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Outline
• Results of nucleon decay searches with Super-K

• Mostly focuses on:

• Two ‘flagship’ decay modes: p→e+π0 and p→νK̅+

• The recent results for other decay modes


• Prospects on nucleon decay (NDK) searches with Hyper-K
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Nucleon Decay
• Nucleon decay can occur via 

a direct transition from quark into  
lepton

• Forbidden in the Standard Model

• ➜ Clear evidence of beyond the 

standard model if it’s observed 

• Grand Unified Theory (GUT)

• Attempt to unify elementary particles 

(at 1015-16 GeV)

• → Imply nucleon decay

• Many GUT models and variety of 

predictions on nucleon lifetime, 
decay modes and branching ratio


• Nucleon decay search an unique prove 
for GUT and physics in very high energy
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なぜ核子崩壊？
• 標準理論では理解できない根源的な問い
• なぜクォークとレプトンが必要？ な
ぜ3つの力？SU(3)xSU(2)xU(1)？
• なぜQ電子＝3xQdクォーク？
• 素粒子と力の統一（大統一）が問いに答える可能性
• 大統一の間接的証拠
• 力の強さのO(1016)GeVでの一致
• ニュートリノの微小質量
• 核子崩壊実験の目的
• レプトン・ クォーク間の直接遷移を
見る→大統一の直接検証

• 新たなパラダイムの開拓を目指す
3

力と素粒子の
大統一？

μ(GeV)

弱い力

電磁気力

強い力 核子が崩壊する！
陽子

陽電子PositronPositron
p→e+π0 decay mode

Proton

10 114. Grand unified theories

 0

 10

 20

 30

 40

 50

 60

 0  5  10  15

α
i-1

(Q
)

log10(Q/GeV)

SM

SOFTSUSY 3.6.2

α1
α2
α3

 0

 10

 20

 30

 40

 50

 60

 0  5  10  15

α
i-1

(Q
)

log10(Q/GeV)

MSSM: m0=M1/2=2 TeV, A0=0, tanβ=30

SOFTSUSY 3.6.2

α1
α2
α3

Figure 114.1: Running couplings in SM and MSSM using two-loop RG evolution.
The SUSY threshold at 2 TeV is clearly visible on the MSSM side. (We thank Ben
Allanach for providing the plots created using SOFTSUSY [62].)
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Super-Kamiokande

• 42m (toll) x 39m (diameter) large water Č  
detector filled with 50kton ultra-pure water

• Fiducial mass: 22.5kton (conventional)


• Excellent particle identification (μ and e) 

• Separate EM-shower type (e-like) and 
muon type (μ-like) with Č ring pattern


• Mis-PID rate below 1% at ~1GeV 

• Good energy resolution: ~3% at ~1GeV
!4
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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
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Search for p→e+π0

• Positron and π0 run back-to-back 

• Momentum 459 MeV/c


• All particles in the final stable are 
visible with Super-K 

• Able to reconstruct p mass 
and momentum
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Signal MC

• Event selection: 
•  All particles are fully contained in FV 
•  2 or 3 rings (two of them from π0) 
•  All particles are e-like, w/o Michel-e 
•  85 < Mπ0 < 185 MeV/c2 
•  800 < Mp < 1050 MeV/c2 
•  100 < Ptot < 250 or Ptot < 100MeV/c 
•  Neutron-tagging (SK-IV) 

•  Further reduce bkg by ~50%



Signal & background
• Signal: p→e+π0

• One of major causes of signal efficiency loss 

is due to final state interaction (FSI) in the 
target nucleus of π from proton decay


• An advantage of water Č detector is to have 
‘free proton’ target 

• cf. p→e+π0 signal selection efficiency: 

in oxygen: ~40%, 
in hydrogen: 80+% (SK-IV)


• Background for proton decay search

• Atmospheric neutrino; CC-π production

• Background rate prediction confirmed 

with data from K2K-1KT Č detector 

• Background under control
!6
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Water Ch. detector for p-decays

• High mass is possible (Super-K 22kton, 
Hyper-K 190kton ~ 8×Super-K)

• p→e+π0, νK+, and more can be searched 
with high sensitivities

• Excellent & well-proven performance
• Good ring-imaging capability at ~1GeV
• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%

• Free protons are available
• No Fermi motion, nuclear effect
• High efficiency & good S/N separation
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ex. π0 from PDK interacts 
with nucleons in the target 
nucleus and loose original 
kinematics (ex. momentum) 
and/or modified chargeshown in Figs. 13 and 14, respectively. Note that omitted

statistical errors on the MC samples are almost the same as
those on data. Also, a metric quantifying an event’s dis-
tance from the center of the signal box is introduced: L !!!!!!!!!!!!!!!!!!!
X2 " Y2
p

, where
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FIG. 10 (color online). Total momentum Ptot vs total invariant
mass Mtot for ‘‘!"0’’ events from the KT data (7:4# 1019 pot),
with the proton decay signal box superimposed.
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FIG. 11 (color online). Total momentum Ptot vs total invariant
mass Mtot for ‘‘!"0’’ events from NEUT (1:1# 1020 pot), with
the proton decay signal box superimposed.
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FIG. 13 (color online). Total invariant mass Mtot for ‘‘!"0’’
events with total momentum Ptot $ 250 MeV=c. Red crosses
show the data with statistical and total measurement errors. The
NEUT (NUANCE) predictions are shown by a solid (dashed) blue
histogram. Both MC samples are normalized to the data by
number of entries. The green arrow shows the range accepted
by the proton decay signal box.
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FIG. 12 (color online). Total momentum Ptot vs total invariant
mass Mtot for ‘‘!"0’’ events from NUANCE (5:4# 1019 pot),
with the proton decay signal box superimposed.
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Background rejection (1)
• Most of atm-ν bkg accompanied 

with neutrons, and n’s captured 
by hydrogen (~200μs) & emit γ-
ray

• p+n→d+γ (2.2MeV)


• New electronics (dead-time free) 
installed SK-IV allows to identify 
the 2.2MeV γ-ray, ‘neutron-
tagging’

• Atm-ν bkg further reduced 

by ~50% with neutron-
tagging technique

!7

BG reduction by neutron-tag & tighter Ptot cut
- Shiozawa@NNN00 workshop 
- PRD95, 012004 (2017)
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• SK-IV w/ new electronics 
can tag neutrons by 
n+p→d+2.2MeVγ 

• Atmospheric neutrino BG is 
reduced by 40%

Reject

p→e+π0 Atmν BG
• Two regions of Ptot to 

enhance discovery reach 
• Ptot < 100MeV/c for free 

proton decays 
• Ptot < 250 MeV/c for 16O
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New technique 1: Neutron tag
• Most of atmospheric n BKG are accompanied by neutrons.
• A neutron is captured by a hydrogen (~200msec) and emits g ray; 

n+pÆ d+g (2.2 MeV)
• New electronics installed in SK4 enables us to record all hits including this g
ray.
• Search for hit cluster Nt7 in 10 ns window after prompt signal, and neutrons 
are selected by neural network.
• Eff.  20.5 %, BKG 1.8 %.
• About half of the background events can be rejected by requiring no neutron.

Time difference from prompt signalTime difference from prompt signal



Background rejection (2)
• Divide the signal box into two 

with Ptot to enhance the 
discovery potential

• Upper Ptot (100~250 MeV/c)

• Atm-ν background tail

• Proton decay in 16O 

dominant

• Lower Ptot (<100 MeV/c)

• ~1/10 smaller bkg 

compered to the upper Ptot 
• Free proton decay dominant

!8
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New technique 2: two box analysis
• Signal box defined by 800<Mtot<1050 MeV/c2 and Ptot<250MeV/c is 

divided into two regions;
① Lower box: Ptot<100 MeV/c

9 Signal: Dominated by free proton(H) decay, free from nuclear effects Æ
Almost BKG free.

② Higher box: 100dPtot<250 MeV/c
9 Signal: Dominated by bound proton (O) decay, more uncertainty due to 

nuclear effects.  More BKG.
• Achieve better sensitivity. 
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pÆe+p0 MC

Black: All
Red: Free proton

① ② ① ②

BKG MC (SK4) 11

New technique 2: two box analysis
• Signal box defined by 800<Mtot<1050 MeV/c2 and Ptot<250MeV/c is 

divided into two regions;
① Lower box: Ptot<100 MeV/c

9 Signal: Dominated by free proton(H) decay, free from nuclear effects Æ
Almost BKG free.

② Higher box: 100dPtot<250 MeV/c
9 Signal: Dominated by bound proton (O) decay, more uncertainty due to 

nuclear effects.  More BKG.
• Achieve better sensitivity. 

Exposure (Mton・yr)

pÆe+p0 MC

Black: All
Red: Free proton

① ② ① ②

BKG MC (SK4)

Total momentum Ptot (MeV/c)

Bkg MC (SK-IV)

Signal MC

Total momentum Ptot (MeV/c)



Background rejection (2)
• Divide the signal box into two 
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• ➜ Accurate reconstruction  

of PDK signature (less FSI)  
and lower background !9
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p→e+π0: Signal & Bkg

• Signal selection efficiency: ~40% 
• cf. ~80% for free proton decay


• Expected bkg contamination in signal 
region for entire SK period (SK-I~IV):

• Lower Ptot: 0.05 events 

• Upper Ptot: 0.58 events
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Super-Kamiokande I-IV atmν MC

Background (MC)

Signal (MC)

Oxygen
Hydrogen



p→e+π0: Results

• Found no event in the signal box

• Lifetime limit at 90% C.L. with 365 kton∙yrs (SK-I~IV)


• τ/Br > 2.0 × 1034 years [preliminary] 
• Most stringent constrain
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Search for p→μ+π0
• Spirit of the event selection is 

similar to p→e+π0 mode but 
requires 1 μ-like ring


• Signal selection eff: ~40%

• Expected bkg contamination 

for entire SK observation 
period (SK-I~IV):

• Lower Ptot: 0.07 events

• Upper Ptot: 0.65 events


• Found 1 evt in upper signal box

• It’s not obvious data excess 

compared to expected bkg

• See PRD95, 012004 (2017)
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• 核子寿命下限値 (preliminary):  

• Lifetime limit at 90% C.L. with  
365 kt∙years (SK-I~IV) exposure 
τ/Br>1.2×1034 years [preliminary]

SK-I~IV Data



Search for p→νK̅+
• K+ has momentum of 340 MeV/c

• Below Cherenkov threshold (749 MeV/c)


• Identify K+ by finding its decay products

!13

K+ → µ+νµ K+ → π+π0

Search Methods 
! Nuclear de-exitation γ, µ, and decay e+ 
! Monochromatic µ from K+ decay  

Search Method 
! π+ and two γ from π0 decay 
    (π+ Č threshold 156MeV/c)

(K+ leptonic decay) (K+ hadronic decay)

236 MeV/c

205 MeV/c
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【K+ leptonic decay】
Super-Kamiokande I-IV

(a) Search for 
mono-energetic 
(236MeV/c) μ

Super-Kamiokande I, III, IV(b) De-excitation γ (6.3MeV) + μ decay

ν"

γ"

16O! K+!

ν"
µ+!

16O→νK+15Nγ, K+→µ+ν"

γ"

µ+!

t!
e+"

陽子崩壊後にできる15N*からの 6.3MeV 

Proton decays in 16O → Excited nucleus (15N*) emits 
6.3 MeV γ-ray (~40% probability) 
➜ γ, μ and Michel-e from μ-decay triple coincidence 
largely reduce the bkg contamination



Search for p→νK̅+

• Found no evidence of p→νK̅+ 

• Lifetime limit combining all three search methods: 
τ/Br > 8.2 × 1033 years [preliminary]

• at 90% C.L. with 365 kt∙years (SK-I~IV)

!15

【K+ hadronic decay】

π+
(backward)

Signal MC π0→γγ 

K+→π+π0: 
π+ and π0 run back-to-back with 
205 MeV/c



N→charged lepton + meson
• Several decay modes consist of 

charged lepton and meson:

• [e+ / μ+] + [η, ρ, ω, …]


• These decay mode can have a similar 
branching ratio to p→e+/μ+π0


• Search for nucleon decay for 10 
decay modes:

!16

n

π0 
η 

ρ0 
ωe+ 

µ+ π− 

ρ-

+

p

2γ   : 39%  
3π0  : 33%

π0γ  :       9% 

π+π−π0  : 89%

10 decay modes�

channels Buccella et al. 
(1989)

p"e+π0 30.0%

p"e+η 12.9%

p"e+ρ0 1.8%

p"e+ω 14.4%

�	�
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� ������
��

��
��
�� ��	
���� �



[PRD96, 012003 (2017)]



N→charged lepton + meson

• No obvious data excess with 
Super-K 365 kt∙year exposure 
(SK-I~IV)


• Lifetime limits reach to ≥1033 yrs 
for many of decay modes

!17

by the other experiments by one to two orders of magnitude
except for the n → lþρ0 channel. The relatively lower
performance is due to low signal efficiencies with tight
event selections and nonzero data candidates in the SK
analyses. Note that systematic errors in the signal efficien-
cies were not included in the IMB-3 limit, and thus the
published results were optimistic.

VI. CONCLUSION

The survey of nucleon decay into charged antilepton plus
meson by Super-Kamiokande based on only SK-I and SK-II

data [11] has been updated to include improved event
reconstruction algorithms, event selections, systematic
error estimations, and an additional 0.175 megaton · years
of SK-III and SK-IV data. A similar update for the
p → lþπ0 search by Super-Kamiokande has also been
published recently [7].
Using 0.316 megaton · years of data, no significant

excess is found above the expected atmospheric neutrino
background. The number and features of candidate events
are consistent with the background estimation by the
atmospheric neutrino MC. Therefore, partial lifetime limits
are set ranging from 3 × 1031 to 1 × 1034 years at 90% con-
fidence level depending on the nucleon decay mode. The
lifetime limits are summarized in Table III.
Most of the results presented here are world-best limits,

and they further constrain the relevant GUT models.
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are (884.7, 245.5), (821.5, 239.1), (897.7, 235.4), and
(807.8, 173.2), respectively. Every candidate event is near
the threshold of the selection window of the total mass
and the momentum cut. The total invariant mass and
momentum plots (Figs. 20 and 21) show that the data
distributions agree with the expected atmospheric neutrino
background distributions. Overall, we have concluded that
the observed data candidates are due to atmospheric
neutrino backgrounds.
The estimated signal efficiencies for n → lþπ− with the

charged pion in the final state are lower in this analysis than
the previous analysis. For example, the signal efficiency for

TABLE I. Summary of the signal efficiencies, the number of expected background events, and the number of data candidates for 91.5,
49.1, 31.8, and 143.8 kiloton · year exposure during SK-I, SK-II, SK-III, and SK-IV. For the p → lþη, η → 2γ searches, “upper” and
“lower” stand for 100 < Ptot < 250 MeV=c and Ptot < 100 MeV=c, respectively. Errors in the background events are statistical from
finite MC statistics (about 500 years for each SK period). The number of expected background events scaled to 1 megaton · year are
shown in parentheses.

Efficiency (%) Background (events) Candidate (events)
Modes I II III IV I II III IV I II III IV

p→eþη
(2γ, upper) 11.0 10.9 10.7 9.8 0.17"0.04ð1.8Þ 0.10"0.02ð2.0Þ 0.05"0.01ð1.5Þ 0.13"0.04ð0.92Þ 0 0 0 0
(2γ, lower) 7.9 6.7 8.2 7.5 0.01"0.01ð0.09Þ 0.01"0.01ð0.18Þ 0.003"0.003ð0.09Þ 0.01"0.01ð0.09Þ 0 0 0 0
(3π0) 8.0 8.2 7.6 7.7 0.15"0.03ð1.6Þ 0.06"0.02ð1.1Þ 0.06"0.01ð2.0Þ 0.03"0.02ð0.19Þ 0 0 0 0

p→μþη
(2γ, upper) 7.3 6.5 7.2 8.4 0.05"0.02ð0.54Þ 0.02"0.01ð0.31Þ 0.01"0.01ð0.28Þ 0.03"0.01ð0.17Þ 0 0 0 0
(2γ, lower) 5.8 5.6 6.0 7.0 0þ0.006ð0Þ 0þ0.004ð0Þ 0þ0.003ð0Þ 0þ0.008ð0Þ 0 0 0 0
(3π0) 6.9 6.2 6.9 7.9 0.34"0.05ð3.7Þ 0.13"0.02ð2.7Þ 0.12"0.02ð3.7Þ 0.16"0.04ð1.1Þ 0 1 0 1
p→eþρ0 3.8 3.3 3.6 3.8 0.29"0.05ð3.2Þ 0.13"0.02ð2.6Þ 0.05"0.01ð1.4Þ 0.17"0.04ð1.2Þ 0 0 0 2
p→μþρ0 1.9 1.3 2.2 1.9 0.41"0.05ð4.4Þ 0.21"0.03ð4.4Þ 0.13"0.02ð4.0Þ 0.55"0.07ð3.8Þ 1 0 0 0

p→eþω
(π0γ) 2.3 2.5 2.3 2.1 0.16"0.04ð1.7Þ 0.08"0.02ð1.6Þ 0.06"0.01ð1.8Þ 0.05"0.03ð0.36Þ 0 0 0 0
(πþπ−π0) 2.7 2.2 2.6 2.7 0.44"0.06ð4.8Þ 0.17"0.03ð3.4Þ 0.12"0.02ð3.9Þ 0.27"0.06ð1.8Þ 1 0 0 0

p→μþω
(π0γ) 2.6 3.0 3.1 3.3 0.18"0.04ð1.9Þ 0.10"0.02ð1.1Þ 0.08"0.01ð2.4Þ 0.07"0.03ð0.71Þ 0 0 0 0
(πþπ−π0) 3.1 2.6 3.2 4.6 0.19"0.03ð2.0Þ 0.10"0.02ð1.1Þ 0.08"0.01ð2.5Þ 0.29"0.05ð2.0Þ 0 0 0 0
n→eþπ− 12.7 12.2 13.5 12.6 0.17"0.04ð1.9Þ 0.05"0.01ð1.1Þ 0.07"0.01ð2.0Þ 0.12"0.04ð0.83Þ 0 0 0 0
n→μþπ− 11.3 10.7 11.5 13.4 0.29"0.04ð3.1Þ 0.15"0.02ð3.0Þ 0.09"0.01ð2.9Þ 0.24"0.05ð1.7Þ 0 0 1 0
n→eþρ− 1.4 1.1 1.4 1.5 0.36"0.05ð3.9Þ 0.13"0.02ð2.7Þ 0.14"0.02ð4.4Þ 0.24"0.06ð1.6Þ 1 1 2 0
n→μþρ− 1.0 1.0 1.1 1.2 0.34"0.04ð3.7Þ 0.14"0.02ð2.8Þ 0.14"0.02ð4.3Þ 0.34"0.06ð2.4Þ 0 1 0 0

TABLE II. The breakdown (percentage contribution) of the
neutrino interaction modes of the background events [16].
The breakdowns are calculated by adding background events of
the modes decaying into each meson from SK-I to SK-IV in total.

Mode p → lþη p → lþρ p → lþω n → lþπ n → lþρ

CCQE 4 9 1 22 4
CC 1-π 27 59 27 53 45
CC multi-π 21 10 32 11 13
CC others 23 1 8 3 3
NC 25 21 32 12 35

TABLE III. Summary of the nucleon decay searches. The
number of events are summed from SK-I to SK-IV and for all
the meson decay modes for each nucleon decay search. The
events in the total signal box are shown for the p → lþη search.
The number of the expected atmospheric background events,
along with systematic errors (see Table V for more details), is
shown in the second column. The Poisson probability to observe
events greater than or equal to the number of data candidates,
without considering the systematic uncertainty in the back-
ground, is shown in the fourth column.

Modes
Background
(events)

Candidate
(events)

Probability
(%)

Lifetime Limit
(×1033 years)
at 90% CL

p→eþη 0.78" 0.30 0 % % % 10.
p→μþη 0.85" 0.23 2 20.9 4.7
p→eþρ0 0.64" 0.17 2 13.5 0.72
p→μþρ0 1.30" 0.33 1 72.7 0.57
p→eþω 1.35" 0.43 1 74.1 1.6
p→μþω 1.09" 0.52 0 % % % 2.8
n→eþπ− 0.41" 0.13 0 % % % 5.3
n→μþπ− 0.77" 0.20 1 53.7 3.5
n→eþρ− 0.87" 0.26 4 1.2 0.03
n→μþρ− 0.96" 0.28 1 61.7 0.06

total 8.6 12 15.7 % % %
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Search for di-nucleon decay
• Search for di-nucleon decay with only leptons or γ’s in final state

• pp→e+e+, nn→e+e-, nn→γγ, pp→e+μ+, nn→e±μ∓, pp→μ+μ+, 

nn→μ+μ-, and p→e+γ, μ+γ

• 5 out of 8 di-nucleon decay modes are Δ(B-L)=-2

• Experimentally very clean (low bkg) and high signal efficiency: ~80%

• No evidence of nucleon decay 
• Lifetime limits improved by order of magnitudes from previous limits

!18

[arXiv:1811.12430]

7

Decay mode

Lifetime limit

per oxygen nucleus per nucleon

(⇥10
33

years) (⇥10
34

years)

pp ! e+e+ 4.2 —

nn ! e+e� 4.2 —

nn ! �� 4.1 —

pp ! e+µ+
4.4 —

nn ! e+µ�
4.4 —

nn ! e�µ+
4.4 —

pp ! µ+µ+
4.4 —

nn ! µ+µ�
4.4 —

p ! e+� — 4.1

p ! µ+� — 2.1

TABLE III. Summary of the partial lifetime limits for each

of the ten dinucleon and nucleon decay modes, including sys-

tematic uncertainties, at 90% CL.

FIG. 4. (color online) The partial lifetime limits set by Super-

Kamiokande for these ten modes, compared with previous

limits set by the Fréjus and IMB detectors [24, 25]. Note

that Fréjus set dinucleon decay lifetime limits per iron nucleus

rather than per oxygen nucleus.
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49, 7 (1982).

[8] M. A. Ajaib, I. Gogoladze, Y. Mimura, and Q. Shafi,

Phys. Rev. D 80, 125026 (2009).

[9] J. Bramante, J. Kumar, and J. Learned, Phys. Rev. D

91, 035012 (2015).

[10] W. Lucha, Nucl. Phys. B221, 300 (1983).

[11] W. Lucha and H. Stremnitzer, Zeitschrift für Physik C

Particles and Fields 17, 229 (1983).

[12] Y. Fukuda et al. (Super-Kamiokande), Nucl. Instrum.

Meth. A501, 418 (2003).

[13] S. Yamada et al. (Super-Kamiokande), IEEE Trans.

Nucl. Sci. 57, 428 (2010).

[14] K. Abe et al. (The Super-Kamiokande Collaboration),

Phys. Rev. D 96, 012003 (2017).

[15] J. Gustafson et al. (Super-Kamiokande Collaboration),

Phys. Rev. D 91, 072009 (2015).

[16] K. Nakamura, S. Hiramatsu, T. Kamae, H. Muramatsu,

N. Izutsu, and Y. Watase, Nucl. Phys.A268, 381 (1976).

[17] T. Yamazaki and Y. Akaishi, Phys. Lett. B 453, 1

(1999).

[18] K. Abe et al. (Super-Kamiokande Collaboration), Phys.

Rev. D 95, 012004 (2017).

[19] A note on cut (A3): Due to the two photons in the final

state of nn ! ��, there is no visible energy in the first

radiation-length of the two showers: this slightly impacts

particle identification. We are about 1% less e�cient at

particle identification for nn ! �� than we are for similar

dinucleon decay modes pp ! e+e+ and nn ! e+e�.
[20] The decay electron cut is loose for the non-showering

dinucleon decay modes because there is almost zero back-

ground to eliminate.

[21] M. Shiozawa, “Search for Proton Decay p ! e+⇡0 in a
Large Water Cherenkov Detector”, Ph.D. thesis, Univer-

sity of Tokyo (1999).

[22] K. Abe et al. (Super-Kamiokande Collaboration), Phys.

Rev. D 97, 072001 (2018).

[23] M. Tanabashi et al. (Particle Data Group), Phys. Rev.

D 98, 030001 (2018).

[24] C. Berger et al. (Frejus), Phys. Lett. B269, 227 (1991).

[25] C. McGrew et al., Phys. Rev. D 59, 052004 (1999).

5 out of 8 decay modes here 
are Δ(B-L)=-2



SK: near future
• SK tank refurbishment completed and ready for Gd 

loading: SK → SK-Gd

• Neutron capture: ~50% w/ 0.01% of Gd 
→ ~90% w/ 0.1% of Gd


• Nucleon decay search with SK-Gd:

• Further reduction bkg rate by ~50% for p→e+π0 

• In parallel, several studies to improve NDK searches 
on-going: 
• Enlarge fiducial mass (+20%), improve event 

reconstruction algorithm, improve hydrogen n-tag, 
use of machine learning, …


• New results from Super-K in near future
!19



186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK

60m

74m

260kt

Hyper-Kamiokande
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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
• Construction of the first detector begins in 

April 2020
• Aim to start operation in ~2027
• An option of the second detector in Korea (See Sunny’s talk)

• 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

• Hyper-K sensitivity shown in this talk assumes 1 tank
 21



New 50cmϕ PMT for Hyper-K

• Twice better photo-detection 
efficiency than SK PMTs

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

 22

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）
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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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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
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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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• 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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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
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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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• 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
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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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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

ー Hyper-Kー Super-K

Time [nsec]

Transit time (ns)

Charge (p.e.)

DetecDon0efficiency�
High0efficiency0brings0beder0HK0performance0of0momentum,0
energy,0parDcle0ID,0and0improves0low0energy0physics0especially.00

•  High0detecDon0efficiency0was0confirmed0in0measurement.�

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.

Position angle [degree]
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90R

el
at

iv
e 

si
ng

le
 p

ho
to

el
ec

tro
n 

hi
t e

ffi
ci

en
cy

  

0

1

2

R12860-R3600_䜹䜴䞁䝖䜾䝷䝣䠄Y㍈䠅 

17 

૚嵅崠崟嵏嵛峑峘崓崎嵛崰峼崘嵑崽৲قఏ૆ૉ峘崓崎嵛崰峼৊峂峕峁峉ৃ়ك 

岽峘崯嵤崧峘崓崎嵛崰க峙োೝ୾৕ਯ岶঳৒峕峔峵஘ଓਫ峁峐岬峵岶岝QE峒CE峘ಕ৬୷岶அ峨島峐岮峵岞
R12860峒R3600峑峙岝৊঳୾৕ਯ峼োೝ峁峉峒ෘ৒峁峉ৃ়峘崓崎嵛崰க峕ഄே峒୷岶岬峵岽峒岶ী岵峵岞 

�" !�����&.��%��#"%�����/
���$�$�*)+��
��
	��
������
��)�$'#��

�&'��"�-�

�&'��"�-�

�+'�(��������,�(� �/
���$�$�*)+���
		������������

�&.�

�"%��

3���3�

2��

2��

0���0�

1��

1��
��%�*"�%/
��#"%��

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.)



Hyper-K: p→e+π0

• Hyper-K reaches to 1035 yrs 
with 3σ discovery sensitivity
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3σ discovery sensitivity
Assume τ/Br=1.7x1034y (SK 90%CL limit)

PDK signal

Background
(atm-ν)

“Background free” NDK search 
thanks to the new photo-sensors
(ex. n-tag eff: ~20% at SK → ~70% at HK)

(0.06 bkg events / Mt･year)

~9σ discovery potential if nucleon 
lifetime at the current SK limit

(τp/Br=1.7x1034yrs)　



Hyper-K: p→νK̅+

• HK 3σ discovery potential reaches 
3×1034 years
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3σ discovery sensitivity

• 多くの大統一理論が p→νK̅+崩

• K+→μ+ν (Br: 64%): 236MeV/c μ+
• de-excitation γ from 15O* (6MeV γ)

• K+→π+π0 (Br: 21%): 205MeV/c π0 & π+

K+ decay time (nsec)



Hyper-K sensitivities
• Improvements in many decay modes by a factor ~10 
• Open for many decay modes


• Hyper-K has a large potential for discovery 
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Hyper-K’s sensitivities

Open for many decay modes including p→e+π0, p→νK+
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τ/B (years)

Super-K

p → e+ π0

p → μ+ ρ0

n → ν ω
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n → μ+ K -

p → ν K +

n → ν K 0

p → e+ K*(892)0

n → ν K*(892)0
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p → μ+ π0

n → μ+ π-

p → ν π+

n → ν π0

p → e+ η
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n → ν η
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n → ν ρ0

p → e+ ω
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n → e+ π-

n → μ+ ρ-

p → ν ρ+
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10
35

3 4

n → e- K +

‣p→e++π0 

‣τproton/Br > 1×1035 years @90%CL 
‣5Mton×years (9 Hyper-K years) 

‣p,n→(e+,μ+)+(π,ρ,ω,η) 

‣O(1034~35)years 

‣SUSY favored p→ν+K+ 

‣3×1034 years 

‣K0 modes, νπ0, νπ+ possible 

‣Others 
‣(B-L) violated modes 
‣radiative decays  p→e+γ, μ+γ 
‣neutron-antineutron oscillations (|ΔB|=2) 
‣di-nucleon decays (|ΔB|=2) 
‣pp→XX..., nn→XX...

Improvements in many modes by a factor ~10
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Good chance for discovery!

Hyper-K’s sensitivities

Open for many decay modes including p→e+π0, p→νK+

10
32

10
33

10
34

Soudan Frejus Kamiokande IMB

τ/B (years)

Super-K

p → e+ π0

p → μ+ ρ0

n → ν ω

p → e+ K 0

n → e+ K -

n → μ+ K -

p → ν K +

n → ν K 0

p → e+ K*(892)0

n → ν K*(892)0

p → ν K*(892)+

p → μ+ π0

n → μ+ π-

p → ν π+

n → ν π0

p → e+ η

p → μ+ η

n → ν η

p → e+ ρ0

n → e+ ρ-

n → ν ρ0

p → e+ ω

p → μ+ ω

n → e+ π-

n → μ+ ρ-

p → ν ρ+

p → μ+ K 0

21

10
35

3 4

n → e- K +

‣p→e++π0 

‣τproton/Br > 1×1035 years @90%CL 
‣5Mton×years (9 Hyper-K years) 

‣p,n→(e+,μ+)+(π,ρ,ω,η) 

‣O(1034~35)years 

‣SUSY favored p→ν+K+ 

‣3×1034 years 

‣K0 modes, νπ0, νπ+ possible 

‣Others 
‣(B-L) violated modes 
‣radiative decays  p→e+γ, μ+γ 
‣neutron-antineutron oscillations (|ΔB|=2) 
‣di-nucleon decays (|ΔB|=2) 
‣pp→XX..., nn→XX...

Improvements in many modes by a factor ~10
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Good chance for discovery!



Prog. Theor. Exp. Phys. 063C01 (2018)

Reports on Physics Sensitivity

Having two detectors at different baselines improves 
sensitivity to CP violation, neutrino mass ordering

optional 2nd tank in Korea 
under investigation

arXiv:1109.3262 Prog. Theor. Exp. Phys. 053C02 (2015)Letter of Intent

arXiv:1805.04163

Maximizing physics sensitivities with optimized tank design
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Summary
• Super-K 

• So far, no evidence of nucleon decay…

• Most stringent lifetime limits for almost all decay modes 
• Studies to improve NDK search with Super-K on-going:

• Enlarge fiducial mass (+20%), improve event reconstruction 

algorithm, improved n-tag, …

• SK-Gd 

• Further reduce atm-ν bkg by Gd neutron-tagging  

• Hyper-K 

• Realize ‘background free’ NDK search 

• 3σ discovery potential reaches to 1035 years for p→e+π0 

(1034 yrs for p→νK̅+) 

• Improvements for many decay modes by a factor ~10

• Detector construction begins in April 2020
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