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The existence of three distinct neutrino flavours, v., v,and v, is a central tenet of the
Standard Model of particle physics*%. Quantum-mechanical interference can allow a
neutrino of one initial flavour to be detected sometime later as a different flavour, a
process called neutrino oscillation. Several anomalous observations inconsistent with
this three-flavour picture have motivated the hypothesis that an additional neutrino
state exists, which does notinteract directly with matter, termed as ‘sterile’ neutrino, v,
(refs.3-9). Thisincludes anomalous observations from the Liquid Scintillator Neutrino
Detector (LSND)? experiment and Mini-Booster Neutrino Experiment (MiniBooNE)*>,
consistent withv, - v, transitions at adistance inconsistent with the three-neutrino
picture. Here we use data obtained from the MicroBooNE liquid-argon time projection
chamber'®intwo accelerator neutrino beams to exclude the single light sterile neutrino
interpretation of the LSND and MiniBooNE anomalies at the 95% confidence level (CL).
Moreover, we rule out anotable portion of the parameter space that could explain the
gallium anomaly® 8, This is one of the first measurements to use two accelerator neutrino
beamstobreak adegeneracy between v, appearance and disappearance, whichwould
otherwise weaken the sensitivity to the sterile neutrino hypothesis. We find no evidence
foreitherv, ~>v.flavour transitions or v, disappearance that would indicate non-
standard flavour oscillations. Our results indicate that previous anomalous observations

consistentwithv, > v, transitions cannot be explained by introducing a single sterile

neutrino state.

Abroad experimental programme has shown that the three quantum-
mechanical eigenstates of neutrino flavour, v, v,and v,, are related to
thethree eigenstates of neutrino mass, v;, v,and v;, by the unitary Pon-
tecorvo-Maki-Nakagawa-Sakata (PMNS) matrix''2. This mixing
between flavour and mass states gives rise to the phenomenon of neu-
trino oscillation, in which neutrinos transition between flavour eigen-
states with a characteristic wavelengthin L/E, < (Amj) ™, where L is the
distance travelled by the neutrino, E, is the neutrino energy and
Amj;=m} - m} is the difference between the squared masses of the
mass eigenstates v;and v,. The three known neutrino mass states give
rise to two independent mass-squared differences and thus to two
characteristic oscillation frequencies that have been well measured
with neutrinos from nuclear reactors™", the Sun®, the atmosphere of
Earth'®" and particle accelerators'®2°,

In apparent conflict with the three-neutrino model, several experi-
ments during the past three decades have made observations that can
beinterpreted as neutrino flavour change with a wavelength much
shorter than is possible given only the two measured mass-squared
differences®?®. These observations are often explained as neutrino
oscillations caused by atleast one additional mass state, v,, correspond-
ing toamass-squared splitting of Am2 21072 eV whichis much grea-
ter than the measured Am2 and Amz. New mass states would require
the addition of an equivalent number of new flavour states, in conflict
with measurements of the Z-boson decay width?, which have defini-
tively shown thatonly three light neutrino flavour states couple to the

Zboson of the weak interaction. Therefore, these additional neutrino
flavour states must be unable tointeract through the weak interaction
and are thus referred to as ‘sterile’ neutrinos. In this analysis, we focus
specifically onlight sterile neutrinos—those with masses below at least
half the mass of the Zboson. It should be noted that the term ‘sterile
neutrino” has also been used to describe new particles, such as heavy
right-handed lepton partners, that are potentially more massive than
the Zboson. However, our study does not directly test these scenarios.
Thediscovery of additional neutrino states would have profound impli-
cations across particle physics and cosmology, for example, on our
understanding of the origin of neutrino mass, the nature of dark matter
and the number of relativistic degrees of freedominthe early universe.

With the addition of a single new mass state v, and a single sterile
flavour state v,, the PMNS matrix becomes a 4 x 4 unitary matrix
described by six real mixing angles 8; (1< i<, <4). Oscillations driven
by the two measured mass-squared splittings have not had time to
evolve for smallvalues of L/E,. The v, to v, flavour-change probability,

P, ., ,andthev,andv,survival probabilities, P, ,, andP, ,, ,can
no e . . o VePVe 1> Vmu
then, to a very good approximation, be described by
AmBL
—cin s 2 41
P, >y, = SiN*(26),0)sin [mj (1
) o AmAL
Pve%ve:1—5m2(29ee)sm2[ 451 ] ()
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where 6., = 0y, sin?(26,,) = 4c0s’6,,5in*6,,(1 - c0s*6,,sin’6,,) and
sin?(26),.) = sin*(26,,)sin”0,,, following the common parameteriza-
tion®. Flavour transitions due to these new oscillation parameters are
experimentally probed by observing unexpected deficits or excesses
in charged current (CC) v, and v, interactions in a flavour-sensitive
neutrino detector from a source of well-defined neutrino flavour
content.

Observations compatible with a fourth neutrino mass state have
been made in measurements of intense electron-capture decay
sources® 8, inwhich adeficitin detected v, ratesimplies non-unity Py,
fromaAmg; > O(1 eV?). Although a hint of non-unity P, ,; is provided
by the nuclear-reactor-based Neutrino-4 experiment’, this resultisin
conflict with other reactor-based observations from DANSS, NEOS,
PROSPECT and STEREO, which see no evidence for L/E,-dependent
v, disappearance®2°. Two accelerator-based experiments, LSND
and MiniBooNE, have observed potential evidence of non-zero P‘,pve
associated with large mass splittings of Am2 > O(107% eV?). The LSND
experiment observed an anomalous excess of v, interactionsinam*
decay-at-rest beam®. The MiniBooNE experiment, situated downstream
fromthe Booster Neutrino Beam (BNB) proton target facility generat-
ing abeam of GeV-scale v, and v;, from decays of boosted m" and r",
observed an excess of electromagnetic showers indicative of v, interac-
tions that would imply a non-zero PVp_We (refs. 4,5). Observations of v,
disappearance and v.appearance should be accompanied by v, disap-
pearance (non-unity Pvﬁvu) if the PMNS matrix s unitary. No conclusive
observation of this v, disappearance has been reported” . The over-
all picture of the existence and phenomenology of sterile neutrino
states thus remains inconclusive.

Inthisarticle, we present new results on sterile neutrino oscillations
from the MicroBooNE liquid-argon time projection chamber (LArTPC)
experiment at Fermilab™. Situated along the same BNB beamline host-
ing the MiniBooNE experiment, MicroBooNE was conceived to directly
testthennon-zero vaveobservation of MiniBooNE. By supplanting the
Cherenkov detection technology of MiniBooNE with the precise imag-
ingand calorimetric capabilities of aLArTPC, MicroBooNE canreduce
backgrounds and select a high-purity sample of true v.-generated
final-state electrons. The first v. measurement results of MicroBooNE
using differing final-state topologies showed no evidence for an excess
of v.-generated electrons from the BNB**">, These results were used
to setlimits on v, > v, flavour transitions, excluding sections of the
region in (Amg,, sin*(26,)) space favoured by LSND and MiniBooNE
data®. Asthe BNB has an intrinsic contamination of electron neutrinos,
the disappearance of electron neutrinos can cancel the appearance of
electron neutrinos from v, > v, oscillations™. This effect leads to a
degeneracy between the impact of the mixing angles 6, and 6., of
equations (1) and (2) that weakens the sensitivity to the parameters of
the expanded 4 x 4 PMNS matrix.

We overcome the limitations of the degeneracy between v, appear-
ance and v, disappearance by performing one of the first oscillation
searches using two accelerator neutrino beams: the BNB and the Neu-
trinos at the Main Injector (NuMI) beam. The MicroBooNE detector is
aligned withthe direction of BNB andis at an angle of about 8°relative
tothe NuMIbeam. Beam timing informationis used to distinguish and
record events from each beam separately. This configuration results
intwo neutrino datasets differing in the intrinsic electron-flavour frac-
tion. The electron-flavour content of BNBis 0.57% and that of the NuMI
beam is 4.6%. These two independent sets of data, with substantially
different electron-flavour contents, break the degeneracy betweenv,
appearance and disappearance. We show the impact of using two beams
inFig.1a,b,in which we compare simulated v, energy spectrafromthe
BNB and the NuMI beam for the three-flavour (3v) hypothesis and for
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Fig.1|Illustration of the breaking of the degeneracy between v.appearance
and disappearance enabled by the independent BNB and NuMI datasets
inMicroBooNE. a,b, Simulated reconstructed energy spectraof FCCC v,
interactionsin MicroBooNE from the BNB (a) and the NuMIbeam (b). The dark
blue histograms show the 3vexpectation for sin26,, = sin2(29ue) =0.Thelight
blue and red histograms show expectations for two sets of parameters of the 4v
model, bothwith Am j; =1.2 eV?andsin®(26,,.) = 0.003. Thelight blue histograms
show the expectation for sin®,,=0.018 and the red histograms show the
expectation for sin26,, = 0.0045. Note that these parameters were chosen
specifically to highlight differencesin the oscillated spectrabetween BNB and
NuMlIand do notimply that parameter spaces associated with these values are
newly excluded by this result.

two sets of parameters of the expanded four-flavour (4v) PMNS model
with Amg; =12 eV*and sin*(26,,,) = 0.003. For sin*6,, = 0.0045 the v,
appearance and disappearance cancelinthe BNB, leaving a v, spectrum
that is almost identical to the 3v case, whereas the NuMI beam shows
anindication of v,disappearance. The appearance and disappearance
effects almost fully cancel in the NuMI beam for sin%0,,=0.018,
whereas the BNB shows a clear indication of v, appearance. In the
Methods, we provide further discussion of this degeneracy over a
broader range of mass-squared splittings and mixing angles.

Using the two-beam technique, this new MicroBooNE analysis
achieves marked improvements in sensitivity to the parameters
sin2(295e) and sinz(zeue) relative to MicroBooNE’s prior sterile neut-
rino analysis over a broad range of AmJ values. These improvements
are shown by the sensitivities presented in Extended Data Fig. 2. The
results presented here using two neutrino beams place robust new
constraints on the validity of the sterile neutrino hypothesis in
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explaining existing short-baseline anomalies in neutrino physics. This
analysis strengthens the direct test of the sterile neutrino interpreta-
tion of the MiniBooNE anomaly and allows MicroBooNE to probe the
sin2(20ue) parameter space favoured by LSND. We also constrain
sin*(26,.), complementing existing exclusions from reactor, solar***’
and B-decay’® experiments, thereby further restricting the sterile neu-
trino parameter space relevant to the gallium anomaly.

We use data corresponding to 6.369 x 10% protons on target (POT)
in the BNB, with magnetic van der Meer horns configured to focus
positively charged hadrons, leading to a v,-dominated beam with
a5.9% v, component and a 0.57% v, + v, component. From the NuMI
beam, a total 0f 10.54 x 10%° POT are used, in which 30.8% were taken
with horns configured to focus positively charged hadrons and the
remainder with horns focusing negatively charged hadrons. The NuMI
flux observed in the MicroBooNE detector, withboth horn configura-
tions combined, is v, dominated with a42.1% v, componentand a 4.6%
v, + vV, component. In the rest of this paper, we do not discriminate
between neutrinos and antineutrinos and refer to the v, + v, and v, + v,
samples as v, and v.samples for brevity. For both BNB and NuMI, the
POT used in this analysis represent roughly half of the total data col-
lected by the MicroBooNE detector; additional dataremain available
for future studies.

The LArTPC detector of MicroBooNE has an active volume of
10.4 x 2.6 x 2.3 m> containing 85 tonnes of liquid argon. Charged par-
ticles passing through the argon create ionization trails. A273V cm™
electricfield drifts theionization electrons towards an anode plane con-
sisting of three layers of wires separated by 3 mm and each witha3-mm
wire pitch that collects the electrons and enables three-dimensional
imaging of the neutrinointeractions. The passage of charged particles
through the argon also produces scintillation light that is collected
by a system of photomultiplier tubes to provide timing information.
Signal processing and calibrations of MicroBooNE data are described
inrefs.39-44.

Neutrino interactions in the LArTPC are reconstructed with the
Wire-Cell analysis framework®. The techniques for identifying and
reconstructing neutrino interactions and their energies have been
described elsewhere®. We select a sample of CC v, interactions from
the BNB (NuMIbeam) with 82% (91%) purity and 46% (42%) efficiency,
andasample of CCv,interactions with 92% (78%) purity and 68% (62%)
efficiency. The CCv.and CCv,samplesare dividedinto fully contained
(FC) and partially contained (PC) samples, depending on whether all
charge depositions are contained in a fiducial volume 3 cm within
the TPC boundary. The CC v, events that contain a reconstructed
1 are separated into two additional FC and PC samples per beam.
Neutral current (NC) interactions that produce a i are distinguished
by the absence of along muon-like track and the presence of detached
reconstructed electromagnetic showers. These form an additional
sample. Intotal, we define 14 distinct event categories, seven for each
beam.

We produce aMonte Carlo prediction of our 14 samples, towhich we
comparethe data. Thereis substantial systematic uncertainty creating
this Monte Carlo simulation. The uncertainty onthe predicted rates of
the 14 samplesisgivenin Table1landis referred to as the unconstrained
systematic uncertainty. The largest uncertainties come from neutrino
interaction modelling for the BNB samples and from a combination of
neutrino fluxand interaction uncertainties for the NuMIsamples. Many
ofthese uncertainties are highly correlated. Thus, acombined fit of all
samples effectively constrains the uncertainties on the CC v, prediction
and atthe same time allows the CC v, prediction to be modified, as can
beseenfrom Tablel. The pionless samples constrain uncertainties on
CCyv,signal events, whereas the m° samples constrain uncertainties on
the dominant background.

Uncertainties on the neutrino flux prediction arise from uncertain-
tiesinthe production of charged pions and kaonsinthe BNBand NuMI
targets and the material around the target halls and hadron-decay
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Table 1| Event counts and systematic uncertainties

BNBFC BNBPC NuMIFC NuMIPC
Predicted and observed events in CC v, signal samples
Unconstrained true CC v, 310.9 175.7 1077 554.2
Constrained true CC v, signal 346.9 188.2 1446.5 7031
Background 53 40.7 79.2 104.7
Constrained total CC v, samples  399.9 228.9 1525.7 807.8
Data 338 219 1490 824
Systematic uncertainties on CC v, signal samples
Neutrino flux prediction 5.9% 6.1% 19.6% 19.7%
Neutrino interaction uncertainties 14.7% 14.0% 17.5% 15.1%
Detector uncertainties 3.3% 3.2% 2.0% 3.9%
Monte Carlo statistics 1.57% 1.95% 1.16% 1.67%
Total unconstrained uncertainty  16.3% 15.8% 26.4% 25.2%
Total constrained uncertainty 4.5% 5.5% 5.8% 5.9%

The predicted and observed event counts and the unconstrained and constrained systematic
uncertainties on the FC and PC CC v, samples from the BNB and the NuMI beam. All the
expected numbers correspond to 6.369x10% POT for BNB and 10.54x10% POT for NuMI.

volumes. These uncertainties are evaluated through comparison with
external hadron production data**, following a procedure similar to
that described in ref. 49. The v, flux from three-body K and p decays is
highly correlated with the v, flux from two-body mand K decays, allow-
ing our v, samples to effectively constrain the uncertainties on the v,
flux predictions. The neutrino interaction model is tuned using datasets
of pionless CC interactions from the T2K experiment™. Uncertainties
onthis neutrino interaction model are evaluated by varying the input
parameters within their allowed uncertainties. These uncertainties are
correlated between the BNB and NuMI datasets and betweenthe CCv,,
and v.samples because of the lepton universality of the weak interac-
tion. Uncertainties on the simulation of the detector include uncer-
tainties on the response of the detector to ionization, uncertainties
onthe amountof ionization charge freed by passing charged particles
through the detector, uncertainties ontheelectric field map of the TPC,
uncertainties on the production and propagation of scintillation light,
uncertainties on backgrounds from interactions occurring outside
the cryostat, and uncertainties on finite statistics of the simulation
samples used for predictions.

The simultaneous fit to the 14 samples from the BNB and the NuMI
beam incorporates all sources of systematic uncertainty through a
covariance matrix. We allow sin’(26,), sin*(26..) and Am,; complete
freedom within unitarity bounds as parameters of the fit. The
covariance-matrix formalism x* test of the fit can be found in the Meth-
ods. The constrained predictions shown in Fig. 2 assume the 3v hypo-
thesis of sin*(26),) = sin?(26,¢) = 0. They agree well with the data, with
a P-value of 0.92. The best-fit values for the oscillation parameters in
the 4v hypothesis are Am;; =1.30 x 107> eV?, sin*(26,,) = 0.999, and
sin%(26,.) = 0.999, with a * difference with respect to the 3v hypoth-
esis of

AXZ :Xn2u11,3v _anlin,4v =0.228. (4)

We observe no marked preference for the existence of a sterile
neutrino with a P-value of 0.96 evaluated using the Feldman-Cousins
procedure.

Exclusion contours are calculated using the frequentist CL, (confi-
dence level as a function of s) method®. The exclusion contour in any
two-dimensional parameter space is obtained by profiling the third
free parameter. At any point in the two-dimensional space, the value
ofthe profiled parameter that minimizes the y’ with respect to the data
is chosen. Figure 3a shows the 95% CL, exclusion contour in the
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Fig.2|Observed CCv.candidate events. a-d, Reconstructed energy spectra
of events selected as FC CC v, candidatesinthe BNB (a), PC CCv.candidates
inthe BNB (b), FC v.candidates in the NuMIbeam (c) and PC v, candidatesin

the NuMIbeam (d). The data points are shown with statistical error bars.

The constrained predictions for each sample are shown for the 3vhypothesis as
the solid histograms, with the blue showing the true CC v, events and thegreen
showing the background events. The background category contains CCv,,
interactions, NC neutrinointeractions, cosmicrays and interactions occurring
outside the fiducial volume of the detector. The yellow band shows the total
constrained systematic uncertainty on the prediction.

(Am2, sin2(20ue)) parameter space. The region allowed at 99% CL by
the LSND measurement and the vast majority of the region allowed at
the 95% CL by the MiniBooNE experiment are excluded. Figure 3b shows
the 95% CL, exclusion contour in the (Am2, sin*(26,.)) parameter
space. A notable portion of the region allowed by gallium measure-
ments and part of the region derived from the Neutrino-4 measurement
are excluded. In the Methods and Extended Data Fig. 2, we compare
our exclusions with the expected median sensitivities.

In summary, using data from the MicroBooNE detector, we report
one of the first searches for a sterile neutrino using two accelerator
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Fig. 3| Constraints on parameters of the 4v oscillation model. a,b, The

red lines show exclusion limits at the 95% CL,level in the plane of Am 3 and
sinz(zeue) (a)or sinz(zeee) (b). Alltheregionstotheright of theselinesare
excluded by the MicroBooNE data.Ina, the yellow shaded areais the LSND 99%
CLallowed regions®, which neglects the degeneracy between v, disappearance
and appearance. Thelightblue areais the MiniBooNE 95% CL allowed region®,
considering both v.disappearance and appearance.Inb, the purple shaded
areais the 2o allowed region of the gallium anomaly®. The dark blue shaded
areaisthe 2o allowed region from the Neutrino-4 experiment’®. For context,
notethat the stronger-than-expected constrainton sinz(zeue), drivenby the
deficitobservedinthe BNB v, CCFCsample and the excessinthe NuMlv, CC
sample, isdiscussedin detailinthe Methods and Extended DataFig. 2.

neutrinobeams. The oscillation fit to the 4vmodel using atotal of 14 CC
V., CCv, andNCm®samples from the BNB and the NuMIbeaminasingle
detector achieves amarked reduction of systematic uncertainties and
a powerful mitigation of degeneracies between v, appearance and
disappearance. The result shows no evidence of oscillations induced
by asingle sterile neutrino and is consistent with the 3v hypothesis
with a P-value of 0.96. We comprehensively exclude at a 95% CL the 4v
parameter space that would explain the LSND and MiniBooNE anoma-
lies through the existence of a light sterile neutrino in a model with
anextended 4 x 4 PMNS matrix. Our result expands the diverse range
of experimental approaches, excluding regions that would explain
the galliumanomaly and the Neutrino-4 observation with alight sterile
neutrino. This work, therefore, provides arobust exclusion of asingle
light sterile neutrino as an explanation for the array of short-baseline
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neutrino anomalies observed over the past three decades, represent-
ing the strongest constraint from a short-baseline experiment using
accelerator-produced neutrinos. Expanded models, including several
light sterile neutrinos®, neutrino decay effects®*** or production and
decay of new particles connected with the dark sector*>*® might explain
the anomalies. The Short Baseline Neutrino (SBN) Programme® at Fer-
milabadds two new LArTPC detectorsin the BNB, at different distances
from the proton target. Future measurements by MicroBooNE and
the broader SBN Programme can shed light on this expanded model
space, with future comprehensive insights provided by near-term
short-baseline measurements from diverse flavour channels and
energy regimes.
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Methods

Neutrino beams at MicroBooNE

The BNB and the NuMlI are conventional neutrino beamlines that use
intense proton beam pulses to generate on-axis neutrino fluxes peak-
inginthe neutrino-energy range 0.5-5 GeV. Boosted charged mesons
escapingthe target are focused into a decay pipe using magnetic horns,
allowing decaying mesons to impart much of their kinetic energy
directly to their neutrino product. The MicroBooNE detectoris onthe
axis of the BNB, 468.5 m from the proton target. The detectoris about
8° off-axis and 679 m from the proton target of the NuMI beam. The
muon flavour components of these beams are mostly generated via
the primary decay channel of the dominant mmesons, r*-> u* + vy (W),
whereas the electron-flavour component isgenerated by decay of the
pion’sboosted y* daughter, by y* > e*+v, w(v) +Ve(V), and by semllep
tonlcdecaysofsub -dominant K mesons, specnflcalIyK >al+er+v, (V)
and K> ¥+ e* + V(7).

Neutrinosinthe BNB are created by colliding protons with akinetic
energy of 8 GeV on aberyllium target, whereas in the NuMI beamline,
120 GeV protons collide with a carbon target. These differences serve
to generate a higher on-axis beam energy in the NuMI beam, as well
as agreater proportion of K meson production, leading to a higher v,
content at the highly off-axis position of MicroBooNE. The NuMIbeam
alsoincorporates alonger charged-meson decay pipe (675 m) than the
BNB (50 m), which increases its electron-flavour content by facilitat-
ing a higher proportion of decays of secondary p* from upstream "
decay. Although the latter effect drives higher electron-flavour con-
tent on-axis for NuMI relative to the BNB, it is the larger proportion of
unfocused or poorly focused K mesons of NuMI that drivesits elevated
electron-flavour content at the off-axis angle of MicroBooNE relative
to the on-axis flux of BNB.

Neutrino flux simulation

The simulation of the neutrino flux at MicroBooNE accounts for the
production of hadrons from the initial interaction of the proton beam
onthetargetand the propagation of these hadrons through a detailed
beamline geometry description, achieved using the GEANT4 toolkit®°.
Hadron production cross-sections are constrained by dedicated exter-
nal measurements where available, tailored to the specificbeam param-
eters, includingtarget differences and initial proton beamenergy. The
BNB simulation, identical to that used at MiniBooNE®, uses GEANT
v.4.10.4 with a custom physics list and constrains m* yields with data
from the HARP experiment®, along with an updated K" production
constraint from SciBooNE®*¢*, The NuMI simulation has been updated
to GEANT v.4.10.4 with the FTFP-BERT physics list®. The constraints
ontt*and K* yields from the NA49 experiment at CERN***" are imple-
mented using the PPFX toolkit*, which has been updated to use the
new GEANT version. Uncertainties are estimated for each process and
various components of the beamline geometry, resulting in a com-
bined systematic uncertainty of approximately 13% for the BNB and
26% for the NuMIbeam on the integrated flux. These uncertainties on
the fluxes are different from the uncertainties quotedin Table 1, which
are on the overall event rates. These uncertainties are dominated by
hadron productionrates and are larger for the NuMI beam because of
the lack of constraints at large off-axis angles from dedicated hadron
production experiments. As the nature of neutrino productionin the
two beamsis different, the uncertainties are considered uncorrelated
across the respective beams.

Degeneracy between v, appearance and disappearance

Theinterplay between oscillation of intrinsic v,and v.componentsin
the BNB and the NuMIbeam is shown in Extended DataFig. 1. For vari-
ous combinations of the expanded 4v PMNS mixing angles, and assum-
ing Am2 =14 eV?, the ratio of predicted v, signal events with 0 < F, <
2.5 GeV in MicroBooNE relative to the 3v prediction is shown for the

BNB on the x-axis and for the NuMI beam on the y-axis. By tracing ver-
tically alongx =1, we observe that aMicroBooNE BNB v, measurement
couldbe consistent with the 3vhypothesis of 8. = 6, = 0 as well as with
non-zero mixing anglesin the alternate 4v case. The addition of aNuMI
v. measurement enables a much clearer interpretation of the allowed
oscillation behaviour, while also strengthening the constraining power
ofthe analysis. Specifically, perfect agreement between data and the
3vprediction for both BNBand NuMIwould favour the null oscillation
case, whereas a large deficit in the high v.-content NuMI beam would
indicate competing appearance and disappearance effectsin the BNB
v.sample. Moreover, we can see that the range of allowed 4v predictions
in NuMI and BNB when taken together is quite restricted, allowing us
to set tighter limits on this oscillation model based on the observed
CCv.eventrates after constraintsin Table1(x= 0.9,y =1).

Extended Data Fig. 2 shows the impact of the degeneracy breaking
onthesensitivity to the 4v parameter space. The dashed lines show the
exclusion regions of the previous BNB-only analysis of MicroBooNE**,
compared withthesolid red lines, which show the exclusions obtained
by this analysis when including the NuMI beam data.

Statistical methods for oscillation analysis
The combined statistical and systematic uncertainties on the 14 event
samples are described by the covariance matrix

Ci Cru
=1 i N
Cup -

)]

C14 ,14

where the C;;are the bin-by-bin covariance matrices between the ith
andjth event samples. These covariance matrices are the sums of the
covariance matrices arising from statistical uncertainties and from
each source of systematic uncertainty,

Cstat Z Cif’yst.k' (6)

where the sum runs over the k sources of systematic uncertainty. The
covariance matrix for the statistical uncertainty follows the Pearson
format.

Figure 2 and Table 1 demonstrate the power of the 14 event sam-
ples to effectively constrain the systematic uncertainties due to the
correlations present in the covariance matrix. To produce the con-
strained predictions shown in Fig. 2 and the constrained systematic
uncertainties in Table 1, a conditional constraint formalism® is used,
which uses the 14 event samples simultaneously to constrain the sys-
tematic uncertainties and to provide updated predictions for each
event sample. To understand how the constraint is applied to the
ith event sample, the full unconstrained covariance matrix can be

written as
_ Ci,i Ci,x
Cx,i Cx,x ’

where elements with a subscript x represent the remaining 13 blocks
of the full matrix. An updated, constrained covariance matrix for the
ithevent sample is obtained as

@

ijfonstr. =Ci~Cix (Cx,x)_l “Cri 8)
Giventheunconstrained binned prediction for the ith event sample,
M, and the remaining binned prediction and datasamples, g, andn,, a

constrained binned prediction can also be formed as

”iCOHStr.:”i+Ci'X ( xx) (n _ﬂ ) (9)



To perform the oscillation fit, a x* test statistic,

X2=(N-M) -2 (N-M), (10)
is formed using the 14 binned event samples from the data,
N=(n,, ..., ny), where n;is the ith event sample from the data, and the
corresponding unconstrained binned predictions for the 14 event
samples, M= (i, ..., ;). The oscillation parameters used to produce
the prediction are varied until y* is minimized. As the bin-to-bin cor-
relations between the 14 event samples are contained in the matrix X,
minimizing this x*intrinsically incorporates the constraint procedure
into the measurement of the oscillation parameters. As x*is minimized,
the absolute systematic uncertainty varies as the number of oscillated
neutrinointeractions within the fiducial volume changes, whereas the
fractional systematic uncertainty remains constant. By contrast, the
absolute systematic uncertainty related to non-neutrino backgrounds
and out-of-fiducial-volume neutrino interactions remains unchanged.
Consequently, the total covariance matrix is updated in accordance
with the oscillation parameters of interest.

Exclusion limits on the oscillation parameters are calculated using
the frequentist-motivated CL, method®, which is commonly used for
determining exclusion limitsin high-energy physics. The CL test statis-
ticis defined as CL,= P,,/P,,, where P,,and P;, are the one-sided P-values
ofA)(CzLS’dataunder the4vandthe null3vhypotheses, respectively, where

2 _,2 2
A)(CLS =Xy ~Xay

atagivenpointinthe4vparameter space. These P-values are one-sided
because the test statistic measures the deviation from the null in the
specificdirection of the alternative hypothesis. The P-values are deter-
mined using a frequentist approach by generating pseudo-experiments
with the full covariance matrix, assuming the respective hypothesis is
true. Theregioninwhich CL,<1- aisexcluded at the confidence level
a. By generating pseudo-experiments under the null 3v hypothesis,
expected exclusion limits are calculated across the 2D parameter spaces
of Amg;andsin*(26,,) or sin*(26,).

To quantify the expected sensitivity of the analysis, the median
$iN*(20,¢(ce)) Value fromall expected exclusion limits is determined
foreach Am} value. These median sensitivities are shown in Extended
DataFig.2and are compared with the exclusions set using the data. To
showthe expected level of fluctuations of the measured limit fromthe
median sensitivity, 10 and 2o bands are also shown in Extended Data
Fig.2, which encompass the central 68.3% and 95.5% of exclusions from
the pseudo-experiments.In sin2(26pe) space, our exclusionis stronger
than our median expected sensitivity. Two factors contribute to this
stronger exclusion. First, a deficitin the BNB CC v, sample more strongly
disfavours v.appearance. Second, the excess in the NuMICCv, sample
leads to areduction in the constrained fractional uncertainty on the
NuMlv, prediction through thejoint fit procedure, whichin turn further
strengthens the exclusion limit. In sin?(26,,) space, the deficit in the
BNB CC v, FC sample plays the opposite role, slightly favouring v, dis-
appearance and making the exclusion contour weaker than the median
sensitivity.

Impact of the NuMI CC v, sideband
As shown in Table 1, a combined fit of the 14 reconstructed samples
constrains the signal CC v, prediction and its uncertainties due to the
correlations between the sideband and the signal channels. For the
NuMI CCv,signal samplein particular,acrucial driver of the constraint
is the corresponding CC v, sideband, shown in Extended Data Fig. 3.
Before thefit, the normalization difference between dataand the pre-
dictionis 24.5% with an overall uncertainty of 21.1% on the prediction.
To evaluate the impact of this difference on the combined fit, we
can extend the covariance matrix used in the analysis (364 x 364, cor-
responding to the energy spectra of the 14 channels) by adding a bin

representing the overallNuMI CC v, normalization (combining FCand
PC) and computing the respective covariances with the other 364 analy-
sis bins, resulting in a 365 x 365 matrix. We can then obtain a post-fit
mean and error on this normalization parameter by constraining the
364 x 364 block to the data using equations (8) and (9). This gives us
an estimate of how much this parameter is effectively being pulled in
the combined fit. The post-fit value of this parameter is 1.28 + 0.058,
indicating consistency with the corresponding observed value as well
as amodest pull of about1.30.

Data availability

The measured data, predicted signal and background, along with
their complete systematic uncertainties for the corresponding recon-
structed neutrino energy binsin the v, channels, are publicly accessible
onHEPData (https://doi.org/10.17182/hepdata.166435.vl) and Zenodo
(https://doi.org/10.5281/zenodo.17161263). Moreover, Ax? values for
each 4v hypothesis across the three-dimensional grid of oscillation
parameters are provided.

Code availability

TheMicroBooNE Collaborationis responsible for developing and main-
taining the code used for simulating and analysing the raw data that
supportthisresult. This codeisaccessible to the Collaborationmembers
butisnot publicly available. Questions about the algorithms and meth-
ods used in this analysis can be directed to the corresponding author.
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Extended DataFig.1|v.eventratesin MicroBooNE as afunction of
oscillation parameters. The x-axis (inlog scale) shows the expected CC v,
eventrate inthe MicroBooNE detectorinthe 4vscenario, withrespectto the 3v
scenario, from the BNB. The y-axis (in linear scale) shows the same ratio from
the NuMIbeam. Thelinesindicate how these ratios depend on the oscillation

parameters of the expanded 4vPMNS matrix for Am 2 =1.4 eV2.
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Extended DataFig.2| Comparison of the measured exclusions to the
expected sensitivities. The red solid lines show the measured exclusion lines
atthe 95%CL, levelin the plane of Am §; and (a) sin®(20 ) or (b) sin*(26,,). The
blue dashed lines show the median expected sensitivities. The green and yellow
bandsshow theloand 2o expected fluctuations around the median sensitivities
ateach Am 2 value. The red dashed lines show the previous MicroBooNE
BNB-only result® and the blue solid lines shows the measured NuMI-only
exclusionsat95% CL,.
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Extended DataFig.3|Observed NuMICCv, candidate events. Reconstructed
energy spectraof eventsselected as (a) fully contained CC v, candidatesin the
NuMIbeam, and (b) partially contained CC v, candidatesinthe NuMIbeam. The
data points areshown with statistical error bars. The constrained predictions
foreach sample are shown for the 3vhypothesis as the solid histograms, with
theblueshowingthe true CCv, events and the green showing the background
events. The background category contains NC neutrino interactions, cosmic
rays, CCv.interactions, and interactions occurring outside the fiducial volume
ofthe detector. The yellow band shows the total systematic uncertainty on the
prediction.
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