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This letter presents the results from the MiniBooNE experiment within a full “3+1” scenario
where one sterile neutrino is introduced to the three-active-neutrino picture. In addition to electron-
neutrino appearance at short-baselines, this scenario also allows for disappearance of the muon-
neutrino and electron-neutrino fluxes in the Booster Neutrino Beam, which is shared by the Mi-
croBooNE experiment. We present the 3+1 fit to the MiniBooNE electron-(anti)neutrino and
muon-(anti)neutrino data alone, and in combination with MicroBooNE electron-neutrino data.
The best-fit parameters of the combined fit with the exclusive CCQE analysis (inclusive anal-
ysis) are ∆m2 = 0.209 eV2 (0.033 eV2), |Ue4|2 = 0.016 (0.500), |Uµ4|2 = 0.500 (0.500), and
sin2(2θµe) = 0.0316 (1.0). Comparing the no-oscillation scenario to the 3+1 model, the data prefer
the 3+1 model with a ∆χ2/dof = 24.7/3 (17.3/3), a 4.3σ (3.4σ) preference assuming the asymptotic
approximation given by Wilks’ theorem.

INTRODUCTION

The MiniBooNE low-energy excess (LEE) is a long-
standing anomaly in neutrino physics. This excess of
electron-like events was observed in the muon-neutrino
dominated flux from the Booster Neutrino Beam (BNB),
and is most significant between 200MeV and 600MeV
in reconstructed neutrino energy. Initially reported in
2007 [1], the excess reached a significance of 4.8σ in the
energy range 200MeV < EQE

ν < 1250MeV with the full
MiniBooNE ν and ν̄ data set [2]. We note that this signif-
icance is derived from a direct comparison between Mini-
BooNE data and the Standard Model (SM) prediction,
and is thus independent of the any physics model, includ-
ing the 3+1 model explored in this paper. A wide range
of explanations for the excess have been put forward, but
the initial, and still most-referenced, new physics expla-
nations invoke νµ → νe oscillations.

The BNB flux is produced through 8GeV protons im-
pinging on a beryllium target that is located inside a
magnetic focusing horn, which can reverse polarity to
run in neutrino or antineutrino mode, followed by a 50m
meson decay pipe. The MiniBooNE detector, which is
a 450 t fiducial mass, mineral-oil-based Cherenkov detec-
tor, is located 541m downstream of the beryllium tar-
get. The detector is sensitive to neutrinos with ener-
gies between 100MeV and 3GeV. This combination of
energy and baseline makes MiniBooNE an ideal experi-
ment to probe the appearance of electron-neutrinos from
νµ → νe oscillations in a mass-squared splitting region
greater than 1× 10−2 eV2. The full data set taken in a
series of runs between 2002 and 2019 yields a 1σ allowed
region in ∆m2 between 0.04 eV2 and 0.4 eV2, with mixing
angles varying from 1.0 to 0.01 [2].

These mass-squared splittings are more than an order
of magnitude larger than the splitting of atmospheric
neutrino oscillations, ∆m2

atmos ≈ 2.5× 10−3 eV2 [3]–
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associated with the largest mass splitting in three neu-
trino oscillation models. Therefore, to accommodate
such oscillations, it is necessary to postulate the exis-
tence of a fourth neutrino mass, and a fourth neutrino
flavor that must be non-weakly-interacting (or “sterile”)
to avoid constraints from Z decay [4]. In such a model,
the sterile neutrino flavor and the three active flavors are
connected to a fourth mass state through an extension
of the PMNS mixing matrix. Such a model introduces
a combination of three possible experimental signatures:
1) electron flavor disappearance to other flavors, leading
to fewer νe events than expected (“νe → νe”); 2) muon
flavor disappearance to other flavors (“νµ → νµ”) reduc-
ing the νµ rate; and 3) νµ → νe appearance, where an
excess of νe events would be observed. Past MiniBooNE
νµ → νe appearance analyses have assumed that the νe
and νµ disappearance effects were negligible. However,
for the mass squared splitting and mixing angles we are
concerned with, νe disappearance can reduce the intrin-
sic νe background contribution by up to 80%, and νµ
disappearance can decrease the νµ event rate by up to
80%. Neglecting these effects has been considered to be
an overly simplified approach. External analyzers have
investigated the difference between this approach and an
analysis with a full treatment of the 3+1 model [5–7], and
have explored the effects other nuclear models on these
results [5]. In response to this, in this paper we expand
the analyses of the full MiniBooNE data sets and simula-
tion samples, to present the first full 3+1 sterile-neutrino
oscillation model by the collaboration.

In 2015, the MicroBooNE experiment joined the Mini-
BooNE experiment as a user of the BNB beamline.
The MicroBooNE experiment was designed with the pri-
mary goal of investigating the LEE by using the de-
tailed information from its liquid-argon time-projection-
chamber (LArTPC) to distinguish between electron in-
duced events and photon induced events. This allows
the rejection of many mis-identified backgrounds in the
MiniBooNE data set. MicroBooNE has recently released
results of a search for a generic νe excess, assuming the
median shape of the MiniBooNE excess, in a strategy
that is agnostic to particular oscillation models. Ex-
ternal analyses have applied more focused studies, plac-
ing limits on νe disappearance [8], expanding the Micro-
BooNE analysis to all systematically allowed shapes of
the MiniBooNE excess [9], and considering how the Mi-
croBooNE data constrain the parameters of a 3+1 sterile
neutrino model [9]. However, until now, there has been
no MiniBooNE-MicroBooNE combined analysis.

Because MiniBooNE and MicroBooNE share the same
beamline, we can use MiniBooNE tools to perform a com-
bined fit to the data of the two experiments. On the other
hand, because the detectors are substantially different,
the two experiments have complementary capabilities.
MicroBooNE is an 85 t active mass LArTPC [10], which
allows for detailed reconstruction of neutrino interactions
that is not possible using the MiniBooNE Cherenkov de-
tector.

The MiniBooNE experiment has a large sample size,
but relatively high backgrounds from mis-identification
backgrounds that dominate MiniBooNE’s electron neu-
trino sample. The MicroBooNE experiment uses a
relatively small detector, but can remove most mis-
identification backgrounds [11]. The imaging capability
of the LArTPC has allowed the MicroBooNE experiment
to select three νe charged-current (CC) samples [12]: a
high purity exclusive sample of charged current quasi-
elastic (CCQE) interactions [11], a semi-inclusive sample
of pion-less interactions [13], and a fully-inclusive sam-
ple [14]. The MicroBooNE data allow for a clean test of
the hypothesis that the MiniBooNE excess events are due
to νe CC interactions. We consider only the CCQE and
inclusive analyses, as the former has the lowest system-
atic uncertainty and the latter has the largest sample
size. The CCQE analysis uses deep-learning-based re-
construction while the inclusive analysis uses Wire-Cell-
based reconstruction; thus they are hereafter identified
in figures and tables by the shorthand “DL” and “WC”,
respectively. In this paper, we present the first Mini-
BooNE/MicroBooNE combined fits to a 3 + 1 model.

FIT DETAILS

The model of interest is a three-active plus one-sterile
neutrino model called “3+1.” This model expands the
3× 3 neutrino mixing matrix to 4 × 4:

U3+1 =



Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4


 . (1)

In such a model, both νµ and νe disappearance are ex-
pected to occur with the same ∆m2 as the νµ → νe
appearance signal, as long as both Ue4 and Uµ4 are non-
zero. The three processes are related through their effec-
tive mixing angles, which are expressed as:

sin2(2θµµ) = 4(1− |Uµ4|2)|Uµ4|2,
sin2(2θee) = 4(1− |Ue4|2)|Ue4|2,
sin2(2θeµ) = 4|Ue4|2|Uµ4|2, (2)

which appear within the oscillation probability formulae:

P (νµ → νe) = sin2 2θµe sin
2(∆m2

41L/E),

P (νe → νe) = 1− sin2 2θee sin
2(∆m2

41L/E),

P (νµ → νµ) = 1− sin2 2θµµ sin
2(∆m2

41L/E). (3)

There are three physics parameters in the 3+1 model
relevant to these two experiments: the sterile mass split-
ting ∆m2

4i ≡ ∆m2 (where we assume degeneracy for
i ∈ {1, 2, 3}) and the two mixings of the new mass eigen-
state to the electron weak eigenstate |Ue4|2 and muon
weak eigenstate |Uµ4|2. Different combinations of these
parameters will induce different rates of νe appearance
as well as νµ and νe disappearance in the MiniBooNE
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and MicroBooNE detectors. In each case the oscillation
probability depends upon the true neutrino energy, E,
and baseline of each event, L.

The oscillation prediction in MiniBooNE is determined
by a simple reweighting of the MiniBooNE νµ → νe simu-
lation using the oscillation formulae (Eqs. 3). This direct
method is not possible for the MicroBooNE analyses, as
only limited simulation information for each analysis is
available [15, 16]. Instead, for MicroBooNE, we use the
MiniBooNE BNB simulation to obtain a ratio between
the nominal intrinsic νe background prediction and the
νe appearance prediction at the MicroBooNE baseline as
a function of true neutrino energy, using the BNB flux
prediction at the MicroBooNE location. This ratio, com-
bined with the intrinsic νe simulation provided by Micro-
BooNE allows us to obtain a νe appearance prediction in
MicroBooNE. We use the same procedure to account for
νe disappearance in both analyses and νµ disappearance
in the inclusive analysis. We neglect νµ disappearance in
the MicroBooNE 1e1p CCQE prediction, as the νµ back-
ground contamination in MicroBooNE’s 1e1p analysis is
sub-dominant and the simulation information for the νµ
contribution is not provided by MicroBooNE. In the Mi-
croBooNE inclusive analysis, we consider only four of the
seven channels: the νe and νµ CC fully-contained (FC)
and partially-contained (PC) samples. This is because
energy reconstruction information is not provided for the
remaining for the remaining three π0-based samples. We
also note that νµ → ντ neutral-current backgrounds in
MiniBooNE’s electron neutrino measurement are not in-
cluded in the prediction; however, this effect is expected
to be small. An example of this oscillation prediction is
shown in Figure 1.

For the MiniBooNE likelihood we compare the fixed
observation to the theoretical expectation with a multi-
variate normal distribution that includes systematic un-
certainties, Poisson statistical uncertainties on the expec-
tation, and finite Monte-Carlo statistical uncertainties.
With the large MiniBooNE sample size, the multivari-
ate normal distribution is a reasonable approximation
for the likelihood. The MiniBooNE systematic errors of
this analysis remain the same as in [2], with one excep-
tion. The correlated systematic errors from uncertain-
ties in the MiniBooNE optical model are limited to the
three principal components of the corresponding covari-
ance matrix with the largest eigenvalues, and the remain-
ing optical model errors are assumed to be uncorrelated
with no covariance among energy bins. For each Micro-
BooNE analysis, we use a Poisson-derived likelihood that
accounts for finite Monte-Carlo size [17]; additionally, the
expectation in each bin is treated as a nuisance param-
eter that is constrained by the systematics covariance
matrix [18, 19]. The total likelihood is then composed
of these two experimental likelihoods. We note that al-
though the same beamline simulation is used to derive
systematic uncertainties for both experiments, because of
technical limitations the fit presented here accounts for
these uncertainties as if they were uncorrelated between

the two experiments. The inclusion of information from
the νµ samples of both MiniBooNE and MicroBooNE
indirectly constrains the νe predictions of the two exper-
iments in a correlated manner. This is handled directly
for the inclusive analysis, as the νµ CC FC/PC samples
are included in the fit (accounting for νµ appearance).
For the CCQE analysis, we allow the MicroBooNE νµ
1µ1p measurement to constrain the MicroBooNE νe 1e1p
prediction and uncertainties, and do not account for os-
cillations in MicroBooNE’s νµ 1µ1p prediction. Ignoring
νµ disappearance in MicroBooNE’s CCQE analysis is a
reasonable assumption for small Uµ4 given the limited
sample size from this analysis.

RESULTS

With the methods described in the preceding section
we can examine the MiniBooNE LEE in the context of
a 3+1 sterile neutrino model, both with the MiniBooNE
data alone and together with the MicroBooNE electron-
neutrino data. We show the no-oscillation SM predic-
tion as a dashed purple line in Figure 1. In the SM
case the MiniBooNE prediction lies substantially below
the data in the electron-neutrino channel. For the Mi-
croBooNE CCQE analysis, the data lie scattered above
and below the SM prediction, in part due to the small
sample size. For the MicroBooNE inclusive analysis, the
data lie below the SM prediction across most of the en-
ergy range. The disparity between the data and SM pre-
diction in MiniBooNE shows the inability of the SM to
accommodate the MiniBooNE low energy excess in the
electron-neutrino data while remaining in agreement with
the MiniBooNE muon-neutrino data.
In contrast to the SM, the 3+1 oscillation model pro-

vides the additional freedom necessary to potentially bet-
ter accommodate the MiniBooNE muon neutrino data,
and low energy excess, within systematic errors. In the
3+1 scenario we expect νµ → νe oscillations to increase
the prediction in the electron-neutrino channels of both
experiments, while νe disappearance will reduce the in-
trinsic electron-neutrino backgrounds, and νµ disappear-
ance will reduce the muon-neutrino prediction as well as
the contribution of misidentified events in the electron-
neutrino observable channel. The prediction for the best-
fit 3+1 scenario across both experiments is shown in Fig-
ure 1, separated by component, experiment, and observ-
able channel. Figure 1a compares the MiniBooNE un-
constrained muon neutrino and antineutrino prediction
to observed data, where the crosses denote the uncon-
strained 3+1 prediction and the dashed line denotes the
unconstrained SM prediction; here the 3+1 prediction is
approximately 4% lower than the SM prediction in the
bin with the largest expectation. Figure 1b compares
the MiniBooNE electron neutrino and antineutrino pre-
diction to data; the prediction and errors are shown after
being constrained by the muon neutrino data for the 3+1
and SM scenarios in purple, whereas the unconstrained
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FIG. 1. Comparison between data and prediction for each experiment, showing the prediction from both the SM and the 3+1
model. The MiniBooNE and MicroBooNE DL figures (top, bottom left) consider the 3+1 “Combination (DL)” fit parameters of
Table I, while the MicroBooNE WC figure (bottom right) considers the “Combination (WC)” fit parameters. Black crosses show
the observed data and statistical error, and stacked histograms show the unconstrained prediction. The SM (3+1) prediction is
represented as a dashed (solid) purple line. The error bars on the MiniBooNE 3+1 prediction represent systematic uncertainty.
The top left panel shows unconstrained predictions and errors. The top right panel shows predictions and errors in purple after
being constrained by the νµ + ν̄µ data. The bottom panels show predictions after the allowed systematic variations have been
fit to data, and thus do not have systematic error bars shown.

3 + 1 prediction is shown by the stacked histogram. The
best-fit electron neutrino 3+1 oscillation prediction is ap-
proximately 15% lower in the lowest energy bin than that
reported for the best-fit in the two neutrino oscillation
analysis [2].

While the best-fit 3+1 scenario is preferred to the
no-oscillation scenario, it still cannot perfectly describe
MiniBooNE’s low energy excess, especially at the lowest
energies. This is consistent with the recent MicroBooNE
results, which indicate that the low energy excess cannot
be explained entirely by electron neutrinos [12]. This is
also consistent with previous MiniBooNE studies indi-
cating a forward-peaked angular distribution of the low
energy excess [2].

The best-fit 3+1 parameters and the ∆χ2 between the
SM and 3+1 scenarios are given in Table I. We obtain
a best-fit that includes substantial sterile-muon mixing,

with |Uµ4|2 near 0.5, and moderate sterile-electron mix-
ing, with |Ue4|2 near 0.02, for both the MiniBooNE only
and the CCQE combined fit. For these fits the best-fit
∆m2 is near 0.2 eV2 as well. The large sterile-muon mix-
ing at the best-fit point is in tension with constraints
on unitarity from some experiments in the neutrino sec-
tor [20–22], although a substantial number of neutrino
experiments violate these constraints [23–27] as discussed
in [8]. However, in this analysis, a broad region in param-
eter space is allowed within the estimated 1σ confidence
region, as is visualized in Figure 2, extending to regions
of parameter space which are not in tension with uni-
tarity constraints. The 1σ allowed region in ∆m2 and
sin2(2θµe) is similar to that reported in [2], and takes
the form of a diagonal band because the MiniBooNE
LEE spans a broad energy range and extends down to
the 200MeV boundary. The inclusive search combined
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fit obtains a best-fit at maximal mixing, with a ∆m2 of
0.033 eV2, compatible with this diagonal band. The ex-
cess drives the allowed values of sin2(2θµe), but large de-
viations from the best-fit in |Ue4|2 and |Uµ4|2 are allowed,
provided the combination produces enough νµ → νe ap-
pearance to describe the excess. This freedom is present
in part because the systematic errors of the prediction
allow large changes to the muon-neutrino channel with
little penalty, which in turn provides only a weak con-
straint on |Uµ4|2 through νµ disappearance.

In both analyses, MicroBooNE’s electron-neutrino
data do not exhibit an excess at the lower end of their
energy spectrum, as MiniBooNE’s electron-neutrino data
do, and MicroBooNE overall observes a lower event rate
than predicted by the nominal no-oscillation model [12].
However, the data sample from MicroBooNE does not
have the statistical power needed to rule out a 3+1
νµ → νe explanation of the MiniBooNE low-energy-
excess. The observed event-rate from MicroBooNE’s νe
CCQE 1e1p analysis precludes very large νµ → νe ap-

pearance at values of ∆m2 and sin2(2θµe) higher than the
MiniBooNE allowed region. This manifests in Figure 2
(top) as a small shift in the allowed region to lower ∆m2

and lower sin2(2θµe). In Figure 1c, the best-fit 3+1 oscil-
lation prediction increases the expected number of events
in a region where the MicroBooNE CCQE analysis ob-
serves a deficit, suggesting that the fit is primarily driven
by the larger MiniBooNE data sample, in line with our
expectation. This is also true for the MicroBooNE inclu-
sive analysis, as shown in Figure 1d. However, the inclu-
sive analysis provides a stronger constraint on νµ → νe
appearance in general. This manifests in Figure 2 as (1)
a more significant modification of the allowed regions for
the combined fit and (2) a smaller ∆χ2 between the 3+1
best fit and the SM in Table I, in comparison to the com-
bined fit with the MicroBooNE CCQE analysis.

The 3+1 scenario is preferred over the no-oscillation
model in both the MiniBooNE-only and combined-
fit cases. In the MiniBooNE-only fit we obtain a
∆χ2 = 27.8 between the two models, whereas in the
combined-fit we obtain a ∆χ2 = 24.7 for 3 additional
degrees of freedom introduced in the fit. This is smaller
than the ∆χ2 = 29 with 3 degrees of freedom reported
in the two neutrino oscillation analysis [2], representing
a drop in the significance when disappearance effects
are accounted for. If we assume the asymptotic approx-
imation to the test-statistic distribution provided by
Wilks’ theorem [28] with a difference of three degrees of
freedom between the models, then we obtain p-values of
4.09× 10−6 and 1.77× 10−5 in favor of the 3+1 scenario
for the MiniBooNE-only and combined analyses, respec-
tively. However, we expect the true difference in degrees
of freedom between the models to be less than three,
based on both the degeneracy inherent in the 3+1 model
and the smaller difference in degrees of freedom observed
in the two-neutrino MiniBooNE oscillation study [2,
§5]. A reduction in the difference in degrees of freedom
between the models would increase the significance of
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FIG. 2. The results of the MiniBooNE-only and combined
fits with MicroBooNE’s CCQE sample [11] (top) and Micro-
BooNE’s Inclusive sample [14] (bottom). The likelihood is
obtained by profiling over all parameters except ∆m2 and
sin2(2θµe). The two best-fit points are shown as appropriately
colored stars, and the contours are obtained by comparing the
profile-likelihood-ratio test-statistic to the asymptotic distri-
bution provided by Wilks’ theorem, and assuming a difference
of two degrees of freedom.

these two statistical tests. Therefore, we conservatively
estimate that the MiniBooNE-only 3+1 model test
prefers the 3+1 model to the SM at approximately 4.6σ,
and the addition of the MicroBooNE electron-neutrino
CCQE (inclusive) data reduces this significance to
approximately 4.3σ (3.4σ).

CONCLUSION

This letter has explored a full 3+1 sterile-neutrino os-
cillation model within the context of results from the
MiniBooNE and MicroBooNE experiments. In the Mini-
BooNE electron-like analysis, we consider νµ → νe ap-
pearance alongside both νe and νµ disappearance. In the
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3+1 Fit |Ue4|2 |Uµ4|2 ∆m2 ∆χ2/
dof

MiniBooNE only 0.021 0.500 0.191 27.8 / 3
Combination (DL) 0.016 0.500 0.209 24.7 / 3
Combination (WC) 0.500 0.500 0.033 17.3 / 3

TABLE I. Summary of results. The ∆χ2/dof in the last col-
umn compares the 3 + 1 model to the no-oscillation model.

MicroBooNE CCQE analysis, we consider νe appearance
and νe disappearance. In the MicroBooNE inclusive anal-
ysis, we consider νe appearance and both νe and νµ dis-
appearance. In an analysis of the MiniBooNE-only data,
we find a best-fit to the 3+1 model of ∆m2 = 0.191 eV2,
|Ue4|2 = 0.021, |Uµ4|2 = 0.500, and sin2(2θµe) = 0.0417.
A combined-fit to the MiniBooNE and MicroBooNE
CCQE analyses finds a best fit to the 3+1 model at os-
cillation parameters of ∆m2 = 0.209 eV2, |Ue4|2 = 0.016,
|Uµ4|2 = 0.500, and sin2(2θµe) = 0.0316. A combined-fit
to the MiniBooNE and MicroBooNE inclusive analyses

finds a best fit to the 3+1 model at oscillation parame-
ters of ∆m2 = 0.033 eV2, |Ue4|2 = 0.500, |Uµ4|2 = 0.500,

and sin2(2θµe) = 1.0. In the MiniBooNE only analysis,
the 3+1 scenario is preferred over the no-oscillation case
with a ∆χ2/dof of 27.8/3, whereas in the combined anal-
ysis with MicroBooNE CCQE (inclusive) data we obtain
∆χ2/dof = 24.7/3 (17.3/3). Although the 3+1 model is
not a perfect description of the low-energy MiniBooNE
electron neutrino data, we find that a 3+1 sterile neu-
trino oscillation scenario is a better description of the
MiniBooNE data than the no-oscillation scenario and is
not in tension with MiniBooNE’s muon neutrino data.
We also find that the MicroBooNE electron-neutrino data
do not rule out the allowed 3+1 interpretations for the
MiniBooNE data, but do reduce the significance of the
result and make only a small modification to the allowed
regions. We look forward to the inclusion of additional
data into this combined fit from the upcoming SBND
and ICARUS experiments in order to shed more light
onto the 3+1 sterile neutrino hypothesis [29].
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Supplemental Materials: MiniBooNE and MicroBooNE Combined Fit to a 3+1
Sterile Neutrino Scenario

S1. LIKELIHOOD

The physics parameters of the model are the mass squared splitting ∆m2, electron-sterile mixing |Ue4|2, and muon-

sterile mixing |Uµ4|2. The mixing parameters (|Ue4|2, |Uµ4|2) are allowed to vary between 0 and 1 while maintaining

unitarity of the mixing matrix through the condition |Ue4|2 + |Uµ4|2 ≤ 1. The additional nuisance parameters of the

model are the MicroBooNE per-bin systematic scalings αi. Here the set of physics parameters are denoted by ~θ, and
the set of nuisance parameters denoted by ~η. The combined MiniBooNE-MicroBooNE likelihood is the product the
two experimental likelihoods such that

L(~θ, ~η|~x) = LMB(~θ|~xMB)× LuB(~θ, ~η|~xuB),

where LMB is the MiniBooNE likelihood, LuB is the MicroBooNE likelihood, ~xMB is collection of the MiniBooNE
data counts, ~xuB is the collection of MicroBooNE data counts, and ~x = ~xMB ∪ ~xuB is the collection of all data counts.
The MiniBooNE likelihood is approximated as a multivariate normal distribution

LMB(~θ, ~η|~xMB) = N (~xMB|~µMB(~θ),ΣMB(~θ)),

where ~µMB is the predicted number of data counts in each bin, and ΣMB is the MiniBooNE covariance matrix. In
this case the MiniBooNE covariance matrix includes systematic errors, Poisson statistical errors, and Monte-Carlo
statistical errors. The MicroBooNE likelihood is given by

LuB(~θ, ~η|~xuB) = N (~α|1,ΣuB)×
∏

i

LEff(αiµ
uB
i (~θ), σ2

i,mc(~θ, αi)|xi,uB),

where N (~α|1,ΣuB) is the multivariate normal prior on the MicroBooNE systematics scalings, ΣuB is the MicroBooNE
fractional covariance matrix, µi is the predicted number of data counts in each bin before systematic modifications,
and σ2

i,mc is the Monte-Carlo statistical error on the per-bin data count prediction after the systematics scalings have
been applied. The MicroBooNE fractional covariance matrix, ΣuB, is the constrained fractional covariance matrix
from [1, 2]. The likelihood LEff is a Poisson-based likelihood that accounts for finite Monte-Carlo sample errors, and
is described in [3]. The minimum − logL for each of the 3+1 fit scenarios described in the main text is given in
Table S1.

Datasets Included min~η{− logL} (no-oscillation model) min~θ,~η{− logL} (3+1 model)

MiniBooNE only 219.1 205.2
MiniBooNE + DL 251.0 238.7
MiniBooNE + WC 673.1 664.5

TABLE S1. Summary of the minimum negative-log-likelihood values for each of the 3+1 fit scenarios described in the main
text, including the result for both the no-oscillation and oscillation cases.

S2. COMBINED FIT WITH MICROBOONE INCLUSIVE ANALYSIS

In this section, we provide the predicted event event rate in the MiniBooNE νe+ ν̄e and νµ+ ν̄µ distributions, as well
as well as the MicroBooNE νe FC, νe PC, νµ FC and νµ PC distributions for the “Combination (WC)” best fit to the
3+1 model in Table I. Comparisons between data and prediction in each of these channels is shown in Figure S1. One
can see that the best-fit solution prefers negligible νµ disappearance while still allowing for enough νµ(ν̄µ) → νe(ν̄e)
appearance to explain most of the excess in the MiniBooNE νe + ν̄e channel. Additionally, the systematic pull terms
in the MicroBooNE analysis modify the prediction in the νµ FC and νµ PC channels to match the data, in contrast
to the central value prediction shown in Figure 21 of Ref. [4].
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FIG. S1. Comparison between data and prediction for each experiment, showing the prediction from both the SM and the 3+1
model, considering the 3+1 “Combination (WC)” fit parameters of Table I. See the caption of Figure 1 in the main text for a
description of the content of each subfigure.

S3. CONSTRAINTS FROM MICROBOONE DATA

In this section, we report the constraints in 3+1 parameter space derived from each of MicroBooNE samples
individually. Results from the CCQE (Inclusive) sample are shown in the left (right) plot of Figure S2. One can see
that the Inclusive sample sets a slightly stronger constraint than the CCQE sample.
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FIG. S2. Constraints in 3+1 parameter space from the MicroBooNE CCQE (left) and Inclusive (right) samples. See the caption
of Figure 2 in the main text for more details on the content shown in each plot. Note that the best fit point for the Inclusive
sample lies outside of the window shown here.
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