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We study the non-Abelian SU(2), extension of the U(1),, 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 U(1), ® SU(2),, 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 ~4.2¢0 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
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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 U(1), dark gauge-invariant vector portal
between particles of the SM and dark sector (DS) [21],
where the mass of dark photon A’ is generated via the
Stueckelberg mechanism (see also Refs. [22,23]).
Additional scalar field ¢ 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 Z’' 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 U(1),, Stueckelberg portal [21] by adding the
non-Abelian SU(2),, 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 SU(2),, portal could give a chance to understand
existing deviations between SM and experiments. In
particular, we introduce the SU(2),, 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 U(1),, Stueckelberg portal is based on the
coupling of a dark photon with neutral current formed
by SM fermions, while inclusion of the SU(2), 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 SU(2),
extension induces lepton number violation.

Discussion of the dark fermion sector, which is closely
related to charge dark gauge bosons W'*, 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
SU(2),, 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 LFV and non-LFV lepton decays as
a tool for such analysis. We also mention that the new W’
bosons have been intensively studied in different theoretical
approaches beyond the SM. In particular, the W’ 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 W’ bosons have been performed at LHC by
the ATLAS and CMS Collaborations [53—-56] based on the
production of the W’ in proton-proton collisions, which led
to the constraint of the W’ mass in the range 0.15-6 TeV. In
our approach, we assume that the dark W’ 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 y — ev;; in Sec. IlI A and u — ey 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
SU(2)p, group, which are required by gauge-invariant
principle. Our formalism is based of effective SM + DS
Lagrangian Lgy, ps, Which after spontaneous breaking of
electroweak symmetry to electromagnetic group U(1), ®
SU(2), — U(1),, is manifestly gauge invariant under the
product of electromagnetic group and groups of DS and
Ul)en ® U(1)p ® SU(2)p,. 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—Ileft ¢/ and right (U%, D%) quarks, left and right
leptons (£7, ¢%) fields), gauge fields (weak gauge bosons
W=, 79, and photon A), and scalar Higgs field H. Left
doublets and right singlets of quarks and leptons are
specified as )" = (u.dy), 43" = (cp.51). 43" = (11.by ).
Up=ug, Ug=cg, Up=tg, Dp=ugp, Di=cg,
D?e =bg, L'm= (UeLveL)’ L= (VﬂLv/"L)v L3m:(V‘L'LvTL),
R' = eg, R? = pg, and R®> = 74. The indices i, j = 1, 2, 3
number the fermion generations, while m, n denote the
SU(2) weak isospin and dark indices, respectively.

The DS sector contains singlet dark fermion y, gauge
bosons (singlet A’ and triplet W’), and scalars (singlet ¢ and
triplet S). The matrices S and W' are specified as

S:(So/ﬁ S+ )

Y AV)
o W’O/\/E w'+
v ( W —W’O/ﬂ)' .

Triplets of gauge bosons W’ and scalars S have electric
charge. In particular, W= and S* have charges Q = +1,
respectively, while W0, §°, 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:

; mn o mn g ! mn mn
(iD)m — (iD" ) — TWW,Q — gud"M AL,
(iDR>/4 - (ZDR);t - gA'A//,u (2)

where gy and g4 are the gauge couplings associated with
SU(2)p and U(1), groups, respectively. In the case of the
DS, the covariant derivates acting on scalar fields (D,0)
and (DMS) and fermions are defined, respectively, as
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(Dﬂa) = 0,06 —MyA,,
(D,S)"™ = 0,8 — My Wi (3)

and
(iDX)ﬂ =0, — gA/A;l. (4)

Note that the covariant derivatives acting on dark scalars
(D,6) and (D,S) include dark gauge bosons (singlet A’)
and triplet (W'®, W'°) having finite masses M, and M,
respectively. The covariant derivatives (D,0) and (D,S)
therefore contain DS gauge boson masses, generated via
the Stueckelberg mechanism [23,57]. The U(1), gauge
boson A’ is called the dark photon, and it has the mass M 4.
The scalar Stueckelberg fields ¢ and S play the role of
supplementary Goldstone bosons generating masses of
dark photon and dark triplet gauge bosons W’. Such an
idea was considered before for the new Z' 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 U(1), ® SU(2),, 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, A is much larger than the scale of SM (A > Agy);
|

i
A; - A;l + —dMQA/Q;,',
ga’

2i

W//l d QW/W;AQQII’ + %a”QW/Q;V]/,

0,06 — 0,0 + %QAEA/Q;},
ga’

U(x) = Qu (x)U(x),

(D,S) = Qy(D,S)Q.

X = Qux.

where
(1) = exp 1w (7] Q(a) =explity (] 9

are the matrices of the fundamental SU(2), and U(1),
transformations.

Now we specify effective Lagrangian of our approach
Lsyps combining SM and DS:

Lsmips = Lsm + Lps + AL. (10)

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 SU(2), gauge group

S(x)}

2M w’

U@ZWPW/ (5)

In this approach,

o ZMW/
gw’

9,S(x) i0,U(x)U™"(x). (6)

We propose that the Stueckelberg mechanism [23,57] for
generating masses of gauge fields is extended to the
group U(1), @ SU(2)p.

The stress tensors for dark gauge bosons are defined as

A;u, = 6MA,’, - ayA;,,
igw

W, =9,W, —d, W, + - (W,,, W,]. (7)

The U(1)p, ® SU(2),, gauge transformations of dark
fermions, scalars, and gauge bosons are specified as

!/ !
Ay — AL,

! ! -1
W, = Qu W, Q0

(Dy6) = (Do),

ZIMW/

9,8 = Quy0,SQ} +——0,Qy Q)
9w’
Tr[(DﬂS)(DMS)] - Tr[(DﬂS)(D”S)],
lp)()( - QA’ip;()(’ (8)

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
Asm = My= 20 ~ 100 GeV. Here, Lgy 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, Lpg 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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Lnix and a term describing additional coupling of DSBs
with SM fields AL 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 Lpg and L. The DS
Lagrangian Lpg is given by

1 1
Ls = = AL A™ = W), W

+ %Tr[(DﬂS)(DﬂS)} + XDy = m )y

+ % (D,o)(D"o)

- Tr(O”W'” =+ 5‘;‘//1‘4‘,‘//S)2
2y

1
2w

(aﬂA/ﬂ +§A/MA/O')2. (11)

One should stress that quantization of the dark gauge field
is required to add the gauge-fixing term into the dark U (1) ,
and SU(2), sectors [62] (last two terms in Lpg), where
Ewr(ar) 18 an arbitrary gauge parameter corresponding to the
w’ (A’ ) gauge boson. It provides “decoupling” of gauge
bosons and corresponding scalars particles with vanishing
mixed terms:

1 1 1
Lps = _ZA/ Al — W’ JWH 2Tr(a So"S)

2

M d M ’
+ TWTr(WMW”) + TAA’A’”

1
———Tr(9,WoW') — 5‘2‘“ M2, Tr(S?)

28w

1 1
d,060"
—|—2 ,00"0 — 2%,

+)_(L(lp)% - m)())(L +)_(R(lp)( -

——(9,A")? - "EA M2

my )X k- (12)

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

| K (1 = ¢,
D¥(k;&) = 5—— | - K2 _( §AM2—)

K? — M? - (13)

where M is the mass of the dark gauge boson.

The interaction AL 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:

1 o
AL =~ (D)3 |dhclyal + Ukelir U
i
4 Dicd Dl + Lidd L + Rl’d}'{oyﬂRJ}
1 o
L oS i+ o], 08
ij

where A is the scale of new physics. Here, ¢/ and d/ are
the 3 x 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 A
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

Yy = (Vi) yuWg. Yp=(V])ypWR.
Yo = (V]) Ty Ws. (15)

Here, V{ and V7 are the transformation matrices acting on
the left-handed quarks and leptons, respectively, W%, W2,
and W% are the transformation matrices acting on right
singlets, and y” are the 3 ® 3 Yukawa matrices of
couplings between two scalar doublets and SM fermions
before spontaneous breaking of electroweak symmetry. The
matrices V{, V4 WY, and W¥ rotate the couplings of dark
scalars with the SM fermions as

¢ = Co=(V])Te,V],
cve = Cus = (W%)—'-CUD'W%’
¢pe = Cps = (WRI?)TCDUWR’
dre = Do = (Vi) LoV,
dre = Do = (WR)"drsWE,
cs = Cs = (Vi)TesV7,
ds — Dg = (V7)'dsV7. (16)

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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‘Cmt 1 — gA/Zl//ly A,Ul//l +7ZV/1 yﬂw/mn(l - 7/5)
(17)
After the substitution of the covariant derivatives (do)
and (0S), we find that the gauge-invariant operator (14)

additionally generates dimension-4 interactions of the dark
photon and W’ bosons with the SM fermions y, in the form

Ling 2 = Zl/‘w"A’ (g}/j + g?;-rs)wj

+Zg grYrW (L =y, (18)

where vector ¢" and axial-vector ¢* dimensionless cou-
plings are defined as

mA! mA/
glyj = A Vij» 924, = A aij, (19)
! DY D ! DY D
Vip =5 \Prot Vo ) o i =5 \Pio =P ) -

(20)

Dimensionless couplings of W' with leptons have the
simple form g} DJMy/A. Scalar nonphysical fields
can be sw1tched off from consideration in the case of
unitary gauge (£ — oo0), 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

Line = Ling, 1 + Ling 2 = Zl/_/iVﬂA, (GV + Glﬂs)

-SR] o
where
Gl =gl +6,; Ghi=gh, GYA 5; 2
ij = 9ij T 0ijgas ij = Yij» =gt oy >
(22)

III. BOUNDS ON W' COUPLINGS WITH
STANDARD MODEL PARTICLES

In this section, we discuss opportunities to estimate
bounds on the couplings of the charged dark gauge boson
W’ 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 G}, which give an additional
contribution to the SM processes. Hereinafter, we will
concentrate on nondiagonal couplings G}/jA (i # j), which
can be responsible for a contribution to LFV processes.

A. Dominant and LFV u — ev;i; decays

To derive a limit for the G}* coupling, we use one of
the most precise measurements in particle physics—decay
rate 4 — ev, v, process. This decay gives a very accurate
determination of the Fermi constant G:

G" = 1.1663787(6) x 10~5 GeV~2 (23)

at the level of 0.5 ppm [63-65].

It is clear that the diagonal coupling of dark gauge boson
W' gives an additional contribution to the 4 — ev, v, decay
rate. In our benchmark scenario, we make a conjecture that
there is an ambiguity for the precise determination of the
Fermi constant Gp. In particular, this constant can be
constrained using different data (see, e.g., Ref. [66]). In
particular, G5 can be determined from analysis of kaon or ©
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 G extracted from weak muon decay. Indeed,
such uncertainty is a gap, which constrains the possible
contribution of the W' to the y — ev, D, 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

472
= |M|*d® 24
ar =7 Mo, (24)

where m is the mass of decaying particle, |M|? is the square
of amplitude of a process, which defines its dynamics, and
d®,, is an element of n-body phase space.

The muon decay rate u — ev,r, in the SM is determined
by

V2 ng>

Cp~ = vyep,) = ( "
W

(Gﬂ)Q 5
T2

A
192;;( +Ag)

£(1+ Ag), (25)

where the quantity Ag includes the phase space, QED, and
hadronic radioactive corrections (see Ref. [66]).

The square of the u — ev,, decay amplitude, taking
into account of the mixing of the SM W and dark W’
bosons, is given by
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MP = -

(s + 1)(s + £ = m) (gaw (£ = m3y) + (G¥)2(1 — miy))?

(26)

where the Mandelstam kinematical variables are defined
as s =mg —2(p,p,), t =m; —2(p,p,,), and u = mj —
2(p,py,) [67] and ggy is electroweak coupling. We obtain
an expression for the decay width as a function of
parameters of the new vector boson (mass of my- and
couplings with leptons G}*).

Using the difference between data of the global EW
fit presented in Ref. [66] GEV|., = 1.16716(39) x
107> GeV~2 and G}, from y — ev, b, decay, we can derive
limits for the couplings of W’ with the SM particles using
the muon width as an input data parameter. Bounds on
the coupling ratio G;/*/ggw as a function of the W’ mass
are shown in Fig. 1. These bounds in the case of the
universality scenario of the coupling of the dark W’ boson
with quarks and leptons can be compared with limits
extracted by the CMS Collaboration [56] (see Fig. 1). In
this scenario at myy > 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 W’ with quark and leptons (general scenarios),
our limits deduced from the u — ev,i; decay cannot be
directly compared with the CMS constraints. The differ-
ence between values of the Gp constant defined from
different experimental data gives strong limits on diagonal
couplings of the dark charge boson W'* with the SM
fermions.

GXA/ 9EW

-3 i ; ]
10 — CMS observed limit

- - CMS expected limit
— Our case

0 1000 2000 3000 4000 5000 6000
M, (GeV)

1074

FIG. 1. Bounds on the ratio G,VJA /gew from possible contribu-
tion to the y — ewvw decay rate (dirty blue line) as a function of
myy 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.

(m%v/ -

02 (1 = my)? ’

|

We also want to mention a landscape of study, a possible
dark charge W’ 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
W' and Z' bosons have been proposed in the literature.
Sometimes different bounds from different studies cannot
be compared directly. Here, we stress that novel W’ and Z’
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 W’ and Z’' 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 W’ and Z’ 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 Z’ production cross section times the decay
branching fraction of the pp — Z'u™pu~u"u~ process,
varying from 0.31 to 4.3 fb at 95% C.L., in a Z’' mass
range 5-81 GeV, from which the coupling strength of the Z’
to muons above 0.003 to 0.2 (depending on the Z’ mass) are
excluded in the same mass range.

Here, we suppose scenarios that the W’ is heavier than
the 7 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, W’
should be heavier than the SM W=+ /Z bosons, as otherwise
one could see the W’ pair creation in the final state of
physical reactions, e.g., in the e e~ 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 U(1),, portal can be
connected with sub-GeV particles, whereas dark mediators
from the SU(2), 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 W’ with all

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

124
107'-3 x 10™* in the following range of the W’ mass:
2 GeV-1 TeV. Such limits correspond to the GleA non-
diagonal coupling in the case when the corresponding
decay is induced by exchange of intermediate neutral dark
boson W, In the case of a neutral boson, we have less
constraints as in the case of the charge partners W'*.
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
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strongest ones that can be obtained from pure LFV decay
u- — e v,v,. 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 Z’
boson, where we can describe interaction with leptons and
neutrino independently; we consider neutral W compo-
nent in couple with charged W’* bosons. In our approach,
dark photon A’ plays the role of neutral dark boson Z’ [21].
Therefore, due to possible interference of A’ and W', 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 W’ to Ip; pair
by analogy to the similar decay in SM:

(G(‘e/éé)zmw’

(W —ep,)~ prye

, (27)
and as an example for my =200 GeV we have
(W - e 1,) =65 x 107 MeV. It is by ~6 orders less
than we have for weak W boson decay width.
Nondiagonal interaction couplings of the W’ dark boson
can be constrained from LFV processes, e.g., from muon
LFV decay pu~ — e7b,v,. The best upper limit on the
branching of this decay is 1.2% [71]. We note that this
existing limit on the y~ — e"7,v, 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 G,z Bounds on this coupling are presented in
Fig. 2. Because the interaction couplings in our model for

T T T T

100 +

VA
Gy

0.01+

1074+

1 1 1 1 L
0 200 400 600 800 1000
my (GeV)

FIG. 2. Bounds on the y — e nondiagonal lepton flavor cou-
pling from existing LFV data = — v, e” [71]. The shaded area
is a closed band for dark boson couplings.

charged and neutral W’ are universal, we see that famous
weak muon decay y — ev, U, gives more stronger limits on
the coupling constants in comparison with limits derived
from LFV decay, e.g., from the = — e~7,v, decay mode.

B. LFV muon decay u — ey

New dark vector bosons can potentially explain LFV
effects. In this respect, 4 — ey decay is a good laboratory
for the study of such effects. Feynman diagrams contrib-
uting to this process taking into account A’ and W'+ bosons
are presented in Fig. 3. Note that the diagram with a pair of
intermediate charged bosons W'* has an additional sup-
pression factor in comparison with the dark photon A’
exchange.

Existing experimental limits for the branchings of the
LFV lepton decays [; — [;y are [67]

Br(u — ey) <42 x 1071,
Br(z — ey) < 3.3 x 1078,
Br(z — uy) < 4.2 x 1078, (28)

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

. . _ i i
iMy = iee"(q) i (pa.my) [ﬁ%uqyﬂw +ﬁ6ﬂuqby5FD
1 1

Xu;i(pr.m;), (29)
where the square of matrix element is

2 2 m% 2 2 2
\My|* = m; I--3 ([Ful> +1Fpl?)  (30)

l

and the decay width is given by

F(li_’lky):i/

2ml'

3 3
AP Gyt
4E,E,(27)°
X (p1 = p2—q) Myl

a
:Emi(|FM\2+|FD|2)- (31)

FIG. 3. Feynman diagrams with a contribution of dark photon
A’ and charge dark boson W’ to the LFV process [; — [;7.
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Here, F'); and F, are the magnetic and dipole form factors,
respectively, and a = e¢?/(4x) = 1/137.036 is the fine-
structure constant. More explicitly, when the A’ propagates
in the loop (right-hand diagram in Fig. 3), for a general
l; = Iy with an i or k lepton in the loop, we obtain

1
Fu = 1e5[(GiGii + GRGi)hy (x,)
JT
+ (GGl + GRLGRIRY (x,)],
1
Fp= 162 [(GLGi + GGy (x,)
+ (GRGh + GLGRY (x,)], (32)

whereas for y — ey, with the 7 lepton propagating in the
loop and with double LFV coupling, we have

1 m
T (m_ﬂ) (GueGechy (x:) = GurGerh (xc)].

1 (m
Fo= 1o (ot ) (GHGAHY () = GAGERY ()], (33)

where x; = m?, /m?. Expressions for the loop functions
h{ (x;) in the approximation m, < m, < m, are shown in
the Appendix.

The matrix element corresponding to the loop LFV
diagram induced by the coupling of a neutral W’ boson with
a photon and contributing to the [; — [y process is
specified by two form factors:

1

Fy =15 [(GRGIRY (x,) +2(GRGIAY (x,)).
1

Fp =1 [(GIGEOR" (x,) + 2GR G (x,)].

(34)

where x = m;,/mj. Double LFV contributions are
neglected here.

Dependence on the masses of dark bosons A’ and W’ is
presented in Fig. 4. The peaks in Fig. 4 are connected with
the behavior of the loop integrals A;(x) near the point x = 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 I'y ~ 73! ~ G}, of the dark
vector boson in the Breit-Wigner propagator. The latter is
dominated by the decay width of the A’ to the leptonic pair.

We make conservative estimate for coupling production
G)AGy2 in proposition that diagonal couplings G)* are
equal to each other. Corresponding bounds are shown in
Fig. 4. It means that bounds on G;*GY2 from y — ey LFV
decay for neutral vector bosons are strict for a light mass
boson. Limits on the A’ couplings correspond to the fact
that the bounds for the neutral dark boson W" are divided

1075}
-8 |
< 10
>=
$g o111
>(Dl 10
107141 ,
—— from py—->ey with A'
10171 from y—>ey with W'
0.001 0.010 0.100 1 10 100

ma' (w'), (GeV)

FIG. 4. Bounds to production y — e nondiagonal lepton flavor
coupling and diagonal coupling from existing FV data y= — e7y
[67]. The shaded area is a closed band for dark boson couplings
(blue for dark photon and only G" contribution and green for W
neutral dark boson due to full contribution from vector and axial-
vector parts).

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
A’ 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 y — ey the factor propor-
tional to 107® 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 Z’' 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 U(1), and SU(2),, 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 vector U(1) , portal.
We derived bounds on diagonal and nondiagonal inter-
action couplings between SU(2),, dark gauge bosons and
the SM leptons. In particular, we established limits on the
couplings using data from canonical weak muon decay u —
ev, U, supposing that some correction to its decay rate is
possible and given the ambiguity in the definition of value
of Gr. Additionally, we have used the phenomenology of
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lepton flavor-violating processes to derive limits on the W’
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 u — ey LFV DECAY

In this appendix, we present analytical expressions for
the loop integrals occurring in the amplitude of the LFV
decays [; — [y for different new particle channels and
leptons propagating in the loop, used in Egs. (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 boson W’, the loop integrals read

log(x)

1
+2(—4x++8) +4log2<
X x+

For the A’ dark boson, the loop integrals are given by

i =22ttt = -2 s ) ()

+ log? <x s M) +

2x

s (x(_x4_)););2)> —4y/(x = H)x(2x = 3) log<)H_2(\;C)_c_4)x). (A1)
v (A =3x?—6x?In(x) — 1)
hi (x) = - =) : (A2)
—2x + 2log(x)
(x+ 1)((x ;i))i +2)log(x) 20/ = )xlog <\/)_C + \2/ (x - 4)) N 1>’ (A3)
hY (x) = —4x + 4(x — 1)21n<xf 1) +6. (A4)
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