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T2K is a long-baseline experiment for the measurement of neutrino and antineutrino oscillations.
The ND280 near detector at J-PARC plays a crucial role to minimise the systematic uncertainties
related to the neutrino flux and neutrino-nucleus cross-sections.

ND280 has been recently upgraded with a new suite of sub-detectors: a high granularity target
with 2 million optically-isolated scintillating cubes read out by wavelength shifting fibres and
55000 Multi-Pixel Photon Counters; two horizontal Time-Projection Chambers instrumented with
resistive Micromegas and 6 panels of scintillating bars for precise time-of-flight measurements.
The new detectors were installed in 2023-2024. Results from the first data collected with cosmics,
and the performance of the detector will be highlighted: large acceptance for tracks produced at
large angle, low threshold for proton reconstruction, full kinematic measurement of neutrons and
improved particle identification.
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1. Introduction

The T2K experiment [1], located in Japan, is a crucial player in the field of neutrino physics,
aiming to probe the intricacies of neutrino oscillations. It employs a high-intensity muon (anti)
neutrino beam with a peak energy of 600 MeV, generated at the J-PARC facility. This beam is
scrutinized by a suite of near detectors (ND280) positioned 280 m from the source, measuring
the unoscillated neutrino flux and its interaction characteristics. After traveling 295 km, the beam
reaches the Super-Kamiokande (SK) far detector, where the beam is measured after oscillations
have taken place. The T2K experiment measures v, — v, (v, — V,) oscillations to precisely
measure the oscillation parameters such as 6,3, Amgz, 613 and the CP-violating phase dcp.

The ND280 complex consists of two fine-grained detectors (FGD1 and FGD2), enclosed by
three vertical Time Projection Chambers (TPCs) for precise tracking and momentum measurements
of charged particles. This target-tracker system is surrounded by electromagnetic calorimeters
(ECal) and then enclosed by panels of side-muon range detector (SMRD) and a UA1 dipole magnet
providing a magnetic field of 0.2 T. Figure 1 (left) shows a schematic of the original ND280 design.
In addition to measuring the beam spectrum and flavor composition before oscillations, ND280
also constrains the systematic uncertainties associated with the neutrino flux and neutrino-nucleus
interactions for the far detector fit.

2. Motivations behind ND280 upgrade

The original ND280 configuration was well-suited to reconstruct muons produced in the
neutrino interactions, especially in the forward region. However, the efficiency to reconstruct high
angle and backward-going muons was notably worse (< 20%), resulting in less efficient constraining
of high angle interaction uncertainties at the far detector. ND280 also exhibited high momentum
threshold (450 MeV/c) and low efficiency for proton reconstruction, and no capability to reconstruct
neutrons. Due to these limitations, neutrino energy had to be reconstructed using lepton kinematics
only. Limited time-of-flight information resulted in non-negligible out-of-fiducial-volume (OOFV)
background. Similarly, estimation of v, background, which is crucial for precise measurement of
oscillated v, flux at the far detector, was insufficient.

In order to address these limitations, the T2K collaboration undertook an upgrade of the ND280
complex [3]. The pion detector (POD), which was a part of the original ND280 design, was replaced
with a suite of new detectors better-suited to meet the current physics requirements. Additionally,
the neutrino beam line will be upgraded to achieve the horn current of 320 kA and beam power
of 1.3 MW. With the inclusion of ND280 and beamline upgrade in the second phase of the T2K

experiment, the data-taking program is expected to collect at least 10> POT (protons on target)
with the aim of measuring the first evidence of CP violation in the lepton sector [2], until the

commencement of the Hyper-Kamiokande experiment in 2027.

3. ND280 upgrade design

The suite of new detectors installed as a part of the ND280 upgrade include: a high granularity
scintillator target capable of low momentum particle reconstruction called Super-Fine Grained
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Figure 1: A schematic of the original ND280 design (left), and the suite of new detectors included in the
ND280 upgrade (right).

Detector (Super-FGD), two horizontal Time Projection Chambers (TPC) called High Angle TPC,
positioned above and below the Super-FGD to track the high angle particles, and six Time-of-Flight
(ToF) detectors to veto particles originating from outside the ND280 fiducial volume. Each ToF
panel is installed on one side of the new target-tracker system. Figure 1 (right) shows a schematic
of the suite of new detectors installed as a part of the ND280 upgrade.

3.1 Super-FGD

The Super-FGD is a fully active 2 ton scintillator target with the dimensions of 192 x 182 x
56 cm?. It is composed of approximately 2 million optically isolated cubes, each of dimensions

1 cm?

. The scintillation light produced in the cubes is recorded using three wavelength shifting
(WLS) fibers in mutually orthogonal directions, and each fiber is read out by a Hamamatsu Multi-
Pixel Photon Counter (MPPC). The Super-FGD will provide a large target mass to the ND280
to generate neutrino interactions on a scale comparable to that of both FGDs. It will reduce
the momentum threshold for hadron detection to approximately 300 MeV/c, enhance the spatial
resolution for identifying particles with short tracks near the neutrino vertex in all directions, and
also reconstruct neutrons via proton recoil. Neutron reconstruction is especially crucial to precisely
measure the antineutrino charged-current quasi elastic (CCQE) interactions and interactions on a
pair of correlated nucleons (2p2h process). Additionally, Super-FGD will grant very good dE/dx
and time resolution.

Super-FGD was successfully installed in the ND280 pit in October 2023. The performance of
Super-FGD was recently tested using cosmics data. Observed light (p.e) from all three orthogonal
fibers was recorded as a function of distance from MPPC to characterize the attenuation length,
which was found to be consistent with the WLS fibers specifications. Time resolution was measured
by comparing the mean time of hit with the mean time of event trigger. Time resolution of
approximately 1.2 ns was obtained for a single cube. Figure 2 displays the attenuation length and
time resolution measurements of Super-FGD performed using cosmics data.

3.2 High Angle TPC

The High Angle TPC is composed of two field cages joined at the central cathode plane, with
their anode planes on opposite sides. The new field cage design (compared to vertical TPC) consists



The ND280 Upgrade of the T2K experiment Shivam Joshi

s ® e F Enues 374890
< T10000—, i 4 Me: -0.006856
§e T2K Work in Progress 5 | T2K Work in Progress; GoOoy  0sise
5 s gmf J \
¢ Eomor [
g % Z r [
L r [
& 4000 — f
=z 15 r | |

10, = / \

2000/ \

s [ \

0 1 R T/ TP VN B S

026 %0 80 80 100 120 140 160 %s =T s [ 5

180 200 220 10 15
Distance from MPPC surface (em) Time /1.25ns

Figure 2: Attenuation length measurement of WLS fibers (left), and time resolution of Super-FGD (right)
obtained from cosmics data studies.

of thin walls (total width ~ 4 cm) to minimize dead space and maximize the tracking volume. Each
endplate of the High Angle TPC is instrumented with eight 1152-channel Encapsulated Resistive
Anode Micromegas (ERAM) detectors for charge readout. High Angle TPCs will provide almost
isotropic coverage for outgoing muons, excellent particle identification capabilities and 3D track
reconstruction.

ERAM detectors are introduced with the principle of charge spreading for charge readout, in
which the initial charge spreads over multiple readout pads, which results in good spatial resolution
without reducing the pad size. Charge spreading is achieved by applying a resistive foil onto the
readout plane. ERAMs also exhibit better suppression of sparks and E-field uniformity than the
standard bulk Micromegas used in the vertical TPCs. ERAMs are characterized using a dedicated
X-ray test bench at CERN, in which, each pad is individually scanned to measure its gain and energy
resolution. Furthermore, a detailed physical model accounting for initial ionization, electron drift
and diffusion effects, and readout electronics has been developed to simultaneously extract gain
and charge spreading information (RC) of each produced ERAM. Figures 3 (left) and 3 (right)
shows the 2D RC map and gain map respectively of an ERAM. The physical model and ERAM
characterization results are studied in detail in [4].
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Figure 3: 2D RC map (left) and gain map (right) of an ERAM, extracted using X-ray test bench data.

Bottom and top High Angle TPCs were successfully installed in the ND280 pit in September
2023 and April 2024 respectively. The performance of High Angle TPC was also recently tested
using cosmics data. Spatial resolution of about 500 um and dE/dx resolution better than 10% was
obtained. Both these results are in agreement with Monte-Carlo predictions. These performances
translate to momentum resolution better than 10% for vertical muons with momenta < 1.2 GeV/c
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and drift distance > 600 mm. Figure 4 displays the spatial resolution and momentum resolution of

High Angle TPC obtained from cosmics data studies.
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Figure 4: Comparison of spatial resolution of High Angle TPC obtained from cosmics data and Monte-Carlo
prediction (left). Momentum resolution corresponding to spatial and dE/dx resolution performances of High
Angle TPC (right).

3.3 ToF detector

Each ToF panel is composed of 20 cast plastic scintillator bars (EJ-200) of the dimensions
12 x 1 x 230 cm®. The total area covered by the scintillator bars in a plane is 5.4 m>. Eight
silicon photomultipliers record the scintillation light from one end of the bar. The purpose of ToF
detectors is to veto the inward-going background, provide cosmic trigger for Super-FGD and High
Angle TPCs and measure the crossing time of charged particles. Figure 5 (left) displays the time
resolution measurement performed on a scintillator bar. The time resolution is measured to be better
than 150 ps [5]. This remarkable time resolution allows for distinguishing muons from electrons at
energies of 0.1-0.3 GeV, as well as positrons from protons at 1-2 GeV energies. ToF detectors are
capable of resolving individual bunches in a neutrino beam spill (Figure 5 (right)).
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Figure 5: Time resolution of one-side readout (solid curves) and two-side readout (broken curves) as a
function of measurement distance along the scintillator bar (left). ToF measurement of neutrino beam spill

(right).

4. Current status of upgrade and expected improvements

Installation of all the new detectors was accomplished in May 2024, and the first neutrino

interactions with the complete suite of ND280 detectors were recorded in June 2024.
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Selection efficiency of charged-current v, events will improve substantially for muons emitted
in the high angle or backward region. Decrease in proton detection threshold and improved efficiency
with full angular acceptance in Super-FGD will enable precise measurements of transverse kinematic
hadron variables, which will allow better understanding of nuclear effects [6]. Additionally, neutrino
energy will be estimated more precisely using lepton and hadron kinematics. OOFV background
will be reduced to below 1%. Owing to all the performance improvements, the neutrino flux
and cross-section uncertainties will be reduced by 30-40% with respect to the original ND280
configuration [3].

5. Conclusion

The upgrade of the ND280 was successfully accomplished in May 2024, with all the new
detectors working as expected. First physics run with the complete suite of ND280 detectors and
increased beam power (800 kW) and current (320 kA) was conducted in June 2024. Physics analysis
of the first run of T2K phase II is currently ongoing. The planned physics program is devised to
fully profit from the increase in statistics, full angular coverage and improved hadron reconstruction
at the ND280 to reduce the flux and cross-section related systematic uncertainties at the far detector
and perform precise measurements of the oscillation parameters.
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