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Study of neutral hadron yields by 31 GeV/c proton + 90 cm
carbon interactions for precise neutrino flux prediction in

long baseline neutrino oscillation experiments
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im LM H : Study of neutral hadron yields by 31 GeV/c proton + 90 cm carbon
interactions for precise neutrino flux prediction in long baseline neutrino oscillation

experiments

A reliable estimation of the accelerator neutrino beam flux is a fundamental
requirement for precise neutrino oscillation measurements, in particular for searches
for CP violation in the leptonic sector. In long-baseline neutrino oscillation experiments,
the uncertainty on the neutrino flux constitutes one of the dominant contributions to
the total systematic uncertainty on the extracted oscillation parameters. Since
accelerator neutrinos are produced from the decays of hadrons generated in proton-—
nucleus interactions, an accurate measurement of hadron production processes 1is
essential for reducing these uncertainties.

In the Tokai-to-Kamioka (T2K) experiment, a high-intensity muon neutrino beam is
produced using 31 GeV/c protons hitting a 90 cm long graphite target. The neutrino
beam is dominated by muon neutrinos originating from the decays of charged pions and
kaons. In addition to the dominant muon neutrino component, the beam contains a
subdominant but non-negligible fraction of electron neutrinos. This intrinsic electron
neutrino component represents an important background in electron neutrino
appearance measurements, and its uncertainty must be minimized to achieve high
sensitivity to CP wviolation. A major contribution to the electron neutrino flux
uncertainty arises from limited knowledge of neutral kaon production, in particular
from decays of long-lived neutral kaons (KOL), which significantly contribute to the
electron neutrino flux at the far detector. Precise measurements of neutral kaon
production are therefore essential for reducing the electron neutrino flux uncertainty.
In addition to neutral kaons, the production of strange baryons, especially Lambda
particles, also plays an important role in neutrino flux predictions. Lambda baryons
contribute indirectly to the neutrino flux through secondary processes, including their
decays into protons and charged pions, which subsequently produce neutrinos through
further hadronic and leptonic decays. Furthermore, Lambda production is strongly
correlated with strange particle production mechanisms in hadronic interaction models.
As a result, improved constraints on Lambda production lead to more reliable
predictions of anti-muon neutrino components in accelerator-based neutrino
experiments.

The NA61/SHINE experiment is a fixed-target experiment at the CERN Super Proton

Synchrotron designed to provide precision measurements of hadron production for



neutrino beam experiments such as T2K. To closely replicate the conditions of the T2K
neutrino beamline, NA61/SHINE employs a T2K replica target that is identical in
material, geometry, and length to the actual production target used in the T2K
experiment. Data collected with this replica target in 2009 and 2010 significantly
reduced the uncertainties on the muon neutrino and anti-muon neutrino flux
predictions in T2K to approximately 5 percent. However, the statistical precision of
those datasets was insufficient to perform detailed measurements of neutral kaon and
Lambda production. To overcome this limitation, a new high-statistics data-taking
campaign was conducted in 2022 using the T2K replica target. This campaign collected
approximately an order of magnitude more events than the earlier measurements,
providing a substantially improved dataset for studies of rare and previously poorly
constrained hadronic processes. The present work is based on the 2022 dataset.

A comprehensive calibration of the NA61/SHINE detector systems relevant for hadron
reconstruction was performed to achieve the required level of precision. This
calibration includes timing calibration of the Time Projection Chambers, drift velocity
determination, alignment of the TPCs, and precise alignment of the Beam Position
Detectors. These procedures ensure accurate reconstruction of charged-particle tracks
and reliable determination of hadron production vertices at the target surface.

Using the fully calibrated dataset, detailed measurements of KOS and Lambda
production were carried out as functions of particle momentum and emission angle at
the target surface. The analysis focuses on providing new experimental constraints on
strangeness production in proton—carbon interactions at 31 GeV/c. These
measurements directly address key sources of uncertainty in current hadronic
interaction models used for neutrino flux predictions. The results presented in this
work are expected to significantly improve the modeling of neutral kaon and Lambda
production in neutrino beam simulations. In particular, they will contribute to a
substantial reduction of the systematic uncertainties associated with the anti-muon
neutrino flux in future T2K oscillation analyses. More generally, these measurement
results provide important knowledge for next-generation long-baseline neutrino
experiments. These experiments require further improvements in flux measurement

precision to maximize the detection sensitivity for CP violation in the lepton sector.
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