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Introduction

New neutron-tagging capabilities in the upgraded near detector at T2K (Tokai to Kamioka)
will be key to reducing neutrino-nucleus interaction cross section uncertainties and im-
proving neutrino and antineutrino energy reconstruction. In next-generation long-baseline
oscillation experiments, neutrino interaction uncertainties will be one of the limiting factors
[1] and precise knowledge of interaction cross sections and beam energy will be vital for
future oscillation analyses. Neutrino kinematics can give insight into what is happening
inside the nucleus in neutrino-nucleus interactions and the neutron is the missing piece in
reconstructing muon (anti)neutrino energy from neutrino-nucleus interactions.

T2K is a long-baseline neutrino oscillation experiment [2] which measures oscillations
of muon (anti)neutrinos from a beam at the J-PARC Neutrino Experimental Facility in
Japan over a distance of 295 km to the Super-Kamiokande far detector. The neutrino
beam flux and interaction cross sections uncertainties are constrained by the ND280 near
detector 280 m from the beam source. The Super Fine-Grained Detector (SFGD) is part
of the recent upgrade at ND280. The SFGD consists of over two million scintillator cubes
with 3D tracking, sub-nanosecond time resolution [3], high light yield and 4π angular ac-
ceptance. As such, it is able to achieve particle identification and neutron tagging from
muon (anti)neutrino interactions as well as more precise neutrino energy reconstruction by
detecting and reconstructing kinematics of neutrons and lower-energy protons and pions.

The muon antineutrino charged-current CC0π-n topology, with at least one neutron and
no observable pion, is a key observable signal topology with the beam in antineutrino mode.
The principal contribution to this topology is the charged-current quasi-elastic (CCQE)
interaction

ν̄µp → µ+n

where a neutrino scatters off a single bound proton and produces a neutron which is also
present in the final state. Other contributions to this topology include the 2p2h interaction,
where a neutrino scatters off a correlated pair of nucleons and ejects both from the nucleus,
and the charged-current resonant pion production interaction (CCRes), where the pion is
absorbed before leaving the nucleus.

The equivalent muon neutrino CCQE interaction

νµn → µ−p
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produces a proton. However, muon neutrinos can produce neutrons through Final State
Interactions (FSI) in the nucleus and up to 10% of the CC0π-n topology in the antineutrino
beam comes from muon neutrinos (Fig. 1). Muon neutrinos are an important background in
the antineutrino beam and here we discuss the measurement of CC0π-n in the neutrino beam
to discriminate between neutrino-nucleus interaction models and constrain muon neutrino
backgrounds in the antineutrino beam.
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Figure 1: Simulated neutron momentum distribution for CC0π-n events broken down by
reaction types (different colours). Up to 10% of the CC0π-n topology in the antineutrino
beam mode comes from muon neutrinos.

Neutron tagging and energy in the SFGD

Charged particles leave tracks in the SFGD but neutrons are not directly detectable. How-
ever, the vertex and timing resolution are such that neutrons can be detected via secondary
charged particles produced by neutron interactions with nuclei in the detector. A neutron
signal in the SFGD is therefore characterised by the presence of a secondary vertex discon-
nected from the primary vertex. As shown in Fig. 2, almost 70% of the observable particles
from the secondary vertex are expected to be protons, the remainder being charged pions
and electrons (or positrons). The distance the neutron travels before it interacts to produce
detectable secondaries is called the neutron lever arm.

The energy of the interacting muon (anti)neutrino can be reconstructed from the sum of
the energies of the outgoing hadrons and leptons, whose energies are calculated from their
charge deposits in the detector. The mean neutron energy can be over 15% of the neutrino
energy [4] and yet since neutrons are neutral they do not deposit charge in the detector.
Instead, the energy of the neutron can be calculated using its lever arm and time of flight
from the primary (anti)neutrino interaction vertex to the secondary neutron interaction
vertex [5].
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Figure 2: Plot of the neutron lever arm against the secondary outgoing particle type (PDG
particle ID code) from simulation. 68% of the detectable particles produced are protons,
20% are electrons and positrons and the remaining are charged pions.
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Neutrons for background and model discrimination

Since the neutron production mechanism differs between the muon neutrino and antineutrino
interactions, it stands to reason that the neutron kinematics can also differ. The ability to
discriminate between neutrinos and antineutrinos in ND280 can be exploited to identify
discriminating kinematics for the far detector (Fig 3).

Final State Interactions (FSI) are complex processes which affect the hadrons produced
by the primary scattering on a bound nucleon. They contribute significantly to the un-
certainties in interaction cross section models and thus to systematic errors in neutrino
oscillation measurements. Generators bring together different components of cross section
models in an attempt to build a complete description of exclusive neutrino interaction final
states and their likelihoods. FSI are subject to a number of effects and while the basic
implementation of FSI in generators can be very similar, the precise treatment can vary,
resulting in significant differences between generators, particularly at low hadron energies.

Neutron kinematics are particularly sensitive to FSI and can act as probes of the pro-
cesses occurring inside the nucleus after the initial neutrino-nucleus interactions. Fig. 4
shows that the NEUT [6], NuWro [7] amd GENIE [8] differ significantly in their predictions
for the neutron momentum spectrum, especially below 200 MeV (note that below around
120 MeV, neutron momentum becomes sensitive to binding energy effects). Measurements
of low-energy neutron kinematics therefore have the potential to provide a test of the imple-
mentation of FSI in different generators, improving our understanding of neutrino-nucleus
interactions.

A neutron analysis is underway to measure the νµCC0π topology with the beam in
neutrino mode and probe the low-energy region for model discrimination.
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Summary

High-resolution 3D tracking and excellent time resolution in the SFGD will improve under-
standing of outgoing neutron kinematics in neutrino-nucleus interactions. Neutron kinemat-
ics can in turn be used to improve neutrino energy reconstruction, constrain muon neutrino
backgrounds in the antineutrino CC0π-n signal, and test FSI implementation in different
cross section models and generators.

Neutron tagging and reconstruction to exploit the SFGD technology in the ND280 up-
grade and beyond will push sensitivity to lower energies for enhanced physics capabilities
including, but not limited to, reducing systematic uncertainties on cross section models for
neutrino oscillation studies.
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Figure 3: Plots of momentum against cosθ with respect to beam direction for neutrons in
the CC0π topology from antineutrino interactions (top) and neutrino interactions (bottom)
show an example of kinematics that might be explored to identify discriminating kinematics
for Super-Kamiokande.
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Figure 4: Neutron momentum for final-state neutrons in the CC0π-n topology from different
models within NEUT, NuWro and GENIE generators. Models shown include the Nieves
[9] and spectral function [10] models, and varying meson exchange current (MEC) fractions
which can particularly impact 2p2h interactions.
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