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Super-Kamiokande (Super-K, SK) 
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Grand Unified Theory (GUT) 
ÅSingle symmetry group G      SU(3)color x SU(2)L x U(1)Y  

ïsingle coupling constant, quantization of electric charge, etc. 
 

ÅPopular models: 

ïSO(10) GUT 

Å15 fermions and nR in single rep. 

ïsupersymmetry(SUSY) GUT 
Å3 coupling constants meet at ~1016GeV 

 

ÅGUTs predict instability of nucleon: 

ïtwo benchmark decay modes: 

Åe+p0(non-SUSY) and nK+(SUSY) 

ïsome models predict lifetime < 1034 years probed by SK 

ïbaryon asymmetry of the universe 
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Å{Y Ƙŀǎ ǘƘŜ ǿƻǊƭŘΩǎ ōŜǎǘ ǎŜƴǎƛǘƛǾƛǘƛŜǎ on nucleon lifetime: 
ï large fiducial volume (V) 

ÅннΦрƪǘ Ҧ ~7.5 1033 protons and ~6 1033 neutrons 

ïexcellent detector performance (esig, #BKG) 

Åex.)  Nucl. Instr. & Meth A 433 (1999) 

ï long stable detector operation since 1996 (T) 
 

ÅLifetime sensitivity 
 

ïimportant to increase signal efficiency and BKG rejection 

ÅSeveral new results recently 

ïanalysis improvements ƛƴ ǇҦŜ+p0 and pҦnK+ 

ïexotic searches (dinucleon decay, etc.) 

esig  / ҞІ.YD   ϊ Ҟ VT  (BKG dominant) 

Nucleon decay searches in SK 

Ӓ 
esig  / 2.3 · VT (BKG free) 

(main in this talk) 
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(unique way to directly probe GUTs)  

http://www.sciencedirect.com/science/article/pii/S0168900299003599
http://www.sciencedirect.com/science/article/pii/S0168900299003599


ǇҦŜ+p0 search 

ÅEvent selections: 
ï fully contained 

ï fiducial volume 

ï2 or 3 rings 

ïall e-like (PID) 

ïno Michel electrons 

ï85<Mp0<185MeV/c2(3-ring) 

ï800<Mp<1050MeV/c2 

ïPtot<100MeV/c,  

       мллҖttot<250MeV/c 

ïno neutrons (SK-IV only) 
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e+ 2g 

ǇҦŜ+p0(p0Ҧнg) MC 
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New: Ptot separation into 2 regions 
Ptot<100MeV/c, 100ÒPtot<250MeV/c 
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όŀŦǘŜǊ ǇҦŜp0 selections without (Mp, Ptot) cut) 

protons in 16O 
free protons 

Super-Kamiokande I-L±  ǇҦŜ+p0 MC  Super-Kamiokande I-IV atm.-n MC 

ÅTotal(SKI-IV) expected #BKG(PtotғмллΣ мллҖttot<250): (~0.05, ~0.5) 
ÅPtot<100MeV/c: smaller systematic error on signal e and almost BKG free 
Ҧ ŘƛǎŎƻǾŜǊȅ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ōŜǘǘŜǊ ǎŜƴǎƛǘƛǾƛǘȅ 

(2,000 years) 
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Neutron tag in SK-IV 
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Å Atm.-n BKG frequently accompanied 
by neutron production 

Å ƴ Ҍ Ǉ Ҧ Ř Ҍ g(2.2MeV) 

Å Hit cluster search for g enabled by 
QBEE with deadtime-less DAQ + 
software trigger  

       - detection efficiency: 20.5%   

~50% BKG rejected 

όŀŦǘŜǊ ǇҦŜp0 selections) 

atm.-n MIV Atm.-n MC 

όŀŦǘŜǊ ǇҦŜp0 selections 
  before (Mp,Ptot)  

  and neutron tag) 

Data 
Atm.-n MC 
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Sensitivities 
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ÅThe more exposure, the more benefit. 

current current 

without Ptot sep. & n-tag 
with Ptot sep. & n-tag  

without Ptot sep. & n-tag 
with Ptot sep. & n-tag  
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ǇҦŜ+p0 search result 

Å306.3 kton·years (SKI-IV) 
Åsignal e(Ptot<250MeV/c): ~40% 
Åtotal(SKI-IV) expected #BKG(Ptot<250MeV/c) < 1 
                     #BKG: confirmed with K2K n beam data PRD 77,032003(2008) 

Åno data candidate 
t/BǇҦŜp0  > 1.67 1034  years (90% CL) 
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(Ptot<100) 

(100<Ptot<250) 

Super-Kamiokande I-IV Data 
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(220kt·yrs in PRD 85, 112001 (2012) ) 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.032003
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112001


ǇҦm+p0 search result 
άŦƭƛǇǇŜŘέ {¦όрύ ǇǊŜŘƛŎǘǎ ƘƛƎƘ ōǊŀƴŎƘƛƴƎ Ǌŀǘƛƻ 

Å306.3 kton·yrs (SKI-IV) 
Åsignal e(Ptot<250MeV/c): 30-40% 
Å total expected #BKG: 
ÅPtot<100: ~0.05 
ÅмллҖttot<250: ~0.82 

Åno significant data excess 
t/BǇҦmp0 > 7.78 1033 years (90% CL) 
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(Ptot<100) 

όмллҖttot 

<250) 

(analysis proceeds as with e+p0 with additional requirement of 1 Michel-e) 

Super-K I-L±  ǇҦm+p0 MC  Super-K I-IV atm.-n MC Super-K I-IV Data 

(2,000 years) 

next  slide 
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(220kt·yrs  in PRD) 



Sep.9, 2015 S.Mine @ TAUP2015 11 

Event #1 Event #2 

Ptot<100MeV/c мллҖttot<250MeV/c 

Total #BKG (SKI-IV) ~0.05 ~0.82 

Data(SKI-IV) 0 2 

Åtƻƛǎǎƻƴ ǇǊƻōΦ όҗнΤ лΦунύΥ мфΦф҈  

(Mp, Ptot) : (902.5, 248.0)MeV 
Wall : 466.0cm 
# ring : 2 
Pe: 374.9MeV/c 
Pm: 551.1MeV/c 
qe-mu:  157.9o 

 

(Mp, Ptot) : (832.4, 237.9)MeV 
Wall : 351.6cm 
# ring : 2  
Pe: 460.5MeV/c 
Pm: 391.3MeV/c 
qe-mu:  148.9o 

(additional ring  
bȅ Ƴŀƴǳŀƭ Ŧƛǘ  Ҧ 
Mp0: 406MeV/c2. 
See supplement) 

mu-like e-like 

e-like 

mu-like 



ǇҦnK+ search 
(prompt g method) 

Åevent selections: 
ï fully contained 

ï fiducial volume 

ï1 m-like (PID) 

ï1 Michel-e 

ï215<Pm<260MeV/c 

ïproton ring rejection 

ï8(4)<Ng<60(30) for SK-I,III,IV(SK-II) 

ïTm-Tg<75ns 

ïno neutrons (SK-IV only) 

Åno data candidate 

 

Data 
atm.-n MC 
ǇҦnK+ MC 

12 

(plot from PRD 90, 072005 (2014) )  

SKI,III,IV 

SKII 
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072005


ǇҦnK+ search 
(Pm spec. method) 

Åevent selections: 

       same as g meth. except: 

ïno prompt g hits 

ï relaxed Pm cut 

Åno data excess 

 
Data 
atm.-n MC 
ǇҦnK+ MC 
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ǇҦnK+ search 
(p+p0 method) 

Åevent selections: 
ï fully contained 

ï fiducial volume 

ï1 or 2 e-like rings (PID)  

ï1 Michel-e 

ï85<Mp0<185MeV/c2, 
175<Pp0<250MeV/c 

ïcharge profile likelihood for p+ 

ï10<Ebk<50MeV  

ïno neutrons (SK-IV only) 

Åno data candidate 

 

Data 
atm.-n MC 
ǇҦnK+ MC 
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(plot from PRD 90, 072005 (2014) )  
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ǇҦnK+ search result 

Å306.3 kton· years (SKI-IV) 
Åsignal e for prompt g and p+p- methods: 6-9% 
Å total expected #BKG for prompt g and p+p0 methods < 1 
Åno data excess above BKG expectation 

t/BǇҦnK+  > 6.61 1033 years (90% CL) 
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SK-I SK-II SK-III SK-IV 

Exp.(kt·yrs) 91.7 49.2 31.9 133.5 

Prompt g Eff.(%) 7.9 6.3 7.7 8.5 

BKG 0.08 0.14 0.03 0.14 

OBS 0 0 0 0 

p+p0 Eff.(%) 7.8 6.7  7.9 9.0 

BKG 0.18 0.17 0.09 0.12 

OBS 0 0 0 0 

(260kt·yrs in PRD 90, 072005 (2014) ) 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072005
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072005


Benchmark searches and theoretical predictions 
(Ed Kearns) 

ÅHuge theoretical uncertainty 
ÅCurrent searches are in interesting ranges 
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Decay mode |D(B-L)| 
Lifetime lower limit  

at 90% CL (years) 
Paper 

(previous result) 

ǇҦŜ+p0 0 (*) 1.67 1034  ( PRD 85, 112001 (2012) ) 

ǇҦnK+ 0(n), 2(n) 6.61 1033 ( PRD 90, 072005 (2014) ) 

ǇҦm+p0 0 (*) 7.78 1033  ( PRD 85, 112001 (2012) ) 

pҦŜ+/m+(h,r,w)  0 (0.04-4.2) 1033 PRD 85, 112001 (2012) 

ǇҦm+K0 0 1.6 1033 PRD 86, 012006 (2012) 

ƴҦnp0, ǇҦnp+ 0 1.1 1033, 3.9 1032 PRL 113, 121802 (2014) 

ǇҦŜ+/m+nn 
0(nn), 

2(nn,nn) 
1.7/2.2 1032 PRL 113, 101801 (2014) 

pҦŜ+/m+X  ? 7.9/4.1 1032 arXiv:1508.05530, accepted by PRL 

ƴҦng 0(n), 2(n) 5.5 1032 arXiv:1508.05530, accepted by PRL 

ǇǇҦY+K+ 2 1.7 1032 PRL 112, 131803 (2014) 

ǇǇҦp+p+Σ ǇƴҦp+p0, 
ƴƴҦp0p0 2 

7.22 1031, 1,70 1032, 
4.04 1032 PRD 91, 072009 (2015) 

ƴǇҦόe+,m+,t+)n 0(n), 2(n) (0.22-5.5) 1032 arXiv:1508.05530, accepted by PRL 

n-n oscillation 2 1.9 1032 PRD 91, 072006 (2015) 

- 

- 

- 

- - 

- 

- - - 

(* will be published soon)  

Summary of recent nucleon decay results in SK 
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072005
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.101801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.101801
http://arxiv.org/abs/1508.05530
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131803
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.072009
http://arxiv.org/abs/1508.05530
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.072006


Hyper-Kamiokande (Hyper-K, HK) 

LOI: arXiv:1109.3262[hep-ex] 
LBL study: PTEP 2015 (2015) 5, 053C02 

J-PARC neutrino beam: CP-d 
Supernova to 2 Mpc 
q23, mass heirarchy by atm. n 
Relic supernova neutrinos 
Indirect dark matter 

Nucleon decay: reach 1035 years 

Next generation: Hyper-Kamiokande (HK) 
http://www.hyperk.org/ 

 

 ~20 Super-K 
(detector design will be finalized soon) 
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