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Light Neutralino

Spin-½Spin-0 Spin-1
SUSYSUSY

(Photon, Z-boson; Higgs-1, Higgs-2)
SUSY

(Spin-1) (Spin-0)

<latexit sha1_base64="mbP726EGR3CjXnMYetY+pI/WNlA=">AAACLHicdZDLSgMxFIYzXmu9jbp0EyxCBSlJLb3gplAXLivYC3RqyaRpG5q5kGSEUvpAbnwVQVxYxK3PYaatYIseCPx8/zmcnN8NBVcaoam1tr6xubWd2Enu7u0fHNpHx3UVRJKyGg1EIJsuUUxwn9U014I1Q8mI5wrWcIeV2G88Mql44N/rUcjaHun7vMcp0QZ17Era0Vx0mUMH/AF18KVzvQSyq+BqFeQuOnYKZRBCGGMYC1zIIyNKpWIWFyGOLVMpsKhqx351ugGNPOZrKohSLYxC3R4TqTkVbJJ0IsVCQoekz1pG+sRjqj2eHTuB54Z0YS+Q5vkazujviTHxlBp5run0iB6oVS+Gf3mtSPeK7TH3w0gzn84X9SIBdQDj5GCXS0a1GBlBqOTmr5AOiCRUm3yTJoSfS+H/op7N4Hwmd5dLlW8WcSTAKTgDaYBBAZTBLaiCGqDgCbyAdzC1nq0368P6nLeuWYuZE7BU1tc3jFimmg==</latexit>
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(Spin-½)

lightest neutralino
mostly Bino
no tree-level coupling to Z



Light Neutralino: mass constraints

• LEP searches: M�0
1

>⇠ 46GeV
<latexit sha1_base64="JeQr05t4eMaeqssWnwSsMQ/UBSI=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBA8SNyNQT1J0INehAjmAdm4zE46yZCZ3WVmVgjLfoYXf8WLB0W85ubfOHkcNLGgoajqprvLjzhT2ra/rYXFpeWV1cxadn1jc2s7t7NbU2EsKVRpyEPZ8IkCzgKoaqY5NCIJRPgc6n7/euTXn0AqFgYPehBBS5BuwDqMEm0kL3dy5yUu7bFH23NSV2lC+xJ4cpkmrmIixaUz99gVRPekSG6glnq5vF2wx8DzxJmSPJqi4uWGbjuksYBAU06Uajp2pFsJkZpRDmnWjRVEZivpQtPQgAhQrWT8WIoPjdLGnVCaCjQeq78nEiKUGgjfdI5uVLPeSPzPa8a6c9FKWBDFGgI6WdSJOdYhHqWE20wC1XxgCKGSmVsx7RFJqDZZZk0IzuzL86RWLDinheJ9KV++msaRQfvoAB0hB52jMrpFFVRFFD2jV/SOPqwX6836tL4mrQvWdGYP/YE1/AHoH6BQ</latexit>

• However, this is based on chargino searches, and assumption:

SUSY GUTs: M1 =
5

3
tan2 ✓WM2 ⇡ 1

2
M2

<latexit sha1_base64="accKNOqs194yAp99+iVToMicd8A="></latexit>

• If I drop this assumption, and set determinant of neutralino mass matrix to 0

always has 
solutions

(PDG)

<latexit sha1_base64="vQv7fDTcMV0OJ1i3H0DeOAuysRU=">AAAB/nicdVDLSsNAFJ34rPVVFVduBovgKkxqaOtCKLhxoVDBPqCNYTKZtEMnD2YmQgkFf8WNC0Xc+h3u/BsnbQUVPXDhcM693HuPl3AmFUIfxsLi0vLKamGtuL6xubVd2tltyzgVhLZIzGPR9bCknEW0pZjitJsIikOP0443Os/9zh0VksXRjRon1AnxIGIBI1hpyS3tX7lZXzHu0z4ZslvkWpMzBN1SGZmn9WrFrkJkIlSzKlZOKjX7xIaWVnKUwRxNt/Te92OShjRShGMpexZKlJNhoRjhdFLsp5ImmIzwgPY0jXBIpZNNz5/AI634MIiFrkjBqfp9IsOhlOPQ050hVkP528vFv7xeqoK6k7EoSRWNyGxRkHKoYphnAX0mKFF8rAkmgulbIRligYnSiRV1CF+fwv9Ju2JaVdO+tsuNy3kcBXAADsExsEANNMAFaIIWICADD+AJPBv3xqPxYrzOWheM+cwe+AHj7RNTzpUf</latexit>

M�̃0
1
= 0



Light neutralino: mass constraints

HKD, Heinemeyer, Kittel (Granada), Langenfeld, Weber, Weiglein: Eur.Phys.J.C 62 (2009) 547

• Constraints: invisible Z-width

• Massless neutralino consistent with all constraints:

• Strictest constraint from Supernova and White Dwarf cooling:
<latexit sha1_base64="PY6S5UEz1heQRdB/pqIIWzGENaA="></latexit>

mq̃ > 600GeV .

mẽ > 1100GeV

C. Hanhart, HKD, et al: Phys.Rev.D 68 (2003) 055004

• Radiative corrections

HKD, J. Fortin, L. Ubadi; Phys.Rev.D 88 (2013) 043517

avoided, since neutralino 
dominantly bino

<latexit sha1_base64="/SU0gzqZ/j1e/lN28KKPi3HVjFw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF49V7Ae0oWy2m3bpZhN2J0IJBX+AFw+KePUfefPfuGl70NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8U3utx+5NiJWDzhJuB/RoRKhYBStdN+b9ssVt+rOQFaJtyAVWKDRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx26ZScWWVAwljbUkhm6u+JjEbGTKLAdkYUR2bZy8X/vG6K4bWfCZWkyBWbLwpTSTAm+dtkIDRnKCeWUKaFvZWwEdWUoQ2nZEPwll9eJa2LqndZrd3VKvXG0zyOIpzAKZyDB1dQh1toQBMYhPAMr/DmjJ0X5935mLcWnEWEx/AHzucPy7CN/g==</latexit>

}
Is such a light neutralino allowed?



Cosmology: dark matter?

Lee-WeinbergCowsik-McClelland

• In this range       must decay, R-Parity Violation �0
1

<latexit sha1_base64="x8MUhchOz7z0Box4Fcl6kVZQ0lM=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/cA2ls120i7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis9ZF025I9uz5v0SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhdPyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEym75M+V8iMGFtCmeL2VsKGVFFmbEhFG4K3+PIyaVYr3nmlendRrl3ncRTgGE7gDDy4hBrcQh0awEDCM7zCm6OdF+fd+Zi3rjj5zBH8gfP5AxdQkIg=</latexit>

excluded for stable �0
1

<latexit sha1_base64="x8MUhchOz7z0Box4Fcl6kVZQ0lM=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/cA2ls120i7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis9ZF025I9uz5v0SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhdPyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEym75M+V8iMGFtCmeL2VsKGVFFmbEhFG4K3+PIyaVYr3nmlendRrl3ncRTgGE7gDDy4hBrcQh0awEDCM7zCm6OdF+fd+Zi3rjj5zBH8gfP5AxdQkIg=</latexit>

:

• Neutralino no longer dark matter candidate — axino
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Lightest Neutralino can be arbitrarily light

Summary:



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



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="nDkaimsdkGptB2wgRcOG8xQBScs="></latexit>

(⇡± + µ⌥; ⇡0 + ⌫)



13

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="D1pz3X3r17Q/Cjsc8VLWB1y9duM="></latexit>

m⇡� +mµ  M�̃0
1
< mp �mK+

<latexit sha1_base64="URDV4/bdJyWMbzYZl0uJtL7Ubfg="></latexit>

m⇡0  M�̃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



Conclusions

• A very light neutralino is consistent with all current data

• It leads to a novel possible proton decay mode

• Determined the search sensitivity at JUNO, DUNE and Hyper-K



P.S. Please talk to me if you are interested in tests of 
locality and/or entanglement at colliders.



Bonn Sept. 2023

New  Show: Far From Home



Herbi Dreiner (Physikshow, Uni Bonn), Karlsruhe, 5.5.2023

Tübingen (3/2023)
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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 + ⌫


