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<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

We know nothing about .  
How many states? Does it carry new symmetries? New dynamics?

MN

   where ℳ = (
0 MD

MT
D MN) MD =

Y vEW
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(3x3) (3x?) (?x?) (?x3)

This is a matrix problem:

Type-I seesaw:



M. Hostert

Laboratory searches

5

Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W
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Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W

Missing mass in pion or kaon decays

<latexit sha1_base64="BXby2+SAS2T2Cp1mL3QmorcmbNs=">AAACDHicbVDLSsNAFL2pr1ofjbp0M1gEVzURRZdFN4IgFewDmlAm00k7dDIJMxOxhP6CP+BW/8CduPUf/AG/w2mbha0eGDiccy/3zAkSzpR2nC+rsLS8srpWXC9tbG5tl+2d3aaKU0log8Q8lu0AK8qZoA3NNKftRFIcBZy2guHVxG89UKlYLO71KKF+hPuChYxgbaSuXfYSdnzj6Rh5lHN027UrTtWZAv0lbk4qkKPetb+9XkzSiApNOFaq4zqJ9jMsNSOcjkteqmiCyRD3acdQgSOq/GwafIwOjdJDYSzNExpN1d8bGY6UGkWBmYywHqhFbyL+53VSHV74GRNJqqkgs0NhypH556QF1GOSEs1HhmAimcmKyABLTLTpau7K4yxqyRTjLtbwlzRPqu5Z1bk7rdQu84qKsA8HcAQunEMNrqEODSCQwjO8wKv1ZL1Z79bHbLRg5Tt7MAfr8wcN+prg</latexit>

⇡/K ! `N

NA62

N

ℓ+

K+
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Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W

Decay-in-flight signatures in neutrino experiments

<latexit sha1_base64="BXby2+SAS2T2Cp1mL3QmorcmbNs=">AAACDHicbVDLSsNAFL2pr1ofjbp0M1gEVzURRZdFN4IgFewDmlAm00k7dDIJMxOxhP6CP+BW/8CduPUf/AG/w2mbha0eGDiccy/3zAkSzpR2nC+rsLS8srpWXC9tbG5tl+2d3aaKU0log8Q8lu0AK8qZoA3NNKftRFIcBZy2guHVxG89UKlYLO71KKF+hPuChYxgbaSuXfYSdnzj6Rh5lHN027UrTtWZAv0lbk4qkKPetb+9XkzSiApNOFaq4zqJ9jMsNSOcjkteqmiCyRD3acdQgSOq/GwafIwOjdJDYSzNExpN1d8bGY6UGkWBmYywHqhFbyL+53VSHV74GRNJqqkgs0NhypH556QF1GOSEs1HhmAimcmKyABLTLTpau7K4yxqyRTjLtbwlzRPqu5Z1bk7rdQu84qKsA8HcAQunEMNrqEODSCQwjO8wKv1ZL1Z79bHbLRg5Tt7MAfr8wcN+prg</latexit>

⇡/K ! `N N propagates N decays visibly

ND280 @T2K

π+, K+, D+

Target
 ℓ+

ν
N
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 github.com/mhostert/Heavy-Neutrino-Limits

Limits on heavy neutrinos

SHIP
BBN

http://github.com/mhostert/Heavy-Neutrino-Limits
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 github.com/mhostert/Heavy-Neutrino-Limits

BBN

http://github.com/mhostert/Heavy-Neutrino-Limits


S
†
S (H†

H)
<latexit sha1_base64="PaSpGo2/DFht8jzWT+dr2m80J0s=">AAACCHicbVDLSsNAFJ3UV62vqEsXDrZCBSlJXeiy6KbLSu0Dmlgmk0k6dDIJMxOhhC7d+CtuXCji1k9w5984fSBaPXDhcM693HuPlzAqlWV9Grml5ZXVtfx6YWNza3vH3N1ryzgVmLRwzGLR9ZAkjHLSUlQx0k0EQZHHSMcbXk38zh0Rksb8Ro0S4kYo5DSgGCkt9c3DUvPW8VEYEgGbEELntFz/Fuonpb5ZtCrWFPAvseekCOZo9M0Px49xGhGuMENS9mwrUW6GhKKYkXHBSSVJEB6ikPQ05Sgi0s2mj4zhsVZ8GMRCF1dwqv6cyFAk5SjydGeE1EAuehPxP6+XquDCzShPUkU4ni0KUgZVDCepQJ8KghUbaYKwoPpWiAdIIKx0dgUdgr348l/Srlbss4p1XS3WLudx5MEBOAJlYINzUAN10AAtgME9eATP4MV4MJ6MV+Nt1poz5jP74BeM9y+TbJcg</latexit>

Bµ⌫Xµ⌫
<latexit sha1_base64="lX1rLXAjQi+dawBooemmb9jTy8k=">AAACAHicbZC7TsMwFIadcivlFmBgYLFokZiqpAwwVmVhLBK9SE2IHNdprdpOZDtIVdSFV2FhACFWHoONt8FpM0DLL1n69J9zdHz+MGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3OT13iORisbiXk8T4nM0EjSiGGljBfZJrRVkHk89kc76DznBHGuBXXXqzlxwFdwCqqBQO7C/vGGMU06ExgwpNXCdRPsZkppiRmYVL1UkQXiCRmRgUCBOlJ/ND5jBc+MMYRRL84SGc/f3RIa4UlMemk6O9Fgt13Lzv9og1dG1n1GRpJoIvFgUpQzqGOZpwCGVBGs2NYCwpOavEI+RRFibzComBHf55FXoNuruZd25a1SbrSKOMjgFZ+ACuOAKNMEtaIMOwGAGnsEreLOerBfr3fpYtJasYuYY/JH1+QNWA5Y6</latexit>

X

May feel new secret forces…

LSM
<latexit sha1_base64="IuljNmH+U4YD3azCjSm4WlF6qiI=">AAACFHicbVC9TsMwGHTKXyl/ASQWFosWialKygBjBQsDSEVQWqmJKsd1WquOE9kOUhXyGjwAKzwCG2Jl5wl4DZw0A205ydLp7vv8nc6LGJXKsr6N0tLyyupaeb2ysbm1vWPu7j3IMBaYtHHIQtH1kCSMctJWVDHSjQRBgcdIxxtfZn7nkQhJQ36vJhFxAzTk1KcYKS31zYOaEyA1klgk12k/cUQA727SWt+sWnUrB1wkdkGqoECrb/44gxDHAeEKMyRlz7Yi5SZIKIoZSStOLEmE8BgNSU9TjgIi3STPn8JjrQygHwr9uIK5+ncjQYGUk8DTk3nYeS8T//N6sfLP3YTyKFaE4+khP2ZQhTArAw6oIFixiSYIC6qzQjxCAmGlK5u5kv0tpC9T3Yw938MieWjU7dO6dduoNi+KjsrgEByBE2CDM9AEV6AF2gCDJ/ACXsGb8Wy8Gx/G53S0ZBQ7+2AGxtcvIlefBg==</latexit>

L eHN
<latexit sha1_base64="Wj2TBF4+6hQf4tVcaZwVcl0ng34=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXY1+OiCNilEIpgHJCHMzt4kQ2YfzMwqYdnCxl+xsVDE1o+w82+cTRZR44GBwzn3cOceJ+RMKsv6NHILi0vLK/nVwtr6xuaWub3TlEEkKDRowAPRdogEznxoKKY4tEMBxHM4tJzxReq3bkFIFvg3ahJCzyNDnw0YJUpLfbPYDbSdpuPLpHvHXFCMuxDXEnzVN0tW2ZoCzxM7IyWUod43P7puQCMPfEU5kbJjW6HqxUQoRjkkhW4kISR0TIbQ0dQnHshePD0iwftacfEgEPr5Ck/Vn4mYeFJOPEdPekSN5F8vFf/zOpEanPZi5oeRAp/OFg0ijlWA00awywRQxSeaECqY/iumIyIIVbq3wrSEsxTH3yfPk+Zh2T4qV64rpep5VkceFdEeOkA2OkFVVEN11EAU3aNH9IxejAfjyXg13majOSPL7KJfMN6/AG+ZmLo=</latexit>

...

These can “leak” back to the SM.

Lifetimes would be much shorter.

Interactions can be comparable to Weak rates.

DARK SECTOR (DS)

Neutrino portal

<latexit sha1_base64="PXWTx9hp/y/O/GWk/GERLHE9VK4="></latexit>

N cNS +N /XN



The Outline

Motivation for heavy neutrinos w/ additional forces : 

1. Portal interactions and N lifetime 

2. MiniBooNE low-energy excess

New forces: 

1. Transition Magnetic Moments 

2. Dark Neutrino Sectors
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

M. Ross-Lonergan

Unable to differentiate:

Signal

Sideband

MiniBooNE coll., arXiv:2201.01724

MiniBooNE coll., arXiv:2201.01724

νμ
sideband

νe signal

 
 

 significance

638 ± 52(stat.) ± 122.2(sys.)

4.8σ

MiniBooNE is a very  
“inclusive” experiment: 

http://www.apple.com
http://www.apple.com


13

NF02 White Paper: arXiv:2203.07323. Questions (and complaints)  mhostert@pitp.com→

See  
K. Kelly’s talk 

tomorrow

To be tested  

These mostly involve 
production of new 

particles in the detector. 

Table of explanations of  
the short-baseline anomalies 

https://arxiv.org/abs/2203.07323


M. Hostert 14

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
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N

The MiniBooNE Low-Energy Excess  
Particle production inside the detector

X

Heavy neutrino decays: 

• Single photons via transition magnetic moment ( ) 

• Di-leptons from dark photons or scalars ( ) 

• Di-photons from dark scalars ( )

X = γ

X = e+e−

X = γγ



The Outline

Motivation for heavy neutrinos w/ additional forces : 

1. Portal interactions and N lifetime 

2. MiniBooNE low-energy excess 

New forces: 

1. Transition Magnetic Moments

2. Dark Neutrino Sectors
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Transition magnetic moment 
The model 

ℒ ⊃ dαN νασμνFμνNR
ℒ ⊃

1
Λ2

LH̃σμνNR (Cα
B Bμν + Cα

W Wa
μνσa) EWSB

Dimension-5 operator 

να NRNR

γ

Transition magnetic moment  ==  Dipole portal 
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Transition magnetic moment 
The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

Can decouple the two with Horizontal symmetries, Voloshin, M. B., Sov. J. Nucl. Phys. 48, 512 (1988).

1) large transition magnetic moments generically lead to large Dirac masses. 

One has to do extra work to avoid mixing between  and HNLs.να

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

yL

Points to keep in mind:

ϕ+

ℓ−
α

να NR
X

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

yL yR
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Transition magnetic moment — Parenthesis. 
Decay-in-flight signatures due to mass mixing (@ T2K)

UeN = UτN = 0, dμN = 5 × 10−7/GeV

0 5 10 15 20
distance between bent trajectories at 20 cm

0.0

0.2

0.4

0.6

0.8

1.0

a.
u
.

N ! ∫e+e° ° LH dirac mN = 150 MeV

vector four-fermion

magnetic moment

NC only
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e�20 cm

d

Cumulative distribution 

The limits on the mixing are very strong. 
If  is non-zero, it better be as small as  scale.mD 𝒪(10 eV)

C. Argüelles, N. Foppiani, MH  arxiv:2109.03831

http://arxiv.org/abs/2109.03831
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Transition magnetic moment 
The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

Can decouple the two with Horizontal symmetries, Voloshin, M. B., Sov. J. Nucl. Phys. 48, 512 (1988).

1) Large transition magnetic moments generically lead to large Dirac masses. 

One has to do extra work to avoid mixing between  and HNLs.να

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

ϕ+

ℓ−
α

να NR
X

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

yL yR

Points to keep in mind:

0
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Transition magnetic moment 
The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

ϕ+

ℓ−
α

να NR
X

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

See also Brdar et al 2007.15563 for an interesting leptoquark model with a b-quarks in the loop.

2) For values of interest, probably need some heavy particle inside the loop. May be  or something else completely.τ

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

yL yR 0

dμN ∼ 1 PeV−1 mϕ ∼ 𝒪(100 GeV)

For, e.g., ℓβ = τ

Points to keep in mind:
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Transition magnetic moment 
The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

deN

me
≃

dμN

mμ
≃

dτN

mτ

For flavor-blind and flavor-conserving ( ) new physics, we expect:α = β

3)  flavor seems like an interesting possibility to consider.τ

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

Points to keep in mind:
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Transition magnetic moment 
MiniBooNE region of interest N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Argüelles,  

J. M. Conrad,  M. H. Shaevitz,  and M. Uchida, arXiv:2206.xxxxx
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Dipole Model
{d, mN} = {12.5 £ 10°7 GeV°1, 0.47 GeV}
∫µ ! ∫e (Global Best Fit w/o MiniBooNE)
{¢m2, sin2(2µ)} = {1.3 eV2, 6.9 £10°4}
MiniBooNE DataWe also added 

eV-sterile oscillations on top of 
the dipole using the global best-

fit point from Vergani et al.

Performed a fit to the MiniBooNE low-energy excess. 
 
Updates previous fit in Vergani et al arXiv:2105.06470 with a detector 
simulation in LeptonInjector and coherent upscattering cross-sections 
from DarkNews with improved nuclear form factors (see later).

Angular and energy 
spectrum fits overlap only 
at the largest  values.mN

Benchmark

Benchmark

Benchmark

https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/2012.10449
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MINERvA was located in the NuMI beam — larger 
energy and more neutrinos, but no dedicated search. 

C. Arguelles, MH, Y. Tsai, PRL123.261801

Transition magnetic moment 
MINERvA limits from  scattering measurementν − e
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Transition magnetic moment 
MINERvA limits from  scattering measurementν − e

!3

Pb
Fe Pb Fe

C

Upscattering Rate Upscattering Rate
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Neutrino-nucleus coherent scattering and HNL decay

Large Z 
materials that 

enhance coherent  
rate. 
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Transition magnetic moment 
MINERvA limits from  scattering measurementν − e N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Argüelles,  

J. M. Conrad,  M. H. Shaevitz,  and M. Uchida, arXiv:2206.xxxxx
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Transition magnetic moment 
MINERvA limits from  scattering measurementν − e

This hurts us badly,  
but there are a huge 

number of   
that decay inside the 

volume of the analysis. 
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N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Argüelles,  
J. M. Conrad,  M. H. Shaevitz,  and M. Uchida, arXiv:2206.xxxxx

MINERvA uses the fact that 
 for  scattering. Eθ2 < 2me ν − e
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Similar story for cases with tau-dipoles 
dτ ≠ 0
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Transition magnetic moment 
MINERvA limits from  scattering measurementν − e
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The Outline

Motivation for heavy neutrinos w/ additional forces : 

1. Portal interactions and N lifetime 

2. MiniBooNE low-energy excess 

New forces: 

1. Transition Magnetic Moments 

2. Dark Neutrino Sectors



M. Hostert 29

1) A minimal renormalizable model:

A. Abdullahi, MH, S. Pascoli 
arXiv:2007.11813
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Dark Neutrino Sectors 
Parametrizing several models — now phenomenologically friendly

Dark photon coupled to heavy neutral leptons and neutrinos via mixing.
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Dark Neutrino Sectors 
Upscattering at the T2K near detector

J-PARC beam is more intense and peaks in a similar energy range to the Booster Beam. 

Ratio of upscattering events in T2K similar to that in MiniBooNE. Should see hundreds of HNLs or more.
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C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

Benefit of this detector:

Heavy lead plates 

+ Gaseous Argon modules 

+ Magnetic field to separate e+e−

Dark Neutrino Sectors 
Upscattering at the T2K near detector

https://arxiv.org/pdf/2205.12273.pdf
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Dark Neutrino Sectors 
Upscattering at the T2K near detector
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Background-free search.

The search focused on the decay 
in flight of HNLs (solid black) 

Our signal is a little different, 
mostly in energy.

Dataset I   —  The T2K search for the decay in flight of HNLs Dataset II   —  The T2K search for single photons

New physics gets smeared out on e+e- invariant mass. 

Backgrounds and smaller target mass means this 
dataset is less sensitive the Dataset I.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

See also, Vedran Brdar et al, arXiv:2007.14411

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

https://arxiv.org/pdf/2205.12273.pdf
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C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

See also, Vedran Brdar et al, arXiv:2007.14411
Dark Neutrino Sectors 
Upscattering at the T2K near detector
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Conclusions:  

e+e- MiniBooNE explanations with 

 

are in tension with T2K data. 
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Unfortunately, no MiniBooNE fit available (but coming soon!) 
See Asli’s talk next week.

https://arxiv.org/pdf/2205.12273.pdf
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A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

DarkNews is a fast MC generator for new physics in neutrino-nucleus scattering. 
Including vector, scalar, and dipole mediators. Models with up to 3 HNLs.

DarkNews-generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

HNL decay: 

 
or

N → νℓ+ℓ−

N → νγ

Scattering:

(Coherent & QE peak)
ν A → N A A

Z, Z′ ,

νμ
Ni

γ

νμ

A

h′ 

Ni

Ni

Nj

Ni

Nj

Ni

Nj

γe+, μ+

e−, μ−

e+, μ+

e−, μ−

Helicity conserving or flipping ν → N

 may be Majorana or Dirac, with either helicity states.N

h′ 

Z, Z′ , γ

DarkNews-Generator

Darkν



Conclusions: 

The existence of heavy neutral leptons could open a door into dark sectors. 

Neutrino experiments are probing new forces that are much weaker-than-Weak 

The MiniBooNE puzzle remains unsolved.  

New-physics ideas with light particles are on the market. They are all testable. 

Transition magnetic moment: 
Not dead yet. MINERvA could show more slices of their data which will probe all parameter space. 

Dark Neutrino Sectors: 
New limits from T2K were studied in detail. Not MiniBooNE fit to compare to, but naively, all 
explanations without prompt decays are likely excluded.


