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1. GUTs and Nucleon Decays 

2. Nucleon decay experiments  

3. JUNO potential to Nucleon decays  

4. Search for other new physics 



(1)  Grand United Theories (GUT) and Nucleon Decays 
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(1) GUTs and Nucleon Decays 
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Grand United Theories (GUTs): 

1. A larger symmetry group, e.g. SU(5) ,SO(10), SUSY SU(5)… 

2. Spontaneously breaks into the SM group: SU(3)⊗SU(2)⊗U(1). 

3. Unify the strong, weak and electromagnetic interactions. 

  Single (unified) coupling 
  Charge quantization 
  New gauge bosons  Baryon number violation   
   Proton decay, B-violation neutron decay 
  B-violation is one of three Sakharov basic ingredients  
  Massive neutrinos from SO(10)… 
  Other predictions: Magnetic Monopoles …   

Consequences: 

How to test GUTs? 



Theoretic predictions and current limits  
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Two favorite decay channels: 

DUNE: 2002.03005 

2.4 

Hyper-K:1109.3262 

Non-SUSY GUTs SUSY GUTs 

Lifetime:                                                                   Branching Ratios:   

𝒑 → 𝒆+𝝅𝟎 𝒑 → 𝒗  𝑲+ 



How many Nucleon decay channels have been measured? 
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From PDG 2023 

Total Channels:   82  
Mesons:  𝜋±, 𝜋0, 𝐾±, 𝐾0, , 𝜌, 𝜔, 𝐾∗ 892 ; 

Leptons: 𝑒±, 𝜇±, 𝑣 ;   Photon:  𝛾 

Are there other interesting channels? 



Are there other nucleon decay channels ?  
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Proton 3-body：               Neutron 3-body：       Dinucleon decay：             4-body decay: 

 

From PRD 101, 015005 (2020) 

Others?  



(2)    Nucleon decay experiments  
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Experimental tests of nucleon decays before GUTs 
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 In 1954, Reines, Cowan and Goldhaber give the first limit:  𝛕 𝒑 >  𝟏𝟎𝟐𝟐 yrs  
 Before the discovery of 𝑣 𝑒 in 1956. Phys. Rev.96, 1157 (1954) 

D.H Perkins, 1984 



First generation of proton decay experiments 
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In 1974, Georgi and Glashow give SU(5) GUT,  proton lifetime  ~ 𝟏𝟎𝟐𝟗 yrs   
Detector with about 1000 ton mass can test the SU(5) GUT 
 The first generation of experiments are proposed and constructed  

SOUDAN-2 Iron tracking claorimeter 

They do not find the evidence for proton decay, excluding minimal SU(5)!   

PDG 1994 

Fe 
Ar, CO2 

 NIMA 376 (1996) 36 



Second generation of proton decay experiments 
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After 2000, some neutrino experiments, such as KamLAND, SNO and 
Borexino, have also give several limits on nucleon decays. 

Super-Kamiokande: Water Cerenkov, 50 kton  22.5 kton 

L.Y. Wan, Neutrino22 



Super-K results on nucleon decays 
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20PRD, 98PRL , 09PRL,17PRD 
 
20PRD,                09PRL,17PRD 
 
14PRL 
14PRL 

            05PRD 
 
 
22PRD, 05PRD,  12PRD2 
 
99PRL, 05PRD,  14PRD 
              05PRD 
                             14PRL2 
                             14PRL2 
                             14PRL3 
                             15PRD 
                              
                             15PRL 
                             20PRD2 

Charged antilepton + Meson 
12PRD1,17PRD2 

𝒑 → 𝒆+𝒗𝒗 
𝒑 → 𝝁+𝒗𝒗 
𝒑𝒑 → 𝑲+𝑲+ 
𝑵𝑵 → 𝟐𝝅 

𝑵 → 𝒍 𝑿,𝒏𝒑 → 𝒍+𝒗 
N→ 𝒍𝒍𝒍 

17 paper: 

7 PRL,   10 PRD 
Most after 2012 

Cites: 
98PRL：208 
17PRD:   304 
20PRD:   80 
 
99PRL：201 
14PRD:  212 

38 decay modes: 
N: 31;  NN: 7 



Super-K searching for  𝒑 → 𝒆+𝝅𝟎 
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 Momentum of 𝒆+and 𝝅𝟎 is 460 MeV 

 Kinetic energy :459 MeV and 344 MeV 

Signal features: 

Event selection: 
A. Two or three rings 
B. e-like rings 
C. Invariant mass of  𝜋𝟎 (135MeV) :  85-185MeV 
D. No Michel electron 

E. 𝑷𝒕𝒐𝒕 (<250MeV)  and 𝑴𝒊𝒏𝒗𝒂𝒓(800-1050 MeV)   

Results: 
450 kton years  
Efficiency: ~20% 
Background: ~0.6  

 𝝉/𝑩 𝒑 → 𝒆+𝝅𝟎 > 𝟐. 𝟒 × 𝟏𝟎𝟑𝟒 yrs 

MC 

PRD 102, 112011 (2020) 



Super-K searching for 𝒑 → 𝒗 𝑲+ 
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 Momentum of 𝒗  and 𝑲+is 339 MeV (105 MeV) 

 𝟖𝟗% 𝑲+ decay at rest (𝟏𝟐. 𝟑𝟖ns): 

       𝑲+ → 𝝁+𝒗𝝁(𝟔𝟑. 𝟒𝟑%), 𝑲+ → 𝝅+𝝅𝟎 𝟐𝟏. 𝟏𝟑% ,  

Signal features: 

Event selection: 

Results: 
260  kton years  
Efficiency:     ~8.4%, 9%  
Background:~ 0.24, 0.45  

1: 𝑲+ → 𝝁+𝒗𝝁  →  𝛾 6.3MeV, 41%  from O16 + 𝜇+ +Michel 𝑒+ 

2: 𝑲+ → 𝝁+𝒗𝝁  →  Monoenergetic 𝝁+ (p = 236MeV) 

3: 𝑲+ → 𝝅+𝝅𝟎 →   two rings from 𝝅𝟎 (Minv, p )+ 𝝅+(direction , 𝑒+)  

𝒗 𝒑 → 𝒗 𝑲+ (48%), 
𝒗𝝁 CCQE (25%),  

 
CC 1𝝅𝟎 with 𝝁 (38%), 
kaon production (37%),  
NC multi-𝝅(11%) 

𝝉/𝑩 𝒑 → 𝒗  𝑲+ > 𝟓. 𝟗 × 𝟏𝟎𝟑𝟑 yrs 
PRD 90, 072005 (2014) 



Future Nucleon Decay Experiments 
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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 Cerenkov LAr TPC Liquid Scintillator 

Start Time 2027 2030 2024 



Nucleon decay searches in Hyper-K  
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Similar analysis methods with Super-K: 

Hyper-Kamiokande Design Report: 1805.04163 

10 years sensitivity with 1 TANK: 



Liquid Argon TPC: DUNE 
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4x10 kton, LArTPC, 87 K, 1475m, 1300 km   𝜹𝑪𝑷, MH, B-violation 

M. Muether@Neutrino 2022 

𝝉/𝑩 𝒑 → 𝒗  𝑲+ > 𝟏. 𝟑 × 𝟏𝟎𝟑𝟒 yrs,    (30%, 0.4 bkg) 
400 kton yrs  𝝉/𝑩 𝒑 → 𝒆+𝝅𝟎 > 𝟎. 𝟖𝟕 − 𝟏. 𝟏 × 𝟏𝟎𝟑𝟒 yrs (E smearing) 

DUNE Physics 2002.03005 



Jiangmen Underground Neutrino Observatory 
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Cosmic ray 

43.5 m 



Features of JUNO LS detector 
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How to measure a physical signal: 

~ 10000 photons/MeV Charged particles 
propagate in LS 

 

PPO shift  
wavelength  

Photon electron via  
photoelectric effect 
on PMT photocathode  

  PMT collects PE 
and amplification  

 Waveform 
Reconstruct PEs 

~1345/MeV 

   Ionize LAB molecule   fluor from de-excitation  Propagate  in LS 

Excellent energy resolution: 𝝈𝑬 ≈ 𝟏𝟑𝟒𝟓/𝟏𝟑𝟒𝟓 ≈ 𝟑. 𝟎%@1MeV 
Excellent energy threshold:  0.7 MeV  

If a new physics process can produce the ionization signal in LS,  
JUNO has the potential to test this new physics!!! 

Nucleon decay, Dark Matter, Monopole, neutron-antineutron oscillation…  



Future sensitives of 10yrs on two favor channels  
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Hyper-K 

Hyper-K 
JUNO 

DUNE 



Comparison of Hyper-K, DUNE and JUNO 

20 

Hyper-K DUNE JUNO 

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

Target Nucleus H2O Ar40 12% H， 88% C12 

Technology Water Cerenkov LAr TPC Liquid Scintillator 

Start Time 2027 2030 2024 

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 



 (3) JUNO potential to Nucleon decays  
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Search for 𝒑 → 𝒗  𝑲+in JUNO 
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Kinetic energy of 𝐾+ 

Nuclear Effects: 

1. Binding Effect 

2. Fermi Motion 

3. NN correlation 

4. Final State 
Interaction (FSI) 

5. De-excitation of remaining nuclear: 
could emit γ/p/n.  

proton 

neutron 

K+ 

neutrino 

20 kton LS: Free proton:     1.45 × 1033  
Bound proton:  5.30 × 1033 

Free proton      105 MeV 
Bound proton: 


 

 Modify GENIE generator 
 Implement de-excitation with TALYS 

H. Hu, W.L. Guo et al, PLB 831, 137183(2022) 

𝑲+ + 𝒏 → 𝑲𝟎 + 𝒑 (1.7%) 



Signal characters of 𝒑 → 𝒗  𝑲+ in JUNO 
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152 MeV (𝜇+ ) or 354 MeV(𝜋+, 𝜋0) 

Triple coincident signals : First pulse: 𝑲+ kinetic energy of ~105 MeV, decay at rest 
                                                                                15 cm, 1.2ns  

Third pulse: Michel 𝑒+ 

CPC 47, 113002 (2023) 



Backgrounds 
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 If energetic neutrons do not lost most of the energy within ~10ns  
 Kaon Production has a negligible contribution! 



Event Selection 
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Efficiency uncertainties: 



Sensitivity to 𝒑 → 𝒗  𝑲+  
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Background： 0.2/10years 
Efficiency ：    36.9% 

𝝉/𝑩 𝒑 → 𝒗  𝑲+ > 𝟎. 𝟗𝟔 × 𝟏𝟎𝟑𝟒 yrs     

CPC 47, 113002 (2023) 



Neutron invisible decays in JUNO 

27 Y. Kamyshkov and E. Kolbe, PRD 67, 076007 (2003) 

Triple coincident signals : 

Bounded neutrons in 12C :  

Detect de-excitation 
products of 

 𝟏𝟏𝐂∗
 
 and 

𝟏𝟎𝐂∗ in LS to search 
the invisible decay 

 𝒏 → 𝒊𝒏𝒗  (𝟏𝟐𝐂 → 𝟏𝟏𝐂∗) 

  𝒏𝒏 → 𝒊𝒏𝒗 (𝟏𝟐𝐂 → 𝟏𝟎𝐂∗) 

s-shell neutron decays:  

Invisible particle: 
neutrinos, NP particles  

Half-life  Q value 
[19.3 s, 3.65 MeV] 
[19.3 s, 3.65 MeV] 
[0.13 s, 16.5 MeV] 
[0.77 s, 18.0 MeV] 



Signal Characteristics in LS 
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𝟖𝐁 𝟏𝟎𝐂 𝟗𝐂  



Distributions of signal and background after event selection 
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PSD MVA 

1. IBD (Inverse Beta decay), 
2. Isotope from cosmic muons,  
3. Radioactivity,  
4. Fast neutrons, 
5. Atm-v NC 

Background Source: 

Preliminary  



Search for 𝒑 → 𝒆+ + 𝝅𝟎 in JUNO 
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FSI 

Super-K, PRD 95, 012004 (2017) 

10 years: 
0.05-1GeV 18114 
(CC:11714; NC:6400) 

Visible Energy 
Atmospheric v backgrounds: 



Sensitivity estimation for 𝒑 → 𝒆+ + 𝝅𝟎 
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Event Selection:  860 MeV < Evis < 940 MeV;  no Michel;  no neutron capture  

Signal Efficiency : 50.9%;    Background:   97.8/10years 

How to estimate sensitivity? 

 𝝉/𝑩 𝒑 → 𝒆+𝝅𝟎 > 𝟎. 𝟏𝟗 × 𝟏𝟎𝟑𝟒 yrs ( ≪ 𝟐. 𝟒 × 𝟏𝟎𝟑𝟒 yrs from Super-K) 

𝑵𝑺𝒊 = 𝑵𝒅𝒆𝒄𝒂𝒚 ∙ 𝑩𝒊 ∙ 𝝐𝒊 = 𝑩𝒊 ∙ 𝝐𝒊 ∙ 𝑵𝟎 
𝒕

𝝉
→  

𝝉

𝑩𝒊
= 

𝑵𝟎 ∙ 𝝐𝒊
𝑵90

𝒕 

𝑵𝑺𝒊:  Signal number   

𝐍𝟎:  Nucleon umber    = 𝟔. 𝟕𝟓 × 𝟏𝟎𝟑𝟑  
𝛜𝐢  :  Signal Efficiency      = 50.9% 
 t   :  Running Time          = 10 years  
𝑵𝟗𝟎:  90% CL upper limit   = 17.7 
𝑵𝑩:   Expected BG number =97.8  

𝑵𝒐𝒃𝒔 = 𝑵𝑩 0.0 1.0 2.0 5.0 10 20 50 100 200 1000 

𝑵𝟗𝟎 2.3 3.3 3.9 5.2 6.6 8.8 13.0 17.8 24.6 53.3 

𝑳 𝑵𝒐𝒃𝒔, 𝑵𝑺 = 
(𝑵𝑺 +𝑵𝑩)

𝑵𝒐𝒃𝒔

𝑵𝒐𝒃𝒔 !
 𝒆− 𝑵𝑺+𝑵𝑩 →  90% = 

 𝑳 𝑵𝒐𝒃𝒔, 𝑵𝑺 𝒅𝑵𝑺
𝑵𝟗𝟎

𝟎

 𝑳 𝑵𝒐𝒃𝒔, 𝑵𝑺 𝒅𝑵𝑺
∞

𝟎

 

90% CL upper limit 𝑵90: 

BKG number is the key quantity!!!  How to suppress BKG?  



How to suppress BKG ?  Momentum information 
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v directional information reflects in each PMT waveform Cerenkov-like Ring: 
First 4ns PEs/total PEs  

1 GeV 𝜇− 

J.X. Liu et al@NuFact 2023 



Simply estimate JUNO sensitivities to other channels (1)    
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Y.J. Niu et al 

Only use: 
1. Energy 
2. Michel 𝑒± 
3. n capture 
4. Some  
       assumptions 
       about FSI 

VS Super-K? 



Simply estimate JUNO sensitivities to other channels (2)  
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(4)    Search for other new physics 
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Dark matter indirect searches 
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DM annihilation in the Milk Way and Sun…： 

DM 𝑣 

𝑣  DM 

 Monoenergetic neutrinos: 𝑬𝒗 = 𝒎𝑫𝑴; 
 Produce both coincident and single signals; 
 Singles is complementary to 𝑣 𝑒 analysis 

W.L. Guo, JCAP 01 (2016) 039 

DM annihilation in the Milky Way:                                                                in Sun:  

JUNO, JCAP 09 (2023) 001 

B. Chauhan et al  
PRD 105 095035 (2022)  

Detect:   𝒗 𝒆 + 𝒑 → 𝒆+ + 𝒏 (IBD)                    𝒗𝒔 + 𝒑 → 𝒗𝒔 + 𝒑                                 𝒗𝒆/𝒗 𝒆 CC 



Dark matter direct searches 
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DM Velocity：𝒗 ≈ 𝟏𝟎−𝟑𝒄 = 𝟑𝟎𝟎 𝒌𝒎/𝒔 

Two possible mechanisms  𝑬𝒗𝒊𝒔 > 𝟏 MeV ： 

𝑻𝑵 = 𝒎𝑵𝒗
𝟐 ∗ 𝟐 cos𝟐 𝜽 ∗

𝒎𝑫
𝟐

𝒎𝑫+𝒎𝑵
𝟐 ≈ 𝒎𝑵𝒗

𝟐 =  
𝟏𝟐keV  ( 𝑪)𝟏𝟐

𝟏 keV ( 𝒑 )
1 eV     (𝒆−)

 

  

p,e p,e 
≪ 𝟎. 𝟕 MeV 

Recoil energy: 

 (𝒗 → 𝒄) 
 

p,e p,e 

Boosted Dark Matter (BDM)  

Change initial state:  / 

p,e p,e/… 

Change final state: 

 𝒎𝐟𝐢𝐧𝐚𝐥 < 𝒎 +𝒎𝒑,𝒆 

Explosive Dark Matter 

Kinetic energy  𝑬𝒗𝒊𝒔  
Mass energy  𝑬𝒗𝒊𝒔  

𝒗 → 𝒄 

Usual Dark Matter  (WIMP) scatters in JUNO: 

There are many new physics models, can produce the relativistic DM.  
Please refer to 2207.02882 (Snowmass 2021) for more references.  

MIMP 

Multiply  
Interacting 
Massive 
Particles 



Predicted JUNO sensitivities from theoretical papers 
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Y. Jho et al, 2101.11262 

CR 

B. Chauhan et al  
PRD 105 095035 (2022)  

Sun-like Star 𝒗 BDM: 

Detect:         𝐃𝐌 + 𝒑 → 𝐃𝐌+ 𝒑                                                         DM+ 𝒆− → DM+ 𝒆− 
Singles! 

Super-K(Hyper-K):   Kinetic energy >585 MeV can produce a ring used to reconstruction 
DUNE:                        has not the free proton   
JUNO:                        Kinetic energy > 25 MeV    Evis>15 MeV 

Comparison between Super-K, DUNE, JUNO for proton recoil:  

Monoenergetic BDM! 



Low velocity massive particles (Nuclearizes,Monopole,MIMP) 
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Strange Quark Matter (SQM):   

 SQM is a hypothetical strongly interacting matter composed of roughly equal numbers of u, 
d, s quarks and a small amount of electrons; Absolutely stable;  𝝆𝑵 = 𝟑. 𝟔 × 𝟏𝟎𝟏𝟒g/cm𝟑 

  A > 𝟏𝟎𝟕   Nuclearites (奇异核素),    typical 𝜷~𝟏𝟎−𝟑 (galaxy velocity) 

GUT magnetic monopoles: 

 GUTs predict existence of monopoles, which can be produced in the very early Universe 

 Mass:  𝑀𝑀~10
16 − 1018 GeV;  Velocity:  𝜷~𝟏𝟎−𝟑; Charge :  𝑔 = 𝑛 𝑔𝐷 

Nuclearites dE/dx           Nuclearites sensitivity        Monopole dL/dx   

Muon2MeV/cm 

W.L. Guo PRD 95, 015010 (2017) 

Astroparticle Physics 10 (1999) 339 

Continuous trigger events in a line with the same energy for long time in JUNO LS!!!  



Proton decays catalyzed by GUT monopoles 
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Detect neutrinos from Monopole-catalyzed proton decay in Sun:  

𝑀 + 𝑝 → 𝑀 + 𝜇+ + 𝐾0, 𝐾0 + 𝑝 → 𝐾+ + 𝑛, 𝐾+ → 𝜇+ + 𝜈𝜇(236 MeV)  H.Hu, W.L. Guo et al, JCAP 06 (2022) 003  

Monopole catalyze proton decays:                Monopole propagate in LS: 

 Rubakov-Callen effect,  GUT model dependent 

 Catalysis cross section 𝜎𝑅  is the order of strong interaction     
Like play ducks and drakes 

Discrete trigger events in a line with the same energy for long time in JUNO LS!!!  



𝒏 − 𝒏  oscillation:  
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𝒏  + nucleon annihilation in nucleus: 

Similar with Nucleon decays, ~ 2 GeV, more FSI 

Will be analyzed in future 



Summary 
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 JUNO is one of future three influential nucleon decay experiments. 
 

 JUNO has competitive sensitivities for some nucleon decay channels! 
 

 JUNO can search some other new physical processes.   

Thanks for your attention!  


