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Abstract

This note presents the extraction of flux-averaged total and differential neutral-current π0

cross section measurements, based on the Wiener-SVD unfolding method, using the Micro-

BooNE Liquid Argon Time Projection Chamber (LArTPC) and the Wire-Cell reconstruction

paradigm. This measurement is critical for single-photon searches as neutral-current pion

production represents one of the largest sources of background. We report the results for an

exposure corresponding to 5.327×1019 protons-on-target (POT).
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1 INTRODUCTION AND MOTIVATION

In this note we report measurements of inclusive neutral-current neutral pion (NCπ0) flux-averaged

total and differential cross sections in MicroBooNE [1] for a statistically limited data set (∼ 5.327×
1019 POT). The full readily available data set is at least ten times bigger, but this analysis is currently

only focusing on the reduced sample with a blinded strategy to reduced any bias.

This analysis takes advantage of existing tools that have been implemented for the Wire-Cell

electron-Low Energy Excess (eLEE) analysis [2], such as the Generic Neutrino Selection (GNS) [3],

augmenting these with a BDT-based event selection to improve the current box-cut Wire-Cell NCπ0

selection and produce the final measurements.

The neutral-current neutral pion channel represents a source of photon background which affects

a wide range of measurements, such as the long-baseline neutrino oscillation appearance search

(νµ→ νe ) for experiments like DUNE [4], and the single-photon production rate in MicroBooNE.

Studying this channel can lead to constraints on such backgrounds to achieve more precise results.

The lack of previous NCπ0 measurements on argon in the sub-GeV to few GeV neutrino energy

region (region of interest for MicroBooNE) makes this investigation a priority.

2 EVENT SELECTION

2.1 Signal Definition

In this note we measure the interaction defined as

νx + Ar → νx +π0 +X (1)

where νx identifies any neutrino or antineutrino, either electron or muon flavor, and X represents

the remnant nucleus, any number of neutrons, protons, charged pions and any additional π0

mesons. This definition doesn’t put any requirements on the flavour of the incoming neutrino. A

threshold is applied on the true neutrino energy at 275 MeV, motivated as the lowest value in true

neutrino energy with a non-zero reconstruction efficiency. No lower bound restriction on the π0

momentum or angle is required.

2.2 Analysis Input

The event types used in this analysis are summarized in Table 1 and are divided into two categories:

data and simulation. The following terms identify the different samples:

• BNB: on-beam data;

• EXTBNB: a partial set of off-beam data (pure cosmic background) taken during the periods

when no beam was received;
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• Overlay Intrinsic νe : simulated neutrino interactions from νe present in the beam, overlaid

with EXTBNB events;

• Overlay ν: simulated neutrino interactions from νµ present in the beam, overlaid with

EXTBNB events;

• Dirt: neutrino interactions happening outside the cryostat.

Since this measurement is currently using a sub-sample of the total data set recorded by the

MicroBooNE detector for blinding purposes, the BNB data sample is obtained by merging a fraction

of the data recorded during Run 1 (∼ 4×1019 POT) with a fraction of Run 3 (∼ 1×1019 POT). Events

from distinct runs, separated in time, allowed the investigation of effects that might not have been

present during the early stages of data taking but could have appeared over time. A higher statistical

sample includes events from Run 1 to Run 3, and will only be explored after approval of this note.

For the simulated samples, a custom tuned version of GENIE was used [5].

Sample Type Run POT
BNB data 1 4.43×1019

BNB data 3 9.00×1018

EXTBNB data 1 2.22×1020

EXTBNB data 3 7.41×1020

Overlay Intrinsic νe simulation 1 4.00×1022

Overlay Intrinsic νe simulation 3 8.92×1022

Overlay ν simulation 1 7.30×1020

Overlay ν simulation 3 7.07×1020

Dirt simulation 1 1.02×1021

Dirt simulation 3 1.09×1021

Table 1: Summary of the different data sets used with their corresponding protons-on-target (POT).

The events reported in the plots in this note are labeled as follows:

• BNB data: events coming from the BNB samples;

• EXT: events coming from the EXTBNB samples, misidentified as the selected neutrino inter-

action candidate;

• Dirt: events coming from the Dirt samples, misidentified as the selected neutrino interaction

candidate;

• Cosmic: events coming from the Overlay ν and Overlay νe samples in which cosmic activity

was misidentified as the selected neutrino interaction candidate;

• NCπ0 in FV: non-cosmic true NCπ0 events coming from the Overlay ν and Overlay Intrinsic

νe samples with true neutrino vertex inside the fiducial volume (this is the signal);

• NC in FV: non-cosmic true NC events without π0 coming from the Overlay ν and Overlay

Intrinsic νe samples with true neutrino vertex inside the fiducial volume;
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• νe CC in FV: non-cosmic true νe CC events coming from the Overlay νe samples with true

neutrino vertex inside the fiducial volume;

• out FV: non-cosmic events coming from the Overlay ν and Overlay νe samples with true

neutrino vertex outside the fiducial volume;

• CCπ0 in FV: non-cosmic true νµCCπ0 events coming from the Overlay ν samples with true

neutrino vertex inside the fiducial volume;

• νµCC in FV: non-cosmic truev νµCC events without π0 coming from the Overlay ν samples

with true neutrino vertex inside the fiducial volume.

The fiducial volume is defined as the inner volume at 3 cm away from all sides of the effective

detector boundaries, corresponding to 94.2% of the full TPC active volume.

2.3 Cosmic Ray Rejection and Generic Neutrino Selection

The MicroBooNE detector operates at the surface, therefore cosmic ray contamination is a serious

challenge. After matching reconstructed charge clusters in the TPC with PMT flashes, it is possible

to compare the timing given by the flash, which is associated to the charge cluster, to the BNB time

windows of 1.6 µs. Rejecting all clusters not in coincidence with the beam enables an increase in

the ratio of neutrino interactions to cosmic rays. Through-going muons are successfully tagged by

comparing the end points of the clusters with the boundaries of the TPC fiducial volume, while

stopped muons, entering from the outside and stopping inside the TPC, are easily labelled by the

ionization charge per unit length (dQ/d x) fitting. About 99.98% of the cosmic-ray background

events are therefore rejected. This stage is called Generic Neutrino Selection as no specific require-

ments are placed on the nature of the neutrinos participating in the interactions. Fig. 1 shows the

purity as a function of the visible energy in the TPC (defined as the sum of the energies associated

to all reconstructed clusters) of the events passing this pre-selection cut. More information can be

found in [3].

The Generic Neutrino Selection is implemented as the starting point for the neutral-current π0

event selection.

2.4 Boosted Decision Tree - Event Selection

A boosted decision tree (BDT) is used to sort neutrino events, with a binary classification, as signal-

like and background-like. Several variables are passed to the BDT as input for each event (generally

scalar variables) and a single score is obtained as a result of the classification. This analysis makes

use of the eXtreme Gradient Boosting (XGBoost) algorithm [6] to implement the BDT.

In order to select the optimal value in the BDT score range that can be used to discriminate signal

from background, we investigate the product of efficiency and purity of the validation sample. The

maximum of this function is chosen as the cut value of choice.
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Visible Energy [MeV]

MicroBooNE Simulation,
Preliminary

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 1: (Left) Event fraction for neutrino-induced and cosmic-ray background events in the selected
neutrino candidates. (Right) Selected events passing Generic Neutrino Selection as a function of the visible
energy inside the detector.

To summarize the effects of the BDT algorithm, Fig. 2 shows the BDT scores assigned to all events

passing the Generic Neutrino Selection. The cut is defined at the BDT score of 1.82.

MicroBooNE
5.327×1019 POT,
Preliminary

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 2: (Left) NCπ0 BDT score distribution of data and MC after the Generic Neutrino Selection for fully
contained events (all reconstructed objects are contained in the TPC active volume, generally referred to as
FC), and (Right) for partially contained events (at least one reconstructed object exits the TPC active volume,
generally referred to as PC). No events have been excluded by the choice of the range.

3 SYSTEMATIC UNCERTAINTIES

The major systematic uncertainties considered in this analysis can be divided into the following

categories:

1. Uncertainties from the Booster Neutrino Beam neutrino flux

2. Uncertainties from neutrino-argon cross sections based on the GENIE event generator
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3. Uncertainties from GEANT4 reinteractions between hadrons and argon nuclei

4. Uncertainties from detector performance and effects

5. Uncertainties due to limited Monte Carlo statistics

3.1 Summary of Systematic Uncertainties

The following plots show the summary of the various systematic uncertainties considered in this

analysis. The uncertainties are reported for the kinematic distributions with the highest importance

for this work for events passing the selection (Fig. 3 and 4). Tables 2 provides additional information

to better read and understand the plots. In all plots, the last bin represents the overflow bin.

Uncertainties on the number of targets and POT are not shown.

Variable Range # of Bins
Corrected visible energy [MeV] 0, 1500 20+1
π0 Momentum [MeV/c] 0, 1500 25+1
π0 Mass [MeV/c2] 0, 300 29+1
π0 cos θ -1, 1 20+1

Table 2: Table explaining the bin divisions for Fig. 3, and 4. The number of bins always contains the overflow
bin (marked as +1). Systematic uncertainties from POT counting and number of target nuclei are omitted in
the plots.

MicroBooNE Simulation,
Preliminary MicroBooNE Simulation,

Preliminary

Figure 3: Summary of systematic uncertainties for the corrected visible energy (Left) and the π0 momentum
distributions (Right). The fractional uncertainty defined as σ2

i /σ2
Tot al ×100 are shown.

MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

Figure 4: Summary of systematic uncertainties for the π0 mass (Left) and the π0 angle distributions (Right).
The fractional uncertainty defined as σ2

i /σ2
Tot al ×100 are shown.
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As shown in the fractional uncertainty plots, in bins with high simulation statistics (lower visible

energy, lower π0 momentum, π0 mass close to the mass peak, and more forward going π0 angles)

the major source of systematic uncertainty seems to be the cross section model, while when the

statistics are lower, detector effects seem to play a major role.

4 OPEN DATA SET RESULTS (5.327 ×1019 POT)

Here we report the results of the selection for different kinematic variables, showing the comparison

between data and overall prediction for all selected events after applying the cut on the BDT score.

MicroBooNE
5.327×1019 POT,
Preliminary

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 5: Corrected visible energy (Left) and reconstructed π0 momentum (Right) for all selected events.

MicroBooNE
5.327×1019 POT,
Preliminary

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 6: Reconstructed π0 mass (Left) and reconstructed π0 angle (Right) for all selected events.

While for all distributions data agrees with the overall predictions within the total uncertainties, a

data deficit close to 20% is observed compared to the MC central value. This selection presents a

total purity, defined as the ratio of selected true NCπ0 events to all selected prediction events, of

∼ 51%.
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Efficiencies as a function of the true neutrino energy, π0 momentum, and angle are shown below for

all selected events and only fully-contained events (Fig. 7). The efficiency is defined as the fraction

of selected true NC π0 events divided by the total number of generated true NC π0 events with the

true vertex in the TPC active volume.

MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

Figure 7: Total efficiency as a function of the true neutrino energy (Top), true π0 momentum (Bottom Left)
and true π0 angle (Bottom Right) for selected NC π0 events.

Purity for the selected signal events as a function of the corrected visible energy, π0 momentum

and angle is shown in Fig. 8.
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MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

Figure 8: Purity for signal events as a function of the corrected visible energy (Top), reconstructed π0

momentum (Bottom Left) and reconstructed π0 angle (Bottom Right) for selected NC π0 events.
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5 CROSS SECTION RESULTS

Flux Calculation

Since not only νµ interactions inside the TPC contribute to the final NCπ0 production, for the

following measurements we are considering the flux of all species of neutrino present in the beam

(νe , νe , νµ, νµ), Fig. 9. The sum of these integrated fluxes is used, due to the inability to identify the

nature of the incoming neutrino when looking at the final state.

MicroBooNE Simulation,
Preliminary

Figure 9: Flux of different neutrino types passing through the LArTPC active volume.

When calculating the flux normalization constant, the neutrino energy range chosen for the total

one-bin cross section is also used in the integration of the flux. This means that the area of flux in

the range (0, 0.275) GeV is not considered. The integrated flux obtained is therefore

Φ= 3.538×109ν/cm2.

Number of Targets Calculation

The number of argon atoms in the active volume of the TPC can be calculated using Eq. 2:

N = ρV NA

MAr
= 1.215×1030 (2)

with the liquid argon density ρ = 1.3836 g/cm3 in the cryostat, the active volume V = 5.82515×107

cm3, the molar mass of argon MAr = 39.95 g/mol, and the Avogadro constant NA = 6.022×1023

mol−1. A relative 1.1% systematic uncertainty is considered on this parameter.

5.1 Total Cross Section Results

Here we report the flux-averaged total one-bin cross section result. Due to the nature of the result,

reported as a single bin, there is no need for an unfolding procedure. The total one-bin cross section
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is calculated as:

σNCπ0 = M −BMC −BE X T B N B

ϵΦ N
(3)

with M being the selected BNB Data, BMC and BE X T the background MC expectation and the

selected EXTBNB Data events, ϵ being the efficiency of the selection,Φ the integrated flux, and N

the number of targets.

Table 3 summarizes the elements used in the total flux-averaged one-bin cross section extraction,

while Fig. 10 reports the measurement and the impact of each uncertainty on the final result.

Targets [1030] 1.215
ν Flux [10−10 ν / cm2 / POT] 6.642
POT [1019] 5.327
Efficiency 0.348±0.003
BNB Data 514.0±22.7
EXTBNB Data 47.8±1.7
Bkg MC 262.6±3.3
Estimated Signal 203.6±23.0

σNCπ0 [10−38 cm2 / Ar] 1.43±0.21±0.33

Table 3: Summary table containing the parameters for the cross section calculation. This table reports the
statistical uncertainties for the different entries. When not present, only systematic effects are considered.
The final cross section measurement is reported in the format σ ± stat ± sys. For systematic uncertainties see
Fig. 10.

Fig. 10 shows a consistent data deficit in the NCπ0 measurement compared to the GENIE prediction

for this measurement, which is also compared to a previous MicroBooNE measurement using

the Pandora reconstruction framework [7]. The data deficit is also expected in this cross section

measurement given the previously shown distributions in Sec. 4. It is also expected, due to the

low statistics of the BNB samples, that statistical uncertainties are dominant in this measurement.

Systematics due to the flux and cross section model also contribute strongly to the total uncertainty.

5.2 Differential Cross Section Results

The differential cross section as function of π0 momentum, extracted using the Wiener-SVD un-

folding method [8] in the momentum range between [0-1500] MeV/c, is presented in this section.

Fig. 11 shows the covariance matrix and the correlation coefficients in the unfolded π0 momentum

bins; a high correlation is observed for immediately adjacent bins.

The final measurement with the relevant uncertainties is shown in Fig. 12, whereas Table 4 reports

the central value and uncertainties for each bin.

The differential cross section shows an over-prediction of the model compared to the data. This is

a consistent behavior that we see in the total flux-averaged one-bin cross section measurement
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MicroBooNE Simulation,
Preliminary GENIE v3 MicroBooNE tune GENIE v3 MicroBooNE tune

Wire-Cell NCπ0  (Total) Pandora NC1π0  (Total)

Wire-Cell NCπ0  (Stat. only) Pandora NC1π0  (Stat. only)

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 10: (Left) Fractional uncertainties for the total flux-averaged one-bin cross section. (Right) Final
total flux-averaged cross section measurement for 5.327×1019 POT. The plot shows two measurements,
the first one (WC Inclusive) is the result of this work, and is compared to the GENIE v3 MicroBooNE tune
prediction of 1.94 10−38 cm2/Ar (red line). The second measurement (Pandora Semi-inclusive) is the result
reported in the Pandora-based analysis for a total POT corresponding to 5.9×1020, [7], which is compared
to its GENIE v3 MicroBooNE tune prediction of 1.68 10−38 cm2/Ar (blue line). The signal definitions for the
two measurements are slightly different, which accounts for the slightly different GENIE predictions. The
comparison demonstrates the consistent data deficit observed by both analyses.

MicroBooNE Simulation,
Preliminary

MicroBooNE Simulation,
Preliminary

Figure 11: (Left) Covariance matrix, and (Right) correlation coefficient matrix in the unfolded π0 momentum
bins.

as well. As expected, the statistical uncertainty is the dominant source of uncertainty, followed by

cross section model and detector systematics.
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MicroBooNE Simulation,
Preliminary

GENIE v3 MicroBooNE tune

Wire-Cell NCπ0  (Total)

Wire-Cell NCπ0  (Stat. only)

MicroBooNE
5.327×1019 POT,
Preliminary

Figure 12: (Left) Fractional uncertainties for the measured differential cross section for each bin, note that
systematic uncertainties for POT and number of targets are not shown in the plot, they account respectively
for 2.2% and 1.1%. (Right) Differential cross section measurement in true π0 momentum.

Pπ0 [GeV/c]
dσ

dPπ0

[10−40 cm2 / GeV/c / nucleon]

(0.00, 0.10) 4.33±1.10±0.83
(0.10, 0.15) 8.88±2.03±1.59
(0.15, 0.20) 9.24±1.77±1.48
(0.20, 0.25) 7.93±1.27±1.13
(0.25, 0.30) 6.65±0.97±0.90
(0.30, 0.40) 5.53±0.84±0.76
(0.40, 0.50) 3.93±0.68±0.60
(0.50, 0.60) 2.28±0.52±0.45
(0.60, 0.80) 1.20±0.42±0.35
(0.80, 1.00) 0.58±0.30±0.25
(1.00, 1.50) 0.27±0.19±0.15

Table 4: Tabulated values of the flux-averaged differential cross sections for NCπ0 production on argon
corresponding to the plots in Fig. 12. The values are reported following the format σ ± stat ± sys.
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6 CONCLUSIONS

In conclusion, we have used a relatively pure sample of NCπ0 events, selected from the available

open data set (5.327×1019 POT), to produce measurements of total flux-averaged and differential

cross sections of NCπ0 production on argon in MicroBooNE using Wire-Cell. These measurements,

which are the principal result of this work, can be found in Fig. 10 and 12 with the respective Tables

(3 and 4).

The total flux-averaged cross section has been measured to be (1.43±0.21st at ±0.33s y s) ×10−38

cm2/Ar. These results should provide background constraints to future oscillation experiments as

well as single-photon searches in MicroBooNE.
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