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• 10 Years of MITP!

• We have benefitted also greatly in Bonn.

• Have personally been to 5 workshops

• Have sent many students & postdocs to workshops and schools

• Physik im Theater!
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Physik im Theater - Staatstheater Mainz



Herbi Dreiner, Corfu, 9/2019
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Particle Physics Show — Bonn University
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Herbi Dreiner; Tel Aviv 10/1/16
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(mostly Bino)

Light Long-Lived Particle: Supersymmetric Neutralino

Choudhury, HD, Richardson, Sarkar; Phys.Rev.D 61 (2000) 095009

Dedes, HD, Richardson; Phys.Rev.D 65 (2001) 015001


 



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>

• Drop assumption, and set determinant of neutralino mass matrix to 0
always 
has 
solutions



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>

}



susy intro

Supernova Cooling Constraints



Cosmological Bounds

Lee-WeinbergCowsik-McClelland

excluded for 
stable �0

1
<latexit sha1_base64="x8MUhchOz7z0Box4Fcl6kVZQ0lM=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/cA2ls120i7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis9ZF025I9uz5v0SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhdPyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEym75M+V8iMGFtCmeL2VsKGVFFmbEhFG4K3+PIyaVYr3nmlendRrl3ncRTgGE7gDDy4hBrcQh0awEDCM7zCm6OdF+fd+Zi3rjj5zBH8gfP5AxdQkIg=</latexit>

• 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>

:

• Neutralino no longer dark matter candidate — axino
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χ̃0
1

fi

fj

fk

f̃i

LSP Decay — Heavy Neutralino

• UDD: 3 jets

• LQD: 2 jets + 1 lepton

• LLE: 2 charged leptons + 1 neutrino
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χ̃0
1

fi

fj

fk

f̃i

LSP Decay — Lighter Neutralino

• UDD: 3 jets

• LQD: 2 jets + 1 lepton

• LLE: 2 charged leptons + 1 neutrino

1 meson + 1 lepton

baryon + meson
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χ̃0
1
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s̄
K+

LiQ1D̄2

LSP Decay — Lighter Neutralino

<latexit sha1_base64="1tbn0rZN4wNSxub2EhqcYMDoOws=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvHiSCOYByRpmJ51kyOzsOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup76zSdUmkfy3oxj9EM6kLzPGTVWanVQiC5/OOsWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/O7p2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/JTLODEo2XxRPxHERGT6POlxhcyIsSWUKW5vJWxIFWXGRlSwIXiLLy+TxnnZuyhX7iql6m0WRx6O4BhOwYNLqMIN1KAODAQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALI/j8s=</latexit>

`�i
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LSP Decay — Even Lighter Neutralino

<latexit sha1_base64="7c+cqEcAGlR9SSRzUkjGpsd61+M="></latexit>

LiLjĒj , or LiQjD̄j

<latexit sha1_base64="eBocJt+Ua8HAKkAx8us+f3yHLTE="></latexit>

�̃0
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Light Long-Lived Particles (LLPs):

Basic idea for detection:

proton beam

Detector

hadronic collision
(collider, fixed-target)

(boosted)

meson production

rare meson 

decay to LLP

LLP decay

LLP

FASER

1. Colliders
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Benchmark Scenarios for FASER
HD, Köhler, Nangia, Wang; JHEP 02 (2023) 120

<latexit sha1_base64="eBocJt+Ua8HAKkAx8us+f3yHLTE="></latexit>
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<latexit sha1_base64="ldyqTw+VasogD9siuXjmwOmhUI0="></latexit>

BR(�̃0
1 ! � + ⌫)
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Benchmark 2
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2. Novel Proton Decay Signature

From Book: 

From Spinors to Supersymmetry, 

Dreiner, Haber, Martin!!!!

<latexit sha1_base64="rBBA2hGbO/XzRBLHqdNtRKx310I=">AAACAnicdVDLSgMxFM34rPU16krcBIsgFEpSSh+7ghvBTQX7gM60ZNK0Dc08SDJCGYobf8WNC0Xc+hXu/BszbQUVPXDhcM69JOd4keBKI/RhrayurW9sZray2zu7e/v2wWFLhbGkrElDEcqORxQTPGBNzbVgnUgy4nuCtb3JReq3b5lUPAxu9DRirk9GAR9ySrSR+vZx5OgQXvXyMA8dzcWAOXTMe6iP+3YOFRBCGGOYElwpI0NqtWoRVyFOLYMcWKLRt9+dQUhjnwWaCqJUF6NIuwmRmlPBZlknViwidEJGrGtoQHym3GQeYQbPjDKAw1CaCTScq98vEuIrNfU9s+kTPVa/vVT8y+vGelh1Ex5EsWYBXTw0jAU0qdM+4IBLRrWYGkKo5OavkI6JJFSb1rKmhK+k8H/SKhZwuVC6LuXqjfqijgw4AafgHGBQAXVwCRqgCSi4Aw/gCTxb99aj9WK9LlZXrGWFR+AHrLdPSg+WXA==</latexit>

p ! K+ + �̃0
1

•Nucleon decay in the R-parity violating MSSM
Nidal Chamoun, Florian Domingo, HKD; PRD. 104 (2021) 015020 

•A Novel Proton Decay Signature at DUNE, JUNO and Hyper-K
HKD, Saurabh Nangia, Dominik Köhler, Apoorva Shah; (to appear shortly)
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Proton Decay - Novel Decay Signature  - Work in Progress

• With: Cai-Dian Lü, Apoorva Shah, Saurabh Nangia, Dominik Köhler

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

<latexit sha1_base64="eBocJt+Ua8HAKkAx8us+f3yHLTE="></latexit>
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includes

CAS



Herbi Dreiner, Corfu, 9/2019

Benchmarks

(rad)
<latexit sha1_base64="XAcc05rFo3FqLz4s6hIdndHFX4o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut4MVjRdMW2lA22027dPPB7kYooT/BiwdFvPqLvPlv3LQVVPTBwOO9GWbmBSlnUlnWh1FaW9/Y3CpvV3Z29/YPqodHHZlkglCPJDwRvQBLyllMPcUUp71UUBwFnHaD6VXhd++pkCyJ79QspX6ExzELGcFKS7doMB9Wa5Z52aw7bh1ZpmU1bMcuiNNwL1xka6VADVZoD6vvg1FCsojGinAsZd+2UuXnWChGOJ1XBpmkKSZTPKZ9TWMcUenni1Pn6EwrIxQmQles0EL9PpHjSMpZFOjOCKuJ/O0V4l9eP1Nh089ZnGaKxmS5KMw4Ugkq/kYjJihRfKYJJoLpWxGZYIGJ0ulUdAhfn6L/Sccx7brp3ri1ltdaxlGGEziFc7ChAS24hjZ4QGAMD/AEzwY3Ho0X43XZWjJWER7DDxhvn2/1ji8=</latexit>
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<latexit sha1_base64="u03nO3yeZFABh8PRVtT5Y5cpANA="></latexit>

�̃0
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P.S.

Completing 2nd book:

Faszinierende Teilchenphysik

Popular Physics Book

Springer Verlag

Co-Authors:

Jörg Pretz (Aachen, FZ Jülich)

Philip Bechtle (Bonn)
Florian Bernlochner (Bonn)

Christoph Hanhart (FZ Jülich, Bonn)
Josef Jochum (Tübingen)


