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Near detectors to measure neutrino event rates before oscillations

Water Cherenkov far detectors Super-K (T2K) and Hyper-K



BEAM, OSCILLATIONS AND INTERACTIONS

e Off-axis beam = narrow band spectrum
peaked at first oscillation maximum
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NON-CCQE INTERACTIONS

Can have CC interactions where only a lepton candidate is visible, but

interaction was not CCQE

Example is np-nh (multi-nucleon) scattering

processes

Can also happen when pion is produced and

absorbed
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T2K-1l: EXTENDED T2K OPERATION

T2K has received Stage-1 approval from the J-PARC PAC for program to extend
operation to 2026: collect 20x102" POT (~3 times original T2K proposal)

Expect beam power to reach 1.3 MV
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HYPER-K
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Hyper-K Detector(s):

60 m tall x 74 m diameter

40,000 50cm ¢ PMTs —
40% photo-coverage

260 kton mass (187 kton
fiducial volume is ~10x
larger than Super-K)

Staged construction of the
tanks with the second tank
6 years after first tank

Located south of the J-PARC beam direction. Same off-axis

angle as Super-K

Results shown here are for 10 year operation of J-
PARC beam with 1.3 MW beam power



Number of events/50 MeV

CP VIOLATION MEASUREMENT AT HYPER-K 7
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Number of events/50 MeV
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HYPER-K CP SENSITIVITIES 3

Normal mass hierarchy Inverted mass hierarchy
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NEAR DETECTOR CONSTRAINTS 9

Event rate dependence at the far detector:

E™ bins flavors

N(pk Z Z(Dfar tme V*vk(E;me)Gk(Em‘e’pk’ek"')E(pk’ek"')Mdet

Event rate dependence at the near detector:
E™ bins
N(p;,0,)c D, @ (E™)o!(EM, p,,0,.)e(p, 0,.)M,,
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Model uncertainties enter extrapolation due to differences in near and far detector rates:
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Different energy dependence of neutrino flux
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NEAR DETECTOR CONSTRAINTS 9

Event rate dependence at the far detector:

E™ bins flavors
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Event rate dependence at the near detector:
E™ bins
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Model uncertainties enter extrapolation due to differences in near and far detector rates:

Different energy dependence of neutrino flux
Different flavor of neutrino flux
Different nuclear target

Different detection efficiency (4r acceptance?)



NEAR DETECTOR CONSTRAINTS

Event rate dependence at the far detector:

Goals for near detectors:

Minimize the differences between near and far detectors
— Minimize the model dependence in extrapolation

Since differences at near and far detectors will remain, build

capable detectors that can make measurements to improve
neutrino flux and interaction modeling

Consider supporting measurements for the atmospheric
neutrino and nucleon decay physics programs




T2K SYSTEMATIC ERRORS

arXiv:1609.04111
nsi [Nsk (%)
1-Ring pu 1-Ring e
Error Type v mode |7 mode |v mode ¥ mode v/
SK Detector 3.9 3.3 2.5 3.1 |16

SK Final State & Secondary Interactions | 1.5 2.1 2.5 25 |3.5
ND280 Constrained Flux & Cross-section| 2.8 3.3 3.0 3.3 |22

ov.[0u,, 00, [0, 0.0 0.0 2.6 1.5 |3.1
NC 14 Cross-section 0.0 0.0 1.5 3.0 |15
NC Other Cross-section 0.8 0.8 0.2 03 |0.2
Total Systematic Error 5.1 5.2 5.5 6.8 |59

External Constraint on 62, 6,3, Am3, 0.0 0.0 4.1 4.0 |08
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arXiv:1609.04111
Onsx/Nsk (%)
1-Ring 1-Ring e
Error Type v mode |7 mode (v mode | v mode | v/
SK Detector 3.9 3.3 2.5 3.1 |16
SK Final State & Secondary Interactions | 1.5 2.1 2.5 25 |35
ND280 Constrained Flux & Cross-section| 2.8 3.3 3.0 33 |22
ov,[0v,, 00, /00, 0.0 0.0 2.6 1.5 |3.1
NC 14 Cross-section 0.0 0.0 1.5 30 |15
NC Other Cross-section 0.8 0.8 0.2 0.3 0.2
Total Systematic Error 5.1 5.2 5.5 6.8 |59
External Constraint on 62, 0,3, Am3, 0.0 0.0 4.1 40 |08

Events with pion production where the pion is absorbed inside the target nucleus or

detector medium

Can bias event rates and energy inference



T2K SYSTEMATIC ERRORS

arXiv:1609.04111
nsi [Nsk (%)
1-Ring pu 1-Ring e
Error Type v mode |7 mode |v mode ¥ mode v/
SK Detector 3.9 3.3 2.5 3.1 |16

SK Final State & Secondary Interactions | 1.5 2.1 2.5 25 |3.5
ND280 Constrained Flux & Cross-section| 2.8 3.3 3.0 3.3 |22

ov.[0u,, 00, [0, 0.0 0.0 2.6 1.5 |3.1
NC 14 Cross-section 0.0 0.0 1.5 3.0 |15
NC Other Cross-section 0.8 0.8 0.2 03 |0.2
Total Systematic Error 5.1 5.2 5.5 6.8 |59

External Constraint on 62, 6,3, Am3, 0.0 0.0 4.1 4.0 |08




T2K SYSTEMATIC ERRORS

10

arXiv:1609.04111
nsi [Nsk (%)
1-Ring pu 1-Ring e
Error Type v mode |V mode|v mode | ¥ mode|v/v
SK Detector 3.9 3.3 2.5 3.1 |16
SK Final State & Secondary Interactions | 1.5 2.1 2.5 25 |35
ND280 Constrained Flux & Cross-section| 2.8 3.3 3.0 3.3 |22
ov,[0v,, 00, /00, 0.0 0.0 2.6 1.5 |3.1
NC 14 Cross-section 0.0 0.0 1.5 30 |15
NC Other Cross-section 0.8 0.8 0.2 0.3 0.2
Total Systematic Error 5.1 5.2 5.5 6.8 |59
External Constraint on 62, 0,3, Am3, 0.0 0.0 4.1 40 |08

Uncertainty in extrapolation from near detector

Benefit from improved near/far matching as discussed on previous slide
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nsi [Nsk (%)
1-Ring pu 1-Ring e
Error Type v mode |7 mode (v mode | v mode | v/
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SK Final State & Secondary Interactions | 1.5 2.1 2.5 25 |35
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ov,[0v,, 00, /00, 0.0 0.0 2.6 1.5 |3.1
NC 14 Cross-section 0.0 0.0 1.5 30 |15
NC Other Cross-section 0.8 0.8 0.2 0.3 0.2
Total Systematic Error 5.1 5.2 5.5 6.8 |59
External Constraint on 62, 0,3, Am3, 0.0 0.0 4.1 40 |08

Uncertainty on electron (anti)neutrino cross sections

Need to make measurements with <3% precision
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Intrinsic background (also intrinsic electron (anti)neutrinos and other NC modes)

Flux is similar at near and far detector, need similar detection efficiency



NEAR/INTERMEDIATE DETECTOR STRATEGY FOR HYPER-K

Baseline strategy is to build on the success of the T2K near detector program

Upgraded(?) INGRID:
- Neutrino event rate monitoring with high statistics
- Precision beam direction measurement

Upgraded ND280:

- Measurement of exclusive hadronic final states+leptonic
final states for model building

- Magnetized detector for right-sign/wrong-sign
separation

Intermediate Water Cherenkov Detector

- Loaded with Gd for final state neutron detection

- Off-axis spanning to measure energy dependence of
interaction rates/final state particle kinematics

- 1-2 km baseline

- Naturally minimizes differences: nuclear target,
efficiency and acceptance, unoscillated neutrino spectrum

Merging of NuPRISM
and TITUS efforts

11



HYPER-K SYSTEMATIC ERROR/SENSITIVITY STUDIES (S0 FAR) 1,

The evaluation of the systematic error requirements for Hyper-K is onging
Studies for near detector requirements (R. Shah):

- ldentify potential sources of systematic errors that may be constrained by
near detector measurements

- Evaluate the impact on the CP violation sensitivity for Hyper-K
- Set near detector requirements based on sensitivity impact studies

Some additional investigation into spectrum shape uncertainties will be
shown here (work-in-progress)

We can’t show a complete picture of the requirements yet, but these studies
show some of the important measurements that are needed



ELECTRON NEUTRINO CROSS SECTION UNCERTAINTY 13

Sensitive to uncertainties on the difference between the muon and electron
(anti)neutrino interaction cross sections

Day and McFarland (Phys.Rev. D86 (2012) 053003) made preliminary uncertainty
estimates for the single nucleon cross section of ~3% (used by T2K)

o, +o; 1% (72% 50, 84% 30)
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— O, + Oy " 3% (59% 50, 77% 30)
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o to determine CPV
o

True o,

Reduction of this uncertainty from 3% to 2% can have a significant impact on the CP violation
discovery sensitivity

2-3% measurements are a real challenge in near detectors since we only have ~0.5% electron
neutrinos near the flux peak



WRONG SIGN BACKGROUND UNCERTAINTY 14

Study the impact of uncertainties on the wrong-sign background (neutrino
interactions in antineutrino beam operation mode) to evaluate the importance of a
magnetized detector
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Measuring the wrong-sign background with 5% precision ensures that it does not
significantly impact the CP violation discovery sensitivity

Can be done with the upgraded ND280



INTRINSIC ELECTRON NEUTRINO BACKGROUND 15

The intrinsic electron (anti)neutrino and neutral current backgrounds have a similar
parent neutrino flux at the near and far detectors = Can be directly measured
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A measurement with 5% precision ensures a minimal impact on the CP
violation sensitivity

Can be done with an intermediate water Cherenkov detector



SPECTRUM SHAPE UNCERTAINTIES 16

Spectrum shape uncertainties can be important for |Am?3,|, sin?023 and &,
measurements

| will focus on O, here (the impact for the atmospheric parameters is well
documented in the literature: Phys.Rev. D92 (073014), Phys.Rev. D92 (091301), )
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measurement is worse near .§’ 40 -
. . . . ~ - 6cp=900 ]
maximal CP violation because it o - 5 —0° -
: : 30— CP= -
relies on the cosd, interference S Ok -
term 5 20- -
— - \ -
5 10 ~ T
O: A R B 1 A B l -

0 2 4 6 8 10

Running time (year)



SPECTRUM SHAPE UNCERTAINTY, CP PHASE PRECISION

Neutrino Mode: 1Re Candidates Antineutrino Mode: 1Re Candidates
© 106_ L L L L L L o 106_ IS I O B B B B B B N B
ks § — N(8,,=103°)/N(d =90° 1 s I — ~103° ~90° i
a7 [0 7 (dcp JN( cp ) . a4 1_04__ .......................................... N(5,,=103 )/N(acp‘go) ................ -
1.021 e I N(Pesca|e=0'995)/N(Pesca|ef.1..f..(.)..)__ 102 N(Pesca.e=o'995)/ N(Pesca.e?.1..'.9.)..__
— : —1 . — :
1 :_ ............................................................................................................................................. _: 1 :___I_ ................................................................................................................ _:
B | L I_I ] B 1 I ! ; I I_:
0.98 R | 0.98 e eseseeeese N ]
0.96 :_HKWOrk“qProgress ........................................ . 0.96 :_HKWOrk“qPrOgress ................................................... .
B 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 i 1 | | 1 | | | | 1 | | | | | | | 1 | 1 1 1 | 1 1 1 | 1
0.94 02 04 06 08 1 1.2 14 0.94 02 04 06 08 1 1.2 14
E... (GeV) E... (GeV)

A 13 degree shift in 6., near maximal CP violation is roughly equivalent to a 0.5%
change in the energy scale

Systematic sources that can shift the peak reconstructed energy:
- Beam direction

- Effective binding energy in the nuclear model
- Modeling of non-CCQE interactions

- Modeling of far detector

Should be addressed with near
detector measurements



NEAR DETECTOR CONSTRAINTS ON SPECTRUM SHAPE 18

. . 1.06—
Beam direction measured by INGRID : :
. . . . 1.04_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
- Current uncertainty in neutrino mode is 0.12 mrad : ;
) Spectrum distor.tion iS Smaller at IOW energyl but 102;_ ............................................................................................................................................. _:
Similar at high energy 1:__'_'_‘_|_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _:
0.98 E_ .................. 0.12 44444 mrad 44444 O AAShift .................. _:
. . 0.96:— ................ 1SOChaﬂget06 ................................. _:
Need studies of the near detectors to constraintthe gt ... ... .. ... ... . .. . 1

, , 02 04 06 08 1 12 14
peak energy (combined constraint on beam E. (GeV)

direction and effective binding energy)

The feed-down effect from non-CCQE interactions | o
Linear Combination, 0.9 GeV Mean

may be directly measured with the off-axis spanning

> — T T T T T T T T T
Q

. . | —— 1 Ring u Event Spectrum  _|

intermediate water Cherenkov detector \56000 Aokt Flux Eroe

. . e lg Shape Flux Error

- Sufficient energy scale precision? E Statstcal Eror

540001 — NEUTQE
i —— NEUT Non-QE

Can also be constrained by hadronic final state 2000k

measurements in upgraded ND !

- Build better models O~ | | e

- Calorimetric energy reconstruction E_. (GeV)



1. Develop a unified framework for generating Monte Carlo and applying
systematic variations for detectors being considered for T2K ND upgrades and
Hyper-K

2. Develop a consistent framework for evaluating the ability of detectors to:
a. Constrain model parameters
b. Reject or choose models
c. Directly predict expected observables at the far detector

3. Building on studies presented here, identify the critical model uncertainties and
evaluate the proposed detector technologies to address these uncertainties

4. Update the near/intermediate detector requirements and refine designs or
explore new detectors where necessary



20

THANK YOU



OSCILLATION PROBABILITIES 21

. . . 2o 2 Amy,lL
Muon (anti)neutrino survival: P(vu—-)vu)k"l—smzZ%smz 4ng
Electron (anti)neutrino appearance:
_ _ . . in®(Az; — (+)al
Pv,(v,) = ve(Ve)) = sin® fo3 sin®26;5 SI?A; 3_1 (+()a}32 ) A2,
sin(As; — (4)alL) sin(alL)

(A31 — (+)aL) ASl alL

+ sin2023 sin2013 sin2912 008013 A21 COS(A32) coso

—_ (—|—)sin2923 sin2913 sin2912 C08913 Sl?iﬁlsl__(_{(__;zz‘f) A31 SIDCEZL) A21 sin(A32) sind
. 2
, sin“(aL)
+ c0s%6;3 cos?Bs3 sin®26; (aL)? Agl.

Sensitivity to:
- Leading term: sin?023, sin?2813, |Am?3,|
- Interference terms: cosd (shape distortion) and sind (neutrino/antineutrino asymmetry)

- Matter effect: sign of Am?3;



DIRECT MEASUREMENT OF NEUTRINO BEAM 2

Neutrino-nucleus uncertainties are as large as neutrino flux uncertainties
— Cannot use neutrino-nucleus interaction measurements to constrain the flux

Need processes with little to no uncertainties on interactions:

> : Inverse muon decay:

v i
K W+
. Iv Threshold is E.>12 GeV

Neutrino-electron scattering:

V V
“I 2 Cross section is too small for <1 GeV J-PARC
e e beam to collect sufficient statistics
Low v method: cross section is constant with

neutrino energy when recoil energy goesto 0

v )
" - H
W C th tri t h
an measure the neutrino spectrum shape
n X = hadrons P P

Works best at energies >1 GeV



DIRECT MEASUREMENT OF NEUTRINO BEAM 22

Neutrino-nucleus uncertainties are as large as neutrino flux uncertainties
— Cannot use neutrino-nucleus interaction measurements to constrain the flux

Need processes with little to no uncertainties on interactions:

Vv > - Inverse muon decay:
oo — K

Threshold is E,>12 GeV

€ — Y

NONE OF THESE ARE APPLICABLE TO THE J-PARC NEUTRINO BEAM

ANY NOVEL IDEAS?

Low v method: cross section is constant with

neutrino energy when recoil energy goesto 0

Vp\ﬁ - - u'
W
n — X = hadrons

Can measure the neutrino spectrum shape

Works best at energies >1 GeV



HYPER-K LONG BASELINE PHYSICS

Primary Goal: Detection of CP violation in the v, = ve, vV, ?Ve channels
neutrino

0.1 :.“ | i

L=295km, sin2613=0.1

Ey

0 1

GeV)

(
N

Leading (913)

ormal Hierachy

sin22043=0.1
Sin220,3=1.0
Ocp= 90°

o
>
T 0 I\/Iatter_
=
Z
(ol
-0.05
o 1
Ey (GeV)

2

N

=.
> 0.04
o

0.02

0.1 g
0.08 [ 18

o) b
1> 0.06 il

anti-neutrino

L=295km, sin22643=0.1

At 295 km baseline, the CPV effect
L=295km dominates over the matter effect

Precision measurement of the 8,3, Am?3;, 8., and 813 parameters

10 years operation with 1.3 MW beam from J-PARC, 3:1 v to v ratio



DISAPPEARANCE MODE EVENT RATES 24

2(mp — V)Ey; + mzz, — (mp —V)? —m?

Use kinematic energy

rec __
. =
reconstruction 2(mn —V — Ey + py cos 02)
Disappearance v mode Disappearance V mode
% 3 % T T T T T T ')
900 1000} .
= = " — Total E
- 8wl n ]
= sooi [ = o | Vi
% 500% g eoo:— ] : Vg +V, ~
é 2002 é 200f~ L | -
é 100E é - e —— )
o5 c o —_— 5
Reconstructed Energy E™™ Reconstructed Energy E™

CCQE CC non-QE

8947 4444 672 14110

12317 6040 844 19214



ATMOSPHERIC PARAMETER DETERMINATION 25

3 -3

ald 2-6:('10"'1""|""1""|""|""|': S 2,6;‘.10...|,...,...[|....,....,....|.:
E 2550 sin20,3=0.45 E £ 2550 sin20,3=0.45 :
< ,5F — Hyper-K - < - — Hyper-K 1
- 90% CL g 255 90% CL :
245} = 2451 =
24 O O 24 O
2350 3 2350 3
23 23
225t Hyper-K only E 225 With reactor 613 measurement
2 :1 PSR S TR ST S S AN S ST SN SN ST SO SN S NN SN SO S N S ST S | IE 2 E. PR STT ANN S T SRR ST SN ST ST S NN SR N ST SR NN ST SR ST S S ST ST SN | IE
#35 04 045 05 055 06 065 #35 04 045 05 055 06 065

- 2 : 2
sin“0,, sin“0,,

. Normal Mass Hierarchy
0.6% uncertainty on Am?3; .

: 10: -

S 9E E

Error on sin?653 of 0.015 (at 0.5), 2 E
0.006 (at 0.45) 56
= 5 -

3 E

. . & - =
Rejection of the wrong octant for non- & 43 E
maximal mixing values of 023 S . E
E 0 0a 045 05 05 06

)
sin 623



ATMOSPHERIC NEUTRINOS - MASS HIERARCHY 2

d¢p Uncertainty

o
= -
$ 05 2
o . o -
g °
38 -

> 5 5 years

o -
0! S r
lige Q2 4
. I L

o I 30
| -; § 3:
: - =
0.5 "% Z 5
E
| 1__

.1 OI:I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

1 1 k 10 102 f 0.4 045 05 0.55 0.6

! )'Energy [GeV] SIN" 0y

“Sub-GeV”  “Multi-GeV

Hyper-K has sensitivity to the mass hierarchy through the atmospheric
neutrinos (parametric resonance in the multi-GeV region)

Sensitivity is further improved in combination of accelerator and atmospheric
neutrinos

Can determine the hierarchy at >3c after 5 years, >50 after 10 years



HYPER-K NUCLEON DECAY

27
Soudan Frejus IMB Super-K Hyper-K
p—etn’ ‘¢ e *x . eye o
S| memasu il SUSY U 1 order of magnitude sensitivity
:J)re;i>ct(i)onlsT SO 1
SUSY SO(10) Improveme nts
non-SUSY S0(10) Gezep o0 SO10)
ok S — - Leading measurement in ex®
n— pK°| ¢ T4 g - DUNE: (40 kt)
p— oKt & | _——r mode
minimal SUSY SU(5) Hyper-K
p— DK non-minimal SUSY SU(5)
predictions .. o R R
susYso0 Competitive with DUNE in the
1 1 L1 11 lll 1 1 111 llI 1 1 111 lllI L1111
10" 10 10> 10°" 10 kaon modes
/B (years)
36 . .
A 10 E e MksonLD % With smaller tank/ hlgh photo-detector
3 e oo 1D 30 N S S . ]
S [ TR density, can achieve same performance as

larger tank

Detection of neutron capture on H to
reject atmospheric backgrounds

Possible due to PMT efficiency
Improvements



12K -> T2K-II

T2K is approved to collect 7.8x102" POT, about 5 times the current data set

T2K has submitted a proposal to extend operation to 2026 and collect 20x10%" POT

Main ring power supply upgrade in 2018

J-PARC MR Expected Performance

will allow for ~1 MW beam == e
1400 E 8
5 9 =
. . . . f ] 9
T2K will improves its experimental < 1200 e =
e, . 'j : .S-'
sensitivity: 2 1000 MR Power Supply upgrade bo 2
- { ©
800 5?5 §
Operate horns at higher current = more o, 3
. 600 -
neutrinos 5 B
400 { g
New multi-ring samples at Super-K 200
OL:J"'mw"\m?-ms‘vm'w'c‘*o:v‘m“‘hn‘nu'v*{v‘o-xs:j
Expanding the fiducial volume at Super-K Y

Reduction of systematic errors

Delivered Protons / Period [10°'POT)



ELECTRON NEUTRINO CROSS SECTION MEASUREMENT

Off-axis angle (°)

Ve Flux

Vu Flux

29

Ratio ve/vy

Beam ve fraction
INncreases with
off-axis angle

2.5
3.0
3.5
4.0

0.3-0.9 GeV

1.24E+15
1.14E+15
1.00E+15
8.65E+14

0.3-5.0 GeV

2.406E+17
1.90E+17
1.47E+17
1.14E+17

0.507%
0.600%
0.679%
0.760%

1-Ring e Candidates

T I T T T T l T T T T I T T
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|
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B NCr°

B NCy |
mv,-CC 1

Events/(200 MeV)
S
S
T

500%

0 500 1000 1500 2000
Erec (MeV)

FIG. 24. Selected 1Re candidates in the 2.5-4.0° off-axis range
for NuPRISM.

1.5e21 POT exposure at each off-axis

position

3500 candidate events with 71% signal

purity

Aiming for ~3% precision on Ve/Vy, Cross
section ratio



INTRINSIC BACKGROUND MEASUREMENT

 Jotal neutrino and intrinsic ve and fluxes

are nearly identical in the intermediate
and far detectors

Can measure the intrinsic+NC
background directly in the intermediate
detector

1-Ring e Candidates

ST e 300 ton ID x
= | mvce 1 1.5e21 PO
3 200} B NCy i
§ - v,-CC -
m [ "
100} 3% statistical
precision can

% s00 oo oso 200 D€ achleved

E.. MeV)

30

|||||||||||||||||||||

—— SK Total

— NuPRISM Total




MEASUREMENTS WITH GADOLINIUM LOADING 31

* Super-K will be loaded with Gd2(SO4)sto ™ Jooon _~ "
increase neutron detection efficiency to ‘Gh d gsado“mum
~90% llépi\c?%e ’ Gamma rays

* Potential benefits to high energy physics
program:

Originally detectable signal New signal

* Rejection of atmospheric backgrounds to proton decay

e Statistical separation of neutrinos and antineutrinos in
atmospheric and accelerator samples

* Another probe of the hadronic final states in neutrino-nucleus
interactions

To use the additional information from the neutron
detection, measurements of the neutron production in a
intermediate/near detector are important



HYPER-K TIMELINE

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
2015

Suvey detailez desigr.i Cavi

Acce stunnél

Operation

Tank construgtion
— -
nsor
installation
ater
filling

Beamup to 1.3MW_

Photosensor development

2018-2025: Photo-sensor production and Hyper-K construction
Physics starts from 2026 with 1.3 MW neutrino beam

Second tank starts operation 6 years after the first tank



