM
†
lMlV

l†
R ;

mlm
†
l ¼ Vl

LMlM
†
lV

l†
L : ð28Þ

By parametrizing Vl
R;L in the same form as Uα in Eq. (13),

we can obtain the mixing angles θR;L as

tan 2θR ¼ −
2m̂μm̂μτ

m̂2
τ þ m̂2

μτ − m̂2
μ
;

tan 2θL ¼ −
2m̂τm̂μτ

m̂2
τ − m̂2

μτ − m̂2
μ
: ð29Þ

In the limit when m̂μm̂μτ=m̂2
τ is negligible, these mixing

angles can be obtained to a good approximation as

θR ≈ 0; sθL ≃ −m̂μτ=m̂τ: ð30Þ

As a free parameter with the mass dimension that appears
only in the μ − τ element ofXl, m̂μτ can be parametrized in
terms of a free parameter χμτ as m̂μτ ¼ χμτ

ffiffiffiffiffiffiffiffiffiffiffiffimμmτ
p , where

mμ;τ are the physical masses of μ and τ leptons. Using the
approximate mixing angles in Eq. (30), we obtain

m̂2
μ ≃m2

μ

�
1 − χ2μτ

mμ

mτ

�
≈m2

μ;

m̂2
τ ≃m2

τ

�
1 − χ2μτ

mμ

mτ

�
;

Xl ≃

 
0 χμτ

ffiffiffiffiffiffiffiffiffiffiffiffimμmτ
p

0 χ2μτmμ

!
: ð31Þ

We now discuss the LQ couplings to quarks and leptons.
Since the Yukawa couplings yqL and yuR are free parameters,
the up-type quark flavor mixings can be absorbed into these
parameters. As such, the up-type quark fields appearing in
the LQ couplings in Eq. (23) can be treated as the physical
states. However, the same yqL also appears in the couplings
to the down-type quarks. Therefore, in addition to Vd

L, the
LQ couplings to the down-type quarks must include Vu

L.
With Vl

R ≃ 1 and VCKM ¼ Vu
LV

d†
L , we can express the

Yukawa couplings of the LQ as

−LY ⊃
�
uCLy

q
LV

l†
LτlPLlþ uCRy

u
RPRτ

�
S

1
3

− dCLV
T
CKMy

q
LPLντS

1
3 þ H:c: ð32Þ

D. Gauge couplings of fermions

Next, we consider the gauge couplings of the fermions.
Since theUð1Þμ−τ gauge symmetry does not affect the weak
charged currents, they remain the same as those in the SM.
Although quarks do not carry the Uð1Þμ−τ charge and thus
do not directly couple to the Z0 gauge boson, their
couplings to the Z0 boson can be induced through the
mixing with the SM Z boson. Intriguingly, the distinct
Uð1Þμ−τ charges carried by the muon and tau lepton lead to
a lepton FCNC in the interaction μLγ

μτLZ0
μ. Due to the

Z0 − Z mixing, they then result in Z-mediated lepton
FCNCs although such effects are suppressed by sθLsθZ.
Using the results shown in Eqs. (21) and (30) for the lepton-
flavor and Z0 − Z mixings, respectively, we obtain the
neutral gauge couplings to fermions as follows:

LN
ffV ¼−

X
f

Qfef̄γμfAμ−
g

2cW

X
f

f̄ γμ
�
Cf
iV −Cf

iAγ5
�
fZiμ

þ½gZ0qXs2θLμLγ
μτLðcθZZ1μ− sθZZ2μÞþH:c:�; ð33Þ
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where the coefficients Cf
iV;iA are explicitly given by

Cf
1V ¼ cfVsθZ þ

cWmZ1
cθZ

gv
Xf
V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
;

Cf
1A ¼ cfAsθZ þ

cWmZ1
cθZ

gv
Xf
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
;

Cf
2V ¼ cfVcθZ −

cWmZ1
sθZ

gv
Xf
V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
;

Cf
2A ¼ cfAcθZ −

cWmZ1
sθZ

gv
Xf
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
; ð34Þ

with cfV ¼ T3
f − 2s2WQf, c

f
A ¼ T3

f given in terms of the
weak isospin T3

f and the electric charge Qf of the fermion

f, and Xf
V ¼ ð0; 1=2;−1=2; 0; 1;−1; 0; 0Þ and Xf

A ¼
ð0; 1=2;−1=2; 0; 0; 0; 0; 0Þ for f ¼ ðνe; νμ; ντ; e; μ; τ; u; dÞ.
Because only vector currents are involved in the Z0

couplings to the charged leptons, Xl
A ¼ 0. However,

X
νμ;ντ
A are nonvanishing because neutrinos are left-handed

particles in the model.

III. PHENOMENOLOGY

In this section, we derive the formalisms for the
processes studied in this work. These include the cross
section for CEνNS via the Z0 − Z mixing, the RðDÞ and
RðD�Þ from LQ interactions, new Higgs decay modes,
lepton g − 2, and the effects on the oblique parameters and
the W mass.

A. CEνNS through the Z0 −Z mixing

In the model, elastic electron- and muon-neutrino
(including antineutrino) scatterings off a nucleus arise from
gauge interactions with the neutral gauge bosons Z1 and
Z2. Using the gauge couplings given in Eq. (33), we can
write the effective Hamiltonian for neutrino scattering at the
quark level as

Hνlq→νlq ¼
ffiffiffi
2

p
GF

�
mZcθZ
mZ2

�
2

½1þ Δlðq2Þ�

× ½νlγμPLνl�½q̄γμðcqV − cqAγ5Þq�; ð35Þ

Δlðq2Þ ¼ signðθZÞ
m2

Z1

c2θZðq2 þm2
Z1
Þ
m2

Z2

m2
Zt

2
β

 
1þ δlμ

1þ t2β
2

!

≃ signðθZÞ
m2

Z1

q2 þm2
Z1

�
1

t2β
þ δlμ

2

�
; ð36Þ

where the Kronecker delta δlμ indicates that only the muon
neutrino or anti-muon-neutrino contributes. The second
line in Eq. (36) results from the limits of cθZ ≃ 1,mZ2

≃mZ

and large tβ. We will demonstrate that due to the h → HH
and h → Z1Z1 constraints, a large tβ is required for the

model. As a result, the electron-neutrino scattering
becomes insignificant and negligible. Since the structure
of the four-fermion interaction in Eq. (35) is the same as
that in the SM, the new physics contribution can be
obtained simply by replacing CSM with CSM½1þΔlðq2Þ�.
In contrast to the effects induced by the kinetic mixing
in the conventional Uð1Þμ−τ model, the gZ0 dependence
has been absorbed into mZ1

. Thus, the new physics effect
depends only on mZ1

in the large-tβ scheme. Because
the LQ mass is of Oð1Þ TeV, its contribution is negligible.
As such, we skip the discussion related to the LQ effects.
The cross section for the elastic neutrino-nucleus scat-

tering can be written as [13]

dσ
dEr

¼ G2
FmA

π

�
1 −

mAEr

2E2
ν
−
Er

Eν

�
jQl

wðq2Þj2; ð37Þ

Ql
wðq2Þ ¼ ZglpFpðq2Þ þ NglnFnðq2Þ; ð38Þ

wheremA is the nucleus mass, ZðNÞ is the proton (neutron)
number of the target nucleus, Eν is the incident neutrino
energy, Er is the nuclear recoil energy, and q2 ≃ 2mAEr.
The couplings to the proton gp and the neutron gn are,
respectively, given by

glp ¼ ð2cuV þ cdVÞ½1þ Δlðq2Þ�;
gln ¼ ðcuV þ 2cdVÞ½1þ Δlðq2Þ�: ð39Þ

Since the contribution from the weak axial-vector currents
is much smaller than that from the vector currents, we have
ignored their effects in Eq. (37). To include the nuclear
effects, we adopt the Klein-Nystrand approach [90] for
Fp=nðq2Þ, expressed as [13]

FKNðq2Þ ¼
3j1ðqRAÞ

qRA

1

1þ q2a2K
; ð40Þ

where RA ¼ 1.2A1=3 with A being the mass number, j1 is
the spherical Bessel function of order one, and aK denotes
the range of a short-range Yukawa potential. For a
numerical estimate, we take aK ¼ 0.7 fm. The neutrinos
detected in the COHERENT experiment are produced by
the stopped πþ decay via πþ → νμ þ μþ and by the
subsequent μþ decay through μþ → eþ þ νe þ ν̄μ. In this
study, we assume that the shapes of neutrino fluxes are the
same as their energy spectra, expressed as [4,91,92]

dϕμðEνÞ
dEν

¼ N δ

�
Eν −

m2
π −m2

μ

2mπ

�
;

dϕμ̄ðEνÞ
dEν

¼ N
64

mμ

E2
ν

m2
μ

�
3

4
−
Eν

mμ

�
;

dϕeðEνÞ
dEν

¼ N
192

mμ

E2
ν

m2
μ

�
1

2
−
Eν

mμ

�
; ð41Þ
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with N being a normalization factor. Hence, the total cross
section averaged over the neutrino fluxes can be obtained as

hσiϕ¼
X

l¼e;μ;μ̄

Z
Emax
ν

Emin
ν

dE0
ν

Z
Emax
r

Emin
r

dEr
dσðνlA→νlAÞ

dEr

dϕlðE0
νÞ

dE0
ν

;

ð42Þ
where E

max;νμ
r ¼2E2

νμ=ðmAþ2EνμÞ, Eνμ ¼ðm2
π−m2

μÞ=2mπ ,

E
max;νe;μ̄
r ¼ 2E02

ν =ðmA þ 2E0
νÞ, Emax

ν ¼ mμ=2, Emin
r denotes

the nuclear threshold recoil energy, and Emin
ν is the

minimum incident neutrino energy required to reach Emin
r .

B. RðDÞ and RðD�Þ
The model has two different mechanisms contributing to

the b → clν process: One involves the charged Higgs
boson, and the other is from the LQ. However, the effects of
the charged Higgs are not significant as its couplings to
quarks and leptons are suppressed by mb;c;l=ðvtβÞ. We thus
focus exclusively on the LQ contributions. Based on the
Yukawa couplings of LQ in Eq. (32), the effective
Hamiltonian for b → clν mediated by the W gauge boson
and S

1
3 can be obtained as [80]

Hb→clν¼
4GFVcbffiffiffi

2
p

h
ðδl0l þCl

Vδ
l0
τ Þc̄γμPLblγμPLνl0

þCl
Sc̄PLblPLντþCl

Tc̄σμνPLblσμνPLντ
i
; ð43Þ

where the effective Wilson coefficients at the mS scale are
given as

Cl
V ¼

ffiffiffi
2

p

4GFVcb

yqL3y
q
L2V

l
Llτ

2m2
S

;

Cl
S ¼ −

ffiffiffi
2

p

4GFVcb

yqL3y
u
R2V

l
Llτ

2m2
S

;

Cl
T ¼

ffiffiffi
2

p

4GFVcb

yqL3y
u
R2V

l
Llτ

8m2
S

: ð44Þ

We note that since the electron does not mix with the μ and τ
leptons, the b → ceν process only arises from the SM
contribution. In addition, because the LQ contribution to
b → clν only involves the tau neutrino, the induced b →
cμντ decay does not interfere with the SM contribution. The
effective couplings Cl

S and Cl
T at the mb scale can be

obtained from the LQ mass scale via the renormalization

group (RG) equations. Following the results in Ref. [93], we
obtain Cl

SðmbÞ≈1.57Cl
SðmSÞ and Cl

TðmbÞ¼0.86Cl
TðmSÞ.

To calculate the BRs for the B̄ → ðD;D�Þlν decays, one
requires the hadronic effects for theB → Dð�Þ transitions.The
parametrization of form factors for different weak currents
can be found in Appendix A 1. By utilizing these form
factors, the differential decay rate for the B̄ → Dlν̄ process as
a function of the invariant mass q2 of lν can be expressed as

dΓl
D

dq2
¼ G2

FjVcbj2
ffiffiffiffiffi
λD

p
256π3m3

B

×

�
1 −

m2
l

q2

�
2
	
2

3

�
2þm2

l

q2

�
ðδlμ jXeþj2 þ jXlþj2Þ

þ 2m2
l

q2

�
δlμ jXe

0j2 þ




Xl

0 þ
ffiffiffiffiffi
q2

p
ml

Xl
S






2�

þ 16

�
2

3

�
1þ 2m2

l

q2

�
jXl

T j2 −
mlffiffiffiffiffi
q2

p Xl
TX

l
0

��
; ð45Þ

where Xl
þ;0;S;T and λM are defined as

Xe;μ;τ
þ ¼

ffiffiffiffiffi
λD

p
Fþð1;Cμ

V;1þCτ
VÞ;

Xe;μ;τ
0 ¼ðm2

B−m2
DÞF0ð1;Cμ

V;1þCτ
VÞ;

Xl
S ¼ðmBþmDÞCl

S

ffiffiffiffiffi
q2

q
FS;

Xl
T ¼−

ffiffiffiffiffiffiffiffiffiffi
q2λD

p
mBþmD

Cl
TFT;

λM ¼m4
Bþm4

Mþq4−2ðm2
Bm

2
Mþm2

Mq
2þq2m2

BÞ: ð46Þ

The q2 dependence of the form factors has been suppressed.
The B̄ → D�lν̄l decay involves D� polarizations, and

the transition form factors are more complicated. Using the
parametrization in Eq. (A2), the differential decay rate after
summing all D� helicities is given by:

dΓl
D�

dq2
¼

X
h¼L;þ;−

dΓlh
D�

dq2
¼ G2

FjVcbj2
ffiffiffiffiffiffiffi
λD�

p
256π3m3

B

×

�
1 −

m2
l

q2

�
2 X
h¼L;þ;−

Vlh
D� ðq2Þ; ð47Þ

where λD� can be found in Eq. (46), and

VlL
D� ðq2Þ¼ 2

3

�
2þm2

l

q2

�
ðδlμ jhe0j2þjhl0 j2Þþ

2

3

�
1þ2

m2
l

q2

�
jh0lT j2

þ2m2
l

q2
λD�

�
δlμ jXe

VA0j2þ




Xl

VA0þ
Cl
Sq

2FP

mlðmBþmD� Þ




2
�
−
16mlffiffiffi

q
p hl0h

0l
T ;

Vl�
D� ðq2Þ¼ 2q2

3

�
2þm2

l

q2

�
ðδlμ jhe�j2þjhl�j2Þþ

32q2

3

�
1þ2m2

l

q2

�
jh�l

T j2−16ml

ffiffiffiffiffi
q2

q
hl�h

�l
T : ð48Þ
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The quantities hl0 , h
0l
T , hl�, and h�l

T are defined by

he;μ;τ0 ¼ Xe;μ;τ
V

2mD�

�
ðm2

B −m2
D� − q2ÞðmB þmD� ÞA1

−
λD�

mB þmD�
A2

�
;

h0lT ¼ Cl
T

ffiffiffiffiffi
q2

p
2mD�

�
ðm2

B þ 3m2
D� − q2ÞT2 −

λD�

m2
B −m2

D�
T3

�
;

he;μ;τ� ¼ Xe;μ;τ
V

	
ðmB þmD� ÞA1 ∓

ffiffiffiffiffiffiffi
λD�

p
mB þmD�

V

�
;

h�l
T ¼ Cl

Tffiffiffiffiffi
q2

p ½ðm2
B −m2

D� ÞT2 �
ffiffiffiffiffiffiffi
λD�

p
T1�; ð49Þ

with Xe;μ;τ
V ¼ ð1; Cμ

V; 1þ Cτ
VÞ, respectively. Based on

Eqs. (45) and (47),RðMÞ (M ¼ D;D�) can be calculated by

RM ¼
R q2max

m2
τ

dq2 dΓτ
M

dq2R q2max

m2
l

dq2 dΓl0
M

dq2

; ð50Þ

with q2max ¼ ðmB −mMÞ2 and Γl0
M ¼ ðΓe

M þ Γμ
MÞ=2.

C. New Higgs decays

Equation (21) shows that utilizing an additional Higgs
doublet to spontaneously break the Uð1Þμ−τ gauge sym-
metry leads to a strong correlation among mZ1

, gZ0 , and tβ.
As a result, several processes involving the same set of
parameters exhibit distinct behaviors. In the following, we
discuss these interesting processes.
With focus on the scenario with mH < mh=2 and

mZ1
< 200 MeV, the new Higgs decay channels h →

HH and h → ðZ1Z1; Z1Z2Þ become kinematically acces-
sible. Using the Higgs trilinear and gauge couplings given
in Eqs. (16) and (22), the partial decay rates for these
channels are obtained as

Γðh→HHÞ¼ mh

32π

�
ξm2

h

v2

��
1þ2m2

H

m2
h

�
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
H

m2
h

s
;

with ξ¼ s2β−αðcβ−αþ tβsβ−αÞ2ðcβ−α− t−1β sβ−αÞ2; ð51Þ

Γðh → Z1Z1Þ ≃
mh

32π

m2
h

v2

�
sβ−α −

t2β − 1

tβ
cβ−α

�2

;

Γðh → Z1Z2Þ ≃
mh

16π

�
gmh

2cWmZ2

cβ−α

�
2
�
1 −

m2
Z2

m2
h

�3

: ð52Þ

In the decoupling limit when sβ−α → 1, as required by the
current Higgs signal strength measurements, the processes
h → ðHH;Z1Z1Þ can in principle have large decay rates.
Hence, the observed Higgs width Γh strongly constrains the

values of tβ and cβ−α. Therefore, from Eq. (51), the
condition of cβ−α ∼ sβ−α=tβ ≪ 1 has to be satisfied; i.e.,
a large tβ scheme is demanded by data in the model.
Interestingly, when we use a large tβ value, the same
condition can be used to suppress the partial decay width of
h → Z1Z1. Moreover, since h → Z1Z2 does not depend on
the tβ parameter, we can use the limit of Γðh → Z1Z2Þ as an
independent constraint on cβ−α. Although our analysis does
not focus on the search for collider signals, the percent-
level BR for h → Z1Z2 with invisible Z1 decay could be an
interesting channel for detecting the new physics. We note
that cβ−α ∼ 0.1 is still permissible when considering the
constraints from the current measurements of Higgs
decays. We will see later that the BRs of new Higgs decay
modes can reach the percent level with cβ−α ∼ 0.05.
In addition to the flavor-conserving Higgs Yukawa

couplings, which are suppressed by ml=v according to
Eq. (25), there is a tree-level LFV Higgs coupling, i.e.,
hμ̄LτR, where the strength of this LFV coupling is primarily
determined by χμτcβ−α

ffiffiffiffiffiffiffiffiffiffiffiffimμmτ
p =ðs2βvÞ. The partial decay

rate for h → μτ can thus be written as

Γðh → μτÞ ¼ mh

16π
jcβ−αζμτj2;

with ζμτ ¼
ffiffiffiffiffiffiffiffiffiffiffiffimμmτ

p
v

χμτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
: ð53Þ

When cβ−α and tβ are determined from the processes
h → HH=Z1Z2, the h → μτ decay rate then depends only
on χμτ.
From Eq. (33), it can be seen that the tree-level lepton

FCNC arises not only from the Higgs couplings but also
from the Zi couplings. For a light Z1 gauge boson, the
τ → μZ1 decay can be induced at the tree level, and the BR
can be obtained as

BRðτ → μZ1Þ ≃
mτðgZ0qXs2θLcθZÞ2

32πΓτ

�
1þ m2

τ

m2
Z1

�
; ð54Þ

where we have dropped the mμ;Z1
=mτ factors because

mμ;Z1
≪ mτ. The 1=m2

Z1
factor in the parentheses from

the contribution of the longitudinal component of Z1 will
largely enhance the BR as mZ1

is taken at the sub-GeV
level. Since the BR of this decay is mainly determined by
gZ0 , mZ1

, and sθL , we can use τ → μZ1 to constrain the θL
parameter when gZ0 and mZ1

are fixed by other processes.

D. Lepton (g− 2)’s
Our model makes additional contributions to the lepton

(g − 2)’s through the mediations of Z1, H, and LQ at the
one-loop level. One can neglect the contribution from LQ
as it is suppressed bym2

μ=m2
S. Based on the gauge couplings

given in Eq. (33), although the LFV coupling μτZ1 can
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contribute to the muon and tau (g − 2)’s, its effect is
negligible as the coupling is proportional to gZ0sθL , where
gZ0 is of Oð10−4Þ, and sθL is highly constrained by the
τ → μZ1 decay, as argued at the end of last subsection. On
the contrary, the contribution from the light H is through
the LFV coupling μτH. From Eq. (25), it can be seen that
although this coupling is suppressed by a factor of ml=v,
the factor 1=cβ can enhance the lepton (g − 2)’s in the
regime of large tβ and small mH.
The explicit expressions of the Z1 andH contributions to

the lepton (g − 2)’s are, respectively, given by:

ΔaZ1

l ¼ g2

32π2c2W

�
Cl2
1V þ Cl2

1A

� Z 1

0

dx
2m2

lx
2ð1 − xÞ

m2
Z1
ð1 − xÞ þm2

lx
2
;

−
g2

32π2c2W
Cl2
1A

Z
1

0

dx
8m2

lxð1 − xÞ
m2

Z1
ð1 − xÞ þm2

lx
2
; ð55Þ

ΔaHl0 ¼
m2

l0

8π2m2
H
jsβ−αζμτj2; ð56Þ

with l ¼ ðe; μ; τÞ and l0 ¼ ðμ; τÞ. Although the couplings
of Z2, excluding the SM part, can contribute to the lepton
(g − 2)’s, the suppression factors of ðsθZ ; gZ0 Þm2

l=m
2
Z2

make
the effects negligible. We, therefore, disregard the new
physics contribution from Z2.

E. Oblique parameters and the W mass

An important set of precision measurements for con-
straining new physics comprises the oblique parameters
denoted by S, T, and U. These quantities are related to the
loop-induced vacuum polarizations of vector gauge bosons,
and their detailed definitions can be found in Refs. [94,95].
In our model, in addition to the SM-like Higgs doublet H2,
the oblique parameters receive effects from the extra SUð2Þ
Higgs doublet H1 and the new gauge coupling to Z0. Since
we will focus on gZ0 ∼Oð10−4Þ, we ignore the Z0 con-
tribution and take mZ2

≃mZ in the analysis. However, a
distinctive difference is that the pseudoscalar in the conven-
tional 2HDM becomes the longitudinal component of Z0.
Thus, the main contributions running in the loops to the
oblique parameters are from H�, h, and H.
To calculate the S, T, and U parameters in the model, we

use the results obtained in Ref. [96], where the resulting
oblique parameters are suitable for the multi-Higgs-doublet
models and even for the models with new singlet charged
scalars. Except for the absence of pseudoscalar contribu-
tions, the effects from H�, h, and H are similar to the
conventional 2HDM. The detailed expressions for the S, T,
and U parameters as functions of the scalar masses and
couplings are given in Appendix B.
Using the obtained oblique parameters, the W mass

under the influence of new radiative corrections can be
expressed as [95,97,98]

mW ≡mSM
W δO ¼ mSM

W

	
1þ αem

c2W − s2W

×

�
c2WT −

S
2
þ c2W − s2W

4s2W
U

��
1=2

; ð57Þ

where mSM
W denotes the W mass in the SM, and its

relationship with mZ is defined to be the same as that in
the SM; i.e., mSM

W ¼ mZcW . It is worth mentioning that the
tree-level Z0 − Z mixing can affect the oblique parameters
and modify the relation between mSM

W and mZ [98].
However, since the mixing angle θZ in the model is of
Oð10−5Þ in our study, the effects can be safely ignored.

IV. NUMERICAL ANALYSIS
AND DISCUSSIONS

Before conducting a numerical analysis of the physical
processes studied in this work, we should first find the
viable ranges of new physics parameters in the Uð1Þμ−τ-
extended model. For example, as alluded to before, the
most influential parameter for the CEνNS is mZ1

, and its
cross section can be potentially enhanced by a larger value
of mZ1

. The magnitude of mZ1
, on the other hand, is

proportional to gZ0 whose value can be constrained by, e.g.,
the observed muon g − 2. In the following, we start by
setting bounds on the parameter space and then make
predictions for the CEνNS cross section, RðDð�ÞÞ, and the
oblique parameters and W boson mass. We will also study
the decays of the Z1 and H bosons in the model.

A. Constraints of parameters

The free parameters considered in this study are mH,
mZ1

, mS, gZ0 , χμτ, cβ−α, and tβ, where χμτ parametrizes
the μ − τ mixing effect through sθL ≃ χμτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mμ=mτ

p
, and the

Z0 − Z mixing is determined by mZ1
and tβ. Based on the

constraints from the neutrino trident process [99], measured
by CCFR [100], and the 4μ final states in the BABAR
experiment [101], we can conservatively take the bounds of
gZ0qX ≲ 1.3 × 10−3 and mZ1

< 200 MeV. According to
Eq. (55), the Z1 boson makes an important contribution
to the muon g − 2. Therefore, we show in Fig. 1 the CCFR
bound [99] and the �3σ contours (blue dot-dashed curves)
of the measured muon g − 2 in the mZ1

-gZ0qX plane, where
the shaded region above the red dashed curve is ruled out
by the CCFR experiment. AlthoughΔaZ1

μ depends on tβ via
the Z0 − Z mixing, its effect is negligibly small because
sθ ∼Oð10−5Þ in the considered range of mZ1

. As a result,
the electron g − 2 mediated by Z1 and induced through
Z0 − Z mixing is estimated to be ΔaZ1

e ≈ −1.4 × 10−16,
completely negligible. We will show later that due to the
small lepton flavor mixing, as constrained by other proc-
esses, the effect mediated by H for the lepton g − 2 is
also highly suppressed. In the model, mZ1

and gZ0qX are
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not independent parameters and are related by mZ1
¼

2vtβgZ0qX=ð1þ t2βÞ. In Fig. 1, we also show contours of
tβ using solid lines. The large tβ scheme, as required to
restrict the h → HH and h → Z1Z1 rates, to be discussed in
more detail below, further narrows down the preferred
mZ1

range.
The SM prediction for the Higgs boson width is ΓSM

h ≈
4.1 MeV [102], while the current measurement gives
Γexp
h ¼ 3.2þ2.8

−2.2 MeV [103]. As an illustrated example, we
assume that each new Higgs decay channel in the model
contributes less than 5% of ΓSM

h ; i.e., ΓNP
h ≤ 0.20 MeV.

This assumption is consistent with the current upper limit
on the Higgs invisible decays, BRðh → invisibleÞ < 0.19
[103]. To fit the observed Higgs signal strengths, the Higgs
couplings to the fermions and the W� and Z gauge bosons
should have sβ−α ≈ 1.
We now use Γðh → HHÞ to bound cβ−α and tβ. Since the

h → HH process depends on mH, we show the upper
bound on ξ, defined in Eq. (51), for some benchmarks
of mH:

ξ≲ 10−3Γðh → HHÞ
0.20 MeV

×

8><
>:

0.59 mH ¼ 30 GeV;

0.61 mH ¼ 50 GeV;

1.07 mH ¼ 60 GeV:

ð58Þ

To illustrate the dependence of ξ on cβ−α and tβ, we show in
Fig. 2 the contour plot of ξ in the tβ-cβ−α plane, where we
have fixed ξ ¼ 0.61 × 10−3 and Γðh → HHÞ ¼ 0.20 MeV.
It is found that there are two slightly separated contours,
which are insensitive to the chosen value of ξ and indicate
that cβ−α decreases as tβ increases. With the choice of
tβ ¼ 25, mH ¼ 50 GeV, and ξ ¼ 0.61 × 10−3, we obtain

cβ−α ≈ 4.095% and sβ−α ≈ 99.92%. The values in turn
determine that Γðh → Z1Z1Þ ≈ 0.17 MeV and Γðh →
Z1Z2Þ ≈ 0.11 MeV.
In the large tβ scheme, Γðh → Z1Z2Þ only depends on

cβ−α. With mh ¼ 125 GeV and mZ2
¼ 91.187 GeV, the

limit of cβ−α can be determined as

cβ−α ≲ 0.0544

�
Γðh → Z1Z2Þ
0.20 MeV

�
1=2

: ð59Þ

The assumption of Γðh → Z1Z2Þ ≤ 0.20 MeV then trans-
lates into the dashed line in Fig. 2. According to the result
in Eq. (21), we can estimate the Z0 − Z mixing angle to
have

jsθZ j ≈ 1.08 × 10−5
�
20

tβ

��
mZ1

20 MeV

�
: ð60Þ

Clearly, sθZ can be larger than the loop-induced kinetic
mixing between Z0 and γ, characterized by the mixing
parameter [28,104]:

ϵ ¼ gZ0e
6π2

ln
mτ

mμ
≈ 8.68 × 10−6

�
gZ0

6 × 10−4

�
: ð61Þ

Consequently, we concentrate on the contributions from the
Z0 − Z mixing in this study.
The χμτ parameter contributes to h → μτ, τ → μZ1, and

ΔaHl . Since the τ → μZ1 process is strongly enhanced by
the factor of m2

τ=m2
Z1
, its measurement will put a strict

constraint on χμτ. To bound the χμτ parameter using
available data, we can use the upper limit of the process

103050 t

CCFR

a 3

1 5 10 50 100
1 10�4

5 10�4

0.001

0.005

0.010

mZ1 [MeV]

g Z
'q
X

FIG. 1. Parameter space preferred by the muon g − 2 (shaded
region bounded by blue dot-dashed curves) and ruled out by the
CCFR experiment (shaded region above the red dashed curve).
The solid lines represent the contours for tβ.
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0.02
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0.08

0.10

FIG. 2. Contours of ξ (blue solid curves) in the tβ-cβ−α
plane, assuming ξ ¼ 0.61 × 10−3 and Γðh → HHÞ ¼ 0.20 MeV.
The dashed line denotes the upper bound on cβ−α from
Γðh → Z1Z2Þ ≤ 0.20 MeV.
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τ → μþ light boson as an estimate, where the current
data give BRðτ→ μþ light bosonÞ< 5×10−3 [103,105].
With cθL ≈ cθZ ≈ 1 and the result in Eq. (54), we obtain
an upper bound on χμτ as

χμτ < 1.82 × 10−5
�
25

tβ

�
: ð62Þ

The resulting BRðh → μτÞ and ΔaHμ are then less than
Oð10−11Þ and Oð10−16Þ, respectively.
The primary purpose of introducing the scalar LQ, S

1
3, in

the model is to address the RðDð�ÞÞ anomalies. Along with
the mass of LQ, the related parameters are yqL3;L2, y

u
R2, and

Vl
Llτ. Due to the τ → μZ1 constraint, the lepton flavor

mixing matrix can be approximated as Vl
L ≈ 1, allowing us

to ignore its contribution to the muon mode. Consequently,
the LQ only couples to the third-generation leptons.
According to Eq. (32), unlike the independent couplings
to the different up-type quarks, the LQ couplings to the
different down-type quarks are related by the CKM matrix
and can be written as

ðVT
CKMy

q
LÞd ≈

10

3
λ4yqL3 − λyqL2 þ yqL1;

ðVT
CKMy

q
LÞs ≈ −

4

5
λ2yqL3 þ yqL2 þ λyqL1;

ðVT
CKMy

q
LÞb ≈ yqL3; ð63Þ

where λ ≈ 0.2257 is a Wolfenstein parameter, and Vub ≪
Vcb ≪ Vtb ≈ Vcs ≈ Vud ≈ 1 has been applied. To suppress
the LQ couplings to the first- and second-generation quarks
so as to satisfy constraints from low-energy physics, such
as P − P̄ mixing and qi → qjf̄0f0, where P and f0 are,
respectively, possible neutral mesons and leptons, we
require the Yukawa couplings to have the hierarchy

yqL3∼Oð1Þ; yqL2∼Oðλ2Þ; yqL1∼Oðλ3Þ: ð64Þ

If cancellations are allowed in the terms of ðVT
CKMy

q
LÞd;s,

small LQ couplings to the first two generations of down-
type quarks can be easily achieved in the model. Although
D − D̄ mixing can constrain yuR2y

u
R1, we can take a small

yuR1 to avoid this constraint on jyuR2j, for which we need
yuR2 ∼Oð0.5Þ to enhance RðDð�ÞÞ.
In this model, the LQ couplings to the third-generation

quarks are dominant. Both CMS [106] and ATLAS [107]
have searched for the scalar LQ with an electric charge of
e=3 using the tτ and bν production channels. ATLAS has
placed a stronger upper bound on the LQ mass when
BRðS−1=3 → tτÞ ¼ 1=2, obtaining mS ≥ 1.22 TeV. If we
set yuR3 ¼ 0, the ATLAS measurement can be directly
applied to our model, and tτ and bντ thus become the

dominant decays of the LQ. To be more conservative, we
use mS ¼ 1.5 TeV in our numerical calculations.

B. Phenomenological analysis

Here, we present the numerical results of the observables
discussed in Sec. III and highlight their features while
taking into account the constrained parameter space
obtained in Sec. IVA.

1. Cross sections of CEνNS
on Ar and CsI targets

Since the targets of the measured CEνNS in the
COHERENT experiment are Ar and CsI, we focus on both
targets in the following numerical analysis. Because CsI is a
compoundof cesium and iodide, the fraction of each nucleus
contributing to the cross section is defined by fi ¼
Ai=ðACs þ AArÞ [108]. Based on COHERENT’s best-fit
results for hσie and hσiμþμ̄ [3], where the resulting hσiμþμ̄

is noticeably smaller than the SM prediction, we choose to
present the numerical results with signðθZÞ ¼ −1.
To calculate the cross section of CEνNS for Ar and CsI,

the quantities involved in Eq. (42) are taken as follows: The
weak mixing angle is s2W ¼ 0.23112, the number of the
protons and neutrons in 40Ar, 127I, and 133Cs are set to be
ðZ;NÞAr ¼ð18;22Þ, ðZ;NÞI ¼ð53;74Þ, and ðZ;NÞCs ¼
ð55; 75Þ, respectively, and the masses of the nuclei are
mAr ¼ 37.20 GeV, mI ¼ 118.24 GeV, and mCs ¼
123.86 GeV. The energy of the prompt νμ is determined
from the πþ decay at rest. With mμ ¼ 105.65 MeV and
mπ ¼ 139.57MeV, we obtain Eνμ ≃29.80MeV. By neglec-
ting the electron mass, the maximum energy of νe and ν̄μ
from the μþ decay is Emax

νe;ν̄μ ¼ mμ=2 ≃ 52.8 MeV.
As mentioned in the introduction, the difficulty in

measuring the CEνNS is due to the small nuclear recoil
energy (RE). We can estimate the maximum RE of the
nuclear targets, argon, iodine, and cesium, by incident
νμ with the energy of 29.80 MeV as E

max;νμ
r ¼

ð47.66; 15.01; 14.33Þ keV, respectively. The maximum
RE of (Ar, I, Cs) from ν̄μ or νe with the maximum incident

energy of 52.8 MeV is given by E
max;ν̄μðνeÞ
r ¼

ð149.46; 47.11; 44.98Þ keV. The nuclear threshold RE
in the COHERENT experiment for (Ar, CsI) is (20,
6.5) keV [109]. Using Eν ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mTEr=2

p
, the minimum

neutrino energy of producing the threshold RE for Ar
and CsI can be estimated to be Emin

ν ∼ 19 MeV. If we apply
this Emin

ν to Eq. (42), it is found that the total cross section
of CEνNS will be reduced by ∼2.4%, which is the same as
the uncertainty from the nuclear form factor. Due to the fact
that Eνμ ≃29.80MeV, the kinematic cut of Emin

ν ∼ 19 MeV
does not influence the νμ scattering. Additionally, accord-
ing to neutrino fluxes shown in Eq. (41), Eν ≲ 19 MeV
locates at the front tail of the νe and ν̄μ fluxes, where the
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contributions from this region are much smaller than those
from 19 to 52.80 MeV. Since our purpose is to demon-
strate the sensitivity to the new physics effects, for
simplicity, we do not consider the kinematic cut based
on the experimental conditions. The detailed event analy-
sis based on the experimental setup can be found
in Ref. [25].
Using Eq. (42), we show the total cross section of

CEνNS for Ar (solid) and CsI (dashed) as a function ofmZ1

in Fig. 3(a). We estimate the SM results for Ar and CsI to be
18.2 × 10−40 cm2 and 183.12 × 10−40 cm2, respectively.
Since the cross section is plotted in the logarithmic scale,
the sensitivity in mZ1

is not obvious. To illustrate the new
physics effects, we show the deviation from the SM result,
defined by (hσNPþSMiϕ − hσSMiϕÞ=hσSMiϕ, in Fig. 3(b). It
can be seen that the influence of new physics can exceed
10% when mZ1

≳ 12 MeV, with a slightly larger influence
on CsI than on Ar.
In addition to the total cross section of CEνNS, the cross

section at specific incident neutrino energy Eν serves as
another useful physical observable for probing the new
physics effects. For clarity, we define the averaged total
cross section as a function of Eν as follows:

hΣi¼ 1

ΦðEνÞ
X

l¼e;μ;μ̄

Z
Emax
r

Emin
r

dEr
dσðνlA→ νlAÞ

dEr

dϕlðEνÞ
dEν

;

ΦðEνÞ¼
X

l¼e;μ;μ̄

dϕlðEνÞ
dEν

: ð65Þ

In Fig. 4(a), we show hΣi as a function of Eν in the SM for
the targets of Ar, I, and Cs by the solid, dot-dashed, and
dashed curves, respectively. To demonstrate the sensitivity
of hΣi to the new physics effects, we present the results for
Ar and CsI in Figs. 4(b) and 4(c), respectively, where the

solid, dot-dashed, and dashed curves denote cases with
mZ1

¼ ð0; 10; 30Þ MeV. It can be seen that the deviation
from the SM increases withmZ1

. To illustrate the sensitivity
of hΣi on the Z0 mass, we exhibit δhΣi ¼ ðhΣNPþSMi −
hΣSMiÞ=hΣSMi in Fig. 4(d) for Ar and CsI, where the dot-
dashed and dashed curves are for mZ1

¼ 10 and 30 MeV.
From the results, we find that the sensitivity level jδhΣij
first decreases with Eν and then turns to increase with Eν

at some higher Eν, e.g., at Eν ∼ ð41; 36Þ MeV for
mZ1

¼ ð10; 30Þ MeV. Hence, the deviation from the SM
result can reach ∼11% (22%) at Eν ¼ 15 MeV and ∼7%
(25%) at Eν ¼ 50 MeV for mZ1

¼ 10 (30) MeV.
As stated in the introduction, a light Z0 gauge boson can

be realized by a variety of local Uð1Þ gauge symmetries.
The gauged Uð1Þ symmetries can be classified as
Uð1ÞXq−

P
l
clXl

, where Xq;l denote the Uð1Þ charges of

quark and lepton, respectively. Since the experiments from
the searches of visible dark photons place strict constraints
on gZ0 and mZ0 , not all Uð1Þ models are of interest in the
study. To illustrate the contributions from different gauged
Uð1Þ symmetries to CEνNS, we consider the potential
models, including universal, B − L, B − Le − 2Lμ, and
Lμ − Lτ with kinetic mixing, from the model listed in
Ref. [25], where the charge assignments of the selected
Uð1Þ’s are given in Table II. Using the central value of data
along with 1σ errors as the upper bound for CEνNS, the
flux-averaged cross section hσiϕ for the selected Uð1Þ
models as a function of gZ0 and mZ0 is shown in Fig. 5,
where the solid, long dashed, dotted, dashed, and dot-
dashed curves represent the results from our model,
universal, B − L, B − Le − 2Lμ, and Lμ − Lτ with kinetic
mixing, respectively. It can be seen that in the mass region
of 10 ≤ mZ0 ≤ 100 MeV, our model can fit better the
constraint from CCFR and the observed muon g − 2.

(a) (b)

FIG. 3. (a) Cross section averaged by neutrino fluxes for Ar and CsI targets as a function of mZ1
, where the points for mZ1

¼ 0
correspond to the SM results. (b) Fractional deviation on the total cross section hσiϕ from its SM value as a function of mZ1

. In both
plots, the solid and dashed curves represent the results for Ar and CsI targets, respectively.
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2. RðDÞ and DðD�Þ mediated by LQ

The calculations of RðDÞ and RðD�Þ depend on the form
factors of the B → ðD;D�Þ transitions. In this study, we use
the form factors given in Ref. [59], obtained using the
heavy quark effective theory (HQET). With the input
values of mBþ ¼ 5.28 GeV, mD0 ¼ 1.864 GeV, mD0� ¼
2.007GeV, τB− ¼ 2.450×1012 GeV−1, and Vub ¼ 0.0395,
the BRs for Bþ → ðD0; D0�Þlν are found to be consistent
with current experimental data, as shown in Table III.
Using the formulas presented in Sec. III B, we obtain for
the SM that

RSMðDÞ≈0.297; RSMðD�Þ≈0.258: ð66Þ

The values are within 1σ errors of those obtained in
Ref. [59] and are consistent with the results given in
Refs. [56–63].
The parameters involved in the b → cτν transition

mediated by the LQ appear in the combinations of
yqL3y

q
L2=m

2
S and yqL3y

u
R2=m

2
S. For the numerical analysis,

we fix mS ¼ 1.5 TeV. From Eq. (63), we see that
yqL2 ∼Oðλ2Þ ≪ yqL3, indicating that the dominant effect

on RðDÞ and RðD�Þ comes from the combination
yqL3y

u
R2. To simplify the analysis, we take the assumption

that yqL2 ¼ 0, in which case RðDð�ÞÞ is found to deviate
from that with yqL2 ¼ 0.04 by only ∼2%. We present the
contours of RðDÞ and RðD�Þ in the yqL3-yuR2 plane in the left
plot of Fig. 6, with the shaded areas (light green and gray,
respectively) covering the 2σ ranges of their world aver-
ages. It is seen that the low boundaries of RðDÞ and RðD�Þ
match exactly, while the upper boundary for RðDÞ ¼ 0.414
is close to the contour of RðD�Þ ¼ 0.297. This illustrates

(a) (b)

(c) (d)

FIG. 4. (a) hΣi as a function of Eν for Ar (solid), I (dot dashed), and Cs (dashed) in the SM. hΣi for (b) Ar and (c) CsI with
mZ1

¼ 0 MeV (solid), 10 MeV (dot dashed), and 30 MeV (dashed). (d) Sensitivity of hΣi on the Z0 boson for Ar and CsI with
mZ1

¼ 10 MeV (dot dashed) and 30 MeV (dashed).

TABLE II. Charge assignments of the selected new Uð1Þ
gauged models [25].

Model Universal B − L B − 3Lμ B − Le − 2Lμ Lμ−τ

Xu 1 1=3 1=3 1=3 0

Xd 1 1=3 1=3 1=3 0

Xe 1 −1 0 −1 0

Xμ 1 −1 −3 −2 1

Xτ 1 −1 0 0 −1
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that an accurate measurement of RðDÞ can indirectly
constrain the value of RðD�Þ and vice versa. The right
plot of Fig. 6 shows the dependence of RðDð�ÞÞ on the
product yqL3y

u
R2. To explain the RðDÞ and RðD�Þ anomalies,

we need −1 < yqL3y
u
R2 < 0 for mLQ ¼ 1.5 TeV. It is

observed that RðDÞ is more sensitive to the S
1
3 contribution.

In addition to the ratio of the BR for τν to that for lν,
other physical observables may be sensitive to the new
physics, such as the forward-backward asymmetry of the
charged lepton, τ polarization [73,75], and q2-dependent
differential decay rates. The BR is sensitive to the CKM
matrix elements and the form factors of the B → ðD;D�Þ
transitions. To eliminate these factors, we propose the ratio
of the q2-dependent differential decay rates, defined to be

RMðq2Þ ¼
dΓτ

M=dq
2

dΓl0
M=dq

2
Hðq2 −m2

τÞ; ð67Þ

whereHðxÞ is the Heaviside step function, and dΓl0
M=dq

2 is
the average of the electron and muon modes. Because the
threshold invariant mass squared of τν in the B → Mτν
decay is q2 ¼ m2

τ , we thus require that the denominator
dΓl0

M=dq
2 also starts from the same invariant mass squared.

To appreciate the benefit of considering the observable
defined in Eq. (67), we first show the q2-dependent BRs for
B− → ðD0; D0�Þl00ν (l00 ¼ l0; τ) in the SM in Figs. 7(a)
and 7(b), respectively. Plot (a) shows that when

q2 ≳ 8 GeV2, the decay B− → D0τν becomes larger than
the light lepton mode, and it is expected that RDðq2Þ > 1 in
this region. D� is a vector meson and has longitudinal (PL)
and transverse (PT) components. To exhibit their contri-
butions, we separately show PL and PT in Fig. 7(b). The
results indicate that PT becomes larger than PL at some-
what large q2 regions in both light lepton and τ modes. In
contrast to the B− → D0l00ν decay, dΓl0

D�=dq2 is always
larger than dΓτ

D�=dq2 in the allowed kinematic region; thus,
it is expected that RD�ðq2Þ < 1.
The q2 dependence of RDðq2Þ and RD� ðq2Þ in the SM is

shown in Figs. 7(c) and 7(d), respectively, using the solid
curves. It is confirmed that RDðq2Þ≳ 1 at q2 ≳ 8 GeV,
while RD�ðq2Þ < 1 in the physical kinematic region.
Additionally, we find that RMðq2Þ increases monotonically
with q2. This means that the decreasing rate of dΓl0

M=dq
2 in

q2 is faster than that of dΓτ
M=dq

2. To see how sensitive
RMðq2Þ is to new physics effects, we show the results using
benchmarks of yqL3y

u
R2 ¼ −0.5 (dashed) and yqL3y

u
R2 ¼ −1

(dot dashed) for RDðq2Þ and RD� ðq2Þ in the correspon-
ding plots. We also consider the quantity ðRNP

M ðq2Þ −
RSMðq2ÞÞ=RSM

M ðq2Þ to exhibit the deviation caused by
the new physics effects in RMðq2Þ from the SM prediction,
and the results are shown in Fig. 8. The variations of these
curves show that RDðq2Þ is more sensitive to new physics
than RD� ðq2Þ in the model.

(a) (b)

FIG. 5. SelectedUð1Þ gauged models contributing to the flux-averaged cross section hσiϕ as functions of gZ0 andmZ0 for the (a) Ar and
(b) CsI targets, where we have taken the upper bounds of hσiϕ ¼ ð29; 200Þ × 10−40 cm2 for Ar and CsI, respectively.

TABLE III. Branching ratios of the B− → D0ð�Þlν decays in the SM and their experimental measurements.

Mode B− → D0lν B− → Dτν B− → D0�lν B− → D0�τν

SM 2.32% 6.89 × 10−3 5.84% 1.50%

Exp [103] ð2.30� 0.09Þ% ð7.7� 2.5Þ × 10−3 ð5.58� 0.22Þ% ð1.88� 0.20Þ%
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FIG. 6. Left: contours of RðDÞ and RðD�Þ in the yqL3-y
u
R2 plane. The solid (darker green) and dashed (red) lines cover the 2σ range of

the world-averaged RðDÞ and RðD�Þ, respectively. Right: dependence of RðDð�ÞÞ on yqL3y
u
R2. The light green [pink] shaded region

represents the 2σ range of the world-averaged RðDÞ [RðD�Þ].

(a) (b)

(c) (d)

FIG. 7. Differential BR as a function of q2 in the SM for (a) B− → D0l00ν and (b) B− → D�l00ν, where the longitudinal and transverse
polarizations ofD� are illustrated separately. The ratios RDðq2Þ (c) and RD� ðq2Þ (d) as functions of q2, where the solid, dashed, and dot-
dashed curves are plotted for yqL3y

u
R2 ¼ 0, −0.5, and −1, respectively.
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3. The oblique parameters and W-mass

By combining the CDF II measurement of mW with
others, the oblique parameters are determined to be [110]

U≡0; S¼0.10�0.073; T¼0.202�0.056;

U¼0.134�0.087; S¼0.05�0.096; T¼0.040�0.120:

ð68Þ

We can use these results to constrain the free parameters in
the model. Based on Eqs. (B1), (B3), and (B4), the oblique
parameters have a quadratic dependence on cβ−α. However,
cβ−α ≲Oð0.04Þ as previously discussed, meaning that its
effects on the S, T, and U parameters are negligible.
Therefore, these parameters can be approximated for the
model as follows:

T ≃
1

16αemπ
2v2

s2β−αFðm2
Hþ ; mHÞ;

S ≃
1

24π

	
ðc2W − s2WÞ2Gðm2

Hþ ; m2
Hþ ; m2

ZÞ þ ln
m2

Hþ

m2
H

�
;

U ≃
1

24π
½s2β−αGðm2

Hþ ; m2
H;m

2
WÞ

− ð2s2W − 1Þ2Gðm2
Hþ ; m2

Hþ ; m2
ZÞ�: ð69Þ

In this simplified form, the oblique parameters depend only
on the ratio mHþ=mH. The contours for T (solid) and S
(dashed) in the plane of mHþ and mH for the model are
drawn in Fig. 9(a), where sβ−α ≈ 1 is taken in the estimates.
Due to the fact thatU ≪ T, we do not show the results ofU
in the plot. The values of S and U in the model can only be
up to the percent level and can be neglected in the
numerical estimates for further phenomenological analyses.
Thus, using the obtained T parameter, the loop-correctedW
mass in the model is shown in Fig. 9(b), where the contours
correspond to the central value, �2σ and �5σ of the world

average ofmW ¼ 80.4133� 0.0080 [110]. We observe that
mW increases withmHþ for a givenmH, while a lowermH is
needed to increase mW when mHþ is fixed. For instance,
mW ≈ 80.43 GeV can be achieved for mH ≈ 50 GeV
and mHþ ≈ 150 GeV.

4. Z1 and H decays

Finally, let’s discuss possible decays of the light Z1 and
H. Because the mass of the light gauge boson is limited in
the region of mZ1

∈ ð10; 100Þ MeV, it can only decay
dominantly into on-shell light leptons through two-body
decays. The Z1 partial decay rate for possible final leptons
is given by

ΓðZ1 → ff̄Þ ≃ g2mZ1

96c2W
ðjCf

Rj2 þ jCf
Lj2Þ; ð70Þ

where Cf
RðLÞ ¼ Cf

1V ∓ Cf
1A, f denotes the possible light

leptons (such as the three active neutrinos and the electron),
andm2

f=m
2
Z1

≈ 0 is applied. The effective couplings of Cf
R;L

for each involved f are given as follows:

Cνl
R ¼ 0; Cνe

L ¼ sθZ ;

C
νμ;τ
L ¼ sθZ �

cWmZ1
cθZ

gv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ t2β þ t−2β

q
;

Ce
R ¼ 2s2WsθZ ; Ce

L ¼ ð−1þ 2s2WÞsθZ : ð71Þ

Although Z0 does not couple to the first-generation leptons,
the physical Z1 can decay to them via Z0 − Z mixing.
If sθZ were not significantly smaller than gZ0 , the decay

rates for Z1 → ðν̄eνe; e−eþÞ could be sizable compared to
the Z1 → ν̄l0νl0 decays. However, due to the large tβ
enhancement in the Z1 gauge coupling to νμ;τ, the dominant
decay channels are Z1 → νμν̄μ=ντν̄τ, with estimated BRs of
approximately 50.5% and 49.5%, respectively. The BRs for
νeν̄e and e−eþ as functions of tβ are presented in Fig. 10(a).

FIG. 8. Deviation of RMðq2Þ from the SM result for B− → D0lν (left) and B−D0�lν (right).
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It is found that the BRs are more sensitive to tβ and less
sensitive tomZ1

. BecauseZ1 can be produced in the τ → μZ1

decay, which depends on the lepton flavor mixing θL, a
significant BRðZ1 → e−eþÞ thus implies a large BR for the
LFV process τ → μZ1 → μe−eþ, where the current upper
limit is BRðτ → μe−eþÞ < 1.8 × 10−8 [103]. Our estimate
of BRðτ → μe−eþÞ is shown in Fig. 10(b), where χμτ ¼
10−5 is used. Since τ → μZ1 is also not sensitive tomZ1

, the
dependence of mZ1

in BRðτ → μe−eþÞ is not manifest.
Assuming the integrated luminosity of 50 ab−1, Belle II will
be capable of probing theLFVprocessBRsdown to the level
of 10−10–10−9 [111]. The BR of Oð10−9Þ for τ → μe−eþ
predicted in this model can thus be probed at Belle II.
As discussed earlier, when mH < mh=2, H can be

produced through the h → HH decay. The partial decay
width of this process can provide a strict limit on the tβ and
cβ−α parameters. In the following, we concentrate on this
scenario, even though H generally can be heavier.
For two-body decays, H should decay into a pair of

fermions, as long as the phase space permits. From

Eq. (25), its Yukawa couplings to fermions are suppressed
by mf=v and ðcβ−α − sβ−α=tβÞ, with no other factors that
can enhance the partial decay width. As a result, ΓðH →
ff̄Þ is small and negligible. However, even though sup-
pressed by m2

Z1
=v from the gauge coupling as shown in

LHZ1Z1
≃
2ðt2β − 1Þ

tβ

m2
Z1

v
sβ−α

HZ1μZ
μ
1

2
; ð72Þ

the H → Z1Z1 decay rate can be enhanced by the longi-
tudinal component, which is proportional to 1=mZ1

. This
leads to a partial decay width,

ΓðH → Z1Z1Þ ≃
mH

32π

m2
H

v2





 t2β − 1

tβ
sβ−α





2: ð73Þ

The original suppression factor from the gauge coupling is
seen to be canceled by the longitudinal effect of 1=m2

Z1

from each Z1 boson. With mH ¼ 50 GeV and tβ ¼ 20, we

(a) (b)

FIG. 9. (a) Contours of the oblique parameters, S and T, in the mH-mHþ plane. (b) Contours of mW in the mH-mHþ plane.

(a) (b)

FIG. 10. BRs for (a) Z1 → ðνeν̄e; eēÞ and (b) τ → μZ1 → μe−eþ as functions of tβ.
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obtain ΓðH → Z1Z1Þ ≈ 8.2 GeV. The other decay proc-
esses are subdominant. For example, the H → Z1Z�

2 →
Z1ff̄ decay has additional suppression factors due to the
phase space and 1=m2

Z2
. An explicit estimate shows that the

partial width forH → Z1Z�
2 is ofOð10−5Þ GeV. According

to the earlier analysis, Z1 → νν̄ is the dominant decay
channel. Consequently, H predominantly decays into
invisible neutrinos and becomes missing energy in the
detector.
We now turn to the production of H at the LHC. First, H

could be singly produced according to Eq. (22) via the
vector boson fusion (VBF) process, but the W−WþðZZÞH
coupling is suppressed by cβ−α. Additionally, the Yukawa
coupling for the bremsstrahlung production of H with the
top quark is determined by ðmt=vÞðcβ−α − sβ−α=tβÞ and is
also suppressed. However, H can be pair produced more
copiously through the hHH andW−HþH couplings. In the
former case, the H pair is produced by the on-shell Higgs
boson; i.e., pp → h → HH. From Eq. (51), although
Γðh → HHÞ is associated with the small factor ξ, its BR
can still be at the percent level. This amounts to the
invisible decay of the Higgs boson [112]. In the latter
case, the W−HþH coupling, as given in Eq. (22), is
determined by the gauge coupling g with sβ−α ≈ 1.
When Hþ is taken as an intermediate state in the t-channel
scattering, H pair production occurs via the VBF channel,
i.e., pp → HH þ forward jets. We may probe such an
effect via the search for invisible decays of the new Higgs
boson H [112].

V. SUMMARY

A sub-GeV Z0 gauge boson has received much attention
recently in the literature due to its distinctive character-
istics, which could potentially resolve the observed anoma-
lies, such as the muon g − 2, and serve as a messenger
between visible and dark sectors. Additionally, a light Z0
gauge boson can make a significant contribution to CEνNS,
as recently observed by the COHERENT experiment.
Accordingly, we investigate the phenomenological impacts
on flavor physics when the light Z0 gauge boson originates
from the local Uð1ÞLμ−Lτ

gauge symmetry.
We have found that when a second Higgs doublet

carrying the Uð1ÞLμ−Lτ
charge is introduced to spontane-

ously break theUð1ÞLμ−Lτ
gauge symmetry, the new neutral

and charged scalars can result in a larger W mass.
Moreover, when a scalar leptoquark S

1
3 ¼ ð3̄; 1; 2=3Þ is

added to the model, it would couple to the third-generation
leptons in a unique way due to the Uð1ÞLμ−Lτ

symmetry so
that the branching ratios of B → ðD;D�Þτντ are enhanced,
thus solving the RðDÞ and RðD�Þ anomalies.
With the new Higgs doublet, the mixing between

the new scalar boson and the SM-like Higgs leads to
new decay channels for the Higgs boson, including

h → μτ=Z1Z1=Z1Z2 (and h → HH when mH < mh=2).
It is found that due to the enhancement of 1=m2

Z1
, the τ →

μZ1 decay strictly constrains the μ − τ flavor mixing,
resulting in a highly suppressed h → μτ decay. By assum-
ing proper partial widths to the new Higgs decay channels,
the tan β and cosðβ − αÞ parameters are limited, and the
large tan β scheme is favored. Although the μ − τ flavor-
changing coupling is restricted to be small, the τ → μZ1 →
μe−eþ decay, induced through the Z − Z0 mixing, can still
reach the sensitivity of Oð10−9Þ at Belle II.
Taking into account all potential constraints, we have

found that the cross section of CEνNS induced by the
Z0 − Z mixing depends solely on the light gauge boson
mass, mZ1

. The mass region of mZ1
that is used to fit the

CEνNS cross section, measured by COHERENT using the
CsI target [3], can also explain the muon g − 2 anomaly
within 3σ. To demonstrate the sensitivity of new physics to
CEνNS in the model, we propose to study the cross section
as a function of the incident neutrino energy. Our results
show that in the low energy region, such as Eν ∼ 10 MeV,
the deviation from the SM can exceed 15%, depending on
the value of mZ1

. To compare with results from other Uð1Þ
gauge symmetries, we have examined the influence on the
CEνNS cross section from selected Uð1Þ gauged models,
such as the universal, B − L, B − 3Lμ, and Lμ − Lτ with
kinetic mixing. It has been found that only the model with
dynamical Uð1ÞLμ−Lτ

breaking can explain the anomaly of
muon g − 2 when the 1σ upper limits of the COHERENT
data are imposed.
In addition to explaining the observed excesses in RðDÞ

and RðD�Þ using the introduced leptoquark, we have
proposed a q2-dependent ratio of dΓ=dq2ðB → MτνÞ to
the averaged differential decay rate of the light leptons
dΓ=dq2ðB → Ml0νÞ, denoted by RMðq2Þ. Our results show
that in the high q2 region, RDðq2Þ is more sensitive to the
new physics effects and exhibits a significant deviation
from the SM.
We have also studied the impact of the two-Higgs-

doublet model on the oblique parameters and their relations
to the W boson mass. With the approximation that
cosðβ − αÞ ≪ 1, the parameters involved in the oblique
parameters are mH and mHþ . We find a significant space
in themH-mHþ plane that allows an enhancement ofmW up
to the value observed by CDF II. Finally, we have discussed
the possible decay channels for Z1 and H in the scenario
wheremZ1

∈ ð10; 100Þ MeV andmH < mh=2. The analysis
shows that Z1 → νμν̄μ=ντν̄τ and H → Z1Z1 are the dom-
inant decay channels.
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APPENDIX A: B̄ → Dð�Þ TRANSITION FORM FACTORS

1. Form factor parametrization

In this section, we define the B̄ → Dð�Þ transition form factors for the B̄ → Dð�Þlν decays. First, the transition form
factors associated with the various currents mediating the B̄ → D transitions are parametrized as

hDðp2ÞjqbjB̄ðp1Þi¼ðmBþmDÞFSðq2Þ;

hDðp2ÞjqγμbjB̄ðp1Þi¼Fþðq2Þ
�
ðp1þp2Þμ−

m2
B−m2

D

q2
qμ
�
þm2

B−m2
D

q2
qμF0ðq2Þ;

hDðp2ÞjqσμνbjB̄ðp1Þi¼−iðp1μp2ν−p1νp2μÞ
2FTðq2Þ
mBþmD

; ðA1Þ

where the momentum transfer q ¼ p1 − p2. For the B̄ → D� transitions, the form factors are parametrized as

hD�ðp2; ϵÞjq̄γμbjB̄ðp1Þi ¼ iεμνρσϵν�p
ρ
1p

σ
2

2Vðq2Þ
mB þmD�

;

hD�ðp2; ϵÞjq̄γ5bjB̄ðp1Þi ¼ −
2mD�

mB þmD�
FPðq2Þϵ� · q;

hD�ðp2; ϵÞjq̄γμγ5bjB̄ðp1Þi ¼ 2mD�A0ðq2Þ
ϵ� · q
q2

qμ þ ðmB þmD� ÞA1ðq2Þ
�
ϵ�μ −

ϵ� · q
q2

qμ

�

− A2ðq2Þ
ϵ� · q

mB þmD�

�
ðp1 þ p2Þμ −

m2
B −m2

D�

q2
qμ

�
;

hD�ðp2; ϵÞjq̄σμνbjB̄ðp1Þi ¼ εμνρσ

	
ϵρ�ðp1 þ p2ÞσT1ðq2Þ þ ϵρ�qσ

m2
B −m2

D�

q2
ðT2ðq2Þ − T1ðq2ÞÞ

þ 2
ϵ� · q
q2

pρ
1p

σ
2

�
T2ðq2Þ − T1ðq2Þ þ

q2

m2
B −m2

D�
T3ðq2Þ

��
; ðA2Þ

where ϵ0123 ≡ 1, σμνγ5 ¼ i
2
ϵμνρσσ

ρσ, and ϵμ denotes the polarization vector of the D� meson.

2. Form factors in the HQET

To numerically estimate the BRs of the B̄ → Dð�Þlν
decays, a QCD approach is necessary to evaluate the
involved form factors. In this study, we use the results
presented in Ref. [59], which is based on the HQET.
Since the parametrization of the form factors in the
HQET differs from those in Eqs. (A1) and (A2), we
introduce here the HQET notation and provide the
relationship between the different parametrizations. We
first define the dimensionless kinetic variables in the
HQET:

vμ ¼ pμ
B

mB
; v0μ ¼ pμ

Dð�Þ

mDð�Þ
; w¼ v ·v0 ¼m2

Bþm2
Dð�Þ −q2

2mBmDð�Þ
:

ðA3Þ

The form factors for the B̄ → D transitions are then
parametrized as [59]

hDjc̄bjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hSðwþ 1Þ;

hDjc̄γμbjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ½hþðvþ v0Þμ þ h−ðv − v0Þμ�;
hDjc̄σμνbjB̄i ¼ i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hTðv0μvν − v0νvμÞ; ðA4Þ

and those for the B̄ → D� transitions are

hD�jc̄γ5bjB̄i ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
hPϵ� · v;

hD�jc̄γμbjB̄i ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
hVεμναβϵ�νv0αvβ;

hD�jc̄γμγ5bjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½hA1
ðwþ 1Þϵ�μ − hA2

ðϵ� · vÞvμ
− hA3

ðϵ� · vÞv0μ�;
hD�jc̄σμνbjB̄i ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½hT1
ϵ�αðvþ v0Þβ þ hT2

ϵ�α

× ðv − v0Þβ þ hT3
ðϵ� · vÞvαv0β�; ðA5Þ

where h−, hA2
, and hT2;3

vanish in the heavy quark limit,
and the remaining form factors are equal to the leading-
order Isgur-Wise function ξðwÞ.
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We take the parametrization of the leading-order Isgur-
Wise function as [113]:

ξðwÞ
ξðw0Þ

≃ 1 − 8a2ρ̄2�z� þ ½V21ρ̄
2� − V20 þ Δðeb; ec; αsÞ�z2�;

ðA6Þ

where V21 ¼ 57.0, V20 ¼ 7.5, z� and a are defined as [113]

z� ¼
ffiffiffiffiffiffiffiffiffiffiffi
wþ1

p
−

ffiffiffi
2

p
affiffiffiffiffiffiffiffiffiffiffi

wþ1
p þ ffiffiffi

2
p

a
; a¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rD
2
ffiffiffiffiffi
rD

p
s

; ðA7Þ

rD ¼ mD=mB, w0 is determined from solving z�ðw0Þ ¼ 0,
ρ̄2� is the slope parameter of ξðwÞ=ξðw0Þ, and Δðeb; ec; αsÞ
denotes the correction effects of Oðeb;cÞ with ebðcÞ ¼
Λ̄=mbðcÞ and OðαsÞ. For numerical estimates, we take
the results from the fit scenario of “Lw≥1 þ SR” shown
in [59]. In addition to ρ̄2� ¼ 1.24� 0.08, the values of
subleading Isgur-Wise functions at w ¼ 1 are given in
Table IV. Using these results, the correction of Oðeb;cÞ and
OðαsÞ can be obtained as

Δðeb; ec; αsÞ ≈ 0.582� 0.298; ðA8Þ

where we take the 1S scheme for mb and m1S
b ¼ 4.71�

0.05 GeV [59]. In addition, δmbc ¼ mb −mc ¼ 3.40 �
0.02 GeV and Λ̄ ¼ 0.45 GeV are used.
Hence, the form factors up to Oðeb;cÞ and OðαsÞ can be

expressed by factoring out ξ; i.e., hi ¼ ĥiξ, where ĥi for the
B̄ → D transitions are given by [59]

ĥþ ¼ 1þ α̂s

	
CV1

þ wþ 1

2
ðCV1

þ CV3
Þ
�
þ ðec þ ebÞL̂1;

ðA9aÞ

ĥ− ¼ α̂s
wþ 1

2
ðCV2

− CV3
Þ þ ðec − ebÞL̂4; ðA9bÞ

ĥS ¼ 1þ α̂sCS þ ðec þ ebÞ
	
L̂1 − L̂4

w − 1

wþ 1

�
; ðA9cÞ

ĥT ¼1þ α̂sðCT1
−CT2

þCT3
ÞþðecþebÞðL̂1− L̂4Þ; ðA9dÞ

and those for the B̄ → D� transitions are given by

ĥV ¼ 1þ αsCV1
þ ecðL̂2 − L̂5Þ þ ebðL̂1 − L̂4Þ; ðA10aÞ

ĥA1
¼ 1þ α̂sCA1

þ ec

�
L̂2 − L̂5

w − 1

wþ 1

�

þ eb

�
L̂1 − L̂4

w − 1

wþ 1

�
; ðA10bÞ

ĥA2
¼ α̂sCA2

þ ecðL̂3 þ L̂6Þ; ðA10cÞ

ĥA3
¼ 1þ α̂sðCA1

þ CA3
Þ þ ecðL̂2 − L̂3 þ L̂6 − L̂5Þ

þ ebðL̂1 − L̂4Þ; ðA10dÞ

ĥP ¼ 1þ α̂sCP þ ec½L̂2 þ L̂3ðw − 1Þ þ L̂5 − L̂6ðwþ 1Þ�
þ ebðL̂1 − L̂4Þ; ðA10eÞ

ĥT1
¼ 1þ α̂s

	
CT1

þw− 1

2
ðCT2

−CT3
Þ
�
þ ecL̂2 þ ebL̂1;

ðA10fÞ

ĥT2
¼ α̂s

wþ 1

2
ðCT2

þ CT3
Þ þ ecL̂5 − ebL̂4; ðA10gÞ

ĥT3
¼ α̂sCT2

þ ecðL̂6 − L̂3Þ: ðA10hÞ

The w-dependent functions CΓi
can be found in Ref. [114],

and the subleading Isgur-Wise functions are [115]

L̂1¼−4ðw−1Þχ̂2þ12χ̂3; L̂2 ¼−4χ̂3; L̂3¼ 4χ̂2;

L̂4¼ 2η−1; L̂5¼−1; L̂6 ¼−2
1þη

wþ1
; ðA11Þ

where the w-dependent functions χ̂i and η can be approxi-
mated as

χ̂2ðwÞ ≃ χ̂2ð1Þ þ χ̂02ð1Þðw − 1Þ;
χ̂3ðwÞ ≃ χ̂03ð1Þðw − 1Þ;
ηðwÞ ≃ ηð1Þ þ η0ð1Þðw − 1Þ: ðA12Þ

The form factor parametrizations in Eqs. (A1) and (A2),
using which we formulate the BRs, and in Eqs. (A4)
and (A5), for which we evaluate within the framework of
the HQET, are related as follows:

TABLE IV. The results of subleading Isgur-Wise functions from the “Lw≥1 þ SR” fit scenario.

FS χ̂2ð1Þ χ̂02ð1Þ χ̂03ð1Þ ηð1Þ η0ð1Þ
Lw≥1 þ SR −0.06� 0.02 −0.00� 0.02 0.05� 0.02 0.30� 0.03 −0.05� 0.09
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FSðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
mB þmD

ðw − 1ÞhSðwÞ;

Fþðq2Þ ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ½ðmB þmDÞhþðwÞ

− ðmB −mDÞh−ðwÞ�;

F0ðq2Þ ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
	ðmB þmDÞ2 − q2

mB þmD
hþðwÞ

−
ðmB −mDÞ2 − q2

mB −mD
h−ðwÞ

�
;

FTðq2Þ ¼
mB þmD

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p hTðwÞ: ðA13Þ

The relations for the form factors arising from the pseu-
doscalar, vector, and axial-vector currents for the B̄ → D�
transitions are found to be

FPðq2Þ¼
mBþmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p hPðwÞ;

Vðq2Þ¼ mBþmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p hVðwÞ;

A0ðq2Þ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
	ðmBþmD�Þ2−q2

2mD�
hA1

ðwÞ

−
m2

B−m2
D� þq2

2mB
hA2

ðwÞ−m2
B−m2

D� −q2

2mD�
hA3

ðwÞ
�
;

A1ðq2Þ¼
ðmBþmD�Þ2−q2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ðmBþmD� ÞhA1
ðwÞ;

A2ðq2Þ¼
mBþmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
�
hA3

ðwÞþmD�

mB
hA2

ðwÞ
�
: ðA14Þ

Finally, the tensor form factors for the B̄ → D� transitions
are related by

T1ðq2Þ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½ðmBþmD� ÞhT1
ðwÞ

−ðmB−mD� ÞhT2
ðwÞ�;

T2ðq2Þ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
	ðmBþmD� Þ2−q2

mBþmD�
hT1

ðwÞ

−
ðmB−mD� Þ2−q2

mB−mD�
hT2

ðwÞ
�
;

T3ðq2Þ¼
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
	
ðmB−mD�ÞhT1

ðwÞ

−ðmBþmD� ÞhT2
ðwÞþm2

B−m2
D�

mB
hT3

ðwÞ
�
: ðA15Þ

APPENDIX B: OBLIQUE PARAMETERS
IN THE MODEL

To calculate the S, T, and U parameters in the model, we
apply the results obtained in Ref. [96]. Using the mixing
matrices of Goldstone and scalar bosons shown in Eqs. (9)
and (13), the resulting T parameter subtracting the SM
result is expressed as

αemT ¼ 1

16π2v2
fc2β−αFðm2

Hþ ; mhÞ þ s2β−αFðm2
Hþ ; mHÞ

þ 3c2β−α½Fðm2
Z;m

2
HÞ − Fðm2

W;m
2
HÞ

− Fðm2
Z;m

2
hÞ þ Fðm2

W;m
2
hÞ�g; ðB1Þ

where αem ¼ e2=4π is the fine structure constant of QED,
and the function F is defined as

Fðm2
a; m2

bÞ ¼
m2

a þm2
b

2
−

m2
am2

b

m2
a −m2

b

ln
m2

a

m2
b

: ðB2Þ

In the limit of sβ−α → 1, the H�- and H-mediated loop
effects are the most dominant.
The S and U parameters are respectively given by

S ¼ 1

24π

	
ðc2W − s2WÞ2Gðm2

Hþ ; m2
Hþ ; m2

ZÞ þ ln
m2

Hþ

m2
H

þ c2β−αðĜðm2
H;m

2
ZÞ − Ĝðm2

h; m
2
ZÞÞ
�
; ðB3Þ

and

U ¼ 1

24π
½c2β−αGðm2

Hþ ; m2
h; m

2
WÞ þ s2β−αGðm2

Hþ ; m2
H;m

2
WÞ

− ð2s2W − 1Þ2Gðm2
Hþ ; m2

Hþ ; m2
ZÞ

þ c2β−αðĜðm2
H;m

2
WÞ − Ĝðm2

H;m
2
ZÞ

− Ĝðm2
h; m

2
WÞ þ Ĝðm2

h; m
2
ZÞÞ�; ðB4Þ

where the functions of G and G̃ are given by

Gðm2
a;m2

b;m
2
cÞ ¼ −

16

3
þ 5ðm2

a þm2
bÞ

m2
c

−
2ðm2

a −m2
bÞ2

m4
c

þ r
m6

c
fðt; rÞ þ 3

m2
c

�
m4

a þm4
b

m2
a −m2

b

−
m4

a −m4
b

m2
c

þ ðm2
a −m2

bÞ3
3m4

c

�
ln
m2

a

m2
b

; ðB5Þ

G̃ðm2
a;m2

b;m
2
cÞ¼−2þ

�
m2

a−m2
b

m2
c

−
m2

aþm2
b

m2
a−m2

b

�

×ln
m2

a

m2
b

þfðt;rÞ
m2

c
; ðB6Þ
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and Ĝ, t, r, and fðt; rÞ are defined as

Ĝðm2
a; m2

bÞ ¼ Gðm2
a; m2

b; m
2
bÞ þ 12G̃ðm2

a; m2
b; m

2
bÞ;

t ¼ m2
a þm2

b −m2
c;

r ¼ m4
c − 2m2

cðm2
a þm2

bÞ þ ðm2
a −m2

bÞ2;

fðt; rÞ ¼

8>><
>>:

ffiffiffi
r

p
ln



 t− ffiffirp
tþ ffiffi

r
p



 for r > 0;

0 for r ¼ 0;

2
ffiffiffiffiffiffi
−r

p
arctan

ffiffiffiffi
−r

p
t for r < 0:

ðB7Þ
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Watanabe, J. High Energy Phys. 01 (2017) 015.
[78] A. Crivellin, J. Fuentes-Martin, A. Greljo, and G. Isidori,

Phys. Lett. B 766, 77 (2017).
[79] A. Crivellin, D. Müller, and T. Ota, J. High Energy Phys.

09 (2017) 040.
[80] C. H. Chen, T. Nomura, and H. Okada, Phys. Lett. B 774,

456 (2017).
[81] C. H. Chen and T. Nomura, Phys. Lett. B 777, 420 (2018).
[82] A. Crivellin, D. Müller, and F. Saturnino, J. High Energy

Phys. 06 (2020) 020.
[83] J. Heeck and A. Thapa, Eur. Phys. J. C 82, 480 (2022).
[84] I. Adachi et al. (Belle-II Collaboration), arXiv:2311

.14647.
[85] C. H. Chen and C.W. Chiang, arXiv:2309.12904.
[86] K. G. Klimenko, Theor. Math. Phys. 62, 58 (1985).
[87] K. Kannike, Eur. Phys. J. C 72, 2093 (2012).
[88] U. Baur, T. Plehn, and D. L. Rainwater, Phys. Rev. Lett.

89, 151801 (2002).
[89] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M.

Sher, and J. P. Silva, Phys. Rep. 516, 1 (2012).
[90] S. Klein and J. Nystrand, Phys. Rev. C 60, 014903

(1999).
[91] P. S. Barbeau, Y. Efremenko, and K. Scholberg, arXiv:

2111.07033.
[92] E. Bertuzzo, G. Grilli di Cortona, and L. M. D. Ramos,

J. High Energy Phys. 06 (2022) 075.
[93] I. Doršner, S. Fajfer, N. Košnik, and I. Nišandžić, J. High

Energy Phys. 11 (2013) 084.
[94] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964

(1990).
[95] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381

(1992).
[96] W. Grimus, L. Lavoura, O. M. Ogreid, and P. Osland, Nucl.

Phys. B801, 81 (2008).
[97] I. Maksymyk, C. P. Burgess, and D. London, Phys. Rev. D

50, 529 (1994).
[98] C. P. Burgess, S. Godfrey, H. Konig, D. London, and I.

Maksymyk, Phys. Rev. D 49, 6115 (1994).
[99] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin,

Phys. Rev. Lett. 113, 091801 (2014).
[100] S. R. Mishra et al. (CCFR Collaboration), Phys. Rev. Lett.

66, 3117 (1991).
[101] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 94,

011102 (2016).
[102] D. de Florian et al. (LHC Higgs Cross Section Working

Group), arXiv:1610.07922.
[103] R. L. Workman et al. (Particle Data Group), Prog. Theor.

Exp. Phys. 2022, 083C01 (2022).
[104] B. Holdom, Phys. Lett. 166B, 196 (1986).

CHEN, CHIANG, and SU PHYS. REV. D 109, 055038 (2024)

055038-24

https://doi.org/10.1016/j.physletb.2022.137387
https://doi.org/10.1103/PhysRevD.106.L031704
https://doi.org/10.1103/PhysRevD.106.L031704
https://doi.org/10.1016/j.physletb.2022.137371
https://doi.org/10.1016/j.physletb.2022.137371
https://doi.org/10.1016/j.physletb.2022.137217
https://doi.org/10.1016/j.physletb.2022.137217
https://doi.org/10.1103/PhysRevD.106.035002
https://doi.org/10.1103/PhysRevD.106.035002
https://doi.org/10.1016/j.physletb.2022.137651
https://doi.org/10.1016/j.physletb.2022.137651
https://doi.org/10.1103/PhysRevD.107.015002
https://doi.org/10.1103/PhysRevD.106.055017
https://doi.org/10.1103/PhysRevD.106.055017
https://doi.org/10.1088/1674-1137/ac930b
https://doi.org/10.1088/1674-1137/ac930b
https://doi.org/10.1088/1674-1137/ac7c63
https://doi.org/10.1016/j.nuclphysb.2023.116118
https://doi.org/10.1016/j.nuclphysb.2023.116118
https://doi.org/10.1007/JHEP08(2023)135
https://arXiv.org/abs/2301.07070
https://doi.org/10.1016/j.nuclphysb.2015.04.025
https://doi.org/10.1016/j.physletb.2016.05.007
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1103/PhysRevD.92.054510
https://doi.org/10.1103/PhysRevD.92.054510
https://doi.org/10.1103/PhysRevD.93.119906
https://doi.org/10.1103/PhysRevD.94.094008
https://doi.org/10.1103/PhysRevD.95.115008
https://doi.org/10.1103/PhysRevD.97.059902
https://doi.org/10.1103/PhysRevD.97.059902
https://doi.org/10.1007/JHEP12(2017)060
https://doi.org/10.1007/JHEP12(2017)060
https://doi.org/10.1103/PhysRevLett.123.091801
https://doi.org/10.1103/PhysRevLett.123.091801
https://doi.org/10.1140/epjc/s10052-020-7616-4
https://doi.org/10.1140/epjc/s10052-020-7616-4
https://doi.org/10.1103/PhysRevD.105.034503
https://doi.org/10.1103/PhysRevD.105.034503
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.1103/PhysRevLett.131.111802
https://doi.org/10.1103/PhysRevLett.131.111802
https://doi.org/10.1103/PhysRevD.108.012018
https://doi.org/10.1103/PhysRevD.108.012018
https://doi.org/10.1103/PhysRevLett.120.121801
https://doi.org/10.1103/PhysRevLett.120.121801
https://doi.org/10.1103/PhysRevLett.128.191803
https://doi.org/10.1103/PhysRevLett.128.191803
https://doi.org/10.1103/PhysRevD.107.055005
https://doi.org/10.1103/PhysRevD.107.055005
https://doi.org/10.1103/PhysRevD.86.054014
https://doi.org/10.1103/PhysRevD.86.054014
https://doi.org/10.1103/PhysRevD.87.094031
https://doi.org/10.1103/PhysRevD.87.094031
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1140/epjc/s10052-017-5198-6
https://doi.org/10.1103/PhysRevD.96.075011
https://doi.org/10.1103/PhysRevD.96.075011
https://doi.org/10.1103/PhysRevD.98.095007
https://doi.org/10.1103/PhysRevD.98.095007
https://doi.org/10.1103/PhysRevD.94.115021
https://doi.org/10.1007/JHEP01(2017)015
https://doi.org/10.1016/j.physletb.2016.12.057
https://doi.org/10.1007/JHEP09(2017)040
https://doi.org/10.1007/JHEP09(2017)040
https://doi.org/10.1016/j.physletb.2017.10.005
https://doi.org/10.1016/j.physletb.2017.10.005
https://doi.org/10.1016/j.physletb.2017.12.062
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.1140/epjc/s10052-022-10437-3
https://arXiv.org/abs/2311.14647
https://arXiv.org/abs/2311.14647
https://arXiv.org/abs/2309.12904
https://doi.org/10.1007/BF01034825
https://doi.org/10.1140/epjc/s10052-012-2093-z
https://doi.org/10.1103/PhysRevLett.89.151801
https://doi.org/10.1103/PhysRevLett.89.151801
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevC.60.014903
https://doi.org/10.1103/PhysRevC.60.014903
https://arXiv.org/abs/2111.07033
https://arXiv.org/abs/2111.07033
https://doi.org/10.1007/JHEP06(2022)075
https://doi.org/10.1007/JHEP11(2013)084
https://doi.org/10.1007/JHEP11(2013)084
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://doi.org/10.1103/PhysRevD.50.529
https://doi.org/10.1103/PhysRevD.50.529
https://doi.org/10.1103/PhysRevD.49.6115
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevD.94.011102
https://doi.org/10.1103/PhysRevD.94.011102
https://arXiv.org/abs/1610.07922
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1016/0370-2693(86)91377-8


[105] I. Adachi et al. (Belle-II Collaboration), Phys. Rev. Lett.
130, 181803 (2023).

[106] A. M. Sirunyan et al. (CMS Collaboration), Phys. Lett. B
819, 136446 (2021).

[107] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 06 (2021) 179.

[108] D. Aristizabal Sierra, J. Liao, and D. Marfatia, J. High
Energy Phys. 06 (2019) 141.

[109] K. Scholberg (COHERENT Collaboration), Proc. Sci.
NuFact2017 (2018) 020 [arXiv:1801.05546].

[110] J. de Blas, M. Pierini, L. Reina, and L. Silvestrini, Phys.
Rev. Lett. 129, 271801 (2022).

[111] S. Banerjee, Universe 8, 480 (2022).
[112] G. Aad et al. (ATLAS Collaboration), J. High Energy

Phys. 08 (2022) 104.
[113] I. Caprini, L. Lellouch, and M. Neubert, Nucl. Phys. B530,

153 (1998).
[114] M. Neubert, Nucl. Phys. B371, 149 (1992).
[115] A. F. Falk and M. Neubert, Phys. Rev. D 47, 2965

(1993).

PHENOMENOLOGICAL STUDY OF A GAUGED Lμ − Lτ … PHYS. REV. D 109, 055038 (2024)

055038-25

https://doi.org/10.1103/PhysRevLett.130.181803
https://doi.org/10.1103/PhysRevLett.130.181803
https://doi.org/10.1016/j.physletb.2021.136446
https://doi.org/10.1016/j.physletb.2021.136446
https://doi.org/10.1007/JHEP06(2021)179
https://doi.org/10.1007/JHEP06(2021)179
https://doi.org/10.1007/JHEP06(2019)141
https://doi.org/10.1007/JHEP06(2019)141
https://doi.org/10.22323/1.295.0020
https://doi.org/10.22323/1.295.0020
https://arXiv.org/abs/1801.05546
https://doi.org/10.1103/PhysRevLett.129.271801
https://doi.org/10.1103/PhysRevLett.129.271801
https://doi.org/10.3390/universe8090480
https://doi.org/10.1007/JHEP08(2022)104
https://doi.org/10.1007/JHEP08(2022)104
https://doi.org/10.1016/S0550-3213(98)00350-2
https://doi.org/10.1016/S0550-3213(98)00350-2
https://doi.org/10.1016/0550-3213(92)90233-2
https://doi.org/10.1103/PhysRevD.47.2965
https://doi.org/10.1103/PhysRevD.47.2965

