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Abstract A significant challenge in measurements of neu-
trino oscillations is reconstructing the incoming neutrino
energies. While modern fully-active tracking calorimeters
such as liquid argon time projection chambers in principle
allow the measurement of all final state particles above some
detection threshold, undetected neutrons remain a consider-
able source of missing energy with little to no data constrain-
ing their production rates and kinematics. We present the
first demonstration of tagging neutrino-induced neutrons in
liquid argon time projection chambers using secondary pro-
tons emitted from neutron-argon interactions in the Micro-
BooNE detector. We describe the method developed to iden-
tify neutrino-induced neutrons and demonstrate its perfor-
mance using neutrons produced in muon-neutrino charged
current interactions. The method is validated using a small
subset of MicroBooNE’s total dataset. The selection yields a
sample with 60% of selected tracks corresponding to neutron-
induced secondary protons. At this purity, the integrated effi-
ciency is 8.4% for neutrons that produce a detectable proton.

1 Introduction

With the study of neutrino oscillations moving into a pre-
cision measurement era with the Deep Underground Neu-
trino Experiment (DUNE) and Hyper-Kamiokande (Hyper-
K) experiments under construction [1,2], significant work is
still needed to reduce the uncertainties that arise due to the
modeling of neutrino-nucleus interactions. As neutrino ener-
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gies are typically estimated based on the visible final state
particles produced in their interactions (e.g. [3–5]), the pres-
ence of neutrons will bias these estimates even for fully active
detectors such as the liquid argon time projection chamber
(LArTPC) technology that DUNE will use. While develop-
ments have been made in understanding and improving neu-
trino energy resolutions using new methods [6–8], neutrons
will always represent a bias that requires model-dependent
corrections. To first order, the neutrino’s reconstructed energy
will be biased by the full kinetic energy of the neutron. While
neutrons produced in neutrino interactions can be observed
through capture processes, particularly in gadolinium-loaded
detectors [9,10], this technique is not easily applicable to
LArTPC detectors. Neutrino-induced neutrons can also be
measured through inelastic scatters with nuclei, for exam-
ple using liquid scintillator detectors (as demonstrated by
the COHERENT experiment [11]) or in solid scintillator
detectors (e.g. in the MINERvA experiment [12,13]). In the
case of the MINERvA experiment, these measurements were
made using antineutrino interactions which tend to produce
more neutrons. It has also been shown using the ArgoNeuT
detector that neutrons can be identified in a LArTPC through
the photons produced by the de-excitations of excited argon
nuclei produced in neutron inelastic scatters [14]. This work
introduces a method of identifying neutrino-induced neu-
trons in a liquid argon TPC using neutron-argon inelastic
scatters that produce a secondary proton, similar to the tech-
nique demonstrated by MINERvA. The method is validated
using data from the MicroBooNE detector.
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1.1 MicroBooNE detector

The MicroBooNE LArTPC detector is a 2.56 (x)×2.33 (y)×
10.37 (z) m3, 85 tonne active volume LArTPC exposed to
the Booster Neutrino Beam (BNB) at Fermi National Accel-
erator Laboratory that took data between 2015–2021, with
an exposure of 1.49 × 1021 protons on target (POT) [15].
This work uses a subset of that data, corresponding to an
exposure of 4.13 × 1019 POT delivered in 2017–2018. The
MicroBooNE detector is located 468 m downstream of the
target, at which point the neutrino beam primarily consists of
νμ (93.7%) with a mean energy of ∼800 MeV [16]. Charged
particles produced in neutrino-argon interactions propagate
through the LArTPC and ionize the argon atoms. The ionized
charge drifts in a 273 V/cm electric field towards the anode
that consists of two induction planes and one collection plane,
with 3 mm pitch between wires and 3 mm plane separation
[17]. The full drift time for an electron in MicroBooNE is
2.3 ms. There is an average of six cosmogenic particles in
the detector during a drift window [18,19]. The LArTPC is
paired with 32 photo-multiplier tubes (PMTs) that identify
scintillation photons from argon atoms excited by particles
traversing the liquid argon. By leveraging the time and spa-
tial structure of the scintillation light, and comparing to the
visible TPC activity, cosmogenic backgrounds that are out of
time with the 1.6μs BNB spill can be efficiently tagged and
removed.

1.2 MicroBooNE simulation

The MicroBooNE collaboration uses software that employs
a series of Monte Carlo simulations that model all aspects
of the experiment. The BNB flux simulation was originally
developed by the MiniBooNE collaboration [16] and then
customized for MicroBooNE. The neutrino-argon interac-
tions are modeled in the MicroBooNE simulation chain using
the GENIE v3.0.6 neutrino event generator [20,21] with a
modified version of the G18_10a_02_11a tune. This mod-
ified tune of G18_10a_02_11a was developed to better fit
the 2016 CC0π T2K dataset [22]. Final state particles from
the interactions simulated by GENIE are propagated through
the MicroBooNE detector using GEANTv4_10_3_p03c [23,
24]. The physics package used in the MicroBooNE version
of GEANT4 is the quark-gluon string model and the Bertini
cascade model (QGSP_BERT) [23]. Data taken while the
BNB is off is overlaid on the simulated neutrino interaction
to describe both the cosmic background and intrinsic detec-
tor noise. The detector response is modeled in the LArSoft
framework [25].

The neutrons of interest in this work are produced in neu-
trino interactions. An additional source of neutrons comes
from secondary interactions of neutrino-induced hadrons
within the detector volume. These neutrons are distinct from

Table 1 Final state neutron end processes for simulated neutrino-
induced primary neutrons

Neutron end process

Exit detector without inelastic scatter 24.63%

Exit detector after inelastic scatter 71.45%

Captured by argon 3.13%

Other 0.75%

Table 2 Number of times neutrino-induced primary neutrons inelasti-
cally scatter

Number of inelastic scatters

0 scatters 25.48%

1 scatter 30.28%

2 scatters 26.51%

3 scatters 11.87%

4+ scatters 5.87%

Table 3 Final state particles of neutron-argon inelastic scatters for sim-
ulated neutrino-induced primary neutrons

Final state of scatter

(1) Ar* 54.13%

(2) Ar* +Nn 30.86%

(3) Cl + Nn + 1p 6.60%

(4) S + Nn + 2p 1.37%

(5) S + Nn + α 2.14%

(6) Other proton final state 0.88%

(7) Other 4.03%

the primary neutrons in that they originate from a different
nucleus. However, their signatures are indistinguishable and
they constitute an irreducible background to primary neu-
trons from the neutrino interaction.

2 Neutron detection

In order to tag and identify neutrons in neutrino interactions
on argon, it is important to understand their behavior as they
propagate through the detector. This section outlines the char-
acteristics of neutron inelastic scattering on argon.

Tables 1, 2 and 3 summarize the behavior of neutrons in the
MicroBooNE detector, according to the GEANT4 simulation
deployed. Importantly, of the neutrons in our sample, 71.45%
inelastically scatter at least once within the detector before
leaving the active volume. The majority of neutrons inelas-
tically scatter only once (30.28%) or twice (26.51%). More
than half (54.13%) of neutron inelastic scatters result in only
the original neutron and the possibly excited secondary argon
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Fig. 1 Neutron-argon inelastic scattering cross section as a function of
neutron kinetic energy and broken down by the most common inelastic
scatter final states. The predicted neutron energy spectrum is shown in
gray, with arbitrary normalization

atom, while another 30.86% of scatters produce additional
neutrons. Finally, 8.85% of neutron-argon inelastic scatters
create protons, with 6.60% of scatters including one proton
and 1.37% of scatters including two protons.

For BNB neutrino-induced neutrons in MicroBooNE, the
flux-integrated cross section is dominated by the 1 neutron
and 2 or more neutron final states, due to the low average
neutron energies. Figure 1 shows the neutron-argon inelas-
tic scattering cross section (as extracted from the GEANT4
simulation) as a function of the neutron kinetic energy and
broken down by the final states listed in Table 3. The cross
section is only shown for neutron energies above 40 MeV, the
rough minimum to which our analysis method – reconstruc-
tion of a secondary proton track – is sensitive. The energy
spectrum predicted by the GENIE simulation for neutrons
produced by neutrinos in MicroBooNE is shown in gray,
with arbitrary normalization. These theoretical predictions
have not been directly validated with data [26], although
in the energy range of interest the total (including elastic
interactions) neutron-argon cross section has been measured
[27]. The neutron-argon total cross section between neutron
kinetic energies of 95 and 720 MeV is fairly flat and approx-
imately 700 mb, corresponding to a mean free path in liquid
argon of ∼ 70 cm.

In the energy range of interest (between 40 and 600 MeV),
the proton production cross section is approximately flat.
The detection method presented here targets secondary pro-
tons produced by inelastic scatters, represented by the pink
and blue lines in Fig. 1. Proton-generating processes become
the dominant predicted exclusive interaction channel above
roughly 300 MeV in neutron kinetic energy. A similar method
has been shown to work to identify neutrons in the Proto-
DUNE detector [28].

The most frequent type of neutron interaction leaves the
argon nucleus in an excited state without producing another

visible signature. In principle, MicroBooNE has the LArTPC
detector response attributes and existing low-energy recon-
struction tools [29,30] to tag neutrons through de-excitation
photons. While previous demonstrations of identifying such
events have been produced [14], these interactions present
unique challenges that complicate their application to the
problem of neutrino calorimetry [31]. When leveraging low
energy photons, there is a contaminating population of pho-
tons from de-excitation of the remnant nucleus from the ini-
tial neutrino interaction, as well as a large amount of cos-
mogenic and radiogenic low energy EM activity, especially
in a surface LArTPC such as the MicroBooNE detector. In
addition, the isotropic nature of these de-excitation photons,
along with a 14 cm radiation length in LAr, means any direc-
tional information which could help constrain the neutron’s
kinematics is significantly smeared [14,32]. The detection
method presented here targets instead the secondary pro-
tons produced by inelastic scatters. While this interaction
mode is less common, these events present fewer problem-
atic backgrounds, and the secondary proton location can
be used to better estimate the neutron direction. Addition-
ally, higher energy protons are produced more frequently by
higher energy neutrons which are the most relevant when
considering potential biases to neutrino energy estimation.

It is worth noting that the number of neutrons that produce
visible protons depends on the detector geometry. With the
MicroBooNE detector being less than 2.5 m in dimensions
of width and height, all neutrino interactions are less than 2
neutron interaction lengths from the nearest detector bound-
ary. A larger detector, such as those being constructed for
DUNE, will therefore have a higher efficiency for tagging
neutrons.

Figure 2 shows a MicroBooNE data event display that
includes a charged current (CC) candidate interaction (upper
left of image) with a final state neutron candidate. This neu-
tron re-scatters on an argon nucleus and produces the proton
track candidate (red track in the center of the image). Position
information from this track allows for the reconstruction of
the direction of the neutron, as well as the distance between
the secondary proton and the neutrino interaction vertex.

Identifying neutrons via secondary protons presents cer-
tain challenges. The falling distribution in Fig. 3 shows that
many secondary protons appear distant from the true neu-
trino vertex. Most neutrons produced in neutrino interactions
from the BNB are very low energy (Fig. 4a) and because
neutrons transfer a small amount of kinetic energy to the
daughter protons, there is minimal correlation between the
neutron’s kinetic energy and the secondary proton’s kinetic
energy (Fig. 4b). This results in short proton tracks which are
hard to identify. Figure 5a shows the true secondary proton
track length distribution from simulation. The majority of
the protons (∼ 74%) created from final state neutrons travel
less than 3 mm, meaning that they can cross at most 1 wire
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Fig. 2 Data event showing νμ

CC candidate with a final state
neutron candidate. A secondary
proton track candidate is seen in
the middle of the image. Image
is of the collection plane. Here
the horizontal axis shows the z
direction and the vertical axis
shows the x direction in the
MicroBooNE detector. Charge
deposited is represented by the
color scale, where blue
corresponds to small charge
deposits and red corresponds to
large charge deposits

Fig. 3 Neutrino vertex displacement for true secondary protons cre-
ated from final state neutrons. Error bars shown here only represent
statistical error

from a single plane in the detector. Figure 5b shows the num-
ber of protons produced by a final state neutron, showing
that 70% of neutrons do not produce any secondary protons
at all. While Table 3 suggests that only around 8% of scat-
ters produce a proton, neutrons can scatter multiple times
providing more opportunities to produce a proton from any
individual neutron. Though this identification method leads
to a very low efficiency for low energy neutrons, it does iden-
tify higher-energy neutrons at a higher efficiency.

3 Event selection

The reconstruction of charged particle tracks is performed
by the Pandora multi-algorithm pattern recognition toolkit

[33] which we briefly describe here. Hits on the three planes
are passed to the Pandora cosmic reconstruction to first iden-
tify unambiguous cosmic-ray muons and their daughter delta
rays. Hits associated with these backgrounds are removed
from the input hit collection. This hit collection is subse-
quently passed to the Pandora neutrino reconstruction. Some
cosmic tracks—the ones that are not obviously of cosmic
origin—are deliberately reconsidered in the next stage of
the reconstruction to avoid possible loss of neutrino-induced
tracks at an early stage in the process. The remaining hits
are divided into groups, called slices, that Pandora classifies
as related using proximity and direction-based metrics with
the goal of isolating the various interactions in the detec-
tor, whether induced by a neutrino or cosmic-ray. Cosmic-
ray-oriented and neutrino-oriented clustering and topological
algorithms are separately applied to the hits in each slice, so
that the two outcomes can be compared. The most appropri-
ate outcome is identified for each slice. Collections of hits
within each slice are reconstructed to form particle flow par-
ticles (PFPs)—a general term that can refer to either a shower
or a track—and a topological score is calculated for each slice
using a support vector machine (SVM). Slices resembling a
neutrino interaction get a score closer to 1 and slices resem-
bling cosmic activity get a score closer to 0. Based on this
score and confirming that the candidate neutrino slice has a
flash that is in time with the BNB spill, at most one neutrino
slice candidate per event is chosen. The slicing process is
especially relevant for the reconstruction of neutrons, since
they regularly scatter far away from the neutrino vertex and
daughter protons are often not included in the neutrino slice.
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Fig. 4 a Kinetic energy spectrum for all νμ CC final state true neutrons. b Correlation between parent neutron kinetic energy and daughter proton
kinetic energy made from MicroBooNE simulation. Error bars shown here only represent statistical error

Fig. 5 aTrack length of true secondary protons created from final state neutrons. b Area normalized number of protons produced by final state
neutrons. Error bars shown here only represent statistical error

We begin our preselection with the sample of events identi-
fied as νμ CC as in [34] where the neutrino vertex is contained
in the fiducial volume:

21.50 cm ≤ x ≤ 234.85 cm,
− 95.00 cm ≤ y ≤ 95.00 cm,
21.50 cm ≤ z ≤ 966.80 cm.

We additionally require all candidate tracks to be fully con-
tained in a “containment volume” [34]:

10.00 cm ≤ x ≤ 246.35 cm,
− 106.50 cm ≤ y ≤ 106.50 cm,
10.00 cm ≤ z ≤ 1026.80 cm.

We then consider all reconstructed PFPs within the neutrino
slice to search for secondary protons from primary neutrons.

For the purpose of studying the selection’s performance, we
group these into a variety of categories based on their origin:

1. Signal proton: Track belongs to a secondary proton pro-
duced by a final state neutron through neutron-inelastic
scatter (final states (3), (4), and (6) in Table 3).

2. Neutron inelastic (NI) proton (non-signal): Track belongs
to a tertiary proton that has been produced by a neutrino-
generated, non-final state neutron through neutron-
inelastic scatter (final states (3), (4), and (6) in Table 3).

3. Primary particle: Track belongs to a final state particle
produced directly in the neutrino interaction.

4. Proton inelastic (PI) proton: Track belongs to a sec-
ondary proton produced through proton-inelastic scat-
ter.

5. Other particle: Track belongs to any other simulated par-
ticle.
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Fig. 6 Neutrino slice status for all fully contained tracks in νμ CC events. Error bars shown on MicroBooNE data represent only statistical
uncertainty

6. Dirt: Track originates from a neutrino interaction that
occurred in the detector hall or dirt surrounding the
detector complex.

7. Cosmics and MC EM: Track belongs to either simulated
electromagnetic (EM) activity or data cosmic activity
overlaid on top of simulated neutrino event.

8. BNB beam-off data: Cosmic-induced backgrounds,
measured with data taken when the beam was off.

9. BNB beam-on data.

All figures showing MicroBooNE simulation have been
normalized to the data sample exposure used in this study
(4.13 × 1019 POT). BNB Beam-Off Data has been normal-
ized to the total number of triggers in the BNB Beam-On
Data sample. We define the integrated efficiency of the selec-
tion as the ratio between the number of true neutrons tagged
from daughter proton tracks to the total number of true final
state neutrons in the MC sample. The selection purity is
defined as the ratio of the number of signal proton tracks
to the number of selected candidate tracks. NI non-signal
protons are a background of particular interest. Neutrino-
generated neutrons that are created from the inelastic, sec-
ondary scatters of final state hadrons (primarily protons and
pions) with argon nuclei can then scatter again and create ter-
tiary protons. Although this background is effectively indis-

tinguishable from our signal, identifying these neutrons is
still useful. The presence of any neutrino-generated neutrons
indicates that there is missing energy, biasing the neutrino
energy reconstruction. Therefore, we will also report the NI
produced proton purity, defined here as the ratio of the num-
ber of signal and NI proton tracks to the number of selected
candidate tracks.

We require that neutron induced proton track candidates
be reconstructed as part of the neutrino interaction by Pan-
dora. While this requirement rejects the majority (62.0%)
of our signal, it helps reject 95.6% of our background. This
information is shown in Fig. 6, where the large background
rejection achieved by discarding tracks not reconstructed as
part of the interaction (“Not in ν slice”) can be seen. Future
iterations of the analysis will attempt to recover these pro-
tons.

Once PFPs that are not included in the neutrino slice
are eliminated, the leading backgrounds are primary, BNB
Beam-Off, cosmic/EM MC tracks, and PI protons (Fig. 7).
The primary and PI proton backgrounds are both susceptible
to uncertainties on GEANT4 modeling of particle propaga-
tion and reinteraction in the LAr. The MC EM background
is sensitive to uncertainties from our particle identification
which relies on dE /dx measurements. The dominant uncer-
tainty on this is from electron-ion recombination [35].
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Fig. 7 All fully contained tracks in νμ CC events that are reconstructed in the neutrino slice. a Track/shower SVM score, b LLR PID score, c
displacement between the candidate and the reconstructed neutrino vertex, d candidate track length
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At this point, both the cosmic and BNB Beam-Off back-
grounds are predominantly either muons or EM showers
from muons. In order to eliminate them, we leverage two
reconstruction variables. The first variable is the track/shower
score, which is the output of an SVM in Pandora that deter-
mines if the PFP appears more track-like or shower-like
(Fig. 7a). Tracks have scores closer to 1, while showers have
scores closer to 0. The second reconstruction variable is the
log-likelihood ratio particle identification (LLR PID) score
(Fig. 7b) and is calculated using MicroBooNE-specific soft-
ware that runs after Pandora completes its general recon-
struction [36]. The score identifies tracks as more muon-like
(closer to 1) or more proton-like (closer to − 1). Both scores
have been extensively vetted using MicroBooNE data and
have been shown to be minimally impacted by systematic
uncertainties [34,37].

We remove most primary tracks by measuring the dis-
placement between the candidate start point and the recon-
structed neutrino vertex (Fig. 7c). After correcting for elec-
tric field distortions in our calibrations [17], both this variable
and the proton candidate track length (Fig. 7d) are minimally
impacted by the space charge effect, with the largest effect
when either the neutrino vertex or neutron candidate are close
to the edge of the TPC.

The cuts on track/shower score, LLR PID score, and
reconstructed vertex separation were optimized to maximize
the product of the integrated neutron detection efficiency and
signal purity. The selection criteria are:

• track/shower score > 0.1 (Fig. 7a),
• LLR PID score < −0.15 (Fig. 7b),
• vertex separation 10 < d < 200 cm (Fig. 7c).

The vertex separation and track length are shown in Figs. 8a,
b for the surviving tracks. At this point, the largest back-
grounds are proton-inelastic and primary protons. Unlike
their neutron counterpart, the initiating proton in proton-
inelastic tracks is visible in the detector. The secondary pro-
ton in proton inelastic interactions will inherently be in close
proximity to the parent proton, thereby differentiating it from
our signal. Assuming no nearby cosmic or primary PFPs,
neutron produced proton tracks are isolated in space. We
measure the shortest distance between either end of the sec-
ondary proton candidate, and the start and end points of
every other PFP in the detector. The minimum of the 4N
calculations—with N+1 being the number of PFPs in the
detector including the current proton candidate—is the near-
est PFP proximity. The variable “candidate proximity to the
nearest PFP” gives good discriminating power between sig-
nal and these two proton backgrounds and is shown in Fig. 8c.

Assuming the neutron direction is given by a straight
line from the reconstructed neutrino vertex and the start of
the proton candidate, we measure the cosine of the rela-

tive angle (cos(χ)) between the neutron direction and the
candidate proton direction as seen in Fig. 8d. The candi-
date direction is defined as the vector between the recon-
structed start and end positions of the candidate track. At
this point in the event selection, the remaining cosmic, BNB
Beam-Off, and dirt tracks are likely neutron-induced pro-
tons. Neutrino-generated tracks should be forward-peaked
in this variable due to momentum conservation whereas the
other backgrounds should not. As the relative direction is
specifically designed to reduce the neutron background that
enters from outside the detector, it is particularly suscepti-
ble to the uncertainty on modeling neutrino interactions in
the dirt around the detector [38]. However, the overall effect
of dirt uncertainties should be small as the dirt background
is very small. The selection criteria for both of the physics
variables are:

• candidate PFP proximity > 21 cm,
• candidate track cos χ > 0.2.

Both the PFP proximity and relative direction will also be
minimally affected by the space charge effect in LArTPCs.

4 Event selection performance

The reconstructed neutrino vertex displacement and track
length for the final set of neutron-generated, secondary pro-
ton track candidates is shown in Fig. 9a, b. These distributions
demonstrate that the modeling of neutron inelastic scatters in
MicroBooNE agrees with data within the sizeable statistical
uncertainties in this sample.

The final sample of neutron candidates is 48% pure pri-
mary neutrons, and 60% pure neutrino-induced neutrons
(including non-signal neutrons), with the largest non-neutron
backgrounds being cosmic particles, proton-inelastic pro-
tons, and primary particles (also primarily protons). Due to
our use of data overlays to simulate background in the MC
samples, it is not possible to know exactly what type of cos-
mic particles are being selected, but some fraction will be
cosmogenic neutrons scattering close to the neutrino inter-
action.

Figure 10a shows the neutron detection efficiency as a
function of true neutron kinetic energy at different stages in
the event selection (error bars in Fig. 10 represent only sta-
tistical uncertainty). The final efficiency is negligible below
neutron energies of around 100 MeV, rising to an approxi-
mately flat efficiency of around 3% above 250 MeV. The sec-
ondary proton detection efficiency as a function of true pro-
ton kinetic energy (Fig. 10b) shows that a significant source
of inefficiency is failing to reconstruct and select protons
below 50 MeV kinetic energy. This efficiency measures the
detection rate of neutron-inelastically produced protons that
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Fig. 8 Fully contained, neutrino-slice tracks in νμ CC events with LLR
PID Score < −0.15, track/shower score > 0.1, and that lie between 10
and 200 cm of the reconstructed neutrino vertex. a Candidate displace-

ment from the reconstructed neutrino vertex, b candidate track length,
c candidate proximity to nearest PFP, d and PFP relative direction or
cos(χ)
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Fig. 9 a Final candidate displacement from the reconstructed neutrino vertex. b Final candidate track length

start in the TPC. There are a small number of neutrons that
create multiple secondary proton tracks that pass all event
selection cuts. These neutrons are counted once when deter-
mining the neutron efficiency, however Fig. 10b counts each
secondary proton independently. Due to this proton thresh-
old, we report an additional neutron detection efficiency as
a function of neutron kinetic energy for neutrons that cre-
ate a proton in the TPC with more than 50 MeV of true
kinetic energy in Fig. 10c. Lastly, we report the neutron
detection efficiency as a function of neutron polar scattering
angle (defined as the angle from the beam direction) which
shows better detection efficiency for neutrons that are more
forward going (Fig. 10d). This higher detection efficiency
at low polar angle is due to several reasons: forward-going
neutrons tend to have higher energies leading to higher effi-
ciency; the detector geometry means forward-going neutrons
have a lower chance of exiting the detector before scattering;
and the slicing performed by Pandora has some dependence
on direction, therefore forward-going tracks are more likely
to be classified as neutrino-like.

While the efficiency integrated across all neutron energies
is low, the majority of neutrons produced are very low energy.
For neutrons that create protons in the TPC with 50 MeV of
kinetic energy or more, the integrated efficiency is 8.4%.

The secondary proton energy threshold of approximately
50 MeV is consistent with the threshold for primary protons
in charged-current interactions [39]. However, due to the lack
of hits from other particles in the same location, these iso-
lated charge depositions can be reconstructed at significantly
lower energies in principle. Further work to lower the pro-
ton threshold, including leveraging newly developed low-
threshold reconstruction capabilities [29,30], would lead to
significant efficiency gains. Additionally, the selection could
be expanded to consider protons not reconstructed as part of
the neutrino slice – around 60% of neutron-induced protons
in our sample.

5 Summary and conclusions

We have demonstrated the ability to identify neutrons pro-
duced in neutrino interactions through the production of sec-
ondary protons from neutron interactions separated from the
neutrino vertex. The sample of neutron candidates identi-
fied is 60% pure, with 48% purity when only considering
primary neutrons. While the integrated efficiency remains
low, there remain prospects for improvement. Additionally,
the efficiency is lowest for low-energy neutrons which con-
tribute less to neutrino energy biases, and highest for neu-
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Fig. 10 a Neutron detection efficiency as a function of true neutron
kinetic energy.bSecondary proton detection efficiency. cNeutron detec-
tion efficiency as a function of true neutron energy for neutrons that pro-

duce protons with kinetic energy 50 MeV or more. d Neutron detection
efficiency as a function of neutron polar scattering angle for neutrons
that produce protons with kinetic energy 50 MeV or more

trons above 250 MeV kinetic energy, which could represent
significant biases to neutrino energy estimates.

The methods outlined in this paper would be applicable
to any LArTPC and allow for the measurement of neutrino-
induced neutron production in MicroBooNE, the SBN exper-
iments, or DUNE in the future. Additionally, this method
can be used to provide statistical separation of neutrino and
antineutrino events in a non-magnetized LArTPC, and statis-
tical separation of a sample of events known to have biased
neutrino energy estimators which may reduce uncertainties
in an oscillation measurement.
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