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Introduction



➢ GUTs unify the strong, weak and electromagnetic interactions
• Predict the instability of nucleon 

‣ Search the nucleon decay to test the GUTs

➢Matter-antimatter is asymmetric in universe
• Sakharov conditions(to explain the asymmetry)

‣ Baryon number violation ∆𝑩 ≠ 𝟎

‣ C and CP violation

‣ departure from thermal equilibrium
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Motivation of nucleon decay  



➢GUTs predict instability of nucleon 
• Protons can decay into lighter subatomic particles(hypothesis)

• Examples
‣ 𝒑 → 𝒆+ + 𝝅𝟎 (Non-SUSY GUTs)

‣ 𝒑 → ഥ𝒗 + 𝑲+ (SUSY GUTs)

• Invisible neutron decay: neutron decay into undetected particles (hypothesis)

• Examples
‣ 𝑛 → neutrino, 𝑛 → 𝑑𝑎𝑟𝑘 𝑓𝑒𝑟𝑚𝑖𝑜𝑛𝑠…
‣ Phys. Rev. D 67, 075015 (2003).

‣ Phys. Lett. B 662, 259 (2008).

‣ Phys. Rev. D 98, 035049 (2018).
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Nucleon decay in theory

P

π0

DUNE: 2002.03005
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Current searches for proton decay

Past searches
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Current searches for invisible neutron decay
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Future Nucleon Decay Experiments

Hyper-K                                         DUNE                                          JUNO

Hyper-K DUNE JUNO

Mass (kton) 258 (186) 4*17 (4*10) 20

Target Nucleus H2O Ar40 12% H, 88% C12

Technology Water Cherenkov LAr TPC Liquid Scintillator

Advantages Large mass and cheap
Good particle Identification
Good direction resolution

Excellent track reconstruction
Excellent particle Identification
Good energy resolution

Excellent energy resolution 3%
Excellent E threshold  0.7MeV

Shortcomings Cerenkov threshold Complex FSI  for Ar40 Direction information lost
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JUNO experiment
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JUNO experiment overview

JUNO

Photon Statistics 1200 p.e./MeV

PMT coverage 75%

LS transparency > 20 m

Light yield(anthracene) 45%

Detection Eff.(QECE) 30%



➢Jiangmen Underground Neutrino Observatory (JUNO), a multi-
purpose neutrino experiment
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JUNO experiment overview

New Physics
(Nucleon 
decay…)

~ 700 m underground

Top tracker

CD PMT

Stainless steel 
structure

Liquid scintillator in 
acrylic spherical vessel 
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Nucleon decay: 𝒑 → ഥ𝒗 + 𝑲+



• Form triple coincident signals
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Signal characteristics of 𝒑 → ഥ𝒗 + 𝑲+

Two most 
dominant 
channels

AN: Atmospheric neutrinos
PD: Proton decay 



Low energy background
• Removed by energy cut

‣ IBD, solar-𝜐, geo-𝜐, and 
low energy atm-𝜐 

Cosmic Muon
• Removed by muon veto 

and FV cut

➢Most dominant background: Atmospheric neutrinos
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Backgrounds



➢Selection flow
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Event selection

Selection result

• 𝑅𝑣: Fiducial volume
• 𝑁𝑀: tagged Michel electron number
• ∆𝐿𝑀: correlated distance to Michel electron
• 𝑁𝑛: tagged neutron number
• Δ𝐿𝑛: correlated distance to neutron
• 𝑅𝜒: 𝜒2 ratio 
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Sensitivity to 𝒑 → ഥ𝒗 + 𝑲+

Survived events Survived events

CPC 47, 113002 (2023)

𝝉/𝑩 𝒑 → ഥ𝒗 𝑲+ > 𝟗. 𝟔 × 𝟏𝟎𝟑𝟑 yrs/10 yrs

Best limit: 𝟓. 𝟗 × 𝟏𝟎𝟑𝟑 yrs from Super-K 
Background: 0.2/10 yrs
Signal efficiency : 36.9%
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Nucleon decay: invisible neutron decay



➢Bounded neutrons in 12C : two invisible decay modes
•  𝒏 → 𝒊𝒏𝒗 (𝟏𝟐𝐂 → 𝟏𝟏𝐂∗)

• 𝒏𝒏 → 𝒊𝒏𝒗 (𝟏𝟐𝐂 → 𝟏𝟎𝐂∗)

➢De-excitation modes have triple coincidence feature

2024/5/14 18

Signal characteristic  of invisible neutron decay

11C∗ → 𝑛 + 10C 𝐵𝑟𝑛1 = 3.0%
11C∗ → 𝑛 + 𝛾 + 10C 𝐵𝑟𝑛2 = 2.8%
10C∗ → 𝑛 + 9C 𝐵𝑟𝑛𝑛1 = 6.2%
10C∗ → 𝑛 + 𝑝 + 8B 𝐵𝑟𝑛𝑛2 = 6.0%

Yuri Kamyshkov, Edwin Kolbe PRD 67, 076007 (2003)
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Signal characteristic of signal prompt energy

𝟏𝟏𝐂∗ → 𝒏+ 𝟏𝟎𝐂 𝟏𝟏𝑪∗ → 𝒏+ 𝜸 + 𝟏𝟎𝑪

𝒏 → 𝒊𝒏𝒗
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Signal characteristic of signal energy

𝟏𝟎𝐂∗ → 𝒏 + 𝟗𝐂
𝟏𝟎𝐂∗ → 𝒏 + 𝒑 + 𝟖𝑩 is similar

Delayed signalPrompt signal

𝒏𝒏 → 𝒊𝒏𝒗
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Signal characteristic of signal decay energy

𝒏𝒏 → 𝒊𝒏𝒗𝒏 → 𝒊𝒏𝒗



➢Six background sources

➢Single
• Radioactivity

• Long-lived isotopes

➢Correlated (Prompt-Delayed)
• IBD (Inverse Beta decay)

• Atm − v NC (atmospheric neutrino neutral current)

• Long-lived isotopes (Li9/He8) from cosmic muons

• Fast neutron

• Alpha-n

➢Triple (Prompt-Delayed-Decay)
• Atm − v NC
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Backgrounds

Combination
• Single + Single + Single
• Correlated + Single



➢Consider 10 years data taking
• Signal rate  

‣ from the final sensitivity result
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Event selection

Selection criteria

𝑖 = 1, 2, 3 represents the 
Prompt, Delayed, Decay signal 
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Signal characteristic of (𝒏 → 𝒊𝒏𝒗)

Select region
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Event selection (𝒏 → 𝒊𝒏𝒗)
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Signal characteristic of signal energy

Select region
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Event selection (𝒏𝒏 → 𝒊𝒏𝒗)



➢Consider 10 years data taking
• Signal rate  

‣ from the final sensitivity result
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Event selection

Signal efficiencies



➢Two suppression method
• Pulse Shape Discrimination

‣ Particle’s emission photon

time are different

• Multi Variate Analysis
‣ Combine multidimensional 

features

• Both PSD and MVA have 

good performance 
‣ Effectively suppress background
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Background suppression 

𝒏 → 𝒊𝒏𝒗

𝒏𝒏 → 𝒊𝒏𝒗
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Sensitivity

Summary of Signal and background

An order of magnitude improvement to the current best limits in 2 years data taking

10 years



➢JUNO is a large LS detector
• 20 kton LS

‣ 1.45 × 1033 free protons, 5.30 × 1033 bound protons/neutrons

➢Competitive sensitivities for nucleon decay (some channels)
• Nucleon decay (JUNO 10-year sensitivity)

‣ 𝝉/𝑩 𝒑 → ഥ𝒗 𝑲+ > 𝟗. 𝟔 × 𝟏𝟎𝟑𝟑 year at 90% C.L.

‣ 𝝉/𝑩 𝒏 → 𝒊𝒏𝒗 > 𝟓. 𝟎 × 𝟏𝟎𝟑𝟏 year at 90% C.L.

‣ 𝝉/𝑩 𝒏𝒏 → 𝒊𝒏𝒗 > 𝟏. 𝟒 × 𝟏𝟎𝟑𝟏 year at 90% C.L.

➢JUNO construction near completion, overcoming challenges

➢JUNO has the potential to study nucleon decay and test new physics

2024/5/14 31

Summary



Thank you for your attention!
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Backup



➢ Muti-pulse Fitting
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➢NC background 
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Central detector

• Steel structure (SSS)

• Acrylic sphere(AS) + 

20kt Liquid scintillator

• 17612 20” PMT

• 25600 3’’ PMT

VETO system

• Top Tracker

• Water VETO with 2400 20’’ PMT

• Earth Magnetic Field shielding coils

Calibration

AS: ID35.4m

SSS: ID40.1m



➢Search for 𝒑 → ഥ𝒗 𝑲+in JUNO
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