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Pion production is one of the primary processes by which neutrinos are identified in running
oscillation experiments such as Nova [1] and in future experiments like DUNE [2]. The MIN-
ERVA collaboration [3] has completed one NC (neutral current) and a few CC (charged current)
measurements of this type using a CH (hydrocarbon plastic scintillator) target, from which four
outstanding papers have been published. One of them is the CC coherent pion production, an
important background for CCQE interactions in neutrino oscillation experiments, has been mea-
sured in both neutrino and anti-neutrino beams. The inelastic pion production cross section is
much larger, and a more comprehensive data set for both 7+ and 7, also with neutrino and anti-
neutrino beams is available. The other two are the CC single neutral pion and the NC diffractive
neutral pion interactions, which are very rare and almost unstudied channels. All four reactions
are also very interesting in their own right due to their potential to probe nuclear models.

Data compared with available theoretical calculations and models, are presented here.
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1. Introduction

The MINERVA detector is upstream of the MINOS near detector [4] (used as a muon spectrometer)
in the NuMI hall [5], at the Fermi National Accelerator Laboratory. It has already taken v and v
data, reaching ~ 3.05 x 10?° and ~ 2.01 x 10%° POT, respectively, with an average neutrino energy
of 3.6 GeV. After upgrading the beamline, data is being taken at higher energies, <Ey,> = 6.0 GeV,
where new exciting results are to come.

MINERVA’s goal is to better understand the A-dependent dynamics of bound nucleons, in targets
such as He, Fe, C and Pb, helping in the testing of nuclear models. Therefore, understanding
neutrino-induced pion interactions is crucial to constrain backgrounds and reduce systematics in
those models, which in turn affect the uncertainties in neutrino oscillation experiments. One kind
of such models, are the FSI (Final State Interactions) models, which account for the intra-nuclear

re-scattering of the hadrons [6] [7].

2. Charged Pion Production

Most of the charged pions in the energy range considered here, are produced through resonances.
The charged pion analysis is made of two sub-analyses: v, +CH — u~ +1(N) 7% + X, selecting
upper cuts in W (hadronic invariant mass) of 1.4 (1.8) GeV, separating single and multiple pion pro-
duction, respectively. The 1-pion analysis is particularly helpful in testing theoretical calculations,
due to the A(1232) dominance in this process. Results were compared with models and with the
MiniBooNE results of the same measurement, which used a different flux and different target [6].
Pion angle and pion kinetic energy differential cross sections prefer models with FSI included (fig.
1). The agreement in magnitude with the MiniBooNE results for 7+ kinetic energies > 100 MeV
was otherwise unexpected, due to the differences in the E, and W ranges in each measurement [6].
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Figure 1: Charged pion results. a(b)) 1(N)Pion 73 differential Xsec, c) MINERvA/MiniBooNE comparison.

3. Coherent Pion

By selecting events with only two tracks (u and 7F), no evidence of nuclear breakup, and with
low |¢| (square momentum transfer to the nucleus), neutrino and anti-neutrino cross sections of the
coherent pion reaction: vy (Vy) +CH — u_(+) + n+(2) 4 CH, were measured. There is a good
agreement between cross sections, which suggests that the reaction is likely purely axial vector.
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The calculation of |¢|, from directly measured kinematic variables of the muon and pion, allowed a
model-independent measurement of the coherent differential cross section [8]. The model to which
the data were compared to (Rein-Sehgal [8]), poorly reproduced the measured kinematics (fig. 2).
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Figure 2: Coherent pion (neutrino) results. a) 6, and E, b) differential Xsec, c) | ¢ | distribution.

4. Single Neutral Pion

This is the first measurement in detail of the kinematics of an almost unstudied reaction:

Vy+CH — ut+ 7% + X, where events with just one track (that of the positive muon) and with 2
photon candidates coming out of the main interaction vertex were selected. The 7° can undergo
different processes inside the nucleus: charge exchange, multi 7+ — 7°, inelastic/elastic scattering,
or can even not interact at all. Here is where the FSI models play an important role. All generators
using FSI in the comparison, better reproduce the data (fig. 3). FSI effects are more pronounced in
the Pyo than in the 6,0, pointing out the contribution from the A (1232) resonance.
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Figure 3: Neutral pion results. a) p,o differential Xsec, b) 8,0 differential Xsec, c¢) T broken by type of
interaction according to GENIE [6][8][7][9].

5. Diffractive Neutral Pion

In a previous measurement (v, CCQE-like [9]) MINERVA found an excess of EM showers, likely
coming from 7y (photon) conversions. EM-like events were further studied using a dE/dx analysis
to check if they were consistent with a single e or with 2 ys. Sideband constraints reduce the
possibility that the excess comes from: errors in the flux, background predictions or miss-modelling
of the showers. Also single-particle studies suggest the showers are more likely due to ys from 7°
decays, and an extra upstream energy suggests the events come from diffractive scattering off H
(fig. 4). Finally, the absence of u*s in the sample (muons exiting the back of the detector are
rejected to avoid CC events) suggests that the reaction is NC (v, +H — v, + 7’ +H) [9].
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Figure 4: NC diffractive pion results. a) EM shower excess, b) Extra energy, NC and coherent - consistent,
¢) Extra energy, single °-consistent.

6. Conclusions

The MINERVA collaboration has released results on a variety of neutrino-induced pion reactions.
Important not only for neutrino oscillations, but for model generators used in particle physics

[6]1[7]1[8][9]. The rareness of 3 of these channels accounts for their low cross section and there-

upon for the difficulty in "seeing" them. Nevertheless, due to the high statistics involved and the

good resolution of its detector, MINERVA accomplished these measurements, helping to build

better models.
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