
Supplemental Materials: Search for Neutrino-Induced Neutral Current ∆ Radiative
Decay in MicroBooNE and a First Test of the MiniBooNE Low Energy Excess Under

a Single-Photon Hypothesis

I. NEUTRAL CURRENT π0 SELECTION

The NC π0 selection targets two event samples: 2γ1p
and 2γ0p. The two photons correspond to those ex-
pected from π0 decay, while the proton (or lack thereof)
corresponds to a proton (or neutron) exiting the nu-
cleus. After topological selection requiring exactly one
or zero Pandora-reconstructed track(s) and exactly two
reconstructed showers, a series of “pre-selection” cuts
are applied to remove obvious backgrounds or mis-
reconstructed events from each sample. Those include
minimum shower energy requirements of 30 MeV for the
leading shower and 20 MeV for the subleading shower in
both selections, and a fiducialization cut requiring the re-
constructed neutrino vertex and shower start points to be
at least 5 cm away from the active TPC volume bound-
ary. For the 2γ1p pre-selection, we additionally require
that each shower have a conversion distance of at least
1 cm relative to the vertex, and that the track starting
point be within 10 cm of the neutrino vertex position.
The latter rejects poorly reconstructed events, e.g. due
to unresponsive wire regions.

After pre-selection, remaining backgrounds are re-
jected following the same approach as for the 1γ final
selections. For each selection, a tailored BDT trained on
simulated BNB neutrino interactions is used to differen-
tiate NC π0 signal (defined as a NC interaction with one
π0 in the final state) from background interactions based
on reconstructed kinematic, geometric, and calorimetric
variables. The BDT score cut is optimized for each event
sample independently to maximize the product of signal
efficiency and signal purity in the final selection.

The resulting reconstructed π0 invariant mass distri-
butions are shown in Fig. 1. For the 2γ1p final se-
lected event sample, the BDT score cut signal efficiency
is 69.9%, with a signal purity of 63.5%, while for the
2γ0p event sample, the efficiency and purity are 54.8%
and 59.6%, respectively. The efficiencies at all stages can
be found in Table I. A Gaussian-plus-linear fit is per-
formed to each distribution to extract the reconstructed
π0 invariant mass. For the 2γ1p event sample, this fit
gives a mean value of 138.9±2.1 MeV/c2 with a width
of 31.7±2.4 MeVc2. For 2γ0p, the extracted mean is
143.3±3.2 MeVc2 with a width of 47.9±4.9 MeVc2.

An overall data deficit relative to the MC nominal pre-
diction suggests an overestimate of the NC π0 rate nor-
malizations in GENIE. Nevertheless, the observed differ-
ence is within the assigned flux uncertainties and cross-
section uncertainties within GENIE, and is assumed to
be well-characterized by those uncertainties and correla-
tions across all samples used in the analysis: 1γ1p, 1γ0p,
2γ1p and 2γ0p.

Selection Stage 2γ1p eff. 2γ0p eff.
Topological 10.5% 6.60%
Pre-selection 59.4% 77.3%
BDT Selection 69.9% 54.8%
Combined 4.36% 2.81%

TABLE I. NC π0 efficiencies for the 2γ1p and 2γ0p selections.
The topological and combined efficiencies are evaluated rel-
ative to all true NC 1π0 events inside the active TPC. The
pre-selection and BDT selection efficiencies are evaluated rel-
ative to their respective preceding selection stage.
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FIG. 1. The reconstructed π0 invariant mass distributions for
the final selected 2γ1p and 2γ0p event samples.
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Selection Bin Number Erecoγ Range [GeV] precoπ0 Range [GeV/c] Background CV Signal CV Observed Data

1γ1p 1 [0,0.6) - 26.98 4.88 16
1γ0p 2 [0.1,0.7) - 165.35 6.55 153
2γ1p 3 - [0, 0.15) 185.69 0.14 154

4 - [0.15, 0.225) 179.49 0.21 155
5 - [0.225, 0.3) 137.88 0.19 105
6 - [0.3, 0.375) 100.51 0.13 83
7 - [0.375, 0.45) 72.68 0.07 53
8 - [0.45, 0.6) 81.36 0.08 55
9 - [0.6, 0.9) 34.03 0.04 23

2γ0p 10 - [0, 0.15) 98.17 0.11 92
11 - [0.15, 0.225) 105.05 0.09 114
12 - [0.225, 0.3) 100.10 0.07 101
13 - [0.3, 0.375) 87.23 0.07 72
14 - [0.375, 0.45) 60.87 0.05 50
15 - [0.45, 0.6) 63.38 0.05 48
16 - [0.6, 0.9) 27.92 0.02 18

TABLE II. Data and predicted number of events per bin for the final selected 1γ1p, 1γ0p, 2γ1p and 2γ0p distributions used
in the x∆ fit. Events in the 1γ selections are binned in terms of reconstructed photon shower energy, while events in the 2γ
selections are binned in terms of reconstructed π0 momentum. Signal NC ∆ → Nγ events contribute negligibly in the 2γ final
selected event samples.

II. FINAL SELECTED PREDICTIONS AND
OBSERVED DATA

The predicted number of events per bin for the final
selected 1γ1p, 1γ0p, 2γ1p and 2γ0p distributions used in
the x∆ fit are summarized in Table II, broken down in
terms of signal (corresponding to the nominal, GENIE-
predicted NC ∆→ Nγ) and background, along with cor-
responding bin boundaries. The fit is performed over one
(1) bin of reconstructed shower energy, Erecoγ , for each of

the 1γ selections, and seven (7) bins of reconstructed π0

momentum, precoπ0 , for each of the 2γ selections. The ob-
served data per bin after final selection are also provided,
for the same binning.

III. SYSTEMATIC COVARIANCE MATRIX

The fractional systematic covariance matrix, including
bin-by-bin systematic uncertainties and systematic corre-
lations for the final 1γ1p, 1γ0p, 2γ1p, and 2γ0p selections,
is shown in Fig. 2. The covariance matrix is provided in
terms of 16 × 16 bins, corresponding to one (1) bin of
reconstructed shower energy for each of the 1γ distribu-
tions, and seven (7) bins of reconstructed π0 momentum

for each of the 2γ distributions. The systematic covari-
ance matrix includes flux, cross-section, Geant4, detec-
tor, and nominal MC simulation intrinsic statistical un-
certainty, due to the finite MC statistics. GENIE uncer-
tainty on Beff(∆ → Nγ) is not included in the analysis.
The fractional systematic covariance matrix is also pro-
vided in Table III. Please note that the fractional covari-
ance matrix is inclusive of signal uncertainties and cor-
relations corresponding to the nominal GENIE-predicted
NC ∆→ Nγ event rate in Table II.

The covariance matrix provided in Table III can be
used to calculate the χ2 between the observed data and
the nominal MC prediction. For readers interested in re-
producing the fit result shown in this article, by perform-
ing a fit to the normalization (x∆) of the nominal rate of
NC ∆→ Nγ, a 18× 18-bin fractional systematic covari-
ance matrix, including the same systematic uncertain-
ties, is provided in Table IV, with 18 bins corresponding
to one (1) bin of reconstructed shower energy for signal
and one (1) bin of reconstructed shower energy for back-
ground, for each of the 1γ distributions, and seven (7)
bins of reconstructed π0 momentum for each of the 2γ
distributions. Signal (NC ∆→ Nγ) is not separated out
from background for the 2γ distributions in this covari-
ance matrix, for simplicity, as those can be approximated
as negligible.
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FIG. 2. (a) The total fractional systematic covariance matrix for the final selected 1γ1p, 1γ0p, 2γ1p, and 2γ0p event samples,
in bins of reconstructed shower energy for the 1γ distributions, and reconstructed π0 momentum for the 2γ distributions. The
bin boundaries are defined in Sec. II. (b) The systematic correlation matrix for the same covariance matrix, highlighting the
strong correlations between 1γ and 2γ final selected event samples.
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IV. EFFICIENCIES

The signal efficiencies for the 1γ selections are pro-
vided in Fig. 3a, defined as the ratio of all selected signal
events relative to all true NC ∆ → Nγ events whose
true interaction vertex is inside the active TPC. The lat-
ter corresponds to 124.1 expected events for 6.80 × 1020

POT. The figures highlight that the existence of a track
(proton candidate) allows for higher efficiency for pho-
tons of lower (true) energy. Shown in Fig. 3b is the same
information for the NC π0-rich 2γ selections, as a func-
tion of true π0 momentum, showing the same qualitative
trends.
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FIG. 3. (a) The signal NC ∆ → Nγ efficiency as a function
of true photon energy, for 1γ1p, 1γ0p and the joint 1γ(0+1)p
selections. (b) NC 1π0 efficiency as a function of true π0

momentum, for the high-statistics 2γ1p, 2γ0p and the joint
2γ(0 + 1)p selections.


