Measurement of single charged pion production in charged-current v,-Ar interactions
with the MicroBooNE detector
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We present flux-integrated charged-current v, cross-section measurements on argon for final states
containing exactly one 7 and no other hadrons except nucleons. The analysis uses data from the
MicroBooNE experiment in the Booster Neutrino Beam, corresponding to 1.11 x 10?* protons on
target. Total and single-differential cross-section measurements are provided within a phase space
restricted to muon momenta above 150 MeV, pion momenta above 100 MeV, and muon-pion opening
angles smaller than 2.65 rad. Differential cross sections are reported with respect to the scattering
angles of the muon and pion relative to the beam direction, their momenta, and their combined
opening angle. The differential cross section with respect to muon momentum is based on a subset
of selected events with the muon track fully contained in the detector, whereas the cross section
with respect to pion momentum is based on a subset of selected events rich in pions that have not
hadronically scattered on the argon before coming to rest. The latter has not been measured on argon
before. The total cross section is measured as (3.75 + 0.07 (stat.) £ 0.80 (syst.)) x 10738 cm? /Ar at a
mean energy of approximately 0.8 GeV. Comparisons of the measured cross sections with predictions
from multiple neutrino-nucleus interaction generators show good overall agreement, except at very

forward muon angles.

I. INTRODUCTION

A good understanding of neutrino-nucleus interactions
is crucial to interpret results from neutrino oscillation
experiments, particularly to explore CP violation in the
lepton sector [1, 2] and to investigate physics beyond
the Standard Model [3]. Simulating these interactions
presents significant challenges, including modeling initial
nucleon states, accounting for multi-nucleon effects, and
handling final state interactions [4]. Cross-section mea-
surements play a key role in improving these models and
in reducing uncertainties for current and future neutrino
experiments [5]. Argon is an increasingly popular target
material for large-scale neutrino oscillation experiments
due to its use in time projection chamber (TPC) detec-
tors. Specifically, the long-baseline Deep Underground
Neutrino Experiment (DUNE) [6] and the Short-Baseline
Neutrino (SBN) program [7] at the Fermi National Ac-
celerator Laboratory (Fermilab) rely on these detector
types for their precise particle tracking and calorimetry.

MicroBooNE has collected an extensive data set of
neutrino interactions on argon. It operated in the
Booster Neutrino Beam (BNB) with a mean neutrino
energy of approximately 0.8 GeV and an energy spec-
trum that extends into the resonance production region
and falls off with a long tail that goes beyond 2 GeV.
At these energies, MicroBooNE is well suited to probe
A(1232) resonance production by measuring final state
pions.

* microboone_info@fnal.gov

This work presents results for charged-current (CC)
muon (anti-)neutrino events with a single charged pion
and any number of nucleons in the final state, referred
to as CClw* throughout this paper. Previously, Mi-
croBooNE has published results for 7% production in
neutral-current (NC) and CC neutrino scattering [8-11]
and CC v, 7, 7 production [12]. Improving CC pion
production models is important, as these interactions
dominate at energies relevant to experiments such as

NOvA [2] and DUNE.

Muon (anti-)neutrino CC17* cross sections have been
measured for several other target materials, including wa-
ter [13, 14], carbon [14, 15], hydrocarbons [14, 16-21],
and some metals [14]. The MINERvVA experiment [22]
has measured many of these and has shown challenges
for existing models to describe data across a range of
nuclear targets. Measurements on argon are needed to
provide data for the tuning of event generators and to
help understand how nuclear effects scale with the mass
of the target nucleus.

Argon measurements have previously been made us-
ing the 0.24-ton active-mass Argon Neutrino Teststand
(ArgoNeuT) detector at Fermilab [23] using 1.25 x 102°
protons on target (POT) in the higher-mean-energy Neu-
trinos at the Main Injector beam [24]. That experi-
ment measured CClz® interactions for beams in neu-
trino and antineutrino mode separately, collecting 115
v, and 158 v, events after background subtraction. This
MicroBooNE analysis has selected 6816 events after back-
ground subtraction, offering a substantial increase in
statistics.

At the vertex level, neutrino-nucleus scattering can
lead to charged pion production through several inter-



action mechanisms, depending on the energy transferred
to the nucleus. At lower energy transfers, coherent pion
production (COH) can occur, where a neutrino interacts
with the entire nucleus, leaving it in its ground state
while producing a pion. In the few-GeV neutrino en-
ergy range, the dominant mode of pion production is
through the excitation of a nucleon resonance (RES), pri-
marily the A(1232), which decays into a nucleon and a
pion. At higher neutrino energies, shallow inelastic scat-
tering (SIS) and deep inelastic scattering (DIS) become
the prevailing neutrino interaction mechanisms. In DIS
pions are produced as part of the hadronization process
following significant momentum transfer to a quark in
the struck nucleon. SIS is the transition region between
resonance production and DIS. These inelastic interac-
tions tend to produce multi-hadron, often multi-pion,
final states. Events with more than one charged pion
outside the nucleus are not part of the signal definition.
Additionally, final state interactions (FSI) can add or
remove pions from the set of observed particles for non-
coherent interactions. This also allows for pion produc-
tion in events where the primary interaction does not
produce pions, including quasi-elastic (QE) scattering
and meson exchange current (MEC) interactions. These
also count as signal events when they have exactly one
charged pion outside the nucleus, regardless of the initial
number of pions produced in in the neutrino interaction.

II. THE MICROBOONE EXPERIMENT

The MicroBooNE experiment uses a single-phase lig-
uid argon time projection chamber (LArTPC) with an
active mass of 85 tonnes [25]. The detector is located
468.5 meters from the target of the BNB at Fermilab,
which delivers a beam consisting primarily of sub-GeV
muon neutrinos [26]. MicroBooNE collected neutrino
beam interactions between 2015 and 2020. This analysis
uses 1.11 x 10?2 POT from all five years of operation.

A. The Booster Neutrino Beam

The BNB generates a neutrino beam by accelerat-
ing protons to 8 GeV kinetic energy using the Fermilab
Booster synchrotron and directing them onto a beryllium
target, producing secondary mesons [27]. These particles
are then subjected to a toroidal magnetic field from the
focusing horn, which operated in forward horn current
mode for MicroBooNE’s entire data taking period. This
arrangement defocuses negatively charged mesons and fo-
cuses positive ones, which then decay primarily into neu-
trinos with a mean energy of 0.8 GeV. The predicted
neutrino flux in MicroBooNE is dominated by muon-
flavor neutrinos. The v, component accounts for 93.66%,
while 7, contributes 5.79%. Electron-flavor neutrinos are
much less common, with v, and 7, making up only 0.51%
and 0.05%, respectively. The flux distribution of 7, also

peaks at lower energies, resulting in fewer RES interac-
tions and fewer charged pions. Thus, the antineutrino
component is expected to contribute less than 1% of the
cross sections presented. The combined v, + 7, inte-
grated neutrino flux prediction used for this analysis is
8.73 x 10" cm 2.

B. The MicroBooNE Detector

A comprehensive description of the MicroBooNE de-
tector can be found in Ref. [25]. The core component
of the detector, a liquid argon filled TPC, serves as
both the target for neutrino interactions and the de-
tection medium for the resulting final state particles.
Charged particles produced by neutrino interactions or
background events, such as cosmic muons, ionize the ar-
gon as they traverse the detector volume. A uniform
electric field of 273 V/cm drifts the free electrons toward
three layered planes, each consisting of parallel wires
spaced 3 mm apart, oriented at 60° angles relative to
one another. The first two planes register induced signals
from the drifting electrons, while the third plane collects
the electrons directly. A photomultiplier-tube-based light
collection system captures scintillation light, providing
complementary timing information. Position reconstruc-
tion of the interaction is achieved along one dimension by
measuring the charge distribution on the parallel wires,
while the drift time of the electrons provides the orthog-
onal dimension. This configuration enables the detector
to record projections of interactions from three different
perspectives, allowing for 3D reconstruction of neutrino
interactions.

C. Simulation

The flux simulation for MicroBooNE is adapted from
the MiniBooNE experiment situated in the same beam
line [26]. It uses the GEANT4 simulation toolkit [28-
30] version 8.1 with additional constraints on 7% and
K™ production from measurements taken by the HARP
and SciBooNE experiments [31, 32]. A tuned configura-
tion of the neutrino Monte Carlo (MC) generator GE-
NIE version 3.0.6 [33, 34] is used to simulate neutrino
interactions across all MicroBooNE analyses, according
to this predicted flux. Based on the model configuration
G18_10a_02_11a, it constrains CC QE and CC MEC in-
teractions with data from T2K [35]. The effect of this
tuning is minimal for the signal prediction of this anal-
ysis, but does affect the predicted background, which is
rich in pionless CC events. The configuration uses the hA
2018 intranuclear cascade model for FSI [36]. A known
shortcoming of the model is an overprediction of the pion-
nucleon charge exchange cross section below ~ 400 MeV
and underprediction above this. This affects the conver-
sion of charged pions to neutral pions in the FSI simula-
tion. Using a modified simulation sample which aims to



improve on this shortcoming, it was verified that this did
not have a significant impact on the selection efficiency
and that differences are covered by existing model un-
certainties. Subsequent simulation steps are performed
using the LArSoft software framework [37]. GEANT4 ver-
sion 10.3.3 is used to simulate particle transport for
the final state particles provided by GENIE. It produces
groups of ionization electrons, which are smeared to ac-
count for electron attenuation, diffusion, and recombina-
tion with ions. Scintillation photons are also generated,
with their probability of reaching a photomultiplier tube
determined by their production position in the detector.
Next, the electric field response of the electrons moving
past the wires, as well as the response of the readout
electronics, is simulated [38].

MicroBooNE records interactions for which the neu-
trino beam timing coincides with the detection of scintil-
lation light. Since the MicroBooNE detector is surface-
based, there are cosmogenic backgrounds that get in-
cluded in the readout. This is modeled by combining
the simulated waveforms with real recorded backgrounds
taken when the beam was turned off.

Two additional types of samples are used to correctly
model beam spills not producing a neutrino interaction in
the detector. The first is pure beam-off data recordings
without any simulated interactions, and the second is
simulated neutrino interactions outside the active detec-
tor volume with overlaid beam-off background, referred
to as dirt.

D. Reconstruction

The reconstruction process is identical for simulated
and real data. First, signal processing and deconvolu-
tion are applied to the raw waveforms from the TPC
wires [38-40], followed by the reconstruction of hits that
convey calorimetric information associated with energy
deposits on each wire. These hits are then provided as in-
put to the Pandora pattern recognition software [41, 42],
which clusters them within each plane and matches these
clusters between planes to identify groups of hits origi-
nating from the same particle.

Pandora first performs a cosmic ray muon reconstruc-
tion, identifying and removing clear cosmic ray muon
tracks. The remaining hits are then used for event slic-
ing, where the goal is to group together hits belonging
to the same neutrino or cosmic ray interaction. Each
slice is then reconstructed under both cosmic ray and
neutrino interaction hypotheses. Pandora uses a support
vector machine (SVM) to compute a topological score
between 0 and 1 for each slice, assessing how cosmic-
like or neutrino-like they are. Together with additional
information from scintillation light, the most probable
neutrino interaction slice is identified. Within this slice,
hierarchies of reconstructed tracks and showers with 3D
points and trajectories are produced. Finally, position
and calorimetric calibration are applied to account for

variations in the TPC wire response, charge loss due to
electron attenuation and ion recombination, and distor-
tions from space charge caused by the build-up of positive
ions in the detector [43, 44].

The reconstruction process has several performance
limitations relevant to this analysis. One key issue is
track fragmentation, where muons, whether originating
from neutrinos or cosmic sources, can be incorrectly bro-
ken up into two separate tracks. This can mimic the sig-
nature of a back-to-back muon and pion pair, requiring
the exclusion of this phase space from the analysis. An-
other limitation is Michel electron merging, where Michel
electrons are occasionally incorrectly merged with muon
and pion tracks. This merging introduces additional un-
certainty in the estimation of the momentum.

III. ANALYSIS OVERVIEW

This analysis uses a topology-based signal definition
imposed on the set of final state particles that exit the
nucleus struck in the neutrino interaction. This includes
events where a 7 is produced after the initial interaction
via FSI inside the nucleus and excludes events where a 7+
is produced but captured before leaving the nucleus. The
final states for this analysis consist of one (anti-)muon,
one charged pion, and any number of nucleons:

DA o 1pE 41t X (1)

where X is any set of nucleons and nuclei. A selected
event matching this definition can be seen in Fig. 1.

BNB Run 24727, Subrun 108, Event 5417

uBooNE

Vi (Vu) == =>

Candidate

FIG. 1. Event display from the collection plane of the detector
showing a selected event consisting of a long muon candidate,
a shorter proton candidate, and a charged pion candidate ap-
pearing to decay to a Michel electron via a muon. Cosmic
rays are visible in the bottom left corner, and sections of the
tracks are missing due to unresponsive detector wires.

Significant other mesons production comes in the form



of neutral pions, visible via their decay products, and
charged kaons. Both are explicitly excluded from the
signal definition. Without a magnetic field, MicroBooNE
cannot distinguish between n* and 7~. Moreover, 7,
interactions are included as part of the signal, although
their contribution is minor (as described in Sec. ITA).
The neutrino interaction vertex is further required to be
inside a fiducial volume, defined as the volume of the
detector that is at least 10 cm away from all TPC borders
and 50 cm away from the back face of the detector in the
beam direction. The resulting volume is a rectangular
cuboid of liquid argon with dimensions 236 cm x 213 cm
X 977 cm.

The phase space restrictions for this analysis are:
muon momentum p, > 150 MeV, pion momen-
tum p, > 100 MeV, and muon-pion opening angle
0, < 2.65 rad. The opening-angle phase space restric-
tion excludes back-to-back muon-pion pairs, which are
challenging to distinguish from long cosmic muon tracks
and result in a phase space region with few signal events
but high background contamination.

In addition to the total cross section, single differential
cross sections are presented for the following lab-frame
variables: p,, for the muon momentum, cos(6,) for the
cosine of the muon angle with respect to the beam, p,
for the pion momentum, cos(#) for the cosine of the pion
angle with respect to the beam, and 6, for the muon-
pion opening angle. The angular variables are calculated
from the directions of the reconstructed particle candi-
dates, while the momentum measurements use separate
subsets of events. For the muon momentum measure-
ment, uncontained muon candidates are excluded from
the selection to allow momentum estimation by range.
Uncontained particles exit the detector and are defined
for this analysis as tracks coming within 5 cm of any TPC
boundary. Pion momentum estimation also poses chal-
lenges due to the high rate of secondary interactions, such
as inelastic scattering, which lack ionization signatures.
This makes range- and calorimetry-based methods unre-
liable. The pion momentum is estimated using pions that
do not undergo elastic or inelastic hadronic interactions
on the argon and come to rest inside the detector, referred
to as unscattered pions throughout this paper. For this,
an unscattered-enhanced subset is selected, in which the
composition of the selected signal events is much richer
in these types of pions. This makes it possible to use the
pion candidate’s range to estimate the momentum. The
charged pion momentum spectrum from neutrino inter-
actions with argon has not been previously measured.

IV. EVENT SELECTION
A. Preselection

The preselection inclusively selects CC muon
(anti-)neutrino interactions in MicroBooNE and
distinguishes them from NC and electron (anti-)neutrino

interactions. First, a series of particle-level cuts are
applied to identify potential muon candidates. Pandora
provides a score for each reconstructed particle that
indicates how shower-like versus track-like it is on a scale
from 0 to 1. This uses a set of metrics that include the
total length, the distance from the interaction vertex,
and changes along the length of the reconstructed
particle (such as the transverse extent) [42]. Muon
candidates must have unambiguous tracks with scores
> 0.85. Potential muon tracks must start within 4 cm
of the reconstructed neutrino vertex, which helps reduce
cosmic rays being misidentified as muons originating
from a neutrino interaction. Next, only primary tracks
in Pandora’s reconstruction hierarchy are considered.
This removes tracks that are child particles of other
reconstructed particles. The muon candidate must also
have a track length of at least 20 cm. This corresponds
to a momentum of 150 MeV, which aligns with the muon
momentum phase space restriction that is enforced in
the analysis. In the last steps, the energy loss curve
dFE/dx for reconstructed calorimetric hits at the end
of a track is compared to simulated distributions for
muons and protons. The resulting agreement metrics
(usually denoted X2, though not strictly following a
x? distribution) are used to determine how muon- or
proton-like a given track is, with values of X,QL < 30
and X;Q) > 60 required. The proton-to-muon x? ratio
cut Xf, / Xﬁ > 7 is also applied to strongly favor muon
agreement. Plots of the 2 distributions can be found in
the supplemental material [45].

Next, quality cuts are applied at the event level. The
starting point of all child particles must be at least
10 cm from the TPC boundaries to reduce external back-
grounds. Finally, the reconstructed neutrino interaction
vertex must be in the defined fiducial volume.

B. Boosted Decision Trees

This work relies on three boosted decision trees
(BDTs) to identify particles in the final state of the inter-
action. These are the muon BDT, the proton BDT (used
to separate protons and charged pions), and the unscat-
tered pion BDT. Each BDT is trained to identify its tar-
get particle and reject the other types of tracks using the
Toolkit for Multivariate Data Analysis (TMVA) frame-
work [46] on contained reconstructed particles from signal
events that pass the preselection. Scattering information
for the simulated pions comes from the GEANT4 trans-
port simulation. To mitigate the impact of poorly re-
constructed tracks, particles are weighted based on their
completeness, defined as the fraction of calorimetric hits
from a simulated particle that are assigned to the best-
matching reconstructed particle. Overlaid cosmic rays
have uniform weights. Training uses half of the sim-
ulated events, corresponding to 63,000 particles, while
the remaining half is reserved for validation and cross-
section extraction. Feature selection for the BDTs fol-



lows an iterative process. Initially, each BDT is trained
with a broad set of potentially suitable features. A se-
ries of retraining steps is then conducted, systematically
removing one feature at a time to assess its impact on
performance. The performance change resulting from a
feature’s removal serves as a measure of its importance.
Features with little to no impact are permanently ex-
cluded. This process continues until each remaining fea-
ture significantly contributes to the final performance.
Through this optimization, the muon and unscattered
pion BDTs retain the six key features listed below. The
proton BDT uses only five features, as it does not depend
on the number of descendant particles.

Calorimetric features:

1. The ratio of the proton to minimum ionizing particle
(MIP) energy loss likelihoods. MIP refers to particles
that do not have a Bragg peak, which is a characteris-
tic mass-dependent energy loss as particles slow down
in matter. The likelihood is determined from the last
30 cm of a track by comparing the energy loss, dE/dz,
along the track to simulated distributions. Specifi-
cally, for each hit in a reconstructed track, the like-
lihood of the energy loss at that point coming from
a proton or a MIP is calculated. The ratio of these
likelihoods is used as a metric for the likelihood of the
particle being a proton.

2. The ratio of the pion to MIP energy loss likelihoods.
The same as feature 1, but for charged pions.

3. The mean change in deposited energy along the first
third of a fitted track. The calculated mean excludes
the first three calorimetric hits and also hits that
are more than one standard deviation away from the
mean.

The calorimetric features employ a multi-plane ap-
proach to mitigate issues when particles travel nearly
parallel to wires [47]. When possible, collection plane
information is preferred due to its superior performance
[40]. To maintain accurate dE/dz estimates for particles
that travel below an angular threshold relative to the col-
lection plane wires, a weighted average of the induction
planes is used. The weighting is based on the hit count
on each plane.

Topological features:

4. The number of all descendant particles in the recon-
structed hierarchy associated with a primary particle.
This provides information about the decay of primary
particles.

5. The standard deviation of the angular differences be-
tween the directions at adjacent points along the tra-
jectory of the fitted track. More colloquially, this is
a metric for the wiggliness of the track and provides
information about reinteractions and decays.

6. The particle classification score, distinguishing be-
tween track-like and shower-like appearances. This
score is computed by Pandora, as described in the pre-
selection section.

Figure 2 shows the BDT score distributions for data
and simulated events. Each distribution corresponds
to the stage at which the respective BDT is used in
the selection, as described in the next section. Overall,
good agreement is observed between data and simulation.
Some shape differences can be seen in the protons at low
muon and high proton BDT scores. These differences
are expected to arise from MicroBooNE’s uncertainties
in the modeling of calorimetric variables, primarily due
to the treatment of recombination effects [48], as well as
from differences in proton multiplicity. While this leads
to differences in the assigned BDT scores at the extremes
of the distributions, their impact on particle selection is
minimal. The muon candidate is determined to be the
particle with the highest muon BDT score, making the
selection insensitive to small local shifts at the low end.
Similarly, discrepancies at high proton BDT values do
not influence the identification of pion candidates, which
are selected from tracks with values below the cut value.

C. CClz* Selection

The charged pion selection considers all events that
pass the preselection and applies a series of selection cuts
to identify events with a single charged pion, beginning
with general quality cuts. First, a topological score com-
puted by Pandora > 0.67 is required to ensure that events
clearly originate from a neutrino interaction. Next, the
start points of all tracks must be within 9.5 cm of the
reconstructed neutrino interaction vertex. This removes
events where photons, particularly from 7° decays, and
other backgrounds not directly attached to the neutrino
vertex are misidentified as a pion candidate.

The first step of the topological selection is to identify
one of the particles in the event as the muon candidate.
Muons produced in CC interactions tend to receive a
significant fraction of the neutrino energy. Protons have
a higher average ionization loss, (dE/dz), compared to
muons and charged pions. Hadrons also frequently scat-
ter inelastically on the argon. As a result, muons typi-
cally have longer tracks and are much more likely to exit
the detector. If there is one uncontained track, it is al-
ways identified as the muon candidate. If there are no
uncontained tracks, the most muon-like track is chosen
based on the highest score from the muon BDT. Events
with multiple uncontained tracks are rejected. Next, the
proton BDT is used to identify which of the remaining
tracks are protons by requiring a high BDT score. If ex-
actly one particle remains that is not identified as either
the muon or a proton, it is classified as the charged pion.
Otherwise, the event is rejected.

Final quality cuts are applied to the identified parti-
cle candidates to improve the selection purity. The pion
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FIG. 2. Stacked histograms of muon, proton and unscattered
pion BDT scores of reconstructed particles. The plots show
the distributions at the respective selection steps with all prior
cuts applied as described in Sec. IV C and IV D. The particle
with the highest muon BDT score is used as the muon can-
didate in fully contained events. The proton BDT plot then
shows particles other than the selected muon candidates. Fi-
nally, the unscattered pion BDT plot only shows pion candi-
dates identified in the general selection.

and muon candidates must have hits in all three wire
planes to ensure they are not in an unresponsive region
of the detector. A minimum threshold is enforced on
the average dE/dz at the end of a pion candidate to
suppress misidentified protons due to poor calorimetry.
These protons originate mainly from reinteractions on
argon or from traveling directly toward the wire planes.

D. Unscattered Pion Subset

The momentum of pions is measured using a subset
of events rich in unscattered pions that have come to
rest. These are identified by applying an additional cut
on the unscattered pion BDT score. This selection helps
to exclude events where the pion is likely to have scat-
tered on the argon. In simulation, the true scattering
information is taken from the GEANT4 transport model.
The pion momentum for this subset is then determined
from range. The resolution of the momentum estimation
can be described as the standard deviation of the relative
difference of the momentum 4, for selected signal events:

5 = (preco _ ptruth)/ptruth (2)
where p*®°® here is the reconstructed momentum for a
correctly identified pion track and pt™™! is the simulated
momentum. This yields a resolution of o = 0.20 for
the pion momentum estimator applied to the simulated
subset.

Figure 3 shows the differences between the recon-
structed and true charged pion momentum for simulated
events that pass or fail the unscattered pion BDT cut.
The same range-based momentum estimation is applied
to all events, with the events not passing this cut exhibit-
ing a biased and down-smeared distribution, which arises
from momentum being underestimated for hadronically
reinteracting charged pions. Excluding scattered pions
is therefore necessary to accurately estimate the momen-
tum from the track length.

The signal definition remains the same for the cross-
section measurement performed as a function of pion mo-
mentum, but the selected unscattered pions are gener-
ally of lower energy. Figure 4 presents the momentum
distribution for scattered and unscattered 7*. The ex-
tractable pion momentum differential cross section using
unscattered pions is thus limited to lower energies.

E. Contained Muon Subset

Some previous MicroBooNE analyses have used both
range-based and multiple Coulomb scattering (MCS)
muon momentum estimation techniques [11, 49-51]. Fig-
ure 5 compares the distributions for contained muons us-
ing range-based estimation and uncontained muons, for
which only MCS estimation is possible. The momentum
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estimation from range for contained muons provides a
much higher resolution of ¢ = 0.08, compared to uncon-
tained muons where MCS is employed, yielding o = 0.29.
Because of this, the analysis relies solely on the more
accurate range-based method [52] for the cross-section
measurement as a function of muon momentum. How-
ever, this requires full containment, reducing the number
of considered events for this differential cross section. As
in Sec. IV D, the signal definition remains unchanged,
but the muon momentum distribution is shifted lower
for fully contained events, as shown in Fig. 6.

F. Selection Performance

The selection performance is assessed in terms of ef-
ficiency, purity, and the ability to correctly select un-
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FIG. 6. True muon momentum distribution of all signal events,
distinguishing between true contained and uncontained muons
as predicted by GENIE + GEANT4.

scattered pions. Efficiency is defined as the fraction of
signal events that are selected. Purity is the fraction of
selected events that are signal events. The unscattered
charged pion fraction is the fraction of selected signal
events in which the charged pion is unscattered in the
simulation. Table I shows these metrics and event rates
for all three selections. The selections have similar purity
between 49.5-56.1%. The tradeoff for excluding uncon-
tained muon tracks is a reduction in efficiency, since a
large fraction of muons exit the detector. The same holds
for the unscattered charged pion subset, which trades
some efficiency for a higher fraction of unscattered pions.

In addition to selecting events with the correct set of
final state particles, the analysis must accurately distin-
guish between muon and pion candidates. Table II high-
lights the strong dependence of this identification on the
relative track lengths of the two particles. Specifically,



Selections Selected Event Counts Efficiency | Purity Uiscatte.r ed
Data Prediction 7= fraction
General 1256611949 + 2426 (syst. + stat.)[20.3 £1.1%| 51 £ 9% 36+ 5%
Unscattered pion|| 6535 | 5843 + 1120 (syst. + stat.) | 9.5 £ 1.0% [49+11%| 68+ 7%
Contained muon || 4867 | 4547 + 931 (syst. + stat.) | 8.4+0.7% | 56 + 9% 38+ 4%

TABLE I. The number of data and predicted events selected by the general and the two subset selections. The prediction
includes all statistical and systematic uncertainties, including uncertainties on the predicted signal. Also shown are the efficiency,
purity, and the fraction of unscattered pion events for the prediction.

when the pion track is longer than the muon track, the
distinguishing power between them is limited. However,
such events constitute a small fraction of the predicted
signal, and the identification performance is good when
the muon track length exceeds the pion track length. In
these events, the identification accuracy ranges from 86%
- 99% for the muon and charged pion subsets. Exiting
particles tend to have higher energies, as their tracks are
longer on average. As Figs. 4 and 6 show, higher energy
tracks are largely muons. Thus, using exiting tracks as
the muon candidate results in the high observed identi-
fication accuracy. Overall, this selection provides robust
separation in the phase space regions where most events
reside.

No Yes

Fraction of Correct Muon Candidates
53% of 408|86% of 2396
Uncontained Muons| 95% of 76 [99% of 3319

Contained Muons

Fraction of Correct Pion Candidates
59% of 398|88% of 3554
65% of 86 |95% of 2162

Unscattered Pions

Scattered Pions

TABLE II. Fractions of correctly identified muon and pion
candidates from selected GENIE signal events, categorized
by whether the true track length R of the muon exceeds that
of the pion. Results are shown for contained and uncontained
muons as well as scattered and unscattered charged pions as
simulated by GEANT4. The number of simulated events in
each category is also shown.

Figure 7 shows predicted and measured event counts
across the five kinematic variables measured in the analy-
sis, as well as for the total integrated event rate. The pion
and muon momentum distributions are shown using their
respective selection subsets. The largest background con-
tribution comes from v, CCO7Np with N > 1. In these
pionless events, a proton is misidentified as a charged
pion. The second largest background comes from cosmic
ray interactions being misidentified as the neutrino inter-
action. This is followed by a mix of other CC v,, topolo-
gies, including 7% and out-of-phase-space single charged

pion events. The background compositions are slightly
different for the additional selections, most prominently
for the contained muon subset, where NC events play a
bigger role in the low momentum bins. Data-simulation
agreement is good for both the total and differential ob-
servables.

G. Background Modeling

The dominant background of the analysis is muon neu-
trino CC interactions with zero pions arising primarily
from proton tracks misidentified as charged pions. To
verify that the background is adequately modeled, an or-
thogonal sideband selection is employed by modifying the
cuts used in the main selection. Instead of requiring one
muon, any number of identified protons, and one other
particle (the charged pion candidate), the sideband selec-
tion targets events with one muon, one or more protons,
and no other particles. To better match the kinematics
of protons misidentified as pions in selected background
events, additional cuts are applied to select events with
more MIP-like tracks. Specifically, proton candidates are
required to have a low proton BDT score close to the
selection cut value and to pass a minimum muon BDT
score requirement. Other cuts, including the one used to
define the unscattered pion subset, are applied using the
proton candidate, treating it as the pion candidate in the
main selection. In cases with multiple protons, the one
with the longest track is used. This track is also used to
compute the pion kinematic variables. The sideband se-
lection uses the same binning and uncertainty treatment
as the main selection and all comparisons can be found in
the supplemental material [45]. Of the simulated events
selected by the sideband for the generic selection, 19%
are signal events with a single pion. Fig. 8 shows the
muon angle comparison, which highlights known GENIE
modeling differences with MicroBooNE data at forward
angles, dominated by low Q?, for CC events with pro-
tons and no pions as reported in Ref. [53]. However, the
sideband data-simulation comparison shows very good
agreement within uncertainties across all kinematic vari-
ables, indicating that differences are well covered by the
included uncertainties.



10

MicroBooNE in the BNB, 1.11 x 10%* POT, X2 = 0.06 / 1 bin, p = 0.80 MicroBooNE in the BNB, 1.11 x 10%* POT, x2=6.28/11 hins, p = 0.85
£ £ 50000 [~
12000 @ 40000 [—
2 C
g | -
10000 i F
. L
30000 {—
8000 C
6000 20000 {—
4000 C
10000 —
2000 C
7T ST ST ST ST ST ST ST ST - SIS SIS SIS - = e
o iz 0
-1 -08 -06 -04 -02 0 02 04 06 08 1
. cos(eu)
(a) Total (b) Cosine of the muon angle
MicroBooNE in the BNB, 1.11 x 10%* POT, 2 = 1.65/ 5 bins, p = 0.89 MicroBooNE in the BNB, 1.11 x 10** POT, x2 = 2.19/ 7 bins, p = 0.95
= =t F
B £ F
2 2 30000
£ 12000 <
53] o
@ @ 25000
S 10000 <
i i
# # 20000
8000
15000
6000
RRRIIRIIIRL:
4000 10000
2000 5000
o 2222222227 N
0.4 0.6 0.8 1 1.2 1.4 -1 -08 -06 -04 -02 0 02 04 06 08 1
p (Gev) . X cos(8,)
(¢) Muon momentum . (d) Cosine of the pion angle
MicroBooNE in the BNB, 1.11 x 10** POT, 2 = 1.27 / 4 bins, p = 0.87 10000 MicroBooNE in the BNB, 1.11 x 10* POT, x2 = 2.23/7 bins, p = 0.95
= <
3 . B
H H
c LK c
@ 50000 @
- ~ 8000
f=4 =4
¢ g
I 40000 f= o
* #6000
30000
4000
20000
2000
10000 |
0 ~— 0 .
01 015 02 025 03 035 04 045 05 055 06 05 1 15 2

25
p,(Gev) 6, (rad)

(e) Pion momentum (f) Muon—pion opening angle

. v/ Vu CClre (unscattered Tt) . v/ Vu CC1re (scattered T) . v/ Vu CC1r Non-Signal v/ Vu ccon v/ Vu cci®
Otherv /V CC NC Other (Non-Fiducial + Dirt + v /V,) 77, External Dat
WV - o Ve ??? xternal =—@== Data

FIG. 7. The stacked histogram shows the predicted rate of events passing the selection. The grey grid is the total uncertainty on
the signal plus background prediction. Black dots are measured event rates with statistical uncertainties. ‘External’ are selected
cosmic background events from the pure beam-off samples and the overlaid beam-off backgrounds added to MC samples. The
plots are: (a) the total event rate, (b) the scattering angle between the muon and the neutrino beam, (¢) the muon momentum
using the contained muon subset, (d) the scattering angle between the pion and the neutrino beam, (e) the pion momentum
using the unscattered pion subset and (f) the opening angle between the muon and the pion. The last bins of the muon and
pion momentum selections serve as overflow bins. The dark and light green stacks are scattered and unscattered charged pion
signal events. The v, CClzt Non-Signal events are selected events with the right topology but outside the defined phase
space. The Other category is mainly non-fiducial events, with minor contributions from dirt and electron (anti-)neutrinos.
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FIG. 8. Stacked histogram plot of events passing the sideband
selection using the same binning as the main selection for the
muon angle. The legend is the same as shown in Fig. 7.

V. UNCERTAINTIES

The main sources of systematic uncertainty in this
analysis arise from the modeling of the neutrino flux,
neutrino interactions on argon, particle propagation in
the detector, and detector response.

A multiple-universe approach is used to estimate the
systematic uncertainties by comparing alternative pre-
dictions (universes) against the central value and using
this to compute a covariance matrix:

Nuniv

1 (nk B nCV) (nlbc . an’V) ’ (3)

Nuniv

Vab =
k=1

where n¥ and n} are the number of events in bins a and b
of universe k, C'V denotes the central value universe, and
Nuniv 1s the number of universes. Uncertainties on the
prediction also arise from the finite statistics of the simu-
lated events and the measured beam-off data, which are
combined into a diagonal covariance matrix, Va%tat'. The
total covariance matrix is then the sum of the individual
systematic and statistical uncertainties:

Syst.

V(;I(;Otal — Vasbtat. 4 Z a7;b7 (4)
i

with the following sets of systematic uncertainties con-
sidered:

Flux: Uncertainties on hadron production from pro-
ton interactions with the beam target, as well as beam
simulation uncertainties related to the focusing horn and
cross-section uncertainties on secondary interactions, are
all propagated together by reweighting events [54].

Interaction model: Interaction model uncertain-
ties are assessed for most of the considered model
parameters by randomly and simultaneously varying
them within their Gaussian uncertainties and reweight-
ing events based on this. Some parameters are individ-
ually varied across one or two alternative predictions, as
discussed in Ref. [35].
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Reinteraction: The Geant4Reweight framework [55]
is used to reweight events to account for systematic un-
certainties on the modeling of charged pion and proton
transport in argon.

Detector: Separate samples are used to vary com-
ponents of the detector simulation, including the light
collection system, the wire response simulation, space
charge effects, and electron-ion recombination of the drift
electrons [56]. The last one in particular is a significant
source of uncertainty in this analysis, as the particle iden-
tification relies heavily on dE/dz.

POT: A flat 2% normalization uncertainty is used to
account for the uncertainty on the protons delivered to
the proton-beam target. This uncertainty stems from
the observed disagreement between the two toroids that
monitor the beam [26].

Target: A 1% normalization uncertainty is assumed
on the number of argon nuclei in the fiducial volume of
the detector.

Category Uncertainty (%)
Total 21.4
Systematic 21.3
Flux 14.1
Interaction model 12.6
Detector 9.1
POT 3.3
Target 1.6
Reinteraction 1.5
Statistical 2.0
Data 1.6
Background 1.1

TABLE III. Fractional uncertainties for the extracted total
cross section in Fig. 9a. The background statistical uncer-
tainty contains the simulated neutrino prediction and the
beam-off sample.

The dominant sources of uncertainty are flux, followed
by interaction model and detector uncertainties. Varia-
tions exist across the different differential variables, with
interaction model uncertainties, for instance, playing a
larger role at backward muon angles and low pion mo-
menta. Uncertainty distribution plots can be found in the
supplemental material [45]. Table III shows the break-
down of the fractional uncertainties for the extracted to-
tal cross section.

VI. CROSS-SECTION EXTRACTION

The cross sections presented in this work are given
in a regularized truth space, obtained through an un-
folding procedure applied to the measured event rates.
This allows for direct comparisons between different ex-
periments and facilitates interpretation in the context of
theoretical models. The cross section in the regularized
truth-space bin a is defined as:



(5)

do\  2.3Uas(Ds — Bp)
dx a_ Npr X ® X Az,

where Dg and Bpg represent the selected data events
and the background prediction, including cosmic back-
grounds, in the measured bin 3; N, is the number of
argon nuclei within the fiducial volume; ® denotes the
integrated flux; Az, is the width of bin a in the kine-
matic variable . The term U,g is the unfolding matrix
correcting for both bin-migration effects and selection ef-
ficiencies. When applied to the background-subtracted
data, the unfolding matrix provides an estimate of the
true signal event counts for each bin.

Determining the unfolding matrix is a non-trivial task.
A straightforward inversion of the response matrix, which
maps predicted signal events from truth space bins to
measured bins, can amplify noise caused by statistical
fluctuations and systematic uncertainties. This noise am-
plification leads to oscillations in the unfolded spectrum.
To address this, regularization techniques are applied to
all differential cross sections, which enforce constraints
to stabilize the unfolding. These constraints trade some
variance for a controlled bias toward a prediction from
simulation. In this work, the Wiener-SVD technique with
a first derivative regularization term is used to obtain
an unfolding matrix [57]. The regularization effects are
encapsulated in a regularization matrix Az and the un-
folded data results for the kinematic variables live in the
regularized truth space described by that matrix. To
compare truth predictions from generators to the un-
folded kinematic variable distributions, A¢ needs to be
applied first. This has been done for all differential cross
section comparisons shown in this analysis. The regular-
ization matrix is provided in the supplemental material
[45].

This analysis takes a blockwise approach to unfolding
and reports a full covariance matrix between all measured
bins across all observables in the supplemental material
[45]. Details of the method are described in Ref. [58].

The robustness of the unfolding and regularization is
evaluated using a fake data study, in which events pro-
duced with the interaction generator NuWro [59] are
treated as real data. Since this NuWro sample is pro-
duced with the same pipeline as the GENIE simulation,
the unfolding is performed with model and statistical un-
certainties only. The extracted fake data cross sections
show good x? agreement with the true NuWro distribu-
tions and are also provided in the supplemental material
[45].

VII. RESULTS

The flux-integrated cross sections are presented in reg-
ularized truth space in Fig. 9. The effects of unfolding,
in the form of the regularization matrix A., are applied
to predictions of the differential cross sections to preserve

12

N Qe

Generators | ° S Qv & Q¢ ¥
GENIE uB 0.85 0.26 0.78 0.84 0.67 0.68
GENIE G18 [0.91 0.25 0.82 0.85 0.72 0.67
GENIE AR23|0.67 0.20 0.71 0.77 0.54 0.58

NuWro 0.44 0.00 0.82 0.79 0.62 0.78
GiBUU 2023 |0.08 0.33 0.12 0.13 0.01 0.15
GiBUU 2025 |0.99 0.72 0.90 0.24 0.19 0.54
NEUT 0.24 0.00 0.69 0.30 0.29 0.54

TABLE IV. P-values of the different generator-data compar-
isons. Highlighted in bold is the best fit for each cross section.

the data-generator x? agreement through unfolding. Fig-
ure 7 has smaller x? values than the GENIE pB compar-
isons to unfolded data in Fig. 9, as the latter does not
include uncertainties on the signal. No regularization is
applied to the single bin measurement of the total cross
section. Table IV summarizes the p-values quantifying
data-generator agreement.
The total unfolded cross section is measured to be

o= (3.75 £ 0.07 (stat.) £ 0.80 (syst.)) x 1073® cm?/Ar

at a mean neutrino beam energy of approximately 0.8
GeV. All extracted cross section values in numerical for-
mat, along with the regularization matrices and covari-
ances, are reported in the supplemental material [45].

The results are compared with predictions from various
event generators using the NUISANCE framework [60].
All generators employ a local Fermi gas model for the
initial nucleus.

GENIE ;B: The first comparison is with the GE-
NIE MicroBooNE tune CV sample produced using ver-
sion 3.0.6, as described in Sec. II C. It incorporates the
full Valencia model [61-63] for CC QE and MEC inter-
actions, the Kuzmin-Lyubushkin-Naumov Berger-Sehgal
model [64-67] for RES, and Berger-Sehgal [68] for COH.
For DIS, it relies on the Bodek-Yang model [69] using
PYTHIA [70], while the hA 2018 model [36] is used for
FSI.

GENIE G18: This is the untuned version of GENIE
1B, using the same model set G18_10a_02_11a. The com-
parison uses the latest version of GENIE 3.04.02.

GENIE AR23: The DUNE/SBN configuration
AR23_20i_00_000 of GENIE is produced with version
3.04.02 and uses the SuSAv2 model [71] instead of the
Valencia model.

NuWro: Version 21.09.2 of NuWro is used, which
employs the Adler-Rarita-Schwinger formalism for delta
resonance calculations [72] and uses only the MEC com-
ponent of the Valencia model. For QE, it relies on the
Llewellyn Smith model [73] with Random Phase Approx-
imation (RPA) corrections. Berger-Sehgal is used for
COH, Bodek-Yang for DIS, and an intra-nuclear cascade
(INC) model for FSI.

NEUT: Version 5.4.0.1 of NEUT [74] uses the
full Valencia model for CC QE and MEC, Kuzmin-
Lyubushkin-Naumov Berger-Sehgal for RES, Berger-
Sehgal for COH, and the Bodek-Yang model for DIS.
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FIG. 9. Unfolded cross-section results. The five differential cross sections are in regularized truth space with the regularization

matrix A.

applied to the predictions.

The single bin total cross-section measurement is not regularized. For the particle

momentum kinematic variables, the dedicated selection subsets are used. The black dots represent the unfolded selection with
the associated total uncertainty. The thicker inner error bars are the statistical uncertainty only. The dashed blue line is the
GENIE CV truth prediction, and the ratio plots are shown with respect to it. The other lines are predictions from additional
generators and tunes. The line of the GiBUU 2025 prediction is under the data for the total cross section.
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FIG. 10. Comparison between the unfolded pion momentum
cross section and generator predictions with FSI disabled.

For FSI, it employs an INC model.

GiBUU 2023: The 2023 (Patch 3) version of GiBUU
[75] has models similar to those of the other gener-
ators for QE, MEC, and RES that are implemented
for use with the Boltzmann-Uehling-Uhlenbeck (BUU)
equations. Using the supplied configuration, resonance
production is modeled following the MAID analysis
[76]. The non-resonant background single pion produc-
tion term uses the Bosted-Christy parameterization [77].
GiBUU does not simulate COH interactions. For the an-
gular differential cross section, COH interactions are con-
centrated in the forward pointing bins close to cos(0) = 1,
but overall they constitute only a small fraction of the
signal events (~ 1% in GENIE G18). FSI is handled ex-
clusively via the BUU equations. Unlike the other gener-
ators, GiBUU does not rely on empirical tuning to neu-
trino cross-section data.

GiBUU 2025: The recently released 2025 (Patch 1)
version of GiBUU is also shown. The supplied configura-
tion switches to MAID-like calculations of the single pion
background terms. Publications on MicroBooNE’s 7
cross sections have found high sensitivity to in-medium
effects for the GiBUU generator [11, 78]. This includes a
slight preference for the absence of collisional broadening
of the A resonance with the 2023 configuration and is
now turned off in this version.

The total flux-integrated cross section using all selected
CCl7* events in Fig. 9a closely matches the GiBUU 2025
prediction and also shows very good agreement with all
other generators apart from GiBUU 2023. NuWro and
NEUT predict higher, while GENIE predicts lower cross
sections than the unfolded data. GiBUU 2023 tends to
systematically underpredict pion production cross sec-
tions [11].

The differential cross section with respect to the co-
sine of the muon angle, shown in Fig 9b, reveals sig-
nificant divergence among generator predictions at very
forward angles, where momentum transfer to the nucleus
is minimal. GiBUU 2025 performs best, followed by the
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GENIE predictions. NuWro and NEUT overpredict in
this region and do not agree well with data, as the p-
values in Table IV show. Models overpredicting at low
momentum transfer, @2, for single pion final states has
been well documented by several experiments, including
MINOS, MiniBooNE, and MINERvVA [16, 19, 79]. Tt also
matches MicroBooNE’s result for the CC v, 7° cross sec-
tion [11]. MINOS and MINERvA have improved their
data-simulation agreement by introducing ad hoc Q2-
dependent suppression functions for resonance produc-
tion [19, 80].

The muon momentum differential cross section shown
in Fig. 9¢, using the subset of completely contained events
described in Sec. IV E, demonstrates excellent agreement
with all models except GiBUU 2023, which systemati-
cally underpredicts.

The pion angle differential cross section in Fig. 9d
shows strong agreement with GENIE models in the back-
ward direction, while NuWro, NEUT, and GiBUU 2025
overpredict there. In the forward direction, measured
cross sections consistently exceed GENIE and GiBUU
2025 predictions, aligning better with NuWro and NEUT
due to their higher total cross-section predictions. Over-
all, data-simulation agreement is best for the GENIE
configurations and NuWro, with NEUT and GiBUU per-
forming worse.

Figure 9e shows the differential cross section with
respect to pion momentum, using the unscattered-
enhanced subset of events described in Sec. IVD. The
large uncertainties in the first bin are driven by uncer-
tainties on the background prediction arising from the
neutrino interaction model. GENIE and NuWro pre-
dictions sit around 7 x 1073® ¢cm?/GeV/Ar, but NEUT
and GiBUU 2025 significantly deviate, predicting much
higher cross sections at low pion momentum. Compari-
son with Fig. 10, which has FSI disabled for the genera-
tors, shows that these higher values are driven by their
final state simulations. At higher energies, FSI simula-
tion suppresses the predictions, contributing to the un-
derprediction in the last bin. Overall, data-simulation
agreement is best with GENIE and NuWro, followed by
NEUT and GiBUU 2025. GiBUU 2023 shows poor agree-
ment with the data.

Finally, Fig. 9f shows the differential cross section with
respect to the opening angle between muon and pion us-
ing all selected events. Data-simulation agreement is gen-
erally good, with NuWro performing best, followed by
GENIE, NEUT, and GiBUU.

In summary, GiBUU 2025 performs best for the total
and muon kinematic variables, but, apart from GiBUU
2023, shows the worst agreement with data for the pion
variables. GENIE and NuWro give the closest predic-
tions for those differential cross sections. Predictions of
the muon angular distribution generally exceed the data,
and are especially high for NuWro and NEUT, signaling
deficiencies in low-Q? modeling. At backward pion an-
gles, NEUT, GiBUU 2025, and, to a lesser extent, NuWro
have higher predictions than both GENIE and the data.



Finally, uncertainties and differences between generators
are both large at low pion momentum, with the latter
driven by differences in FSI modeling.

VIII. CONCLUSION

Flux-integrated measurements of charged-current
muon (anti-)neutrino cross sections on argon for events
with a charged pion in the final state are reported us-
ing MicroBooNE data from all five experimental runs.
The analysis uses a BDT-based selection and defines sub-
sets of events for muon and pion momentum estimation.
The pion momentum differential cross section represents
the first such measurement on argon. Total and angular
cross sections are also extracted, constituting the highest-
statistics measurements of this interaction to date.

The total cross section and most pion kinematic distri-
butions are reproduced within uncertainties by a suite of
modern neutrino event generators. Disagreement arises
in the muon angle relative to the beam, where most gen-
erators overestimate the cross section at very forward
angles. This results in lower data-simulation agreement
for almost all generators compared to the other differen-
tial cross sections, with NuWro and NEUT not agreeing
with the data. This finding echoes previous results from
several experiments, including recently published Micro-
BooNE 7¥ measurements, and suggests that the genera-
tor models have room for improvement at low momentum
transfer Q2.

The measurements here are limited by systematic un-
certainties in the detector simulation, the background es-
timation, and the neutrino flux modeling. Future work to
reduce these uncertainties, especially at low pion momen-
tum, along with exploration of double differential cross
sections, could help further refine resonant pion produc-
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tion in empirical models. Additionally, new methods for
pion momentum estimation, such as Ref. [81], are essen-
tial for extending differential cross sections to the full
range of pion energies.
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