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Explaining the MiniBooNE excess through a mixed model
of neutrino oscillation and decay
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The electronlike excess observed by the MiniBooNE experiment is explained with a model comprising a
new low mass state (O(1) eV) participating in neutrino oscillations and a new high mass state (O(100) MeV)
that decays to v + y. Short-baseline oscillation datasets are used to predict the oscillation parameters. Fitting
the MiniBooNE energy and scattering angle data, there is a narrow joint allowed region for the decay
contribution at 95% CL. The result is a substantial improvement over the single sterile neutrino oscillation
model, with Ay?/dof = 19.3/2 for a decay coupling of 2.8 x 10~7 GeV~', high mass state of 376 MeV,
oscillation mixing angle of 7 x 10™* and mass splitting of 1.3 eV2. This model predicts that no clear
oscillation signature will be observed in the FNAL short baseline program due to the low signal-level.
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I. INTRODUCTION

For the past 25 years, anomalies have been observed in
short-baseline (SBL) neutrino oscillation experiments. These
have been studied under a model called “3 4 17 that
introduces a new non-interacting, hence “sterile,” state with
mass of O(1 eV), in addition to the three Standard Model
(SM) neutrino states. In this model, v, — v, appearance, v,
disappearance, and v, disappearance searches should all
point to neutrino oscillationsat L/E ~ 1 m/MeV, where L is
the distance a neutrino of energy E travels, with a consistent
set of flavor mixing parameters [1-4]. However, while
individually the data appear to fit oscillations, global fits
find a small probability that all of the relevant datasets are
explained by the same parameters [2,3], as measured by the
parameter goodness of fit (PGF) test [5,6]. In particular,
appearance data from MiniBooNE produces large tension
between appearance and disappearance in the 3 4+ 1 model.
This is because the 3 + 1 best-fit parameters from the other
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datasets yield a poor fit to the lowest energy range of the
MiniBooNE anomaly [7]. Therefore, there is significant
interest in explanations for MiniBooNE beyond the 3 + 1
model; for example, one can consider decays of a sterile
neutrinos into active neutrinos and singlet scalars [8,9].

The MiniBooNE anomaly is a 4.8¢ excess of electronlike
events observed in interactions from a predominantly muon
neutrino beam in a Cherenkov detector [10], which cannot
distinguish between electromagnetic showers from electrons
and photons. Hence, a favored alternative to the 3 4 1 model
has been to introduce MeV-scale heavy neutral leptons
(HNLs) that decay via ' — vy within the detector, where
the photon is then misidentified as an electron [11-18]; see
Refs. [19-27] for misidentified di-electron scenarios. These
initial studies of A/-decay models describe the MiniBooNE
energy distribution well but omit the 3 4+ 1 oscillations
predicted from fits to the other anomalies.

In this work, we explore a combination of the two
explanations by fitting the MiniBooNE energy and angle
distributions using a combined model, 3 + 1 + A/ -decay. The
3 + 1 oscillation component has been obtained by fitting SBL
datasets other than MiniBooNE appearance. We will show
that such a model explains the data well, identifying a highly
limited range for the four model parameters: the mixing angle,
sin? 260, and mass splitting, Am?, for the oscillation; and the
HNL mass, m s, and photon coupling, d, for the decay.

II. MODEL

The combination of eV-scale and MeV-scale mass states
is motivated if the two are members of a family of N j
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where j = 1, 2, 3. If the mass splittings are similar to the
quark and charged-lepton sectors, then the family might
also include a keV-scale member [28,29]. All members
may interact with photons at a weak level through a dipole
portal interaction [17], also known as neutrino magnetic
moment [30-35]. Thus, the N'| = v, can decay, but the
lifetime is typically longer than the age of the Universe
[31,36]. The keV-scale mass state, \,, would have a
lifetime that is too long to be observed through decay in
terrestrial experiments but could explain observed x-ray
lines [28,37]. Only the A= N5 would decay on length
scales relevant to SBL experiments. Conversely, only the
eV-scale mass state would have sufficiently small mass
splitting with respect to the light neutrino states [38—41] to
form observable oscillations. In the 3 + 1+ A -decay
model, any given SBL experiment may be sensitive to
signatures of 3 + 1 oscillations only, N' — vy only, or both.

In our model, the production and decay of \V; is due to a
dipole portal interaction between left-handed neutrinos,
photons, and right-handed HNLs. The V; are added to the
SM Lagrangian using the following term [15,17]:

3
LD Lo+ ) [Nj(ia— M)N;
j=1

+ > (dyBio PN +He) | (1)

ac{eu.t}

where the v; correspond to the light neutrino mass states
and F* is the electromagnetic field strength. The dimen-
sion-full d,; couplings control the strength of the electro-
magnetic interactions between neutrino species, namely the
strength of process like N j = viy- Note that d,; reflects the
effective dipole coupling of A/ j to the weak eigenstate v,.

This leads to two production mechanisms for N j
coupling to virtual photons produced in meson decays,
such as 7, and Primakoff upscattering of active neutrinos
to \ as they traverse material. Feynman diagrams for the
two production (left, middle) and decay (right) processes
are shown in Fig. 1.

In our analysis, we considered only production and
decay of the third mass state N'. This follows if d, ; 1s the
same for all generations and is found to be sufficiently
small, such that upscattering is rare, because then the small
masses of states 1 and 2 lead to lifetimes that are too long
for an SBL experiment to observe decay. In this case, we

Vo N
Vo Va
0 v ry N
N N X g
FIG. 1. N production from z° Dalitz decay (left) and v
upscattering (middle), and decay (right).

define d =d,; as a universal coupling. An alternative
explanation if d is found to be large is that the d,; vary
with family member, suppressing decays of the first and
second mass states. In this case, we define d = d,3, where
the coupling of N5 to all light neutrino species is assumed
to be the same. In the decay, the polarization of N must be
considered [42—44]. The photon from a right-handed Dirac
N decay has a (1 — cos 0) distribution, where 0 is the angle
between the A/ and photon momentum vectors; conversely,
a left-handed Dirac AN will decay with a (1 + cos®)
distribution for the photons. Production through an unpo-
larized virtual, off-shell photon yields an equal combination
of right-handed and left-handed N/, leading to an effec-
tively isotropic photon decay distribution. For the case of
upscattering, where the N is produced from an interaction
with a left-handed muon neutrino, the outgoing A/ will be
right-handed and the (1 —cos®) angular distribution of
the photons must be considered. All three new mass states
are related via a mixing matrix to the flavor states. Calling
the new sterile flavors s;, the mass and flavor states are
related by:

Ua:ZUaiDj+Ua3+iNia(a:e!ﬂ’T;Shszas3)1 (2)

where U,; is the extended 6 x 6 neutral-lepton mixing
matrix [1].

III. CONSTRAINTS

Three SBL experiments have relevant limits to N with
mass > 10 MeV. While not appearing directly in the fit, the
viable solution must fall outside of these limits. NOMAD
and CHARM-II were high-energy neutrino experiments
with too small L/E to be sensitive to the 3 4+ 1 parameters
under discussion. The NOMAD analysis searched directly
for photons from HNL decay [14]. CHARM-II could not
differentiate electrons from photons, and the limit is derived
from comparing v,-electron elastic scattering (ES) data to
the SM prediction [45]. At larger A/ masses, which are
kinematically inaccessible in the former process, contribu-
tions from v, -nucleon upscattering are also present [22].
However, a detailed analysis of this process in CHARM-II
has not yet been performed. LSND has also released v,-
electron scattering results in agreement with the SM, placing
a limit on \V [17].

Cosmological observations place constraints on addi-
tional neutrino species. In order to alleviate tension with a
light sterile neutrino [46-52], one can invoke -either
noncanonical cosmological scenarios [53,54] or secret
neutrino interactions [55-65]. HNL interactions similar
to those studied in this model also play an important role in
cosmology [66], where they may impact big bang nucleo-
synthesis, relax cosmological bounds on neutrino masses
[67], or explain the Hubble tension [68].
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IV. OSCILLATION GLOBAL FIT

If the maximum energy of the neutrino source is too
small to produce the heavier N state, then the SBL
experiments can observe only 3 + 1 oscillations. We refer
to this collection of SBL experiments that are not sensitive
to N decay as “3 + 1-only” experiments. The references
for relevant “3 + 1-only” experiments used in this analysis
are provided in Table I (top), including experiments with
anomalies of significance from 2o to 4.8¢ and experiments
consistent with vSM oscillations. The experiments, indi-
vidually listed, can also be found in Supplemental Material
[69] Table II. We use these experiments to determine the
oscillation parameters sin?(26) and Am? in a 3 + 1-only fit.
Notably, the “3 4 l-only” experiments exclude all
MiniBooNE results, as we will then use MiniBooNE to
fit for the A/ parameters m,, and d.

As shown in Table I (bottom), we used MiniBooNE data
to fit for the N parameters m,, and d, given the oscillation
parameters from the 3 4 l-only fit. MiniBooNE has
excesses in three appearance data subsets: neutrino-mode
[88], antineutrino mode [89], and with an off-axis beam
[90]. All three cases are compatible with either 3 + 1 or
HNL explanations. However, the latter two running modes
had low statistics and more limited data releases, so we
restricted our fit to the neutrino-mode sample.

For the 3 + 1-only fit, mixing between heavy neutrinos
and the three lightest mass states is constrained to be small
by terrestrial measurements at accelerators [91]. Further,
oscillations involving the two largest mass states do not
contribute to the explaining the anomalies considered in
this work.Therefore, we have explicitly assumed no mixing
between the two largest mass states and the active states.
The only relevant squared-mass-splitting Am? is between
the lightest mostly sterile and the mostly active states,
where the masses of the latter are assumed to be degenerate
and negligible. We concentrated on the 4 x 4 neutral-
lepton-mixing submatrix that relates the lightest mass states
to their flavor states. For U, where a is the flavor and & is
the mass state, the mixing angles for the appearance and
disappearance oscillation signatures are not independent:

TABLE 1. Datasets used in this paper. These include reactor,
radioactive, decay-at-rest (DAR) and decay-in-flight (DIF) neu-
trino sources. For a detailed overview of the datasets used in each
of the fits see Supplemental Table II.

Used to Test References (Flux Type) Type of Fit
v, disappearance [70-74] (Reactor)

v, disappearance [75=77] (Source)

U, — b, appearance [78,791(z/u DAR) 1

v, = U, appearance [80](xz/u DIF) 3 + l-only
v, disappearance [81-84] (x/u DIF) 1

v, disappearance [82,85-87] (x/u DIF)

3414 N [10] (MiniBooNE BNB v) N

sin?20,, = 4(1 = |U ,4|*)|U .4|* (electron flavor disappear-
ance); sin®26,, = 4(1 — |U,4[*)|U,4|* (muon flavor dis-
appearance); and sin?26,, = 4|U,4|*|U,4|* (appearance).
This implies that the electron and muon flavor disappear-
ance signals must be consistent with the v, — v, appear-
ance signal, limiting the range of sin’ 20,,.

This analysis employed the 3 4 1 global fitting code
described in Ref. [3]. The list of experiments used in the
3 + 1-only fit can be found in Supplemental Material [69]
Table II. Compared to Ref. [3], we have added new
disappearance results from the STEREO experiment [74]
and updated PROSPECT results [73]. In this update, we
have not included the results from NEUTRINO-4 [92],
since the collaboration has not provided an appropriate data
release. We have also not included the latest result from
IceCube [93,94], which shows a preferred region at
90% CL compatible with our light sterile neutrino best-
fit point, since the collaboration has not provided enough
information to reproduce the analysis. To reiterate, the
3 + 1-only global fit omitted the MiniBooNE neutrino-
mode, antineutrino-mode, and off-axis appearance datasets.

The best-fit parameters are Am? =1.32eV? and sin?26,, =
6.9x10™*. In past 3+ 1 fits, the tension between the
appearance and disappearance datasets [3], as measured
using the PG test, has been very high, with a probability
of 4 x 107® (4.5¢) that the data are explained by the same
parameters. Without MiniBooNE appearance in the fit, the
probability increases to 7 x 1073 (2.5¢). Thus, the tension is,
in large part, due to the MiniBooNE appearance dataset,
which we hypothesize has the additional component of
N -decay, and, hence, poor agreement with 3 + 1-only.

V. MINIBOONE ANALYSIS

In order to fit MiniBooNE data for N decay, we wrote a
Monte Carlo simulation for the production and decay of A/ in
the Booster Neutrino Beam in neutrino mode. Two processes
were included for production: Dalitz-like z° decay and
Primakoff upscattering vA — N'A. The latter is by far
the dominant N -production mode for 10 MeV < mys <
1000 MeV. Therefore, we neglected the z° decay contribu-
tion throughout this study. For the Primakoff mode, we
generated incident v, and v, events from the MiniBooNE
neutrino-mode flux [95]. We then simulated the upscattering
rate on both standard upper-continental crust nuclei [96] and
the MiniBooNE CH, detector medium, using Eq. A6 in
Ref. [17] to calculate the total interaction rate and momentum
transfer. This process produced a sample of right-hand-
polarized A events, predominately forward peaked due to
the 1/#* dependence of the differential cross section.

Simulated A which enter the MiniBooNE detector were
forced to decay into a photon and a neutrino, taking into
account polarization, and weighted by the decay proba-
bility. To incorporate the detector efficiency, eff, we
performed a linear fit to the reconstructed gamma-ray
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efficiency as a function of true energy [97], eff =
(=0.12 GeV™!) % E,,,,, + 0.29, which we used to weight
the ' — vy events. The true energy and angle of the
photons were smeared independently according to the
resolution given by the MiniBooNE collaboration. More
details on the simulation can be found in Appendix A of the
Supplemental Material [69].

Ideally one would fit the background-subtracted 2-D
distribution of visible energy, E,, vs scattering angle, 6,
of the MiniBooNE events to the prediction from 3 + 1 + A/-
decay. However, the systematic errors for this distribution
have not been released by MiniBooNE. They are only

available for E,,QE , which is a combination of £, and 6 given
by [98]

EQE _Z(Mn_B)E1i_((Mn_B)2+M%_M%1) (3)
© 2((M, - B) —E, + \/(E2 = M2) cos6) '

where M,,, M ,, and M, are the neutron, proton and electron
masses, and B is the binding energy of carbon. This formula
accurately describes the neutrino energy in the case of two-
body charged-current neutrino scattering with no final state
interactions, assuming the neutrinos enter the detector along
the axis from which 0 is measured. Thus, itis applicable to the
oscillation component of the excess. Though E2X has no
physical meaning when applied to the photons from N
decay, the decay kinematics cause most events to be show up
at low E,,QE . We performed a fit to the MiniBooNE excess in
E9F using statistical and systematic uncertainties. We also
performed a separate fit to the scattering angle distribution,
although only statistical uncertainty is available in this case.

To isolate the decay component, we subtracted from the
MiniBooNE excess the predicted contribution of the oscil-
lation 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 as described above. Figure 2
shows confidence regions for both fits in {d, m } parameter
space, computed assuming Wilks’ theorem with two degrees
of freedom is valid for the test statistic y(d,m)—
ming,, (y*(d, m)) [99]. We found a region of parameter
space consistent with both distributions at the 95% CL near
d=3x10"7 GeV~! and m, = 400 MeV.

VI. RESULTS

Figure 2 shows that the allowed regions from
MiniBooNE fits are substantially lower in d than the
NOMAD or LSND limits. The overlapping solution is
also at substantially higher m s than kinematically acces-
sible by LSND. Supernova results [17] set limits in a band
from approximately d = 107 to 10~!! GeV~!, which is
below the solution we found for MiniBooNE. Thus, our
preferred region lies in a window of allowed parameters.

10 :_10—7
NOMAD f
T 107%4 -107°
‘> s 10 =
= C ~
@ =
~, J sl
3 { CHARM v, ES
7] P
1079 gnios7a - 10
] — E9F 95% CL [
1 cosf 95% CL |
T T T LR | T T T T T T T -;
10! 102 10°

my [MeV]

FIG. 2. Preferred regions to explain the MiniBooNE excess in
EZF (pink) and cos € (green) as a function of dipole coupling and
mass. The black star indicates {d, my} = {2.8 x 1077 GeV~!,
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.

We now consider an example HNL decay contribution
ford = 2.8 x 1077 GeV~! and m,, = 376 MeV, indicated
by the star in Fig. 2. This corresponds to the best fit to the
EZF distribution within the joint 95% CL allowed region
from the E2¥ and cos 6 fits. Table II shows the x? values for
the 3+ 1 and 3 + 1 + N -decay fits to both distributions,
indicating significant improvement for the 3 + 1 + N-
decay model. The global oscillation fit gives tight con-
straints requiring Am? ~ 1.32 eV?, but allows values of
sin? 26, € [3 x 107#,2 x 1073] at the 90% CL. The same
N decay fit procedure outlined above has been performed
for each end of the allowed sin? 20, range. In each case we

again examined the {d, m,} point that best fits the E2*

TABLE II. y2/dof values for 3+ 1 and 3+ 1+ N -decay
models obtained by comparing expectations to the MiniBooNE
excess in E,,QE and cos #. The parameters in column one refer to
(sin?26,, x 107, d x 1077 [GeV~'], my [MeV]). The mass
splitting is 1.32 eV? in all cases. The null case (no oscillations
and no HNL decay) is also shown in the last row.

y*/dof
Parameters 34+14+N 341
(sin® 26, d, m ) E2F cos @ E2F cosf
030,3.1,376)  57/8  32.1/18 30.5/10  86.4/20
0.69,2.8,376)  7.9/8  31.4/18 273/10 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
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{d,my} = {28 x 1077 GeV~1, 376 MeV}

{d,my} = {2.8 x 1077 GeV~", 376 MeV'}

=y

100

MiniBooNE Excess
MiniBooNE Excess

w
S

500 1000 1500 ‘ —1.0 —0.5 0.0 0.5 1.0
EﬁJE [MeV] cosf

FIG. 3. E,,QE (left) and cos @ (right) distributions of the Mini-
BooNE excess for a representative point of the 3 + 1 + N -decay
model. The error bars on the energy distribution include sys-
tematic and statistical errors, while for the angular distribution
only statistical errors are included.

distribution within the joint 95% CL region. The y? values
for these fits are also given in Table II, indicating a
preference for a smaller oscillation contribution in
MiniBooNE in order to explain both the cos@ and EQE
distributions via " — vy. Table Il also gives the y* values for
the null case, with neither eV-scale oscillations nor
HNL decay.

Figure 3 presents the MiniBooNE excess in EZ* (left) and
cos 0 (right) compared with the model prediction. This figure
includes both the global fit oscillation contribution for
Am? =13 eV? and sin’20,, = 6.9 x 1077, and HNL
decay contribution for d = 2.8 x 1077 GeV~! and my =
376 MeV. We reemphasize here that the oscillation contri-
bution shown on these plots comes from a global fit to the
3 + 1-only model not including MiniBooNE data. Good
agreement is observed for both distributions, especially
noting again the lack of systematic errors for the angular
distribution, which dominate over statistical errors in the
MiniBooNE electronlike analysis [10].

Along with energy and angle, it is essential for the model
to be consistent with the recently published timing dis-
tribution of the MiniBooNE excess with respect to the
proton-beam bunch. The excess events occur within £4 ns
of the observed v, events. The time of flight depends on the
location at which the HNL is produced. For the preferred
my ~ 400 MeV, the majority of A events come from
upscattering within the MiniBooNE detector followed by
N decay after travel distances of O(50 cm). This leads to
timing delays of < 2 ns, well within the MiniBooNE
constraint.

VII. CONCLUSION

We have explored a 3 + 1 + A -decay model through fits
to the 3 4 1-only and MiniBooNE-neutrino-mode datasets.
The former yields best-fit oscillation parameters of Am? =
1.3 eV? and sin? 26,, = 6.9 x 107*. The latter narrows the
HNL mass to be within 300400 MeV and the dipole
coupling strength to be within 2.5 —3.5 x 1077 GeV~!.
This model produces a Ay?/dof improvement of 19.3/2

(40.3/2) compared to the global 3 + 1 scenario for the fit to
the MiniBooNE energy (angular) distribution. This large
improvement in Ay? motivates a more detailed analysis by
MiniBooNE. Ideally, the experiment would perform a joint
fit to the two-dimensional visible energy and angle dis-
tribution, using a full covariance matrix.

Our model also makes very specific predictions for the
experiments now running in Fermilab’s Short-Baseline
Neutrino Program [100]. These experiments make use of
liquid-argon time-projection chambers (LArTPCs) that
can separate photon showers from electron showers with
~85% accuracy [101,102]. Because the experiments run in
the same beamline and are located within ~50 m of
MiniBooNE, the flux is nearly identical. Thus, the ratio
of oscillation to HNL decay contributions for the far
detectors—MicroBooNE and ICARUS—will be very sim-
ilar to that of the MiniBooNE case presented here, with
~75% of the excess events predicted to be single photons.
The photon signature will have large backgrounds even in
an LArTPC detector, especially from neutral current A
baryon production with decays to one or two photons plus a
neutron, as well as photons from neutrino interactions
produced outside the detector [103]. However, this back-
ground rate will be well constrained from reconstructed
A-decay events with a proton. Also, the energy-angle
correlation of the photon in the decay, which depends
strongly on m , can be used for background rejection since
this parameter is predicted to have a narrow range of values.
The oscillation rates for MicroBooNE and ICARUS are
predicted to be low. Within statistics, we predict that no
clear oscillation signature will be observed.

Beyond the SBN program, our model can also produce
signatures in v, ES searches at MINERvA and NOvA, as
well as dedicated searches for single photons in T2K [104].
Additionally, at neutrino energies of O(100 GeV) the long
decay length produces “double-bang” morphologies in
IceCube and CCFR [45,105-107], which would be a
smoking gun signature for our model.

In summary, 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 41 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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