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Typical Model Phenomenology
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Assume a fourth neutrino exists with some mass
Mixing with SM neutrinos (4x4) allows for three new mixing angles,

Bolton et al, [1912.03058]

mN
<latexit sha1_base64="vEpDsjungANYn76e6hL2n2AwtPY=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GibTUeuu6MaVVLQPaIeSSdM2NMkMSUYoQz/BjQtF3PpF7vwb04egoicEDufcy733RAln2njeh5NbWl5ZXcuvFzY2t7Z3irt7DR2nitA6iXmsWhHWlDNJ64YZTluJolhEnDaj0eXUb95TpVks78w4oaHAA8n6jGBjpVvRve4WS56LgnP/1Iee66OTSoAsKaPAPohcb4YSWKDWLb53ejFJBZWGcKx1G3mJCTOsDCOcTgqdVNMEkxEe0LalEguqw2y26gQeWaUH+7GyXxo4U793ZFhoPRaRrRTYDPVvbyr+5bVT06+EGZNJaqgk80H9lEMTw+ndsMcUJYaPLcFEMbsrJEOsMDE2nYIN4etS+D9p+C4qu/5NUKpeLOLIgwNwCI4BAmegCq5ADdQBAQPwAJ7As8OdR+fFeZ2X5pxFzz74AeftE33qjfE=</latexit>

{UeN , UµN , U⌧N}
<latexit sha1_base64="1eay3avLOuPE3FKeCug4syO16XE="></latexit>

Any process with SM neutrino 
emission can be studied to 
search for N emission, if 
kinematically accessible

PDG Live Constraints: link

https://arxiv.org/abs/1912.03058
https://pdglive.lbl.gov/Particle.action?node=S077&home=


Two-Body Searches (NA62, etc.)
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NA62 has searches for two-body decays into a charged lepton and missing mass: 
allows for searches for K+ ! e+N, K+ ! µ+N

<latexit sha1_base64="GTia7kGR2LZ2gGmqPPUAZGu1vxA=">AAACCHicdVDLSgMxFM34rPU16tKFwSIIyjAzHbXuim4EQSrYB3RqyaSZNjTzIMkIZejSjb/ixoUibv0Ed/6NmT5ARU8IOTnnXpJ7vJhRIU3zU5uZnZtfWMwt5ZdXVtfW9Y3NmogSjkkVRyziDQ8JwmhIqpJKRhoxJyjwGKl7/fPMr98RLmgU3shBTFoB6obUpxhJJbX1ncvbA+jKCBJ1Xh26cHp3gyRT2nrBNCzn1D62oWnY1lHJsRQpWo5a0DLMEQpggkpb/3A7EU4CEkrMkBBNy4xlK0VcUszIMO8mgsQI91GXNBUNUUBEKx0NMoR7SulAP+JqhxKO1O8dKQqEGASeqgyQ7InfXib+5TUT6ZdaKQ3jRJIQjx/yEwbVoFkqsEM5wZINFEGYU/VXiHuIIyxVdnkVwnRS+D+p2YZVNOxrp1A+m8SRA9tgF+wDC5yAMrgAFVAFGNyDR/AMXrQH7Ul71d7GpTPapGcL/ID2/gVN0pb/</latexit>

Link to Slides

https://indico.cern.ch/event/769729/contributions/3511127/attachments/1907464/3150874/goudzovski_130919.pdf


Resulting Branching Fraction Constraints
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Link to Slides

https://indico.cern.ch/event/769729/contributions/3511127/attachments/1907464/3150874/goudzovski_130919.pdf


Other Channels/Next Steps
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Three-Body Kaon Decays

K+ ! ⇡0e+N
<latexit sha1_base64="zg+0r3QOUK3DkxbBiCZ0lcXiUcc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIsgCMPMdNS6K7oRBKlga6EzLZk004ZmHiQZYRjqr7hxoYhbP8Sdf2P6EFT0hMDJOfeSe4+fMCqkaX5ohYXFpeWV4mppbX1jc0vf3mmJOOWYNHHMYt72kSCMRqQpqWSknXCCQp+RW390PvFv7wgXNI5uZJYQL0SDiAYUI6mknl6+7B5CV8bQTWjXhES9rnp6xTQs59Q+tqFp2NZRzbEUqVqOOtAyzCkqYI5GT393+zFOQxJJzJAQHctMpJcjLilmZFxyU0EShEdoQDqKRigkwsunw4/hvlL6MIi5upGEU/V7R45CIbLQV5UhkkPx25uIf3mdVAY1L6dRkkoS4dlHQcqgWnaSBOxTTrBkmSIIc6pmhXiIOMJS5VVSIXxtCv8nLduwqoZ97VTqZ/M4imAX7IEDYIETUAcXoAGaAIMMPIAn8Kzda4/ai/Y6Ky1o854y+AHt7RM+opM6</latexit>

K+ ! ⇡0µ+N
<latexit sha1_base64="mQd1974KIRIrq42b/sYr7rr8CiA=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIsgCMPMdNS6K7oRBKlgH9CZlkyatqHJzJBkhDIU/BU3LhRx63e4829MH4KKnhA4Oedecu8JE0alsu0PY25+YXFpObeSX11b39g0t7ZrMk4FJlUcs1g0QiQJoxGpKqoYaSSCIB4yUg8HF2O/fkeEpHF0q4YJCTjqRbRLMVJaapu7V60j6KsY+glt2dDnqX5ft82CbTnemXviQttyneOS52hSdDx9oGPZExTADJW2+e53YpxyEinMkJRNx05UkCGhKGZklPdTSRKEB6hHmppGiBMZZJPxR/BAKx3YjYW+kYIT9XtHhriUQx7qSo5UX/72xuJfXjNV3VKQ0ShJFYnw9KNuyqBed5wF7FBBsGJDTRAWVM8KcR8JhJVOLK9D+NoU/k9qruUULffGK5TPZ3HkwB7YB4fAAaegDC5BBVQBBhl4AE/g2bg3Ho0X43VaOmfMenbADxhvn97alCc=</latexit>

✤ NA62 could identify these as a single charged lepton, two photons, and missing mass. 
SM branching fractions for these processes are several percent.

Displaced N Decay

✤ If the Heavy Neutral Lepton is not very long-lived*, it could decay inside the detector, 
leaving a relatively striking signature:

K+ ! e+N, N ! e�⇡+
<latexit sha1_base64="ajh1Vs3ZD9ubcRWsYKqf9ZD6F5s="></latexit>

K+ ! e+N, N ! e+⇡�
<latexit sha1_base64="2zR3y3XBp7aovsFTJkfgf+8ZQqY=">AAACCHicdVDLSgMxFM3UV62vqksXBosgqMPMtGrdFd0IQqlgH9CZlkyaaUMzD5KMUIYu3fgrblwo4tZPcOffmD4UFT0h5OSce0nucSNGhTSMdy01Mzs3v5BezCwtr6yuZdc3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTu9s9Hfv2GcEHD4FoOIuL4qBtQj2IkldTObl+29qEtQ0jUWT6wYfnrZke0ddjO5gzdLJxaxxY0dMs8KhZMRfJmQS1o6sYYOTBFpZ19szshjn0SSMyQEE3TiKSTIC4pZmSYsWNBIoT7qEuaigbIJ8JJxoMM4a5SOtALudqBhGP1e0eCfCEGvqsqfSR74rc3Ev/ymrH0ik5CgyiWJMCTh7yYQTXqKBXYoZxgyQaKIMyp+ivEPcQRliq7jArhc1L4P6lZupnXratCrnQ2jSMNtsAO2AMmOAElcAEqoAowuAX34BE8aXfag/asvUxKU9q0ZxP8gPb6AWqblxI=</latexit>

(if N is a Majorana Fermion)

*in minimal HNL models, N is long-lived. This idea requires new 
interactions with N, such as charging it under (B-L) to shorten the lifetime.

E.g. [1604.06099], [1903.07589]

https://arxiv.org/abs/1604.06099
https://arxiv.org/abs/1903.07589


How broadly defined is “Kaon Factory”
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✤ Other experiments, like neutrino facilities, can search for displaced decays of HNL:

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

⌫µ
<latexit sha1_base64="COukwJ0+r0oemB43zZN3CepiJrQ=">AAAB7nicbVC7SgNBFL3rMyY+opY2i1GwCrux0DJoYxnBPCC7hNnJbDJkZnaZRyAs+QgbC0Vs/QJ/wD+w80O0dvIoNPHAhcM593LvPVHKqNKe9+msrK6tb2zmtvKF7Z3dveL+QUMlRmJSxwlLZCtCijAqSF1TzUgrlQTxiJFmNLie+M0hkYom4k6PUhJy1BM0phhpKzUDYToBN51iySt7U7jLxJ+TUvXk6+19WPiudYofQTfBhhOhMUNKtX0v1WGGpKaYkXE+MIqkCA9Qj7QtFYgTFWbTc8fuqVW6bpxIW0K7U/X3RIa4UiMe2U6OdF8tehPxP69tdHwZZlSkRhOBZ4tiw1yduJPf3S6VBGs2sgRhSe2tLu4jibC2CeVtCP7iy8ukUSn75+XKrU3jCmbIwREcwxn4cAFVuIEa1AHDAO7hEZ6c1Hlwnp2XWeuKM585hD9wXn8ALwyT5Q==</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="POWSqR0d1EaeCwyLHgwMNxEECA0=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIXdWGgjBm2sJAFzgWQJs5OzyZjZCzOzQgh5AhsLRWz1YextxLdxcik08YeBj/8/hznn+IngSjvOt5VZWl5ZXcuu2xubW9s7ud29mopTybDKYhHLhk8VCh5hVXMtsJFIpKEvsO73r8Z5/R6l4nF0qwcJeiHtRjzgjGpjVW7aubxTcCYii+DOIH/xYZ8n7192uZ37bHViloYYaSaoUk3XSbQ3pFJzJnBkt1KFCWV92sWmwYiGqLzhZNAROTJOhwSxNC/SZOL+7hjSUKlB6JvKkOqems/G5n9ZM9XBmTfkUZJqjNj0oyAVRMdkvDXpcIlMi4EByiQ3sxLWo5IybW5jmyO48ysvQq1YcE8KxYqTL13CVFk4gEM4BhdOoQTXUIYqMEB4gCd4tu6sR+vFep2WZqxZzz78kfX2Awd1kBM=</latexit>

Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf, [1912.07622]

✤ Sensitivity has been explored in upcoming DUNE experiment — searches have been 
carried out in the MicroBooNE [1911.10545] and T2K [1902.07598] experiments already.

✤ Does this fall in the scope of this paper?

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/1911.10545
https://arxiv.org/abs/1902.07598

