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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
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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 experi-
ments. 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.

I. INTRODUCTION

Studying neutrino-nucleus interactions is crucial in ad-
dressing longstanding fundamental questions in neutrino
physics [1-3]. Multiple current and future accelerator-
based neutrino experiments use liquid argon time pro-
jection chambers (LArTPCs) as the detection technol-
ogy [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
neutrino oscillation experiments that measure electron-
neutrino appearance rates in a muon-neutrino beam, a
dominant background arises from neutral pions (7°) de-
caying to two photons with only one photon being re-
constructed successfully. Similarly, 70 photons are often
a dominant background in Beyond the Standard Model
searches which target photon or electron-positron final-
states [6, 7]. Hence, accurate modeling of 7% production
in charged-current (CC) and neutral-current (NC) inter-
actions enables precise predictions of background rates.

In this work, we present the first differential cross sec-
tion measurement of v, CC interactions on argon with
neutral pions in the final state. The event topology con-
tains a muon, a single 7% meson, any number of nucleons,
and no charged pions in the final state,

v+ Ar = pm + 70 4+ 0t + X, (1)
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where Ar represents the struck argon nucleus, X repre-
sents the residual nucleus and any number of ejected pro-
tons or neutrons, but no other hadrons or leptons. We
refer to these events as v, CC1n%. This interaction com-
monly occurs through the A(1232) resonance for neu-
trinos with energy below 2 GeV. There is no coherent
contribution to this process since the final state for CC
coherent pion production includes a charged pion. This
interaction is therefore an ideal probe of incoherent pro-
cesses that can constrain models of neutral pion produc-
tion.

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 open-
ing angle between the muon and 7°. 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
70 production on argon has been reported by the Mi-
croBooNE collaboration [8]. Previous single-differential
measurements of 7° production in CC neutrino interac-
tions were performed on nuclei lighter than argon. The
vy CC17° cross section was measured on carbon in the
MiniBooNE experiment in 2011 [9], and in the MINERvA
experiment in 2015 [10, 11]. A measurement of the v,
CC17 cross section on water has been reported by the



K2K collaboration, presented as a ratio to the (CCQE)
cross section [12]. The latest results by the NOvA collab-
oration use a more inclusive signal definition [13]. Mea-
suring the 7° kinematic distributions in argon can be
used to benchmark the final state interaction modeling
(which increase with mass number) used in event gen-
erator 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 di-
mensions of the MicroBooNE detector are 2.56 x 2.32 x
10.35 m3. 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 us-
ing data collected from 2016 — 2018, which corresponds
to 6.86 x 10%° protons on target (POT). Charged par-
ticles traversing the liquid argon volume of the detector
produce ionization and create prompt ultraviolet scin-
tillation light. An electric field of 273 V/cm is applied
between the cathode and anode planes. With the ap-
plied electric field of the TPC, the ionization electrons
drift horizontally towards the anode planes and are de-
tected by wires in two induction planes. The charge is
then deposited on the collection plane wires. The collec-
tion 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 de-
tector can be combined to derive 3D images of the path
of charged particles in the TPC.

III. SIMULATION SYNOPSIS

The framework developed by the MiniBooNE col-
laboration 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 developed using T2K data [18] for
the MicroBooNE analyses [19]. This includes generat-
ing the primary neutrino interaction 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 pre-
diction for quasi-elastic (QE) and meson exchange cur-
rent (MEC) models, but has no effect on resonant (RES)
interactions. The Berger-Sehgal model is used for reso-
nant 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
scintillation light in the PMTs. A lookup table from a
Geant4 photon propagation simulation is used to model
the scintillation light response. The electric field dis-
tortions resulting from space charge effects are incorpo-
rated using data-driven electric field maps [25, 26]. A
modified box model is employed to simulate the ion re-
combination [27]. The drift electron lifetime and the
wire response is modeled with a time dependent simu-
lation [27-29]. Because of its near-surface location, the
MicroBooNE detector is exposed to a significant amount
of cosmic rays resulting as backgrounds. 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 IV A) is ap-
plied to this off-beam data to estimate the background.
To model the background from cosmic rays in neutrino-
induced triggers, we overlay unbiased data collected in
a beam-off environment onto a simulated neutrino inter-
action. 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 recog-
nition toolkit is used to reconstruct neutrino candidate
events [31]. A neutrino event is selected by rejecting cos-
mic rays crossing the detector and leveraging optical in-
formation coincident with the beam window. Particles
such as electrons and photons leave a shower-like sig-
nature, while protons, muons, and charged pions leave
track-like signatures within the detector. MicroBooNE’s
log-likelihood ratio particle identification tool is used to
achieve better particle identification performance within
track-like 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 reconstruc-
tion is performed by summing 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 scat-
tering event is chosen as part of the signal if it contains
a muon with kinetic energy greater than 20 MeV, ex-
actly one 7° meson, no charged pions with kinetic en-
ergy greater than 40 MeV, and any number of nucleons.
The kinetic energy thresholds are driven by reconstruc-
tion efficiencies [38]. We describe the major event selec-
tion strategies in the following subsection.



A. Event Selection

The signal consists of muon-neutrino induced 7° 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 7° candidate, a con-
tained or exiting muon track, any number of nucleons,
and no charged pions. We require the neutrino interac-
tion vertex to be within the fiducial volume (FV). For
this measurement the F'V 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 se-
lection criteria accept signal events with muon candidate
tracks either contained or exiting the FV. All muon can-
didate 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
track-like (scores closer to 1) or shower-like (scores closer
to 0). For the contained muon candidate tracks, we re-
quire 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 reconstructed neutrino in-
teraction vertex. The log-likelihood ratio particle identi-
fication (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 proton-like and
1 being most muon-like. 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 F'V, along with a selection cri-
teria that the track length be > 30 cm. Additionally, the
selection criteria require that the number of charged pi-
ons 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 can-
didate 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 en-
ergy 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 interac-
tion vertex and the shower start point, and the radial
angle is the angle between the shower direction vector
and the vector connecting the neutrino interaction vertex
and the shower start point. The requirement on the small
conversion distance in combination with dF/dX reduces
contribution from tracks that are mis-reconstructed as
showers near the interaction vertex, whereas rejecting
events with higher conversion distance (> 80 cm) re-

moves random coincidence with cosmic events. The se-
lection criteria for sub-leading showers starts with an en-
ergy threshold of 10 MeV. Additionally, the sub-leading
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 require-
ment is on the reconstructed 7¥ 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 back-
grounds that pass the event selection criteria arises from
CC 7 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 70 meson. These events can result from sce-
narios where a final state charged pion produces a m°
meson as a result of re-interaction with another nucleus.
The distributions from which the differential cross sec-
tions will be unfolded are shown in Fig. 1. The pre-
dicted event categories from the MicroBooNE tuned ver-
sion of GENIE v3.0.6 G18_10a-02_11a satisfying the v,
CC17Y 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 v, CC1n? selection criteria. The pre-
dicted 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 predicted by the nuclear structure models that
enter the event simulations can provide insight into the
validity of these models. The outgoing 7% kinematics are
sensitive to final state interactions. This is apparent in
the MINERVA collaboration’s latest CCr® 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) interac-
tions [38]. Several sources of uncertainties are taken into
account while 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-
interactions, and variation of detector simulation param-
eters.

The neutrino flux uncertainties arise from hadron pro-
duction uncertainties after the initial proton hits the tar-
get, 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 simu-
lation and are approximately at the 7 — 10% level. The
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FIG. 1. 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, CC17° selection requirements for (a) the 7° momentum, (b) the scattering angle
between the neutrino beam and outgoing 7° 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.



systematic uncertainties for generating neutrino interac-
tion events within GENIE are taken into account. The
interaction models are computed by reweighting the Mi-
croBooNE tune GENIE model parameters [18]. Cross
section model uncertainties on signal events are incor-
porated 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
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]. Sev-
eral effects of the detector response model have been con-
sidered such as wire response, space charge, electron-ion
recombination, and light yield. The uncertainties arising
from detector systematic effects for the v, CClr° mea-
surement 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 respec-
tively. The flux and detector effects are the dominant
sources of uncertainties in the v, CC17" measurement.

As the differential cross section is measured across mul-
tiple 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
multiple systematic variations and is given by

N
1
Vij = 5 2_(nf¥ = nf)(nfY —nf), (2)
k=1

where the elements of the covariance matrix V;; are ex-
pressed in terms of a sum over all of the systematic varia-
tions. Here, N represents the total number of systematic
variations, nSV the number of reconstructed events in
bin i for the central-value (CV) simulation, and n¥ is a
prediction of the same quantity when a systematic vari-
ation is applied to the CV sample. The total covariance
matrix

Viot = Vsys + Vitat (3>

encodes the systematic uncertainties and data statistical
uncertainties, where Viy is the sum of the covariance ma-
trices from all of the systematic contributions discussed
above, and Vi,; consists of an uncorrelated diagonal sta-
tistical covariance matrix.

V. CROSS SECTION EXTRACTION

One of the key ingredients to the cross section extrac-
tion 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, CCnY 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 ¢ is given by

<df7> _ 2 Uy(N; — By)
dp i Ntarget X ¢ X (Ap)z

where the unfolding matrix elements U;; transforms the
background subtracted reconstructed events in a given
bin j to true bin 4, and (Ap); is the width of bin ¢. For
a variable p, N; and B; are the numbers of selected data
and background events in bin j respectively. The vari-
ables ¢ and Niarget correspond to the flux and the num-
ber of argon targets in the fiducial volume. The unfold-
ing 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 ac-
count by introducing regularization conditions. We ex-
tract the cross sections using the Wiener-SVD unfold-
ing method [42] with a regularization approach corre-
sponding to a first-order derivative. The effect of regu-
larization is quantified by an additional smearing matrix
and is applied to the generator predictions before com-
paring with the unfolded spectrum. An unfolded result
can be directly compared to various theoretical predic-
tions as it corrects for detector efficiency and smearing.
The additional smearing matrices used for the extrac-
tion 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 stud-
ies 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 Micro-
BooNE 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 predic-
tion from these generators comes from the different un-
derlying models. Several MicroBooNE publications de-
scribe 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 for-
malism [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 Seh-
gal model [54], while NEUT and the tuned version of GE-
NIE v3 follow the Berger and Sehgal approach [20-22].

(4)
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GiBUU employs the MAID analysis [55] for modeling the
RES interactions. The different generators also differ in
their treatmeant of final state interactions (FSI). NuWro
employs intranuclear cascade models [46], NEUT uses
the FSI cascade approach with nuclear medium correc-
tions for pions [56]. GiIBUU 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 [57, 58]. The differences
among various generators are presented in a tabular for-
mat in [59]. The comparison between generator predic-

Generator Pro  cos(00) pu cos(fy) 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 0.069 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

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

tions and the data extracted cross sections is quantified in
terms of x2 over number of degrees of freedom, included
in the legends in Fig. 2 and p-values, presented in Ta-
ble I. The results are discussed in detail in the following
section.

VI. RESULTS

Figure 2a shows the flux averaged differential cross
section as a function of 7° momentum. Pions interact-
ing 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 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. Pre-
dictions from NEUT and NuWro become very similar
after the peak. As the FSI effects play a role in shifting
the distribution towards 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. The poorest agree-
ment between prediction and data come from GENIE v2
with a x2?/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 2b presents the flux averaged differential cross
section in 7° scattering angle. The data and the gen-
erator predictions agree within the uncertainties, except
GiBUU predictions underestimating the cross section in

the forward angles. The x?/ndf values indicate that a
similar level of agreement is achieved by all other gener-
ators for the 7° production angle.

Figure 2c shows the flux averaged differential cross sec-
tion in muon momentum. The data and generator com-
parison follows a similar trend as the 70 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 x?/ndf = 28.92/8 (p-value = 0.0003).
The range of x?/ndf values is broader for the 7° momen-
tum in Fig. 2a than for the muon momentum.

Figure 2d presents the flux averaged differential cross
section in muon scattering angle. The generator pre-
dictions are enhanced compared to cross section ex-
tracted from data at forward angles cos(6,) > 0.9, while
there is a similar level of agreement for cos(d,) < 0.9.
The discrepancy in the forward angle cannot be ex-
plained by the systematic uncertainties and indicates
shortcomings of the generator models. The forward an-
gle corresponds to low momentum transfer events which
were previously observed to not be well reproduced by
models in MINERvA [11], and MiniBooNE measure-
ments [9]. Previous CCQE-enhanced MicroBooNE cross
section measurements have demonstrated good agree-
ment with models with low momentum transfer suppres-
sion implemented [60]. Figure 2d indicates that a sim-
ilar treatment in the RES interactions can improve the
agreement. An improvement in x? values for 7% pro-
duction has been reported by the MINERvA collabora-
tion [61] after tuning the GENIE pion production model
with MINERvVA data. At the beam energies of this mea-
surement, 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 6, is in reasonable agreement
with all models. NuWro gives the best prediction due to
its lower normalization. Figure 2e shows the extracted
cross section in the muon pion opening angle, where all
generators demonstrate a good data-MC agreement.

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, CC17° 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 gen-
erators and report good agreement for muon and pion
scattering angles, except for an overprediction by gener-
ators 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, 200 — 400 MeV for
muons and 100 — 200 MeV for pions show a similar trend
as previously reported by the MINERvA [11] and Mini-
BooNE 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 fur-
ther improve modeling of resonance processes.
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