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Recent published papers by SK 
(2014-2015) 

• Calibration of  SK Detector  NIM, A 737C (2014) 

 

• Search for proton decay via p→νK+ using 260  ktyr data of SK PRD 90, 072005 (2014) 

• Search for Nucleon Decay via n → νπ0 and p → νπ+ in SK PRL 113, 121802 (2014) 

• Search for Trilepton Nucleon Decay via p→eνν and p→μνν in SK PRL 113, 101801 (2014) 

• Search for Dinucleon Decay into Kaons in SK PRL 112, 131803 (2014)  

 

• Limits on Sterile Neutrino Mixing using Atmospheric Neutrinos in SK arXiv:1410.2008  
(accepted for publication in PRD) 

• Test of Lorentz Invariance with Atmospheric Neutrinos PRD 91, 052003 (2015)  

 

• First Indication of Terrestrial  Matter Effects on Solar Neutrino Oscillation PRL 112, 
091805 (2014)  

 

• Supernova Relic Neutrino Search with Neutron Tagging at SKIV  AP 60 (2014) 41 

 

 

 

 

 

• Status  
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Nucleon Decay Searches 

(atmospheric neutrinos as BKG) 
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Grand Unified Theory (GUT) 
• single symmetry group G      SU(3)color x SU(2)L x U(1)Y → single 

coupling constant, quantization of electric charge, etc. 

 

• popular models: 

– SO(10) GUT: 
• 15 fermions and nR(=nC

L) in single representation, etc. 

– nR as partner in seesaw mechanism → nL mass light 

– supersymmetry (SUSY) GUT: 
• 3 coupling constants meet at ~1016GeV,  

    gravity, etc. 

 

• GUT predicts instability of nucleon 
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• SK has the world’s best sensitivities on nucleon lifetime: 

– large fiducial volume (V) 

• 22.5kt → ~7.5×1033protons 

– long stable detector operation since 1996 (T) 

 

• lifetime limit 

 

– important to increase signal efficiency and BKG rejection 

• several new results published recently 

– many analysis improvements in p→nK+ 

– several new searches for the first time by SK 

esig  / √#BKG   · √ VT  (BKG dominant) 

Nucleon decay searches in SK 
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∝ 
esig  / 2.3 · VT (BKG free) 



p→nK+ search 

• dominant decay mode in SUSY GUTs 

– some models predict lifetime < ~1034 years → probed by 
this experimental search 

• many improvements in the analysis and published in  Phys. 
Rev. D.90, 072005 (2014) 

– highlighted with Synopsis by APS editor 

• major improvements since SK publication in 2005 (SK-I data): 

– new data from SK-II to SK-IV → total: 260kt·year 

– event reconstructions and selections 

– new front-end electronics in SK-IV → higher Michel-e e 
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Prompt g method: 
(p→nK+, K+→mn with prompt g) 

• event selections: 

– 1 m-like with Michel-e, 215<Pm<260MeV/c 

– proton ring rejection 

– -8(4)<Ng<60(30) for SK-I,III,IV(SK-II), Tm-Tg<75ns 

• major improvements in event rec.: 

– Michel-e 

– m/p separation (new) 

• in SK-I: 

– expected #BKG: 0.7→0.08 

– signal e: 8.6%→7.9% 

• no data candidate 
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Pm spectrum method: 
(p→nK+, K+→mn) 

• Event selections same as prompt g method except: 

– relaxed momentum cut 

– no prompt g hits 

• no data excess in signal region 

10 

Data 
atm.-n(BKG) MC 
PDK MC 
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p+p0 method: 
(p→nK+, K+→p+p0) 

• event selections: 
– 1 or 2 e-like rings with Michel-e 

– 85<Mp0<185MeV/c2, 175<Pp0<250MeV/c 

– charge profile likelihood for p+ 

– 10<Ebk<50MeV (Ebk: visible energy for p+) 

• major improvements in event rec.: 

– single-ring p0 fitter (new) 

– p+ charge profile 

• in SK-I: 

– expected #BKG: 0.6→0.18 

– signal e: 6.0%→7.8% 

• no data candidate 
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(M.Miura) 
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Result on p→nK+ search 
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• total expected #BGK < 1 for prompt g/p+p0 methods 
• no data excess above BGK expectation 

• world’s best limit 
• 2.5 times more stringent than previous result (2005) 
• constrains recent SUSY GUT models  

t/Bp→nK+ > 5.9×1033 years (90% CL) 

(8.6%) 

(0.7) 

(6.0%) 

(0.6) 

K. Kobayashi et al., Phys. Rev. D 72, 052007 (2005) 



p→e+p0 search 
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(M.Miura) 

• signal e~40% , total expected #BKG~0.7 
  #BKG validated with K2K n beam  data [PRD 77,032003(2008)] 

• no data candidate 
t/Bp→ep0 > 1.4×1034 years (90% CL) 

(world’s best limit) 

p→ep0 MC atm.-n (BKG) MC Data 

• dominant decay mode in non-SUSY GUTs 

• event selections: 

– 2 or 3 rings, all e-like, no Michel e, 85<Mp0<185MeV/c2(3-ring) 

– 800<Mp<1050MeV/c2, Ptot<250MeV/c 

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


• major on-going improvements : 

– neutron tag in SK-IV 

• n + p → d + g(2.2MeV) 

– sophisticated event reconstruction algorithm 

– reduction of systematic errors, etc. 
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~50% BGK can be 
  rejected 

(after p→ep0 

selections) 

atm.-n MC in SK-IV 
ex.) neutron tag performance 

atm.-n MC in SK-IV 



p→ enn and p→mnn searches 
Phys. Rev. Lett. 113, 101801 (2014) 

• some SO(10) models embedded in Pati-Salam’s left-right symmetric model 
predict lifetimes around 1030-33 years 

• |D(B-L)| = 2, unusual for standard nucleon decay channels 

• data from SK-I to SK-IV → total exposure: 273.4kt·year 
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• world’s best limit 
• an order of magnitude improvement over previous results 
• provide strong constraints to the models 

no significant excess in signal region: 

t/Bp→enn > 1.7×1032  and t/Bp→mnn > 2.2×1032 years (90% CL) 

100 500 1000 MeV/c 200 500 1000 

http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.101801.pdf
http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.101801.pdf
http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.101801.pdf


Atmospheric n Oscillation Analyses 
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Atmospheric neutrinos 

• cosmic rays strike air nuclei and 
decay of hadrons gives ns 

• #ns > 40,000 in SK 

• ns travel length: ~10-10,000km 

• ns energy: ~0.1-104GeV 

• both ns and ns 

– ~30% for ns in final samples 

 
 

 

• background for nucleon decay 
searches 
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→ excellent tool for broad studies  
     of neutrino oscillations 
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average energies: 
  - FC: ~1GeV 
  - PC: ~10GeV 
  - Up-m: ~100GeV  

Atmospheric neutrino event topologies 
[arXiv:1410.2008] 



|Um4|2  Induces a decrease in event rate of m-

like data of all energies and zenith angles.  Not 
sensitive on Dm2 due to fast oscillations 

|Ut4|2  Shape distortion of angular 

distribution of higher energy m-like data  

PMNS Sterile 

Sterile neutrino oscillations in atmospheric neutrinos 

NC matter 

effects 

PC Through (~10GeV) 

19 

nm survival probability 
|Um4|2 =0.0018 
|Ut4|2 =0.33 

Large |Ut4|2 

No sterile n 

nm survival probability 
|Um4|2 =0.0018 
|Ut4|2 =0.33 

+ Data 



Limits on sterile neutrino oscillations 
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SK 

Solar 

Recent 
Global Fit 

SK Excluded 

All comparisons from: 

JHEP 1305 (2013) 050 

|Uτ4|
2 < 0.23 at 99% CL 

99% C.L. limit 
90% C.L. limit 
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SK 

SK 
Excluded 

PRD86, 052009 (2012)  

JHEP 1305 (2013) 050 

νe appearance + 
νe disappearance 

|Uµ4|2 < 0.054 at 99% CL 

90% C.L. 90% CL 

• no evidence of sterile n oscillations  
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Hyper-Kamiokande (Hyper-K) 
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Solar n Supernova n 

Nucleon 

Decays 

n n n 

Hyper-Kamiokande 
 

25 x Super-K fiducial mass  
as neutrino target and  
proton decay source 

J-PARC 
 

High intensity neutrino and  
anti-neutrino beam 

n 

Super-Kamiokande 

Atmospheric n 
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LOI: arXiv:1109.3262[hep-ex] 
LBL study: arXiv:1502.05199 



- 240 people and growing! 

- Hyper-K Governance Structure has been defined  

    - Steering Committee, International Board Representatives, and Convener Board   

- R&D fund and travel budget already secured in some countries, and more in 

securing processes. 

Hyper-Kamiokande International Group 

As of April 14, 2014 

Europe 106 

France 10 

Italy 13 

Poland 4 

Russia 7 

Spain 3 

Switzerland 22 

UK 47 

Asia 72 

Japan 64 

Korea 8 

Americas 62 

Brazil 2 

Canada 19 

USA 41 
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Nucleon decay searches in HK 

p→nK+ 
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p→ep0 

tp = 
1.2×1034yrs 

tp = 4×1033yrs 

Limit (90% CL) 
t/Bp→ep0 > 1×1035 yrs (HK 10yrs) 

Limit (90% CL) 
t/Bp→nK+ > 3×1034 yrs (HK 10yrs) 
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|Uτ4|2<0.066 @99%CL (HK) |Uμ4|2<0.029 @99%CL (HK) 
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Sterile n oscillations in atmospheric ns in HK 

All comparisons from: 
JHEP 1305 (2013) 050 
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Hyper-Kamiokande EU meeting@CERN 
27-28 April 2015 

•Meeting to discuss the European effort in Hyper-K 
•Open to anyone who has interest in Hyper-K, or is planning to join 
Hyper-K, or is contributing  
•http://indico.cern.ch/e/ThirdEUHyperK 
 

15 Mar 2015 

http://indico.cern.ch/event/378508/


Summary 

• Nucleon decay searches: 

– no evidence so far → most stringent lifetime limits in the world  

– keep discovery potential and increase statistics 

• Atmospheric neutrino oscillation analyses: 

– no indication of non-standard models → stringent limits on 
relevant parameters 

• Prospect of sensitivity improvements by sophisticated 
reconstruction algorithm, reducing systematic errors, etc. 

 

• Hyper-K EU meeting @ CERN on 27-28 April 2015 

– http://indico.cern.ch/e/ThirdEUHyperK  
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Supplement  
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n→np0 and p→np+ searches 
Phys. Rev. Lett. 113, 121802 (2014) 

• minimal SUSY SO(10) model with a 126 Higgs field predicts t(n→np0) = 
2t(p→np+) ≤ 5.7-13×1032 years  

• data from SK-I to SK-III → total exposure: 172.8kt·year 

29 

no excess in signal region: 

• world’s best limit 
• model’s allowed ranges nearly ruled out 
• an order of magnitude improvement over previously published limits 

t/Bn→np0 > 1.1×1033  and t/Bp→np+ > 3.9×1032 years (90% CL) 

http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.121802.pdf
http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.121802.pdf
http://www-sk.icrr.u-tokyo.ac.jp/sk/pub/documents/PhysRevLett.113.121802.pdf


Oscillation probabilities in three flavor mixing scheme 
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(arXiv:1109.3262v1) 

• we have sensitivity to mass hierarchy, q23 octant, and CPV 

upward-going nes with zenith cosQn = -0.8: 



Updates to three flavor oscillation analyses 
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Multi-Ring ne-like Multi-Ring ne-like 

new sample Data 
prediction 
nm→nt osc. 

• “Multi-Ring Other”: events which fail  
multi-ring e-like CC purification likelihood 
• improved systematic errors 
• 282.2kt·year 



External constraints with T2K 

• T2K constraints on q23 and 
Dm2

32 enhance mass 
hierarchy discrimination  

• using a common SK detector,  
systematic errors handled in 
consistent way 
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Results with T2K constraints 
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preliminary 
SK atm.-n 

SK+T2K constraint 
T2K constraint 

• q23: 2nd octant slightly favored 
• dCP: preference near 3p/2, CP conservation (sindCP= 0) allowed at 90% CL 
• χ2

IH – χ2
NH = 1.2 (0.9 SK only), NH slightly favored 

99% 

90% 

68% 

(fixed) 
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Test of Lorentz invariance 
arXiv:1410.4267 

36 

• no evidence of Lorentz violation observed (4,438days ~ 274kt·year) 
• set limits for the first time in neutrino mt sector of SME 
• improved existing limits by up to 7 orders of magnitude 

aT
mt = 10-22GeV 

cTT
mt = 10-22GeV 

Data 

http://arxiv.org/abs/arXiv:1410.4267
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(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 
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(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 
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(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 



15 Mar 2015 S.Mine(UCI) @ 2015 Moriond EW 40 

(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 
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(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 
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(M.Nakahata on XVI International Workshop on Neutrino Telescopes, March 3, 2015) 
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(M.Shiozawa on Neutrino Telescopes on March 5, 2015) 


