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This work presents a model of the electron-like excess observed by the MiniBooNE experiment
comprising of oscillations involving two new mass states: 𝜈4, at O(1) eV, that participates in
oscillations, and N , at O(100) MeV, that decays to 𝜈 + 𝛾 via a dipole interaction. Short-baseline
oscillation data sets, omitting MiniBooNE appearance data, are used to predict the oscillation
parameters. We simulate the production of N along the Booster Neutrino Beamline via both
Primakoff upscattering (𝜈𝐴 → N𝐴) and Dalitz-like neutral pion decays (𝜋0 → N𝜈𝛾). The
simulated events are fit to the MiniBooNE neutrino energy and visible scattering angle data
separately to find a joint allowed region at 95% CL. A point in this region with a coupling of
3.6× 10−7 GeV−1, N mass of 394 MeV, oscillation mixing angle of 6× 10−4 and mass splitting of
1.3 eV2 has Δ𝜒2/𝑑𝑜 𝑓 for the energy fit of 15.23/2 and 37.80/2. This model represents a significant
improvement over the traditional single neutrino oscillation model.
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1. Evidences for Neutrinos Beyond Standard Model

Over the last 25 years, anomalies have been observed in short-baseline (SBL) neutrino oscilla-
tion experiments. A model called “3+1” has been proposed which introduces a new non-interacting,
“sterile”, state with mass of O(1 eV), in addition to the three Standard Model (SM) neutrino states.
In this model, 𝜈𝜇 → 𝜈𝑒 appearance, 𝜈𝑒 disappearance, and 𝜈𝜇 disappearance searches should all
point to neutrino oscillations at 𝐿/𝐸 ∼ 1 m/MeV, where 𝐿 is the distance a neutrino of energy 𝐸

travels, with a consistent set of flavor mixing parameters [1–3]. While the data seem to fit oscil-
lations when analyzed individually, global fits find a small probability that the same parameters
explain all of the relevant data sets [2], as measured by the Parameter Goodness of Fit (PGF) test [4].
Notably, MiniBooNE appearance data creates large tension between appearance and disappearance
in the 3+1 model. This is because the 3+1 best-fit parameters from the other data sets yield a poor
fit to the lowest energy range of the MiniBooNE anomaly [5]. For this is reason, the explanations
for MiniBooNE beyond the 3+1 model are of great scientific interest. The MiniBooNE anomaly is
a 4.8𝜎 excess of electron-like events observed in interactions from a mostly muon neutrino beam
in a Cherenkov detector [6], which cannot distinguish between photons and electrons in electro-
magnetic showers. Thus, a favored alternative to the 3+1 model has been to introduce MeV-scale
heavy neutral leptons (HNLs) that decay via N → 𝜈𝛾 within the detector, where the photon is
subsequently wrongly identified as an electron [7–9]. The MiniBooNE energy distribution is well
described by these initial studies of N -decay models, but the 3+1 oscillations predicted from fits to
the other anomalies are omitted.

2. New Model: the Heavy Neutral Lepton Dipole

We propose [10] a combination of the two explanations by fitting the MiniBooNE energy and
angle distributions using a combined model called 3+1+N -decay or dipole model. We obtained the
3+1 oscillation component by fitting SBL data sets without MiniBooNE appearance. This model
explains the data well and identifies a highly limited range for the four model parameters: the mixing
angle, sin2 2𝜃, and mass splitting, Δ𝑚2, for the oscillation; and the HNL mass, 𝑚N , and photon
coupling, 𝑑, for the decay. In order to test the model, we wrote a Monte Carlo simulation for the
production and decay ofN in the Booster Neutrino Beam in neutrino mode. Dalitz-like 𝜋0 decay and
Primakoff upscattering 𝜈𝐴 → N𝐴 were the two processes included in the production, but we found
that the latter is by far the dominantN -production mode for 10 MeV < 𝑚N < 1000 MeV. Simulated
N entered the MiniBooNE detector and were forced to decay into a photon and a neutrino, taking
into account polarization, and were weighted by the decay probability. The detector efficiency, 𝑒 𝑓 𝑓 ,
was given by a linear fit to the reconstructed gamma-ray efficiency as a function of true energy [11],
𝑒 𝑓 𝑓 = (−0.12 GeV−1) ∗ 𝐸𝑡𝑟𝑢𝑒 + 0.29, which we used to weight the N → 𝜈𝛾 events. The true
energy and angle of the photons were smeared independently according to the resolution given by
the MiniBooNE collaboration.

3. Fitting MiniBooNE Excess

This analysis employed the 3+1 global fitting code described in Ref. [2] and we found that the
best-fit parameters (without MiniBooNE) areΔ𝑚2 = 1.32 eV2 and sin2 2𝜃𝑒𝜇 = 6.9×10−4. Removing
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Figure 1: 𝐸
𝑄𝐸
𝜈 (left) and cos 𝜃 (right) distributions of the MiniBooNE excess for a representative point of

the 3+1+N -decay model. The error bars on the energy distribution include systematic and statistical errors,
while for the angular distribution only statistical errors are included. Taken from [10].

MiniBooNE appearance from the fit increases the probability to 7 × 10−3 (2.5𝜎). Therefore, the
tension is, mostly, due to the MiniBooNE appearance data set. We hypothesize that it has the
additional component of N -decay, and, thus, poor agreement with 3+1-only. In order to isolate
the decay component, we subtracted from the MiniBooNE excess the predicted contribution of the
oscillation component, which was determined from the 3 + 1-only global fit without MiniBooNE
data. The remaining excess was fit to the model for dipole production, decay, and observation in
the detector. Results are shown in Fig. 1. Good agreement is observed for both distributions.

4. Results and Conclusion

Fig. 2 shows confidence regions for both fits in {𝑑, 𝑚N} parameter space and we found a region
consistent with both distributions at the 95% CL near 𝑑 = 3 × 10−7 GeV−1 and 𝑚N = 400 MeV.
We consider an example HNL decay contribution for 𝑑 = 2.8 × 10−7 GeV−1 and 𝑚N = 376 MeV,
indicated by the star in Fig. 2. This corresponds to the best fit to the 𝐸𝑄𝐸

𝜈 distribution within the joint
95% CL allowed region from the 𝐸

𝑄𝐸
𝜈 and cos 𝜃 fits. Table 1 shows the 𝜒2 values for the 3 + 1 and

3+1+N -decay fits to both distributions, indicating significant improvement for the 3+1+N -decay
model. In conclusion, we have presented a new physics model including neutrino-partners with
masses of O(1 eV) that participate in oscillations and O(100 MeV) that decay to single photons.
This model can simultaneously explain the MiniBooNE anomaly and relieve tension in the global
experimental picture for 3+1 oscillations. The results indicate very narrow ranges of HNL decay and
oscillation parameters; thus, this is a highly predictive result that can be further tested by existing
experiments in the near future.
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Figure 2: Preferred regions to explain the MiniBooNE excess in 𝐸
𝑄𝐸
𝜈 (pink) and cos 𝜃 (green) as a function

of dipole coupling and N mass. The black star indicates {𝑑, 𝑚N} = {2.8 × 10−7 GeV−1, 376 MeV}, which
lies in the joint 95% CL allowed region for both distributions. Constraints from other experiments are also
shown at the 95% CL. Taken from [10].

Parameters 𝜒2/𝑑𝑜 𝑓
(sin2 2𝜃,𝑑,𝑚N) 3 + 1 + N 3 + 1

𝐸
𝑄𝐸
𝜈 cos 𝜃 𝐸

𝑄𝐸
𝜈 cos 𝜃

(0.30, 3.1, 376) 5.7/8 32.1/18 30.5/10 86.4/20
(0.69, 2.8, 376) 7.9/8 31.4/18 27.3/10 71.8/20
(2.00, 5.6, 35) 20.2/8 36.7/18 27.6/10 40.8/20

(0, 0, 0) 34.1/10 99.4/20 same same

Table 1: 𝜒2/dof values for 3 + 1 and 3 + 1 + N -decay models obtained by comparing expectations to the
MiniBooNE excess in 𝐸

𝑄𝐸
𝜈 and cos 𝜃. The parameters in column one refer to (sin2 2𝜃𝜇𝑒 × 10−3, 𝑑 × 10−7

[GeV−1], 𝑚N [MeV]). The mass splitting is 1.32 eV2 in all cases. The null case (no oscillations and no HNL
decay) is also shown in the last row. Taken from [10].
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