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Nucleon decay search status
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Hyper-Kamiokande
Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20” PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8” PMTs for Outer Det.

3



Masashi Yokoyama (U. Tokyo) Nucleon decay search with Hyper-Kamiokande

higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target
& Proton Decay Source

Proton 
Decays

νν ν

ν

x2 (year 
or power)

x50 of T2K
for !CP

4

Multi-purpose detector
Hyper-Kamiokande



Masashi Yokoyama (U. Tokyo) Nucleon decay search with Hyper-Kamiokande

International open Hyper-K meetings
First meeting: Aug. 23-24, 2012

Second meeting: Jan. 14-15, 2013

~100 participants for each 
of two meetings

(~half from abroad)
International working 

group was formed
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http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=7

Next meeting: Jun. 21-22

Current members from
Japan, Canada, Korea, Spain, 
Switzerland, Russia, UK, US

Hyper-K is completely open 
to the international 

community

More collaborators
are welcome!!

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
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Detector design

6

Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing

 �		#�����$��
��
�"�$�

������

�		#����
	$��

�
�"�$�

Angle of Internal Friction!45° 
Cohesion!0.1N/mm2 

�		#�����$��
��"�$�

�		#����
	$��
��
�"��
$�

�		#����
	$��
��
�"�$�

�		#����
	$��
��"�$�

�		#����
	$��

�
�"�$�

3m 

3m 

(Section G 3m of Max Loosened Zone)�

����"�$�
�����������
�����������

�

�

�

�

�

�

�

50000

25
00 70
00

25
00

70
00

��
	�����

70
00

25
00

25
00

20
00
0

15
00
0

14
00
0

��	
	����

��
������

��	
�����

R1
60
00

R33
000

R31000

11000

��	�
����

��
������

��
�
����

��
������

50000 50000

�+-�!#% (0
.,(0

4+-�!#% (0

57935793

2+-�!#% (0

3+-�!#% (0

� �

� ��

�

�

25
00
0

31
00
0

56
00
0

24661

�
�
�
�
�
�
�
	



56
00
0

�


�
�
�
�

12
00
0

50
00

50
00

50
00

50
00

50
00

50
00

50
00

50
00

40
00

)/���

250000

)/���

56
00
0

12
00
0

9@
50
00
=4
50
00

40
00

)/���

�"$ 

�"$ 

�"$ 

	"$ 


"$ 

�"$ 

�"$ 


"$ 

�"$ 

50000 50000 50000 50000 50000

�+-�!#% (0

"$ ���

"$ ���

"$ ���

"$ �	�

"$ �
�

"$ ���

"$ ���

"$ �
�

"$ ���

&1'

*1'

�

�

���

�

�

�

�

�

�

�

50000

25
00 70
00

25
00

70
00

��
	�����

70
00

25
00

25
00

20
00
0

15
00
0

14
00
0

��	
	����

��
������

��	
�����

R1
60
00

R33
000

R31000

11000

��	�
����

��
������

��
�
����

��
������

50000 50000

�+-�!#% (0
.,(0

4+-�!#% (0

57935793

2+-�!#% (0

3+-�!#% (0

� �

� ��

�

�

25
00
0

31
00
0

56
00
0

24661

�
�
�
�
�
�
�
	



56
00
0

�


�
�
�
�

12
00
0

50
00

50
00

50
00

50
00

50
00

50
00

50
00

50
00

40
00

)/���

250000

)/���

56
00
0

12
00
0

9@
50
00
=4
50
00

40
00

)/���

�"$ 

�"$ 

�"$ 

	"$ 


"$ 

�"$ 

�"$ 


"$ 

�"$ 

50000 50000 50000 50000 50000

�+-�!#% (0

"$ ���

"$ ���

"$ ���

"$ �	�

"$ �
�

"$ ���

"$ ���

"$ �
�

"$ ���

&1'

*1'

�

�

Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
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• Cavity design based on the in situ measurement of 
rock quality and stress

• Feasible design established

• Optimization of cavity shape, segmentation walls, 
sensor support etc. ongoing
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R&D of photo sensor

7

• Hybrid Photodetector (HPD)

• Photo cathode + avalanche diode

• 8-in prototype under evaluation

• 20-in prototype to be available soon

• 20-in PMT with improved dynode 
being developed in parallel

• Higher QE  20” photocathode 
under development

• Finish R&D and be ready for 
mass production in a few years

Photon

Avalanche diode

Signal

8-10kV

Photoelectron

! High%Q.E.%study%starts%from%PMT,%then%HPD%(aser%its%R&D).%
" High%Q.E.%is%the%common%upgrade%op?on%for%both%PMT%and%HPD.%

▶ Study%especially%for%trigger%is%required,%
%because%photocathode%(related%to%dark%rate)%is%changed.%

!  20”)highNQE)PMT%is%provided%soon.%
" Completely%same%design%and%material%%
as%SK%PMT,%except%for%photocathode.%

"  %%30%%QE%(22%%in%SK%PMT)%
" 8%high<QE%PMTs%arrive%at%Kamioka.%%

(2%in%February,%and%6%in%March%2013)%
" Plan%to%install%5%high<QE%PMTs%in%EGADS%200<ton%tank%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%at%1st%installa?on%of%SK<PMT%and%HPD.%

Proof)test)of)20”)HighNQE)PMT)starts)concurrently)with)(normalNQE))8”)HPD.)

15/Jan.)2013� HPD)Development)(Y.Nishimura)� ���

Hamamatsu%Photonics%has%already%produced%several%PMTs.%

HPDDeveloping several candidates:
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Other R&D topics

• Water system

• Readout electronics

• Calibration system

• Software development

• Physics potential

• Design of near detector(s)

• ...

• Progress within international 
working group

8

In!Hyper3K!
!  !5!GB/s!before!soqware!trigger!
!  !Record!<!100!MB/sec!�
17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ���

D DAQ system 31

ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager
ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

FIG. 15. Schematic diagram of the data acquisition system.

the order of timing and send it out to the merger computers. The merger computers each collect all

the hit information from a compartment and apply a software trigger to remove noise hits. Then,

the organizer computer collects the event from the mergers, eliminates overlapping events, and

send them to the o⇥ine computer system. This system reads out all the digitized hit information

from the PMTs and selects the events with software. This system has been working without any

problem in Super-K for more than 2 years. Therefore, it is safe to say that there are no serious

technical di�culties in preparing the DAQ system for this new detector with the currently available

and well established tools at hand. The expected data rate from the entire Hyper-K detector is

about 5 GB/s before applying the software trigger. After the first level software trigger, it will

be reduced by 1/50 and another factor of five reduction could be achieved with Super-K-style

intelligent vertex fitters applied in the o⇥ine computer system. In the end, the data rate written

to disk is expected to be less than 100 MB/sec in total.

1. R&D items for the DAQ system

A possible di�culty which could arise would involve physically running over 100,000 cables from

the PMTs – arranged as they must be throughout the immense tank – into the DAQ system. The

In!Super3K� Immersed!in!water?�

From!11,000!
to!99,000�

Most!parts!are!similar!to!Super3K�

///Water/System�

Compressor� Dryer�
0.3\m//
filter� Buffer�

H2O,CO2//
remover�

20oC/
Charcoal�

0.1\m//
filter�

0.01\m//
filter�

0.01\m//
filter�

&40oC/
Charcoal�

Buffer�

Rn/Free/Air/Generator/(400Nm3/h)�

/300t/h/for/ini<al/supply/�

1200t/h/for/recircula<on/�

Mine/
water/

10\m/filter� Buffer� RO� ///CO2/
remover�

DI(MB)/

//Buffer///� Chiller/////�UV/ DI(CP)/ MD/

1\m/filter�

UF/

Radon/free//Air/

HK#Tank#

Radon/free//Air/ Radon/free//Air/

Pre-calibration
• A fraction of PMTs are calibrated prior to installation, 

called “standard PMTs”
• All other PMTs are calibrated in situ after installed with 

reference to the standard PMTs.

• SK pre-calibration
• SK have 420 of standard PMTs (~4%)
• The standard PMTs were installed in the tank geometrically symmetric.

• Pre-calibration determined HV values of the standard PMTs to 
obtain the identical charge (30 p.e.) between them.

• Pre-calibration took ~2 weeks

9

Precalib PMTs: (41+40)*2[end-cap]+(50*3)*2[barrel]
+(23)[top]+(21)[bottom]

differences (%)
-6 -4 -2 0 2 4 60

5

10

15

20 mean = 0.22
rms = 1.33

Figure 8: The observed charge differences between the first and second measurements in pre-

calibration for checking reproducibility. It was checked using 50 of the 420 standard PMTs.

differences (%)
-6 -4 -2 0 2 4 60

200

400

600

800

1000 mean = 0.00
rms = 1.27

Figure 9: The observed charge differences in all the PMTs from the reference value.

14

input into our MC. The PMTs’ production terms were categorized as
“SK-II PMT” : PMTs used before SK-II,
“SK-III PMT” : PMTs newly installed at SK-III.

Figure 28: The location of “standard PMTs” inside the SK inner detector.
The red points indicate the locations of a standard PMTs.

3.2.2 pre calibration

(author : T.Iida)
As was mentioned in earlier sections, we established “standard PMTs” whose
gains were adjusted to be within a few percent of one another. These were
used to help tune the HV of the inner detector PMTs. The adjustment
work for these “standard PMT” had been done before SK-III started, in
September, 2005, and has been labeled as “pre-calibration”.

Setup A schematic view of our setup for the standard PMT calibration is
shown in Figure 29. We calibrated 420 standard PMTs using a Xe lamp as
the light source. The Xe lamp (L4634-01) made by Hamamatsu photonics
was an optimum light source for our purpose. Its output intensity instability
was 5% at maximum, and over its lifetime should produce 5×108 flashes.
(See also Section 2.2 for more details on the Xe lamp.) Its time constant

31

SK ‘standard PMTs’
location

Pre-calib setup

Tuesday, January 15, 13

Charge to p.e. conversion
• Conversion factor from charge (pC) to photo-

electron (p.e.) can be obtained by measuring 
1 p.e. distribution

• Deploy “Nickel source” to obtain 1 p.e. level light
• Nickel source ≡ nickel-californium source,

Ni(n,γ)Ni, Eγ~9MeV

13

Cf 

γ "
n 

Ni 

(prompt) 

γ "(Ni captured) 
~9MeV 

0

500

1000

1500

2000

2500

x 10 3

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
pC

1

10

10 2

10 3

10 4

10 5

10 6

0 5 10 15 20 25 30 35 40 45 50
pC

Figure 13: The 1 p.e. distributions in pC unit by nickel source data in SK-III. Both figures

are same, but different scale. The black line in the left figure shows the data with normal

PMT gain, the green line shows the data with double gain and half threshold, and the red

line is linear extrapolation.

3.1.7. Charge linearity364

The integrated charge linearity of the electronics is presented in this section.365

The one for the QTC chip which is used in the QBEE was within 1% by the366

measurement during its development. As shown in the Table 2, the QTC chip367

has a wide dynamic range and three levels of charge readout. The linearity of368

the QBEE modules for these entire ranges was checked after installation into369

SK.370

The schematic view of data taking is shown in Figure 15. We prepared eight371

20-inch PMTs as monitors. They were connected to a CAMAC ADC (LeCroy372

2249W) whose performance was well known. At first, the charge linearity of373

monitor 20-inch PMTs was measured using this system, and was less than 1%.374

In order to survey a wide dynamic range, the light source was set in an off-center375

position, and we selected these monitor 20-inch PMTs near the light source and376

applied four different gains to them. These monitor PMTs were used for an377

estimation of the expected charge for other PMTs from different light intensities.378

The measurements with 30 different light amount sets were done, and the charge379

22

SK 1 p.e. distribution

SK Nickel source
(accumulated over all PMTs)

1 p.e. ~2.7 pC

Tuesday, January 15, 13
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Target Schedule

9

JFY2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9

access tunnels, waste rock tunnels

cavity excavation

concrete, liner

PMT support, PMT installation

water filling

Operation

PMT production
preparation for glass valve, PMT production

photo-sensor R&D

Construction start

assuming budget being approved from JPY2016



Nucleon decay search 
with Hyper-K
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p→e+π0 search

11
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clear signal signature 
•  two or three showering rings 
•  Total momentum ~ 0 
•  Invariant Mass = 938 MeV�

• 2 or 3 e-like rings
• No decay-e
• 85<Mπ0<185 MeV/c2 (3ring)
• 800<Mp<1050 MeV/c2

• ptot<250MeV/c

2/10 free protons in H2O

Efficiency 45%
(87% for free proton)

e+π0 selection

Invariant mass of p
Momentum balance
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!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%

- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  

- τproton/Br > 1.3 ×1034 years @ 90%CL
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p→e+π0 search: BG (atm ν)

12

p→e++π0 searches
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10 years exposure

Hyper-K p→e+π0 sensitivity

13

(Using only number of events)

Will surpass SK limit in ~1 year.
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p → νK+ search

• K+ invisible (below Cherenkov threshold)

• K+→μν (Br: 63.5%)

• Method 1: Tag with nuclear de-excitation γ
• Measurement of de-excitation γ: nucl-ex/0604006

• Method 2: Search excess in Pμ distribution

• K+→π+π0 (Br: 20.7%)

• 205 MeV/c π0 + activity in opposite direction 
(π+ just above threshold)

14
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p → νK+ search

• K+ invisible (below Cherenkov threshold)

• K+→μν (Br: 63.5%)

• Method 1: Tag with nuclear de-excitation γ
• Measurement of de-excitation γ: nucl-ex/0604006

• Method 2: Search excess in Pμ distribution

• K+→π+π0 (Br: 20.7%)

• 205 MeV/c π0 + activity in opposite direction 
(π+ just above threshold)
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Recent improvement in analysis
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K+→π+π0 improvement

• Two e-like rings with decay-e

• 85<Mπ0<185 MeV/c2

• 175<Pπ0<250 MeV/c

• Sum of visible energy in 140°–180° 
from π0 direction: 7-17MeV

• Sum of visible energy in 90°–140° 
from π0 direction: <12MeV

15
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π+ just above threshold  
→ search for light opposite to π0 direction

Selection in LoI • Add 1 ring e-like event 
with π0 fitter used for 
T2K BG rejection

• Optimize range to 145°-180°
• Use shape information 

Increase efficiency

Reduce background

Improvements
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p → νK+ sensitivity

16

Efficiency (%) BG (/Mtyr)

K→μν+nucl. γ 7.1 1.6

K→μν, Pμ 43 1940

K→ππ 6.7 6.77.6 1.8

21 

Sensitivity curve for pÆQK+ (90 % C.L.) 

Black: LOI 
Red: New 

Sensitivity for 5.6 Mton䞉year 
exposure (10 years run) 
   2.5x1034 Æ 3.2x1034 year 
 
3V discovery potential 
  0.95x1034 Æ 1.23x1034 year 
 

~ 30 % improved from 
LOI ! 

90% CL sensitivity:
2.5×1034 → 3.2×1034 yrs

3σ observation potential:
0.95×1034 → 1.2×1034 yrs

90% CL sensitivity

Exposure (Mt years)
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Summary

17

•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

p→νK+:
•3.2×1034yrs (90%CL)
•1.2×1034yrs (3σ)

>3σ possible for lifetime
above current SK limits

• And many other modes:
• (p,n)→(e,μ)+(π, ρ, ω, η)
• K0 modes
• νπ0, νπ+

• n-nbar oscillation
• dinucleon decays

~10 times better sensitivity
than current Super-K limits!



Backup



Recent improvement(1):  pÆQK+,K+ÆS+S0 

# of Ring: K+ÆS+S0 
Judge as 1 ring if  opening angle of 2 Js 
is small or momentum of one J is small,  

Use “S0 fitter” 
• Make likelihood assuming S0 and 
search for missing ring. 
• It is used for Qe appearance analysis of 
T2K to reduce BKG. 
It makes 1 ring sample available 
for this analysis! 
 Î efficiency increased. 

MS0 

PS0 
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Recent improvement(2):  pÆQK+,K+ÆS+S0 

Charge distribution in angle 

Opposite of So dir 
= S+ dir 

S0 dir 

S0 
S+ zoom 

Red: PDK MC 
Blue: BKG  

Conventional method: Use charge sum in <40° 
New method: Use charge sum in < 35° 
     and compare shape  by likelihood assuming signal  
     and BKG. 
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Hyper-K in Japanese future strategy discussions

• Recommendation by HEP future projects committee 
(Feb.2012)

• Two large-scale projects recommended

• ILC

• Large neutrino/nucleon decay detector (Hyper-K/LAr)

• Final draft of KEK roadmap (Jan. 2013) includes Hyper-K

• Cosmic ray physics community endorses Hyper-K 
as a next large-scale project

• ICRR future plan under discussion

21

http://www.jahep.org/office/doc/201202_hecsubc_report.pdf

http://kds.kek.jp/conferenceDisplay.py?confId=11728

http://www.jahep.org/office/doc/201202_hecsubc_report.pdf
http://www.jahep.org/office/doc/201202_hecsubc_report.pdf
http://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728
http://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728
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Planning process in Japan

• In 2013-14, Science Council of Japan is going to 
update the Master Plan for large scale projects 
(for all fields of science).

• Large neutrino/nucleon decay detector (Hyper-K/LAr) 
was listed on the previous versions of the Master 
Plan (2010/2011).

• We (re-)submitted a proposal with Hyper-K as the 
project.

• 25-30 projects will be selected as priority.

• The Master Plan is expected to be an important input 
to the Japanese government.
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