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This public note presents an investigation of low-energy electron-neutrino events in the Fermilab
Booster Neutrino Beam by the MicroBooNE experiment. This search is motivated by the excess of
low energy electromagnetic events observed by the MiniBooNE experiment and, more broadly, by
the landscape of neutrino anomalies observed at short baselines. This is the first measurement to
use all of the data collected by the MicroBooNE experiment, corresponding to 1.1 x 10%! protons on
target. Two exclusive samples of electron neutrinos without visible pions are used, one with visible
protons and one without any visible protons. MicroBooNE data is compared to two empirical models
of the MiniBooNE low energy excess, one obtained by enhancing the electron-neutrino content as a
function of the neutrino energy, and one representing the excess for the first time as a function of the
kinematics of shower energy and angle. This measurement excludes an electron-like interpretation
of the MiniBooNE excess based on these models at > 99% confidence level in all kinematic variables.

I. INTRODUCTION

One of the primary goals of the MicrobooNE experi-
ment [1] is to explore the nature of the low energy ex-
cess (LEE) of electromagnetic activity observed by the
MiniBooNE experiment [2]. A first set of measurements
using the first three years of MicroBooNE data explored
the possibility of an excess due to an electron neutrino
enhancement in multiple topologies [3-6], as well as one
caused by an excess of neutral current A radiative de-
cays [7]. This analysis builds on [3] and uses the en-
tirety of the MicroBooNE data sets to measure the rate
of charged current (CC) electron neutrino interactions
without detected pions in the final state. Relative to
[3], the analysis philosophy is unchanged: this update
keeps the same signal definition, the same version of the
GENIE generator [8] as baseline Monte Carlo (MC), the
same Pandora event reconstruction [9] chain, and con-
siders the same set of systematic uncertainties. Major
upgrades to the result include the use of the full Micro-
BooNE data set of 1.1 x 10%! protons on target (POT) for
the first time, a new model for the MiniBooNE signal us-
ing visible shower energy and angle kinematics, the use of
additional constraint samples, and the use of the cosmic
ray tagger (CRT) subdetector [10] in the selections.

The note is organized as follows. In Section II, we
provide a description of the selections, including the
expanded set of constraint channels, followed by an
overview of the uncertainty treatment in Section III. We
then describe a new model for the LEE in Section IV.
Finally, we present a comparison of data to models and
the associated statistical tests in Section V.
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II. EVENT SELECTION AND SIDEBANDS

The selection strategy in this measurement is mostly
unchanged from Ref. [3]. The analysis selects electron
neutrino events without visible pions, corresponding to
the electron neutrino signal definition in MiniBooNE [2].
We consider two signal channels: The 1eOpOm channel
selects events with no visible protons, and the 1eNpOm
channel selects events with visible protons (proton
energy above 40 MeV). The presence of a proton at
the vertex for 1eNpOm events enhances the selection
efficiency and reduces the background of this channel
compared to the the 1e0p0m channel. Both the 1e0pOm
and 1eNpOm selections were not changed from those
presented in Ref. [3], except for the addition of new
CRT-based cuts to boost the background rejection in
the 1eOpOm channel. When used as a standalone tool,
the CRT removes 60% of the cosmic ray background
while rejecting only 3% of the v, interactions, as shown
in Appendix A. In its application to this analysis, the
CRT rejection power is somewhat reduced because
the dataset analyzed includes data from runs 1 and
2 (when the CRT subsystem was not installed) and
the original background rejection strategy had to be
optimized based on TPC morphology variables only.
Still, when added to the 1eOpOm selection, CRT-based
cuts reject an additional 25.4% of the remaining cosmic
ray background, with a 98.9% efficiency for the electron
neutrinos.  Both signal channels are dominated by
charged current electron neutrinos, with neutral current
(NC) interactions containing final-state 7° mesons
constituting the dominant background, particularly in
the 1e0p07 channel.

This analysis uses sidebands to constrain the predic-
tion of the selected MC events for both the 1eNpOm and
1e0p07 channels, and to reduce the associated systematic
uncertainty in a data-driven way. Two sidebands target
charged current v, interactions in the absence of pions:
1p0p07 and 1uNpOm, matching the final state hadronic
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observables of the electron neutrino samples. The high-
statistics muon neutrino channels constrain the intrinsic
electron neutrino predictions, leveraging strong correla-
tions in cross-section (through assumed lepton universal-
ity), flux (through their shared parentage from pions and
kaons), and detector uncertainties. A third sideband con-
strains the largest source of background neutrino inter-
actions in the 1eOpOm signal channel: mis-reconstructed
neutral pions. The selection for this sideband identifies
events with at least two showers and no visible tracks
(protons, muons, pions) to enhance the number of NC in-
teractions containing ¥ mesons (referred to as v NC 7°
events). This requirement is orthogonal to the electron
neutrino selection, which requires exactly one shower to
limit the amount from 7% mesons.

The distribution of the observed events in the three
sideband channels is shown in Fig. 1. All three chan-
nels show reasonable agreement between data and simu-
lation, suggesting adequate modeling of these processes.
For these sidebands we use data collected during peri-
ods when information from the CRT was available, cor-
responding to 6.38 x 102 POT (an increase in side band
data of 3x over [3]).

The conditional constraint formalism described in
Ref. [3] uses the three sidebands to constrain the models
of the two signal channels. The full covariance matrix
utilized in this analysis is reported in Appendix B.

This is the first analysis to incorporate the full Mi-
croBooNE dataset which was taken over a span of five
years. Data-MC agreement for the variables employed
in the event selections was cross checked to validate the
stability of the analysis across run periods. The valida-
tion work confirmed that the detector response remained
stable across runs, with findings consistent with our pub-
lished analysis [3].

III. UNCERTAINTY TREATMENT

The set of systematic uncertainties applied in this anal-
ysis is unchanged from that of Ref. [3]; a brief overview
is given here. Four categories are included: neutrino
flux, neutrino interaction cross sections, secondary in-
teractions of hadrons outside of the target nucleus, and
the detector response model. The covariance matrices for
each of these sources of uncertainties are calculated in-
cluding the correlations between all signal and sideband
channels and added together. The resulting full covari-
ance matrix is shown in Appendix B.

In the case of the flux, cross section, and secondary in-
teraction uncertainties, variations from the central value
are obtained through a reweighting procedure, while for
the detector response uncertainties the covariance is ob-
tained by propagating a set of simulated neutrino interac-
tions through several detector models [11]. As an update
to the earlier iteration of this analysis, correlations in de-
tector systematics across bins and across different chan-
nels are fully accounted for with the use of a smoothing
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FIG. 1. The sideband selected data events compared with
the prediction. The prediction is broken down into charged-
current (CC) v. and v, interactions, neutral-current (NC)
interactions, neutral pion producing interactions, neutrino in-
teractions outside of the fiducial volume, and cosmic rays mis-
taken for neutrino interactions. The CC v, interactions are
further subdivided into those producing no protons or pions
(ve CC 0m0p), those producing some protons and no pions (v
CC 07Np) and all other v, interactions (v. CC). The NC 0
selection only includes events up to 1 GeV due to low statis-
tics above this energy.

algorithm to minimize the impact of statistical fluctua-
tions in detector variation sample statistics.

The statistical uncertainty due to Poisson fluctuations
of the data is incorporated into the analysis by adding a
combined Neyman-Pearson (CNP) covariance matrix [12]
to the total covariance that is used to calculate the x?
between the predicted and observed bin counts.

As with the previous result [3], we use the block ma-
trix method [13, p. 116-117] to constrain the prediction
in the 1eOp0m and 1eNpO7 signal channels channels us-
ing the data in the v, and 7° sideband channels. The
impact of these constraints on the predicted event rate
and systematic uncertainty is illustrated in Appendix B.



IV. SIGNAL MODELS

Many theoretical models have been proposed to ex-
plain the MiniBooNE LEE. These include standard
model backgrounds [7, 14-16], light sterile neutrinos (and
variations) [17-19], heavy neutrino decay [20, 21], and
dark-sector particles [22-24], amongst others. All mod-
els ultimately rely on assumptions about the interaction
process that produces the observed excess events in the
MiniBooNE detector. Yet, whichever model or interpre-
tation is attributed to the LEE, it must ultimately be
compatible with the kinematics of the LEE as observed
in MiniBooNE.

In this note, we define LEE Signal Model 1 as the same
electron-like LEE model tested in Ref. [3]. This model
is generated by unfolding the MiniBooNE excess accord-
ing to the smearing matrix that describes the energy of
charged-current quasi-elastic events as reconstructed by
the MiniBooNE detector. However, this model suffers the
limitation of not leading to shower kinematics consistent
with those observed by MiniBooNE in the shower energy
and shower angle variables, particularly for forward-going
showers, as shown in Appendix C. This points to the over-
all challenge of finding a signal model that fully describes
the MiniBooNE excess observation.

To overcome this limitation, this analysis uses both the
electron shower energy and shower angle relative to the
beam direction () to expand the range of kinematic vari-
ables in which the v, interpretation of the MiniBooNE
LEE is tested, in addition to the reconstructed neutrino
energy. We construct a new signal model — labelled LEE
Signal Model 2 — by unfolding the background-subtracted
excess of data events in the reconstructed shower energy
and cosf two-dimensional space. This process utilizes
MiniBooNE’s selection efficiency of final-state electrons
and the matrix that describes the smearing of recon-
structed electron kinetic energy and angle. The ratio
between this unfolded excess rate and the corresponding
rate from MiniBooNE’s intrinsic v, flux from the Booster
Neutrino Beam (BNB) without an excess is used to ob-
tain a scaling in each bin of shower energy and angle.
This scaling is then applied to the true electron kinemat-
ics from MicroBooNE’s intrinsic v, prediction to generate
the predicted signal, leaving the modeling of the hadronic
kinematics unchanged. More details detailing LEE Sig-
nal Model 2 can be found in Appendix C.

V. RESULTS

The final distributions of data and MC simulation in
the two signal channels are presented as a function of
reconstructed neutrino energy in Fig. 2 for the 1eNpOn
selection and in Fig. 3 for the 1e0p07 selection with the
relative prediction for the LEFE Signal Model 1. Two
noteworthy features observed in the previous analysis [3]
were the small excess at very low energies observed in the
1e0pOm channel and and the deficit at medium energy in

the 1eNpO7 channel. The additional data included in this
analysis does not exhibit an excess in the 1e0pOm channel,
and does not show a statistically significant deficit in the
medium energy region of the 1eNpOm channel. Distribu-
tions for shower kinematics and the relative prediction for
the LEFE Signal Model 2 are displayed in Figs. 4 - 7. Sim-
ilarly to what was observed in [25], these show some over-
prediction at intermediate electron energies and forward
angles in the 1eNpO7 channel; the prediction and the ob-
servation match well in the 1e0p07 channel. Appendix E
shows event displays of select 1eNpOm and 1eOpO7 candi-
dates from data.
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FIG. 2. Distribution of MC simulation compared with data
for reconstructed neutrino energy in the 1eNpOn signal chan-
nel, along with the LEE Signal Model 1.

Three statistical tests are performed on the data: a
simple X2 test assuming Hy (no excess), a AX2 test com-
paring Hy to Hy (no excess versus the full MiniBooNE
signal), and finally a fit for the strength of the Mini-
BooNE signal. In every statistical test, we calculate fre-
quentist p-values using pseudo-data trials. For each trial,
we first sample a histogram of expectation values from a
multivariate normal distribution according to the covari-
ance matrix of systematic uncertainties, and then draw
the pseudo-data from Poisson distributions with these ex-
pectation values. In this way, we accurately account for
the effects of Poisson statistics. The tests are performed
separately on the neutrino energy, shower energy, and
shower cos@ distributions. In case of the neutrino en-
ergy distribution, shown in Figs. 2 and 3, the histogram
for the LEE hypothesis is calculated using the signal that
has been unfolded using a smearing matrix constructed to
model the effect of MiniBooNE’s energy reconstruction.
This calculation is described in more detail in Section
ITID of Ref. [3]. The use of the same binning and signal
model makes the results from this channel directly com-
parable to Ref. [3]. For LEFE Signal Model 2, described in
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FIG. 3. Distribution of MC simulation compared with data

for reconstructed neutrino energy in the 1eOpOm signal chan-
nel, along with the LEFE Signal Model 1.
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FIG. 4. Distribution of MC simulation compared with data
for reconstructed shower energy in the 1eNpO7 signal channel,
along with the LEFE Signal Model 2.

Sec. IV, we perform the statistical tests independently in
the shower energy and shower angle variables. The out-
comes of all statistical tests are summarized in Table I.
We generally observe a good agreement between data
and Hy, with frequentist p-values of 31.3%, 26.0%, and
43.4% for the null hypothesis for the combined signal
channels in the neutrino energy, shower energy, and
shower cos 6 distributions, respectively. When looking at
the separate channels, p-values are > 50% in the 1eOpOn
channel and >10% in the 1eNpO7 channel. For the chan-
nel with visible protons, this indicates that these distribu-
tions are compatible with the prediction after constraint
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FIG. 5. Distribution of MC simulation compared with data
for reconstructed shower energy in the 1e0pOn signal channel,
along with the LEE Signal Model 2.
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FIG. 6. Distribution of MC simulation compared with data
for reconstructed shower cos @ in the 1eNpO7 signal channel,
along with the LEFE Signal Model 2.

at the 1.60 level.

In the two-hypothesis test, we reject the LEE Signal
Model 1 at 3.20 CL and the LEE Signal Model 2 at > 4o.
However, the observed Ay? test statistic is also in tension
with the null hypothesis, particularly in the shower angle
distribution which is the variable providing the strongest
exclusion limits. In such a situation where the data con-
tains fewer events than the background-only prediction,
the signal exclusion could potentially be unreasonably
strong. In order to calculate a more conservative con-
fidence level, the modified frequentist CLg method has
been proposed in [26, 27]. Using this approach, we re-
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FIG. 7. Distribution of MC simulation compared with data
for reconstructed shower cos@ in the 1eOpOn signal channel,
along with the LEFE Signal Model 2.

ject the LEE Signal Model 1 at 2.50 and the LEE Signal
Model 2 at 3.50 and 3.80 when measured in the electron
energy or electron angle, respectively. Further details on
the two-hypothesis tests performed are provided in Ap-
pendix D.
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FIG. 8. Confidence intervals obtained for the fit to each
variable using the combined 1eNpOm and 1eOpO7 channels.
Confidence intervals shown are generated with the Feldman-
Cousins procedure [28].

The result of the signal strength fits for all measured
variables in the combined 1eNpOm and 1eOpOm chan-

nels are shown in Fig. 8. In agreement with the two-
hypothesis tests, the LEE hypothesis (that is, a signal
strength of 1.0) is excluded at > 99% confidence level for
every measured distribution when both signal channels
are included. We also ran the fit separately for each mea-
sured channel, the results of which are shown in Fig. 9.
The two-hypothesis tests and the signal strength fits for
measurements using only the 1e0pOx signal channel show
a weaker preference for Hy over H;. This demonstrates
that the strong exclusion of the LEE hypothesis in the
combined fit is mostly driven by the data in the 1eNpOrw
channel.
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FIG. 9. Confidence intervals obtained from all fits performed
in this analysis. Confidence intervals shown are generated
with the Feldman-Cousins procedure [28].

VI. SUMMARY

This note presents an updated investigation of low
energy electron-like events from the Booster Neutrino
Beamline using the full MicroBooNE dataset (1.1 x 102!
POT). The analysis builds on earlier measurements
which test the hypothesis that an anomalous excess is
due to an energy-dependent scaling of the intrinsic elec-
tron neutrino rate, and complements this with new tests
motivated by the observable kinematics (shower angle
and energy) observed by MiniBooNE. In all kinematic
variables, we find that our data is consistent with no ex-
cess of electron neutrino interactions, and excludes the
v, interpretation of the MiniBooNE LEE at > 99% CL.
While the MiniBooNE excess remains unexplained, af-
ter looking at additional data and kinematic variables,
our measurements confirm our previous results and are
inconsistent with a v, interpretation of the excess.



TABLE I. Summary of results with data corresponding to 1.11 x 10> POT. The first three rows show the x> between the
data and the null hypothesis after constraint (Ho) and its corresponding p-value. Rows 4 through 8 show the results of the
two-hypothesis test in which Hy is compared to the signal model hypotheses (H1). The median sensitivity gives the confidence
level at which we would be able to reject the null hypothesis at the median Ax? expected under H;. Finally, the confidence
level for the H; hypothesis using the CL; method is reported. The last three rows show the best fit point of the fitted signal
strength, ppr, its upper limit at 20 CL and the expected upper limit for the case that the data corresponded exactly to the
prediction at Hy.

20 CL upper limit on | 0.34 2.64 0.47 0.34 1.90 0.39 0.24 0.88 0.22
Exp. 20 CL limit| 1.03 1.88 0.88 0.71 1.80 0.64 0.84 1.80 0.74

Signal Model Signal Model 1 Signal Model 2
Variable Neutrino Energy Electron Energy Electron cos(6)
Channel | 1eNpO7 1eOpOm Combined | 1eNpOnw 1e0pOmr Combined | 1eNpOnm 1e0Op0m Combined | Row
observed x%| 15.0 9.9 24.9 23.3 13.3 35.9 14.4 6.2 19.8 1
ndof| 10 10 20 14 14 28 9 9 18 2
P(x? >obs.|Ho) [%]| 18.4 56.1 31.3 10.4 62.5 26.0 15.3 77.6 43.4 3
obs. Ho — H; Ax*| -11.3 0.4 -10.3 -15.3  -1.2 -15.2 -17.4 -4.6 -20.5 4
P(Ax?<obs.|Hy) [%]| 5.5 78.9 16.3 9.5 59.3 16.9 1.9 12.0 1.25 5
P(Ax*<obs.|H1) [%]| 0.04 34.2 0.07 0.002 13.8 0.003 0.001 0.8 0.0001 6
Median sensitivity [%]| 1.21 11.1 0.57 0.06 8.7 0.03 0.47 8.6 0.20 7
CL, [%]| 0.65 43 0.45 0.023 23 0.02 0.07 6.7 0.008 8
pee| 0.0 0.6 0.0 0.0 0.14 0.0 0.0 0.0 0.0 9
10
11




Appendix A: Demonstration of the CRT Impact on the Selection

To illustrate the impact of the CRT-based cuts, we show in Fig. 10 the prediction for the reconstructed neutrino
energy distribution from the 1e0p07 selection after loose selection cuts have been applied without (left) and with
(right) background rejection from the CRT. The CRT is responsible for “vetoing” events with any activity in-time
with the neutrino interactions that trigger activity in the CRT panels surrounding the MicroBooNE cryostat. This
cut is able to remove 60% of cosmic backgrounds, while rejecting only 3% of charged-current v, interactions. The
MicroBooNE CRT system is described in Ref. [10].
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FIG. 10. Comparison of the predicted reconstructed neutrino energy distribution for the 1e0pOn preselection, with and without
the application of CRT cuts to the event selection.

Appendix B: Constraint Covariance and Impact

This analysis leverages several sidebands to constrain both intrinsic v, and NC 7¥ interactions (the leading source
of background). The constraint is performed through the conditional constraint formalism, in the same way as in
the first round of the analysis [3]. This constraint procedure relies on the correlations with sideband channels to
update the prediction and its uncertainty in the signal region. As a demonstration of the information leveraged by the
constraint and the impact it has on the analysis, we show in Fig. 11 the correlation matrix between signal channels
(bottom left 2x2 quadrant) with sideband channels (top right 3x3 quadrant). Figure 12 then shows the impact the
constraint has on the signal prediction for 1eNpOm (left) and 1eOpOrm (right). In this figure the blue solid line and
shaded region represents the predicted number of events and 1o uncertainty before the constraint was produced. The
analogous information in orange instead shows the constrained prediction and uncertainty. Informed by the data in
the sidebands shown in Fig. 1, the CV slightly shifts in both distributions, and uncertainties generally shrink. The
reduction in systematic uncertainty is greater in the 1eNpOm channel compared to the 1eOpOm channel.
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FIG. 11. Correlation matrix between the signal and sideband channels of the analysis. All channels are binned in reconstructed
neutrino energy.
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Appendix C: Updated Signal Model

This appendix presents details tied to LEE Signal Model 2 built in shower kinematics used in the analysis. While
briefly described here, we note that the method by which the signal model is constructed follows the same prescription
as documented in Ref. [29] to construct a neutrino-energy-based signal model (LEE Signal Model 1) and used for
the first round of the analysis, though now with updated kinematic variables. The shower-kinematics-based signal
model relies on MiniBooNFE’s efficiency and smearing matrix in shower energy and angle. The smearing matrices
for shower energy and angle are shown in Fig. 13. Given the nature of these variables, and the uniform angular
efficiency and resolution of the MiniBooNE detector, both smearing matrices show strong correlation between truth
and reconstructed quantities. The efficiency for MiniBooNE to reconstruct electrons is roughly flat in these variables,
averaging at 6.1%. While here we present the smearing matrices in one dimension to convey the true to reconstructed
smearing of each variable, the full two-dimensional efficiency and smearing matrix is used in the unfolding.



The ratio between MiniBooNE’s unfolded excess events and the electron kinematics of its intrinsic electron neutrino
events is used to obtain a scaling of the electron neutrino events in each two-dimensional bin, as shown in Fig. 14. The
enhanced rate of v.-induced electron events is particularly pronounced in the most forward-going and low-energy bin,
with enhancement of more than ten times the intrinsic electron neutrino rate. Fig. 15 and Fig. 16 show MicroBooNE’s
truth-level electron energy and cos # spectra broken into final-state topology, without any selection cuts applied, for
LEFE Signal Model 1 and 2, respectively. The LEE Signal Model 2 obtained from the MiniBooNE dataset predicts a
visible excess primarily in the range of 150-500 MeV for electron energy, and 0.7-1.0 for electron cos 6.

T

T T T R L e B o B ) RAR

1100} -
< f 0.05 0.8~
31000F .
= F 0.6
> - N
(<) o 004 P 04
Q ‘_ o C
c - O n
w r 0.21—
) F S r
Qo - o) r
= - 003 = -
[0)] - - o
£ F 8 =
X = i r
c | ] -0.2[—
r 1 o » ]
S 5001~ =002 5 ]
2 400k E FoaE E
w I B 0.6 ]
g = q o °F :
[ - ] -0.8 =
| I IMiniIIBOONlE sirrlmlati\on \ - I I I MilniBoloNE IsimullationI .
200 300 400 500 600 700 800 900 1000 1100 —0 711 -08 06 04 02 0 02 04 06 08 1 -0
Reconstructed Shower Energy (MeV) Reconstructed Shower Cos0

FIG. 13. MiniBooNE response matrix for electron shower energy and cos(0).
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applied.
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FIG. 16. The LEE Signal Model 2 on MicroBooNE electron kinematics spectra in truth v. events before any selection cuts
applied.

Appendix D: Two-Hypothesis Tests

This appendix shows the two-hypothesis test results performed in the analysis. Several tests are performed to
test both LEE Signal Model 1 (based on unfolded neutrino energy, the same model used in the first iteration of
this analysis [3]) as well as LEFE Signal Model 2 (built from the underlying shower kinematics). The tests are further
repeated for the 1eNpO7 and 1e0pOm channels separate and combined. In each figure two curves are shown, representing
the distribution of Ax? values obtained from toy experiments under the assumption that the null-hypothesis (no signal,
Hy, in blue) is the underlying truth or that the signal model (Hy, in orange) represents the underlying truth. The
vertical dashed line represents the median result for H; and is used to calculate the median sensitivity for ruling out
the signal model hypothesis if the Hy hypothesis were true. The vertical solid line represents the observed Ay?2.

Figure 17 shows two-hypothesis test results for the test of LEFE Signal Model 2 in the combined 1eNpOnw and 1e0pO7w
channels. The fit is performed in shower energy (left) and shower cos 6 (right). Figure 18 shows expectations and
results for a test of model 2 but now for the 1eNpO7r alone. Figure 19 shows expectations and results for a test of
model 2 but now for the 1eOpOm alone. Figure 20 shows expectations and results for a test of model 1 for the two
channels combined. Tests for model 1 for 1eNpOm and 1eOpOm separately are shown in Fig. 21 in the left and right
panels, respectively.
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