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Super-Kamiokande (SK)

pure water

50 cm PMTs face on inner water

50 cm

• 50 kton pure water Cherenkov detector. 
• Detect water Cherenkov light from charged 
particle and reconstruct events with PMT 
charge & timing information. 

• Typical (@~1 GeV) measurement scale 
• Vertex resolution ~30 cm (~1.5 nsec) 
• Energy scale uncertainty (~3%) 

• Main targets 
• Atmospheric, solar, SN ν 
• Proton (Neutron) decay etc 

• Have finished SKIV data taking (~May/2018) 
and started new phase SKV (Jan./2019~)

Fiducial 
Volume
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Phase SKI SKII SKIII SKIV SKV
Period 1996~2001 2002~2005 2006~2008 2008~2018 2019~    

Photo coverage [%] 40 19 40 40 40

Super-Kamiokande History

Accident

Full reconstruction

Electronics upgrade

Tank leak fix 

& refurbishment

→ SKGd

Detector W
all

Zoom in



 Motivation for Fiducial Volume Expansion
• Currently both atmospheric ν 
analysis and proton decay search 
sensitivities are limited by statistics. 

• Atmospheric ν: mass hierarchy 
determination. 
• Wrong mass hierarchy rejection 
sensitivity ∝ ~√(statistics) 

• Proton decay search: unique way to 
directly test Grand Unified Theory. 
• Search sensitivity ∝ ~(statistics) 
• Enables to re-search with past 
data never used yet.
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2 Introduction

The now well-accepted picture of neutrino mixing involves three underlying mass states, with
three mixing angles defining the linear superpositions that make up each of the three weak,
or flavor states. The magnitude of the mass-squared splitting between states ⌫

1

and ⌫

2

is
known from the KamLAND reactor experiment, and the much-larger splitting between the
third, ⌫

3

state and the ⌫
1

�⌫

2

pair is known from atmospheric and long-baseline experiments.
However, pure neutrino oscillations are sensitive only to the magnitude of the mass splitting,
not the sign. Defining the ⌫

1

state as having the largest admixture of the electron flavor
eigenstate, the sign of the mass splitting between states ⌫

2

and ⌫

1

is determined to be
positive (�m

2

21

> 0) using the pattern of neutrino oscillations through the varying-density
solar medium. However, the corresponding sign of �m

2

32

⇡ �m

2

31

remains unknown. That
is, there are two potential orderings, or “hierarchies”, for the neutrino mass states: the so-
called “normal hierarchy”, in which ⌫

3

is the heaviest, and the “inverted hierarchy”, in which
⌫

3

is the lightest (as shown in Fig. 1).

Figure 1: Pictorial representation of the possible neutrino mass hierarchies. Note: �m

2

atm

is
equivalent to �m

2

32

and �m

2

sol

is equivalent to �m

2

21

. [1].

2.1 Status of Neutrino Mixing

The relationship between neutrino flavor {⌫
e

, ⌫

µ

, ⌫

⌧

} and mass { ⌫

1

, ⌫

2

, ⌫

3

} eigenstates is
described by the PMNS mass matrix [2, 3]:
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Fiducial Volume Expansion

• Challenges 
• Understanding detector responses 
about events near detector wall. 
• Did not find any show stoppers 
with detail calibration studies. 

• Non-ν BG (CR-μ, PMT flasher) 
• Estimated contamination rate to 
be ~1% level. 

• Event Reconstruction 
• Show FV expansion feasibilities 
with improved algorithms. (later 
in this talk.)
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Fiducial 
Volume

Expand

1 m 
27.2 kton

• We are expanding fiducial volume (FV) from 22.5 kton to 27.2 kton, 
+20%. (from 2 m cut to 1 m cut) 

• Total exposure (SKI~IV) 0.372 Mt*yr → 0.450 Mt*yr (1996~2018)

Detector W
all

2 m 
22.5 kton



• Should minimize non-ν BG contaminations in fiducial volume. 
• Scanned events > 0.5 m region and improved CR-μ cut. 
• Finally estimated non-ν BG contamination rate to be ~1% 

level for > 1 m region (tolerable level).
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Red: CR-μ 
(Achieved 70% further rejection) 
Green: PMT Flasher

CR-μ

PMT Flasher
Distance to detector wall [cm] 
Close to wall region (0 ~ 300 cm)

# 
of
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on
-ν
 B
G 
ev
en
ts
 [/
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m
]

No
t s
ca
nn
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Event Scanning Result 
Non-ν BG Vertex Dist. (SKI~IV)

Non-ν BG Contamination

1 m



Proton Decay Search 
Latest Result 

(p→e+π0, p→μ+π0)
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Proton Decay
• 2012: Higgs was discovered. 
Standard model is completed. 

• Electrical charge quantization, 
proton and electron electrical 
charges cancel out very precisely. 

• Coupling constants unification     
@~1016 GeV energy scale.             
→ Grand Unified Theory (GUT). 

• Proton decay search is unique 
way to directly test GUT.
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Prediction 
e.g. τ/Bp→e+π0 > 4×1033 years 
(minimal SUSY SU(5),SO(10) etc) 

We need huge number of protons!



Event Characteristics (p→e+π0)
p→e+π0 signal selection 

1. Vertex in FV 
2. Cherenkov ring = 2 or 3 
3. Particle identification  
 all shower-like rings 
4. No Michel-e. 
5. for 3-ring π０ mass cut 
 85 < Mπ０ < 185 MeV/c2 
6. Total Mass cut 
 800 < Mtot < 1050 MeV/c2 
7. Total Momentum Cut 
 Box1 (Very Low ATM ν BG): 
               0 < Ptot < 100 MeV/c 
 Box2: 100 < Ptot < 250 MeV/c 
8. For SKIV, no neutron.
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e+

π0->2γ

Typical free p->e+π0 event (MC) 
Event display (e+, π0->2γ)

small ○: PMT hit 
⭕ : Fitted Cherenkov ring



Event Characteristics (p→μ+π０)
p→μ+π0 signal selection 

1. Vertex in FV 
2. Cherenkov ring = 2 or 3 
3. Particle identification  
 1 non shower-like ring & 1 or 2 
shower like ring(s) 
4. 1 Michel-e. 
5. for 3-ring π０ mass cut 
 85 < Mπ０ < 185 MeV/c2 
6. Total Mass cut 
 800 < Mtot < 1050 MeV/c2 
7. Total Momentum Cut 
 Box1 (Very Low ATM ν BG): 
               0 < Ptot < 100 MeV/c 
 Box2: 100 < Ptot < 250 MeV/c 
8. For SKIV, no neutron.
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μ+

π0->2γ

Typical free p->μ+π0 event (MC) 
Event display (μ+, π0->2γ)

small ○: PMT hit 
⭕ : Fitted Cherenkov ring



Neutron Tagging
• Major background for proton decay search is ATM ν events  
(often accompanied with neutrons). 

• Since SKIV, can record faint signature of neutrons (γs) 
thanks to electronics upgrade. (n+p→d+γ(2.2 MeV)) 

• By requiring no tagged neutrons. 
• efficiency loss: <4%,  
• ATM ν BG reduction by ~50%.
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Tagged n(γ) timing [μsec]

# 
of
 e
ve
nt
s 
[/2
0 
μ
se
c] Black: true neutrons 

Green: Tagged neutrons

ATM ν MC
neutron capture timing 
τ=205.2+/-3.7 μsec

Rejecting ATM ν BG by 50%.



• p→e+π0 

• No candidates → τ/Bp→e+π0 > 1.6×1034 years (90% C.L.) 
• p→μ+π0 

• 2 candidates → τ/Bp→μ+π0 > 7.7×1033 years (90% C.L.) 
• 1 of them is rejected after energy re-calibration. 

• Not observed yet but our sensitivity reaches prediction range. 
• Will search for these modes with SKI~IV expanded fiducial volume 
0.450 Mt*yr data (1.5 times larger statistics than this). 

• (+20% expanded fiducia volume, +25% livetime update.)
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Total Mass [MeV/c2] Total Momentum [MeV/c]

# 
of
 e
ve
nt
s

# 
of
 e
ve
nt
sp→e+π０ 

Efficiency: ~38% 
Expected BG: 0.61 ev

p→μ+π０ 
Efficiency: ~38% 

Expected BG: 0.87 ev

Signal Box

Black: Data 
Blue: Signal MC 
(Cyan: Free Proton) 
Red: ATM ν BG MC

Bo
x1

Bo
x2

Latest Results
Exposure: 0.306 Mt*yr  
PRD 95, 012004 (2017)



For the Next Result with 
Expanded Fiducial Volume 
(Search Performance & 

Reconstruction Improvement)
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Introduction
• In general, event reconstruction 
performance is expected to be worse 
for events near wall. 
• Less # of fired PMTs. → Worse 
particle identification (PID), etc. 

• Charged particle may go into wall.  
→ Energy leakage, worse Michel-e 
tagging efficiency, etc. 

• Studied possible reconstruction 
biases and tried improvement.
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Charged Particle 
Cherenkov Light



Free p→e+π0 Detection Efficiency
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Non-ν 
BG Cut

Vertex 
in FV

# of  
rings 
2 or 3

PID No  
Michel-e

π0 
mass

Total 
mass

Total 
Mom.

No 
Neutron

A
B

C

p->e+π0 Signal Selection

:Conventional FV (>2 m)  
(After Improvement) 

:Conventional FV (>2 m)  
(Before Improvement) 
:Expanded Region Only 

(1~2 m) (After) 
:Expanded Region Only 

(1~2 m) (Before)

Main inefficiencies (A,B,C) 
A. Vertex migrates to out of FV. Tried improvement but effect for p→e+π０ 
was limited. 
B. By tuning expected charge table, improve PID performance. (Next page) 
C. Secondary particles (e+ and γ) can reach to detector wall and energy 
leakage. (unavoidable)



Improvement on Particle Identification 15

500 MeV e Expected Charge Dist.

Opening (Cherenkov) Angle [Degree]
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X

i(Hit PMT )
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Black:MC 
Blue:Before 
Red:After

PID Likelihood

μ-like 
Non-shower

e-like 
Shower

shower: fuzzy ring non-shower: clear ring
Calc. likelihood with expected charge table.

# 
of
 ri
ng

s

Free p→e+π0 (π0→2γ) MC  
all shower-like ring (true)

• By tuning election expected 
charge table based on latest MC, 
improve PID efficiency (p→e+π０) 
by ~20% in expanded region. 

• Before:75%→After:88% 
(Expanded region only :1~2 m) 

• Before:93%→After:96% 
(Conventional FV :>2 m)

Expanded region  
only 1~2 m 
Blue: Before 
Red: After



p→e+π0 Search Performance

• In expanded region, efficiency increases by ~20%. 
• No significant BG rate difference among detector regions. 
• By reconstruction improvement and FV expansion, search 
sensitivity increases by ~16% (w/o sys. uncertainties).

16

Fiducial Volume 
(distance from  
detector wall)

Conventional 
22.5 kton 
(>2 m)

Expanded 
4.7 ton 
(1~2 m)

In total 
27.2 kton 
(>1 m)

Efficiency  
Before [%]

37.4 
(86.0)

21.5 
(54.9)

34.9 
(81.4)

Efficiency  
After [%]

38.7 
(89.2)

26.2 
(66.2)

36.7 
(85.3)

ATM ν BG rate  
[/Mton*yr] 1.59+/-0.19 1.37+/-0.38 1.56+/-0.17

dwall > 100 cm 
# of Expected BG 

SKI~IV Sum (~0.450 Mt*yr) 
Total 0.60 event 
(Low Momentum  
Box: 0.02 event)

Free proton  
in brackets() 
Blue:Before 
Red:After



p→μ+π0 Search Performance
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Fiducial Volume 
(distance from  
detector wall)

Conventional 
22.5 kton 
(>2 m)

Expanded 
4.7 ton 
(1~2 m)

In total 
27.2 kton 
(>1 m)

Efficiency  
Before [%]

36.2 
(84.1)

24.7 
(60.7)

34.3 
(80.2)

Efficiency  
After [%]

37.6 
(87.4)

26.8 
(65.0)

35.9 
(83.6)

ATM ν BG rate  
[/Mton*yr] 2.05+/-0.21 2.11+/-0.47 2.06+/-0.19

• In expanded region, efficiency increases by ~10%. 
• No significant BG rate difference among detector regions. 
• By reconstruction improvement and FV expansion, search 
sensitivity increases by ~16% (w/o sys. uncertainties).

dwall > 100 cm 
# of Expected BG 

SKI~IV Sum (~0.450 Mt*yr) 
Total 0.87 event 
(Low Momentum  
Box: 0.05 event)

Free proton  
in brackets() 
Blue:Before 
Red:After



Summary
• Studying on fiducial volume expansion of Super-Kamiokande 
to further improve atmospheric ν and proton decay analysis. 

• Latest proton decay search results. 
• τ/Bp→e+π0 > 1.6×1034 years (90% C.L.) 
• τ/Bp→μ+π0 > 7.7×1033 years (90% C.L.) 

• Showed fiducial volume expansion feasibility. 
• Non-ν BG rate is estimated to be ~1%. 
• By fiducial volume expansion search sensitivity 

increases by 16% (w/o sys. uncertainties). 
• Adding livetime and expanding fiducial volume, will search for 

p→e+π０ and p→μ+π０ with 1.5 times larger statistics 
than latest results (0.306 Mt*yr→0.450 Mt*yr) this year. 
(Other modes will follow in future.) 

• Discovery could be around the corner.
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Back up
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• For events occurred near detector wall, effect 
by local structure should be understood. 

• Focus PMT response. 
• Non-uniformity. 
• Residual magnetic field effect. 
• PMT by PMT difference. 

• Flow of this talk 
• SKPMT non-uniform response (Gain, 

Efficiency, Transit Time) 
• Impact estimation to SK detector by 

MC study.

Introduction 20

50 cm

70 cm

Picture ~1.5 m from the wall 
Basic detector components 

PMT 
Acrylic cover 
Black sheet 

are well modeled in MC.

Black Sheet Calibration Inclusive optics calib.



• Magnetic Field: Controlled by coils for (X,Y,Z). 
• Applied (0,0,0), (+/-50,0,0), (+100,0,0),

(0,+/-50,0), (0,0,+100), (0,0,+/-50), (0,0,+/-100) 
in mG (Red:new measurement points) 

• Scan Direction:X,Y,D(Diagonal) Direction 
• Scan Position:PMT Zenith Angle θ=0~40  (20° 

step), 40~80 (5° step) 
• Fiber by fiber difference about light intensity 
(~10%) is measured in advance and corrected.
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Diagonal

Dynode

X
Y

SKPMT  
EF6453 Prod year:1994 
HV = 1857 V (SK used)

Skipping  
Dynode 

→Lower Gain

e-

Transit Time  
Difference 
by Position

θ

θ=0

Dynode Side View
Dynode Top View 
& coordinate. 

Asymmetrical response 
w.r.t dynode direction

Non-uniformity Measurement @Kamioka

In the Black Curtain

Fibers attached on the  
photo-cathode 



Non-uniformity Result
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Angle [Degree]

Relative Gain v.s. Angle (B=0)
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e 
Ga
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Relative Efficiency v.s. Angle (B=0)
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e 
Effi
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Angle [Degree]

Normalized by Monitor PMT

Re
la
tiv

e 
T.
T.
 [n

se
c]

Relative T.T. v.s. Angle (B=0)

Angle [Degree]

+/-40%

+/-3 nsec

+/-25%

Non-uni., Mag. dep., PMT by PMT diff. 
Gain:Non-uni.: at most +/-40% w.r.t. uni. 

Mag. dep.: at most 40% (100 mG) 
PMT by PMT diff.: ~15% 

Eff.:Non-uni.: at most +/-25% 
Mag. dep.: at most 15% 
PMT by PMT diff.: ~10% 

T.T.(Transit Time):Non-uni.: at most +/-3 nsec 
Mag. dep.: at most 2,3 nsec 

PMT by PMT: ~1 nsec

Normalized by θ = 0 value

Difference from θ = 0 value

Black: X direction 
Red: Y direction 
Blue: D direction

θAngle



Impact Estimation by MC
• Default MC assumes PMT uniform responses. 
• Implemented only non-uni. based on 
measurement data. 

• Generated same particle gun events (near the 
wall) with default and implemented MC and 
compared detector responses.
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Total Charge Distribution Distance b/w Reconstructed and True Vertex

Blue:Default 
Mean:4439.8 p.e. 
Sigma:351.6 p.e. 
Red:Implemented 
Mean:4420.2 p.e. 
Sigma:351.7 p.e. 

diff. ~0.5%

1 σ Blue:Default 
Resolution 30.4 cm 
Red:Implemented 
Resolution 28.0 cm 

diff. ~2 cm

Charge shift : < ~1% shift (cf:ATMPD E-scale error~3%) 
Vertex: ~2 cm shift (cf:Vertex resolution ~30 cm)  

→ Impact is limited.



Event Reconstruction
Algorithm Flow 

(p→e+π0 selection) 
1. Vertex recon. (in FV?) 
2. Cherenkov ring 
counting (2 or 3?) 

3. Particle identification 
(PID) for each ring (all 
shower-like?)     
(improve this time) 

4. Calc. momentum for 
each ring. (reconstruct 
π0 and proton mass? 
low total momentum?) 

5. Require no Michel-e 
and no neutron.
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e+

π0->2γ

Typical free p->e+π0 event (MC) 
Event display (e+, π0->2γ)

small ○: PMT hit 
⭕ : Fitted Cherenkov ring



Remaining BGs 
STMU
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 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:;R=  0:NoYe
 R : Z :  PHI  :
 0.00: 0.00:  0.00:0
 CANG  :  RTOT  :  AMOM  :

 Comnt;

 NUM 4
 RUN 32851
 SUBRUN 111
 EVENT 11232119
 DATE  2007-Aug-  6
 TIME 19:10:14
 TOT  PE: 54746.
 MAX  PE: 225.9
 NMHIT  : 8066
 ANT-PE: 54.1
 ANT-MX: 3.7
 NMHITA: 61

 RunMODE:NORMAL
 TRG  ID  :00000111
 T  diff.:0.351E+0
 FEVSK :81022803
 nOD  YK/LW:  9/  3
 SUB  EV  : 0/  1
 Dcye:  0(  0/  0/  0
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 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:;R=  0:NoYe
 R : Z :  PHI  :
 0.00: 0.00:  0.00:0
 CANG  :  RTOT  :  AMOM  :

 Comnt;

 NUM 9
 RUN 34987
 SUBRUN 2100
 EVENT 264590666
 DATE  2008-Jul-27
 TIME 8:27:  1
 TOT  PE: 1767.
 MAX  PE: 235.3
 NMHIT  : 677
 ANT-PE: 72.9
 ANT-MX: 9.8
 NMHITA: 53

 RunMODE:NORMAL
 TRG  ID  :00000111
 T  diff.:0.971E+0
 FEVSK :81022803
 nOD  YK/LW:11/13
 SUB  EV  : 0/  1
 Dcye:  0(  0/  0/  0
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Remaining BGs 
Flasher
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 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:;R=  0:NoYe
 R : Z :  PHI  :
 0.00: 0.00:  0.00:0
 CANG  :  RTOT  :  AMOM  :

 Comnt;

 NUM 2
 RUN 3657
 SUBRUN 52
 EVENT 325646
 DATE  1997-Mar-  8
 TIME 7:44:15
 TOT  PE: 5911.
 MAX  PE: 235.4
 NMHIT  : 2389
 ANT-PE: 50.8
 ANT-MX: 7.1
 NMHITA: 33

 RunMODE:NORMAL
 TRG  ID  :00000011
 T  diff.:0.602E+0
 FEVSK :81002003
 nOD  YK/LW:  2/  1
 SUB  EV  : 0/  1
 Dcye:  0(  0/  0/  0
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 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:;R=  0:NoYe
 R : Z :  PHI  :
 0.00: 0.00:  0.00:0
 CANG  :  RTOT  :  AMOM  :

 Comnt;

 NUM 4
 RUN 4266
 SUBRUN 65
 EVENT 3189973
 DATE  1997-Jun-21
 TIME 14:27:17
 TOT  PE: 17308.
 MAX  PE: 222.8
 NMHIT  : 5902
 ANT-PE: 33.4
 ANT-MX: 4.0
 NMHITA: 38

 RunMODE:NORMAL
 TRG  ID  :00000111
 T  diff.:0.811E+0
 FEVSK :81002003
 nOD  YK/LW:  2/  1
 SUB  EV  : 0/  1
 Dcye:  0(  0/  0/  0
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 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:NoYet:NoYe
 1990/00/00:;R=  0:NoYe
 R : Z :  PHI  :
 0.00: 0.00:  0.00:0
 CANG  :  RTOT  :  AMOM  :

 Comnt;

 NUM 10
 RUN 5789
 SUBRUN 39
 EVENT 1899892
 DATE  1998-May-  9
 TIME 11:14:59
 TOT  PE: 1234.
 MAX  PE: 100.7
 NMHIT  : 634
 ANT-PE: 30.1
 ANT-MX: 4.6
 NMHITA: 29

 RunMODE:NORMAL
 TRG  ID  :00000111
 T  diff.:0.951E+0
 FEVSK :81002003
 nOD  YK/LW:  2/  2
 SUB  EV  : 0/  0
 Dcye:  0(  0/  0/  0
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