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Heavy Neutral Lepton - Sterile Neutrino

MinibooNE low energy excess
[PRL 128, 241801 (2022)]

[S. N. Gninenko, PRL 103, 241802 (2009)]

[Minkowski, Mohapatra, Senjanovi ́c, Gell-Mann, Ramond, Slansky, Yanagida]

Neutrino mass: 
type-I seesaw 
mechanism

Via mixing and 

dipole operator

<latexit sha1_base64="1nyWab9N9gXMuDxNIKzdSgGOeYk=">AAACGHicbZDLTgIxFIY7eEO8jbp000g0bsQZJF52BDcuMZFLwgDplAIN7cykPWNCJjyGG1/FjQuNccvOt7FcFoj+SZM/3zknp+f3I8E1OM63lVpZXVvfSG9mtrZ3dvfs/YOqDmNFWYWGIlR1n2gmeMAqwEGweqQYkb5gNX9wN6nXnpjSPAweYRixpiS9gHc5JWBQ277woM+AtPL41NNcYtdpJeeXI8/LeDJeZLcjA9qltp11cs5U+K9x5yaL5iq37bHXCWksWQBUEK0brhNBMyEKOBVslPFizSJCB6THGsYGRDLdTKaHjfCJIR3cDZV5AeApXZxIiNR6KH3TKQn09XJtAv+rNWLo3jQTHkQxsIDOFnVjgSHEk5RwhytGQQyNIVRx81dM+0QRCibLjAnBXT75r6nmc+5VrvBQyBZL8zjS6AgdozPkomtURPeojCqIomf0it7Rh/VivVmf1tesNWXNZw7RL1njH7TmnbU=</latexit>

✓2 ⇠ 10�3

µ ⇠ 10�9µB
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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>

Br(M ! N) / µ2
⌫m

2
M

When the mixing effect is subdominant, …
<latexit sha1_base64="N7Rq5wY0Fj4rpMiIsVGeu0W5cP8="></latexit>

L � 1

2
µ⌫ ⌫̄

↵
L�

µ⌫NFµ⌫

Heavy Neutral Lepton - Dipole Portal
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Current Probes: terrestrial experiments

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

Beam dump experiments:
MiniBoone, NONAD 

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
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Current Probes: terrestrial experiments

Solar neutrino spectrum:
Xenon1T, Borexino

<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]

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

⌫L + e� ! N + e�

⌫L +XA
Z ! N +XA

Z
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Current Probes: cosmology

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

• Relativistic:
• Inject extra photons 

<latexit sha1_base64="i4FLgivuTe/0RGC8aQChS4hNkTg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BL54kgnnAJoTZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXlAhuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ayppUC206EbFMcMWawEGwTmIYkZFg7Wh8O/PbT8xYrtUjTBLWk2SoeMwpASeF9/2sayRmcTztlyt+1Z8Dr5IgJxWUo9Evf3UHmqaSKaCCWBsGfgK9jBjgVLBpqZtalhA6JkMWOqqIZLaXzU+e4jOnDHCsjSsFeK7+nsiItHYiI9cpCYzssjcT//PCFOLrXsZVkgJTdLEoTgUGjWf/4wE3jIKYOEKo4e5WTEfEEAoupZILIVh+eZW0LqrBZbX2UKvUb/I4iugEnaJzFKArVEd3qIGaiCKNntErevPAe/HevY9Fa8HLZ47RH3ifPxOykSI=</latexit>

Ne↵
<latexit sha1_base64="K/EKzQ7NPX559bJe0dVTsvrorhk=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdKeqx6MWTVLAf0F1KNs22oUl2SbJCLf0lXjwo4tWf4s1/Y9ruQVsfDDzem2FmXpRypo3nfTuFtfWNza3idmlnd2+/7B4ctnSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORjczv/1IlWaJfDDjlIYCDySLGcHGSj23fBeYBAUyQ8EAC4F7bsWrenOgVeLnpAI5Gj33K+gnJBNUGsKx1l3fS004wcowwum0FGSappiM8IB2LZVYUB1O5odP0alV+ihOlC1p0Fz9PTHBQuuxiGynwGaol72Z+J/XzUx8FU6YTDNDJVksijOO7K+zFFCfKUoMH1uCiWL2VkSGWGFibFYlG4K//PIqaZ1X/Ytq7b5WqV/ncRThGE7gDHy4hDrcQgOaQCCDZ3iFN+fJeXHenY9Fa8HJZ47gD5zPHwvRkrU=</latexit>

N ! ⌫�

CMB, BBN: 
<latexit sha1_base64="i4FLgivuTe/0RGC8aQChS4hNkTg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BL54kgnnAJoTZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXlAhuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZ0ayppUC206EbFMcMWawEGwTmIYkZFg7Wh8O/PbT8xYrtUjTBLWk2SoeMwpASeF9/2sayRmcTztlyt+1Z8Dr5IgJxWUo9Evf3UHmqaSKaCCWBsGfgK9jBjgVLBpqZtalhA6JkMWOqqIZLaXzU+e4jOnDHCsjSsFeK7+nsiItHYiI9cpCYzssjcT//PCFOLrXsZVkgJTdLEoTgUGjWf/4wE3jIKYOEKo4e5WTEfEEAoupZILIVh+eZW0LqrBZbX2UKvUb/I4iugEnaJzFKArVEd3qIGaiCKNntErevPAe/HevY9Fa8HLZ47RH3ifPxOykSI=</latexit>

Ne↵
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Current Probes: Supernova

10% of energy loss
to sterile neutrino

[Brdar, Greljo, Kopp, Opferkuch, arXiv:2007.15563]
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UV completion
In what theory the effect of mixing is subdominant...

<latexit sha1_base64="GugJ7REfohfRnDTHMzLL2vBaASQ="></latexit>

✓2 ⇠ m⌫

MN
, keV < MN < 100MeV
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UV completion

<latexit sha1_base64="tMgNJlivHW42H/mUXo5BQ1K843A=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpSkFHVZ7MaFSJW+oEnDZDpth04mYWYilNCNG3/FjQtF3PoP7vwbp20WWj1w4XDOvdx7jx8xKpVlfRmZpeWV1bXsem5jc2t7x9zda8owFpg0cMhC0faRJIxy0lBUMdKOBEGBz0jLH1WnfuueCElDXlfjiLgBGnDapxgpLXnmYeGmW/XuTqHDY+/6pFt3KIeOH7JeUpp4Zt4qWjPAv8ROSR6kqHnmp9MLcRwQrjBDUnZsK1JugoSimJFJzokliRAeoQHpaMpRQKSbzL6YwGOt9GA/FLq4gjP150SCAinHga87A6SGctGbiv95nVj1L9yE8ihWhOP5on7MoArhNBLYo4JgxcaaICyovhXiIRIIKx1cTodgL778lzRLRfusWL4t5yuXaRxZcACOQAHY4BxUwBWogQbA4AE8gRfwajwaz8ab8T5vzRjpzD74BePjGysllx8=</latexit>

(NC
R , ⌫L)

T 2 2

<latexit sha1_base64="HcwcrvnHAiJg4A3avZtbaK/Hzds="></latexit>

⌫̄LNR ! �⌫̄L⌫R

⌫̄L�µ⌫NRF
µ⌫ ! ⌫̄L�µ⌫NRF

µ⌫

<latexit sha1_base64="fkcDRMqh2keK7OmDaBEvkvufYcc=">AAAB+3icbZDLTsJAFIZPvSLeKi7dTCQmuCEtEnVJdOPCBUYLJNA002EKE6aXzEyNpOFV3LjQGLe+iDvfxgG6UPBPJvnyn3My5/x+wplUlvVtrKyurW9sFraK2zu7e/vmQakl41QQ6pCYx6LjY0k5i6ijmOK0kwiKQ5/Ttj+6ntbbj1RIFkcPapxQN8SDiAWMYKUtzyzdO5XaqXfbUzHSeKbRM8tW1ZoJLYOdQxlyNT3zq9ePSRrSSBGOpezaVqLcDAvFCKeTYi+VNMFkhAe0qzHCIZVuNtt9gk6000dBLPSLFJq5vycyHEo5Dn3dGWI1lIu1qflfrZuq4NLNWJSkikZk/lGQcqQPnQaB+kxQovhYAyaC6V0RGWKBidJxFXUI9uLJy9CqVe3zav2uXm5c5XEU4AiOoQI2XEADbqAJDhB4gmd4hTdjYrwY78bHvHXFyGcO4Y+Mzx/xkJJ0</latexit>

SU(2)L ! SU(3)L

<latexit sha1_base64="tw46IB0g22QznbDu6RGEEC+2HqA="></latexit>

m⌫N ⇠ µ⌫

µB

↵

4⇡

m2
V

2me

<latexit sha1_base64="4f2nzffX7F5QAGI+Skrwfexjpns=">AAACInicdVDLSgMxFM34rPVVdekmWAQ3lhkpWnelbtxUKthW6NQhk2ba0CQzJhmhDPMtbvwVNy4UdSX4MWbaCj4PXDiccy7JPX7EqNK2/WbNzM7NLyzmlvLLK6tr64WNzZYKY4lJE4cslJc+UoRRQZqaakYuI0kQ9xlp+8OTzG/fEKloKC70KCJdjvqCBhQjbSSvcOzy2HNF7CrKoWNfJfuVNJNq0A0kwomrrqVOeBaBde8sTRNXclgnrdQrFJ2SPQa0f5FPqwimaHiFF7cX4pgToTFDSnUcO9LdBElNMSNp3o0ViRAeoj7pGCoQJ6qbjE9M4a5RejAIpRmh4Vj9upEgrtSI+ybJkR6on14m/uV1Yh1UugkVUayJwJOHgphBHcKsL9ijkmDNRoYgLKn5K8QDZKrRptX81xL+J62DknNYKp+Xi9XatI4c2AY7YA844AhUwSlogCbA4Bbcg0fwZN1ZD9az9TqJzljTnS3wDdb7B2QOpDk=</latexit>

µ⌫ ⇠ 10�8µB

p
m⌫MN

MeV

 Symmetry-breaking scale         at the TeV scale 
<latexit sha1_base64="XQQCxWBn4gLNSzR1B43cnGHxinE=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLiHokevGI0QUMbEi3dKGh7W7argkh/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5YcKZNq777eTW1jc2t/LbhZ3dvf2D4uFRU8epItQnMY9VO8Saciapb5jhtJ0oikXIaSsc3cz81hNVmsXywYwTGgg8kCxiBBsrPd775ep5ryvTXrHkVtw50CrxMlKCDI1e8avbj0kqqDSEY607npuYYIKVYYTTaaGbappgMsID2rFUYkF1MJkfPEVnVumjKFa2pEFz9ffEBAutxyK0nQKboV72ZuJ/Xic10VUwYTJJDZVksShKOTIxmn2P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvOWXV0mzWvEuKrW7Wql+ncWRhxM4hTJ4cAl1uIUG+EBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGdSo+m</latexit>

SU(2)⌫
<latexit sha1_base64="P0SKJnbW/ISVC6ytnXjXKSoEt/8=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lf6pcrXtWbA68SPycVyNHol796g5imkilLBTGm63uJDTKiLaeCTUu91LCE0DEZsq6jikhmgmx+6hSfOWWAo1i7UhbP1d8TGZHGTGToOiWxI7PszcT/vG5qo+sg4ypJLVN0sShKBbYxnv2NB1wzasXEEUI1d7diOiKaUOvSKbkQ/OWXV0nroupfVmv3tUr9Jo+jCCdwCufgwxXU4Q4a0AQKQ3iGV3hDAr2gd/SxaC2gfOYY/gB9/gA18I3D</latexit>mV

<latexit sha1_base64="NO7omc4Vv6b+wnbY7zkwHgNcBb4=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXGiZSFGXpW5cVrAX6Iwlk6ZtaJIZkoxQhr6GG1/FjQtFXOrKtzFtB9HWHwI/3zmHk/OHMWfaeN6Xk1taXlldy68XNja3tnfc3b2GjhJFaJ1EPFKtEGvKmaR1wwynrVhRLEJOm+HwalJv3lOlWSRvzSimgcB9yXqMYGNRx/VEx5eJr5mAXgmlvhKQNsYnvkh+OPLu0lOExhNWhR236JW8qeCiQZkpgky1jvvhdyOSCCoN4VjrNvJiE6RYGUY4HRf8RNMYkyHu07a1Eguqg3R62RgeWdKFvUjZJw2c0t8TKRZaj0RoOwU2Az1fm8D/au3E9C6DlMk4MVSS2aJewqGJ4CQm2GWKEsNH1mCimP0rJAOsMDE2zIINAc2fvGgaZyV0XirflIuVahZHHhyAQ3AMELgAFXANaqAOCHgAT+AFvDqPzrPz5rzPWnNONrMP/sj5/AYPMZ8T</latexit>

m⌫ ⇠ 0.1eV, µ⌫ ⇠ 10�11µB

<latexit sha1_base64="XQQCxWBn4gLNSzR1B43cnGHxinE=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLiHokevGI0QUMbEi3dKGh7W7argkh/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5YcKZNq777eTW1jc2t/LbhZ3dvf2D4uFRU8epItQnMY9VO8Saciapb5jhtJ0oikXIaSsc3cz81hNVmsXywYwTGgg8kCxiBBsrPd775ep5ryvTXrHkVtw50CrxMlKCDI1e8avbj0kqqDSEY607npuYYIKVYYTTaaGbappgMsID2rFUYkF1MJkfPEVnVumjKFa2pEFz9ffEBAutxyK0nQKboV72ZuJ/Xic10VUwYTJJDZVksShKOTIxmn2P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvOWXV0mzWvEuKrW7Wql+ncWRhxM4hTJ4cAl1uIUG+EBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGdSo+m</latexit>

SU(2)⌫• Voloshin-type symmetry 

<latexit sha1_base64="HcwcrvnHAiJg4A3avZtbaK/Hzds="></latexit>

⌫̄LNR ! �⌫̄L⌫R

⌫̄L�µ⌫NRF
µ⌫ ! ⌫̄L�µ⌫NRF

µ⌫

<latexit sha1_base64="XWV0PJNqxfDPPJsLqsgR7VgqgYg="></latexit>

µ⌫ ⇠ 10�12µB

p
m⌫MN

MeV
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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>

L � 1

2
µ⌫ ⌫̄

↵
L�

µ⌫NFµ⌫
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Multimessenger Signals

sterile neutrinos are produced in a dense T ∼ 100 MeV core and leave 
subsequently the star without further interactions 

using data associated to 
the simulation performed 
by the Garching group of 
an 8.8M⊙ progenitor star 

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

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

15

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 

[D. F. G. Fiorillo, et al. , arXiv:2209.11773]

<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 volume 
                 water Cherenkov

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

[I. G. Botella, A. Rubbia, arXiv:hep-ph/0307244]
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Multimessenger Signals : diffused BSM Photon and neutrino background

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

extragalactic background light
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Solar neutrino —
Can JUNO cover the green circle region, 
given that its bigger than Borexino, also 
probes electron recoils below 100keV.

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

[Z. Ye, F. Zhang, D. Xu, J. Liu, arXiv:2103.11771]

𝜇𝜈 < 10−11𝜇B can be reached at an 

energy threshold greater than 40keV (SM case)

Conclusion? Outlooks
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Conclusion? Outlooks

[JUNO, arXiv:2103.09908]

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

atmospheric neutrino spectrum

for higher mass region??
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Astrophysical neutrinos    

<latexit sha1_base64="4GXgH5056+eRqRdZOdHdpxwKveE=">AAACCXicbVDLSgMxFL3js46vUZdugsUiCGVGirosunElFewDOkPJpGkbmmSGJCOU0q0bf8WNC0Xc+gfu/BvTx0JbL4ScnHMvN+fEKWfa+P63s7S8srq2nttwN7e2d3a9vf2aTjJFaJUkPFGNGGvKmaRVwwynjVRRLGJO63H/eqzXH6jSLJH3ZpDSSOCuZB1GsLFUy0OFUGahSdAtCkPkFuxlH5ZDp2EXC4FbXt4v+pNCiyCYgTzMqtLyvsJ2QjJBpSEca90M/NREQ6wMI5yO3DDTNMWkj7u0aaHEgupoOHEyQseWaaNOouyRBk3Y3xNDLLQeiNh2Cmx6el4bk/9pzcx0LqMhk2lmqCTTRZ2MI2t2HAtqM0WJ4QMLMFHM/hWRHlaYGBuea0MI5i0vgtpZMTgvlu5K+fLVLI4cHMIRnEAAF1CGG6hAFQg8wjO8wpvz5Lw4787HtHXJmc0cwJ9yPn8AzlaX5A==</latexit>

⌫ ! N

N ! ⌫ + �

Sterile neutrino N production via mixing: 

N decaying to photon that can be observed by photon detectors:

<latexit sha1_base64="4GXgH5056+eRqRdZOdHdpxwKveE=">AAACCXicbVDLSgMxFL3js46vUZdugsUiCGVGirosunElFewDOkPJpGkbmmSGJCOU0q0bf8WNC0Xc+gfu/BvTx0JbL4ScnHMvN+fEKWfa+P63s7S8srq2nttwN7e2d3a9vf2aTjJFaJUkPFGNGGvKmaRVwwynjVRRLGJO63H/eqzXH6jSLJH3ZpDSSOCuZB1GsLFUy0OFUGahSdAtCkPkFuxlH5ZDp2EXC4FbXt4v+pNCiyCYgTzMqtLyvsJ2QjJBpSEca90M/NREQ6wMI5yO3DDTNMWkj7u0aaHEgupoOHEyQseWaaNOouyRBk3Y3xNDLLQeiNh2Cmx6el4bk/9pzcx0LqMhk2lmqCTTRZ2MI2t2HAtqM0WJ4QMLMFHM/hWRHlaYGBuea0MI5i0vgtpZMTgvlu5K+fLVLI4cHMIRnEAAF1CGG6hAFQg8wjO8wpvz5Lw4787HtHXJmc0cwJ9yPn8AzlaX5A==</latexit>

⌫ ! N

N ! ⌫ + �

Sterile Neutrino: Multi-messenger signals for 


Photon detection and Neutrino experiments

Diffused neutrinos fluxes being observed or bounded 
     

LHAASO’s measurements of  
diffused TeV photon flux


  might already constrains 
parameter space of  sterile 

neutrino?



Thank you
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BACK UP
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[J. Beacham, arXiv:1901.09966]
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UV completion

• Consider heavy scalar lepto-quark
<latexit sha1_base64="IY1nKK5hi0nXlljkvrvCxKkfhBg=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgsSkLVZ3RTcuK9oHNCFMppN26OTBzEQooeDGX3HjQhG3/oQ7/8ZpG1Crh3vhcM69zNzjxYwKaZqfWm5hcWl5Jb9aWFvf2NzSt3daIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO0NLyd++45wQaPwVo5i4gSoH1KfYiSV5Op7N64FbUEDWLI9xNPK+Bhaqk4qR65eNI3aeblSK0PTMKf4JlZGiiBDw9U/7F6Ek4CEEjMkRNcyY+mkiEuKGRkX7ESQGOEh6pOuoiEKiHDS6Q1jeKiUHvQjrjqUcKr+3EhRIMQo8NRkgORAzHsT8T+vm0j/zElpGCeShHj2kJ8wKCM4CQT2KCdYspEiCHOq/grxAHGEpYqtoEKw5k/+S1plwzo1qtfVYv0iiyMP9sEBKAEL1EAdXIEGaAIM7sEjeAYv2oP2pL1qb7PRnJbt7IJf0N6/AL/4lQc=</latexit>

S1 ⇠ (3̄, 1, 1/3)

<latexit sha1_base64="7DEgisHScgPBxBpv1oNOdwNoI/Q=">AAACInicdZDLSgMxGIUzXmu9VV26CRbBVZkpxcuu1I0LkRbsBTp1yKSZNjTJDElGKMM8ixtfxY0LRV0JPozptEK9HQgcvvP/JDl+xKjStv1uLSwuLa+s5tby6xubW9uFnd2WCmOJSROHLJQdHynCqCBNTTUjnUgSxH1G2v7ofJK3b4lUNBTXehyRHkcDQQOKkTbIK5xxL3FFDK9SV1EO3UAinLg89gxMM1NLp5DflL3kspGmSRlyj6ReoeiU7EzQ/mW+oiKYqe4VXt1+iGNOhMYMKdV17Ej3EiQ1xYykeTdWJEJ4hAaka6xAnKhekn0xhYeG9GEQSnOEhhmd30gQV2rMfTPJkR6qn9kE/pV1Yx2c9hIqolgTgacXBTGDOoSTvmCfSoI1GxuDsKTmrRAPkSlEm1bz8yX8b1rlknNcqjQqxWptVkcO7IMDcAQccAKq4ALUQRNgcAcewBN4tu6tR+vFepuOLliznT3wTdbHJ+rWpSQ=</latexit>

m⌫N ⇠ µ⌫

µB

m2
LQ

2me

<latexit sha1_base64="hMxMd5qZPRcusIOWYZIQWLqzGEY="></latexit>

L � y1b̄
c
RNS1 + y2Q̄

3
LL

i c
L S†

1 + h.c.

In what theory the effect of mixing is subdominant...
<latexit sha1_base64="GugJ7REfohfRnDTHMzLL2vBaASQ="></latexit>

✓2 ⇠ m⌫

MN
, keV < MN < 100MeV
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UV completion

for lepto-quark masses at the TeV scale 

<latexit sha1_base64="7DEgisHScgPBxBpv1oNOdwNoI/Q=">AAACInicdZDLSgMxGIUzXmu9VV26CRbBVZkpxcuu1I0LkRbsBTp1yKSZNjTJDElGKMM8ixtfxY0LRV0JPozptEK9HQgcvvP/JDl+xKjStv1uLSwuLa+s5tby6xubW9uFnd2WCmOJSROHLJQdHynCqCBNTTUjnUgSxH1G2v7ofJK3b4lUNBTXehyRHkcDQQOKkTbIK5xxL3FFDK9SV1EO3UAinLg89gxMM1NLp5DflL3kspGmSRlyj6ReoeiU7EzQ/mW+oiKYqe4VXt1+iGNOhMYMKdV17Ej3EiQ1xYykeTdWJEJ4hAaka6xAnKhekn0xhYeG9GEQSnOEhhmd30gQV2rMfTPJkR6qn9kE/pV1Yx2c9hIqolgTgacXBTGDOoSTvmCfSoI1GxuDsKTmrRAPkSlEm1bz8yX8b1rlknNcqjQqxWptVkcO7IMDcAQccAKq4ALUQRNgcAcewBN4tu6tR+vFepuOLliznT3wTdbHJ+rWpSQ=</latexit>

m⌫N ⇠ µ⌫

µB

m2
LQ

2me
<latexit sha1_base64="JU4fe2sgCbYZZ8dxw9UALFjmJRk=">AAACC3icdZDLSgMxGIUz9VbrrerSTWgRXJWZUtRl0Y0bSwV7gc44ZNJMG5pkhiQjlGH2bnwVNy4UcesLuPNtTC9CvR0IHM75f5J8Qcyo0rb9YeWWlldW1/LrhY3Nre2d4u5eW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gdD7pO7dEKhqJaz2OicfRQNCQYqRN5BdL3HdFAl1FOXRDiXDKb6p+OskaWZZe+o3ML5adij0VtH+Zr6oM5mr6xXe3H+GEE6ExQ0r1HDvWXoqkppiRrOAmisQIj9CA9IwViBPlpdO/ZPDQJH0YRtIcoeE0XdxIEVdqzAMzyZEeqp/dJPyr6yU6PPVSKuJEE4FnF4UJgzqCEzCwTyXBmo2NQVhS81aIh8gQ0QZfYRHC/6ZdrTjHldpVrVw/m+PIgwNQAkfAASegDi5AE7QABnfgATyBZ+veerRerNfZaM6a7+yDb7LePgG25Zrc</latexit>

m⌫ ⇠ m2
⌫N

MN
<latexit sha1_base64="XWV0PJNqxfDPPJsLqsgR7VgqgYg="></latexit>

µ⌫ ⇠ 10�12µB

p
m⌫MN

MeV

<latexit sha1_base64="hiMP3fbqBeLDgRzW6YK7whzkOu4=">AAACGXicbZDLSgMxFIYzXmu9VV26CRbBhZaM1Muy1I3LCvYCnTpk0kwbmmSGJCOUoa/hxldx40IRl7rybcy0RbT1h8DPd87h5PxBzJk2CH05C4tLyyurubX8+sbm1nZhZ7eho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC4yurNe6o0i+StGca0I3BPspARbCzyC0j4nkw8zQREJTf1lIC0MTr2RPLDXXSXnrhno4xVoV8oohIaC84bd2qKYKqaX/jwuhFJBJWGcKx120Wx6aRYGUY4HeW9RNMYkwHu0ba1EguqO+n4shE8tKQLw0jZJw0c098TKRZaD0VgOwU2fT1by+B/tXZiwstOymScGCrJZFGYcGgimMUEu0xRYvjQGkwUs3+FpI8VJsaGmbchuLMnz5vGack9L5VvysVKdRpHDuyDA3AEXHABKuAa1EAdEPAAnsALeHUenWfnzXmftC4405k98EfO5zcVXZ8X</latexit>

m⌫ ⇠ 0.1eV, µ⌫ ⇠ 10�15µB

• Consider heavy scalar lepto-quark
<latexit sha1_base64="IY1nKK5hi0nXlljkvrvCxKkfhBg=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgsSkLVZ3RTcuK9oHNCFMppN26OTBzEQooeDGX3HjQhG3/oQ7/8ZpG1Crh3vhcM69zNzjxYwKaZqfWm5hcWl5Jb9aWFvf2NzSt3daIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO0NLyd++45wQaPwVo5i4gSoH1KfYiSV5Op7N64FbUEDWLI9xNPK+Bhaqk4qR65eNI3aeblSK0PTMKf4JlZGiiBDw9U/7F6Ek4CEEjMkRNcyY+mkiEuKGRkX7ESQGOEh6pOuoiEKiHDS6Q1jeKiUHvQjrjqUcKr+3EhRIMQo8NRkgORAzHsT8T+vm0j/zElpGCeShHj2kJ8wKCM4CQT2KCdYspEiCHOq/grxAHGEpYqtoEKw5k/+S1plwzo1qtfVYv0iiyMP9sEBKAEL1EAdXIEGaAIM7sEjeAYv2oP2pL1qb7PRnJbt7IJf0N6/AL/4lQc=</latexit>

S1 ⇠ (3̄, 1, 1/3)
<latexit sha1_base64="hMxMd5qZPRcusIOWYZIQWLqzGEY="></latexit>

L � y1b̄
c
RNS1 + y2Q̄

3
LL

i c
L S†

1 + h.c.

In what theory the effect of mixing is subdominant...
<latexit sha1_base64="GugJ7REfohfRnDTHMzLL2vBaASQ="></latexit>

✓2 ⇠ m⌫

MN
, keV < MN < 100MeV
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[A. Abusleme, arXiv:2205.08830]

Multimessenger Signals : diffused BSM Photon and neutrino background


