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We present a new measurement of the electron neutrino charged current cross section on argon without
pions in the final state. This measurement uses the full MicroBooNE booster neutrino beam dataset of
1.3 × 1021 protons on target collected at Fermi National Accelerator Laboratory. Events are considered
both with and without protons above the kinetic energy visibility threshold. Differential cross sections are
extracted in proton and electron kinematics, including energy and angle relative to the neutrino beam
direction. The relationship between the hadronic and leptonic systems is explored through the angle
between the proton and electron directions. The resulting cross sections are compared to a variety of
available generator predictions using different models of neutrino interactions. We find good agreement
with most models in lepton kinematics and some discrepancies in the hadronic system modeling,
particularly in proton angle.

DOI: 10.1103/2zwr-h81t

I. INTRODUCTION

A. Motivation

There are still many open questions about neutrinos [1]
that current and future experiments are trying to answer.
These include understanding and precisely measuring
neutrino oscillations [2–4], describing neutrino interactions
[5], determining the neutrino mass ordering [6], mass
mechanism [7,8], and explaining previously observed
anomalies [9,10] through standard model or beyond the
standard model (BSM) processes. Part of the next gen-
eration Deep Underground Neutrino Experiment (DUNE)
[11] physics program is to precisely measure neutrino

oscillations. This will include measurements of the mixing
angles that determine the relationship between the neutrino
mass and flavor states, including if one of these parameters,
θ23, is maximal, the mass ordering, and if there is charge-
parity violation in the neutrino sector [12,13]. An important
signature for these measurements is electron neutrino
appearance in a muon neutrino beam, which means that
a detailed understanding of electron neutrino interactions is
critical. Electron neutrinos are also a potential signature for
BSM physics based on previously observed anomalies.
DUNE will leverage the excellent reconstruction capabil-
ities and low detection thresholds of liquid argon time
projection chamber (LArTPC) detectors [11,14], which
makes measurements of electron neutrino interactions on
an argon target particularly important.
In this paper, we present an electron neutrino cross

section measurement on argon without pions in the final
state using data from MicroBooNE. The MicroBooNE
experiment is a LArTPC that collected data at Fermi
National Accelerator Laboratory (FNAL) between 2015
and 2020 from two beams: the booster neutrino beam [15]
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(BNB) and the neutrinos at the main injector [16] (NuMI)
beamline. It provides a dataset of neutrino interactions on
argon that covers part of the DUNE energy spectrum [17].
Despite the critical role electron neutrinos play in

understanding open questions in neutrino physics there
are few measurements of this kind in the literature. This is
because electron neutrinos form only a small component of
a neutrino beam when it is produced. Most previous
electron neutrino measurements are on lighter nuclear
targets than argon [18–24]. Those on argon, both inclusive
[25–27] and exclusive [28], typically combine electron
neutrinos and antineutrinos into their signal definition. To
date, there are two exclusive argon measurements that only
use electron neutrinos in their signal definitions. Each of
these use only a portion of the MicroBooNE data, one
with ∼30% from NuMI [29] and one with ∼50%
from BNB [30].
The measurement presented here builds on the BNB

measurement to use the full MicroBooNE dataset and
include further exploration of the relationship between
the leptonic and hadronic final state systems. Like the
earlier BNB measurement [30] this measurement explores
electron neutrinos with and without visible protons and
across a visibility threshold of 50 MeV. In addition, it is
complementary to the NuMI measurement as the neutrino
flux is different. There are similar MicroBooNE measure-
ments of muon neutrinos with visible protons [31,32] and
across the proton visibility threshold [33,34] of 35 MeV.
Electron neutrino measurements are also motivated by

the fact that most theoretical models in neutrino interaction
generators have been tuned primarily to muon neutrinos as
there are more available measurements and datasets.
However, it has been demonstrated [35–38] that the mass
difference of the final lepton can have nontrivial effects on
the interaction kinematics depending on the allowed phase
space in the models, especially at low energy and in the
forward region. Electron neutrino measurements can
inform the implementation of such effects in the generators
and help correct the tuning to better represent data in both
flavors.

B. The beamline and detector

The MicroBooNE detector [39] is located at FNAL on
axis relative to the BNB and 468.5 m after the neutrino
beam source. The BNB delivers an 8 GeV proton beam that
collides with a beryllium target to produce a neutrino beam
with energy peaked at about 700 MeV. It is mostly a muon
neutrino beam with an electron neutrino contribution of
only 0.51% [15]. This small intrinsic electron neutrino
contribution is used in this measurement. The electron
antineutrino component is very small, corresponding to
0.05% of the beam content. This allows us to make a
neutrino-only measurement. MicroBooNE has collected
13.09 × 1020 protons on target (POT) in the BNB over the
course of its operation. This represents a factor of 1.9

increase in data statistics relative to MicroBooNE’s earlier
measurement with BNB data [30].
The MicroBooNE detector is an 85 metric ton LArTPC.

Its dimensions are 2.56 m (drift direction) ×2.32 m
(vertical) ×10.36 m (beam direction). An electric field of
273 V=cm is applied between the anode and cathode. The
anode is composed of three wire planes with 3 mm wire
spacing. Two of these planes are induction planes placed at
an angle of �60° from the vertical and the third is a
vertically oriented collection plane. When a charged
particle is produced by a neutrino interaction on argon
in the TPC, it will ionize the argon along its trajectory.
The ionization electrons drift toward the anode where
their detection on the three planes allows a 3D
reconstruction of the particle track or electromagnetic
shower. Photomultiplier tubes located behind the wire
planes detect the argon scintillation signal produced by a
neutrino interaction with timing resolution on the order of
nanoseconds. This makes it possible to select events in time
with the beam bunches. For comparison, the maximum
electron drift time in MicroBooNE is 2.3 ms [40].
MicroBooNE is a surface detector, so after the first year
of operation, a cosmic ray tagger (CRT) [41] was installed
and commissioned. It consists of plastic scintillator strips
placed on each side of the TPC and is used to veto
cosmic rays.

II. METHODS AND INPUTS

A. Simulation and reconstruction

Three major elements of the analysis that require
modeling are the flux, the cross sections, and the detector
response. These allow us to produce a predicted number of
signal events in the experiment. The flux is estimated using
tools from the MiniBooNE experiment [15,42] adapted to
the MicroBooNE location since the same beam is used by
both experiments.
The neutrino interaction model uses a custom

MicroBooNE tune [43] of the G18_10a_02_11a model
in GENIE v3.0.6 [44,45]. This model uses a local Fermi
Gas (LFG) nucleon momentum distribution within the
argon target [46], and the Valencia charged current (CC)
quasielastic (QE) [47] and CC meson exchange current
(MEC) [48] models. It also uses the Kuzmin-Lyubushkin-
Naumov Berger-Sehgal (BS) resonant (RES) model
[49–52], the BS coherent [53] scattering model, and the
Bodek-Yang (BY) deep inelastic scattering (DIS) model
[54] with the hadronization derived from PYTHIA [55]. The
tune is a fit of T2K CC0π data on carbon to CCQE and
CC2p2h parameters of importance to MicroBooNE and for
which theoretical uncertainties are significant. There are
four: the CCQE axial mass, the strength of the random
phase approximation effect, and the shape and normaliza-
tion of the CCMEC contribution in the total interaction
cross section. The A scaling from carbon to argon is
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performed through GENIE, with final state interaction
(FSI), binding energy, and medium dependence scaling
applied as described in [43]. This produces a model that
agrees with the MicroBooNE muon neutrino data using
only external data [43]. The simulated particles from this
model are propagated through the detector using Geant4

[56]. This simulation and the reconstruction described in
the next section are performed through the LArSoft
framework [57].
As MicroBooNE is a surface detector that relies on the

relatively slow drift of electrons, it is essential to correctly
predict external sources of charged particles that are
inevitable background to neutrino measurements. This
background is mainly muons produced by cosmic rays
and it is evaluated using data taken while the beam was off
and overlaying it with the neutrino interaction prediction
from GENIE. This provides a reliable, detector-specific
prediction of background that directly incorporates noise
and other detector effects without relying on modeling.
This analysis uses the pattern recognition toolkit Pandora

[58] for reconstruction. Pandora first eliminates events that
cross the detector vertically as those are most likely cosmic
rays. It then clusters the remaining charge into regions of
interest. The neutrino candidate is the region of interest that
provides the best time coincidence with the beam window.
Particles that originate from the neutrino interaction are
reconstructed as either showers, primarily electrons, pho-
tons, and neutral pions, or tracks, primarily protons, muons,
and charged pions. The Pandora output is also used to
construct additional information about the event. For
example, electrons and photons are separated by the
conversion distance between the vertex and the starting
position of the shower, as well as by the energy deposited
per unit distance (dE=dx) at the start of the shower. Photons
manifest in the detector after pair production as an eþe−
pair, which deposit twice as much energy as electrons.
Tools like these that rely on the topology of the selected
particles are used to separate remaining cosmic muons from
particles produced in the neutrino interaction and showers

from tracks. The identification strategy is the same as has
been described in [30,59,60].

B. Signal definition and selections

This analysis presents a differential cross section meas-
urement of charged current electron neutrinos on argon
without neutral or visible charged pions in the final state.
We have two sets of events, the first with at least one visible
proton (1eNp0π) and the other without any visible protons
(1e0p0π) in the final state. Example events in each top-
ology are shown in Fig. 1. The 1eNp0π channel offers a
clear topology to reliably identify electron neutrinos, while
the 1e0p0π channel is more sensitive to differences in
interaction models and complements the 1eNp0π meas-
urement to explore data across the phase space of proton
kinetic energy (KE). Moreover, these event categories
match the ones used for MicroBooNE electron neutrino
low energy excess searches, providing additional ability to
interpret this dataset [59,60].
The true signal definition for this measurement requires

an electron neutrino charged current event in the fiducial
volume with KEe > 30, KEπ� < 40 MeV, and no neutral
pions. Protons above 50 MeVare considered visible in both
the true signal definition and in the selection. Protons with
kinetic energy above this threshold can be well recon-
structed, with an energy resolution under 9% based on
Monte-Carlo (MC) predictions [59]. This is also the proton
kinetic energy threshold where the 1eNp0π and 1e0p0π
selection efficiencies overlap, which indicates the threshold
at which these orthogonal selections are able to reliably
identify protons [30]. In order to select regions with good
signal purity, we apply the following criteria on the
interaction phase space in the selection and the true signal
definition. In the 1e0p0π channel, the electron energy Ee is
required to be more than 0.5 GeV and the cosine of the
electron angle with respect to the beam direction cos θe is
required to be more than 0.6 as shown in Appendix A. In
the 1eNp0π channel, the cosine of the opening angle

FIG. 1. Event displays on the collection plane for two of the selected data events: (a) 1eNp0π candidate event and (b) 1e0p0π candidate
event. The x-axis corresponds to wire number and the y-axis corresponds to time. The color scale indicates the amount of deposited
charge.
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between the leading proton and the electron is required to
be more than −0.9.
We report the differential cross section in five kinematic

quantities: the electron energy, leading proton kinetic
energy, electron and proton angles with respect to the
beam direction, and the opening angle between the leading
proton and the electron. The 1e0p0π channel is presented in
the first bin of the leading proton kinetic energy measure-
ment, below 50 MeV. We also provide a measurement
across the proton visibility threshold, one bin for 1e0p0π
events with invisible protons (below 50 MeV) and one bin
for all 1eNp0π events with visible protons (above 50 MeV).
This measurement is analogous to the proton kinetic energy
measurement but presented in only two bins.
A similar measurement with a partial MicroBooNE

dataset, about half of the BNB data, has been published
previously [30]. The same selection of events is used in this
work, which is adapted from the selections used in [59,60]
in order to increase the electron neutrino efficiency. The
same boosted decision trees (BDTs) and training are used
here and are described in [59]. This measurement also uses

the information from the CRT to reject cosmic rays in the
1e0p0π channel. This is a new addition relative to the
earlier iteration of this analysis [30], and matches the CRT
implementation in [60]. We obtain a purity of 57% (67%)
and a signal efficiency of 14% (19%) for the 1e0p0π
(1eNp0π) channel.
After the event selection, the majority of events originate

from QE interactions both for the 1eNp0π (47%) and
1e0p0π (53%) channels. The main subdominant contribu-
tions are predicted to come from MEC at 21% and RES
interactions at 27% for 1eNp0π. Those proportions are
similar for 1e0p0π which has 12% of MEC interactions and
20% of RES interactions. Other contributions come from
DIS and electron scattering. The primary backgrounds
come from events with a neutral pion in the final state
(ν with π0) representing 40%–52% of the background for
the 1eNp0π and 1e0p0π channels, respectively. For
1eNp0π events, the second main background is muon
neutrinos without neutral pions (21%), while for 1e0p0π
events it is true 1eNp0π events where the proton is missed
by the reconstruction (26%). In Figs. 2 and 3, the former

FIG. 2. Predicted distribution and data in variables using the 1eNp0π channel: (a) electron energy, (b) cosine of electron angle,
(c) proton angle, (d) cosine of the electron-proton opening angle.
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muonlike events are combined with other minor neutrino
interaction backgrounds in a “ν other” category.

C. Systematic uncertainties

Several sources of systematic uncertainties are taken into
account in this analysis.
Flux uncertainties due to beamline hadron production

and geometry are computed by reweighting predicted event
rates as in [61,62]. They are found to be around 6% across
all analysis bins.
Detector systematics are evaluated for a specific set of

variations using dedicated MC samples [63]. These varia-
tions include effects such as ion recombination in the argon
and space-charge effects, as well as variations in the light
yield and wire responses. The distributions, in analysis
binning, from these variation samples are smoothed by
convolving the event count per bin with a pseudo-Gaussian
filter. This minimizes the impact of MC statistical effects
from the variation samples in the uncertainty computation.
This procedure is described in [60]. The fractional detector
uncertainties are around 5% in most bins and can be up
to 12%.
Uncertainties on the interaction model are included by

reweighting our base model (“MicroBooNE tune”) under
different assumptions, as prescribed in [43]. Their impact is
estimated on the background event rate and on the efficiency
and smearing of all events in true space, but not on the
number of signal events as this is a quantity of interest in
the reported cross sectionmeasurement. Uncertainties on the
reinteraction of final state particles that exit the nucleus are
also taken into account by reweighting their propagation
through the detector [64]. This uncertainty is subdominant,
except at high proton energy, reaching 8%, where the
probability of proton reinteraction is higher.
A flat uncertainty of 1% is attributed to the number of

target nucleons and a flat 2% uncertainty, based on direct

flux measurements [15], is added to account for uncertainty
on the POT counting. A MC statistical uncertainty that
covers the size of the samples used to build the predicted
distributions is also included.
In total, the fractional systematic uncertainties are

between 9% and 15% depending on the analysis bin
whereas the data statistical uncertainties are between 6%
and 22%. All analysis bins are statistically limited except
the lowest electron energy bin and the 1eNp0π proton
energy bin in the two-bin configuration. The systematic
uncertainty breakdown for each variable in the measure-
ment binning is included in Appendix B. Covariance
matrices encoding both the systematic and statistical
uncertainties are used to propagate uncertainties to the
final cross section result and are available in Appendix I.

D. Cross section extraction

To extract a differential cross section dσ
dx with respect to an

analysis observable x in true space, we use the following
formula:

�
dσ
dx

�
i
¼ ΣjR−1

ij ðNj − BjÞ
Ntarget × ϕ × Δxi

: ð1Þ

The index i denotes a true bin and the index j a reconstructed
bin. R is the response matrix which encodes the mapping
between true and reconstructed spaces (reported in
Appendix I). N − B is the background-subtracted number
of events in datawhere the background is predicted using our
base interaction model. ϕ is the integrated electron neutrino
flux and Ntarget is the number of target nucleons in the
detector’s fiducial volume. Δxi is the width of the true bin.
The integrated electron neutrino flux is a constant reference
value computed from the BNB flux predictions [15] follow-
ing the nominal flux prescriptions from [65] and is scaled to
POT. Here, the value is ϕ ≃ 5.21 × 109νe cm−2. Ntarget is

FIG. 3. Predicted distribution and data for proton kinetic energy for the 1eXp0π channel (1eNp0π þ 1e0p0π). (a) Shows this
distribution with multiple bins for 1eNp0π events, and (b) the same distribution with one bin per channel.
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computed to be 3.9107 × 1031 using pure argonwith density
ρ ¼ 1.3836 g cm−3 and a fiducial volume defined by
xmin ¼ 10, xmax ¼ 246.4, ymin ¼ −101.5, ymax ¼ 101.5,
zmin ¼ 10, zmax ¼ 986.8 cm.
We use the Wiener-Singular Value Decomposition

(SVD) (WSVD) unfolding method [66] in order to report
the final cross section. The inverted response matrix R−1

ij is
not well defined as written in Eq. (1), so therefore requires
regularization, given by the WSVD unfolding. This regu-
larization, along with the analysis binning and cross section
extraction method, were determined using simulated data
studies with an alternative interaction generator (NuWro).
These studies, described in more detail in Appendix D,
demonstrated the robustness of the analysis against model
dependence.
The choice of regularization level in the WSVD method

does not impact the overall χ2 results. However, in order to
minimize the impact of the regularization on the final
unfolded spectrum shape, we choose the WSVD first
derivative regularization. This regularization is also
encoded within a matrix that is applied to cross section
predictions to compare them to the unfolded data result.

III. RESULTS

A. Distributions of events

The distribution of selected events with the MicroBooNE
tunedGENIEmodel and the data are presented in Fig. 2 for the
four 1e0πNp analysis observables and in Fig. 3 for proton
kinetic energy. The reported uncertainty on these figures is the
total event rate uncertainty including the full cross section
uncertainties on the signal event prediction. The data consist of
2321eNp0π candidate events and311e0p0π candidate events
that pass the selections. Good overall agreement between the
data and the base model is observed, with p-values between
0.12 and 0.90, and with similar features as those observed in
the low energy excess search analysis [60].
The background model was validated with two sideband

data samples. The first one addresses the modeling of the π0

background and requires at least two reconstructed show-
ers. The other one is designed to check the modeling of any
signal-adjacent background by inverting the BDT selection
criteria while keeping the rest of the selection the same.
Good agreement was found between the data and MC in
both sidebands with p-values between 0.43 and 0.94. The
sideband distributions are shown in Appendix C.

B. Model comparisons

After unfolding the data following the procedure
described in Sec. II D, the cross section results are
compared to a variety of available generator predictions
using different combinations of interaction models:

(i) The base model GENIE v3.0.6 G18_10a_02_11a
with the MicroBooNE tune (G18T) described in
Sec. II A.

(ii) GENIE v3.0.6 G18_10a_02_11a without the
tune (G18).

(iii) GENIE v3.6.0 AR23 20i 00 000 (AR23): The AR23
model is similar to G18_10a_02_11a but uses the
LFG ground state modeling with a correlated high-
momentum nucleon tail; the z-expansion for the
CCQE axial form factors (Z-exp) [67]; the SuSAv2
modeling for MEC interactions [68]; emission of
deexcitation photons for argon nuclei; and the free
nucleon tune [69]. It is currently the base model for
other LArTPC experiments, such as DUNE [70],
ICARUS [71], and SBND [72].

(iv) NuWro v21.09.2 (NuWro) [73] uses the LFGmodel,
the Llewellyn-Smith (LS) model for quasielastic
events [74], the Nieves model for MEC interactions
[48], and the Adler-Rarita-Schwinger (ARS) for-
malism [75] for the Δ resonance. NuWro uses a
standard intranuclear cascade (INC) for final state
interactions [76,77]. The DIS prediction is taken
from the BY model.

(v) NEUT v5.7.0 (NEUT) [78] uses the same ground
state, CCQE and MEC models as described for this
analysis’ base model v3.0.6 G18_10a_02_11a. It
also uses the BS RES [50,52,79] and BS
coherent [53] scattering models. The FSI model is
based on intranuclear cascades with in-medium pion
corrections [80]. The DIS model is custom [81] at
low hadronic energy with BY corrections and uses
PYTHIA [55] for higher hadronic system energies
(above 2 GeV) [82].

(vi) GiBUU 2025 [83] with (GiBUU inmed) or without
(GiBUU) in-medium nucleon-nucleon corrections
[84] uses the LFG model and its own custom MEC
and resonant calculations. These are implemented in
a consistent way by solving the Boltzmann-Uehling-
Uhlenbeck transport equation [85]. More specifi-
cally, it uses a standard CCQE expression [86], an
empirical MEC model, and a custom spin-dependent
resonance calculation through the MAID analysis
[85]. The FSI prediction is obtained through the
propagation of hadrons in a nuclear potential. The
DIS prediction comes from PYTHIA.

A summary table of the different models used by these
generators is available in Appendix E, Table II. Predictions
from these generators are obtained using the NUISANCE
framework [87].

C. Data unfolded cross section results

Figures 4 and 5 present the final data cross section results
compared to the alternative predictions described above.
The regularization from the unfolding process, in the form
of an output matrix, is applied to the prediction to allow the
comparison. All regularization tables are shown in
Appendix I. Tables III–VIII in Appendix H summarize
the background-subtracted data event counts and the
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FIG. 4. Unfolded data compared to the set of models described in Sec. III B, for all analysis variables using the 1eNp0π channel:
(a) electron energy, (b) cosine of electron angle, (c) proton angle, (d) cosine of electron-proton opening angle.

FIG. 5. Unfolded data compared to the set of models described in Sec. III B, for proton kinetic energy for the 1eXp0π channel. (a) This
distribution with multiple bins for 1eNp0π events, and (b) the same distribution with one bin per channel such that all 1eNp0π events are
in a single bin from 50 to 800 MeV.
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unfolded cross section results for all six configurations of
variables and binning. Note that the two-bin proton energy
measurement is treated slightly differently as we do not
apply the division by the bin width in Eq. (1); this prevents
the result from appearing counterintuitive as the bins
representing the two channels have very different widths.
Moreover, for this two-bin measurement, we use direct
inversion of the response matrix without regularization
instead of the Wiener-SVD unfolding method so that the
results are more directly comparable to a total cross section.
All p-values discussed in this section are summarized in
Table I, figures showing the various GENIE comparisons
are available in Appendix F, and an additional NEUT
comparison is shown in Appendix G.
The data generally agree with the models tested here, and

the p-values are higher than those observed in
MicroBooNE’s previous result [30]. This is particularly
the case in terms of lepton modeling where, in electron
energy and angle, the data p-values are highest when
compared to GENIE v3.0.6 G18_10a_02_11a without the
MicroBooNE tune and with GENIE AR23 v3.6.0 with
p-values above 0.887. Both of these models predict a
slightly lower count of events than the tuned GENIE G18T.
It is worth noting that the application of the tune results in
an enhancement of the quasielastic and meson exchange
components.
There are more differences between models and disagree-

ments with the data in terms of the hadronic system
modeling. The data strongly disagree with the GiBUU
model without in-medium corrections [84] in proton energy
with a p-value of 0.008 in the two-bin measurement,
particularly in the 1e0p0π bin. As demonstrated in [84],
modifying the GiBUUmodel by adding in-medium nucleon-
nucleon (NN) interactions can decrease the 1e0p0π pre-
diction and lead to lower cross sections, closer to the other

models. In that case we observe better compatibility with our
data with p-values of, respectively, 0.215 and 0.081 for the
full binning and the two-bin measurement. It can also be
noted, as shown in Fig. 5(b) presenting the spread of model
comparisons across the proton visibility threshold, that
models with the best agreement in the visible proton region
are not the same as the models with best agreement in the
invisible proton region. In proton angle and electron-proton
opening angle, all models produce lower p-values. The
models overpredict the cross section at larger cosines of
these angles, closer to the incoming neutrino direction,
compared to the data. For these observables GiBUU without
in-medium NN corrections produces the highest p-values,
respectively, 0.228 and 0.639.
Within GENIE, we investigate a single model for one

interaction type at a time to evaluate the impact of that
specific model on the agreement with all other aspects
being equal. Those variations are produced without the
MicroBooNE tune and are compared to the base model
configuration without the tune. Note that these comparisons
are done within GENIE v3.6.0, which is a more recent
GENIE version than the one used for the MicroBooNE
simulation. The base model p-values in this newer GENIE
version are also reported in Table I and are consistent with
the previous version. Our base GENIE model uses the
hA18 FSI model. We can also set the FSI model to the
hN18. hN is a traditional hadron-nucleon INC model with
similar features to NuWro and NEUT. hA is a custom
model that has a more empirical approach and relies on
data to consider a single interaction instead of the multiple
hadron-nucleon interactions in cascade models [88]. We
also compare to the G4Bertini [89] FSI cascade model.
Both alternative models, denoted GENIE v3.6.0
G18_10b_02_11a (G18_10b) using hN18 and GENIE
v3.6.0 G18_10d_02_11a (G18_10d) using G4Bertini,

TABLE I. p-values of comparisons to the various models tested for all six analysis variables and binnings.

Generator Model Label on Figs. Ee KEp cos θe cos θp cos θep 2-bin KEp

GENIE v3.0.6 G18_10a_02_11a Tuned G18T 0.682 0.561 0.327 0.029 0.143 0.326
G18_10a_02_11a G18 0.989 0.809 0.921 0.110 0.480 0.832

GENIE v3.6.0 G18_10a_02_11a v3.6 G18 0.987 0.861 0.915 0.122 0.514 0.914
AR23_20i_00_000 AR23 0.976 0.860 0.887 0.095 0.489 0.852
G18_10b_02_11a G18_10b 0.934 0.799 0.700 0.078 0.318 0.667
G18_10d_02_11a G18_10d 0.797 0.558 0.548 0.014 0.096 0.452
G18_10i_02_11b G18_10i 0.993 0.861 0.920 0.112 0.494 0.917
G18_02a_02_11a G18_02a 0.992 0.867 0.813 0.321 0.665 0.907
G21_11a_00_000 G21_11a 0.782 0.608 0.383 0.064 0.245 0.417

GiBUU 2025 w/o in-med NN corr GiBUU 0.942 0.049 0.824 0.228 0.639 0.008
w in-med NN corr GiBUU inmed 0.841 0.215 0.607 0.111 0.517 0.081

NEUT v5.7.0 NEUT 0.812 0.751 0.536 0.089 0.279 0.506
v6.1.4 NEUT v6.1.4 0.832 0.674 0.547 0.103 0.294 0.481

NuWro v21.09.2 NuWro 0.946 0.775 0.697 0.038 0.327 0.730
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show consistently lower p-values across all variables
compared to the base model with hA, especially the
G4Bertini model.
We also test various ground states, QE, and MEC models

within GENIE using v3.6.0 and without the MicroBooNE
tune applied. The SuSAv2 [68] model for QE events lowers
the model p-values with respect to the data, such as, for
example, the model set G21_11a_00_000 (G21_11a), but
other variations of QE or MEC models do not significantly
impact the results and provide similar predictions. Two
variations without a particular impact include GENIE
AR23 and GENIE G18_10i_02_11b (G18_10i). These both
use the z-expansionQE form factors andAR23 uses SuSAv2
forMEC instead ofNieves.Anothermodel set that provides a
similar prediction to the baseline is the G18_02a_02_11a
(G18_02a) model set that uses the relativistic Fermi gas
(RFG) ground state and the Dytman MEC model [90].
Within NEUT, we test the impact of using the energy-

dependent relativistic mean field (EDRMF) [91,92] ground
state model instead of LFG. This model is the one
implemented by default in NEUT version 6.1.4. We find
a negligible impact on the agreement with data.
Finally, our results can be compared to a few relevant

previous measurements. The first iteration of this measure-
ment, using half of the MicroBooNE BNB dataset [30],
found the same hierarchy of agreement betweenmodels, but
with overall lower p-values and more differences between
NEUT and the other models. An overprediction was
observed at intermediate shower energy in the
MicroBooNE search for an anomalous excess of electron
neutrino events [60], but such an effect is not as obvious in
the leptonic variable distributions in this measurement’s
coarser binning. A similar exclusive 1eNp0π cross section
measurement was performed with MicroBooNE NuMI
data [29] in electron energy, visible energy, and the cosine
of the opening angle. In this measurement, a slight under-
predictionwas observed leading tomodels with higher cross
sections, such as NEUT, being favored. This measurement
uses a different beam and has different dominant systematic
uncertainties. However, just like in this measurement, good
overall agreement with most models tested was found. We
also note that a shape discrepancy in lepton-proton opening
angle is emerging as a common feature acrossMicroBooNE
measurements including one in muon flavor [32] and in the
electron neutrinos in NuMI [29]. Finally, MicroBooNE has
also made a muon neutrino measurement exploring the
cross section across the proton visibility threshold in kinetic
energy [33]. It found a preference for a higher prediction of
events without a proton above the visibility threshold and
therefore the GiBUU generator, unlike in the measurement
presented here. It is possible that this is driven by differences
in the design of these measurements, including the particle
kinetic energy thresholds, or the fact that the muon neutrino
measurement is inclusive while this measurement does not
include visible pions.

In the future, new models will be able to provide
additional insight on neutrino interactions on argon. An
updated Valencia MEC model [93] that implements a more
consistent treatment of the nucleon self-energy and a
simplified estimation of the Δ resonance self-energy is
being included in the neutrino generators. Moreover,
another FSI model will be available for comparisons within
GENIE: the Liège intranuclear cascade model (INCLþþ)
[94,95]. INCLþþ has a more sophisticated nuclear model
and in-medium corrections than GENIE hA and hN,
NEUT, and NuWro. Future publications will compare to
these and other new models.

IV. SUMMARY AND CONCLUSIONS

In conclusion, this paper presents an electron neutrino
cross section measurement on argon without pions in the
final state in the MicroBooNE detector using 13.09 × 1020

POT of BNB data. The measurement is provided in
variables that describe the leptonic and hadronic systems:
electron and leading proton kinetic energy and angle with
respect to the beam direction as well as the opening angle
between the leading proton and the electron directions. In
proton kinetic energy, we separate events below and above
the proton visibility threshold of 50 MeV. In general,
agreement with the different models is good in lepton
kinematics and shows some overprediction of the tuned
base model (GENIE G18 with MicroBooNE tune) in the
hadronic system. This is especially the case in proton angle
where the agreement is lower, particularly in the forward
region. This is also the case in electron-proton opening
angle but to a lesser extent. This measurement did not show
any strong sensitivity to different QE or MEC models
except for a lower agreement when using the SUSAv2 QE
model. Within GENIE, the hA18 FSI model is the preferred
model. This measurement provides insight for further
tuning of generators and understanding of electron neutrino
cross sections on argon in view of LArTPC experiments
such as the SBN program [96] and the future long baseline
neutrino oscillation experiment DUNE [11,14].
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APPENDIX A: 1e0p0π PHASE SPACE
DISTRIBUTIONS

The two phase space cuts required for the 1e0p0π events
are: the electron energy is greater than 0.5 GeV and the
cosine of the electron angle is greater than 0.6. Figure 6
shows the predicted 1e0p0π candidate events before and
after the phase space cut on electron energy. Similarly,
Fig. 7 shows the candidate events before and after the
electron angle phase space cut. All other selection cuts are
applied. This improves the selection purity from 12%
to 57%.

APPENDIX B: BREAKDOWN OF THE
FRACTIONAL SYSTEMATIC UNCERTAINTIES

Figure 8 presents the distributions of fractional system-
atic uncertainties broken down by categories for each
variable.

FIG. 6. 1e0p0π selection predicted event rates (a) without and (b) with phase space cuts, as a function of electron energy.

FIG. 7. 1e0p0π selection predicted event rates (a) without and (b) with phase space cuts, as a function of electron angle.
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FIG. 8. Breakdown of the fractional systematic uncertainties for the 1eNp0π channel in (a) electron energy, (b) electron angle,
(c) proton angle, and (d) opening angle; and for the 1eXp0π channel in proton kinetic energy (e) full binning and (f) measurement across
the proton visibility threshold.
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APPENDIX C: SIDEBAND DISTRIBUTIONS

As described in Sec. III A, we use two sidebands to
assess the quality of the background modeling for this
measurement. In the first sideband we invert the BDT
selection criteria to validate the modeling of the back-
ground adjacent to our selection; all of the other selection
criteria remain the same. This sideband is shown in
Fig. 9(a) for the 1e0p0π channel. For the 1eNp0π channel,
Fig. 10(a) shows the sideband for proton energy and Fig. 11
for other variables. The data-simulation agreement in this
sideband, taking into account the total event rate uncer-
tainties, is very good, with p-values between 0.63 and 0.94.
The other sideband uses the analysis selection, replacing
the one contained shower requirement with a requirement
that there be at least two showers, to address the main
background: events with neutral pions. Figure 9(b) shows
this sideband for the 1e0p0π channel. Figures 10(b) and 12
show the distribution of events in this sideband for the

different 1eNp0π channel variables. The data/MC agree-
ment is also very good with p-values between 0.44
and 0.80.

APPENDIX D: FAKE DATA STUDIES

Before unblinding the data, a number of choices had to
be made regarding the analysis binning and the regulari-
zation method. Robustness tests of the analysis method
were also performed. First, closure tests where we input
the predicted signal from the nominal simulation into the
unfolding procedure as the background-subtracted data
were performed. Perfect (p-values ¼ 1) postunfolding
agreement with the truth-level predicted cross section
was found for all variables validating the overall pro-
cedure. Then, fake data produced using an alternative
neutrino interaction generator, NuWro [73], were analyzed
as if they were real data in order to prove the robustness of
the procedure against any base GENIE model dependence.

FIG. 9. Inverted BDT sideband (a) and sideband with at least two showers (b) for the 1e0p0π bin.

FIG. 10. Inverted BDT sideband (a) and sideband with at least two showers (b) for the 1eNp0π channel in proton energy.
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The analysis was found to be robust as better agreement
with the NuWro predicted cross section than the base
GENIE model was found for all variables when using the
NuWro fake data. The NuWro fake data in proton energy
were also reweighted in three different ways as additional
tests of the analysis robustness: with the normalization
decreased by 15%, increased by 15%, and normalized to
the GiBUU prediction. The GiBUU normalization is
obtained using the ratio to the NuWro prediction at truth
level. This study was performed because of the large

discrepancy in the 1e0p0π bin and to ensure that the
analysis would be robust if the data were to have a
significant disagreement with the GENIE prediction. In
all cases the unfolded fake data showed better agreement
with the input data rather than the base GENIE model.
Finally, studies with this fake data were performed in order
to optimize the binning in terms of model separation and
predicted uncertainty per bin after unfolding as well as to
choose a regularization method with the least visual impact
on model separation.

FIG. 11. Inverted BDT sideband in the 1eNp0π channel for (a) electron energy, (b) electron angle, (c) proton angle, and (d) opening
angle.
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APPENDIX E: NEUTRINO GENERATOR MAIN DIFFERENCES

This appendix presents a table of the model differences for the generators used to compare to the measurement presented
in this paper.

TABLE II. Summary of the main model differences for the generators used in this paper.

Generator Model
Label on
Figs.

Ground
state QE MEC FSI RES DIS

GENIE v3.0.6 G18_10a_02_11a tuned G18T LFG Valencia Valencia hA18 BS BY
G18_10a_02_11a G18

GENIE v3.6.0 G18_10a_02_11a v3.6 G18 LFG Valencia Valencia hA18 BS BY
AR23_20i_00_000 AR23 LFGþ tail Valenciaþ Z-exp SuSAv2 hA18 BS BY
G18_10b_02_11a G18_10b LFG Valencia Valencia hN18 BS BY
G18_10d_02_11a G18_10d LFG Valencia Valencia G4Bertini BS BY
G18_10i_02_11b G18_10i LFG Valenciaþ Z-exp Valencia hN18 BS BY
G18_02a_02_11a G18_02a RFG LS Dytman hA18 BS BY
G21_11a_00_000 G21_11a LFG SuSAv2 SuSAv2 hA18 BS BY

GiBUU 2025 W/o in-med NN corr GiBUU LFG Custom Empirical Custom Custom/MAID PYTHIA

W in-med NN corr GiBUU inmed

NEUT v5.7.0 NEUT LFG Valencia Valencia INC BS Custom
v6.1.4 NEUT v6.1.4 EDRMF

NuWro v21.09.2 NuWro LFG LS Valencia INC ARS BY

FIG. 12. Sideband with at least two showers in the 1eNp0π channel for (a) electron energy, (b) electron angle, (c) proton angle, and
(d) opening angle.
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APPENDIX F: UNFOLDED RESULTS COMPARED TO VARIOUS GENIE TUNES

This appendix presents additional comparisons between the unfolded cross sections and a variety of GENIE tunes,
varying CCQE, MEC, and FSI models, using GENIE version 3.6.0 as described in Sec. III C. These comparisons are shown
for each variable in Fig. 13.

FIG. 13. Unfolded cross section comparisons within GENIE v3.6.0 for all analysis variables using the 1eNp0π channel: (a) electron
energy, (b) electron angle, (c) proton angle, (d) opening angle. Also shown for proton kinetic energy and with 1eXp0π events (e) proton
energy, (f) measurement across the proton visibility threshold.
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APPENDIX G: UNFOLDED RESULTS COMPARED TO TWO NEUT VERSIONS

This appendix presents an additional comparison between the unfolded cross sections and two NEUT versions: v5.7.0
that uses an LFG ground state and v6.1.4. that uses an EDRMF [91,92] ground state model. This comparison is shown for
each variable in Figs. 14 and 15.

FIG. 14. Unfolded cross section comparison between two NEUT versions for all analysis variables using the 1eNp0π channel:
(a) electron energy, (b) electron angle, (c) proton angle, (d) opening angle.

FIG. 15. Unfolded cross section comparison between two NEUT versions for the leading proton kinetic energy variable using the
1eXp0π and the (a) full proton energy binning, (b) measurement across the proton visibility threshold.
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APPENDIX H: TABLES OF CROSS SECTION RESULTS

Tables III–VIII list the extracted cross section results, the corresponding uncertainty, and the background-subtracted
number of candidate events per bin, for all six variables and configurations used in this analysis.

TABLE III. Background-subtracted data events and unfolded cross sections for the electron energy measurement.

Bin no.
units

Ee low edge
(GeV)

Ee high edge
(GeV)

Data-
background

Cross section
(10−39 cm2

GeV nucleon)
Uncertainty

(10−39 cm2

GeV nucleon)

0 0 0.4 27.267 1.51 0.62
1 0.4 0.65 29.887 2.39 0.79
2 0.65 0.9 28.75 2.76 0.58
3 0.9 1.5 36.568 1.32 0.27
4 1.5 4.5 18.5 0.192 0.054

TABLE IV. Background-subtracted data events and unfolded cross sections for the proton kinetic energy
measurement.

Bin no.
units

KEp low edge
(GeV)

KEp high edge
(GeV)

Data-
background

Cross section
(10−39 cm2

GeV nucleon)
Uncertainty

(10−39 cm2

GeV nucleon)

0 0 0.05 15.468 11.6 4.43
1 0.05 0.1 38.016 13.8 3.82
2 0.1 0.15 25.998 11.2 3.50
3 0.15 0.2 36.843 13.5 3.38
4 0.2 0.3 29.55 6.56 1.57
5 0.3 0.8 13.374 0.965 0.299

TABLE V. Background-subtracted data events and unfolded cross sections for the proton kinetic energy two-bin
measurement.

Bin no.
units

KEp low
edge (GeV)

KEp high
edge (GeV)

Data-
background

Cross section
(10−39 cm2

GeV nucleon)
Uncertainty

(10−39 c
GeV nucleon)

0 0 0.05 15.468 0.521 0.294
1 0.05 0.8 143.781 3.52 0.70

TABLE VI. Background-subtracted data events and unfolded cross sections for the cosine of the electron angle
measurement.

Bin no.
units

cos θe low
edge

cos θe high
edge

Data-
background

Cross section
(10−39 cm2

GeVnucleon)
Uncertainty

(10−39 cm2

GeV nucleon)

0 −1 0.2 17.237 0.593 0.254
1 0.2 0.7 28.138 1.54 0.46
2 0.7 0.9 46.665 5.16 1.11
3 0.9 1 48.929 9.62 2.13
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APPENDIX I: MATRICES FOR CROSS SECTION CALCULATION

Tables IX–XIV provide the covariance matrices built as input to the unfolding procedure for each measurement.
Tables XV–XX are the response matrices used for the unfolding. Tables XXI–XXVI list the regularization obtained as

part of the unfolding procedure output and applied to the generator predictions for comparison with the unfolded data cross
sections.

TABLE VII. Background-subtracted data events and unfolded cross sections for the cosine of the proton angle
measurement.

Bin no.
units

cos θp low
edge

cos θp high
edge

Data-
background

Cross section
(10−39 cm2

GeV nucleon)
Uncertainty

(10−39 cm2

GeV nucleon)

0 −1 0 16.899 0.504 0.186
1 0 0.4 42.821 1.60 0.34
2 0.4 0.55 14.304 2.53 0.77
3 0.55 0.7 22.784 2.39 1.07
4 0.7 0.85 19.884 3.45 1.37
5 0.85 1 24.277 4.67 1.54

TABLE VIII. Background-subtracted data events and unfolded cross sections for the cosine of the opening angle
measurement.

Bin no.
units

cos θep
low edge

cos θep
high edge

Data-
background

Cross section
(10−39 cm2

GeV nucleon)
Uncertainty

(10−39 cm2

GeV nucleon)

0 −0.9 −0.5 25.5 1.77 0.50
1 −0.5 −0.25 22.523 2.71 0.64
2 −0.25 0 32.731 2.69 0.53
3 0 0.25 23.465 2.27 0.59
4 0.25 0.5 16.32 1.43 0.57
5 0.5 1 20.429 0.711 0.278

TABLE IX. Covariance matrix for the electron energy cross section measurement.

Bins in GeV [0, 0.4] [0.4, 0.65] [0.65, 0.9] [0.9, 1.5] [1.5, 4.5]

[0, 0.4] 235.52 40.29 17.23 9.844 0.6409
[0.4, 0.65] 40.29 79.81 11.65 10.85 4.872
[0.65, 0.9] 17.23 11.65 50.65 12.56 7.809
[0.9, 1.5] 9.844 10.85 12.56 74.28 20.34
[1.5, 4.5] 0.6409 4.872 7.809 20.34 42.71

TABLE X. Covariance matrix for the proton kinetic energy full-binning cross section measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.1] [0.1, 0.15] [0.15, 0.2] [0.2, 0.3] [0.3, 0.8]

[0.0, 0.05] 51.05 19.03 15.51 10.08 10.07 4.028
[0.05, 0.1] 19.03 128.3 32.05 20.30 16.33 5.248
[0.1, 0.15] 15.51 32.05 88.89 18.29 16.56 5.648
[0.15, 0.2] 10.08 20.30 18.29 73.40 15.13 6.169
[0.2, 0.3] 10.07 16.33 16.56 15.13 78.16 11.07
[0.3, 0.8] 4.028 5.248 5.648 6.169 11.07 28.70
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TABLE XI. Covariance matrix for the two-bin proton kinetic energy cross section measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.8]

[0.0, 0.05] 51.44 60.04
[0.05, 0.8] 60.04 805.2

TABLE XII. Covariance matrix for the cosine of the electron angle cross section measurement.

Bins [−1; 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]

[−1; 0.2] 76.36 19.35 17.87 13.77
[0.2, 0.7] 19.35 98.13 29.37 23.90
[0.7, 0.9] 17.87 29.37 120.4 38.51
[0.9, 1] 13.771 23.90 38.51 128.2

TABLE XIII. Covariance matrix for the cosine of the proton angle cross section measurement.

Bins [−1; 0] [0, 0.4] [0.4, 0.55] [0.55, 0.7] [0.7, 0.85] [0.85, 1]

[−1; 0] 58.81 10.75 6.345 8.869 11.26 13.86
[0, 0.4] 10.75 74.10 6.708 9.347 12.39 14.52
[0.4, 0.55] 6.345 6.708 28.51 7.226 8.176 8.883
[0.55, 0.7] 8.869 9.347 7.226 53.33 13.80 15.02
[0.7, 0.85] 11.26 12.39 8.176 13.80 63.83 21.86
[0.85, 1] 13.86 14.52 8.883 15.02 21.86 87.79

TABLE XIV. Covariance matrix for the cosine of the opening angle cross section measurement.

Bins [−0.9;−0.5] [−0.5;−0.25] [−0.25; 0] [0, 0.25] [0.25, 0.5] [0.5, 1]

[−0.9;−0.5] 72.99 11.88 10.89 11.67 8.967 15.95
[−0.5;−0.25] 11.88 56.91 9.714 10.44 6.254 12.40
[−0.25; 0] 10.89 9.714 61.86 12.94 8.824 13.94
[0, 0.25] 11.67 10.44 12.94 58.35 11.07 16.21
[0.25, 0.5] 8.967 6.254 8.824 11.07 38.15 13.20
[0.5, 1] 15.95 12.40 13.94 16.21 13.20 75.14

TABLE XV. Response matrix for the electron energy measurement.

Bins in GeV [0, 0.4] [0.4, 0.65] [0.65, 0.9] [0.9, 1.5] [1.5, 4.5]

[0, 0.4] 0.1171 0.05126 0.01161 0.003379 0.0004370
[0.4, 0.65] 0.01134 0.1343 0.06994 0.01692 0.001655
[0.65, 0.9] 3.383×10−05 0.01448 0.1264 0.05174 0.004976
[0.9, 1.5] 9.657 × 10−06 0.0001096 0.01769 0.1521 0.05275
[1.5, 4.5] 9.563 × 10−06 1.716×10−05 0.0001218 0.005967 0.1336
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TABLE XVI. Response matrix for the proton kinetic energy full-binning measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.1] [0.1, 0.15] [0.15, 0.2] [0.2, 0.3] [0.3, 0.8]

[0.0, 0.05] 0.1175 0.01110 0.004014 0.001891 0.001401 0.0009824
[0.05, 0.1] 0.01751 0.1669 0.03891 0.01185 0.007343 0.002402
[0.1, 0.15] 0.0003940 0.006581 0.1922 0.03524 0.01393 0.002882
[0.15, 0.2] 0.0002581 0.0002626 0.008669 0.1925 0.02959 0.004179
[0.2, 0.3] 9.957×10−05 0.0002511 9.242×10−05 0.007594 0.1789 0.02111
[0.3, 0.8] 7.644×10−05 3.100×10−05 4.360×10−05 5.067×10−05 0.0009817 0.08001

TABLE XVII. Response matrix for the two-bin proton kinetic energy measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.8]

[0.0, 0.05] 0.1175 0.004198
[0.05, 0.8] 0.01834 0.1978

TABLE XVIII. Response matrix for the cosine of the electron angle measurement.

Bins [−1; 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]

[−1; 0.2] 0.1006 0.003130 0.0 0.0
[0.2, 0.7] 0.004279 0.1680 0.006750 0.0
[0.7, 0.9] 0.0 0.009439 0.2006 0.009193
[0.9, 1] 0.0 0.0 0.01194 0.2216

TABLE XIX. Response matrix for the cosine of the proton angle measurement.

Bins [−1; 0] [0, 0.4] [0.4, 0.55] [0.55, 0.7] [0.7, 0.85] [0.85, 1]

[−1; 0] 0.1615 0.01644 0.007344 0.005298 0.005486 0.005661
[0, 0.4] 0.01184 0.1694 0.03008 0.005471 0.003338 0.002521
[0.4, 0.55] 0.002412 0.01802 0.1743 0.02315 0.002453 0.001199
[0.55, 0.7] 0.003793 0.003992 0.02900 0.1697 0.01597 0.002063
[0.7,0.85] 0.004264 0.002986 0.003496 0.02259 0.1402 0.01059
[0.85, 1] 0.005873 0.004275 0.002612 0.002658 0.01652 0.1175

TABLE XX. Response matrix for the cosine of the opening angle measurement.

Bins [−0.9;−0.5] [−0.5;−0.25] [−0.25; 0] [0, 0.25] [0.25, 0.5] [0.5, 1]

[−0.9;−0.5] 0.1216 0.02181 0.004377 0.003119 0.003529 0.008934
[−0.5;−0.25] 0.01330 0.1337 0.02174 0.003311 0.003114 0.004561
[−0.25; 0] 0.002263 0.02362 0.1528 0.02425 0.003779 0.003682
[0, 0.25] 0.001810 0.002591 0.02588 0.1630 0.02468 0.003286
[0.25, 0.5] 0.001893 0.002242 0.002401 0.02172 0.1504 0.01370
[0.5, 1] 0.003891 0.004196 0.003855 0.003808 0.01811 0.1531

MEASUREMENTS OF THE ELECTRON NEUTRINO-ARGON … PHYS. REV. D 114, 032006 (2026)

032006-21



TABLE XXI. Regularization matrix from the Wiener-SVD unfolding procedure for the electron energy
measurement.

Bins in GeV [0, 0.4] [0.4, 0.65] [0.65, 0.9] [0.9, 1.5] [1.5, 4.5]

[0, 0.4] 0.2892 0.5694 0.2073 −0.05049 −0.06408
[0.4, 0.65] 0.1455 0.551 0.3596 −0.02374 −0.07217
[0.65, 0.9] −0.01651 0.2589 0.5335 0.2568 −0.03474
[0.9, 1.5] −0.02614 −0.01178 0.2506 0.5938 0.205
[1.5, 4.5] −0.009027 −0.02865 0.02412 0.2013 0.636

TABLE XXII. Regularization matrix from the Wiener-SVD unfolding procedure for the proton kinetic energy
full-binning measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.1] [0.1, 0.15] [0.15, 0.2] [0.2, 0.3] [0.3, 0.8]

[0.0, 0.05] 0.7068 0.2011 0.03124 0.09849 −0.01358 −0.05892
[0.05, 0.1] 0.2049 0.5071 0.2653 −0.00505 0.01654 0.02961
[0.1, 0.15] 0.009013 0.1499 0.688 0.0964 0.04788 0.02533
[0.15, 0.2] 0.04722 −0.01873 0.09477 0.7666 0.1181 −0.07806
[0.2, 0.3] −0.01811 0.01763 0.07031 0.1312 0.6016 0.1316
[0.3, 0.8] −0.05332 0.05522 0.08472 −0.09095 0.282 0.3788

TABLE XXIII. Regularization matrix from the direct inversion for the proton kinetic energy two-bin
measurement.

Bins in GeV [0.0, 0.05] [0.05, 0.8]

[0.0, 0.05] 1 6.334 × 10−11

[0.05, 0.8] −2.328 × 10−10 1

TABLE XXIV. Regularization matrix from the Wiener-SVD unfolding procedure for the cosine of the electron
angle measurement.

Bins [−1; 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]

[−1; 0.2] 0.6102 0.4765 −0.09791 −0.04398
[0.2, 0.7] 0.1849 0.6668 0.1735 −0.06713
[0.7, 0.9] −0.04991 0.1523 0.769 0.138
[0.9, 1] −0.01338 −0.03798 0.1416 0.829

TABLE XXV. Regularization matrix from the Wiener-SVD unfolding procedure for the cosine of the proton angle
measurement.

Bins [−1; 0] [0, 0.4] [0.4, 0.55] [0.55, 0.7] [0.7, 0.85] [0.85, 1]

[−1; 0] 0.774 0.2421 −0.07663 0.07954 −0.01644 −0.04892
[0, 0.4] 0.2588 0.4301 0.386 −0.1412 0.02296 0.06136
[0.4, 0.55] −0.06841 0.2021 0.7549 0.1215 −0.01433 −0.04056
[0.55, 0.7] 0.06694 −0.1195 0.1917 0.7567 0.0691 −0.003742
[0.7, 0.85] −0.0184 0.04217 0.001104 0.1082 0.738 0.05083
[0.85, 1] −0.06434 0.1272 −0.06882 0.04524 0.1363 0.5708
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