Measurement of charged-current muon neutrino—argon interactions without pions in
the final state using the MicroBooNE detector
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We report a new measurement of flux-integrated differential cross sections for charged-current
(CC) muon neutrino interactions with argon nuclei that produce no final state pions (v,CCOm).
These interactions are of particular importance as a topologically defined signal dominated by
quasielastic-like interactions. This measurement was performed with the MicroBooNE liquid ar-
gon time projection chamber detector located at the Fermilab Booster Neutrino Beam (BNB), and
uses an exposure of 1.3 x 102! protons on target collected between 2015 and 2020. The results are
presented in terms of single and double-differential cross sections as a function of the final state
muon momentum and angle. The data are compared with widely-used neutrino event generators.
We find good agreement with the single-differential measurements, while only a subset of genera-
tors are also able to adequately describe the data in double-differential distributions. This work
facilitates comparison with Cherenkov detector measurements, including those located at the BNB.

I. INTRODUCTION

Accelerator-based neutrino experiments enable precise
measurements of oscillation parameters, aiming to con-
clusively determine the unknown neutrino mass ordering
and establish the presence of charge-parity symmetry vi-
olation in the lepton sector [I 2]. These future mea-
surements require unprecedented precision in the charac-
terization of neutrino-nucleus interactions for a variety of
target nuclei and topological event signatures. Liquid ar-
gon TPC-based experiments such as the Fermilab Short-
Baseline Neutrino (SBN) program [3, [4] and DUNE [5Hg]
take advantage of low-threshold proton reconstruction to
define a charged-current quasielastic (CCQE)-like signal
with one lepton and one proton in the final state (1¢1p).
Water Cherenkov (WC) experiments such as the Super-
Kamiokande far detector for T2K [9, [I0] and Hyper-
Kamiokande [IT] [12] typically probe this channel using
a single-ring CCOn topology. Such measurements are
not sensitive to the proton multiplicity due to the high
Cherenkov threshold for protons. Hybrid scintillator de-
tectors offer Cherenkov ring—based event reconstruction
but with the addition of calorimetry for sub-threshold
hadrons [13].

The present work aims to inform modeling and fa-
cilitate comparison across nuclear targets by selecting
a high-statistics topological CCOm semi-inclusive event
sample within the MicroBooNE liquid argon time pro-
jection chamber (LArTPC), including events with no fi-
nal state protons to probe the lepton kinematics asso-
ciated with these interactions. This work also enables
correlated multi-target cross section measurements us-
ing Cherenkov detectors in the same neutrino beam, in-
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cluding ANNIE [I4) 15]. This measurement builds on
earlier MicroBooNE measurements of CCOrNp interac-
tions, which require at least one reconstructed proton in
the final state. The previous measurements present de-
tailed studies of the scattering kinematics with respect to
the muon trajectory [T6HIg]. Relative to previous work,
this measurement relaxes the final state proton require-
ment to expand the sample to include v, CCO7 interac-
tions with no associated protons. The muon momentum
range is also expanded to include muons up to 2 GeV/c.
Additionally, this work uses the full MicroBooNE dataset
with an exposure of 1.3 x 102! protons on target (POT),
approximately double that of previous v,CCOTNp mea-
surements [16H20].

The results are presented in terms of single and double-
differential flux-integrated cross sections as a function of
the final state muon momentum (p,,) and the cosine of the
scattering angle with respect to the incoming neutrino
beam (cos6,,). The absolute cross sections per argon nu-
cleus are unfolded from reconstructed distributions into
true regularized distributions using the Wiener-SVD un-
folding technique [21], which enables hypothesis testing
without loss of statistical power relative to the distribu-
tions of reconstructed quantities.

II. THE MICROBOONE EXPERIMENT

MicroBooNE is a LArTPC detector located at Fermi
National Accelerator Laboratory (Fermilab) that col-
lected data from 2015 to 2020 [22]. MicroBooNE con-
tained approximately 85 tonnes of active liquid argon
within a TPC with dimensions of 2.56 m horizontally
(drift direction), 10.36 m along the beam direction, and
2.32m vertically. A uniform 273V /cm drift field was ap-
plied across the TPC active volume. The anode readout
assembly features three sense wire planes with a 3 mm



pitch, used to detect ionization charge. The sense wire
waveforms provide measurements of energy deposition
and particle trajectories, enabling 3D track reconstruc-
tion, momentum estimation, and particle identification.
Located behind the anode plane are 32 photomultiplier
tubes (PMTs) covered by acrylic disks coated with a
wavelength shifter. The PMTs capture scintillation light
from the interactions, providing nanosecond-level timing
that associates reconstructed tracks with the neutrino
beam spill. This timing information facilitates match-
ing of TPC charge and prompt scintillation light signals,
allows cosmic-ray activity to be identified and removed,
and provides the location along the drift direction (trans-
verse to the beam) for beam-related activity.

A. Booster Neutrino Beam

The MicroBooNE detector is positioned on-axis 463 m
downstream of the Fermilab Booster Neutrino Beam
(BNB) target and approximately 8° off-axis relative to
the Neutrinos at the Main Injector (NuMI) beamline.
Only BNB events are considered in this work. To pro-
duce the neutrino beam, protons accelerated to 8 GeV
impinge on a beryllium target resulting in the produc-
tion of hadrons, mainly pions. For the entirety of the
MicroBooNE run period, the BNB hadron-focusing mag-
netic horn system operated in a mode where T were
focused. These hadrons decay in flight in a 50 m long de-
cay pipe, leading to a neutrino flux of predominantly v,
(93.7%) and a smaller 7, contribution (5.8%), with the
remainder of the flux comprising v, and .. The aver-
age energy of muon neutrinos is approximately 0.8 GeV.
The simulation and modeling of BNB flux and assess-
ment of the associated systematic uncertainty follow the
procedures previously developed by MiniBooNE [23].

B. Neutrino interaction modeling

To model and simulate neutrino—nucleus interactions,
we use GENIE version 3.0.6 [24H26] using the Com-
prehensive Model Configuration (CMC) G18_10a_02_11a
[27]. In this configuration, the nuclear ground state is
modeled using a local Fermi gas (LFG) approach [2§].
CCQE interactions producing a muon and a single proton
(1plh) are treated using the Valencia model [28430]. This
model also incorporates multi-nucleon interactions, dom-
inated by two correlated nucleons, known as 2-particle-2-
hole (2p2h) interactions, based on the Nieves-Simo-Vacas
(NSV) 2p2h framework [28, [31]. Additionally, the model
accounts for long-range correlations (LRC) in the nu-
clear medium using the random phase approximation
(RPA) [30]. GENIE simulates single-pion production
via heavy baryon decay, known as resonance production
(RES), using the Feynman-Kislinger-Ravndal (FKR) for-
malism [32)], a relativistic three-quark bound-state model.
This approach uses the Berger and Sehgal (BS) [33] [34]

and Kuzmin-Lyubushkin-Naumov (KLN) [35, B6] mod-
els, which incorporate contributions from Rein and Se-
hgal (RS) [37]. Single-pion production involving the
entire nucleus as a single entity, with no nucleon-level
break-up or residual excitation, is defined as coherent
pion production (COH) and is modeled using the formal-
ism developed by Berger and Sehgal [38]. Deep inelastic
scattering (DIS), which describes interactions with indi-
vidual quarks, is simulated using the Bodek-Yang (BY)
model [39H41]. The BY model is a phenomenological ap-
proach that incorporates tuned parton distribution func-
tions (PDFs) extracted from global fits at high Q2. It
extrapolates these PDFs to low Q2 while accounting for
target mass corrections, non-perturbative QCD effects,
and higher-order QCD terms. Final-state interactions
(FSI), which occur as hadrons exit the nucleus, are sim-
ulated using the hA2018 model [42]. Importantly, these
FSI can lead to CCO7 final state topologies from several
processes, including, for example, resonance production
interactions where a charged pion is produced and ab-
sorbed in the nucleus.

The G18_10a_02_11a CMC is tuned to neutrino inter-
action data as described in Ref. [27]. MicroBooNE’s neu-
trino interaction model uses this tuned CMC as a starting
point, then applies an additional model parameter tun-
ing based on fits to T2K CCOn data [43], used to obtain
the central value and updated uncertainties [44]. This
“MicroBooNE Tune” of the CC model parameters to an
external dataset corrects for an under-prediction of the
total CC cross section for F, ~ 1GeV observed relative
to both T2K and MicroBooNE data.

C. Event Simulation

The propagation of simulated final-state particles
through the MicroBooNE detector geometry is performed
using Geant4 version 10.3.3 [45] [46]. The detector re-
sponse is modeled with a custom simulation implemented
within the LArSoft framework [47]. The simulation and
data processing include detailed models of signal pro-
cessing [48] and wire waveform induction effects [49], as
well as data-driven calibrations and models for compo-
nents such as electric field maps [50] and space charge
effects [51]. Monte Carlo neutrino interactions are over-
laid with cosmic ray data events taken from non-beam
data to account for the cosmic ray background in an un-
biased way and provide a data-driven model of detector
noise [52]. Additionally, backgrounds due to cosmic-ray
activity occurring in time with the beam, but where no
neutrino interaction occurred, are estimated using data
samples collected with the beam off (“EXT BNB”).

D. Event reconstruction

As with previous MicroBooNE CCOnNp measure-
ments [16-20], this work employs algorithms and tools



implemented within the Pandora multi-algorithm frame-
work [53] to reconstruct cosmic-ray muon and neutrino
events in the MicroBooNE detector. The algorithms in-
clude three-dimensional track reconstruction, which al-
lows the determination of kinematic variables such as
muon momentum and angle. Pandora begins by group-
ing charge hits on individual 2D readout planes, then
matches these hits across planes to form an image of the
ionization charge distribution in 3D. Clustering is applied
to form tracks, which are used to identify and remove
cosmic-ray activity. For the remaining neutrino inter-
action candidates, Pandora identifies and reconstructs
particles produced in the neutrino interaction. These
are characterized as track-like (e.g., muons, protons, and
charged pions) or electromagnetic shower—like (e.g., elec-
trons and photon-induced showers). These tracks and
showers are then grouped into a particle flow hierarchy
associated with a reconstructed neutrino vertex.

The energy and momentum of each final state particle
object is computed using several approaches. For track-
like particles, the momentum is estimated using the visi-
ble track length under the hypotheses that its energy loss
profile is that of a muon or proton. A second momen-
tum estimator uses multiple Coulomb scattering (MCS),
assuming a muon track. This algorithm makes use of
the fact that lower-momentum tracks tend to undergo
more MCS, leading to a higher local curvature [54]. In
this work, we consider only muon tracks that are fully
contained within the detector (i.e., the full extent of the
track is visible in the TPC) and use the total track length
estimator for the momentum. For showers, energy is esti-
mated using the total deposited charge, with corrections
applied for known charge losses due to hit thresholding
and clustering efficiencies.

In addition to the daughter track start and end points,
lengths, and momenta, we also compute a variety of
calorimetric quantities using the deposited charge distri-
bution, which are used for particle identification. Specif-
ically, the energy loss profile (dE/dz) as the track ap-
proaches its endpoint provides a powerful means to dis-
criminate muon and pion tracks from highly-ionizing pro-
ton tracks. Two specific metrics used in this work are
a x2 score for a track under the hypothesis that it is
a proton (x2), and a ratio of likelihoods for a track’s
dFE /dx profile under a muon or proton hypothesis (LLR
PID) [B5], which are among the inputs to the parti-
cle identification boosted decision tree (BDT) model de-
scribed in Section [[ITCl

IIT. EVENT SELECTION
A. Signal and background definitions

This measurement uses a topological CCO7 signal def-
inition, which refers to any v, CC scattering events with
no charged or neutral pions in the final state. In prac-
tice, these events can only be identified when the muon

and charged pion have sufficient kinetic energy to be re-
liably reconstructed. Thus, the signal definition includes
a muon and charged pion momentum threshold that is
related to the reconstruction threshold. An upper thresh-
old (2 GeV/c) is also applied to the muon momentum due
to the requirement that muons be fully contained within
the detector. This requirement reduces the efficiency sig-
nificantly for high-momentum muon tracks that tend to
exit the detector.

The signal is defined to include events where (1) a
muon neutrino underwent a CC interaction with an 4°Ar
nucleus, (2) the final state muon momentum is in the
range 0.1 < p, < 2.0GeV/c, (3) there are no neutral pi-
ons in the final state, and (4) there are no charged pions
with momentum p, > 70 MeV/c.

Simulated events that pass this signal definition and
have a vertex within the fiducial volume (FV) are con-
sidered signal events. The FV is an inner rectangu-
lar volume within MicroBooNE’s active volume, inset
21.5cm from the TPC boundaries with the exception of
the downstream end along the beam axis, where it is in-
set 70 cm from the downstream TPC boundary. For the
purposes of presentation in the figures in later sections,
signal events are further labeled by their true interac-
tion types according to the GENIE generator: CC quasi-
elastic (CCQE), CC meson exchange currents or 2p2h
(CCMEC), CC resonance production (CCRES), and all
other CC interaction processes that fall within the sig-
nal definition (‘Signal (Other)’), a category dominated
by DIS and CC coherent pion events.

All other events are considered background and
grouped into categories: out of fiducial volume events
(‘Out FV’) with a true neutrino-induced vertex position
outside of the fiducial volume; neutral current events
(‘NC’) where, for example, a proton or pion is mis-
identified as a muon; electron neutrino CC (‘v, CC’)
events; other v, CC interactions (‘Other v, CC’) in-
duced by a muon neutrino and having no final state pions
but still failing to meet the signal definition, for example
with a true muon momentum outside the signal range;
CC events with pions above threshold (‘CCN7’); and
cosmic-ray activity (‘EXT BNB’) misidentified as a neu-
trino interaction. A final category (‘Other’) includes any
remaining backgrounds including, for example, antineu-
trino interactions.

The selection proceeds in three stages. First, the v,CC
pre-selection provides a sample of CC interaction candi-
dates with reduced contamination from cosmic-ray ac-
tivity and electromagnetic showers. Next, this sample
is input to a particle identification algorithm that esti-
mates the final state track content of each interaction.
Finally, events meeting the topological criteria are sub-
ject to kinematic selections matching those in the signal
definition to yield the final event sample.



B. Muon neutrino CC pre-selection

We apply a semi-inclusive pre-selection to the sim-
ulation and data to identify v, CC events, reducing
backgrounds related to cosmic-ray and electromagnetic
shower activity prior to a more targeted signal selection.
We require that Pandora has reconstructed a single neu-
trino vertex within the FV. To ensure high-quality recon-
struction of particle types and momenta, all tracks re-
sulting directly from that interaction must start within a
particle containment volume (PCV) inset 10 cm from the
TPC active volume boundary. To minimize cosmic-ray
activity, the Pandora reconstruction provides a likelihood
score that discriminates cosmic-like from neutrino-like
event topologies. It is used to reject topologically cosmic-
like events. Another discrimination algorithm provides a
score (0-1) to differentiate between shower-like (closer to
0) or track-like (closer to 1) reconstructed final state ob-
jects based on the spatial distribution of associated clus-
tered hits. A threshold of 0.5 is used to reject any event
containing shower-like activity produced directly from
the neutrino interaction. This suppresses many classes
of background events, such as those with final state 7°
mesons.

In contrast to the CCOm Np topology where a muon and
at least one proton form a well-identified vertex, the more
inclusive CCOn channel includes interactions where the
only reconstructed final state track is that of the muon.
Using topological information alone (i.e., the distribution
of ionization hits in 3D space) creates a 180° ambiguity
in the track orientation, leading to an increased accep-
tance of cosmic-ray muon tracks that stop in the detector
volume. To reduce this background contribution, addi-
tional calorimetric information is used in the muon can-
didate track selection. Specifically, tracks are excluded
when there is a preference for a Bragg peak at the track
endpoint closer to the reconstructed neutrino vertex and
a poor goodness-of-fit for the dE/dxz hypothesis corre-
sponding to a forward-going muon.

C. Track identification BDT

The identification of the CCOm signal topology is based
on the classification of tracks associated with a recon-
structed neutrino interaction. This classification is per-
formed using an XGBoost [66] gradient boosted deci-
sion tree model trained on reconstructed simulated events
that pass the pre-selection. The input parameters for the
model include a set of reconstructed object parameters
computed by the Pandora algorithms [53]. The objective
of the model is to correctly classify final state particle ob-
jects as muons, charged pions, protons, or none of these
types. The input parameters build on existing discrim-
inants for protons and muons to construct an optimal
classifier. Parameters must fall within a defined range,
establishing loose cuts on the tracks to which the BDT
is applied. The BDT input parameters and their ranges

are: distance from the neutrino vertex to the track start
point (< 100cm); a muon and proton likelihood ratio
and x? score for the track dE/dxz evolution across the
track length; range-based reconstructed track kinetic en-
ergy assuming a proton track (< 2.5 GeV); the fractional
difference between the muon momentum as reconstructed
using track range, p;"#°, and an estimator p}\fcs based on
multiple Coulomb scattering (‘(p%cs —p;e)/ p,l\fcs’ <
2.5); track endpoint containment within the PCV; and
multiplicity of associated track-like and shower-like sec-
ondary particles (< 10).

To validate the BDT model performance, statistical
comparisons are performed to assess the agreement of
simulation to a subset of the data corresponding to an
exposure of 1.4 x 1020 POT. These comparisons include
the track-level distributions of all model input parame-
ters listed above, as well as the distributions of proba-
bility scores for each output class, for all track-like re-
constructed objects associated with pre-selected events.
Data and simulation are consistent in all cases, with
agreement well within the 1o model uncertainties (enu-
merated in Section .

For events passing the v, CC pre-selection, the particle
identification (PID) BDT model provides a probability
score for each output class for each final state track in a
neutrino interaction event. If any final state track’s pa-
rameters fall outside the range of validity for the BDT
model inputs, the event is rejected. The positive iden-
tification of a muon candidate track is an input to the
v,,CC selection. Muons are correctly identified in 82%
of cases. The primary source of muon misidentification
is charged pions, which leave similar signatures in the
LArTPC. According to simulations of particles identified
as pions, 56% are true pions while 22% are true muons
and 13% are protons. This nontrivial pion confusion is
partly mitigated by the topological selection. Since each
v,CC candidate event must contain exactly one muon,
the muon-like track with the highest muon BDT score is
chosen as the primary muon candidate. Any remaining
tracks that were initially classified as muons are reclassi-
fied as charged pions.

D. Signal selection criteria

The final selection criteria for the CCOm sample are
designed to coincide with the signal definition stated in
Section [[ITA] using reconstructed observables. Overall,
we require that (1) events pass the pre-selection crite-
ria defined in Section (2) the BDT PID model has
identified a muon candidate track that is fully contained
within the PCV and has 0.1 < p;7*° < 2.0GeV/¢; (3) no
charged pion tracks with momentum pt«® > 70 MeV/c
have been identified by the BDT PID model; (4) all fi-
nal state particles have been identified, and consist of one
muon and any number of proton candidate tracks that all
start and end within the PCV; (5) all final state activity
has been classified by the BDT PID model. This selec-



TABLE I. Efficiency and purity for each stage in the CCOm
selection. The efficiency is shown as an absolute fraction and
relative to the previous step (in parentheses).

|Efficiency (Rel.) [Purity]

0.85 (35%) | 0.11
Vertex in FV 0.78 (93%) 0.25
Neutrino-like topology 0.65 (82%) 0.39
No showers 0.53 (82%) 0.51
Daughters start in PCV 0.52 (99%) 0.52
v, CC (BDT u candidate)| 0.49 (95%) 0.57
(98%)

(90%)

(85%)

(34%)

| Selection criterion

1 reconstructed v

pp limits 0.49 (98% 0.58

wT threshold 0.44 (90% 0.71
Complete BDT PID 0.37 (85% 0.74
1 Contained 0.13 (34% 0.71

tion requires that all final state particles be positively
identified by the BDT PID model and pass momentum
requirements, improving the purity of the sample.

The CCOrm selection achieves an overall efficiency of
13% with a sample purity of 71% (Table[l). The final re-
quirement listed is containment of the full extent of the
candidate muon within the PCV. This enables an accu-
rate estimate of the muon momentum using the track’s
well-measured range and the known energy loss profile.
It is also possible to measure the momentum of exit-
ing muons using the deflection angles due to multiple
Coulomb scatterings along the track [54]. This extension
to higher muon momentum is not considered in this work.
As seen when comparing the last two rows in Table [}
containment has a sizable impact on the selection effi-
ciency (37% — 13%) which particularly impacts higher-
momentum muons. Figure[T]illustrates the efficiency and
purity as a function of muon momentum and angle, indi-
cating the uniformly high purity. The efficiency is maxi-
mal for intermediate-momentum forward-going muons.

E. Binning of observables

The flux-integrated cross section is extracted as a func-
tion of final state muon momentum (p,,) and the cosine of
the muon angle with respect to the beam axis (cosf,).
For each observable the binning choice has been opti-
mized to ensure adequate event statistics. Each bin in
the space of reconstructed observables is required to con-
tain at least 50 selected signal events. To accurately
reflect the measurement resolution, each reconstructed
bin is required to contain > 50% of the events in the
corresponding true bin. The diagonal elements of a nor-
malized smearing matrix are therefore required to exceed
0.5. The total uncertainty within each reconstructed bin
is less than 30%, and is approximately Gaussian. The op-
timal bin boundaries have been rounded to the nearest
5 MeV/c and cos 6 = 0.005.

Results are presented in two formats: (a) two uncor-
related 1D measurements in p, and cos6,, and (b) a
single 2D measurement binned in the joint space of both
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FIG. 1. Performance of the v,CCOm event selection, as a
function of muon p, and cosé,, using the 2D binning.

observables. In the latter case, the bins are defined to
enable a projection into 1D p, bins. In both cases, bin
boundaries cover the range 0.1 < p, < 2.0GeV/c and
—1 < cosf, < 1. The migration matrices and numerical
values for all bin boundaries are given in the Supplemen-
tal Material [57].

IV. SYSTEMATIC UNCERTAINTIES

We consider systematic uncertainties from the sim-
ulation and modeling used to estimate efficiencies and
backgrounds. The statistical uncertainties due to the
finite sample size of data-driven background estimates
are also treated as systematic uncertainties. This work
follows the same approach as previous MicroBooNE neu-
trino cross section measurements [58]. To provide a sense
of relative scale, we note throughout this discussion the
approximate fractional uncertainty associated with each
source of uncertainty near p, = 0.5GeV/c. The total
uncertainty in this 1D momentum bin is approximately



10%, including a 3% statistical contribution. The frac-
tional uncertainty in each unfolded cross section bin can
be found in the Supplementary Material [57].

Uncertainties related to the BNB neutrino flux arise
from underlying uncertainty in the beam simulation, de-
tails of the magnetic focusing horn, and hadron interac-
tion cross sections. They impact the expected rate of
neutrinos per POT and their energy distribution. These
uncertainties are propagated by sampling 1000 randomly
drawn parameter sets from the correlated distributions of
the underlying simulation parameters to reweight events,
following the approach developed by MiniBooNE [23].
Flux uncertainties vary within (5-20)% across the mo-
mentum range, with a minimum of 5% near 0.5 GeV/c.
An additional small uncertainty of 2% accounts for limi-
tations of the POT estimation.

The GENIE neutrino interaction model, as constrained
in the MicroBooNE tune, includes 44 parameters. Sim-
ilar to the flux, 500 randomly-drawn variations of these
parameters constitute alternative “universes” used to es-
timate uncertainties and correlations by reweighting the
nominal Monte Carlo events [I8, [44]. Additional vari-
ations account for uncertainties on the vector and ax-
ial form factors used by the CCQE interaction models.
The total neutrino interaction uncertainty varies from
(4-23)% across the momentum range. At 0.5 GeV/c it is
approximately 5%, comparable to flux uncertainties.

Uncertainties related to final state hadron reinterac-
tions in the bulk argon (after leaving the nucleus) are im-
plemented using the Geant4Reweight [59] package. This
uncertainty is approximately 1% throughout the mea-
sured momentum range.

Detector response systematics quantify uncertainties
arising from discrepancies between the detector response
in simulation and measurements in calibration con-
trol regions [60]. These are estimated using alterna-
tive Monte Carlo samples with modified detector re-
sponse models, including charge effects in the LArTPC
50, BT, [61], light propagation and detection, and mod-
ified wire signal formation [48], [49]. Most detector ef-
fects are captured through a data-driven approach of
“wire modification” [61]. This technique uses data-
simulation differences in deconvolved wire waveforms for
well-characterized, time-tagged cosmic-ray muon samples
to correct the detector’s ionization charge response as a
function of position, and track angle and pitch. The cor-
rection carries an associated uncertainty driven by the
sample statistics [61]. This method accounts for any
source of ionization charge loss in the TPC. An addi-
tional small uncertainty is considered accounting for the
temperature-dependent number of argon target nuclei
contained in the active TPC volume. Detector response
uncertainties vary across the momentum range, as the
dominant contribution (32% of 46% total) in the low-
est momentum bin. They are subdominant at interme-
diate and high momentum, with a minimum of 3% at
0.5GeV/c.

Finally, several statistical uncertainties are considered,
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FIG. 2. Event rates for the CCOn signal selection normal-
ized by bin width, comparing data to simulation in 1D recon-
structed observable bins. The data points indicate statistical
errors, while the errors on the MC represent systematic un-
certainties.



8F 0.10<p, [GeV/c] <0.24 F0.24<p, [GeV/c] < 0.30 F030<p, [GeV/c] <0.38
6k %X 2.0 : :
4
-
5 2
§ N. . e 00
5 8F038<p,[GeVi]<048 | F048<p, [GeVIc]<0.70 F0.70<p, [GeV/d] < 0.85
—~ 6f s -
O : : :
S ar - -
2 ; ;
g : ;
W O
-1 -0.5 1-1 -0.5 0 0.5 1
8 L
- 0.85<p, [Gevic] <2.00 MicroBooNE 1.3 x 1021 POT: x2/ndf = 45.0/37 p-val = 17%
6k x 3.0 —— Data[Stat] —+— pBOONE Tune [Syst+Stat]
; B Other B Out FV
ab NC B V. CC
r B Other v, CC B v, CCNTt
2 B Signa (Other) B Sgnd (CCRES)
03 ) ) I Signa (CCMEC)  mm Signal (CCQE)
-1 -0.5 0 0.5 1 -~ EXT BNB
coseu

FIG. 3. Selected CCOm events in the 2D reconstructed observable space, shown as a function of cosf, in regions of p,.

The

data points indicate statistical errors, while the errors on the MC represent systematic uncertainties.

accounting for the finite sample sizes of the main neutrino
interaction Monte Carlo, the beam-off data used to esti-
mate backgrounds due to misidentified cosmic-ray activ-
ity in the absence of a neutrino interaction, and beam-off
data samples overlaid with simulated neutrino interac-
tions. These contributions are in the (1-3)% range at
0.5GeV/c. Apart from a 9% contribution in the lowest
momentum bin, the data statistical uncertainties vary
from (3-6)% over the momentum range.

V. EVENT RATES

The measured event rates in 1D and 2D are shown
in Figs. and respectively, comparing the full
MicroBooNE BNB dataset to the central value Monte
Carlo model (Sec. [Il) with the complete set of uncertain-
ties (Sec. . Figure also shows the reconstructed
proton multiplicity distribution for the selected events.
The dominant backgrounds vary across the kinematic
space. Overall, the largest beam neutrino—-induced back-
ground (5.5% of the overall selected event rate) is due
to v,CCN 7+ interactions, where the charged pion was
mis-identified. At low p,,, a larger fraction of background
is due to NC events with final state protons. Cosmic
ray-related backgrounds (EXT BNB) constitute 7.8% of
selected events. This is due to the selection’s inclusion of

single track 1p0p final states, as described in Section[[TD}

To validate the background modeling in the signal re-
gion, we consider a set of sideband control regions, de-
fined by inverting selection criteria. The NC sideband
selection requires that there are no muon-like particles in
the final state. Here, events are selected having at least
one proton-like rather than muon-like final state track.
The BDT PID model must identify at least one proton
in the final state, and all protons are required to have
a momentum between (0.25 — 1.0) GeV/c. Figure
shows the event rate for the NC sideband as a function of
the leading proton momentum. We obtain a sample with
approximately 45% purity in NC events, the CCOr sig-
nal being strongly suppressed, and find good agreement
(p = 89%) within uncertainties. The total uncertainty of
about 25% is dominated by interaction modeling uncer-
tainties.

A CCN sideband provides a validation of the model-
ing of pion backgrounds in the CCOx signal region. Here,
events are initially classified as zero-shower v,CC-like
and must satisfy the pre-selection cuts outlined in Sec-
tion [[ITB] From this sample, events are selected where
the BDT PID model identifies one or more charged pion—
like final state tracks. Candidate pion tracks must ex-
ceed a momentum threshold of 70 MeV /¢, motivated by
the track reconstruction efficiency. Figure and
show the resulting CCN7 event distribution, measured
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FIG. 4. Event rates for the validation sidebands, comparing
data to simulation. The data points indicate statistical errors,
while the errors on the MC represent systematic uncertainties.

as a function of the final state reconstructed p, and
cosf,. Again in this selection, enhanced to 27.9% pu-
rity in v, CCN events, we observed a high level of com-
patibility (p > 75%) with the central value MicroBooNE
GENIE tune simulation. A final sideband inverts the
fiducial volume cut to measure the rates of events near
the detector boundary, which contribute to the out-
of-fiducial-volume (OOFV) backgrounds. This sample
also shows agreement between data and simulation with
p = 85% for the reconstructed muon momentum distri-
bution. On the basis that the NC, CCN7, and OOFV
backgrounds appear to be well-modeled within our uncer-
tainties, we do not apply any additional tuning or cor-
rections to the corresponding backgrounds in the signal
region.

VI. CROSS SECTION EXTRACTION

We subtract estimated backgrounds from the event
rates measured in data, scale according to the integrated
neutrino flux and number of target nuclei, and apply ef-
ficiency and acceptance corrections to account for bin
migrations between true and reconstructed observable
bins. The full set of correlated systematic uncertain-
ties as expressed in a covariance matrix are propagated.
These corrections, which map the observed event rates
from the space of reconstructed observables to a space of
regularized true observables, are applied through an un-
folding procedure. For this measurement, the unfolding
is performed using the Wiener-SVD method [21] using
the first derivative to define the regularization penalty
term [58]. This technique provides a regularization that
preserves the statistical power of goodness-of-fit tests
relative to the directly-measured reconstructed distribu-
tions. This unfolding approach is described in further
detail in Ref. [62].

The degree of regularization applied in unfolding us-
ing the Wiener-SVD method is represented in an output
matrix referred to as the regularization matrix Ac. This
matrix encodes the transformation between true observ-
ables and the regularized observables we use to express
our measurement. Distributions expressed in terms of
true observables (e.g., generator p,,) must be transformed
by the A¢ matrix for statistical comparisons to this data.

Prior to analysis of the full dataset, a series of tests
were conducted using Monte Carlo samples treated as
data to validate the unfolding procedure and assess po-
tential model dependence. The NuWro generator [63]
provides an alternative neutrino interaction model. Ad-
ditional samples were generated with extreme varia-
tions on the base GENIE model: one disabling the
MicroBooNE GENIE tuning [44] (see Section and
another increasing the MEC (2p2h) cross section by a
factor of two. In each case, we extract the unfolded cross
section and assess the consistency with the true underly-
ing cross section under the corresponding model variation
hypothesis, determining the statistical consistency using



a x2 test. As the flux and detector simulation are iden-
tical, the only uncertainties included are those on the
cross-section model, and additionally the Monte Carlo
statistical uncertainties for the NuWro comparisons. The
extracted cross sections are found to be well within the
uncertainties in all cases, with p > 73% for the NuWro
simulation and p > 84% for the alternative GENIE mod-
els. As an additional test of the uncertainties impacting
momentum scale, a set of simulations are constructed by
shifting the true and reconstructed muon momenta up-
ward by 5% and 10%, about equal to and twice the muon
momentum resolution, respectively. For these tests, the
full set of uncertainties is used. With p values of 94% and
41% for the extracted cross sections relative to the true
cross sections, we observe that the unfolding procedure
is capable of recovering the true cross section even in the
case of a significant mis-modeling of the muon momen-
tum scale well beyond the relevant uncertainties.

VII. RESULTS

The unfolded single-differential cross sections in p,, and
cosf,, are shown in Figs. and @ The double-
differential cross section is shown in Fig. El as a function
of cos 0, in ranges of p,. For the double-differential cross
section, the x2 values and p values in each momentum
range are given in Table [[]] The fractional uncertainties
on the extracted cross sections are available in the Sup-
plemental Material [57]. We compare the extracted cross
sections to predictions from a variety of neutrino event
generators, transformed to the unfolded observable space
via application of the Ac matrix. The corresponding x?
statistic and p value relative to the unfolded data are also
shown.

The measurements are compared to models including:
(1) GENIE version v3.2.0 [24] using the G18_10a_02_11a
CMC (2) GiBUU 2025 [64]; (3) NEUT version 5.4.0.1 [65];
and (4) NuWro version 21.09.2 [63]. These generator
predictions are processed using the NUISANCE frame-
work [66]. Table summarizes the resulting y? and
p values comparing the measured data with the models.
A detailed comparison of the models represented in each
generator configuration, as well as results for additional
generator models, are available in the Supplemental Ma-
terial [57].

We find that all models considered here describe the
data in individual 1D distributions, while only a subset
agree with the double-differential measurement. The lat-
ter provides a stricter test, assessing the extent to which
models correctly describe the angular distribution as a
function of momentum, and considering the correlations
in this 2D space. Overall, GiBUU 2025 performs best for
the measurement across the fully correlated 2D space,
and the NEUT model also performs well. The success of
up-to-date neutrino event generators is indicative of the
significant modeling improvements in recent years and
the value of multi-dimensional measurements to assess
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models. Most generators under-predict the normaliza-
tion. This effect is most pronounced for forward angles
and intermediate muon momentum (0.5 — 0.7) GeV/ec.
These effects can be seen in Fig. [6] which indicates the
goodness-of-fit for the angular distribution within each
momentum range individually.

VIII. CONCLUSIONS

Neutrino interaction measurements using LArTPCs
provide crucial input to inform the development and tun-
ing of the models underpinning precision neutrino oscil-
lation measurements and background estimation for be-
yond the Standard Model physics searches. Using the full
1.3 x 102! POT exposure of the MicroBooNE LArTPC
experiment in the Fermilab BNB, we have performed a
high-statistics measurement of the flux-integrated single
and double-differential cross sections in terms of final
state muon kinematics for v,CCOn interactions on ar-
gon, i.e., interactions that have no final-state pions but
may or may not have final state protons. This chan-
nel is of importance for neutrino oscillation searches as
a topologically-defined proxy for well-modeled CCQE in-
teractions, especially in detectors with a high threshold
for hadronic activity (e.g., WC experiments), for which
this measurement with an argon target provides a point
of comparison.

The measurement, unfolding techniques, and back-
ground estimation are validated using a suite of fake
data tests and targeted sideband selections isolating NC
and CCN7* interactions. The observed event rates
show good agreement with the central value GENIE
model used in the efficiency and background estimation.
Considering a suite of uncertainties concerning the data
statistics, neutrino flux, interaction model, detector re-
sponse, cosmic ray background normalization, and expo-
sure and target mass estimation, we find an average total
uncertainty below 20%.

The extracted 1D and 2D cross sections as a function
of p,, and cos @, are quantitatively compared with a va-
riety of neutrino event generators, representing an array
of physics model sets and implementations. We find that
all generator models considered provide a reasonable de-
scription of the p,, and cos @, distributions individually.
The GiBUU 2025 and NEUT models also show agreement
with the correlated joint distribution, while other models
yield a poorer description with p values < 5%. Additional
tests using alternative GENIE models provide further
guidance on the impact of specific model implementa-
tions in regions of the kinematic phase space. These data
provide a high-statistics measurement of v,CCOr inter-
actions in the correlated joint space of muon momentum
and angle and offer a benchmark for further modeling
improvements, looking ahead to increasingly precise mea-
surements of neutrino oscillations and other accelerator-
based measurements using both argon and other nuclei.
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FIG. 5. Extracted flux-integrated differential cross sections for the CCO7 signal, in 1D p, and cos 8, bins. Errors on the data
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pu range| 0.10 - 0.24 | 0.24 - 0.30 | 0.30 — 0.38 | 0.38 — 0.48 | 0.48 — 0.70 | 0.70 — 0.85 | 0.85 — 2.00
Model X2/ndf p [x*/ndf p [x*/ndf p |x*/ndf p |x*/ndf p [x*/ndf p |[x*/ndf p
uBooNE 1.1/4 89%)| 5.4/7 61%|14.0/8 8% [17.0/6 1% | 6.7/6 35%| 3.3/3 35%]| 0.4/3 95%
NEUT 2.5/4 65%| 2.6/7 92%| 5.8/8 67%| 7.0/6 32%|11.2/6 8% | 5.8/3 12%| 2.4/3 49%
GiBUU 2025 | 1.3/4 85%| 1.4/7 99%]| 4.6/8 80%| 6.4/6 38%)| 4.1/6 67%| 4.7/3 20%)| 0.2/3 98%
NuWro 43/4 37%|11.7/7 11%)|18.4/8 2% |32.7/6 0% |16.4/6 1% | 5.6/3 14%)| 2.6/3 46%
G18-10a 5.8/4 22%| 8.0/7 21%|14.1/8 6% |24.6/6 0% |22.9/6 0% |12.3/3 1% | 6.9/3 8%
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TABLE II. Generator model comparisons for individual momentum ranges in the double-differential cross section measurement,
indicating the x* and p values (p) for each generator in each range. Momentum ranges are in units of GeV/c.

TABLE IIL. Summary of generator model comparisons, indicating the x? and p values for each model considered, in comparison
to the 2D extracted cross section and the individual 1D single-differential distributions in p, and cos6,,.

Model/Tune 22D Pyu/ €05 O 5 Pu 5 cos O
x“/ndf pvalue | x*/ndf pvalue | x“/ndf p value
1:BooNE 58.9/37 1% | 9.6/14  79% | 25.9/20  63%
NEUT 16.4/37  14% | 9.5/14  80% | 18.9/20  92%
GiBUU 2025 390.7/37 3% | 9.9/14  71% | 20.9/20  86%
NuWro 69.2/37 0% | 13.2/14  51% | 26.0/29  63%
G18-10a 64.2/37 0% | 17.4/14  23% | 27.8/29  53%
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