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Outline
• Status of neutrino oscillation measurements

• Latest results
• (Largely overlap with T2K and NOvA talks yesterday...)

• Next generation experiments
• Hyper-K and DUNE

• Caveat
• This talk focuses on accelerator-based long-baseline expts
• This talk may be highly biased by my personal view and 

apologies if your experiment is not covered in this talk
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• Mixing between all three neutrino flavors 
has been observed

• θ12 ~ 34° 
• θ13 ~ 9° 
• θ23 ~ 45° (maximal?)

• Two mass differences
• Δm221 ~7.6 × 10-5 eV2

• |Δm232| ~2.4 × 10-3 eV2 (hierarchy?)

• CP phase δCP remains unknown

• Also need to test “standard” 3-flavor 
neutrino oscillation paradigm

Status of ν oscillations

3

Normal
hierarchy
(Δm232>0)

Inverted
hierarchy
(Δm232<0)

cij≡cosθij, sij≡sinθij

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A



• Mixing between all three neutrino flavors 
has been observed

• θ12 ~ 34° 
• θ13 ~ 9° 
• θ23 ~ 45° (maximal?)

• Two mass differences
• Δm221 ~7.6 × 10-5 eV2

• |Δm232| ~2.4 × 10-3 eV2 (hierarchy?)

• CP phase δCP remains unknown

• Also need to test “standard” 3-flavor 
neutrino oscillation paradigm

Status of ν oscillations

3

Normal
hierarchy
(Δm232>0)

Inverted
hierarchy
(Δm232<0)

cij≡cosθij, sij≡sinθij

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A



The latest results
From Neutrino 2018

conference
Latest Results from NOvA

ICHEP2018, Seoul, Korea

Jianming Bian
For the NOvA Collaboration

University of California, Irvine
07-07-2018

T2K results: M. Wascko’s slides at Neutrino 2018
NOvA results: M. Sanchez’s slides at Neutrino 2018
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see poster #66 and 88

• Matter effects introduce a small asymmetry in the maximal disappearance point 
between neutrinos and antineutrinos. 

• Tension between the muon neutrino and antineutrino datasets (at the 1 σ level) favors 
upper octant (UO) for normal hierarchy (NH) and lower octant (LO) for inverted 
hierarchy (IH). 

NH

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

Atmospheric sector: θ23, Δm2
32(1)

21

)23θ(2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

)
-4 c2

 (I
H

) (
eV

132
m

∆
 (N

H
),

322
m

∆

2.2

2.3

2.4

2.5

2.6

2.7

2.8
3−10×

Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit

T2K Run 1-9c Preliminary

0.536+0.031
�0.046 0.536+0.031

�0.041

2.434± 0.064 2.410+0.062
�0.063

NH IH

sin2θ23

|Δm2|

)23θ(2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

ln
(L

)
∆

-2
0

5

10

15

20

25

σ1

σ2

Normal
Inverted

T2K Run 1-9c PreliminaryT2K Run 1-9c Preliminary

)23θ(2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

ln
(L

)
∆

-2

0

5

10

15

20

25

σ1

σ2

Normal
Inverted

T2K Run 1-9c PreliminaryT2K Run 1-9c Preliminary

MC fit
with reactor constraint

Data fit
with reactor constraint

Data fit
with reactor constraint

Latest results: θ23

• Results from T2K and NOvA 
experiments consistent each 
other

• 0.4 ≲ sin2θ23 ≲ 0.6

• Best fit at upper octant

• θ23=45° (maximal mixing) in 
90% C.L. allowed region
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Latest results: δCP

• T2K results:
• Exclude δCP=0 with >2σ C.L.

• Stronger constraint than sensitivity
• Best fit at δCP~-π/2 

• NOvA results:
• Exclude δCP=+π/2 with >3σ (IH)
• Best fit at δCP=0.17π (NH) 6

Joint Appearance and Disappearance 

• Statistically limited, largest systematics for νµ
and νe are calibration and cross-sections

• Best fit:
– Normal Hierarchy
– δCP= 0.17π 
– sin2θ23 = 0.58±0.03 (UO)
– Δm2

32 = (2.51+0.12-0.08)*10−3 eV2

• Consistent with all δCP values in NH at < 1.6σ
• Exclude δ=π/2 in IH at > 3σ
• Prefer NH at 1.8σ
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Phill Litchfield2018/07/17

Appearance* Results

/10−3

T2K results in 𝐬𝐢𝐧𝟐 𝜽𝟏𝟑 – 𝜹𝐂𝐏
plane are S-curves
• One curve for FHC, another 

for RHC
• New RHC data improves 

T2K-only constraints
• Inverted Ordering needs 

slightly larger 𝐬𝐢𝐧𝟐 𝜽𝟏𝟑

𝜹𝐂𝐏 constraint then improved by intersection 
with reactor value.
• More tension in Inverted Ordering, leading to stronger than expected 

preference for Normal Ordering

T2K + Reactors

NH
IH

T2K only

T2K

NOvA



Latest results: MH

• T2K and NOvA both 
results prefer (< 2σ):

• Normal hierarchy
• Upper octant

• cf. Super-K atmospheric 
ν results prefer NH (~2σ)

• PRD 97, 072001 (2018)
7
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• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81
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!CP 1D contours
•CP conserving values outside of 2σ region 

for both hierarchies

•19% of toys exclude CP conservation at 
2σ CL (both !CP=0 & !CP=π)
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Posterior probabilities
•Prior probability assumption of !CP 

does not affect 2σ exclusion of CP 
conservation

•Bayes factor for NH/IH is 7.9

•Will explore optimisation of fit 
variables for future results

•Will add ~50% more RHC data 
for end of summer result
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Results from Bayesian analysis

FPCP2018, University of HyderabadJuly 17, 2018
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• Atmospheric parameter fit with reactor 
constraint
• Consistent with maximal mixing (θ=45°)

Atmospheric Oscillation Parameters�31
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6.2. Results for �m2 vs sin2 ✓23352

The result for �m2 vs sin2 ✓23 with reactor constraint and T2K only is shown in fig. 26. The353

notable changes in the disappearance fits are a shift of the contour towards lower values of �m2 (for354

both normal and inverted hierarchy), a move away from maximal disappearance and a broadening355

of the contour in the sin2 ✓23 dimension.356
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(a) �m2 vs sin2 ✓23 NH with reactor constraint
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(c) �m2 vs sin2 ✓23 NH without reactor constraint
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(d) �m2 vs sin2 ✓23 IH without reactor constraint

Figure 26: Contours at 68% and 90% CL for �m2 vs sin2 ✓23 with and without reactor constraint. Normal and
inverted hierarchy contours are independent. All 5 samples were used to produce these fits.

In Run 1-8, the data contour is both narrower and shifted with respect to the prediction of357

the best-fit Asimov (fig. 27), whereas the Run 1-9c data contour shows better agreement with the358

best-fit prediction, though remaining somewhat narrower. The corresponding RHC one-ring µ-like359

observed and best-fit spectra are also shown. Therefore, the broadening of the contour in Run 1-9c360

can be explained as the result of a shift towards a more PMNS-like result.361

38

2017 vs 2018

Normal hierarchy

sin2θ23<0.5 sin2θ23>0.5 Sum

NH (Δm232>0) 0.204 0.684 0.888

IH (Δm232<0) 0.023 0.089 0.112
Sum 0.227 0.773 1

• Bayesian approach to extract posterior 
probability for mass hierarchy and octant 

• Data prefer normal hierarchy and 
upper octant (sin2θ23>0.5)

T2K

NOvAT2K



Near Future...
• T2K and NOvA experiments both propose to 

extend their data taking up around 2024~2026 
• sinδCP=0 can be excluded with 3σ C.L. (T2K)
• MH can be determined with >3σ C.L. (NOvA)
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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T2K run extension

• T2K’s long term goal is the pursuit of CP Violation in the neutrino sector.

• In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.

• Proposal to collect 20×1021 POT by ~2026 (arXiv:1609.04111 [hep-ex]).

• With 20×1021 POT, T2K has up to 3! (median) CPV sensitivity:

• Sensitivity improves beyond 3! with reduced systematic errors.

• T2K initiated Near Detector upgrade project in January 2016.
• “The T2K ND280 Upgrade Proposal”, submitted to CERN SPSC in Jan. 2018.

Imperial College  
London

Morgan O. 
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The Next Generation

次世代実験



Experimental Strategy
• Next generation LBL experiments target CP violation 

(CPV) and Mass Hierarchy
• Hyper-Kamiokande

• Shorter baseline (295km):
Earth matter effect insignificant → Focus on CPV

• ν beam: Flux peak at 1st oscillation maximum
• ➜ Off-axis narrow band beam
• Mass Hierarchy can be determined with atmospheric ν

• DUNE/LBNF
• Longer baseline (1300km):

Measure matter effect (MH) → Unfold CPV from Earth 
matter effect through ν spectrum shape

• ν beam: Cover wide energy range (1st and 2nd maxima)
• ➜ On-axis wide band beam 10



Next Generation LBL expts

11

Fermilab
LBNFDUNE

(Liquid Ar)
1300 km

 5

Hyper-Kamiokande

Hyper-K

J-PARC
Accelerator Complex

üGigantic neutrino and nucleon decay detector
ü186 kton fiducial mass : ~10 × Super-K 
ü× 2 higher photon sensitivity than Super-K 
üSuperb detector capability, technology still evolving 
ü2nd oscillation maximum by 2nd tank in Korea under study

üMW-class	world-leading	ν-beam	by	upgraded	J-PARC
üProject	now	is	a	priority	project	by	MEXT’s	Roadmap

üAiming	to	start	construcBon	in	FY2019,	operaBon	in	FY2026

(Water Č)
Hyper-K
(Water Č)
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Hyper-K
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•  60-120 GeV proton beam 
•  1.2 MW, upgradeable to 2.4 MW 
•  Horn-focused neutrino beam line optimized for CP violation 

sensitivity using genetic algorithm 
•  Engineering design of 3-horn focusing system based on optimized 

parameters in progress 
•  Neutrino (FHC) and antineutrino (RHC) modes 

E. Worcester: Neutrino 2018 5 

Neutrino Flux at 1300 km 
(CDR Optimized Beam) 

ν flux at DUNE
Quoted from E. Worcester’s slides at Neutrino 2018
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FIG. 5. The neutrino spectra at Hyper-K for the neutrino enhanced (left) and antineutrino enhanced (right)

horn current polarities with the absolute horn current set to 320 kA.
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FIG. 6. The uncertainties on the T2K flux calculation at Super-K for neutrino enhanced (left) and antineu-

trino enhanced (right) beams.

from modeling of hadron production in the graphite target and surrounding material. To minimize

the hadron production uncertainties, the NA61/SHINE experiment [69] has measured particle

production with 30GeV protons incident on a thin (4% of an interaction length) target [70, 71],

and a replica T2K target [72]. The thin target data have been used in the T2K flux calculation,

and a 10% uncertainty on the flux calculation has been achieved, as shown in Fig. 6. Much of

the remaining uncertainty arises from the modeling of secondary particle re-interactions inside

the target. Preliminary work suggests that the hadron production uncertainty can be reduced to

⇠ 5% by using the NA61/SHINE measurement of the particle multiplicities exiting the T2K replica

target [73]. In the context of Hyper-K, the thin target data from NA61/SHINE are applicable to

the flux calculation, and the replica target data may also be used if the target geometry does not

change significantly. If the target geometry or material are changed for Hyper-K, then new hadron

production measurements will be necessary.

ν flux at HK

arXiv:1805.04163



Hyper-Kamiokande

PID likelihood sub-GeV 1ring (FC)
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new 50cm photosensors
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186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK

60m

74m

260kt

Hyper-Kamiokande
•Next generation water Cherenkov detector
• Construct two detectors in stage

• Realize the first detector as soon as possible

• An option of second detector in Korea (PTEP 2018, 6, 1-56)

• The first detector (1 tank)
• Filled with 260kton of ultra-pure water

• 60m tall x 74 diameter water tank

• Fiducial mass: 190kton
• ~10 x Super-K

• Photo-coverage: 40% (Inner Detector)
• 40,000 of new 50cmϕ PMTs
• x2 higher photon sensitivity than SK PMT

• All physics sensitivities of Hyer-K shown in this talk 
assumes 1 tank
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New 50cmφ PMT for Hyper-K

• Twice better photo-detection 
efficiency than SK PMTs

• Timing resolution (TTS): 1.1ns
• cf. SK PMT: 2.1ns

• Higher pressure tolerance: >80m
15

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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• 1光子感度２倍、時間精度２倍を達成。
• 検出器の性能・物理感度に非常に大きな
インパクト。
• 感度を変えずに検出器を小さくできる可
能性が出てきた。

新型光センサー

Super-K PMT

Hyper-K PMT

1光
子
検
出
効
率

光入射位置（度）

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ��

F Photosensors 93

Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)

Bulb material Borosilicate glass (⇠ 3 mm)

Photocathode material Bialkali (Sb-K-Cs)

Quantum e�ciency 30 % typical at � = 390 nm

Collection e�ciency 95 % at 107 gain

Dynodes 10 stage box-and-line type

Gain 107 at ⇠ 2000 V

Dark pulse rate ⇠ 8 kHz at 107 gain (13 Celsius degrees, after stabilization for a long period)

Transit time spread 2.7 nsec (FWHM) for single photoelectron signals

Weight 7.5 kg (without cable)

Volume 61,050 cm3

Pressure tolerance 9 kg/cm2 water proof

TABLE XV. Specifications of the 50 cm R12860-HQE PMT by Hamamatsu.

2.1.2. Detection E�ciency

The total detection e�ciency of the HQE B&L PMT is twice as high as the conventional R3600

(Super-K PMT). Figure 57 shows the measured quantum e�ciency (QE) of several HQE B&L

PMTs as a function of wavelength compared with a typical QE of the Super-K PMT in dotted

line. After several iterations to improve the QE of the large 50 cm bulb by Hamamatsu, a QE of

30% was achieved at peak wavelength of 390 nm, compared to the 22% of the Super-K PMT.
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FIG. 57. Measured QE for six high-QE R12860 (solid lines) and a normal R3600 (dashed line).

If the sensitive photocathode area with a collection e�ciency (CE) greater than 50% is com-

pared, the HQE B&L PMT has an increased area with a diameter of 49.2 cm, compared to 46 cm

in case of the Super-K PMT and 43.2 cm in the KamLAND PMT. Compared with 73% CE of the

94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 58 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100 mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100 mG can be achieved by active shielding by coils.
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FIG. 58. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

Quantum Efficiency (QE)� Total Detection Efficiency of 1pe�

22% → 30% at peak�
and Collection Efficiency (CE)  
73% → 95% (46cmΦ area)�

In total, detection efficiency 
  (=QE x CE x 1pe hit discrimination) 
                       becomes double.�

high-QEs (HQE)�

SK�

Hyper-K PMT

Super-K PMT

~2

Box & line dynode PMT
Photo-detection efficiency (1p.e.)



ν Beam for Hyper-K
• High quality & high intensity 

neutrino beam

• 2.5 deg. off-axis narrow band 
neutrino beam (same as T2K)

• Beam power: 1.3MW
(before Hyper-K begins)
• KEK Project Implementation 

Plan: top priority on ‘J-PARC 
upgrade for Hyper-K’

• cf. Reached ~500kW for T2K
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FIG. 8. The neutrino experimental facility (neutrino beamline) at J-PARC.

volume. A graphite beam dump is installed at the end of the decay volume, and muon monitors

downstream of the beam dump monitor the muon profile. The beam is aimed 2.5� o↵-axis [85] from

the direction to Super-K and the beamline has the capability to vary the o↵-axis angle between

2.0� to 2.5�. The centreline of the beamline extends 295 km to the west, passing midway between

Tochibora and Mozumi, so that both sites have identical o↵-axis angles.

T2K T2K-II Hyper-K

Accelerator based neutrinos
 Common base line, same off-

axis (2.5 degree) narrow band, 
high beam power (1.3 MW)
 In 2016, KEK Project 

Implementation Plan put first 
priority to  “J-PARC upgrade for 
Hyper-K”

 Huge statistics with high S/N
 ~3000 appearance signals [/10yr]

11

Hyper-K

J-PARC
Accelerator Complex

J-PARC MR fast extraction 
power projection

2026

1.3 MW

JFY

J-PARC MR Fast Extraction Power Projection

1.3MW



Expected events in HK for CPV
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νe ν̅e

for δCP = 0
Signal

νµàνe CC
Wrong sign
appearance νµ /νµ CC Beam νe /νe

contamination NC

ν beam 1,643 15 7 259 134
ν beam 1,183 206 4 317 196

Expected # of events in νe/ν̅e appearance

1.3MW x 10 years (108 sec), ν:ν̅=1:3

Also sensitive to
New Physics

(ex. if any additional phase)

(after applying νe selection criteria)



Hyper-K sensitivity for CPV
• sinδCP=0 exclusion:

• ~8σ for δCP=-90° (T2K best fit)
• ~80% coverage of δCP parameter 

space with >3σ 

• δCP resolution:
• 22° at δCP=±90°
• 7° at δCP=0°, 180°

• Sensitivity studies adopt 
analysis techniques and 
systematic uncertainties used 
in T2K
• Realistic systematic uncertainties 

plus expected reduction of error
• 3~4% syst. err (cf. 6~7% in T2K)

18

(Assume MH known)

218 III.1 NEUTRINO OSCILLATION

13e22sin
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-150

-100

-50

0

50

100

150

Normal mass hierarchy

Hyper-K

Hyper-K+reactor

Hyper-K

Hyper-K+reactor

Normal mass hierarchy

C
P

b
[d

eg
re

e]

13e22sin
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-150

-100

-50

0

50

100

150

Inverted mass hierarchy

Hyper-K

Hyper-K+reactor

Hyper-K

Hyper-K+reactor

Inverted mass hierarchy

C
P

b
[d

eg
re

e]

FIG. 139. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values
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FIG. 140. Expected significance to exclude sin �CP = 0 in case of normal hierarchy.

contour becomes narrower in the direction of sin2 2✓
13

, the sensitivity to �CP does not significantly

change because �CP is constrained by the comparison of neutrino and anti-neutrino oscillation

probabilities by Hyper-K and not limited by the uncertainty of ✓
13

.

Figure 140 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).

The significance is calculated as
p
��2, where ��2 is the di↵erence of �2 for the trial value of

�CP and for �CP = 0� or 180� (the smaller value of di↵erence is taken). We have also studied the

case with a reactor constraint, but the result changes only slightly. Figure 141 shows the fraction

of �CP for which sin �CP = 0 is excluded with more than 3� and 5� of significance as a function of

the integrated beam power. The ratio of integrated beam power for the neutrino and anti-neutrino

mode is fixed to 1:3. The normal mass hierarchy is assumed. The results for the inverted hierarchy

are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

sinδCP=0 exclusion
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significance for 76(57)% of the possible values of �CP .

Figure 142 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓
23

= 0.5, but the sensitivity to CP violation depends on the

value of ✓
23

. Figure 143 shows the fraction of �CP for which sin �CP = 0 is excluded with more than

3� and 5� of significance as a function of the true value of sin2 ✓
23

. T2K collaboration reported

sin2 ✓
23

= 0.51+0.08
�0.07 for neutrinos in case of the normal hierarchy.

Hyper-K
(single tank)

δCP 1σ error



Mass Hierarchy sensitivity in HK

• Hyper-K can determine Mass Hierarchy in ~5 years 
(sin2θ23=0.5) using atmospheric ν’s, even if MH not 
determined before Hyper-K era
• cf. Super-K suggests Normal Hierarchy with ~2σ

• Phy. Rev. D97, 072001 (2018) 19
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Hyper-K: multi-purpose detector
• Comprehensive study of ν oscillation

• CPV: 76% of δ space w/ 3σ, <22° precision

• MH determination for all δ with J-PARC/Atm ν
• θ23 octant determination at |θ23-45°|>2° 

• <1% precision of Δm232

• Test standard ν oscillation scenario w/ acc/atm ν 

• Proton decay 3σ discovery potential
• 1x1035 years for p→e+π0 

• 3x1034 years for p→νK+ 

• Astrophysical neutrino
• Solar ν: test standard matter effect (MSW) model

• Supernova ν, supernova relic-ν
• Dark matter neutrinos from Sun, Galaxy, Earth

20
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Search for Proton Decay 

• Hyper-K will explore 10 times longer proton-lifetime 
than current running experiment

• ex. p→e+π0, p→ν̅K+

• Many other decay modes can also be searched with 
an order of magnitude better sensitivity
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Status of Hyper-K

22
 6

International Organization
• International Hyper-K 
proto-collaboration  

• 15 countries, 73 institutes, ~300 
members, ~75% from abroad 
• International project leaders, 
steering members, WG 
conveners

• 2 host institutes: UTokyo/
ICRR and KEK/IPNS 

• UTokyo launched a institute 
for HK construction: Next-
generation Neutrino Science 
Organization (NNSO) 

• External review by Advisory 
Committee 

• international high-energy 
physicists and Japanese 
engineering specialists

Inaugural Symposium@Kashiwanoha, January 2015

Hyper-K meeting@Madrid, March 2018

NNSO Inaugural Ceremony@Kamioka, October 2017
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Design Report has been released
1

Design Report
(Dated: May 9, 2018 )
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Status of Hyper-K
• ‘Hyper-K Design Report’ released

• arXiv:1805.04163, KEK, ICRR preprints
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Status of Hyper-K
• ‘Hyper-K Design Report’ released

• arXiv:1805.04163, KEK, ICRR preprints

• Two host institutes: U. Tokyo/ICRR 
and KEK/IPNS (MoU for Hyper-K)
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Status of Hyper-K
• ‘Hyper-K Design Report’ released

• arXiv:1805.04163, KEK, ICRR preprints

• Two host institutes: U. Tokyo/ICRR 
and KEK/IPNS (MoU for Hyper-K)

• Science Council of Japan selected 
Hyper-K as one of the top priority 
large-scale projects in ‘Master Plan 
2017’
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International Organization
• International Hyper-K 
proto-collaboration  

• 15 countries, 73 institutes, ~300 
members, ~75% from abroad 
• International project leaders, 
steering members, WG 
conveners

• 2 host institutes: UTokyo/
ICRR and KEK/IPNS 

• UTokyo launched a institute 
for HK construction: Next-
generation Neutrino Science 
Organization (NNSO) 

• External review by Advisory 
Committee 

• international high-energy 
physicists and Japanese 
engineering specialists

Inaugural Symposium@Kashiwanoha, January 2015

Hyper-K meeting@Madrid, March 2018

NNSO Inaugural Ceremony@Kamioka, October 2017
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Status of Hyper-K
• ‘Hyper-K Design Report’ released
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• Two host institutes: U. Tokyo/ICRR 
and KEK/IPNS (MoU for Hyper-K)

• Science Council of Japan selected 
Hyper-K as one of the top priority 
large-scale projects in ‘Master Plan 
2017’

• MEXT (funding agency) selected 
Hyper-K in the ‘Roadmap 2017’
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Status of Hyper-K
• ‘Hyper-K Design Report’ released

• arXiv:1805.04163, KEK, ICRR preprints

• Two host institutes: U. Tokyo/ICRR 
and KEK/IPNS (MoU for Hyper-K)

• Science Council of Japan selected 
Hyper-K as one of the top priority 
large-scale projects in ‘Master Plan 
2017’

• MEXT (funding agency) selected 
Hyper-K in the ‘Roadmap 2017’

• U.Tokyo launched ‘Next-Generation 
Neutrino Science Organization’
(NNSO) for Hyper-K construction
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Status of Hyper-K
• ‘Hyper-K Design Report’ released

• arXiv:1805.04163, KEK, ICRR preprints

• Two host institutes: U. Tokyo/ICRR 
and KEK/IPNS (MoU for Hyper-K)

• Science Council of Japan selected 
Hyper-K as one of the top priority 
large-scale projects in ‘Master Plan 
2017’

• MEXT (funding agency) selected 
Hyper-K in the ‘Roadmap 2017’

• U.Tokyo launched ‘Next-Generation 
Neutrino Science Organization’
(NNSO) for Hyper-K construction

• U.Tokyo making all efforts to get 
Hyper-K funded, aiming to begin the 
detector construction in JFY2019 
and begin the operation in JFY2026 22
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Hyper-K proto-collaboration
• ~300 collaborators

• 73 institutions from 
15 countries

• ~75% of collaborators 
from abroad

23

10 ਪਐମ੍

ਤ 116: ϋΠύʔΧϛΦΧϯσڞࡍࠃಉڀݚάϧʔϓʹɺϒϥδϧɺΧφμɺϑϥϯεɺ
ΠλϦΞɺຊɺؖࠃɺϙʔϥϯυɺϩγΞɺεϖΠϯɺεΠεɺΠΪϦεɺΞϝϦΧɺ
ΫϥΠφɺΞϧϝχΞɺΤΫΞυϧͷ Ճ͍ͯ͠Δɻࢀ͕ࠃ15͔

ᖒᚸਓ (ICRR), F. Di Lodovico (QMUL)ʣͷಜͷͱӡӦ͞Ε͍ͯΔɻ֤Working

Group ʹɺWorking Group Leader Λච಄ʹ convener ͱݺΕΔऀ͕ઃ͚Β

Εɺڀݚ։ൃͳͲͷਪਐΛओಋ͍ͯ͠Δɻද 24ʹ֤ Working Group ͷ leader Λؚ

Ή convener Λࣔ͢ɻͦΕͧΕͷ Working Group ؒͳΒͼʹ International Steering

Committeeʢޙड़ʣͱͷҙࢥͷૄ௨Λີʹ͢ΔͨΊʹִिͰϏσΦձٞΛ͍ͬͯΔɻ

• International Steering Committee (iSC)ɺڀݚάϧʔϓʹΑΔܭըਪਐશମ

ͷಜͱΛ୲͏৫Ͱ͋ΔɻiSC ͷҕһͰ͋ΔதՈ߶ʢژେֶʣΛච಄ʹࠃ

͞Ε͍ͯΔɻiSCߏɺେֶͷϝϯόʔ͔Βؔػڀݚࡍ ϝϯόʔΛදߏ 25ʹࣔ͢ɻ

• International Board of Representatives (IBR)ɺڞࡍࠃಉڀݚάϧʔϓΛߏ

͢Δ֤ࠃͷදऀ͔Βߏ͞ΕΔ৫Ͱ͋ΓɺD. Wark (STFC, RAL-PPD, ΠΪϦ

ε)͕ҕһΛΊΔɻIBR ڞࡍࠃಉڀݚάϧʔϓͰͷ֤͝ࠃͱͷׂ୲ํ

ͷܾఆɺ͓Αͼ֤ࠃɾ֤ҬͰͷ༧֫ࢉಘʹΛͭ࣋ɻIBR ϝϯόʔΛදߏ 26ʹ

ࣔ͢ɻ

10.3 ౦ژେֶͷਪਐମ੍

ຊܭը࣮ࢪத৺ؔػͷҰͭͰ͋Δ౦ژେֶɺϋΠύʔΧϛΦΧϯσͷݐઃͱӡసͷத

֩ͱͳΔɻ౦ژେֶͰɺϋΠύʔΧϛΦΧϯσܭըΛਪਐ͢ΔͨΊͷ৽ͨͳ࿈ػڀݚܞ

ʢԾশʣʯΛֶʹઃஔ͢ΔͨΊͷ४උΛਐΊͯߏػڀݚܞχϡʔτϦϊՊֶ࿈ੈ࣍ʮߏ

͍Δɻ͜ͷߏػ౦ژେֶͱͯ͠ͷ׆ಈΛҰମԽ͠ɺਝ͔ͭత֬ͳϚωʔδϝϯτΛՄ
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DUNE/LBNF

E. Worcester’s slides at Neutrino 2018
J. Bian’s slides at ICHEP 2018 You Inst LogoJianming Bian - UCI2

• New beam at Fermilab (1.2 MW@80 GeV protons, upgradeable to 2.4 MW), 1300 km baseline
• On-Axis 40 kton Liquid Argon Time Projection Chamber (LArTPC) Far Detector at Sanford

Underground Research Facility, South Dakota, 1.5 km underground
• Highly-capable near detector at Fermilab
• νe appearance and νµ disappearance à Measure MH, CPV and mixing angles
• Large detector, deep underground à Nucleon decay, supernova burst neutrinos, atmospheric 

neutrinos, etc
• International scientific priority: 1100+ collaborators from 179 institutions in 32 nations

Jae Yu’s talk
ID1074, 9 Jul 2018



LBNF beam

• 60-120 GeV proton beam
• 1.2 MW proton beam power @80GeV

• cf. NuMI achieved 700kW for NOvA
• Upgradeable to 2.4 MW
• DUNE sensitivity studies adopt the beam power upgrade

• Reference design similar to NuMI, optimized to 
improve sensitivity to oscillation measurement 25

You Inst Logo3

• 60-120 GeV protons from Fermilab Main Injector
• Wide energy spectrum covers the 1st and 2nd oscillation maxima
• Initial upward pitch, 101 mrad pitch to get to S. Dakota
• Near Detector Hall at edge of Fermilab site
• Initially 1.2 MW @ 80GeV, upgradeable to 2.4 MW
• Reference design similar to NuMI, optimized to improve sensitivity to oscillation measurements

Long Baseline Neutrino Facility (LBNF)

Jianming Bian - UCI

Heidi Marie Schellman’s talk 
ID48, 5 Jul 2018



DUNE detector
• Large underground Liquid 

Argon (LAr) Time Projection 
Chamber

• Single- and dual-phase LAr TPC
• Total fiducial mass of 40 kton

• 10 kton × 4 modules
• Detector modules installed in 

stages
• Start with 20kton (FV) and add 

other 20kton in 4 years
• 1st modules single-phase

• Two prototype TPCs under 
construction for a test-beam 
at CERN (770ton LAr each)

26

DUNE Far Detector 
•  4 10-kt (fiducial) liquid argon TPC 

modules 
•  Single- and dual-phase detector 

designs (1st module will be single phase) 
•  Integrated photon detection 
•  Modules will not be identical  

E. Worcester: Neutrino 2018 8 

Anode 

E ~ 500 V/cm 

e- 

LAr 

Dual phase: signal extracted; 
amplified in gas phase 

Dual phase: 10 kt module 

153,600 channels 
80 3x3 m2 “CRPs”  
(Charge Readout Planes) 

Cathode 

DUNE Far Detector 
•  4 10-kt (fiducial) liquid argon TPC 

modules 
•  Single- and dual-phase detector 

designs (1st module will be single phase) 
•  Integrated photon detection 
•  Modules will not be identical  

E. Worcester: Neutrino 2018 7 

Single phase: modular 
wire-plane readout 

Single phase: 10 kt module 

384,000 readout wires 
150 “APAs” (2.3 m x 6 m)  

12 m high 
15.5 m wide 

58 m long 

Cathode Anode 

E ~ 500 V/cm 

e- 

LAr 



DUNE sensitivity for CPV and MH
• Order 1000 νe appearance 

events in ~10years of equal 
running in ν and ν̅ mode

27

Oscillation Sensitivity Calculations 

E. Worcester: Neutrino 2018 15 

•  Reconstructed spectra based 
on GEANT4 beam 
simulation, GENIE event 
generator, and Fast MC 
using detector response 
parameterized at the single 
particle level 
•  Efficiency tuned using hand 

scan results 
•  Order 1000 νe appearance 

events in ~7 years of equal 
running in neutrino and 
antineutrino mode 

•  Simultaneous fit to four 
spectra to extract oscillation 
parameters 

•  Systematics approximated 
using normalization 
uncertainties 

•  GLoBES configurations 
arXiv:1606.09550 

νe 

νµ νµ

DUNE Conceptual Design Report (CDR) 
arXiv:1512.06148 

νe 

• Mass Hierarchy determination at >5σ
• 75% coverage for 3σ CPV discovery
• 7°~15° δCP resolution

CP Violation Sensitivity 

E. Worcester: Neutrino 2018 17 

Width of band indicates 
variation in possible central 

values of θ23 
 

Simultaneous measurement of 
neutrino mixing angles and δCP 

 

CP Violation 

DUNE CDR: 

Other Oscillation Physics 

E. Worcester: Neutrino 2018 18 

Mass Ordering 

Width of band indicates 
variation in possible central 

values of θ23 
 

Octant 

Width of band indicates 
variation in possible true value 

of δCP 
 

DUNE CDR: 

Oscillation Parameter Sensitivity 

E. Worcester: Neutrino 2018 19 

Reactor uncertainty 

δCP Resolution sin22θ13 Resolution 

DUNE CDR: 

✴ Efficiency tuned using hand scan results
✴ Syst. uncertainties approximated using normalization uncertainties

CP violation δCP resolution Mass Hierarchy



Status/plan of DUNE

• 2017: Far site construction begins
• 2018: Start to operate full-scale 

protoDUNE at CERN
• 2019: DUNE Technical Design Report 

ready for funding agencies
• 2019: Main Cavern Excavation
• 2020: Far Detector fabrication 

facilities ready
• 2022: Start to install FD modules
• 2024: Two FD modules (20kton) 

operational
• 2026: Beam on with two FD modules

28

You Inst Logo4

• In the Homestake gold mine
• Home of Ray Davis’s solar neutrino experiment
• 4 caverns for detector and one utility hall for DUNE
• Begin excavation for the first two caverns in FY2017
• Blast vibration study has been done 

Sanford Underground Research Facility (SURF),
Lead, S. Dakota

Jianming Bian - UCI

DUNE facility, 
4850 ft (1.5km, 4300 mwe)

Groundbreaking: 21st July, 2017 

You Inst Logo9

ProtoDUNE construction in EHN1 at CERN

Jianming Bian - UCI

Detector installation under way

08/12/2017 D. Duchesneau 6

Achieved and actual milestones from NP :
- Membrane completed: Sept 21 2017
- CRB finished: Oct 2017
- Leak tests performed Oct-Nov
- Internal piping: installation going on
- Field cage: test installation going on

Status of cryostat and CRB 
EHN1 infrastructure:

Clean Room Buffer

ProtoDUNE-Single Phase

ProtoDUNE-Dual Phase

You Inst Logo

ProtoDUNE status

17

08/12/2017 D. Duchesneau 6

Achieved and actual milestones from NP :
- Membrane completed: Sept 21 2017
- CRB finished: Oct 2017
- Leak tests performed Oct-Nov
- Internal piping: installation going on
- Field cage: test installation going on

Status of cryostat and CRB 
EHN1 infrastructure:

Clean Room Buffer

APA #3 at Daresbury Lab

08/12/20176 Christos Touramanis | protoDUNE-SP

Wiring and tension measurements completed

Components are being constructed and 
shipped to CERN

Construction is taking place in EHN1 at CERN

Jianming Bian - UCI

Quoted from J. Bian’s slides at ICHEP 2018



Summary of CPV sensitivity

• Significance for sinδ=0 
exclusion

• Hyper-K and DUNE both 
5σ sensitivity near δ=-90° 
after 10ys operation

• Next generation expts 
have way better sensitivity 
than current running expts

29
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Summary
• Current running LBL experiments (T2K, NOvA) 

playing a major role to improve our understanding 
of neutrino oscillation

• Maybe, T2K and NOvA are finding a hint of neutrino CP 
violation and Mass Hierarchy?

• Non-accelerator-based experiments (Super-K, IceCUBE, 
ORCA, JUNO, INO, ...) also have a great potential for 
Mass Hierarchy determination

• Next generation LBL experiments, Hyper-K and 
DUNE, aim to reveal a full picture of ν oscillation

• Primary targets: CPV and Mass Hierarchy
• Aim to start data taking with ν beam in 2026
• Significant complimentarily

• Wide physics topics, many discovery potential
• Proton decay, astrophysical neutrino, ...

30

SN burst, SN relic ν, indirect WIMP search, etc



Back up

31



Detector performance

• Large mass (~10 x Super-K FV)
• Statistics is always critical

• Excellent particle ID (e/μ)
• Mis-identification <1%

• Energy resolution e/μ ~3%
• Quasi-elastic is dominant (sub-GeV)
→ Clean one-ring event

32

SK cosmic-ray μ

(MC) (MC)

SK atmospheric ν

18

PID likelihood sub-GeV 1ring (FC)
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Detector performance for p-decays

• High mass (1Mton scale, 20×Super-K)

• Good ring-imaging capability at ~1GeV
• atmospheric ν, proton decays, accelerator ν

• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%
• opportunity to improve more

• for proton decay search via p→e+π0

• good ~5% invariant proton mass resolution
• high 40% signal efficiency
• 99.998% atmospheric ν BG rejection

PID likelihood (atmν)

e-like μ-like

cosmic&µ''
(0.6&1.2GeV/c)�

PID'likelihood'parameter�

e&like�

Data'
MC�

mis-PID:
  Data: 0.00±0.16(stat.)%
  MC  : 0.10±0.10(stat.)%

PID likelihood (CRμ)

e-like μ-like

PID likelihood

PID likelihood
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• High mass (1Mton scale, 20×Super-K)

• Good ring-imaging capability at ~1GeV
• atmospheric ν, proton decays, accelerator ν

• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%
• opportunity to improve more

• for proton decay search via p→e+π0

• good ~5% invariant proton mass resolution
• high 40% signal efficiency
• 99.998% atmospheric ν BG rejection
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Super-K event display



p→e+π0 search in Hyper-K

• “Background free” meas. 
of proton decay
• 0.06 Bkg events / Mt･year

• Bkg atm-ν events are largely 
reduced by ‘neutron-tag’:
eff.~70% with new PMT
• n+p→d+γ (2.2MeV)

• Great discovery potential

• 3σ discovery sensitivity 
reaches τp/Br=1035 years
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p→ν̅K+ search in Hyper-K
• Identify K+ by its decaying 

products

• K+→μ+ν (Br: 64%)
• 236MeV/c μ+

• de-excitation γ from 15O* 
(6MeV γ)

• K+→π+π0 (Br: 21%)
• 205MeV/c π0 & π+ back-to-

back

• New PMT improves signal 
and background efficiencies

• Other decay modes, l+ω, 
ρ, η, x10 improved than SK34
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Predictions & experiments for p-decay

• for all decay-modes
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Korean option for 2nd tank

• Given the two tank design with staging, 
may benefit from building the second 
tank at a different baseline

• Option for second tank in Korea is
being considered

• Advantage of 2nd detector in Korea:
• CP effect at second oscillation maximum

• Mass-hierarchy sensitivity to complement 
the measurement with atmospheric ν
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Neutrino Oscillations in Kamioka  & Korea 

7	

/HK	

1o	

3o	
2.5o	

(L	=	295	km)	
/HK	(Japan)	

FIG. 1. Map showing the baseline and o↵-axis angle of the J-PARC beam in Japan and Korea [8, 9].

CP-violating phase �CP ; it has better precision (especially on �CP ) in important regions of

parameter space; and it can serve to mutually reduce the impact of systematic uncertainties

(both known and unknown) across all measurements. It also provides an opportunity to test

the preferred oscillation model in a regime not probed with existing experiments. Constraints

on (or evidence of) exotic neutrino models, such as non-standard interactions with matter,

are also expected to be significantly enhanced by the use of a longer baseline configuration

for a second detector.

Although the use of longer-baseline in conjunction with the J-PARC beam is the primary

feature distinguishing the use of a detector in Korea from a second detector at Kamioka,

there are several mountains over 1 km in height that could provide suitable sites. This

allows for greater overburden than the site selected for the first Hyper-K detector and would

enhance the program of low energy physics that are impacted by cosmic-ray backgrounds.

This includes solar neutrinos, supernova relic neutrinos, and dark matter neutrino detection

studies, and neutrino geophysics. In the case of supernova neutrinos there is some benefit

from the separation of detector locations.

Further enhancements are possible but not considered in this document. Recent devel-

opments in gadolinium doping of water and water-based liquid scintillators could allow for

a program based on reactor neutrinos if these technologies are deployed in the detector.

There were earlier studies of a large water-Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two-baseline experiment with a second

11

>1000km

Profile of off-
axis ν beams

L=300km

L=1000km

HK-K
Exploring option of  putting second HK tank in Korea

Putting the second detector at the second oscillation 
maximum means our signal has a different shape 
→makes us less sensitive to systematic errors 

Signal	at	Japan	 Signal	at	Korea	
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T2HKK: δCP resolution
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FIG. 32. The 1� precision of the �cp measurement as a function of the true �cp value. Results

are shown for the Mt. Bisul and Mt. Bohyun sites. The bands represent the dependence of the

sensitivity on the true value of sin2✓
23

in the range 0.4 <sin2✓
23

< 0.6.
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The second detector in Korea allows us to 
better measure the CP-phase,

compared with both detectors in Japan

T2HKK

The	second	detector	in	Korea	allows	us	to	better	measure	the	
CP-phase,	compared	with	both	detectors	in	Japan	

Two	detectors	in	Japan

Second	detector	in	
Korea,	two	colours for	
two	different	
candidate	sites
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Intermediate Water Č detector
• Intermediate water Č detector 

proposed
• Locate 1~2km downstream of J-PARC 

neutrino beam

• J-PARC E61 (NuPRISM)

• Off-axis spanning (1°~4°) to probe 
neutrino energy vs. final state 
kinematics relationship

• Increase νe purity at higher angles: 
larger contribution from Kaon
→Electron neutrino cross-section
• Aim to σ(νe)/σ(νμ) cross-section 

ratio error down to 2~3%
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IV. DETECTOR DESIGN AND HARDWARE

The NuPRISM detector uses the same water
Cherenkov detection technology as Super-K with a cylin-
drical water volume that is taller than Super-K (50-100m
vs 41m) but with a much smaller diameter (6-10m vs
39m). The key requirements are that the detector span
the necessary o↵-axis range (1�-4�) and that the diameter
is large enough to contain the maximum required muon
momentum. The baseline design considers a detector lo-
cation that is 1 km downstream of the neutrino interac-
tion target with a maximum contained muon momentum
of 1 GeV/c. This corresponds to a 50 m tall tank with
a 6 m diameter inner detector (ID) and a 10 m diameter
outer detector (OD), as shown in Figure 47. A larger,
8 m ID is also being considered at the expense of some
OD volume in the downstream portion of the tank. As
the NuPRISM analysis studies mature, the exact detec-
tor dimensions will be refined to ensure su�cient muon
momentum, ⌫

e

statistics and purity, etc.

FIG. 47. The planned configuration of the nuPRISM detector
within the water tank is shown. The instrumented portion of
the tank moves vertically to sample di↵erent o↵-axis angle
regions.

The instrumented portion of the tank is a subset of
the full height of the water volume, currently assumed
to be 10 m for the ID and 14 m for the OD. The novel
feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the
full o↵-axis range in 6 steps. The inner detector will be

instrumented with either 5-inch or 8-inch PMTs to en-
sure su�cient measurement granularity for the shorter
light propagation distances relative to Super-K. Also un-
der consideration is to replace the OD reflectors with
large SMRD-style scintillator panels, as discussed in Sec-
tion IV E.

The remainder of this section describes the elements
needed for NuPRISM and corresponding cost estimates,
where available. The cost drivers for the experiment are
the civil construction and the cost of the PMTs, and, cor-
respondingly, more detailed cost information is presented
in those sections.

A. Site Selection

The NuPRISM detector location is determined by sev-
eral factors, such as signal statistics, accidental pile-up
rates, cost of digging the pit, and potential sites available.
At 2.5o o↵-axis position at 1 km with a fiducial volume
size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
4, which yields 75 times more events than SK, for the
same size of the detector. The impact of the number of
events collected on the physics sensitivities is described
in Section III. The event pile-up is dominated by sand
muons, but at 1 km, the pile-up rate appears to be ac-
ceptable, which is explained in more detail in Section III,
The detector size and the depth scales with the distance
to the NuPRISM detector. In order to cover from 1-4�

o↵-axis angles, the depth of the detector is 50m at 1km
and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
the cost per cubic meter of excavation dramatically.

The two far detector sites that must be considered are
the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:

• 750m site near the Muramatsu community meet-
ing centre: This location is right next to R245 and
owned by the local government. The space is lim-
ited but covers the Mozumi direction and the cen-
tral line between Mozumi and Tochibora. This site
would have the highest event pile-up rate.

• 1km site: a large un-cultivated private land cover-
ing both Tochibora and Mozumi directions

• 1.2km site: a large patch of private land at the foot
of a forest covering both Tochibora and Mozumi
directions

• 1.8km site: the originally considered 2km detector
site owned by the local government covering Tochi-
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