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I. PROTON THRESHOLD

The choice of the proton threshold at 50 MeV is motivated by Fig. 1, where we show the expected number of
selected signal events as a function of the true leading proton kinetic energy for the 1e0p0π and 1eNp0π selections.
The choice of 50 MeV corresponds to the energy where the two curves intersect, so below this value most events are
selected with the 1e0p0π selection, while above this value most events are selected with the 1eNp0π selection.
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FIG. 1. Expected number of signal events for 6.86 × 1020 POT as a function of the leading proton kinetic energy for the
1e0p0π and 1eNp0π selections.
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II. INTERACTION MODE OF SELECTED EVENTS

In addition to true visible final state the selected neutrino events can also be classified by true interaction mode. The
interaction mode breakdown for the tuned version of GENIE v3 is shown in Fig. 2 for events passing the cross-section
selection in all four variables in which the cross section is measured.
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FIG. 2. Signal prediction using the MicroBooNE tune of GENIE v3 after selection, categorized by interaction mode: quasi-
elastic (QE), meson exchange current (MEC), resonant, and deep inelastic scattering (DIS). The prediction is shown in (a) the
angle between the neutrino beam and the electron direction, (b) electron kinetic energy, (c) the angle between the neutrino
beam and the leading proton direction, and (d) the leading proton kinetic energy. The uncertainty band includes only statistical
uncertainties of the simulated samples.
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III. ELECTRON ENERGY

The tables in this section provide additional information for the cross-section measurement as a function of the
electron energy: background-subtracted observation and cross-section values (Table I), χ2 values for the different
generators tests (Table II), covariance matrices for the extracted cross section (Table III) and for the background-
subtracted data prediction (Table IV), and response matrix (Table V).

TABLE I. Unfolded cross section as a function of electron energy.

Bin [GeV] [0, 0.4] [0.4, 0.9] [0.9, 1.5] [1.5, 4.5]
Background-subtracted data events 11.86 21.75 15.11 14.80

Cross section [10−39 cm2/GeV/nucleon] 1.86 1.76 0.99 0.31

TABLE II. Results of compatibility tests between generators and the measured cross-section as a function of electron energy.

GENIE v3 uB GENIE v3 GENIE v2 NuWro NEUT
χ2 6.83 2.75 6.39 4.30 9.12

d.o.f. 4 4 4 4 4
p-value 0.145 0.600 0.172 0.367 0.058

TABLE III. Covariance matrix for the cross section measurement as a function of electron energy. Units are
(cm2/GeV/nucleon)2.

Bin [GeV] [0, 0.4] [0.4, 0.9] [0.9, 1.5] [1.5, 4.5]
[0, 0.4] 2.46e-78 1.07e-79 -5.40e-81 8.67e-81
[0.4, 0.9] 1.07e-79 6.68e-79 2.04e-80 5.96e-82
[0.9, 1.5] -5.40e-81 2.04e-80 2.60e-79 4.24e-82
[1.5, 4.5] 8.67e-81 5.96e-82 4.24e-82 1.21e-80

TABLE IV. Covariance matrix for the total event prediction as a function of electron energy.

Bin [GeV] [0, 0.4] [0.4, 0.9] [0.9, 1.5] [1.5, 4.5]
[0, 0.4] 63.99 13.57 4.59 2.44
[0.4, 0.9] 13.57 76.73 7.32 4.17
[0.9, 1.5] 4.59 7.32 44.73 3.07
[1.5, 4.5] 2.44 4.17 3.07 29.27

TABLE V. Response matrix for signal events as a function of electron energy.

Bin [GeV] [0, 0.4] [0.4, 0.9] [0.9, 1.5] [1.5, 4.5]
[0, 0.4] 0.097 0.026 0.003 0.001
[0.4, 0.9] 0.012 0.156 0.053 0.005
[0.9, 1.5] 0.000 0.010 0.144 0.040
[1.5, 4.5] 0.000 0.000 0.007 0.126
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IV. ELECTRON ANGLE

The tables in this section provide additional information for the cross-section measurement as a function of the
electron angle: background-subtracted observation and cross-section values (Table VI), χ2 values for the different
generators tests (Table VII), covariance matrices for the extracted cross section (Table VIII) and for the background-
subtracted data prediction (Table IX), and response matrix (Table X).

TABLE VI. Unfolded cross section as a function of electron angle.

Bin [−1, 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]
Background-subtracted data events 5.96 13.73 17.98 27.20
Cross section [10−39 cm2/nucleon] 0.47 1.41 3.71 10.94

TABLE VII. Results of compatibility tests between generators and the measured cross-section as a function of electron angle.

GENIE v3 uB GENIE v3 GENIE v2 NuWro NEUT
χ2 4.67 0.95 4.70 2.14 6.56

d.o.f. 4 4 4 4 4
p-value 0.322 0.917 0.319 0.710 0.161

TABLE VIII. Covariance matrix for the cross section measurement as a function of electron angle. Units are (cm2/nucleon)2.

Bin [−1, 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]
[−1, 0.2] 1.99e-79 2.07e-80 8.05e-80 1.14e-79
[0.2, 0.7] 2.07e-80 4.81e-79 9.68e-80 2.29e-79
[0.7, 0.9] 8.05e-80 9.68e-80 2.82e-78 3.86e-79
[0.9, 1] 1.14e-79 2.29e-79 3.86e-79 1.26e-77

TABLE IX. Covariance matrix for the total event prediction as a function of electron angle.

Bin [−1, 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]
[−1, 0.2] 29.30 4.24 4.74 3.63
[0.2, 0.7] 4.24 41.05 8.05 5.83
[0.7, 0.9] 4.74 8.05 55.58 9.60
[0.9, 1] 3.63 5.83 9.60 73.74

TABLE X. Response matrix for signal events as a function of electron angle.

Bin [−1, 0.2] [0.2, 0.7] [0.7, 0.9] [0.9, 1]
[−1, 0.2] 0.084 0.003 0.000 0.000
[0.2, 0.7] 0.003 0.152 0.007 0.000
[0.7, 0.9] 0.000 0.009 0.182 0.008
[0.9, 1] 0.000 0.000 0.010 0.201
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V. PROTON ENERGY

The tables in this section provide additional information for the cross-section measurement as a function of the
proton kinetic energy: background-subtracted observation and cross-section values (Table XI), χ2 values for the
different generators tests (Table XII), covariance matrices for the extracted cross section (Table XIII) and for the
background-subtracted data prediction (Table XIV), and response matrix (Table XV).

TABLE XI. Unfolded cross section as a function of proton energy.

Bin [GeV] [0, 0.05] [0.05, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.8]
Background-subtracted data events 7.81 13.20 35.03 10.72 7.30

Cross section [10−39 cm2/GeV/nucleon] 10.15 9.32 13.66 4.49 1.72

TABLE XII. Results of compatibility tests between generators and the measured cross-section as a function of proton energy.

GENIE v3 uB GENIE v3 GENIE v2 NuWro NEUT
χ2 6.35 2.41 7.53 2.73 6.85

d.o.f. 4 4 4 4 4
p-value 0.273 0.791 0.184 0.742 0.232

TABLE XIII. Covariance matrix for the cross section measurement as a function of proton energy. Units are
(cm2/GeV/nucleon)2.

Bin [GeV] [0, 0.05] [0.05, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.8]
[0, 0.05] 5.64e-77 1.06e-78 1.95e-78 1.16e-78 1.79e-79
[0.05, 0.1] 1.06e-78 5.82e-77 2.95e-78 1.65e-78 2.55e-79
[0.1, 0.2] 1.95e-78 2.95e-78 1.46e-77 1.63e-79 5.19e-80
[0.2, 0.3] 1.16e-78 1.65e-78 1.63e-79 8.33e-78 9.57e-80
[0.3, 0.8] 1.70e-79 2.55e-79 5.19e-80 9.57e-80 7.11e-79

TABLE XIV. Covariance matrix for the total event prediction as a function of proton energy.

Bin [GeV] [0, 0.05] [0.05, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.8]
[0, 0.05] 25.79 4.83 5.87 2.28 0.68
[0.05, 0.1] 4.83 60.84 13.28 5.46 1.52
[0.1, 0.2] 5.87 13.28 85.58 7.69 2.20
[0.2, 0.3] 2.28 5.46 7.69 37.20 2.08
[0.3, 0.8] 0.68 1.52 2.20 2.08 13.31

TABLE XV. Response matrix for signal events as a function of proton energy.

Bin [GeV] [0, 0.05] [0.05, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.8]
[0, 0.05] 0.108 0.009 0.003 0.001 0.001
[0.05, 0.1] 0.015 0.150 0.024 0.008 0.002
[0.1, 0.2] 0.001 0.006 0.192 0.036 0.006
[0.2, 0.3] 0.000 0.000 0.003 0.163 0.018
[0.3, 0.8] 0.000 0.000 0.000 0.001 0.068
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VI. PROTON ANGLE

The tables in this section provide additional information for the cross-section measurement as a function of the
proton angle: background-subtracted observation and cross-section values (Table XVI), χ2 values for the differ-
ent generators tests (Table XVII), covariance matrices for the extracted cross section (Table XVIII) and for the
background-subtracted data prediction (Table XIX), and response matrix (Table XX).

TABLE XVI. Unfolded cross section as a function of proton angle.

Bin [−1, 0] [0, 0.4] [0.4, 0.7] [0.7, 1]
Background subtracted data events 7.09 23.80 16.74 17.22
Cross section [10−39 cm2/nucleon] 0.26 2.88 2.14 3.25

TABLE XVII. Results of compatibility tests between generators and the measured cross-section as a function of proton angle.

GENIE v3 uB GENIE v3 GENIE v2 NuWro NEUT
χ2 11.86 8.63 12.64 9.98 14.55

d.o.f. 4 4 4 4 4
p-value 0.018 0.071 0.013 0.041 0.006

TABLE XVIII. Covariance matrix for the cross section measurement as a function of proton angle. Units are (cm2/nucleon)2.

Bin [−1, 0] [0, 0.4] [0.4, 0.7] [0.7, 1]
[−1, 0] 7.69e-80 1.02e-80 1.11e-80 5.50e-80
[0, 0.4] 1.02e-80 4.51e-79 -1.89e-80 6.47e-80
[0.4, 0.7] 1.11e-80 -1.89e-80 1.15e-78 1.25e-79
[0.7, 1] 5.50e-80 6.47e-80 1.25e-79 3.88e-78

TABLE XIX. Covariance matrix for the total event prediction as a function of proton angle.

Bin [−1, 0] [0, 0.4] [0.4, 0.7] [0.7, 1]
[−1, 0] 29.52 3.02 3.80 8.21
[0, 0.4] 3.02 28.10 3.93 6.81
[0.4, 0.7] 3.80 3.93 52.33 10.99
[0.7, 1] 8.21 6.81 10.99 86.76

TABLE XX. Response matrix for signal events as a function of proton angle.

Bin [−1, 0] [0, 0.4] [0.4, 0.7] [0.7, 1]
[−1, 0] 0.140 0.016 0.005 0.005
[0, 0.4] 0.011 0.152 0.014 0.003
[0.4, 0.7] 0.006 0.019 0.175 0.010
[0.7, 1] 0.009 0.005 0.017 0.126
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