
Best-fit
• Best-fit gives 𝜷 = 𝟎 with constraint by 𝛽 ≥ 0 for both modes

• 𝝌𝟐/𝝂 = 𝟏𝟕𝟖. 𝟔/𝟏𝟓𝟗 for 𝒑 → 𝝂𝝅+ and 𝝌𝟐/𝝂 = 𝟕𝟕. 𝟑/𝟗𝟗 for 𝒏 → 𝝂𝝅𝟎

• Pulls (𝜖/𝜎) by systematic uncertainties

Nucleon decay partial lifetime limits
• 𝚫𝝌𝟐 contour over 𝜷 ≥ 𝟎 (physical region)

• Critical values for 90% C.L. are estimated by the 

Feldman-Cousin method [9-10]

Signal Events Allowed at 90% C.L.

Partial lifetime at 90% C.L. [year]

Two showering rings with

0-decay e and
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Detector phase SK-I SK-II SK-III SK-IV SK-V

Live days 1489 799 518 3244 461

Photo-coverage [%] 40 19 40 40 40

Electronics [8] ATM ATM ATM QBEE QBEE

Inner detector (ID)

11,146 50cm PMTs

Outer detector (OD)

1,885 20cm PMTs

Event Selection

One non-showering ring with

(1) 0-decay e (𝝅+ absorption in water)

(2) 1-decay e (𝝅+ → 𝝁+𝝂)

ν
π+

p ν
π0

n
γ

γ

Event selection
Signal efficiency [%]

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

𝒑 → 𝝂𝝅+ 0-decay-e 14.5±0.1 14.2±0.1 14.5±0.1 11.6±0.1 11.7±0.1

1-decay-e 15.9±0.1 15.3±0.1 15.9±0.1 18.1±0.2 18.1±0.2

𝒏 → 𝝂𝝅𝟎 32.2±0.2 30.1±0.2 31.9±0.2 32.6±0.2 32.9±0.2

Events fully contained in the fiducial volume (FCFV)
• Eliminate background events in raw data which are caused by 

cosmic ray muons, low-energy radioactivity, and flashing PMTs

• FV = region inside the ID located at least 1m away from the walls

• Events are required to be reconstructed within the FV, to exhibit 

sufficient visible energy deposit, and to show no activity in the OD

Event reconstruction
• Physics quantities such as vertex position, the number of  

Cherenkov rings, momentum, particle type, and the number of  

Michel electrons are reconstructed [1]

Spectrum Analysis
Search for signal bump above the data spectrum
• 𝝌𝟐 is based on the Poisson probability and quadratic penalty terms

𝝌𝟐 = 𝟐 × σ𝒊
𝐧𝐛𝐢𝐧𝐬 𝑬𝒊 +𝑶𝒊 × 𝐥𝐧

𝑶𝒊

𝑬𝒊
− 𝟏 + σ𝒋

𝐧𝐬𝐲𝐬 𝝐𝒋

𝝈𝒋

𝟐

𝑬𝒊 = 𝑬𝒊
𝐛𝐤𝐠

+ 𝜷 × 𝑬𝒊
𝐬𝐢𝐠

× 𝟏 + σ𝒋
𝐧𝐬𝐲𝐬

𝒇𝒊𝒋𝝐𝒋

𝑬𝒊: Expected events

𝑶𝒊: Observed events

𝝈𝒋: Size of  the systematic error

𝒇𝒊𝒋: Fractional change by error

𝝐𝒋: Nuisance parameter for fitted error

𝜷: Signal normalization parameter

Sensitivity with respect to the null-hypothesis
• Updated FSI model reduced it by 16% for 𝒑 → 𝝂𝝅+ and 32% for 𝒏 → 𝝂𝝅𝟎

• Adding the SK IV-V to the SK I-III data increased it by 60% for both modes

• Enlarging the FV increased it by  10% for 𝒑 → 𝝂𝝅+ and 5% for 𝒏 → 𝝂𝝅𝟎

• Systematic uncertainties reduced it by 65% for 𝒑 → 𝝂𝝅+ and 40% for 𝒏 → 𝝂𝝅𝟎

Search Results

𝒑 → 𝝂𝝅+ 𝟏𝟑𝟔. 𝟕

𝒏 → 𝝂𝝅𝟎 𝟑𝟎. 𝟑

𝒑 → 𝝂𝝅+ 𝟑. 𝟓 × 𝟏𝟎𝟑𝟐

𝒏 → 𝝂𝝅𝟎 𝟏. 𝟒 × 𝟏𝟎𝟑𝟑
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Motivation
• A Grand Unified Theory (GUT) is proposed with extended gauge symmetry beyond the Standard Model (SM)

• Nucleon decay offer a direct probe for the viability of  the GUTs with or without Supersymmetry (SUSY)

• The Super-Kamiokande (SK) water Cherenkov detector [1] is ideal for the nucleon decay searches

• GUT models which favor 𝒑 → 𝝂𝝅+ and 𝒏 → 𝝂𝝅𝟎: SUSY flipped SU(5) [2-3] and a minimal SUSY SO(10) [4]

Improvements on previous analysis [5]

• With addition of  SK IV-V data to SK I-III, the detector livetime has increased by 132% to 17.8 years

• The fiducial volume (FV) of  SK is enlarged by 21% using an improved analysis techniques [6]

• Additional systematic uncertainties have been newly implemented (atmospheric 𝜈 flux and interactions)

• Physics models for pion production and its nuclear interactions (FSI) are updated with external data [6-7]

→ Signal efficiency is decreased by increased pion absorption in (300,600) MeV/c region

FSI before updates [5]
FSI after updates [7]
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