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Minimal Dark Matter

Dark matter can be coloured

<latexit sha1_base64="P/DRYECaGkWACEThsj4ZWPEyLzg="></latexit>

GSM � SU(3)C ⇥ SU(2)L ⇥ U(1)Y

[See V. de Luca et al. 1801.01135]

            or            bound states  
<latexit sha1_base64="wSBD1f5GR9v2hAk+kXx8MYkXYyM=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9RjQg8dEzAOSJcxOZpMhs7PLTK8YQsAP8Kqf4E28+it+gb/hJNmDSSxoKKq66e4KEikMuu63s7K6tr6xmdvKb+/s7u0XDg7rJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LBzcRvPHJtRKwecJhwP6I9JULBKFrpvlrtFIpuyZ2CLBMvI0XIUOkUftrdmKURV8gkNabluQn6I6pRMMnH+XZqeELZgPZ4y1JFI2780fTSMTm1SpeEsbalkEzVvxMjGhkzjALbGVHsm0VvIv7ntVIMr/2RUEmKXLHZojCVBGMyeZt0heYM5dASyrSwtxLWp5oytOHMbTEiVQKfxnmbjLeYwzKpn5e8y5JXvSiWb7OMcnAMJ3AGHlxBGe6gAjVgEMILvMKb8+y8Ox/O56x1xclmjmAOztcvPEyWQQ==</latexit>

QQ
<latexit sha1_base64="AMOXALokXAuYLi77SBchresExYM=">AAAB/3icbVDLSsNAFL3xWeur6tJNsAiuSiKiLgu6cNmgfUAbymQ6aYdOJmHmRiyhCz/ArX6CO3Hrp/gF/obTNgvbeuDC4Zx7ufeeIBFco+N8Wyura+sbm4Wt4vbO7t5+6eCwoeNUUVansYhVKyCaCS5ZHTkK1koUI1EgWDMY3kz85iNTmsfyAUcJ8yPSlzzklKCR7j3P65bKTsWZwl4mbk7KkKPWLf10ejFNIyaRCqJ123US9DOikFPBxsVOqllC6JD0WdtQSSKm/Wx66tg+NUrPDmNlSqI9Vf9OZCTSehQFpjMiONCL3kT8z2unGF77GZdJikzS2aIwFTbG9uRvu8cVoyhGhhCquLnVpgOiCEWTztwWzVPJ8WlcNMm4izksk8Z5xb2suN5FuXqbZ1SAYziBM3DhCqpwBzWoA4U+vMArvFnP1rv1YX3OWlesfOYI5mB9/QLjUpac</latexit>

QQQ
 octetsSU(3)C

1.

2.

Signatures from 
<latexit sha1_base64="0ne/vLwH1JoK2eIgjvZXsq8SNFo=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9RjQg8dEzAOSJcxOZpMhs7PLTK8YQsAP8Kqf4E28+it+gb/hJNmDSSxoKKq66e4KEikMuu63s7K6tr6xmdvKb+/s7u0XDg7rJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LBzcRvPHJtRKwecJhwP6I9JULBKFrpvlftFIpuyZ2CLBMvI0XIUOkUftrdmKURV8gkNabluQn6I6pRMMnH+XZqeELZgPZ4y1JFI2780fTSMTm1SpeEsbalkEzVvxMjGhkzjALbGVHsm0VvIv7ntVIMr/2RUEmKXLHZojCVBGMyeZt0heYM5dASyrSwtxLWp5oytOHMbTEiVQKfxnmbjLeYwzKpn5e8y5JXvSiWb7OMcnAMJ3AGHlxBGe6gAjVgEMILvMKb8+y8Ox/O56x1xclmjmAOztcvX4iWVw==</latexit>

gQ & objects
<latexit sha1_base64="gtlA6G7r1a+bZ+vzaLVrqikZ8OQ=">AAACD3icbVBLTsMwFHTKr5RfCks2FhUSqypBCFhWggXLVqIfqQmV4zqtVdtJbQeoohyCA7CFI7BDbDkCJ+AauG0WtDDSk0Yz72meJogZVdpxvqzCyura+kZxs7S1vbO7Z5f3WypKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6up374nUtFI3OpJTHyOBoKGFCNtpJ5dHnsBkuk4u/NiSTmBjZ5dcarODPAvcXNSATnqPfvb60c44URozJBSXdeJtZ8iqSlmJCt5iSIxwiM0IF1DBeJE+ens9QweG6UPw0iaERrO1N8XKeJKTXhgNjnSQ7XsTcX/vG6iw0s/pSJONBF4HhQmDOoITnuAfSoJ1mxiCMKSml8hHiKJsDZtLaQomgiqH7OSacZd7uEvaZ1W3fOq2zir1K7zjorgEByBE+CCC1ADN6AOmgCDB/AMXsCr9WS9We/Wx3y1YOU3B2AB1ucPzC2dGQ==</latexit>

qq̄0Q fundamental rep.SU(3)C

<latexit sha1_base64="39xGH2rY4dZfe6Mr+BHsEInGpx0=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SIE9OAxgptEkiXMTibJkNnZZaZXDCEnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6387S8srq2npuI7+5tb2zW9jbr5o41Yz7LJaxrofUcCkU91Gg5PVEcxqFktfC/vXYrz1ybUSs7nGQ8CCiXSU6glG0kv9ArojbKhTdkjsBWSReRoqQodIq/DTbMUsjrpBJakzDcxMMhlSjYJKP8s3U8ISyPu3yhqWKRtwEw8mxI3JslTbpxNqWQjJR/04MaWTMIAptZ0SxZ+a9sfif10ixcxkMhUpS5IpNF3VSSTAm489JW2jOUA4soUwLeythPaopQ5vPzBYjUiXwaZS3yXjzOSyS6mnJOy95d2fF8k2WUQ4O4QhOwIMLKMMtVMAHBgJe4BXenGfn3flwPqetS042cwAzcL5+AU0jlsM=</latexit>

Y = 0 real WIMPS

complex WIMPS
<latexit sha1_base64="Q1GacHkanXbYpiBgwGmPFSj31Ik=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBA8SNwNol6EgB48RjAvkiXMTmaTITOzy8ysGELOfoBX/QRv4tXv8Av8DSfJHkxiQUNR1U13VxBzpo3rfjtLyyura+uZjezm1vbObm5vv6qjRBFaIRGPVD3AmnImacUww2k9VhSLgNNa0L8Z+7VHqjSL5IMZxNQXuCtZyAg2Vmo00DXyzoqnXjuXdwvuBGiReCnJQ4pyO/fT6kQkEVQawrHWTc+NjT/EyjDC6SjbSjSNMenjLm1aKrGg2h9ODh6hY6t0UBgpW9Kgifp3YoiF1gMR2E6BTU/Pe2PxP6+ZmPDKHzIZJ4ZKMl0UJhyZCI2/Rx2mKDF8YAkmitlbEelhhYmxGc1s0SyRzDyNsjYZbz6HRVItFryLgnd/ni/dphll4BCO4AQ8uIQS3EEZKkBAwAu8wpvz7Lw7H87ntHXJSWcOYAbO1y8XsZeq</latexit>

Y = 1/2, 1

[S. Bottaro et. al 2107.09688]

[S. Bottaro et. al 2205.04486]

Finite set of options based on  representations SU(2)L

Dark matter can be electroweak charged

[S. Bottaro et. al 2107.09688]

Includes classic Wino & Higgsino WIMPs (minus SUSY particles)
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Dark matter can be coloured

<latexit sha1_base64="P/DRYECaGkWACEThsj4ZWPEyLzg="></latexit>

GSM � SU(3)C ⇥ SU(2)L ⇥ U(1)Y

[See V. de Luca et al. 1801.01135]

            or            bound states  
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QQQ
 octetsSU(3)C

1.

2.

Signatures from 
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qq̄0Q fundamental rep.SU(3)C

<latexit sha1_base64="39xGH2rY4dZfe6Mr+BHsEInGpx0=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SIE9OAxgptEkiXMTibJkNnZZaZXDCEnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6387S8srq2npuI7+5tb2zW9jbr5o41Yz7LJaxrofUcCkU91Gg5PVEcxqFktfC/vXYrz1ybUSs7nGQ8CCiXSU6glG0kv9ArojbKhTdkjsBWSReRoqQodIq/DTbMUsjrpBJakzDcxMMhlSjYJKP8s3U8ISyPu3yhqWKRtwEw8mxI3JslTbpxNqWQjJR/04MaWTMIAptZ0SxZ+a9sfif10ixcxkMhUpS5IpNF3VSSTAm489JW2jOUA4soUwLeythPaopQ5vPzBYjUiXwaZS3yXjzOSyS6mnJOy95d2fF8k2WUQ4O4QhOwIMLKMMtVMAHBgJe4BXenGfn3flwPqetS042cwAzcL5+AU0jlsM=</latexit>

Y = 0 real WIMPS

complex WIMPS
<latexit sha1_base64="Q1GacHkanXbYpiBgwGmPFSj31Ik=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBA8SNwNol6EgB48RjAvkiXMTmaTITOzy8ysGELOfoBX/QRv4tXv8Av8DSfJHkxiQUNR1U13VxBzpo3rfjtLyyura+uZjezm1vbObm5vv6qjRBFaIRGPVD3AmnImacUww2k9VhSLgNNa0L8Z+7VHqjSL5IMZxNQXuCtZyAg2Vmo00DXyzoqnXjuXdwvuBGiReCnJQ4pyO/fT6kQkEVQawrHWTc+NjT/EyjDC6SjbSjSNMenjLm1aKrGg2h9ODh6hY6t0UBgpW9Kgifp3YoiF1gMR2E6BTU/Pe2PxP6+ZmPDKHzIZJ4ZKMl0UJhyZCI2/Rx2mKDF8YAkmitlbEelhhYmxGc1s0SyRzDyNsjYZbz6HRVItFryLgnd/ni/dphll4BCO4AQ8uIQS3EEZKkBAwAu8wpvz7Lw7H87ntHXJSWcOYAbO1y8XsZeq</latexit>

Y = 1/2, 1

[S. Bottaro et. al 2107.09688]

[S. Bottaro et. al 2205.04486]

Finite set of options based on  representations SU(2)L

Dark matter can be electroweak charged

[S. Bottaro et. al 2107.09688]

Includes classic Wino & Higgsino WIMPs (minus SUSY particles)

  Giving up on SM charged 
dark matter candidates
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Singlet Dark Matter
If DM is a SM singlet it need not interact with the SM

Ex. Misalignment production:
Consider a free scalar with initial field value

<latexit sha1_base64="4nJOvxNNHm0pGEbQFxcPvIev8a0=">AAACDnicbZDLSsNAFIYn9VbrLerSzWARXJVERF0W3LisYC/QhDCZTtqhk0mYOSktoe/gA7jVR3Anbn0Fn8DXcNpmYVt/GPj5zzmcM1+YCq7Bcb6t0sbm1vZOebeyt39weGQfn7R0kinKmjQRieqERDPBJWsCB8E6qWIkDgVrh8P7Wb09YkrzRD7BJGV+TPqSR5wSMFFg21464IEHbAw5lxymgV11as5ceN24hamiQo3A/vF6Cc1iJoEKonXXdVLwc6KAU8GmFS/TLCV0SPqsa6wkMdN+Pr98ii9M0sNRosyTgOfp34mcxFpP4tB0xgQGerU2C/+rdTOI7nzzozQDJuliUZQJDAmeYcA9rhgFMTGGUMXNrZgOiCIUDKylLZpnhst4WjFk3FUO66Z1VXNvau7jdbV+XTAqozN0ji6Ri25RHT2gBmoiikboBb2iN+vZerc+rM9Fa8kqZk7RkqyvX745nRU=</latexit>

�init
<latexit sha1_base64="IbLFSNCjy71x/wQNA78FLN4IX94="></latexit>

⌦� = 0.12

✓
�init

2⇥ 1013 GeV

◆2 ⇣ m�

10�6 eV

⌘1/2

Scalar must be light for there to be enough DM

<latexit sha1_base64="UNRsXSLyvfd0MTqahdW2o9L/HEI=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBDiJeyK+LgFvHiMYB6QLGF2MkmGzM4uM71iWHL0A7zqJ3gTr36IX+BvOEn2YBILGoqqbrq7glgKg6777aysrq1vbOa28ts7u3v7hYPDuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDvxG49cGxGpBxzF3A9pX4meYBSt1KiX2vFAnHUKRbfsTkGWiZeRImSodgo/7W7EkpArZJIa0/LcGP2UahRM8nG+nRgeUzakfd6yVNGQGz+dnjsmp1bpkl6kbSkkU/XvREpDY0ZhYDtDigOz6E3E/7xWgr1rPxUqTpArNlvUSyTBiEx+J12hOUM5soQyLeythA2opgxtQnNbjEiUwKdx3ibjLeawTOrnZe+y7N1fFCs3WUY5OIYTKIEHV1CBO6hCDRgM4QVe4c15dt6dD+dz1rriZDNHMAfn6xeUa5gK</latexit>

V (�)

<latexit sha1_base64="U4sFfELx9zEAdarkgI/AN6yvWX0=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRH7uCG5cVbCu0oUymk2boZBJmbsQSuvED3OonuBO3/olf4G84abOwrQcuHM65l3vv8RPBNTrOt1VaWV1b3yhvVra2d3b3qvsHbR2nirIWjUWsHnyimeCStZCjYA+JYiTyBev4o5vc7zwypXks73GcMC8iQ8kDTgnmUi8Jeb9ac+rOFPYycQtSgwLNfvWnN4hpGjGJVBCtu66ToJcRhZwKNqn0Us0SQkdkyLqGShIx7WXTWyf2iVEGdhArUxLtqfp3IiOR1uPIN50RwVAvern4n9dNMbjyMi6TFJmks0VBKmyM7fxxe8AVoyjGhhCquLnVpiFRhKKJZ26L5qnk+DSpmGTcxRyWSfus7l7U3bvzWuO6yKgMR3AMp+DCJTTgFprQAgohvMArvFnP1rv1YX3OWktWMXMIc7C+fgEWIZdF</latexit>

�<latexit sha1_base64="4nJOvxNNHm0pGEbQFxcPvIev8a0=">AAACDnicbZDLSsNAFIYn9VbrLerSzWARXJVERF0W3LisYC/QhDCZTtqhk0mYOSktoe/gA7jVR3Anbn0Fn8DXcNpmYVt/GPj5zzmcM1+YCq7Bcb6t0sbm1vZOebeyt39weGQfn7R0kinKmjQRieqERDPBJWsCB8E6qWIkDgVrh8P7Wb09YkrzRD7BJGV+TPqSR5wSMFFg21464IEHbAw5lxymgV11as5ceN24hamiQo3A/vF6Cc1iJoEKonXXdVLwc6KAU8GmFS/TLCV0SPqsa6wkMdN+Pr98ii9M0sNRosyTgOfp34mcxFpP4tB0xgQGerU2C/+rdTOI7nzzozQDJuliUZQJDAmeYcA9rhgFMTGGUMXNrZgOiCIUDKylLZpnhst4WjFk3FUO66Z1VXNvau7jdbV+XTAqozN0ji6Ri25RHT2gBmoiikboBb2iN+vZerc+rM9Fa8kqZk7RkqyvX745nRU=</latexit>

�init

<latexit sha1_base64="JbonNenj10Z/IiP1uA43qwx6gFo=">AAACF3icbZDLSgMxFIYzXmu9jboSN8Ei1M0wU0TdCAU3LivYC7RjyaSZNjTJDElGLEPxOXwAt/oI7sStS5/A1zDTzsK2Hkj4+P9zOMkfxIwq7brf1tLyyuraemGjuLm1vbNr7+03VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gyG15nffCBS0Ujc6VFMfI76goYUI22krn3YKHfiAT2FV5DfV7oZw+wybJdcx50UXAQvhxLIq9a1fzq9CCecCI0ZUqrtubH2UyQ1xYyMi51EkRjhIeqTtkGBOFF+OvnCGJ4YpQfDSJojNJyofydSxJUa8cB0cqQHat7LxP+8dqLDSz+lIk40EXi6KEwY1BHM8oA9KgnWbGQAYUnNWyEeIImwNqnNbFE0EVQ/josmGW8+h0VoVBzv3PFuz0pVJ8+oAI7AMSgDD1yAKrgBNVAHGDyBF/AK3qxn6936sD6nrUtWPnMAZsr6+gUziJ6n</latexit>

V (�) = m2
��

2
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Ex. Misalignment production:
Consider a free scalar with initial field value

<latexit sha1_base64="4nJOvxNNHm0pGEbQFxcPvIev8a0=">AAACDnicbZDLSsNAFIYn9VbrLerSzWARXJVERF0W3LisYC/QhDCZTtqhk0mYOSktoe/gA7jVR3Anbn0Fn8DXcNpmYVt/GPj5zzmcM1+YCq7Bcb6t0sbm1vZOebeyt39weGQfn7R0kinKmjQRieqERDPBJWsCB8E6qWIkDgVrh8P7Wb09YkrzRD7BJGV+TPqSR5wSMFFg21464IEHbAw5lxymgV11as5ceN24hamiQo3A/vF6Cc1iJoEKonXXdVLwc6KAU8GmFS/TLCV0SPqsa6wkMdN+Pr98ii9M0sNRosyTgOfp34mcxFpP4tB0xgQGerU2C/+rdTOI7nzzozQDJuliUZQJDAmeYcA9rhgFMTGGUMXNrZgOiCIUDKylLZpnhst4WjFk3FUO66Z1VXNvau7jdbV+XTAqozN0ji6Ri25RHT2gBmoiikboBb2iN+vZerc+rM9Fa8kqZk7RkqyvX745nRU=</latexit>

�init
<latexit sha1_base64="IbLFSNCjy71x/wQNA78FLN4IX94="></latexit>

⌦� = 0.12

✓
�init

2⇥ 1013 GeV

◆2 ⇣ m�

10�6 eV

⌘1/2

Scalar must be light for there to be enough DM

<latexit sha1_base64="UNRsXSLyvfd0MTqahdW2o9L/HEI=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBDiJeyK+LgFvHiMYB6QLGF2MkmGzM4uM71iWHL0A7zqJ3gTr36IX+BvOEn2YBILGoqqbrq7glgKg6777aysrq1vbOa28ts7u3v7hYPDuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDvxG49cGxGpBxzF3A9pX4meYBSt1KiX2vFAnHUKRbfsTkGWiZeRImSodgo/7W7EkpArZJIa0/LcGP2UahRM8nG+nRgeUzakfd6yVNGQGz+dnjsmp1bpkl6kbSkkU/XvREpDY0ZhYDtDigOz6E3E/7xWgr1rPxUqTpArNlvUSyTBiEx+J12hOUM5soQyLeythA2opgxtQnNbjEiUwKdx3ibjLeawTOrnZe+y7N1fFCs3WUY5OIYTKIEHV1CBO6hCDRgM4QVe4c15dt6dD+dz1rriZDNHMAfn6xeUa5gK</latexit>

V (�)

<latexit sha1_base64="U4sFfELx9zEAdarkgI/AN6yvWX0=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRH7uCG5cVbCu0oUymk2boZBJmbsQSuvED3OonuBO3/olf4G84abOwrQcuHM65l3vv8RPBNTrOt1VaWV1b3yhvVra2d3b3qvsHbR2nirIWjUWsHnyimeCStZCjYA+JYiTyBev4o5vc7zwypXks73GcMC8iQ8kDTgnmUi8Jeb9ac+rOFPYycQtSgwLNfvWnN4hpGjGJVBCtu66ToJcRhZwKNqn0Us0SQkdkyLqGShIx7WXTWyf2iVEGdhArUxLtqfp3IiOR1uPIN50RwVAvern4n9dNMbjyMi6TFJmks0VBKmyM7fxxe8AVoyjGhhCquLnVpiFRhKKJZ26L5qnk+DSpmGTcxRyWSfus7l7U3bvzWuO6yKgMR3AMp+DCJTTgFprQAgohvMArvFnP1rv1YX3OWktWMXMIc7C+fgEWIZdF</latexit>

�<latexit sha1_base64="4nJOvxNNHm0pGEbQFxcPvIev8a0=">AAACDnicbZDLSsNAFIYn9VbrLerSzWARXJVERF0W3LisYC/QhDCZTtqhk0mYOSktoe/gA7jVR3Anbn0Fn8DXcNpmYVt/GPj5zzmcM1+YCq7Bcb6t0sbm1vZOebeyt39weGQfn7R0kinKmjQRieqERDPBJWsCB8E6qWIkDgVrh8P7Wb09YkrzRD7BJGV+TPqSR5wSMFFg21464IEHbAw5lxymgV11as5ceN24hamiQo3A/vF6Cc1iJoEKonXXdVLwc6KAU8GmFS/TLCV0SPqsa6wkMdN+Pr98ii9M0sNRosyTgOfp34mcxFpP4tB0xgQGerU2C/+rdTOI7nzzozQDJuliUZQJDAmeYcA9rhgFMTGGUMXNrZgOiCIUDKylLZpnhst4WjFk3FUO66Z1VXNvau7jdbV+XTAqozN0ji6Ri25RHT2gBmoiikboBb2iN+vZerc+rM9Fa8kqZk7RkqyvX745nRU=</latexit>

�init

<latexit sha1_base64="JbonNenj10Z/IiP1uA43qwx6gFo=">AAACF3icbZDLSgMxFIYzXmu9jboSN8Ei1M0wU0TdCAU3LivYC7RjyaSZNjTJDElGLEPxOXwAt/oI7sStS5/A1zDTzsK2Hkj4+P9zOMkfxIwq7brf1tLyyuraemGjuLm1vbNr7+03VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gyG15nffCBS0Ujc6VFMfI76goYUI22krn3YKHfiAT2FV5DfV7oZw+wybJdcx50UXAQvhxLIq9a1fzq9CCecCI0ZUqrtubH2UyQ1xYyMi51EkRjhIeqTtkGBOFF+OvnCGJ4YpQfDSJojNJyofydSxJUa8cB0cqQHat7LxP+8dqLDSz+lIk40EXi6KEwY1BHM8oA9KgnWbGQAYUnNWyEeIImwNqnNbFE0EVQ/josmGW8+h0VoVBzv3PFuz0pVJ8+oAI7AMSgDD1yAKrgBNVAHGDyBF/AK3qxn6936sD6nrUtWPnMAZsr6+gUziJ6n</latexit>

V (�) = m2
��

2

But we might be lucky and observe light thermal relics!

But what do we observe?
Solar neutrinos

Reactor anti-neutrinos

Collider neutrinos

Cosmic neutrino background

Ex. Neutrinos
Example of a light thermal  
relic that behaves like dark 
matter today! 

DM may 
be similar!Sandbox Studio, Chicago (Ana Kova)
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Many Options, Much Fun?
How do I make sense of the landscape of singlet options?

EFT:
<latexit sha1_base64="787wgbbMPjtWXqYzmTy//vG+b5Q="></latexit>

Lportal �
cn

⇤�dark+�SM�4
OdarkOSM

Lower dimensional portals Largest rates

Any gauge invariant 
combination of SM fields

Scalar,  Fermion,  Vector

<latexit sha1_base64="vzZYMW9Ymjk2ShyW2BV6PklzAoo="></latexit>

Odark = {�, N, Vµ, . . . }
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Many Options, Much Fun?
How do I make sense of the landscape of singlet options?

EFT:
<latexit sha1_base64="787wgbbMPjtWXqYzmTy//vG+b5Q="></latexit>

Lportal �
cn

⇤�dark+�SM�4
OdarkOSM

Lower dimensional portals Largest rates

Any gauge invariant 
combination of SM fields

Scalar,  Fermion,  Vector

<latexit sha1_base64="vzZYMW9Ymjk2ShyW2BV6PklzAoo="></latexit>

Odark = {�, N, Vµ, . . . }

SM island

Dark photons

Axion-like 
particles

Dark Higgs

Millicharged 
particles

Heavy neutral 
leptons

Edge of the world?
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Dark Sector Thermal History

Thermalised Decoupled

Portal interaction strength decreasing

<latexit sha1_base64="PVuAn1umFSjbR3/UtPLGKCZ4AdE=">AAACFnicbVDJSgNBEO1xN25RL4KXxiB4CjMiLreABz1GMCpkhtDTqSRNunvG7hpJGOJ3+AFe9RO8iVevfoG/YWc5uD0oeLxXRVW9OJXCou9/eFPTM7Nz8wuLhaXlldW14vrGlU0yw6HGE5mYm5hZkEJDDQVKuEkNMBVLuI67p0P/+g6MFYm+xH4KkWJtLVqCM3RSo7gVnjGlWCNE6GEuNA5o2IZbet4olvyyPwL9S4IJKZEJqo3iZ9hMeKZAI5fM2nrgpxjlzKDgEgaFMLOQMt5lbag7qpkCG+WjDwZ01ylN2kqMK410pH6fyJmytq9i16kYduxvbyj+59UzbB1H7q80Q9B8vKiVSYoJHcZBm8IAR9l3hHEj3K2Ud5hhHF1oP7ZYkWmBvUHBJRP8zuEvudovB4fl4OKgVDmZZLRAtskO2SMBOSIVck6qpEY4uSeP5Ik8ew/ei/fqvY1bp7zJzCb5Ae/9C+bJn8Q=</latexit> �
in
t
�

H
<latexit sha1_base64="wtaZ/u/h/QCAN+aIOQB0lmHlaOE=">AAACE3icbVBLSgNBEO2Jvxh/UXHlpjEIrsKMiB9wEXBhlhHMBzJD6Ol0kibdPUN3jSQMOYYHcKtHcCduPYAn8Bp2PguT+KDg8V4VVfXCWHADrvvtZFZW19Y3spu5re2d3b38/kHNRImmrEojEelGSAwTXLEqcBCsEWtGZChYPezfjf36E9OGR+oRhjELJOkq3uGUgJVa+SP/nkhJWj6wAaRcwQjf4nIrX3CL7gR4mXgzUkAzVFr5H78d0UQyBVQQY5qeG0OQEg2cCjbK+YlhMaF90mVNSxWRzATp5PwRPrVKG3cibUsBnqh/J1IijRnK0HZKAj2z6I3F/7xmAp3rwD4VJ8AUnS7qJAJDhMdZ4DbXjIIYWkKo5vZWTHtEEwo2sbkthieKw2CUs8l4izksk9p50bsseg8XhdLNLKMsOkYn6Ax56AqVUBlVUBVRlKIX9IrenGfn3flwPqetGWc2c4jm4Hz9Ai7pnkk=</latexit> �
in
t
<

H

[Think WIMPs*]
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Dark Sector Thermal History

Thermalised Decoupled

Portal interaction strength decreasing

<latexit sha1_base64="PVuAn1umFSjbR3/UtPLGKCZ4AdE=">AAACFnicbVDJSgNBEO1xN25RL4KXxiB4CjMiLreABz1GMCpkhtDTqSRNunvG7hpJGOJ3+AFe9RO8iVevfoG/YWc5uD0oeLxXRVW9OJXCou9/eFPTM7Nz8wuLhaXlldW14vrGlU0yw6HGE5mYm5hZkEJDDQVKuEkNMBVLuI67p0P/+g6MFYm+xH4KkWJtLVqCM3RSo7gVnjGlWCNE6GEuNA5o2IZbet4olvyyPwL9S4IJKZEJqo3iZ9hMeKZAI5fM2nrgpxjlzKDgEgaFMLOQMt5lbag7qpkCG+WjDwZ01ylN2kqMK410pH6fyJmytq9i16kYduxvbyj+59UzbB1H7q80Q9B8vKiVSYoJHcZBm8IAR9l3hHEj3K2Ud5hhHF1oP7ZYkWmBvUHBJRP8zuEvudovB4fl4OKgVDmZZLRAtskO2SMBOSIVck6qpEY4uSeP5Ik8ew/ei/fqvY1bp7zJzCb5Ae/9C+bJn8Q=</latexit> �
in
t
�

H
<latexit sha1_base64="wtaZ/u/h/QCAN+aIOQB0lmHlaOE=">AAACE3icbVBLSgNBEO2Jvxh/UXHlpjEIrsKMiB9wEXBhlhHMBzJD6Ol0kibdPUN3jSQMOYYHcKtHcCduPYAn8Bp2PguT+KDg8V4VVfXCWHADrvvtZFZW19Y3spu5re2d3b38/kHNRImmrEojEelGSAwTXLEqcBCsEWtGZChYPezfjf36E9OGR+oRhjELJOkq3uGUgJVa+SP/nkhJWj6wAaRcwQjf4nIrX3CL7gR4mXgzUkAzVFr5H78d0UQyBVQQY5qeG0OQEg2cCjbK+YlhMaF90mVNSxWRzATp5PwRPrVKG3cibUsBnqh/J1IijRnK0HZKAj2z6I3F/7xmAp3rwD4VJ8AUnS7qJAJDhMdZ4DbXjIIYWkKo5vZWTHtEEwo2sbkthieKw2CUs8l4izksk9p50bsseg8XhdLNLKMsOkYn6Ax56AqVUBlVUBVRlKIX9IrenGfn3flwPqetGWc2c4jm4Hz9Ai7pnkk=</latexit> �
in
t
<

H

[Think WIMPs*]

Portal interactions lead to dark sector 
equilibration with SM

Annihilation rate of DM to SM sets the relic 
abundance today

Annihilations must be strong enough so that 
DM does not over close Universe

Lower bound on interaction strength

Sharp experimental target
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Dark Sector Thermal History

Thermalised Decoupled

Portal interaction strength decreasing

<latexit sha1_base64="PVuAn1umFSjbR3/UtPLGKCZ4AdE=">AAACFnicbVDJSgNBEO1xN25RL4KXxiB4CjMiLreABz1GMCpkhtDTqSRNunvG7hpJGOJ3+AFe9RO8iVevfoG/YWc5uD0oeLxXRVW9OJXCou9/eFPTM7Nz8wuLhaXlldW14vrGlU0yw6HGE5mYm5hZkEJDDQVKuEkNMBVLuI67p0P/+g6MFYm+xH4KkWJtLVqCM3RSo7gVnjGlWCNE6GEuNA5o2IZbet4olvyyPwL9S4IJKZEJqo3iZ9hMeKZAI5fM2nrgpxjlzKDgEgaFMLOQMt5lbag7qpkCG+WjDwZ01ylN2kqMK410pH6fyJmytq9i16kYduxvbyj+59UzbB1H7q80Q9B8vKiVSYoJHcZBm8IAR9l3hHEj3K2Ud5hhHF1oP7ZYkWmBvUHBJRP8zuEvudovB4fl4OKgVDmZZLRAtskO2SMBOSIVck6qpEY4uSeP5Ik8ew/ei/fqvY1bp7zJzCb5Ae/9C+bJn8Q=</latexit> �
in
t
�

H
<latexit sha1_base64="wtaZ/u/h/QCAN+aIOQB0lmHlaOE=">AAACE3icbVBLSgNBEO2Jvxh/UXHlpjEIrsKMiB9wEXBhlhHMBzJD6Ol0kibdPUN3jSQMOYYHcKtHcCduPYAn8Bp2PguT+KDg8V4VVfXCWHADrvvtZFZW19Y3spu5re2d3b38/kHNRImmrEojEelGSAwTXLEqcBCsEWtGZChYPezfjf36E9OGR+oRhjELJOkq3uGUgJVa+SP/nkhJWj6wAaRcwQjf4nIrX3CL7gR4mXgzUkAzVFr5H78d0UQyBVQQY5qeG0OQEg2cCjbK+YlhMaF90mVNSxWRzATp5PwRPrVKG3cibUsBnqh/J1IijRnK0HZKAj2z6I3F/7xmAp3rwD4VJ8AUnS7qJAJDhMdZ4DbXjIIYWkKo5vZWTHtEEwo2sbkthieKw2CUs8l4izksk9p50bsseg8XhdLNLKMsOkYn6Ax56AqVUBlVUBVRlKIX9IrenGfn3flwPqetGWc2c4jm4Hz9Ai7pnkk=</latexit> �
in
t
<

H

[Think WIMPs*]

Portal interactions lead to dark sector 
equilibration with SM

Annihilation rate of DM to SM sets the relic 
abundance today

Annihilations must be strong enough so that 
DM does not over close Universe

Lower bound on interaction strength

Sharp experimental target

Portal interactions insufficient to achieve 
equilibration with SM

Suppose portal breaks SM accidental 
symmetries 

Small coupling leads to freeze-in 
or non-thermal production

Target becomes rare processes and/or 
long-lived particles

Multiple model 
dependent targets

[judicious choice important]



Probing Light New Physics at LFV Experiments 6

Flavoured Axion-like Portal
Accidental symmetries of the SM might be broken by light 

new particles feebly coupled to the SM
U(3)Q

U(3)u

U(3)dU(3)L

U(3)e
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Flavoured Axion-like Portal
Accidental symmetries of the SM might be broken by light 

new particles feebly coupled to the SM
U(3)Q

U(3)u

U(3)dU(3)L

U(3)eExample: Flavour dependent 
Peccei-Quinn charges

∑
i

∂μa
2fa

f̄iCA
ii γμγ5 fi ∑

i≠j

∂μa
2fa

f̄iγμ (CV
ij + CA

ij γ5) fj

Flavour conserving Flavour violating

ℒ ⊃ +

[Calibbi et al 1612.08040] 
[Ema et al 1612.05492]

[Feng et al hep-ph/9709411]
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Flavoured Axion-like Portal
Accidental symmetries of the SM might be broken by light 

new particles feebly coupled to the SM
U(3)Q

U(3)u

U(3)dU(3)L

U(3)eExample: Flavour dependent 
Peccei-Quinn charges

∑
i

∂μa
2fa

f̄iCA
ii γμγ5 fi ∑

i≠j

∂μa
2fa

f̄iγμ (CV
ij + CA

ij γ5) fj

Flavour conserving Flavour violating

ℒ ⊃ +

[Calibbi et al 1612.08040] 
[Ema et al 1612.05492]

[Feng et al hep-ph/9709411]

   Hierarchy between flavour-
conserving and flavour-violating 

depends on the UV theory

Flavour anarchy: CA,V
ij (ΛUV) ∼ 𝒪(1)

CA,V
ij (ΛUV) = 0Minimal favour 

violation:
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Where’s the Dark Matter?
Lepton flavour violating IR freeze-out dominates over flavour 

diagonal freeze-in

[Pani, Redigolo, Schwetz & Ziegler 2209.03371]

<latexit sha1_base64="FuslqwiW7rt0vF4fwBAt7CupO8U=">AAACFHicbZDLSgMxFIYz9VbrbVRw4yZYBFdlRkRdVty4rGAv0BnKmTTThiaZIcmIpRZ8Ch/ArT6CO3Hr3ifwNUwvC9t6IOHn/084J1+UcqaN5307uaXlldW1/HphY3Nre8fd3avpJFOEVknCE9WIQFPOJK0aZjhtpIqCiDitR73rUV6/p0qzRN6ZfkpDAR3JYkbAWKvlHgSUczy5TIKDDggBGFpu0St548KLwp+KIppWpeX+BO2EZIJKQzho3fS91IQDUIYRToeFINM0BdKDDm1aKUFQHQ7G+w/xsXXaOE6UPdLgsfv3xQCE1n0R2U4Bpqvns5H5X9bMTHwZDphMM0MlmQyKM47tT0cwcJspSgzvWwFEMbsrJl1QQIxFNjNFs0wy8zAsWDL+PIdFUTst+ecl//asWL56mjDKo0N0hE6Qjy5QGd2gCqoigh7RC3pFb86z8+58OJ+T1pwz5bqPZsr5+gVa657G</latexit>

`` ! �a
<latexit sha1_base64="fiUx3d31FbMUz7Ir1nlAgy1Xtas=">AAACFHicbZDLSgMxFIYz9VbrbVRw4yZYBFdlRkRdVty4rGAv0BnKmTRtQ5PMkGTEUgs+hQ/gVh/Bnbh17xP4GqbTLmzrD4E//znhnHxRwpk2nvft5JaWV1bX8uuFjc2t7R13d6+m41QRWiUxj1UjAk05k7RqmOG0kSgKIuK0HvWvx/X6PVWaxfLODBIaCuhK1mEEjI1a7kFAOcdBF4QAHJgYZ3douUWv5GXCi8afmiKaqtJyf4J2TFJBpSEctG76XmLCISjDCKejQpBqmgDpQ5c2rZUgqA6H2f4jfGyTNu7Eyh5pcJb+fTEEofVARLZTgOnp+do4/K/WTE3nMhwymaSGSjIZ1Ek5tv8cw8BtpigxfGANEMXsrpj0QAExFtnMFM1SyczDqGDJ+PMcFk3ttOSfl/zbs2L56mnCKI8O0RE6QT66QGV0gyqoigh6RC/oFb05z8678+F8TlpzzpTrPpqR8/ULW7Gexg==</latexit>

`� ! `aFlavour diagonal:                 &

Flavour violating:                
<latexit sha1_base64="pwoYC5WZPvPxbEHMID2Fo/oi1Rk=">AAACEXicbZDLSsNAFIYn9VbrLdqlm8EiuCqJiLqsuHFZwV6gCWEynbRjJ5MwcyKWUPAdfAC3+gjuxK1P4BP4Gk4vC9t6YODj/89wzvnDVHANjvNtFVZW19Y3ipulre2d3T17/6Cpk0xR1qCJSFQ7JJoJLlkDOAjWThUjcShYKxxcj/3WA1OaJ/IOhinzY9KTPOKUgJECu+wxIQKOPUjwBO8xCeyKU3UmhZfBnUEFzaoe2D9eN6FZzCRQQbTuuE4Kfk4UcCrYqORlmqWEDkiPdQxKEjPt55PlR/jYKF0cJco8CXii/v2Rk1jrYRyazphAXy96Y/E/r5NBdOnnXKYZMEmng6JMYHPpOAnc5YpREEMDhCpudsW0TxShYPKam6J5Jjk8jkomGXcxh2Vonlbd86p7e1apXT1NMyqiQ3SETpCLLlAN3aA6aiCKhugFvaI369l6tz6sz2lrwZrlWkZzZX39Altxnbo=</latexit>

`i ! `ja

Flavour violating domination also helps suppress 
 and  (DM stability & indirect detection signals)a → γγ a → νν



Probing Light New Physics at LFV Experiments 8

New Physics & DM

[Slide à la Simon Knapen]



Probing Light New Physics at LFV Experiments 8

New Physics & DM

Energy frontier
(future colliders)

[Slide à la Simon Knapen]
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New Physics & DM

Intensity frontier
(Now & near future)

[Slide à la Simon Knapen]
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New Physics & DM

Intensity frontier
(Now & near future)

[Slide à la Simon Knapen]

Going beyond the WIMP typically requires  
new mediators/light new physics!
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Why Muons?

BR [μ → X] ∼
ϵ2

8π
mμ

Γμ
𝒪(1017)

Muons are pretty special: Sensitivity to tiny couplings

Two-orders of magnitude 
larger than next best 

candidate
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Why Muons?

BR [μ → X] ∼
ϵ2

8π
mμ

Γμ
𝒪(1017)

Muons are pretty special: Sensitivity to tiny couplings

Two-orders of magnitude 
larger than next best 

candidate

There are very many of them:

Part 2:  
Neutron stars

𝒪(1055) Muons

Casey Reed [Penn State University]

Test

At PSI:  muons sec𝒪(108) −1

N
U

M
 P

SITest
Part 1:  
Muon 
sources

No
 ti

m
e 

to
da

y:
 A

sk
 m

e 
of

fli
ne
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Why Muons?

t ⇠ #µ0s

<latexit sha1_base64="1yDBIrPlxkzcfsfbv0BodgIkDYc=">AAACDnicbVDLSsNAFJ34rPVVdelmMIgupCRS0GXRjcsK9gFNLJPJpB06k4SZG6GE/oNLt/oR7sStv+A3+BNO2yxs64ELh3Pu5d57glRwDY7zba2srq1vbJa2yts7u3v7lYPDlk4yRVmTJiJRnYBoJnjMmsBBsE6qGJGBYO1geDvx209MaZ7EDzBKmS9JP+YRpwSM9Aie5hJ7NvZkdqZ7FdupOlPgZeIWxEYFGr3KjxcmNJMsBiqI1l3XScHPiQJOBRuXvUyzlNAh6bOuoTGRTPv59OoxPjVKiKNEmYoBT9W/EzmRWo9kYDolgYFe9Cbif143g+jaz3mcZsBiOlsUZQJDgicR4JArRkGMDCFUcXMrpgOiCAUT1NyWIJAX2jw2YOG4bNJxF7NYJq3Lqlur1u5rdv2myKmEjtEJOkcuukJ1dIcaqIkoUugFvaI369l6tz6sz1nrilXMHKE5WF+/U1CcCw==</latexit>

TRIUMF:  
Jodidio’s

PSI: MEGII+ Mu3eTRIUMF:  
Twist

soon ⇠ (108 � 109)/s

<latexit sha1_base64="MW5JGogrX3qTPnh0TrDZxWJHa3k=">AAACJnicbVDLSiNBFK12fMZXHJduCqOgoLFbAjo7cTYuIxgVkhiqKzemsB5N1W2Z0PQPzJfM0q1+hLtB3Ln3J6wkvfB1oIrDOfdy7z1xIoXDMHwOJn5MTk3PzM6V5hcWl5bLKz/PnUkthwY30tjLmDmQQkMDBUq4TCwwFUu4iG9+D/2LW7BOGH2GgwTail1r0ROcoZc65Y0Wwh/MnDE6bzmh6FYUXh3u+u/X9l7h5Z1yJayGI9CvJCpIhRSod8qvra7hqQKNXDLnmlGYYDtjFgWXkJdaqYOE8Rt2DU1PNVPg2tnompxueqVLe8b6p5GO1PcdGVPODVTsKxXDvvvsDcXvvGaKvcN2JnSSImg+HtRLJUVDh9HQrrDAUQ48YdwKvyvlfWYZRx/ghylxrHacP6wP3bzk04k+Z/GVnO9Xo1q1dlqrHB0XOc2SNbJOtkhEDsgROSF10iCc/CV35J48BP+Cx+B/8DQunQiKnlXyAcHLG9SNpS0=</latexit>

1986 ⇠ 107/year(s)
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Goal of this talk
The goal of this talk is to show how rare decays of the muon which are usually thought as powerful probe 


of heavy new physics can also probe light new physics feebly coupled to the SM

The motivation is the huge amount of upcoming data 

New detection strategies should be established as soon as possibleGoal: show how rare decays of the muon, usually 
used to search for heavy new physics, can be used 

to search for light new physics 

•Motivation hinges on huge amount of upcoming data

•Single purpose detectors where new detection 
strategies must be established as soon as possible

Mu3e Mu2eMEG-II COMET DeeMe
μ → 3e μ → eγ μN → eN

Muon g − 2
(g − 2)μ
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What New Physics?

varyboxsize I
11 1 11

n
dMeei

Real N
Sim N

ome
I

É
et

it
Tim e it

2
e

f
et e e et

Lepton-flavour  
Violating

a, A′￼

a, A′￼

[Echenard et al 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

Bump hunt in -pair 
invariant mass

e+e−Bump hunt in electron 
momentum pe

[Bayes et al (TWIST Collaboration) 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

ℒFV−a =
mμ

2fa

1
|Ceμ |

aμ̄(CV
eμ + CA

eμγ5)e ℒ0 ⊃ X [μ̄(gμ
S + gμ

Pγ5)μ + ē(ge
S + ge

Pγ5)e]
ℒ1 ⊃ Xα [μ̄γα(gμ

V + gμ
Aγ5)μ + ēγα(ge

V + ge
Aγ5)e]

Lepton-flavour  
Conserving

a, X
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What New Physics?
Lepton-flavour  

Violating

a, A′￼a, X

Bump hunt in electron 
momentum pe

[Bayes et al (TWIST Collaboration) 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

ℒFV−a =
mμ

2fa

1
|Ceμ |

aμ̄(CV
eμ + CA

eμγ5)e

Three possibilities:

2.

ΓX→e+e− ≈
1

8π
mX

g2
e

Prompt decays

3. Displaced decays

cτX ≈ 5 mm ( 10−5

ge )
2

( 10 MeV
mX )

For generic 
model:

ge

Long-lived1. Most relevant 
for DM
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Long-lived Scenario
Rare muon decays 
with missing energy

ALPs long-lived 
escaping the detector

1. <latexit sha1_base64="fcNrznHIvAQyy/Czz6SvX7X+7Gg="></latexit>µ ! ea

2.

3.

<latexit sha1_base64="663ie0ZZR1lXFWUPhMDd45aKqTY="></latexit>µ ! ea�

<latexit sha1_base64="1nFqUR2PsDm4JImsYM+RCTP61as="></latexit>

µ ! 3ea

TWIST 
Mu2e 
Mu3e

[TWIST collaboration 1409.0638]

[Jho, et. al 2112.07720]

[Hill, et. al 2310.00043]

[Perrevoort et. al (Mu3e Collaboration) 1812.00741]

MEG-II 

Mu3e
[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]

Ginormous irreducible background from 
Michel decays

<latexit sha1_base64="QclG0MH2iDFE6FkJgrFXTEmjTfM=">AAACE3icbVDLSgMxFM3UV62vqrhyEyyCqzIj4mNXcOOygn1AZyiZNNOGZjJDciOWoZ/hB7jVT3Anbv0Av8DfMG1nYVsPhBzOuZd77wlTwTW47rdTWFldW98obpa2tnd298r7B02dGEVZgyYiUe2QaCa4ZA3gIFg7VYzEoWCtcHg78VuPTGmeyAcYpSyISV/yiFMCVuqWj/zYYB8SzLAvLQuJsn+3XHGr7hR4mXg5qaAc9W75x+8l1MRMAhVE647nphBkRAGngo1LvtEsJXRI+qxjqSQx00E2XX+MT63Sw1Gi7JOAp+rfjozEWo/i0FbGBAZ60ZuI/3kdA9F1kHGZGmCSzgZFRmB77iQL3OOKURAjSwhV3O6K6YAoQsEmNjdFcyM5PI1LNhlvMYdl0jyvepdV7/6iUrvJMyqiY3SCzpCHrlAN3aE6aiCKMvSCXtGb8+y8Ox/O56y04OQ9h2gOztcvnTGd9A==</latexit>

µ ! e⌫⌫̄

Muon polarisation can help 
discriminating signal 

[see Calibbi et. al 2006.04795]
[systematics are large for left-

handed couplings]

Require a final state photon to 
reconstruct missing mass distribution

[reduces signal rate but MEG-II has lower energy thresholds]

Require a final state photon internally 
converting to electron-positron pair

[Jho, et. al 2112.07720]
MEG-II 
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Mu3e ExperimentThe Phase I Mu3e Experiment

Target

Inner pixel layers

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

10 cm

Figure 2.6: Schematic view of the experiment cut along the beam axis in the phase I configuration.

Figure 2.7: Possible final detector with longer recurl stations, smaller target and more segmented inner layers for high
intensity physics runs (phase II).

2.6 The Phase II Experiment

A new high intensity muon beam line, delivering >

2 · 109 Hz muons and currently under study at PSI, is cru-

Figure 2.8: Schematic overview of the Mu3e readout sys-
tem.

cial for Mu3e phase II. To fully exploit the new beam fa-
cility the detector acceptance of phase I will be further en-
hanced by longer detector stations, see Figure 2.7. These
longer stations will allow the precise measurement of the
momentum of all particles in the acceptance of the in-
ner tracking detector. At the same time the longer tile
detector stations with their excellent time resolution and
small occupancy will help to fight the increased combin-
atorial backgrounds at very high decay rates. The larger
initial muon rate allows for a more restrictive collimation of
the beam and thus a smaller (and potentially longer) tar-
get region leading to a much improved vertex resolution.
The HV-MAPS technology can reach a time resolution of
O(1 ns) if an adequate time-walk correction is implemented
– this would allow to further reduce combinatorial back-
ground without adding material and could eventually re-
place the scintillating fibre detector. Advanced wafer post-
processing technologies and chip-to-chip bonding could ob-
viate the need for parts of the flexprints, further reducing
the multiple scattering. The combined performance of the
enhanced detector setup together with the high stopping
rate will allow to search for the µ æ eee decay with a
sensitivity of B(µ æ eee)Æ 10≠16. Whilst we always keep
this ultimate goal in mind, the rest of this document is
concerned with the phase I detector for existing beamlines.

12

Beautiful hermetic detector:

e−

e+
e+

[Technical Design Report (Mu3e Collaboration) 2009.11690]
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cility the detector acceptance of phase I will be further en-
hanced by longer detector stations, see Figure 2.7. These
longer stations will allow the precise measurement of the
momentum of all particles in the acceptance of the in-
ner tracking detector. At the same time the longer tile
detector stations with their excellent time resolution and
small occupancy will help to fight the increased combin-
atorial backgrounds at very high decay rates. The larger
initial muon rate allows for a more restrictive collimation of
the beam and thus a smaller (and potentially longer) tar-
get region leading to a much improved vertex resolution.
The HV-MAPS technology can reach a time resolution of
O(1 ns) if an adequate time-walk correction is implemented
– this would allow to further reduce combinatorial back-
ground without adding material and could eventually re-
place the scintillating fibre detector. Advanced wafer post-
processing technologies and chip-to-chip bonding could ob-
viate the need for parts of the flexprints, further reducing
the multiple scattering. The combined performance of the
enhanced detector setup together with the high stopping
rate will allow to search for the µ æ eee decay with a
sensitivity of B(µ æ eee)Æ 10≠16. Whilst we always keep
this ultimate goal in mind, the rest of this document is
concerned with the phase I detector for existing beamlines.

12

Beautiful hermetic detector:

e−

e+
e+

Shelve any 
LHC intuition!

pT ∈ [10,105] MeV
B = 1 Tesla

[Technical Design Report (Mu3e Collaboration) 2009.11690]
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The Phase I Mu3e Experiment

Figure 22.12: Small invariant mass of e
+

e
≠ pairs versus

e
+

e
≠

e
+ invariant mass for accidental combinations of a

Bhabha e
+

e
≠ pair with a Michel positron. Simulated kin-

ematics weighted with the track reconstruction e�ciency.
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-15at 10

νν eee→ µ Bhabha
+Michel

 muon stops1510
 muons/s8at 10

Mu3e Phase I Simulation

Figure 22.13: Reconstructed invariant mass for signal
events at various branching fractions and events from ra-
diative decays with internal conversion. Accidental back-
ground from combinations of Bhabha pairs and Michel elec-
trons is also shown. The center-of-mass momentum is re-
quired to be less than 4 MeV/c. Note that both the internal
conversion and Michel and Bhabha simulation use weighted
events.

Figure 22.14: Reconstructed center-of-mass system mo-
mentum for signal events at various branching fractions
(1014 and 1015 not labelled) and events from radiative de-
cays with internal conversion. Accidental background from
combinations of Bhabha pairs and Michel electrons is also
shown. The reconstructed three-particle invariant mass is
required to be above 103 MeV/c2 and below 110 MeV/c2.
Note that both the internal conversion and Michel and Bha-
bha simulation use weighted events.

Figure 22.15: Reconstructed invariant mass versus the
CMS momentum for signal events, events from radiative
decay with internal conversion and accidental background
from combinations of Bhabha pairs and Michel electrons.
Note that both the internal conversion and Michel and Bha-
bha simulation use weighted events. The shape of the sig-
nal contour at 90 % and 95 % comes from events where
one of the track has an upward fluctuation of the energy
loss in the target or the first tracker layers – this leads to a
lower reconstructed invariant mass and a larger reconstruc-
ted center-of-mass momentum due to the imbalance.

111

Optimised to detect 
three  reconstructing 

the muon mass
e±

But: All three-  events 
saved to tape! 

e±

Shelve any 
LHC intuition!

pT ∈ [10,105] MeV
B = 1 Tesla

[Technical Design Report (Mu3e Collaboration) 2009.11690]
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Long-lived Scenario

a, A′￼a

Lepton-flavour  
Violating

[Bayes et al (TWIST Collaboration) 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

ℒFV−a =
mμ

2fa

1
|Ceμ |

aμ̄(CV
eμ + CA

eμγ5)e

a

For  calibration 
challenge as signal lies 
near the Michel edge

ma ≲ 25 MeV

Monochromatic 
signal lies 

here

SM bkg
μ+ → e+ν̄μνe

Bump hunt in electron 
momentum pe
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a, A′￼a

Lepton-flavour  
Violating

[Bayes et al (TWIST Collaboration) 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

ℒFV−a =
mμ

2fa

1
|Ceμ |

aμ̄(CV
eμ + CA

eμγ5)e

a

For  calibration 
challenge as signal lies 
near the Michel edge

ma ≲ 25 MeV

Monochromatic 
signal lies 

here

SM bkg
[Perrevoort PhD thesis]

μ+ → e+ν̄μνe

Bump hunt in electron 
momentum pe

Long-lived Scenario
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Systematics  Statistics⟹

a, A′￼aa

⟹
a

internal 

conversion

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]
“A Robust Search for Lepton Flavour Violating Axions at Mu3e”
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Systematics  Statistics⟹

a, A′￼aa

⟹
a

internal 

conversion

The price to pay:

•Extra factor α2

•Phase-space suppression

•Additional detector 
acceptance suppression
pe± ≥ 10 MeV

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]
“A Robust Search for Lepton Flavour Violating Axions at Mu3e”
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Systematics  Statistics⟹

a, A′￼aa

⟹
a

internal 

conversion

The price to pay:

•Extra factor α2

•Phase-space suppression

•Additional detector 
acceptance suppression
pe± ≥ 10 MeV

1.  momenta now lie away 
from Michel calibration 

edge! 

e±

2. Analysis can be done 
offline leading to improved 

event reconstruction

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]
“A Robust Search for Lepton Flavour Violating Axions at Mu3e”



Probing Light New Physics at LFV Experiments 19

Search Strategy
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fa = 5 £ 109 GeV

Nµ = 2.5 £ 1015 Background

Signal (£102)
ma < 0.5 MeV

Signal (£102)
ma = 15 MeV

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]

a

Signal:

Background:

Small missing 
mass requires 

collinear neutrinos
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MEG-II Experiment
Not a hermetic detector: Detector geometry and 

trigger assume: 

•  and 𝛾 back-to-back  

•  

e.g. B-field is non-uniform 
designed to sweep soft e+ 
away from tracker

e+

Ee+ ≃ mμ/2
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MEG-II Experiment
Not a hermetic detector: Detector geometry and 

trigger assume: 

•  and 𝛾 back-to-back  

•  

e.g. B-field is non-uniform 
designed to sweep soft e+ 
away from tracker

e+

Ee+ ≃ mμ/2

µ+

e+

a

e+

e+

e→

ALP Signal
[Rate maximised for soft collinear photon]
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MEG Triggers
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MEG-RMD
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MEG-RMD

Triggers from radiative muon 
decay search (RMD) [MEG Collaboration 1312.3217]

1. Remove back-to-back requirement

2. Reduce  by lowering beam intensityEcut
γ

Hardware cut Software cut

Extremely oversimplified
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Missing Mass at MEG-II
Can reconstruct the missing invariant mass from the  + 𝛾e
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<latexit sha1_base64="9ELfUPlgb49OJoYyyaO+aXe44T8=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgiCURIp6LHrxWKFf0Iay2WzbpZtN2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/P8WHANjvNtFVZW19Y3ipulre2d3T17/6Clo0RR1qSRiFTHJ5oJLlkTOAjWiRUjoS9Y2x/fTv32A1OaR7IBk5h5IRlKPuCUgJH69lEP2COkjQiIwJoPJRHn/jjI+nbZqTgz4GXi5qSMctT79lcviGgSMglUEK27rhODlxIFnAqWlXqJZjGhYzJkXUMlCZn20tkDGT41SoAHkTIlAc/U3xMpCbWehL7pDAmM9KI3Ff/zugkMrr2UyzgBJul80SARGCI8TQMHXDEKYmIIoYqbWzEdEUUomMxKJgR38eVl0rqouJeV6n21XLvJ4yiiY3SCzpCLrlAN3aE6aiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fBxyWsQ==</latexit>

Total signal+bkd

<latexit sha1_base64="4nKWQy6WM+1g4K0bcb+zCL6WTsc="></latexit>

Signal (FV�A
µe = 1⇥ 108 GeV)

<latexit sha1_base64="wEpEjYOPJaseUX3sUvyauy+vZDU=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegHrwIUcwDkjXMznaSIbMPZnrVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7vFgKjbb9beUWFpeWV/KrhbX1jc2t4vZOXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzBxdhvPIDSIgrvcBiDG7BeKLqCMzTSfRvhCdPb60vqDfxRp1iyy/YEdJ44GSmRDNVO8avtRzwJIEQumdYtx47RTZlCwSWMCu1EQ8z4gPWgZWjIAtBuOrl6RA+M4tNupEyFSCfq74mUBVoPA890Bgz7etYbi/95rQS7Z24qwjhBCPl0UTeRFCM6joD6QgFHOTSEcSXMrZT3mWIcTVAFE4Iz+/I8qR+VnZPy8c1xqXKexZEne2SfHBKHnJIKuSJVUiOcKPJMXsmb9Wi9WO/Wx7Q1Z2Uzu+QPrM8fQBCSXA==</latexit>

RMD bkd
<latexit sha1_base64="EfGVgxzJnBFtNgcGM6tTcB/+SCY=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHYNUY9ELh7RyCOBDZmdbWDC7MOZXiLZ8B1ePGiMVz/Gm3/jAHtQsJJOKlXd6e7yYik02va3lVtb39jcym8Xdnb39g+Kh0dNHSWKQ4NHMlJtj2mQIoQGCpTQjhWwwJPQ8ka1md8ag9IiCh9wEoMbsEEo+oIzNJLbRXjC9L5GvZE/7RVLdtmeg64SJyMlkqHeK351/YgnAYTIJdO649gxuilTKLiEaaGbaIgZH7EBdAwNWQDaTedHT+mZUXzaj5SpEOlc/T2RskDrSeCZzoDhUC97M/E/r5Ng/9pNRRgnCCFfLOonkmJEZwlQXyjgKCeGMK6EuZXyIVOMo8mpYEJwll9eJc2LsnNZrtxVStWbLI48OSGn5Jw45IpUyS2pkwbh5JE8k1fyZo2tF+vd+li05qxs5pj8gfX5A6AMkgQ=</latexit>

RC bkd
<latexit sha1_base64="P7i710ceFkgnAasYeYv3fzu9EQU=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mVoh6LXjxW6Be0S8lm0zY0myzJbLEs/SdePCji1X/izX9j2u5BWx8MPN6bYWZemAhuwPO+ncLG5tb2TnG3tLd/cHjkHp+0jEo1ZU2qhNKdkBgmuGRN4CBYJ9GMxKFg7XB8P/fbE6YNV7IB04QFMRlKPuCUgJX6rtsD9gRZQwEROBxHs75b9ireAnid+Dkpoxz1vvvVixRNYyaBCmJM1/cSCDKigVPBZqVealhC6JgMWddSSWJmgmxx+QxfWCXCA6VtScAL9fdERmJjpnFoO2MCI7PqzcX/vG4Kg9sg4zJJgUm6XDRIBQaF5zHgiGtGQUwtIVRzeyumI6IJBRtWyYbgr768TlpXFf+6Un2slmt3eRxFdIbO0SXy0Q2qoQdUR01E0QQ9o1f05mTOi/PufCxbC04+c4r+wPn8AcXWk8I=</latexit>

Total bkd
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<latexit sha1_base64="9ELfUPlgb49OJoYyyaO+aXe44T8=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgiCURIp6LHrxWKFf0Iay2WzbpZtN2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/P8WHANjvNtFVZW19Y3ipulre2d3T17/6Clo0RR1qSRiFTHJ5oJLlkTOAjWiRUjoS9Y2x/fTv32A1OaR7IBk5h5IRlKPuCUgJH69lEP2COkjQiIwJoPJRHn/jjI+nbZqTgz4GXi5qSMctT79lcviGgSMglUEK27rhODlxIFnAqWlXqJZjGhYzJkXUMlCZn20tkDGT41SoAHkTIlAc/U3xMpCbWehL7pDAmM9KI3Ff/zugkMrr2UyzgBJul80SARGCI8TQMHXDEKYmIIoYqbWzEdEUUomMxKJgR38eVl0rqouJeV6n21XLvJ4yiiY3SCzpCLrlAN3aE6aiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fBxyWsQ==</latexit>

Total signal+bkd

<latexit sha1_base64="wEpEjYOPJaseUX3sUvyauy+vZDU=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegHrwIUcwDkjXMznaSIbMPZnrVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7vFgKjbb9beUWFpeWV/KrhbX1jc2t4vZOXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzBxdhvPIDSIgrvcBiDG7BeKLqCMzTSfRvhCdPb60vqDfxRp1iyy/YEdJ44GSmRDNVO8avtRzwJIEQumdYtx47RTZlCwSWMCu1EQ8z4gPWgZWjIAtBuOrl6RA+M4tNupEyFSCfq74mUBVoPA890Bgz7etYbi/95rQS7Z24qwjhBCPl0UTeRFCM6joD6QgFHOTSEcSXMrZT3mWIcTVAFE4Iz+/I8qR+VnZPy8c1xqXKexZEne2SfHBKHnJIKuSJVUiOcKPJMXsmb9Wi9WO/Wx7Q1Z2Uzu+QPrM8fQBCSXA==</latexit>

RMD bkd
<latexit sha1_base64="EfGVgxzJnBFtNgcGM6tTcB/+SCY=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHYNUY9ELh7RyCOBDZmdbWDC7MOZXiLZ8B1ePGiMVz/Gm3/jAHtQsJJOKlXd6e7yYik02va3lVtb39jcym8Xdnb39g+Kh0dNHSWKQ4NHMlJtj2mQIoQGCpTQjhWwwJPQ8ka1md8ag9IiCh9wEoMbsEEo+oIzNJLbRXjC9L5GvZE/7RVLdtmeg64SJyMlkqHeK351/YgnAYTIJdO649gxuilTKLiEaaGbaIgZH7EBdAwNWQDaTedHT+mZUXzaj5SpEOlc/T2RskDrSeCZzoDhUC97M/E/r5Ng/9pNRRgnCCFfLOonkmJEZwlQXyjgKCeGMK6EuZXyIVOMo8mpYEJwll9eJc2LsnNZrtxVStWbLI48OSGn5Jw45IpUyS2pkwbh5JE8k1fyZo2tF+vd+li05qxs5pj8gfX5A6AMkgQ=</latexit>

RC bkd
<latexit sha1_base64="P7i710ceFkgnAasYeYv3fzu9EQU=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mVoh6LXjxW6Be0S8lm0zY0myzJbLEs/SdePCji1X/izX9j2u5BWx8MPN6bYWZemAhuwPO+ncLG5tb2TnG3tLd/cHjkHp+0jEo1ZU2qhNKdkBgmuGRN4CBYJ9GMxKFg7XB8P/fbE6YNV7IB04QFMRlKPuCUgJX6rtsD9gRZQwEROBxHs75b9ireAnid+Dkpoxz1vvvVixRNYyaBCmJM1/cSCDKigVPBZqVealhC6JgMWddSSWJmgmxx+QxfWCXCA6VtScAL9fdERmJjpnFoO2MCI7PqzcX/vG4Kg9sg4zJJgUm6XDRIBQaF5zHgiGtGQUwtIVRzeyumI6IJBRtWyYbgr768TlpXFf+6Un2slmt3eRxFdIbO0SXy0Q2qoQdUR01E0QQ9o1f05mTOi/PufCxbC04+c4r+wPn8AcXWk8I=</latexit>

Total bkd

<latexit sha1_base64="yU9e00oseNiZWmkambSsFHq2w5k=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIjHxRHaNUY9ELx4xyiOBlcwODUyYnd3M9Kpkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7sriKUw6LrfTm5peWV1Lb9e2Njc2t4p7u7VTZRoDjUeyUg3A2ZACgU1FCihGWtgYSChEQyvJn7jAbQRkbrDUQx+yPpK9ARnaKX7NsITpreir5ik406x5JbdKegi8TJSIhmqneJXuxvxJASFXDJjWp4bo58yjYJLGBfaiYGY8SHrQ8tSxUIwfjq9ekyPrNKlvUjbUkin6u+JlIXGjMLAdoYMB2bem4j/ea0Eexd+KlScICg+W9RLJMWITiKgXaGBoxxZwrgW9lbKB0wzjjaogg3Bm395kdRPyt5Z+fTmtFS5zOLIkwNySI6JR85JhVyTKqkRTjR5Jq/kzXl0Xpx352PWmnOymX3yB87nD7KJkqY=</latexit>

Signal

<latexit sha1_base64="CkjJ+w+n28SGrSlck4YnNOojGmA=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HwYtiVoB6jIhpQiGAekCxhdjKbDJl9MNOrhjWf4sWDIl79Em/+jZNkD5pY0FBUddPd5UaCK7Csb2NufmFxaTmzkl1dW9/YNHNbNRXGkrIqDUUoGy5RTPCAVYGDYI1IMuK7gtXd/vnIr98zqXgY3MEgYo5PugH3OCWgpbaZawF7hOTm4hKXywen15Vh28xbBWsMPEvslORRikrb/Gp1Qhr7LAAqiFJN24rASYgETgUbZluxYhGhfdJlTU0D4jPlJOPTh3hPKx3shVJXAHis/p5IiK/UwHd1p0+gp6a9kfif14zBO3ESHkQxsIBOFnmxwBDiUQ64wyWjIAaaECq5vhXTHpGEgk4rq0Owp1+eJbXDgn1UKN4W86WzNI4M2kG7aB/Z6BiV0BWqoCqi6AE9o1f0ZjwZL8a78TFpnTPSmW30B8bnD8ezkww=</latexit>

MEG II-ALP

<latexit sha1_base64="rkaMFME8ssLeMLDy4uO8NEYV6IM=">AAACFnicbZDLSgNBEEV7fBtfoy7dNAYhLhJmgmg2QlRQlwomCnnR06kkjT0PumvEMMxXuPFX3LhQxK2482/sxCw08ULD4VYV1XW9SAqNjvNlTU3PzM7NLyxmlpZXVtfs9Y2qDmPFocJDGaobj2mQIoAKCpRwEylgvifh2rs9GdSv70BpEQZX2I+g4bNuIDqCMzRWy87nTltJ3Y8ppM2kmj9K6SEt0joKHzR1nWbJMNxjQs+gmu627KxTcIaik+COIEtGumjZn/V2yGMfAuSSaV1znQgbCVMouIQ0U481RIzfsi7UDAbMrG0kw7NSumOcNu2EyrwA6dD9PZEwX+u+75lOn2FPj9cG5n+1WoydUiMRQRQjBPxnUSeWFEM6yIi2hQKOsm+AcSXMXynvMcU4miQzJgR3/ORJqBYL7n5h73IvWz4exbFAtsg2yRGXHJAyOScXpEI4eSBP5IW8Wo/Ws/Vmvf+0TlmjmU3yR9bHN1gGnQA=</latexit>

(FV�A
µe = 2⇥ 108 GeV)
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Parasitic on normal MEG II run

A low intensity run (1/50 of normal) is better because: 
•Allows for looser cut on photon energy 
•Reduced background from coinciding decays

Dedicated low intensity run 

[Jho, et. al 2112.07720]

RMD ∝ Rμ+

RC ∝ R2
μ+
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Beyond the flagship search: What’s required for ?μ → ea

1. Need  and  (modify transport solenoid)μ+ π+

2. Need reduced intensity proton beam
Michel background overwhelms detector

Degraded energy resolution 

LFV ALPs at Mu2e

But for  
calibration challenge 

as for Mu3e

ma ≲ 20 MeV

[Hill, Plestid & Zupan 2310.00043]

Can a similar approach to Mu3e be implemented?
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Final Reach Long-lived ALP
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M
u
3e

(µ
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MEG II fwd

MEG II-ALP

Mu2e-X

Independent calibration

Partial Michel calibration

Mu3e (µ ! 3e + a)
Phase I

Phase II

|CV
eµ| or |CA

eµ| = 1
[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]
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[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]

No systematics included 
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[Knapen, Langhoff, Opferkuch & Redigolo 2311.17915]

No systematics included 

Flavoured DM freeze-in
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Going Displaced at Mu3e

<latexit sha1_base64="keCbNrnUaDMSdNPCJkEZfH++BPY=">AAAB/3icdVDLSgNBEOyNrxhfUY9eBoMgCMvsRjQ5KXjRm6LRQFzD7GSSDJmdXWZmxbDk4Ad41U/wJl79C69+gb/hJFFQ0YKGoqqb7q4wEVwbjN+c3MTk1PRMfrYwN7+wuFRcXjnXcaooq9FYxKoeEs0El6xmuBGsnihGolCwi7B3MPQvrpnSPJZnpp+wICIdyducEmOlU3a11SyWsLtT9n1cRdjFfrXsl4eksl3Zxshz8QilvVcY4bhZfL9sxTSNmDRUEK0bHk5MkBFlOBVsULhMNUsI7ZEOa1gqScR0kI1OHaANq7RQO1a2pEEj9ftERiKt+1FoOyNiuvq3NxT/8hqpaVeCjMskNUzS8aJ2KpCJ0fBv1OKKUSP6lhCquL0V0S5RhBqbzo8tmqeSm5tBwSbz9T76n5z7rrfjeie4tH80jgjysAbrsAke7MI+HMIx1IBCB+7gHh6cW+fReXKex60553NmFX7AefkAxQqX6A==</latexit>

e+

Outer pixel layers

Inner pixel layers

Stopping targetMuon 
beam

<latexit sha1_base64="mcmqIrENJhdMVDam3zM9TFeqc18=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiCEBJL2i4LbnRXwbSFNpbJdNIOnUzCzEQsoRv9ALf6Ce6KW9d+hF/g2j9w0ipY0cMMHM65l3vv8WNGpbKsN2NhcWl5ZTW3ll/f2NzaLuzsNmSUCExcHLFItHwkCaOcuIoqRlqxICj0GWn6w9PMb14TIWnEL9UoJl6I+pwGFCOlJbcTJlfH3ULRMqvlkn7QMh2n5FgZsUp2teJA27SmKNaKH6+37qRc7xbeO70IJyHhCjMkZdu2YuWlSCiKGRnnO4kkMcJD1CdtTTkKifTS6bJjeKiVHgwioT9XcKr+7EhRKOUo9HVliNRA/vYy8S+vnaig6qWUx4kiHM8GBQmDKoLZ5bBHBcGKjTRBWFC9K8QDJBBWOp+5KZImnKqbcV4n830+/J80Tky7bNoXOqJzMEMO7IMDcARsUAE1cAbqwAUYUHAPHsCjcWc8GRPjeVa6YHz17IE5GC+fdsibqg==</latexit>

µ+

<latexit sha1_base64="JSy22cRNonHC+bh5ruBCe0GXG4I=">AAAB/XicdVDLTgIxFL2DL8QX6tJNIzFxNelIBthJ4kZ3kMgjAUI6pUBDpzNpO0ZCiB/gVj/BnXHrb7j1C/wNC2giRk/a5OSce3PvPUEsuDYYvzupldW19Y30ZmZre2d3L7t/UNdRoiir0UhEqhkQzQSXrGa4EawZK0bCQLBGMLqY+Y0bpjSP5LUZx6wTkoHkfU6JsVK12c3msFsq5O1D2PX9vI9nBOe9UtFHnovnyJ2/wRyVbvaj3YtoEjJpqCBatzwcm86EKMOpYNNMO9EsJnREBqxlqSQh053JfNEpOrFKD/UjZb80aK7+7JiQUOtxGNjKkJih/u3NxL+8VmL6pc6EyzgxTNLFoH4ikInQ7GrU44pRI8aWEKq43RXRIVGEGpvN0hTNE8nN7TRjk/k+H/1P6meuV3C9Ks6VrxYRQRqO4BhOwYMilOESKlADCgzu4QEenTvnyXl2XhalKeer5xCW4Lx+AqARl0w=</latexit>

X

38
 m

m

100 mm

<latexit sha1_base64="I0/YBrCKbxJ8nsG/ibDPB8FNvGw=">AAACGXicdVDLSgNBEJz1GeMr6jGXwSB4WnbFqMegF48RjRGSJcxOeuPg7Owy0yuGJQe/ww/wqp/gTbx68gv8DScxgvFR0FBUddPdFaZSGPS8N2dqemZ2br6wUFxcWl5ZLa2tn5sk0xwaPJGJvgiZASkUNFCghItUA4tDCc3w6mjoN69BG5GoM+ynEMSsp0QkOEMrdUrlNsIN5qdcKBRSWlX1aCRCDWbQKVU8t+p5O9V9+pv4rjdChYxR75Te292EZzEo5JIZ0/K9FIOcaRRcwqDYzgykjF+xHrQsVSwGE+SjJwZ0yypdGiXalkI6Ur9P5Cw2ph+HtjNmeGl+ekPxL6+VYXQQ5EKlGYLin4uiTFJM6DAR2hUaOMq+JYxrYW+l/JJpxtHmNrHFiEwJvBkUbTJf79P/yfmO6++5/slupXY4zqhAymSTbBOf7JMaOSZ10iCc3JJ78kAenTvnyXl2Xj5bp5zxzAaZgPP6Ad0sogo=</latexit>

Scintillating fibres

<latexit sha1_base64="PeDrVHs6VikIkkJIlLpRDGf/Ueo=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBEEYUiqtt1ZcKO7itYKbZVMmrbBTGZIMmIpXfgBbvUT3Ilb/8KtX+BvmE4VVPTAhcM593LvPUEshbEYv3kTk1PTM7OZuez8wuLScm5l9cxEiWa8xiIZ6fOAGi6F4jUrrOTnseY0DCSvB1cHI79+zbURkTq1/Zi3QtpVoiMYtU464Rfbl7k89vHubhkXEPZ3SKlEiCN7e8Uy2UHExyny+6+QonqZe2+2I5aEXFkmqTENgmPbGlBtBZN8mG0mhseUXdEubziqaMhNa5CeOkSbTmmjTqRdKYtS9fvEgIbG9MPAdYbU9sxvbyT+5TUS2ym3BkLFieWKjRd1EolshEZ/o7bQnFnZd4QyLdytiPWopsy6dH5sMSJRwt4Msy6Zr/fR/+Ss4JOiT45xvnI0jggysA4bsAUESlCBQ6hCDRh04Q7u4cG79R69J+953Drhfc6swQ94Lx/GW5fp</latexit>

e+ <latexit sha1_base64="9UZbJsu3ki2zkzcL/t3YE6Ny+9c=">AAAB/3icdVDLSgMxFM34rPVVdekmWAQ3Dplpqe2u4EZ3Fe0D2loyaaYNzWSGJCOWoQs/wK1+gjtx66f4Bf6GmbaCFT1w4XDOvdx7jxdxpjRCH9bS8srq2npmI7u5tb2zm9vbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG52nfvOOSsVCcaPHEe0GeCCYzwjWRrqmt6e9XB7ZpYLrogpENnIrBbeQknKxXETQsdEUeTBHrZf77PRDEgdUaMKxUm0HRbqbYKkZ4XSS7cSKRpiM8IC2DRU4oKqbTE+dwGOj9KEfSlNCw6n6cyLBgVLjwDOdAdZD9dtLxb+8dqz9cjdhIoo1FWS2yI851CFM/4Z9JinRfGwIJpKZWyEZYomJNuksbFEsFkzfT7Imme/34f+k4dpOyXauivnq5TyjDDgER+AEOOAMVMEFqIE6IGAAHsETeLYerBfr1XqbtS5Z85kDsADr/QtDnpbf</latexit>

e�

<latexit sha1_base64="ZzUBz/O5HLu/Nr7a5FFZNaDqZEw="></latexit>

⇠ 70µm Mylar

Going displaced inside 
the stopping target!
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Going Displaced at Mu3e
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z

<latexit sha1_base64="keCbNrnUaDMSdNPCJkEZfH++BPY=">AAAB/3icdVDLSgNBEOyNrxhfUY9eBoMgCMvsRjQ5KXjRm6LRQFzD7GSSDJmdXWZmxbDk4Ad41U/wJl79C69+gb/hJFFQ0YKGoqqb7q4wEVwbjN+c3MTk1PRMfrYwN7+wuFRcXjnXcaooq9FYxKoeEs0El6xmuBGsnihGolCwi7B3MPQvrpnSPJZnpp+wICIdyducEmOlU3a11SyWsLtT9n1cRdjFfrXsl4eksl3Zxshz8QilvVcY4bhZfL9sxTSNmDRUEK0bHk5MkBFlOBVsULhMNUsI7ZEOa1gqScR0kI1OHaANq7RQO1a2pEEj9ftERiKt+1FoOyNiuvq3NxT/8hqpaVeCjMskNUzS8aJ2KpCJ0fBv1OKKUSP6lhCquL0V0S5RhBqbzo8tmqeSm5tBwSbz9T76n5z7rrfjeie4tH80jgjysAbrsAke7MI+HMIx1IBCB+7gHh6cW+fReXKex60553NmFX7AefkAxQqX6A==</latexit>

e+

Outer pixel layers

Inner pixel layers

Stopping targetMuon 
beam

<latexit sha1_base64="mcmqIrENJhdMVDam3zM9TFeqc18=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiCEBJL2i4LbnRXwbSFNpbJdNIOnUzCzEQsoRv9ALf6Ce6KW9d+hF/g2j9w0ipY0cMMHM65l3vv8WNGpbKsN2NhcWl5ZTW3ll/f2NzaLuzsNmSUCExcHLFItHwkCaOcuIoqRlqxICj0GWn6w9PMb14TIWnEL9UoJl6I+pwGFCOlJbcTJlfH3ULRMqvlkn7QMh2n5FgZsUp2teJA27SmKNaKH6+37qRc7xbeO70IJyHhCjMkZdu2YuWlSCiKGRnnO4kkMcJD1CdtTTkKifTS6bJjeKiVHgwioT9XcKr+7EhRKOUo9HVliNRA/vYy8S+vnaig6qWUx4kiHM8GBQmDKoLZ5bBHBcGKjTRBWFC9K8QDJBBWOp+5KZImnKqbcV4n830+/J80Tky7bNoXOqJzMEMO7IMDcARsUAE1cAbqwAUYUHAPHsCjcWc8GRPjeVa6YHz17IE5GC+fdsibqg==</latexit>

µ+

<latexit sha1_base64="JSy22cRNonHC+bh5ruBCe0GXG4I=">AAAB/XicdVDLTgIxFL2DL8QX6tJNIzFxNelIBthJ4kZ3kMgjAUI6pUBDpzNpO0ZCiB/gVj/BnXHrb7j1C/wNC2giRk/a5OSce3PvPUEsuDYYvzupldW19Y30ZmZre2d3L7t/UNdRoiir0UhEqhkQzQSXrGa4EawZK0bCQLBGMLqY+Y0bpjSP5LUZx6wTkoHkfU6JsVK12c3msFsq5O1D2PX9vI9nBOe9UtFHnovnyJ2/wRyVbvaj3YtoEjJpqCBatzwcm86EKMOpYNNMO9EsJnREBqxlqSQh053JfNEpOrFKD/UjZb80aK7+7JiQUOtxGNjKkJih/u3NxL+8VmL6pc6EyzgxTNLFoH4ikInQ7GrU44pRI8aWEKq43RXRIVGEGpvN0hTNE8nN7TRjk/k+H/1P6meuV3C9Ks6VrxYRQRqO4BhOwYMilOESKlADCgzu4QEenTvnyXl2XhalKeer5xCW4Lx+AqARl0w=</latexit>

X

38
 m

m

100 mm

<latexit sha1_base64="I0/YBrCKbxJ8nsG/ibDPB8FNvGw=">AAACGXicdVDLSgNBEJz1GeMr6jGXwSB4WnbFqMegF48RjRGSJcxOeuPg7Owy0yuGJQe/ww/wqp/gTbx68gv8DScxgvFR0FBUddPdFaZSGPS8N2dqemZ2br6wUFxcWl5ZLa2tn5sk0xwaPJGJvgiZASkUNFCghItUA4tDCc3w6mjoN69BG5GoM+ynEMSsp0QkOEMrdUrlNsIN5qdcKBRSWlX1aCRCDWbQKVU8t+p5O9V9+pv4rjdChYxR75Te292EZzEo5JIZ0/K9FIOcaRRcwqDYzgykjF+xHrQsVSwGE+SjJwZ0yypdGiXalkI6Ur9P5Cw2ph+HtjNmeGl+ekPxL6+VYXQQ5EKlGYLin4uiTFJM6DAR2hUaOMq+JYxrYW+l/JJpxtHmNrHFiEwJvBkUbTJf79P/yfmO6++5/slupXY4zqhAymSTbBOf7JMaOSZ10iCc3JJ78kAenTvnyXl2Xj5bp5zxzAaZgPP6Ad0sogo=</latexit>

Scintillating fibres

<latexit sha1_base64="PeDrVHs6VikIkkJIlLpRDGf/Ueo=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBEEYUiqtt1ZcKO7itYKbZVMmrbBTGZIMmIpXfgBbvUT3Ilb/8KtX+BvmE4VVPTAhcM593LvPUEshbEYv3kTk1PTM7OZuez8wuLScm5l9cxEiWa8xiIZ6fOAGi6F4jUrrOTnseY0DCSvB1cHI79+zbURkTq1/Zi3QtpVoiMYtU464Rfbl7k89vHubhkXEPZ3SKlEiCN7e8Uy2UHExyny+6+QonqZe2+2I5aEXFkmqTENgmPbGlBtBZN8mG0mhseUXdEubziqaMhNa5CeOkSbTmmjTqRdKYtS9fvEgIbG9MPAdYbU9sxvbyT+5TUS2ym3BkLFieWKjRd1EolshEZ/o7bQnFnZd4QyLdytiPWopsy6dH5sMSJRwt4Msy6Zr/fR/+Ss4JOiT45xvnI0jggysA4bsAUESlCBQ6hCDRh04Q7u4cG79R69J+953Drhfc6swQ94Lx/GW5fp</latexit>

e+ <latexit sha1_base64="9UZbJsu3ki2zkzcL/t3YE6Ny+9c=">AAAB/3icdVDLSgMxFM34rPVVdekmWAQ3Dplpqe2u4EZ3Fe0D2loyaaYNzWSGJCOWoQs/wK1+gjtx66f4Bf6GmbaCFT1w4XDOvdx7jxdxpjRCH9bS8srq2npmI7u5tb2zm9vbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG52nfvOOSsVCcaPHEe0GeCCYzwjWRrqmt6e9XB7ZpYLrogpENnIrBbeQknKxXETQsdEUeTBHrZf77PRDEgdUaMKxUm0HRbqbYKkZ4XSS7cSKRpiM8IC2DRU4oKqbTE+dwGOj9KEfSlNCw6n6cyLBgVLjwDOdAdZD9dtLxb+8dqz9cjdhIoo1FWS2yI851CFM/4Z9JinRfGwIJpKZWyEZYomJNuksbFEsFkzfT7Imme/34f+k4dpOyXauivnq5TyjDDgER+AEOOAMVMEFqIE6IGAAHsETeLYerBfr1XqbtS5Z85kDsADr/QtDnpbf</latexit>

e�

<latexit sha1_base64="ZzUBz/O5HLu/Nr7a5FFZNaDqZEw="></latexit>

⇠ 70µm Mylar

Going displaced inside 
the stopping target!
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Backgrounds

<latexit sha1_base64="keCbNrnUaDMSdNPCJkEZfH++BPY=">AAAB/3icdVDLSgNBEOyNrxhfUY9eBoMgCMvsRjQ5KXjRm6LRQFzD7GSSDJmdXWZmxbDk4Ad41U/wJl79C69+gb/hJFFQ0YKGoqqb7q4wEVwbjN+c3MTk1PRMfrYwN7+wuFRcXjnXcaooq9FYxKoeEs0El6xmuBGsnihGolCwi7B3MPQvrpnSPJZnpp+wICIdyducEmOlU3a11SyWsLtT9n1cRdjFfrXsl4eksl3Zxshz8QilvVcY4bhZfL9sxTSNmDRUEK0bHk5MkBFlOBVsULhMNUsI7ZEOa1gqScR0kI1OHaANq7RQO1a2pEEj9ftERiKt+1FoOyNiuvq3NxT/8hqpaVeCjMskNUzS8aJ2KpCJ0fBv1OKKUSP6lhCquL0V0S5RhBqbzo8tmqeSm5tBwSbz9T76n5z7rrfjeie4tH80jgjysAbrsAke7MI+HMIx1IBCB+7gHh6cW+fReXKex60553NmFX7AefkAxQqX6A==</latexit>

e+

Outer pixel layers

Inner pixel layers

Stopping targetMuon 
beam

<latexit sha1_base64="mcmqIrENJhdMVDam3zM9TFeqc18=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiCEBJL2i4LbnRXwbSFNpbJdNIOnUzCzEQsoRv9ALf6Ce6KW9d+hF/g2j9w0ipY0cMMHM65l3vv8WNGpbKsN2NhcWl5ZTW3ll/f2NzaLuzsNmSUCExcHLFItHwkCaOcuIoqRlqxICj0GWn6w9PMb14TIWnEL9UoJl6I+pwGFCOlJbcTJlfH3ULRMqvlkn7QMh2n5FgZsUp2teJA27SmKNaKH6+37qRc7xbeO70IJyHhCjMkZdu2YuWlSCiKGRnnO4kkMcJD1CdtTTkKifTS6bJjeKiVHgwioT9XcKr+7EhRKOUo9HVliNRA/vYy8S+vnaig6qWUx4kiHM8GBQmDKoLZ5bBHBcGKjTRBWFC9K8QDJBBWOp+5KZImnKqbcV4n830+/J80Tky7bNoXOqJzMEMO7IMDcARsUAE1cAbqwAUYUHAPHsCjcWc8GRPjeVa6YHz17IE5GC+fdsibqg==</latexit>

µ+

<latexit sha1_base64="JSy22cRNonHC+bh5ruBCe0GXG4I=">AAAB/XicdVDLTgIxFL2DL8QX6tJNIzFxNelIBthJ4kZ3kMgjAUI6pUBDpzNpO0ZCiB/gVj/BnXHrb7j1C/wNC2giRk/a5OSce3PvPUEsuDYYvzupldW19Y30ZmZre2d3L7t/UNdRoiir0UhEqhkQzQSXrGa4EawZK0bCQLBGMLqY+Y0bpjSP5LUZx6wTkoHkfU6JsVK12c3msFsq5O1D2PX9vI9nBOe9UtFHnovnyJ2/wRyVbvaj3YtoEjJpqCBatzwcm86EKMOpYNNMO9EsJnREBqxlqSQh053JfNEpOrFKD/UjZb80aK7+7JiQUOtxGNjKkJih/u3NxL+8VmL6pc6EyzgxTNLFoH4ikInQ7GrU44pRI8aWEKq43RXRIVGEGpvN0hTNE8nN7TRjk/k+H/1P6meuV3C9Ks6VrxYRQRqO4BhOwYMilOESKlADCgzu4QEenTvnyXl2XhalKeer5xCW4Lx+AqARl0w=</latexit>

X

38
 m

m

100 mm

<latexit sha1_base64="I0/YBrCKbxJ8nsG/ibDPB8FNvGw=">AAACGXicdVDLSgNBEJz1GeMr6jGXwSB4WnbFqMegF48RjRGSJcxOeuPg7Owy0yuGJQe/ww/wqp/gTbx68gv8DScxgvFR0FBUddPdFaZSGPS8N2dqemZ2br6wUFxcWl5ZLa2tn5sk0xwaPJGJvgiZASkUNFCghItUA4tDCc3w6mjoN69BG5GoM+ynEMSsp0QkOEMrdUrlNsIN5qdcKBRSWlX1aCRCDWbQKVU8t+p5O9V9+pv4rjdChYxR75Te292EZzEo5JIZ0/K9FIOcaRRcwqDYzgykjF+xHrQsVSwGE+SjJwZ0yypdGiXalkI6Ur9P5Cw2ph+HtjNmeGl+ekPxL6+VYXQQ5EKlGYLin4uiTFJM6DAR2hUaOMq+JYxrYW+l/JJpxtHmNrHFiEwJvBkUbTJf79P/yfmO6++5/slupXY4zqhAymSTbBOf7JMaOSZ10iCc3JJ78kAenTvnyXl2Xj5bp5zxzAaZgPP6Ad0sogo=</latexit>

Scintillating fibres

<latexit sha1_base64="PeDrVHs6VikIkkJIlLpRDGf/Ueo=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBEEYUiqtt1ZcKO7itYKbZVMmrbBTGZIMmIpXfgBbvUT3Ilb/8KtX+BvmE4VVPTAhcM593LvPUEshbEYv3kTk1PTM7OZuez8wuLScm5l9cxEiWa8xiIZ6fOAGi6F4jUrrOTnseY0DCSvB1cHI79+zbURkTq1/Zi3QtpVoiMYtU464Rfbl7k89vHubhkXEPZ3SKlEiCN7e8Uy2UHExyny+6+QonqZe2+2I5aEXFkmqTENgmPbGlBtBZN8mG0mhseUXdEubziqaMhNa5CeOkSbTmmjTqRdKYtS9fvEgIbG9MPAdYbU9sxvbyT+5TUS2ym3BkLFieWKjRd1EolshEZ/o7bQnFnZd4QyLdytiPWopsy6dH5sMSJRwt4Msy6Zr/fR/+Ss4JOiT45xvnI0jggysA4bsAUESlCBQ6hCDRh04Q7u4cG79R69J+953Drhfc6swQ94Lx/GW5fp</latexit>

e+ <latexit sha1_base64="9UZbJsu3ki2zkzcL/t3YE6Ny+9c=">AAAB/3icdVDLSgMxFM34rPVVdekmWAQ3Dplpqe2u4EZ3Fe0D2loyaaYNzWSGJCOWoQs/wK1+gjtx66f4Bf6GmbaCFT1w4XDOvdx7jxdxpjRCH9bS8srq2npmI7u5tb2zm9vbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG52nfvOOSsVCcaPHEe0GeCCYzwjWRrqmt6e9XB7ZpYLrogpENnIrBbeQknKxXETQsdEUeTBHrZf77PRDEgdUaMKxUm0HRbqbYKkZ4XSS7cSKRpiM8IC2DRU4oKqbTE+dwGOj9KEfSlNCw6n6cyLBgVLjwDOdAdZD9dtLxb+8dqz9cjdhIoo1FWS2yI851CFM/4Z9JinRfGwIJpKZWyEZYomJNuksbFEsFkzfT7Imme/34f+k4dpOyXauivnq5TyjDDgER+AEOOAMVMEFqIE6IGAAHsETeLYerBfr1XqbtS5Z85kDsADr/QtDnpbf</latexit>

e�

<latexit sha1_base64="ZzUBz/O5HLu/Nr7a5FFZNaDqZEw="></latexit>

⇠ 70µm Mylar

   Require -  pair 
reconstructed to decay inside 
target

e+ e−2.

  (optional) Require -  
pair to point to muon 
decay on surface

e+ e−

(With at least 3mm displacement)

3.

Insist  or pμ
miss = 0 p2

miss > 04.
Without ν′￼s With ν′￼s

   Require  pointing to muon 
decaying on stopping target

e+1.
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Backgrounds

   Require  pointing to muon 
decaying on stopping target

e+

<latexit sha1_base64="keCbNrnUaDMSdNPCJkEZfH++BPY=">AAAB/3icdVDLSgNBEOyNrxhfUY9eBoMgCMvsRjQ5KXjRm6LRQFzD7GSSDJmdXWZmxbDk4Ad41U/wJl79C69+gb/hJFFQ0YKGoqqb7q4wEVwbjN+c3MTk1PRMfrYwN7+wuFRcXjnXcaooq9FYxKoeEs0El6xmuBGsnihGolCwi7B3MPQvrpnSPJZnpp+wICIdyducEmOlU3a11SyWsLtT9n1cRdjFfrXsl4eksl3Zxshz8QilvVcY4bhZfL9sxTSNmDRUEK0bHk5MkBFlOBVsULhMNUsI7ZEOa1gqScR0kI1OHaANq7RQO1a2pEEj9ftERiKt+1FoOyNiuvq3NxT/8hqpaVeCjMskNUzS8aJ2KpCJ0fBv1OKKUSP6lhCquL0V0S5RhBqbzo8tmqeSm5tBwSbz9T76n5z7rrfjeie4tH80jgjysAbrsAke7MI+HMIx1IBCB+7gHh6cW+fReXKex60553NmFX7AefkAxQqX6A==</latexit>

e+

Outer pixel layers

Inner pixel layers

Stopping targetMuon 
beam

<latexit sha1_base64="mcmqIrENJhdMVDam3zM9TFeqc18=">AAACAXicdVDLSsNAFJ34rPVVdelmsAiCEBJL2i4LbnRXwbSFNpbJdNIOnUzCzEQsoRv9ALf6Ce6KW9d+hF/g2j9w0ipY0cMMHM65l3vv8WNGpbKsN2NhcWl5ZTW3ll/f2NzaLuzsNmSUCExcHLFItHwkCaOcuIoqRlqxICj0GWn6w9PMb14TIWnEL9UoJl6I+pwGFCOlJbcTJlfH3ULRMqvlkn7QMh2n5FgZsUp2teJA27SmKNaKH6+37qRc7xbeO70IJyHhCjMkZdu2YuWlSCiKGRnnO4kkMcJD1CdtTTkKifTS6bJjeKiVHgwioT9XcKr+7EhRKOUo9HVliNRA/vYy8S+vnaig6qWUx4kiHM8GBQmDKoLZ5bBHBcGKjTRBWFC9K8QDJBBWOp+5KZImnKqbcV4n830+/J80Tky7bNoXOqJzMEMO7IMDcARsUAE1cAbqwAUYUHAPHsCjcWc8GRPjeVa6YHz17IE5GC+fdsibqg==</latexit>

µ+

<latexit sha1_base64="JSy22cRNonHC+bh5ruBCe0GXG4I=">AAAB/XicdVDLTgIxFL2DL8QX6tJNIzFxNelIBthJ4kZ3kMgjAUI6pUBDpzNpO0ZCiB/gVj/BnXHrb7j1C/wNC2giRk/a5OSce3PvPUEsuDYYvzupldW19Y30ZmZre2d3L7t/UNdRoiir0UhEqhkQzQSXrGa4EawZK0bCQLBGMLqY+Y0bpjSP5LUZx6wTkoHkfU6JsVK12c3msFsq5O1D2PX9vI9nBOe9UtFHnovnyJ2/wRyVbvaj3YtoEjJpqCBatzwcm86EKMOpYNNMO9EsJnREBqxlqSQh053JfNEpOrFKD/UjZb80aK7+7JiQUOtxGNjKkJih/u3NxL+8VmL6pc6EyzgxTNLFoH4ikInQ7GrU44pRI8aWEKq43RXRIVGEGpvN0hTNE8nN7TRjk/k+H/1P6meuV3C9Ks6VrxYRQRqO4BhOwYMilOESKlADCgzu4QEenTvnyXl2XhalKeer5xCW4Lx+AqARl0w=</latexit>

X

38
 m

m

100 mm

<latexit sha1_base64="I0/YBrCKbxJ8nsG/ibDPB8FNvGw=">AAACGXicdVDLSgNBEJz1GeMr6jGXwSB4WnbFqMegF48RjRGSJcxOeuPg7Owy0yuGJQe/ww/wqp/gTbx68gv8DScxgvFR0FBUddPdFaZSGPS8N2dqemZ2br6wUFxcWl5ZLa2tn5sk0xwaPJGJvgiZASkUNFCghItUA4tDCc3w6mjoN69BG5GoM+ynEMSsp0QkOEMrdUrlNsIN5qdcKBRSWlX1aCRCDWbQKVU8t+p5O9V9+pv4rjdChYxR75Te292EZzEo5JIZ0/K9FIOcaRRcwqDYzgykjF+xHrQsVSwGE+SjJwZ0yypdGiXalkI6Ur9P5Cw2ph+HtjNmeGl+ekPxL6+VYXQQ5EKlGYLin4uiTFJM6DAR2hUaOMq+JYxrYW+l/JJpxtHmNrHFiEwJvBkUbTJf79P/yfmO6++5/slupXY4zqhAymSTbBOf7JMaOSZ10iCc3JJ78kAenTvnyXl2Xj5bp5zxzAaZgPP6Ad0sogo=</latexit>

Scintillating fibres

<latexit sha1_base64="PeDrVHs6VikIkkJIlLpRDGf/Ueo=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBEEYUiqtt1ZcKO7itYKbZVMmrbBTGZIMmIpXfgBbvUT3Ilb/8KtX+BvmE4VVPTAhcM593LvPUEshbEYv3kTk1PTM7OZuez8wuLScm5l9cxEiWa8xiIZ6fOAGi6F4jUrrOTnseY0DCSvB1cHI79+zbURkTq1/Zi3QtpVoiMYtU464Rfbl7k89vHubhkXEPZ3SKlEiCN7e8Uy2UHExyny+6+QonqZe2+2I5aEXFkmqTENgmPbGlBtBZN8mG0mhseUXdEubziqaMhNa5CeOkSbTmmjTqRdKYtS9fvEgIbG9MPAdYbU9sxvbyT+5TUS2ym3BkLFieWKjRd1EolshEZ/o7bQnFnZd4QyLdytiPWopsy6dH5sMSJRwt4Msy6Zr/fR/+Ss4JOiT45xvnI0jggysA4bsAUESlCBQ6hCDRh04Q7u4cG79R69J+953Drhfc6swQ94Lx/GW5fp</latexit>

e+ <latexit sha1_base64="9UZbJsu3ki2zkzcL/t3YE6Ny+9c=">AAAB/3icdVDLSgMxFM34rPVVdekmWAQ3Dplpqe2u4EZ3Fe0D2loyaaYNzWSGJCOWoQs/wK1+gjtx66f4Bf6GmbaCFT1w4XDOvdx7jxdxpjRCH9bS8srq2npmI7u5tb2zm9vbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG52nfvOOSsVCcaPHEe0GeCCYzwjWRrqmt6e9XB7ZpYLrogpENnIrBbeQknKxXETQsdEUeTBHrZf77PRDEgdUaMKxUm0HRbqbYKkZ4XSS7cSKRpiM8IC2DRU4oKqbTE+dwGOj9KEfSlNCw6n6cyLBgVLjwDOdAdZD9dtLxb+8dqz9cjdhIoo1FWS2yI851CFM/4Z9JinRfGwIJpKZWyEZYomJNuksbFEsFkzfT7Imme/34f+k4dpOyXauivnq5TyjDDgER+AEOOAMVMEFqIE6IGAAHsETeLYerBfr1XqbtS5Z85kDsADr/QtDnpbf</latexit>

e�

<latexit sha1_base64="ZzUBz/O5HLu/Nr7a5FFZNaDqZEw="></latexit>

⇠ 70µm Mylar

1.

   Require -  pair 
reconstructed to decay inside 
target

e+ e−2.

  (optional) Require -  
pair to point to muon 
decay on surface

e+ e−

(With at least 3mm displacement)

3.

Insist  or pμ
miss = 0 p2

miss > 04.
Without ν′￼s With ν′￼s
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mee [MeV]
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d
N

ev
en

ts
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m
ee

[M
eV

°
1
]

Internal 
conversion

without pointing

Bhabha

with pointing

<latexit sha1_base64="dMU8lxTS+t6DnwIYx0Rj9V2EqhM="></latexit>

(⇥10�4)

<latexit sha1_base64="36XJ3tVB0HkfgzZ8Xdz2BQK8mJc="></latexit>

(⇥100)

Coincidence backgrounds

<latexit sha1_base64="EP91PUxvxT0dODuadHBF89/UsXQ="></latexit>

(⇥100)

<latexit sha1_base64="eoVkNF0UTFbh6cdGZ5P1k6jabec="></latexit>

(⇥102)

<latexit sha1_base64="k20Y6uxtG3wYqdhRDj+EsEhpS3I=">AAACJXicbVDLSgNBEJyNrxhfUY9eBoMoBMOuBPUY8OIxgnlANgmzk04yZHZ2mYcYQj7B7/ADvOoneBPBk0d/w9kkB5PYUFBUddPdFcScKe26X05qZXVtfSO9mdna3tndy+4fVFVkJIUKjXgk6wFRwJmAimaaQz2WQMKAQy0Y3CR+7QGkYpG418MYmiHpCdZllGgrtbOnfmhaeezrCPsBkb4wbatgaJ1b5CdINGhnc27BnRReJt6M5NCsyu3sj9+JqAlBaMqJUg3PjXVzRKRmlMM44xsFMaED0oOGpYKEoJqjyUNjfGKVDu5G0kJoPFH/ToxIqNQwDGxnSHRfLXqJ+J/XMLp73RwxERsNgk4XdQ3H9v0kHdxhEqjmQ0sIlczeimmfSEK1zXBui2JGMP04zthkvMUclkn1ouBdFry7Yq5UnGWURkfoGJ0hD12hErpFZVRBFD2hF/SK3pxn5935cD6nrSlnNnOI5sr5/gXVqKQ0</latexit>

µ+ ! ⌫̄µe
�e+e+⌫e

<latexit sha1_base64="GG8XhMTQJZcM+PToSJK9mwlNQwM=">AAACHXicbZBLSgNBEIZ7fMb4irp0YWMQBCHMSFCXATcuI5gHZGLo6VSSJj09Qz/EMGTpOTyAWz2CO3ErnsBr2JPMwiT+0PDzVRXV9QcxZ0q77reztLyyurae28hvbm3v7Bb29usqMpJCjUY8ks2AKOBMQE0zzaEZSyBhwKERDK/TeuMBpGKRuNOjGNoh6QvWY5RoizqFIz8092fY1xH2AyJ9YTqWYEiZ9dApFN2SOxFeNF5miihTtVP48bsRNSEITTlRquW5sW4nRGpGOYzzvlEQEzokfWhZK0gIqp1MDhnjE0u6uBdJ+4TGE/p3IiGhUqMwsJ0h0QM1X0vhf7WW0b2rdsJEbDQIOl3UMxzbs9NUcJdJoJqPrCFUMvtXTAdEEqptdjNbFDOC6cdx3ibjzeewaOrnJe+i5N2Wi5VyllEOHaJjdIo8dIkq6AZVUQ1R9IRe0Ct6c56dd+fD+Zy2LjnZzAGakfP1C+6DocY=</latexit>

µ+ ! ⌫̄µe
+⌫e

<latexit sha1_base64="zW04OOTmvFan99LfsUqRR+NOfaQ=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXgnoMePGYgEmEZAmzk04yZHZ2mekVwxL8AK/6Cd7Eq9/iF/gbTpI9mMSChqKqm+6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiOTR4JCP9EDADUihooEAJD7EGFgYSWsHoduq3HkEbEal7HMfgh2ygRF9whlaqX3SLJbfszkBXiZeREslQ6xZ/Or2IJyEo5JIZ0/bcGP2UaRRcwqTQSQzEjI/YANqWKhaC8dPZoRN6ZpUe7UfalkI6U/9OpCw0ZhwGtjNkODTL3lT8z2sn2L/xU6HiBEHx+aJ+IilGdPo17QkNHOXYEsa1sLdSPmSacbTZLGwxIlECnyYFm4y3nMMqaV6WvauyV6+UqpUsozw5IafknHjkmlTJHamRBuEEyAt5JW/Os/PufDif89ack80ckwU4X79UBJWw</latexit>

+

(Stopped on air)

(Stopped on target)

Positron from muon decay stopped 
on air liberates  from gase−

<latexit sha1_base64="GG8XhMTQJZcM+PToSJK9mwlNQwM=">AAACHXicbZBLSgNBEIZ7fMb4irp0YWMQBCHMSFCXATcuI5gHZGLo6VSSJj09Qz/EMGTpOTyAWz2CO3ErnsBr2JPMwiT+0PDzVRXV9QcxZ0q77reztLyyurae28hvbm3v7Bb29usqMpJCjUY8ks2AKOBMQE0zzaEZSyBhwKERDK/TeuMBpGKRuNOjGNoh6QvWY5RoizqFIz8092fY1xH2AyJ9YTqWYEiZ9dApFN2SOxFeNF5miihTtVP48bsRNSEITTlRquW5sW4nRGpGOYzzvlEQEzokfWhZK0gIqp1MDhnjE0u6uBdJ+4TGE/p3IiGhUqMwsJ0h0QM1X0vhf7WW0b2rdsJEbDQIOl3UMxzbs9NUcJdJoJqPrCFUMvtXTAdEEqptdjNbFDOC6cdx3ibjzeewaOrnJe+i5N2Wi5VyllEOHaJjdIo8dIkq6AZVUQ1R9IRe0Ct6c56dd+fD+Zy2LjnZzAGakfP1C+6DocY=</latexit>

µ+ ! ⌫̄µe
+⌫e

<latexit sha1_base64="zW04OOTmvFan99LfsUqRR+NOfaQ=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXgnoMePGYgEmEZAmzk04yZHZ2mekVwxL8AK/6Cd7Eq9/iF/gbTpI9mMSChqKqm+6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiOTR4JCP9EDADUihooEAJD7EGFgYSWsHoduq3HkEbEal7HMfgh2ygRF9whlaqX3SLJbfszkBXiZeREslQ6xZ/Or2IJyEo5JIZ0/bcGP2UaRRcwqTQSQzEjI/YANqWKhaC8dPZoRN6ZpUe7UfalkI6U/9OpCw0ZhwGtjNkODTL3lT8z2sn2L/xU6HiBEHx+aJ+IilGdPo17QkNHOXYEsa1sLdSPmSacbTZLGwxIlECnyYFm4y3nMMqaV6WvauyV6+UqpUsozw5IafknHjkmlTJHamRBuEEyAt5JW/Os/PufDif89ack80ckwU4X79UBJWw</latexit>

+

(Stopped on target)

[Knapen, Opferkuch, Redigolo & Tammaro 2410.13941]
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Production Modes
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3.

Two-body:

Three-body:

Four-body:

Ex. LFV ALP
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Ex. LFC ALP

Mass reconstruction
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Mass reconstruction

Pointing

Mass reconstruction

Pointing
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Prompt

<latexit sha1_base64="u7VdPAF8RtEshl07e9SlfRv793k=">AAACD3icdVDLSgNBEJz1bXxFPXoZDIIXw66Kj4MYUMRjBKOBJITZSScZMju7zPSqYclH+AFe9e7Fm3j1E/wCf8GDByeJgvFR0FBUddPd5UdSGHTdF2doeGR0bHxiMjU1PTM7l55fODNhrDkUeChDXfSZASkUFFCghGKkgQW+hHO/ddD1zy9AGxGqU2xHUAlYQ4m64AytVE3PA9AywhUmazUtLkB1qumMm93Y9VzPpb+Jl3V7yOy/H+4d3bfe8tX0a7kW8jgAhVwyY0qeG2ElYRoFl9BJlWMDEeMt1oCSpYoFYCpJ7/QOXbFKjdZDbUsh7anfJxIWGNMOfNsZMGyan15X/MsrxVjfqSRCRTGC4v1F9VhSDGk3B1oTGjjKtiWMa2FvpbzJNONo0xrYYkSsBF51UjaZr/fp/+RsPettZb0TN5PbJH1MkCWyTFaJR7ZJjhyTPCkQTi7JDbkld8618+A8Ok/91iHnc2aRDMB5/gDewKFL</latexit>

ee-driven

<latexit sha1_base64="sfkNtUmk65TqG7lG8uPXaDwBwAY=">AAACEXicdVBLSgNBEO3xb/xFXbppDIIuDDMqflYKIrhUMCaQDKGnp5I06ekZumvEMOQUHsCtHkHciFtP4AnEW9hJFIyfBwWP96qoqhckUhh03VdnZHRsfGJyajo3Mzs3v5BfXLo0cao5lHgsY10JmAEpFJRQoIRKooFFgYRy0D7u+eUr0EbE6gI7CfgRayrREJyhler5ZahFKa0hXGO2GWpxBapbzxfc4vaB53ou/U28ottH4Wjh/XAj93hyVs+/1cKYpxEo5JIZU/XcBP2MaRRcQjdXSw0kjLdZE6qWKhaB8bP+8V26ZpWQNmJtSyHtq98nMhYZ04kC2xkxbJmfXk/8y6um2Nj3M6GSFEHxwaJGKinGtJcEDYUGjrJjCeNa2FspbzHNONq8hrYYkSqB192cTebrffo/udwqertF79xGtEMGmCIrZJWsE4/skSNySs5IiXDSIbfkjtw7N86D8+Q8D1pHnM+ZZTIE5+UDisqgyw==</latexit>

eµ-driven

<latexit sha1_base64="MxMIVmzdeZGfw7SEJleM1RwWEZM=">AAACEXicbVA9SwNBEJ2LXzFGjQYrm8UgWIU7BbURIjZaCBHNByQh7G02yZK9vWN3TxKOA1trf4CtYmllJ7b+An+Bf8NNYmESHwzzeG+GGZ4bcKa0bX9Zibn5hcWl5HJqJb26tp7Z2CwrP5SElojPfVl1saKcCVrSTHNaDSTFnstpxe2dDf3KLZWK+eJGDwLa8HBHsDYjWBupmcl6TYxOUP36Ijqw46h+SctxM5Oz8/YIaJY4vyRX2HrN9V/S98Vm5rve8knoUaEJx0rVHDvQjQhLzQincaoeKhpg0sMdWjNUYI+qRjR6Pka7Rmmhti9NCY1G6t+NCHtKDTzXTHpYd9W0NxT/82qhbh83IiaCUFNBxofaIUfaR8MkUItJSjQfGIKJZOZXRLpYYqJNXhNXFAsF0/04ZZJxpnOYJeX9vHOYd65MRKd3MEIStmEH9sCBIyjAORShBAQG8AhP8Gw9WG/Wu/UxHk1Y4w5ZmID1+QPGTKAv</latexit>

ma = 30MeV

Mu3e
<latexit sha1_base64="KvLrz9gUYKkYFxKl7uNMZhzkdZ8="></latexit>

µ ! e+ inv.

SINDRUM
<latexit sha1_base64="KkS5HA+e97wxD2kNERPMBIx5Oqo=">AAACBnicdVC7SgNBFJ2Nrxhf0ZQ2g0GwWnYTUNMFbCwjmAdmF5mdzCZDZmaXeYghpPcDbLW2shNbCyv/wC+w9g+cJArGx4ELh3Pu5d5zo5RRpT3v1cnMzS8sLmWXcyura+sb+c2thkqMxKSOE5bIVoQUYVSQuqaakVYqCeIRI82ofzT2mxdEKpqIUz1ISchRV9CYYqStdBZwAwOdwDI5zxc9t1zxPd+Dv4nvehMUq4X359JL8652nn8LOgk2nAiNGVKq7XupDodIaooZGeUCo0iKcB91SdtSgThR4XBy8QjuWqUD40TaEhpO1O8TQ8SVGvDIdnKke+qnNxb/8tpGx4fhkIrUaCLwdFFsGLQZx/Fhh0qCNRtYgrCk9laIe0girO2TZrYoagTVl6Oc/cxXfPg/aZRcf9/1T+yLKmCKLNgGO2AP+OAAVMExqIE6wECAa3ADbp0r5955cB6nrRnnc6YAZuA8fQC5PJ1i</latexit>

µ!
3e

<latexit sha1_base64="dbtW1Q/eAb4EpH3cTLa2OlcBE30=">AAACEXicdVDLSgMxFL1TX7W+Rrt0EyyCIJQZBbUrC25cVrAPaMeSSTNtaCYzJBmxDP0KP8CtfoK74tYv8Av8DTOtgvVxIORwzr3ce48fc6a047xZuYXFpeWV/GphbX1jc8ve3mmoKJGE1knEI9nysaKcCVrXTHPaiiXFoc9p0x9eZH7zlkrFInGtRzH1QtwXLGAEayN17WInZjeHqKMjRLNfJAh37ZJTPq64juug38QtO1OUzicwRa1rv3d6EUlCKjThWKm268TaS7HUjHA6LnQSRWNMhrhP24YKHFLlpdPlx2jfKD0URNI8odFU/d6R4lCpUeibyhDrgfrpZeJfXjvRwZmXMhEnmgoyGxQkHJlTsyRQj0lKNB8ZgolkZldEBlhiok1ec1MUSwTTd+OCSebrfPQ/aRyV3ZOye+WUqpVZRJCHXdiDA3DhFKpwCTWoA4ERPMAjPFn31rM1sV5mpTnrs6cIc7BePwC0g52f</latexit> ⇡
+
!

e+
⌫
a

SI
N

D
RU

M

<latexit sha1_base64="qa8PMqIZ7S2tKpmfR7ONpDrbDI4="></latexit> c⌧
a
=
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2
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[Knapen, Opferkuch, Redigolo & Tammaro 2410.13941]
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<latexit sha1_base64="6EzIGOYUcsct17FxA6etTG1rnLI="></latexit>

�aexpµ 5�-limit

<latexit sha1_base64="ule4eaYgvVoY53ZV5nSZluRe65Y=">AAACBXicdVC7SgNBFJ2NrxhfUUub0SDEwmU3go9GAmksI5iHJEuYncwmQ2Zml5lZNSwprCwsxU4/wU5s/Q6/wN9wkigYHwcuHM65l3vv8SNGlXacNys1NT0zO5eezywsLi2vZFfXqiqMJSYVHLJQ1n2kCKOCVDTVjNQjSRD3Gan5vdLQr10QqWgoznQ/Ih5HHUEDipE20nm+s1vYaTV53MrmHHvvyHVcB/4mru2MkCtuXrLb0v11uZV9b7ZDHHMiNGZIqYbrRNpLkNQUMzLINGNFIoR7qEMahgrEifKS0cEDuG2UNgxCaUpoOFK/TySIK9XnvunkSHfVT28o/uU1Yh0cegkVUayJwONFQcygDuHwe9imkmDN+oYgLKm5FeIukghrk9HEFkVjQfXVIGOS+Xof/k+qBdvdt91TE9ExGCMNNsAWyAMXHIAiOAFlUAEYcHAHHsCjdWM9Wc/Wy7g1ZX3OrIMJWK8fVIib4Q==</latexit>

(g � 2)µ

SN
19

87
A

<latexit sha1_base64="MxMIVmzdeZGfw7SEJleM1RwWEZM=">AAACEXicbVA9SwNBEJ2LXzFGjQYrm8UgWIU7BbURIjZaCBHNByQh7G02yZK9vWN3TxKOA1trf4CtYmllJ7b+An+Bf8NNYmESHwzzeG+GGZ4bcKa0bX9Zibn5hcWl5HJqJb26tp7Z2CwrP5SElojPfVl1saKcCVrSTHNaDSTFnstpxe2dDf3KLZWK+eJGDwLa8HBHsDYjWBupmcl6TYxOUP36Ijqw46h+SctxM5Oz8/YIaJY4vyRX2HrN9V/S98Vm5rve8knoUaEJx0rVHDvQjQhLzQincaoeKhpg0sMdWjNUYI+qRjR6Pka7Rmmhti9NCY1G6t+NCHtKDTzXTHpYd9W0NxT/82qhbh83IiaCUFNBxofaIUfaR8MkUItJSjQfGIKJZOZXRLpYYqJNXhNXFAsF0/04ZZJxpnOYJeX9vHOYd65MRKd3MEIStmEH9sCBIyjAORShBAQG8AhP8Gw9WG/Wu/UxHk1Y4w5ZmID1+QPGTKAv</latexit>
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<latexit sha1_base64="qa8PMqIZ7S2tKpmfR7ONpDrbDI4="></latexit> c⌧
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�
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<latexit sha1_base64="e3M8y0Fu28Qeu9jG8eoXt+hXf90="></latexit>
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R
<latexit sha1_base64="dbtW1Q/eAb4EpH3cTLa2OlcBE30=">AAACEXicdVDLSgMxFL1TX7W+Rrt0EyyCIJQZBbUrC25cVrAPaMeSSTNtaCYzJBmxDP0KP8CtfoK74tYv8Av8DTOtgvVxIORwzr3ce48fc6a047xZuYXFpeWV/GphbX1jc8ve3mmoKJGE1knEI9nysaKcCVrXTHPaiiXFoc9p0x9eZH7zlkrFInGtRzH1QtwXLGAEayN17WInZjeHqKMjRLNfJAh37ZJTPq64juug38QtO1OUzicwRa1rv3d6EUlCKjThWKm268TaS7HUjHA6LnQSRWNMhrhP24YKHFLlpdPlx2jfKD0URNI8odFU/d6R4lCpUeibyhDrgfrpZeJfXjvRwZmXMhEnmgoyGxQkHJlTsyRQj0lKNB8ZgolkZldEBlhiok1ec1MUSwTTd+OCSebrfPQ/aRyV3ZOye+WUqpVZRJCHXdiDA3DhFKpwCTWoA4ERPMAjPFn31rM1sV5mpTnrs6cIc7BePwC0g52f</latexit> ⇡
+
!
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[Knapen, Opferkuch, Redigolo & Tammaro 2410.13941]
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 channel with 
•  at MEG II 
•  at Mu3e 

Mu3e is likely better & doesn’t require a dedicated 
run, BUT MEG II may get there sooner

μ → e + a
μ → e + a + γ
μ → 3e + a

1.
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1.

     Displaced vertices at 
Mu3e drastically increase 
the scope of new physics 
searches (with decoupled 
production modes)

2.
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Mu3e is likely better & doesn’t require a dedicated 
run, BUT MEG II may get there sooner
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1.

     What can be done at Mu2e 
using dedicated runs: 

•  
•Displaced vertices? 
•Prompt ALP decay searches?  
•Something even better?

μ → e + a + ?

3.     Displaced vertices at 
Mu3e drastically increase 
the scope of new physics 
searches (with decoupled 
production modes)

2.



Questions? 



<latexit sha1_base64="B/FIYPANbOjzHjMlln2NNUGQlgw="></latexit>

fa ⇠ 1010 GeV
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Lepton Flavour Violating ALP
[Knapen, Opferkuch, Redigolo & Tammaro 2410.13941]
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Idea: Use angular & kinematic 
correlations to improve beyond 

the standard bump-hunt
“Angling for Insights: Illuminating Light New 
Physics at Mu3e through Angular Correlations”

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]
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Background Combinatorics
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[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]
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Kinematic Correlations
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Two additional model-dependent discriminating variables

Dominant muon coupling 
behaves differently 

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]
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Kinematic Correlations
Limited by MC statistics to binning in 2 variables only
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Mu3e can extract full 
kinematic 

information using a 
data driven 

background estimate

Include parity-odd couplings:
[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]
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Example 1: Dark Photon
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[Echenard et al 1411.1770] 
[Perrevoort et al (Mu3e Collaboration) 1812.00741]

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]
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Example 2: Scalar Coupling to Muons
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Other models investigated (Mu3e not competitive):
•Scalars coupled only to electrons

•  (also twisted)Lμ − Le

[Knapen, Langhoff, Opferkuch & Redigolo 2311.17913][Knapen, Langhoff, Opferkuch & Redigolo 2311.17913]

•Scalars with mass hierarchical couplings
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Angular Observables
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