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We point out that production of new bosons by charged meson decays can greatly enhance the sensitivity
of beam-focused accelerator-based experiments to new physics signals. This enhancement arises since the
charged mesons are focused and their three-body decays do not suffer from helicity suppression in the same
way as their usual two-body decays. As a realistic application, we attempt to explain the MiniBooNE low
energy excess utilizing this overlooked mechanism, uniquely realizing dark-sector interpretations as
plausible solutions to the excess. As proof of the principle, we consider two well-motivated classes of dark-
sector models, models of vector-portal dark matter and models of long-lived (pseudo)scalar. We argue that
the model parameter values to accommodate the excess are consistent with existing limits and that they can
be tested at current and future accelerator-based neutrino experiments.
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Introduction.—The MiniBooNE excess of electronlike
events at 4.8σ [1–3] has been considered as one of the
renowned phenomena indicative of the existence of new
physics beyond the Standard Model (SM). Although a
recent study claims that a careful estimate of systematics
associated with major backgrounds would reduce the
confidence level [4], the excess remains evident and
requires a reasonable explanation. Furthermore, the recent
MicroBooNE result [5] constrains the Δ → Nγ background
more stringently, disfavoring the possibility of its ∼3 times
more enhanced branching ratio (BR) [3]. This observation
advocates the need for new physics to explain the
MiniBooNE e=γ-like excess and the MicroBooNE sug-
gestive coherentlike scattering excess, both at low energies
relative to the beam energy. Various new physics scenarios
have been proposed to explain the anomaly. Among them,
neutrino-based solutions [6–43] have received particular
attention, as they also accommodate the observation
that the MiniBooNE off-target mode does not show any
appreciable excess [44]. This particularly challenges dark-
sector interpretations including the scenario in which dark-
matter production occurs dominantly from the decay of
neutral mesons (e.g., π0) together with kinetic mixing
between the SM photon and a dark-sector U(1) gauge
particle, as they would give rise to a corresponding excess
in the off-target mode [44,45]. In addition, most of the

solutions, including the neutrino-based explanations, are
potentially in conflict with null signal observations at other
neutrino experiments including CHARM-II, MINERνA,
and T2K [46,47].
In light of this situation, we point out that a hypothetical

decay of charged mesons (e.g., π� and K�) to a new
mediator [vector or (pseudo)scalar] together with a lνl pair
can provide a robust solution to the MiniBooNE anomaly
that is nearly immune to the aforementioned issues, taking a
few benchmark scenarios. In particular, we demonstrate
that this class of explanations can render dark-sector
interpretations (e.g., dark matter and long-lived mediators)
plausible solutions without involving neutrino-sector
physics. We also briefly discuss the implications of the
recent result from MicroBooNE on these solutions. We
further point out that ongoing and upcoming accelerator-
based neutrino experiments can test some of them, con-
firming the MiniBooNE excess.
New physics from the π�=K� decays.—The two-body

decay process of charged pion or kaon, π=K → lνl (l ¼ e,
μ), is highly suppressed unlike the naïve phase-space
expectation, because the chiral nature of the decay products
forces the angular momentum conservation to hold in
limited phase space. However, once another decay pro-
duct is added, the angular momentum conservation can be
easily satisfied, allowing the process to fully exploit the
decay phase space. As a consequence, a three-body decay
involving (bosonic) mediator φ, π=K → lνlφ, shown in
Fig. 1(a), can be sizable despite the additional phase-space
suppression in the three-body process [48–53]. We further
find that this decay width enhancement of the three-body
decay processes is so significant that the three-body
processes can overcome the phase-space suppression and
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overwhelm the two-body processes with Oð1Þ φ coupling.
In particular, if φ is a massive vector, the corresponding
enhancement becomes even more significant due to the
existence of the longitudinal polarization mode [49,50]. Of
course, Oð1Þ φ coupling is unrealistic, as experimental
measurements of the exotic decays of charged mesons
set the upper limits of the BR of such decays to be
∼10−6 − 10−9 [54].
However, one can satisfy this upper limit with realistic

coupling values allowed by existing bounds for new
mediators such as scalar, pseudoscalar, and vector, and
then expect a highly enhanced signal flux (either φ itself or
φ-induced) responsible for the MiniBooNE excess.
Moreover, signal loss could be minimized since most of
the charged π=K’s produced inside the MiniBooNE target
are focused and directed to the MiniBooNE detector by the
magnetic horn system before they decay. Therefore, this
class of explanations can be consistent with the null signal
observation in the off-target mode, as in the neutrino-based
interpretations. We will attempt to explain the MiniBooNE
excess using the π�=K� signal; for proof of the principle,
we consider benchmark simplified models of vector and
(pseudo)scalar mediators containing only the particle con-
tents relevant to explaining the MiniBooNE anomaly. We
emphasize that the larger mass gap between K and the
charged lepton opens more phase space than that in the π
decay so that the K-induced contribution can be compa-
rable to or even larger than the π-induced contribution
despite its lower production rate, depending on the under-
lying model details.
Models.—(i) Vector-portal dark matter: Using the three-

body decay modes of π�=K�, one can consider inelastic
dark-matter models. For example, in a vector-portal dark-
matter model, darkmatter is produced by the decay of a dark-
sector vector mediator (e.g., dark photon) and the scattering
of the dark matter would contribute to the excess. The model
is defined by the following interaction Lagrangian:

LV ⊃
X
i¼1;2

ðeϵiJμEM þ giJ
μ
D þ g0iJ

0μ
DÞVi;μ; ð1Þ

where we generically assume the possibility that the vector
mediator responsible for production of dark matter (say, V1)
can differ from the mediator appearing in the scattering
process of dark matter (say, V2) [55,56]. For illustration
purposes, we assume that they are dark photons having

differentmixing parameters, ϵ1 and ϵ2. J
μ
EM denotes the usual

electromagnetic current in the SM, whereas JμD and J0μD
describe thedark-sector currents involvingonlydarkmatter χ
and involving dark matter and a heavier dark-sector state χ0,
correspondingly. To be fully general, we here separately
introduce dark-sector couplings, g1;2 and g01;2. Such models
with detailed parameter-space analyses and UV completion
were considered in the literature (e.g., Refs. [57–61]).
Once dark photon V1 is created by the charged meson

decays in the MiniBooNE target, it promptly decays to a χ
pair. For illustration purposes, we assume that BRðV1 →
2χÞ∶Pf BRðV1 → 2fÞ ¼ 50%∶50% with f running over
all kinematically allowed SM fermions, and that mass
relation mV1

< mχ þmχ0 holds so that V1 → χχ0 is kine-
matically forbidden. A produced χ reaches the MiniBooNE
detector and scatters off either a nucleon or a carbon
nucleus into the heavier state χ0 via a t-channel exchange of
V1 (in the single-mediator scenario) or V2 (in the double-
mediator scenario). χ0 then decays back to a χ and an (on-
shell) V1 which subsequently decays into an electron pair in
the fiducial volume of the detector. Here, V1 is significantly
boosted, and therefore, the two Cherenkov rings induced by
the electron pair typically overlap and appear single ring-
like within the detector angular resolution or as small mass
in a two ring fit [62]. We show this process in Fig. 1(b) and
provide the scattering cross section formulas including
the nucleon and nucleus form factors in literature (e.g.,
Refs. [63,64]). See Supplemental Material [65] and related
references [55,56,59,63,66–68] for more details.
(ii) Long-lived (pseudo)scalar: In the next phenom-

enologicalmodelwe consider amassive scalarϕ or amassive
pseudoscalar a that both couple to muons, and a massive
vector mediator Z0, with couplings to quarks as well as to the
(pseudo)scalar through the CP-(odd)even operators, respec-
tively. Explicitly, the interaction Lagrangians for these
mediators are

LSðPÞ ⊃ gnZ0
αūγαuþ

�
gμϕμ̄μþ λ

4
ϕF0

μνFμν

igμaμ̄γ5μþ λ
4
aF0

μνF̃μν
þ H:c:; ð2Þ

where gμ, gn, and λ parametrize coupling strengths for the
operators and where F0

μν ≡ ∂μZ0
ν − ∂νZ0

μ for Z0 [69].
While the coupling to muons facilitates the production of

ϕ or a from the charged mesons, similarly to the case of our
vector portal model, in this situation we consider a long-
lived ϕ or a that scatters inside the fiducial volume of the
MiniBooNE detector via a Primakoff-like process shown in
Fig. 1(c). Like the Primakoff scattering of neutral-pion or
axionlike particle, this is a coherent process, but it instead
takes place via the Z0’s coupling to quark matter. This
allows for a nuclear coherence, which we have parame-
trized by the Helm nuclear form factor [66].
In general, the long-lived (pseudo)scalar in Fig. 1(c) can

be replaced by a long-lived vector mediator while a

(a) (b) (c)

FIG. 1. (a) Three-body charged meson decay into a scalar,
pseudoscalar, or vector. (b) Dark-matter upscattering via a vector
mediator. In the single-mediator case, V2 ¼ V1. (c) “Dark
Primakoff” scattering of a scalar (ϕ)/pseudoscalar (a) via a Z0.
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(pseudo)scalar replaces the Z0, and the related phenom-
enology in the context of the MiniBooNE excess is
qualitatively and/or quantitatively similar to that of model
(ii). Furthermore, depending on model details, one can
envision the cases where the mediators in Fig. 1(a) can be
attached to the π�=K�=ν legs as well as the l� leg.
Simulation.—Parametrizations of the charged meson

fluxes at the MiniBooNE target are given in [78] for
the Sanford-Wang (SW) and Feynman-Scaling (FS)
approaches to modeling the π� andKþ fluxes, respectively.
These parametrizations provide the double differential
production cross sections of π� and Kþ in the outgoing
meson momentum p and angle θ with respect to the beam
axis, as a function of the incident proton momentum. We
have validated the SW and FS parametrizations by repro-
ducing the MiniBooNE-modeled neutrino fluxes [78] to
within an Oð1Þ normalization difference. As the corre-
sponding parametrization for K− is unavailable, we instead
adapt the FS-based Bonesini-Marchionni-Pietropaolo-
Tabarelli model [79] to describe K− production inside
the target.
Most of the produced mesons enter the focusing-horn

area where their momentum is (almost) aligned with
the beam direction. The focusing-horn geometry allows
mesons of θ ∈ ð0.03; 0.21Þ radians to get focused [80].
We therefore select the mesons produced within this
angular range out of the mesons simulated according to
the above-described parametrizations and assume that their
momentum becomes fully parallel to the beam axis by the
focusing horn. We then check whether the chosen meson
decays within 50 meters before reaching the dump area,
using the usual decay law. The kinematics of the π�=K�
three-body decay, which involves production of mediator
φð¼ V1; a; or ϕÞ, is taken care of by sampling the decay

events simulated with the MG5@aMC code package [81].
Hence, the total flux of mediator Φφ is

Φφ ¼
X
i

Z
focus

dEidθi
∂
2Φi

∂Ei∂θi
BRði → φÞ; ð3Þ

where i runs over all relevant mesons including the neutral
and Φi denotes the flux of meson species i for a given
protons-on-target (POT). Our Φi=POT are normalized to
the corresponding numbers reported in [78].
In the dark-matter scenario, a produced V1 promptly

decays to a dark-matter pair by a 50% BR as mentioned
earlier unless ϵ1 is too small [82]. If a dark-matter particle
passes through the detector fiducial volume, it can go
through the process shown in Fig. 1(b). Therefore, the
number of signal events NS in the energy of the eþe− pair
Eee is

dNS

dEee
¼ 2ΦV1

BRðV1 → 2χÞAfid
χ
dσχN
dEee

Nfid
T BRðV1 → 2eÞ;

ð4Þ

where Afid
χ , σχN , and Nfid

T are the average probability that χ
travels to the detector fiducial volume, the cross section of
the χN → χ0N scattering process, and the number of target
nuclei or nucleons in the fiducial volume, respectively.
Here, prefactor two accounts for the fact that V1 decays to a
dark-matter pair and ΦV1

is given by Eq. (3) with φ
replaced by V1.
By contrast, in the pseudoscalar scenario [83]. a pro-

duced a should reach the detector before it decays
and undergo the scattering process shown in Fig. 1(c).

FIG. 2. Example fits for the vector-portal dark-matter scenario with double mediators (top panels) and the long-lived scalar scenario
(bottom panels). The parameter values predicted by these fits and the associated χ2 values are summarized in Table I. See the text for
more detailed discussion.
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The number of signal events as a function of the photon
energy Eγ is then expressed as

dNS

dEγ
¼ ΦaAfid

a ð1 − PdecÞ
dσaN
dEγ

Nfid
T ; ð5Þ

where Afid
a , Pdec, and σaN denote the average probability

that a travels to the detector fiducial volume, the average
decay probability that a decays before reaching the
detector, and the cross section of the aN → γN scattering
process. Again,Φa is given by Eq. (3) with φ replaced by a.
Fits and discussions.—We now reproduce the

MiniBooNE excess (i.e., residual events) with respect to
the two basic experimental observables, visible energy Evis
and the angle of visible particle(s) relative to the beam cos θ
in both neutrino and antineutrino modes, using our models
described so far. The neutrino and antineutrino mode data
are extracted from Ref. [3] and Ref. [2], respectively, and a
140 MeV energy threshold, a < 10° angular separation for
eþe− pairs, and energy-dependent detection efficiencies
[84,85] are adopted. We then use the usual χ2 function to
estimate the goodness of the fit with statistical and
systematic uncertainties added by quadrature. Here, we
approximate systematics in backgrounds, based on the
estimates in Table I in [3].
Example fits for models (i) and (ii) are displayed in the

top panels and the bottom panels of Fig. 2, respectively, and
the parameter and χ2 values associated with these fits are
summarized in Table I. The vertical bars describe the
statistical uncertainties. For model (i) we assume fermionic
χ, χ0 and two different vector mediators V1 and V2, and for
model (ii) we consider the scalar scenario. We also find
reasonable fits for the long-lived pseudoscalar model as
shown in Table I. Since MiniBooNE is sensitive to the
product of the couplings involved in the scattering process
in the detector and the coupling appearing in the charged

meson decay, we report the product of those couplings. We
emphasize that our goal here is to show that there exist a
wide range of reasonable parameter sets (see, for example,
Fig. 3), not to spot the best parameter point.
We next check if the parameter values for our fits satisfy

existing bounds. First, since our mediators are from the
charged-meson decay, the resulting decay widths should
agree with exotic π�=K� decays [54]. The relevant
channels, limits, and BR predictions are summarized in
Table II [86].
Second, the parameter points should not give rise to any

significant number of events in the MiniBooNE off-target
mode. Recall that our signal flux mostly originates from
charged mesons that are focused, whereas that from neutral
mesons are subdominant. In the off-target mode, ∼16 times
smaller POTs were delivered, focusing was unavailable,
and the π=K-decay-in-flight fluxes are smaller by∼2 orders
of magnitude [45]. Our off-target mode simulation suggests
a negligible signal flux from charged mesons. In the single
(double)-mediator scenario of model (i), we find that the
conventional π0 contribution consists of ∼4ð8Þ% of signal,
potentially yielding ∼2.4� 0.5 (4.4� 0.9) events in the
off-target mode. This agrees with the data within the
measurement uncertainty, or could be mitigated by an
introduction of a vector mediator without any significant
coupling to the first generation of quarks. For the (pseudo)
scalar scenario, we find that ∼1 event is expected in the off-
target mode.
Third, we check limits from other dark-sector par-

ticle search experiments. Since we assume that the dark
photon(s) in model (i) are half-(in)visible, the limits of
both invisibly and visibly decaying dark photons are
relevant modulo the BR. For the parameter points in
Table I, the leading limits are ϵ ≈ 0.074ð1.2Þ × 10−3 for
a 17 (200) MeV dark photon from NA64 (invisible dark
photon decay) [89] and ϵ ≈ 0.092ð1.4Þ × 10−3 for a
17 (200) MeV dark photon from E141 [90] and BABAR
(visible dark photon decay) [91], which are reinterpreted
again under the assumption that the BRs of the visibly and
invisibly decaying modes are 50% and 50%. Our parameter
choices mentioned in Table II are not excluded by these

FIG. 3. The credible regions for fits to the MiniBooNE excess
with model I (left) and model II (right) are shown at 68% (dark
shaded) and 95% (light shaded).

TABLE I. Summary of example fits. In the single-mediator
scenario, mV2

is irrelevant, and ϵ2 ¼ ϵ1 and g02 → g01. Because of
the mass values of the mediators appearing in the scattering
process, we fit the data in the limit of nucleon (nucleus) scattering
for the double-mediator scenario (the others). The χ2 in the
parentheses are the values with statistics only.

Vector-portal dark matter

Scenario ðmV1
; mV2

; mχ ; mχ0 Þ ϵ1ϵ2g022 =ð4πÞ χ2=d:o:f:

Single ð17;−; 8; 40Þ MeV 3.6 × 10−9 2.5 (2.9)
Double (17,200,8,50) MeV 1.3 × 10−7 2.2 (2.6)

Long-lived (pseudo)scalar

Scenario ðmZ0 ; mϕ=aÞ gμgnλ (MeV−1) χ2=d:o:f:

Scalar (49,1) MeV 2.2 × 10−8 2.0 (2.1)
Pseudoscalar (85,1) MeV 5.9 × 10−7 2.0 (2.1)
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experiments. Regarding the recent COHERENT result [92],
we find that it is insensitive to our vector-portal dark-matter
model. COHERENT would observe signal events through
the coherent elastic scattering of our dark matter. However,
as mentioned earlier, coupling g1 is roughly proportional to
ϵ1 for our dark photon to be half-(in)visible, and thus the
resulting scattering cross section at detection would be too
small [93]. Regarding model (ii), we emphasize that the
limits from other search experiments are highly model
dependent, while we have not resorted to a particular
model. For interested readers, we provide model examples
accommodating (2) and useful references [94–96] in
Supplemental Material [65] and explain how the related
limits are evaded. A detailed study of UV models will be
presented in an upcoming publication.
Fourth, we find that our models are consistent with the

recent MicroBooNE results [5]. Compared to MiniBooNE,
it is based on ∼3 times smaller POT [3,5], ∼6 times smaller
fiducial volume [3,97], and ∼3 times smaller photon
detection efficiency [5,85]. For a coherent scattering
process the liquid argon of MicroBooNE gets a ∼3 factor
increase relative to the mineral oil of MiniBooNE. This
gives a net reduction factor of ∼18. Given that MiniBooNE
observed 320 excess events below 300 MeV visible energy
[3], then the models presented here with coherent scattering
predict MicroBooNE would expect ∼18 event excess in
the 1γ0p analysis at low energy. It is interesting that they
report a 18 event (2.7σ) excess for the 1γ0p sample in the
200–250 MeV visible energy bin [5], demonstrating con-
sistency with our predictions. Furthermore, the more recent
MicroBooNE result demonstrates that less than approxi-
mately 50% of the MiniBooNE excess can come from νe
charged-current scattering [98], suggesting that the major-
ity of the excess is not from intrinsic νe backgrounds or
sterile neutrino oscillations. This further bolsters the
building evidence that the MiniBooNE excess is real and
unexplained and it is potentially from a new source, such as
the models presented here.
We finally remark that in the scalar and pseudoscalar

scenarios, couplings such as aFF̃ are negligible in the fit to
ensure decays a → γγ do not contribute too much to the

forward events that would create too much of an excess in
the forwardmost cosine bin.
Prospects at neutrino experiments.—Experiments that

utilize proton beams and the induced neutrino fluxes should
also be sensitive to new physics emerging in the charged
mesons that we have used to explain the MiniBooNE
excess [99]. Obviously, the experiments (e.g., SBND) using
the same beam as for MiniBooNE can allow for checking
the idea and predictions presented here [101]. Those using
a higher-energy beam (e.g., DUNE/FASER/ICARUS-
NuMI) can also test the proposed models, based on similar
signal production mechanisms and detection channels. In
particular, since charged mesons are produced with a larger
boost, their decay products are more likely to lie in the
forward region and thus a more signal flux can enter the
detector [102].
Likewise, the low-energy high-intensity beam-based

experiments (e.g., CCM=COHERENT=JSNS2) may have
interesting opportunities. In these experiments, no beam
focusing is available, so contributions from the charged
mesons would be weakened, whereas those from the neutral
mesons (e.g., π0) would relatively stand out. Nevertheless,
higher beam intensity and close proximity of the detector to
the beam target would allow for a rather significant number
of signal events. Especially, only the scattering-based
MiniBooNE solutions involvingOð1 − 10Þ MeVmediators
can be directly checked in these experiments. In the case of
model (i), signal detection via the dark-matter upscattering
would not be available, as the associated dark-matter
particles are not energetic enough to create a heavier state
χ0. By contrast, given lower energy thresholds, coherent dark-
matter elastic scattering can be promising for testing our
dark-matter model in the double-mediator scenario, as g2 can
be sizable enough (unlike g1) for ongoing/upcoming beam-
based CEνNS experiments to observe signal events. On the
other hand, in the case of model (ii), Z0 can arise from the π0

decay and decay into a (pseudo)scalar through aF0F̃ or
ϕF0F. For signal detection, the same strategy is applicable.
Again, thanks to the lower energy thresholds, both the
outgoing photon and the nuclear recoil can be recorded
simultaneously (i.e., fully visible), allowing us to infer

TABLE II. Relevant exotic decays of π�=K� and existing upper limits at 90% confidence level X stands for
invisibly decaying (massive) bosons. The predicted BRs (third though last columns) are based on the following
parameter choices: ½ϵ1; ðg021 =4πÞ� ≃ ð6.0 × 10−5; 1Þ for the single-mediator scenario, ½ϵ1; ϵ2; ðg022 =4πÞ� ≃ ð7.0 ×
10−5; 1.0 × 10−4; 0.5Þ for the double-mediator scenario, ðgμ; gn; λÞ ≃ ð5 × 10−3; 10−2; 4.4 × 10−4 MeV−1Þ for the
scalar scenario, and ðgμ; gn; λÞ ≃ ð10−2; 10−2; 6.5 × 10−3 MeV−1Þ for the pseudoscalar scenario.

Model (i) (×10−12) Model (ii) (×10−8)

Channel (BR) Limit (×10−8) Single Double ϕ a

K → μνμVðϕÞ [87] 2000 (300) 500 680 230 100
K → eνeνν [54] 6000 530 720 � � � � � �
K → μðeÞνμðeÞee [54] 7.4(2.7) 500(530) 680(720) � � � � � �
π → μðeÞνμðeÞX [88] 600(50) 0.12(25) 0.17(34) 120ð� � �Þ 1.1ð� � �Þ
π → μðeÞνμðeÞee [54] –(0.37) 0.12(25) 0.17(34) � � � � � �
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properties (e.g., mass) of the incoming particle more accu-
rately. Finally, we remark that JSNS2 can provide a unique
opportunity especially if the MiniBooNE signal is only or
dominantly sourced by charged kaons.
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