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Tokai-to-Kamioka (T2K)
experiment in Japan

» Flagship long-baseline accelerator neutrino project
Study oscillations in both appearance and disappearance

channels with muon (anti)neutrino beam
- Far detector: water Cherenkov Super-Kamiokande "-I[ MlRRﬂR

CRACKD

- Anindication of matter- antlmatter
ND280 symmetry v10latlon inneutrinos -

INGRID

J-PArRC

Japan Proton Accelerator Research Complex

Hadron
Experimental

. Near Detector | J-PARC ! — - " Faciy

Neutrino beam

295 km




Latest T2K results

« World-leading measurements of 6, and Am322:

- Mild preference for upper octant of ,, and normal

mass hierarchy

» 0r-p = 0 and & (CP-conservation) excluded at 90% CL
(Eur. Phys. J. C 83, 782 (2023))
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https://link.springer.com/article/10.1140/epjc/s10052-023-11819-x
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ND280: P — =
o 2.50 off-axis (Super-K direction)
» Sub-detectors inside UAT magnet v beam PC. | TPC. | TPC
(0.2 T magnetic field)
« Measure neutrino interactions, neutrino flux

composition, intrinsic v, contamination

e Constrain cross-section and flux uncertainties Y
for oscillation analysis (OA) | Z

FGDs Eg\évlnstream

ND280 Upgrade 2024

ND280 Upgrade — further reduction of systematic
uncertainties for OA:
 |Lower thresholds for neutrino interaction
products, ability to reconstruct neutron
Kinematics, improved geometric acceptance
* |nstallation of new modules finished in May 2024

» See talks by Angelina and Alexander
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E.g.: uncertainties on 1-Ring v, and v, events at Super-K are reduced from ~15%
to < 5% with near detector cofistraints




Neutrino beam

* 2K setup allows switching between neutrino and antineutrino beam

modes by changing polarity of focusing horns

* Flux simulation tuned with NA61/SHINE hadron production data

* NA61/SHINE replica target data (Eur. Phys. J. C 76, 617 (2016)):
* Reduce flux uncertainty from ~10% to ~5% around flux peak

* |nclude exiting kaons, protons and pions
 Reduce uncertainties at higher energies

* Further flux fine tuning based on in-situ measurements with beam
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https://link.springer.com/article/10.1140/epjc/s10052-016-4440-y

Neutrino interaction model

 NEUT to simulate neutrino interactions (Eur. Phys. J.
Spec. Top. 230, 4469-4481 (2021))

 Charged Current Quasi Elastic (CCQE)— dominant
reaction for T2K energies:
- Benhar Spectral Function (SF) model for nuclear
structure
- Include Pauli Blocking
e 2p2h:
- Base model: Valencia 2p2h
- Better description of 2p2h pn/nn pairs contribution
e Other:
- New resonance decay uncertainties

- New Nucleon Final State Interactions (FSI) uncertainty

(Physical review D 109, 072006 (2024))
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https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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https://link.aps.org/doi/10.1103/PhysRevD.109.072006

ND280 samples: 2022 analysis
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Towards Oscillation Analysis 2024

* Near detector:
- Improved particle tracking
- New parameterisation for detector systematics

- “47” selection in neutrino mode
- Updated cross-section systematics model

* Far detector:
- Include data collected in 2021 (first run with Gd (0.01%) in Super-K):
+9% statistics in neutrino mode

- New multi-ring v,CC1xz™ sample (+60% statistics)
- Updated detector systematics
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Introduction of “47” samples

Previous ND280 analyses mainly focused on forward-going muon tracks

In contrast, the far detector Super-Kamiokande has the full “4z” acceptance

due to its geometry
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Introduction of “47” samples

HIGH-ANGLE BACKWARD

e TOF between ND280 modules can be used to

determine muon direction:

- Forward (FWD) or High-angle Forward (HA- | BACKWARD
FWD)

- Backward (BWD) or High-angle Backward
(HA-BWD)

FORWARD

HIGH-ANGLE FORWARD

e Muon momentum Is reconstructed: Example of backward-going muon track
- FWD, BWD - using curvature in TPC
- HA-FWD, HA-BWD - using track length in e/
FGD/ECal/SMRD - P
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ND280 fit inputs in neutrino mode

1. Select muon candidate

2. Further distribute events into
samples according to other
tagged products: protons,
pions, photons

OA2022

CC 0z0p FWD

CC OnNp FWD

CC Iz FWD

CC Other FWD
CC Photon FWD

OA2024

CC 0z0p FWD
CC O~Op BWD
CC Oz0p HA

CC OxNp FWD
CC OrNp BWD
CC OxNp HA

CC Iz FWD
CC Il HA-FWD
CC Other FWD

CC Photon FWD

13
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ND280 detector systematic errors

Total detector systematic depending on bin of momentum/cos?@
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Samples in antineutrino

mode

No “47” samples for OA2024 due to less statistics — mainly

forward-going tracks

Samples for ND280 fit: CCOx, CClx, CC-Other

Background contamination from neutrino interactions —
constrain with a dedicated selection

Total detector systematic error up to 4.5% (CC-Other FGD2

DﬂCC selection efficiency depending on momentum/cosf
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Summary

o [2K experiment leads the field of neutrino oscillation studies with accelerators:
- CP conservation excluded at 90% CL
- Leading measurements of “atmospheric” parameters

 Now collecting data with upgraded neutrino beam and renewed near detector ND280
* New T2K oscillation analysis result being prepared for Neutrino 2024

 Among other updates T2K OA2024 largely based on ND280 samples with increased
phase-space acceptance:
- Make ND280 acceptance closer to Super-K
- Include topologies with large momentum transfers
- Increase ND280 statistics by 15%
- Preparatory step for a move from ND280 to ND280 Upgrade






T2K+SK joint analysis
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T2K+SK joint analysis

Posterior density

Normal ordering

SK + T2K preliminary
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conserving point 6 = 7 is still
included within 20.
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* Plus larger than expected effects
in CC1m™ systematic study.
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Frequentist analysis will also be in the paper (soon) but this only gets
around the prior dependence, and is otherwise pretty consistent.
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* New algorithm in TPC — TREX:
* New pattern recognition algorithm
* 3D reconstruction with no preferential direction
* Vertexing in TPCs

X FGD:
* Electron hypothesis in FGD Particle identification, overall updated
FGD PID

X POD
* Recover short tracks in downstream POD with TPC based filtering
* Improve high-angle tracking (short in Z objects)

X ECal

* Few hits clusters — tag low-energy EM activity
* Improved TPC-ECal matching, filter individual ECal hits to recover
TPC-ECal objects with few hits in ECals

Improvements in particle tracking

~ YZ Projection

Through-going muon emitting a 6-ray inside
the TPC. TREX identifies three tracks instead
of two and connect them using a Junction
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T2K results
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Figure 1 — Left: Constraints on atmospheric oscillation parameters and comparison with NOvA,'" SuperK;'® and
IceCube!® Right: Constraints from an alternative fit of u-like samples where the atmospheric parameters for
neutrinos (sin” @23, Am3,) and antineutrinos (sin” 623, AT3,) are decoupled from each other. The joint v, + v,
analysis contours from the left figure are also shown for comparison.

Table 2.2: Oscillation parameters values with and without the reactor constrain obtained in
the frequentist analysis from the data fit [77].

Parameter With reactor constraint Without reactor constraint
Normal ordering Inverted ordering | Normal ordering Inverted ordering
Scp (rad.) 19740 1.4410.56 2,227,125 1291072
sin®fy3/1073 — — 28.07 23 310730
sin?63 0.561 )% 0.563 )05y 0.467 0 51% 0.466 0515
Am%,/1073 (6V?) 2.494" ) — 2.495 V4 —
[Amg3,[/107% (eV?) — 24630056 — 246305
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