Search for an Excess of Electron Neutrino Interactions in MicroBooNE Using
Multiple Final State Topologies
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We present a measurement of v. interactions from the Fermilab Booster Neutrino Beam using
the MicroBooNE liquid argon time projection chamber to address the nature of the excess of low
energy interactions observed by the MiniBooNE collaboration. Three independent v, searches are
performed across multiple single electron final states, including an exclusive search for two-body
scattering events with a single proton, a semi-inclusive search for pionless events, and a fully inclu-
sive search for events containing all hadronic final states. With differing signal topologies, statistics,
backgrounds, reconstruction algorithms, and analysis approaches, the results are found to be con-
sistent with the nominal v. rate expectations from the Booster Neutrino Beam and no excess of v,

events is observed.

MicroBooNE is the first liquid argon time projection
chamber (LArTPC) to acquire high statistics samples of
neutrino interactions on argon. Using this unique data
set, MicroBooNE has pioneered a large body of results
on neutrino interactions [1-6], astrophysical [7, 8] and be-
yond the Standard Model physics [9, 10], neutrino event
reconstruction [11-22], and detector properties [23-32].
Here, we report the first measurement of electron neutri-
nos produced in the Fermilab Booster Neutrino Beam-
line (BNB) using the MicroBooNE detector. This multi-
pronged search is aimed at investigating the as-yet un-
explained low energy excess of electromagnetic activity
observed by the MiniBooNE collaboration [33].

Over the past decade, there has been a rich and evolv-
ing landscape of theoretical interpretations to explain the
origin of the observed MiniBooNE excess, including stan-
dard processes [34] as well as new physics involving sterile
neutrinos [35, 36], dark sector portals [37-39], heavy neu-
tral leptons [40, 41], non-standard Higgs physics [42-45],
new particles produced in the beam [46, 47], and mixed
models of sterile neutrino oscillations and decay [48, 49].
A number of scenarios have also been ruled out [50]. Be-
cause of the variety of theoretical explanations and their
possible signatures, MicroBooNE has developed three
distinct v, searches targeting the MiniBooNE signal: an
exclusive search for two-body v, charged current quasi-
elastic (CCQE) scattering, a semi-inclusive search for
pionless v, events, and an inclusive v, search contain-
ing any hadronic final state. Additionally, a compan-
ion single-photon-based search focused on radiative de-
cays of the A resonance is reported elsewhere [51]. This
work capitalizes on the broad capabilities of a LArTPC to
perform high purity measurements of electron neutrinos
across multiple signal topologies and with significantly
improved ability to distinguish whether an electromag-
netic shower is electron or photon-induced compared to
Cherenkov-based detectors such as MiniBooNE.

The advantage of this particular probe of the Mini-
BooNE signal is that MicroBooNE is located in the same
neutrino beamline and at roughly the same location as
MiniBooNE, but uses an imaging detector capable of
mm-scale spatial resolution and substantially lower en-
ergy detection thresholds for many particle types. The
MicroBooNE LArTPC [52, 53] itself contains 85 tons of
liquid argon and is sited 72.5 m upstream of the Mini-
BooNE detector hall at a distance of 468.5 m from the
BNB proton target.

The data used in this work are taken from an expo-
sure of 7 x 10%° protons on target (POT) collected in
neutrino mode from February 2016 to July 2018. These
results represent an initial probe into electron neutrino
production in the BNB using roughly half of the to-
tal data collected by MicroBooNE. Two different data
streams are used in this analysis: an on-beam data sam-
ple triggered by BNB neutrino spills and an off-beam
data sample taken during periods when no beam was re-
ceived. The off-beam data sample is used for a direct
data-based measurement of cosmic-induced backgrounds
which are of importance given MicroBooNE’s location
near the surface.

While probing different event topologies with distinct
event reconstruction methods, the three independent
electron neutrino searches in MicroBooNE share several
aspects in common. To simulate neutrino interactions in
argon, the analyses rely on a GEANT4-based [57] simula-
tion of the neutrino beam [58], a variation of the GENIE
v3 event generator [59] specifically tuned to data that
reflects our best knowledge of neutrino scattering in the
BNB energy range [60], and a GEANT4-based [57] detec-
tor simulation for particle propagation, with the process-
ing of the charge response of the TPC and modeling of
scintillation light implemented in the LARSOFT frame-
work [61]. The data-driven detector simulation repre-
sents a significant upgrade from what has been histori-



v. Final State Signal Constraints Reconstruction Approach
lelp(0m) CCQE v, CCQE Deep-Learning [54]
1eN (> 1)pOm, 1e0pOm v, CC Pandora [55]
leX v, CC, v, CC 7% v, NC 7° Wire-Cell [56]

TABLE I. Summary of signal definitions, signal-constraining data sets, and reconstruction approaches used for each of the three
MicroBooNE v, searches. All samples require fully contained events with the exception of the 1eX analysis which additionally
uses both partially and fully contained v, CC samples as constraints.

cally available to model LArTPCs and incorporates pio-
neering work performed by MicroBooNE on wire signal
processing [27, 28], noise removal [30], electric field map-
ping [24, 25], and detector calibrations [26].

A common framework is additionally used to evalu-
ate neutrino flux, neutrino cross section, and detector
systematics. The evaluation of neutrino flux uncertain-
ties is built on techniques developed by MiniBooNE [58].
A total of more than 50 model parameters are varied
within GENIE to assess uncertainties related to simulat-
ing neutrino interactions and final state effects in argon
[60]. A full complement of LArTPC detector system-
atics are modeled, many with a novel data-driven tech-
nique built on comparisons of wire response in data and
simulation [62]. In addition, beam-related v, event pre-
dictions and uncertainties are further constrained using
data-driven measurements of neutrino charged current
(CC) and neutral current (NC) interactions in Micro-
BooNE, with constraint samples tailored to each of the
ve analysis approaches. Table I summarizes the signal
definitions, constraint samples, and reconstruction ap-
proaches for the different analyses.

Common approaches are also used for assessing agree-
ment between observed and predicted v, samples and for
hypothesis testing related to the presence or absence of
an anomalous v, rate. In each search, the neutrino en-
ergy (F,) is based on reconstructed final state particle
energies [54-56]. Binned reconstructed E, distributions
for data and simulation are then compared using a com-
bined Neyman-Pearson test statistic, xZ yp [63]. Similar
statistical studies are performed to test a model of the
v, event excess with an F,, spectrum and normalization
representative of that observed in the MiniBooNE exper-
iment.

A blind analysis scheme was adopted in which the sig-
nal region BNB v, data were only accessed after each
analysis was completed. Details on each v, analysis, in-
cluding the optimization of purity and efficiency in each
approach, data-based sidebands and simulated data sets
used to validate the analyses, as well as data and Monte
Carlo comparisons in a variety of kinematics can be found
in Refs. [54-56]. The next three sections describe the
strategy behind each of the v, searches and a summary
of their results.

TWO-BODY v. CCQE SCATTERING (lelp)

An exclusive selection of v, candidates satisfying two-
body CCQE kinematic constraints is performed in Mi-
croBooNE with an analysis strategy focused around the
use of deep-learning techniques [54]. The CCQE process
is predicted to dominate at low energies, with 77% of v,
events below 500 MeV (in true E,) expected to interact
via this channel in MicroBooNE. A strength of this se-
lection is its clean final state topology, which simplifies
event reconstruction and selection. The pure CCQE re-
quirement also allows the use of kinematic variables for
signal selection, such as proton momentum, transverse
momentum, neutrino direction, momentum transfer, and
Bjorken x. For this analysis, only fully-contained candi-
date v, and v, interactions with one reconstructed final
state lepton and proton are selected. Final-state particle
content and kinematics are reconstructed by applying a
combination of conventional and deep-learning tools to
prepared event images. Conventional tools are used to
remove cosmic backgrounds [14], identify candidate neu-
trino interaction vertices [64], and reconstruct final-state
particle candidates and their kinematics [64, 65], while
convolutional neural networks (CNNs) are used to differ-
entiate track-like from shower-like image pixels [66] and
determine particle species contained in event images [67].
After basic data quality selection criteria, Boosted Deci-
sion Tree (BDT) ensembles exploit 23 (16) kinematic and
topological variables, including those described above, to
collect a purified CCQE v, (v,) event set. The CNN
designed for particle identification is then used to select
final candidates from this set.

The results of the v, CCQE analysis are shown in
Fig. 1. This selection is predicted to produce a 75%
(75%) pure sample of v, (v,) CCQE events in the recon-
structed E, range between 200 and 1200 MeV, with an
efficiency of 6.6% for all true v, CCQE interactions in the
LArTPC active volume. The average E, energy resolu-
tion for selected v, events is estimated to be 16.5%, with
negligible bias predicted between true and reconstructed
E,. The v, CCQE prediction is constrained using a high-
statistics v, CCQE candidate data set, which increases
predicted v, counts by 6% and reduces systematic uncer-
tainties on the prediction by a factor of 2.0. Statistical
uncertainties dominate the final measurement. The post-
constraint prediction yields 29.0 £ 5.2 (stat.) £ 1.9 (syst.)
events in the full £, range given above (statistical errors



follow the CNP formalism [63]), with most events (89%)
predicted to arise from CCQE and non-CCQE v, interac-
tions intrinsic to the beam. In the final selection, a total
of 25 data candidates are observed in this range. The
X&np test statistic calculated between predicted and ob-
served distributions is found to be 25.3 for the analysis in
ten E, bins (where 6.9 units of y&xp result from a single
bin at 850 MeV), leading to a p-value of 0.014. Below
500 MeV, the yZyp contribution is 7.9 for three E, bins,
with data in two of the three bins falling slightly below
predicted values.

MicroBooNE 6.67 x102° POT +  Data (25)
20.0 mm CCv (25.8)
Fitted
17.5 Background (3.2)
’ eLEE(x=1)
ol Model (11.6)
> . Constrained
= 77 Uncertainties

.0
200 400 600 800 1000 1200
Reconstructed E, (MeV)

FIG. 1. Reconstructed neutrino energy for lelp CCQE candi-
date events in the deep-learning-based analysis. Backgrounds
include contributions from cosmics and v, interactions. The
ve prediction constrained using v, data is shown without
(solid histogram) and with (blue dotted) a model of the Mini-
BooNE low energy excess included (further detail in text).
Systematic uncertainties on the constrained prediction are
shown as a hatched band.

PIONLESS v. SCATTERING (1eNpOw, 1e0p07)

A higher statistics search for pionless v, interactions
that includes any number of protons in the final state uses
the Pandora event reconstruction package [21], which has
been exercised over the years to produce a wide vari-
ety of MicroBooNE physics measurements [1-6, 9, 10].
The Pandora pattern recognition software, which recon-
structs and classifies LArTPC events, is combined with
specialized tools that further remove cosmic-ray back-
ground events as well as identify the different particles
produced in a neutrino interaction [68] and reconstruct
their energies [5]. This search focuses on two exclusive
channels with one electron and no pions in the final state:
one with at least one visible proton (leNpOw, N > 1)
and one with no visible protons (1eOp0Or). A strength of
this selection is that the two topologies combined exactly
replicate the electron-like signal event signature in Mini-

BooNE. This selection on fully contained events span-
ning neutrino energies from 10 to 2390 MeV provides
an efficiency of 15% (9%) with a purity of 80% (43%)
for 1leNpOm (1eOp0Or) events. The typical energy resolu-
tion is 2% for protons, 3% for muons, and approximately
12% for electrons, resulting in a predicted FE, resolution
of 15% with ~ 5% bias. To constrain neutrino flux and
cross section uncertainties on the predicted intrinsic v,
event rate, this analysis uses a high-statistics, 77% pure
v, CC inclusive event sample [55] and makes use of the
cosmic-ray tagger detector system in MicroBooNE [53]
to further reduce cosmic backgrounds. This constraint
reduces the systematic uncertainties in the v, selections
by a factor of 1.7 and the result remains dominated by
statistical uncertainties. This analysis is also validated
using MicroBooNE data from the NuMI beam [69] that
provides a large number of v.-argon interactions at a sim-
ilar energy range as the BNB.

The results of the Pandora-based pionless v, anal-
ysis are shown in Fig. 2. For the 1leNpOm channel,
64 v, data events are observed compared to 86.8 =+
8.8 (stat) - 11.5 (syst) events expected (statistical errors
follow the CNP formalism), in a reconstructed E, range
between 10 and 2390 MeV. For the 1eOpOm channel,
34 v, data events are observed compared to 30.2 +
5.6 (stat) +4.3 (syst) events expected over that same en-
ergy range. The data are consistent with the prediction:
in the region 150 MeV < E,, < 1550 MeV where the final
statistical tests are performed, the XQCNP /ndf (and asso-
ciated p-values) relative to the nominal prediction are
14.9/10(0.194), 16.7.9/10(0.116), and 31.56,/20 (0.097)
for the 1e NpOm channel, 1e0p07 channel, and both com-
bined, respectively. As with the lelp CCQE search re-
sults, the data for the 1e NpOm channel fall slightly below
prediction. For the 1e0pOm channel, the observed event
count below 500 MeV is above prediction, albeit in a re-
gion with lower predicted v, purity.

INCLUSIVE v. SCATTERING (leX)

The highest statistics v, analysis in MicroBooNE
searches inclusively for all possible hadronic final states
such as the type of analyses that will be performed in
the future wide-band Deep Underground Neutrino Ex-
periment (DUNE) which will have larger contributions
from additional inelastic scattering processes at higher
energies. This analysis uses the Wire-Cell reconstruction
paradigm [70] which forms three-dimensional images of
particle-induced electron ionization tracks and showers
via 1D wire position tomography. The 3D images are
then processed by clustering algorithms and matched to
light signals for cosmic rejection [12, 13, 71], before a
deep neural network [72] is used to determine the neu-
trino candidate vertex. Finally, the events are character-
ized in terms of energy deposit, topology, and kinemat-
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FIG. 2. Reconstructed neutrino energy for pionless v, candidate events in the Pandora-based analysis: 1eNpOr (left) and

1e0pOm (right).

The unconstrained number of predicted events is shown broken down by true interaction topology. The

constrained predictions using v, data are shown both with (red) and without (black) a model of the MiniBooNE low energy
excess included (further detail in text). Systematic uncertainties on the constrained prediction are shown as a shaded band.

ics, for eventual event building, classification (e.g. v, CC,
v, CC, 7, cosmic), and neutrino energy reconstruction.
The strengths of this approach are its high efficiency and
high purity. After all selections, the predicted efficiency
for selecting inclusive v. CC (v, CC) events is 46% (68%)
with a purity of 82% (92%) for 0 < E, < 2500 MeV. For
fully contained events, the predicted calorimetric-based
E, resolution is 10-15% (15-20%) for v. CC (v, CC)
events with ~7% (10%) bias. In addition to the v, CC
data samples, which include both fully and partially con-
tained events in the detector, CC and NC interactions
with a reconstructed 7° serve as additional constraints
for reducing systematic uncertainties and therefore max-
imizing sensitivity. A high statistics sample of v, events
from the NuMI beam also serves to validate the analysis.
The constraints reduce the fractional uncertainty on the
predicted number of fully-contained v, CC events with
reconstructed F, < 600 MeV by a factor of 3.5 relative
to the unconstrained prediction. After constraints, the
largest systematic uncertainties for fully-contained v, CC
events are associated with limited Monte Carlo statistics
associated with this rare event search, detector effects
(mainly recombination and wire response), and neutrino
cross section modeling [60]. Compared to all systematic
uncertainties, however, the statistical uncertainty on the
data remains dominant.

Fig. 3 shows the results of this inclusive v, search. The
post-constraint v, CC inclusive analysis finds a mod-
est deficit compared to the prediction: 56 (338) data
events in E, < 600 MeV (0 < E, < 2500 MeV) with
69.6 + 8.0 (stat.) & 5.0 (syst.) (384.9 £+ 19.2 (stat.) &
15.9 (syst.)) events expected. Good agreement is found
between the data and the expectation from the BNB,
with X% arson/ndf = 17.9/25 and a corresponding p-

45 MicroBooNE 6.369 x 10%° POT
F —e— BNB data, 338 Pred. uncertainty
40F- [ Others, 10.0 NC, 225
E v, CC, 193 [ v.CC,333.1
> 35 - == eLEE Mode (x=1), 37.0
L F -
= 30;— = = ot
o F -t .
S 255_ sl 1
% 205 + il
15 | ‘]’
o F i ']'
105 !
5E-: +°
0' LI [ N e —
0 500 1000 1500 2000 2500

Reconstructed E, (MeV)

FIG. 3. Reconstructed neutrino energy for inclusive v. can-
didate events in the Wire-Cell based analysis. The predicted
event sample is dominated by v, events intrinsic to the beam
(green) while the other background contributions are de-
scribed in the legend. The constrained predictions are shown
both with (red) and without (black) a model of the Mini-
BooNE low energy excess included (further detail in text).
Systematic uncertainties on the constrained prediction are
shown as a shaded band.

value of 0.848, across all energies. Notably, agreement
between the data and expectation is also apparent when
the Wire-Cell inclusive event sample is studied in terms of
its exclusive components, leOpX 7 and leNp X~ (X > 0),
where these subsamples are further described in Ref. [56].



Signal-enhanced region comparison

Final fit results

lelp lelp
CCQE || 1eNpOr | 1eOpOm leX CCQE leNpOm | 1eOpOm leX
E, (MeV)|| 200-500 || 150-650 | 150-650 || 0-600 E, (MeV) || 200-1200 || 150-1550 | 150-1550 || 0-2500
i 2 )14 x 1072 0.18 0.13 0.85
Predicted, | ¢ ¢ 4 30 11304 + 6.1|19.0 % 5.3/ 69.6 £ 9.4 J (=)
no eLEE p (Ax® < obs.), 4 —2 -5
) 1.6 x 107*{|2.1 x 10 0.93 9.0 x 10
Predicted, w/ eLEE
18.5 +4.4|[39.0 + 6.8(22.3 + 5.7|| 104 £ 12
w/ eLEE x observed, 1a||[0.00,0.08] || [0.00,0.41] |[1.91,8.10] || [0.00,0.22]
Observed 6 21 27 56 x observed, 2¢ || [0.00,0.38] || [0.00,1.06] | [0.77,24.3] || [0.00,0.51]
@ expected || g 1.44 4.64 0.56
upper limit, 20

TABLE II. Left: observed and predicted v. candidates in the signal-enhanced neutrino energy range predefined by each analysis
prior to unblinding, in the absence (z = 0) or presence (z = 1) of a MiniBooNE-like v. event excess. This energy range is a
subset of the full fit range. Predicted events include the alternate-channel constraints of each analysis, and include statistical

(following the CNP formalism) and constrained systematic uncertainties.

Right: frequentist-derived p-values of the data

observations compared to the prediction assuming no excess, p (x2—o), and under a simple hypothesis test comparing an excess
to no excess, p(Ax> = x2_o — X2—1 < obs.), assuming the eLEE model (z = 1). Also quoted are the 1o and 20 confidence
intervals for extracted signal strength x over the full fit range, and the expected 20 upper limit on x assuming no excess.

FIT RESULTS

All three analyses observe 1, candidate event rates
in general agreement with or below the predicted rates.
Given the similar baseline and neutrino energies sampled
by MicroBooNE and MiniBooNE, this picture appears
to disfavor an interpretation of MiniBooNE’s observed
electron-like excess signature as arising purely from an
anomalously high rate of charged current v, interactions.
To more quantitatively address the comparison with the
observed MiniBooNE data excess, all three analyses have
performed statistical tests comparing datasets to a sim-
ple model of a MiniBooNE-like excess of v, interactions.

Using MiniBooNE simulation, a response matrix is
constructed translating the reconstructed F, under a
quasi-elastic assumption to the true incident F,, account-
ing for detector response, acceptance, resolutions, event
reconstruction, and selection efficiencies. Following an
iterative unfolding procedure [73] on the MiniBooNE ob-
servation [74] and using only the statistical uncertainties
on the MiniBooNE data and simulated events (to avoid
any correlated uncertainties in flux and interaction mod-
els with MicroBooNE), MicroBooNE extracts an energy-
dependent event rate of v, interactions. A scaling tem-
plate is derived from the increase in event rate relative to
the MiniBooNE prediction and then applied to simulated
intrinsic v, events in MicroBooNE to form an “eLEE”
signal model, shown by the dashed lines in Figs. 1-3.
This scaling template varies only in true neutrino en-
ergy, thus the eLEE model otherwise assumes the same
kinematics and final-state topologies as MicroBooNE’s v,
simulation — additional kinematic information from the
MiniBooNE excess result is not considered. The range of
the eLEE signal model is 200 < true E, < 800 MeV, as
the unfolding procedure does not consider data below 200

MeV in neutrino energy and finds no significant excess
at higher energies.

This simple model reproduces a median MiniBooNE
electron-like excess to which MicroBooNE’s results are
compared, either by choosing a fixed excess normaliza-
tion, x, matching MiniBooNE (z=1), or by treating x as
a free parameter to be extracted. The reported signifi-
cance of the excess from the MiniBooNE neutrino-mode
data [33], 4.690, translates to a 1o confidence interval on
the eLEE signal strength parameter of 1+0.21, illustrat-
ing how the MiniBooNE excess would appear; however,
more rigorous tests of consistency with MiniBooNE in
future should consider common uncertainties and addi-
tional kinematic measurements.

Prior to unblinding of the data, each analysis defined
a signal-enhanced low-energy region and determined the
predicted number of events with and without the excess
model in that region. Those predictions and the observed
number of events are shown in Table IT (left) and as ratios
relative to the x = 0 prediction in Fig. 4.

Each analysis performs two statistical analyses to test
the signal hypothesis. First, a simple hypothesis test
uses Ax%NP = ngzo —x2_, as a test statistic, comparing
the observations to a frequentist AxZyp distribution de-
rived from model simulations assuming z = 0 and = = 1.
The p-values corresponding to AxZyp being less than
the observed value assuming an eLEE (no eLEE) sig-
nal is 1.6 x 10~* (0.02), 0.021 (0.29), 0.93 (0.98), and
9.0 x 1075(0.33) in the lelp CCQE, 1eNpOw, 1eOpOm,
and leX selections, respectively. Each selection shows
a strong preference for the absence of an electron-like
MiniBooNE signal, with the exception of the 1e0p07 se-
lection, driven by a data excess in the lowest energy bins,
which also contain the highest contributions from non-v,
backgrounds.
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FIG. 4. Ratio of observed to predicted v. candidate events —
assuming no eLEE — in each analysis’s signal-enhanced neu-
trino energy range (see Tab. II, left). Statistical errors are
shown on the observations (black), while systematic errors
are shown around the prediction (gray). The expected ra-
tio assuming the MiniBooNE-like eLEE signal model with its
median signal strength is also shown (red).

Second, each analysis performs a nested hypothesis
test where the eLEE signal strength x is varied, with
a lower bound constraint at x = 0. Each analysis inde-
pendently finds a best-fit signal strength, z,i,, by min-
imizing X%NP' Following this, a test statistic defined as
Ax?(z) = X2np(®) — X2np(Tmin) can be constructed
for varying hypothetical signal strengths. A Feldman-
Cousins method [75] is used to construct confidence inter-
vals around the best-fit signal strength, which are shown
in Table II (right) and Fig. 5. Consistent with the ob-
served deficit of events at low reconstructed energies, the
lelp CCQE, 1leNpO7, and 1eX selections each find a best
fit signal strength of x = 0, corresponding to the absence
of an observed event excess, with 20 upper bounds at
x < 0.38, < 1.06, and < 0.51, respectively. The expected
20 upper bounds for these selections, assuming no sig-
nal, are shown in Table II. The best-fit signal strength
for the 1e0p07 selection is z = 4.0, but with a wide con-
fidence interval due to the low sensitivity of this channel.
The best-fit signal strength for the 1le NpOm and 1e0pOm
channels combined is * = 0.36, with x < 1.86 at the
20 confidence level (and an expected upper bound where
there is no signal at x < 1.37), with more details in [55].
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FIG. 5. Result of best-fit eLEE signal strength (z) in each
analysis (black), along with the 1 and 20 confidence inter-
vals (solid and dashed lines, respectively). The expected 20
upper bound for each analysis, assuming no eLEE signal, is
also shown (red). Signal strength values approximated from
the MiniBooNE statistical and systematic errors (at 1o) are
shown for comparison (blue). Note that the vertical scale is
presented as linear from z = 0 to x = 2, while in logarithmic
scale beyond that.

CONCLUSIONS

The MicroBooNE experiment has performed a set of
inclusive and exclusive searches for v, CC events using
7 x 102 POT of Fermilab BNB neutrino-mode data,
about half of the collected dataset, with each analysis
considering a hypothesis for the nature of the MiniBooNE
low-energy excess. This work and Ref. [51] represent
the first detailed study of this excess, noting that fu-
ture MicroBooNE and SBN [76] measurements will con-
tinue to scrutinize the MiniBooNE results. The inde-
pendent MicroBooNE search approaches have been led
by distinct groups with each using a different fully auto-
mated event reconstruction software and common data-
blindness scheme. All results reported here are un-
changed since data unblinding.

Afforded by the capabilities of the LArTPC technol-
ogy to image various leptonic and hadronic final states,
the searches all feature excellent signal identification and
background rejection. In addition, the analyses use data-
driven v, estimates constrained by high-statistics sam-
ples of 7° and v, CC events. The expected event rate
is dominated by intrinsic v, CC events originating from
the beamline, rather than background events involving
photons. Despite the near-surface location, cosmic rays
represent a sub-dominant and usually negligible contri-
bution to the backgrounds.

No excess of low-energy v, candidates is observed,
and the mutually compatible, statistics-limited measure-



ments are either consistent with or modestly lower than
the predictions for all v, event classes, including inclu-
sive and exclusive hadronic final-states, and across all
energies. With the exception of the 1eOpOm selection
which is the least sensitive to a simple model of the Mini-
BooNE low-energy excess, MicroBooNE rejects the hy-
pothesis that v, CC interactions are fully responsible for
that excess at >97% CL for both exclusive (lelp CCQE,
1eNpOr) and inclusive (1eX) event classes. Addition-
ally, MicroBooNE disfavors generic v, interactions as the
primary contributor to the excess, with a 1o (20) upper
limit on the inclusive v, CC contribution to the excess
of 22% (51%). While the MiniBooNE excess remains
unexplained, our sensitive measurements are so far in-
consistent with a v, interpretation of the excess.
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