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Proton Decay

• PDG quotes limits on

• 1954 first experimental proton decay search: Reines, Cowan & Goldhaber

<latexit sha1_base64="wiu2oMDpxKTmttzsrDtC4b2aZJU="></latexit>

mX0  mp �mK+ ⇡ 445MeV

• Our proposal:

• Here               , but could  also have heavy neutral lepton, for example
<latexit sha1_base64="7XFFn9bQX7UnKN1x+/gAvmNdqaA="></latexit>

X0 = �̃0
1
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Lightest Neutralino can be arbitrarily light



Neutralino Decays
<latexit sha1_base64="3XK12eNkprk7xbS7YzPZQTiIBzg="></latexit>

LiLjĒk : �̃0
1 ! `±i `

⌥
k ⌫j

<latexit sha1_base64="YUFJ6EB3KkU/lfigHeF8YGw2sew="></latexit>

�̃0
1 ! M±

jk + `⌥i , M0
jk + ⌫i

<latexit sha1_base64="/mZgX8M6x72H8mgKvvwL3238Y9E="></latexit>

LiQjD̄k : �̃0
1 ! `±i + 2 jets

<latexit sha1_base64="E92cpicbVtXKVBgwEP0R4w2EPVg="></latexit>

for both, for j=k:

�̃0
1 ! � + ⌫i

<latexit sha1_base64="iswhMO6V/Hn7S8IsKbPke+dECFc="></latexit>

}
<latexit sha1_base64="kIqz9fN3o7fdVZ6wAibzRWK+0pk="></latexit>

ŪiD̄jD̄k : �̃0
1 ! 3 jets

<latexit sha1_base64="cWnusfG9RDIstYqyLLHZKgq6ey8="></latexit>

�̃0
1 ! MaBb

(neutralino can mix with baryon octet)



• Novel single photon signature:

• Plus: scenarios with an even lighter neutralino

<latexit sha1_base64="axRCJrfFKUvep2CyC79gMYQCzc8="></latexit>

⇡+ ! `+ + �̃0
1; �̃0

1 ! � + ⌫

Radiative Neutralino Decay
Köhler, Nangia, Wang, HD: JHEP 02 (2023) 120
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Neutralino Decays

UDD LQD
<latexit sha1_base64="C/w08k9PQzmJvo2X1aM9JQhyQmM=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIgliSUvrYFdy4UKhgH9CZlkyatqGZB0lGKEPd+CtuXCji1r9w59+YaSuo6IHA4Zx7uTnHDQVXGqEPK7W0vLK6ll7PbGxube9kd/eaKogkZQ0aiEC2XaKY4D5raK4Fa4eSEc8VrOWOzxO/dcuk4oF/oychczwy9PmAU6KN1Mse2JqLPrPpiHdRD9s6gOEpvOqe9bI5lEcIYYxhQnC5hAypVisFXIE4sQxyYIF6L/tu9wMaeczXVBClOhiF2omJ1JwKNs3YkWIhoWMyZB1DfeIx5cSzBFN4bJQ+HATSPF/Dmfp9IyaeUhPPNZMe0SP120vEv7xOpAcVJ+Z+GGnm0/mhQSSgyZnUAftcMqrFxBBCJTd/hXREJKHalJYxJXwlhf+TZiGPS/nidTFXu1zUkQaH4AicAAzKoAYuQB00AAV34AE8gWfr3nq0XqzX+WjKWuzsgx+w3j4B6niV8g==</latexit>

�̃0
1 ! p+M�

<latexit sha1_base64="7ZOz5YVud0UmdsTJSERunsjqawQ="></latexit>

�̃0
1 ! M± + `⌥
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Nucleon Decay
• Proton decays in R-parity Violating Supersymmetry 

UDD LQD

<latexit sha1_base64="gXDVXanbcZZRl1pHanNXJmwz1Ag=">AAAB8HicdVDLSgMxFM34rPVVdekmWKSuSlJKH7uCLlxWsA9ph5LJZNrQZGZIMkIZ+hVuXCji1s9x59+YaSuo6IHA4Zxzyb3HiwXXBqEPZ219Y3NrO7eT393bPzgsHB13dZQoyjo0EpHqe0QzwUPWMdwI1o8VI9ITrOdNLzO/d8+U5lF4a2YxcyUZhzzglBgr3Q2FjfqkVBoViqiMEMIYw4zgeg1Z0mw2KrgBcWZZFMEK7VHhfehHNJEsNFQQrQcYxcZNiTKcCjbPDxPNYkKnZMwGloZEMu2mi4Xn8NwqPgwiZV9o4EL9PpESqfVMejYpiZno314m/uUNEhM03JSHcWJYSJcfBYmAJoLZ9dDnilEjZpYQqrjdFdIJUYQa21HelvB1KfyfdCtlXCtXb6rF1tWqjhw4BWfgAmBQBy1wDdqgAyiQ4AE8gWdHOY/Oi/O6jK45q5kT8APO2ydTDZAg</latexit>

�00 <latexit sha1_base64="dHdZBkiJMFibwHRkb08yd81BLuc=">AAAB73icdVDLSgMxFM3UV62vqks3wSK6KkkpfewKunBZwT6gHUomk2lDM5kxyQhl6E+4caGIW3/HnX9jpq2gogcCh3POJfceLxZcG4Q+nNza+sbmVn67sLO7t39QPDzq6ihRlHVoJCLV94hmgkvWMdwI1o8VI6EnWM+bXmZ+754pzSN5a2Yxc0MyljzglBgr9YfCRn1yPiqWUBkhhDGGGcH1GrKk2WxUcAPizLIogRXao+L70I9oEjJpqCBaDzCKjZsSZTgVbF4YJprFhE7JmA0slSRk2k0X+87hmVV8GETKPmngQv0+kZJQ61no2WRIzET/9jLxL2+QmKDhplzGiWGSLj8KEgFNBLPjoc8Vo0bMLCFUcbsrpBOiCDW2ooIt4etS+D/pVsq4Vq7eVEutq1UdeXACTsEFwKAOWuAatEEHUCDAA3gCz86d8+i8OK/LaM5ZzRyDH3DePgHwDI/v</latexit>

�0

•Get strict bounds on the product: 
<latexit sha1_base64="XYGpSZTgwyy3Ku7VnX3tz3Z3agY="></latexit>

�00 · �0

M2
SUSY

•Reanalyzed these bounds, taking into account recent lattice results
•Nucleon decay in the R-parity violating MSSM

Nidal Chamoun, Florian Domingo, HKD; PRD. 104 (2021) 015020 
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Proton Decay - Novel Decay Signature 

• With: Florian Domingo, Apoorva Shah, Saurabh Nangia, Dominik Köhler: JHEP 05 (2024) 258

<latexit sha1_base64="O0CEXeABlStAxO8QLVFA0wsrlys=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW3cFNy5cVLAPaNIymUzaoZNJmJkoJfQ/3LhQxK3/4s6/cdJWUNEDFw7n3Mu99wQpo1JZ1oexsrq2vrFZ2ipv7+zu7VcODjsyyQQmbZywRPQCJAmjnLQVVYz0UkFQHDDSDSaXhd+9I0LShN+qaUr8GI04jShGSksDT1EWEg+P6cAa2sNK1TIvGjXHrUHLtKy67dgFceruuQttrRSogiVaw8q7FyY4iwlXmCEp+7aVKj9HQlHMyKzsZZKkCE/QiPQ15Sgm0s/nV8/gqVZCGCVCF1dwrn6fyFEs5TQOdGeM1Fj+9grxL6+fqajh55SnmSIcLxZFGYMqgUUEMKSCYMWmmiAsqL4V4jESCCsdVFmH8PUp/J90HNOume6NW21eL+MogWNwAs6ADeqgCa5AC7QBBgI8gCfwbNwbj8aL8bpoXTGWM0fgB4y3T1lsknc=</latexit>

�̃0
1

p K

Detector

<latexit sha1_base64="QFNJBGQjQ293F7CFW/PWVsH4Lgc=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0WoKCWJoa27ghsXLirYBzSxTKaTduhkEmYmSgn9DzcuFHHrv7jzb5y0FVT0wIXDOfdy7z1+zKhUpvlh5JaWV1bX8uuFjc2t7Z3i7l5bRonApIUjFomujyRhlJOWooqRbiwICn1GOv74IvM7d0RIGvEbNYmJF6IhpwHFSGnp1o0pPCm7YXLq8uS4XyyZlfN61Xaq0KyYZs2yrYzYNefMgZZWMpTAAs1+8d0dRDgJCVeYISl7lhkrL0VCUczItOAmksQIj9GQ9DTlKCTSS2dXT+GRVgYwiIQuruBM/T6RolDKSejrzhCpkfztZeJfXi9RQd1LKY8TRTieLwoSBlUEswjggAqCFZtogrCg+laIR0ggrHRQBR3C16fwf9K2K1a14lw7pcbVIo48OACHoAwsUAMNcAmaoAUwEOABPIFn4954NF6M13lrzljM7IMfMN4+AVzZkdU=</latexit>

⇡ + (µ, ⌫)
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includes

CAS

2024
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Proton Decay Benchmarks

B1: no       -decay
<latexit sha1_base64="w/plRwMx+PcCRIgykRPBtTSyi8M="></latexit>

�̃0
1

B2: 
<latexit sha1_base64="UCUuENBWvXOI1QkKM5291vHDE34="></latexit>

�̃0
1 ! � + ⌫

B3: 
<latexit sha1_base64="UCUuENBWvXOI1QkKM5291vHDE34="></latexit>

�̃0
1 ! � + ⌫

B4: 

B5: 
<latexit sha1_base64="ku1xaqcLLKzOcEZwIermWHC3o9g="></latexit>

�̃0
1 ! ⇡0 + ⌫µ

<latexit sha1_base64="SePk8UhBCD3n2gvyX9b0tckVZ+4="></latexit>

�̃0
1 ! (⇡± + µ⌥, ⇡0 + ⌫µ)

<latexit sha1_base64="safqT4QnQNzgujBCpSienupTUEI="></latexit>

m⇡� +mµ  �̃0
1 < mp �mK+

<latexit sha1_base64="VqgQc6gY4obSThtuFeoYDnhe7DM="></latexit>

m⇡0  �̃0
1 < mp �mK+



B1



B3
<latexit sha1_base64="UCUuENBWvXOI1QkKM5291vHDE34="></latexit>

�̃0
1 ! � + ⌫

<latexit sha1_base64="Mn6gVLvDFqs6cWW8OcMUHcjIx4E="></latexit>

c⌧�̃0
1
⇠ 180m



B4
<latexit sha1_base64="SePk8UhBCD3n2gvyX9b0tckVZ+4="></latexit>

�̃0
1 ! (⇡± + µ⌥, ⇡0 + ⌫µ)

<latexit sha1_base64="BXylMVDEig4S9d+v1wCgaqdyulE="></latexit>

c⌧�̃0
1
⇠ 11m





B4
<latexit sha1_base64="SePk8UhBCD3n2gvyX9b0tckVZ+4="></latexit>

�̃0
1 ! (⇡± + µ⌥, ⇡0 + ⌫µ)

<latexit sha1_base64="tBt4LFv1Bsjf4e4Buo9fRkWIHtU="></latexit>

c⌧�̃0
1
⇠ 8m
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Fascinating Particle Physics: a Popular Book Project



B4
<latexit sha1_base64="SePk8UhBCD3n2gvyX9b0tckVZ+4="></latexit>

�̃0
1 ! (⇡± + µ⌥, ⇡0 + ⌫µ)

<latexit sha1_base64="tBt4LFv1Bsjf4e4Buo9fRkWIHtU="></latexit>

c⌧�̃0
1
⇠ 8m



Back-Up Slides
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Decays of a bino-like particle in the low-mass regime
Florain Domingo, HKD; arXiv:2205.08141 [hep-ph] (50p)

• Systematic study of light neutralino (Bino) decays

• General superpotential 

neutralinos and 

neutrinos mix

Decay of Light Neutralinos  (MeV - range)
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<latexit sha1_base64="RTP4kZNV1+HDNozRWMHMNuLynoY="></latexit>

�̃0
1 ! `±1 + `⌥2 + ⌫

<latexit sha1_base64="CM7ipyp+5gnqJU2xAdz3JU4Ffoo=">AAACC3icdVBNSwMxEM3Wr1q/qh69BIsgCCWppdZbwYsHDxWsCt26ZNPUhmazSzIrlNK7F/+KFw+KePUPePPfmK0VVPRBhsd7M0zmhYmSFgh593Izs3PzC/nFwtLyyupacX3j3Map4aLFYxWby5BZoaQWLZCgxGViBItCJS7CwVHmX9wIY2Wsz2CYiE7ErrXsSc7ASUFx2wepusLnfXlFAupD7Os0oHtZrUzqflAskTIhhFKKM0IPasSRw8N6hdYxzSyHEpqiGRTf/G7M00ho4IpZ26Ykgc6IGZBciXHBT61IGB+wa9F2VLNI2M5ocssY7zili3uxcU8DnqjfJ0YssnYYha4zYtC3v71M/Mtrp9Crd0ZSJykIzT8X9VKFIcZZMLgrjeCgho4wbqT7K+Z9ZhgHF1/BhfB1Kf6fnFfKtFaunlZLjZNpHHm0hbbRLqLoADXQMWqiFuLoFt2jR/Tk3XkP3rP38tma86Yzm+gHvNcP9eeaaQ==</latexit>

�̃0
1 ! ⌫1 + ⌫2 + ⌫3

• Derive effective field theory

• dimension-6 operators

<latexit sha1_base64="ALsIv1JOrnLpsyMRrg3i92QWfvg=">AAACBHicdVBNSwMxEM36bf2qeuwlWARBKEkptd4KXjx4ULAqdGvJpmkbmmSXZFYopQcv/hUvHhTx6o/w5r8xWyuo6IOBx3szzMyLEiUdEPIezMzOzS8sLi3nVlbX1jfym1sXLk4tFw0eq9heRcwJJY1ogAQlrhIrmI6UuIwGR5l/eSOsk7E5h2EiWpr1jOxKzsBL7XwhBKk6IuR9eU3aNIQ47DGt2X5o0na+SEqEEEopzgg9qBJPDg9rZVrDNLM8imiK03b+LezEPNXCAFfMuSYlCbRGzILkSoxzYepEwviA9UTTU8O0cK3R5Ikx3vVKB3dj68sAnqjfJ0ZMOzfUke/UDPrut5eJf3nNFLq11kiaJAVh+OeibqowxDhLBHekFRzU0BPGrfS3Yt5nlnHwueV8CF+f4v/JRblEq6XKWaVYP5nGsYQKaAftIYoOUB0do1PUQBzdonv0iJ6Cu+AheA5ePltngunMNvqB4PUDoreYJg==</latexit>

�̃0
1 ! � + ⌫

(1-loop)
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<latexit sha1_base64="7ZOz5YVud0UmdsTJSERunsjqawQ="></latexit>

�̃0
1 ! M± + `⌥

<latexit sha1_base64="m/BPINfqK72YKFzhNfKROMaG5nE="></latexit>

�̃0
1 ! M0 + ⌫


