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1. Introduction

The Standard Model has been 

successful!

é but why so many parameters?

GUTs: attempt to unify Strong 

and Electroweak interactions. 

GUTs scale: 1014-16 GeV Cannot be reached by 

Accelerators.
Lepton and baryon 

numbers are not conserved. Proton decay is permitted !

Nucleon decay experiment is the direct probe for GUTs.
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Two benchmark decay modes

Model Mode Prediction (years)

Minimal SU(5) pĄe+p0 1028.5~ 1031.5 [1]

Minimal SO(10) pĄe+p0 1030 ~ 1040 [2]

Minimal SUSY SU(5) pĄnK+ Ò 1030 [3]

SUGRA SU(5) pĄnK+ 1032 ~ 1034 [4]

SUSY SO(10) pĄnK+ 1032~1034 [5]
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[5]  V. Lucas and S. Ruby, Phys. Rev. D55, 6986 (1997)

Proton lifetime predictions

pĄe+p0

> 1030 years !

Need huge detector .
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ÅIn the late 1970s, several experiments were proposed.

üminimal SU(5) prediction: 1028 ~ 1032 years

ü 1kt detector expected 10 ~ 103 decays.

ÅBackground events for proton decay searches are induced by 

atmospheric ninteractions (they were also ndetectors).

ÅTwo types of detector came into fashion (the 1st generation). 
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2. Nucleon decay searches before SK

Fine-grained iron calorimeter

ü Excellent in track reconstruction.

ü Cost per ton were expensive. 

ü KGF (India), Soudan I,II 

(Minnesota),  NUSEX 

(Italy/France)

Water Cherenkov detector

ü Good momentum resolution and PID.

ü Cheaper and easier to build larger 

detectors.

ü HPW (Harvard-Purdue-Wisconsin), 

IMB (Irvine, Michigan, Brookhaven), 

Kamiokande
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IMB Detector Detector Period Mass 

(ton)

Limit (e+p0, 

1030 yr )

HPW-I 1983-

1984

680 1.0

Kamioka

nde

1983-

1997

1040 260

IMB 1982-

1992

3300 540

Results of Water Cherenkov 

detector

Results of Iron calorimeter

Detector Period Mass 

(ton)

Limit (e+p0, 

1030 yr )

NUSEX 1982-

1998

110-

130

15

Frejus 1984-

1988

550 70

Soudan I 1981-

1990

16-24 1.3

Could not find evidence.

Need more volume.

Č Super-Kamiokande

(The 2nd generation)



3. Present: Super-Kamiokande

Location: Kamiokamine, Japan. ~1000 m under ground.

Size:        39 m (diameter) x 42 m (height), 50kton  water. 

Optically separated into inner detector (ID) and     

outer detector (OD, ~2.5 m layer from tank wall.)

Photo device: 20 inch PMT (ID), 8 inch PMT (OD, veto 

cosmic rays, ~1/3 comes from IMB).

Mom. resolution: 3.0 % for e 1 GeV/c  (4.1%: SK-2).

Particle ID: Separate into EM shower type (e-like) and muon 

type (m-like) by Cherenkov ring angle and ring pattern.

m-like (m°) e-like (e°, g)
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20-year History of Super-Kamiokande

11146 ID PMTs

(40% coverage)

5182 ID PMTs

(19% coverage)

11129 ID PMTs

(40% coverage)

Acrylic (front)

+ FRP (back)

Electronics

Upgrade

SK-I SK-II SK-III SK-IV

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16

SK-I SK-II SK-III SK-IV

Å Still running stably (amazingly!)

Å Collected 349 kton year exposure.

Č Many of  the current limits come from SK.



3-1. pĄe+p0, m+p0 mode

p0

g
P

g e+ or m+

Event features;
Åe+ ,m+andp0 are back-to-back (459 MeV/c) 

Åp0
Ą2gs : all particles are detectable.

Č Reconstruct proton mass and momentum.

Selection;
ÅFully contained, VTX in fiducial volume.

Å2 or 3 ring 

e+p0 case;
Åall e-like, w/o decay-e.

m+p0 case;
Åone m-like with decay-e.

Å85 < Mp0 < 185 MeV (for 3-ring event) .

Å800 < MP < 1050 MeV & Ptot < 250 MeV/c

Selected by 

simple cuts!

PRD 95, 12004 (2017)
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New technique 1: Neutron tag

Å Most of atmospheric nBKG are accompanied by neutrons.

Å A neutron is captured by a hydrogen (~200msec) and emits gray; 

n+pĄ d+g(2.2 MeV)

ÅNew electronics installed in SK4 enables us to record all hits including this g

ray.

ÅSearch for hit cluster N²7 in 10 ns window after prompt signal, and neutrons 

are selected by neural network.

ÅEff.  20.5 %, BKG 1.8 %.

ÅAbout half of the background events can be rejected by requiring no neutron.

Time difference from prompt signal
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New technique 2: two box analysis
Å Signal box defined by 800<Mtot<1050 MeV/c2 and Ptot<250MeV/c is 

divided into two regions;

Lower box: Ptot<100 MeV/c
V Signal: Dominated by free proton(H) decay, free from nuclear effects Ą

Almost BKG free.

Higher box: 100¢Ptot<250 MeV/c
V Signal: Dominated by bound proton (O) decay, more uncertainty due to 

nuclear effects.  More BKG.

ÅAchieve better sensitivity. 

Exposure (Mton yr)

pĄe+p0 MC

Black: All

Red: Free proton

BKG MC (SK4)
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Results
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Total mass (MeV/c2)

pĄe+p0 MC

pĄm+p0 MC

Atm.nMC
(500yrs)

Data

DataAtm.nMC
(500yrs)

pĄe+p0

Eff. (%)  BKG   OBS

Low Ptot 18.7      0.07       0

High Ptot 19.9     0.54       0

Total          38.6     0.61       0

pĄm+p0

Eff.(%)     BKG   OBS

Low Ptot 18.0         0.05       0

High Ptot 16.7         0.82       2

Total        34.7        0.87       2

(Poison(0.87,²2) = 23%)

Lifetime limt (90% CL,306ktonyrsdata)

pĄe+p0: > 1.6x1034 years

pĄm+p0: > 7.7x1033 years


