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Mixing of three neutrinos

W IB  Neutrinos produced in weak processes (Va)
Va VB | are linear combinations of mass eigenstates (Vi)
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Ve 1 0 0
Vy = 0 Hco3 +8o23
V- 0 —893 +Co3

Super-K, K2K, MINOS,
OPERA, NOVA, T2K

Super-K, SNO, KamLAND

cij = cos(65), sij = sin(B;)
(PMNS Neglecting possible Majorana phases)
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Neutrino oscillations at T2K



Near detector complex
at 280 m from the target
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Neutrino appearance and disappearance at T2K
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T2K experimental setup



The off-axis neutrino beam
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Charged Current Quasi-Elastic

(CCQE) 8005
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® Enhance neutrino oscillation effects

> Enhance CCQE-like interactions (signal at Super-Kamiokande)

® Reduce background from 10 interactions
> Changing horn current possible to run in v and  beam mode




Near Detectors D

UA1 Magnet Yoke
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'[I vTracker‘

POD
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detector)

Downstream
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Barrel ECAL

ND280 (off-axis 2.5°)

> Magnet:B=02T
® TPC: p measurement + particle-ID with dE/dx
® FGD: Fine-grained detectors (2 x 0.8 t) = FGDI (C), FGD2 (C+H,0)

® SMRD: magnetized muon range detector
® POD: pi-zero detector (Pb/brass-H,O-scintillator)
® ECal: electromagnetic calorimeter

WAGASCI-Baby MIND (off-axis 1.5°)

® WAGASCI: plastic scintillator detector filled with water (~ 80%)

® BabyMIND: magnetised iron and scintillator (4 charge and range)
“ Not used yet in the oscillation analysis

INGRID (on-axis)

% y, CC rate & monitor beam profile and stability

® Fe/Scintillator tracking calorimeter (16 Fe/Scint modules + |
central one made of scintillator only)



The T2K off-axis near detector: ND280

¢ ND280 samples of v, (V) interactions in Carbon (FGDI) and water (FGD2) have been
employed in the near detector analysis.

¢ Precise measurement of P, and 6, with TPCs

¢ Distinguish v from U interactions thanks to the reconstruction of the charged lepton

Separate samples based on number of reconstructed pions (CCOx, CClz, CCNr), protons and presence
of photons
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Far detector: Super-Kamiokande

Super-K (2.5° off-axis)

® Water Cherenkov (22.5 kt fiducial volume,
> | Ik PMT, ~40 m x 40 m)
® Excellent /e separation (based on ring profile)

and T detection (2 e-like rings)
® <1% mis-PID at | GeV

- v, and 7 charged current

¥ and v, charged current Neutral current

Number of events

-1,000 0

Electron or muon PID discriminator

DL T e ——— | ——
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T2K oscillation results



Collected data

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
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Oscillation analysis strategy

‘------------------------------.

| ND280 detector

NAG6I/SHINE
replica target

,ﬁf-~~ 7 ——la Neutrino flux

| INGRID & Beam I''g model —
B momtor data B _ ND280 fit | ND280 data:

Cross-section W5 ) samples in ¥ mode .

’ e model
External o

cross-section
] data

Super-K data:

4 samples in ¥ mode

| Super-K detector ‘

model |
__ “ 2 samples in v mode |

0 ND280 data
: reduce neutrino flux and
1Cross-section uncertainties

Oscillation
parameters



Fitting ND280 samples
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Events in bin

Events in bin

Super-K samples

a ple e PLIo
0Jo[S
1Re One e-like ring, O decay electrons
1Re CC1n* | One e-like ring, 1 decay electrons
Vv 1Rp One p-like ring, 0/1 decay electrons
MRu One p-like ring, 2 decay electrons/ p-like
CCim+ ring + m+-like ring, 1 decay e
_ 1Re One e-like ring, 0 decay electrons
4
1Rp One p-like ring, 0/1 decay electrons
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Results: Ocp confidence regions

| T2K + Reactor 0,3 (sin2 20,3 = 0.0861 * 0.0027)
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Antineutrino mode e-like candidates

Summary of oscillation results

e . . - i L - : .'
® Oscillation parameters at the limit
% Maximal mixing in 023
Q () -,
® Maximal ve/Ve asymmetry

S Consistent w/ PMNS, within stat.
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Joint analyses



T2K-SK atmospheric joint analysis

€ T2K has good sensitivity to §-p but mild
preference for NO

¢ SK has a good constraint on MO but not on 5

due to poor energy resolution
¢ T2K constraint on sin? @), reduce
degeneracies in SK
¢ Same far detector SK
¢ Same SK detector modeling for the two
samples

& Use ND280 data to constraint x-sec models

Normalized Event Rate
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T2K-NOvA
12K\

Japan

Tokai
295 km'

Kamioka )
-

Super-Kamiokande [:]

A £ 1,700 m below sea level
4 N

295 km

¢ Current world smallest uncertainty on Am322

joi

nt analysis
Experimental Property T2K NOvA
Proton beam 30 GeV 120 GeV
Baseline 295 km 810 km
Peak nu energy 0.6 GeV 2 GeV

Detection tech

Water Cherenkov

Segmented Liq scin. bars

—
CP effect

32%

22%

Matter effect

9%

. — ————

29%
e

¢ Slight preference for IO masses (better compatibility §-p — sin® 6, in I0) and upper octant of 6,,
€ 50p = — n/2 disfavored at > 36 but wide range of values consistent with data in NO
€ If another experiment determines masses are 10, CP-conserving values of &, lie outside of 35 credible intervals

and best fit close to maximal CP violation §-p = — 7/2
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What’s next



Next iteration of OA

Phys. Rev. D 98, 012004 (2018)
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MR Run# 91
MR Show 2448782
(2024/06/14 09:33:58)
NU Run 910576
Fvent 651240
Spill 83058153
Deliv.p * RARANALD
m‘.\| l'll:l run) S-08838e+20

Deliv. p

20010/ Jan/1

1.21035e+21

Neutrino beam upgrade

New horns 1

Last shot MR Power is
(2024/06/14 09:33:58)

800 9 kW)

l.ﬂ[n‘t'v 73_1 monsuren 220570414 [protons por spil]
NU CTOY moaswroment 226200414 [protons por spil]
Ll Cusver
MR micro puls Expected PPP: 2.1075¢+ 14
MR chop weat Expected PPB: 263430413
VAR theing ] ~ ) L - -
MASolb o 1" Expected Power': 783 Ikw)m

New horn PS for

320 kA/1Hz
operation

Increasing cooling capability
the heat generated by beam

Improving performance

of beam monitors

Horns Target

Beam Helium vessel/

Improving performance

for  of beam monitors

Proton beam monitors

New FVD2
magnet

¢ Reach design 750kW by increasing Trep
(2.48 — 1.35)
¢ Replace Main Ring Power Supply (MR-PS)
¢ Upgrade MR-RF core for higher accelerating gradient

¢ Several upgrades done on neutrino
beamline in order to achieve higher beam
power

¢ Horn current increase (250 kA — 320 kA)

€ ~ 10%increase in v flux

¢ In December 2023 beam power increased
from 500 to 750 kW and 800 kW last week!
¢ T2K is currently taking beam data

¢ Steady improvement to reach 1.3 MW by
2027 (factor of 3 more stat in 2027)

¢ Larger statistic needs a reduction of
systematic uncertainties

dump decay volume

Increasing capability of

New MUMON Si

radio-active waste handling

Improving maintainability under
higher radio-active environment

(Half sensors)

New water tank for
radioactive water disposal

4| cooling system

New target

25
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ND280 upgrade

IllllllllllllIIIIIIIIIlIllulimllllllllll'lllllllllllllllll |||||||||||

1PC

POD replaced by:

¢ A new fine grained scintillator target SFGD capable to measure low energy protons and neutrons
produced in CC interactions

¢ Two high angle TPCs (HATPC) to increase the angular acceptance as SK

¢ Six super fast ToF panels (150 ps) to identify charged particle directions

25



ND280 upgrade improvements Proton tesho + purty
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—  Present muon
selection in ND280
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Phys.Rev.D 101 (2020) 9, 092003 Efe [MeV]

CCOrtT Event rates

Expect 85%-90% purity for SFGD samples

FHC only 1 cycle 3+1 cycles
SFGD total 21.8k 90.0k
SFGD w/nucleon 10.6k 43 .9k

FGD1, TPC u + FGD
5 ST TTE A
Protons — threshold down to 300 MeV/c g m
(>500/c MeV with current ND280) ; :
L g L S L T T “ o
3 09" Proton tracking threshold 20!
y e E [
E 085 Work In Progress |3 I
{ - 0 02 Q4 06 08 1 12 14
ppw[GeVIc]
Lower proton threshold
Better CCQE purity
ND280 Upgrade T2K Work i Progress (9.89 x 10% POT)
v £ T ‘=v_‘m.mi '
[ v, CC2p2h (8.02%)
Current ND280 L g
s e B000- : Wovertam | | ]
—— [
_ S SFGD A
0;‘..‘ = ] I B S T N | T 10001~ E
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¢ High Angle TPC (HATPC) allows to reconstruct high angle charged
particles with respect to beam direction

¢ Super-FGD (SFGD) allows to fully reconstruct 3D tracks from v

interactions

¢ Improved PID performance with respect to FGD thanks to high
granularity and light yield

¢ Good performance in neutron reconstruction by using time of flight
between U interaction vertex and neutron re-interaction

First physics run with full upgrade currently ongoing

¢
¢ Expect to select 20k v, CCOr interactions in SFGD
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ND?280 upgrade in place and taking data!
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B1 Amplification gap: ~100um 'E
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Hyper-Kamiokande
status & prospects



The Hyper-Kamiokande project

~580 physicists, 104 institutes, 22 countries
still linearly increasing. ..
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Huge physics program and discovery potential
Proton decay

PAtmospheric
neutrinos ../

¢ Construction started in 2020
¢ Operation will start in 2027

Solar neutrinos ¢ Neutrino oscillations
AT € Atmospheric neutrinos + /D beam
ST e from JPARC
€ CP violation and precise measurements
of neutrino oscillations parameters

€ mass ordering determination

¢ Search for nucleon decay

€ Astrophysics (not covered in this talk)
€ Solar neutrinos
€ Supernovae burst, diffuse Supernovae
Background Neutrinos
¢ Dark Matter search

Supernovae neutrinos

S T




Photo-detection system

Detailed design of the tank lining and photosensor support structure completed

|Underwater Electronics ] IOD PMT+WLS| FaCtOI‘ ~2 more Sensitive
5 -' , ' ' l l l ,(l) ‘ ’ ‘ r I-
o ]
% || Hyper-KPMT -
8 Top View‘
:§ 1 / —-—-—_._—c“‘*—._-e_“\r-"&_"_%“ g—g—-—&—-
N
Qo
()]
£
w 0 1 1 1 L 1 I 1 I 1 1 1 1 1 1 I 1 1
-90 -80 -70 -60 -50 -40 -30-20-10 0 10 20 30 40 50 60 70 80 90

Incident position (degree)

’ Outer detector: PMT+WLS plate Photosensors/elec. mockup Underwater
¢ New features on 50 cm PMT (B&L-dynode) include: T electronics:
¢ High QE, time resolution, pressure tolerance Case design and
feedthrough

(x2 better than Super-K)

¢ dark rate reduction, low radioactivity, cover
development

¢ long-term performance evaluation already in

] 1 m sel
. Muiti-PMT  ODPMT ition cover

Super-K — module:
€ 20 000 of 50 cm PMTs from Japan (tef. KM3NeT)

¢ International contributions:
¢ OD, Photosensors/elec. mockup, electronics,
Multi-PMT and PMT cover
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Sea Irc h fo r p roton d ecay X N\ (?eexcitation

e . . . Y G +
2> Hyper-K will Play a leading role in the dl} .
next-generation proton decay search P
(30 discovery potential) o d
® Fpoern [ povK
] ~ —e— HK 186 kton HD , 30 S —— S 0% o JuNo20kon. 3o
oy | . —<—— DUNEA40kton, staged ,3c ! =y = e DUNE 40 kton, staged , 30
) ——o— SK+SKGd 27 kton , 3¢ = " =——e— SK+SKGd 27 kton , 3c
16 e SKasked 27kton 30 L
10*
1033
2020 2030 2040
Year
¢ Positron and photons are reconstructed as e-like rings ¢ K7 is not visible in water Cherenkov detector, but it’s
¢ Background reduction from atmospheric 7, by reconstructed from its decay products:
detecting neutron capture on water (after ~200 us), ¢ Monochromatic % (236 MeV) and prompt photon
2.2 MeV y emitted (6.3 MeV)

Huge water tank containing a lot of protons will allow to

extend current limits by one order of magnitude
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Intermediate Water Cherenkov Detector (IWCD)

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

Major purposes of IWCD

* Measuring a(v.)/o(v,), o(Ve)/o(V,)
— 3-4% accuracy at 600 MeV (work in progress) o

« Background (beam v,, NC) measurement for v, » v,
— Same flux at 2.5 deg. off axis for Hyper-K

« Measurement of the correlation (p;, 0;) < E,
— Combination of data with different off axis

Neutrino Flux
N}
wn

Detector site secured, depth & diameter proposed.

* 8.8 m detector diameter, and 7 m diameter for the inner
volume. Entire mass ~ 600 ton.

« Multi-PMTs are useful for resolving vertices close to the
wall and accurate particle identifications.

 Basic design is ongoing, and installation procedure is
being considered.

* International contributions welcome!
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Precise measurements of neutrino oscillations parameters

HK 10 years (2.70E22 POT 1:3 vV)

— 18 ——  Statistics only
e - o Beam (KnownMO) || e & i Improved syst. (v, /v, xsec. error 2.7%)
\><1_ 16 R Beam (Unknown MO) 1 [ e @ T2K 2020 syst. (v /v, xsec. error 4.9%)
~——~ |4 =———— Atmospherics (UnknownMO) m’;12_ e L I
= - ———— Combined (Known MO) \é C
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= - c
< 10 % 8
q>.<> S B
8 3 T
© X 6
Il 6 g
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0 = 2 ) 0 I 2 3 % 2 4 6 8 10
Hyper-K preliminary T L HK years (2.7x102' POT/year 1:3 vV
True normal ordering, improved syst. (v./V, xsec. error 2.7%) rue Ocp Hyper-K preliminary y ( y )

sin*(0,,)=0.0218 sin’(0,,)=0.528 IAmj,= 2.509 x 10~ eV?/c*

Statistics only
-------------- Improved syst. (v, /v, xsec. error 2.7%)
........................... T2K 2020 syst. (v /v, xsec. error 4.9%)
NX 25 _— I“‘ T T T T I T T T I T T T I T T T :F _:l— §
< B .
20 :_'-“ .......................................................................................................................... ok _:
15 :_ ...... [0 OO A . _:
: 1 18
10|y 00 NSO OO OSSOSO 9 I - -
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: 1 1 Il | 1 P ..'.”.” ...... W ™ 1 | |:
(946 0.48 0.5 0.52 0.54 0.56
2
Hyper-K preliminary Sin“f,,

True normal ordering (known), 10 years (2.7x10%* POT 1:3 viv)
sin0,4=0.0218=0.0007, sin®0,;=0.528, A m3,=2.509x10°eV?/c”, §,=-1.601

True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am2,=2.509x10%eV?/c*

Discovery of CP violation at > 5¢ for >60% of Jp in 3-5

years (depending on true d-p and syst. uncertainty)
¢ lo resolution of 5.p in 10 years

Reduction of systematic uncertainties has a sizable impact
¢ ND280 upgrade + IWCD (I Ton)
¢ Aim to reduce detector error below 1%
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Construction status (the largest human made cavern ever build!)

Cavern excavation
ongoing

Oct. 3, 2023 Completlon of the dome (d|a 69 m, helght 21 m,

L)
-

Aim to take data
in 2027 JFY!

he end ‘c?ﬂy; |




Conclusions

¢ Presented the latest T2K results and T2K and HK prospects

¢ Three analyses in parallel
¢ T2K oscillation analysis and prospect of the next iteration
€ T2K-SK joint fit
¢ T2K-NOZA joint fit

¢ T2K Data continue to prefer maximal 023 mixing, dcp ~-11/2 and NH
¢ CP conserving values are excluded at 90% C.L.
¢ Mild preferences for normal ordering and upper octant

¢ T2K-SK joint fit shows similar results but with higher sensitivity to mass ordering
¢ T2K-NO/A joint fit slight prefers 10 with CP-conserving values excluded at 3¢

¢ Hyper-K will be ready for data in 2027 JFY
¢ For neutrino oscillations it will take advance from beam and new near detectors

¢ Prospects:
¢ New oscillation analyses will include 47 selection at near and far detector
¢ New capabilities with upgraded beam and ND280
¢ HK project will take advance from the experience gained with T2K with high discovery potential

36






Number of events at SK vs 0.

5013 = —7T/2 5013 =0 5013 - 7T/2 5CP =T 5CP = —2.08362 Data
FHC 1Ru 417.175 416.263 417.13 418.176  419.535 357
RHC 1Rp 146.65 146.278  146.653 147.053  146.979 137
FHC 1Re 113.168 95.4898 78.3118 95.99 112.053 102
RHC 1Re 17.6271 20.0327  22.1536 19.7481  18.0458 16
FHC 1R v, CClnt | 10.0463 8.78564  7.15618 8.41697  9.89284 15
FHC MR v,, CCln™* | 123.889 123.349  123.863 124.411  123.318 140

38



Learning from ve (Ve) appearance - neutrino

i 4l 1 — Normal hierarchy L=295km, sin220,5=0.1
0.08 5l |{ - - - Inverted hierarchy

| ® 5in220)3 and sin20,3 enhance/suppress both Ve and Ve

appearance

€ CP-violating phase dcp (up to £30% effect at T2K
gp p

anti-neutrino

0.1 s

_ _ | 4 L=295km, sin220,3=0.1
€ dcp = 0, M= no CP violation: P(vu—=7ve) = P(Vu—Ve) in vacuum 0.08 [l

1 o "

¢ dcp ~ =1/2: enhance Vyu— V. and suppress D= Ve 17 %}
= o, I
€ dcp ~ +1/2: suppress vu— Ve and enhance Yy— Ve |2 00

i
T Ey (GeV)
;cu Matter | , \ PTEP 2015 (2015) 053C02 4
cffect h :
T i Normal hierarchy normal hierarchy (NH) inverted hierarchy (IH)
=3 2A 2
|> ¢ Enhance vu—ve / Vs Vo (I
~— %\'5 ’ _ _ Am?
S & € Suppress Ty— Ve o
- ) Am2
Q— ,;'- —_— g atm
o ‘ 2
‘._}8% . Inverted hierarchy A
V2
> ATnsol
< Suppress v ve " EEEEE s
Pl'Ob(v -V ) - & Enhance Py~ e v
u e

39



(B (L, E))

P(vy, = vg) =

Neutrino oscillations

g Neutrinos produced in weak
Ve  processes (Vq) are linear

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mat

‘oscillates” in L(distance)/E(neutrino)

Sas
—43 7, R(U%UpiUai UE) s%n2 [1.27Am3 (L/E)]
+23 0,5 (UL UpilUasUg,) sin  [2.54Am; (L/E))

oscillation

L/E << Am? no time for the oscillation to develop

(L/E) [km/GeV] Am?[eV?]

L/E = Am?2 best sensitivity to oscillation
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[mrad]

The neutrino beam: flux predictions

S Fques are predicted from a data-driven simulation=NA61/SHINE experiment

—— e —

measures hadron production cross sections using a T2K replica target

- ~13m -

Flux error

Vertex magnets

reduction
 from ~25% to Iess
than 10% |

% Beam alignment monitoring provides input |
to estimations of beam systematics

.gimf#i }"3"; % s.._'\ Li“ L ,:f.J _,%,___L____% _____ 'i ' : __________ : __
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® INGRID detector provides high-statistics monitoring
of the beam intensity, direction, profile and stability

SK: Neutrmo Mode Ve

T2K Preliminary

‘—1 T I T T T T T T T T T T T T
g L8
M [ =w=w=w=- Hadron Interactions ®xE,, Arb. Norm.
— 03— i .
g | =w=w=-=-= Proton Beam Profile & Off-axis Angle ——— Material Modeling
S T Horn Current & Field * Number of Protons
—
g T — Horn & Target Alignment — 2022 Total Flux Error
—
- - == 2020 Total Flux Error
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Super-K samples

450

B 1R sample
I New sample

350 v-mode —3§— Muon-like data

Events per GeV

L 30
160 W 250

\} A —

\Y% . NS Ve
__________ ____——‘:,/"\‘pl 200

0 1 2 3 4 5 6
Reconstructed Neutrino Energy (GeV)

ﬂ:ﬁ New "multi-ring" v, CCITt" sample

¢ Increases [I-like statistics by ~30%
¢ Small sensitivity to oscillation, tests the robustness of our model

Beam mode Sample Description
1Re One e-like ring, 0 decay electrons
1Re CC1m* |One e-like ring, 1 decay electrons

1Rp One p-like ring, 0/1 decay electrons

MRy CCirmr+ One p-like ring, 2 decay electrons/ p-like ring + m+-like ring,
1 decay e

- 1Re One e-like ring, 0 decay electrons

V 1Rp One p-like ring, 0/1 decay electrons
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ND280 best fit nuisance parameters

T2K Run1-10, 2022 Preliminary

FSI Parameters

T2K Run1-10, 2022 Preliminary
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Pion samples @ SK

POT = 1.9663x10!, v mode, 1 decay electron sub—sample POT = 1.9663x10!, v mode, 2 decay electron sub—sample
24
16 T2K preliminary W NC B NC
[Ihver v.CC 22 T2K preliminary [~ 7y + 5, cC
14 Wi v, cc 20 BV, cc
0 v, cc IS 18 Ol V. ccois
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10 v, cer 14 " N
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Oscillation analysis strategy

| ND280 detector

NAG6I/SHINE
replica target

;f_~~ 7 —— Neutrino flux

INGRID & Beam model

et |tor data | I | ND280 data:
Cross-section D720 <K . 5x) samples in ¥ mode '

’ D v model |
External - NREEE— joint fit

cross-section
] data

‘ Super-K data:
' 4 samples in ¥ mode

| Super-K detector |

model
__ 2 samples in v mode

g ND280 data
: reduce neutrino flux and
1Cross-section uncertainties

Oscillation

parameters
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Frequentist and Bayesian analyses in agreement

+ 0.0027)
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Summary of oscillation results

neutrino

— Normal hierarchy |=295km), sin2263=0.1
- - - Inverted hierarchy

anti-neutrino

L=295km, sin?20453=0.1
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