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Neutrino oscillation

A Flavor of neutrino ' i H ) changes periodically as it propagates.
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A Described by mixing angles— h— h— , mass squared differencess | | |
and a CP phasé
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A 1IsOE 1 non-zero? (CP violation in lepton?)

A Is— 453? (maximal mixing? octant?)

2
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A Normal ordering (I >1 >1 )or
iInverted ordering (I >1 >1 )?




A Long-baseline neutrino oscillation experiment in Japan.
A Produced or & beam at }PARC.

A Measure neutrinos at near detector and at Super-Kamiokande 295km away.

Near detector
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Latest result from T2K experiment

A T2K result indicates CP
violation with 90% C.L.
(Best fit: U.g£-6 / 2)

A Joint analysis between T2K

and Super-Kamiokande
atmospheric neutrinos
also indicates best fit is
UgL-0/ 2.

A NOVA experiment favors
different region of Upfrom
T2K in the normal ordering.
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Result of T2K and SuperK joint analysis
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Latest result from NOvVA
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Prospect of T2K experiment

History of beam statistics in T2K

A Statistical error is currently dominant.
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Uncertainty of neutrino -nucleus interaction

A Neutrino -nucleus interaction involves several nuclear effects.

A Detectors can only reconstruct final state particles after the nuclear effects.
O Difficult to characterize initial state interactions.

A Need to detect all the particles from
neutrino interactions with high
efficiency and measure their kinematics
precisely for a better understanding.

Nuclear effects in neutrino interaction
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Measurements with ND280

A ND280 is a near detector complex
(scintillator tracker, TPC,ECa) in
0.2 T magnetic field.

A Significantly reduced neutrino flux
and interaction uncertainties in T2K
neutrino oscillation analysis.

A Weaknesses of the original ND280.
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Energy spectrum error |

Original ND280
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A Low efficiency for high-angle tracks.

A Cannot reconstruct short hadrons.

Number of Events
(3]
S
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A Largel background for & analysis.

A Difficult neutron measurement.
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ND280 upgrade

A Upstream part of ND280 was replaced by new detectors in 2023 2024.

A SuperFGD New neutrino target + tracking detector made of scintillator cubes.

A High-angle TPCs: Precisely measure higlangle particles from neutrino interaction.

A TOF detectors: Provide 150ps time resolution. TOF detectors
, (.‘.—' : ’; 7
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SuperFGDdetector

Hamamatsu MPPC (S1336a1325PE

A 2 million plastic scintillator cubes (1cm 1cm 1cm)
manufactured at UNIPLAST Co. (Vladimir, Russia).

A Read out by wavelength shifting fibers (Kuraray) and silicon
photomultipliers (Hamamatsu MPPC) in three directions.

A Provide precise 3D tracking + 2 ton target mass.
SuperFGDreadout structure SuperFGDscintillator and fiber SuperFGDscintillator cubes under assembly
g< Hit MPPC

O Qe Hit
X MPPC

Hit MPPC
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SuperFGDoptical components

, . Scintillator cube production procedure
A Scintillator cubes

produced by injection
molding.

A Reflective layer made
by chemically etching
scintillator surface.

A Fibers glued to plastic Fiber glued to connector MPPC array on PCB LED calibration system

L] e — o - . o - - - .“ N N '
optical connectors. e ‘NN QR T Light guide plate B
‘ ‘ W R W with notches

A 8 8 surface-mounted
MPPC array on PCB.

A LED light injection
system for calibration.
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SuperFGDelectronics

A MPPC signal digitized by Front End Board (FEB) using CITIROC chips (Omega).
A Events built in Optical Concentrator Board (OCB) with Zynq.

A Clock and trigger provided by Master Clock Board (MCB). -~ MCB (x1)

MPPC-PCB
(x881) FEB (x 222)

flCiock, slow control, kil
g, T synchronization B s
High il R Signals, MPPC bias ;., e

voltage K voltage e oo
| «—— 8

: I‘ <

.Analogue Y JEEEE e Slow control,
| signal S A DAQ data
Main power through backplane from low Communication with ox PC for DAQ and
voltage power supply (at lower floor) global ND280 system Glabal Slow Control
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ND280 upgrade performance for muons, pions, protons

Transverse kinematic imbalancevariables

A 4“ acceptance like SuperKamiokande.
Reduce systematic errors due to acceptance
different between near/far detectors.

A Low momentum threshold for hadrons.
Better understandings of nuclear effects.

Muon detection efficiency vs angle
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Teutron [MeV]

ND280 upgrade performance for neutrons

Neutron measurement using TOF

A SuperFGDhas high neutron detection efficiency.

A Neutron kinematics measurement using TOF.
under st andi
effects for antineutrino interactions.

800 [
700 [
600 E
500 [
400 [
300 E
200

100 F

Better

Neutron detection
efficiency of SuperFGD

— 1.0

09

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

111 | 1 |||III|IIII|IIII|IIII|IIIIIIIII

0 & ol v b P b Py
-1.0 -08 06 04 02 00 02 04 06 0S8

: 0.0
1.0

COSBHEUIIDH

Resolution

nNgs of

Phys. Rev. D 101, 09200&020)

Phys. Lett. B 840, 137843 (2023]

Neutron energy resolution

Distribution of 1 for antineutrino

|IIII|I|IIIIIIIIIII'IIIIlIIII|IIII
—— Carbon
—— Hydrogen
— Total

l.O [ T T T T | T T T T | T T | T T T I
09 = 20cm = 250 [~
081 = 70cm _f E
Neutron spectrum — L
0.7 F ] O 200 —
r o -
- [ [} = ]
0.6 — . il Frtid 5 i
0.5 il x84 B 150 i
- Bpa o @ £ H
0.4 H 5" = ) N
- ¥ = 5 E E = L
o3 " * "¢ g IIII L g § 101
] Sgg g i 2 S Lﬁ H
r ~goZ I iz g [ g g =
02" " 5u3 Tgog = 50
i 2 oge |
0.1 gftes - *® — i
o 3 r
00 N T R | L | I 1 N N s e s i 0
0 100 200 300 400 500
Tl‘lElll H[MeV]

) P, [MeV]

13

0 50 100 150 200 250 300 350 400 450 500



14

ND280 upgrade performance for electron neutrinos

d selection with original ND280

A & cross section is a key fors © 4 oscillation analysis.
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SuperFGDconstruction and installation

A Started assembly in JPARC in October 2022.

A Installed to ND280 in October 2023 after on-surface commissioning.

Scmtlllator layer assembly Fiber insertion MPPC attachment Installation




Commissioning and physics data taking

Observed neutrino events in upgraded ND280

A Installed all upgrade detectors in May 2024.

A First physics data taking in June 2024.
(96.1% data taking efficiency for entire ND280)

Full installation (except for side TOF detectors)
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Calibration and stabillity

, : , Pedestal stability MPPC gain stability
A Ratio of bad channels is small. 18

T ok June-July Neutrino Run 2024

ork in progress v
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Detector performance study

Optical crosstalk between scintillator cubes

1 I B e T I e e s T T

A Showing good detector performances.

b

Work in  — Fiber X (Data)
. ProOgress —- Fiber Z (Data)
‘ —— Fiber X (MC)

A Analyses are ongoing for the first physics
result from the upgraded ND280.
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3D event reconstruction

A 3D hit voxels are reconstructed from three orthogonal 2D projections.

A Even shorttrack protons or neutrons can be reconstructed well.

Candidate of 4 charged-current event with one proton Candidate of & charged-current event with one neutron
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A T2K aims for a precise measurement of neutrino oscillations and a search for CP
violation.

A Large region of 1  excluded at 3A. CP violation indicated at 90% C.L.
A Neutrino interaction model uncertainty is a source of dominant systematic error.

A SuperFGD consisting of 2 million 1cm? scintillator cubes, was constructed and
Installed in October 2023 as a part of the near detector upgrade to precisely
measure the neutrino interactions.

A 96.1% data taking efficiency for entire ND280 in the first physics run in June
2024.

A Analyses are ongoing for the first physics results.
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Neutrino beam

A 30 GeV proton beam from J-PARC accelerators on graphite target producesa

A Magnetic horns focus A or A to produce & or & beam.

A Off-axis method to produce narrowband neutrino beam and maximize oscillation.

Target and magnetic horns Neutrino beam spectra on and off axis
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Near detector

, | ND280 (until 2023)
A INGRID (onraxis detector) . T6m >

A 14 identical detectors arranged in a cross shape. UAI magnet yoke

A Monitor beam direction and neutrino event rate. |NGRID

A ND280 (2.5 off-axis detector)

A Magnetized (0.2T) complex detector.
(Scintillator tracker, TPC, calorimeter etc.)

A Measure neutrino flux and interaction.

A WAGASCIBabyMIND (1.5J off-axis detector) #
A New detector installed in 2019.

A Located at different off -axis angle from ND280
to measure interaction for higher -energy neutrinos.

Wall MRD
Proton Module WAGASCI



Super-Kamiokande

A 50kt water Cherenkov detector having ~11,000 20-inch PMTSs.

A Good separation of electrons and muons.© Separated and ¢ CC interactions.

A Gd loaded for enhanced neutron
detection in 2020.

candidate event ' candidate event
(fuzzy Cherenkov ring) (sharp Cherenkov ring)
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nts

Number of Eve

Oscillation analysis

A Make neutrino flux and
Interaction models.

A Constrain flux and interaction
models with ND280 data.

A Extract neutrino oscillation
parameters by comparing
data and predictions in
Super-Kamiokande.

25 T2K Run 1-10, 2022 preliminar;
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Flow of frequentist oscillation analysis
Neutrino fluxprediction

Neutrino oscillation=» ND280 measurement
Neutrino event prediction in Supdéfamiokande

Neutrino event measurement in Supgamiokande
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