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The T2K long-baseline neutrino experiment in Japan harnesses its sensitivity to search for CP
violation in the neutrino sector by observing the appearance of electron (anti-)neutrinos from a
beam of muon (anti-)neutrinos at its far detector, Super-Kamiokande (SK). For the next iteration of
T2K’s oscillation analysis, a new 𝜈𝑒 appearance sample was developed, targeting charged-current
single pion production. This neutrino interaction produces an event with more than one Cherenkov
ring at SK, specifically a visible 𝑒-like and a 𝜋+-like ring. This sample increases T2K’s total 𝜈𝑒
CC statistics by ∼6%, paving the way to improving its 𝛿𝐶𝑃 measurements. Additionally, multiple
changes were implemented in the estimation of the SK detector’s systematic uncertainties. The
results from these studies are discussed.
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Improved event selection of 𝜈𝑒 charged-current single pion production interactions at T2K Far Detector

1. The T2K experiment

The T2K experiment [1] in Japan studies long-baseline neutrino oscillations with a (𝜈)
𝜇 beam

produced at Japan Proton Accelerator Research Center (J-PARC). A suite of near detectors located
280 metres from the beam production target constrain the neutrino flux and cross-sections, and
the far detector (Super-Kamiokande [2]) located 295 km away measures both (𝜈)

𝜇 → (𝜈)
𝜇 and

(𝜈)
𝜇 → (𝜈)

𝑒 oscillations. Super-Kamiokande (SK) is a 50-kiloton water Cherenkov detector that
captures Cherenkov rings produced by charged particles using its ∼13,000 photomultiplier tubes
with excellent particle identification (PID) capability based on the ring shape. One of the near
detectors, ND280, and the far detector, SK, are positioned 2.5◦ off-axis with respect to the beam,
delivering a narrowband beam peaking at 0.6 GeV to both these detectors. This energy and the
295 km baseline correspond to the maximum (𝜈)

𝜇 → (𝜈)
𝑒 oscillation probability at SK. T2K’s main

physics goals are precision measurements of atmospheric mixing parameters 𝜃23, Δ𝑚2
32, and the

leptonic CP violating phase 𝛿𝐶𝑃. The latter is a key component in explaining the matter-antimatter
asymmetry observed in the universe. 𝛿𝐶𝑃 sensitivity at T2K comes from studying the (𝜈)

𝜇 → (𝜈)
𝑒

“appearance” channel.

2. The multi-ring 𝜈𝑒 CC1𝜋+ sample

Charged-current single-pion production (CC1𝜋) interactions are the second-most dominant
neutrino interactions at T2K’s (𝜈) beam energies after the charged-current quasielastic (CCQE)
interactions. T2K’s analyses till date used a single-ring 𝜈𝑒 CC1𝜋+ sample, whose 𝜋+ momentum
was below the Cherenkov threshold, and a combined single- and multi-ring 𝜈𝜇 CC1𝜋+ sample. The
single-ring 𝜈𝑒 CC1𝜋+ sample showcases a data excess [3], although within the statistical errors at
T2K.

Improper modelling of pion kinematics can be one of the possible causes for this data-MC
discrepancy. To remove any pion kinematics modelling biases, and also to make the best use of
T2K’s data collected so far, this study introduces a new multi-ring 𝜈𝑒 sample whose 𝜋+ momentum
is well above its Cherenkov threshold. Selection cuts were developed to find events that contain
an 𝑒−-like and a 𝜋+-like ring, along with a decay electron signal from the 𝜋+ decay. Additional
multi-ring PID cuts were also applied to separate the signal events from dominant backgrounds like
the multi-ring 𝜈𝜇, multi-pion, deep inelastic scattering and neutral current events. Addition of the
new sample leads to a ∼ 60% increase in the total 𝜈𝑒 CC1𝜋+ statistics, predicting ∼ 6 more events
to the 𝜈𝑒 appearance analysis for T2K’s Run 1-11 data taking period.

3. Improvements to SK detector systematics

SK detector modelling errors that manifest as biases in the selection variables are estimated
using a Markov chain Monte Carlo approach. For this, SK atmospheric data and MC simulation are
used instead of T2K beam data and MC at SK as control samples. The novelty in the SK detector
error estimation for the upcoming analysis is the inclusion of the new multi-ring sample, along
with the addition of a topology definition (1𝑒 + 1𝜋+) to support the new sample. Furthermore, the
treatments of decay electron tagging and single-to-multi-ring event migrations were improved. Fig.
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Improved event selection of 𝜈𝑒 charged-current single pion production interactions at T2K Far Detector

1(a) shows the results of preliminary studies with some of these changes, implying a finite reduction
in errors for each far detector sample.
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Improved event selection of 𝐿𝐿 charged-current single pion production interactions at T2K Far Detector

4. T2K’s upcoming oscillation analysis

The new sample combined with the existing single-ring counterpart was implemented in T2K’s
Bayesian and frequentist oscillation analysis fitters, and initial validations were performed. The
upcoming oscillation analysis not only includes updates from the far detector side but also an
overhaul at the near detector side, including updates in the cross-section model [4]. A preliminary
study of the impact of near detector constraints on the far detector predictions for the combined 𝐿𝐿
CC1𝑀+ sample was done with a near detector Asimov fit1 and is shown in Fig. 3. Data fits are
expected to be performed soon.
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Figure 3: Neutrino energy spectra of the combined 𝐿𝐿 CC1𝑀+ sample with error bands showing systematic
errors before and after the ND Asimov fit (labelled preND and postND Asimov respectively).

5. Summary

A new multi-ring 𝐿𝐿 CC1𝑀+ sample was added at T2K’s far detector that removes 𝑀+ kinematic
modelling dependence in 𝐿𝐿 CC1𝑀+ selection. It also increases the 𝐿𝐿 appearance statistics that is
necessary for improving T2K’s 𝑁𝑀𝑁 sensitivity. The SK detector systematic error estimation was
also revamped and is expected to reduce errors across all far detector samples.
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Improper modelling of pion kinematics can be one of the possible causes for this data-MC
discrepancy. To remove any pion kinematics modelling biases, and also to make the best use of
T2K’s data collected so far, this study introduces a new multi-ring 𝐿𝐿 sample whose 𝑀+ momentum
is well above its Cherenkov threshold. Selection cuts were developed to find events that contain
an 𝑁→-like and a 𝑀+-like ring, along with a decay electron signal from the 𝑀+ decay. Additional
multi-ring PID cuts were also applied to separate the signal events from dominant backgrounds like
the multi-ring 𝐿𝑀, multi-pion, deep inelastic scattering and neutral current events. Addition of the
new sample leads to a ↑ 60% increase in the total 𝐿𝐿 CC1𝑀+ statistics, predicting ↑ 6 more events
to the 𝐿𝐿 appearance analysis for T2K’s Run 1-11 data taking period.

3. Improvements to SK detector systematics

SK detector modelling errors that manifest as biases in the selection variables are estimated
using a Markov chain Monte Carlo approach. For this, SK atmospheric data and MC simulation are
used instead of T2K beam data and MC at SK due to the latter’s limited statistics. For every selection
variable, shift and smear parameters are introduced for various final state topologies and visible
energy regions. The MCMC produces posterior distributions for a total of 540 shift and smear
parameters (one shift and smear for each of the 10 PID variable ↓ 9 topologies ↓ 3 visible energy
bins), which are then fed to a toy MC framework. The toy MC procedure samples values from
these posterior distributions, reweights the T2K beam MC accordingly and produces variations in
event rates for each reweight. Comparing the event variations to the nominal event rate prediction,
a covariance matrix is then constructed that e!ectively provides errors on the T2K beam samples.

The novelty in the SK detector error estimation for the upcoming analysis is the inclusion of
the new multi-ring sample, along with the addition of a topology definition (1𝑁 + 1𝑀+) to support
the same. Furthermore, the treatments of decay electron tagging and single-to-multi-ring event
migrations were improved. Fig. 2 shows the results of preliminary studies with some of these
changes, implying a finite reduction in errors for each far detector sample.
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Figure 2: Comparison between diagonal elements of the SK detector matrix used in T2K’s previous
oscillation analysis (dashed red line) and the one described in this text (solid black line).
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(a) (b)

Figure 1: Left: Diagonals of the covariance matrices used in T2K’s previous analysis (dashed red) and this
analysis (solid black). Right: Neutrino energy spectra of the combined 𝜈𝑒 CC1𝜋+ sample showing systematic
errors before/after the ND Asimov fit (labelled preND and postND Asimov respectively).

4. Summary

The new multi-ring 𝜈𝑒 CC1𝜋+ sample combined with the existing single-ring counterpart was
implemented in T2K’s Bayesian and frequentist oscillation analysis fitters, and initial validations
were performed. The upcoming oscillation analysis includes these updates from the far detector
side and also an overhaul at the near detector, including updates in the cross-section model [4]. A
preliminary study of the impact of near detector constraints on the far detector predictions for the
combined 𝜈𝑒 CC1𝜋+ sample was done with a near detector Asimov fit1 and is shown in Fig. 1(b).
Data fits are expected to be performed soon.
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