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The T2K experiment has recently upgraded its off-axis near detector, ND280, to enhance its
capabilities in constraining neutrino interaction systematics for oscillation analyses. A key com-
ponent of this upgrade is the Time-of-Flight (TOF) detector, designed to provide precise timing
information to determine particle origin and direction. This proceeding presents the design, in-
stallation, and commissioning of the TOF detector, along with preliminary performance results
obtained from cosmic ray and beam data. After applying an MCMC-based calibration procedure,
we achieve a time resolution of 175 ps, enabling OOFV rejection, beam bunch identification and
PID contribution.
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1. T2K and the ND280 upgrade

T2K [1] is a long-baseline neutrino oscillation experiment in Japan, where the J-PARC proton
accelerator is used to produce a 𝜈𝜇 or 𝜈̄𝜇 beam directed to Super-Kamiokande, the far detector
(Fig.1. A near detector complex is located 280 m downstream of the neutrino production target,
including INGRID (an on-axis detector for flux monitoring) and ND280. The latter is placed 2.5◦

off-axis with respect to the beam, at the same angle as SK, in order to make the neutrino flux
narrower and peak at 600 MeV.

ND280 is used to characterize the unoscillated flux and constrain interaction systematics used
for the oscillation analysis: T2K measures oscillation parameters by observing 𝜈𝜇 disappearance
and 𝜈𝑒 appearance, enabling precise measurements of neutrino mixing angles and mass-squared
differences, as well as the CP-violating phase 𝛿𝐶𝑃 .

Figure 1: The T2K experiment [1].

ND280 has been recently upgraded by replacing the upstream section, the P0D (Pi0 detector),
with three new sub-detectors (Fig. 2) to improve reconstruction capabilities:

• two High-Angle Time Projection Chambers (HATs),

• the Super Fine Grained Detector (SFGD), an active neutrino target,

• six Time-Of-Flight (TOF) planes surrounding the inner detectors.

The ND280 Upgrade goals include: lower proton detection threshold, inclusion of high-angle
tracks in selections, improvements in sample purity, overall increase in the collected statistics (also
thanks to the higher beam power from the J-PARC accelerator). Moreover, SFGD gives us the
possibility to reconstruct neutron kinematics from time-of-flight and tackle the problem of invisible
energy in neutrino interactions.

2. Time-of-Flight detector design and installation

The TOF system consists of six similar plane modules assembled in a cube-like enclosure
providing an almost 4𝜋 coverage around HATs and SFGD, visible in Fig. 2. Each plane has a
size of roughly 4 𝑚2 and features 20 plastic scintillator bars, each ∼2.2 m long, read out by an
array of 8 SiPMs on each side. The TOF provides a precise time reference for tracks crossing the
detectors, in particular enabling rejection of out-of-fiducial-volume particles, which constitute a
major background for neutrino selections.

Installation at J-PARC was performed in several steps, interleaved with the installation of HATs
and SFGD. The procedure included lowering the detectors to the ND280 pit (Fig. 3, left), roughly
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Figure 2: The subdetectors of the ND280 upgrade [2].

30 m below ground level, fixing them onto the existing basket structure (Fig. 3, right) and connecting
all systems: readout channels to the Data Acquisition (DAQ) system, the cooling services, the Slow
Control system (used for powering the SiPMs and temperature monitoring).

All steps were completed successfully between July 2023 and May 2024, which marked the
end of the ND280 upgrade installation. For the TOF, the process had already been rehearsed during
a full installation test at CERN prior to shipping, on a mockup of the ND280 basket.

Figure 3: TOF detector installation. Left: lowering of a plane to the pit. Right: first two planes installed in
the ND280 basket, before SFGD and HATs placement.

The behavior of the detector was checked throughout the installation, making use of a dedi-
cated standalone reconstruction framework developed for monitoring and data quality assessment.
Baselines, noise levels and hit-matching are checked to ensure well-functioning, through variable-
specific plots of event displays like the one shown in Fig. 4, showing the reconstructed hits on all
TOF planes. The whole TOF has proven to be extremely stable, with all channels responding as
expected without failures in the first two years of operation. Given the excellent coverage around
the other upgrade detectors, it has also been used to provide a cosmic trigger for commissioning
and calibration purposes.
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Figure 4: Event display from a beam run, showing all bars of all planes collecting hits (in red). The color
scale, common to all planes, shows the number of hits in each bar.

3. Detector characterization and performance

3.1 Single bar response

A cosmic test bench was used to characterize spare scintillator bars prior to installation. Each
bar was scanned at about 21 positions, collecting about 103 events per point with an external two-
scintillator trigger. Average waveforms show a primary pulse plus a reflected secondary from the
far end, deforming the rising edge depending on distance (Fig. 5, left). Hit times are extracted with
a 10% CFD; the time difference between ends is used to reconstruct position. The time resolution
is the spread of this difference around the expectation, worsening with distance from the readout,
though overlap of the secondary pulse near the far end can improve it.

Combining the two readouts, the overall time resolution is computed to be 130 ps in the middle
of the bar, while close to the edges the value gets even lower (Fig. 5, right). From single-bar studies
we also computed the effective velocity of light in the scintillator to be 16 cm/ns, fundamental input
to simulation and calibration, and a precision in the reconstruction of the position of 3 cm, which
can be improved using information from other ND280 detectors.

T2K work in progress T2K work in progress

Figure 5: Left: single-bar waveform features at different positions. Right: single-bar time resolution,
computed independently for the two readouts (Left and Right) and then for the bar by performing a weighted
average, from which we take the maximum value of 130 ps.
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3.2 Detector time resolution

In the complete system with all six planes, after first-order calibrations to account for cable
lengths, a finer tuning is required to achieve the target resolution. An MCMC-based calibration was
established and presented in [4]. A cosmic dataset is used, in order to have long tracks crossing
two planes, mostly the Top and Bottom ones. For each bar, offsets are computed from the mean
Δ𝑡 over all events (after correcting for the expected time-of-flight with ∼3 cm position accuracy
from single-bar studies), optionally applying damping factors across iterations. The overall effect
is to absorb second-order geometry, cabling and electronics offsets across the system. Using this
procedure, the time resolution for a track improves from 422 ps to 248 ps. The single-hit resolution
(per bar) is obtained dividing by

√
2, resulting in a post-calibration value of 175 ps (Fig. 6, left).

As additional calibrations using an external position from the other detectors are implemented, this
value will improve further and get closer to the nominal 130 ps obtained with the single-bar setup.

3.3 Timing capabilities

The T2K beam spill features eight bunches, about 50 ns wide, separated by about 580 ns. The
TOF can resolve them very clearly, as shown in Fig. 6 (right), obtaining a reconstructed Gaussian
width of each bunch is around 20 ns (even before calibrations). These results demonstrate that the
TOF can provide precise timing information to estimate the absolute track time for HATs, which are
significantly slower detectors. Additionally, TOF measurements can help reject particles originating
outside the fiducial volume by distinguishing incoming from outgoing tracks based on their timing.
Preliminary studies also indicate that TOF may contribute to particle identification: by calculating
the particle velocity of tracks originating in SFGD and combining with the momentum from HAT,
it becomes possible to separate minimum ionizing particles from protons.

T2K work in progress T2K work in progress

Figure 6: Left: TOF post-calibration time resolution. RIght: beam bunch structure resolved by TOF.

4. Conclusions

The ND280 TOF detector has been successfully designed, installed, and commissioned as
part of the ND280 upgrade. Preliminary performance results from cosmic data show promising
timing capabilities, with ongoing work to finalize calibrations and performance metrics. The
TOF is expected to play an important role in enhancing ND280’s ability to constrain neutrino
interaction systematics for T2K’s oscillation analyses, in particular contributing to background
rejection, topology selection and PID.
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