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We report the first double-differential cross section measurement of neutral-current neutral pion
(NCπ0) production in neutrino-argon scattering, as well as single-differential measurements of the
same channel in terms of final states with and without protons. The kinematic variables of interest
for these measurements are the π0 momentum and the π0 scattering angle with respect to the
neutrino beam. A total of 4971 candidate NCπ0 events fully-contained within the MicroBooNE
detector are selected using data collected at a mean neutrino energy of ∼ 0.8 GeV from 6.4 × 1020

protons on target from the Booster Neutrino Beam at the Fermi National Accelerator Laboratory.
After extensive data-driven model validation to ensure unbiased unfolding, the Wiener-SVD method
is used to extract nominal flux-averaged cross sections. The results are compared to predictions
from commonly used neutrino event generators, which tend to overpredict the measured NCπ0 cross
section, especially in the 0.2-0.5 GeV/c π0 momentum range, at forward scattering angles, and when
at least one proton is present in the final state. These measurements show sensitivity to a variety of
features that complicate the description of NCπ0 production including the form factors describing
the elementary neutrino interaction and the final state interactions of the outgoing particles in
the residual argon nucleus. This data will help improve the modeling of NCπ0 production, which
represents a major background in measurements of charge-parity violation in the neutrino sector
and in searches for new physics beyond the Standard Model.

Modern accelerator-based neutrino experiments are ca-
pable of expansive physics programs that address a va-
riety of important topics. These include charge-parity
violation in the neutrino sector [1, 2], the neutrino mass
ordering [3], measurements of rare Standard Model pro-
cesses [4–7], searches for sterile neutrinos [8, 9] and
other physics beyond the standard model (BSM) [10, 11].
Many of these analyses require measuring the rate of in-
teractions that produce single electrons [12–16], single
photons [4, 6], or boosted and overlapping e+e− or γγ
pairs [17–20] by selecting events that leave an electromag-
netic shower signature in the detector. In the few-GeV
neutrino energy regime relevant to these experiments,
neutral-current neutral pion (NCπ0) production repre-
sents the primary background in single-shower selections.

Below neutrino energies of about 1.5 GeV, the NCπ0

channel is dominated by resonance interactions [21–24]
where the initial neutrino-nucleon scattering produces a
∆(1232) baryon that can decay to a nucleon and a π0

that exit the nucleus. Coherent scattering [25], where
the neutrino interacts with the nucleus as a whole rather

∗ microboone info@fnal.gov

than an individual nucleon, and final state interactions
(FSI) experienced by hadrons produced through other
interaction modes [26, 27] also contribute to π0 produc-
tion. These processes are sub-dominant yet important in
a robust description of the NCπ0 channel.
Outside the nucleus, the π0 decays to two photons

with a 99% branching ratio, resulting in a two shower
topology. If one of these photons is not reconstructed,
the NCπ0 event will be misidentified as a single-shower
event leading to their prominence in single-shower selec-
tions. Precise theoretical modeling of NCπ0 production
is thus needed to maximize the physics reach of neutrino
experiments. This requires the support of detailed mea-
surements of NCπ0 production, which are sparse [28–30],
especially on argon and in the few-GeV regime.
To this end, we report the first double-differential cross

section measurement of NCπ0 production in neutrino-
argon scattering. The kinematics of the final state neu-
tral pions are quantified by performing the measurement
as a function of the π0 momentum, Pπ0 , and the cosine
of the π0 scattering angle with respect to the neutrino
beam, cos θπ0 . The signal definition includes events in
which a neutrino of any flavor scatters via the neutral-
current process and produces a single final state π0 with
Pπ0 < 1.2 GeV/c. The upper limit on the momentum
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restricts the measurement to regions of phase space with
appreciable signal. Any hadronic final state not including
an additional π0 is included in the signal definition.
In the same variables, single-differential measurements

in terms of final states with and without protons are also
reported. These use the signal definition outlined above
but divide the semi-inclusive channel (“Xp”) into final
states containing no protons with kinetic energy above
35 MeV (“0p”) and final states containing at least one
proton with kinetic energy above 35 MeV (“Np”). Under-
standing the 0p and Np final states is particularly impor-
tant for experiments employing liquid argon time projec-
tion chambers (LArTPCs) [31–35], which may utilize the
presence of a gap between the neutrino and shower ver-
tices to help differentiate electrons from photons [36–39].
The tendency for no additional neutrino vertex activity
in single-shower 0p events makes this topology particu-
larly challenging and increases the NCπ0 background in
these selections. This is especially important when test-
ing BSM models, many of which predict single-shower
final states without hadronic activity [17–20].

This work utilizes the data set collected with the
MicroBooNE LArTPC detector [40] and 6.4 × 1020 pro-
tons on target (POT) from the Booster Neutrino Beam
(BNB) [41]. The BNB is primarily composed of νµ
(93.7%) with smaller ν̄µ (5.8%) and νe/ν̄e (0.5%) compo-
nents. The MicroBooNE detector’s TPC has 85 tonnes
of liquid argon active mass and an array of 32 photomul-
tiplier tubes (PMTs). Interactions that produce charged
particles in the TPC create scintillation light and ioniza-
tion electrons. The light is recorded by the PMTs which
provides ns-scale timing for interactions [42]. The ioniza-
tion electrons drift in a 273 V/cm electric field and induce
charge on a set of three wire readout planes. Individual
wire charge distributions are deconvolved from the detec-
tor response [43–45] and serve as inputs to the Wire-Cell
topographical three-dimensional image processing algo-
rithm [46]. This event reconstruction chain provides the
basis for particle identification, calorimetry, and event
selection [47].

The Wire-Cell reconstruction identifies particle can-
didates by finding kinks in a cluster of activity in-time
with the neutrino beam [47]. Track and electromagnetic
shower topologies are separated based on the amount of
large-angle scattering, the proximity to additional iso-
lated activity, and the width of the activity perpendicular
to its trajectory. Candidate neutrino interaction vertices
are formed concurrently alongside the hypothesized final
state particles and their decay and scattering products
based on the rate of deposited charge (dQ/dx), topology
of the final state, and particle relationships [47]. A fi-
nal neutrino vertex is chosen by a SparseConvNet neural
network [48].

A shower’s energy is reconstructed from its total de-
posited charge multiplied by a scale factor obtained from
simulation that accounts for bias in charge reconstruc-

tion and the average recombination effect [49–51]. An
additional 0.95 scaling factor is applied to data based
on previous π0 mass calibration; this factor is not ap-
plied to the simulation [37]. The energy of tracks longer
than 4 cm that stop within the active volume of the
detector is calculated based on range using the NIST
PSTAR database [52] with a correction for different par-
ticle masses. For all other tracks, the kinetic energy is
calculated by converting their dQ/dx to dE/dx with an
effective recombination model [47, 53].
Neutral pions are reconstructed based on the identifi-

cation of the two photons and their associated topological
information. For events with more than two showers, the
pair with the highest energy is used. The distance be-
tween the neutrino vertex and π0 vertex is used to sepa-
rate primary pions from those produced in reinteractions
outside the target nucleus. When NC events do not have
additional hadronic activity to identify the π0 vertex, the
point on the each shower’s primary axis that is closest to
the opposite shower’s primary axis is identified. The mid-
point of the line connecting these two points is labeled as
the displaced π0 vertex and the direction of each shower
is redefined with respect to that vertex [47].
Monte Carlo (MC) simulations are used to train the

boosted decision tree (BDT) event selection and esti-
mate inputs to the data unfolding. The neutrino flux
model utilizes MiniBooNE’s Geant4-based simulation of
the BNB [41, 54]. Neutrino-argon interactions are sim-
ulated with the G18 10a 02 11a configuration of the
GENIE v3.0.6 event generator [55, 56] that has been
tuned to CC0π data from T2K [57, 58]. The tune has lit-
tle impact on these measurements because it only affects
charged-current (CC) quasi-elastic and meson-exchange-
current events. Final state particles are propagated
through a model of the detector using the Geant4 toolkit
v4 10 3 03c [54] and LArSoft [59] framework. The sim-
ulated TPC and PMT waveforms are overlaid on data
taken without the neutrino beam to provide an accu-
rate description of the cosmic ray backgrounds. These
overlaid MC samples are processed with the Wire-Cell
reconstruction in the same manner as real data.
The first step in selecting NCπ0 events is rejecting

through-going and stopping cosmic ray muons with al-
gorithms that match TPC-charge to PMT-light [49, 60].
This forms the basis of the “generic neutrino selection”
which reduces cosmic backgrounds to about 15% with-
out imposing requirements on the nature of the neutri-
nos participating in the interactions. A BDT was then
trained using the XGBoost library [61] on variables pre-
viously used to identify CC events [37] as well as ad-
ditional reconstructed parameters designed to identify
NCπ0 events. The training uses a signal enhanced sam-
ple of 40k events with the final BDT cut chosen based
on maximising the product of the efficiency and purity.
The selection achieves an efficiency of 35% as estimated
by the GENIE-based MicroBooNE MC. A total of 4971
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candidate events fully-contained (FC) within the detec-
tor are selected when the BDT is applied to the data.
This selection is estimated to have a 54% purity for sig-
nal events. Figures illustrating the reconstruction qual-
ity, event selection efficiency, and measured distributions
are presented in the Supplemental Material.

For the measurements of final states with and with-
out protons, the selection is split into 0p and Np samples
based on the presence of a reconstructed proton with ki-
netic energy greater than 35 MeV. This yields 1452 FC
candidate Np NCπ0 data events and 3519 FC candidate
0p NCπ0 data events. The threshold is motivated by
MicroBooNE’s ability to detect tracks > 1 cm in length,
which corresponds to 35 MeV for protons, and is the en-
ergy at which the proton detection efficiency approaches
50% [62]. Of the NCπ0 signal events passing the Np (0p)
selection, 92% (54%) are estimated to satisfy the Np (0p)
signal criteria.

The reconstructed π0 momentum, P rec
π0 , and cosine of

the reconstructed π0 scattering angle, cos θrecπ0 , are cal-
culated using the showers produced by the two photons
associated with the π0 decay. The opening angle of the
showers, θγγ , and the energy of each shower, Eγ1

and
Eγ2

, is used to reconstruct P rec
π0 according to

P rec
π0 = mπ0

√
2

(1− α2)(1− cos θγγ)
− 1, (1)

where mπ0 = 0.135 GeV/c2 is the π0 mass [63], and
α = (Eγ1

−Eγ2
)/(Eγ1

+Eγ2
). The P rec

π0 resolution ranges
from about 15% at low momenta to about 40% at high
momenta. The π0 scattering angle is calculated from the
momentum of the two showers, Pγ1

and Pγ2
, according

to

cos θrecπ0 =
P z
γ1

+ P z
γ2√

(P x
γ1

+ P x
γ2
)2 + (P y

γ1 + P y
γ2)

2 + (P z
γ1

+ P z
γ2
)2
.

(2)
The absolute cos θrecπ0 resolution is around 0.1 but de-
grades at backwards angles for the 0p selection.

Systematic uncertainties on the reconstructed distri-
butions are estimated with a total covariance matrix,
V sys = Vflux +Vreint +Vxs+Vdet +V stat

MC +Vdirt +VPOT+
VTarget, obtained by summing the covariance matrices
calculated for each source of uncertainty. The uncer-
tainties on the BNB flux [41] are contained in Vflux,
and the neutrino-argon interaction modeling uncertain-
ties [58] are accounted for in Vxs. These both contribute
(5-15)% uncertainty to the extracted cross sections and
are similar in size to the data statistical uncertainty, ex-
cept in some low count bins where the statistical uncer-
tainty grows to (30-40)%. Uncertainties on reinteractions
outside the target nucleus are accounted for in Vreint us-
ing Geant4Reweight [64]. These have little impact on
the extracted results. The multi-sim technique [65] is
used to calculate Vflux, Vxs, and Vreint. Detector response

uncertainties [66] are accounted for in Vdet with a uni-sim
approach. As in [37, 67], a single parameter is altered by
1σ and bootstrapping [68] is used to estimate the impact
of this variation. Detector effects are the largest source of
uncertainty on these measurements, usually contributing
at the (10-25)% level though rising to (30-60)% at high
Pπ0 and backwards cos θπ0 . This is largely driven by sig-
nificant detector uncertainties on the background predic-
tion partially due to there being a lower number of back-
ground MC events available for bootstrapping. Also in-
cluded are flat 50%, 2% and 1% uncertainties on neutrino
interactions outside the detector (Vdirt), POT counting
(VPOT), and the number of target nuclei (VTarget), re-
spectively. Their impact on the total uncertainty is small.
The Supplemental Material contains figures illustrating
the contribution of each source of uncertainty to the total
uncertainty on the extracted results.
Wiener-SVD unfolding [69] is used to extract nominal

flux-averaged cross section results [70]. The inputs for
this method are the measurement M , the response ma-
trix R that describes the mapping between the true and
reconstructed distributions predicted by the MC, and the
reconstructed space covariance matrix V = V sys + V stat,
where V stat contains the data statistical uncertainty ob-
tained following the combined Neyman-Pearson proce-
dure [71]. The unfolding returns a regularized cross sec-
tion and corresponding covariance matrix, VS . An addi-
tional smearing matrix, AC , capturing the bias induced
by regularization is also obtained in the unfolding [69].
Any prediction should be multiplied by AC when mak-
ing a comparison to the data result. The extracted cross
sections, AC , and VS can be found in the Supplemental
Material.
The 0p and Np cross sections are extracted simulta-

neously following the formalism outlined in [62], which
accounts for the correlations between the 0p and Np
channels during unfolding. This allows the number of
true Np events in the 0p selection to be predicted based
on the observation of the Np selection (and vice versa),
thereby minimizing the overall dependence on the model.
Alongside the FC sample, a smaller sample of 1467 events
partially-contained (PC) within the detector are also col-
lected and used in the unfolding. Due to larger uncertain-
ties and lower event counts, these distributions have min-
imal impact on the results. Blockwise unfolding [62, 72]
is also employed to obtain inter-variable correlations for
the unfolded results.
Model inaccuracies can bias cross section measure-

ments through inadequate estimations of the selection
efficiency, background prediction, and the mapping be-
tween true and reconstructed variables. Data-driven
model validation is employed to verify that the model,
including its uncertainties, is sufficient for the unfolding.
The model is deemed adequate if it can describe the data
at the 2σ level. This is quantified with χ2 goodness-of-
fit tests between measured and predicted distributions
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interpreted by using the number of degrees of freedom,
ndf , which corresponds to the number of bins, to obtain
p-values. To better expose relevant mismodeling, these
tests utilize the conditional constraint formalism [73].
The conditional constraint leverages correlations between
different channels and variables to update the model pre-
diction and reduce the uncertainties on one distribution
based on data observations in another distribution. The
cross section extraction does not utilize these constraints,
which are used strictly for model validation. This data-
driven methodology is analogous to the model validation
in other MicroBooNE analyses [37, 62, 67, 74, 75]. The
model validation tests described in further detail below
can be found in the Supplemental Material.

Validating the modeling of π0 kinematics starts by
constraining the FC P rec

π0 prediction with the recon-
structed neutrino energy distribution of the νµCC se-
lection from [37, 62]. This constraint reduces correlated
flux and detector uncertainties shared between NCπ0 and
νµCC events thereby better exposing the cross section
modeling. This test is conducted on the distributions for
the 0p, Np and Xp channels to evaluate each hadronic
final state. Good agreement is observed, with p-values of
0.94, 0.84, and 0.80, for 0p, Np and Xp distributions, re-
spectively. The same test is performed individually on all
four angular slices used for the double-differential mea-
surement and on the total reconstructed energy rather
than Pπ0 . The MC is able to describe the data within
uncertainties in these tests with p-values close to one in
all cases.

To evaluate the modeling of the π0 kinematics further,
the FC P rec

π0 distribution is used to constrain the FC
cos θrecπ0 prediction. Correlations in the statistical uncer-
tainties, arising from the fact that the constraining and
constrained distributions utilize the same events, are es-
timated using a bootstrapping procedure [62, 68]. These
tests are applied to each hadronic final state and indi-
cate that the data is described with uncertainties with
p-values close to one in all cases. Alongside the tests on
the P rec

π0 and reconstructed energy distributions in angu-
lar slices, this demonstrates that the overall model is suf-
ficient for the extraction of the double-differential cross
section as a function of cos θπ0 and Pπ0 .
The modeling of the proton kinematics is important

for the simultaneous measurement of the 0p and Np
NCπ0 cross sections. As such, the proton kinematics
are evaluated with two separate constraints on the FC
leading proton kinetic energy distribution. First, the re-
constructed neutrino energy distribution from the νµCC
channel [37, 62] is used; this results in a p-value of 0.90.
Second, the FC π0 kinematics are used; this constraint re-
sults in a p-value of 0.94. Together, with the validation of
the Pπ0 , cos θπ0 , and reconstructed energy distributions
for both the 0p and Np channels, these tests indicate that
the model is sufficient for the simultaneous extraction of
the 0p and Np cross sections.

(a)

(b)

FIG. 1: Unfolded 0p (a) and Np (b) Pπ0 differential cross sec-
tions. The black inner (outer) error bars on the data points
represent the statistical (total) uncertainties on the extracted
cross section corresponding to the square root of the diagonal
elements of the extracted covariance matrix. Generator pre-
dictions are indicated by the colored lines with corresponding
χ2/ndf values displayed in the legend.

All aforementioned model validation tests are also ap-
plied to the PC distributions. These all yield p-values
close to one.
The extracted cross section results are com-

pared to event generator predictions from
GENIE v3.0.6 G18 10a 02 11a (GENIEv3) [55],
NuWro 21.02 (NuWro) [76], GiBUU 2023 (GiBUU) [77],
and NEUT 5.4.0.1 (NEUT) [78]. To demonstrate the
utility of these measurements, these comparisons include
predictions which modify the FSI experienced by the
outgoing particles, or the form factors describing the
neutrino-nucleon interaction. Generator predictions
were processed with the NUISANCE framework [79], do
not include theoretical uncertainties, and are smeared
with the AC obtained from unfolding. Agreement with
the data is quantified by χ2 values calculated with
uncertainties according to VS .
The simultaneously extracted 0p and Np Pπ0 differ-

ential cross sections are shown in Fig. 1 alongside gen-
erator predictions with and without FSI. Compared to
the “no FSI” predictions, the predictions with FSI re-
duce the cross section, shift the peak of the Pπ0 distri-
bution towards lower values resulting in a sharper drop
just beyond the peak, and are favored by the data. This
is unsurprising as similar features are well established
in measurements of photoproduction of pions on nuclear
targets [80] where, despite involving different probes,
the FSI are identical to neutrino scattering. Neverthe-
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(a)

(b)

(c)

(d)

FIG. 2: Same as Fig. 1, but for the cos θπ0 and Pπ0 double-
differential Xp cross section result. Predictions from NuWro

using various parameterizations of the neutrino-nucleon ∆
excitation cross section are shown. Each subfigure shows a
different cos θπ0 angular region, with the χ2/ndf calculated
across all bins displayed in the legend of (a).

less, the predictions with FSI still overestimate the mea-
sured Np NCπ0 cross section, particularly around the
0.2-0.5 GeV/c momentum range. The exception to this
is GiBUU, which instead underestimates the cross section
around the peak of the distribution in both the 0p and
Np channels. This observation is interesting given that
GiBUU shows a better description of other MicroBooNE
0p measurements on the νµCC channel [62, 74] than other

generators do. Its low normalisation here points towards
important subtleties in the treatment of FSI between nu-
cleons, resonances, and mesons [81]. The 0.2-0.5 GeV/c
momentum range is strongly impacted by FSI, suggest-
ing that refinements to FSI modeling may enable a better
description of this data.
Figure 2 shows the unfolded double-differential Xp

cross section result as a function of Pπ0 for specific cos θπ0

regions. NuWro predictions with various parameteriza-
tions of the CA

5 (Q2) axial form factor [82, 83] used to
describe the neutrino-nucleon ∆ excitation cross section
are also shown. Free parameters of these form factors are
fit to ANL [84, 85] and BNL [86] CCπ+ bubble chamber
data. Though demonstrated to be consistent within flux
uncertainties [82, 87], these data sets differ in normaliza-
tion by approximately 30% leading to large theoretical
uncertainties. The default NuWro prediction uses a dipole
form factor with an axial mass, MA, of 0.94 GeV/c2 as
obtained in [82] with a fit to both the ANL and BNL
data. The predictions labeled NuWro FF1 MA=1.05 and
NuWro FF1 MA=0.84 use the modified dipole form factor
given in Eq. (II.12) of [83] with MA = 1.05 GeV/c2 and
MA = 0.84 GeV/c2, respectively. Two additional predic-
tions with steeper Q2 dependence for CA

5 (Q2) are also
included. These are labeled NuWro FF2 and NuWro FF3

and correspond to the form factors in [83] with steeper
Q2 dependence and MA = 1.05 GeV/c2 and MA =
0.95 GeV/c2, respectively.
The default NuWro dipole prediction and modified

dipole prediction with MA = 1.05 GeV/c2 tend to
overestimate the measured NCπ0 cross section. Better
agreement is seen when MA is reduced to 0.84 GeV/c2

or when the steeper Q2 dependence is introduced.
This is illustrated in Fig. 2, which shows that the
NuWro FF1 MA=0.84, NuWro FF2 and NuWro FF3 pre-
dictions agree better with the data than NuWro and
NuWro FF1 MA=1.05. In [82], the dipole prediction anal-
ogous to NuWro also overestimates the ANL data. Simi-
larly, in [83], the prediction utilizing the same form fac-
tors as NuWro FF1 overestimates the ANL bubble cham-
ber data with MA = 1.05 GeV/c2 and better agreement
is obtained with MA = 0.84 GeV/c2 and with the steeper
Q2 dependence. These observations are consistent with
what is seen in Fig. 2 and indicate that predictions agree-
ing better with the ANL data may also be favored by this
NCπ0 data.
In addition to the measurements described above, si-

multaneously extracted 0p and Np cos θπ0 differential
cross sections are presented in the Supplemental Mate-
rial. Semi-inclusive Xp single-differential cross sections
in Pπ0 and cos θπ0 are also included.
In summary, we report the first double-differential

cross section measurements of neutral-current π0 pro-
duction in neutrino-argon scattering. Single-differential
measurements in terms of final states with and without
protons are also reported. These measurements are per-
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formed with a boosted decision tree based event selection
and, after extensive model validation to ensure unbiased
unfolding, are extracted with the Wiener-SVD method.
Commonly used neutrino event generators overestimate
the measured NCπ0 cross section, especially for π0 mo-
mentum around 0.2-0.5 GeV/c, at forward scattering an-
gles, and when a proton is present in the final state. The
exception to this is GiBUU, which instead underestimates
the cross section. The unfolded results show sensitivity
to the form factors describing the elementary neutrino
interaction and the modeling of final state interactions.
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