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We report the first measurement of π0 production in neutral current (NC) interactions on argon
with average neutrino energy of <∼ 1 GeV. We use data from the MicroBooNE detector’s 85-tonne
active volume liquid argon time projection chamber situated in Fermilab’s Booster Neutrino Beam
and exposed to 5.89× 1020 protons on target for this measurement. Measurements of NC π0 events
are reported for two exclusive event topologies without charged pions. Those include a topology
with two photons from the decay of the π0 and one proton and a topology with two photons and
zero protons. Flux-averaged cross-sections for each exclusive topology and for their semi-inclusive
combination are extracted (efficiency-correcting for two-plus proton final states), and the results are
compared to predictions from the genie, neut, and NuWro neutrino event generators. We measure
cross sections of 1.243± 0.185 (syst) ±0.076 (stat), 0.444± 0.098± 0.047, and 0.624± 0.131± 0.075
[10−38cm2/Ar] for the semi-inclusive NCπ0, exclusive NCπ0+1p, and exclusive NCπ0+0p processes,
respectively.

I. INTRODUCTION68

Neutrino-nucleus cross-sections have been the subject69

of intense study both experimentally and within the the-70

ory community in recent years due to their role in inter-71

preting neutrino oscillation measurements and searches72

for other rare processes in neutrino scattering [1]. While73

neutrino oscillation experiments primarily rely on mea-74

suring the rate of charged current (CC) interactions, it75

is also important that we build a solid understanding of76

inclusive and exclusive neutral current (NC) neutrino in-77

teractions.78

NC neutrino interactions are of particular importance79

to νe and ν̄e measurements in the energy range of a80

few hundred MeV. This is especially true for detectors81

that cannot perfectly differentiate between photon- and82

electron-induced electromagnetic showers, and therefore83

where NC π0 production can be misidentified as νe or ν̄e84

CC scattering. Misidentification of photons as electrons85

complicates the interpretation of νe appearance measure-86

ments aiming to measure subtle signals. These include87

sterile neutrino oscillation searches with the upcoming88

Short Baseline Neutrino (SBN) experimental program [2]89

and CP violation measurements and mass hierarchy de-90

termination with the future Deep Underground Neutrino91

Experiment (DUNE) [3].92

Furthermore, NC π0 events can contribute as back-93

ground to searches for rare neutrino scattering processes94

such as NC ∆ resonance production followed by ∆ radia-95

tive decay, or NC coherent single-photon production at96

energies below 1 GeV [4]. This is primarily a consequence97

of the limited geometric acceptance of some detectors,98

∗ microboone info@fnal.gov

whereby one of the photons from a π0 decay can escape99

the active volume of the detector. Depending on a detec-100

tor’s ability to resolve electromagnetic shower substruc-101

ture, NC π0 events can further contribute as background102

to searches for new physics beyond the Standard Model103

(BSM), such as e+e− production predicted by a number104

of BSM models [5–9].105

Finally, NC measurements themselves can provide a106

unique channel for probing new physics. For example,107

searches for non-unitarity in the three-neutrino paradigm108

or searches for active to sterile neutrino oscillations109

are possible via NC rate disappearance measurements110

[10, 11]. Such searches can provide complementary in-111

formation to non-unitarity or light sterile neutrino oscil-112

lation parameters otherwise accessible only through CC113

measurements.114

Using a liquid argon time projection chamber115

(LArTPC) as its active detector, MicroBooNE [12]116

shares the same technology and neutrino target nucleus117

as the upcoming SBN and future DUNE experiments.118

MicroBooNE’s 85 metric ton active volume LArTPC119

is situated 468.5 m away from the proton beam tar-120

get in the muon-neutrino-dominated Booster Neutrino121

Beam (BNB) at Fermilab [13] which is also used by122

SBN. The resulting neutrino beam has a mean energy123

〈Eν〉 = 0.8 GeV and is composed of 93.7% νµ, 5.8% ν̄µ,124

and 0.5% νe/ν̄e. MicroBooNE’s cross-section measure-125

ments on argon are therefore timely and directly relevant126

to these future (SBN and DUNE) programs.127

We present the first measurement of neutrino-induced128

NC single-π0 (1π0) production on argon with a mean129

neutrino energy in the 1 GeV regime, which is also the130

highest-statistics measurement of this interaction chan-131

nel on argon to date. This measurement is relevant to132

the physics programs of experiments that operate in the133

few-GeV regime (SBN [2], DUNE [3], NOνA [14, 15],134

This document was prepared by MicroBooNE Collaboration using the resources of the Fermi National Accelerator Laboratory (Fermilab), a U.S. Department of Energy, Office of 
Science, HEP User Facility. Fermilab is managed by Fermi Research Alliance, LLC (FRA), acting under Contract No. DE-AC02-07CH11359.
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T2K [16], and Hyper-K [17]), especially those which share135

argon as a target material. Additionally, this measure-136

ment has been used to provide an indirect constraint to137

the rate of NC 1π0 backgrounds in MicroBooNE’s recent138

search for a single-photon excess [4]. The only previous139

results for NC 1π0 scattering on argon are from the Ar-140

goNeuT collaboration using the NuMI beam which has a141

much higher mean neutrino beam energy of 9.6 GeV for142

νµ and of 3.6 GeV for νµ [18].143

The interaction final states that are measured in this144

analysis are defined as145

ν +A → ν +A′ + π0 +X, (1)

where A represents the struck (argon) nucleus, A′ rep-146

resents the residual nucleus, and X represents exactly147

one or zero protons plus any number of neutrons, but no148

other hadrons or leptons. The protons are identifiable149

in the MicroBooNE LArTPC by their distinct ionizing150

tracks while the π0 is identifiable through the presence151

of two distinct electromagnetic showers, one for each pho-152

ton from the π0 → γγ decay, with kinematic properties153

such that they reconstruct to approximately the π0 in-154

variant mass.155

These one proton and zero proton samples are used156

first to perform a rate validation check and subsequently157

in three distinct cross-section measurements. By lever-158

aging the capability of LArTPCs to detect and identify159

protons we perform the world’s first exclusive NCπ0+0p160

and NCπ0+1p cross-section extractions and additionally161

measure the cross-section for NCπ0 interactions semi-162

inclusively using both the one proton and zero proton163

samples combined. Each of these cross-section extrac-164

tions utilizes a distinct signal definition. The signal165

definitions for the two exclusive measurements place a166

threshold on true proton kinetic energy of greater than167

50 MeV, while the semi-inclusive measurement allows for168

any number of protons. The signal definitions for all169

three measurements also require that there are no other170

hadrons or leptons in the final state (as noted above).171

MeV-scale photons, which may arise from nuclear de-172

excitation processes within the struck nucleus, are al-173

lowed in the final state. Finally, the signal definitions174

allow for interactions of all flavors of neutrinos that are175

present: νµ, ν̄µ, νe, and ν̄e.176

These definitions are comparable to other historical177

NC π0 measurements which typically require one and178

only one π0 meson and little hadronic activity in the179

detector [19–27]. This differs from the more inclusive180

approach of the ArgoNeuT experiment motivated both181

by its higher energy beam as well as the need to mit-182

igate the low statistics of its data sample [18]. Mak-183

ing use of the MicroBooNE LArTPC’s power in exam-184

ining hadronic final state multiplicities and kinematic185

properties with high resolution, the flux-averaged cross-186

sections extracted in this analysis extend our understand-187

ing of this important interaction channel. The simulta-188

neous measurement of exclusive and semi-inclusive cross-189

sections in particular provides additional information for190

the tuning of NC 1π0 production cross sections and nu-191

clear final state interactions in neutrino-argon scattering192

models.193

II. ANALYSIS OVERVIEW194

This measurement uses data corresponding to a BNB195

exposure of 5.89 × 1020 protons on target (POT), col-196

lected during the period 2016–2018 and referred to as197

“Runs 1–3” in many of the subsequent figures. Neutrino-198

argon interactions are simulated using a custom tune [28]199

of the genie neutrino event generator v3.0.6 [29, 30]200

(based on model set G18 10a 02 11a) adopted by the201

MicroBooNE Collaboration. This tune specifically tar-202

gets CC quasi-elastic (QE) and CC multi-nucleon in-203

teraction models and overall has very little direct effect204

on this NC-focused analysis. genie v3 uses the Berger-205

Sehgal [31, 32] model for resonant production of π0 and206

includes improved agreement with an expanded data set207

for the A-dependence of final state interactions (FSI), up-208

dated form factors [33], updated diagrams for pion pro-209

duction processes [32, 34, 35], and a new tune to neutrino-210

proton and neutrino-deuterium cross-section data [30].211

The MicroBooNE Monte Carlo (MC) prediction further212

makes use of geant4 v4 10 3 03c [36] for particle propa-213

gation and re-interactions within the detector and a cus-214

tom detector response model all implemented within the215

LArSoft framework [37].216

The MicroBooNE data and MC reconstruction chain217

begins by reading out and processing the ionization218

charge signals detected on the 8,192 wires that make219

up the three anode planes of the MicroBooNE LArTPC.220

The procedure includes noise removal [38] and signal pro-221

cessing as described in [39] and [40]. Localized regions222

of interest referred to as “hits” are then identified and223

fit to Gaussian pulses. The collection of these hits and224

their characteristics such as readout time, wire chan-225

nel number, and integrated charge are then used as in-226

put to the Pandora pattern recognition framework for227

further processing [41]. The Pandora framework clus-228

ters and matches hits across three 2D projected views229

of the MicroBooNE active TPC volume to form 3D re-230

constructed objects. These objects are then classified as231

track-like or shower-like based on a multivariate classi-232

fier score and aggregated into candidate neutrino inter-233

actions. Pandora also reconstructs a candidate neutrino234

interaction vertex based on the position and orientation235

of the reconstructed tracks and showers which represents236

the most likely position of the neutrino interaction.237

Being a surface detector, MicroBooNE is subject to a238

constant stream of high-energy cosmic rays impinging on239

the detector that substantially outnumber the neutrino240

interactions and form the largest background to candi-241

date neutrino interactions. To incorporate the effect of242

cosmic-ray contamination in the simulation, cosmic ray243

data recorded in situ at MicroBooNE, when the beam244

is not present, are used as overlays (at the wire sig-245
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nal waveform level) to simulated neutrino interactions.246

During the 2.3 ms that it takes to “drift” ionization247

charge associated with neutrino interaction final states248

across the maximum 2.56 m drift distance, O(10) cos-249

mic rays are expected to enter the detector. In order to250

reduce this cosmic-ray contamination, scintillation light251

recorded by the MicroBooNE photo-detector system is252

matched to candidate neutrino interactions during recon-253

struction and is also required to occur in time with the254

1.6 µs long BNB neutrino spill.255

To select a high-purity sample of BNB neutrino NC256

1π0 interactions, a series of topological, pre-selection,257

and boosted decision tree (BDT)-based selections are ap-258

plied. This results in two mutually exclusive final selec-259

tion topologies: 2γ1p, which targets two photons and260

one proton in the final state, and 2γ0p, which targets261

two photons and zero protons in the final state. The262

different selection stages are described below, along with263

the details of the systematic uncertainty evaluation.264

A. Topological Selection and Pre-Selection265

The event selection begins with topology-based crite-266

ria for candidate neutrino interactions identified by Pan-267

dora and targets two mutually exclusive topological def-268

initions: (a) two showers and one track (2γ1p), and (b)269

two showers and zero tracks (2γ0p). The two showers270

correspond to the photons expected from π0 decay. The271

presence of a track corresponds to a reconstructed pro-272

ton exiting the nucleus while the zero-track case suggests273

either a low-energy proton that is not reconstructed or274

no charged hadrons at all exiting the nucleus.275

Once events with the desired signal topologies are iden-276

tified, a series of loose “pre-selection” requirements is ap-277

plied to reduce obvious backgrounds or mis-reconstructed278

events. These pre-selection requirements include shower279

energy thresholds of 30 MeV for the leading shower and280

20 MeV for the subleading shower in both topologies.281

The pre-selection also requires that the reconstructed282

neutrino interaction point be contained in a fiducial vol-283

ume, defined as at least 5 cm away from any TPC wall, in284

order to help reduce the number of selected events with285

tracks that exit the detector. For the 2γ1p topology,286

the non-zero conversion distance of photons is explicitly287

used by requiring that each shower has a reconstructed288

start point of at least 1 cm from the reconstructed neu-289

trino interaction vertex. Typically the reconstructed neu-290

trino interaction vertex is identified as the start of the re-291

constructed proton candidate track. In order to remove292

a very small number of poorly reconstructed events in293

which the candidate track is not consistent with the hy-294

pothesis of originating from the candidate neutrino inter-295

action vertex, a requirement is placed to ensure the track296

start point is always within 10 cm of the reconstructed297

neutrino interaction vertex. The efficiency of selecting298

NC 1π0 + 0 (1)p events using these pre-selection require-299

ments is 82.1% (63.6%). Note that the efficiency of the 1p300

selection is lower because of the additional requirements301

placed on the track reconstruction.302

B. Boosted Decision Tree-Based Selection303

After applying the pre-selection requirements, the304

remaining signal and background are further differenti-305

ated and separated using two tailored BDTs trained on306

simulation. The gradient boosting algorithm XGBoost307

[42] is used to train each of the BDTs. They take as308

input various reconstructed kinematic, geometric, and309

calorimetric variables both for the signal (defined as310

an NC interaction with identically one π0 in the final311

state) and for the background interactions. Because the312

two tailored BDTs target different topologies, notably313

including one track in the case of 2γ1p and zero tracks in314

the case of 2γ0p, the signal definitions used for the two315

BDTs are slightly different. NC π0 events with exactly316

one proton with true kinetic energy above 20 MeV are317

used as the training signal for the 2γ1p BDT while318

NC π0 events with no protons with true kinetic energy319

above 20 MeV are used as the training signal for the320

2γ0p BDT. We note that the 20 MeV threshold used321

in the BDT training is lower than the 50 MeV proton322

kinetic energy threshold used later during cross-section323

extraction, as during training we are aiming to push the324

threshold as low as possible. Each BDT is trained on325

ten reconstructed variables. Due to the existence of a326

proton candidate track in the 2γ1p sample, these ten327

variables differ for each BDT. They are listed below.328

329

Variables used in both 2γ1p and 2γ0p BDTs:330

• Leading and subleading shower impact parame-331

ters: The perpendicular distance between the back-332

projection of the reconstructed shower and the can-333

didate neutrino interaction point which is a metric334

of how well each shower “points” back to the re-335

constructed neutrino interaction point.336

• Leading and subleading shower conversion dis-337

tances: Defined as the distance between the re-338

constructed start of the shower and reconstructed339

neutrino interaction point.340

• Reconstructed energy of the leading shower.341

Variables used in only the 2γ1p BDT:342

• Reconstructed track length.343

• Reconstructed track vertical angle: Defined as the344

arctangent of the track direction in the vertical345

plane with respect to the beam axis.346

• Distance from track end to TPC wall: Calculated347

as the shortest distance to the closest TPC wall.348

• Reconstructed mean energy deposition per unit349

length (dE/dx) of the track.350
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• Ratio of dE/dx of the first half of track to that of351

the second half of the track: A metric for identi-352

fying stopping proton tracks that contain a Bragg353

peak.354

Variables used in only the 2γ0p BDT:355

• Reconstructed energy of the subleading shower.356

• Leading and subleading shower geometric length357

per unit energy: The ratio of each shower’s geo-358

metric length to its reconstructed energy. The ge-359

ometric length is an estimate of the 3D extent of360

the electromagnetic shower.361

• Pandora “neutrino score”: A multivariate classifier362

in the Pandora reconstruction suite which scores all363

reconstructed neutrino candidates based on their364

geometric and kinematic features as to how likely a365

candidate is due to a neutrino interaction or cosmic366

in origin.367

• Reconstructed leading shower vertical angle: Direc-368

tion in the vertical plane with respect to the beam369

axis.370

By construction BDT scores lie on the interval of [0,371

1]. After training, the resulting BDT score distributions,372

tested on a statistically independent simulation and data373

set, are shown in Fig. 1. The simulation and data points374

agree across the full range of BDT classifier score within375

systematic and statistical uncertainties (the definition of376

these systematic uncertainties is described in detail in377

Sec. II C). The bimodal distribution of the 2γ1p BDT re-378

sponse indicates greater separation power between signal379

and background compared to that for 2γ0p because the380

addition of the reconstructed track gives access to an en-381

tirely separate handle on background rejection. For this382

and subsequent MC simulation comparisons to data, the383

simulation predictions are broken down into the following384

eight categories, based on genie truth-level information:385

• NC 1π0: All neutral current interactions that pro-386

duce one exiting π0 regardless of incoming neutrino387

flavor. This is our targeted signal selection, and it388

is further split into two sub-categories, “NC 1π0
389

Coherent” and “NC 1π0 Non-Coherent” contribu-390

tions, based on their interaction types.391

• NC ∆ → Nγ: Leading Standard Model source of392

NC single-photon production below 1 GeV origi-393

nating from radiative decay of the ∆(1232) baryon.394

• CC νµ1π0: All νµ CC interactions that have one395

true exiting π0.396

• CC νe/νe Intrinsic: All CC νe or νe interactions397

regardless of whether or not a π0 was emitted.398

• BNB Other: All remaining BNB neutrino interac-399

tions that take place in the active TPC volume of400

MicroBooNE and are not covered by the above five401

categories.402

• Dirt (Outside TPC): All BNB neutrino interac-403

tions that take place outside the MicroBooNE ac-404

tive TPC but have final states that enter and inter-405

act inside the active TPC detector. This can origi-406

nate from scattering off liquid argon in the cryostat407

vessel outside the active TPC volume or from in-408

teractions in the concrete and “dirt” surrounding409

the cryostat itself.410

• Cosmic Data: Coincident cosmic ray interactions411

that take place during a BNB spill but without any412

true neutrino interaction present.413

The final NC 1π0-enriched samples are selected by414

placing a requirement on the BDT score distribution that415

maximizes the product of NC 1π0 signal efficiency and416

purity. This corresponds to a threshold on the BDT417

scores of > 0.854 and > 0.950 for 2γ1p and 2γ0p, respec-418

tively. The final distributions are provided and discussed419

in Sec. II E.420

C. Systematic Uncertainty Evaluation421

Systematic uncertainties on the MC simulation pre-422

diction include contributions from uncertainties in the423

neutrino flux, the cross-section modeling, hadron re-424

interactions, detector effects, and the effect of finite425

statistics used in the background predictions (both sim-426

ulations and cosmic ray data).427

The flux systematic uncertainties incorporate hadron428

production uncertainties where the Booster proton beam429

hits the beryllium target, uncertainties on pion and nu-430

cleon scattering in the target and surrounding aluminum431

magnetic focusing horn of the BNB, and mismodeling of432

the horn current. Following [43], these are implemented433

by reweighting the flux prediction according to neutrino434

type, parentage, and energy, and studying the propa-435

gated effects on the final event distributions.436

The cross-section uncertainties incorporate modeling437

uncertainties on the genie prediction [28–30], evaluated438

by genie reweighting tools. The default genie uncer-439

tainties on NC resonant production arising from NC440

resonant vector and axial mass parameters of mV =441

0.840± 0.084 GeV and mA = 1.120± 0.224 GeV, respec-442

tively, were assumed. genie uses an effective cascade em-443

pirical model for hadronic final-state interactions, called444

hA2018, which allows for reweighting to estimate the ef-445

fect on final distributions. For more information on cross-446

section uncertainties in MicroBooNE, please see [28].447

The hadron-argon reinteraction uncertainties are as-448

sociated with the propagation of hadrons through the449

detector, as modeled in geant4 [36]. Both charged450

pions and proton reinteractions during propagation451

were considered and their impact estimated using the452

geant4reweight tool [44].453

The detector modeling and response uncertainties are454

evaluated using MicroBooNE’s novel data-driven tech-455

nique for assessing and propagating LArTPC detector-456
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FIG. 1: The BDT classifier score for (a) 2γ1p and (b)
2γ0p targeted selections. Higher scores indicate more
NC 1π0 signal-like events, and lower scores indicate
more background-like events. The red vertical lines in-
dicate the threshold positions, keeping all events to the
right, for the final selections. The distribution above
0.95 is omitted for 2γ1p because there are no events in
this region.

related systematic uncertainties [45]. This approach uses457

in situ measurements of distortions in the TPC wire458

readout waveform signals – caused by detector effects459

such as electron diffusion, electron drift lifetime, elec-460

tric field, and the electronics response – to parameterize461

these effects at the TPC wire level. This provides a de-462

tector model-agnostic way to study and evaluate their463

effects on the high level variables and, subsequently, the464

final event distributions. Additional detector systematics465

corresponding to variations in the charge recombination466

model, the scintillation light yield, and space charge ef-467

fects [46, 47] are separately evaluated and also included.468
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FIG. 2: Reconstructed shower energy vs. true shower
energy for a sample of simulated true NC 1π0 events.
Only showers with a reconstructed energy of at least
20 MeV are considered.

D. Shower Energy Calibration469

Electromagnetic shower reconstruction in LArTPCs470

is known to be a lossy process primarily due to mis-471

clustering and thresholding effects. Current reconstruc-472

tion algorithms often miss small, low-energy hits in473

an electromagnetic shower when clustering objects, and474

some of the hits that are reconstructed may fall below the475

energy threshold. On average, these effects are expected476

to yield shower energy losses of approximately 20% [48].477

This can be seen in Fig. 2 where the reconstructed shower478

energy falls systematically below the true shower energy479

in simulation. By performing a linear fit to the most480

probable values of reconstructed shower energy in bins481

of true shower energy, shown as the pink straight line482

in Fig. 2, a correction factor is extracted which brings483

the reconstructed values closer to expectation. This fit484

results in an energy correction that is applied to all re-485

constructed showers,486

Ecorr = (1.21± 0.03)Ereco + (9.88± 4.86) MeV, (2)

and represents a correction of approximately 20%, as ex-487

pected.488

E. Final Selected Spectra489

After applying the BDT requirements, 1130 selected490

data events remain with 634 and 496 falling into the 2γ1p491

and 2γ0p selections, respectively. For the 2γ1p selection,492

the BDT score requirement efficiency is 69.9% and the493

purity is 63.5% while for the 2γ0p selection, the efficiency494

and purity are 54.8% and 59.6%, respectively. The 2γ1p495

and 2γ0p BDT selection efficiencies and purities are both496

calculated relative to a NC 1π0 final state, allowing for497

any number of protons. The efficiencies at each stage498
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FIG. 3: Efficiencies of the final 2γ1p, 2γ0p and com-
bined 2γ(0 + 1)p selections as a function of (a) true π0

momentum and (b) true leading exiting proton kinetic
energy. Events in which there are no exiting protons
are included in the first bin. As can be seen, a thresh-
old of ≈ 50 MeV proton kinetic energy is where events
start to shift between the 2γ0p and 2γ1p selections.

of the analysis are provided in Table I, and the total ef-499

ficiency for each selection is shown as a function of (a)500

true π0 momentum and (b) true proton kinetic energy501

in Fig. 3. Overall, the 1p selection is more efficient and502

of higher signal purity relative to the 0p selection due503

to the existence of a reconstructed particle track which504

greatly helps to tag the neutrino interaction point and505

reject backgrounds. This track information, particularly506

track calorimetry, provides an additional handle on the507

neutrino interaction mode; a proton-like track is highly508

indicative of an NC 1π0 interaction whereas CC interac-509

tions generally have a muon track in the final state.510

The resulting distributions as a function of the recon-511

structed two-photon invariant mass are shown in Fig. 4.512
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FIG. 4: The reconstructed diphoton invariant mass for
both the (a) 2γ1p and (b) 2γ0p final selected data. The
result of fitting a Gaussian plus linear function to the
data is shown in cyan.

TABLE I: NC 1π0 efficiencies for the 2γ1p and 2γ0p
selections. The topological and combined efficiencies
are evaluated relative to all true NC 1π0 events inside
the active TPC. The pre-selection and BDT selection
efficiencies are evaluated relative to their respective
preceding selection stage. The final efficiencies are the
combined total efficiency for each selection.

Selection Stage 2γ1p eff. 2γ0p eff.

Topological 10.5% 6.60%

Pre-selection 59.4% 77.3%

BDT Selection 69.9% 54.8%

Final Efficiencies 4.36% 2.81%

The invariant mass is reconstructed from the energy and513
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direction of the two photon candidate showers as514

M2
γγ = 2Eγ1Eγ2(1− cos θγγ), (3)

where cos θγγ is the opening angle between the two show-515

ers. For the 2γ1p case where a track has been identified516

as a candidate proton, the directions of the showers and517

thus the opening angle between them are calculated by518

constructing the direction between the candidate neu-519

trino interaction point and the shower start point. For520

the 2γ0p selection, however, no such candidate track ex-521

ists. Instead, the shower direction and opening angle are522

entirely estimated from the geometric shape of the show-523

ers themselves.524

A Gaussian-plus-linear fit is performed to each ob-525

served distribution in data to extract the reconstructed526

π0 invariant mass while taking into account the non-527

π0 background contamination. For the 2γ1p event sam-528

ple, this fit gives a Gaussian mean of 138.9±2.1 MeV/c2529

with a width of 31.7±2.4 MeV/c2. For the 2γ0p event530

sample, the corresponding fit gives a Gaussian mean of531

143.3±3.2 MeV/c2 with a width of 47.9±4.9 MeV/c2. As532

a goodness-of-fit test, the resulting χ2 per degree of free-533

dom is 1.20 and 1.45 for the 2γ1p and 2γ0p fits, respec-534

tively. These both show agreement with the expected535

invariant mass of the π0 of 134.9770 ± 0.0005 MeV/c2536

[49] giving confidence and validation of the calorimetric537

energy reconstruction of the showers. Additional distri-538

butions showing the reconstructed π0 momentum as well539

as the reconstructed angle of the outgoing π0 with respect540

to the incoming neutrino beam are provided in Fig. 5.541

Two additional reconstructed distributions of interest542

are highlighted. First, the reconstructed cosine of the543

center-of-mass (CM) decay angle is shown in Fig. 6. This544

is defined as the angle between the lab-frame π0 momen-545

tum direction and the decay axis of the two daughter546

photons in the CM frame,547

cos θCM =
Eπ0

|Pπ0 |
|Eγ1 − Eγ2|
Eγ1 + Eγ2

. (4)

This quantity should be an isotropic flat distribution for548

true π0 → γγ signal events, and any deviation from549

this can highlight regions of inefficiency in reconstruc-550

tion or selection. As can be seen in Fig. 6, for both551

2γ1p and 2γ0p selections, the distributions taper off at552

high cos θCM which corresponds to increasingly asymmet-553

ric π0 decays. When reconstructing asymmetric π0 de-554

cay events, it is more likely that the subleading photon555

shower is missed due to its low energy. Note, however,556

that the observed data show the same trend as the sim-557

ulation within uncertainty.558

Figure 7 additionally highlights the reconstructed pho-559

ton conversion distance for all showers in the final 2γ1p560

selection. Well-reconstructed showers with conversion561

distances as far as 100 cm from the candidate neutrino562

interaction are observed. This helps validate the assump-563

tion that the reconstructed showers are indeed likely to564

be true photons as O(100) MeV photons are expected to565

have a mean free path in argon of ≈ 20 cm. Note that, as566

the 2γ0p selection does not have any visible hadronic ac-567

tivity for tagging the interaction point, the corresponding568

conversion distance is significantly harder to estimate.569

Finally, Fig. 8 shows two example event displays of se-570

lected events in data for both the 2γ1p and 2γ0p topolo-571

gies. Each event shows two well-reconstructed showers572

pointing back to a common interaction point with prop-573

erties consistent with those being photons from a π0 de-574

cay.575

III. NC π0 RATE VALIDATION576

NC 1π0 events contribute as a dominant background to577

NC single-photon production measurements carried out578

or planned by MicroBooNE such as searches for NC ∆579

radiative decay [4], NC coherent single-photon produc-580

tion, or more rare e+e− pair production motivated in581

BSM theories. In addition to using these selected events582

as a calibration sample for understanding and validating583

shower reconstruction performance, they are also used to584

validate the observed overall rate of this process as cur-585

rently modeled with genie. Assuming genie provides586

a sufficient description of the observed data, this sample587

can and has been used to provide an in situ constraint588

on NC 1π0 mis-identified backgrounds, e.g. as in [4]. Al-589

ternatively, these measurements can be used to motivate590

genie tuning.591

As shown in Fig. 5, both the 2γ1p and the 2γ0p se-592

lections see an overall deficit in data relative to the MC593

prediction. This is more pronounced in the 2γ1p selection594

where the ratio of the number of selected data events to595

the number of selected simulated events is 0.79. As it is596

also known that the genie branching fraction of coherent597

NC 1π0 production on argon is significantly lower than598

expectation extrapolated from MiniBooNE’s π0 measure-599

ment on mineral oil [23], the possibility of a correction600

to genie predictions on both non-coherent and coher-601

ent NC 1π0 production is explicitly examined. The MC602

predictions are fitted to data allowing both coherent and603

non-coherent NC 1π0 rates to vary. Both normalization-604

only and normalization plus shape variations to the co-605

herent and non-coherent rates are explored; all yield sim-606

ilar conclusions. This section describes the normalization607

plus shape variation fit in detail.608

The normalization plus shape variation fit is performed609

as a function of reconstructed π0 momentum for both610

2γ1p and 2γ0p selections, using [0, 0.075, 0.15, 0.225,611

0.3, 0.375, 0.45, 0.525, 0.6, 0.675, and 0.9] GeV/c bin lim-612

its. In the fit, MC predicted coherent NC 1π0 events are613

scaled by a normalization factor Ncoh, and MC predicted614

non-coherent NC 1π0 events are scaled on an event-by-615

event basis depending on their corresponding true π0 mo-616

mentum according to (a + b|~p true
π0 |), where the true π0

617

momentum is given in [GeV/c]. This form of scaling is618

chosen for non-coherent NC 1π0 as the simplest correc-619

tion to the decline in data-to-MC ratio as reconstructed620
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(a) 2γ1p: Reconstructed π0 momentum
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FIG. 5: The reconstructed π0 momentum ((a) and (b)) and reconstructed π0 angle with respect to the neutrino
beam ((c) and (d)) for both the 2γ1p ((a) and (c)) and 2γ0p ((b) and (d)) final selected data. The prediction shows
agreement with the observed data within assigned uncertainties for the ranges shown, although a systematic deficit
is observed in the total event rates as is discussed in Sec. III.

1π0 momentum increases, seen in Fig. 5a. This linear621

scaling as a function of π0 momentum was chosen be-622

cause it was the simplest implementation that was con-623

sistent with the observed data-to-MC deficit, as observed624

in Fig. 5a.625

At each set of fitting parameters (Ncoh, a, b), a χ2
626

is evaluated between the scaled prediction for this pa-627

rameter set and the observed data using the Combined-628

Neyman-Pearson χ2 [50]. The χ2 calculation makes629

use of a covariance matrix including statistical and sys-630

tematic uncertainties and correlations corresponding to631

the scaled prediction. Flux, cross section, detector and632

geant4 systematic uncertainties are included in the fit633

including bin-to-bin systematic correlations. As the goal634

of the fit is to extract the normalization and scaling pa-635

rameters of the coherent and non-coherent NC 1π0 rates,636

the cross-section normalization uncertainties of coherent637

and non-coherent NC 1π0 are not included. Note that638

the cross-section normalization uncertainties of coherent639

and non-coherent NC 1π0 are only removed for the pur-640

poses of this fit and not for the cross section extraction641

described in the following section.642

The data-extracted best-fit parameters correspond to643

Ncoh = 2.6 for the NC coherent π0 normalization factor,644

and a = 0.98 and b = −1.0 [c/GeV] for the scaling pa-645

rameters of the non-coherent NC 1π0 events with a χ2 per646

degree of freedom (dof) of 8.46/17. The χ2/dof at the647

genie central value (CV) prediction is 13.74/20 yield-648

ing a ∆χ2 between the genie CV and the best-fit point649

of 5.28 for 3 dof . Although the goodness-of-fit χ2/dof650

values for both scenarios are acceptable due to the gener-651

ally large uncertainties, the momentum-dependent shift652

is preferred over the genie CV at the 1.43σ level. The653

1D marginalized ∆χ2 distributions in Fig. 9 also confirm654

that the genie CV prediction agrees with data within655

uncertainty. The data and MC comparisons of the recon-656
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FIG. 6: The reconstructed cosine of the center-of-mass
angle for the (a) 2γ1p and (b) 2γ0p final selected data.

structed π0 momentum distributions scaled to the best-657

fit parameters are provided in Fig. 10 and, compared to658

those corresponding to the genie CV, show better agree-659

ment with data after the fit.660

While the data suggest that genie may over-estimate661

NC non-coherent 1π0 production and under-estimate NC662

coherent 1π0 production, the results demonstrate that663

the genie prediction of NC 1π0s is accurate within un-664

certainty. This validates the approach of using the mea-665

sured NC 1π0 event rate as a powerful in situ constraint666

of genie-predicted NC 1π0 backgrounds as in [4]. On the667

other hand, it is natural to extract a data-driven NC 1π0
668

cross-section on argon using these selections, and com-669

pare to a number of neutrino event generators, including670

genie. This is described below.671
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FIG. 7: The reconstructed conversion distance of both
photons in the 2γ1p final selection. There are well-
reconstructed showers with conversion distances as far
as 100 cm from the candidate neutrino interaction.

IV. INCLUSIVE AND EXCLUSIVE NC 1π0
672

CROSS-SECTIONS ON ARGON673

A. Methodology674

The prescription for calculating the cross section is675

provided in Eq. (5) where the components are defined676

as follows: Nobs
NC1π0 , Ncosmic, and Nbkg denote the num-677

ber of selected data events, the number of background678

events arising from cosmic rays traversing the detector,679

and the number of expected beam-correlated background680

events, respectively; εNC1π0 denotes the efficiency of se-681

lecting NC1π0 events; Φ denotes the integrated flux; and682

Ntargets denotes the number of argon atoms in the fiducial683

volume of the analysis.684

σNC1π0 =
Nobs
NC1π0 −Ncosmic −Nbkg
εNC1π0ΦNtargets

. (5)

This calculation is performed independently using each685

of the 2γ1p and 2γ0p selections to measure an exclusive686

cross section. These measurements are denoted as the687

NCπ0+1p and NCπ0+0p cross sections, respectively; in688

each case one or zero protons is explicitly required in689

the signal definition (described in detail below). Addi-690

tionally, the calculation is performed using the combined691

2γ(0 + 1)p selection to measure a semi-inclusive cross692

section, NCπ0, with no requirement on the number of693

protons in the signal definition. Note that this semi-694

inclusive measurement is efficiency-corrected to include695

2+ proton final states that are not included in the final696

selected events. As noted in Section II C, the simulation697

is run multiple times to encompass the effect of varying698

underlying sources of systematic uncertainty. The cal-699

culation of each cross section is performed separately in700
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MicroBooNE Data, Run 15318 Subrun 159 Event 7958 

(a) 2γ1p

MicroBooNE Data, Run 5564 Subrun 142 Event 7127

(b) 2γ0p

FIG. 8: Event displays of candidate NC 1π0 events
found in the MicroBooNE data using (a) the 2γ1p se-
lection and (b) the 2γ0p selection, on the MicroBooNE
TPC collection plane. The horizontal axis here corre-
sponds to the increasing wires, with an associated dis-
tance in cm. The vertical axis represents the TPC drift
time. The aspect ratio of this plot is set such that the
length scale shown for the horizontal axis is the same
for the vertical axis.

each of these systematic “universes” to guarantee that701

all correlations between components of the cross section702

are handled correctly. This is done using tools from the703

MINERvA Analysis Toolkit [51].704

Both selections, as well as their combination, corre-705

spond to approximately, but not identically, the same706

POT, provided in Table II (due to differences in the com-707

putational processing of the two samples). To extract the708

semi-inclusive cross section from the combined 2γ(0+1)p709

selection, the relevant 2γ0p distributions are scaled down710

by the ratio between the POT of the 2γ1p data sample711

(smaller POT) and the POT of the 2γ0p data sample712

and then are added to the 2γ1p distributions. This op-713

eration is performed for Nobs
NC1π0 , Ncosmic, Nbkg, and the714

numerator of the efficiency.715

Nobs
NC1π0 and Ncosmic are measured in data and there-716

fore there is no systematic uncertainty attributed to717

them. These values are reported in Table II. Nbkg is718

extracted from the simulation, and we note that many719

of the key backgrounds in this analysis are shared with720

MicroBooNE’s search for NC ∆ radiative decay [4]. The721
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FIG. 9: The distribution of marginalized ∆χ2, as a
function of flat normalization factor for (a) coherent
NC 1π0 momentum-independent scaling factor, (b)
non-coherent NC 1π0 momentum-independent scaling
factor, and (c) coefficient of momentum-dependent scal-
ing factor for NC non-coherent 1π0, marginalized over
the other two parameters. The red arrows indicate pa-
rameter values expected for the genie central value
prediction. The 1σ, 90% and 99% C.L. lines are based
on the assumption that the distribution follows a χ2

distribution with 1 degree of freedom.

dominant contributions to the uncertainty on the back-722

ground event rate for each analysis are from FSI re-723

lated to inelastic nucleon scattering, pion and nucleon724

absorption, and pion charge-exchange. The axial and725

vector mass parameters, mA and mV , respectively, in the726

charged current resonant form factors are also sources of727

significant uncertainties; this is consistent with expec-728

tation because of the large background due to charged-729

current interactions in which a π0 is produced.730

The efficiency of the selection is constructed using as731

the numerator the number of signal events passing all re-732

construction cuts and analysis BDTs in simulation and733

as the denominator the total number of signal events pre-734

ceding the application of any cuts or analysis BDTs. The735

difference in signal definition between the semi-inclusive736

measurement and each of the two exclusive measure-737

ments is contained in the efficiency denominator. The738

exclusive measurements and the semi-inclusive measure-739

ment each use a distinct efficiency denominator, reflect-740

ing the total number of simulated events truly satisfying741

the corresponding signal definition. In each of the exclu-742

sive measurements, the signal definition is taken to be743

NC1π0 with exactly zero or one final-state proton with a744

kinetic energy above 50 MeV. In the semi-inclusive mea-745

surement, the signal definition is taken to be NC1π0,746

notably allowing for any number of protons in the fi-747

nal state. The efficiency for each analysis is reported in748

Table II.749

The integrated flux is calculated separately for all four750

neutrino species (νµ, ν̄µ, νe, ν̄e), and the sum of these751
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FIG. 10: The data-MC comparison for (a) 2γ1p and
(b) 2γ0p selections, as a function of reconstructed π0

momentum. Monte Carlo predictions at the central
value and at the best-fit point (Ncoh = 2.6, a = 0.98,
b = −1.0 [c/GeV]) are both shown, with prediction and
corresponding systematic error evaluated at the ge-
nie central value in salmon, and at the best-fit in blue.
Note that the systematic uncertainties on the plot in-
clude MC intrinsic statistical error and all the system-
atic errors (flux, cross-section and detector), with the
exception of cross section normalization uncertainties
on coherent and non-coherent NC 1π0.

integrated fluxes is used to normalize each cross section752

measurement. This choice was made because of the in-753

ability to identify the species of the incident neutrino754

based on the neutral current final state. The integrated755

flux is varied within each flux systematic “universe”, and756

the correlations between each varied flux and the corre-757

sponding variations in the predicted background and ef-758

ficiency are taken into account when extracting the cross759

sections.760

The number of argon atoms used is calculated as761

Ntargets = ρV NA/MAr, where V = 5.64 × 107cm3 is the762

fiducial volume of the analysis, ρ = 1.3954 g/cm3 is the763

density of argon at the temperature in the cryostat, and764

MAr = 39.948 g/mol is the molar mass of argon. A 1%765

uncertainty is assigned to the number of targets to reflect766

variation in the argon density through temperature and767

pressure fluctuations.768

B. Results and Interpretation769

The calculation of each cross section from its compo-770

nents follows from Eq. (5) and is summarized in Table II.771

The resulting cross sections are shown in Fig. 11, com-772

pared to the simulated cross sections from several neu-773

trino event generators including genie, NuWro [52],774

and neut [53]. The genie curve shown is generated775

using the MicroBooNE cross-section “tune” [28], which776

does not modify the genie v3.0.6 central value predic-777

tion (because the tune did not adjust the NC interaction778

model), but does define the uncertainty on the predic-779

tion. We observe a consistent deficit in data compared780

to genie for the combined semi-inclusive measurement781

and for each of the individual NCπ0+1p and NCπ0+0p782

exclusive measurements. Overall, the neut predictions783

most closely match the reported measurements across784

semi-inclusive and exclusive final states. Additionally785

we note that while NuWro is generally consistent with786

the other generators in its semi-inclusive and exclusive787

1p predictions, its exclusive 0p prediction is higher com-788

pared to neut and genie predictions. The extracted789

semi-inclusive NCπ0 cross section is 1.24 ± 0.19 (syst) ±790

0.08 (stat) [10−38cm2/Ar] which is 26% lower than the791

genie prediction of 1.68 [10−38cm2/Ar].792

The corresponding breakdown of uncertainty for each793

of the measurement channels is shown in Fig. 12. In all794

cases the flux, genie, and statistical uncertainties are795

dominant. The dominant contributions to the genie un-796

certainties enter into the cross section via the background797

subtraction and, as noted above, arise from the modeling798

of final-state interactions and the axial and vector mass799

parameters governing CC resonant pion production.800

To further understand this measurement, it is instruc-801

tive to compare it to previous experimental measure-802

ments of NCπ0 production. We compare our measure-803

ment to that performed by MiniBooNE which operated804

in the same beamline as MicroBooNE but which utilized805

a different detector material (mineral oil, CH2) as the806

neutrino scattering target. In MiniBooNE’s NC π0 anal-807

ysis, they measured NC interactions wherein only one808

π0 and no additional mesons exited the target nucleus809

(no requirement on the number or identity of outgoing810

nucleons was made). A final flux-averaged cross section811

of 4.76 ± 0.76 ± 0.05 [10−40cm2/nucleon] was reported812

[25]. We can compare this result to our semi-inclusive re-813

sult by comparing each to the same neutrino generator.814

This is shown in Fig. 13 where we compare both to the815

default GENIE v3.0.6 on argon and mineral oil respec-816



13

TABLE II: Summary table of all inputs to the cross section calculation, reported as σ ± sys ± stat uncertainty.
Note that while the individual errors on the components are given here, the full uncertainty on the cross section is
calculated properly assuming full correlations.

NCπ0 (semi-inclusive) NCπ0 + 1p (exclusive) NCπ0 + 0p (exclusive)

Samples Used 2γ(0 + 1)p Selection 2γ1p Selection 2γ0p Selection

Ntargets [1030 Ar atoms] 1.187 ± 0.119 ± 0.00

Flux [10−10 ν/POT/cm2] 7.876 ± 0.902 ± 0.00

POT of sample [1020 POT] 5.84 ± 0.12 ± 0.00 5.84 ± 0.12 ± 0.0 5.89 ± 0.12 ± 0.00

Efficiency 0.089 ± 0.003 ± 0.001 0.107 ± 0.006 ± 0.002 0.060 ± 0.003 ± 0.001

Selected data [evts] 1125.9 ± 0.0 ± 33.5 634.0 ± 0.0 ± 25.2 496.0 ± 0.0 ± 22.3

Cosmic data [evts] 177.0 ± 0.0 ± 8.9 96.1 ± 0.0 ± 6.5 81.5 ± 0.0 ± 6.1

Background [evts] 345.8 ± 51.1 ± 9.0 279.6 ± 43.5 ± 7.2 208.3 ± 33.5 ± 7.0

Background-subtracted rate [evts] 603.2 ± 51.1 ± 35.8 258.3 ± 43.5 ± 27.0 206.1 ± 33.5 ± 24.1

σNC1π0 [10−38cm2/Ar] 1.243 ± 0.185 ± 0.076 0.444 ± 0.098 ± 0.047 0.624 ± 0.131 ± 0.075
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FIG. 11: Measured semi-inclusive NCπ0, exclu-
sive NCπ0+1p, and exclusive NCπ0+0p cross sec-
tions, each compared to the corresponding genie
v3 (G18 10a 02 11) cross section and its uncertainty
(shaded red bands) as well as other contemporary neu-
trino generators.

tively. We observe that while this result on argon lies817

slightly below the expected central value, both our re-818

sult and MiniBooNE’s agree with GENIE v3.0.6 within819

assigned uncertainties.820

V. SUMMARY821

In summary, we report the highest statistics measure-822

ment to date of neutrino neutral current single pion823

production on argon, including the first exclusive mea-824

surements of this process ever made in argon. These825

cross sections are measured using the MicroBooNE detec-826

tor exposed to the Fermilab Booster Neutrino Beamline,827

which has 〈Eν〉 < 1 GeV. As presented within this paper,828
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FIG. 12: Error budget for the semi-inclusive NCπ0, ex-
clusive NCπ0+1p, and exclusive NCπ0+0p cross section
measurements.

kinematic distributions of the π0 momentum and angle829

relative to the beam direction provide some sensitivity830

to contributions to this process from coherent and non-831

coherent pion production and suggest that, given the cur-832

rently analyzed MicroBooNE data statistics, the nominal833

genie neutrino event generator used for MicroBooNE834

Monte Carlo modeling describes the observed distribu-835

tions within uncertainties. This has provided an impor-836

tant validation check justifying the use of this sample as837

a powerful constraint for backgrounds to single-photon838

searches in MicroBooNE, e.g. in [4].839

Using a total of 1,130 observed NC π0 events, a flux-840

averaged cross section has been extracted for neutrinos841

with a mean energy of 804 MeV and has been found to842

correspond to 1.243± 0.185 (syst) ±0.076 (stat), 0.444±843

0.098±0.047, and 0.624±0.131±0.075 [10−38cm2/Ar] for844

the semi-inclusive NCπ0, exclusive NCπ0+1p, and exclu-845

sive NCπ0+0p processes compared to 1.678, 0.722, and846
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imental results. MiniBooNE’s statistical uncertainty
is small and only the systematic error bar is visible.
Shaded error bands show GENIE uncertainty only.

0.774 [10−38cm2/Ar] in the default genie prediction used847

by MicroBooNE. Comparison to other generators includ-848

ing neut and NuWro show reasonable agreement with849

the neut predictions found to be slightly more consis-850

tent with the MicroBooNE data-extracted cross-section851

for all three exclusive and semi-inclusive processes.852
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