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Implications of MicroBooNE’s low sensitivity to electron antineutrino
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The MicroBooNE experiment searched for an excess of electron-neutrinos in the Booster Neutrino
Beam (BNB), providing direct constraints on v, -interpretations of the MiniBooNE low-energy excess
(LEE). In this article, we show that if the MiniBooNE LEE is caused instead by an excess of 7,, then liquid
argon detectors, such as MicroBooNE, SBND, and ICARUS, would have poor sensitivity to it. This is due
to a strong suppression of 7,—*’Ar cross sections in the low-energy region of the excess. The MicroBooNE
results are consistent at the 26 CL with a scenario in which the MiniBooNE excess is sourced entirely by 7,
interactions. The opportune location of ANNIE, a Gd-loaded water Cherenkov detector, allows for a direct
search for a 7, flux excess in the BNB using inverse beta-decay events.
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I. INTRODUCTION

The MiniBooNE Experiment at Fermi National
Accelerator Laboratory (Fermilab) used a 450 t fiducial
volume mineral-oil-based (CH,) Cherenkov detector to
search for the appearance of electronlike events in a beam
made predominantly of muon-flavor neutrinos. The beam,
produced in the Booster Neutrino Beamline (BNB),
resulted from 8.9 GeV total energy protons impinging
on a beryllium target, with charged mesons magnetically
focused toward the detector [1]. The polarity of the
magnet could be switched to allow either positively or
negatively charged mesons to be focused. The pions and
kaons decayed to mainly produce a muon-flavor flux of
neutrinos or antineutrinos, with low electron-flavor con-
tent, as discussed below. The beam traversed largely
undisturbed to reach the MiniBooNE detector located
541 m downstream. The analysis sought to isolate the
charged-current quasielastic (CCQE) scattering of neu-
trinos, v, +n— e~ + p, or antineutrinos, o, +p —e" +n.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/107(9)/092002(15)

092002-1

In the MiniBooNE Cherenkov detector, both reactions
appear as single electromagneticlike Cherenkov rings.

During a series of runs from 2002 to 2019, the MiniBooNE
experiment received 18.75 x 10%° (11.27 x 10%°) protons on
target (POT) with the magnetic horn focusing positively
(negatively) charged mesons. An excess of 560.6 + 119.6
(77.4 £ 28.5) electronlike events above the background from
intrinsic electron-flavor flux and misidentified muon-flavor
events was observed [2]. These low-energy excesses are
often referred to as the MiniBooNE “LEE” signal. The
community has engaged in a thorough search for misidenti-
fied particles that were not included in the analysis but has
not identified a conclusive explanation behind the full
excess [3—5]. This leads us to reconsider the flux that could
cause the LEE signature.

Because the detector is limited to identifying an electron-
like Cherenkov ring, it is not possible to identify the
neutrino versus antineutrino content of the LEE. Therefore,
under the assumption that the LEE is caused by an excess of
v, or U, CCQE events in the detector, we can categorize the
possible explanations as follows (defining f7/, to be the 7,
fractional contribution to the LEE in neutrino mode):

(1) Scenario I: The excess is entirely due to v, inter-
actions in neutrino mode running, f7, =0, and
entirely 7, in antineutrino mode running. This fits
the classic model of sterile-enhanced v, — v, neu-
trino oscillations.

Published by the American Physical Society
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(2) Scenario 2: The excess arises from a flux of mixed
content. In this scenario, we assume the event rate of
the excess is evenly split into neutrino and anti-
neutrino events, f;/,, = 0.5. In neutrino mode, this
hypothesis corresponds to a flux excess of antineu-
trinos that is larger and lower-energy than the flux
excess of neutrinos.

(3) Scenario 3: The excess is entirely due to 7, inter-
actions in neutrino and antineutrino mode running,
f /v — 1.

Of these three possibilities, only Scenario 1 has been
thoroughly explored by the community [5]. While the two
experiments were situated in very different beams, we note
that an anomalous flux of antineutrinos in MiniBooNE
may also be compatible with the unexplained signal at the
LSND experiment. LSND operated with a liquid scintilla-
tor detector at the LANSCE spallation source and observed
a 3.80-significant excess of inverse beta decay (IBD) [6].
Because of the unique IBD signature, a positron accom-
panied by delayed neutron capture, the LSND excess favors
a v, interpretation over a v, one.

Motivated by Scenario 1, the MicroBooNE Experiment
was proposed to run on the same Booster Neutrino
Beamline, 70 m upstream of the MiniBooNE detector,
using an 80 t fiducial volume liquid argon time projection
chamber (LArTPC). The LArTPC technology was selected
in 2006 to greatly reduce photon-electron misidentification
backgrounds that were thought, at the time, to be the best
explanation of the MiniBooNE anomaly [7]. However, as a
state-of-the-art detector, the cost per ton for the detector led
to a restricted size, and hence low statistics. The experiment
has published data taken from 2016-2018 totaling
6.9 x 102 POT in neutrino mode. In principle, the
O(1) cm vertex resolution of the MicroBooNE detector
[8] and its ability to detect protons allows for the separation
ofv,+n—e +pand i, + p — e" + n events, making
it ideal for testing mixed models like Scenarios 2 and 3.
Unfortunately, in practice, the argon target has a highly-
suppressed antineutrino interaction cross section in the
E; < 600 MeV range of interest for the LEE, as we explain
below. Thus, given the size of the detector and the length
of the run, MicroBooNE is much less sensitive to an
antineutrino component in the LEE.

MicroBooNE performed a model-agnostic search for the
MiniBooNE LEE [9], building a template of the excess
with respect to the Standard Model prediction from the
MiniBooNE neutrino-mode data. The LEE template was
derived by unfolding the difference between the central value
of the data and background predictions at MiniBooNE to an
excess of neutrinos in the beam. This process assumed that the
MiniBooNE LEE signal was entirely due to neutrino inter-
actions. The strategy to obtain the template and corresponding
constraint on it at MicroBooNE was the following [10]:

(1) The MiniBooNE Monte Carlo sample of true v,

charged-current (CC) interactions is used to construct

the response matrix .A;, = P(Reconstructed i
generated in ), where i refers to the reconstructed
energy bin (EXY)
bin (EL™),.

(2) The unfolded intrinsic v, CC interaction rate in true
energy space, u,, is obtained via the D’Agostini
iterative approach [11]. The regularization parameter
was chosen to (1) minimize the variance of the
unfolded spectra, (2) minimize the bias of the unfolded
spectra, and (3) produce an expected event rate in
reconstructed energy space, which is statistically
consistent with the observed MiniBooNE data.

(3) The ratio of the unfolded event rate u, and the
central value MiniBooNE Monte Carlo prediction
are taken as weights in true neutrino energy space,
which are then applied to true v, CC interactions in
the MicroBooNE simulation to produce the LEE
model prediction.

The two MicroBooNE analyses with the highest sensi-
tivity to the LEE were the Deep-Learning Based Analysis
(DL) [12] and the Wire-Cell Analysis (WC) [13]. In brief,
the DL analysis looked for an exclusive sample of v, CC
interactions with one electron and one proton in the final
state (1elp). The reconstruction chain relied on two novel
LArTPC-specific deep learning algorithms, SparseSSNet [14]
and MPID [15], to isolate these 1e1 p events. The kinematics
of the electron and proton were required to be consistent
with CC quasielastic scattering to reduce systematic
uncertainties on the interaction cross-section. This resulted
in a signal sample with a large signal-to-background ratio
but comparatively low statistics, with 25 events passing
the full selection. In the E,/; <400 MeV range, because
the DL analysis required a lepton-proton vertex, the
selected events were almost entirely due to neutrino
interactions rather than antineutrino interactions. The
energy distribution of DL-selected events was fit to the
Standard Model prediction plus the MiniBooNE-based
LEE model with floating normalization. Based on this
fit, the DL analysis limited the content of the MiniBooNE
LEE to < 38% v, interactions at 2¢. Since the DL analysis
is not sensitive to antineutrinos, this result implies that more
than 68% of the excess can be due to U, or other unrelated
non-neutrino events.

The WC analysis looked for an inclusive sample of v,
CC interactions with one electron and anything else in the
final state (1eX). The namesake Wire-Cell algorithm [16]
was used to identify three-dimensional space points of
charge within each MicroBooNE image, which were then
clustered and analyzed using a series of pattern recognition
algorithms to isolate 1eX events. The WC analysis allowed
for single-lepton events as well as multiprong vertices.
Thus, in the E, /5 <400 MeV range, soft- as well as hard-
scattering processes dominate. For WC, antineutrino events
could contribute, although the missing energy due to the
neutron would lead to an underestimate of the antineutrino

and a refers to the true-energy

i

092002-2



IMPLICATIONS OF MICROBOONE’S LOW SENSITIVITY ...

PHYS. REV. D 107, 092002 (2023)

energy. Fitting the Standard Model prediction plus the
MiniBooNE-based LEE model with floating normalization
to the WC selected events, MicroBooNE set a 26 upper
limit of 50.2% electron-flavor content in the LEE [13]. In
quoting this result, the Collaboration assumed that the
Wire-Cell analysis is not sensitive to the portion of the
excess that is caused by sources other than an excess of
electron neutrinos.

In the remainder of this article, we explore how the
constraints above change when the assumption on the
neutrino-antineutrino composition of the LEE is allowed
to vary. While the design of the DL analysis makes it
insensitive to the content of antineutrinos in the LEE, it
can still, in principle, be observed by the WC analysis. As
we will show, however, due to the fact that antineutrino-
argon cross sections are much smaller than those of
antineutrino-CH, for the LEE energies, the entire suite
of MicroBooNE analyses turns out to be significantly less
effective in constraining an excess of antineutrinos. This is
shown in Fig. 1, which indicates that the number of excess
events predicted in the lowest energy region of the WC
analysis decrease as the 7, content of the LEE increases
from Scenario 1 to Scenario 3.

The rest of this article proceeds as follows. First, in
Sec. II, we compare the neutrino versus antineutrino
interaction rates in the MiniBooNE and MicroBooNE
targets, CH, and Ar, respectively. We then generalize the
unfolding of the MiniBooNE LEE to scenarios with a
mixture of neutrino and antineutrino fluxes in Sec. III.
We apply our procedure to three assumptions on the

2.0

Wire-Cell (1eX) —— LEE template
Predicted, no LEE (x=0)

®  MicroBooNE observed

1.5 1 TO0 (Nominal

T2 (Worst case)

Events Observed / Predicted (no LEE)

- } } {
0.5 1
Scenario 1 Scenario 2 Scenario 3
(fv/u = 0) (fﬁ/u = 1/2) (fv/y = 1)
0.0 1 1 1
FIG. 1. The ratio between observed and predicted LEE events at

MicroBooNE in the three antineutrino-neutrino LEE scenarios.
The gray bands show the uncertainty in the prediction in the
absence of a LEE (x = 0), and in red, we show the prediction
for the LEE with (x = 1) in the three scenarios. From left to right,
we show Scenario 1 (f;,, =0), Scenario 2 (fy;, = %), and
Scenario 3 (f3/, = 1). The fainter dashed gray lines represent
the LEE prediction for the two alternative templates of Ref. [17].
For the assumptions and methodology behind our analysis, see
Sec. III and the Appendix.

neutrino-antineutrino composition of the LEE event rate:
100% v,, a 50%-50% mix, and 100% 0,. Finally, we
discuss the implications of these scenarios for the
MicroBooNE analyses in Sec. IV and discuss the next
steps in identifying sources of 7, in the MiniBooNE LEE
in Sec. V.

II. NEUTRINO AND ANTINEUTRINO
INTERACTIONS IN THE LEE

In this section, we discuss the interaction cross sections
for electron-neutrinos and electron-antineutrinos in the
target material of the MiniBooNE and MicroBooNE
detectors. Their impact in the MicroBooNE analyses is
discussed in Sec. IV.

At the fundamental level, the interaction cross sections of
neutrinos and antineutrinos are different due to the sign of
the axial-vector component. For CCQE scattering on free
nucleons, the difference can be expressed quite simply as

1 (de* do” y

— - =y 1 =% |(F; + F>)Fy, 1

ao(dy dy) )’< 2)( 1+ F2)F, (1)
where 6y = M and y =1— E,/E, is the inelastic-

ity parameter. In addition to the dependence on y, the above
expression has an implicit dependence on the kinematics
through the nucleon form factors F; = F;(Q?), where
Q? = 2E, My is the momentum exchange with the nucleon.
Equation (1) constitutes the interference between axial-
vector, F4 « g4, and vector pieces of the amplitude. This
interference is destructive for antineutrinos but constructive
for neutrinos. Interestingly, Eq. (1) leads to a preference for
lower momentum transfer and thus more forward scattering
angles of the final state lepton in the antineutrino case
compared to the neutrino case, a behavior that is in better
agreement with the forward-peaked nature of the
MiniBooNE excess [2].

For isoscalar targets, and in the absence of thresholds,
0, > o;. At high energies, the ratio asymptotes to a factor
of ~1/2. At low energies, however, it can vary significantly
due to threshold, nuclear, and binding-energy effects.

A. Cross sections at MiniBooNE and MicroBooNE

The composition of the mineral oil in MiniBooNE
is CH,, providing six bound neutrons for neutrino CC
interactions, and six bound and two free protons for
antineutrino CC interactions. In MicroBooNE, the argon
nuclear targets provide 22 bound neutrons for neutrino CC
interactions and 18 bound protons for antineutrinos. These
nonisoscalar materials enhance the number of nucleon
targets for antineutrino CCQE at MiniBooNE by 33%
and suppress them at MicroBooNE by 10%.

However, an even stronger effect is at play in the energy
region of the LEE; the separation energy of protons and
neutrons inside the argon nucleus. As opposed to the
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isoscalar '>C nucleus, the nonisoscalar *°Ar nucleus con-
tains protons that are more strongly bound than neutrons,
and, therefore, require more energy to be knocked out by
the CC interactions of antineutrinos. This effect is impor-
tant at small neutrino energies, where the center-of-mass
energy is comparable with the nuclear binding energies. In
addition, the Pauli blocking of neutrons in argon is more
significant than in carbon due to its size.

We show a comparison of the total and exclusive cross
sections for neutrino and antineutrino cross sections on
carbon and argon in Fig. 2, obtained from GENIE v3.02.00
[18,19]. While this ratio is similar for argon and CH, at
high energies, it is significantly different at lower energies,
varying by factors larger than two in the energy region of
the LEE. For the same event rate at MiniBooNE, this
implies that MicroBooNE would see fewer events if
antineutrinos induced those events rather than neutrinos.

We have elected to use GENIE v3.02.00, as it is the most up-to-
date GENIE public release at the time of this study. Other
versions do exist—for example, the CCOz MicroBooNE tune
of GENIE v3.00.06 presented in Ref. [20]. While it would
certainly be interesting to investigate the antineutrino hypoth-
esis within the context of the MicroBooNE GENIE tune, it is
not publicly available to our knowledge. Therefore, we rely
on GENIE v3.02.00 for this study and leave the consideration of
alternative neutrino event generators to future work.

To quantify the effect of an antineutrino component in the
LEE, we should also consider the kinematics of the neutrino-
and antineutrino-induced leptons. Since the interference term
between vector and axial components, shown in Eq. (1)
for CCQE, is proportional to the inelasticity parameter
y=1-E,/E,, when it contributes constructively, it leads
to a preference for larger y, and, therefore, lower-energy
leptons. This is the case for neutrino-induced reactions.
In the case of antineutrinos, the interference is destructive,
leading to a preference for smaller y, and, therefore, higher-
energy leptons. As we show below, in the context of the
LEE, this implies that to reproduce the observed excess of
events in Scenarios 2 and 3, the flux excess of antineutrinos
would require a lower mean energy than the corresponding
flux excess of neutrinos in Scenario 1.

Note that this also implies that the impact of nuclear
physics on the total cross sections, especially the suppres-
sion of low—Q2 configurations, is different between neu-
trinos and antineutrinos. This dependence on the lepton
kinematics and hadronic energy means that the unfolding
procedure adopted by MicroBooNE ought to be modified
before applying it to the antineutrino hypothesis.

III. THE MiniBooNE UNFOLDING-BASED
TEMPLATE ANALYSIS

To unfold the MiniBooNE excess under antineutrino-
based explanations of the LEE, we follow the procedure

MiniBooNE (CH,)

0.00 0.25 050 0.75 1.00 1.25 1.50
Eu(p)/GOV
MicroBooNE (40Ar)

O T T T T T
0.00 025 050 075 1.00 1.25 1.50
E,,(g)/GeV

\ —— Total CC

(UU/UV)Mini/(UU/UV)Micm
En
1

0.0 T T T T T
0.00 025 050 0.7 1.00 1.25 1.50

El,(p) /GeV

FIG. 2. The top and middle panels show the total v, and 7,
cross sections and their ratios for CH, and *°Ar, respectively. The
CCQE and resonant cross sections are shown as dashed lines. In
the bottom panel, we show the ratio between the MiniBooNE and
MicroBooNE v/ ratios. The blue region indicates the region of
the MiniBooNE LEE.
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outlined by the MicroBooNE Collaboration in Ref. [10].
Specifically, we use the D’ Agostini iterative approach [11]
to unfold the observed MiniBooNE data, where the
prediction u! in true energy bin « at iteration k is given by

n,

uf =Y Mi'd;, )

i=1

where the sum goes over each of the n, reconstructed
energy bins, and d; denotes the observed data in recon-
structed bin i. The matrix M¥ is defined by

k
Aiaua

Mk = __lee
“ €a Z;tzl Ai/)’ufi’

(3)

where the response matrix A;, is given by
A;, = P(reconstructed in i|generated ina), (4)

and €, =) ;A;, is the reconstruction efficiency in the
true-energy bin a.

A. Introducing an antineutrino component

The neutrino and antineutrino response matrices will
differ in MiniBooNE, as the do/dy distribution prefers
smaller (larger) values of y for neutrino (antineutrino)
CCQE scattering. We calculate the antineutrino response
matrix in MiniBooNE by simulating o, charged-current
interactions in CH, using GENIE v3.02.00. This formalism is
unable to account for the MiniBooNE reconstruction
efficiency; thus, we instead estimate R,, = A;,/¢€,.

As Cherenkov detectors are only sensitive to the final

state lepton, MiniBooNE uses E,?E (EgE) to reconstruct
v, (U,) energies, given by the expressions

2(My)E, = (M)* + mj — M)

EXE = )
2 [(M’,,) — E, + \/E2 — m2cos 94
g _ 200)E = (01,2 4w bst)

2[(M;)) — E, + /E% — m2cos 94

Here, M,, and M , are the neutron and proton mass, E,, ng,

and 6, are the lepton energy, mass, and scattering angle,

and M/ =M — Ep, where the nucleon binding
(n/p) (n/p) B

energy Ep is fixed to 34 (30) MeV for neutrinos (anti-
neutrinos). It is important to emphasize that no matter the
origin of the underlying event (v, or 7,), interactions are

always reconstructed using EX (ESE) for data taken in
neutrino (antineutrino) mode.

We consider only neutrino mode data in this study, as this
is directly comparable to the MicroBooNE neutrino mode

data. We approximate R, by marginalizing over EZ™,

using GENIE v3.02.00 to generate the truth-level final-state
kinematic distributions of the et which appear in Eq. (5).
The details of this calculation are given in Appendix A 1.
We separately approximate the 7, detection efficiency in
MiniBooNE by using the provided detection efficiency
as a function of electron energy [21]. The details of the
efficiency calculation are given in Appendix A 2.

Armed with our calculation for R;, = A;,/€, and €,, we
can perform the unfolding procedure using Eq. (3). This
produces a prediction for the antineutrino interaction rate
in MiniBooNE as a function of true antineutrino energy,
hereafter denoted u}®, which we will use to predict a signal
in MicroBooNE. In the top panel of Fig. 3, we show our
unfolded 7, prediction considering the first 6.46 x 10%°
POT of MiniBooNE data—the same dataset used in
Ref. [10]. One can see that the unfolded 7, template peaks
at lower (anti)neutrino energy compared with the unfolded
v, template. In the bottom panel of Fig. 3, we refold the
unfolded excess templates back through the MiniBooNE
reconstruction. Both the neutrino and antineutrino

—
[\

---- Unfolded 7,
—— Unfolded 7, + Intrinsic v,
—— Unfolded v,

True Intrinsic v,

—
o

lllllllll.llllllllllllll

o]

S~

[\

Events/MeV (6.46 x102 POT)
[}

1T I 1T I 1T I 1T I 1T I 1T I T
0.4 0.6 0.8 1.0 1.2 1.4
True E, (GeV)

o
<
o

Reco Intrinsic v,
----- Refolded 7,
—— Refolded 7. + Intrinsic v,
—— Refolded v,
~4  MiniBooNE Excess

—
o

o
o0

=
o~

(==}
(=2
MITTE NS NS AT A

<
o

T
i T
Femmmmaa
Trr|rrrJrrrrjJprrrjJprrr|prreroT
! ! ! ! ! !

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reconstructed E, (GeV)]

Events/MeV (6.46 x10% POT)

<
=)

FIG. 3. In the top panel we show the intrinsic v, background
and the unfolded v, and 7, templates obtained via D’ Agostini’s
unfolding method. The v, unfolding procedure begins with the
intrinsic v, event rate as an initial guess, while the 7, unfolding
procedure begins with a flat distribution in the true neutrino
energy. In the bottom panel, we show the refolded prediction in
MiniBooNE for both the unfolded v, hypothesis and unfolded 7,
plus intrinsic v, hypothesis, compared with the excess data for
6.46 x 10* POT [10].
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re-folded predictions are in with  the
MiniBooNE data.

Once we have an unfolded v, MiniBooNE prediction
uMB, we can fold that prediction into MicroBooNE. In
contrast with Fig. 3, here we use the 12.84 x 10?° POT
neutrino mode dataset presented in MiniBooNE’s 2018
result [22] for the unfolding process. This is the same
dataset used by the MicroBooNE Collaboration to calculate
their LEE template [13]. Note that the unfolded spectrum
represents the interaction rate inside MiniBooNE—thus,
we must scale by the ratio of cross sections in Ar and CH,

when going to MicroBooNE. The predicted MicroBooNE
event rate y! 5 in ET° bin i is given by

agreement

ES*)a)
B _ €aRiauyBM, 7
g Za: ocn, ((E5"),) )

where ¢, and R;, now denote the MicroBooNE 7, detection
efficiency and MicroBooNE response matrix, respectively.

MiniBooNE 2018

711

TO (nominal) =——

5
T1 (largest AxZg) —
4 - T2 (smallest AxZg) —
backgrounds
- data

Events/MeV
w

[\
1

—_
1

o

0.5 1.0 1.5
Reconstructed ESF (GeV)

MicroBooNE 2021 (Inclusive FC unconstrained)

40
TO (nominal) =——
[ T1 (largest AxZg) —
= 30 A T2 (smallest AxZg) —
ﬁ backgrounds
g
= 20 1
£
2
=10
or~~——T—T7T 7T T T
0.0 0.5 1.0 1.5 2.0 2.5

Reconstructed E, (GeV)

The 7, response matrix calculation in MicroBooNE
is similar to the MiniBooNE calculation. The main difference
is that MicroBooNE, being a LArTPC, is able to perform a
calorimetric energy reconstruction. The reconstructed energy
in MicroBooNE is given by E* = Y (T +m; + B;),
where T_rf“’, m;, and B; denote the observed kinetic energy,
rest mass, and binding energy associated with the jth
reconstructed final-state particle. The binding energy B; is
taken to be 8.6 MeV for protons and zero for everything else.
In the case of 7, CCQE scattering, MicroBooNE will only
reconstruct the final state e™. The reconstructed energy E<°°
is then simply E " = T™° + m,. Note that this will lead
to an underestimation bias in the reconstructed U, energy
due to the invisible neutron. In order to calculate R;, in
MicroBooNE, we marginalize over the T‘;Ee distribution
generated using GENIE v3.02.00. The details of this calculation
are given in Appendix A 1.

Evaluating the detection efficiency of 7, interactions in
MicroBooNE as a function of Ej, is more complicated than

MiniBooNE 2018

Scenario 1 (fy;, =0) =
Scenario 2 (fy;, =1/2) ——
Scenario 3 (fy ), =1) ——

backgrounds
data

Events/MeV
O w

—_
1

()

0.5 1.0 1.5
Reconstructed EQF (GeV)

MicroBooNE 2021 (Inclusive FC unconstrained)

40
Scenario 1 (fy;, =0) ——
Scenario 2 (fy ), = 1/2) ——
% 30 A Scenario 3 (fy ), =1) ——
backgrounds
E data
=20 -
=
A
10 A
or~~——T——" 7T 7T 7 T
0.0 0.5 1.0 1.5 2.0 2.5

Reconstructed E, (GeV)

FIG. 4. The MiniBooNE and MicroBooNE spectra in reconstructed neutrino energy. On the left panels, we show three different template
choices from Ref. [17] and their corresponding prediction at MicroBooNE, assuming no antineutrinos, f;,, = 0. On the right panels, we
show how the three different assumptions for the antineutrino composition of the excess impact the nominal template (TO) prediction in
MicroBooNE. In MiniBooNE, the three different scenarios of antineutrino compositions look exactly the same, by definition.

092002-6



IMPLICATIONS OF MICROBOONE’S LOW SENSITIVITY ...

PHYS. REV. D 107, 092002 (2023)

the MiniBooNE case. MicroBooNE is not a spherically
symmetric detector, thus both the electron direction
and energy will impact the detection efficiency. The
MicroBooNE reconstruction also relies nontrivially on
hadronic information in addition to leptonic information
for its nominal v, analyses, including the inclusive analysis
studied here. Ignoring final state interactions, there will
be no hadronic information in ¥, CCQE interactions. It is
also possible for v, CCQE interactions to occur without
hadronic activity if the energy of the final state proton is
below the reconstruction threshold; however, this is con-
siderably different than the 7, case, as the final state neutron
can carry away an arbitrary amount of energy without being
reconstructed. Given these complications, a detailed esti-
mation of the MicroBooNE 7, efficiency is out of the scope
of this paper. We instead conservatively assume the 7,
efficiency in MicroBooNE to be the same as the reported v,
efficiency for a given true (anti)neutrino energy. In a
realistic scenario, the 7, efficiency is likely smaller due
to the lack of hadronic information; thus, one can interpret
the MicroBooNE 7, prediction derived here as an
upper bound.

IV. THE IMPACT ON THE MiniBooNE
TEMPLATE ANALYSIS

The right panels of Fig. 4 show the prediction in
MicroBooNE under the three different hypotheses for
the antineutrino content in the LEE outlined in Sec. L:
Scenario 1 (f7,, =0), Scenario 2 (f;;, =1/2), and
Scenario 3 (fy;, = 1). As can be seen, the LEE template
prediction in MicroBooNE from the unfolded MiniBooNE
excess decreases in general with f,,, the antineutrino
fractional contribution to the excess. Thus, as expected,
MicroBooNE is less sensitive to antineutrino-based explan-
ations of the MiniBooNE excess. This is quantified in
Fig. 5, which shows the test statistic of the Wire-Cell
analysis, Ay,p(x) = y,p(x) — xpp(x = 0), as a function of
the signal strength scaling parameter x introduced in
Ref. [9]. As shown in Table I, the exclusion power drops
significantly as the predicted antineutrino content becomes
larger. Specifically, as f;,, increases from 0 to 0.5, the
test statistic Ay, z(x = 1.0) falls from 13.54 to 8.06. For
fop = 1.0, A){I%B(x = 1.0) = 3.82. At around x = 0.2, the
fzyv = 1.0 case predicts a slightly negative Ay, 5, implying
a minor improvement with respect to the nominal BNB
prediction. This is most likely caused by the small excess
observed in the lowest energy bin of the MicroBooNE
analysis, as shown in the lower-right panel of Fig. 4.

Assuming Wilks’ theorem [23] with one degree of
freedom, the critical A)(ﬁB value at the 95.45% (20)
confidence level is A;(I%B =4. We use this to calculate

2¢ upper limits on the signal scaling parameter x in
Scenarios 1, 2, and 3, considering the test statistic

30 A
MicroBooNE Ax2, inal

Argiielles et al (Scenario 1 fz,, = 0)
this work (Scenario 2 fy;, = 1/2)
20 4 this work (Scenario 3 fz;, = 1)

MiniBooNE (stat-+sys)

25 1

N:E% 154 77 MiniBooNE (stat)
<
10 1
5 .
0 4
0.0 0.5 1.0 1.5
signal strength x
FIG.5. The MicroBooNE Ay? for the inclusive 1eX analysis as

a function of the signal strength x. The black solid line shows
the Ay? for the nominal template, following the calculation of
Ref. [17]. official MicroBooNE curve, shown in dashed black. In
solid green and violet lines, we show the corresponding curves
for Scenarios 2 and 3 for the neutrino-antineutrino fractions of the
LEE, respectively.

Aysp(x) = y*(x) —min,{y*(x)}. These 26 upper limits
are shown in Table I. From Table I, it is evident that
MicroBooNE is much less sensitive to Scenario 2 than
Scenario 1, and is essentially insensitive to Scenario 3.
In the left panels of Fig. 4, we show three different
templates for the MiniBooNE LEE: TO, T1, and T2.
Template TO is the nominal unfolded template. Templates
T1 and T2, defined in Fig. 2 of Ref. [17], correspond to
the most and fewest number of excess events obtained in
the unfolding procedure while remaining consistent with the
MiniBooNE excess at p > 80%. In Fig. 6, we show the
A){ﬁ 5 exclusion power of the MicroBooNE data as a function
of the antineutrino fraction of the MiniBooNE excess,
considering each template separately. Here, A)(ﬁ p 1s defined
with respect to the nominal BNB prediction, and we assume
the nominal signal strength scaling for each template,
ie.,, x = 1.0. From Fig. 6, one can clearly see that A)(ﬁB
decreases rapidly as the f increases. This is quantified in
Table II, which reports the value of A)(ﬁ g for each template
under Scenario 1 (f;, = 0), Scenario 2 (f;, = 0.5), and
Scenario 3 (f3,, = 1.0). Note that the results for the nominal

TABLE I. Statistical results from the MicroBooNE Wire-Cell
analysis on the signal strength scaling parameter x, considering
the three different scenarios outlined in Sec. I. Aysg(x = 1.0) is
reported with respect to the nominal BNB prediction, i.e., without
any additional MiniBooNE-like excess.

foy =00 f7,=05 f;,=10
A;(ﬁB(x =1.0) 13.54 8.06 3.82
20 upper bound on x 0.49 0.69 1.01
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25 1
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[z = fraction of LEE events from 7,

FIG. 6. The MicroBooNE Ay? for the inclusive 1eX analysis as
a function of the antineutrino-neutrino fraction of the excess,
S0+ In black, we show the variation for the nominal template,
while in blue and pink, we repeat the same exercise for the two
templates shown in the left panels of Fig. 4.

template (TO) are the same as those reported in Table I. Even
for the most optimistic case (T1), the exclusion power is
significantly suppressed for f,, = 1.0.

We can define the test statistic Ay, 5 (f5/,) = 17 (fo/) —
ming, /pe[O,l]{ZiB( fz,)} to calculate the 26 lower limit on
S5y for each template. These lower limits are also reported
in Table II; depending on the template they hover around
fo/u ~0.5. Thus if we take the MiniBooNE excess at face
value (i.e., restrict to x = 1.0) and consider the nominal
template (TO), the MicroBooNE results require at least 55%
of the MiniBooNE excess come from 7, events at the 2o
CL. Note that this statement relies on restricting ourselves
to x = 1.0—as shown in Table I, y;5(x = 1.0) — y75(x =
0) = 8.06 for f;/, = 0.5, meaning that there is just under
30 tension with the no-excess hypothesis (x = 0) when
attributing half of the MiniBooNE excess to 7, events.

TABLE II.  Statistical results from the MicroBooNE Wire-Cell
analysis on the antineutrino fractional contribution to the Mini-
BooNE excess f;/,, considering the three different templates
shown in the left panels of Fig. 4. For the first three rows,
A)(ﬁB (f3/,) is calculated as in Fig. 6, while the last row considers
the A)(i 5(f3/,) definition given in the text to calculate 20 lower
limits on f3/,, assuming Wilks’ theorem for 1 d.o.f.

Template TO Tl T2
Using A)(ﬁB(fi/u) :Z,%B(f,:/wx =1.0) —){ﬁB(x =0)

Aypp(foy, = 1.0) 3.82 8.52 225

Ay2p(fo = 0.5) 8.06 15.74 457

13.54 24.63 7.65

Ayps(fop = 0.0)

Using A)(;%B (fp/u) = )(,%B (fz:/u) - minfi/be[(),l] {}(,%B(fﬂ/z/)}
20 lower bound on f7, 0.55 0.72 0.24

So far, we have focused on the total 1eX sample, using
the 7-channel fit of Ref. [13]. However, as a consistency
check, the Wire-Cell analysis has also performed an
11-channel fit, separating v, and v, CC events into samples
with and without final-state protons, OpXz and NpXz.
Antineutrinos will contribute almost exclusively to the
OpXn sample, making it a purer sample of 7, LEE events.
The total number of v,CC events is approximately even
between the two samples, namely 259 OpXz and 298
NpXn events. Given that the statistical and systematic
uncertainties are larger for the OpXz sample, and that
it does not observe a deficit of events like that of the
NpXz sample (Ngya/Nprea = (1.0040.08 stat £0.21 sys)
versus Nya/Nprea = (0.86£0.06 stat+0.17 sys)), we do
not expect that an 11-channel fit would qualitatively change
our conclusions.

V. DISCUSSION

Our main finding is that explanations of the MiniBooNE
LEE involving a large contribution of wrong-sign electron-
antineutrinos, from new physics or mismodeling in the
experimental simulation, remain viable. The relative sup-
pression of antineutrino cross sections in argon, the target
material used by MicroBooNE, with respect to CH,, the
mineral oil target material used by MiniBooNE, means that
MicroBooNE is much less sensitive to a low-energy excess
of antineutrinos compared to neutrinos. This motivates new
strategies to measure the electron-antineutrino component
of the BNB.

The templates in the top panel of Fig. 3 unfolded under
the hypothesis of an antineutrino-induced LEE indicate a
flux excess that is even lower in energy than its neutrino-
induced LEE counterpart. As shown in Fig. 7, such an
excess would represent a significant deviation from the
BNB model prediction for the flux of intrinsic 7, in
neutrino mode [1]. While no source for such hypothetical
enhancement has been identified, this study provides a first
glimpse into its energy dependence and relative rate. In
what follows, we discuss the implication of these findings
for a few different antineutrino hypotheses.

A. The BNB model

The BNB flux model [1] predicts that the wrong-sign
electron-neutrinos constitute a total of 0.05% (0.2%) of the
total flux in neutrino (antineutrino) mode, arising primarily
from charged and neutral kaons as well as secondary
muons.’ An antineutrino explanation to the LEE requires
a 10 times larger flux of wrong-sign neutrinos than
predicted in the BNB model. Considering only the LEE
region, £, < 600 MeV, it requires a 25 times larger flux.

"The chirally-suppressed 7~ — e 0, (" — etv,) decays
contribute at a much smaller fraction, namely 6.3 x 1076
(1.6 x 1072) of the total neutrino (antineutrino) mode flux.
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FIG. 7. A smooth interpolation of the BNB neutrino fluxes in
FHC mode as a function of energy. In light blue, we highlight the
nominal prediction for the intrinsic 7, [1]. In orange, we show the
required excess 7, flux to explain the MiniBooNE low-energy
excess in Scenario 3, using the unfolded template of Fig. 3 (top).
The dashed line is the result using the analysis range,
E, > 200 MeV. The dotted line in the E, < 200 MeV region
shows an extrapolation of the unfolded template, assuming it
follows the same shape as the intrinsic o, component.

Below we address the implications of such an enhancement
under different hypotheses.

1. Wrong-sign pions

The early decays of forward-going wrong-sign pions
in the BNB, 7~ — py7v,, also appears as a peak at
E, <400 MeV. This process is associated with large
uncertainties due to the lack of z~ production data in
the forward direction [1]. The question then arises—could a
large excess of wrong-sign pions in the low-energy region
explain the MiniBooNE LEE? The z~ — v, decays cannot
be the only source of the excess, as it would be accom-
panied by an enormous (lower-energy) flux of 7~ — 7,
exceeding the total neutrino flux below 600 MeV by more
than two orders of magnitude. Another new source of 7,
from wrong-sign pions are secondary muon decays, namely
n~ -y~ — U,. The BNB model predicts that neutrinos
from secondary muons correspond to a ~0.2% fraction
of the neutrinos from the parent pion. To explain the LEE,
this would require a ~500 times larger 7~ — 7, flux, which
is, again, not realistic.

2. Secondary muons

Another logical possibility is that the primary neutrinos
from wrong-sign pions are correctly modeled, but the
subsequent decays of secondary muons are not. This
effect would have to account for a sizeable increase of
the average energy of secondary-muon neutrinos, and,
more importantly, would require a fiftyfold enhancement
of the fraction between y~ and z~ neutrinos, bringing

it to 10%. Because of the short decay pipeline, it is difficult
to conceive of a scenario where so many forward-going
muons could contribute to the neutrino flux. A forward-
going muon produced at the target has a small probability
P ~50 m/(y,,crg) ~7.5%] v, of decaying before hitting the
beam absorber ~50 m downstream. Here, y,, is the Lorentz
boost of the muon, which can range from y, = 2-10 in the
energy region of interest. While the muons can penetrate
the absorber and subsequent dirt, they will not all decay to
produce a forward-going 7,, so this possibility is also
unrealistic.

3. Associated muon-neutrinos

It is also reasonable to assume that a 7, excess could
be accompanied by a v, or v, excess. The question of
whether this muon component can be observed is not
straightforward. In principle, such an excess could lead
to a higher rate of muons in MiniBooNE, modifying
the measured distribution of v,CC events. Because of the
different kinematics of neutrinos and antineutrinos, the
energy of a b, could be misreconstructed as a higher-
energy v,. In addition, resonant and coherent charged-pion
production would also be modified. By studying CCz™
production, MiniBooNE used this method to constrain the
wrong-sign v, CCQE events in antineutrino mode [2].
In practice, however, a very low-energy flux excess like
that in Fig. 3 (top) would happen in a region close to the
kinematic threshold of muon and pion production. This
could exacerbate the excess in 7, CC events, where thresh-
old effects are not important. Elastic processes like
neutrino- and antineutrino-electron scattering would be
impacted, but this component makes up less than 2%
of the total number of electronlike events observed by
MiniBooNE [2]. Finally, we note that when the
MicroBooNE Wire-Cell inclusive leX sample is divided
into OpXz, and NpXr events, a small excess of v,CC
OpXn events is observed in the energy region of
0.3-1.1 GeV [13]. Because v,CC NpXn events are in
good agreement with the Monte Carlo, this effect, if it
grows in significance, could be explained due to an excess
of 7, in the BNB.

To conclude this section, we have found that the full 7,
excess shown Fig. 7 would require a significant deviation
from the BNB model presented in Ref. [1]. We remind the
reader that our discussion focused on neutrino mode only.
Since the origin of the excess in neutrino and antineutrino
modes are both unknown, the neutrino-to-antineutrino
ratio of the excess in each mode is, in principle, not
necessarily the same. For that reason, we do not derive
constraints on the excess in antineutrino mode using
MicroBooNE data, as the latter was obtained with the
beam in neutrino mode. We leave a detailed study of
possible anomalous sources of wrong-sign neutrinos in
each mode to future work.
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B. New physics

We now comment on a few possibilities for a beyond-
the-standard-model (BSM) origin of the 7, excess in
MiniBooNE. Neutrino-antineutrino oscillations v, — 7,
can convert left-handed neutrinos into right-handed anti-
neutrinos [24]. However, they require a chirality flip and
are usually too small to be observable due to the smallness
of m?/E2. Large neutrino magnetic moments in strong
magnetic fields can also induce such oscillations through
spin-flip precession [25-27] but are not relevant for
short-baseline experiments. In general, v — ¥ oscillations
are constrained experimentally by solar neutrino experi-
ments [28-30] and by direct searches [31].

A D, excess could also stem from exotic pion decays at the
target. For instance, the lepton-flavor- and lepton-number-
violating branching ratio for the pion, zt — u*p,, could
produce 7, with the same energy spectrum as the neutrinos
from 7z — p*w,. The best experimental limits on this decay
come from the BEBC detector, which sat in the wide-band
high-energy neutrino beam at CERN [31]. A dedicated
search finds B(z" - u*0,) <0.15% and B(z" - putv,) <
0.8% at 90% CL. Precision tests of lepton-flavor universality
are also sensitive to this decay channel. Comparing the SM
prediction [32] with the experimental measurements [33-36]
of R,, =T(z" = e™v)/T(z* - p'v), we find

+ +3

D™ = 18e) (020 + 0.19)%, (8)
Lzt = uty,)
providing stronger limits on the branching ratio, B(zt —
utp,) <0.50% at 90% CL. We note that this branching
ratio can also be constrained by the LSND experiment
using low-energy IBD events; in the energy of interest,
E, < EfPAR ~ 30 MeV, good agreement is found between
data and Monte Carlo. We leave a careful evaluation of this
limit for future work.

Light particles produced in the beam could be another
source of antineutrinos. Decaying light sterile neutrinos
can produce antineutrinos in two scenarios. If the sterile
neutrino is a Majorana particle, antineutrinos can be
produced in the decay vy — v¢p [37-40], where ¢ is a
neutrinophilic light scalar particle. If the sterile neutrino is a
Dirac particle, then the subsequent decays of the scalar
particle, vy — v(¢ — Dv), can produce antineutrinos at a
fraction of 1:2 [38,39]. Finally, lepton-number-charged
scalars, ¢,, can lead to antineutrinos in the decay of
vy — U¢,. In detection, the emission of ¢, can lead to
what is effectively an off shell antineutrino scattering
process, v, p" — ¢,(7,)*p" — ¢,e*n. These explanations
of MiniBooNE, however, are excluded by solar antineu-
trino searches [41] and meson decays [42]. We note that a
decaying-sterile neutrino has been recently searched for by
the IceCube Neutrino Observatory, finding a preference for
decay [43]. Though the analysis uses invisible decay, it is

largely insensitive to the decay being visible or invisible
due to the steeply falling spectra as discussed in [38];
see [44] for a recent discussion of the latter scenario.

C. Future prospects

This study focuses specifically on the possibility of a7,
excess in the BNB; thus, it is relevant to consider whether
future experiments along the BNB will be sensitive to
such an excess. MicroBooNE is part of the short baseline
neutrino program at Fermilab, which includes the upcom-
ing ICARUS and SBND experiments [45]. ICARUS
and SBND also use LArTPC detectors, so they too will
suffer from the 7,-Ar cross section suppression at low
energies. Of the SBN experiments, SBND in particular is
the most optimistic setup to search for a o, excess. This is
because it will benefit from a tenfold enhancement in
event rate compared to MicroBooNE, as it is situated
closer to the BNB target [45]. Even so, assuming SBND
reconstruction efficiency is similar to MicroBooNE, a
factor of ~10 enhancement in the backgrounds and excess
templates shown in the right panels of Fig. 4 will not
significantly improve the sensitivity to Scenario 3,
unless a substantial reduction of the backgrounds can
be achieved.

In view of the challenges in detecting antineutrinos in
LArTPC detectors along the BNB, we turn to a different
kind of detector for this measurement; the Accelerator
Neutrino Neutron Interaction Experiment (ANNIE).
ANNIE is a 26-ton water Cherenkov detector located at
100 m from the BNB target [46,47]. The water volume is
followed by a muon-range detector to allow the detection
of muon neutrino and antineutrino interactions. One of
the primary goals of ANNIE is to measure the neutron
multiplicity in CCQE interactions. For that, the detector is
doped with gadolinium, so that neutrons produced in
neutrino events can be detected via delayed ~8 MeV
photons emitted in neutron-gadolinium capture.

While ANNIE has so far focused on muon events, the
detector can also measure inverse beta-decay events,
p,pt — etn. The signature is a single, low-energy posi-
tron Cherenkov ring with a delayed neutron capture. The
photo coverage of ANNIE phase-II, in particular, provides
the right environment for this measurement and can be used
on a search for a 7, interpretation of the LEE at the current
location of the detector. A detailed background study is
needed to estimate ANNIE’s sensitivity to the excess flux in
Fig. 7. Nevertheless, the addition of water-based liquid
scintillator in the detector volume, ANNIE phase-III, would
be a clear improvement to mitigate backgrounds [47].
Finally, because of the sheer magnitude of the excess of
v, required by the MiniBooNE LEE and the lack of
information on its size below E, <200 MeV, ANNIE
can start to probe 7,-based explanations of the
MiniBooNE LEE even if it is unable to detect the intrinsic
v, flux.
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VI. CONCLUSION

The MicroBooNE experiment has not found any evi-
dence for an electron-neutrino interpretation of the
MiniBooNE low-energy excess (LEE). In this article, we
show that this fact can be reconciled with the MiniBooNE
observation if the LEE is caused by electron-antineutrinos
instead. This is due to three main reasons: (i) two out of the
three MicroBooNE analyses have focused on single proton
final states, and these are rarely produced in antineutrino-
nucleus scattering; (ii) the energy of the initial o, is
substantially under-reconstructed in MicroBooNE due to
the invisible final state neutron; and (iii) the antineutrino
cross sections per nucleon on “°Ar are suppressed
with respect to those in CH,, the nuclear targets in
MiniBooNE. The differences in total cross section are
due to the difference in the proton-to-neutron ratio (4:3 at
MiniBooNE compared to 9: 10 at MicroBooNE), but, more
importantly, due to the larger size of the argon nucleus and
its nonisoscalar nature. Contrary to carbon, the proton
separation energy in argon is larger than that of neutrons,
requiring a larger energy transfer in o CCQE scattering.
As shown in the bottom panel of Fig. 2, this threshold effect
is particularly significant in the energy region of the
MiniBooNE LEE.

To quantify the impact of a v, -interpretation of the LEE
on the latest MicroBooNE results, we followed Ref. [17]
and reproduced the results of the MicroBooNE Wire-Cell
template analysis [13]. Because antineutrinos do not
produce protons, we focused on the inclusive Wire-Cell
sample, which does not require a proton connected to the
neutrino interaction vertex. We then estimated new detector
response matrices under the assumption of electron-
antineutrino charged-current scattering and proceeded to
unfold the MiniBooNE LEE into a 7, LEE template, shown
in the top panel of Fig. 3. We checked that the unfolded
template reproduces the MiniBooNE LEE once folded back
into MiniBooNE with our response matrix, as shown in the
bottom panel of Fig. 3.

We showed that if the antineutrino to neutrino ratio of the
LEE event rate is 100% (f3,, = 1), then MicroBooNE’s
sensitivity is significantly reduced to less than 2¢ (assum-
ing Wilks’ theorem), as much fewer LEE events are
expected in the detector. If the number of antineutrino-
induced LEE events is 50%, then MicroBooNE’s sensi-
tivity to the nominal template is reduced to less than 36 CL
for the nominal LEE template. As pointed out in Ref. [17],
due to the large background systematic uncertainties in
MiniBooNE, choosing different templates with an excellent
fit to the LEE, pLEE > 90%, can have a significant impact
on MicroBooNE’s sensitivity. Using the best and worst-
case template choices from Ref. [17], if we take the
MiniBooNE excess at face value and require x = 1.0 the
MicroBooNE data constrain the antineutrino-to-neutrino
fraction of the LEE event rate to be at least 0.72 for
template T1 (best-case scenario) and 0.24 for template T2

(worst-case scenario) at the 2¢ CL, assuming Wilks’
theorem for 1 d.o.f.

The Deep-Learning analysis focused specifically on the
lel p event topology, maximizing its sensitivity to electron-
neutrino CCQE events. While this analysis had the largest
purity, the requirement of a final state proton makes it
insensitive to antineutrinos, which can only produce a
proton through nuclear final state interactions. Finally, the
Pandora analysis focused on pionless topologies, separat-
ing them into 1eOzNp and 1e0z0p. While the latter does
not require a proton in the final state, it is also the least
sensitive and less pure of the analyses. It is also the only
one that observes a small excess of events. We can then
conclude that the choice of event topologies makes the
Pandora and Deep-Learning analyses insensitive to an
excess of 7,.

The other LArTPC detectors along the BNB, SBND, and
ICARUS, will face the same issues as MicroBooNE when
testing a v, explanation of the MiniBooNE LEE, due to the
U,-Ar cross section suppression at low energy. In principle,
the near detector of the SBN program, SBND, will observe
more antineutrino events but on top of a higher overall
event rate. In light of this, we have pointed out a different
possibility to directly search for 7, in the BNB using the
ANNIE detector. The phase-II of ANNIE is particularly
well-suited for the study of low-energy inverse beta decay.
The scattering of antineutrinos on free protons inside the
water-based Cherenkov detector produces a prompt posi-
tron signal followed by a delayed capture of neutrons on
gadolinium. A detailed study of the backgrounds is needed
to assess the final sensitivity of the experiment. Further
improvements would be possible with phase III, where the
separation of scintillation and Cherenkov light could be
achieved with a water-based liquid-scintillator volume.
A dedicated analysis at ANNIE can shed new light on
SM as well as BSM explanations of the MiniBooNE LEE,
targeting the BNB flux at energies of the LEE and below.
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APPENDIX: FURTHER DETAILS
ON THE ANALYSIS

This supplement to the main text is intended to provide
additional detail on the analysis, specifically concerning the
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calculation of the response matrices used to unfold
the MiniBooNE excess and obtain a 7, prediction in
MicroBooNE.

1. Response matrix calculation
To approximate R;, in MiniBooNE, we first calculate
the conditional probability density function (PDF)
P(E®|E™e). We marginalize over EX*"™, which, due
|

to nuclear effects and differences between the EX* and E,?E
expressions, is not necessarily the same as the generated
antineutrino energy ET"¢. We use GENIE v3.02.00 to discretely
approximate P(EZ™™|Et¢) and use a Gaussian approxi-
mation for P(ESE're°°|E,9E’tme). Note that since we are
considering MiniBooNE neutrino mode data, E;*°=

EQE™° The full calculation of the conditional PDF is

)
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where Erf denotes the error function and we define
PCENE(ptuey — p((EQET) |Ee)  to be the binned
probability distribution calculated via GENIE v3.02.00
for a given EY®. In the third line, we convert the continuous
integral over EZ*™ 1o a discrete sum over the binned
PSENE - distribution and explicitly show our Gaussian

approximation, where we consider a flat 17% energy
|

E]?E.me

1 Elrue h|gh

ia —

( Etrue>h'gh

The 7, response matrix in MicroBooNE begins with a
calculation similar to Eq. (Al). Due to the calorimetric
energy reconstruction used in the Wire-Cell analysis,
the calculation of the conditional PDF P(EX®|EY¥"®) in
MicroBooNE marginalizes over the true positron kinetic
energy,

PEFIEE) = [ dresp(Egin | e p(rie )
(3

We perform the same procedure used for MiniBooNE to
approximate R;, in MicroBooNE, leveraging GENIE v3.02.00
to calculate P(T"¢|EF"®) and making a Gaussian approxi-
mation for P(Eﬁcal’re°°|T‘erEe). Following Ref. [16], we
consider a flat 2% relative bias and 12% relative uncertainty
on the lepton kinetic energy. The MiniBooNE and
MicroBooNE 7, response matrices calculated using
Egs. (A1)—~(A3) are shown in Fig. 8. The significant

E[(J)E,true)llzigh _ E?E,reco> E ((EQE true)low

( Etrue lOW Elrue low

. ). w

V26 (Ee) V20 (Ef™)

|
resolution, i.e., o(ET*) = 0.17EY". We also consider a flat
5% EX® underestimation bias. This energy resolution and
bias are derived from the most recent MiniBooNE v, data
release [48]; for more details see Appendix A 2. In the fourth
line, we integrate the Gaussian within each E?E'mle bin k. We
can then approximate R;, by integrating P(EX|E™) over
EX bin i and averaging over EI'® bin a,

high

I’CCO

E 1
reco low

|
population of events below the EX®® = EY® line in the
MicroBooNE matrix indicates the underestimation bias
from the invisible neutron.

EreCOdE}_/l‘lleP (Ell:/eCO |Elt:rue ) . (Az)

2. Approximations in response matrices

To approximate the truth-level PDFs in Eqs. (Al)
and (A3), we use the latest version of the GENIE event
generator, GENIE v3.02.00 [18]. As the hypotheses presented
in this study attribute at least part of the MiniBooNE excess
to CC v, scattering, we generate all charged-current 7,
interactions included in GENIE v3.02.00 in both CH, and
Ar40. Truth-level distributions of final state variables
in these interactions are shown in Fig. 9, including the
positron kinetic energy 7T, +, neutron kinetic energy 7', and
positron scattering angle cos 6,+. We also show the truth-
level distribution of the energy reconstruction definition

for each experiment—EZ" for MiniBooNE and ES for

MicroBooNE. Note that in the MicroBooNE case, the ES¥
distribution matches the T+ distribution, as the final state
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FIG. 8. MiniBooNE (top) and MicroBooNE (bottom) 7, response matrices R,,, calculated according to Appendix A 1. Reconstructed
energy binning in each matrix reflects the binning reported by each collaboration.
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FIG. 10. Left: 2D distribution of the fractional energy reconstruction error F as a function of the true neutrino energy. The black points
and error bars indicate the median and &1 extent, respectively, of the F distribution in each ET™ bin. Right: upper and lower
uncertainties on F as a function of the true neutrino energy. The average of the two is also shown.

neutron is invisible. In principle, final state protons and
charged pions generated in 7, scattering via interactions
within nuclear medium will also contribute to ES; how-
ever, we have ignored this effect for the purposes of
this study.

The MiniBooNE energy resolution is approximated
using the latest v, — v, Monte Carlo data release from
the MiniBooNE Collaboration [48]. In Fig. 10, we show a
2D histogram of the fractional error of each event,

EECCO _ Egrue

F ETrue ’
v

(A4)

as a function of the true neutrino energy. A profiled version
of this distribution is overlaid in black, where the data
points and error bars indicate the median and 416 extent,
respectively, of the F distribution in each ET™® bin. From
the median, one can see that MiniBooNE tends to con-
sistently underpredict the v, energy. The fractional uncer-
tainty on the neutrino energy is also relatively constant
across the relevant energy range, though it is not sym-
metric. This is shown in the right panel of Fig. 10, which
plots the upper and lower 1o fractional uncertainty on the
neutrino energy as a function of ET™, as well as the
average of the two. It is apparent that the uncertainty on F is
relatively flat across the relevant true neutrino energy range.
One can see that for E™® < 750 MeV, the F distribution
has a larger extend above the median, while the opposite is
true for E]™ > 750 MeV. While this is an interesting
effect, for the purpose of this study we approximate the
MiniBooNE E, fractional uncertainty to be 17%—the
average value o across the full neutrino energy range.
We also incorporate a 5% underprediction bias, which is the
median value of F across the full neutrino energy range.
In principle, 7, scattering will behave differently than v,
scattering in MiniBooNE, as the momentum transfer Q2
distribution and final state lepton kinematics differ between

the two. This effect is accounted for in the construction
of the response matrices for both MiniBooNE and
MicroBooNE—however, we ignore it when approximating
the MiniBooNE energy resolution, as it is a subdominant
effect here. The fractional uncertainty on positron EM
showers in MicroBooNE is taken to be 12% with a 2%
underprediction bias, as quoted in Ref. [16].

As mentioned in the main text, we use the provided
electron reconstruction efficiency e¢(E,+) in MiniBooNE
[21] to approximate the U, reconstruction efficiency €,. As
MiniBooNE is a spherically symmetric detector that can
only reconstruct the final state lepton, the e™ energy is the
dominant effect in the (anti)neutrino detection efficiency.
Using GENIE v3.02.00, we can estimate P(E,+|E;) as shown
in Fig. 9 and thus approximate the lepton energy-averaged
detection efficiency,

()
e(Ey) = / €(E,+)P(E +|Ey)dE,+. (A5)
0
0.12
0.10
0.08
2 0.06
0.04
0.02
0.00
B L LR LI L L LR LR LR
025 050 075 100 125 150 175
E; [GeV]
FIG. 11. MiniBooNE 7, detection efficiency as a function of

the true antineutrino energy.
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This efficiency is shown in Fig. 11. For reasons discussed in
the main text, we consider the 7, detection efficiency in
MicroBooNE to be the same as the v, detection efficiency
released by the Collaboration. This likely overestimates
the 7, rate in MicroBooNE, as the neutron created in 7,

CC interactions is not visible in the detector. This would
make our estimation of MicroBooNE’s sensitivity to a 7,-
generated excess artificially strong Thus, it is a conservative
assumption, given the conclusion of this paper—that
MicroBooNE is not sensitive to a ,-generated excess.
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