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Heavy Neutral Lepton - Mixing Portal

[P. D. Bolton, F. F. Deppisch, P. S. B. Dev, arXiv: 1912.03058]
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<latexit sha1_base64="ER/e3NAMgoTaWt88Fue6fEC+i+4=">AAACEXicbVBLSwMxGMz6rPW16tFLsAj1UnZLUY+lXrxUKtgHdNclm6ZtaJJdkqxQlv4FL/4VLx4U8erNm//GtN2Dtg6EDDPfRzITxowq7Tjf1srq2vrGZm4rv72zu7dvHxy2VJRITJo4YpHshEgRRgVpaqoZ6cSSIB4y0g5HV1O//UCkopG40+OY+BwNBO1TjLSRAruYepLDmpwU656O4M0Z9GIZxYZ6PLkvB55IIDd3PbALTsmZAS4TNyMFkKER2F9eL8IJJ0JjhpTquk6s/RRJTTEjk7yXKBIjPEID0jVUIE6Un84STeCpUXqwH0lzhIYz9fdGirhSYx6aSY70UC16U/E/r5vo/qWfUhEnmgg8f6ifMGgCT+uBPSoJ1mxsCMKSmr9CPEQSYW1KzJsS3MXIy6RVLrnnpcptpVCtZXXkwDE4AUXgggtQBdegAZoAg0fwDF7Bm/VkvVjv1sd8dMXKdo7AH1ifP0SLnAs=</latexit>
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<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>
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Heavy Neutral Lepton - Dipole Portal
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Current Probes: terrestrial experiments

Beam dump experiments:
MiniBoone, NONAD,  CHARM

relevant for transition magnetic 
moments between       and <latexit sha1_base64="6dN3BQmXp+/1BQLQ7gZ46UPrg/8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKpfPlzWGrdFHGU4gVM4hwCuoQH30IQWEBjDM7zCm5d5L96797FoLXnFzDH8gff5A27cj6U=</latexit>⌫µ

<latexit sha1_base64="3/4YisKq/bnccaEY7EkdQlpA6Eg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6l/jNs=</latexit>

N

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]

production via:
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Current Probes: terrestrial experiments

Solar neutrino spectrum:
Xenon1T, Borexino

<latexit sha1_base64="fntw1gKqXWPgD9wNr7SVnR5ETeg=">AAACIXicbVDLSgMxFM3UVx1foy7dBIsiiGVGinZZdeNCpIJ9YKcdMmnahmYyQ5IRSumvuPFX3LhQpDvxZ0w7I2r1QODcc+7l5h4/YlQq2343MnPzC4tL2WVzZXVtfcPa3KrKMBaYVHDIQlH3kSSMclJRVDFSjwRBgc9Ize9fTPzaPRGShvxWDSLSDFCX0w7FSGnJs4ouj70reAhJ6wjuuyqE10nhuuaXVW+deXffZlJ6Vs7O21PAv8RJSQ6kKHvW2G2HOA4IV5ghKRuOHanmEAlFMSMj040liRDuoy5paMpRQGRzOL1wBPe00oadUOjHFZyqPyeGKJByEPi6M0CqJ2e9ifif14hVp9gcUh7FinCcLOrEDOpbJ3HBNhUEKzbQBGFB9V8h7iGBsNKhmjoEZ/bkv6R6nHdO8oWbQq50nsaRBTtgFxwAB5yCErgEZVABGDyAJ/ACXo1H49l4M8ZJa8ZIZ7bBLxgfn+bznmw=</latexit>

⌫L + e� ! N + e�

⌫L +XA
Z ! N +XA

Z

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]

detection via:
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Current Probes: terrestrial experiments

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]

[Ryan Plastid, arXiv:2010.04193]

Solar neutrino
up-scattering and decays

Borexino, SuperK

production and decay
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Current Probes: terrestrial experiments

<latexit sha1_base64="ZP1j47BhXO4Yl1gw6oOOHHaMoC8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKdVl0YVulAr2AZ1hyKSZNjTJDElGKGMX/oobF4q49Tfc+Tem7Sy09UDgcM653JsTJowq7TjfVmFpeWV1rbhe2tjc2t6xd/daKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDy4nffiBS0Vjc61FCfI76gkYUI22kwD64CW6h19cmwWEt8ySHV6Q1DuyyU3GmgIvEzUkZ5GgE9pfXi3HKidCYIaW6rpNoP0NSU8zIuOSliiQID1GfdA0ViBPlZ9P7x/DYKD0YxdI8oeFU/T2RIa7UiIcmyZEeqHlvIv7ndVMdnfsZFUmqicCzRVHKoI7hpAzYo5JgzUaGICypuRXiAZIIa1NZyZTgzn95kbROK26tUr2rlusXeR1FcAiOwAlwwRmog2vQAE2AwSN4Bq/gzXqyXqx362MWLVj5zD74A+vzB7X7lUc=</latexit>

MN & 6GeV
<latexit sha1_base64="QRxXtSjTnS0KkEb7hTWuxRcf4hU=">AAACIHicbVDLSgMxFM34rPVVdekmWISKOMyIqMuiG1eiYFXo1HInvW2DSWZMMkIZ+ilu/BU3LhTRnX6Nae3C14GEwzn3kpwTp4IbGwTv3tj4xOTUdGGmODs3v7BYWlo+N0mmGdZYIhJ9GYNBwRXWLLcCL1ONIGOBF/H14cC/uEVteKLObC/FhoSO4m3OwDqpWdrDq0282qKVGxrFoPOb/kZkE1o5HtxRB6QEGqlsY2g60qebtOszv1kqB34wBP1LwhEpkxFOmqW3qJWwTKKyTIAx9TBIbSMHbTkT2C9GmcEU2DV0sO6oAommkQ8D9um6U1q0nWh3lKVD9ftGDtKYnozdpATbNb+9gfifV89se7+Rc5VmFhX7eqidCerCD9qiLa6RWdFzBJjm7q+UdUEDs67Toish/B35Lznf9sNdf+d0p1w9GNVRIKtkjVRISPZIlRyRE1IjjNyRB/JEnr1779F78V6/Rse80c4K+QHv4xMxvaEp</latexit>

e+e�(qq̄) ! (N ! �⌫)⌫̄ + h.c.(LHC, LEP):

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]

[Ryan Plastid, arXiv:2010.04193]

Atmospheric neutrino DUNE, Super-K

[R. A., Gustafson, arXiv:2205.02234]
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Current Probes: Supernova

10% of energy loss
to sterile neutrino

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]

[Ryan Plastid, arXiv:2010.04193]
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Multimessenger Signals

[V. Brdar, A. D. Gouv^ea, YYL, P. A. N. Machado, arXiv:2302.10965]

<latexit sha1_base64="RGVcWWDIF0s/Z3HN+i0jbX3Jp3s=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCIJRdKeqx6MWTVLAf0F1KNk3b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKa+sbm1vF7dLO7t7+gXt41NRxqghtkJjHqh1hTTmTtGGY4bSdKIpFxGkrGt3N/NaYKs1i+WQmCQ0FHkjWZwQbK3Vd9yEwMQpkii6CARYCd92yV/HmQKvEz0kZctS77lfQi0kqqDSEY607vpeYMMPKMMLptBSkmiaYjPCAdiyVWFAdZvPLp+jMKj3Uj5UtadBc/T2RYaH1RES2U2Az1MveTPzP66SmfxNmTCapoZIsFvVTjuyzsxhQjylKDJ9Ygoli9lZEhlhhYmxYJRuCv/zyKmleVvyrSvWxWq7d5nEU4QRO4Rx8uIYa3EMdGkBgDM/wCm9O5rw4787HorXg5DPH8AfO5w92KpLq</latexit>

N ! ⌫ + �

<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>
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Multimessenger Signals : 

[V. Brdar, A. D. Gouv^ea, YYL, P. A. N. Machado, arXiv:2302.10965]

<latexit sha1_base64="XBe1xFkMhNKHX+12bH7xjiZyZWY=">AAACA3icdVDLSgMxFM3UV62vqjvdBIvgxmFmWtsui25cVrAPaEu5k6ZtaDIzJBmhDBU3/oobF4q49Sfc+TemD0FFDwQO59zLzTl+xJnSjvNhpZaWV1bX0uuZjc2t7Z3s7l5dhbEktEZCHsqmD4pyFtCaZprTZiQpCJ/Thj+6mPqNGyoVC4NrPY5oR8AgYH1GQBupmz1oD0AIOE3aUmAJ49se1ZRMvUk3m3PsslfyCh52bCdf9LyzGSmX8y52bWeGHFqg2s2+t3shiQUNNOGgVMt1It1JQGpGOJ1k2rGiEZARDGjL0AAEVZ1klmGCj43Sw/1QmhdoPFO/byQglBoL30wK0EP125uKf3mtWPfLnYQFUaxpQOaH+jHHOsTTQnCPSROYjw0BIpn5KyZDkEC0qS1jSvhKiv8ndc92i3bhqpCrnC/qSKNDdIROkItKqIIuURXVEEF36AE9oWfr3nq0XqzX+WjKWuzsox+w3j4B7N6YYg==</latexit>

� � ray detection

• At the time of SN1987A, the Gamma-
Ray Spectrometer (GRS) observed 
Nobs = 1393 photons with energy 
25-100 MeV at 
 

• Assuming a SN event happens in the 
galaxy at a distance of D_SN = 10kpc, 
Fermi-LAT: 
e-ASTROGAM:

<latexit sha1_base64="g18W+WAL2Iik5Q1TGUWGXaE/tZA=">AAACEXicbVBNixNBEO1Z3d2Y/XBcj14aw0IOEmaWrOtBlrAieBEimA/IxFDTqSRNumeG7hohDPkLXvavePGgiFdv3vw3dpI5uMk+KHi8V0VVvThT0lIQ/PX2HjzcPzisPKoeHZ+cPvafnHVtmhuBHZGq1PRjsKhkgh2SpLCfGQQdK+zF8zcrv/cZjZVp8pEWGQ41TBM5kQLISSO//nYUTUFr4Nc8DIIiMpq/x+7yBY9ohgSv+eWnSEgjRn4taARr8F0SlqTGSrRH/p9onIpcY0JCgbWDMMhoWIAhKRQuq1FuMQMxhykOHE1Aox0W64+W/NwpYz5JjauE+Fr9f6IAbe1Cx65TA83strcS7/MGOU1eDQuZZDlhIjaLJrnilPJVPHwsDQpSC0dAGOlu5WIGBgS5EKsuhHD75V3SvWiELxvND81a66aMo8KeseeszkJ2xVrsHWuzDhPsC/vKvrMf3q33zfvp/dq07nnlzFN2B97vfyR5m1s=</latexit>

E� > 100MeV, ✓ < 5�
<latexit sha1_base64="GihNaeAljjBXbdWj3Wc0Evm2uDU="></latexit>

E� > 1MeV, ✓ < 1.25�

<latexit sha1_base64="VBke879D6Fj0LoIoQmOmEWQSMFo=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0Y1IOHoB48RjAPSNYwO+lNhsw+mOlVwpL/8OJBEa/+izf/xkmyB00saCiquunu8mIpNNr2t7W0vLK6tp7byG9ube/sFvb2GzpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoekNryd+8xGUFlF4j6MY3ID1Q+ELztBID50bkMgoXtJy+VR3C0W7ZE9BF4mTkSLJUOsWvjq9iCcBhMgl07rt2DG6KVMouIRxvpNoiBkfsj60DQ1ZANpNp1eP6bFRetSPlKkQ6VT9PZGyQOtR4JnOgOFAz3sT8T+vnaB/4aYijBOEkM8W+YmkGNFJBLQnFHCUI0MYV8LcSvmAKcbRBJU3ITjzLy+SRrnknJUqd5Vi9SqLI0cOyRE5IQ45J1VyS2qkTjhR5Jm8kjfryXqx3q2PWeuSlc0ckD+wPn8AoueRTw==</latexit>

�t < 223s
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• No significant excess was  
observed by Kamiokande-II  
and IMB for  
 

11

Multimessenger Signals : <latexit sha1_base64="Be7Htm9F0QPofy0O4ssqO9l9UYc=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq2FmWtsui25cVrAPaEvJpLdtaCYzJBmhDO3GX3HjQhG3/oU7/8b0IajogcDhnHu5OSeIOVPadT+sldW19Y3NzFZ2e2d3b98+OKyrKJEUajTikWwGRAFnAmqaaQ7NWAIJAw6NYHQ18xt3IBWLxK0ex9AJyUCwPqNEG6lrH6dtGWIBiZZMRNMeaKAzZ9K1c65T9kt+wceu4+aLvn8xJ+Vy3sOe486RQ0tUu/Z7uxfRJAShKSdKtTw31p2USM0oh0m2nSiICR2RAbQMFSQE1UnnCSb4zCg93I+keULjufp9IyWhUuMwMJMh0UP125uJf3mtRPfLnZSJONEg6OJQP+FYR3hWB+4xaQLzsSGESmb+iumQSEK1KS1rSvhKiv8ndd/xik7hppCrXC7ryKATdIrOkYdKqIKuURXVEEVT9ICe0LN1bz1aL9brYnTFWu4coR+w3j4B/faX6g==</latexit>

neutrino detection

SN1987A, neutrino events
water-Cherenkov detectors 

<latexit sha1_base64="/rv2XFzX8tXe7TJAnQ/UOVAH3pY=">AAACFXicbVDJSgNBEO2Je9yiHr00BsFDCDMhLgeR4AJehAgmCpkQejqVpLGnZ+iuEcIQP8KLv+LFgyJeBW/+jZ2Yg9uDgsd7VVTVC2IpDLruh5OZmJyanpmdy84vLC4t51ZW6yZKNIcaj2SkrwJmQAoFNRQo4SrWwMJAwmVwfTT0L29AGxGpC+zH0AxZV4mO4Ayt1MoVTlq+SugB3XZTX4f0DOqDAvWPQSKjSPdpKb0d6m3WN4NWLu8W3RHoX+KNSZ6MUW3l3v12xJMQFHLJjGl4bozNlGkUXMIg6ycGYsavWRcalioWgmmmo68GdNMqbdqJtC2FdKR+n0hZaEw/DGxnyLBnfntD8T+vkWBnr5kKFScIin8t6iSSYkSHEdG20MBR9i1hXAt7K+U9phlHG2TWhuD9fvkvqZeK3k6xfF7OVw7HccySdbJBtohHdkmFnJIqqRFO7sgDeSLPzr3z6Lw4r1+tGWc8s0Z+wHn7BP73nOM=</latexit>

E⌫ > 50MeV,�t < 2 days

2.14kt 

6.8kt 
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Multimessenger Signals : 

[V. Brdar, A. D. Gouv^ea, YYL, P. A. N. Machado, arXiv:2302.10965]

<latexit sha1_base64="Be7Htm9F0QPofy0O4ssqO9l9UYc=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq2FmWtsui25cVrAPaEvJpLdtaCYzJBmhDO3GX3HjQhG3/oU7/8b0IajogcDhnHu5OSeIOVPadT+sldW19Y3NzFZ2e2d3b98+OKyrKJEUajTikWwGRAFnAmqaaQ7NWAIJAw6NYHQ18xt3IBWLxK0ex9AJyUCwPqNEG6lrH6dtGWIBiZZMRNMeaKAzZ9K1c65T9kt+wceu4+aLvn8xJ+Vy3sOe486RQ0tUu/Z7uxfRJAShKSdKtTw31p2USM0oh0m2nSiICR2RAbQMFSQE1UnnCSb4zCg93I+keULjufp9IyWhUuMwMJMh0UP125uJf3mtRPfLnZSJONEg6OJQP+FYR3hWB+4xaQLzsSGESmb+iumQSEK1KS1rSvhKiv8ndd/xik7hppCrXC7ryKATdIrOkYdKqIKuURXVEEVT9ICe0LN1bz1aL9brYnTFWu4coR+w3j4B/faX6g==</latexit>

neutrino detection

• Assuming a SN event happens 
in the galaxy at a distance of 
D_SN = 10kpc, 
JUNO: 20kt fiducial volume, 
liquid scintillator detector 
DUNE: 40kt, liquid argon 
Hyper-K: 188kt fiducial 

10-2 10-1 100 101 102

10-14

10-12

MN[MeV]

μ ν
[μ
B]

cooling

SN1987A(ν)

JUNO (SN@10kpc)

DUNE (SN@10kpc)

Hyper-K

SN@1kpc
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Multimessenger Signals 

[V. Brdar, A. D. Gouv^ea, YYL, P. A. N. Machado, arXiv:2302.10965]

<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>

L � 1

2
µ⌫ ⌫̄

↵
L�

µ⌫NFµ⌫

diffused BSM Photon and neutrino background
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[Hans-Thomas Janka, arXiv:1702.08713]

Evolution of a massive star from the onset
of iron-core collapse to a neutron star
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[V. Brdar, X.-J. Xu, arXiv:2204.13135]

Neutrinos from SN bursts
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v

v
α

θ

L1RSN

DSN

L2
ϕ

[C. A. Argüelles, V. Brdar, J. Lazar, YYL, arXiv:2403.09781]
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[C. A. Argüelles, V. Brdar, J. Lazar, YYL, arXiv:2403.09781]
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[C. A. Argüelles, V. Brdar, J. Lazar, YYL, arXiv:2403.09781]

Low energy (MeV):

High energy (TeV): muon neutrino
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<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>

L � 1

2
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↵
L�

µ⌫NFµ⌫

[C. A. Argüelles, V. Brdar, J. Lazar, YYL, arXiv:2403.09781]
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Spallation Neutron Source (SNS)

[Coherent collaborations, arXiv:2109.11049]
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[YYL, Yu-Feng Li, Shuo-Yu Xia, arXiv:2406.07477]

<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>

L � 1

2
µ⌫ ⌫̄

↵
L�

µ⌫NFµ⌫Flavor specific

Spallation Neutron Source (SNS)
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