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This paper presents the first neutrino cross-section measurement from the ICARUS detector at Fermilab,
using Neutrinos at the Main Injector (NuMI) beam data collected from two beam operation periods
corresponding to 2.5 × 1020 protons-on-target in neutrino beam mode. The signal is defined by events with
no pions produced in the final state, a topology dominated by charged-current quasielasticlike signatures.
The measurement is reported as flux-averaged differential cross sections as functions of kinematic variables
that provide sensitivity to the complex nuclear effects that often dominate the systematic uncertainty
budgets of neutrino oscillation measurements. Specifically, this work reports cross sections in two angular
variables—the angle of the outgoing lepton and the opening angle between the lepton and leading proton—
and two variables characterizing the kinematic imbalance between the muon and proton in the plane
transverse to the incoming neutrino. These results are compared against predictions from a variety of
neutrino event generators, with p values calculated between the extracted cross sections and each
prediction. Overall, the predictions agree with the data; however, the current budget of uncertainties does
not yet provide sufficient discriminating power to favor a specific model.

DOI: 10.1103/3jfl-dczc

I. INTRODUCTION

The primary goal of current and future long-baseline
neutrino oscillation experiments, such as DUNE [1], is to
perform high-precision measurements of neutrino oscilla-
tion parameters including the mass ordering and possible
CP violation in the leptonic sector [2]. Achieving these
goals requires an unprecedented level of control over
systematics uncertainties, which are currently dominated
by the modeling of neutrino-nucleus interactions [3,4].
Some of the largest uncertainties come from the modeling
of the nuclear physics processes (“nuclear effects”), which
distort neutrino nucleus interactions with respect to their
neutrino-nucleon interaction counterparts. Nuclear effects
modify both the final-state particle kinematics and content,
altering the rate of detection of any given interaction
channel as a function of all kinematic variables [5]. For
example, the modeling of the struck nucleons’ initial state
affects the final-state particle kinematics, while final-state
interactions (FSI) affect both kinematics and the particle
content of the final state, as particles can be rescattered or

absorbed in the nucleus. As a result, a sample of events with
only a lepton and nucleons in the final state may have
originated from an interaction channel that produced other
hadrons at the vertex. While a complete theoretical descrip-
tion would treat the vertex interaction and the subsequent
propagation of hadrons as a single, quantum-mechanically
coherent process, most event generators rely on a simplified
factorization scheme [6]. Recently, however, new frame-
works have attempted to describe both initial and final states
within a consistent theoretical description [7–9]. Measure-
ments of neutrino-nucleus cross sections as a function of
variables sensitive to nuclear effects are therefore essential
to validate various model predictions.
In this paper, we report a flux-averaged differential muon-

neutrino cross-section measurement on an argon target
using the Neutrinos at the Main Injector (NuMI) beam at
the ICARUS detector. The signal is defined by charged-
current (CC) interactions with no pions in the final state,
targeting a quasielasticlike signature (CCQE-like). We
report the measurement as a function of four kinematic
variables. Two angular variables are chosen: the muon angle
with respect to the neutrino direction (cos θμ) and the
opening angle between the muon and the leading proton
(cos θμ;p). These two angular variables can be reconstructed
precisely even for the candidate tracks that exit the detector.
Two transverse kinetic imbalance (TKI) variables [10,11],
δpT and δαT , are calculated using momenta of the muon and
the leading proton. The former is the summation of the two
momenta projected onto the plane perpendicular to the
neutrino direction. The latter is the angle between the vector
of δpT and the momentum transfer vector in the transverse
plane. The TKI variables can only be reasonably recon-
structed when the momenta are well measured. A subset of
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events where muon candidates are contained inside the
detector (Sec. IV C) are used when TKI variables are
examined, such that the momentum could be measured
using the methods discussed in Sec. IVA. These variables
are chosen for their unique sensitivity to nuclear effects such
as initial-state nucleon momentum distributions and FSI.
This measurement utilizes the off-axis NuMI beam that
provides a broad range of neutrino energy spectrum up to
few GeV, which are complementary to the similar mea-
surements performed on argon targets at lower [12,13] and
higher [14] energies.
The paper is organized as follows: Sec. II describes the

ICARUS detector and the NuMI beam; Sec. III details the
simulation and modeling frameworks; Sec. IV discusses
the event selection and signal definition; Sec. Voutlines the
systematic uncertainties; Sec. VI presents the cross-section
extraction procedure; the results and their comparison to
model predictions are shown in Sec. VII; and Sec. VIII
summarizes the analysis.

II. THE ICARUS EXPERIMENT

The Short Baseline Neutrino (SBN) Program [15] pri-
marily utilizes the Booster Neutrino Beam (BNB), which
uses protons accelerated to 8 GeV to produce a beam of
neutrinos peaked between 500 and 600 MeVat a distance of
several hundred meters from the beam origin [16]. With the
Short-Baseline Near Detector (SBND) located 110 m from
the beam origin and ICARUS at 600 m, this program aims
to clarify the sterile neutrino picture in light of reported
anomalies, such as the LSND [17] and MiniBooNE [18]
results. In addition to BNB, neutrinos produced by the
NuMI beam at Fermilab [19] also provide a significant flux
of neutrinos at ICARUS, 800 m away and 100 mrad off axis.
We describe the ICARUS detector and the NuMI beam in
this Section.

A. The ICARUS detector

Over the past few decades, liquid argon (LAr) time-
projection chambers (TPCs) have emerged as a prominent
medium for particle detectors, suitable for observing and
measuring neutrino interactions. They operate primarily as a
tracking calorimeter in which the charged particles resulting
from neutrino interactions are observed. Charged particles
ionize the argon medium as they propagate, and an applied
electric field causes these electrons to drift toward sensing
elements at the anode. Argon as a detector medium has the
advantage of also scintillating due to the energy deposited
by traversing charged particles, which provides a fast signal
that can be used to provide timing information and a
trigger [20].
The ICARUS “T600” is a LAr TPC detector that was

constructed and first operated in Italy [21], sited at the
Laboratori Nazionali del Gran Sasso (LNGS) measuring
neutrinos produced at CERN [22]. The ICARUS detector

holds 760 tons of LAr, of which 476 tons constitutes active
(instrumented) detector mass. After a period of refurbish-
ment and upgrades at CERN, the ICARUS detector was
shipped to Fermilab, near Chicago, to serve as part of the
SBN Program. It was installed in a shallow pit at Fermilab
and covered with a 6 m.w.e. overburden to reduce the low
energy cosmic-ray background.
The ICARUS detector is comprised of two modules or

cryostats. Each module contains two distinct volumes in a
horizontal drift configuration, each 1.5 mwide and sharing a
single central cathode, with separate anodes located on the
outer walls. The electric field is held near 500 V=cm during
nominal operations. Each of these four TPC volumes has an
active volume, which is approximately 17.9 m long and
3.2 m tall. The sensing elements at the ICARUS anodes are
three planes of wires, the first of which is in a horizontal
orientation (0°) and the second (þ60°) and third (−60°) of
which are angled. The wires are maintained with a bias
voltage applied, causing the drifting electrons to flow past
the first two planes, inducing signals on nearby wires, then
collecting on the third plane. Combinations of wires with a
signal yield information about the longitudinal and vertical
dimensions of charged particles and the time of signals
yields the location in the drift dimension, thus providing a
three-dimensional view of particles in the detector.
Photomultiplier tubes (PMTs) are used to detect scintillation
light and check if activity is in time with the beam. While
the TPC would show activity in most 1.6 ms readout
periods, only a fraction of spills will actually have activity
coincident with the beam (which have spills of a few
microseconds). Thus, the light is used to provide a trigger on
activity in-time with the beam [20] with a ns-level timing
resolution. 90 PMTs are installed behind the wire plane of
each TPC. The deployment of ICARUS at Fermilab and
initial operations have been described in Ref. [23].

B. The NuMI beam

As described in Sec. I, this analysis uses the NuMI [19]
beam as the neutrino source. While the BNB uses 8 GeV
protons from the booster impinged on a beryllium target,
NuMI extracts protons from the main injector at 120 GeV
and collides them with a graphite target. Downstream
focusing horns redirect the resulting charged hadrons, which
subsequently decay to produce neutrinos. The system can
selectively focus positively charged hadrons to produce a
predominantly neutrino beam (neutrino mode), or nega-
tively charged hadrons to produce an antineutrino beam
(antineutrino mode).
The configuration of targetry and focusing produces an

on-axis flux of neutrinos peaked around 6 GeV. However, at
100 mrad off axis, the kinematic properties of pion decay
result in a neutrino flux shifted toward lower energies.
Neutrinos produced by kaon decays at this off-axis angle
create a pronounced shoulder in the flux near 2 GeV. A
further consequence of the off-axis location is that a larger
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fraction of neutrinos reaching ICARUS originate from
hadrons that were not forward directed by the focusing
system. Section III A comments on aspects of the NuMI
flux simulation and the resulting spectra at ICARUS. Due to
the shape of ICARUS and its location relative to the NuMI
beam axis, the detector sweeps out a few mrad of off-axis
angles around 100 mrad (approximately 99 to 104 mrad).
Figure 1 shows the simulated neutrino fluxes at the
ICARUS detector from NuMI, which is described in
Sec. III A.
Epochs of data-taking for the ICARUS experiment are

defined based on the operational periods of the Fermilab
accelerators and are labeled with a Run number numeri-
cally in increasing order. The data used in this analysis were
collected during ICARUS Run 1 and Run 2, spanning from
early June to early July 2022 and the end of February to late
June 2023, respectively. During these periods, the NuMI
beam operated in neutrino mode. This analysis utilizes a
neutrino beam dataset corresponding to 2.5 × 1020 protons
on target (POT).

III. EVENT SIMULATION

The simulation of neutrino events in the ICARUS
detector is performed in several stages. First, the NuMI
neutrino flux is modeled to predict the kinematics of
neutrinos reaching the detector. Second, the interactions
of these neutrinos with nuclei are simulated using a
comprehensive cross-section model that accounts for
nuclear effects and final-state interactions. Third, the result-
ing particles, along with cosmogenic backgrounds, are
propagated through a detailed model of the ICARUS
detector geometry. Finally, the induced electronic signals
and scintillation light are simulated to produce raw data
formats identical to those collected by the detector. Each
of these stages is described in detail in the following
Subsections.

A. Neutrino flux simulation

The off-axis location of the detector results in a combi-
nation of low-energy (0.5 GeV) muon decays, moderate-
energy (0.5–2 GeV) pion decays, and high-energy
(> 2 GeV) kaon decays in the neutrino flux reaching the
detector. The neutrinos produced in the NuMI beamline and
their propagation to the ICARUS detector are simulated
using flux predictions originally produced by the G4NuMI
GEANT4 package for NOvA oscillation analysis [24]. The
Package to Predict the Flux (PPFX) [25] is used to constrain
the hadron production parameters from the external data.
PPFX provides a central value correction to the nominal
flux simulation, along with the uncertainties described in
detail in Sec. VA. Figure 1 shows the predicted neutrino
fluxes at the ICARUS detector, which are used to simulate
neutrino interactions at the detector [26].

B. Neutrino interaction simulation

The GENIE event generator [27,28] with AR23_20i_
00_000 (“AR23_20i”) comprehensive model configu-
ration (CMC) is used as the reference model to predict
neutrino interactions. The main components of the neu-
trino-nucleus interaction are the nuclear ground state, the
neutrino-nucleon interaction, and the final-state interaction
(s). The initial state of the nucleon is based on the local
Fermi gas model, which relates the initial momentum to the
removal energy. The phase space is further extended above
the Fermi momentum, which corresponds to ∼20% of
nucleons inside the medium, measured from electron
scattering data [29,30].
The quasielastic (QE) interaction is described by the

Valencia model [31], where the nucleon axial form factor is
using the z-expansion formalism fit to neutrino-deuterium
bubble chamber data [32] and the vector form factor is using
the BBBA07 parameters [33]. The interaction that involves
multiple nucleons interacting with a neutrino, meson-
exchange current (MEC), is simulated using the SuSAv2-
MEC model [34–37]. The baryon resonance (RES) pro-
duction channel is simulated using the Berger-Sehgal model
[38,39], which is based on the Rein-Sehgal model [40] but
incorporates the necessary lepton mass effects. A dipole
ansatz is used to model the axial form factor of this channel
with the value of mass 1.09 GeV=c and an overall cross-
section scale factor of 0.84, which are extracted from a
fitting to free nucleon datasets [41]. The resonance masses
below Wcut ¼ 1.809 GeV=c are considered, which are also
extracted from the same fitting procedure. Deep inelastic
scattering (DIS), which has hadronic mass aboveWcut, uses
the Bodek-Yang model [42], and is extrapolated down to the
resonance regime to describe the shallow inelastic region.
The particles produced at the vertex may re-scatter or be
absorbed before exiting the nucleus, and such a FSI is

FIG. 1. Simulated neutrino fluxes at the ICARUS detector.
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described by the hA2018 model [43,44]. Neutral-current
elastic scattering is simulated using the model described
in Ref. [45].

C. Simulation of cosmogenic particles

We use the CORSIKA package [46] to simulate showers
initiated by cosmic ray particles, using proton-induced
showers. These simulated cosmogenic showers are added
into the simulation chain, producing a combined set of
generated particles from the GENIE simulated neutrino
interaction(s) and generated particles from CORSIKA.
This combined set of particles is then input to the detector
simulation steps as described in Sec. III D. This procedure
models the coincident cosmogenic background expected
during a beam spill. Cosmogenic activity inside the beam
spill that causes a trigger is handled in a data-driven way as
described in Sec. IV C.

D. Detector simulation

Final-state particles from GENIE and CORSIKA are propa-
gated through the detector using GEANT4 [47,48]. For each
propagation step, GEANT4 simulates energy deposition,
which is used to produce a set of ionization electrons
and scintillation photons. LArSoft interfaces with these
outputs and additional toolkits to simulate the drift of
electrons toward the wire planes, accounting for diffusion,
electron lifetime (due to absorption), and recombination
effects.
The simulation of the induction and collection signals at

the wires is performed using the Wire-Cell Toolkit [49].
This toolkit models the detector response by calculating the
current induced on the wires as electrons drift through a
two-dimensional (time and wire) domain. Customized
response functions and calibrations are applied to match
the specific characteristics of the ICARUS detector [50].
This process results in simulated waveforms for each wire,
which are then processed using the signal processing and
reconstruction chain detailed in Sec. IVA. The angular-
dependence of ionization recombination [51] was not
included in the simulation, and was corrected in data via
the calorimetry.
Scintillation is also simulated in the detector and feeds

into a simulation of the trigger logic based on the signals at
the photomultiplier tubes. As the simulated trigger was
generally found to have a higher efficiency than that found
for data in Ref. [20], weights are evaluated by taking the
data-to-simulation ratio of the trigger efficiencies as a
function of visible energy in each spill, and are applied
to the simulation.

IV. EVENT RECONSTRUCTION AND SELECTION

This Section details the event reconstruction chain used
to identify the signal events, followed by the definition of
CCQE-like signal topology. A series of event selection

criteria is applied to isolate signal candidates while sup-
pressing backgrounds. Finally, we describe the implemen-
tation of sideband samples, which are used to constrain
background events containing pions in the final state.

A. ICARUS reconstruction

The primary detector subsystem used is the charge
readout from the TPC. The LAr TPC readout waveforms
collected from an individual readout window (an approx-
imately 1.6 ms window for each 9.5 μs beam spill) from
data and simulation undergo several steps of signal
processing and reconstruction.
The effects of the field and electronics response are

deconvolved from the raw waveforms. A one-dimensional
deconvolution is performed in the time domain to account
for the electronics response and the time-dependent current
induced on the wires by passing ionization electrons.
The resulting processed signals are proportional to the

number of ionization electrons arriving at each wire, prior
to corrections for high-level detector effects such as
electron recombination or attenuation due to the electron
lifetime. To improve the signal-to-noise ratio, a coherent
noise subtraction is performed to mitigate correlated noise
across multiple wire channels.
The waveforms are then reduced to sparse regions of

interest (ROIs) where signal is identified. These ROIs are
fitted with one or more Gaussian functions to represent the
signal as a set of “hits,” each characterized by a peak time,
width, and charge. These hits are filtered by an algorithm,
which rejects hits on a given plane with no corresponding
spatial match on other planes as likely noise.
For event-level reconstruction, we use the Pandora [52]

multialgorithm pattern-recognition software available in
LArSoft and used in numerous LAr TPCs [53,54]. The
filtered set of hits serves as the input to Pandora, and a
separate instance is run on the hits from each cryostat.
Within the readout window for a given spill, Pandora
returns a set of reconstructed interactions that are either
tagged as “unambiguously cosmic” or treated as a “neu-
trino candidate.” The reconstruction returns a suite of
information, which includes a reconstructed vertex location
and a set of reconstructed particles with a hierarchy. For
each reconstructed particle additional information is avail-
able such as its characterization as tracklike or showerlike,
the hits in the detector that went into making the recon-
structed particle, and the reconstructed three-dimensional
positions of points from projection matching.
The reconstructed particles from candidate neutrino

interactions then undergo additional characterization under
a tracklike hypothesis and showerlike hypothesis. Each is
described separately below. For the track hypothesis, these
steps include trajectory fitting, calorimetry to determine
differential energy deposition per unit length (dE/dx) along
the trajectory for each plane, and particle identification
based on comparing the dE/dx versus residual range for
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each plane to the expected curves for different particle types
(proton, muon, charged pion, and kaon). The beginning and
ending points of the track trajectory provide the start and
stop points and directions of the reconstructed particle.
Momentum of contained tracklike particles is determined
by application of the continuous slowing down approxi-
mation (CSDA) [2]. For the shower hypothesis, these steps
include calorimetry, dE/dx in the initial portion, determin-
ing the gap between the vertex and the start of the shower,
etc. A boosted decision tree (BDT) algorithm assigns a
“track score” to each reconstructed particle, which is used
to classify objects as either tracks or showers.

B. Signal definition

Our goal is to isolate a sample of CCQE-like interactions
of neutrinos on argon in ICARUS. The signal events are
defined as interactions in which a muon neutrino or
antineutrino undergoes a CC interaction producing at least
one proton, any number of neutrons, and no other charged
or neutral hadrons in the final state. Additional phase space
constraints are applied in the definition of the signal. Muons
are required to have momentum above 226 MeV=c, corre-
sponding to a distance of approximately 50 cm traveled in
liquid argon. The leading proton in the final state is required
to have momentum between 400 and 1000 MeV=c. This
requirement excludes regions where the proton selection
efficiency drops below ∼25%. At low momenta, efficiency
is restricted by track length, whereas at high momenta,
protons frequently rescatter before they can be identified via
their characteristic dE/dx profile. Additional protons in the
final state are allowed, with no lower bound placed on their
momenta. Any number of neutrons in the final state is
allowed. We require no pions or other mesons, no heavy
excited baryons in the final state along with no photons
above 10 MeV [55].

C. Event selection

We select neutrino events originating in the detector
fiducial volume with final-state muon and proton candi-
dates with no other final-state particle. Data quality criteria
are applied based on beam and detector operations to
ensure that spills are close enough to nominal expectations.
Beam quality cuts are similar to cuts used by NOvA [56].
Data quality considerations were largely applied on entire
data acquisition operation sessions (referred to as “runs,”
which may last for only a short period of time or for
multiple days). A set of good runs feed into this analysis as
determined from operating and trigger conditions and by
checking that high-level reconstruction metrics are not
anomalous for that run. A Kolmogorov-Smirnov test was
used to compare the fractional accumulation of POTagainst
the candidates for both the full and contained-only selec-
tions across Runs 1 and 2. All tests yielded p values greater
than 0.05, confirming consistency. For simulated events, an
additional cut is added requiring the spill to have an

emulated trigger. Events tagged as unambiguous cosmic
are excluded from the selected sample. The reconstructed
vertex is required to be in the fiducial volume. The fiducial
volume is defined by applying offsets from the active
volume boundaries of each cryostat: 25 cm in the drift and
vertical directions, 30(50) cm from the upstream (down-
stream) in the beam direction. Two regions are further
fiducialized to mitigate known detector defects, which
correspond to 1.9% of the volume described above. In
total, this yields a fiducial volume of 2.21 × 108 cm3,
which is 65.7% of the active volume. The mass of the
fiducial volume is 306.9 t.
Candidate muon selection begins by using a BDT that

assigns a track score to each particle. To match the signal
definition, the event selection requires a candidate muon
track that is tagged as a primary particle by Pandora, starts
within 10 cm of the reconstructed vertex, and has a length
exceeding 50 cm. A track is defined as “contained” if its
endpoint is located more than 10 cm away from the active
volume boundary. For contained muon candidates, the
particle identification (PID) scores must be more consistent
with a muon than a proton. If the track exits the detector, the
PIDscore isnot checked, as theBraggpeakwill notbeseenat
the end of the muon trajectory. The longest track satisfying
these requirements is selected as the muon candidate.
Proton candidates are selected from the remaining

tracks by requiring them to be tagged as primary particles
starting within 10 cm of the vertex. These tracks must be
contained and have PID scores more consistent with a
proton than a muon. The event is required to contain at
least one such proton candidate, with the leading proton
required to have a reconstructed momentum between
400 MeV=c and 1000 MeV=c.
To reduce backgrounds, additional selection criteria are

applied to the hadronic system to reject events containing
pions in the final state. First, all primary tracks starting
within 10 cm of the vertex (excluding the muon candidate)
must be contained. To reject charged pions, events con-
taining a second track that satisfies muon identification
criteria are rejected. Finally, neutral pion backgrounds are
mitigated by identifying photon-induced showers. Photon
candidates are defined as shower objects with a length
exceeding 10 cm and a starting point displaced by at least
5 cm from the primary vertex. Any event containing such a
photon candidate is rejected.
An additional containment requirement on the muon is

applied to construct the TKI variables, which require precise
momenta of both the muon and proton. The track momenta
are determined via CSDA based on track range, which has
better resolution than the multiple Coulomb scattering
method [57]. Requiring muon containment rejects events
where the muon momentum is above about 1 GeV=c. A
further phase-space restriction of pμ < 0.8 GeV=c is added
to both the signal definition and the event selection for TKI
variables.
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The top plots of Figs. 2 and 3 show the signal distribution
for the kinematic variables of interest. The predicted event
rates are subdivided into categories as discussed below. The
“Signal” is the contribution coming from events that satisfy
the signal definition. Events that are signal-like but fail
muon or proton momentum requirements fall into the out-
of-phase-space category (“OOPS”). The CC events that are
not classified as “Signal” or “OOPS” are categorized as
“ν-CC other”, while neutral-current interactions are placed
in the “ν-NC” category. The “Other” category consists of
events not matched to neutrino interactions and is domi-
nated by two types of cosmogenic activity. The first consists
of events triggered by a neutrino interaction with coincident
cosmogenic activity occurring within the same TPC readout
window; the CORSIKA package [46] is used to simulate this
contribution. The second type consists of events triggered
by cosmogenic activity during the beam spill. We utilize a
data-driven approach using a sample of triggered data
collected outside of beam spill times. This sample is
reweighted to match the exposure of the beam data and
contributes approximately half of the “Other” category.

D. Sideband for pion events

Neutrino interactions with charged pions in the final
state can pass the signal selection if the pion is not

identified. A sideband is defined by inverting the charged
pion-veto condition, while keeping all other requirements
in the signal selection. That is, we require the presence
of a “tagged” charged pion candidate. We further require
such a candidate to be at least 10 cm long to define a
higher purity sample of charged pion-producing inter-
actions for the sideband, and to avoid signal protons
misidentified as pions. Figure 4 shows the kinetic energy
of the true leading charged pion for the neutrino inter-
actions passing signal and sideband selection. The back-
ground from charged pions with length less than 10 cm in
the signal sample, which are not included in this sideband,
is non-negligible.
The measurement of the single pion production cross

section from MINERvA [58] is used to extract a correction
and uncertainty on their contribution. The measured differ-
ential cross section binned in Q2 ¼ −q2, where q is the
four-momentum transfer from the neutrino, is compared to
the prediction from the reference model. The difference
between the data and the model after subtracting the
contribution from hydrogen and coherent pion production
is corrected using a bin-by-bin scale factor. The Q2-binned
single pion production scale factor was extracted from
scintillator data and showed reasonable agreement to
the same value extracted from the iron (Fe) measurement.

FIG. 2. Reconstructed cos θμ (left) and cos θμ;p (right) distributions before the fit (“prefit”). Events that pass signal (sideband) selection
described in Sec. IV C (IV D) are shown in the top (bottom) plots. The gray hatched bands represent the statistical and systematic
uncertainties on the prediction.
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The residual difference in the pion kinematics was also
examined, but due to the threshold of Tπ > 35 MeV in
Ref. [58], we used the measurement from Ref. [59], where
the pion kinetic energy goes down to zero. The discrepancy
in the pion candidate range is corrected by pion kinetic
energy, Tπ-binned scale factor (black marker in the right
plot of Fig. 5). The measured correction value is fit with a
Landau function for Tπ < 225 MeV. The single-pion pro-
duction events are weighted by Q2 and Tπ scale factors in
Fig. 5. The central value predictions of the sideband are
shown in the bottom plots of Figs. 2 and 3.

V. SYSTEMATIC UNCERTAINTY

The systematic uncertainties associated with the pre-
dicted event rates and kinematic distributions are catego-
rized into four primary sources: the NuMI neutrino flux, the
detector response, the neutrino-nucleus interaction model,
and the modeling of particle propagation. The total uncer-
tainty is dominated by the detector response, which has the

FIG. 3. Reconstructed δpT (left) and δαT (right) distributions before the fit (“prefit”). Events that pass signal (sideband) selection
described in Sec. IV C (IV D) are shown in the top (bottom) plots. The gray hatched bands represent the statistical and systematic
uncertainties on the prediction.

FIG. 4. True leading pion kinetic energy for the interactions
passing signal (left) and sideband (right) selection.

FIG. 5. (Left) Data-to-prediction ratio of differential cross
sections binned in Q2 from the MINERvA measurement [58],
where the contributions of hydrogen or coherent pion production
are subtracted. (Right) The scale factor as a function of true pion
kinetic energy (Tπ) extracted to describe the discrepancy in pion
range from Ref. [59].
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largest impact on the predicted event normalization. While
uncertainties related to the interaction modeling of signal
events largely cancel out through the efficiency calculation,
the interaction modeling for background processes remains
the second most significant source of systematic uncer-
tainty. An overview of these sources is provided in this
Section, with a detailed breakdown of their impacts
discussed in the following subsections.

A. Flux uncertainties

The nominal simulated prediction is reweighted to
G4NuMI (v24.10.0) GEANT4 (v4.10.4) simulated flux along
with NA49 [60–62] (pþ C collision data with proton
momentum, pp ¼ 158 GeV=c) and MIPP [63] (proton
on NuMI replica target with pp ¼ 120 GeV=c) hadron
production data using PPFX [25] (v02.11.05). An uncer-
tainty band is generated by propagating the errors on the
data along with conservative uncertainty estimates when
data is scaled (to other neutrino energy and nucleus) and for
processes outside the data regions altogether. Modifications
were made to the baseline PPFX code to account for effects
that are important at the ICAURS off-axis angle relative to
the near-on-axis beam sampled by NuMI-based experi-
ments; specifically the higher rates of proton interactions
with the aluminum horns and steel shielding, as well as the
higher proportion of meson reinteractions, in the interaction/
decay chains that produce neutrinos directed toward the
ICARUS detector. New degrees of freedom were introduced
into the PPFX error propagation to account for these
differences, including new regions of phase space and
additional nuclear targets. The large uncertainty (40%)
ascribed to unmeasured, very low four-momentum transfer
quasielastic p-C collisions, which leave the kinematics of
the outgoing proton essentially unchanged, were removed.
A bug that impacted the calculation of meson reinteraction
kinematics was also fixed [26].
The uncertainties originating from the focusing of the

NuMI beam are evaluated from statistically independent
flux predictions with altered parameters:

(i) Horn current 200� 2 kA.
(ii) Horn 1 position shifted �3 mm in both directions

perpendicular to the beam direction.
(iii) Beam width 1.5� 0.2 mm.
(iv) Horn 2 position shifted �3 mm in both directions

perpendicular to the beam direction.
(v) Horn water layer 1� 1 mm.
(vi) Beam position shifted �1 mm in both directions

perpendicular to the beam direction.
(vii) Target position �7 mm along the beam direction.
The uncertainty on the integral of muon and antimuon

fluxes for the neutrino energy between 0 and 20 GeV is
11.0% from hadron production and 1.7% from beam
focusing (updated internal numbers based on Ref. [26]).

B. Detector uncertainties

The majority of the detector uncertainties are assessed by
resimulating samples with altered detector parameters and
comparing them to the central value (CV) simulation,
following the methodology in Ref. [64]. To mitigate the
impact of limited sample statistics, a common set of signal-
like neutrino interactions without cosmic backgrounds is
used as the input.
As described in Sec. III D, the detector parameters for the

CV simulation are calibrated following the procedures in
Ref. [50]. The remaining channel-to-channel variations
observed in low-level variables, such as the charge per unit
length (dQ/dx), are treated with detector uncertainties. The
gain and noise levels for the first wire plane were varied by
�20% and �10%, respectively, to encompass the variation
of the peak position and width in the dQ/dx distribution for
each channel from the cosmic muon samples. The resulting
deviations from the CV were evaluated in the reconstructed
proton momentum distribution and found to be well-
covered by flat normalization uncertainties of 3.5% and
10.5%, respectively. The signal shape tuning procedure was
found to be less reliable in describing the dQ/dx distribution
on the first wire plane than the other two planes. Unlike in
Ref. [50], the tuning in the first wire plane is still applied to
the CV simulation, as it was also in Ref. [64]. Similar to that
publication, an additional uncertainty is considered for the
first wire plane by inspecting the difference in the proton
momentum between the CV and the un-tuned simulation:
this variation was found to be dependent on proton
momentum, varying from approximately 15% at low
momenta to 5% at higher momenta. The channel-to-channel
transparency variations of the second wire plane are
accounted for by a 7.9% normalization uncertainty. The
variations in calorimetry (dE/dx) and electron lifetime were
found to contribute 3.0% and 5.9%, respectively.
A data-driven approach was developed to evaluate the

residual uncertainty associated with proton identification
efficiency. The method first collects high-purity proton
candidate tracks from both data and simulation, identified
by their characteristic ionization profiles and PIDA scores
[65]. The initial portion of these tracks are systematically
removed while preserving the end of the trajectory, and thus
the Bragg peak, to emulate a lower-energy proton. The
reconstruction is rerun on these shortened tracks to produce
proton tagging efficiency as a function of track range.
When scaled by a flat 11.8%, the tagging efficiency in
simulation was found to be in reasonable agreement with an
envelope produced from shortened proton candidates in
systematically shifted samples. This is captured in the
analysis as an 11.8% flat normalization uncertainty on
proton identification.
The tracks were found to split more frequently in data

than simulation near the cathode and the wire support
structure, located in the middle of the detector length-wise,
due to unsimulated geometric effects and imperfections.
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The tracks that cross these boundaries from the simulation
are systematically split into two tracks, based on the
probability to be split as measured from the data used in
Ref. [66]. A 10% uncertainty is assigned to the migration
between the contained and exiting muon samples to
account for the impact of this effect on the selection.

C. Neutrino-nucleus interaction uncertainties

The variation of physics parameters are accessed through
a reweighting on the centrally produced simulation events.
The axial form factor of QE interactions are varied by the
uncertainty obtained in the deuterium fit [32]. The corre-
lation between the four free parameters of the z-expansion
formula are considered through a principal component
analysis of the error matrix. The strength of the low-Q2

(random phase approximation correction [31]) and
Coulomb correction are also varied. A reweight of the
QE vector form factor to the dipole ansatz from BBBA07
[33] is considered as an uncertainty. The normalization for
both charged- and neutral-current MEC events is varied by
�50% as one standard deviation. The two nucleons from
the cluster of the MEC events are distributed isotropically
in the cluster rest frame. An alternative model with an
angular distribution of ð3=2Þ cos2θN where θN is the angle
between the nucleons along the momentum transfer direc-
tion in the cluster rest frame is considered as an uncertainty.
The axial and vector form factor of the RES events are
varied through masses in the dipole assumption. The
branching fraction of resonance decays with a photon (γ)
or η-meson in the final states are varied by 50%. The decay
angle of Δ → N þ π (Δ → N þ γ) is varied to isotropic
[ð3=2Þ cos2θN] and considered as an uncertainty. As
described in Sec. IV D, events with a single pion in the
final states are weighted by the scale factor extracted using
MINERvA data. Uncertainties are assigned for eachQ2 and
Tπ correction separately where the size of one standard
deviation is defined by the amount of each correction. With
the single pion production correction applied, we observed
residual discrepancies in the sideband with forward-going
muons; however, there is a large spread of current models
describing pion productions [67]. For the charged-current
interactions that are not signal (“ν-CC other” category),
additional template parameters are added to the fit (where
the framework is described in Appendix A) with prior
uncertainties inspired by a comparison between generators:
(1) Binning for the “ν-CC other”, ðW;Q2Þ-binned

template parameters:
(a) W: below or above 1.4 GeV
(b) Q2: uniform binning between 0 and 0.8 GeV2,

bin size of 0.1 GeV2

(2) Prior uncertainty of 40 (60)% for W below (above)
1.4 GeV.

Scale factors for nonresonance events are varied by �50%
per neutrino flavor, per nucleon type, per charged- and
neutral-current, and per hadron multiplicity. For the DIS

events, the two “higher twist” parameters, introduced in
Ref. [42] that modify the Nachtmann variable (ξ) [68] to
capture nonperturbative effects at low Q2 and high Bjorken
x, are varied. The two parameters correcting the parton
distribution function (PDF) of u valence quarks in leading
order GRV98 PDF set [69] are varied. The uncertainty of
the FSI is obtained by altering the mean-free-path and
rescattering probability inside the nucleus, separately for
the nucleon and pion. The normalization and shape of the
axial form factor of neutral-current elastic scattering events
are varied.

D. Particle propagation uncertainties

As the analysis is placing selection cuts to enhance signal
or sideband events by accepting or rejecting particles tagged
as protons or charged pions, the fates of these produced
particles in the ICARUS detector can alter what is selectable
or not. For example, if a proton undergoes an inelastic
scatter and results in the production of other particles, the
proton may not reach rest via ionization and be missed due
to lack of a Bragg peak. Likewise, if a pion scatters, it may
be missed and selected as a background event in the signal
for example. Therefore, we turn to the GEANT4REWEIGHT

package [70], which provides a mechanism to reweight
events based on, for example, the proton and pion contents
of the events and the fates they encountered in the detector
simulation multiplied across the steps the particles took. For
this analysis, the GEANT4REWEIGHT package was not fully
working in the SBN software, but we were able to bring
in a version built by the MicroBooNE collaboration
(v01_00_03e). The simulation then injects weights for
protons and pions with 1000 universes simulated, from
which covariance matrices were evaluated based on the
number and energies of protons and pions separately, using
the simulated events that pass signal or sideband selection.
These covariance matrices were passed to the fitting
framework (discussed in Appendix A) directly for use in
the analysis.

E. Summary of systematic uncertainties

The systematic uncertainties described above are incor-
porated into the fitting and extraction procedures detailed in
Sec. VI. As the analysis employs a simultaneous fit of the
signal and sideband selections rather than a background
subtraction, the uncertainties on the event rates do not
translate directly to the uncertainties on the extracted cross
section due to the resulting correlation between the param-
eters. To quantify the individual contributions to the final
result, in Sec. VI C, we used a method removing one
category of systematic uncertainty at a time from an
Asimov fit to illustrate the impact of each on the measured
cross section.
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VI. CROSS-SECTION EXTRACTION

We use the GUNDAM fit and cross-section extraction
package [71] developed initially within T2K and made
available for broader use. In Appendix A, we illustrate how
the unfolding, efficiency correction, and cross-section
extraction is performed by GUNDAM with an example. In
this Section, we present the results of fit and extraction
using the events and uncertainties described through
Secs. IV–V. The fractional contribution on the cross section
from each source of uncertainty described in Sec. V is
also shown.

A. Fit

As described in Appendix A, a fit is performed prior
to the cross-section extraction stage. The goal of the fit is to
find the set of parameters with the best agreement to
the data, in the distributions of reconstructed variables. The
signal events are scaled freely (up to the regularization that
is described at the end of this Section) through the
“template parameters,” which are defined for each cross-
section bin.
The signal (Sec. IV C) and sideband (Sec. IVD) are fit

simultaneously, which provides a data-driven background
constraint. The two angular variables, cos θμ and cos θμ;p,
and the two TKI variables, δpT and δαT , are fit simulta-
neously as they are using the same selected events. The
statistical correlation between the two variables is consid-
ered through the method described in Ref. [72]. A covari-
ance matrix, CStat., is constructed combining the bins of the
signal and sideband histogram from both variables. The
diagonal components ofCStat. represent the usual bin-by-bin
statistical uncertainty, whereas the off-diagonal components
take into account the correlation. The statistical part of the
total log-likelihood (LLH) is calculated as

LLHStat ¼ ðD⃗ − M⃗ÞTC−1
StatðD⃗ − M⃗Þ; ð1Þ

whereM andD represent predicted and observed number of
events for each bin in the reconstructed space, respectively.
In addition to LLHStat., the systematic uncertainties are
considered via the penalty term,

LLHPenalty ¼ ðθ⃗ − θ⃗PriorÞTC−1
Penaltyðθ⃗ − θ⃗PriorÞ; ð2Þ

where θ⃗ (θ⃗Prior) is a vector of (prior) nuisance parameters
assigned for each systematic uncertainty source and CPenalty

is the covariance matrix between them. The signal template
parameters are assigned for both of the variables that are fit
simultaneously. Each signal event is then scaled by the two
sets of template parameters (one for each variable), hence a
strong anticorrelation is expected between the two sets. A
multiplication of two Gaussian responses, like the two
template parameters, is non-Gaussian when the standard
deviations are small enough [73]. We use a log-normal

distribution to describe the template parameters. The
parameter of interest (θTemplate) follows Gaussian distribu-
tions, and their response is eθTemplate . The ðW;Q2Þ-binned
template parameters that are applied to “ν-CC other” events
(Sec. V C) are also treated with log-normal uncertainties due
to their large prior uncertainty.
Once we obtain the best-fit parameters, scaling one set of

template parameters by a constant and dividing the other set
by the same constant results in the same rate of signal
events. This degeneracy in the template parameters makes
the fitter unable to calculate the uncertainties through
calculating the Hessian matrix. To break such degeneracy,
we introduced a regularization. The idea is based on the fact
that the template parameters will stay at the value of 1.0 for
the ideal case where we have a perfect modeling. For each
variable, the following penalty term is added to the LLH:

LLHReg ¼ λReg

0
@N −

XN
i¼1

ci

1
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2

¼ λReg

0
@XN
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ðci− 1Þ
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ð3Þ
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¼ λRegðc⃗ − c⃗PriorÞTC−1
Regðc⃗ − c⃗PriorÞ; ð5Þ

where λReg. controls the strength of the regularization,
c⃗ ¼ ðc1 c2 � � � cNÞT is the template parameters, c⃗Prior ¼
ð1.0 1.0 � � � 1.0ÞT is the prior of the template parameters
that are set to 1.0, and
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is the inverse of the covariance matrix that defines the
regularization. The strength λReg can be optimized from the
“L curve” [74]; for a wide range of λReg, perform fits, and
plot LLHReg=λ versus LLHStat to find the point with the
largest curvature. The optimization process is shown in
Appendix C. The values of λReg for the angular and TKI
variables fits are chosen to 0.065 and 0.077, respectively.
Figures 6 and 7 show the postfit distributions on (cos θμ,
cos θμ;p) and (δpT , δαT), respectively.
Mock datasets were generated from the prefit covariance

matrix to evaluate p values of the data fits. The procedures
and the results are summarized in Appendix. B, and all of
the p values are above 0.05.

B. Extraction

The covariance matrix between the fit parameters is used
to generate toys of parameters using the Cholesky
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decomposition of the matrix. As described in Appendix A,
the efficiency correction is effectively applied by propa-
gating the toy parameters to the all true signal events rather
than the signal events that are selected. For each set of toy
parameters, a bin-by-bin flux-averaged cross-section is
evaluated,

�
dσ
dx

�
Flux

¼ NSignal

Δx ·Φ · NTarget
: ð7Þ

NSignal is the number of signal events with the toy
parameters propagated, and Δx is the width of the bin.
Φ is obtained by adding the integrals of the νμ and ν̄μ fluxes
in Fig. 1 and multiplying the result by the POT. The number
of argon nuclei in the fiducial volume, NTarget, is calculated
from the fiducial volume of liquid argon (Sec. IV C) using a
density of 1.39 g=cm3 combined with the atomic mass of
argon. The distributions of hdσdxiFlux of toys are used to
evaluate uncertainty and the correlation between the cross-
section bins. The multiplication of two log-normal distri-
butions follows a log-normal distribution, so the covariance
matrix is calculated in log scale. The uncertainties are taken
as the one standard deviation in log scale, which results in

asymmetric errors in the extracted cross section in lin-
ear scale.
As described in Sec. III B, GENIE AR23_20i CMC is

used as the reference model. Figure 8 shows the extracted
cross sections for the angular and TKI variables, respec-
tively, with the breakdown of interaction modes predicted
by the reference model. The fractional contribution of each
interaction mode with and without the muon momentum
restriction is summarized in Table I. The signal is domi-
nated by QE followed by MEC and RES. DIS contributes
less than 0.1%.

C. Fractional uncertainties on the cross section

The GUNDAM workflow involves a fit prior to the
extraction step, hence the fractional uncertainties that
are typically reported together with the cross-section
results are not trivially accessible in this analysis. A
similar quantity can be evaluated by performing the fit
and extraction on an Asimov dataset but with one set of
systematic uncertainties excluded (“N-minus-X method,”
where N stands for all uncertainties and X stands for the
ones that are excluded). The set of all systematic uncer-
tainties were grouped into “categories” based on their
origin (Flux, Detector + GEANT4, signal cross-section

FIG. 6. Reconstructed cos θμ (left) and cos θμ;p (right) distributions after the fit (“postfit”). Events that pass signal (sideband) selection
described in Sec. IV C (IV D) are shown in the top (bottom) plots. The gray hatched bands represent the statistical and systematic
uncertainties on the prediction.
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FIG. 7. Reconstructed δpT (left) and δαT (right) distributions after the fit (“postfit”). Events that pass signal (sideband) selection
described in Sec. IV C (IV D) are shown in the top (bottom) plots. The gray hatched bands represent the statistical and systematic
uncertainties on the prediction.

FIG. 8. Extracted cross sections (black marker) compared to reference GENIE model (AR23_20i) prediction broken down into
interaction mode (QE, MEC, RES and DIS). As described in Sec. IV B and IV C, the signal events used to extract cross sections as a
function of TKI variables (bottom) are restricted to have muon momentum below 0.8 GeV=c.
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uncertainties, and background cross-section uncertain-
ties), and the N-minus-X procedure is performed for each
category. The uncertainties are compared to the results
with full systematics uncertainties included (N), and the
square root of the squared difference is considered as the
fractional uncertainty of the set of systematic uncertainties
excluded (X). The statistical uncertainties can be obtained
in a similar manner including signal template parameters
without any systematic uncertainties. The result of this
method is presented in Fig. 9.

VII. RESULTS AND COMPARISONS
WITH GENERATORS

Alterative GENIE samples are generated with the same
configuration as AR23_20i CMC but with the QE axial
form factor (FCCQE

A ) choices reported in Ref. [75]. The first
set uses z-expansion parameters fitted to an average of

various lattice quantum chromodynamics (LQCD) calcu-
lations [76] (“LQCD z-exp FCCQE

A ”). The LQCD calcula-
tions typically predict higher values of FCCQE

A for higher
values of Q2 ¼ −q2, where q is the four-momentum
transfer of the scattering, than the z-expansion fit on the
bubble chamber data [32], which is used in AR23_20i
CMC. The second set uses z-expansion parameters fitted to
the results measured by the MINERvA collaboration using
the antineutrino-proton scattering data [77] (“MINERvA z-

exp FCCQE
A ”).

GENIE provides various models to simulate FSI. The two
popular choices are hA2018 and hN2018 [43,44]. The
former, where the FSI is simulated at the hadron-nucleus
level, provides systematic variations through a reweighting
scheme and is the default model chosen in AR23_20i. The
latter (“hN2018 FSI”) allows multiple cascades of the
initial hadron inside the nucleus.
Several alternative event generators are also compared to

the extracted cross section.
NUWRO [78] version 25.11 is used to provide an

alternative prediction with the argon spectral function
measured by the Jefferson Lab Hall A Collaboration
[79]. The spectral function captures the detailed shell
structure of the argon nucleus. The Llwellyn-Smith model
[80] is used for the QE interaction, with the FA using the z-
expansion fit result from the MINERvA measurement [77].
GiBBU [81] has unique treatment of particle transport

inside the medium through the Boltzmann-Uehling-

TABLE I. Fractional contributions of each interaction mode to
the signal events predicted from GENIE reference model
(AR23_20i CMC).

Mode All signal events Signal events with pμ < 0.8 GeV=c

QE 59.9% 65.6%
MEC 22.4% 19.1%
RES 17.6% 15.2%
DIS < 0.1%

FIG. 9. Illustration of fractional uncertainties of each group of systematic uncertainty from the “N-minus-X method.” The cross-
section uncertainties that are related to QE, MEC, and FSI modeling are grouped into the “Cross section (signal)” category, and the rest
are included in “Cross section (bkgd).”
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Uhlenbeck (BUU) equation [82]. We used the r2025_02
release of GiBBU with the isospin of the argon (T) set to 1.

NEUT version 6.1.3 [83] is used to provide a comparison
to an alternative CCQE model based on the relativistic
distorted wave impulse approximation [7–9]. The initial
nuclear bound state is described using momentum distri-
butions derived from relativistic mean field (RMF) theory
[84]. The implementation in NEUT incorporates a missing
energy profile parameterized by Gaussian function [9]. This
allows for the user to modify the shell structure of the target
nucleus. The final state is modeled using an energy-
dependent relativistic mean field potential, which modifies
the energy-independent RMF potential with a blending
function tuned to electron-scattering data. This approach
ensures consistency between the initial and final states, and
naturally incorporates the Pauli exclusion principle within a
quantum mechanical framework. FSI is modeled by com-
bining these distorted waves with the standard NEUT

intranuclear cascade, which handles inelastic processes.
Figures 10 and 11 show the extracted cross section

compared to various generator predictions described above.
The covariance matrix from the extraction (Sec. VI B) is
used to evaluate the χ2 and p value for each of the
predictions (Table II).
The impact of the higher FA from the LQCD calculation

and MINERvA measurement can be seen in Fig. 10, which
is expected from the corelation between Q2 and scattered
angles of the outgoing particles. The nuclear ground state is
sensitive to the TKI variables shown in Fig. 11. NEUT shows

the lowest p value in the angular variables at 0.190, but this
is still compatible within two standard deviations. The p
value of NEUT is higher in the TKI variables (0.936).
hN2018 predicts higher cross section at the higher tail of
the δpT distribution, where the impact of FSI is expected to
be most prominent. The unique shapes predicted by NUWRO

and GiBBU in the δpT distribution in both the Fermi peak
(150–200 MeV) and the higher tail result in the two least
compatible predictions in the TKI variables, but still within
one standard deviation. The current budget of both stat-
istical and systematic uncertainties does not provide
enough discrimination power between various models that
we compared to our extracted cross section (i.e., none of the
models are rejected by p-value criteria of 5%). As
illustrated in Fig. 9, the analysis is limited by both statistical
and systematic uncertainties. The former can possibly be
overcome by adding in additional data taken with NuMI
with the opposite beam polarity (though this has a some-
what different flux at ICARUS) and/or by collecting more
NuMI data at the ICARUS detector in the same beam
polarity. The largest source of systematic uncertainty is
coming from the detector, and there are ongoing efforts to
improve our knowledge of the detector and the reality of the
simulation, which will be implemented in the upcoming
ICARUS physics analyses. Some of the detector effects are
specific to the ICARUS configuration (such as long
horizontal wires and warm electronics readout), and other
effects and efforts to characterize them are part of the

FIG. 10. Extracted cross section on cos θμ and cos θμ;p (black marker) compared to various model predictions (top) and their ratio to
the reference GENIE model (AR23_20i_00_000) (bottom).
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calibration procedure that are beneficial to the broader LAr
TPC program.

VIII. CONCLUSION

In this paper, we reported the first neutrino-argon cross-
section measurement using off-axis NuMI beam data at
ICARUS, using 2.5 × 1020 POT. The results will provide
valuable input to improve the modeling of neutrino
interactions for future neutrino oscillation experiments
such as DUNE, which shares a similar energy spectrum
and target. The flux-averaged cross sections are reported
for charged-current quasielasticlike events, where the final
state consists of a muon, protons, and neutrons without any

other mesons or baryons. Four one-dimensional cross
sections are extracted for two angular and two transverse
kinematic imbalance (TKI) variables: muon angle with
respect to the neutrino direction (cos θμ), opening angle
between the muon and the leading proton (cos θμ;p), δpT ,
and δαT . For the TKI variables where the contained tracks
are used as muon candidates, a phase-space restriction of
muon momentum below 0.8 GeV=c is required. The two
angular (TKI) variables are fit simultaneously, hence the
correlation between the variables is kept even though the
final results are one-dimensional cross sections. The
extracted cross sections are compared to various generator
predictions, including the reference model from GENIE with
AR23_20i_00_000 (“AR23_20i”) CMC. The reported
cross sections are consistent with the various interesting
predictions used for the comparison with the current budget
of uncertainties. Further analysis with more data and
improved detector systematics will be crucial in distin-
guishing among models.
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TABLE II. χ2 divided by the degrees of freedom (χ2=nd:o:f:)
and p value calculated for each model prediction against the
extracted cross section.

Prediction

Angular variables TKI variables
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APPENDIX A: CROSS-SECTION EXTRACTION
USING GUNDAM PACKAGE

In this section, we illustrate how the unfolding, efficiency
correction, and cross-section extraction is performed by
GUNDAM with an example. On the left plot of Fig. 12, a true
distribution of all signals is drawn by the black dashed line.
Assuming a flat 30% selection efficiency, the same dis-
tribution but only for selected signal events is drawn in the
black solid line. We also assume a 20% Gaussian smearing
in the reconstruction. The goal of unfolding is to obtain a
“true” distribution from the reconstructed quantities. The
template parameters are defined as the scale factors applied
to signal events for each true variable bin. The blue
histogram is same as the selected signal distribution (black
solid line) but with a template parameter of 1.5 assigned to
the [1.0, 1.1] bin. The impact of the template parameter is
distributed in multiple bins in the reconstructed (“Reco”)
space on the right plot of Fig. 12. Mock data are made by
reweighting each event by 1þ ð0.5 × TruevaluÞ; a linear
scaling as a function of the True value that has no
modification at True value of 0, doubles the simulated
counts at True value of 2, etc. A fit is performed by varying
parameters that affect the reco distribution, and finds the
combination that minimizes the LLH, −2 logL, where L is
the likelihood and −2 is multiplied so that the LLH then
asymptotically approaches χ2 distribution [85]. In the
simple example described above, we have template

parameters for each true bin as free parameters without
any systematic uncertainties, and a Poisson likelihood is
used: LLHPoisson ¼ 2

P
Reco ðM −DþD × logD=MÞ

where M and D represent the predicted and observed
number of events for each bin in the reconstructed space,
respectively. The fit result of the example is shown in
Fig. 13. The template parameters are extracted along with
the correlation between them.
The blue solid line in the top left plot in Fig. 13 is the

unfolded distribution that best describes the mock data in
the reco distribution on the right plot. By construction, the
fitting is done only using the events that are selected.
The “efficiency correction” can be done by evaluating the
efficiency and dividing the unfolded distribution with it.
However each division requires a proper propagation of fit
parameters to both numerator and denominator. An alter-
native way of doing the efficiency correction is to use the
“all signal” events rather than the selected signal events,
which effectively does the efficiency correction. This is the
choice followed within GUNDAM. The blue dashed line in
Fig. 13 is the distribution of all signal events with the best-fit
template parameters applied, and this corresponds to the
“cross section” but without additional normalization such as
the division by the number of targets and flux integral. The
uncertainty of the efficiency-corrected unfolded distribution
can be obtained by generating “toys” of fit parameters from
the covariance matrix. Figure 14 shows the best-fit and toy
distributions of the true distribution from all signal events.

FIG. 12. Simple example experiment is introduced to describe
the cross-section extraction through the GUNDAM [71] package.
The true distribution on the left is generated from a Gaussian
distribution, with the mean and standard deviation of 1.0 and
0.15. A flat selection efficiency of 30% is assumed and used to
decide whether an event is selected or not by comparing a random
number thrown from a uniform distribution to 0.30. A template
parameter assigned for the true bin of [1.0, 1.1] is set to 1.5,
which increases the same bin by 50%. We assumed a 20%
smearing in the reconstruction of this true variable. The impact of
the template parameter is smeared into multiple bins in the
reconstructed (Reco) space on the right. “Mock data” on the right
is configured by reweighting each event by 1þ 0.5 × True.
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The bin-by-bin mean and standard deviation of the toys can
be used as the central value and error of the extracted “cross
section” of this example.

APPENDIX B: p-VALUE TEST

To validate the fit configuration and the results, sets of
mock data were generated from the prefit covariance matrix
and fit (“toy fits”). The p values are calculated from various
LLHs (described in Sec. VI A) of the toy fits. In Fig. 15,
three “global” LLH distributions are shown; the LLHStat.
including both signal and sideband selected events,
LLHPenalty from all systematic uncertainties, and the sum
of the two (LLHTotal), on angular and TKI variables,

respectively. The observed values from the data fit are
indicated by the red dashed vertical lines, and the p value
calculated as the fraction of toys equal to or above the
observed value.
Figures 16 and 17 show the LLHStat. distributions

calculated independently for each sample. These include
the signal selection and π� sideband, evaluated across both
angular and TKI variables.
The final set of LLH is LLHPenalty evaluated for each

group of systematics and shown in Fig. 18.
The p values from all types of LLH distributions shown

from Figs. 15–19 are above the threshold of 0.05, which

FIG. 13. Fit is performed to find the set of template parameters
that minimizes the log-likelihood, −2 logL ¼ 2

P
Reco ðM −Dþ

D × logD=MÞ, where M and D represent the predicted and
observed (“Mock data”) number of events in each bin of
reconstructed space in Fig. 12. The covariance matrix of the
template parameters is also shown.

FIG. 14. Postfit covariance matrix of the fit parameters from
Fig. 13 is used to generate toys of parameters. Each toy is then
applied to the true distribution of all signal events (gray). The
mean and standard deviation of the toys are calculated for each
true bin (red).

FIG. 15. Global LLH distributions from the angular (top) and
TKI (bottom) variables.
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indicate the data is consistent with the prediction and
uncertainties.

APPENDIX C: “L-CURVE” OPTIMIZATION OF
REGULARIZATION STRENGTHS

In Sec. VI A, we described the regularization of template
parameters to break the degeneracy in the best-fit results.
The strength of the regularization is defined by λReg. and
can be optimized from the “L curve” [74]. The two LLH
values, LLHReg=λ and LLHStat are plotted for each value of
λReg. used in the fit. An increase of the former represents
how much regularization is introduced in the fit and the

latter indicates the amount of bias in the postfit prediction.
The optimal value of λReg can be found by selecting the
value with maximum curvature, where the curvature is
evaluated in the distribution of LLHReg=λ and LLHStat.
Figure 20 shows the summary of the optimization with the
chosen values used in the analysis; λReg ¼ 0.0951 (0.0710)
for angular (TKI) variables.

APPENDIX D: COMPARISON TO
UNCORRELATED FIT RESULTS

As described in Sec. VI A, two one-dimensional angular
or TKI variables are fit simultaneously (“correlated” fit)
using the statistical covariance matrix [Eq. (1)]. We also

FIG. 16. Statistical LLH distributions from the cos θμ and
cos θμ;p fit, calculated separately for each sample.

FIG. 17. Statistical LLH distributions from the δpT and δαT fit,
calculated separately for each sample.

FIG. 18. Penalty term of the LLH for each group of systematic
uncertainties from the cos θμ and cos θμ;p fit.

FIG. 19. Penalty term of the LLH for each group of systematic
uncertainties from the δpT and δαT fit.
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performed an “uncorrelated” fit for each one-dimensional
variable, replacing LLHStat with a “Barlow–Beeston” log-
likelihood (LLHBB), an improved version of LLHPoisson that
takes into account the finite simulation statistics [86],

LLHBB ¼ 2
X
Reco

�
βM −DþD log

D
βM

þ β2 − 1

2σ2M

�
ðD1Þ

where β in Eq. (D1) is a scaling factor for each M that
minimizes LLH for a given parameter set,

β ¼ −ðMσ2M − 1Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMσ2M − 1Þ2 þ 4M2σ2M

p
2

: ðD2Þ

Figure 21 compares the extracted cross sections from
individual fits to the results from the simultaneous fits
(i.e., data points in Fig. 8). The extracted cross sections are
comparable in terms of both central value and the uncer-
tainties between the two methods.

APPENDIX E: CROSS-SECTION PREDICTIONS
IN FINER BINNING

In this Section, we present a similar set of plots to those
in Figs. 8–11, but we employ a finer binning for the
predictions to better illustrate the underlying shape infor-
mation. In Fig. 22 the data points (black marker) are
identical to Fig. 8, and the reference model prediction is
generated using a finer binning. Similar to Fig. 10 and 11,
Fig. 23 shows the extracted cross section (black marker)
compared with various model predictions described in
Sec. VII but in a finer binning.

FIG. 21. Cross sections extracted from “uncorrelated” fits (orange marker) are compared to results reported in the top plots of Fig. 22,
which used the simultaneous (“correlated”) fits described in Sec. VI A (black marker). The prediction from the GENIE reference model is
also shown (solid histogram).

FIG. 20. LLHReg=λ versus LLHStat. used in the “L-curve”
optimization for the angular (left) and TKI (right) variables.
Orange points are the ones that maximize curvature.
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FIG. 22. Extracted cross sections (black marker) compared to reference GENIE model (AR23_20i) prediction broken down into
interaction mode (QE, MEC, RES, and DIS). As described in Sec. IV B and IV C, the signal events used to extract cross sections as a
function of TKI variables (bottom) are restricted to have muon momentum below 0.8 GeV=c.

FIG. 23. Extracted cross sections measured in cos θμ and cos θμ;p (δpT and δαT ) are shown in black marker on the top (bottom) plots.
Various model predictions are shown in finer binning.
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