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We study the non-Abelian SUð2ÞD extension of the Uð1ÞD Stueckelberg portal, which plays the role of
mediator between the Standard Model (SM) and dark sector. This portal is specified by the Stueckelberg
mechanism for generation of dark gauge boson masses. The proposed Uð1ÞD ⊗ SUð2ÞD Stueckelberg
portal has a connection with SM matter fields, in analogy with the familon model. We derive bounds on the
couplings of dark portal bosons and SM particles, which govern diagonal and nondiagonal flavor
transitions of quarks and leptons.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is a unified
gauge theory of strong and electroweak interactions, which
allows one to perform a precise description and explanation
of most data extracted at worldwide facilities wherein
there are signals of new physics, which cannot be explained
within the SM and, therefore, require its extensions. These
include, in particular, the muon anomalous magnetic
moment with last measurements at Fermilab [1], where
the current deviation of the SM prediction and experimental
data lies at the ∼4.2σ level [2]. Besides this, there are
further unresolved puzzles, such as the strong CP problem
and rare meson decays [3–7], flavor nonuniversality
[8–10], the b − s quark anomaly [11], neutrino mass
generation, etc. These puzzles initiated many efforts for
SM extensions and new physics searches.
The existence of dark matter (DM) is required by a wide

spectrum of gravitational, astrophysical, and cosmological
phenomena. DM significantly contributes to the mass of the
Universe. However, its precise nature is not yet known. The
search for DM created an idea of portals between SM and

DM particles. In this respect, the main popular portals are
Higgs [12], axion [13], axionlike particles [14–18], vector
[9,19], and sterile neutrino [20] ones. Recently, we pro-
posed the Uð1ÞD dark gauge-invariant vector portal
between particles of the SM and dark sector (DS) [21],
where the mass of dark photon A0 is generated via the
Stueckelberg mechanism (see also Refs. [22,23]).
Additional scalar field σ occurring in that approach is
an unphysical degree of freedom, which plays the role of
ghost field. There is a popular idea of interaction of gauge
field and SM fermions based on the ansatz of a familon (or
flavons) in the literature [16,24,25]. Such an interaction
mechanism between dark photon and SM fermions leads
to a rich phenomenology including novel information on
couplings preserving and violating lepton symmetries, e.g.,
lepton flavor violation (LFV).
Phenomenological studies of the dark photon [26] have

been performed using different scenarios and particle
content (see, e.g., Refs. [9,27]). In particular, the dark
photon could interact not only with a QED photon-induced
so-called kinetic mixing term [26], but also with a leptonic
pair including neutrinos (so-called Z0 boson). Additional
vector gauge bosons have been extensively studied and
searched during three decades [28]. Especially, very prom-
ising studies have been performed at CERN, Fermilab, and
other experimental facilities [29–38]. One should stress
that phenomenological models considered before were not
limited by simple kinetic mixing between SM and new
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gauge bosons [39–42]. Indeed, other possible scenarios
have been also considered.
The main motivation of present paper is an extension of

the Abelian Uð1ÞD Stueckelberg portal [21] by adding the
non-Abelian SUð2ÞD sector, because it gives an opportu-
nity to study the processes with charged dark gauge bosons
and currents. In particular, inclusion of additional particles
from the SUð2ÞD portal could give a chance to understand
existing deviations between SM and experiments. In
particular, we introduce the SUð2ÞD triplet of dark gauge
bosons (DGBs). Such an extension is natural and has the
additional benefit of opening a window for couplings
between SM and DS particles via charged currents. Note
that the Abelian Uð1ÞD Stueckelberg portal is based on the
coupling of a dark photon with neutral current formed
by SM fermions, while inclusion of the SUð2ÞD DGBs
interacting with both charged and neutral currents can be
performed in analogy to the weak sector of SM. Thereby,
all properties of the Stueckelberg portal such as LFV are
implemented. Besides, the LFV effect [43], such SUð2ÞD
extension induces lepton number violation.
Discussion of the dark fermion sector, which is closely

related to charge dark gauge bosons W0�, is beyond the
scope of present paper. By the way, we note that it is a very
interesting topic (see, e.g., recent discussion in Ref. [44]).
Instead, we focus on phenomenological aspects of the
SUð2ÞD vector Stueckelberg portal and derivation of
bounds on its couplings with SM fermions based on current
deviations between the SM and data. In our study, we
intend to consider both LFVand non-LFV lepton decays as
a tool for such analysis. We also mention that the new W0
bosons have been intensively studied in different theoretical
approaches beyond the SM. In particular, the W0 bosons
have been proposed by several theoretical approaches
based on gauge extensions of the Standard Model
[28,45], extradimensional [46–48], technicolor [49,50], and
composite Higgs models [51,52] models. Experimental
searches of the W0 bosons have been performed at LHC by
the ATLAS and CMS Collaborations [53–56] based on the
production of theW0 in proton-proton collisions, which led
to the constraint of theW0 mass in the range 0.15–6 TeV. In
our approach, we assume that the darkW0 boson masses do
not exceed the TeV region.
The paper is organized as follows. In Sec. II, we define

the Lagrangian for the non-Abelian extension of the dark
sector. In Sec. III, we estimate bounds on the couplings
of the charged DGBs imposed by various muon decay
processes, with μ → eνiν̄j in Sec. III A and μ → eγ in
Sec. III B. The latter is relevant for the muon g − 2
anomaly. Finally, in Sec. IV, we present our conclusions.

II. NON-ABELIAN EXTENSION OF THE DARK
SECTOR

In this section, we discuss an extension of the Abelian
dark Stueckelberg portal to the non-Abelian case. In

particular, we propose the existence of three additional
DGBs and three additional DSBs associated with the
SUð2ÞD group, which are required by gauge-invariant
principle. Our formalism is based of effective SMþ DS
Lagrangian LSMþDS, which after spontaneous breaking of
electroweak symmetry to electromagnetic group Uð1ÞY ⊗
SUð2ÞL → Uð1Þem is manifestly gauge invariant under the
product of electromagnetic group and groups of DS and
Uð1Þem ⊗ Uð1ÞD ⊗ SUð2ÞD. First, we specify the fields of
our Lagrangian. For convenience, in this paper, we use the
notations introduced before for the Abelian case [21] and
introduce additional ones relevant for the non-Abelian
dark sector sector. The SM sector contains fundamental
fermions—left qimL and right (Ui

R,D
i
R) quarks, left and right

leptons ðlim
L ;li

RÞ fields), gauge fields (weak gauge bosons
W�, Z0, and photon A), and scalar Higgs field H. Left
doublets and right singlets of quarks and leptons are
specified as q1mL ¼ðuL;dLÞ, q2mL ¼ðcL;sLÞ, q3mL ¼ðtL;bLÞ,
U1

R ¼ uR, U2
R ¼ cR, U3

R ¼ tR, D1
R ¼ uR, D2

R¼cR,
D3

R¼bR, L1m¼ðνeL;eLÞ, L2m¼ðνμL;μLÞ, L3m¼ðντL;τLÞ,
R1 ¼ eR, R2 ¼ μR, and R3 ¼ τR. The indices i, j ¼ 1, 2, 3
number the fermion generations, while m, n denote the
SUð2Þ weak isospin and dark indices, respectively.
The DS sector contains singlet dark fermion χ, gauge

bosons (singlet A0 and tripletW0), and scalars (singlet σ and
triplet S). The matrices S and W0 are specified as

S ¼
�
S0=

ffiffiffi
2

p
Sþ

S− −S0=
ffiffiffi
2

p
�
;

W0 ¼
�
W00=

ffiffiffi
2

p
W0þ

W0− −W00=
ffiffiffi
2

p
�
: ð1Þ

Triplets of gauge bosons W0 and scalars S have electric
charge. In particular, W0� and S� have charges Q ¼ �1,
respectively, while W00, S0, and dark fermions are electri-
cally neutral.
Now we define the covariant derivatives acting on

fermions and scalars. In the case of the SM sector, the
change will be in adding of the terms containing dark gauge
fields in the covariant derivatives acting on the left and right
fermions:

ðiDLÞmn
μ → ðiDLÞmn

μ −
gW0

2
W0mn

μ − gA0δmnA0
μ;

ðiDRÞμ → ðiDRÞμ − gA0A0
μ; ð2Þ

where gW0 and gA0 are the gauge couplings associated with
SUð2ÞD and Uð1ÞD groups, respectively. In the case of the
DS, the covariant derivates acting on scalar fields ðDμσÞ
and ðDμSÞ and fermions are defined, respectively, as
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ðDμσÞ ¼ ∂μσ −MA0A0
μ;

ðDμSÞmn ¼ ∂μSmn −MW0W0mn
μ ð3Þ

and

ðiDχÞμ ¼ i∂μ − gA0A0
μ: ð4Þ

Note that the covariant derivatives acting on dark scalars
ðDμσÞ and ðDμSÞ include dark gauge bosons (singlet A0)
and triplet (W0�;W00) having finite masses MA0 and MW0 ,
respectively. The covariant derivatives (Dμσ) and (DμS)
therefore contain DS gauge boson masses, generated via
the Stueckelberg mechanism [23,57]. The Uð1ÞD gauge
boson A0 is called the dark photon, and it has the massMA0 .
The scalar Stueckelberg fields σ and S play the role of
supplementary Goldstone bosons generating masses of
dark photon and dark triplet gauge bosons W0. Such an
idea was considered before for the new Z0 boson in
Ref. [58] (see also discussion in Ref. [59]). DGBs acquire
the masses in a manifestly gauge-invariant form. Finite
masses of scalars violate Uð1ÞD ⊗ SUð2ÞD symmetry (for
a review, see Ref. [23]). Extension of the Stueckelberg
mechanism on non-Abelian field leads to known problems
of renormalizability and unitarity. Critical remarks and
efforts to resolve these problems have been discussed in
detail in Ref. [23]. Note that, due to the scale of new
physics, Λ is much larger than the scale of SM (Λ ≫ ΛSM);

thus, we do not go to higher loops and restrict ourselves
to one-loop approximation. Therefore, the problems men-
tioned above are not so critical for our purposes. Note that,
for convenience, we write all terms in Lagrangian involving
the S triplet in a simplified form, which follows from
Ref. [60], where this field was derived using adjoint
representation of the SUð2ÞD gauge group

UðxÞ ¼ exp

�
−igW0

SðxÞ
2MW0

�
: ð5Þ

In this approach,

∂μSðxÞ ¼
2MW0

gW0
i∂μUðxÞU−1ðxÞ: ð6Þ

We propose that the Stueckelberg mechanism [23,57] for
generating masses of gauge fields is extended to the
group Uð1ÞD ⊗ SUð2ÞD.
The stress tensors for dark gauge bosons are defined as

A0
μν ¼ ∂μA0

ν − ∂νA0
μ;

W0
μν ¼ ∂μW0

ν − ∂νW0
μ þ

igW0

2
½W0

μ;W0
ν�: ð7Þ

The Uð1ÞD ⊗ SUð2ÞD gauge transformations of dark
fermions, scalars, and gauge bosons are specified as

A0
μ → A0

μ þ
i
gA0

∂μΩA0Ω−1
A0 ; A0

μν → A0
μν;

W0
μ → ΩW0W0

μΩ−1
W0 þ 2i

gW0
∂μΩW0Ω−1

W0 ; W0
μν → ΩW0W0

μνΩ−1
W0 ;

∂μσ → ∂μσ þ iMA0

gA0
∂μΩA0Ω−1

A0 ; ðDμσÞ → ðDμσÞ;

UðxÞ → ΩW0 ðxÞUðxÞ; ∂μS → ΩW0∂μSΩ−1
W0 þ 2iMW0

gW0
∂μΩW0Ω−1

W0 ;

ðDμSÞ → ΩW0 ðDμSÞΩ−1
W0 ; Tr½ðDμSÞðDμSÞ� → Tr½ðDμSÞðDμSÞ�;

χ → ΩA0χ; i=Dχχ → ΩA0 i=Dχχ; ð8Þ

where

ΩW0 ðxÞ ¼ exp

�
i
2
θ⃗W0 ðxÞτ⃗

�
; ΩA0 ðxÞ ¼ exp½iθA0 ðxÞ� ð9Þ

are the matrices of the fundamental SUð2ÞD and Uð1ÞD
transformations.
Now we specify effective Lagrangian of our approach

LSMþDS combining SM and DS:

LSMþDS ¼ LSM þ LDS þ ΔL: ð10Þ

This Lagrangian is by construction a low-energy
Lagrangian, which is an extrapolation of new physics
Lagrangian including the DS sector to the SM scale
ΛSM ≃MW�=Z0 ≃ 100 GeV. Here, LSM is the term describ-
ing dynamics of the SM sector including the coupling of
the SM fermions with DS gauge fields via extension of
covariant derivatives introduced above, LDS is the term
describing dynamics of the DS including the coupling of
the dark fermions with SM gauge fields via extension of
covariant derivatives introduced above, and two terms
describing the coupling of SM and DS-GB mixing term
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Lmix and a term describing additional coupling of DSBs
with SM fieldsΔL allowing a violation of lepton flavor and
number violation and violation of the Glashow-Illiopulos-
Maiani (GIM) mechanism [61] in the quark sector.
Next, we specify the terms LDS and Lint. The DS

Lagrangian LDS is given by

LDS ¼ −
1

4
A0
μνA0μν −

1

4
W0

μνW0μν þ 1

2
ðDμσÞðDμσÞ

þ 1

2
Tr½ðDμSÞðDμSÞ� þ χ̄ði=Dχ −mχÞχ

−
1

2ξW0
Trð∂μW0μ þ ξW0MW0SÞ2

−
1

2ξA0
ð∂μA0μ þ ξA0MA0σÞ2: ð11Þ

One should stress that quantization of the dark gauge field
is required to add the gauge-fixing term into the darkUð1ÞD
and SUð2ÞD sectors [62] (last two terms in LDS), where
ξW0ðA0Þ is an arbitrary gauge parameter corresponding to the
W0ðA0Þ gauge boson. It provides “decoupling” of gauge
bosons and corresponding scalars particles with vanishing
mixed terms:

LDS ¼ −
1

4
A0
μνA0μν −

1

4
W0

μνW0μν þ 1

2
Trð∂μS∂μSÞ

þM2
W0

2
TrðWμWμÞ þM2

A0

2
A0
μA0μ

−
1

2ξW0
Trð∂μW0

∂
μW0Þ − ξW0

2
M2

W0TrðS2Þ

þ 1

2
∂μσ∂

μσ −
1

2ξA0
ð∂μA0μÞ2 − ξA0

2
M2

A0σ2

þ χ̄Lði=DL
χ −mχÞχL þ χ̄Rði=DR

χ −mχÞχR: ð12Þ

We note that the masses of the σ and triplet S are
proportional to the gauge parameter ξi, signaling that these
fields are unphysical. In the gauge we are using, the dark
boson propagator takes the form

Dμνðk; ξiÞ ¼
1

k2 −M2

�
gμν −

kμkνð1 − ξiÞ
k2 − ξiM2

�
; ð13Þ

where M is the mass of the dark gauge boson.
The interaction ΔL Lagrangian is constructed by anal-

ogy with the familon model proposed in Ref. [24] for the
hypothetical familon field. The scalar fields are unphysical
and are to be switched off by the choice of gauge fixing:

ΔL ¼ 1

Λ
ðDμσÞ

X
ij

h
q̄iLc

ij
σ γμq

j
L þ Ūi

Rc
ij
Uσγ

μUj
R

þ D̄i
Rc

ij
Dσγ

μDj
R þ L̄idijLσγ

μLj þ R̄idijRσγ
μRj

i

þ 1

Λ
ðDμSÞmn

X
ij

h
q̄imL cijS γ

μqjnL þ L̄imdijS γ
μLjn

i
; ð14Þ

where Λ is the scale of new physics. Here, cij and dij are
the 3 × 3 Hermitian matrices containing the couplings of
dark scalars with the SM fermions and include effects of
lepton flavor and number violation and violation of the
GIM mechanism [61] in the quark sector. The parameter Λ
is the characteristic scale of this effective operator, defining
when it opens up in terms of renormalizable interactions of
an UV completion.
As was pointed out in Ref. [14], after spontaneous

breaking of electroweak symmetry in the SM, one should
diagonalize the fermion mass matrices by means of unitary
transformations

YU ¼ ðVq
LÞ†yUWU

R ; YD ¼ ðVq
LÞ†yDWD

R ;

Yl ¼ ðVl
LÞ†ylWl

R: ð15Þ

Here, Vq
L and Vl

L are the transformation matrices acting on
the left-handed quarks and leptons, respectively, WU

R , W
D
R ,

and Wl
R are the transformation matrices acting on right

singlets, and yij are the 3 ⊗ 3 Yukawa matrices of
couplings between two scalar doublets and SM fermions
before spontaneous breaking of electroweak symmetry. The
matrices Vq

L, V
l
L WU

R , and WD
R rotate the couplings of dark

scalars with the SM fermions as

cσ → Cσ ¼ ðVq
LÞ†cσVq

L;

cUσ → CUσ ¼ ðWU
R Þ†cUσWU

R;

cDσ → CDσ ¼ ðWD
R Þ†cDσWD

R;

dLσ → DLσ ¼ ðVq
LÞ†cLσVq

L;

dRσ → DRσ ¼ ðWD
R Þ†dRσWU

R ;

cS → CS ¼ ðVq
LÞ†cSVq

L;

dS → DS ¼ ðVl
LÞ†dSVl

L: ð16Þ

Note that the resulting coupling of the SM fermions
with DS fields is contributed by three terms via minimal
substitution of the covariant derivatives acting on the SM
fermions and via additional effective Lagrangian (14). The
first term does not mix the SM generations, does not violate
certain symmetries (like lepton flavor and lepton number),
and preserves the GIM mechanism:
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Lint; 1 ¼ gA0
X
i

ψ̄ iγ
μA0

μψ i þ
gW0

2

X
i

ψ̄m
i γ

μW0mn
μ ð1 − γ5Þψn

i :

ð17Þ

After the substitution of the covariant derivatives (∂σ)
and ð∂SÞ, we find that the gauge-invariant operator (14)
additionally generates dimension-4 interactions of the dark
photon andW0 bosons with the SM fermions ψ , in the form

Lint; 2 ¼
X
ij

ψ̄ iγ
μA0

μ

�
gVij þ gAijγ5

�
ψ j

þ
X
ij

gVAij ψ̄m
i γ

μW0mn
μ ð1 − γ5Þψn

j ; ð18Þ

where vector gV and axial-vector gA dimensionless cou-
plings are defined as

gVij ¼
mA0

Λ
vij; gAij ¼

mA0

Λ
aij; ð19Þ

vij ¼
1

2

�
Dij

Rσ þDij
Lσ

�
ij
; aij ¼

1

2

�
Dij

Rσ −Dij
Lσ

�
ij
:

ð20Þ

Dimensionless couplings of W0 with leptons have the
simple form gVAij ¼ Dij

SMW0=Λ. Scalar nonphysical fields
can be switched off from consideration in the case of
unitary gauge (ξ → ∞), which corresponds to the limit of
infinitely large masses of scalars or vanishing of their
contribution to physical processes. Therefore, the full
interaction Lagrangian of the SM fermions with DGBs
reads

Lint ¼ Lint; 1 þ Lint; 2 ¼
X
ij

ψ̄ iγ
μA0

μ

�
GV

ij þGA
ijγ5

�
ψ j

þ
X
ij

GVA
ij ψ̄m

i γ
μW0mn

μ ð1 − γ5Þψn
j ; ð21Þ

where

GV
ij ¼ gVij þ δijgA0 ; GA

ij ≡ gAij; GVA
ij ¼ gVAij þ δij

gW0

2
:

ð22Þ

III. BOUNDS ON W 0 COUPLINGS WITH
STANDARD MODEL PARTICLES

In this section, we discuss opportunities to estimate
bounds on the couplings of the charged dark gauge boson
W0 with the SM particles. On the one hand, we base on data
extracted from precise measurements, and, on the other
hand, we can involve rare decays in our analysis. First, we

estimate diagonal couplings GVA
ii , which give an additional

contribution to the SM processes. Hereinafter, we will
concentrate on nondiagonal couplings GVA

ij (i ≠ j), which
can be responsible for a contribution to LFV processes.

A. Dominant and LFV μ → eνiν̄j decays

To derive a limit for the GVA
ii coupling, we use one of

the most precise measurements in particle physics—decay
rate μ → eνμν̄e process. This decay gives a very accurate
determination of the Fermi constant Gμ

F:

Gμ
F ¼ 1.1663787ð6Þ × 10−5 GeV−2 ð23Þ

at the level of 0.5 ppm [63–65].
It is clear that the diagonal coupling of dark gauge boson

W0 gives an additional contribution to the μ → eνμν̄e decay
rate. In our benchmark scenario, we make a conjecture that
there is an ambiguity for the precise determination of the
Fermi constant GF. In particular, this constant can be
constrained using different data (see, e.g., Ref. [66]). In
particular, GF can be determined from analysis of kaon or τ
decays using unitarity of the Cabibbo-Kobayashi-Maskawa
matrix. Alternatively, one can use the global electroweak
(EW) fit. Obtained values have a small deviation from the
value of the GF extracted from weak muon decay. Indeed,
such uncertainty is a gap, which constrains the possible
contribution of the W0 to the μ → eνμν̄e muon decay and
provides bounds on its diagonal or nondiagonal couplings
in dependence on a type of dark vector boson.
For calculation of decay widths, we use the well-known

formula

dΓ ¼ 4π2

2m
jMj2dΦn; ð24Þ

wherem is the mass of decaying particle, jMj2 is the square
of amplitude of a process, which defines its dynamics, and
dΦn is an element of n-body phase space.
The muon decay rate μ → eνμν̄e in the SM is determined

by

Γðμ− → νμe−ν̄eÞ ¼
� ffiffiffi

2
p

g2EW
8m2

W

�2 m5
μ

192π3
ð1þ ΔqÞ

¼ ðGμ
FÞ2m5

μ

192π3
ð1þ ΔqÞ; ð25Þ

where the quantity Δq includes the phase space, QED, and
hadronic radioactive corrections (see Ref. [66]).
The square of the μ → eνμν̄e decay amplitude, taking

into account of the mixing of the SM W and dark W0
bosons, is given by
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jMj2 ¼ −
ðsþ tÞðsþ t −m2

μÞðg2EWðt −m2
W0 Þ þ ðGVAÞ2ðt −m2

WÞÞ2
ðm2

W0 − tÞ2ðt −m2
WÞ2

; ð26Þ

where the Mandelstam kinematical variables are defined
as s ¼ m2

μ − 2ðpμpeÞ, t ¼ m2
μ − 2ðpμpν1Þ, and u ¼ m2

μ −
2ðpμpν2Þ [67] and gEW is electroweak coupling. We obtain
an expression for the decay width as a function of
parameters of the new vector boson (mass of mW0 and
couplings with leptons GVA

ij ).
Using the difference between data of the global EW

fit presented in Ref. [66] GEW
F jfull ¼ 1.16716ð39Þ ×

10−5 GeV−2 and Gμ
F from μ → eνμν̄e decay, we can derive

limits for the couplings of W0 with the SM particles using
the muon width as an input data parameter. Bounds on
the coupling ratio GVA

ij =gEW as a function of the W0 mass
are shown in Fig. 1. These bounds in the case of the
universality scenario of the coupling of the dark W0 boson
with quarks and leptons can be compared with limits
extracted by the CMS Collaboration [56] (see Fig. 1). In
this scenario at mW0 ≥ 0.5 TeV, the CMS limits are more
stronger and our bounds established from study of the
famous muon decay complement in this range of the dark
boson mass. In the case of the nonuniversal coupling of
dark boson W0 with quark and leptons (general scenarios),
our limits deduced from the μ → eνμν̄ce decay cannot be
directly compared with the CMS constraints. The differ-
ence between values of the GF constant defined from
different experimental data gives strong limits on diagonal
couplings of the dark charge boson W0� with the SM
fermions.

We also want to mention a landscape of study, a possible
dark chargeW0 boson. The existed investigation is based on
studies of different process [56,68] and different models
[40,41,69]. As output of such studies, different bounds on
the masses, couplings, and other parameters of additional
W0 and Z0 bosons have been proposed in the literature.
Sometimes different bounds from different studies cannot
be compared directly. Here, we stress that novel W0 and Z0
bosons have been proposed in the literature before in
different extensions of the SM at TeV scales, including
extradimensional models, technicolor, and composite
Higgs (for review see, e.g., [70]). Also, the existence of
these bosons has been searched at the LHC. Some con-
straints of the W0 and Z0 bosons masses in the TeV region
have been performed in dependence of their coupling
strengths with the SM fermions. On the other hand,
searches of light W0 and Z0 are also attracted a lot of
interest for resolving existing puzzles and anomalies. In
particular, recently the ATLAS Collaboration [68] set upper
limits on the Z0 production cross section times the decay
branching fraction of the pp → Z0μþμ−μþμ− process,
varying from 0.31 to 4.3 fb at 95% C.L., in a Z0 mass
range 5–81 GeV, from which the coupling strength of the Z0
to muons above 0.003 to 0.2 (depending on the Z0 mass) are
excluded in the same mass range.
Here, we suppose scenarios that the W0 is heavier than

the τ lepton. It is necessary to forbid invisible decays of
leptons into neutrinos and dark bosons, which can further
decay into light dark fermions. On the other hand, W0

should be heavier than the SMW�=Z bosons, as otherwise
one could see the W0 pair creation in the final state of
physical reactions, e.g., in the eþe− annihilation or hadron-
hadron collisions. Masses of dark fermions interacting with
dark charge vector current should be larger than masses
of the SM leptons. We see that the Uð1ÞD portal can be
connected with sub-GeV particles, whereas dark mediators
from the SUð2ÞD sector are weak interactive massive
particles, which have larger masses in comparison with
one of the SM weak bosons.
In the universality scenario of interaction W0 with all

types of the SM leptons, we have bound on GVA
ii less than

10−1–3 × 10−4 in the following range of the W0 mass:
2 GeV–1 TeV. Such limits correspond to the GVA

ij non-
diagonal coupling in the case when the corresponding
decay is induced by exchange of intermediate neutral dark
boson W00. In the case of a neutral boson, we have less
constraints as in the case of the charge partners W0�.
Therefore, the range of the neutral dark boson mass in
Fig. 1 is extended to a region of smaller values of mass.
Moreover, we will further show that these bounds are the

FIG. 1. Bounds on the ratio GVA
ij =gEW from possible contribu-

tion to the μ → eνν decay rate (dirty blue line) as a function of
mW0 in the range 2 GeV–6 TeV. Black solid and dashed lines are
CMS observed and expected limit, respectively, with one stan-
dard deviation and two standard deviations (green and yellow
areas) [56]. These two limits can be compared only in the
universality case of diagonal coupling dark boson with quarks
and leptons.
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strongest ones that can be obtained from pure LFV decay
μ− → e−ν̄μνe. Two LFV processes will be considered later
in our manuscript.
Because of the structure of our interaction (21), we

establish the same limits for the nondiagonal couplings of
both neutral and charged dark bosons with leptons with
specific flavor and mass. In case of nondiagonal couplings,
we do not have restrictions on the mass of neutral boson
from charge conservation as it occurs for charged dark
bosons. It is different from a general scenario with a dark Z0
boson, where we can describe interaction with leptons and
neutrino independently; we consider neutral W00 compo-
nent in couple with charged W0� bosons. In our approach,
dark photon A0 plays the role of neutral dark boson Z0 [21].
Therefore, due to possible interference of A0 and W00, one
can establish new limits on couplings with leptons and
neutrinos, which could be different from those derived
in Ref. [21].
Next, we can calculate decay width of the W0 to lν̄l pair

by analogy to the similar decay in SM:

ΓðW0 → e−ν̄eÞ ≃
ðGVA

eν̄eÞ2mW0

48π
; ð27Þ

and as an example for mW0 ¼ 200 GeV we have
ΓðW0 → e−ν̄eÞ ¼ 6.5 × 10−4 MeV. It is by ∼6 orders less
than we have for weak W boson decay width.
Nondiagonal interaction couplings of the W0 dark boson

can be constrained from LFV processes, e.g., from muon
LFV decay μ− → e−ν̄μνe. The best upper limit on the
branching of this decay is 1.2% [71]. We note that this
existing limit on the μ− → e−ν̄μνe decay rate is not very
sensitive and feeble competitive with many other experi-
ments which limit most new physics scenarios.
Contrariwise, we stress that this LFV decay gives limitation
directly on one of the nondiagonal components, i.e., on
coupling GVA

μe . Bounds on this coupling are presented in
Fig. 2. Because the interaction couplings in our model for

charged and neutral W0 are universal, we see that famous
weak muon decay μ → eνμν̄e gives more stronger limits on
the coupling constants in comparison with limits derived
from LFV decay, e.g., from the μ− → e−ν̄μνe decay mode.

B. LFV muon decay μ → eγ

New dark vector bosons can potentially explain LFV
effects. In this respect, μ → eγ decay is a good laboratory
for the study of such effects. Feynman diagrams contrib-
uting to this process taking into account A0 andW0� bosons
are presented in Fig. 3. Note that the diagram with a pair of
intermediate charged bosons W0� has an additional sup-
pression factor in comparison with the dark photon A0
exchange.
Existing experimental limits for the branchings of the

LFV lepton decays li → lkγ are [67]

Brðμ → eγÞ < 4.2 × 10−13;

Brðτ → eγÞ < 3.3 × 10−8;

Brðτ → μγÞ < 4.2 × 10−8: ð28Þ

The general matrix element of this LFV process can be
parametrized as

iMik ¼ ieϵμðqÞūkðp2;mkÞ
�

i
2mi

σμνqνFMþ i
2mi

σμνqνγ5FD

�

×uiðp1;miÞ; ð29Þ

where the square of matrix element is

jMikj2 ¼ m2
i

�
1 −

m2
k

m2
i

�
2

ðjFMj2 þ jFDj2Þ ð30Þ

and the decay width is given by

Γðli → lkγÞ ¼
1

2mi

Z
d3p2d3q

4E2Eqð2πÞ6
ð2πÞ4δð4Þ

× ðp1 − p2 − qÞjMikj2

¼ α

2
miðjFMj2 þ jFDj2Þ: ð31Þ

FIG. 2. Bounds on the μ − e nondiagonal lepton flavor cou-
pling from existing LFV data μ− → νeν̄μe− [71]. The shaded area
is a closed band for dark boson couplings.

FIG. 3. Feynman diagrams with a contribution of dark photon
A0 and charge dark boson W0 to the LFV process li → lkγ.
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Here, FM and FD are the magnetic and dipole form factors,
respectively, and α ¼ e2=ð4πÞ ¼ 1=137.036 is the fine-
structure constant. More explicitly, when the A0 propagates
in the loop (right-hand diagram in Fig. 3), for a general
li → lkγ with an i or k lepton in the loop, we obtain

FM ¼ 1

16π2
½ðGV

ikG
V
ii þGA

ikG
A
iiÞhV2 ðxμÞ

þ ðGV
ikG

V
kk þGA

ikG
A
kkÞhV3 ðxμÞ�;

FD ¼ 1

16π2
½ðGV

ikG
A
ii þ GA

ikG
V
iiÞhV2 ðxμÞ

þ ðGV
ikG

A
kk þGA

ikG
V
kkÞhV3 ðxμÞ�; ð32Þ

whereas for μ → eγ, with the τ lepton propagating in the
loop and with double LFV coupling, we have

FM ¼ 1

16π2

�
mμ

mτ

�
½GV

μτGV
eτhV1 ðxτÞ −GA

μτGA
eτhV1 ðxτÞ�;

FD ¼ 1

16π2

�
mμ

mτ

�
½GV

μτGA
eτhV1 ðxτÞ −GA

μτGV
eτhV1 ðxτÞ�; ð33Þ

where xi ¼ m2
A0=m2

i . Expressions for the loop functions
hVi ðxiÞ in the approximation me ≪ mμ ≪ mτ are shown in
the Appendix.
The matrix element corresponding to the loop LFV

diagram induced by the coupling of a neutralW0 boson with
a photon and contributing to the li → lkγ process is
specified by two form factors:

FM ¼ 1

16π2
½ðGVA

ik GVA
ii ÞhW0ðxμÞ þ 2ðGVA

ik GVA
kk ÞhV3 ðxμÞ�;

FD ¼ 1

16π2
½ðGVA

ik GVA
ii ÞhW0ðxμÞ þ 2ðGVA

ik GVA
kk ÞhV3 ðxμÞ�;

ð34Þ

where x ¼ m2
W00=m2

l . Double LFV contributions are
neglected here.
Dependence on the masses of dark bosons A0 and W0 is

presented in Fig. 4. The peaks in Fig. 4 are connected with
the behavior of the loop integrals hiðxÞ near the point x ¼ 1
located in the vicinity of the vector boson production
threshold. To resolve this problem, one needs to include in
the analysis the finite width ΓA0 ∼ τ−1A0 ∼G2

ij of the dark
vector boson in the Breit-Wigner propagator. The latter is
dominated by the decay width of the A0 to the leptonic pair.
We make conservative estimate for coupling production

GVA
ll GVA

eμ in proposition that diagonal couplings GVA
ll are

equal to each other. Corresponding bounds are shown in
Fig. 4. It means that bounds on GVA

ll GVA
eμ from μ → eγ LFV

decay for neutral vector bosons are strict for a light mass
boson. Limits on the A0 couplings correspond to the fact
that the bounds for the neutral dark boson W00 are divided

by a factor of 2, because they have the same mechanism of
interaction with SM matter governed by both vector and
axial couplings. Further discussion of bounds on couplings
A0 dark photon has been done in Ref. [21] (here, we note
that in Ref. [21] in the plot of the curve for limit on the LFV
coupling derived from the decay μ → eγ the factor propor-
tional to 10−6 was lost). With taking into account with
factor the limits on the LFV couplings of the dark gauge
bosons with SM fermions are consistent in this paper and
Ref. [21]. At the same time, it is important to stress a
constantly increasing research interest to study sub-GeV
dark candidates which are the main goal in running and
planning experiments for searching dark matter at a fixed
target regime such as NA64 SPS at CERN [33–37,72–75],
M3 [76], and LDMX [77]. LFV coupling between dark
boson and SM particles can explain existing experimental
anomalies, wherein different models provide different
limits on mass and couplings of the Z0 boson [78–80].

IV. CONCLUSION

We have proposed a phenomenological Lagrangian
approach that combines the SM and DM sectors based
on the Stueckelberg mechanism for generation of masses of
dark Uð1ÞD and SUð2ÞD gauge bosons due to the presence
of dark scalar Stueckelberg fields. These scalar fields play
the role of Goldstone bosons. A novel part consists in
adding of non-Abelian part to the dark vectorUð1ÞD portal.
We derived bounds on diagonal and nondiagonal inter-
action couplings between SUð2ÞD dark gauge bosons and
the SM leptons. In particular, we established limits on the
couplings using data from canonical weak muon decay μ →
eνμν̄e supposing that some correction to its decay rate is
possible and given the ambiguity in the definition of value
of GF. Additionally, we have used the phenomenology of

FIG. 4. Bounds to production μ − e nondiagonal lepton flavor
coupling and diagonal coupling from existing FV data μ− → e−γ
[67]. The shaded area is a closed band for dark boson couplings
(blue for dark photon and only GV contribution and green forW00
neutral dark boson due to full contribution from vector and axial-
vector parts).
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lepton flavor-violating processes to derive limits on the W0
couplings. In this paper, we concentrated on the gauge
boson sector of our approach. It would be interesting to
extend our formalism on the dark fermion sector and
consider applications on other rare lepton decays.
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APPENDIX: LOOP FUNCTIONS USED IN
CALCULATION OF μ → eγ LFV DECAY

In this appendix, we present analytical expressions for
the loop integrals occurring in the amplitude of the LFV
decays li → lkγ for different new particle channels and
leptons propagating in the loop, used in Eqs. (32)–(34).
All results for the form factors have been numerically
and analytically cross-checked using the Mathematica
packages Package-X [81], FeynHelpers [82], and FeynCalc

[83–85].
For dark heavy neutral bosonW0, the loop integrals read

hW
00ðxÞ ¼ 8

�
Li2ð1 − xÞ − Li2

�
2

2 − xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp
�
þ Li2

�
2

xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp
��

þ 2xð2x2 − 9xþ 9Þ logðxÞ
x − 1

þ 2

�
−4xþ 1

x
þ 8

�
þ 4 log2

�
xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp

− 2Þ
xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp

�
− 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx − 4Þx

p
ð2x − 3Þ log

�
xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp

2
ffiffiffi
x

p
�
: ðA1Þ

For the A0 dark boson, the loop integrals are given by

hV1 ðxÞ ¼ −
ð4x3 − 3x2 − 6x2 lnðxÞ − 1Þ

xð1 − xÞ3 ; ðA2Þ

hV2 ðxÞ ¼ 2

�
2Li2ð1 − xÞ − 2Li2

�
2

−xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp þ 2

�
þ 2Li2

�
2

xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp
�
− 2xþ 2 logðxÞ

þ log2
�
xþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x − 4Þxp
2x

�
þ ðxþ 1Þððx − 4Þxþ 2Þ logðxÞ

x − 1
− 2x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx − 4Þx

p
log

� ffiffiffi
x

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þp
2

�
þ 1

�
; ðA3Þ

hV3 ðxÞ ¼ −4xþ 4ðx − 1Þ2 ln
�

x
x − 1

�
þ 6: ðA4Þ
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