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Measurement of neutrino-induced neutral-current coherent π
0 production in the

NOvA near detector
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The cross section of neutrino-induced neutral-current coherent π0 production on a carbon-
dominated target is measured in the NOvA near detector. This measurement uses a narrow-band
neutrino beam with an average neutrino energy of 2.7GeV, which is of interest to ongoing and
future long-baseline neutrino oscillation experiments. The measured, flux-averaged cross section is
σ = 13.8± 0.9(stat)± 2.3(syst)× 10−40 cm2/nucleus, consistent with model prediction. This result
is the most precise measurement of neutral-current coherent π0 production in the few-GeV neutrino
energy region.
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Neutrinos can interact coherently with target nuclei
and produce outgoing pions via either neutral-current
(NC) or charged-current (CC) interactions. In the case
of an NC interaction, a π0 is produced:

νA → νAπ0. (1)

Coherent interactions are characterized by very small mo-
mentum transfer to the target nucleus with no exchange
of quantum numbers, while the target nucleus remains
in its ground state. The characteristic signal topology of
NC coherent π0 production is a single, forward-going π0,
with no other hadrons in the final state.
There are two major motivations for measuring the

NC coherent π0 cross section. First, coherent π0 produc-
tion is a contribution to the background of long-baseline
νµ → νe oscillation measurements. In some neutrino de-
tectors, the photons from π0 decay are reconstructed as
electromagnetic showers which are often difficult to sep-
arate from the showers induced by electrons. An NC
π0 event can be misidentified as a νe-CC signal event if
the two photon showers are not spatially separated, or
if one shower is undetected. Knowledge of coherent π0

production provides a constraint on the size of this back-
ground. Second, coherent pion production provides in-
sight into the weak hadronic current structure and serves
as a test of the partially conserved axial current (PCAC)
hypothesis [1]. Models based upon PCAC relate the co-
herent pion production to the pion-nucleus elastic scat-
tering cross section at the Q2 = 0 limit, and extrapolate
to low but nonzero Q2 values. Such models include the
Rein-Sehgal model [2, 3] in the GENIE neutrino gen-
erator [4] used for this analysis. Further improvement
of PCAC models was made by Berger et al. (Berger-
Sehgal model) [5] and others [6–10]. The PCAC models
are known to perform well in their intended multi-GeV
energy ranges. Their performance in NC interactions at
neutrino energies of a few GeV, however, remains to be
established. There is another class of models, referred to
as microscopic models, that do not rely on PCAC. These
models are built using pion production amplitudes at the
nucleon level [11–17] and are expected to be more reli-
able than PCAC-based models at neutrino energies be-
low 1GeV, where the ∆ resonance dominates the weak
pion production. They typically miss contributions from
higher resonances above ∆ at higher neutrino energy.
The NC coherent π0 cross section contributes roughly

1% of the inclusive neutrino interactions in the few-GeV
neutrino energy region, much smaller than other π0 pro-
duction modes. This challenging situation requires the
extraction of a small signal with large backgrounds. The
backgrounds arise mainly from NC-induced baryon res-
onance (RES) interactions and π0 production from NC
deep-inelastic scattering (DIS) interactions, where only a
single π0 is reconstructed. Diffractive (DFR) π0 produc-
tion, where neutrinos scatter off free protons (hydrogen)
with small momentum transfer and produce π0’s, also

contributes to the background. Unlike coherent inter-
actions, a recoil proton is sometimes visible in DFR π0

production, which makes the DFR event topology poten-
tially different from the coherent signal. The visibility of
the recoil proton in a detector depends upon the proton’s
kinetic energy (Tp), which is determined by Tp = |t|/2mp,
where |t| is the square of four-momentum transfer to the
nucleus, and mp is the proton mass.
The coherent process is best identified by a low value of

|t| (|t| <∼ h̄2/R2, where R is the nuclear radius). However,
in NC interactions |t| cannot be determined, because the
outgoing neutrino momentum cannot be measured. Al-
ternatively, distinct characteristics of the coherent pro-
cess can be used to separate coherent from background
π0 production. First, the coherent π0 production has no
other particles in the final state and little vertex activity,
while background processes often produce additional nu-
cleons or pions and have larger energy depositions near
the neutrino interaction vertex. Second, the π0s from
coherent production are distinctly forward going. A re-
gion with enhanced coherent signal in the 2D space of
reconstructed π0 energy and scattering angle can be de-
fined. The coherent signal is measured as an excess of
data events over the background prediction in this re-
gion.
There are relatively few existing NC coherent π0 mea-

surements. Early bubble chamber results suffer from
large statistical uncertainties [18–22]. More recently, NO-
MAD, MiniBooNE, SciBooNE and MINOS reported co-
herent π0 measurements with higher statistics but with
systematic-limited precision [23–26]. In particular, the
measurements in the few-GeV neutrino energy region,
relevant for the next-generation neutrino oscillation ex-
periments, have large uncertainties.
This paper reports a measurement of NC coherent π0

cross section using the fine-grained sampling of neutrino
interactions in a predominantly carbon tracking medium
afforded by the NOvA near detector (ND) [27] exposed
to the off-axis flux of the NuMI beam [28] at Fermilab.
The flux-averaged cross section is defined as

σ =
Ndata −Nbkg

ǫ×Ntarget × φ
, (2)

where Ndata and Nbkg are the number of selected data
and simulation-predicted background events, respec-
tively, ǫ is the efficiency of the coherent signal selection
calculated from simulation, Ntarget is the number of tar-
get nuclei in the detector fiducial volume, and φ is the
integrated neutrino flux.
The NOvA ND consists of 193 metric tons of a fully

active tracking calorimeter constructed from polyvinyl
chloride (PVC) cells filled with liquid scintillator. The
liquid scintillator is 62% of the fiducial mass. The target
nuclei for neutrino interactions are predominantly carbon
(66.7% by mass), chlorine (16.1%) and hydrogen (10.8%),
with small contributions from titanium (3.2%), oxygen
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FIG. 1. Data and simulated π0 invariant mass distribution of the selected two-prong NC π0 sample. Data are shown as solid
circles with statistical error bars. The shaded histograms represent the simulated prediction divided by interaction modes,
including coherent signal and NC RES, DIS and DFR background π0 productions. Charged current π0 production, external
events, and interactions without final-state π0s are classified under “other”. Vertical lines with arrows show the range of
invariant masses accepted into the analysis.
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FIG. 2. Fraction of event energy contained in the reconstructed π0 (left) and vertex energy (right) in data (black circle) and
simulation (shaded histograms). Statistical error bars are shown for data. The simulated distribution is classified by interaction
modes. Events to the right (left) of the vertical red line are selected into the signal sample, and the rest of the events are
selected into the control sample. The cut values are optimized by maximizing figure of merit (FOM = s/

√
s+ b, where s and

b are the numbers of signal and background events passing the cuts).

(3.0%) and other nuclei. Each cell is 3.9 cm wide, 6.6 cm
deep, and 3.9m in length. Cells are arranged in planes
alternating between horizontal and vertical orientations
to provide three-dimensional reconstruction of neutrino
interactions. The fully active volume of the detector is
12.8m in length, consisting of 192 contiguous PVC planes
with 96 cells each. Each plane is approximately 0.18 ra-
diation lengths. Downstream of the fully active volume
is a muon range stack with ten layers of 10-cm-thick steel
plates interleaved with pairs of one vertical and one hor-
izontal scintillator plane to enhance muon containment.
Scintillation light generated by charged particles passing

through a cell is captured by a wavelength-shifting fiber
connected to a Hamamatsu avalanche photodiode (APD)
[29] at the end of the cell. The APD signals are contin-
uously digitized, and those above a preset threshold are
recorded with associated time and charge.

The NuMI neutrino beam is produced by colliding
120GeV protons from the main injector accelerator on a
1.2-m-long graphite target. Charged hadrons produced
in the target are focused by two magnetic horns down-
stream of the target to select positive mesons which then
decay into neutrinos in a 675m long decay pipe. This
analysis uses data corresponding to 3.72×1020 protons
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on target (POT). The neutrino beam is simulated by
FLUKA [30] and the FLUGG [31] interface to GEANT4
[32]. External thin-target hadron production measure-
ments are used to correct and constrain the neutrino flux
via the PPFX package developed for the NuMI beam by
the MINERvA Collaboration [33].

The NOvA ND is 1 km from the neutrino source, 100m
underground, and on average 14.6mrad away from the
central axis of the neutrino beam. The neutrino flux
seen in the NOvA ND is a narrow-band beam peaked at
1.9GeV, with 68% of the flux between 1.1 and 2.8GeV
and a mean of 2.7GeV due to the high-energy tail. The
neutrino beam in the 0-120GeV energy region is pre-
dominantly νµ (91%), with a small contamination from
νe (1%) and antineutrinos (8%). In this measurement,
the effect of antineutrinos in the flux is accounted for
using simulation to give a solely neutrino-induced re-
sult. The predicted integrated neutrino flux from 0 to
120GeV in the detector volume used in this analysis is
φν = 123.2± 11.6neutrinos/ cm2/1010POT.

Neutrino interactions in the detector are simulated by
the GENIE 2.10.4 neutrino event generator [4] except
DFR. The Rein-Sehgal PCAC-based model is used to
simulate the coherent process. To simulate NC RES and
DIS events, the two major background contributions, the
Rein-Sehgal model for baryon-resonance production [34]
and the Bodek-Yang model [35] are used. The only DFR
model implemented in GENIE is the Rein model [36].
However, the Rein model is valid only for the hadronic
invariant mass W > 2 GeV region, which is too high
for the energy range of NOvA. To simulate the DFR
background for this measurement, events are first gen-
erated by the Rein model in GENIE (v2.12.2) and then
reweighted to an estimation based upon the PCAC cal-
culation by Kopeliovich et al. which includes both DFR
and non-DFR contributions. [37][38]. In this estima-
tion, Kopeliovich’s prediction of dσ

d(|t|−|t|min)
for inclusive

νp → νpπ0 is fitted with GENIE (without DFR) and an
exponential term, where |t|min is the minimum possible
value of |t|. The exponential term extracted is considered
to be the maximum possible contribution from DFR. The
DFR events are simulated independently from RES and
DIS, with the interference between them neglected, the
effect of which is estimated and taken as systematic un-
certainty. More details on the DFR modeling can be
found in the Appendix. The cross section and selection
efficiency of the DFR model used in this measurement
are also provided in the Appendix, so that alternative
models may be applied to estimate the impact on this
measurement.

The nuclear model used in the simulation is the Bodek-
Richie relativistic Fermi gas model with short-range
nucleon-nucleon correlations [39, 40]. Final-state in-
teractions of hadrons inside the nucleus are simulated in
GENIE using an effective intranuclear cascade model [4].

GEANT4 [32] is used to simulate the detector’s response
to the final-state particles from neutrino interactions.
The propagation of photons produced by the simulated
energy depositions, the response of the APDs, and the
digitization of the resulting waveform is accomplished
with a custom simulation package.
In both data and simulation, the recorded cell signals

(hits) in the NOvA detector are first collected into groups
by their space and time information. Each collection of
hits is assumed to come from a single neutrino interac-
tion. The intersection of the particle paths found in the
collection using a Hough transform [41] are taken as seeds
to find the interaction vertex. Hits are further clustered
into “prongs” with defined start points and directions
emanating from the vertex. Each prong contains hits
attributed to one particle.
The events selected by this analysis are required to

have exactly two reconstructed prongs contained in the
fully active volume of the detector, both identified as
electromagnetic-like showers by log-likelihood functions
based upon dE/dx information in both the longitudi-
nal and transverse directions of the prongs [42, 43]. A
convolutional neural network trained for NC-CC sepa-
ration [44] is used to reject CC events. The energy of
the prong is calculated as the sum of the calibrated en-
ergy deposited in each cell. The invariant mass is calcu-
lated from the momenta and opening angle of the recon-
structed prongs assuming both are photons, as

Mγγ =
√

2Eγ1Eγ2(1− cos θγγ), (3)

where Eγ1 and Eγ2 are the energies of the two prongs and
θγγ is the opening angle between them. The energy scales
of data and simulated events are tuned independently so
that the mass peaks match the π0 mass (134.977MeV/c2)
[45]. Only events with reconstructed π0 mass between 85
and 185MeV/c2 are selected to reduce backgrounds. The
momenta of the two reconstructed prongs are summed up
to obtain the reconstructed momentum of the π0.
As shown in Fig. 1, the selected events are high-purity

NC π0s (90%), including both coherent signal and back-
ground arising from NC RES and DIS, with small contri-
butions from DFR π0 production and other interactions.
The background events may have extra energy, especially
in the vertex region, but not enough to be reconstructed
as prongs. To better control the background, the NC
π0 sample is further divided into two subsamples using
kinematic variables: the ratio of the calorimetric energy
included in the reconstructed π0 to the total energy in
the event (Eπ0/ETot), and the energy in the vertex region
defined as the first eight planes from the reconstructed
interaction vertex (EVtx). The signal-enhanced sample
is defined as events with most of their energy in the two
photon prongs (Eπ0/ETot > 0.9) and low vertex energy
(EVtx < 0.3GeV) to include most of the coherent sig-
nal and reduce background. The rest of the events are
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FIG. 3. Reconstructed π0 energy (left) and angle with respect to beam (right) of the control sample events after the background
fit.
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FIG. 4. Reconstructed π0 energy (left) and angle with respect to beam (right) of the signal sample events. The simulated
backgrounds are normalized by the control sample data.

defined as a control sample, dominated by π0s produced
by RES and DIS interactions. The signal and control
sample selection is shown in Fig. 2.

The control sample data are used to constrain the
background prediction. The simulated distributions of
RES and DIS events in the π0 energy and angle (cos θ
with respect to the average beam direction) 2D space are
used as templates and scaled to fit the control sample
data. RES and DIS have distinct π0 energy and angle dis-
tributions, and together they account for approximately
90% of the total background. The fitting parameters are
the normalization factors of the templates. The other
background components are kept fixed in the fit. The
fit results in an increase of the selected RES background
by 17.5±6.2% and a decrease in the DIS background by
43.1±13.8%. The two fitting parameters are strongly

anticorrelated. The fit result is applied as a renormal-
ization to the background in the signal sample. It also
provides a constraint on the systematic sources affecting
backgrounds, which will be discussed later. The energy
and angle of the π0s in the control sample and the signal
sample with the renormalized backgrounds are shown in
Figs. 3 and 4. There are notable discrepancies between
the signal sample data and simulation, especially in the
π0 angular distribution (Fig. 4, right). The θπ0 spec-
trum in the data favors production at angles closer to
the beam direction than does the simulation, suggesting
that the extrapolation from the Q2 = 0 PCAC approx-
imation to nonzero Q2 values in the Rein-Sehgal model
needs refinement. Similar discrepancies in pion angu-
lar distributions have been reported by the MINERvA
experiment in recent measurements of charged-current
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FIG. 5. Left: Ratio of coherent π0 signal to total simulated events in the signal sample in the 2D space of π0 energy and
cos θ. The region inside the lines is the coherent region defined as bins with > 15% of total simulated events being coherent π0.
Right: π0 invariant mass of the signal sample events in the coherent region as described by the left plot with the background
normalized by the control sample data. Vertical lines with arrows show the range of invariant masses accepted into the analysis.

coherent pion production [46, 47]. Further study of sys-
tematic uncertainties is ongoing to quantitatively address
the discrepancies.

A coherent region in the 2D π0 energy and angle space
is defined as those bins with > 15% predicted coherent π0

signal purity (Fig. 5, left). The selection is intentionally
set loosely to reduce potential systematic uncertainties
caused by the discrepancies in the π0 kinematic distri-
butions mentioned previously. The invariant mass of the
signal sample events is shown in Fig. 5, right. The signal
selection efficiency is 4.1% according to simulation. Fig-
ure 6 shows the selection efficiency as a function of Q2

along with the GENIE predicted signal Q2 shape. Alter-
native coherent models may be applied to estimate the
impact on this measurement with the selection efficiency
provided.

The normalized background in this coherent region is
subtracted from data to obtain the number of measured
signal events. The number of simulated signal events is
then normalized to the number extracted from the data.
The calculation is iterated until the resulting changes in
the estimated signal and background populations become
negligible. The outcome of this procedure is the coher-
ent signal content, estimated to be 977±67(stat) events.
Neutrino- and antineutrino-induced coherent π0s are in-
distinguishable in this measurement. GENIE predicts
94% of the signal being neutrino induced. This percent-
age is used to correct the measurement to solely neutrino-
induced.

The systematic uncertainties for this analysis arise
from the calorimetric energy scale, background mod-
eling, coherent signal modeling, detector response to
photon showers, detector simulation, particles entering

the detector from external sources, and the simulation of
neutrino flux. Data-driven methods are used wherever
possible to establish the uncertainties.

The calorimetric energy scale is constrained to within
1% by the π0 invariant mass distributions of simulation
and data which corresponds to a 3.4% uncertainty on
the cross-section measurement. The background-related
uncertainty is constrained by the control sample data
through the template fit method. The variations that
can arise with the template fit to background are esti-
mated by varying the background-modeling parameters
within their ±1σ ranges as assigned by GENIE and then
repeating the template fit. The uncertainty from each
background-modeling parameter is defined as the maxi-
mum change in the measured signal events. To estimate
the uncertainty from DFR modeling, the template fit is
repeated with DFR added as an additional template with
its normalization allowed to float. The fit gives DFR nor-
malization factor 0.0 + 0.8, which favors no DFR contri-
bution. −100% uncertainty on DFR is assigned based
upon this study. Another potential uncertainty source
from DFR is the interference between DFR and other
pion production channels on hydrogen. To estimate this
effect, an additional systematic variation is created by
reweighting all the νp → νpπ0 events on hydrogen to
the Kopeliovich model prediction, including both DFR
and non-DFR. The vertex energy cut used to define the
signal sample and control sample is subject to nuclear ef-
fects which are not well modeled by GENIE. To check the
impact, the control sample is redefined by applying the
same vertex energy (EVtx < 0.3GeV) as the signal sam-
ple so that the effect of potential mismodeling of vertex
energy cancels out. The resulting difference in the mea-
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FIG. 6. Selection efficiency of NC coherent π0 signal as a function of Q2. The GENIE predicted signal Q2 shape is shown in
gray with arbitrary normalization.

TABLE I. List of systematic and statistical uncertainties.

Source Measurement uncertainty (%)
Calorimetric energy scale 3.4
Background modeling 12.3
Coherent modeling 3.7
Photon shower response 1.1
External events 2.4
Detector simulation 2.0
Flux 9.4
Total systematic uncertainty 16.6
Statistical uncertainty 6.8
Total uncertainty 17.9

surement from the nominal is added to the systematic
uncertainty from GENIE background modeling.

The uncertainty in the coherent signal modeling re-
sults in an uncertainty of the efficiency correction. This
effect is evaluated by varying the modeling parameters
in the Rein-Sehgal model: axial mass (MA, ±50%) and
nuclear radius (R0, ±20%) [2–4]. To check the effect
of the discrepancies in π0 kinematic distributions on the
total cross-section measurement, a test is performed by
reweighting the simulated signal to data and comparing
to the result obtained before reweighting. A 1% differ-
ence is found, which is negligible compared to the signal
modeling uncertainty assigned. Bremsstrahlung showers
induced by energetic muons from external sources pro-
vide a data-driven constraint on the simulation of detec-
tor response to photon showers. Those bremsstrahlung
showers are identified and the muons are removed to cre-
ate a single photon control sample in the data and sim-
ulation [48]. The sample is subject to the same selection
cuts as the π0 photons, and the uncertainty is evaluated
as the 1% difference between the data and simulation in

selection efficiency. Lastly, the neutrino flux uncertainty
comes from beam focusing and hadron production with
external thin-target hadron production data constraints
applied [33]. The systematic sources and uncertainties
are summarized in Table I. The dominant sources are
background modeling and flux uncertainties. The total
systematic uncertainty is estimated to be 16.6%.
The flux-averaged cross section of NC coherent π0 pro-

duction in this measurement is calculated using Eq. (2).
The measured cross section is σ = 13.8 ± 0.9(stat) ±
2.3(syst)×10−40 cm2/nucleus at the average neutrino en-
ergy of 2.7GeV. The effective atomic number A = 13.8
is calculated as

A =

(

∑

i

ni

nTot
A

2/3
i

)3/2

, (4)

where Ai is the atomic number of each chemical element
(excluding hydrogen) and ni

nTot

is its fraction to the total

number of nuclei in the fiducial volume. The factor A
2/3
i

is an approximate cross-section scaling between different
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FIG. 7. Flux-averaged cross section of the NOvA NC coherent π0 measurement. The left plot compares this measurement to
previous measurements. The neutrino energy values of the NOvA data point and other measurements are represented by an
average neutrino energy. All results are scaled to a carbon target by a factor of (A/12)2/3 following the Berger-Sehgal model
approximation, where A is the effective atomic number of the experiment. The dashed curve shows the GENIE prediction for
a carbon target. The right plot compares this measurement with the GENIE predicted flux-averaged cross section from the
Rein-Sehgal model. In this plot the neutrino energy of the NOvA data point is the median neutrino energy, and the horizontal
error bar contains 68% of the total neutrinos. The statistical uncertainty and statistical plus systematic uncertainty are shown
as vertical error bars for the NOvA result. The GENIE prediction is shown both as a function of neutrino energy, and as a
flux-averaged cross section. The NOvA flux is shown in gray with arbitrary normalization.

TABLE II. Summary of NC coherent π0 measurements. The effective atomic number (A) and the average neutrino energy
(〈Eν〉) are shown for each experiment. The results are reported as total cross section per nucleus, cross-section ratios to inclusive
νµ-CC or to the prediction of Rein-Sehgal model.

Experiments A a 〈Eν〉 (GeV) σ (10−40 cm2/N) σ/σ(νµ-CC) σ/σ(Rein-Sehgal) b

Aachen-Padova [18] 27 2 29±10
Gargamelle [19] 31 3.5 31±20
CHARM [21] 20 30 96±42
SKAT [22] 30 7 79±28 4.3±1.5
15’ BC [20] 20 20 0.20±0.04
NOMAD [25] 12.8 24.8 72.6±10.6 3.21±0.46

MiniBooNE [23] 12 0.8 0.65±0.14
SciBooNE [24] 12 0.8 0.9±0.20
MINOS [26] 48 4.9 77.6±15.9

NOvA 13.8 2.7 13.8±2.5

a The effective atomic number calculations may differ between experiments.
b The implementaions of the Rein-Sehgal model used by other experiments (MiniBooNE[23] and SciBooNE[24]) could be considerably
different from the GENIE implementation used by the NOvA measurement. A comparison of the Rein-Sehgal predictions of CC
coherent in different generators can be found in Ref. [46].

nuclei in accordance with the Berger-Sehgal model [5].
Other models may differ in the prediction of A depen-
dence of coherent pion production.
Figure 7 and Table II show this measurement together

with other measurements and the GENIE prediction. All
measurements in Fig. 7 are scaled to a carbon target by
a scale factor of (A/12)2/3 for the purpose of compari-
son. The flux-averaged NC coherent π0 cross section of
this work is in agreement with the cross-section predic-
tion of the Rein-Sehgal model (GENIE implementation),
although some discrepancies in the π0 kinematic distri-
butions are observed. This result is the most precise mea-

surement of NC coherent π0 production in the few-GeV
neutrino energy region, and the first such measurement
on a carbon-dominated target in this energy range. It
benefits both current and future long-baseline neutrino
oscillation experiments in background prediction with re-
duced uncertainty.
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APPENDIX: DIFFRACTIVE PION

PRODUCTION

NC DFR pion production on free protons (hydrogen)
is a background process to the coherent signal. It pro-
duces a forward-going pion with small momentum trans-
fer to the recoil proton and becomes indistinguishable
from coherent if the recoil proton is undetected. The
recoil protons, when detected, could create additional
prongs, increase the vertex energy, or decrease the ratio
of Eπ0/ETot, causing the DFR events failing the selection
cuts as a result. The acceptance of DFR, therefore, de-
pends upon the kinetic energy of the recoil proton (Tp),
which is related to |t| by Tp = |t|/2mp. The DFR selec-
tion efficiency in this measurement is shown in Fig. 8 as
a function of |t|. It is notable that the selection efficiency
decreases with |t|, since the proton energy increases with
|t|, and the overall efficiency (1.7%) is considerably lower
than the coherent signal (4.1%).
DFR is simulated by the Rein model in GENIE 2.12.2

and is predicted to be about 20% of the coherent cross
section on carbon in the few-GeV energy region (Fig. 9).
However, the Rein model is intended for the hadronic
invariant mass W > 2GeV region. In the W < 2GeV
region, the interference between DFR and RES or non-
RES pion productions makes the performance of the Rein
model questionable. Alternatively, the DFR cross section
can be estimated by a similar method as in Ref. [47] from
the calculation of inclusive νp → νpπ0 by Kopeliovich et

al., which is based upon the PCAC hypothesis and in-
cludes both DFR and non-DFR contributions [37][38].
In Fig. 10, the left shows Kopeliovich’s predictions of
νp → νpπ0 in dσ

d|t| at NOvA’s average neutrino energy

(2.7GeV). This prediction is compared with the GENIE
2.12.2 prediction of νp → νpπ0 without DFR, and an
enhancement is observed in the low-|t| region. A sim-
ilar enhancement can be observed at low Q2 (Fig. 10,
right). The DFR contribution to νp → νpπ0 can be quan-
tified by fitting Kopeliovich’s prediction of dσ

d(|t|−|t|min)

with GENIE without DFR plus an exponential term A ∗
exp(−B(|t| − |t|min)), where A and B are fitting param-

eters (Fig. 11, left). dσ
d(|t|−|t|min)

is used instead of dσ
d|t|

since the DFR dσ
d(|t|−|t|min)

follows an exponential form,

while dσ
d|t| deviates from an exponential at low |t| because

of the |t|min suppression.
The exponential term extracted from the fit is consid-

ered as the maximum possible cross section of DFR since
it may include other contributions to the low-|t| enhance-
ment in the Kopeliovich prediction in addition to DFR.
It shows a slightly softer shape in |t| − |t|min than the
Rein model prediction (Fig. 11, right). An integral over
the exponential gives the estimation of the total DFR
cross section at Eν = 2.7GeV: 3.04× 10−40 cm2/proton.
For the measurement reported in this paper, the DFR
background events are first simulated by the Rein model
in GENIE 2.12.2, and then reweighted to the estimation
from Kopeliovich in both normalization and shape as a
function of |t| − |t|min. This reweighting makes a 1% dif-
ference in the coherent signal measurement.
The above method simulates DFR independently from

other pion production channels on hydrogen simulated
by GENIE. The interference between DFR and non-DFR
channels, however, could potentially affect the rate and
shape of both DFR and non-DFR pion productions, and
the effect on the measurement reported in the paper
needs to be discussed. Since the Kopeliovich model in-
cludes both DFR and non-DFR contributions in a coher-
ent way, this effect can be taken into account by simu-
lating all the νp → νpπ0 events on hydrogen using the
Kopeliovich model. This is achieved by reweighting the
GENIE simulated νp → νpπ0 events on hydrogen to the
prediction of Kopeliovich as a 2D function of |t| and Q2.
The background template fit is repeated with the hydro-
gen contribution fixed. The effect on the measurement
is a 2.6% difference from the nominal result, which is
considered as an additional systematic uncertainty con-
tribution from DFR.
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