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T2K
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T2K Oscillation Results
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T2K Oscillation Results
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Cross Section Measurements
Completed publication of ഥ𝜈𝑒 cross section 

Change of focus to CC1p cross sections.
◦ Improved antineutrino selection

◦ CC1p1P transverse kinematic imbalance (TKI)
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𝜈𝑒 , ഥ𝜈𝑒 cross sections, Neil, George Antineutrino CC1Pi BDT, Gabriel

Ka Ming: Cross Section Model 
Systematics and Extraction Convener



CC1p1P TKI
νμ CC1π+ interaction on nucleus A with at least 1 proton in the final state

◦ 𝜈𝜇 + 𝐴 → 𝜇− + 𝜋+ + 𝑝 + 𝐴′

Kinematics sensitive to nuclear effects

Double transverse momentum imbalance δpTT

δpTT = 0 if no nuclear effects

Fermi momentum and FSI cause a 
broad spread

Other measures TKI also used
◦ Nucleon momentum

◦ Transverse boosting angle.
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Analysis and publication 
led by Ka Ming
Accepted by PRD today!



TKI Results
Model sensitivity comes mostly 
from central bins

Tail mostly contributed by FSI
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Super-K
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SK-Gd
Gadolinium added to SK in July.

Start of new era for SK
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AmBe Source Data



Light Injection
Our light injection system is used to monitor detector response during 
Gd loading and since. 

Scattering measurement analysis under rapid development
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Detector monitoring with the diffuser Pruthvi, Pablo, Neil



Scattering Measurement
New Scattering Monitor for symmetric scattering (Pablo)

Look at size of collimator spot

Compare to particle count measured in water.

12



T2K NC-g with neutrons
Observe NC interactions via deexcitation of 
excited nucleus. 

Now can observe with neutron production

Background to diffuse supernova neutrino 
search
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Neutron Tag 
Development: Pruthvi

Detected Neutrons



Hyper-K
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Hyper Kamiokande
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UK Budget Request with PPRP



Detector Calibration
Wide programme of detector calibration 
to meet systematic needs

◦ Light Injection

◦ Diffuse Light source

◦ Electron LINAC (3-24 MeV)

◦ DT Generator – 16N cloud

◦ CfNi Source

◦ AmBe Source

◦ Precalibration Programme

16

PhotoSensor Test Facility

Light Injection Multi Injector

DT Operation

LINAC Structure

Neil: Far detector calibration 
group leader



Calibration with mPMTs
New HK task force on calibration with mPMTs

Demonstrate benefit of mPMTs to HK

Neil (task force lead), Pablo, Ka Ming, Callum Seed 
(MPhys project)
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CP Violation Sensitivity
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Exclusion for 𝑠𝑖𝑛𝛿𝐶𝑃 = 0

~8s exclusion  of 𝑠𝑖𝑛𝛿𝐶𝑃 = 0 at 𝛿𝐶𝑃 = −90∘ (T2K favoured value)



CP Measurement Prospects
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Impact of Systematic Uncertainties
Statistics – T2K 2016
Shows importance of improved 
uncertainty estimations

Sensitivity depends on true value of 
𝛿𝐶𝑃



Proton decay
Predicted by grand unification 
theories

Suppressed by 
1

𝑀𝑋
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Many channels but e+p0 and ҧ𝜈K+

are most common

Rate is predicted by various GUT 
models and many have been 
rules out.

◦ Target 1035 years to significantly 
increase model coverage

The actual reason Kamiokande 
and IMB were built!
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p→e+p0

Very clean signal
◦ Background from atmospheric 

neutrinos reduced by neutron 
tagging to almost zero in signal box
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Free protons

Bound protons

3s sensitivity



𝑝 → 𝐾+ ҧ𝜐
Clean signatures

𝐾+ → 𝜇+𝜈 (64%)   236 MeV m+ 

decay electron, 6MeV gamma

𝐾+ → 𝜋+𝜋0(21%)  205 MeV p+ back to back
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3s sensitivity



Timeline
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Summary
HK is funded in Japan and will start in 2027

A new era for SK with SK-Gd

T2K continues to produce results and will be upgraded next year
◦ Beam Power

◦ ND280 Upgrade

Liverpool making key contributions to each
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Backup
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Measurement of TKI in CC1π+Xp interaction at

νμ CC1π+ interaction on nucleus A with at least 1 proton in the final state:

Initial nucleon momentum pN (Phys. Rev. C 99, 055504 (2019))

Probes the Fermi motion inside the nucleus

FSI shift the peak and cause a long tail
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Preprint: arXiv:2102.03346



Measurement of TKI in CC1π+Xp interaction at

νμ CC1π+ interaction on nucleus A with at least 1 proton in the final state:

Transverse boosting angle δαT (Phys. Rev. C 99, 055504 (2019))

Isotropic Fermi motion causes a flat distribution

FSI slow down hadrons and skew towards δαT>90o
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Results

RFG and LFG models strongly disfavored at small pN

Over-prediction in the peak region for all models
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Results

Curvature strongly dependent on FSI

Current phase space restrictions limit our sensitivity
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