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We introduce a dark neutrino sector which respects a hidden Uð1Þ0 gauge symmetry, subsequently
broken by the vacuum expectation value of a dark scalar. The model is a self-consistent realization of an
extended hidden sector that communicates with the standard model only via the three renormalizable
portals, namely, neutrino, vector and scalar mixing. The interplay between portal couplings leads to several
novel signatures in heavy neutrino, dark photon, and dark scalar searches, typically characterized by
multileptons plus missing energy and displaced vertices. A striking signature arises in kaon factories such
as NA62, where Kþ → lþ

α νl
þ
β l

−
β decays could reveal a heavy neutrino and a light dark photon resonance

above backgrounds. Given the open parameter space, we also comment on recent ideas to explain
outstanding experimental anomalies, and how they would fit into our proposed model. A minimal
extension of the model, possibly motivated by anomaly cancellation, can accommodate a dark matter
candidate strongly connected to the neutrino sector.
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I. INTRODUCTION

The most important evidence that the standard model
(SM) of particle physics is incomplete comprises neutrino
masses and mixing, and the presence of dark matter (DM)
in the Universe. Both call for extensions of the SM and the
possible existence of dark sectors which do not partake in
SM interactions, or do so with extremely weak couplings
while displaying strong “dark” interactions [1–3]. Such
sectors might exist at relatively light scales below the
electroweak one, being within reach of present and future
noncollider experiments. Generically, a neutral dark sector
can communicate with the SM via three renormalizable
portals. New neutral fermions mix with light neutrinos
unless a symmetry differentiates the two, a possibility
usually denoted as the neutrino portal. New vector particles
can kinetically mix with the SM hypercharge, and new
scalars mix with the Higgs boson through the so-called
vector and scalar portals, respectively. The latter terms are

generically allowed in the Lagrangian and an explanation
of their smallness requires specific UV completions.
In this article, we propose a new neutrino model

with a hidden Uð1Þ0 gauge symmetry under which no
SM fields are charged. We introduce new SM-neutral
fermions νD and an additional sterile neutrino N. The
symmetry is subsequently broken by the vacuum expect-
ation value (VEV) of a complex dark scalar Φ, which
gives mass to the new gauge boson. For concreteness, we
restrict the scale of the breaking to be below the electro-
weak one.
Models with heavy neutrinos which are not completely

sterile and might participate in new gauge interactions have
been studied in several contexts, including B − L, Lμ − Lτ,
and left-right symmetric models [4–12], but herewe focus on
the possibility of a symmetry under which no SM fields are
charged [13–17]. New heavy neutral fermions that feel such
hidden forces, such as νD, are referred to as dark neutrinos,
since they define a dark sector separate from the SM.
Nevertheless, the dark interactions “leak” into the SM sector
via neutrino mixing, where they may dominate [18,19].
Models of this type have been invoked to generate large
neutrino nonstandard interactions [20,21], generate new
signals inDMexperiments [18,22–25],weaken cosmological
and terrestrial bounds on eV-scale sterile neutrinos [26–33],
and as a potential explanation of anomalous short-baseline
results at the MiniBooNE [34,35] and/or LSND [36,37]
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experiments with new degrees of freedom at the MeV/GeV
scale [38–44].
Our model presents all the three renormalizable portals

to the SM in a self-consistent way (see Fig. 1). The Yukawa
interactions between the leptonic doublet and N, and
between N and νD induce neutrino mixing. The gauge
symmetry allows a cross-coupling term in the potential
between the Higgs and the real part of the scalar, inducing
mixing between the two after symmetry breaking. The
broken gauge symmetry implies the existence of a light
hidden gauge boson Xμ, which mediates the dark neutrino
interactions and generically kinetically mixes with the SM
hypercharge. This self-consistent setup combines the three
portals into a unified picture that exhibits significantly
different phenomenology with respect to each portal taken
separately. Of particular interest is the fact that the different
portal degrees of freedom display novel decay channels and
scattering properties, and in many cases would have
escaped experimental searches performed to date. We
provide a selective list of the most affected bounds, and
highlight the most interesting novel signatures that arise. In
particular, we propose a new experimental search for the
simultaneous presence of heavy neutrino and vector res-
onances in rare leptonic meson decays. In view of the
relatively unexplored parameter space of our model, we
comment on how these particles can explain long-standing
experimental anomalies. We focus on a novel explanation
of the MiniBooNE anomaly, based on the discussion of
Ref. [42] (see also Refs. [43,44]), where new neutrino
scattering signatures arise at neutrino experiments. We also
reconsider the possibility to explain the discrepancy
between the prediction [45–49] and measurement [50] of
the anomalous magnetic moment of the muon (Δaμ) via
kinetic mixing [51,52]. Finally, we comment on how a
scalar that couples strongly to dark neutrinos can help
explain the anomalous KL → π0νν̄ events at KOTO [53].
An interesting feature of the model is the generation of

neutrino masses at loop level. This requires only two key
features of our setup, namely, a light Z0 and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [54].
In its minimal form, the model is not anomaly free. We

discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1,2].
Neutrinos, we argue, may be a window into such dark
sectors, bridging the puzzles of neutrino masses and DM
[55–65]. We briefly outline the key features of a DM
extension and leave a more detailed analysis to future work.

II. THE MODEL

We extend the SM gauge group with a new Abelian
gauge symmetry Uð1Þ0 with associated mediator Xμ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD;L ≡ νD

and NL ≡ N. The scalar Φ and the fermion νD are equally
charged under the new symmetry, and N is neutral with
respect to all gauge symmetries of the model. For sim-
plicity, we restrict our discussion to a single generation of
hidden fermions. The relevant terms in the gauge-invariant
Lagrangian are

L ⊃ ðDμΦÞ†ðDμΦÞ − VðΦ; HÞ

−
1

4
XμνXμν þ N̄i=∂N þ νDi=DνD

−
�
yανðLα · H̃ÞNc þ μ0

2
N̄Nc þ yNN̄νcDΦþ H:c:

�
; ð1Þ

where Xμν is the field-strength tensor for Xμ, Dμ ≡
ð∂μ − ig0XμÞ is the covariant derivative, Lα ≡ ðνTα ;lT

αÞT
is the SM leptonic doublet of flavor α ¼ e, μ, τ, and H̃ ≡
iσ2H� is the charge conjugate of the SM Higgs doublet. We
write yαν for the Lα–N Yukawa coupling, yN for the νD–N
one, and μ0 for the Majorana mass of N, which is allowed
by the SM and the new gauge interaction, although it breaks
lepton number by 2 units.
The minimization of the scalar potential VðΦ; HÞ causes

the neutral component of the fields H and Φ to acquire
VEVs vH and vφ, respectively. The latter also generates a
mass for both the new gauge boson Xμ and the real
component of the scalar field φ. Although vφ is arbitrary,
we choose it to be below the electroweak scale, vφ < vH, as
we are interested in building a model that is testable at low
scales.

A. Neutrino portal

In the neutral fermion sector and after symmetry break-
ing, two Dirac mass terms are induced with mD ≡
yανvH=

ffiffiffi
2

p
and Λ≡ yNvφ=

ffiffiffi
2

p
. It is useful to consider the

form of the neutrino mass matrix in the single-generation
case to clarify its main features. For one active neutrino να
(α ¼ e, μ, τ), it reads

Lmass ⊃
1

2
ð ν̄α N̄ νD Þ

0
B@

0 mD 0

mD μ0 Λ
0 Λ 0

1
CA
0
B@

νcα

Nc

νcD

1
CAþ H:c:

ð2Þ

The form of this matrix appears in inverse seesaw (ISS)
[66,67] and in extended seesaw (ESS) [68,69] models. In
fact, it is the same matrix discussed in the so-called minimal
ISS [70], with the difference that in our case its structure is
a consequence of the hidden symmetry. After diagonaliza-
tion of the mass matrix, the two heavy neutrinos νh (with
h ¼ 4, 5) acquire masses. Assuming that mD ≪ Λ, we
focus on two interesting limiting cases.
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In the ISS-like limit, where Λ ≫ μ0 and the two heavy
neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ; m5 − jm4j ¼ μ0; Uα5 ≃Uα4 ≃
mDffiffiffi
2

p
Λ
;

UDi ≃
mD

Λ
; UD5 ≃UD4 ≃

1ffiffiffi
2

p ; UN5 ≃ UN4 ≃
1ffiffiffi
2

p :

In the ESS-like case,Λ ≪ μ0, one heavy neutrino remains
very heavy and mainly in the completely neutral direction
N, and the other acquires a small mass via the seesaw
mechanism in the hidden sector. We find

m4 ≃ −
Λ2

μ0
; m5 ≃ μ0; Uα4 ≃ Uα5

ffiffiffiffiffiffiffiffiffi
m5

jm4j
r

≃
mD

Λ
;

UDi ≃
mD

Λ
; UN5 ≃ UD4 ≃ 1; UD5 ≃ UN4 ≃

Λ
μ0
:

Note that to lower the scale of the mediators while keeping
the heavy neutrino masses large, one must lower the gauge
and scalar quartic coupling. Finally, we note that the mixing
parameters of ν4 and ν5 are correlated in our model. At tree
level, the relation

jUa5j2
jUa4j2

¼ m4

m5

ð3Þ

holds exactly for a ¼ α, N, D. Loop corrections are
expected to lead to small deviations from this relation.
In practice, this implies that ν4 has typically larger active-
heavy mixing than ν5.
The Yukawa terms in Eq. (1) induce neutrino mixing

between the active (light) and heavy (sterile, dark) neu-
trinos. In this model, similarly to the ISS and ESS cases,
this mixing can be much larger than the typical values
required in type-I seesaw extensions to explain neutrino
masses, making its phenomenology more interesting. The
determinant of the mass matrix in Eq. (2) is zero, and so
light neutrino masses vanish at tree level and do not
constrain the values of the active-heavy mixing angles.
This, however, is no longer the case at the one-loop level, as
light neutrino masses emerge through radiative corrections
from diagrams involving the φ0 and Z0 particles, as well as
SM bosons [54].

B. Scalar portal

In the scalar potential, the symmetries of the model allow
us to write down the following term:

VðΦ; HÞ ⊃ λΦHH†HjΦj2; ð4Þ

where we identify λΦH as the scalar portal coupling [71],
responsible for mixing in the neutral scalar sector. If such a

term exists, the scalar mass eigenstates ðh0;φ0Þ mix with
the gauge eigenstates ðh;φÞ as h0 ¼ h cos θ − φ sin θ and
φ0 ¼ h sin θ þ φ cos θ, with a mixing angle θ defined by

tan ð2θÞ≡ λΦHvHvφ
λHv2H − λφv2φ

; ð5Þ

where λH and λφ are the quartic couplings of the Higgs and
Φ scalars, respectively.

C. Vector portal

Similarly, mixing also arises in the neutral vector boson
sector from the allowed kinetic mixing term [72]

L ⊃ −
sin χ
2

FμνXμν; ð6Þ

where Fμν is the SM hypercharge field strength. This term
may be removed with a field redefinition, resulting in three
mass eigenstates ðA; Z0; Z0Þ, corresponding to the photon,
Z0 boson, and the hypothetical Z0 boson. For a light Z0, the
Z0 coupling to SM fermions f to first order in the small
parameter χ is given by

L ⊃ −ðeqfcWÞχf̄γμfZ0
μ; ð7Þ

where qf is the fermion electric charge.
The values of χ and λΦH are arbitrary and could be

expected to be rather large. As such, we treat them as free
parameters within their allowed ranges. Here, we merely
note that with our current minimal matter content, χ and
λΦH receive contributions at loop level from the ðL̄α · H̃ÞNc

and N̄νcDΦ terms, which are necessarily suppressed by
neutrino mixing (χ ∝ g0ejUαhj2 and λΦH ∝ jUαhj2). These
values constitute a lower bound and larger values should be
expected in a complete model.

III. DECAY RATES

The phenomenology of the model depends critically on
the ordering of the heavy neutrinos and the dark bosons,
which controls the decay channels and lifetimes of these
particles. In what follows, we list the most relevant decay
rates in our model, denoting by ν the combination of all
light mass eigenstates (ν1, ν2, ν3) that can appear in a given
process. For clarity and simplicity, we separate the light
dark boson and heavy dark boson cases, defined by the
condition mZ0;φ0 < m4 or m4 < mZ0;φ0, respectively. We
ignore SM contributions to the decay rates, as these are
typically subleading for the cases of interest.

A. Heavy bosons

For Z0 heavier than the heavy neutrinos, mνh < mZ0

with h ¼ 4, 5, and with large kinetic mixing, the heavy
neutrinos decay predominantly via three-body decays with
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an off-shell boson. Unless specified, we assume that the
mass of the dark scalar is heavier and does not contribute
to the decay rates in this section. The SM Z and Z0
contributions can interfere, although we are mainly inter-
ested in the case where the latter dominates. The decays
of most interest are ν5 → ν4lþl− and ν4 → νlþl−, with
l ¼ e, μ, as far as these channels are kinematically
accessible. The decay length of ν5 critically depends on
the mass difference between ν5 and ν4. For concreteness,
we focus on specific benchmark points (BPs) that illustrate
the key features. In the ISS-like regime, we take m4=m5 ¼
99% and choose m4 ≃m5 ¼ 100 MeV. If χ is negligible,
we have that νh decays as in the minimal sterile neutrino
model case via SM interactions. This is because the ν5 →
ν4νν̄ decay is phase-space suppressed (Γν5→ν4νν ∝ μ05), and
because Z0-mediated decays into three light neutrinos are
negligible for small mixing, as Γνh→ννν ∝ jUαhj6m5

νh=m
4
Z0 ,

where jUαhj is a small mixing parameter between e, μ, and
τ flavors with the heavy neutrinos. If χ is sizable, on the
other hand, new visible decay channels dominate, specifi-
cally ν5 → νeþe− and ν4 → νeþe− for this BP. On the other
hand, in an ESS-like regime where m4 ¼ m5=10, for
instance, ν5 decays into three ν4 states very rapidly. The
subsequent decays of ν4 would proceed via neutrino and
kinetic mixing, but would be much slower than the ν5 one
given the hierarchy of masses and the further suppression
due to the portal couplings.
The most relevant decay rate for our case studies is

that of heavy neutrinos into a dilepton plus missing energy.
Neglecting the electron mass, the decay rate of ν5 is
given by

Γðν5 → ν4eþe−Þ ≃ jUD5j2jUD4j2Fð
ffiffiffiffiffi
x4

p Þ

×
ðecWχg0Þ2
384π3

m5
5

m4
Z0
; ð8Þ

where x4 ¼ m2
4=m

2
5 and FðxÞ ¼ 1þ 2x − 8x2 þ 18x3 −

18x5 þ 8x6 − 2x7 − x8 þ 24x3ð1 − xþ x2Þ log x. Note that
Fð0Þ ¼ 1 and Fð1Þ ¼ 0, with the function obtaining a
maximum value of Fð0.09Þ ≃ 1.09. For

ffiffiffiffiffi
x4

p ¼ 1 − ϵ, one
can show that Fðx4Þ → ϵ5 when ϵ ≪ 1, indicating a strong
suppression of this decay in ISS-like scenarios, as stated
before. Both ν4 and ν5 may decay via

Γðνh → νeþe−Þ ≃ jUDhj2ð1 − jUD4j2 − jUD5j2Þ

×
ðecWχg0Þ2
384π3

m5
h

m4
Z0
: ð9Þ

For heavier masses, additional decay channels, e.g.,
ν4 → νμþμ− and ν4 → νπþπ−, would become available.
A feature of the model is that ν4 → νμþμ− would have
the same branching ratio (BR) as the eþe− one, albeit
phase space suppressed. Two-body decays into neutral

pseudoscalars via the new force are heavily suppressed due
to the vector nature of the gauge coupling, unless mass
mixing with the Z is introduced (see Ref. [73] for a
thorough discussion of the decay products of a dark
photon). Decays into vector mesons are enhanced, where,
for instance, we find

Γðνh → νρ0Þ ¼ jUDhj2ð1 − jUD4j2 − jUD5j2Þ

×
ðecWχg0Þ2

16π

m3
hf

2
ρ

m4
Z0

ð1 − rρÞ2
�
1

2
þ rρ

�

ð10Þ

for sufficiently heavy dark photons, and where rρ ¼
m2

ρ=m2
h and fρ ≃ 210 MeV.

The dominant decays of the heavy dark photon and dark
scalar are into heavy neutrinos, and the relevant rates can be
obtained from

ΓðZ0 → ν4ν5Þ ¼ jUD5j2jUD4j2
g02mZ0

12π

×

�
1þ Δr

2

�
ð1 − RÞ3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Δr

p
; ð11Þ

where R ¼ ðm4 þm5Þ2=m2
Z0 and Δr ¼ ðm5 −m4Þ2=m2

Z0 ,
and

Γðφ0 → ν4ν5Þ ¼ jUD5UN4 þUD4UN5j2
y2Nmφ0

16π

× ð1 − R0Þ3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Δr0

p
; ð12Þ

where R0 ¼ ðm4 þm5Þ2=m2
φ0 and Δr0 ¼ ðm5 −m4Þ2=m2

φ0 .
Note that as a consequence of UNi ¼ 0 for i ¼ 1, 2, 3, the
decay φ0 → νν̄ vanishes at tree level, and can be
neglected here.

B. Light bosons

If mZ0 < mνh , the heavy neutrino will dominantly and
immediately decay as νh → ναZ0, or even faster for ν5 →
ν4Z0 if this is kinematically allowed. For instance, the
former decay rate is given by

Γðνh → νZ0Þ ¼ jUDhj2ð1 − jUD4j2 − jUD5j2Þ

×
g02

8π

m3
νh

m2
Z0
ð1 − rÞ2

�
1

2
þ r

�
; ð13Þ

where r ¼ m2
Z0=m2

νh , which agrees with the rate in Ref. [74]
under the substitutions Z0 → Z and g0 → g=2cW , but differs
from the rate in Ref [43]. For (pseudo-)Dirac νh, the rate is
smaller by a factor of 2. If the scalar is light, mφ0 < mνh ,
decay into the scalar degree of freedom is also possible,
with
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Γðνh → νφ0Þ ¼ jUNhj2ð1 − jUD4j2 − jUD5j2Þ

×
y2N
16π

m3
νh

m2
ϕ0
ð1 − rÞ2

�
1

2
þ r

�
; ð14Þ

where r ¼ m2
Z0=m2

νh . The Z
0 subsequently decays into eþe−

via kinetic mixing with a decay rate

ΓðZ0 → lþl−Þ ¼ ðecWχÞ2
12π

mZ0 ð1þ 2rlÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4rl

p
; ð15Þ

where rl ¼ m2
l=m

2
Z0 . An analogous expression holds for

φ0 → lþl− decays, which are long-lived due to the m2
l=v

2
H

suppression from the Higgs Yukawa coupling. It is given by

Γðφ0 → lþl−Þ ¼ sin2 θGFffiffiffi
2

p mφ0m2
l

4π
ð1 − 4r0lÞ3=2; ð16Þ

where r0l ¼ m2
l=m

2
ϕ0 .

IV. THREE-PORTAL PHENOMENOLOGY

We now present the most relevant signatures arising from
the interplay between portal couplings and the heavy
neutrinos νh (h ¼ 4, 5). We begin with a discussion of a
light dark photon scenario, where we present a novel search
for exotic meson decays that can be performed at NA62.
Later, we comment on how the usual searches for each
particle change with respect to the minimal models,
separating our discussion into heavy neutrino, dark photon,
and dark scalar searches. For each particle, we then point
out how their modified behavior in a three-portal model
would fit into recently proposed explanations to outstand-
ing experimental anomalies.

A. Exotic meson decays

From the discussion above, it is clear that if the dark
bosons are lighter than the heavy neutrinos, then νh decays
are fast, and become visible whenever the decays of the
light bosons are fast and visible. Because the light scalars
typically decay with much longer lifetimes than the dark
photons, we will always assume that they lie at much larger
masses and do not play a role in our study, unless explicitly
stated otherwise. As a proof of principle, we focus on a
scenario with a single pseudo-Dirac heavy neutrino νh in an
ISS-like regime (μ0 → 0), although it should be noted that
in this case neutrino masses vanish. The case of Majorana
neutrinos that contribute to light neutrino masses is
completely analogous, noting that the mass mechanism
is mostly insensitive to small kinetic and scalar mixing
parameters. For a comparison with the relevant region for
neutrino masses, see Ref. [54].
The most striking signatures associated with the light

dark photon scenario arise in kaon factories, where meson
decays to heavy neutrinos lead to visible signatures inside

the detector. In this context, we propose a dedicated search
for the following process:

Mþ → lþ
α νh → lþ

α νZ0 → lþ
α νl

þ
β l

−
β ; ð17Þ

with α; β ∈ fe; μg (see Fig. 2). For prompt dark cascades,
the BR for such decays is simply BRðMþ → lþ

α νhÞ ¼
jUαhj2ραðmνhÞ BRðMþ → lþ

α ναÞ, where ραðmνhÞ is the
Shrock function [75], which accounts for the heavy
neutrino mass in such meson decays. This signature can
be searched for by applying a simultaneous requirement of

m2
ββ ≡ ðpβþ þ pβ−Þ2 ¼! m2

Z0 ; ð18Þ

m2
pK−pα

≡ ðpK − pαÞ2 ¼! m2
νh ; ð19Þ

m2
miss ≡ ðpK − pα − pβþ − pβ−Þ2 ¼! 0; ð20Þ

within detector resolution. In addition, the strong correla-
tion and smooth distribution over the invariant masses
m2

αν ≡ ðpK − pβþ − pβ−Þ2 and m2
αββ ≡ ðpα þ pβþ þ pβ−Þ2

can be used to further reduce backgrounds. From kinemat-
ics alone, it is possible to show that

m2
αββ þm2

αν þm2
pK−pα

¼ m2
K þm2

α þm2
miss þm2

ββ; ð21Þ

so that a measurement of one can be tested against the other
for each point in parameter space.

FIG. 1. Schematic representation of our three-portal model.

FIG. 2. Kaon decay to a heavy neutrino that decays visibly
either through a sequence of two-body decays or via a three-
body decay.
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Ultimately, the degree of background reduction is highly
detector dependent as it arises mainly from resolution and
particle identification effects. We return to this issue below,
but a detailed analysis is left to the sophisticated detector
simulations of the experimental collaborations. We do
remark, however, that if the heavy neutral leptons (HNLs)
and the dark photon have lifetimes above 10 ps in the rest
frame, then they may lead to displaced vertices at NA62,
as the boost factors are Oð100Þ and the resolution for
displaced vertices is of Oð10Þ cm [76]. This provides yet
another tool to reduce backgrounds and is particularly
useful in the small mixing region where the new physics
events are expected to be small. Under the assumption of
a light dark photon, a pseudo-Dirac pair that mixes only
with the muon flavor, and neglecting final-state masses, the
typical lifetimes are

τ0νh ≃ 1.7 ps ×

�
10−10

jUDhj2jUμhj2
��

300 MeV
mνh

�
3

ð22Þ

×

�
0.375
g0

�
2
�

mZ0

100 MeV

�
2

; ð23Þ

τ0Z0 ≃ 0.70 ps ×

�
10−4

χ

�
2
�
50 MeV
mZ0

�
; ð24Þ

where we assumed BRðνh → νZ0Þ ≃ 1 and BRðZ0 →
eþe−Þ ≃ 1, with the understanding that ðjUD4j2 þ
jUD5j2Þð1 − jUD4j2 − jUD5j2Þ ¼ jUDhj2jUμhj2 as μ0 → 0.
In what follows, we obtain an estimate of the single event

sensitivity of NA62, assuming a zero-background search.
We do this exercise for only 30% of the collected data set
corresponding to the period between 2016 and 2018 [77].
Using NK useful kaon decays, downscaled by a trigger
factor to yield NFid

K fiducial kaon decays, and a detector
acceptance Aβ, we can find the experimental single event
sensitivity to muon-heavy neutrino mixing in Kþ →
μþνlβlβ decays as

jUμhj2 ¼
1

NFid
K Aβ BRðK → μνμÞ

1

Pdec
; ð25Þ

where

Pdec ≃ ð1 − e
−hLi
Lνh ÞBRðνh → νZ0Þ

× ð1 − e
−hLi
LZ0 ÞBRðZ0 → lβlβÞ ð26Þ

is a crude approximation for the probability for νh and Z0
to decay within the average distance between their pro-
duction and the end of the detector, hLi, when they have a
decay length LP in the laboratory frame. For concreteness,
we take hLi ¼ 37.5 m. At NA62, β ¼ e events ought to
be registered by the “dielectron” trigger and β ¼ μ by the
“dimuon” trigger [77], each collecting only a fraction of the

total useful kaon decays, and corresponding to a given NFid
K

kaon decays in the fiducial volume, as shown in Table I. We
assume a constant acceptance Aβ for each final state that is
approximately the one obtained in searches for Kþ →

π−lþ
β l

þ
β [77] and Kþ → πþðπ0 → γðZ0 → eþe−ÞÞ [78] at

NA62, also shown in Table I.
Our results are shown in Fig. 3. It is clear that within

our assumption of no backgrounds, NA62 can probe a large
region of unexplored parameter space. Of most relevance
is the region at low mZ0, where other bounds are rather
weak. Incidentally, the dielectron search would directly
test the model proposed in Ref. [43] (see MiniBooNE
discussion below), where a more phenomenological model
with a single heavy neutrino was used. There, all dark
couplings are fixed to be large, with jUμ4j2 ≳ 10−9 and
m4 ≳ 30 MeV. Fixing g0 to be Oð1Þ implies that heavy
neutrinos decay even faster, and the sensitivity curve in
Fig. 3 would apply as shown. In our figure, however, we
choose to fix vφ so that g0 must vary if mZ0 varies. If one
were to fix g0, only the upscattering cross section region in
the plot would be affected, as the cross sections are
proportional to ðg0eχÞ2jU�

μhUDhj2.
We do not study this case here, but Kþ → eþνlþ

β l
−
α can

also be searched for, and would lead to bounds on the
jUehj2 mixing angle, which for promptly decaying Dirac
neutrinos is also weakly constrained. Much heavier Z0
particles imply that heavy neutrino decay is a three-body
process, and may not be so prompt. In that case, the
resonance in mββ is no longer present, making background
reduction more challenging. A peak search in m2

pK−pα
can

still be performed, together with the requirement that the
invariant masses measured obey Eq. (21), which is still
valid. The lifetimes of νh in the ISS-like regime of our
model are too long to realize this signature, but in an ESS-
like regime, ν5 → ν4l

þ
β l

−
β decays are sufficiently fast.

1. Backgrounds

We now discuss backgrounds to our proposed search. An
irreducible but smooth background from SM radiative
decays Mþ → lþ

α νl
þ
β l

−
β exists at a BR of Oð10−8Þ, also

displaying m2
miss ¼ 0. Our signal, however, constitutes a

single peak in the mββ vs mpK−pα
plane. Given that NA62

has already achieved an invariant mass resolution of
δmpK−pα

¼ 1–20 MeV [81], depending on mpK−pα
, and

TABLE I. Assumptions used for the computation of NA62
single event sensitivity for heavy neutrinos decaying via two-
body cascades into two charged leptons plus missing energy.

Kþ → μþνeþe− Kþ → μþνμþμ−

NFid
K 2.14 × 1011 7.94 × 1011

Aβ 4% 10%
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that NA48=2 has achieved δmee=mee ≃ 1% [82], we expect
radiative leptonic kaon decays to not limit the sensitivity
once Eq. (21) has been taken into account. For Kþ →
μþνeþe−, the most challenging background appears at
mee < mπ0 , where the large number of Kþ → μþνμðπ0 →
γeþe−Þ decays can spoof our signature due to the soft
nature of the photon in the pion Dalitz decay. The BR of
such decays to fake our final states can be naively estimated
to be around 10−8 for the excellent photon rejection at
NA62 of ≃10−4. This, again, can be further reduced by
enforcing invariant mass peaks and correlations. Similar
considerations apply for any channel with Dalitz decays.
Other backgrounds from Kþ → ðπþ → μþνÞeþe−, for
instance, may be reduced with a cut on mμν > mπþ , at
the cost of reducing signal acceptance. While our assump-
tion of no backgrounds is optimistic at low mZ0 values, the
region with mZ0 > 140 MeV has been studied before in the
context of rare leptonic kaon decays, and presents more
manageable backgrounds. For instance, the NA48=2
Collaboration [79] has performed a measurement of

BRðKþ → μþνeþe−Þ ¼ ð7.81� 0.21 stat:Þ × 10−8 ð27Þ

for mee > 140 MeV, where we omitted the smaller sys-
tematic uncertainties. This measurement achieved an over-
all signal-to-background ratio of ≃30, with an estimate of
54 backgrounds events.

For the dimuon channel, Kþ → πþπþπ− presents the
largest background rate, followed by Kþ → μþνπþπ−.
These channels are challenging due to the subsequent
decays of the π� → μ�ν as well as the misidentification
rate of π ⇌ μ of 0.4–0.9% at NA62. The radiative leptonic
decay Kþ → μþνμþμ− would also present a background.
No measurement of such SM decays exists but the most
stringent limit comes from E787, where it was found that

BRðKþ → μþνμþμ−Þ < 4.7 × 10−7 ð28Þ
at 90% C.L. for mμμ ∈ ½220; 320� MeV [83]. NA62 will
measure such SM decays, as shown in Ref. [84] which
explored placing constraints on new light Lμ − Lτ medi-
ators. In comparison with the latter study, the multiple
invariant mass resonances in our model would further
reduce backgrounds and offer valuable insight if the light
dark photon can decay to muons. A simultaneous detection
in the electron and muon channels in accordance with the
dark photon BRs would offer strong evidence for our kind
of dark sector.

2. Similar measurements

A bound can already be derived from existing measure-
ments compatible with the SM prediction in kaon radiative
leptonic decays [79,85,86]. The NA48=2 Collaboration has
measured the BR of Kþ → μþνeþe− as a function of mee,

FIG. 3. Parameter space in a phenomenological ISS scenario (μ0 → 0) where a pseudo-Dirac pair decays visibly via
νh → νZ0 → νeþe−. On the left we fix mZ0 and vary mνh, while on the right we fix mνh and vary mZ0. The NA62 single event
sensitivities to Kþ → μþeþe−ν and Kþ → μþμþμ−ν are shown as solid and dashed black lines, respectively. The resonances in
mll ¼ mZ0 andmpK−pμ

¼ mνh are expected to greatly reduce backgrounds, although the regionmee < 140 MeV can still be challenging

due to the large number of π0 Dalitz decays. We show bounds obtained from the NA48=2 measurement of the rare leptonic kaon decay
Kþ → μνeþe− in red [79]. Peak-search constraints on νh become less effective due to the fast visible decays, and we rescale these
assuming a conservative 0.5% eþe− detection inefficiency. We show the region where the upscattering cross section is larger than that of
neutrino-electron scattering in light blue, implying that eþe− pairs could be searched for in accelerator neutrino scattering experiments,
such as MINERνA [44]. Beam dump constraints on νh disappear, but those on a light Z0 remain (for χ2 ¼ 10−8, E141 [80] provides the
strongest bound). The dotted grey contours show a fixed total lifetime for νh and Z0. For jUμhj > 10−4, invisible Z0 → νν̄ decays start to
dominate.
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starting from mee > 140 MeV, and great agreement
between Monte Carlo simulations and data is observed
[79]. This allows us to set constraints on mZ0 > 140 MeV,
for various values of mνh . We show the region where the
new physics events are larger than 20% of the measured
value for mZ0 ¼ 150 MeV in the left panel of Fig. 3. The
same is done for mνh ¼ 300 MeV and varying mZ0 in the
right panel. Note that for 2mμ < mZ0, one would predict
Kþ → μþνμþμ− decay, which results in a rather weak
limit if compared with the mee-binned Kþ → μþνeþe−
measurement at NA48=2.
Finally, similar signatures can arise in pion decays

πþ → lþ
α νeþe−. For α ¼ e, a measurement compatible

with the SM prediction was performed at the SINDRUM
magnetic spectrometer [87] where

BRðπþ → eþνeþe−Þ ¼ ð3.4� 0.5Þ × 10−9: ð29Þ

No measurement or limit exists for πþ → μþνeþe−,
where only mνh ≲ 34 MeV heavy neutrinos can be tested.
Productions in muon [88] and tau [89] leptonic decays of
the type lα → lβlγlγνν̄ with BRs of Oð10−5Þ are much
less constraining, although tau decays would offer a unique
process to test the less constrained jUτhj parameter.

B. Impact on heavy neutrino searches

In this subsection and the ones that follow it, we will
discuss a collection of interesting signatures and the most
relevant changes to the current experimental landscape in a
model such ours, where at least two portal couplings may
be at play. We do not make the assumption of a pseudo-
Dirac HNL anymore, and use νh to denote both ν4 and ν5,
whenever the distinction is not important. In the presence
of only neutrino mixing, the strongest bounds on heavy
neutrinos in the MeV–GeV mass range come from peak
searches in meson decays [90–92] and beam dump experi-
ments [93–98] looking for visible νh decays. As we will
see, both searches can be weakened if the νh decays are
sufficiently different from the case of “standard” sterile
neutrinos with SM interactions suppressed by neutrino
mixing.

1. Peak searches and LNV

Peak searches in meson decays of the type M → lνh
have long been regarded as model-independent bounds
on heavy neutrinos. This is due to the fact that only the
parent meson and daughter charged lepton kinematics
need to be measured in order to search for a peak in
ðpM − plÞ2 ¼ m2

νh . We argue that the strict requirement of
observing a single charged track in the detector [91] would,
however, veto a large fraction of new physics events if νh
decays promptly into ναlþl−, for instance. This is not a
concern in minimal sterile neutrino extensions of the SM
due to the large lifetime of νh, which is greatly reduced for

large values of χ in our model. We illustrate this effect in the
left panel of Fig. 3, where peak search bounds on jUμhj2
derived from Kþ → μþνh decays at KEK [90], E949 [91],
and NA62 [81,99] are reinterpreted in an ISS-like BP where
a single heavy neutrino of Dirac nature undergoes two-
body decays into νeþe− final states. With a probability to
miss an eþe− pair in the preceding detectors of 0.5%, this
represents a 200 times weaker bound on the mixing angle.
This inefficiency is clearly a conservative assumption based
on the photon detection inefficiency (typically larger than
that of an eþe− pair of the same energy) reported by the
E949 [91] and NA62 [100] collaborations. In addition,
bounds on lepton number violation (LNV) from meson and
tau decays are affected [74,101]. These bounds are obtained
by searching for Mþ → lþνh → lþlþπ− decays, with the
same-sign dileptons being a smoking gun for LNV by two
units. In our current model, the intermediate on-shell νh
produced in said decays has very suppressed charged-
current branching ratios into l�π∓ and l�K∓ final states,
and so such bounds are much weaker.

2. Beam dump searches

Beam dump and fixed target experiments are an ideal
place to search for heavy neutrinos due to the large number
of meson decays involved. The search strategy is based
on producing such particles in decays at the target, and
searching for their visible decay products in a detector
located at a fixed distance from the target. If heavy
neutrinos decay into visible particles faster than in the
minimal sterile neutrino model, then such constraints on the
mixing angle of heavy neutrinos are affected. As shown in
Ref. [102], if one only enhances the decay Γðνh → νeeÞ by
a factor α with respect to its value in the minimal sterile
model, then the upper bounds become stronger by a factor
≃

ffiffiffi
α

p
, while the lower bounds become weaker by a factor

≃α. This can be understood by noting that in the vicinity of
the upper bound the number of events is proportional to
jUαhj4, while near the lower bound it is proportional to
jUαhj2, as most particles decay inside the detector. For very
short decay lengths, no bound can be placed, as all particles
decay before reaching the detector. For this reason, beam
dump bounds on ν5 typically vanish, while those on ν4
become stronger in an ESS-like regime. This typically
introduces problems with searches at PS-191 [93], but can
be evaded in nonminimal realizations of our model where
the correlation between the mixing parameters of ν4 and
ν5 is broken. We come back to this issue when discussing
MiniBooNE.

C. Exotic neutrino scattering signatures

The presence of a light vector mediator and kinetic
mixing can also induce new neutrino scattering signatures.
For a hadronic target H, light neutrinos may upscatter
electromagnetically via the Z0 into νh, which subsequently
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decays into observable particles, e.g., ναH → ðνh →
νlþ

β l
−
β ÞH. Beyond offering a novel scenario to explain

the MiniBooNE low-energy excess (see below), such
upscattering can also produce exotic final states in neutrino
detectors such as eþe−, μþμ−, multimeson, and τþτ− final
states. If mZ0 < mνh , the on-shell Z

0 decays can be searched
for by looking for neutrino-produced dileptons with mll ¼
mZ0 . Dimuon production, however, is tightly constrained
due to kaon decay bounds (see above), unless mνh≳
400 MeV. In that case, signatures from Z0 → πþπ− decays
would appear for 2mπþ <mZ0 MeV. If mZ0 ≲140MeV,
neutrino upscattering on nuclei is predominantly coherent,
and leads exclusively to eþe− final states. These can mimic
single-photon showers in neutrino detectors, and could
affect sideband measurements in neutrino-electron scatter-
ing data at (multi-)GeV energies (see Ref. [44]). Assuming
an ISS-like model and a light dark photon, we show the
region where the coherent upscattering cross section on
carbon (νμC → νhC) is larger than that of neutrino-electron
scattering in the SM in Fig. 3. When mZ0 ≳ 800 MeV,
upscattering happens predominantly on protons. In that
case, more hadronic activity in the detector is expected, and
neutrino-electron scattering measurements are no longer as
effective. If 2mμ < mZ0 < mνh or 2mμ < mνh < mZ0, then
such events contribute to neutrino-trident production
(νμH → νμμ

þμ−H) at neutrino scattering experiments if
νh decays fast enough. Previous measurements at CCFR
[103] and CHARM-II [104] led to weak bounds in the
parameter space shown in Fig. 3, so we do not show them
here. They become relevant when mZ0 ≳ 800 MeV as
neutrino-electron scattering becomes ineffective.

1. MiniBooNE low-energy excess

The upscattering signatures discussed above with l� ¼
e� have been invoked as an explanation of the excess of
low-energy electron-like events at MiniBooNE [35] in
Refs. [43] and [42], where a simplified model containing
a single heavy neutrino was used. This explanation relies on
the fact that collimated or highly energy-asymmetric eþe−
pairs can mimic an electron-like signature in Cherenkov
detectors, such as MiniBooNE. While the light dark photon
case (mZ0 < mν4) [43] leads to tension with either the
angular distribution at MiniBooNE or ν − e scattering data
[44], the heavy dark photon study (mν4 < mZ0 ) [42] finds a
good fit to both energy and angular distributions at
MiniBooNE, while evading constraints from ν − e scatter-
ing data. The preferred parameters were m4 ¼ 140 MeV,
mZ0 ¼ 1.25 GeV, g0 ¼ 1, jUμ4j2 ¼ 1.5 × 10−6, and χ2 ¼
5 × 10−6. There, the prompt decays of ν4 → νeþe− were
achieved by requiring a large mixing with the tau flavor,
namely, jUτ4j2 ¼ 7.8 × 10−4. We note, however, that the
decay lengths achieved by Ref. [42] are too long when
computed using our expressions, and may indicate that
much larger values of dark couplings were used than the

ones quoted. In addition, choosing values of jUτ4j2 ¼
520 × jUμ4j2 or larger would imply that experiments with
a large component of ντ neutrinos in their beam would see
ν4 production at a comparable rate to their total neutral-
current elastic scattering rate. With a similar eþe−-electron
misidentification invoked to explain the MiniBooNE
excess, such events would lead to large numbers of νe-
like events at the far detector of T2K, in contradiction with
νe appearance measurements1 [105].
In an ESS-like limit of our current model, we predict that

both ν4 and ν5 can be produced in upscattering. Due to
the larger ν5 − ν4 − Z0 coupling compared to that of ν4 −
νi − Z0, we can do away with the need for a large jUτhj2
mixing by producing sufficient numbers of ν5 states in the
MiniBooNE detector. We take an analogous benchmark
point to that of Ref. [42]:

m4 ¼ 80 MeV; m5 ¼ 140 MeV;

jUμ5j2 ¼ 4=7 × jUμ4j2 ¼ 1.5 × 10−6;

jUD4j2 ¼ 7=4 × jUD5j2 ¼ 7=11;

g0 ¼ 2; χ2 ¼ 1 × 10−5; and mZ0 ¼ 1.25 GeV:

ð30Þ

For these parameters, we find that ν4 is very long-lived
(cτ04 ≃ 30 km) and its production only introduces a small
deviation from the total number of neutral-current events
due to νμH → ν4H. On the other hand, the signature

νμH → ðν5 → ν4eþe−ÞH ð31Þ

fakes the MiniBooNE signal due to prompt ν5 decays
(cτ05 ≃ 76 cm). Decays of the type ν5 → ν4νν are doubly
suppressed by the small mixing angles,2 and have the
second largest BR of ≃8 × 10−5. The angular spectrum is
analogous to weakly scattering neutrinos due to the large
value of mZ0 ¼ 1.25 GeV, but contains only a vectorial
piece coupling to matter. We also expect a larger efficiency
to select signal events in our model, as we predict a larger
number of events with overlapping showers (defined
approximately as Δθee ≲ 13° at MiniBooNE [35], where
Δθee is the opening angle of the two electrons) as well as
events that are highly asymmetric in energy, both being
categories that fake single electromagnetic shower events.
This is due to the low invariant masses mee that are now
bounded by mee < m5 −m4 ¼ 60 MeV, compared with
mee < m4 ¼ 140 MeV in Ref. [42]. For the parameters

1We thank Pedro Machado for bringing this argument to our
attention.

2In fact, even if the intermediate state becomes lighter, say,
m4 ¼ 50 MeV, the ν5 → ν4ν4ν BR would be comparable to that
of ν5 → ν4eþe−. Decays of the type ν5 → ν4ν4νð4Þ dominate
whenever 3m4 < m5.
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quoted above, we predict a total number of upscattering
events on carbon plus protons in the full MiniBooNE
detector of ≃6.3 × 103 for ν4, and ≃6.1 × 103 for ν5, before
detection and signal efficiencies. These numbers corre-
spond to 12.84 × 1020 protons on target in neutrino mode
for 818 t of CH, and overall efficiencies are expected to be
of the order of 5%. We note that our rate differs from that of
Ref. [42], and that the source of discrepancy is still
unknown but likely to be due to larger dark couplings
than the ones quoted by the authors. The upscattering rate
via Z0 exchange is proportional to jP3

i U
�
μiUDij2 ¼

jU�
μ4UD4 þ U�

μ5UD5j2 and for our parameters we find
negligible interference with SM bosons.
Beam dump constraints on such an unstable ν5 particle

disappear completely and peak searches are weakened, as
discussed above. For ν4, the only relevant constraint is that
posed by the beam dump experiment PS-191 [93], where
production through Kþ → μþν4 and decay via the Z0-
enhanced channel ν4 → νeþe− would take place. Although
the jUμ4j2 parameter plays no role in the MiniBooNE
explanation, it is heavily correlated with jUμ5j2 in our three-
neutrino theory. Therefore, we can conclude that our
benchmark point is most likely in contradiction with the
constraint posed by PS-191 on jUμ4j2, unless such corre-
lation is broken. A more quantitative estimate of the tension
is challenging as no event selection information was
provided in the original PS-191 analysis and since it
assumed only charged-current decays of heavy neutrinos.
We also note that an excess of electron-like events with
additional tracks was later reported and attributed to
neutrino interactions inside the detector [106–108] (see
also the discussion in Ref. [109]).
Finally, let us emphasize that the parameters chosen in

Eq. (30) are within the range of mass and mixings required
to explain light neutrino masses. For instance, assuming a
2 GeV scalar, we find that mν ≃ 0.4 eV for Eq. (30),
according to Eq. (8) of Ref. [54].

D. Impact on dark photon searches

Bounds on the vector portal come from several different
sources [110,111]. Electroweak precision data and mea-
surements of the (g − 2) of the muon and electron constrain
our model [112]. Major efforts at collider and beam dump
experiments led to strong constraints on dark photons by
searching for the production and decay of these particles.
Such bounds, however, depend on the lifetime of the Z0 and
on its BR into charged particles. In our model, the Z0 decays
invisibly into heavy fermions if 2m4 < mZ0 and into light
neutrinos otherwise. In the latter case, constraints would be
much weaker than usually quoted when considering only
monophoton searches [113]. In the former case, however,
new signatures arise, where the subsequent decay of νh
leads to multilepton/multimeson events, potentially with
displaced vertices and providing a very clean experimental

signature. Notably, if the Z0 decays into νh states that
subsequently decay sufficiently fast within the detector,
even the “invisible decay” bounds will be weakened.

1. Revisiting Δaμ
The above possibility opens the option to explain the

discrepancy between the theoretical prediction [45–49] and
the experimental value [50] of the (g − 2) of the muon via
kinetic mixing. For instance, a 1 GeV Z0 with χ ¼ 2.2 ×
10−2 can explain aμ. Taking ν4 around 800 MeV and
mZ0 < m5, the Z0 would decay into ν4ν immediately. For
the quoted value of the kinetic mixing and jUμ4j2 ¼ 10−5,
for instance, the heavy fermions would predominantly decay
with sub-cm decay lengths to eþe− and μþμ− pairs plus
missing energy, as well as into νρ0 around 1% of the time.
This region of the χ parameter space is constrained only by
the BABAR eþe− collider searches for visible [114] and
invisible decays [113] of a standard dark photon. Both of
these searches would veto the three-body decays of ν4,
opening up a large region of parameter space (see
Refs. [115,116] for a similar discussion in inelastic DM
models). Resonance searches still constrain the Z0 BR into
eþe− and μþμ− which are proportional to χ2, providing a
weak upper bound. A detailed analysis to identify the viable
parameter space will be done elsewhere. Note that neutrino
masses are too large for the mixing quoted, but can easily be
accommodated by extending the neutral fermion sector.

E. Impact on dark scalar searches

For the scalar portal, the coupling λΦH is rather weakly
bound by electroweak precision data and the measurement
of the Higgs invisible decay at the level of λΦH ≲ 0.1 [117].
For processes involving λΦH, the physical observables are
suppressed by mass insertions due to the nature of the
Higgs interaction. Nevertheless, φ0 may decay to a pair of
νh states and lead to multilepton signatures inherited from
νh decays, potentially also in the form of displaced vertices.
For this reason, bounds on visible decays of φ0 no longer
apply, and the parameter space ðmφ0 ; sin θÞ is wide open
when φ0 → νhνh → visible happens on the cm scale.

1. Unexplained KOTO events

The new scalar decays can be invoked to explain the
recent anomalous number of KL → π0νν̄ events reported
by the KOTO Collaboration [53]. In our model, this can
be achieved in the range mφ0 ¼ 120–170 MeV and θ2 ≃
4 × 10−7, evading Kþ → πþφ0 searches at NA62 [118]
and E949 [119] bounds due to large pion backgrounds at
ðpK − pπÞ2 ≃m2

π [120]. In addition, if φ0 → νhν decays are
fast, then two scenarios arise. First, if ν4 is very long-lived,
e.g.,m5 ≫ m4 ¼ 100 MeV, χ → 0, and jUαj2 ≲ 10−6, then
beam dump constraints on φ0, such as the ones posed by the
CHARM experiment [121], are relaxed. Second, if νh
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is short-lived, then one may invoke the “lifetime gap”
explanation proposed in Ref. [122]. In this case, the dark
scalar can decay visibly through a dark cascade with

cτ0ðφ0 → ν4ν → ννZ0 → ννeþe−Þ ≃ 10 cm; ð32Þ

and so it is vetoed in the large-acceptance NA62 and
E949 detectors [118], but would inevitably count as signal
for the smaller KOTO detector. The latter scenario is tightly
constrained by beam dump searches at νCal [123–125],
which, despite their large uncertainties in the region of
interest [126], will be mildly alleviated due to the smaller
boosts and geometrical acceptance introduced by the dark
cascade. This three-portal signature with finite ν4 lifetime
can be achieved for g0 ¼0.1, χ ≃ 2 × 10−4, mZ0 ¼ 50 MeV,
m4 ¼ 100 MeV, jUα4j2 ≲ 10−10, and mφ0 ¼ 140 MeV.

F. Neutrinophilic limit

In the limiting case of a neutrinophilic model
(χ ¼ λΦH ¼ 0), the vector and scalar particles present a
challenge for detection. Nonetheless, if light, they can be
searched for in meson decays [127,128] and at neutrino
experiments [129]. Finally, the faster decays of νh and
its self-interactions can help ameliorate tensions with cos-
mological observations. We do not comment further on this,
but note that great effort has been put into accommodating
eV-scale sterile neutrinos charged under new forces with
cosmological observables [26–31,130] (see also Ref. [131]
for an interesting discussion where the Z0 decay to neutrinos
leads to an altered expansion history of the Universe). We
note that an eV sterile neutrino with relatively large mixing
could be easily accommodated in our ESS framework. The
eV neutrino would be mainly in the νD direction and would
have strong hidden gauge interactions.

V. DARK MATTER

Given the presence of a dark sector, we can ask if the
model can accommodate a DM candidate. This can be
achieved by introducing new fermions that do not mix with
the neutrinos, in order to preserve their stability. A minimal
solution would be to introduce a fermionic field ψL which
hasUð1Þ0 charge 1=2. The different charges of ψ , νD, andN
would forbid neutrino mixing. A Majorana mass term

ψT
LC

†ψL ð33Þ

would emerge after hidden-symmetry breaking, leading to
a Majorana DM candidate. Anomaly cancellation requires
additional particle content, such as promoting all charged
fermions to vector-like states.
Another realization with additional symmetries can be

made anomaly free. Following Ref. [65], we introduce a
pair of chiral fermion fields ψL and ψR, and charge only the
latter under the Uð1Þ0 symmetry with the same charge as

νD. This choice ensures anomaly cancellation, and allows
us to write

yψψLψRΦ†; ð34Þ

which after hidden-symmetry breaking yields a Dirac mass
mψ . In general, ψL may also have a Majorana mass term μψ ,
giving rise to a two-component Majorana dark matter
sector. Setting μψ → 0 is technically natural, and would
ensure a Dirac dark matter candidate. In order to avoid
ψR − νD and ψL − N mixing, an additional Z2 symmetry
may be imposed, under which all particles have charge þ1,
except for ψL and ψR, which have charge −1. This so-
called dark parity can be thought of as a consequence of
lepton number L. Since LðψÞ ¼ 0, the Majorana mass term
for N is the only soft breaking term, which breaks lepton
number byΔL ¼ 2 units. Lepton number is then reduced to
conservation of lepton parity ð−1ÞL, which can then be
shown to be equivalent to our dark parity [132].
If the scalar and vector portal couplings are small in such

scenarios, DM interacts mainly with neutrinos. Direct-
detection bounds are then evaded, since interactions with
matter are loop suppressed. Indirect detection, on the other
hand, is more promising as DM annihilation into neutrinos
would dominate. For instance, take the mass of ψ to be
smaller than the masses of the Z0, φ0, and both heavy
neutrinos. In this case, the DM annihilation is directly into
light neutrinos via ψψ̄ → νiνi. This yields a monoenergetic
neutrino line that can be looked for in large-volume
neutrino [133,134] or direct-detection experiments [25].
Alternatively, if mψ is larger than the mass of any of our
new particles, then the annihilation may be predominantly
into such states via ψψ̄ → XX, where X ¼ φ0; Z0, or νh,
which subsequently decay to light neutrinos. In this
secluded realization [135], the neutrino spectrum from
such annihilation is continuous [61], but neutrino-DM
interactions are expected to be large and can be searched
for in a variety of ways [64,136–139].

VI. CONCLUSIONS

We have proposed a new model which invokes the
existence of a hidden Uð1Þ0 symmetry confined to a new
dark neutrino sector. Without restricting to the region where
our model generates the correct neutrino masses, we
explored a series of experimental signatures that may arise
from the interplay of portal couplings. The simultaneous
presence of neutrino, vector kinetic, and scalar mixing in a
self-consistent framework allows for a diverse phenom-
enology. In particular, signatures such as multilepton final
states with missing energy, displaced vertices, rare leptonic
decays, and unique final states in neutrino scattering
processes are a hallmark of such nonminimal models.
We have also argued that previously excluded parameter
space for the minimal realization of each portal coupling
opens up due to faster and semivisible decays in the dark
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sector. This also impacts peak searches in meson decays,
often regarded as model-independent bounds. For heavy
neutrinos that decay to light dark photons, we identified a
unique signature at kaon experiments, wherein three
charged-lepton final states can be used to search for this
class of dark sectors, and in the case of a signal, reveal
the heavy neutrino and dark photon masses. This search can
be performed at NA62, where significant improvement
over current bounds can be achieved. These searches are
particularly relevant at low dilepton invariant masses mee,
as they could further test the phenomenological model
discussed in Refs. [43,44], where low-energy dielectrons
produced in neutrino upscattering explain the energy
distribution of the MiniBooNE excess.
The model also offers exciting new avenues to explain

currently outstanding experimental anomalies. In this
article, we discussed how recently proposed explanations
would fit within a nonminimal dark sector like ours,
each with their separate choice of parameters. For the
MiniBooNE low-energy excess, we proposed a GeV-scale
Z0 for the angular distribution, and a pair of heavy neutrinos
with m4 ≃ 80 MeV and m5 ≃ 140 MeV. The decays
of ν5 are cm scale, but ν4 travels much longer distances.
Unfortunately, such ν4 particles have enhanced lifetimes
with respect to the minimal model, and are in tension with
the PS-191 beam dump experiment unless the correlation
present in the three-neutrino model between the ν4 and ν5
mixing angles is broken. For heavy neutrinos with a larger
mass m4 ≃ 800 MeV, a Z0 of 1 GeV with χ ¼ 2.2 × 10−2

can explain the discrepancy observed in the anomalous
magnetic moment of the muon,Δaμ, while at the same time
evading constraints from Z0 → invisible at BABAR due to
the semivisible decays of ν4. Finally, a light scalar with
mφ0 ≃ 140 MeV can explain the KOTO anomaly [126].
Beam dump bounds on such scalars are completely evaded
if it decays to long-lived ν4 states, or are mildly alleviated
if it undergoes a dark cascade to eþe− within 10 cm, the
latter also evading NA62 bounds from Kþ → πþ=E
searches. A correlation between the jUα4j2 and jUα5j2
(as well as between jUD4j2 and jUD5j2) neutrino mixing
parameters within our three-neutrino model precludes a
simultaneous explanation of all of the aforementioned

anomalies without introducing tensions with current exper-
imental bounds. Nevertheless, the signatures we discussed
pertain to a far more general class of models, and deserve
further consideration due to their unique character.
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APPENDIX: KINEMATICS OF EXOTIC
KAON DECAYS

In this Appendix we expand on details of the rare kaon
decay searches we propose. Beyond the peaks in mββ ¼
mZ0 , mpK−pα

¼ mνh , and mmiss ¼ 0, one may explore the
correlation and absolute range of two other relevant
invariant masses, namely,

m2
αν ¼ ðpμ þ pνÞ2 ¼ ðpK − pβþ − pβ−Þ2; ðA1Þ

m2
αββ ¼ ðpα þ pβþ þ pβ−Þ2: ðA2Þ

Their absolute kinematical range is determined, and shown
here for the reader’s convenience:

ðm2
ανÞmax

min ¼ m2
K

�
1þ xZ0 −

ð1 − xα þ xhÞð1þ yÞ ∓ ð1 − yÞλ1=2ð1; xh; xαÞ
2

�
; ðA3Þ

ðm2
αββÞmax

min
¼ m2

K

�
1 − ð1 − yÞ ð1 − xα þ xhÞ ∓ λ1=2ð1; xh; xαÞ

2

�
; ðA4Þ

where λða; b; cÞ ¼ ða − b − cÞ2 − 4bc is the Källen func-
tion, xZ0 ¼ ðmZ0=mKÞ2, xh ¼ ðmνh=mKÞ2, xα ¼ ðmα=mKÞ2,
and y ¼ ðmZ0=mνhÞ2.
To illustrate the properties of our signal, we develop our

own toy Monte Carlo simulation, and generate 104 events

for Kþ → μþðνh → νðZ0 → eþe−ÞÞ and Kþ → μþ1 ðνh →
νðZ0 → μþ2 μ

−ÞÞ decays in a few cases of interest. We fix
the kaon momentum to the average value in the NA62
beam, namely, 75 GeV=c. We plot the invariant massesmνα

and mαββ, as well as the opening angle between the leptons
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Δθββ, and the angle of the Z0 momentum with respect to the
kaon beam θZ0 versus the total Z0 energy in Fig. 4. As
expected, the kinematics of the signal is highly boosted,
with very small angles between the decay products.

Another feature is the broad distributions in invariant
masses, except for mμ1μ2μ, which has somewhat of a
smaller range due to the limited phase space of each
decay reaction.

[1] C. Boehm and P. Fayet, Nucl. Phys. B683, 219 (2004).
[2] C. Boehm, P. Fayet, and J. Silk, Phys. Rev. D 69, 101302

(2004).
[3] J. Alexander et al., arXiv:1608.08632.
[4] W. Buchmuller, C. Greub, and P. Minkowski, Phys. Lett. B

267, 395 (1991).
[5] S. Khalil, J. Phys. G 35, 055001 (2008).

[6] P. Fileviez Perez, T. Han, and T. Li, Phys. Rev. D 80,
073015 (2009).

[7] S. Khalil, Phys. Rev. D 82, 077702 (2010).
[8] C. O. Dib, G. R. Moreno, and N. A. Neill, Phys. Rev. D 90,

113003 (2014).
[9] S. Baek, H. Okada, and K. Yagyu, J. High Energy Phys. 04

(2015) 049.

FIG. 4. Kinematics of our Kþ → μþνeþe− (left column) and Kþ → μþ1 νμ
þ
2 μ

− (right column) events at kaon energies relevant to
NA62. We plot 104 events in true Monte Carlo variables in each panel. In the top row we show both the separation angle between the
decay products of the Z0, Δθββ, and the angle of the Z0 momentum with respect to the kaon beam, θZ0 , both versus the total energy of the

decay products of the Z0, Eβþ þ Eβ− . In the bottom row we show the invariant masses mμð1Þββ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpμð1Þ þ pβ þ pβÞ2

q
and

mμð1Þν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpμð1Þ þ pνÞ2

q
, also versus the total energy Eβþ þ Eβ−.

DARK NEUTRINOS AND A THREE-PORTAL CONNECTION TO … PHYS. REV. D 101, 115025 (2020)

115025-13

https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1103/PhysRevD.69.101302
https://doi.org/10.1103/PhysRevD.69.101302
https://arXiv.org/abs/1608.08632
https://doi.org/10.1016/0370-2693(91)90952-M
https://doi.org/10.1016/0370-2693(91)90952-M
https://doi.org/10.1088/0954-3899/35/5/055001
https://doi.org/10.1103/PhysRevD.80.073015
https://doi.org/10.1103/PhysRevD.80.073015
https://doi.org/10.1103/PhysRevD.82.077702
https://doi.org/10.1103/PhysRevD.90.113003
https://doi.org/10.1103/PhysRevD.90.113003
https://doi.org/10.1007/JHEP04(2015)049
https://doi.org/10.1007/JHEP04(2015)049


[10] V. De Romeri, E. Fernandez-Martinez, J. Gehrlein, P. A. N.
Machado, and V. Niro, J. High Energy Phys. 10 (2017)
169.

[11] T. Nomura and H. Okada, Lett. High Energy Phys. 1, 10
(2018).

[12] V. Brdar and A. Y. Smirnov, J. High Energy Phys. 02
(2019) 045.

[13] H. Okada and K. Yagyu, Phys. Rev. D 90, 035019 (2014).
[14] C. E. Diaz, S. F. Mantilla, and R. Martinez, arXiv:

1712.05433.
[15] T. Nomura and H. Okada, Phys. Rev. D 99, 055033 (2019).
[16] C. Hagedorn, J. Herrero-García, E. Molinaro, and M. A.

Schmidt, J. High Energy Phys. 11 (2018) 103.
[17] B. Shakya and J. D. Wells, J. High Energy Phys. 02 (2019)

174.
[18] M. Pospelov, Phys. Rev. D 84, 085008 (2011).
[19] B. Batell, M. Pospelov, and B. Shuve, J. High Energy

Phys. 08 (2016) 052.
[20] Y. Farzan, Phys. Lett. B 748, 311 (2015).
[21] Y. Farzan and J. Heeck, Phys. Rev. D 94, 053010 (2016).
[22] M. Pospelov and J. Pradler, Phys. Rev. D 85, 113016

(2012); 88, 039904(E) (2013).
[23] M. Pospelov and J. Pradler, Phys. Rev. D 89, 055012

(2014).
[24] R. Harnik, J. Kopp, and P. A. N. Machado, J. Cosmol.

Astropart. Phys. 07 (2012) 026.
[25] D. McKeen and N. Raj, Phys. Rev. D 99, 103003 (2019).
[26] S. Hannestad, R. S. Hansen, and T. Tram, Phys. Rev. Lett.

112, 031802 (2014).
[27] B. Dasgupta and J. Kopp, Phys. Rev. Lett. 112, 031803

(2014).
[28] A. Mirizzi, G. Mangano, O. Pisanti, and N. Saviano, Phys.

Rev. D 91, 025019 (2015).
[29] X. Chu, B. Dasgupta, and J. Kopp, J. Cosmol. Astropart.

Phys. 10 (2015) 011.
[30] J. F. Cherry, A. Friedland, and I. M. Shoemaker,

arXiv:1605.06506.
[31] X. Chu, B. Dasgupta, M. Dentler, J. Kopp, and N. Saviano,

J. Cosmol. Astropart. Phys. 11 (2018) 049.
[32] P. B. Denton, Y. Farzan, and I. M. Shoemaker, Phys. Rev.

D 99, 035003 (2019).
[33] A. Esmaili and H. Nunokawa, Eur. Phys. J. C 79, 70

(2019).
[34] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),

Phys. Rev. Lett. 98, 231801 (2007).
[35] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),

Phys. Rev. Lett. 121, 221801 (2018).
[36] C. Athanassopoulos et al. (LSND Collaboration), Phys.

Rev. Lett. 77, 3082 (1996).
[37] A. Aguilar-Arevalo et al. (LSND Collaboration), Phys.

Rev. D 64, 112007 (2001).
[38] S. N. Gninenko, Phys. Rev. Lett. 103, 241802 (2009).
[39] S. N. Gninenko, Phys. Rev. D 83, 015015 (2011).
[40] M. Masip, P. Masjuan, and D. Meloni, J. High Energy

Phys. 01 (2013) 106.
[41] A. Radionov, Phys. Rev. D 88, 015016 (2013).
[42] P. Ballett, S. Pascoli, and M. Ross-Lonergan, Phys. Rev. D

99, 071701 (2019).
[43] E. Bertuzzo, S. Jana, P. A. N. Machado, and R. Zukanovich

Funchal, Phys. Rev. Lett. 121, 241801 (2018).

[44] C. A. Argüelles, M. Hostert, and Y.-D. Tsai, Phys. Rev.
Lett. 123, 261801 (2019).

[45] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, Eur.
Phys. J. C 71, 1515 (2011); 72, 1874(E) (2012).

[46] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, Eur.
Phys. J. C 77, 827 (2017).

[47] T. Blum, P. A. Boyle, V. Gülpers, T. Izubuchi, L. Jin, C.
Jung, A. Jüttner, C. Lehner, A. Portelli, and J. T. Tsang
(RBC, UKQCD Collaborations), Phys. Rev. Lett. 121,
022003 (2018).

[48] A. Keshavarzi, D. Nomura, and T. Teubner, Phys. Rev. D
97, 114025 (2018).

[49] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, Eur.
Phys. J. C 80, 241 (2020).

[50] G. W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev.
D 73, 072003 (2006).

[51] P. Fayet, Phys. Rev. D 75, 115017 (2007).
[52] M. Pospelov, Phys. Rev. D 80, 095002 (2009).
[53] S. Shinohara, Search for the rare decay KL → π0νν̄ at

J-PARC KOTO experiment, in Proceedings of the
kAON2019, Perugia, Italy.

[54] P. Ballett, M. Hostert, and S. Pascoli, Phys. Rev. D 99,
091701 (2019).

[55] E. Ma, Phys. Rev. D 73, 077301 (2006).
[56] Y. Farzan, Phys. Rev. D 80, 073009 (2009).
[57] Y. Farzan, S. Pascoli, and M. A. Schmidt, J. High Energy

Phys. 10 (2010) 111.
[58] A. Arhrib, C. Bœhm, E. Ma, and T.-C. Yuan, J. Cosmol.

Astropart. Phys. 04 (2016) 049.
[59] J. F. Cherry, A. Friedland, and I. M. Shoemaker, arXiv:

1411.1071.
[60] M. Escudero, N. Rius, and V. Sanz, J. High Energy Phys.

02 (2017) 045.
[61] M. Escudero, N. Rius, and V. Sanz, Eur. Phys. J. C 77, 397

(2017).
[62] B. Batell, T. Han, D. McKeen, and B. Shams Es Haghi,

Phys. Rev. D 97, 075016 (2018).
[63] F. Capozzi, I. M. Shoemaker, and L. Vecchi, J. Cosmol.

Astropart. Phys. 07 (2017) 021.
[64] A. Olivares-Del Campo, C. Bœhm, S. Palomares-Ruiz, and

S. Pascoli, Phys. Rev. D 97, 075039 (2018).
[65] M. Blennow, E. Fernandez-Martinez, A. Olivares-Del

Campo, S. Pascoli, S. Rosauro-Alcaraz, and A. V. Titov,
Eur. Phys. J. C 79, 555 (2019).

[66] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34, 1642
(1986).

[67] M. C. Gonzalez-Garcia and J. W. F. Valle, Phys. Lett. B
216, 360 (1989).

[68] J. Barry, W. Rodejohann, and H. Zhang, J. High Energy
Phys. 07 (2011) 091.

[69] H. Zhang, Phys. Lett. B 714, 262 (2012).
[70] P. S. B.DevandA.Pilaftsis, Phys.Rev.D 86, 113001 (2012).
[71] V. Barger, P. Langacker, M. McCaskey, M. Ramsey-

Musolf, and G. Shaughnessy, Phys. Rev. D 79, 015018
(2009).

[72] B. Holdom, Phys. Lett. 166B, 196 (1986).
[73] P. Ilten, Y. Soreq, M. Williams, and W. Xue, J. High

Energy Phys. 06 (2018) 004.
[74] A. Atre, T. Han, S. Pascoli, and B. Zhang, J. High Energy

Phys. 05 (2009) 030.

BALLETT, HOSTERT, and PASCOLI PHYS. REV. D 101, 115025 (2020)

115025-14

https://doi.org/10.1007/JHEP10(2017)169
https://doi.org/10.1007/JHEP10(2017)169
https://doi.org/10.31526/LHEP.2.2018.01
https://doi.org/10.31526/LHEP.2.2018.01
https://doi.org/10.1007/JHEP02(2019)045
https://doi.org/10.1007/JHEP02(2019)045
https://doi.org/10.1103/PhysRevD.90.035019
https://arXiv.org/abs/1712.05433
https://arXiv.org/abs/1712.05433
https://doi.org/10.1103/PhysRevD.99.055033
https://doi.org/10.1007/JHEP11(2018)103
https://doi.org/10.1007/JHEP02(2019)174
https://doi.org/10.1007/JHEP02(2019)174
https://doi.org/10.1103/PhysRevD.84.085008
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1016/j.physletb.2015.07.015
https://doi.org/10.1103/PhysRevD.94.053010
https://doi.org/10.1103/PhysRevD.85.113016
https://doi.org/10.1103/PhysRevD.85.113016
https://doi.org/10.1103/PhysRevD.88.039904
https://doi.org/10.1103/PhysRevD.89.055012
https://doi.org/10.1103/PhysRevD.89.055012
https://doi.org/10.1088/1475-7516/2012/07/026
https://doi.org/10.1088/1475-7516/2012/07/026
https://doi.org/10.1103/PhysRevD.99.103003
https://doi.org/10.1103/PhysRevLett.112.031802
https://doi.org/10.1103/PhysRevLett.112.031802
https://doi.org/10.1103/PhysRevLett.112.031803
https://doi.org/10.1103/PhysRevLett.112.031803
https://doi.org/10.1103/PhysRevD.91.025019
https://doi.org/10.1103/PhysRevD.91.025019
https://doi.org/10.1088/1475-7516/2015/10/011
https://doi.org/10.1088/1475-7516/2015/10/011
https://arXiv.org/abs/1605.06506
https://doi.org/10.1088/1475-7516/2018/11/049
https://doi.org/10.1103/PhysRevD.99.035003
https://doi.org/10.1103/PhysRevD.99.035003
https://doi.org/10.1140/epjc/s10052-019-6595-9
https://doi.org/10.1140/epjc/s10052-019-6595-9
https://doi.org/10.1103/PhysRevLett.98.231801
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1103/PhysRevLett.77.3082
https://doi.org/10.1103/PhysRevLett.77.3082
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevLett.103.241802
https://doi.org/10.1103/PhysRevD.83.015015
https://doi.org/10.1007/JHEP01(2013)106
https://doi.org/10.1007/JHEP01(2013)106
https://doi.org/10.1103/PhysRevD.88.015016
https://doi.org/10.1103/PhysRevD.99.071701
https://doi.org/10.1103/PhysRevD.99.071701
https://doi.org/10.1103/PhysRevLett.121.241801
https://doi.org/10.1103/PhysRevLett.123.261801
https://doi.org/10.1103/PhysRevLett.123.261801
https://doi.org/10.1140/epjc/s10052-010-1515-z
https://doi.org/10.1140/epjc/s10052-010-1515-z
https://doi.org/10.1140/epjc/s10052-012-1874-8
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1103/PhysRevLett.121.022003
https://doi.org/10.1103/PhysRevLett.121.022003
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.75.115017
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevD.99.091701
https://doi.org/10.1103/PhysRevD.99.091701
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.80.073009
https://doi.org/10.1007/JHEP10(2010)111
https://doi.org/10.1007/JHEP10(2010)111
https://doi.org/10.1088/1475-7516/2016/04/049
https://doi.org/10.1088/1475-7516/2016/04/049
https://arXiv.org/abs/1411.1071
https://arXiv.org/abs/1411.1071
https://doi.org/10.1007/JHEP02(2017)045
https://doi.org/10.1007/JHEP02(2017)045
https://doi.org/10.1140/epjc/s10052-017-4963-x
https://doi.org/10.1140/epjc/s10052-017-4963-x
https://doi.org/10.1103/PhysRevD.97.075016
https://doi.org/10.1088/1475-7516/2017/07/021
https://doi.org/10.1088/1475-7516/2017/07/021
https://doi.org/10.1103/PhysRevD.97.075039
https://doi.org/10.1140/epjc/s10052-019-7060-5
https://doi.org/10.1103/PhysRevD.34.1642
https://doi.org/10.1103/PhysRevD.34.1642
https://doi.org/10.1016/0370-2693(89)91131-3
https://doi.org/10.1016/0370-2693(89)91131-3
https://doi.org/10.1007/JHEP07(2011)091
https://doi.org/10.1007/JHEP07(2011)091
https://doi.org/10.1016/j.physletb.2012.06.074
https://doi.org/10.1103/PhysRevD.86.113001
https://doi.org/10.1103/PhysRevD.79.015018
https://doi.org/10.1103/PhysRevD.79.015018
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030


[75] R. E. Shrock, Phys. Rev. D 24, 1232 (1981).
[76] E. Goudzovski (private communication).
[77] E. Cortina Gil et al. (NA62 Collaboration), Phys. Lett. B

797, 134794 (2019).
[78] E. Cortina Gil et al. (NA62 Collaboration), J. High Energy

Phys. 05 (2019) 182.
[79] L. Peruzzo (NA48/2 Collaboration), J. Phys. Conf. Ser.

873, 012020 (2017).
[80] E. M. Riordan et al., Phys. Rev. Lett. 59, 755 (1987).
[81] E. Cortina Gil et al. (NA62 Collaboration), Phys. Lett. B

778, 137 (2018).
[82] J. Batley et al. (NA48/2 Collaboration), Phys. Lett. B 746,

178 (2015).
[83] M. S. Atiya et al., Phys. Rev. Lett. 63, 2177 (1989).
[84] G. Krnjaic, G. Marques-Tavares, D. Redigolo, and K.

Tobioka, Phys. Rev. Lett. 124, 041802 (2020).
[85] A. A. Poblaguev et al., Phys. Rev. Lett. 89, 061803

(2002).
[86] H. Ma et al., Phys. Rev. D 73, 037101 (2006).
[87] S. Egli et al. (SINDRUM Collaboration), Phys. Lett. B

175, 97 (1986).
[88] W. H. Bertl et al. (SINDRUM Collaboration), Nucl. Phys.

B260, 1 (1985).
[89] M. S. Alam et al. (CLEO Collaboration), Phys. Rev. Lett.

76, 2637 (1996).
[90] T. Yamazaki et al., Conf. Proc. C 840719, 262 (1984).
[91] A. V. Artamonov et al. (E949 Collaboration), Phys. Rev. D

91, 052001 (2015); 91, 059903(E) (2015).
[92] J. R. Batley et al. (NA48/2 Collaboration), Phys. Lett. B

769, 67 (2017).
[93] G. Bernardi et al., Phys. Lett. 166B, 479 (1986).
[94] F. Bergsma et al. (CHARM Collaboration), Phys. Lett.

128B, 361 (1983).
[95] J. Badier et al. (NA3 Collaboration), Z. Phys. C 31, 21

(1986).
[96] A. Vaitaitis et al. (NuTeV, E815 Collaborations), Phys.

Rev. Lett. 83, 4943 (1999).
[97] A. M. Cooper-Sarkar et al. (WA66 Collaboration), Phys.

Lett. 160B, 207 (1985).
[98] P. Astier et al. (NOMAD Collaboration), Phys. Lett. B 506,

27 (2001).
[99] E. Goudzovski, Exotic searches at the NA62 experiment at

CERN, in Proceedings of the kAON2019, Perugia, Italy.
[100] E. Cortina Gil et al. (NA62 Collaboration), J. Instrum. 12,

P05025 (2017).
[101] A. Abada, V. De Romeri, M. Lucente, A. M. Teixeira, and

T. Toma, J. High Energy Phys. 02 (2018) 169.
[102] P. Ballett, S. Pascoli, and M. Ross-Lonergan, J. High

Energy Phys. 04 (2017) 102.
[103] S. R. Mishra et al. (CCFR Collaboration), Phys. Rev. Lett.

66, 3117 (1991).
[104] D. Geiregat et al. (CHARM-II Collaboration), Phys. Lett.

B 245, 271 (1990).
[105] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 121,

171802 (2018).
[106] F. Vannucci (Athens-CERN-Paris-Rome Collaboration),

Perspectives of Electroweak Interactions, in Proceedings
of the Leptonic Session, 20th Rencontres de Moriond, Les
ARCS, France, 1985, edited by J. Thanh Van Tran
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