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𝐾+ and 𝜂 production, providing invaluable datasets for constraining backgrounds and improving
the modeling of neutrino scattering critical for the broader LArTPC neutrino physics program.
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1. Introduction

The main scientific goals of neutrino oscillation experiments are to search for charge–parity
(CP) symmetry violation, determine the neutrino mass hierarchy, and explore the possible existence
of sterile neutrinos. CP violation in neutrino oscillations would constitute a new mechanism for
breaking CP symmetry, potentially connected to the observed matter–antimatter asymmetry in the
Universe [1–3]. Determining the neutrino mass hierarchy would significantly constrain theoretical
models, ruling out roughly half of the current possibilities [4]. The existence of one or more species
of sterile neutrinos, which do not participate in weak interactions, has been proposed to explain
several anomalies reported by previous neutrino experiments [5]. One of the main challenges in
neutrino oscillation measurements is the determination of the energy of the initial-state neutrinos.
Because neutrinos interact weakly, their energies can be inferred only indirectly from the detected
final-state particles on an event-by-event basis. Therefore, the uncertainties in the measurement of
neutrino energy arise not only from the detector configuration and response but also from the mod-
eling of neutrino–nucleus cross-sections. The complex nature of nuclear structure, as a quantum
many-body system, makes it extremely challenging to calculate neutrino–nucleus cross-sections
from first principles. Several semi-classical theoretical models, implemented in neutrino event
generators [6, 7], are used to predict the smearing matrix that relates the reconstructed neutrino
energies to the true neutrino energies. For experiments employing complex nuclear targets at ac-
celerator energies (hundreds of MeV to tens of GeV), theoretical uncertainties on neutrino-nucleus
cross-section models are typically a leading source of systematic errors. Neutrino cross-section data
thus serve as a necessary constraint on the theoretical models (and their implementation in event
generators) needed to deliver oscillation-based measurements of neutrino properties. Moreover,
understanding rare processes such as neutrino-induced strange particle production and 𝜂-meson
production is crucial for beyond the Standard Model searches. The experimental results of neu-
trino–argon interactions presented in this proceeding are highly valuable for future argon-based
neutrino oscillation experiments to achieve the precision needed for their ambitious physics goals.

2. MicroBooNE detector

MicroBooNE [8] is a liquid argon time projection chamber (LArTPC) detector located at Fermi
National Accelerator Laboratory (Fermilab). It is exposed to neutrino fluxes from both Fermilab
beamlines: the Booster Neutrino Beam (BNB) and the Neutrinos at the Main Injector (NuMI)
beam. The active volume of MicroBooNE is rectangular, measuring 10.36 m in length along the
beam direction, 2.32 m in height, and 2.56 m in width, and contains 85 tonnes of liquid argon.
A uniform 273 V/cm drift field was applied across the TPC active volume. The anode readout
assembly features three sense wire planes with a 3 mm pitch. Thirty-two photomultiplier tubes
are located behind the anode plane and covered by acrylic disks coated with a wavelength shifter.
When charged particles traverse the TPC, the three wire planes record signals induced by the drifting
ionization electrons, while the PMT array measures the prompt scintillation light produced during
the excitation and ionization of argon atoms, providing precise timing information.
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3. Cross-section of neutrino-argon interactions

Based on an extensive dataset of neutrino–argon interactions collected by the MicroBooNE
detector, exposed to the BNB and the NuMI, dozens of cross-section measurements have been per-
formed. These measurements encompass charged-current inclusive neutrino interactions, pion-less
processes, pion production, and other rare channels. Figure 1 shows a subset of the flux-integrated
total neutrino cross-sections measured by MicroBooNE, spanning multiple orders of magnitude.
Our analysis not only achieves a precise measurement of inclusive 𝜈𝜇CC interactions, but also
observes 𝐾+ and Λ productions with cross-sections at a remarkable level of𝒪(10−41) cm2/nucleon.
These measurements will be crucial input for constraining theory models and physics research in
future Short-Baseline Neutrino (SBN) program [9] and Deep Underground Neutrino Experiment
(DUNE) [10].
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Figure 1: Examples of the flux-integrated cross-section measurements performed by MicroBooNE.

3.1 Cross-section of inclusive 𝜈𝜇 charged-current

A measurement of inclusive muon neutrino charged-current interactions (𝜈𝜇CC) only consid-
ers 𝜇− in the final states, regardless of the particles that emerge from the nucleus. In the BNB
energy range, quasi-elastic (QE) interactions dominate; however, resonance production (RES),
meson-exchange currents (MEC), and deep inelastic scattering (DIS) also make significant con-
tributions. Theoretical models must simultaneously account for multiple scattering mechanisms,
in-medium nuclear modifications to the primary neutrino interactions, and final-state interactions
(FSI) involving the hadronic reaction products as they exit the nucleus.

The MicroBooNE reports the first double-differential cross-section measurements with respect
to hadronic final states with zero or multiple reconstructed protons ("0p" and "Np") that have kinetic
energy greater than 35 MeV for 𝜈𝜇CC [11, 12]. Figures 2 show measured cross-section with respect
to proton multiplicity and the kinetic energy of the leading proton 𝐾𝑝. The first bin of the 𝐾𝑝

cross-section includes events from the 𝜈𝜇CC 0p channel. Only GiBUU [13] is able to describe
the 0p bin data, which gives it the lowest 𝜒2 despite its underestimate of high energies. These
measurements provide valuable new information that will help refine theoretical models and event
generators to meet the precision demands of future neutrino oscillation experiments and searches
for physics beyond the Standard Model.
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Figure 2: The unfolded differential cross-section for the inclusive 𝜈𝜇CC events with zero or multiple
reconstructed protons as a function of proton multiplicity (left) [11] and the leading proton’s kinetic energy
(right) [12]. The dashed line indicates the 35 MeV tracking threshold, below which is a single bin that
includes events without protons. The unfolded data points show both statistical and systematic uncertainties.

3.2 Cross-section of pion-less 𝜈𝜇 charged-current

A less inclusive interaction topology, the charged-current zero-pion (CC0𝜋) channel, has also
been measured by the MicroBooNE [14]. This measurement of CC0𝜋 semi-inclusive cross-section
aims to inform modeling and facilitate comparison across nuclear targets. This effort further makes
it possible to perform correlated multi-target cross-section measurements using Cherenkov detectors
in the same neutrino beam, including ANNIE [15]. Using the full 1.3 × 1021 POT exposure of
the MicroBooNE LArTPC experiment in the Fermilab BNB, a high-statistics measurement of the
flux-integrated double-differential cross-section with respect to cos 𝜃𝜇 and 𝑝𝜇 has been performed
and shown in Fig. 3.The GiBUU and NEUT [16] models show agreement with the correlated joint
distribution with 𝑝 value > 5%, while other models yield a poorer description.
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FIG. 6. Extracted flux-integrated double-differential cross sections for the CC0π signal, shown as a function of cos θμ in ranges of pμ.
Errors on the data include both statistical and systematic uncertainties. The χ2 and p values for individual momentum ranges are listed in
Table II.
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Errors on the data include both statistical and systematic uncertainties. The χ2 and p values for individual momentum ranges are listed in
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Figure 3: Extracted flux-integrated double-differential cross-sections for the CC0𝜋 signal with respect to
cos 𝜃𝜇 in ranges of 𝑝𝜇. The unfolded data points show both statistical and systematic uncertainties. Only
the momentum bins, 0.3 GeV/𝑐 < 𝑝𝜇 < 0.38 GeV/𝑐 and 0.38 GeV/𝑐 < 𝑝𝜇 < 0.48 GeV/𝑐, are shown here,
with the full results available in ref. [14]

3.3 Neutrino angle reconstruction using CC1𝑝0𝜋

The precision of the reconstructed neutrino direction in LArTPCs is investigated using neutrino
interactions that produce a single muon–proton pair without additional detected particles (CC1𝑝0𝜋).
Good estimations of both the neutrino energy and the incoming neutrino direction are crucial for the
study of atmospheric neutrinos. The direction of the muon–proton system, defined as ®𝑏 = ®𝑝𝜇 + ®𝑝𝑝,
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is proposed as an estimator for the incoming neutrino direction, where ®𝑝𝜇 and ®𝑝𝑝 are muon and
proton momentum vectors, respectively. The precision of the reconstructed neutrino direction can
be evaluated using the angle between ®𝑏 and the incoming neutrino direction (𝜃vis), defined as

𝜃vis = acos

(
®𝑏 · 𝑧
| ®𝑏 |

)
, (1)

where 𝑧 stands for the unit vector along the beam direction of incident neutrinos. Nuclear effects
have a significant impact on the reconstructed angular orientation.

The left plot in Fig. 4 illustrates the two-dimensional correlation between reconstructed and
true 𝜃vis, which demonstrates that no major biases are observed. For the majority of events, the
resolution of ®𝑏 is better than 5◦. The right plot in Fig. 4 shows the single-differential cross-section
measurement, while more double-differential cross-section results can be found in ref. [17]. This
work demonstrates that the neutrino direction reconstruction performance using the single-proton
selection is, in most cases, better than using an inclusive selection. This work demonstrates that
current simulations provide a good model of the bias in the inferred neutrino direction for CC1𝑝0𝜋
events at energies similar to those of atmospheric neutrinos.background events as non-CC1p0π. In addition, there are

also some remaining background contributions from cos-
mic contamination and interactions originating outside the
cryostat.
The final θvis cross section results will be reported in

regions of Ereco, pn, and pmiss. These regions are listed in
Table I and correspond to phase-space regions with
sensitivity to different nuclear effects. The relevant event
distributions in these regions are presented in Figs. 4–6.
The θvis resolutions are included in the Supplemental
Material [57]. The bin-width division has already been
applied to account for the irregular binning. We further
report the evolution of the θvis mean value (μ), standard
deviation (σ̃), and median (m) in those regions for the
simulated signal CC1p0π events. A representative example
of the angular orientation θvis for the simulated signal
CC1p0π events is presented as a function of the recon-
structable energy in Fig. 7.
As can be seen both in Figs. 4–6 and in Table I, the

median obtained in the θvis distribution using all the events
(Fig. 3) is smaller than the median in regions with
reconstructed energy less than 0.5 GeV shown in Fig. 4(a).
The same behavior is observed for regions with high
reconstructed struck nucleon momentum seen in Fig. 5(c)
and regions with high missing momentum shown in
Figs. 6(b) and 6(c). Yet, the resolutions obtained with
the CC1p0π selection are, in most cases, smaller than
the ones observed in the result reported in [63]. That
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FIG. 3. Distribution of the selected CC1p0π events as a
function of the angle θvis. Only statistical uncertainties are shown
on the data. The bottom panel shows the ratio of data to
prediction. The prediction uncertainty is included in the bottom
panel. The data-simulation agreement is quantified across all the
figures in terms of a goodness-of-fit metric (χ2), the correspond-
ing p-value (p), and as a number of standard deviations (σ0).
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FIG. 2. (a) Schematic representation of the θbrt angle using the
angle between the true (b⃗true) and reconstructed (b⃗reco) muon-
proton system vectors with respect to the neutrino orientation
for selected signal CC1p0π simulated events. (b) Angular θbrt
distribution using the selected signal CC1p0π simulated events.
The peak location (p0), median (m), mean value (μ), and
standard deviation (σ̃) describing the distribution are also
shown. (c) Two-dimensional correlation between the recon-
structed and true θvis using the selected signal CC1p0π
simulated events.
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rarely exceeds 30° and the G18T prediction results in good
agreement when compared to the data. Other phase space
regions with small θvis spread are those with pn <
0.2 GeV=c and jpmissj < 0.1 GeV=c, as can be seen in
Figs. 14 and 15, which will be shown later.
In contrast to these phase space restrictions that yield

noticeably narrower θvis distributions, regions with a wide

angular spread have also been identified. Figure 11(a)
shows an example corresponding to high total recon-
structed struck nucleon momentum values (0.4 < pn <
1 GeV=c). This phase space region has been shown to be
dominated by events that undergo FSI [33]. To test the θvis
FSI sensitivity in that region, we study the performance of
different FSI modeling options using T2K-tuned GENIE

configurations and compare them to the data results. These
tuned configurations include the v3.0.6 G18_10a_02_11
configuration with the empirical hA2018 model (G18T)
[50], the v3.0.6 G18_10b_02_11 configuration with the
hN2018 cascade model (G18b) [71], and the v3.0.6

G18_10d_02_11 configuration with the GEANT4-
Bertini model (G18d) [72]. A comparison across the
relevant predictions is shown in Fig. 11(a) and reveals
that the three FSI models yield comparable predictions
that describe the shape of the θvis distribution well.
Discrimination power across the three FSI models could
be established in future iterations of the analysis with
reduced uncertainties in the first bins. A similar broadband
θvis distribution is observed for low Ereco values and is
presented in Fig. 13, which will be discussed later.
Other broad-spectrum features are observed for high

missing momentum values (0.2 < jpmissj < 0.5 GeV=c) in
Fig. 11(b). The figure shows that these high missing
momenta are obtained due to the presence of neutrons that
deposit little to no energy in the detector, resulting in a tail
that extends beyond 30° in θvis. Multineutron contributions
account for more than half of the events in the high jpmissj
sample. On the other hand, this reduces to 30% for events
with low jpmissj values. The neutron contributions for the
θvis distribution using all the selected events and those
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FIG. 12. The flux-integrated single-differential cross sections
as a function of θvis reported in regularized truth space. The G18T
(light blue) and AR23 (orange) GENIE configuration predictions
are compared to data. Inner and outer error bars show the
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FIG. 11. (a) The flux-integrated double-differential cross sec-
tions as a function of θvis for 0.4 < pn < 1 GeV=c reported in
regularized truth space. Colored lines show the results of
theoretical cross section calculations using the G18T hN pre-
diction with the hN FSI model (orange), the G18T G4 prediction
with the GEANT4 FSI model (green), and the G18T prediction
with the hA FSI model (light blue). The gray band at the bottom
shows the normalization systematic uncertainty. The numbers in
parentheses show the χ2=d:o:f: calculation for each of the
predictions. (b) The flux-integrated double-differential cross
sections as a function of θvis for 0.2 < jpmissj < 0.5 GeV=c
reported in regularized truth space. Colored stacked histograms
show the results of theoretical cross section calculations for
events with no neutrons, G18T 0n (light blue), one neutron,
G18T 1n (orange), two neutrons, G18T 2n (green), and at least
three neutrons, G18T 3(+)n (red). The numbers in parentheses
show the fractional contribution for each neutron multiplicity.
Inner and outer error bars show the statistical and the statistical ⊕
shape uncertainty at the 1σ, or 68%, CL.
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Figure 2: Caption

2

Figure 4: Two-dimensional correlation between the reconstructed and true 𝜃vis using the selected signal
CC1𝑝0𝜋 simulated events (left); The flux-integrated single-differential cross-sections as a function of 𝜃vis
reported in regularized truth space (right). The unfolded data points show both statistical and systematic
uncertainties.

3.4 Pion production

The DUNE experiment will be exposed to a neutrino flux peaking at energies of a few GeV,
where resonance production and deep inelastic scattering are the dominant interaction modes. Re-
cent MicroBooNE measurements of (anti-)electron neutrino charged pion production (

(−)
𝜈 𝑒CC1𝜋±)

and neutral-current neutral pion production (NC𝜋0) provide essential information for 𝜈𝜇 → 𝜈𝑒

appearance searches in DUNE.

The first measurement of
(−)
𝜈 𝑒CC1𝜋± on an argon target has been performed and the total

cross-section is determined to be (0.93 ± 0.13(stat) ± 0.27(syst)) × 10−39 cm2/nucleon [18]. The
differential cross-section with respect to pion angle cos 𝜃𝜋 is shown in the left plot of Fig. 5.
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These differential cross-sections are consistent with the predictions from all generators considered.
However, the sensitivity of the measurement is currently limited by sizable systematic uncertainties
in the flux modeling.

NC𝜋0 production is the primary background in single-shower selections. Precise theoretical
modeling of NC𝜋0 production is thus crucial for these neutrino experiments. MicroBooNE re-
ports the first double-differential cross-section measurement of NC𝜋0 production in neutrino-argon
scattering [19]. The measured differential Np cross-section as a function of 𝑃𝜋0 is shown in the
right plot of Fig. 5. The measured single-differential cross section shows that the 0.2-0.5 GeV/𝑐
momentum range is strongly impacted by FSIs, suggesting that refinements to FSI modeling may
enable a better description of these data.

background events as non-CC1p0π. In addition, there are
also some remaining background contributions from cos-
mic contamination and interactions originating outside the
cryostat.
The final θvis cross section results will be reported in

regions of Ereco, pn, and pmiss. These regions are listed in
Table I and correspond to phase-space regions with
sensitivity to different nuclear effects. The relevant event
distributions in these regions are presented in Figs. 4–6.
The θvis resolutions are included in the Supplemental
Material [57]. The bin-width division has already been
applied to account for the irregular binning. We further
report the evolution of the θvis mean value (μ), standard
deviation (σ̃), and median (m) in those regions for the
simulated signal CC1p0π events. A representative example
of the angular orientation θvis for the simulated signal
CC1p0π events is presented as a function of the recon-
structable energy in Fig. 7.
As can be seen both in Figs. 4–6 and in Table I, the

median obtained in the θvis distribution using all the events
(Fig. 3) is smaller than the median in regions with
reconstructed energy less than 0.5 GeV shown in Fig. 4(a).
The same behavior is observed for regions with high
reconstructed struck nucleon momentum seen in Fig. 5(c)
and regions with high missing momentum shown in
Figs. 6(b) and 6(c). Yet, the resolutions obtained with
the CC1p0π selection are, in most cases, smaller than
the ones observed in the result reported in [63]. That
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FIG. 3. Distribution of the selected CC1p0π events as a
function of the angle θvis. Only statistical uncertainties are shown
on the data. The bottom panel shows the ratio of data to
prediction. The prediction uncertainty is included in the bottom
panel. The data-simulation agreement is quantified across all the
figures in terms of a goodness-of-fit metric (χ2), the correspond-
ing p-value (p), and as a number of standard deviations (σ0).
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FIG. 2. (a) Schematic representation of the θbrt angle using the
angle between the true (b⃗true) and reconstructed (b⃗reco) muon-
proton system vectors with respect to the neutrino orientation
for selected signal CC1p0π simulated events. (b) Angular θbrt
distribution using the selected signal CC1p0π simulated events.
The peak location (p0), median (m), mean value (μ), and
standard deviation (σ̃) describing the distribution are also
shown. (c) Two-dimensional correlation between the recon-
structed and true θvis using the selected signal CC1p0π
simulated events.
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rarely exceeds 30° and the G18T prediction results in good
agreement when compared to the data. Other phase space
regions with small θvis spread are those with pn <
0.2 GeV=c and jpmissj < 0.1 GeV=c, as can be seen in
Figs. 14 and 15, which will be shown later.
In contrast to these phase space restrictions that yield

noticeably narrower θvis distributions, regions with a wide

angular spread have also been identified. Figure 11(a)
shows an example corresponding to high total recon-
structed struck nucleon momentum values (0.4 < pn <
1 GeV=c). This phase space region has been shown to be
dominated by events that undergo FSI [33]. To test the θvis
FSI sensitivity in that region, we study the performance of
different FSI modeling options using T2K-tuned GENIE

configurations and compare them to the data results. These
tuned configurations include the v3.0.6 G18_10a_02_11
configuration with the empirical hA2018 model (G18T)
[50], the v3.0.6 G18_10b_02_11 configuration with the
hN2018 cascade model (G18b) [71], and the v3.0.6

G18_10d_02_11 configuration with the GEANT4-
Bertini model (G18d) [72]. A comparison across the
relevant predictions is shown in Fig. 11(a) and reveals
that the three FSI models yield comparable predictions
that describe the shape of the θvis distribution well.
Discrimination power across the three FSI models could
be established in future iterations of the analysis with
reduced uncertainties in the first bins. A similar broadband
θvis distribution is observed for low Ereco values and is
presented in Fig. 13, which will be discussed later.
Other broad-spectrum features are observed for high

missing momentum values (0.2 < jpmissj < 0.5 GeV=c) in
Fig. 11(b). The figure shows that these high missing
momenta are obtained due to the presence of neutrons that
deposit little to no energy in the detector, resulting in a tail
that extends beyond 30° in θvis. Multineutron contributions
account for more than half of the events in the high jpmissj
sample. On the other hand, this reduces to 30% for events
with low jpmissj values. The neutron contributions for the
θvis distribution using all the selected events and those
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FIG. 12. The flux-integrated single-differential cross sections
as a function of θvis reported in regularized truth space. The G18T
(light blue) and AR23 (orange) GENIE configuration predictions
are compared to data. Inner and outer error bars show the
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68%, CL. The gray band shows the normalization systematic
uncertainty. The numbers in parentheses show the χ2=d:o:f:
calculation for each of the predictions.
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FIG. 11. (a) The flux-integrated double-differential cross sec-
tions as a function of θvis for 0.4 < pn < 1 GeV=c reported in
regularized truth space. Colored lines show the results of
theoretical cross section calculations using the G18T hN pre-
diction with the hN FSI model (orange), the G18T G4 prediction
with the GEANT4 FSI model (green), and the G18T prediction
with the hA FSI model (light blue). The gray band at the bottom
shows the normalization systematic uncertainty. The numbers in
parentheses show the χ2=d:o:f: calculation for each of the
predictions. (b) The flux-integrated double-differential cross
sections as a function of θvis for 0.2 < jpmissj < 0.5 GeV=c
reported in regularized truth space. Colored stacked histograms
show the results of theoretical cross section calculations for
events with no neutrons, G18T 0n (light blue), one neutron,
G18T 1n (orange), two neutrons, G18T 2n (green), and at least
three neutrons, G18T 3(+)n (red). The numbers in parentheses
show the fractional contribution for each neutron multiplicity.
Inner and outer error bars show the statistical and the statistical ⊕
shape uncertainty at the 1σ, or 68%, CL.
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uncertainties are subdominant for the total cross-section
measurement at around 10% but are comparable with
systematic uncertainties or dominant for the differential
cross-section measurements at around 30%. The total
covariance and correlation matrices are reported in
Supplemental Material [14].
The robustness of the unfolding procedure and regulari-

zation is assessed using fake data produced by the GENIE

and NuWro 19.02.2 [47] generator models. These fake-data
tests motivated expanding the cross-section modeling
uncertainty by treating the NuWro sample as an additional
systematic universe [48].
Results—The extracted total cross section is shown in

Table I, and differential cross sections in Ee, θe, θπ, and θeπ
are shown in Fig. 3. The differential cross sections
are presented in regularized truth space described by the
regularization matrix available in Supplemental Material
[14]. The unfolded data are compared with generator

predictions from NuWro 21.09.2 [47], NEUT 5.4.0.1 [49],
GiBUU 2025 [50], GENIE 3.0.6 G18_10a_02_11a MicroBooNE
tune [27] (labeled GENIE 3.0.6 G18μB), and GENIE 3.4.2

AR23_20i_00_000 [26] (labeled GENIE 3.4.2 AR23). Resonant
pion production is simulated using the Kuzmin-
Lyubushkin-Naumov Berger-Sehgal model [28–31] in
GENIE, the Adler-Rarita-Schwinger formalism [51] in
NuWro, and the Rein-Sehgal model in NEUT [52]. Coherent
pion production is simulated with the Berger-Sehgal [32]
model in GENIE, NuWro, and NEUT. GiBUU models resonant
pion production following the MAID analysis [53] and does
not simulate coherent pion production.
The total cross section is measured to be ½0.93"

0.13ðstatÞ " 0.27ðsystÞ% × 10−39 cm2=nucleon. This is
consistent with the predictions from each of the generators
considered. The data slightly prefer the higher cross
sections predicted by NEUT, NuWro, and GiBUU compared
with the lower cross sections predicted by GENIE. This
could suggest a slight preference for the treatment of
resonant pion production or nuclear medium effects in
these models. However, the sensitivity of the measurement
is limited by the large systematic uncertainties on the flux
modeling.
The extracted differential cross sections in Ee, θe, θπ , and

θeπ are all consistent with the generator predictions. The
preference for higher cross sections results in lower χ2 for
NEUT, NuWro, and GiBUU in Ee, θe, and θeπ , whereas these
models have a higher χ2 for θπ, hinting at possible shape
disagreement in this variable. The smallest χ2 are seen for
Ee where there is minimal shape difference between the

(a)
(b)
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FIG. 3. Extracted differential cross sections in (a) electron energy, (b) electron angle, (c) pion angle, and (d) electron-pion opening
angle compared with generator predictions. The unfolded data points show both statistical and systematic uncertainties.

TABLE I. Extracted total cross section compared with pre-
dictions from generators.

Generator σ [10−39 cm2=nucleon] χ2=nbins

Unfolded data 0.93" 0.13ðstatÞ " 0.27ðsystÞ

NuWro 21.09.2 0.76 0.30=1
NEUT 5.4.0.1 0.83 0.11=1
GiBUU 2025 0.74 0.42=1
GENIE 3.4.0 AR23 0.62 1.11=1
GENIE 3.6.0 G18 μB 0.68 0.68=1
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involving different probes, the FSIs are identical to neutrino
scattering. The shift toward smaller Pπ0 is less prominent
for 0p, possibly due to the fact that reinteractions of the π0

may also knock out protons. This redistributes events from
0p to Np and further reduces the 0p cross section.
Nevertheless, the predictions with FSIs still overestimate
the measured Np NCπ0 cross section, particularly around
the 0.2–0.5 GeV=c momentum range. The exception to this
is GiBUU, which slightly underestimates the Np channel and
strongly underestimates the 0p channel. This observation is
interesting given that GiBUU shows a better description of
other MicroBooNE 0p measurements on the νμCC channel
[69,81] than other generators do. Its low normalization here
points toward important subtleties in the treatment of FSIs
between nucleons, resonances, and mesons [88]. The
0.2–0.5 GeV=c momentum range is strongly impacted
by FSIs, suggesting that refinements to FSI modeling
may enable a better description of these data.
Figure 2 shows the unfolded double-differential Xp cross

section as a function of Pπ0 for specific cos θπ0 regions.
Generator predictions are also shown. NEUT describes the
data best followed by GENIEv3 and GiBUU. NuWro has the
worst description of the data due to a consistent overesti-
mation of the cross section, but its performance is signifi-
cantly improved if, rather than the default dipole
parametrization [89], an alternative set of axial form factors

with steeper Q2 dependence [90] is utilized. The latter
prediction labeled NuWro alt FF shows better normalization
agreement. This observation is interesting because when
the analogous form factors are compared to Argonne
National Laboratory CCπþ deuterium bubble chamber
data [91,92], which do not contain significant nuclear
effects, the dipole prediction also overestimates the data
and better agreement is seen for the steeperQ2 dependence.
For cos θπ0 < 0, generator description of the data is

overall sufficient, though GiBUU does show some under-
prediction of the cross section. For cos θπ0 > 0, NEUT and
NuWro alt FF perform best, but their description of the data

FIG. 1. Unfolded 0p (a) and Np (b) Pπ0 differential cross
sections. The black inner (outer) error bars on the data points
represent the statistical (total) uncertainties on the extracted cross
section corresponding to the square root of the diagonal elements
of the extracted covariance matrix. Generator predictions are
indicated by the colored lines with corresponding χ2=d:o:f.
values displayed in the legend. The “reg” superscript indicates
the results are regularized and predictions are smeared with AC to
account for any bias.

FIG. 2. Same as Fig. 1, but for the cos θπ0 and Pπ0 double-
differential Xp cross section result. Different cos θπ0 angular
regions are shown in (a)–(d), with the χ2=d:o:f. calculated across
all bins displayed in the legend of (a).
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Figure 4: Image with overlay grid (0–1 normalized coordinates).

2

Figure 5: Extracted differential cross-sections in pion angle and pion momentum for
(−)
𝜈 𝑒 CCNp channel

(left) and NC𝜋0 channel (right), respectively.

3.5 Rare processes

Two strange particle production channels, 𝜈̄𝜇 +Ar → 𝜇++Λ+ 𝑋 and 𝜈𝜇 +Ar → 𝜇− +𝐾++ 𝑋 ,
have been measured and their cross-sections are determined to be 2.0+2.2

−1.7 × 10−40 cm2/Ar [20] and
7.93 ± 3.27 (stat.) ± 2.92 (syst.) × 10−42 cm2/ nucleon [21], respectively. Λ and 𝐾 production
is poorly constrained by existing measurements and is sensitive to the physics of the underlying
neutrino interaction and nuclear effects, including nucleon form factors and axial masses, hyperon-
nucleus potentials, and final state interactions. Such a process constitutes a potential source of
background in proton decay experiments, e.g. 𝑝 → 𝜈𝐾+. A first measurement of 𝜂 meson
production in neutrino interactions on argon is also performed and its cross-section is determined
to be 3.22± 0.84 (stat.) ± 0.86 (syst.) × 10−41cm2/nucleon [22]. Higher order resonances such as
𝑁 (1535), 𝑁 (1650), and 𝑁 (1710) decay to an 𝜂 meson with sizable branching ratios. Measuring
𝜂 production in neutrino interactions is a promising way to study RES interactions involving
nucleon resonances heavier than Δ baryons. In addition to the important impact on cross-section
modeling, the ability to observe 𝜂 decays in a LArTPC provides a novel tool for the calibration of
the electromagnetic (EM) energy scale.

4. Summary

MicroBooNE has reported a broad program of neutrino–argon cross-section measurements,
leveraging LArTPC technology to examine scattering physics in unprecedented detail. The topics
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of MicroBooNE’s measurements range from multi-differential cross-sections of inclusive channels
to pion production and rare processes such as strange-particle and 𝜂 meson production. These
results, together with ongoing analyses, will inform precision neutrino-oscillation studies in DUNE
and other next-generation experiments.
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