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We present a search for eV-scale sterile neutrino oscillations in the MicroBooNE liquid argon detector,
simultaneously considering all possible appearance and disappearance effects within the 3þ 1 active-to-
sterile neutrino oscillation framework. We analyze the neutrino candidate events for the recent
measurements of charged-current νe and νμ interactions in the MicroBooNE detector, using data

corresponding to an exposure of 6.37 × 1020 protons on target from the Fermilab booster neutrino beam.
We observe no evidence of light sterile neutrino oscillations and derive exclusion contours at the 95%
confidence level in the plane of the mass-squared splitting Δm2

41 and the sterile neutrino mixing angles θμe
and θee, excluding part of the parameter space allowed by experimental anomalies. Cancellation of νe
appearance and νe disappearance effects due to the full 3þ 1 treatment of the analysis leads to a degeneracy
when determining the oscillation parameters, which is discussed in this Letter and will be addressed by
future analyses.

DOI: 10.1103/PhysRevLett.130.011801

The discoveries of solar [1] and atmospheric neutrino
oscillations [2] have motivated a broad experimental
program dedicated to studying neutrino mixing. While
most measurements [3–13] are consistent with three-flavor
(3ν) neutrino oscillations as described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) formalism [14–16],
several experimental anomalies [17–27] can possibly be
explained by a hypothetical sterile neutrino with a mass at
the eV scale [15,28]. The SAGE [17] and GALLEX [18]
experiments, and more recently, the BEST [19,20] experi-
ment, have observed lower than expected νe rates from
radioactive sources, which is known as the gallium
anomaly. Reactor neutrino experiments have measured
lower ν̄e rates [21] than the expectation based on reactor
antineutrino flux calculations [22,23]. This observation is
referred to as the reactor anomaly. An oscillation signal in
the reactor ν̄e energy spectrum over distances of a few
meters was reported by the Neutrino-4 [24] Collaboration.

In addition to these observed ν
ð‐Þ
e deficits, excesses of

ν
ð‐Þ
e-like events were also observed in some ν

ð‐Þ
μ dominated

accelerator neutrino experiments. The LSND Collaboration
[25] observed an anomalous excess of ν̄e-like events, and
the MiniBooNE Collaboration [26,27] observed an excess
of low-energy electronlike events.
These anomalies are in strong tension with other

experimental results within the 3ðactiveÞ þ 1ðsterileÞ oscil-
lation framework as seen in a global fit of the data [29]. In
addition, recent experimental measurements [30,31] and
improvements of the reactor antineutrino flux calculation
[32,33] lead to a plausible resolution of the reactor
antineutrino anomaly. The Neutrino-4 anomaly is largely
excluded by the results from other very short baseline
reactor neutrino experiments, for example, PROSPECT
[34], STEREO [35], DANSS [36], NEOS [37], although it
is consistent with the gallium anomaly.
The MicroBooNE Collaboration has recently reported a

first set of searches related to the MiniBooNE low-energy
excess, targeting multiple final-state topologies of the
charged-current (CC) νe interactions [38–41] and the
neutral-current (NC) Δ resonance decay that produces a
single photon in the final state [42]. The MicroBooNE
detector [43] has a similar location and is exposed to the
same booster neutrino beam (BNB) [44] as the MiniBooNE
detector. Utilizing the liquid argon time projection
chamber (LArTPC) technology that can provide good
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e=γ separation, MicroBooNE has achieved high-
performance νe selections and observes no evidence of a
νe excess [38–41]. These results disfavor the hypothesis
that the MiniBooNE low-energy excess originates solely
from an excess of νe interactions. Instead, one or more
additional mechanisms [45–52] are required to explain the
MiniBooNE observations.
A light sterile neutrino would profoundly impact funda-

mental physics. In addition to testing models that may
explain both the MicroBooNE andMiniBooNE low-energy
νe observations, interpreting the MicroBooNE νe results in
the context of a sterile neutrino can provide valuable
statements beyond the conclusions already reached by
the current analyses, and examine the remaining experi-
mental anomalies that may be explained by a sterile
neutrino. Recent phenomenological studies have examined
the MicroBooNE νe results in the context of a sterile
neutrino hypothesis. One study [53] considers a νe dis-
appearance-only hypothesis, while another [54] considers
the full 3þ 1 oscillation effect.
In this Letter, we present a new analysis testing the sterile

neutrino hypothesis in a full 3þ 1 oscillation framework
with detailed event-level information. We use the dataset
from the MicroBooNE inclusive νe CC measurement [41],
and compare the results to the parameter space allowed by
the LSND, gallium (including BEST), and Neutrino-4
anomalies. We simultaneously consider short-baseline
sterile-neutrino-induced νe appearance and νe disappear-
ance. This treatment can lead to cancellations that result in a
degeneracy when determining the oscillation parameters,
which we will introduce in more detail in this Letter.
The MicroBooNE detector [43] is a 10.4 m long, 2.6 m

wide, and 2.3 m tall LArTPC, located on-axis of the BNB at
Fermilab. It consists of about 85 metric tons of liquid argon
in the TPC active volume for ionization charge detection
along with an array of photomultiplier tubes [55]
for scintillation light detection. It sits at a distance of
468.5 m from the target of the BNB, which uses protons
with a kinetic energy of 8 GeV impinging on the target,
producing secondary hadrons. The hadrons are mostly
pions or kaons that decay in flight, producing a neutrino
beam through their decay. The MicroBooNE BNB dataset
was collected entirely in neutrino mode and consists of a
very pure νμ beam with a small ν̄μ contamination and a νe
contamination of < 1%.
We perform a full 3þ 1 (4ν) neutrino oscillation

analysis, capitalizing on the seven channels of νe and νμ
selections and their statistical and systematic uncertainties
from the MicroBooNE inclusive νe low-energy excess
search [41]. The analysis uses the BNB Runs 1–3 dataset
with an exposure of 6.369 × 1020 protons on target (POT).
In addition to the standard Monte Carlo (MC) samples for
intrinsic νe and νμ events in the BNB, a dedicated νμ → νe
oscillation sample was generated to appropriately take into
account the flux and cross-section systematic uncertainties

related to the νe appearance events. The seven channels
comprise fully contained (FC) and partially contained (PC)
νe CC processes, FC and PC νμ CC processes without final-
state π0 mesons, FC and PC νμ CC processes with final-
state π0 mesons, and a NC channel with final-state π0

mesons. The fully contained events are defined as those that
have all reconstructed TPC activity (i.e., charge deposi-
tions) within a fiducial volume 3 cm from the TPC
boundaries. Because there are νμ and νe components in
the BNB flux, the νe appearance (from νμ), νe disappear-
ance, and νμ disappearance oscillation effects in the 3þ 1

framework are simultaneously applied to the predicted
signal and background events in all seven channels in the
oscillation fit. The νμ appearance effect is neglected
because of the very low fraction of intrinsic νe in the
BNB flux. This strategy takes full advantage of the
statistics of the selected νe and νμ events in the FC and
PC channels, and at the same time maintains the capability
to apply data constraints across channels through a joint fit
to the seven channels, thereby reducing the systematic
uncertainty in the oscillation analysis. The neutrino energy
reconstruction primarily follows a calorimetric method
with an energy resolution of approximately 10%–15%
and a bias of 5%–10% for CC events [41]. In the
reconstruction of NC events, we use this method to estimate
the energy transfer with an invisible outgoing neutrino. The
reconstruction of visible energy for the NC events in this
analysis has a similar bias and energy resolution to the
neutrino energy reconstruction of CC events.
We use an extended 4 × 4 unitary PMNS matrix (U) to

describe the 3þ 1 neutrino mixing between the flavor and
mass eigenstates. Following the common parameterization
[29,56], the elements of U relevant to this Letter can be
expressed as

jUe4j2 ¼ sin2θ14;

jUμ4j2 ¼ cos2θ14sin2θ24;

jUs4j2 ¼ cos2θ14cos2θ24cos2θ34; ð1Þ

where s denotes the sterile neutrino flavor. Given the
energy range of the neutrino flux at MicroBooNE, in the
parameter space with Δm2

41 ≫ jΔm2
31j, the short-baseline

oscillation probability from α-flavor to β-flavor neutrinos in
vacuum approximates to

Pνα→νβ ¼ δαβ þ ð−1Þδαβsin22θαβsin2Δ41; ð2Þ

where δαβ is the Kronecker delta,

Δ41 ≡ Δm2
41L

4E
¼ 1.267

�
Δm2

41

eV2

��
MeV
E

��
L
m

�
; ð3Þ

and
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sin22θαβ ¼ 4jUα4j2jδαβ − jUβ4j2j: ð4Þ

We define θαβ as the effective mixing angles, which can be
expressed as

sin22θee ¼ sin22θ14;

sin22θμe ¼ sin22θ14sin2θ24;

sin22θμμ ¼ 4cos2θ14sin2θ24ð1 − cos2θ14sin2θ24Þ;
sin22θes ¼ sin22θ14cos2θ24cos2θ34;

sin22θμs ¼ cos4θ14sin22θ24cos2θ34: ð5Þ

Ignoring the oscillation effect in the negligible neutrino
background outside of the detector cryostat, for the other
CC and NC signal or background events in all seven
channels, we use sin22θee and sin22θμe to predict the νe CC
energy spectrum, sin22θμμ to predict the νμ CC energy
spectrum, and sin22θes and sin22θμs to predict the NC
energy spectrum. We fix θ34 to 0 (cos2θ34 ¼ 1) since it has
a negligible impact in this analysis given the current
contribution of the NC events in the seven channels.
The NC events are mainly used to constrain the NC π0

background in the νe CC channels and the NC event
disappearance can be probed in the future with a more
inclusive NC selection. As a result, the three oscillation
parameters Δm2

41, sin
2θ14, and sin2θ24 are free to vary in

the fit.
It is important to note that in an oscillation analysis such

as this one, performed in a νμ-dominated beam with a non-
negligible intrinsic νe component, the effects of νe dis-
appearance and appearance can lead to a cancellation effect
on the impact on the expected event rates. Equation (6)
demonstrates this quantitatively,

NνeðEνÞ ¼ TνeðEνÞ½1þ ðRðEνÞ × sin2θ24 − 1Þ
× sin22θ14 sin2Δ41ðEνÞ�; ð6Þ

where Tνe is the number of intrinsic νe in the flux, and R is
the ratio between the number of intrinsic νμ and νe for a
given true neutrino energy Eν. When sin2θ24 approaches the
inverse of the average value of RðEνÞ in the BNB, i.e.,
1=R ≈ 0.005, the νe appearance and νe disappearance
contributions mostly cancel leading to a diminished oscil-
lation effect in the νe channels, independent of the values of
Δm2

41 and sin2θ14. This results in a decreased sensitivity to
sterile neutrino oscillations in this specific parameter space,
which was not fully considered in some experimental
results [25–27].
The test statistic used in the oscillation fit is the

combined-Neyman-Pearson (CNP) χ2 [57]

χ2 ¼ ðM − PÞT · ðCovstat þ CovsystÞ−1 · ðM − PÞ; ð7Þ

where M and P are vectors of the measurements and the
predictions for the seven channels, respectively, Covstat is
the CNP-format statistical uncertainty covariance matrix
corresponding to 3=ð1=Mi þ 2=PiÞ for the ith bin, and
Covsyst is the covariance matrix of the full systematic
uncertainty. The systematic uncertainties are estimated
from (i) the neutrino flux prediction of the BNB [58],
(ii) ν-argon cross section modeling from the GENIE event
generator [59,60], (iii) final-state hadron-argon interactions
in the GEANT4 simulation [61,62], (iv) residual discrepan-
cies in detector response after calibrations [63–66], and
(v) finite statistics of the MC samples used for central value
predictions. An additional uncertainty is conservatively
determined for the events that originate from the neutrino
interactions outside the LArTPC cryostat. The covariance
matrices Covstat and Covsyst depend on the prediction for
the central values in each energy bin and thus vary as a
function of the oscillation parameters in the fit.
The data is found to agree with the 3ν (null) hypothesis

within 1 standard deviation (σ) significance. The joint
fit to the seven channels yields a best-fit result of
Δm2

41 ¼ 1.295 eV2, sin2θ14 ¼ 0.936, and sin2 θ24 ¼ 0with
a χ2 of 86.62 for 179 degrees of freedom. The best-fit
values give sin22θee ¼ 0.240 and sin22θμeðμμÞ ¼ 0, and the
corresponding predicted νe energy spectra are shown in
Fig. 1. The energy distributions of the other channels can be
found in the Supplemental Material [67]. In this oscillation
fit, the χ2 value is largely symmetric relative to sin2 θ14 ¼
0.5 because the dominant oscillation effects from νe
appearance and νe disappearance depend on sin2 2θ14.
The best-fit slightly prefers sin2θ14 ¼ 0.936 to sin2 θ14 ¼
0.064. We obtain a Δχ2data ¼ χ2null;3ν − χ2min;4ν ¼ 2.53 with
3 degrees of freedom, corresponding to a p value of 0.426
following the Feldman-Cousins (F-C) procedure [76]. The
Supplemental Material [67] presents the F-C Δχ2 distri-
bution corresponding to the null hypothesis. It also pro-
vides the values of Δχ2data ¼ χ24ν − χ2min;4ν for each 4ν
hypothesis in an 80 × 60 × 60 three-dimensional grid of
the oscillation parameters spanning over 0.01–100 eV2 in
Δm2

41, 0.0001–1.0 in sin2θ14, and 0.0001–1.0 in sin2θ24 on
a logarithmic scale.
Since the data are found to be consistent with the 3ν

hypothesis, exclusion limits are calculated using the fre-
quentist-motivated CLs method [77], which is commonly
used for the discovery or exclusion limits in neutrino
oscillation analyses [34–36,68]. The CLs test statistic is
based on Δχ2CLs

¼ χ24ν − χ23ν, which compares the null 3ν
hypothesis and an alternative 4ν hypothesis. It is defined by

CLs ¼
1 − p4ν

1 − p3ν
; ð8Þ

where p4ν (p3ν) is the p value of Δχ2CLs;data
assuming the 4ν

(null 3ν) hypothesis is true. The p value is determined in a
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frequentist approach by throwing pseudoexperiments fol-
lowing the corresponding full covariance matrix assuming
a hypothesis is true. The region with CLs ≤ 1 − α is
excluded at the confidence level (C.L.) of α.
Figure 2 shows the frequentist CLs exclusion contours

and sensitivities at the 95% C.L. in the (Δm2
41, sin

22θμe)
plane and in the (Δm2

41, sin
22θee) plane. Since there are

three free oscillation parameters in the fit, the exclusion
limit in any two-dimensional (2D) parameter space is

obtained by profiling the third dimension. After profiling,
the exclusion limit corresponds to the value of the third
dimension that gives the minimal χ24ν along that dimension
at each point in the 2D parameter space. This procedure is a
natural choice according to Refs. [78–80]. The sin2 θ24
value after profiling in this analysis is generally small,
between 0 and 0.01, which is consistent with the existing
experimental constraints [29,81,82]. All sensitivities in this
Letter are calculated using the Asimov dataset [83] from
MC simulation, corresponding to the 3ν central value
predictions without oscillation.
The Asimov sensitivities in the scenarios with only νe

appearance or only νe disappearance are often quoted in the
literature [25–27,84,85] as an approximation, neglecting
the oscillation effects from the intrinsic νe or νμ component
in the beam. These approximations result in overly opti-
mistic sensitivities compared to the 2D profiled results
because the cancellation between νe appearance and νe
disappearance is neglected. Our primary result, therefore,
does not use this approximation, but we include data
exclusion limits taking only νe appearance or only νe
disappearance into account in the Supplemental Material
[67] in order to compare to historical results.
The νe disappearance-only case corresponds to

sin2 θ24 ¼ 0. However, νe appearance only is a valid
approximation only when the intrinsic νe disappearance
effect is small compared to the νe appearance effect since
nonzero νe appearance requires both nonzero νe and νμ
disappearances. As seen in Fig. 2(a), the νe appearance-
only sensitivity asymptotically converges with the 2D
profiled sensitivity in the low Δm2

41 (< 0.2 eV2) region,
where the effect of νe disappearance becomes negligible
compared to the νe appearance effect.
The LSND allowed region shown in Fig. 2(a) was

calculated using the νe appearance-only approximation.
After considering νe disappearance, it will move towards
larger sin22θμe by a small amount because the intrinsic ν̄e
contribution is small compared to the observed excess of
ν̄e-like events in the LSND experiment. Part of the LSND-
allowed region is excluded by the MicroBooNE 2D
profiled result, especially in the high and lowΔm2

41 regions.
Portions of the allowed regions of the Neutrino-4 and
gallium anomalies in Fig. 2(b) are within the MicroBooNE
data exclusion limit, with part of the region between
Δm2

41 ¼ 3 and 10 eV2 excluded. Other experimental con-
straints on the related sterile neutrino parameter space can
be found in the Supplemental Material [67].
The MicroBooNE results shown in this Letter are

predominantly limited by the impact of the degeneracy
caused by νe appearance and νe disappearance effects on
the event rate. Future analysis strategies can break this
degeneracy, further improving the sensitivity reach of a
3þ 1 sterile neutrino search. The degeneracy can be
addressed leveraging that MicroBooNE detects neutrinos
from both the BNB and NuMI beam lines. In addition to
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FIG. 1. Reconstructed neutrino energy of (a) fully contained νe
CC and (b) partially contained νe CC events. The data points are
shown with statistical error bars. The MC predictions of the 3ν
hypothesis for νe CC events (green) and different types of
backgrounds are shown in the stack of histograms. The category
“Others” corresponds to the background events originating from
either beam neutrino interactions outside the fiducial volume or
cosmic-ray muons. The dashed red histogram represents the MC
prediction of the 4ν best-fit with Δm2

41 ¼ 1.295 eV2, sin2θ14 ¼
0.936 (sin22θee ¼ 0.240), and sin2 θ24 ¼ 0 (sin2 2θμeðμμÞ ¼ 0).
The MC predictions and shaded error bands correspond to the
central values and systematic uncertainties for each energy bin
with constraints (Sec. VI A in Ref. [41]) from the νμ CC and π0

channels as used in the joint fit to the seven channels.
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BNB, the MicroBooNE detector is situated at 680 m from
the NuMI target and 8° off axis from the NuMI beam
direction, where NuMI is the neutrino beam from the main
injector [86]. It uses protons with a kinetic energy of
120 GeV, much higher than BNB, impinging on the target.
The ratios of the νe to the νμ fluxes are 0.005 and 0.04 for
the BNB and NuMI beams, respectively. The cancellation
of νe disappearance and νe appearance effects therefore
proceeds differently for the two beams, breaking the
degeneracy that would be observed in an experiment with
a single beam line. Multidetector oscillation analyses will
also help break the degeneracy in some regions because the
overall cancellation effect depends on not only the RðEνÞ
term but also the oscillation term as a function of the ratio
L=E. Such a multiple-detector strategy, as adopted by the
short-baseline neutrino program (SBN) [87], will further
improve the capability to probe the sterile neutrino param-
eter space with substantially reduced neutrino cross-section
and flux uncertainties.
In summary, the MicroBooNE BNB Run 1–3 data show

no evidence of sterile neutrino oscillations and are found to
be consistent with the 3ν hypothesis within 1σ significance.
The current exclusion contours, corresponding to a BNB
exposure of 6.369 × 1020 POT, allow for a test of part of the
sterile neutrino parameter space suggested by other exper-
imental anomalies. This result provides the first constraints,
competitive in the relatively high Δm2

41 region, on the eV-
scale sterile neutrino parameter space measured in a
LArTPC detector from an accelerator neutrino source.
This Letter paves the way for future neutrino oscillation

searches with LArTPCs in the SBN and DUNE [88]
experiments. An upcoming search for sterile neutrino
oscillations at MicroBooNE combining the BNB and
NuMI data will improve upon the current result by breaking
the parameter degeneracy in some regions and by using
data from two different beam lines.
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