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Measurement of the differential cross section for neutral pion
production in charged-current muon neutrino interactions
on argon with the MicroBooNE detector

P. Abratenko,”® O. Alterkait,”® D. Andrade Aldana,'® L. Arellano,’! J. Asaadi,”” A. Ashkenazi,”> S. Balasubramanian,'”
B. Baller,12 G. Barr,28 D. Barrow,28 J. Barrow,25 V. Basque,12 O. Benevides Rod11'gues,15 S. Berkman,lz’24 A. Bhamderi,21
A. Bhat,” M. Bhattacharya,'> M. Bishai,” A. Blake,'® B. Bogart,” T. Bolton,'” J. Y. Book,'* M. B. Brunetti,*' L. Camilleri,"
Y. Cao,21 D. Caratelli,4 F. Cavanna,12 G. Cerati,12 A. Chappell,41 Y. Chen,31 J. M. Conrad,22 M. Convery,31
L. Cooper—Troendle,29 J. L Crespo—Anadén,6 R. Cross,41 M. Del Tutto,12 S.R. Dennis.,5 P. Detj7e,5 A. Devitt,18 R. Diurba,2
Z. Djurcic,' R. Dorrill,"> K. Duffy,”® S. Dytman,*® B. Eberly,” P. Englezos,” A. Ereditato,”'* J.J. Evans,”' R. Fine,"
W. Foremam,15 B. T. Flemin ,7 D. Franco,7 A.P. Furmanski,25 F. Gao,4 D. Garcia-Gamez,13 S. Gardiner,12 G. Ge,10
S. Golla;z)irmi,19 E. Gramellini, 'p. Green,28 H. Greenlee,12 L. Gu,18 W. Gu,3 R. Guenette,21 P. Guzowski,21 L. Hagaman,7
O. Hen,” C. Hilgenberg,” G. A. Horton-Smith,"” Z. Imani,”® B. Irwin,”> M. S. Ismail,” C. James,"* X. Ji,® J.H. Jo,’
R. A. Johnson,” Y.-J. Jwa,lo D. Kalra,10 N. Kamp,22 G. Karagiorgi,lO W. Ketchum,12 M. Kirby,3 A2 Kobilarcik,12
I. Kreslo,” N. Lane,” I. Lepetic,”® J.-Y. Li,"" Y. Li,> K. Lin,” B.R. Littlejohn,"> H. Liu,> W. C. Louis,"”” X. Luo,’
C. Mariani,40 D. Maursden,21 J. Maurshall,41 N. Martinez,17 D. A. Martinez Caicedo,3 2s. Martynenko,3 A. Mastbaum,30
1. Mawby,'® N. McConkey,” V. Meddage,'” J. Mendez,™ J. Micallef,”® K. Miller,” A. Mogan,” T. Mohayai,'*'
M. Mooney,9 A.F. Moor,5 C.D. Moore,12 L. Mora Lepin,21 M. M. Moudgalya,21 S. Mulleriababu,2 D. Naples,29
A. Navrer—Agasson,21 N. Nayak,3 M. Nebot-Guinot,ll J. Nowak,18 N. Oza,lo 0. Palamaura,12 N. Pallat,25 V. Paolone,29
A. Papadopoulou,1 V. Papavassiliou,”” H. B. Parkinson,'' S.F. Pate,”’ N. Patel,'® Z. Pavlovic,'? E. Piasetzky,35

K. Pletcher,”* I. Pophale,'® X. Qian,’ J. L. Raaf,'* V. Radeka,” A. Rafique,' M. Reggiani-Guzzo,'"*' L. Ren,”

L. Rochester,31 J. Rodriguez Rondon,32 M. Rosenberg,38 M. Ross-Loner anf%9 1. Safa,10 G. Scanavini,42 D.W. Schmitz,7
A. Schukraft,"> W. Seligman,'” M. H. Shaevitz,'” R. Sharankova, > J. Shi,” E. L. Snider,'”* M. Soderberg,”*

S. Soldner-Rembold,”' J. Spitz,” M. Stancari,'” J. St. John,'> T. Strauss,'* A. M. Szelc,'' W. Tang,’® N. Taniuchi,’
K. Terao,3 ''C. Tho e,21 D. Torbunov,3 D. Totani,4 M. Toups,12 A. Trettin,21 Y.-T. Ts.ai,3 Ly, Tyler,17 M. A. Uchida,5
T. Usher,”" B. Viren,” M. Weber,” H. Wei,” A.J. White,” S. Wolbers,'* T. Wongjirad,”® M. Wospakrik,'> K. Wresilo,’
W. Wu,” E. Yandel,' T. Yang,'” L.E. Yates,'”” H. W. Yu,” G.P. Zeller,"” J. Zennamo,'* and C. Zhang’

(MicroBooNE Collaboration)a

lArgonne National Laboratory (ANL), Lemont, Illinois 60439, USA
YUniversitiit Bern, Bern CH-3012, Switzerland
*Brookhaven National Laboratory (BNL), Upton, New York 11973, USA
4Um'versil‘y of California, Santa Barbara, California 93106, USA
5University of Cambridge, Cambridge CB3 OHE, United Kingdom
SCentro de Investigaciones Energéticas, Medioambientales y Tecnologicas (CIEMAT),
Madrid E-28040, Spain
7University of Chicago, Chicago, Illinois 60637, USA
8Universily of Cincinnati, Cincinnati, Ohio 45221, USA
°Colorado State University, Fort Collins, Colorado 80523, USA
Y Columbia University, New York, New York 10027, USA
1|University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
L Fermi National Accelerator Laboratory (FNAL), Batavia, Illinois 60510, USA
BUniversidad de Granada, Granada E-18071, Spain
“Harvard University, Cambridge, Massachusetts 02138, USA
Slllinois Institute of Technology (IIT), Chicago, Illinois 60616, USA
Y mdiana University, Bloomington, Indiana 47405, USA
YKansas State University (KSU), Manhattan, Kansas 66506, USA
81 ancaster University, Lancaster LAl 4YW, United Kingdom
Y7 0s Alamos National Laboratory (LANL), Los Alamos, New Mexico 87545, USA
®Louisiana State University, Baton Rouge, Louisiana 70803, USA
The University of Manchester, Manchester M13 9PL, United Kingdom
2Massachusetts Institute of Technology (MIT), Cambridge, Massachusetts 02139, USA
23University of Michigan, Ann Arbor, Michigan 48109, USA
24Michigom State University, East Lansing, Michigan 48824, USA

2470-0010,/2024/110(9)/092014(11) 092014-1 Published by the American Physical Society


https://ror.org/020hgte69

P. ABRATENKO et al.

PHYS. REV. D 110, 092014 (2024)

25Um'versity of Minnesota, Minneapolis, Minnesota 55455, USA
P Nankai University, Nankai District, Tianjin 300071, China
Y"New Mexico State University (NMSU), Las Cruces, New Mexico 88003, USA
BUniversity of Oxford, Oxford OX1 3RH, United Kingdom
29Urziversity of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
3ORutgers University, Piscataway, New Jersey 08854, USA
SSILAC National Accelerator Laboratory, Menlo Park, California 94025, USA
32South Dakota School of Mines and Technology (SDSMT), Rapid City, South Dakota 57701, USA
33University of Southern Maine, Portland, Maine 04104, USA
34Symcuse University, Syracuse, New York 13244, USA
3Tel Aviv University, Tel Aviv 69978, Israel
36University of Tennessee, Knoxville, Tennessee 37996, USA
37Uniw3rsity of Texas, Arlington, Texas 76019, USA
38Tufts University, Medford, Massachusetts 02155, USA
FUniversity College London, London WCIE 6BT, United Kingdom
DCenter for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061, USA
41University of Warwick, Coventry CV4 7AL, United Kingdom
42Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut 06520, USA

® (Received 7 May 2024; accepted 8 October 2024; published 19 November 2024)

We present a measurement of neutral pion production in charged-current interactions using data recorded
with the MicroBooNE detector exposed to Fermilab’s booster neutrino beam. The signal comprises one
muon, one neutral pion, any number of nucleons, and no charged pions. Studying neutral pion production
in the MicroBooNE detector provides an opportunity to better understand neutrino-argon interactions, and
is crucial for future accelerator-based neutrino oscillation experiments. Using a dataset corresponding to
6.86 x 10%° protons on target, we present single-differential cross sections in muon and neutral pion
momenta, scattering angles with respect to the beam for the outgoing muon and neutral pion, as well as the
opening angle between the muon and neutral pion. Data extracted cross sections are compared to generator
predictions. We report good agreement between the data and the models for scattering angles, except for an
over-prediction by generators at muon forward angles. Similarly, the agreement between data and the
models as a function of momentum is good, except for an underprediction by generators in the medium
momentum ranges, 200-400 MeV for muons and 100-200 MeV for pions.

DOI: 10.1103/PhysRevD.110.092014

I. INTRODUCTION

Studying neutrino-nucleus interactions is crucial in
addressing longstanding fundamental questions in neutrino
physics [1-3]. Multiple current and future accelerator-
based neutrino experiments use liquid argon time projec-
tion chambers (LArTPCs) as the detection technology
[4,5]. Therefore, a precise understanding of neutrino-
nucleus interactions in argon is critical to optimizing the
physics program of future experiments, such as the Deep
Underground Neutrino Experiment (DUNE) [5]. In neu-
trino oscillation experiments that measure electron-neutrino
appearance rates in a muon-neutrino beam, a dominant
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background arises from neutral pions (z°) decaying to two
photons with only one photon being reconstructed success-
fully. Similarly, z° photons are often a dominant back-
ground in Beyond the Standard Model searches which
target photon or electron-positron final-states [6,7]. Hence,
accurate modeling of z° production in charged-current
(CC) and neutral-current (NC) interactions enables precise
predictions of background rates.

In this work, we present the first differential cross section
measurement of v, CC interactions on argon with neutral
pions in the final state. The event topology contains a
muon, a single ¥ meson, any number of nucleons, and no
charged pions in the final state,

v, + Ar = p~ + 7% + 07F + X, (1)

where Ar represents the struck argon nucleus, X represents
the residual nucleus and any number of ejected protons or
neutrons, but no other hadrons or leptons. We refer to these
events as v, CC1#°. This interaction commonly occurs
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through the A(1232) resonance for neutrinos with energy
below 2 GeV. There is no coherent contribution to this
process since the final state for CC coherent pion produc-
tion includes a charged pion. This interaction is therefore an
ideal probe of incoherent processes that can constrain
models of neutral pion production.

We report the single differential cross section in muon
and 7° momenta, scattering angles with respect to the beam
for the outgoing muon and 7°, as well as the opening angle
between the muon and z°. In order to improve the
efficiency and probe a larger phase space of kinematic
variables, the event selection accepts muon candidates that
are either contained or exiting the detector volume. This
measurement is not only relevant to MicroBooNE, but also
to future LArTPC neutrino experiments such as the short
baseline neutrino (SBN) program [4] and DUNE.

The total flux-integrated cross section of v, CC single a0
production on argon has been reported by the MicroBooNE
collaboration [8]. Previous single-differential measure-
ments of z° production in CC neutrino interactions were
performed on nuclei lighter than argon. The v, CC1x° cross
section was measured on carbon in the MiniBooNE experi-
ment in 2011 [9], and in the MINERVA experiment in 2015
[10,11]. A measurement of the v, CC1° cross section on
water has been reported by the K2K collaboration, pre-
sented as a ratio to the (CCQE) cross section [12]. The
latest results by the NOvVA collaboration use a more
inclusive signal definition [13]. Measuring the z° kinematic
distributions in argon can be used to benchmark the final
state interaction modeling (which increase with mass
number) used in event generator simulations as well as
for testing the validity of resonance models.

II. MICROBOONE EXPERIMENT

MicroBooNE is an 85 metric ton LArTPC on the booster
neutrino beam (BNB) at Fermilab [14]. The dimensions of
the MicroBooNE detector are 2.56 x 2.32 x 10.35 m?. The
beam reaching the detector has a mean energy of 0.8 GeV
and is predicted to contain 93.6% muon neutrinos [15]. The
pion production measurement employs the muon neutrino
component of the beam using data collected from 2016—
2018, which corresponds to 6.86 x 10?° protons on target
(POT). Charged particles traversing the liquid argon vol-
ume of the detector produce ionization and create prompt
ultraviolet scintillation light. An electric field of 273 V/cm
is applied between the cathode and anode planes. With the
applied electric field of the TPC, the ionization electrons
drift horizontally toward the anode planes and are detected
by wires in two induction planes. The charge is then
deposited on the collection plane wires. The collection
plane wires are oriented vertically, and the induction plane
wires are oriented at angles +-60° with respect to the vertical
direction. A light detection system with 32 photomultiplier
tubes detects the scintillation photons. Information from the

three wire planes and the light detector can be combined to
derive 3D images of the path of charged particles in
the TPC.

II1. SIMULATION SYNOPSIS

The framework developed by the MiniBooNE collabo-
ration is leveraged to simulate the neutrino flux at the
MicroBooNE detector [16]. Neutrino-nucleus interactions
are simulated using the GENIE v3.0.6 G18_10a_02_11a
[17] event generator prediction with a custom tune devel-
oped using T2K data [18] for the MicroBooNE analyses
[19]. This includes generating the primary neutrino inter-
action within the nucleus, producing all final state particles,
and the interactions of the final state particles through the
nucleus. The tune modifies the default GENIE v3.0.6
G18_10a_02_11a prediction for quasielastic (QE) and
meson exchange current (MEC) models, but has no effect
on resonant (RES) interactions. The Berger-Sehgal model
is used for resonant pion production in the above-
mentioned version of GENIE [20-22].

The simulation of the detector response starts with Geant4
[23] for particle propagation, and continues with LArSoft
[24] for simulating the anode wire signals and the scintil-
lation light in the PMTs. A lookup table from a Geant4
photon propagation simulation is used to model the
scintillation light response. The electric field distortions
resulting from space charge effects are incorporated using
data-driven electric field maps [25,26]. A modified box
model is employed to simulate the ion recombination [27].
The drift electron lifetime and the wire response is modeled
with a time dependent simulation [27-29]. Because of its
near-surface location, the MicroBooNE detector is exposed
to a significant amount of cosmic rays resulting as back-
grounds. Cosmic ray events recorded during off-beam data
taking are used to estimate the background arising from
such events. The event selection requirement (discussed in
IVA) is applied to this off-beam data to estimate the
background. To model the background from cosmic rays in
neutrino-induced triggers, we overlay unbiased data col-
lected in a beam-off environment onto a simulated neutrino
interaction. With this approach, the detector noise is also
incorporated in a data-driven manner.

IV. ANALYSIS OVERVIEW

The reconstruction chain starts with noise removal [30]
and signal processing [29]. The Pandora pattern recognition
toolkit is used to reconstruct neutrino candidate events [31].
A neutrino event is selected by rejecting cosmic rays
crossing the detector and leveraging optical information
coincident with the beam window. Particles such as
electrons and photons leave a showerlike signature, while
protons, muons, and charged pions leave tracklike signa-
tures within the detector. MicroBooNE’s log-likelihood
ratio particle identification tool is used to achieve better
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particle identification performance within tracklike objects
to classify muons and protons [32]. For tracks contained
within the detector volume, energies are estimated using the
track range [33], while multiple Coulomb scattering is used
for exiting tracks [34-36]. For electromagnetic showers,
calorimetric energy reconstruction is performed by sum-
ming the total clustered energy deposits within the shower.
A correction factor of 1.2 is applied to account for the
inefficiencies attributed to clustering of charge [37].

We define the signal in terms of the observable final
state particles. Hence, all truth-level event definitions
mentioned in this analysis only consider particles pro-
duced after the final state interactions. A neutrino scatter-
ing event is chosen as part of the signal if it contains a
muon with kinetic energy greater than 20 MeV, exactly
one 7° meson, no charged pions with kinetic energy
greater than 40 MeV, and any number of nucleons. The
kinetic energy thresholds are driven by reconstruction
efficiencies [38]. We describe the major event selection
strategies in the following subsection.

A. Event selection

The signal consists of muon-neutrino induced z° pro-
duction in a CC interaction within the fiducial volume,
where the 7° meson decays to photons. Hence, the event
selection focuses on identifying v, CC events associated
with two photon showers from the z° candidate, a con-
tained or exiting muon track, any number of nucleons, and
no charged pions. We require the neutrino interaction vertex
to be within the fiducial volume (FV). For this measure-
ment the FV is chosen to be 10 cm from the sides of the
TPC along the drift direction, 15 cm from the sides of the
TPC in the vertical direction, 10 cm from the upstream face,
and 50 cm from the downstream face of the TPC with
respect to the beam direction. The selection criteria accept
signal events with muon candidate tracks either contained
or exiting the FV. All muon candidate tracks (contained and
exiting) are required to have a Pandora track score greater
than 0.5. The track score assigned by Pandora classifies
reconstructed particles as tracklike (scores closer to 1) or
showerlike (scores closer to 0). For the contained muon
candidate tracks, we require that the track’s start and end
coordinates be within the FV, the track length be >10 cm,
and the candidate track start within 3 cm of the recon-
structed neutrino interaction vertex. The log-likelihood
ratio particle identification (LLR PID) score [32] is
required to be >0.2. The LLR PID discriminates particle
tracks by assigning scores ranging from —1 to 1, with —1
being most protonlike and 1 being most muonlike. For the
exiting muon candidate tracks, the selection criteria differ
in the containment and track length requirements. Here, we
require the start of the track to be within the FV, along with
a selection criteria that the track length be >30 cm.
Additionally, the selection criteria require that the number
of charged pions be zero. The track signature of charged

pions within the LArTPC is similar to that of muons. The
charged pion veto is implemented by constraining the
number of such tracks to exactly one. This selects one
muon candidate track. After selecting events consistent
with the signal topology, a set of selection criteria is applied
to reject backgrounds. These requirements include events
that have the most energetic shower above a 40 MeV energy
threshold with the cosine of the radial angle greater than
0.9. Additionally, the conversion distance of the most
energetic shower is required to be less than 80 cm and
events with smaller conversion distance (<2 cm) are
selected only if the energy deposition per unit length
(dE/dX)is > 2.5 MeV /cm. The conversion distance refers
to the distance between the reconstructed interaction vertex
and the shower start point, and the radial angle is the angle
between the shower direction vector and the vector con-
necting the neutrino interaction vertex and the shower start
point. The requirement on the small conversion distance in
combination with dE/dX reduces contribution from tracks
that are mis-reconstructed as showers near the interaction
vertex, whereas rejecting events with higher conversion
distance (>80 cm) removes random coincidence with
cosmic events. The selection criteria for subleading show-
ers starts with an energy threshold of 10 MeV. Additionally,
the subleading shower conversion distance is required to be
>1 cm with a similar approach on selecting events with
smaller values (<1 cm) using dE/dX (>2.5 MeV/cm)
information as implemented for the leading showers. The
final requirement is on the reconstructed z° invariant mass
to be within 50-180 MeV. The total signal selection
efficiency is 8.5% and the purity is 69%.

The predicted contribution of background events in the
selection is about 31%. A large fraction of the backgrounds
that pass the event selection criteria arises from CC z°
events containing 7 or NC events containing 7 mesons in
the final state. The second largest background contribution
comes from neutrino interactions with no final state 7°
meson. This category also includes events where a final
state charged pion interacts with another nucleus along its
trajectory and produces a 7z meson via charge-exchange
process. The distributions from which the differential cross
sections will be unfolded are shown in Fig. 1. The predicted
event categories from the MicroBooNE tuned version of
GENIE v3.0.6 G18_10a_02_11a satisfying the v, CClz°
selection criteria are shown as a stacked histogram and are
compared with the distribution of the number of events in
data. In total, 1392 events from the data sample satisfy the
Yy CC17° selection criteria. The predicted number of events
from simulation agrees well with the data for outgoing
muons and pions except for muons with high momenta.
The outgoing muon kinematics is subject to nuclear
structure. Comparing the cross section as a function of
kinematic variables extracted from data with those pre-
dicted by the nuclear structure models that enter the event
simulations can provide insight into the validity of these
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FIG. 1.

1.00

(e)

Comparison of the distribution of the number of events observed in data and the prediction of the MicroBooNE tuned version of

GENIE v3 satisfying the v, CC1 70 selection requirements for (a) the 7° momentum, (b) the scattering angle between the neutrino beam and
outgoing z° direction, (c) the muon momentum, (d) the scattering angle between the neutrino beam and outgoing muon direction, and (e) the
opening angle between the muon and pion are shown. The last bin in the momentum distributions acts as an overflow bin. The shaded gray
band indicates the total (includes both statistical and systematic) uncertainty on the simulation prediction. The event categories are described
in the legend. The OOFV category includes background events in which the true neutrino vertex is located outside the fiducial volume.
Background contributions from neutrino interactions with 2 or more final state z° mesons are shown in the v, 2 + z° category.

models. The outgoing z° kinematics are sensitive to final
state interactions. This is apparent in the MINERVA
collaboration’s latest CCz° cross-section measurement
on carbon [39]. About 83% of the predicted events come

from RES interactions, followed by a 14.3% contribution
from deep inelastic scattering (DIS) interactions, as illus-
trated in Fig. 2 of the Supplemental Material [38]. Several
sources of uncertainties are taken into account while
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FIG.2. Differential cross sections from several generator predictions and the unfolded data for (a) the 7° momentum, (b) the scattering
angle between the neutrino beam and outgoing z° direction, (c) the muon momentum, (d) the scattering angle between the neutrino
beam and outgoing muon direction, and (e) the opening angle between the muon and pion are shown. We quantify the agreement in
terms of y? values, and list them in the legends. The total uncertainty on the data extracted cross section corresponding to the square root

of the diagonal elements of the extracted covariance matrix is shown by the error bars.

092014-6

1.0



MEASUREMENT OF THE DIFFERENTIAL CROSS SECTION FOR ...

PHYS. REV. D 110, 092014 (2024)

reporting the total number of predicted events and are
described next.

B. Systematic uncertainties

The systematic uncertainties for this measurement come
from the BNB neutrino-flux prediction, variations in
modeling of neutrino interactions and final state re-inter-
actions, and variation of detector simulation parameters.

The neutrino flux uncertainties arise from hadron pro-
duction uncertainties after the initial proton hits the target,
the beamline uncertainties related to horn current, and
position of the target [16]. These are taken into account by
applying a reweighting scheme to the simulation and are
approximately at the 7-10% level. The systematic uncer-
tainties for generating neutrino interaction events within
GENIE are taken into account. The interaction models are
computed by reweighting the MicroBooNE tune GENIE
model parameters [18]. Cross section model uncertainties
on signal events are incorporated by evaluating the effect of
model variations on the smearing and efficiency of the
predicted event rate, and on the rate of predicted neutrino
backgrounds. The impact of the model variations is
evaluated using Eq. (2). The model variations cover a
broad range of parameters describing the interactions
including resonance, nonresonance and final state inter-
actions [18]. The uncertainty on the total number of
selected events due to cross section modeling for this
measurement lies in the 5%-10% range. The outgoing
particles from the primary neutrino interaction may interact
with other nuclei inside the detector. This effect is modeled
by a similar reweighting approach [40]. The reinteraction
uncertainties are approximately at the 2% level and have
small impact on the results reported.

The detector systematic uncertainties are estimated using
dedicated samples that are generated by changing model
parameters in the nominal simulation [41]. Several effects
of the detector response model have been considered such
as wire response, space charge, electron-ion recombination,
and light yield. The uncertainties arising from detector
systematic effects for the v, CC17° measurement are at the
5-15% level across all five kinematic variables. Additional
normalization uncertainties at the 2% and 1% level come
from the POT counting and the estimated number of argon
nuclei in the detector respectively. The flux and detector
effects are the dominant sources of uncertainties in the v,
CC12° measurement.

As the differential cross section is measured across
multiple correlated bins, we utilize a covariance matrix
to incorporate the uncertainties in the final calculation of
cross sections. The covariance matrix for each source of
systematic uncertainty is determined by considering multi-
ple systematic variations and is given by

where the elements of the covariance matrix V;; are
expressed in terms of a sum over all of the systematic
variations. Here, N represents the total number of system-
atic variations, n,-CV the number of reconstructed events in
bin i for the central-value (CV) simulation, and nf is a
prediction of the same quantity when a systematic variation
is applied to the CV sample. The total covariance matrix

Vit = Vsys + Viat (3)

encodes the systematic uncertainties and data statistical
uncertainties, where V is the sum of the covariance
matrices from all of the systematic contributions discussed
above, and Vg, consists of an uncorrelated diagonal
statistical covariance matrix. The total covariance matrix
for each of the five kinematic variables is included in the
Supplemental Material [38].

V. CROSS SECTION EXTRACTION

One of the key ingredients to the cross section extraction
is constructing a response matrix that accounts for the
inefficiencies and limitations of the reconstruction, and
maps the signal event counts in a given true bin to the
observed reconstructed signal event counts after the event
selection. This matrix encodes the smearing between the
true and reconstructed space through the off-diagonal
terms. The choice of bin widths of all five variables have
been guided by the following two criteria: each bin has a
minimum predicted signal event count of ~50 given the
limited size of the data sample after passing the v, CCn®
selection, and approximately 50% of the selected simulated
events are reconstructed in the diagonal bins in the
smearing matrix. The differential cross section measured
in bin i is given by

<d0> _ 2 Uy, - B))

% _NtmgetX¢X(Ap)i

(4)

where the unfolding matrix elements U,; transforms the
background subtracted reconstructed events in a given bin j
to true bin i, and (Ap), is the width of bin i. For a variable
p,» N; and B; are the numbers of selected data and
background events in bin j respectively. The variables ¢
and N, correspond to the flux and the number of argon
targets in the fiducial volume. The unfolding procedure
involves inversion of the response matrix, which can lead to
an unfolded distribution with large variance in the true
variable space. This is taken into account by introducing
regularization conditions. We extract the cross sections
using the Wiener-SVD unfolding method [42] with a
regularization approach corresponding to a first-order
derivative. The effect of regularization is quantified by
an additional smearing matrix and is applied to the
generator predictions before comparing with the unfolded
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spectrum. An unfolded result can be directly compared to
various theoretical predictions as it corrects for detector
efficiency and smearing. The additional smearing matrices
used for the extraction of the results presented in Fig. 2 are
provided in the Supplemental Material [38]. We validate the
Wiener-SVD unfolding technique by performing fake data
studies before unfolding the selected BNB data events. The
BNB data extracted cross sections are shown in Fig. 2 along
with a series of generator predictions; the MicroBooNE
tuned version of GENIE v3.0.6 (GENIE v3 uB tune) [18],
GENIE v2.12.2 (GENIE v2) [43,44], NuWro 19.02.1
(NuWro) [45,46], Neut v5.4.0 (NEUT) [47,48] and
GiBUU 2023 (GiBUU) [49]. The difference in prediction
from these generators comes from the different underlying
models. Several MicroBooNE publications describe these
models in detail [50-52]. The generators have different
initial state nuclear models (GENIE v2 uses a relativistic
Fermi gas, while the others use a local Fermi gas) and
resonant pion production models. The NuWro generator
implements the Adler-Rarita-Schwinger formalism [53] to
explicitly calculate the A(1232) resonance, and the non-
resonant background is estimated using a quark-parton
model. GENIE v2 uses the Rein and Sehgal model [54],
while NEUT and the tuned version of GENIE v3 follow the
Berger and Sehgal approach [20-22]. GiBUU employs the
MAID analysis [55] for modeling the RES interactions.
Many of the resonant pion production models in the
different generators employ a similar form factor model
[56], with different values of various model parameters, and
different assumptions in the model’s implementation.
GiBUU employs a phenomenological approach where
the parameters are extracted from neutrino and electron
scattering data [57]. The different generators also differ in
their treatment of final state interactions (FSI). NuWro
employs intranuclear cascade models [46], NEUT uses the
FSI cascade approach with nuclear medium corrections for
pions [58]. GiBUU uses numerical solution from the
Boltzmann-Uehling-Uhlenbeck equation to model the
intranuclear hadron transport. As a result, the initial state
and the FSI effects are described in a consistent nuclear
potential. The GENIE generator versions used here applies
the hA FSI model [59,60]. The differences among various
generators are presented in a tabular format in [61]. The
comparison between generator predictions and the data
extracted cross sections is quantified in terms of y* over
number of degrees of freedom, included in the legends in
Fig. 2 and p-values, presented in Table I. The results are
discussed in detail in the following section.

VI. RESULTS

Figure 2(a) shows the flux averaged differential cross
section as a function of z° momentum. Pions interacting
with the nuclear medium can shift the momentum to lower
values, therefore contributing to the buildup of the peak.
The generator predictions underestimate the data extracted

TABLE 1. P-values comparing unfolded data and generator
predictions given in Fig. 2.

Generator P cos(0p) p, cos(d,) cos(f,0)
GENIE v3(tuned) 0.054  0.859 0.0063 0.246  0.922
NuWro 0.0079 0.748 0.0007 0.701  0.908
NEUT 0.059 0.788 0.0012 0.360  0.950
GENIE v2 0.0002 0.964 0.0046 0.218 0.874
GiBUU 0.008  0.465 0.0003 0.126  0.486

cross section in the peak (around 100-200 MeV) and tend
to have a better agreement at higher momentum. At low
momentum, NuWro predictions are much lower than the
data, but are comparable with other generator predictions as
the momentum increases. Predictions from NEUT and
NuWro become very similar after the peak. As the FSI
effects play a role in shifting the distribution toward lower
momenta, the comparison indicates an underestimation of
pion FSI considered in NuWro among the generators that
use the same initial nuclear model. GiBUU underestimates
the cross section in the FSI dominated range as well
(comparisons of various GiBUU generator model choices
can be found in [38]). The poorest agreement between
prediction and data come from GENIE v2 with a y?/ndf =
30.044/8 (p-value = 0.0002). In the lower momentum
region, it underestimates the data and in the higher
momentum bins this prediction is enhanced.

Figure 2(b) presents the flux averaged differential cross
section in 7° scattering angle. The data and the generator
predictions agree within the uncertainties, except GiBUU
predictions underestimating the cross section in the forward
angles. The y?/ndf values indicate that a similar level of
agreement is achieved by all other generators for the 7°
production angle.

Figure 2(c) shows the flux averaged differential cross
section in muon momentum. The data and generator com-
parison follows a similar trend as the z° momentum with
suppressed generator predictions in the lower momenta
(around 200-400 MeV) whereas in the higher momenta
the scenario is inverted and the generator predictions are
higher than the data. GiBUU has the poorest agreement with
data with a y?/ndf = 28.92/8 (p-value = 0.0003). The
range of y?/ndf values is broader for the z° momentum
in Fig. 2(a) than for the muon momentum.

Figure 2(d) presents the flux averaged differential cross
section in muon scattering angle. The generator predictions
are enhanced compared to cross section extracted from data
at forward angles cos(6,) > 0.9, while there is a similar
level of agreement for cos(#,) < 0.9. The discrepancy in
the forward angle cannot be explained by the systematic
uncertainties and indicates shortcomings of the generator
models. The forward angle corresponds to low momentum
transfer events which were previously observed to not be
well reproduced by models in MINERvA [11], and
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MiniBooNE measurements [9]. Previous CCQE-enhanced
MicroBooNE cross section measurements have demon-
strated good agreement with models with low momentum
transfer suppression implemented [62]. Figure 2(d) indi-
cates that a similar treatment in the RES interactions can
improve the agreement. An improvement in y? values for 7°
production has been reported by the MINERVA collabo-
ration [63] after tuning the GENIE pion production model
with MINERVA data. At the beam energies of this
measurement, muons and pions are dominantly produced
at forward angles in the laboratory frame due to the Lorentz
boost. The dominant interaction in the forward angle for
both muons and pions arise from RES interactions. The
measured differential cross section as a function of the
muon scattering angle cos @, is in reasonable agreement
with all models. NuWro gives the best prediction due to its
lower normalization. Figure 2(e) shows the extracted cross
section in the muon-pion opening angle. The generators
demonstrate good data-MC agreement, although GiBUU
underestimates the cross section.

VII. CONCLUSIONS

In this paper, we discuss the event selection strategies,
sources and estimation of systematic uncertainties, and
Wiener-SVD unfolding technique for a v, CC1x° single-
differential cross section measurement in outgoing muon
and pion kinematic variables. The dominant sources of
systematic uncertainties come from detector response
systematics and neutrino flux. We compare the measured
cross sections with predictions from several neutrino
generators and report good agreement for muon and pion
scattering angles, except for an overprediction by gen-
erators at muon forward angles. This suggests that there is
scope for improvement in the generator models for the

resonant interactions. An underprediction by generators
in the medium momentum ranges, 200400 MeV for
muons and 100-200 MeV for pions show a similar
trend as previously reported by the MINERvVA [11]
and MiniBooNE collaborations [9] with similar signal
definitions.

While this measurement is systematics limited, future
larger statistics measurements would allow for a double
differential cross section extraction which may help further
improve modeling of resonance processes.
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