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The Outline

1. Low scale seesaws with a dark force. 

2. Phenomenological applications of dark neutrinos 

• MiniBooNE 

• (g-2)µ and tests at e+e- colliders, 

• Rare kaon decays.

IN COLLABORATION WITH:  

Asli Abdullahi                    Silvia Pascoli 

Based on 
  A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813   
P. Ballett, MH, S. Pascoli, PRD 101 (2020) 11,115025   
  P.Ballett, MH, S. Pascoli, PRD 99, 091701 (2019) 

https://arxiv.org/abs/2007.11813
https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/1903.07590
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New physics under the lamppost

exp. anomalies

Dark Matter

Nu masses

⌫s
<latexit sha1_base64="2P9oaPzbgsHC6x1Jq7d187/bKxE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ76msb/rVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPj52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7EheMsvr5LWRd27rLsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/qk46/</latexit>

=
Dark Sector 

(May or may not include
 a dark matter candidate)

Many solutions to these problems invoke 
new sectors of SM gauge singlets

New light states are naturally 
feebly coupled to the SM.
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New physics under the lamppost

exp. anomalies

Dark Matter

Nu masses

⌫s
<latexit sha1_base64="2P9oaPzbgsHC6x1Jq7d187/bKxE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ76msb/rVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPj52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7EheMsvr5LWRd27rLsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/qk46/</latexit>

Indirect tests only
(EFTs)

MeVkeV GeV TeV

g
<latexit sha1_base64="pksB6V4seAPFIhzqSW0yILHeuuM=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIUJIEL2Vv2jg17e5fdORNC+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKUw6LrfTmFtfWNzq7hd2tnd2z8oHx61TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwxGNzP/8YlrIxL1gOOU+zGNlAgFo2il+2pU7Zcrbs2dg6wSLycVyNHsl796g4RlMVfIJDWm67kp+hOqUTDJp6VeZnhK2YhGvGupojE3/mR+6pScWWVAwkTbUkjm6u+JCY2NGceB7YwpDs2yNxP/87oZhlf+RKg0Q67YYlGYSYIJmf1NBkJzhnJsCWVa2FsJG1JNGdp0SjYEb/nlVdKu17yLmntXrzSu8ziKcAKncA4eXEIDbqEJLWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AGEJ41H</latexit>
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<latexit sha1_base64="hNeKu+83YIeg9YLp6bH5KuAnStQ=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsxUQZdFQd0IFewDOmPJpJk2NMkMSUYow+zd+CtuXCji1h9w59+YtrPQ1gP3cjjnXpJ7gphRpR3n2yosLa+srhXXSxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDHx2w9EKhqJOz2Oic/RQNCQYqSN1LPLXigRTgf3tSy9MQ16inJ41Us9yeElkZxmPbviVJ0p4CJxc1IBORo9+8vrRzjhRGjMkFJd14m1nyKpKWYkK3mJIjHCIzQgXUMF4kT56fSWDB4apQ/DSJoSGk7V3xsp4kqNeWAmOdJDNe9NxP+8bqLDMz+lIk40EXj2UJgwqCM4CQb2qSRYs7EhCEtq/grxEJlwtImvZEJw509eJK1a1T2uOrcnlfp5HkcRHIAyOAIuOAV1cA0aoAkweATP4BW8WU/Wi/VufcxGC1a+sw/+wPr8AUdMmo4=</latexit>

M
<latexit sha1_base64="/ISTe8cor13/4N7T8tfJ6AenqYc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1Fx65fl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKW3jNM=</latexit>

Heavy neutrinos?
New forces?
Dark matter?

ENERGY 
FRONTIER (LHC)

Heavy NP

Accessible at current 
experimental program

<latexit sha1_base64="FRudD6wnxZq1RTyUkxldoKiuZms=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5/ejWs=</latexit>

}
<latexit sha1_base64="FRudD6wnxZq1RTyUkxldoKiuZms=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5/ejWs=</latexit>

}INTENSITY FRONTIER

SM backyard 

New light states are naturally 
feebly coupled to the SM.

Many solutions to these problems invoke 
new sectors of SM gauge singlets
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Ruling out the SM in the laboratory

⌫ � e
<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

Sector

0nuBB

Scattering

oscillations

High Energies

UHE neutrinos 
(IceCube, ANITA)

Displaced 
Vertices

Beam dumps

Forward & ground 
LHC detectors

Missing Energy

Belle II

LDMX

NA64

Precision

APV

Weak Decays 

Colliders (LHC)

FASER

(g � 2)µ
<latexit sha1_base64="9xuTX3DvZq2plg1xr0ImBDswtGI=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAh1YUhi2qa7ohuXFexD2lIm02k7dCYJMxOhhH6FGxeKuPVz3Pk3TtIivg5cOJxzL/fe40eMSmVZH8bK6tr6xmZuK7+9s7u3Xzg4bMkwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn16lfvueCEnD4FbNItLnaBzQEcVIaemuND53zgY9Hg8KRcv0PKdi16Blul7ZLVc18apO2XWgbVoZimCJxqDw3huGOOYkUJghKbu2Fal+goSimJF5vhdLEiE8RWPS1TRAnMh+kh08h6daGcJRKHQFCmbq94kEcSln3NedHKmJ/O2l4n9eN1Yjr5/QIIoVCfBi0ShmUIUw/R4OqSBYsZkmCAuqb4V4ggTCSmeUz0Kopah8vfyXtBzTvjDdG7dYv1zGkQPH4ASUgA2qoA6uQQM0AQYcPIAn8GwI49F4MV4XrSvGcuYI/IDx9gkcvZAf</latexit>

K factories
B decays

<latexit sha1_base64="wvb1nq73UpAV7GhpQakwWZZycRo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSi6LL4AJct2Ac0IUymk3bozCTMTIQQ4q+4caGIWz/EnX/jtM1CqwcuHM65l3vvCRNGlXacL6uysrq2vlHdrG1t7+zu2fsHPRWnEpMujlksByFShFFBuppqRgaJJIiHjPTD6fXM7z8QqWgs7nWWEJ+jsaARxUgbKbDrHmLJBAV5kHuSw87tTVEEdsNpOnPAv8QtSQOUaAf2pzeKccqJ0JghpYauk2g/R1JTzEhR81JFEoSnaEyGhgrEifLz+fEFPDbKCEaxNCU0nKs/J3LElcp4aDo50hO17M3E/7xhqqNLP6ciSTUReLEoShnUMZwlAUdUEqxZZgjCkppbIZ4gibA2edVMCO7yy39J77TpnjedzlmjdVXGUQWH4AicABdcgBa4A23QBRhk4Am8gFfr0Xq23qz3RWvFKmfq4Besj2+LXJSy</latexit>↵QED

Quarkonium decays

*Not an exhaustive list
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Ruling out the SM in the laboratory

⌫ � e
<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

Sector

0nuBB

Scattering

oscillations

High Energies

UHE neutrinos 
(IceCube, ANITA)

Displaced 
Vertices

Beam dumps

Forward & ground 
LHC detectors

Missing Energy

Belle II

LDMX

NA64

Precision

APV

Weak Decays 

Colliders (LHC)

FASER

(g � 2)µ
<latexit sha1_base64="9xuTX3DvZq2plg1xr0ImBDswtGI=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAh1YUhi2qa7ohuXFexD2lIm02k7dCYJMxOhhH6FGxeKuPVz3Pk3TtIivg5cOJxzL/fe40eMSmVZH8bK6tr6xmZuK7+9s7u3Xzg4bMkwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn16lfvueCEnD4FbNItLnaBzQEcVIaemuND53zgY9Hg8KRcv0PKdi16Blul7ZLVc18apO2XWgbVoZimCJxqDw3huGOOYkUJghKbu2Fal+goSimJF5vhdLEiE8RWPS1TRAnMh+kh08h6daGcJRKHQFCmbq94kEcSln3NedHKmJ/O2l4n9eN1Yjr5/QIIoVCfBi0ShmUIUw/R4OqSBYsZkmCAuqb4V4ggTCSmeUz0Kopah8vfyXtBzTvjDdG7dYv1zGkQPH4ASUgA2qoA6uQQM0AQYcPIAn8GwI49F4MV4XrSvGcuYI/IDx9gkcvZAf</latexit>

K factories
B decays

<latexit sha1_base64="wvb1nq73UpAV7GhpQakwWZZycRo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSi6LL4AJct2Ac0IUymk3bozCTMTIQQ4q+4caGIWz/EnX/jtM1CqwcuHM65l3vvCRNGlXacL6uysrq2vlHdrG1t7+zu2fsHPRWnEpMujlksByFShFFBuppqRgaJJIiHjPTD6fXM7z8QqWgs7nWWEJ+jsaARxUgbKbDrHmLJBAV5kHuSw87tTVEEdsNpOnPAv8QtSQOUaAf2pzeKccqJ0JghpYauk2g/R1JTzEhR81JFEoSnaEyGhgrEifLz+fEFPDbKCEaxNCU0nKs/J3LElcp4aDo50hO17M3E/7xhqqNLP6ciSTUReLEoShnUMZwlAUdUEqxZZgjCkppbIZ4gibA2edVMCO7yy39J77TpnjedzlmjdVXGUQWH4AicABdcgBa4A23QBRhk4Am8gFfr0Xq23qz3RWvFKmfq4Besj2+LXJSy</latexit>↵QED

Quarkonium decays

*Not an exhaustive list

Can we learn anything 
about the neutrino sector?
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Heavy neutral leptons at low scales



M. Hostert

Beyond the naive scaling in the Type-I seesaw

8

Type-I seesaw Lagrangian:

L � �y
⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

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

Single 
generation

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

1) Hierarchy of scales 
2) Small couplings 
3) New symmetries or cancellations

 can be small even for small entries in   
and large entries in .

<latexit sha1_base64="1TAo6VsJJU8nm3mx+wYWzRPBE/4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixehgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDP1W09cG5GoBxynPIjpQIlIMIpW8u96XZX1qjW37s5AlolXkBoUaPaqX91+wrKYK2SSGtPx3BSDnGoUTPJJpZsZnlI2ogPesVTRmJsgnx07ISdW6ZMo0bYUkpn6eyKnsTHjOLSdMcWhWfSm4n9eJ8PoKsiFSjPkis0XRZkkmJDp56QvNGcox5ZQpoW9lbAh1ZShzadiQ/AWX14mj2d176Lu3p/XGtdFHGU4gmM4BQ8uoQG30AQfGAh4hld4c5Tz4rw7H/PWklPMHMIfOJ8/sReOmw==</latexit>

M⌫
<latexit sha1_base64="4x+z0SqToHGRS4DSmNwS+um59rE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixelov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN92WNlg==</latexit>

MN
<latexit sha1_base64="nc5bIbg85oHOl/GQmNz9tIkQIyA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRD16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfywYwT9CM6kDzkjBor3d/2rnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiBOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc36D2NjA==</latexit>

MD

Multiple
generations

<latexit sha1_base64="qkWeqhMEdptR8eG+kWR3dZ4V7Ss="></latexit>

|U↵4|2 ' m2
D

⇤2

Why are neutrino masses small in a seesaw model?

<latexit sha1_base64="1TAo6VsJJU8nm3mx+wYWzRPBE/4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixehgrGFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaWV1b3yhvVra2d3b3qvsHjybJNOM+S2Si2yE1XArFfRQoeTvVnMah5K1wdDP1W09cG5GoBxynPIjpQIlIMIpW8u96XZX1qjW37s5AlolXkBoUaPaqX91+wrKYK2SSGtPx3BSDnGoUTPJJpZsZnlI2ogPesVTRmJsgnx07ISdW6ZMo0bYUkpn6eyKnsTHjOLSdMcWhWfSm4n9eJ8PoKsiFSjPkis0XRZkkmJDp56QvNGcox5ZQpoW9lbAh1ZShzadiQ/AWX14mj2d176Lu3p/XGtdFHGU4gmM4BQ8uoQG30AQfGAh4hld4c5Tz4rw7H/PWklPMHMIfOJ8/sReOmw==</latexit>

M⌫

<latexit sha1_base64="QLfSczN8+fBQg0qiBj4jrT/a5LE=">AAACCXicbZA9SwNBEIb3/Izx69TSZjEIVuFOFC2DNpYRTCLkwrG3meji7t65OyeGI62Nf8XGQhFb/4Gd/8ZNvMKvFxYe3plhdt4kk8JiEHx4U9Mzs3PzlYXq4tLyyqq/tt62aW44tHgqU3OeMAtSaGihQAnnmQGmEgmd5Op4XO/cgLEi1Wc4zKCn2IUWA8EZOiv2qYojndPICgXXNKiHNEK4xYJCm44cp7FfC+rBRPQvhCXUSKlm7L9H/ZTnCjRyyazthkGGvYIZFFzCqBrlFjLGr9gFdB1qpsD2isklI7rtnD4dpMY9jXTifp8omLJ2qBLXqRhe2t+1sflfrZvj4LBXCJ3lCJp/LRrkkmJKx7HQvjDAUQ4dMG6E+yvll8wwji68qgsh/H3yX2jv1sP9enC6V2sclXFUyCbZIjskJAekQU5Ik7QIJ3fkgTyRZ+/ee/RevNev1imvnNkgP+S9fQJa9ZjX</latexit>

m⌫ ' 0.1 eV !

<latexit sha1_base64="3jEm6PS333eNjkpKFx6m/iYXQJk=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlaQouhGKD3AjVLAPaGKYTCft0MkkzkwKIeQX3Pgrblwo4tadO//G6WOhrQcuHM65l3vv8WNGpbKsb2NhcWl5ZbWwVlzf2NzaNnd2mzJKBCYNHLFItH0kCaOcNBRVjLRjQVDoM9LyBxcjvzUkQtKI36k0Jm6IepwGFCOlJc8s33iX8Aw6gUA4S+8dnuTZ0MscEcKrVg4d+SBUVs1h7pklq2KNAeeJPSUlMEXdM7+cboSTkHCFGZKyY1uxcjMkFMWM5EUnkSRGeIB6pKMpRyGRbjb+KIeHWunCIBK6uIJj9fdEhkIp09DXnSFSfTnrjcT/vE6iglM3ozxOFOF4sihIGFQRHMUDu1QQrFiqCcKC6lsh7iMdjtIhFnUI9uzL86RZrdjHFev2qFQ7n8ZRAPvgAJSBDU5ADVyDOmgADB7BM3gFb8aT8WK8Gx+T1gVjOrMH/sD4/AHDN5z+</latexit>

MD =
y⌫

vEW

p
2 <latexit sha1_base64="eOzPJUC+ZnpgVXZbNj7mvLlbngk=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIbiyJKLos2oWbSoXeoE3DZDpth04uzEzEEvIqblwo4tYXcefbOG2z0NYfBj7+cw7nzO9FnEllWd/Gyura+sZmbiu/vbO7t28eFJoyjAWhDRLyULQ9LClnAW0opjhtR4Ji3+O05Y1vp/XWIxWShUFdTSLq+HgYsAEjWGnLNQtVt4Kq7n0vObNTDZVe3TWLVsmaCS2DnUERMtVc86vbD0ns00ARjqXs2FaknAQLxQinab4bSxphMsZD2tEYYJ9KJ5ndnqIT7fTRIBT6BQrN3N8TCfalnPie7vSxGsnF2tT8r9aJ1eDaSVgQxYoGZL5oEHOkQjQNAvWZoETxiQZMBNO3IjLCAhOl48rrEOzFLy9D87xkX5ash4ti+SaLIwdHcAynYMMVlOEOatAAAk/wDK/wZqTGi/FufMxbV4xs5hD+yPj8AaKZkuM=</latexit>

MDM�1
N MT

D

<latexit sha1_base64="4x+z0SqToHGRS4DSmNwS+um59rE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixelov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN92WNlg==</latexit>

MN Matrix multiplication!

?

After EWSB, neutrinos get a mass:

<latexit sha1_base64="PD0HWFY8hc33B6odEYKWiT0UDJQ=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmlldW19o7zpbm3v7O5V9g8eTZJpxpsskYluh9RwKRRvokDJ26nmNA4lb4Wjm6nfeuLaiEQ94DjlQUwHSkSCUbTSvdvNe5WqV/NmIMvEL0gVCjR6la9uP2FZzBUySY3p+F6KQU41Cib5xO1mhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNNxbQj+4svL5PGs5l/UvLvzav26iKMMR3AMp+DDJdThFhrQBAYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifP9D4jX0=</latexit>

{
<latexit sha1_base64="RXqIrlTHQ1aQnpS3ar0zCGX7Vyk=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExVUkFgrECBhZQkehDakLkuE5r1XaC7SBVUUcWfoWFAYRY+QQ2/ga3zQAtR7q6R+fcK/ueMGFUacf5tubmFxaXlgsrxdW19Y1Ne2u7oeJUYlLHMYtlK0SKMCpIXVPNSCuRBPGQkWbYPx/5zQciFY3FrR4kxOeoK2hEMdJGCuw9HngihZ6inNxDL5IIZ1fBxV1laNr1sBjYJafsjAFniZuTEshRC+wvrxPjlBOhMUNKtV0n0X6GpKaYkWHRSxVJEO6jLmkbKhAnys/GhwzhgVE6MIqlKaHhWP29kSGu1ICHZpIj3VPT3kj8z2unOjr1MyqSVBOBJw9FKYM6hqNUYIdKgjUbGIKwpOavEPeQCUOb7EYhuNMnz5JGpewel52bo1L1LI+jAHbBPjgELjgBVXAJaqAOMHgEz+AVvFlP1ov1bn1MRuesfGcH/IH1+QOn4ZkX</latexit>

m⌫ ' M2
D

MN

<latexit sha1_base64="t3TdMDa3sUJXviVcuJq2shbCP0I=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVQkqgrECBhZQkUhbqYkix3Vaq84D20Gq0vwBC7/CwgBCrKxs/A1OmwFajnSvjs65V/Y9XsyokIbxrZUWFpeWV8qrlbX1jc0tfXunJaKEY2LhiEW84yFBGA2JJalkpBNzggKPkbY3vMj99gPhgkbhnRzFxAlQP6Q+xUgqydUPx5ab2ojFAwTr2RjaggbkHto+Rzi9di8z1W6yiqtXjZoxAZwnZkGqoEDT1b/sXoSTgIQSMyRE1zRi6aSIS4oZySp2IkiM8BD1SVfREAVEOOnkngweKKUH/YirCiWcqL83UhQIMQo8NRkgORCzXi7+53UT6Z85KQ3jRJIQTx/yEwZlBPNwYI9ygiUbKYIwp+qvEA+QikKqCPMQzNmT50nruGae1IzberVxXsRRBntgHxwBE5yCBrgCTWABDB7BM3gFb9qT9qK9ax/T0ZJW7OyCP9A+fwAxP5wc</latexit>

|U↵4| '
MD

MN

where

<latexit sha1_base64="et0booDfZj77RHmHA/amoL4elOQ=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKi6LIogssK9gFNDJPppB06mcSZSSGErN34K25cKOLWL3Dn3zhts9DWAxcO59zLvff4MaNSWda3UVpaXlldK69XNja3tnfM3b22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzR1cTvjImQNOJ3Ko2JG6IBpwHFSGnJMw+dQCCcpfcOT+DYyxwRwutOnmeOfBAqq+e5Z1atmjUFXCR2QaqgQNMzv5x+hJOQcIUZkrJnW7FyMyQUxYzkFSeRJEZ4hAakpylHIZFuNn0lh8da6cMgErq4glP190SGQinT0NedIVJDOe9NxP+8XqKCCzejPE4U4Xi2KEgYVBGc5AL7VBCsWKoJwoLqWyEeIp2N0ulVdAj2/MuLpF2v2Wc16/a02rgs4iiDA3AEToANzkED3IAmaAEMHsEzeAVvxpPxYrwbH7PWklHM7IM/MD5/AB1emys=</latexit>

y⌫vEWp
2
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Where are the HNLs?
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P. Bolton et al, 1912.03058

Under the MeV-GeV lamppost: 

1) Missing mass in pion or kaon decays 

2) Decay-in-flight beam dumps/nu exps 

Most efforts have been dedicated to invisible or long-lived HNLs. 
Lifetime is bounded from above due to BBN constraints (tN < 0.1 s).

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

⇡/K ! `N

What if N decays visibly and much faster?

<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

HNLs are long-lived particles if  
they only interact via neutrino mixing.

<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
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Endowing N with new forces



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

Neutrino masses

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>

DARK SECTOR (DS)

L � �y
⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

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

Forces from Abelian gauge sym?

Neutrino portal

Portal: 
(SM SINGLET)  X  (DS SINGLET)

Vector portal

Scalar portal

Heavy neutrinos 

Dark photons
<latexit sha1_base64="/s15BetjA/Vh9np8kN5QYYr71YQ=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tFqJeSiKLHoge9CBVNW2hD2Gy37dLNB7sbocQc/CtePCji1b/hzX/jts1BWx8MPN6bYWaeH3MmlWV9G4WFxaXlleJqaW19Y3PL3N5pyCgRhDok4pFo+VhSzkLqKKY4bcWC4sDntOkPL8d+84EKyaLwXo1i6ga4H7IeI1hpyTP3rrz07iZDHcUCKpFTsY+8tJV5ZtmqWhOgeWLnpAw56p751elGJAloqAjHUrZtK1ZuioVihNOs1EkkjTEZ4j5taxpivc1NJ/dn6FArXdSLhK5QoYn6eyLFgZSjwNedAVYDOeuNxf+8dqJ6527KwjhRNCTTRb2EIxWhcRioywQlio80wUQwfSsiAywwUTqykg7Bnn15njSOq/Zp1bo9Kdcu8jiKsA8HUAEbzqAG11AHBwg8wjO8wpvxZLwY78bHtLVg5DO78AfG5w9kSJUN</latexit>

GSM ⇥ U(1)X

Real or complex 
scalars New scalar potential

<latexit sha1_base64="qeCngoy3gbdLirM927XDqNwdymU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNgVRY9BLzlGNA9IljA7mU2GzM4uM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395hPXRsTqEUcJ9yPaVyIUjKKVmo1S9Zw8nHULRbfszkCWiZeRImSodQtfnV7M0ogrZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtqaIRN/54du6EnFqlR8JY21JIZurviTGNjBlFge2MKA7MojcV//PaKYY3/lioJEWu2HxRmEqCMZn+TnpCc4ZyZAllWthbCRtQTRnahPI2BG/x5WXSuCh7V2X3/rJYuc3iyMExnEAJPLiGClShBnVgMIRneIU3J3FenHfnY9664mQzR/AHzucPb4mOUg==</latexit>

V (H,S)



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>

...

…which can then “leak” to the SM 
via one or more of the other portals

DARK SECTOR (DS)

Neutrino portal

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

N cNS +N /XN
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A “Dark Seesaw” Model



Scalar mixing
Kinetic mixing

Neutrino mixing

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

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>
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A renormalizable model for a dark neutrino sector

1) A minimal renormalizable model:

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

Dark Sector
SU(2)L U(1)Y U(1)X

N 1 0 0
⌫DL 1 0 Q
⌫DR 1 0 Q
� 1 0 Q

<latexit sha1_base64="ocg/U4EbC70EQHKK+5QJFDSV87k="></latexit>

<latexit sha1_base64="vObtigEB+bPDTGHmj4g2RCieEM4=">AAACAHicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVRMsQGytJwE0CyRJmJ7PJkNnZZWZWDEsaf8BW/8BGxNban7Cx9DucZFOYxAMDh3Pu5Z45fsyZ0rb9ZS0tr6yurec28ptb2zu7hb39uooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDX2G3dUKhaJWz2MqRfinmABI1gbyW2LpHPTKRTtkj0BWiTOlBTLh7Vv9lr5rHYKP+1uRJKQCk04Vqrl2LH2Uiw1I5yO8u1E0RiTAe7RlqECh1R56STsCJ0YpYuCSJonNJqofzdSHCo1DH0zGWLdV/PeWPzPayU6uPRSJuJEU0GyQ0HCkY7Q+OeoyyQlmg8NwUQykxWRPpaYaNPPzJX7LGreFOPM17BI6mcl57xk15xiuQIZcnAEx3AKDlxAGa6hCi4QYPAIT/BsPVgv1pv1no0uWdOdA5iB9fELHnWawA==</latexit>⌫N
Dark neutrinos charged under a dark U(1)’ 
symmetry, broken at the GeV scale by       .h�i

<latexit sha1_base64="Wgk7OukZm3DcA/WlhmbqvYtjPv0=">AAACFnicbVDLSsNAFJ3UV62vqODGzWAruCpJFR+7ohuXFewDmlAm00k7dDIJMxOxxP6Ha7f6De7ErVs/wb9wkgax1gMDZ865l3s4XsSoVJb1aRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJX67TsiJA35rRpHxA3QgFOfYqS01DP3Kg5DfMAIdBpDCh2RfSo9s2xVrQxwntg5KYMcjZ755fRDHAeEK8yQlF3bipSbIKEoZmRScmJJIoRHaEC6mnIUEOkmWf4JPNRKH/qh0I8rmKm/NxIUSDkOPD0ZIDWUf71U/M/rxso/dxPKo1gRjqeH/JhBFcK0DNingmDFxpogLKjOCvEQCYSVrmzmirpPo8kJhKWsm4sUpz9NzJNWrWofV09uauX6Zd5SEeyDA3AEbHAG6uAaNEATYPAAnsAzeDEejVfjzXifjhaMfGcXzMD4+AZ6Z569</latexit>

<latexit sha1_base64="37+AsDeg1aJpiX/SYXKCZBVFLwA="></latexit>

y
⌫(LH)N +MNNN + yNN⌫D�+MX⌫DL⌫DR

See also B. Batell et al, JHEP 1608 (2016) 052 
Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

http://www.arxiv.com/abs/2007.11813


Scalar mixing
Kinetic mixing

Neutrino mixing

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

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>
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A renormalizable model for a dark neutrino sector

1) A minimal renormalizable model:

Z 0,'0, G0
'

<latexit sha1_base64="Vql9SwP8NFA7NQ40VhmGVb99rO4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQkZJo8bErutBlBfvAJobJdNIOnTyYmRRK6D+48VfcuFDErRt3/o2TNBSrHrhw5px7mXuPGzEqpGF8aYW5+YXFpeJyaWV1bX1D39xqijDmmDRwyELedpEgjAakIalkpB1xgnyXkZY7uEz91pBwQcPgVo4iYvuoF1CPYiSV5OgHd/dWxKlPDqE1RDzq0+n7yplVHL1sVIwM8C8xc1IGOeqO/ml1Qxz7JJCYISE6phFJO0FcUszIuGTFgkQID1CPdBQNkE+EnWQ3jeGeUrrQC7mqQMJM/TmRIF+Ike+qTh/JvvjtpeJ/XieW3pmd0CCKJQnw5CMvZlCGMA0IdiknWLKRIghzqnaFuI84wlLFWMpCOE9xMj35L2keVczjSvWmWq5d5HEUwQ7YBfvABKegBq5BHTQABg/gCbyAV+1Re9betPdJa0HLZ7bBDLSPbxNVnnA=</latexit>

SU(2)L U(1)Y U(1)X
N 1 0 0
⌫DL 1 0 Q
⌫DR 1 0 Q
� 1 0 Q

<latexit sha1_base64="ocg/U4EbC70EQHKK+5QJFDSV87k="></latexit>

Dark neutrinos charged under a dark U(1)’ 
symmetry, broken at the GeV scale by       .h�i

<latexit sha1_base64="Wgk7OukZm3DcA/WlhmbqvYtjPv0=">AAACFnicbVDLSsNAFJ3UV62vqODGzWAruCpJFR+7ohuXFewDmlAm00k7dDIJMxOxxP6Ha7f6De7ErVs/wb9wkgax1gMDZ865l3s4XsSoVJb1aRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJX67TsiJA35rRpHxA3QgFOfYqS01DP3Kg5DfMAIdBpDCh2RfSo9s2xVrQxwntg5KYMcjZ755fRDHAeEK8yQlF3bipSbIKEoZmRScmJJIoRHaEC6mnIUEOkmWf4JPNRKH/qh0I8rmKm/NxIUSDkOPD0ZIDWUf71U/M/rxso/dxPKo1gRjqeH/JhBFcK0DNingmDFxpogLKjOCvEQCYSVrmzmirpPo8kJhKWsm4sUpz9NzJNWrWofV09uauX6Zd5SEeyDA3AEbHAG6uAaNEATYPAAnsAzeDEejVfjzXifjhaMfGcXzMD4+AZ6Z569</latexit>

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

<latexit sha1_base64="lqvgQmA/DfniaLcrtQ8K2B9qbOs="></latexit>

m⌫ ' m2
D

⇤2
µ

<latexit sha1_base64="vObtigEB+bPDTGHmj4g2RCieEM4=">AAACAHicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVRMsQGytJwE0CyRJmJ7PJkNnZZWZWDEsaf8BW/8BGxNban7Cx9DucZFOYxAMDh3Pu5Z45fsyZ0rb9ZS0tr6yurec28ptb2zu7hb39uooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDX2G3dUKhaJWz2MqRfinmABI1gbyW2LpHPTKRTtkj0BWiTOlBTLh7Vv9lr5rHYKP+1uRJKQCk04Vqrl2LH2Uiw1I5yO8u1E0RiTAe7RlqECh1R56STsCJ0YpYuCSJonNJqofzdSHCo1DH0zGWLdV/PeWPzPayU6uPRSJuJEU0GyQ0HCkY7Q+OeoyyQlmg8NwUQykxWRPpaYaNPPzJX7LGreFOPM17BI6mcl57xk15xiuQIZcnAEx3AKDlxAGa6hCi4QYPAIT/BsPVgv1pv1no0uWdOdA5iB9fELHnWawA==</latexit>⌫N Dark Sector

<latexit sha1_base64="7M04Qj3HKpHdo1dVq7isdvh2yAQ="></latexit>

MT
D(⇤T )�1MX⇤�1MD + �M1�loop(MN ,MZ ,MZ0)

<latexit sha1_base64="2ekjMHCsskcX3UuIoKbvEiLV+fY="></latexit>0

@
0 MD 0

MT
D MN ⇤
0 ⇤T MX

1

A

0

@
⌫c↵
⌫cN
⌫cD

1

A
Tree-level Loop-level

2) Neutrinos masses:

See also B. Batell et al, JHEP 1608 (2016) 052 
Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

http://www.arxiv.com/abs/2007.11813


Scalar mixing
Kinetic mixing

Neutrino mixing

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

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>
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A renormalizable model for a dark neutrino sector

1) A minimal renormalizable model:

SU(2)L U(1)Y U(1)X
N 1 0 0
⌫DL 1 0 Q
⌫DR 1 0 Q
� 1 0 Q

<latexit sha1_base64="ocg/U4EbC70EQHKK+5QJFDSV87k="></latexit>

Dark neutrinos charged under a dark U(1)’ 
symmetry, broken at the GeV scale by       .h�i

<latexit sha1_base64="Wgk7OukZm3DcA/WlhmbqvYtjPv0=">AAACFnicbVDLSsNAFJ3UV62vqODGzWAruCpJFR+7ohuXFewDmlAm00k7dDIJMxOxxP6Ha7f6De7ErVs/wb9wkgax1gMDZ865l3s4XsSoVJb1aRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJX67TsiJA35rRpHxA3QgFOfYqS01DP3Kg5DfMAIdBpDCh2RfSo9s2xVrQxwntg5KYMcjZ755fRDHAeEK8yQlF3bipSbIKEoZmRScmJJIoRHaEC6mnIUEOkmWf4JPNRKH/qh0I8rmKm/NxIUSDkOPD0ZIDWUf71U/M/rxso/dxPKo1gRjqeH/JhBFcK0DNingmDFxpogLKjOCvEQCYSVrmzmirpPo8kJhKWsm4sUpz9NzJNWrWofV09uauX6Zd5SEeyDA3AEbHAG6uAaNEATYPAAnsAzeDEejVfjzXifjhaMfGcXzMD4+AZ6Z569</latexit>

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

3) Modified decays:

Z 0

⌫
<latexit sha1_base64="FXPyvy3NuaxwJbXcjUpbjasVN40=">AAAB6nicbZDLSsNAFIZP6q3GW9Wlm8EiuCqJipeFWHTjsqK9QBvKZDpth04mYWYilNBHcONCEZf6Lu7diG/jJC2i1h8GPv7/HOac40ecKe04n1ZuZnZufiG/aC8tr6yuFdY3aiqMJaFVEvJQNnysKGeCVjXTnDYiSXHgc1r3BxdpXr+lUrFQ3OhhRL0A9wTrMoK1sa5bIm4Xik7JyYSmwZ1A8ezNPo1ePuxKu/De6oQkDqjQhGOlmq4TaS/BUjPC6chuxYpGmAxwjzYNChxQ5SXZqCO0Y5wO6obSPKFR5v7sSHCg1DDwTWWAdV/9zVLzv6wZ6+6xlzARxZoKMv6oG3OkQ5TujTpMUqL50AAmkplZEeljiYk217GzI5ykOvxeeRpqeyV3v3Rw5RTL5zBWHrZgG3bBhSMowyVUoAoEenAHD/BoceveerKex6U5a9KzCb9kvX4B14SRTA==</latexit>

f+
<latexit sha1_base64="hNukv5SU4d7t4RQbbp5yEbjhn5E=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf+/VG/XLGrdgY0T5ycVCBHo1/+6A1CEgdUaMKxUl3HjrSbYKkZ4XRa6sWKRpiM8ZB2DRU4oMpNslOn6MAoA+SH0pTQKFN/TiQ4UGoSeKYzwHqk/nqp+J/XjbV/7iZMRLGmgswW+TFHOkTp32jAJCWaTwzBRDJzKyIjLDHRJp1SFsJFitPvl+dJ67jqnFRrN7VK/TKPowh7sA+H4MAZ1OEaGtAEAkN4hGd4sbj1ZL1ab7PWgpXP7MIvWO9f/rKNvw==</latexit>

f�
<latexit sha1_base64="ROBezOMWas6Kg7/RTvlCrGE91yI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jJA2i1gMXDufcy733eBFnStv2p1VYWFxaXimultbWNza3yts7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1746vUbz9QqVgo7vQkom6Ah4L5jGBtpFv//qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcvAcmNwQ==</latexit>

N5

N4,

<latexit sha1_base64="vObtigEB+bPDTGHmj4g2RCieEM4=">AAACAHicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVRMsQGytJwE0CyRJmJ7PJkNnZZWZWDEsaf8BW/8BGxNban7Cx9DucZFOYxAMDh3Pu5Z45fsyZ0rb9ZS0tr6yurec28ptb2zu7hb39uooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDX2G3dUKhaJWz2MqRfinmABI1gbyW2LpHPTKRTtkj0BWiTOlBTLh7Vv9lr5rHYKP+1uRJKQCk04Vqrl2LH2Uiw1I5yO8u1E0RiTAe7RlqECh1R56STsCJ0YpYuCSJonNJqofzdSHCo1DH0zGWLdV/PeWPzPayU6uPRSJuJEU0GyQ0HCkY7Q+OeoyyQlmg8NwUQykxWRPpaYaNPPzJX7LGreFOPM17BI6mcl57xk15xiuQIZcnAEx3AKDlxAGa6hCi4QYPAIT/BsPVgv1pv1no0uWdOdA5iB9fELHnWawA==</latexit>⌫N Dark Sector

<latexit sha1_base64="2ekjMHCsskcX3UuIoKbvEiLV+fY="></latexit>0
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1

A

0
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1

A

2) Neutrinos masses:
<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="fnhFD8ZUeauOUHy3YXQV1/A0RZg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbp0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5GN1O//cS1EYl6wHHK/ZhGSoSCUbTSfS+K+tWaW3dnIMvEK0gNCjT71a/eIGFZzBUySY3pem6Kfk41Cib5pNLLDE8pG9GIdy1VNObGz2enTsiJVQYkTLQthWSm/p7IaWzMOA5sZ0xxaBa9qfif180wvPJzodIMuWLzRWEmCSZk+jcZCM0ZyrEllGlhbyVsSDVlaNOp2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwieIZXeHOk8+K8Ox/z1pJTzBzCHzifP0BajcY=</latexit>�

1) Faster decays  
2) CC decays are negligible 
3) Always accompanied by missing energy

See also B. Batell et al, JHEP 1608 (2016) 052 
Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

http://www.arxiv.com/abs/2007.11813
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MiniBooNE



M. Hostert

The MiniBooNE excess

18

2020 MiniBooNE results:
arXiv:2006.16883

Shower angle
wrt the beam

638.0±132.86 excess events  
4.8σ significance

MiniBooNE is a very  
“inclusive” experiment: 1) Significance increases when restricting 

to smaller fiducial volume   
2) Excess overlaps w/ the beam time 
3) New 2-D distributions in E vs angle.

Visible shower energy
M. Ross-Lonergan

https://arxiv.org/pdf/2006.16883.pdf


M. Hostert

Heavy neutrinos + dark forces to accommodate MiniBooNE

19

Neutrinos up-scatter into HNL,  
which promptly decays via 

Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

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

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

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

N

<latexit sha1_base64="gTqwB2cd6oTkk/WTNaVZr+F75VU=">AAACBnicbVDLSgMxFM3UV62vUZciRIsgtNYZUXRZFMGVVLAP6ExLJr1tQzMPkoxQSldu/BU3LhRx6ze4829M21lo6wmBwzn3kpzjRZxJZVnfRmpufmFxKb2cWVldW98wN7cqMowFhTINeShqHpHAWQBlxRSHWiSA+B6Hqte7GvnVBxCShcG96kfg+qQTsDajRGmpae7eYkeFGBo5aBxhJ59z8vja2Zuc46aZtQrWGHiW2AnJogSlpvnltEIa+xAoyomUdduKlDsgQjHKYZhxYgkRoT3SgbqmAfFBuoNxjCE+0EoLt0Ohb6DwWP29MSC+lH3f05M+UV057Y3E/7x6rNoX7oAFUawgoJOH2jHHOvioE9xiAqjifU0IFUz/FdMuEYQq3VxGl2BPR54llZOCfVaw7k6zxcukjjTaQfvoENnoHBXRDSqhMqLoET2jV/RmPBkvxrvxMRlNGcnONvoD4/MHnO6VXw==</latexit>

N ! e+e� + E/
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Neutrinos up-scatter into HNL,  
which promptly decays via 

Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

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

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

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

N

Neutrino portal + kinetic mixing.

E. Bertuzzo et al., PRL121.241801
<latexit sha1_base64="gTqwB2cd6oTkk/WTNaVZr+F75VU=">AAACBnicbVDLSgMxFM3UV62vUZciRIsgtNYZUXRZFMGVVLAP6ExLJr1tQzMPkoxQSldu/BU3LhRx6ze4829M21lo6wmBwzn3kpzjRZxJZVnfRmpufmFxKb2cWVldW98wN7cqMowFhTINeShqHpHAWQBlxRSHWiSA+B6Hqte7GvnVBxCShcG96kfg+qQTsDajRGmpae7eYkeFGBo5aBxhJ59z8vja2Zuc46aZtQrWGHiW2AnJogSlpvnltEIa+xAoyomUdduKlDsgQjHKYZhxYgkRoT3SgbqmAfFBuoNxjCE+0EoLt0Ohb6DwWP29MSC+lH3f05M+UV057Y3E/7x6rNoX7oAFUawgoJOH2jHHOvioE9xiAqjifU0IFUz/FdMuEYQq3VxGl2BPR54llZOCfVaw7k6zxcukjjTaQfvoENnoHBXRDSqhMqLoET2jV/RmPBkvxrvxMRlNGcnONvoD4/MHnO6VXw==</latexit>

N ! e+e� + E/

P. Ballett et al, PRD 99.071701
Heavy mediator (~ GeV scale)

Light mediator (10 - 100s of MeV)

1D angular fit

1D energy fit
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Explaining MiniBooNE with our full model 
HNLs produced in neutrino scattering

Angular distribution forward due to vectorial nature of Z’-proton-proton interaction.  

Higher-Q2 and nuclear effects not included (important for GeV Z’). 

HNL masses HNL lifetimes
Dark 

coupling

Using our benchmark point
<latexit sha1_base64="egntEApc/VBEDxUFO+bNZgp9Q/M=">AAACIHicbVDJTsMwFHTKVsoW4MjFaoXEhSipynKs4MKxSHSRmrRyXKe16jiR7SBFUe58Bx/AFT6BG+IIP8Bv4C4H2jKSpdHMe5rn8WNGpbLtL6Owtr6xuVXcLu3s7u0fmIdHLRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn749uJ334kQtKIP6g0Jl6IhpwGFCOlpb5ZdkksKYt4rwpdSUNYsy6hq2hIJHTsXnZey/tmxbbsKeAqceakAuZo9M0fdxDhJCRcYYak7Dp2rLwMCUUxI3nJTSSJER6jIelqypEO87LpX3J4qpUBDCKhH1dwqv7dyFAoZRr6ejJEaiSXvYn4n9dNVHDtZZTHiSIcz4KChEEVwUkxcEAFwYqlmiAsqL4V4hESCCtd30JKPEolxTIv6Wac5R5WSatqOReWfV+r1G/mHRXBCSiDM+CAK1AHd6ABmgCDJ/ACXsGb8Wy8Gx/G52y0YMx3jsECjO9fAPOiNA==</latexit>

✏2 ⇠ 4.6⇥ 10�4<latexit sha1_base64="y6l4E+hTaCr8WuqBat8eqj+aINU=">AAACH3icbVC7TsNAEDzzDOFloKQ5iJCoIjsCQYmggDJIJCDiEJ0vG3LKnW3drRGRZVq+gw+ghU+gQ7T5An6Dy6PgNdJKo5ld7e6EiRQGPW/gTE3PzM7NFxaKi0vLK6vu2nrdxKnmUOOxjPVVyAxIEUENBUq4SjQwFUq4DHsnQ//yDrQRcXSB/QSait1GoiM4Qyu13C3Vyq5vgkQLBTkNjFDUL1f2HwKEe8xOoZ633JJX9kagf4k/ISUyQbXlfgbtmKcKIuSSGdPwvQSbGdMouIS8GKQGEsZ77BYalkZMgWlmo1dyumOVNu3E2laEdKR+n8iYMqavQtupGHbNb28o/uc1UuwcNjMRJSlCxMeLOqmkGNNhLrQtNHCUfUsY18LeSnmXacbRpvdjS9LtG8FNXrTJ+L9z+EvqlbK/X/bO90pHx5OMCmSTbJNd4pMDckTOSJXUCCeP5Jm8kFfnyXlz3p2PceuUM5nZID/gDL4Ad0CjKg==</latexit>

mZ0 ⇠ 1.25 GeV



All Distributions

Energy

Angle

On-shell light Z’ Off-shell Z’ (Z-Z’ interference) Off-shell Z’ (no Z-Z’ interference)
E. Bertuzzo et al., PRL121.241801 
C. Arguelles, MH, Y. Tsai, PRL123.261801

P. Ballett et al, PRD 99.071701   A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813   

MiniBooNE 2018 MiniBooNE 2018 MiniBooNE 2020

https://arxiv.org/abs/2007.11813
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Surely we would have seen this elsewhere… 
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<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

A

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>
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Pseudo-photons at ν detectors 
Neutrino-electron scattering datasets

Currently, neutrino experiments can search for 
photon-like showers inside their detectors. 

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

Yu-Dai TsaiCarlos Argüelles
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A
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<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>
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Pseudo-photons at ν detectors 
Neutrino-electron scattering datasets

muBooNE coll., 1808.07269

Currently, neutrino experiments can search for 
photon-like showers inside their detectors. 

⌫ � e scattering
<latexit sha1_base64="ClFbkHdX/C8b4Gnqo5z+rws2uJE=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg4ngxbAbD3oMevEYwTwgCWF20psMmZ1dZmbFsORXvHhQxKs/4s2/cfI4aGJBQ1HVTXdXkAiujed9O2vrG5tb27md/O7e/sGhe1Ro6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB0O/Wbj6g0j+WDGSfYjehA8pAzaqzUcwuljkwvsES0VQwqLgc9t+iVvRnIKvEXpAgL1HruV6cfszRCaZigWrd9LzHdjCrDmcBJvpNqTCgb0QG2LZU0Qt3NZrdPyJlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvam4n9eOzXhdTfjMkkNSjZfFKaCmJhMgyB9rpAZMbaEMsXtrYQNqaLMpqDzNgR/+eVV0qiU/cuyd18pVm8WceTgBE7hHHy4gircQQ3qwOAJnuEV3pyJ8+K8Ox/z1jVnMXMMf+B8/gAMXZPM</latexit>

NC⇡0, ⌫eCCQE
<latexit sha1_base64="5J1mhU6uHIHBUcIOmLcINx/Q2zQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruCglqQtdFoPgSlqwD2himUwn7dDJJMxMhBLqxl9x40IRt/6FO//GaZuFth64cDjnXu69x48Zlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6Ttj5yp334gQtKI36lxTLwQDTgNKEZKSz3z6NYpuTG9t0pltwxLLk96pOQ4jeueWbQq1gxwmdgZKYIM9Z755fYjnISEK8yQlF3bipWXIqEoZmRScBNJYoRHaEC6mnIUEumlsw8m8FQrfRhEQhdXcKb+nkhRKOU49HVniNRQLnpT8T+vm6jg0kspjxNFOJ4vChIGVQSnccA+FQQrNtYEYUH1rRAPkUBY6dAKOgR78eVl0qpW7POK1agWa1dZHHlwDE7AGbDBBaiBG1AHTYDBI3gGr+DNeDJejHfjY96aM7KZQ/AHxucPqHWUcg==</latexit>

Dark neutrino signal
<latexit sha1_base64="1YgfFVZXs3h/444s9FjjnLCH7iw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsJuPOgxqAePEcwDkiXMTmaTIbMzy0yvEJfgr3jxoIhX/8Obf+Mk2YMmFjQUVd10d4WJ4AY879sprKyurW8UN0tb2zu7e+7+QdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKR9dTv/XAtOFK3sM4YUFMBpJHnBKwUs89uiF6hCVLQXOpsOEDSUTPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSalbmpYQuiIDFjHUkliZoJsdv0En1qljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkUuM81oyDGlhCqub0V0yHRhIINrGRD8BdfXibNasU/r3h31XLtKo+jiI7RCTpDPrpANXSL6qiBKHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFb9pUn</latexit>

dE

dx
<latexit sha1_base64="1DSj+E9ruU17GFxbRRf8M5YtlAg=">AAACGHicbVDLSsNAFL3xWesr2qWbwSK4KokKuiyK4LKCfUATymQyaYdOHsxMxBD6I27c6l+4E7fu/Am/wWmahbU9MMzhnHvg3uMlnEllWd/Gyura+sZmZau6vbO7t28eHHZknApC2yTmseh5WFLOItpWTHHaSwTFocdp1xvfTP3uIxWSxdGDyhLqhngYsYARrLQ0MGtOIDDJHd9Ht5Pie5oMzLrVsAqgRWKXpA4lWgPzx/FjkoY0UoRjKfu2lSg3x0Ixwumk6qSSJpiM8ZD2NY1wSKWbF8tP0IlWfBTEQr9IoUL9m8hxKGUWenoyxGok57xklElG5FJP56biMq+fquDKzVmUpIpGZLZEkHKkYjRtCflMUKJ4pgkmguk7EBlh3ZTSXVZ1Qfb/OhZJ56xhnzes+4t687qsqgJHcAynYMMlNOEOWtAGAhm8wCu8Gc/Gu/FhfM5GV4wyU4M5GF+/9+6gHA==</latexit>

E✓2
<latexit sha1_base64="Lljttlb2EpCThn12OgK5m0muygU=">AAACDXicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LIogssK9oFtLJPppBk6mYSZGyGEfoMbt/oX7sSt3+BP+A1O2yys7YELh3PugXuPFwuuwba/rcLK6tr6RnGztLW9s7tX3j9o6ShRlDVpJCLV8YhmgkvWBA6CdWLFSOgJ1vZG1xO//cSU5pG8hzRmbkiGkvucEjDSww3uQcCAPNb65YpdtafAi8TJSQXlaPTLP71BRJOQSaCCaN117BjcjCjgVLBxqZdoFhM6IkPWNVSSkGk3m148xidGGWA/UmYk4Kn6N5GRUOs09MxmSCDQc14cpJpTvdQzuYm4zOsm4F+6GZdxAkzS2RF+IjBEeFINHnDFKIjUEEIVN39gGhBFKJgCS6Yg538di6RVqzpnVfvuvFK/yqsqoiN0jE6Rgy5QHd2iBmoiiiR6Qa/ozXq23q0P63O2WrDyzCGag/X1C9npm8s=</latexit>

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

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

A

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>
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Pseudo-photons at ν detectors 
Neutrino-electron scattering datasets

muBooNE coll., 1808.07269

Some tension with light dark photon scenarios (coherent scattering) 
but ineffective for heavy mediator scenarios (higher Q2 scattering).

Currently, neutrino experiments can search for 
photon-like showers inside their detectors. 

Datasets to keep an eye on:
 NOvA and MINERvA (anti-)nu-e scattering.
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Re-adapting decay-in-flight HNL searches  
@ T2K near detector (ND280)

Z 0
<latexit sha1_base64="0c1uOGl/s+tfwlCBZtZrvE4qz04=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t6dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPlZI2K</latexit>

e+

<latexit sha1_base64="pFOaLSffckw9FGhr7XMq9InBfrc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSSi6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindRce/Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHobI2M</latexit>

e�

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

N

Z 0
<latexit sha1_base64="isO4O4s0vgYtyH71TnlBlRZ5D2w=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWMF+yFtKJvtpF26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCkc3U7/1CNrwWN3jOIFA0oHiEWcUrfTQRXjCrB5OeuWKV/VmcJeJn5MKyVHvlb+6/ZilEhQyQY3p+F6CQUY1ciZgUuqmBhLKRnQAHUsVlWCCbHbwxD2xSt+NYm1LoTtTf09kVBozlqHtlBSHZtGbiv95nRSjqyDjKkkRFJsvilLhYuxOv3f7XANDMbaEMs3trS4bUk0Z2oxKNgR/8eVl0jyr+hdV7+68UrvO4yiSI3JMTolPLkmN3JI6aRBGJHkmr+TN0c6L8+58zFsLTj5zSP7A+fwBKB2Qow==</latexit>
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<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>
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<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>
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<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ
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<latexit sha1_base64="r6VZK/o43ApPnJQBlVSKd6asxJM=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpBpO+24K7pxWdE+oB1LJs20oZnMkGSEUvoJblwo4tYvcuffmD4EFT1w4XDOvdx7T5BwpjRCH1ZmZXVtfSO7mdva3tndy+8fNFWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjC5nfuueSsVicavHCfUjPBAsZARrI93Qu7NevoDsc8+rFKsQ2U6pXPIcQ9wKct0SdGw0RwEsUe/l37v9mKQRFZpwrFTHQYn2J1hqRjid5rqpogkmIzygHUMFjqjyJ/NTp/DEKH0YxtKU0HCufp+Y4EipcRSYzgjrofrtzcS/vE6qQ8+fMJGkmgqyWBSmHOoYzv6GfSYp0XxsCCaSmVshGWKJiTbp5EwIX5/C/0mzaDuuja7LhdrFMo4sOALH4BQ4oApq4ArUQQMQMAAP4Ak8W9x6tF6s10VrxlrOHIIfsN4+AV+hjd4=</latexit>
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<latexit sha1_base64="IYqEMLPmE2ZYpewUOMaX1MDIlmg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0nXbcFd24rGgf0I4lk2ba0ExmSDJCKf0ENy4UcesXufNvTB+Cih64cDjnXu69J0g4UxqhDyuzsrq2vpHdzG1t7+zu5fcPmipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKRpczv3VPpWKxuNXjhPoRHggWMoK1kW7o3VkvX0D2uedVilWIbKdULnmOIW4FuW4JOjaaowCWqPfy791+TNKICk04VqrjoET7Eyw1I5xOc91U0QSTER7QjqECR1T5k/mpU3hilD4MY2lKaDhXv09McKTUOApMZ4T1UP32ZuJfXifVoedPmEhSTQVZLApTDnUMZ3/DPpOUaD42BBPJzK2QDLHERJt0ciaEr0/h/6RZtB3XRtflQu1iGUcWHIFjcAocUAU1cAXqoAEIGIAH8ASeLW49Wi/W66I1Yy1nDsEPWG+fYqmN4A==</latexit>
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<latexit sha1_base64="b4UkB2p+EhgG1cNnhae9EkGQSoI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhM7PLzGwghHyEFw+KePV7vPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6m/utMWrDE/VoJymGkg4Ujzmj1kmtrpaEq3GvXPGr/gLkLwlyUoEc9V75s9tPWCZRWSaoMZ3AT204pdpyJnBW6mYGU8pGdIAdRxWVaMLp4twZOXNKn8SJdqUsWag/J6ZUGjORkeuU1A7NqjcX//M6mY1vwilXaWZRseWiOBPEJmT+O+lzjcyKiSOUae5uJWxINWXWJVRyIQSrL/8lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDGIzgCV7g1Uu9Z+/Ne1+2Frx85hh+wfv4Bh3Cj2w=</latexit>

inv

 Large target mass 
Gaseous Argon modules

+ Magnetic field to separate e+e-

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

T2K provides leading constraints on standard HNLs above the pion mass.

Carlos Argüelles Nicolo Foppiani

Constrains events with no hadronic activity at vertex 
and HNLs w/ finite lifetimes.
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Re-adapting decay-in-flight HNL searches  
@ T2K near detector (ND280)
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<latexit sha1_base64="0c1uOGl/s+tfwlCBZtZrvE4qz04=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t6dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPlZI2K</latexit>
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<latexit sha1_base64="pFOaLSffckw9FGhr7XMq9InBfrc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSSi6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindRce/Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHobI2M</latexit>
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<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>
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<latexit sha1_base64="isO4O4s0vgYtyH71TnlBlRZ5D2w=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWMF+yFtKJvtpF26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCkc3U7/1CNrwWN3jOIFA0oHiEWcUrfTQRXjCrB5OeuWKV/VmcJeJn5MKyVHvlb+6/ZilEhQyQY3p+F6CQUY1ciZgUuqmBhLKRnQAHUsVlWCCbHbwxD2xSt+NYm1LoTtTf09kVBozlqHtlBSHZtGbiv95nRSjqyDjKkkRFJsvilLhYuxOv3f7XANDMbaEMs3trS4bUk0Z2oxKNgR/8eVl0jyr+hdV7+68UrvO4yiSI3JMTolPLkmN3JI6aRBGJHkmr+TN0c6L8+58zFsLTj5zSP7A+fwBKB2Qow==</latexit>
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<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N
<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>
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<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ
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<latexit sha1_base64="r6VZK/o43ApPnJQBlVSKd6asxJM=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpBpO+24K7pxWdE+oB1LJs20oZnMkGSEUvoJblwo4tYvcuffmD4EFT1w4XDOvdx7T5BwpjRCH1ZmZXVtfSO7mdva3tndy+8fNFWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjC5nfuueSsVicavHCfUjPBAsZARrI93Qu7NevoDsc8+rFKsQ2U6pXPIcQ9wKct0SdGw0RwEsUe/l37v9mKQRFZpwrFTHQYn2J1hqRjid5rqpogkmIzygHUMFjqjyJ/NTp/DEKH0YxtKU0HCufp+Y4EipcRSYzgjrofrtzcS/vE6qQ8+fMJGkmgqyWBSmHOoYzv6GfSYp0XxsCCaSmVshGWKJiTbp5EwIX5/C/0mzaDuuja7LhdrFMo4sOALH4BQ4oApq4ArUQQMQMAAP4Ak8W9x6tF6s10VrxlrOHIIfsN4+AV+hjd4=</latexit>
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<latexit sha1_base64="IYqEMLPmE2ZYpewUOMaX1MDIlmg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0nXbcFd24rGgf0I4lk2ba0ExmSDJCKf0ENy4UcesXufNvTB+Cih64cDjnXu69J0g4UxqhDyuzsrq2vpHdzG1t7+zu5fcPmipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKRpczv3VPpWKxuNXjhPoRHggWMoK1kW7o3VkvX0D2uedVilWIbKdULnmOIW4FuW4JOjaaowCWqPfy791+TNKICk04VqrjoET7Eyw1I5xOc91U0QSTER7QjqECR1T5k/mpU3hilD4MY2lKaDhXv09McKTUOApMZ4T1UP32ZuJfXifVoedPmEhSTQVZLApTDnUMZ3/DPpOUaD42BBPJzK2QDLHERJt0ciaEr0/h/6RZtB3XRtflQu1iGUcWHIFjcAocUAU1cAXqoAEIGIAH8ASeLW49Wi/W66I1Yy1nDsEPWG+fYqmN4A==</latexit>

e�

<latexit sha1_base64="b4UkB2p+EhgG1cNnhae9EkGQSoI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhM7PLzGwghHyEFw+KePV7vPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6m/utMWrDE/VoJymGkg4Ujzmj1kmtrpaEq3GvXPGr/gLkLwlyUoEc9V75s9tPWCZRWSaoMZ3AT204pdpyJnBW6mYGU8pGdIAdRxWVaMLp4twZOXNKn8SJdqUsWag/J6ZUGjORkeuU1A7NqjcX//M6mY1vwilXaWZRseWiOBPEJmT+O+lzjcyKiSOUae5uJWxINWXWJVRyIQSrL/8lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDGIzgCV7g1Uu9Z+/Ne1+2Frx85hh+wfv4Bh3Cj2w=</latexit>

inv

 Large target mass 
Gaseous Argon modules

+ Magnetic field to separate e+e-

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

T2K provides leading constraints on standard HNLs above the pion mass.

Carlos Argüelles Nicolo Foppiani
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Multi-component detector — active target followed by Gaseous Ar modules.

Can use heavy target for upscattering and GAr modules for decay. 

Dark neutrino signal is softer and more off-axis than standard DIF signal.

Constrains events with no hadronic activity at vertex 
and HNLs w/ finite lifetimes.
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<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>
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<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>
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<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>
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<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>
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<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

<latexit sha1_base64="ZOgxshW59XEiIIrqdPXDU90PhQg=">AAACKXicbVDLSsNAFJ2pr1pfrS4VCRZBEEoiiC6Lbly2aB/QxjKZTNqhk0mYmYghdOnSrX6EP9DfcKduXfoTTpsuTOuBC4dz7uXee5yQUalM8xPmlpZXVtfy64WNza3tnWJptymDSGDSwAELRNtBkjDKSUNRxUg7FAT5DiMtZ3g98VsPREga8DsVh8T2UZ9Tj2KktHQb3p/2imWzYk5hLBJrRsrVg3H95+lwXOuVYLHrBjjyCVeYISk7lhkqO0FCUczIqNCNJAkRHqI+6WjKkU+knUxvHRnHWnENLxC6uDKm6t+JBPlSxr6jO32kBnLem4j/eZ1IeZd2QnkYKcJxusiLmKECY/K44VJBsGKxJggLqm818AAJhJWOJ7PlMT01o4WDWFIss6LU3w+IOyroDK35xBZJ86xinVfMulWuXoEUebAPjsAJsMAFqIIbUAMNgEEfPIMX8Arf4Dv8gF9paw7OZvZABvD7F3Orqps=</latexit>

p+

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Track

1S1T - mock example



M. Hostert

Currently investigating these signatures in LAr together with microBooNE single-photon group.

Dark neutrinos @ MicroBooNE

30

Heavy Dark Photon: shower displaced from proton. Mostly photon-like showers. 

Light Dark Photon: no proton so smaller efficiencies, but enhanced in LAr (   coherent.) A2
<latexit sha1_base64="QaKzOKv7LM6os12NGXmEkPELIxk=">AAACAXicbVDLTsJAFL3FF+ILdelmIpi4Ii0udIm6cYmJBRKoZDpMYcJ02sxMTUjDyg9wq5/gzrj1S/wCf8MpdCHgSSY5Oee+5vgxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHRy0VJZJQl0Q8kh0fK8qZoK5mmtNOLCkOfU7b/vg289tPVCoWiQc9iakX4qFgASNYG8mtXj/Wq/1yxa7ZM6BV4uSkAjma/fJPbxCRJKRCE46V6jp2rL0US80Ip9NSL1E0xmSMh7RrqMAhVV46O3aKzowyQEEkzRMazdS/HSkOlZqEvqkMsR6pZS8T//O6iQ6uvJSJONFUkPmiIOFIRyj7ORowSYnmE0MwkczcisgIS0y0yWdhSzZbqkBNTTLOcg6rpFWvORc1+75eadzkGRXhBE7hHBy4hAbcQRNcIMDgBV7hzXq23q0P63NeWrDynmNYgPX1C4z2lxg=</latexit>

In our benchmark, before efficiencies, we expect 
~800   events of νµ —› N5 —›  ν e+e- 
~3000 events of νµ —› N6  —› ν e+e-

⌫↵
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<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫⌧
<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>

Ar

gap?

no pointing
N N

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

<latexit sha1_base64="ZOgxshW59XEiIIrqdPXDU90PhQg=">AAACKXicbVDLSsNAFJ2pr1pfrS4VCRZBEEoiiC6Lbly2aB/QxjKZTNqhk0mYmYghdOnSrX6EP9DfcKduXfoTTpsuTOuBC4dz7uXee5yQUalM8xPmlpZXVtfy64WNza3tnWJptymDSGDSwAELRNtBkjDKSUNRxUg7FAT5DiMtZ3g98VsPREga8DsVh8T2UZ9Tj2KktHQb3p/2imWzYk5hLBJrRsrVg3H95+lwXOuVYLHrBjjyCVeYISk7lhkqO0FCUczIqNCNJAkRHqI+6WjKkU+knUxvHRnHWnENLxC6uDKm6t+JBPlSxr6jO32kBnLem4j/eZ1IeZd2QnkYKcJxusiLmKECY/K44VJBsGKxJggLqm818AAJhJWOJ7PlMT01o4WDWFIss6LU3w+IOyroDK35xBZJ86xinVfMulWuXoEUebAPjsAJsMAFqIIbUAMNgEEfPIMX8Arf4Dv8gF9paw7OZvZABvD7F3Orqps=</latexit>

p+

1S0T 2S0T

2S1T1S1T

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Track

1S1T - mock example
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Looking further back
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Double-bangs @ CCFR

See also “Double-Bangs“ @ IceCube, P. Coloma et al, PRL119.201804 

“Double-bang” events 
Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses
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Double-bangs @ CCFR

See also “Double-Bangs“ @ IceCube, P. Coloma et al, PRL119.201804 

“Double-bang” events   
Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

9 NC/NC observed on a background of

Result was not pursued further as standard HNLs would 
also lead to NC/CC events ( N —› µ π ).

But our dark HNLs only decay via NC channels, compatible 
few events at Eν ~ 100 GeV (DIS cross section is small via Z’).

To the best of our knowledge, this is not explained to this date. 
P. de Barbaro, doi.org/10.1063/1.43269

http://doi.org/10.1063/1.43269


M. Hostert 34See also “Double-Bangs“ @ IceCube, P. Coloma et al, PRL119.201804 

Accelerator anomalies

PS-191 (’86 @ CERN): 3! deviation from expectation. 
E-816 (’90 @ BNL): built to address PS-191, found a ~2! excess.

Chamber number

Data

MC

1 shower events 
@ PS-191

Distance of disconnection (rad. len. )
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1 shower events 
@ E-816

Oscillation interpretation only ruled out by high-energy exps.

Compatible w/ νµ —› N6  —› ν (e+e-) decays, which are fast.

Double-bangs @ CCFR

“Double-bang” events  & old accelerator excesses 
Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

9 NC/NC observed on a background of

Result was not pursued further as standard HNLs would 
also lead to NC/CC events ( N —› µ π ).

But our dark HNLs only decay via NC channels, compatible 
few events at Eν ~ 100 GeV (DIS cross section is small via Z’).

To the best of our knowledge, this is not explained to this date. 
P. de Barbaro, doi.org/10.1063/1.43269

http://doi.org/10.1063/1.43269
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Anomalous Magnetic Moment of the Muon

 (g-2)µ
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Dark forces contributing to (g-2)µ
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�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

<latexit sha1_base64="o2X8/lkSebj93HPkrxUuj0VfUs8=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GjJ92e6KblxWsA9sx5JJM21okhmTjFBKf8KNC0Xc+jvu/BvTh6CiBy4czrmXe+8JYs60QejDSa2srq1vpDczW9s7u3vZ/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoYua37qnSLJLXZhxTX+CBZCEj2FipfXPbjRUTtJfNIRcV86iUh8gtoLKHkCXlarVUKUDPRXPkwBL1Xva9249IIqg0hGOtOx6KjT/ByjDC6TTTTTSNMRnhAe1YKrGg2p/M753CE6v0YRgpW9LAufp9YoKF1mMR2E6BzVD/9mbiX14nMWHFnzAZJ4ZKslgUJhyaCM6eh32mKDF8bAkmitlbIRlihYmxEWVsCF+fwv9JM+96JRddFXO182UcaXAEjsEp8MAZqIFLUAcNQAAHD+AJPDt3zqPz4rwuWlPOcuYQ/IDz9glvxJA+</latexit>

Z 0<latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ <latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ

 Muon (g-2) @ FNAL 
Phys. Rept. 887 (2020) 1-166

Muon (g-2) Collab., PRD73:072003,2006

Pospelov, PRD80:095002,2009

Not conclusive yet, but expect updates 
from FNAL Muon (g-2) very soon.  

 
In full run, expect 4x better precision.

<latexit sha1_base64="9gXMSQnE/v58idwuDjNHD91diX0="></latexit>

aZ
0

µ ' ✏2↵

⇡

m2
µ

3m2
Z0

<latexit sha1_base64="Qoo0rJyA1XHvAY7nFTq1pVR7Tho=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kokouiy6MZlBfvAJobJ9KYdOpOEmYlQQjb+ihsXirj1M9z5N04fC209cOFwzr3ce0+Ycqa043xbpaXlldW18nplY3Nre8fe3WupJJMUmjThieyERAFnMTQ10xw6qQQiQg7tcHg99tuPIBVL4js9SsEXpB+ziFGijRTYByLwRIY9zrEI8vsHL5VMQIEDu+rUnAnwInFnpIpmaAT2l9dLaCYg1pQTpbquk2o/J1IzyqGoeJmClNAh6UPX0JgIUH4+eaDAx0bp4SiRpmKNJ+rviZwIpUYiNJ2C6IGa98bif14309Gln7M4zTTEdLooyjjWCR6ngXtMAtV8ZAihkplbMR0QSag2mVVMCO78y4ukdVpzz2vO7Vm1fjWLo4wO0RE6QS66QHV0gxqoiSgq0DN6RW/Wk/VivVsf09aSNZvZR39gff4ANZiWKA==</latexit>

mµ ⌧ mZ0
Need not come from high scale physics, 

but also from light new scalars or vectors: for

3.7σ discrepancy with SM 
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Minimal Dark Photon models
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Invisible

Z 0

hidden

hidden

Visible

Z 0
SM

SM

M. Fabbrichesi et al, 2005.01515M. Bauer et al, 1803.05466
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Invisible dark photon

Z 0

�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

R. Parker et al, Science 360 (2018) 191

Revisiting the muon (g-2) with semi-visible dark photons
Similar to Inelastic DM models, 
G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)

https://arxiv.org/abs/1902.05075
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Semi-visible dark photon

Invisible dark photon bounds relaxed. 

Z 0

�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

N

N

Explanation of the muon (g-2) anomaly 
via a dark photon now viable?

R. Parker et al, Science 360 (2018) 191

Revisiting the muon (g-2) with semi-visible dark photons

<latexit sha1_base64="6b2+79qFmGyBaeXScN1DS3Xgn/Q=">AAACFnicbVC7SgNBFJ2NrxhfUUubwSDYJOxGRQuLoI2VRDAPSNZldjJJhszOLjN3xbDsV9j4KzYWitiKnX/j5FFo4oELh3Pu5d57/EhwDbb9bWUWFpeWV7KrubX1jc2t/PZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/uBz5jXumNA/lLQwj5gakJ3mXUwJG8vLFqpe0gT1AEnCtuexhIgROr1N8jsulMm4DD5jGjn2XFI9SL1+wS/YYeJ44U1JAU1S9/Fe7E9I4YBKoIFq3HDsCNyEKOBUszbVjzSJCB6THWoZKYpa5yfitFB8YpYO7oTIlAY/V3xMJCbQeBr7pDAj09aw3Ev/zWjF0z9yEyygGJulkUTcWGEI8ygh3uGIUxNAQQhU3t2LaJ4pQMEnmTAjO7MvzpF4uOScl++a4ULmYxpFFe2gfHSIHnaIKukJVVEMUPaJn9IrerCfrxXq3PiatGWs6s4v+wPr8Ac1AndU=</latexit>

Pmissing all N < 2.2⇥ 10�3

this requires

for

Similar to Inelastic DM models, 
G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)

https://arxiv.org/abs/1902.05075
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Semi-visible dark photon

Z 0

�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

N

N

Predicts a huge rate of s-channel                 
production @ BaBar and Belle-II (           events).O(104)

<latexit sha1_base64="wu5QhZIFnpvln2o5Yxyj4xaatEo=">AAACFXicbVDLSsNAFJ3UV62vqLhyM9gKdVOSWnzsim7cWcE+oI1lMp20QycPZiZiCfkO1271G9yJW9d+gn/hJA1irQcuHM65l3s4dsCokIbxqeUWFpeWV/KrhbX1jc0tfXunJfyQY9LEPvN5x0aCMOqRpqSSkU7ACXJtRtr2+DLx2/eEC+p7t3ISEMtFQ486FCOppL6+V+q5SI4wYtF1XDaNu6gWH5X6etGoGCngPDEzUgQZGn39qzfwcegST2KGhOiaRiCtCHFJMSNxoRcKEiA8RkPSVdRDLhFWlMaP4aFSBtDxuRpPwlT9fREhV4iJa6vNJKv46yXif143lM6ZFVEvCCXx8 PSREzIofZh0AQeUEyzZRBGEOVVZIR4hjrBUjc18kQ9JNBFDWEi7OU9w8tPEPGlVK+ZxpXZTLdYvspbyYB8cgDIwwSmogyvQAE2AQQSewDN40R61V+1Ne5+u5rTsZhfMQPv4BkHmngs=</latexit>

e+e� ! NN
<latexit sha1_base64="4s6KS+Ll1NIVoAqEVK8V9P8Z3EY=">AAACEHicbVDLSgMxFM3UV62vUZdugq0giGWmio9d0Y2rUsE+oJ2WTHrbhmYeJJliKf0J1271G9yJW//AT/AvzEyLWPVA4HDOvdyT44acSWVZH0ZqYXFpeSW9mllb39jcMrd3qjKIBIUKDXgg6i6RwJkPFcUUh3oogHguh5o7uI792hCEZIF/p0YhOB7p+azLKFFaaptmDlpH0DrGTRXgEi7l2mbWylsJ8F9iz0gWzVBum5/NTkAjD3xFOZGyYVuhcsZEKEY5TDLNSEJI6ID0oKGpTzyQzjhJPsEHWungbiD08xVO1J8bY+JJOfJcPekR1Ze/vVj8z2tEqnvhjJkfRgp8Oj3UjTjWv4xrwB0mgCo+0oRQwXRWTPtEEKp0WXNX1H0cTU4wziTdXMY4+27iL6kW8vZJ/vS2kC1ezVpKoz20jw6Rjc5REd2gMqogioboET2hZ+PBeDFejbfpaMqY7eyiORjvXyh4mzk=</latexit>

R. Parker et al, Science 360 (2018) 191

Z 0

N

Ne+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

& 2�
<latexit sha1_base64="nULVhsBjWzO9ieDMnY7Yc+aHKsw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiS1+NgV3bisYGuhCWUynaRDZyZhZqKU2k9x40IRt36JO//GSRpErQcuHM65l3vvCRJGlXacT6u0tLyyulZer2xsbm3v2NXdropTiUkHxyyWvQApwqggHU01I71EEsQDRm6D8WXm394RqWgsbvQkIT5HkaAhxUgbaWBXvUgbl8MG9BSNOIIDu+bUnRxwkbgFqYEC7YH94Q1jnHIiNGZIqb7rJNqfIqkpZmRW8VJFEoTHKCJ9QwXiRPnT/PQZPDTKEIaxNCU0zNWfE1PElZrwwHRypEfqr5eJ/3n9VIdn/pSKJNVE4PmiMGVQxzDLAQ6pJFiziSEIS2puhXiEJMLapFXJQzjPcPL98iLpNurucb153ay1Loo4ymAfHIAj4IJT0AJXoA06AIN78AiewYv1YD1Zr9bbvLVkFTN74Bes9y9ErZN+</latexit>

preference for  
~50 signal events

Revisiting the muon (g-2) with semi-visible dark photons
Pseudo-monophotons from HNLs

Invisible dark photon bounds relaxed. 

Explanation of the muon (g-2) anomaly 
via a dark photon now viable?

<latexit sha1_base64="6b2+79qFmGyBaeXScN1DS3Xgn/Q=">AAACFnicbVC7SgNBFJ2NrxhfUUubwSDYJOxGRQuLoI2VRDAPSNZldjJJhszOLjN3xbDsV9j4KzYWitiKnX/j5FFo4oELh3Pu5d57/EhwDbb9bWUWFpeWV7KrubX1jc2t/PZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/uBz5jXumNA/lLQwj5gakJ3mXUwJG8vLFqpe0gT1AEnCtuexhIgROr1N8jsulMm4DD5jGjn2XFI9SL1+wS/YYeJ44U1JAU1S9/Fe7E9I4YBKoIFq3HDsCNyEKOBUszbVjzSJCB6THWoZKYpa5yfitFB8YpYO7oTIlAY/V3xMJCbQeBr7pDAj09aw3Ev/zWjF0z9yEyygGJulkUTcWGEI8ygh3uGIUxNAQQhU3t2LaJ4pQMEnmTAjO7MvzpF4uOScl++a4ULmYxpFFe2gfHSIHnaIKukJVVEMUPaJn9IrerCfrxXq3PiatGWs6s4v+wPr8Ac1AndU=</latexit>

Pmissing all N < 2.2⇥ 10�3

this requires

for

When only one N decays inside the 
ECAL, it can fake a monophoton event. 

Signal is compatible with mild excess at 
low missing masses.

Similar to Inelastic DM models, 
G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)

https://arxiv.org/abs/1902.05075
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Direct tests with kaon decays
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Rare leptonic kaon decays

Z 0

⌫
<latexit sha1_base64="5Z5yYeYD2ucXBdn7oPXE0mlpt90=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcXycCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xd3/Y4P</latexit>

K
<latexit sha1_base64="S3j6BLJhXETZM0BBziTfKRODLRk=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFN4KbFuwD2lAm05t27GQSZiZCCf0CNy4UcesnufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8yXXqdx5AKhaKOz2NwA3ISDCfUaKN1LwdlCt21c6AF4mTkwrK0RiUP/rDkMYBCE05Uarn2JF2EyI1oxxmpX6sICJ0QkbQM1SQAJSbZIfO8JFRhtgPpSmhcab+nEhIoNQ08ExnQPRY/fVS8T+vF2v/wk2YiGINgs4X+THHOsTp13jIJFDNp4YQKpm5FdMxkYRqk00pC+Eyxdn3y4ukfVJ1Tqu1Zq1Sv8rjKKIDdIiOkYPOUR3doAZqIYoAPaJn9GLdW0/Wq/U2by1Y+cw++gXr/Qu7H40H</latexit>

`↵
<latexit sha1_base64="OBFitnW8FG6vOE+Zb761S/xwmqA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0+HErevFYwdpCEspku2mXbnbD7kYooT/DiwdFvPprvPlvTNIgan0w8Hhvhpl5QcyZNrb9aVWWlldW16rrtY3Nre2d+u7evZaJIrRLJJeqH4CmnAnaNcxw2o8VhSjgtBdMrnO/90CVZlLcmWlM/QhGgoWMgMkk16OcDzzg8RgG9YbdtAvgReKUpIFKdAb1D28oSRJRYQgHrV3Hjo2fgjKMcDqreYmmMZAJjKibUQER1X5anDzDR5kyxKFUWQmDC/XnRAqR1tMoyDojMGP918vF/zw3MeGFnzIRJ4YKMl8UJhwbifP/8ZApSgyfZgSIYtmtmIxBATFZSrUihMscZ98vL5L7k6Zz2mzdthrtqzKOKjpAh+gYOegctdEN6qAuIkiiR/SMXixjPVmv1tu8tWKVM/voF6z3L2kkkXo=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

⌫h
<latexit sha1_base64="Gu7QYDp3RQUvO0Xx0CCYnD4sYKk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXisYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btIgan0w8Hhvhpl5fsyZ0rb9aZVWVtfWN8qbla3tnd296v5BR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87gOVikXiXs9i6oV4LFjACNZGcgciGU6G1Zpdt3OgZeIUpAYF2sPqx2AUkSSkQhOOleo7dqy9FEvNCKfzyiBRNMZkise0b6jAIVVemh87RydGGaEgkqaERrn6cyLFoVKz0DedIdYT9dfLxP+8fqKDSy9lIk40FWSxKEg40hHKPkcjJinRfGYIJpKZWxGZYImJNvlU8hCuMjS/X14mnbO6c15v3DVqresijjIcwTGcggMX0IJbaIMLBBg8wjO8WMJ6sl6tt0VrySpmDuEXrPcv8leO6g==</latexit>

N5,6

At NA62, would expect ~3000 events  
in existing data for our benchmark.

Peak search + (displaced) e+e- vertex

Looking for the dark HNLs elsewhere 
Smoking gun signature at kaon experiments

<latexit sha1_base64="4+kygjCxU4kPzf9I3bNjIFcPyMw=">AAACE3icbZBLSgNBEIZ74ivG16jgxk1jEFxomJFEXbgIunEZwTwgGYaeTiVp0vOgu0cM4xzDC7jVG7gTtx7AC3gOO8ksTPSHgo+/qqji9yLOpLKsLyO3sLi0vJJfLaytb2xumds7DRnGgkKdhjwULY9I4CyAumKKQysSQHyPQ9MbXo/7zXsQkoXBnRpF4PikH7Aeo0RpyzX3fDcBSPEl1lA5PkvxiaayaxatkjUR/gt2BkWUqeaa351uSGMfAkU5kbJtW5FyEiIUoxzSQieWEBE6JH1oawyID9JJJv+n+FA7XdwLha5A4Yn7eyMhvpQj39OTPlEDOd8bm//12rHqXTgJC6JYQUCnh3oxxyrE4zBwlwmgio80ECqY/hXTARGEKh3ZzJWH6asFHYw9H8NfaJyW7ErJui0Xq1dZRHm0jw7QEbLROaqiG1RDdUTRI3pGL+jVeDLejHfjYzqaM7KdXTQj4/MHAZuc4w==</latexit>

mee < m5,6 �m4

<latexit sha1_base64="HPgcQD4BnbhroonUlNLpxI9xI38=">AAACFXicbVDLSgMxFM3UV62vUTeCm2ARXGiZEatuhKIbwU0F+4B2GDJp2oYmmSHJiGVaf8MfcKt/4E7cuvYH/A7Tdha2euDC4Zx7ufeeIGJUacf5sjJz8wuLS9nl3Mrq2vqGvblVVWEsMangkIWyHiBFGBWkoqlmpB5JgnjASC3oXY382j2RiobiTvcj4nHUEbRNMdJG8u2dQeTfwCMY+U3C2ABeQO4nxcPToW/nnYIzBvxL3JTkQYqyb383WyGOOREaM6RUw3Ui7SVIaooZGeaasSIRwj3UIQ1DBeJEecn4gyHcN0oLtkNpSmg4Vn9PJIgr1eeB6eRId9WsNxL/8xqxbp97CRVRrInAk0XtmEEdwlEcsEUlwZr1DUFYUnMrxF0kEdYmtKktD5NTcyYYdzaGv6R6XHCLBef2JF+6TCPKgl2wBw6AC85ACVyDMqgADB7BM3gBr9aT9Wa9Wx+T1oyVzmyDKVifP9I1neQ=</latexit>

|pK � p`| = m5,6
<latexit sha1_base64="YZn5/0/p6hQC7k+VLH2fEsHlqt0="></latexit>

mmiss = |pK � p` � pee| = m4

N4
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Rare leptonic kaon decays

Z 0

⌫
<latexit sha1_base64="5Z5yYeYD2ucXBdn7oPXE0mlpt90=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcXycCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xd3/Y4P</latexit>

K
<latexit sha1_base64="S3j6BLJhXETZM0BBziTfKRODLRk=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFN4KbFuwD2lAm05t27GQSZiZCCf0CNy4UcesnufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8yXXqdx5AKhaKOz2NwA3ISDCfUaKN1LwdlCt21c6AF4mTkwrK0RiUP/rDkMYBCE05Uarn2JF2EyI1oxxmpX6sICJ0QkbQM1SQAJSbZIfO8JFRhtgPpSmhcab+nEhIoNQ08ExnQPRY/fVS8T+vF2v/wk2YiGINgs4X+THHOsTp13jIJFDNp4YQKpm5FdMxkYRqk00pC+Eyxdn3y4ukfVJ1Tqu1Zq1Sv8rjKKIDdIiOkYPOUR3doAZqIYoAPaJn9GLdW0/Wq/U2by1Y+cw++gXr/Qu7H40H</latexit>

`↵
<latexit sha1_base64="OBFitnW8FG6vOE+Zb761S/xwmqA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0+HErevFYwdpCEspku2mXbnbD7kYooT/DiwdFvPprvPlvTNIgan0w8Hhvhpl5QcyZNrb9aVWWlldW16rrtY3Nre2d+u7evZaJIrRLJJeqH4CmnAnaNcxw2o8VhSjgtBdMrnO/90CVZlLcmWlM/QhGgoWMgMkk16OcDzzg8RgG9YbdtAvgReKUpIFKdAb1D28oSRJRYQgHrV3Hjo2fgjKMcDqreYmmMZAJjKibUQER1X5anDzDR5kyxKFUWQmDC/XnRAqR1tMoyDojMGP918vF/zw3MeGFnzIRJ4YKMl8UJhwbifP/8ZApSgyfZgSIYtmtmIxBATFZSrUihMscZ98vL5L7k6Zz2mzdthrtqzKOKjpAh+gYOegctdEN6qAuIkiiR/SMXixjPVmv1tu8tWKVM/voF6z3L2kkkXo=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

⌫h
<latexit sha1_base64="Gu7QYDp3RQUvO0Xx0CCYnD4sYKk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXisYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btIgan0w8Hhvhpl5fsyZ0rb9aZVWVtfWN8qbla3tnd296v5BR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87gOVikXiXs9i6oV4LFjACNZGcgciGU6G1Zpdt3OgZeIUpAYF2sPqx2AUkSSkQhOOleo7dqy9FEvNCKfzyiBRNMZkise0b6jAIVVemh87RydGGaEgkqaERrn6cyLFoVKz0DedIdYT9dfLxP+8fqKDSy9lIk40FWSxKEg40hHKPkcjJinRfGYIJpKZWxGZYImJNvlU8hCuMjS/X14mnbO6c15v3DVqresijjIcwTGcggMX0IJbaIMLBBg8wjO8WMJ6sl6tt0VrySpmDuEXrPcv8leO6g==</latexit>

N5,6

At NA62, would expect ~3000 events  
in existing data for our benchmark.

Peak search + (displaced) e+e- vertex

Looking for the dark HNLs elsewhere 
Smoking gun signature at kaon experiments

<latexit sha1_base64="4+kygjCxU4kPzf9I3bNjIFcPyMw=">AAACE3icbZBLSgNBEIZ74ivG16jgxk1jEFxomJFEXbgIunEZwTwgGYaeTiVp0vOgu0cM4xzDC7jVG7gTtx7AC3gOO8ksTPSHgo+/qqji9yLOpLKsLyO3sLi0vJJfLaytb2xumds7DRnGgkKdhjwULY9I4CyAumKKQysSQHyPQ9MbXo/7zXsQkoXBnRpF4PikH7Aeo0RpyzX3fDcBSPEl1lA5PkvxiaayaxatkjUR/gt2BkWUqeaa351uSGMfAkU5kbJtW5FyEiIUoxzSQieWEBE6JH1oawyID9JJJv+n+FA7XdwLha5A4Yn7eyMhvpQj39OTPlEDOd8bm//12rHqXTgJC6JYQUCnh3oxxyrE4zBwlwmgio80ECqY/hXTARGEKh3ZzJWH6asFHYw9H8NfaJyW7ErJui0Xq1dZRHm0jw7QEbLROaqiG1RDdUTRI3pGL+jVeDLejHfjYzqaM7KdXTQj4/MHAZuc4w==</latexit>

mee < m5,6 �m4

<latexit sha1_base64="HPgcQD4BnbhroonUlNLpxI9xI38=">AAACFXicbVDLSgMxFM3UV62vUTeCm2ARXGiZEatuhKIbwU0F+4B2GDJp2oYmmSHJiGVaf8MfcKt/4E7cuvYH/A7Tdha2euDC4Zx7ufeeIGJUacf5sjJz8wuLS9nl3Mrq2vqGvblVVWEsMangkIWyHiBFGBWkoqlmpB5JgnjASC3oXY382j2RiobiTvcj4nHUEbRNMdJG8u2dQeTfwCMY+U3C2ABeQO4nxcPToW/nnYIzBvxL3JTkQYqyb383WyGOOREaM6RUw3Ui7SVIaooZGeaasSIRwj3UIQ1DBeJEecn4gyHcN0oLtkNpSmg4Vn9PJIgr1eeB6eRId9WsNxL/8xqxbp97CRVRrInAk0XtmEEdwlEcsEUlwZr1DUFYUnMrxF0kEdYmtKktD5NTcyYYdzaGv6R6XHCLBef2JF+6TCPKgl2wBw6AC85ACVyDMqgADB7BM3gBr9aT9Wa9Wx+T1oyVzmyDKVifP9I1neQ=</latexit>

|pK � p`| = m5,6
<latexit sha1_base64="YZn5/0/p6hQC7k+VLH2fEsHlqt0="></latexit>

mmiss = |pK � p` � pee| = m4

N4

BR(K+ ! µ+⌫e+e�) = (7.81 ± 0.21 stat.) ⇥ 10�8
<latexit sha1_base64="LYWAB/hsWd2bPS1d4svy8cIKU68="></latexit>

@ NA48/2

BR(K+ ! µ+⌫µ+µ�) < 4.7 ⇥ 10�7
<latexit sha1_base64="fKyv6p9rqvmkkVUtf/hfaSnoul8="></latexit>

@ E787

Existing measurements:

Both SM process will be measured by NA62.

  M. S. Atiya et al., PRL.63, 2177 (1989) Main challenge comes from pion Dalitz decays at mee < 140 MeV

K+ ! µ+⌫µ(⇡0 ! �e+e�)
<latexit sha1_base64="4SvADzqzURauCnx23jud6Dlcycw="></latexit>

K+ ! (⇡+ ! µ+⌫)e+e�
<latexit sha1_base64="Ot3cn28nUnwJ4UNBGGPH/F26x54="></latexit>

Additional cuts can reduce pi+ decay backgrounds:

mµ⌫ > 150 MeV
<latexit sha1_base64="Oc5K49ufd37hn5W9N38bfzxfaAQ="></latexit>

Ultimately, depends on exp resolution, but BKGs can also be 
reduced with displaced vertices. At NA62, this is feasible for 

  
c" > 10 ps

New physics challenges:

mee > 140 MeV
NA48/2
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Rare leptonic kaon decays

Z 0

⌫
<latexit sha1_base64="5Z5yYeYD2ucXBdn7oPXE0mlpt90=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcXycCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xd3/Y4P</latexit>

K
<latexit sha1_base64="S3j6BLJhXETZM0BBziTfKRODLRk=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFN4KbFuwD2lAm05t27GQSZiZCCf0CNy4UcesnufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8yXXqdx5AKhaKOz2NwA3ISDCfUaKN1LwdlCt21c6AF4mTkwrK0RiUP/rDkMYBCE05Uarn2JF2EyI1oxxmpX6sICJ0QkbQM1SQAJSbZIfO8JFRhtgPpSmhcab+nEhIoNQ08ExnQPRY/fVS8T+vF2v/wk2YiGINgs4X+THHOsTp13jIJFDNp4YQKpm5FdMxkYRqk00pC+Eyxdn3y4ukfVJ1Tqu1Zq1Sv8rjKKIDdIiOkYPOUR3doAZqIYoAPaJn9GLdW0/Wq/U2by1Y+cw++gXr/Qu7H40H</latexit>

`↵
<latexit sha1_base64="OBFitnW8FG6vOE+Zb761S/xwmqA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0+HErevFYwdpCEspku2mXbnbD7kYooT/DiwdFvPprvPlvTNIgan0w8Hhvhpl5QcyZNrb9aVWWlldW16rrtY3Nre2d+u7evZaJIrRLJJeqH4CmnAnaNcxw2o8VhSjgtBdMrnO/90CVZlLcmWlM/QhGgoWMgMkk16OcDzzg8RgG9YbdtAvgReKUpIFKdAb1D28oSRJRYQgHrV3Hjo2fgjKMcDqreYmmMZAJjKibUQER1X5anDzDR5kyxKFUWQmDC/XnRAqR1tMoyDojMGP918vF/zw3MeGFnzIRJ4YKMl8UJhwbifP/8ZApSgyfZgSIYtmtmIxBATFZSrUihMscZ98vL5L7k6Zz2mzdthrtqzKOKjpAh+gYOegctdEN6qAuIkiiR/SMXixjPVmv1tu8tWKVM/voF6z3L2kkkXo=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

⌫h
<latexit sha1_base64="Gu7QYDp3RQUvO0Xx0CCYnD4sYKk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXisYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btIgan0w8Hhvhpl5fsyZ0rb9aZVWVtfWN8qbla3tnd296v5BR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87gOVikXiXs9i6oV4LFjACNZGcgciGU6G1Zpdt3OgZeIUpAYF2sPqx2AUkSSkQhOOleo7dqy9FEvNCKfzyiBRNMZkise0b6jAIVVemh87RydGGaEgkqaERrn6cyLFoVKz0DedIdYT9dfLxP+8fqKDSy9lIk40FWSxKEg40hHKPkcjJinRfGYIJpKZWxGZYImJNvlU8hCuMjS/X14mnbO6c15v3DVqresijjIcwTGcggMX0IJbaIMLBBg8wjO8WMJ6sl6tt0VrySpmDuEXrPcv8leO6g==</latexit>

N5,6

Smoking gun peak at light 
dark photon and HNL mass

Peak search + (displaced) e+e- vertex
Light dark photon case

<latexit sha1_base64="rKhhE8Joc0f9+iEG3IFjSjyHZyY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXFD0WvQheKtgPaJclm2bb0Gw2JtlCafs7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvFBypo3rfju5ldW19Y38ZmFre2d3r7h/UNdJqgitkYQnqhliTTkTtGaY4bQpFcVxyGkj7N9O/caAKs0S8WiGkvox7goWMYKNlfyxDO7RGZJBO07HQbHklt0Z0DLxMlKCDNWg+NXuJCSNqTCEY61bniuNP8LKMMLppNBONZWY9HGXtiwVOKbaH82OnqATq3RQlChbwqCZ+ntihGOth3FoO2NsenrRm4r/ea3URNf+iAmZGirIfFGUcmQSNE0AdZiixPChJZgoZm9FpIcVJsbmVLAheIsvL5P6edm7LLsPF6XKTRZHHo7gGE7BgyuowB1UoQYEnuAZXuHNGTgvzrvzMW/NOdnMIfyB8/kD64qRjA==</latexit>

|pK � pµ|

<latexit sha1_base64="AhzoE2cW6s6XiXxXpG+0ouDJtv4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNlJJxkzM7vMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJk41wzqLRaxbETUouMK65VZgK9FIZSSwGY1up37zCbXhsXqw4wRDSQeK9zmj1kkN2c0QJ91S2a/4M5BlEuSkDDlq3dJXpxezVKKyTFBj2oGf2DCj2nImcFLspAYTykZ0gG1HFZVowmx27YScOqVH+rF2pSyZqb8nMiqNGcvIdUpqh2bRm4r/ee3U9q/DjKsktajYfFE/FcTGZPo66XGNzIqxI5Rp7m4lbEg1ZdYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4MHuEZXuHNi70X7937mLeuePnMEfyB9/kDz+SPSA==</latexit>mee

mZ0
<latexit sha1_base64="192wWQB9wzIkY+WgUjJDPbFhyD4=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4KmkVH7uiG5cV7APbtEymk3bozCTMTJQS+h9uXCji1n9x59+YpEHUeuDC4Zx7ufceN+BMG9v+tBYWl5ZXVnNr+fWNza3tws5uU/uhIrRBfO6rtos15UzShmGG03agKBYupy13fJX4rXuqNPPlrZkE1BF4KJnHCDax1CuJfnTX6waKCTot9QtFu2ynQPOkkpEiZKj3Cx/dgU9CQaUhHGvdqdiBcSKsDCOcTvPdUNMAkzEe0k5MJRZUO1F69RQdxsoAeb6KSxqUqj8nIiy0ngg37hTYjPRfLxH/8zqh8c6diMkgNFSS2SIv5Mj4KIkADZiixPBJTDBRLL4VkRFWmJg4qHwawkWC0++X50mzWq4cl09uqsXaZRZHDvbhAI6gAmdQg2uoQwMIKHiEZ3ixHqwn69V6m7UuWNnMHvyC9f4FO4qSeQ==</latexit>

mN
<latexit sha1_base64="tjJeaEm13Y6q+ktREHyBEoT4d8Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5JW8eNW9OJJKpi20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZs0iFofDDzem2FmnhdxprRtf1qFpeWV1bXiemljc2t7p7y711ZhLAl1SMhD2fWwopwJ6mimOe1GkuLA47TjTa5Tv/NApWKhuNfTiLoBHgnmM4K1kZxqMLitDsoVu2ZnQIuknpMK5GgNyh/9YUjigApNOFaqV7cj7SZYakY4nZX6saIRJhM8oj1DBQ6ocpPs2Bk6MsoQ+aE0JTTK1J8TCQ6Umgae6QywHqu/Xir+5/Vi7V+4CRNRrKkg80V+zJEOUfo5GjJJieZTQzCRzNyKyBhLTLTJp5SFcJni7PvlRdJu1OontdO7RqV5lcdRhAM4hGOowzk04QZa4AABBo/wDC+WsJ6sV+tt3lqw8pl9+AXr/Qv3+I5E</latexit>

Looking for the dark HNLs elsewhere 
Smoking gun signature at kaon experiments

N4

Provides a direct and robust test of MiniBooNE explanations

At NA62, would expect ~3000 events  
in existing data for our benchmark.

<latexit sha1_base64="4+kygjCxU4kPzf9I3bNjIFcPyMw=">AAACE3icbZBLSgNBEIZ74ivG16jgxk1jEFxomJFEXbgIunEZwTwgGYaeTiVp0vOgu0cM4xzDC7jVG7gTtx7AC3gOO8ksTPSHgo+/qqji9yLOpLKsLyO3sLi0vJJfLaytb2xumds7DRnGgkKdhjwULY9I4CyAumKKQysSQHyPQ9MbXo/7zXsQkoXBnRpF4PikH7Aeo0RpyzX3fDcBSPEl1lA5PkvxiaayaxatkjUR/gt2BkWUqeaa351uSGMfAkU5kbJtW5FyEiIUoxzSQieWEBE6JH1oawyID9JJJv+n+FA7XdwLha5A4Yn7eyMhvpQj39OTPlEDOd8bm//12rHqXTgJC6JYQUCnh3oxxyrE4zBwlwmgio80ECqY/hXTARGEKh3ZzJWH6asFHYw9H8NfaJyW7ErJui0Xq1dZRHm0jw7QEbLROaqiG1RDdUTRI3pGL+jVeDLejHfjYzqaM7KdXTQj4/MHAZuc4w==</latexit>

mee < m5,6 �m4

<latexit sha1_base64="HPgcQD4BnbhroonUlNLpxI9xI38=">AAACFXicbVDLSgMxFM3UV62vUTeCm2ARXGiZEatuhKIbwU0F+4B2GDJp2oYmmSHJiGVaf8MfcKt/4E7cuvYH/A7Tdha2euDC4Zx7ufeeIGJUacf5sjJz8wuLS9nl3Mrq2vqGvblVVWEsMangkIWyHiBFGBWkoqlmpB5JgnjASC3oXY382j2RiobiTvcj4nHUEbRNMdJG8u2dQeTfwCMY+U3C2ABeQO4nxcPToW/nnYIzBvxL3JTkQYqyb383WyGOOREaM6RUw3Ui7SVIaooZGeaasSIRwj3UIQ1DBeJEecn4gyHcN0oLtkNpSmg4Vn9PJIgr1eeB6eRId9WsNxL/8xqxbp97CRVRrInAk0XtmEEdwlEcsEUlwZr1DUFYUnMrxF0kEdYmtKktD5NTcyYYdzaGv6R6XHCLBef2JF+6TCPKgl2wBw6AC85ACVyDMqgADB7BM3gBr9aT9Wa9Wx+T1oyVzmyDKVifP9I1neQ=</latexit>

|pK � p`| = m5,6
<latexit sha1_base64="YZn5/0/p6hQC7k+VLH2fEsHlqt0="></latexit>

mmiss = |pK � p` � pee| = m4

Competing with pion Dalitz decays.
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More exotic signatures in kaon decays 
Dark higgs decays to dark photon M. Hostert, M. Pospelov, arXiv:2012.02142

<latexit sha1_base64="4cO10k70lGtqtAW9wpl27exPHPE=">AAACC3icbVDLSgMxFM3UV62vqks3oUWoFMtMUXRZdCO4qWAf0JmWTHrbhmYyQ5IRytC9G3/FjQtF3PoD7vwb08dCWw8EDufcy805fsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxpFCjIQ9l0ycKOBNQ00xzaEYSSOBzaPjD64nfeACpWCju9SgCLyB9wXqMEm2kTjZ32y66OsQucN5xCY8GpF3ErohxuQDtIrRPTzrZvF2yp8DLxJmTPJqj2sl+ud2QxgEITTlRquXYkfYSIjWjHMYZN1YQETokfWgZKkgAykumWcb42Chd3AuleULjqfp7IyGBUqPAN5MB0QO16E3E/7xWrHuXXsJEFGsQdHaoF3Nswk+KwV0mgWo+MoRQycxfMR0QSag29WVMCc5i5GVSL5ec85J9d5avXM3rSKMjlEMF5KALVEE3qIpqiKJH9Ixe0Zv1ZL1Y79bHbDRlzXcO0R9Ynz/Oapj5</latexit>

K+ ! `+↵⌫2(e
+e�)

<latexit sha1_base64="THsaHmUM7XYcznRNVNaUjSYkw9g=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCRAy7QdFj0IvgJYJ5QHYTZie9yZDZBzOzSljzKV48KOLVL/Hm3zhJ9qDRgoaiqpvuLi/mTCrL+jJyS8srq2v59cLG5tb2jlncbcooERQaNOKRaHtEAmchNBRTHNqxABJ4HFre6Grqt+5BSBaFd2ocgxuQQch8RonSUs8s3jgqcmKGq2XoHkP35KhnlqyKNQP+S+yMlFCGes/8dPoRTQIIFeVEyo5txcpNiVCMcpgUnERCTOiIDKCjaUgCkG46O32CD7XSx34kdIUKz9SfEykJpBwHnu4MiBrKRW8q/ud1EuVfuCkL40RBSOeL/IRjFeFpDrjPBFDFx5oQKpi+FdMhEYQqnVZBh2AvvvyXNKsV+6xi3Z6WapdZHHm0jw5QGdnoHNXQNaqjBqLoAT2hF/RqPBrPxpvxPm/NGdnMHvoF4+MbHHySmQ==</latexit>

K ! ⇡2(e+e�)

Several channels never even searched for, which can exceed Br ~ O(10-8 - 10-6). 

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K
<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

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

N

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫ <latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫
<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

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

N

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

N

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="+KAKVbmmqowuvs8SEi5oMHbQIqc=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8cK9gPaWDbbSbt2kw27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0DJVDOtMCqlaAdUoeIx1w43AVqKQRoHAZjC8mfjNJ1Say/jejBL0I9qPecgZNVZqdFCIh9NuqexW3CnIIvFyUoYctW7pq9OTLI0wNkxQrduemxg/o8pwJnBc7KQaE8qGtI9tS2Maofaz6bVjcmyVHgmlshUbMlV/T2Q00noUBbYzomag572J+J/XTk145Wc8TlKDMZstClNBjCST10mPK2RGjCyhTHF7K2EDqigzNqCiDcGbf3mRNM4q3kXFvTsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb450Xpx352PWuuTkMwfwB87nDyvRjtw=</latexit>

`+

<latexit sha1_base64="OO0BYobMjPizjYDtVdsKLrNY0n8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXFD0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL3IjXA=</latexit>

K+

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

x x
<latexit sha1_base64="5PREcRNyZ02sJezDoatBYDGd8k8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz0uM8A==</latexit>

h
<latexit sha1_base64="6l4H0Xqko7ewaii5aYvsXrB67fY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDr3eM2w==</latexit>

S

<latexit sha1_base64="yaQAC4N+Wc4gEpxZs3ye6uoSV9o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cKpi20oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5Ht1O//USVZlI8mHFKgwQPBIsZwcZKLb/mnfWjfqXq1t0Z0DLxClKFAs1+5asXSZIlVBjCsdZdz01NkGNlGOF0Uu5lmqaYjPCAdi0VOKE6yGfXTtCpVSIUS2VLGDRTf0/kONF6nIS2M8FmqBe9qfif181MfB3kTKSZoYLMF8UZR0ai6esoYooSw8eWYKKYvRWRIVaYGBtQ2YbgLb68TFrnde+y7t5fVBs3RRwlOIYTqIEHV9CAO2iCDwQe4Rle4c2Rzovz7nzMW1ecYuYI/sD5/AFbVY5U</latexit>

U(1)d
<latexit sha1_base64="Il4TDSGG/zY4BGjFfF0pS2IgCnQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevEkFUxbaEPZbDbt0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLqkpjHsuNjRTkT1NVMc9pJJMWRz2nbH91M/fYTlYrF4kGPE+pFeCBYyAjWRuq4Vee0H5zd9csVu2bPgJaJk5MK5Gj2y1+9ICZpRIUmHCvVdexEexmWmhFOJ6VeqmiCyQgPaNdQgSOqvGx27wSdGCVAYSxNCY1m6u+JDEdKjSPfdEZYD9WiNxX/87qpDq+8jIkk1VSQ+aIw5UjHaPo8CpikRPOxIZhIZm5FZIglJtpEVDIhOIsvL5NWveZc1Oz780rjOo+jCEdwDFVw4BIacAtNcIEAh2d4hTfr0Xqx3q2PeWvBymcO4Q+szx9gBY7h</latexit>

U(1)d +N
<latexit sha1_base64="5lURKEDbikYr01ypC23HrexOsnE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevFY0bSFNpTNZtMu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zM8xPOlLbtb6uwsrq2vlHcLG1t7+zulfcPWipOJaEuiXksOz5WlDNBXc00p51EUhz5nLb90c3Ubz9RqVgsHvQ4oV6EB4KFjGBtpI5bdU77wdl9v1yxa/YMaJk4OalAjma//NULYpJGVGjCsVJdx060l2GpGeF0UuqliiaYjPCAdg0VOKLKy2b3TtCJUQIUxtKU0Gim/p7IcKTUOPJNZ4T1UC16U/E/r5vq8MrLmEhSTQWZLwpTjnSMps+jgElKNB8bgolk5lZEhlhiok1EJROCs/jyMmnVa85Fzb47rzSu8ziKcATHUAUHLqEBt9AEFwhweIZXeLMerRfr3fqYtxasfOYQ/sD6/AFnmY7m</latexit>

U(1)d + S
<latexit sha1_base64="iq2Vc6I/uaHDjN8nCkHHjXSUZlo=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mKoicpevEkFewHtCFsNpt26W4SdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpByprTjfFsrq2vrG5ulrfL2zu5exd4/aKskk4S2SMIT2Q2wopzFtKWZ5rSbSopFwGknGN1M/c4jlYol8YMep9QTeBCziBGsjeTbFeHnQz+coCtUR8K/8+2qU3NmQMvELUgVCjR9+6sfJiQTNNaEY6V6rpNqL8dSM8LppNzPFE0xGeEB7RkaY0GVl88On6ATo4QoSqSpWKOZ+nsix0KpsQhMp8B6qBa9qfif18t0dOnlLE4zTWMyXxRlHOkETVNAIZOUaD42BBPJzK2IDLHERJusyiYEd/HlZdKu19zzmnN/Vm1cF3GU4AiO4RRcuIAG3EITWkAgg2d4hTfryXqx3q2PeeuKVcwcwh9Ynz8thJIe</latexit>

mhd > 2mN
<latexit sha1_base64="GlYwPaIp8IC6w4joQxOCiYikv20=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRU9S9OJJKtgPaJclm03b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyd+q0RVZrF8tGME+oL3Jesxwg2VvJFcI+ukQiyQRBNgnLFrbozoGXi5aQCOepB+asbxSQVVBrCsdYdz02Mn2FlGOF0UuqmmiaYDHGfdiyVWFDtZ7OjJ+jEKhHqxcqWNGim/p7IsNB6LELbKbAZ6EVvKv7ndVLTu/IzJpPUUEnmi3opRyZG0wRQxBQlho8twUQxeysiA6wwMTankg3BW3x5mTTPqt5F1X04r9Ru8jiKcATHcAoeXEIN7qAODSDwBM/wCm/OyHlx3p2PeWvByWcO4Q+czx/iz5GH</latexit>

mN > mhd

<latexit sha1_base64="Il4TDSGG/zY4BGjFfF0pS2IgCnQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevEkFUxbaEPZbDbt0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLqkpjHsuNjRTkT1NVMc9pJJMWRz2nbH91M/fYTlYrF4kGPE+pFeCBYyAjWRuq4Vee0H5zd9csVu2bPgJaJk5MK5Gj2y1+9ICZpRIUmHCvVdexEexmWmhFOJ6VeqmiCyQgPaNdQgSOqvGx27wSdGCVAYSxNCY1m6u+JDEdKjSPfdEZYD9WiNxX/87qpDq+8jIkk1VSQ+aIw5UjHaPo8CpikRPOxIZhIZm5FZIglJtpEVDIhOIsvL5NWveZc1Oz780rjOo+jCEdwDFVw4BIacAtNcIEAh2d4hTfr0Xqx3q2PeWvBymcO4Q+szx9gBY7h</latexit>

U(1)d +N

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K
<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

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

N

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫ <latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫
<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

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

N

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

N

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="+KAKVbmmqowuvs8SEi5oMHbQIqc=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8cK9gPaWDbbSbt2kw27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0DJVDOtMCqlaAdUoeIx1w43AVqKQRoHAZjC8mfjNJ1Say/jejBL0I9qPecgZNVZqdFCIh9NuqexW3CnIIvFyUoYctW7pq9OTLI0wNkxQrduemxg/o8pwJnBc7KQaE8qGtI9tS2Maofaz6bVjcmyVHgmlshUbMlV/T2Q00noUBbYzomag572J+J/XTk145Wc8TlKDMZstClNBjCST10mPK2RGjCyhTHF7K2EDqigzNqCiDcGbf3mRNM4q3kXFvTsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb450Xpx352PWuuTkMwfwB87nDyvRjtw=</latexit>

`+

<latexit sha1_base64="OO0BYobMjPizjYDtVdsKLrNY0n8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXFD0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL3IjXA=</latexit>

K+

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

x x
<latexit sha1_base64="5PREcRNyZ02sJezDoatBYDGd8k8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz0uM8A==</latexit>

h
<latexit sha1_base64="6l4H0Xqko7ewaii5aYvsXrB67fY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDr3eM2w==</latexit>

S

<latexit sha1_base64="yaQAC4N+Wc4gEpxZs3ye6uoSV9o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cKpi20oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5Ht1O//USVZlI8mHFKgwQPBIsZwcZKLb/mnfWjfqXq1t0Z0DLxClKFAs1+5asXSZIlVBjCsdZdz01NkGNlGOF0Uu5lmqaYjPCAdi0VOKE6yGfXTtCpVSIUS2VLGDRTf0/kONF6nIS2M8FmqBe9qfif181MfB3kTKSZoYLMF8UZR0ai6esoYooSw8eWYKKYvRWRIVaYGBtQ2YbgLb68TFrnde+y7t5fVBs3RRwlOIYTqIEHV9CAO2iCDwQe4Rle4c2Rzovz7nzMW1ecYuYI/sD5/AFbVY5U</latexit>

U(1)d
<latexit sha1_base64="Il4TDSGG/zY4BGjFfF0pS2IgCnQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevEkFUxbaEPZbDbt0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLqkpjHsuNjRTkT1NVMc9pJJMWRz2nbH91M/fYTlYrF4kGPE+pFeCBYyAjWRuq4Vee0H5zd9csVu2bPgJaJk5MK5Gj2y1+9ICZpRIUmHCvVdexEexmWmhFOJ6VeqmiCyQgPaNdQgSOqvGx27wSdGCVAYSxNCY1m6u+JDEdKjSPfdEZYD9WiNxX/87qpDq+8jIkk1VSQ+aIw5UjHaPo8CpikRPOxIZhIZm5FZIglJtpEVDIhOIsvL5NWveZc1Oz780rjOo+jCEdwDFVw4BIacAtNcIEAh2d4hTfr0Xqx3q2PeWvBymcO4Q+szx9gBY7h</latexit>

U(1)d +N
<latexit sha1_base64="5lURKEDbikYr01ypC23HrexOsnE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevFY0bSFNpTNZtMu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zM8xPOlLbtb6uwsrq2vlHcLG1t7+zulfcPWipOJaEuiXksOz5WlDNBXc00p51EUhz5nLb90c3Ubz9RqVgsHvQ4oV6EB4KFjGBtpI5bdU77wdl9v1yxa/YMaJk4OalAjma//NULYpJGVGjCsVJdx060l2GpGeF0UuqliiaYjPCAdg0VOKLKy2b3TtCJUQIUxtKU0Gim/p7IcKTUOPJNZ4T1UC16U/E/r5vq8MrLmEhSTQWZLwpTjnSMps+jgElKNB8bgolk5lZEhlhiok1EJROCs/jyMmnVa85Fzb47rzSu8ziKcATHUAUHLqEBt9AEFwhweIZXeLMerRfr3fqYtxasfOYQ/sD6/AFnmY7m</latexit>

U(1)d + S
<latexit sha1_base64="iq2Vc6I/uaHDjN8nCkHHjXSUZlo=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mKoicpevEkFewHtCFsNpt26W4SdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpByprTjfFsrq2vrG5ulrfL2zu5exd4/aKskk4S2SMIT2Q2wopzFtKWZ5rSbSopFwGknGN1M/c4jlYol8YMep9QTeBCziBGsjeTbFeHnQz+coCtUR8K/8+2qU3NmQMvELUgVCjR9+6sfJiQTNNaEY6V6rpNqL8dSM8LppNzPFE0xGeEB7RkaY0GVl88On6ATo4QoSqSpWKOZ+nsix0KpsQhMp8B6qBa9qfif18t0dOnlLE4zTWMyXxRlHOkETVNAIZOUaD42BBPJzK2IDLHERJusyiYEd/HlZdKu19zzmnN/Vm1cF3GU4AiO4RRcuIAG3EITWkAgg2d4hTfryXqx3q2PeeuKVcwcwh9Ynz8thJIe</latexit>

mhd > 2mN
<latexit sha1_base64="GlYwPaIp8IC6w4joQxOCiYikv20=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRU9S9OJJKtgPaJclm03b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyd+q0RVZrF8tGME+oL3Jesxwg2VvJFcI+ukQiyQRBNgnLFrbozoGXi5aQCOepB+asbxSQVVBrCsdYdz02Mn2FlGOF0UuqmmiaYDHGfdiyVWFDtZ7OjJ+jEKhHqxcqWNGim/p7IsNB6LELbKbAZ6EVvKv7ndVLTu/IzJpPUUEnmi3opRyZG0wRQxBQlho8twUQxeysiA6wwMTankg3BW3x5mTTPqt5F1X04r9Ru8jiKcATHcAoeXEIN7qAODSDwBM/wCm/OyHlx3p2PeWvByWcO4Q+czx/iz5GH</latexit>

mN > mhd

<latexit sha1_base64="Il4TDSGG/zY4BGjFfF0pS2IgCnQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevEkFUxbaEPZbDbt0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLqkpjHsuNjRTkT1NVMc9pJJMWRz2nbH91M/fYTlYrF4kGPE+pFeCBYyAjWRuq4Vee0H5zd9csVu2bPgJaJk5MK5Gj2y1+9ICZpRIUmHCvVdexEexmWmhFOJ6VeqmiCyQgPaNdQgSOqvGx27wSdGCVAYSxNCY1m6u+JDEdKjSPfdEZYD9WiNxX/87qpDq+8jIkk1VSQ+aIw5UjHaPo8CpikRPOxIZhIZm5FZIglJtpEVDIhOIsvL5NWveZc1Oz780rjOo+jCEdwDFVw4BIacAtNcIEAh2d4hTfr0Xqx3q2PeWvBymcO4Q+szx9gBY7h</latexit>

U(1)d +N

If the dark higgs is light but heavier than 2 dark photons, we also expect kaon decays with 4-leptons via a 
cascade in the dark sector. Large (e+e-) multiplicities "for free”.

https://arxiv.org/abs/2012.02142
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<latexit sha1_base64="WmUsymLH3E96PrPSOMycSf4d8sc="></latexit>
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<latexit sha1_base64="WmUsymLH3E96PrPSOMycSf4d8sc="></latexit> Thank you!



win2021.umn.edu

Weak Interactions and Neutrinos (WIN 2021) 
Online Workshop 

Takes place every 2 years, alternating with Neutrino conference series.

Registration and abstract submission open. 

Indico page

http://win2021.umn.edu
https://indico.fnal.gov/event/win2021
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Scalar mixing
Kinetic mixing

Neutrino mixing

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

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>
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A renormalizable model for a dark neutrino sector

Z 0,'0, G0
'

<latexit sha1_base64="Vql9SwP8NFA7NQ40VhmGVb99rO4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQkZJo8bErutBlBfvAJobJdNIOnTyYmRRK6D+48VfcuFDErRt3/o2TNBSrHrhw5px7mXuPGzEqpGF8aYW5+YXFpeJyaWV1bX1D39xqijDmmDRwyELedpEgjAakIalkpB1xgnyXkZY7uEz91pBwQcPgVo4iYvuoF1CPYiSV5OgHd/dWxKlPDqE1RDzq0+n7yplVHL1sVIwM8C8xc1IGOeqO/ml1Qxz7JJCYISE6phFJO0FcUszIuGTFgkQID1CPdBQNkE+EnWQ3jeGeUrrQC7mqQMJM/TmRIF+Ike+qTh/JvvjtpeJ/XieW3pmd0CCKJQnw5CMvZlCGMA0IdiknWLKRIghzqnaFuI84wlLFWMpCOE9xMj35L2keVczjSvWmWq5d5HEUwQ7YBfvABKegBq5BHTQABg/gCbyAV+1Re9betPdJa0HLZ7bBDLSPbxNVnnA=</latexit>

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

0

BB@

⌫c↵
N c

⌫cDL

⌫DR

1

CCA

<latexit sha1_base64="gyFz+LBug+a2W98wdbKyUl9W6Lk="></latexit>

<latexit sha1_base64="lcY+Bf/yhzgngPgRC7f4aXqu1OY=">AAACAnicbVDLSgMxFL1TX7W+qi7dBKvgqswIRZdFN66kgn1AO5ZMmmlDM5khyYhl6M4fcKt/4E7duvUj/AE/wA8Q004XtvVA4HDOvdyT40WcKW3bn1ZmYXFpeSW7mltb39jcym/v1FQYS0KrJOShbHhYUc4ErWqmOW1EkuLA47Tu9c9Hfv2WSsVCca0HEXUD3BXMZwRrI9VbIm5f3pB2vmAX7THQPHEmpFA+sL+T15+PSjv/1eqEJA6o0IRjpZqOHWk3wVIzwukw14oVjTDp4y5tGipwQJWbjOMO0aFROsgPpXlCo7H6dyPBgVKDwDOTAdY9NeuNxP+8Zqz9UzdhIoo1FSQ95Mcc6RCN/o46TFKi+cAQTCQzWRHpYYmJNg1NXblLo+ZMMc5sDfOkdlx0SkX7yimUzyBFFvZgH47AgRMowwVUoAoE+vAAj/Bk3VvP1ov1lo5mrMnOLkzBev8Fzbucag==</latexit>

⌫cN

Dark neutrinos charged under a dark U(1)’ 
symmetry, broken at the GeV scale by       .h�i

<latexit sha1_base64="Wgk7OukZm3DcA/WlhmbqvYtjPv0=">AAACFnicbVDLSsNAFJ3UV62vqODGzWAruCpJFR+7ohuXFewDmlAm00k7dDIJMxOxxP6Ha7f6De7ErVs/wb9wkgax1gMDZ865l3s4XsSoVJb1aRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJX67TsiJA35rRpHxA3QgFOfYqS01DP3Kg5DfMAIdBpDCh2RfSo9s2xVrQxwntg5KYMcjZ755fRDHAeEK8yQlF3bipSbIKEoZmRScmJJIoRHaEC6mnIUEOkmWf4JPNRKH/qh0I8rmKm/NxIUSDkOPD0ZIDWUf71U/M/rxso/dxPKo1gRjqeH/JhBFcK0DNingmDFxpogLKjOCvEQCYSVrmzmirpPo8kJhKWsm4sUpz9NzJNWrWofV09uauX6Zd5SEeyDA3AEbHAG6uAaNEATYPAAnsAzeDEejVfjzXifjhaMfGcXzMD4+AZ6Z569</latexit>

Dark Sector

3) Modified experimental landscape 

Z 0

⌫
<latexit sha1_base64="FXPyvy3NuaxwJbXcjUpbjasVN40=">AAAB6nicbZDLSsNAFIZP6q3GW9Wlm8EiuCqJipeFWHTjsqK9QBvKZDpth04mYWYilNBHcONCEZf6Lu7diG/jJC2i1h8GPv7/HOac40ecKe04n1ZuZnZufiG/aC8tr6yuFdY3aiqMJaFVEvJQNnysKGeCVjXTnDYiSXHgc1r3BxdpXr+lUrFQ3OhhRL0A9wTrMoK1sa5bIm4Xik7JyYSmwZ1A8ezNPo1ePuxKu/De6oQkDqjQhGOlmq4TaS/BUjPC6chuxYpGmAxwjzYNChxQ5SXZqCO0Y5wO6obSPKFR5v7sSHCg1DDwTWWAdV/9zVLzv6wZ6+6xlzARxZoKMv6oG3OkQ5TujTpMUqL50AAmkplZEeljiYk217GzI5ykOvxeeRpqeyV3v3Rw5RTL5zBWHrZgG3bBhSMowyVUoAoEenAHD/BoceveerKex6U5a9KzCb9kvX4B14SRTA==</latexit>

f+
<latexit sha1_base64="hNukv5SU4d7t4RQbbp5yEbjhn5E=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf+/VG/XLGrdgY0T5ycVCBHo1/+6A1CEgdUaMKxUl3HjrSbYKkZ4XRa6sWKRpiM8ZB2DRU4oMpNslOn6MAoA+SH0pTQKFN/TiQ4UGoSeKYzwHqk/nqp+J/XjbV/7iZMRLGmgswW+TFHOkTp32jAJCWaTwzBRDJzKyIjLDHRJp1SFsJFitPvl+dJ67jqnFRrN7VK/TKPowh7sA+H4MAZ1OEaGtAEAkN4hGd4sbj1ZL1ab7PWgpXP7MIvWO9f/rKNvw==</latexit>

f�
<latexit sha1_base64="ROBezOMWas6Kg7/RTvlCrGE91yI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jJA2i1gMXDufcy733eBFnStv2p1VYWFxaXimultbWNza3yts7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1746vUbz9QqVgo7vQkom6Ah4L5jGBtpFv//qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcvAcmNwQ==</latexit>

N

N’,

/ ↵D(e")2|U |2
<latexit sha1_base64="5VAbwbG4P7mlu1qgXRdaaUer/q0=">AAACEHicbVC7SkNBEN3rM8ZX1NJmMYjahJsYfHSiFpYKRoXcGOZuJmbJ3t1ld28gRD/Bxl+xsVDE1tLOv3ETg/g6MHA4Z4aZObEW3LowfA9GRsfGJyYzU9npmdm5+dzC4plVqWFYYUoocxGDRcElVhx3Ai+0QUhigedx+6Dvn3fQWK7kqetqrCVwJXmTM3BequfWIm2UdopGIHQL6od0HaMOGNSWCyU3Lkv0unJ9Warn8mEhHID+JcUhyZMhjuu5t6ihWJqgdEyAtdViqF2tB8ZxJvAmG6UWNbA2XGHVUwkJ2lpv8NANXfVKgzaV8SUdHajfJ3qQWNtNYt+ZgGvZ315f/M+rpq65U+txqVOHkn0uaqaC+gD66dAGN8ic6HoCzHB/K2UtMMCczzA7CGG3j62vl/+Ss1KhuFkon5Tze/vDODJkmayQdVIk22SPHJFjUiGM3JJ78kiegrvgIXgOXj5bR4LhzBL5geD1A81nnJA=</latexit>

Dark neutrinos charged under a dark U(1)’ 
symmetry, broken at the GeV scale by       .h�i

<latexit sha1_base64="Wgk7OukZm3DcA/WlhmbqvYtjPv0=">AAACFnicbVDLSsNAFJ3UV62vqODGzWAruCpJFR+7ohuXFewDmlAm00k7dDIJMxOxxP6Ha7f6De7ErVs/wb9wkgax1gMDZ865l3s4XsSoVJb1aRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vdJX67TsiJA35rRpHxA3QgFOfYqS01DP3Kg5DfMAIdBpDCh2RfSo9s2xVrQxwntg5KYMcjZ755fRDHAeEK8yQlF3bipSbIKEoZmRScmJJIoRHaEC6mnIUEOkmWf4JPNRKH/qh0I8rmKm/NxIUSDkOPD0ZIDWUf71U/M/rxso/dxPKo1gRjqeH/JhBFcK0DNingmDFxpogLKjOCvEQCYSVrmzmirpPo8kJhKWsm4sUpz9NzJNWrWofV09uauX6Zd5SEeyDA3AEbHAG6uAaNEATYPAAnsAzeDEejVfjzXifjhaMfGcXzMD4+AZ6Z569</latexit>

Dark Sector

3) Inter-generation decays (N6 —> N5,   N5 —> N4, …) 

Fast 3-body decays.

Z 0

⌫
<latexit sha1_base64="FXPyvy3NuaxwJbXcjUpbjasVN40=">AAAB6nicbZDLSsNAFIZP6q3GW9Wlm8EiuCqJipeFWHTjsqK9QBvKZDpth04mYWYilNBHcONCEZf6Lu7diG/jJC2i1h8GPv7/HOac40ecKe04n1ZuZnZufiG/aC8tr6yuFdY3aiqMJaFVEvJQNnysKGeCVjXTnDYiSXHgc1r3BxdpXr+lUrFQ3OhhRL0A9wTrMoK1sa5bIm4Xik7JyYSmwZ1A8ezNPo1ePuxKu/De6oQkDqjQhGOlmq4TaS/BUjPC6chuxYpGmAxwjzYNChxQ5SXZqCO0Y5wO6obSPKFR5v7sSHCg1DDwTWWAdV/9zVLzv6wZ6+6xlzARxZoKMv6oG3OkQ5TujTpMUqL50AAmkplZEeljiYk217GzI5ykOvxeeRpqeyV3v3Rw5RTL5zBWHrZgG3bBhSMowyVUoAoEenAHD/BoceveerKex6U5a9KzCb9kvX4B14SRTA==</latexit>

f+
<latexit sha1_base64="hNukv5SU4d7t4RQbbp5yEbjhn5E=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf+/VG/XLGrdgY0T5ycVCBHo1/+6A1CEgdUaMKxUl3HjrSbYKkZ4XRa6sWKRpiM8ZB2DRU4oMpNslOn6MAoA+SH0pTQKFN/TiQ4UGoSeKYzwHqk/nqp+J/XjbV/7iZMRLGmgswW+TFHOkTp32jAJCWaTwzBRDJzKyIjLDHRJp1SFsJFitPvl+dJ67jqnFRrN7VK/TKPowh7sA+H4MAZ1OEaGtAEAkN4hGd4sbj1ZL1ab7PWgpXP7MIvWO9f/rKNvw==</latexit>

f�
<latexit sha1_base64="ROBezOMWas6Kg7/RTvlCrGE91yI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jJA2i1gMXDufcy733eBFnStv2p1VYWFxaXimultbWNza3yts7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1746vUbz9QqVgo7vQkom6Ah4L5jGBtpFv//qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcvAcmNwQ==</latexit>

N

N’,

/ ↵D(e")2|U |2
<latexit sha1_base64="5VAbwbG4P7mlu1qgXRdaaUer/q0=">AAACEHicbVC7SkNBEN3rM8ZX1NJmMYjahJsYfHSiFpYKRoXcGOZuJmbJ3t1ld28gRD/Bxl+xsVDE1tLOv3ETg/g6MHA4Z4aZObEW3LowfA9GRsfGJyYzU9npmdm5+dzC4plVqWFYYUoocxGDRcElVhx3Ai+0QUhigedx+6Dvn3fQWK7kqetqrCVwJXmTM3BequfWIm2UdopGIHQL6od0HaMOGNSWCyU3Lkv0unJ9Warn8mEhHID+JcUhyZMhjuu5t6ihWJqgdEyAtdViqF2tB8ZxJvAmG6UWNbA2XGHVUwkJ2lpv8NANXfVKgzaV8SUdHajfJ3qQWNtNYt+ZgGvZ315f/M+rpq65U+txqVOHkn0uaqaC+gD66dAGN8ic6HoCzHB/K2UtMMCczzA7CGG3j62vl/+Ss1KhuFkon5Tze/vDODJkmayQdVIk22SPHJFjUiGM3JJ78kiegrvgIXgOXj5bR4LhzBL5geD1A81nnJA=</latexit>

yR �c
R�R�⇤ + yL �c

L�L�⇤ +m��L�R
<latexit sha1_base64="u/7gEwIHIm441DyZmWuhSwsmKUU="></latexit>

µL �c
L�L + y �L�R�⇤

<latexit sha1_base64="8Eum64YcpXVI+Pa0H1STLpkICTE="></latexit>

�l,r ⇠ (1, 0, Q/2)
<latexit sha1_base64="Hfl1sjWoDyC0EbOQ3k3rCoNLtyE="></latexit>

�r ⇠ (1, 0, Q)
<latexit sha1_base64="U65vqVZgXQUohKTkUh3GeFi0Fxs="></latexit>

�l ⇠ (1, 0, 0)
<latexit sha1_base64="YLqBeBmY0Qy8afLRzDxkrRMGU6E="></latexit>

B. Bertoni et al, 1412.3113
B. Batell et al, 1709.07001
M. Blennow et al, 1903.00006
J. Gherlein & M. Pierre 1912.06661

• Option 1) Accidental symmetries 

• Option 2) Imposed dark parity (e.g., from residual lepton number symmetry).

�
<latexit sha1_base64="s2f0N+d+KpD3X6GfxnSMRE8q3x4=">AAACFHicdVDLSgMxFL1TX7W+qi7dBIvgqmRatV0W3bisYB/QDiWTZjqhmQdJRixDf8Gl+jHuxK17v8WNmbaCFT0QOJx7b+49x40FVxrjDyu3srq2vpHfLGxt7+zuFfcP2ipKJGUtGolIdl2imOAha2muBevGkpHAFazjjq+yeueOScWj8FZPYuYEZBRyj1OiM6lPfT4olnAZ1y4qdRsZgitVXDPExlUbnyPbKBlKsEBzUPzsDyOaBCzUVBClejaOtZMSqTkVbFroJ4rFhI7JiPUMDUnAlJPObp2iE6MMkRdJ80KNZurPiZQESk0C13QGRPvqdy0T/6r1Eu3VnZSHcaJZSOeLvEQgHaHMOBpyyagWE0MIldzciqhPJKHaxLO0JftbKk8tOUnv5wZMWt+RoP9Ju1K2q2V8c1ZqXC5yy8MRHMMp2FCDBlxDE1pAwYcHeIJn69F6sV6tt3lrzlrMHMISrPcvWjygOw==</latexit>

�
<latexit sha1_base64="ojKZMYvm0vqVJZo22riQJw/CyBo=">AAACIXicdVDLTgIxFO3gC/HBqEs3jcTEFemACkuiG5eYCJIwhHRKBxo67aTtGMmEL3Gpfow74874KW7sACZi9CRNTs65t/feE8ScaYPQu5NbWV1b38hvFra2d3aL7t5+W8tEEdoikkvVCbCmnAnaMsxw2okVxVHA6W0wvsz82zuqNJPixkxi2ovwULCQEWys1HeLvrR21p36ZMSmfbeEyqh2Xql70BJUqaKaJR6qeugMelbJUAILNPvupz+QJImoMIRjrbseik0vxcowwum04CeaxpiM8ZB2LRU4orqXzhafwmOrDGAolX3CwJn6syPFkdaTKLCVETYj/dvLxL+8bmLCei9lIk4MFWQ+KEw4NBJmKcABU5QYPrEEE8XsrpCMsMLE2KyWpmR/Kx3qpUvS+/kBNq3vSOD/pF0pe9Uyuj4tNS4WueXBITgCJ8ADNdAAV6AJWoCABDyAJ/DsPDovzqvzNi/NOYueA7AE5+MLgX6lkg==</latexit>

⌫↵
<latexit sha1_base64="ITrsd7lJm62DHP1KSI4onconS5Q=">AAACGnicdVDLTgIxFL3jE/GFunTTSExckQ6osCS6cYmJPCIQ0ikdaOh0Jm3HSCb8hUv1Y9wZt278Fjd2ABMxepImJ+fe23vP8SLBtcH4w1laXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWh7RTHDJ6oYbwVqRYiTwBGt6o8u03rxjSvNQ3phxxLoBGUjuc0qMlW47Mu51iIiGpJfL4wIunxcrLrIEF0u4bImLSy4+Q65VUuRhjlov99nphzQOmDRUEK3bLo5MNyHKcCrYJNuJNYsIHZEBa1sqScB0N5lePEHHVukjP1T2SYOm6s+JhARajwPPdgbEDPXvWir+VWvHxq90Ey6j2DBJZ4v8WCATotQ+6nPFqBFjSwhV3N6K6JAoQo0NaWFL+rfSvl5wktzPDNi0viNB/5NGseCWCvj6NF+9mOeWgUM4ghNwoQxVuIIa1IGChAd4gmfn0XlxXp23WeuSM585gAU4719eeqLn</latexit>

⌫↵
<latexit sha1_base64="wFIuitNVBpHQKAbd0LxrJgIbF3w="></latexit>

Z 0
Fermionic DM extensions parentheses 

When vector and scalar portals are turned off the model is 
 promising avenue for MeV/GeV scale thermal nu-philic DM.

Dark Sector

http://www.arxiv.com/abs/2007.11813
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P. Bolton et al, 1912.03058
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 3 families of neutral leptons — new symmetries in 
= lepton number violating

m1 =
µm2 � 2"0m⇤+ "02µ0

⇤2 � µµ0 .
<latexit sha1_base64="JzOeumqKePO61flifK2uMXricws="></latexit>

Approximate conservation of Lepton number  

Light neutrino masses proportional to LNV parameters

<latexit sha1_base64="4x+z0SqToHGRS4DSmNwS+um59rE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixelov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN92WNlg==</latexit>

MN

(L= -1)

(L= +1)

<latexit sha1_base64="91Dzx1kf+zvChu4PZxoKcAMbLrU="></latexit>

MN =

✓
µ0 ⇤
⇤ µ

◆

<latexit sha1_base64="PD0HWFY8hc33B6odEYKWiT0UDJQ=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmlldW19o7zpbm3v7O5V9g8eTZJpxpsskYluh9RwKRRvokDJ26nmNA4lb4Wjm6nfeuLaiEQ94DjlQUwHSkSCUbTSvdvNe5WqV/NmIMvEL0gVCjR6la9uP2FZzBUySY3p+F6KQU41Cib5xO1mhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNNxbQj+4svL5PGs5l/UvLvzav26iKMMR3AMp+DDJdThFhrQBAYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifP9D4jX0=</latexit>

{ <latexit sha1_base64="B6HnhMjgFqPRt4AkBwgU7XUt7ek=">AAACCXicbVDLSgMxFM34rPVVdekmWIQKUmZE0Y1Q1IUboYJ9QGcsmfS2DU0yQ5IRSunWjb/ixoUibv0Dd/6NaTsLbT2XC4dz7iW5J4w508Z1v525+YXFpeXMSnZ1bX1jM7e1XdVRoihUaMQjVQ+JBs4kVAwzHOqxAiJCDrWwdznyaw+gNIvknenHEAjSkazNKDFWaubwTfMKn+OCwP7hqLAPsWY8kvd+rJiAg2Yu7xbdMfAs8VKSRynKzdyX34poIkAayonWDc+NTTAgyjDKYZj1Ew0xoT3SgYalkgjQwWB8yRDvW6WF25GyLQ0eq783BkRo3RehnRTEdPW0NxL/8xqJaZ8FAybjxICkk4faCccmwqNYcIspoIb3LSFUMftXTLtEEWpseFkbgjd98iypHhW9k6J7e5wvXaRxZNAu2kMF5KFTVELXqIwqiKJH9Ixe0Zvz5Lw4787HZHTOSXd20B84nz8lmJgf</latexit>

MD = (m ✏0)�L⌫�mass �
1

2

�
⌫L N S

�
0

@
0 m "0

m µ0 ⇤
"0 ⇤ µ

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="wrgK/vUs/lT04hCf4g5Rw4+b7sM="></latexit>

LNV

<latexit sha1_base64="YYJO3yEAp39OH/vohRj2O23cICE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RTAxklzA76U2GzMyu8xDCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w/aOrWKQoumPFWdmGjgTELLMMOhkykgIubwEI9upv7DEyjNUnlvxhlEggwkSxglxkmh6IXS4lAzAY+9as2v+zPgZRIUpIYKNHvVr7CfUitAGsqJ1t3Az0yUE2UY5TCphFZDRuiIDKDrqCQCdJTPbp7gE6f0cZIqV9Lgmfp7IidC67GIXacgZqgXvan4n9e1JrmKciYza0DS+aLEcmxSPA0A95kCavjYEUIVc7diOiSKUONiqrgQgsWXl0n7rB5c1P2781rjuoijjI7QMTpFAbpEDXSLmqiFKMrQM3pFb571Xrx372PeWvKKmUP0B97nD+0LkZw=</latexit>m⌫ '

Small neutrino masses.
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Low Scale Seesaws — two kinds of contributions
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
�L⌫�mass �
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A + h.c. (1)

<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)
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Low Scale Seesaws — two kinds of contributions
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
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m µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)

Integrate out S ( )
<latexit sha1_base64="RP7YTNG/f5R5PS+Lb0RNvdL9ZmU=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AM6Y8mkmTY0yQxJRhxKv8AfcKt/4E7c+hX+gN9h2s7Cth4IHM65l3tywoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8Gbitx6p0iyW9yZLaCBwX7KIEWys9OCLFPkmRj6Tkcm65YpbdadAy8TLSQVy1LvlH78Xk1RQaQjHWnc8NzHBCCvDCKfjkp9qmmAyxH3asVRiQXUwmqYeoxOr9FAUK/ukQVP178YIC60zEdpJgc1AL3oT8T+vk5roKhgxmaSGSjI7FKUc2X9OKkA9pigxPLMEE8VsVkQGWGFibFFzV55mUUu2GG+xhmXSPKt6F1X37rxSu84rKsIRHMMpeHAJNbiFOjSAgIIXeIU359l5dz6cz9lowcl3DmEOztcvs96a0w==</latexit>

µ ! 1 Integrate out N ( )
<latexit sha1_base64="Ocuw7hscchmZu1NqG0GkQTzbBQE=">AAACEnicbVDLSgMxFL3js9bXqLhyEyyCqzIjii6LblxWsA/ojCWTZtrQJDMkGbEM/Qt/wK3+gTtx6w/4A36H6WNhWw8EDufcyz05UcqZNp737Swtr6yurRc2iptb2zu77t5+XSeZIrRGEp6oZoQ15UzSmmGG02aqKBYRp42ofzPyG49UaZbIezNIaShwV7KYEWys1HYPA5E9BKligqLAJChgMjaDtlvyyt4YaJH4U1KCKapt9yfoJCQTVBrCsdYt30tNmGNlGOF0WAwyTVNM+rhLW5ZKLKgO83H8ITqxSgfFibJPGjRW/27kWGg9EJGdFNj09Lw3Ev/zWpmJr8KcyTQzVJLJoTjjyP5z1AXqMEWJ4QNLMFHMZkWkhxUmxjY2c+VpErVoi/Hna1gk9bOyf1H27s5LletpRQU4gmM4BR8uoQK3UIUaEMjhBV7hzXl23p0P53MyuuRMdw5gBs7XL+mnniE=</latexit>

µ0 ! 1
<latexit sha1_base64="mNd7d7OvWh5rMkdlau0xMgcKgS8="></latexit> 

m2
D

µ0
⇤mD
µ0

⇤mD
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µ0

!
<latexit sha1_base64="lENd66LiDK9Z6kwtx82UOL2MoqA="></latexit>✓
⌫cL
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◆
<latexit sha1_base64="9juzBhyuziIU99Arqe3J0BI3yi4="></latexit> 

0 mD

mD
⇤2

µ

!
<latexit sha1_base64="ts55k8dezrkY0j9P3+MA2In1DQY="></latexit>✓
⌫cL
N c

◆

<latexit sha1_base64="lqvgQmA/DfniaLcrtQ8K2B9qbOs="></latexit>

m⌫ ' m2
D

⇤2
µ

Active-heavy mixing: 

Light state:

<latexit sha1_base64="qkWeqhMEdptR8eG+kWR3dZ4V7Ss="></latexit>

|U↵4|2 ' m2
D

⇤2Active-heavy mixing: 

Light state:

(Holds provided #S = #N)

<latexit sha1_base64="88w1yJck6MRWnhLSSHkPkkIO/Wk=">AAACEXicbVBLSgNBFOzxG+Nv/OzcNAbBVZgRRTdC0I3LCOYDyRh6Om+SJt09Q3ePGIecwgu41Ru4E7eewAt4DjufhUkseFBUvccrKkw408bzvp2FxaXlldXcWn59Y3Nr293Zreo4VRQqNOaxqodEA2cSKoYZDvVEAREhh1rYux76tQdQmsXyzvQTCATpSBYxSoyVWu6+aDVlep81lcBGAQzwJfZabsEreiPgeeJPSAFNUG65P812TFMB0lBOtG74XmKCjCjDKIdBvplqSAjtkQ40LJVEgA6yUfoBPrJKG0exsiMNHql/LzIitO6L0G4KYrp61huK/3mN1EQXQcZkkhqQdPwoSjk2MR5WgdtMATW8bwmhitmsmHaJItTYwqa+PI6j5m0x/mwN86R6UvTPit7taaF0Nakohw7QITpGPjpHJXSDyqiCKHpCL+gVvTnPzrvz4XyOVxecyc0emoLz9Qska50W</latexit>

mtree
⌫ = 0

<latexit sha1_base64="tTtJksXndYEAKBMK4na++B+fXdg="></latexit>

|U↵4|2 ' mDµ0

⇤2
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Low Scale Seesaws — two kinds of contributions
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)

Integrate out S ( )
<latexit sha1_base64="RP7YTNG/f5R5PS+Lb0RNvdL9ZmU=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AM6Y8mkmTY0yQxJRhxKv8AfcKt/4E7c+hX+gN9h2s7Cth4IHM65l3tywoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8Gbitx6p0iyW9yZLaCBwX7KIEWys9OCLFPkmRj6Tkcm65YpbdadAy8TLSQVy1LvlH78Xk1RQaQjHWnc8NzHBCCvDCKfjkp9qmmAyxH3asVRiQXUwmqYeoxOr9FAUK/ukQVP178YIC60zEdpJgc1AL3oT8T+vk5roKhgxmaSGSjI7FKUc2X9OKkA9pigxPLMEE8VsVkQGWGFibFFzV55mUUu2GG+xhmXSPKt6F1X37rxSu84rKsIRHMMpeHAJNbiFOjSAgIIXeIU359l5dz6cz9lowcl3DmEOztcvs96a0w==</latexit>

µ ! 1 Integrate out N ( )
<latexit sha1_base64="Ocuw7hscchmZu1NqG0GkQTzbBQE=">AAACEnicbVDLSgMxFL3js9bXqLhyEyyCqzIjii6LblxWsA/ojCWTZtrQJDMkGbEM/Qt/wK3+gTtx6w/4A36H6WNhWw8EDufcyz05UcqZNp737Swtr6yurRc2iptb2zu77t5+XSeZIrRGEp6oZoQ15UzSmmGG02aqKBYRp42ofzPyG49UaZbIezNIaShwV7KYEWys1HYPA5E9BKligqLAJChgMjaDtlvyyt4YaJH4U1KCKapt9yfoJCQTVBrCsdYt30tNmGNlGOF0WAwyTVNM+rhLW5ZKLKgO83H8ITqxSgfFibJPGjRW/27kWGg9EJGdFNj09Lw3Ev/zWpmJr8KcyTQzVJLJoTjjyP5z1AXqMEWJ4QNLMFHMZkWkhxUmxjY2c+VpErVoi/Hna1gk9bOyf1H27s5LletpRQU4gmM4BR8uoQK3UIUaEMjhBV7hzXl23p0P53MyuuRMdw5gBs7XL+mnniE=</latexit>

µ0 ! 1
<latexit sha1_base64="mNd7d7OvWh5rMkdlau0xMgcKgS8="></latexit> 

m2
D
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⇤mD
µ0

⇤mD
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!
<latexit sha1_base64="lENd66LiDK9Z6kwtx82UOL2MoqA="></latexit>✓
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◆
<latexit sha1_base64="9juzBhyuziIU99Arqe3J0BI3yi4="></latexit> 

0 mD

mD
⇤2

µ

!
<latexit sha1_base64="ts55k8dezrkY0j9P3+MA2In1DQY="></latexit>✓
⌫cL
N c

◆

 N  N 

<latexit sha1_base64="7csmh8bJds0QEgHExOoLl0+3h28="></latexit>

mloop
⌫ ' ↵W

16⇡

m2
D

µ0 f(mZ ,mh, µ
0)

<latexit sha1_base64="lqvgQmA/DfniaLcrtQ8K2B9qbOs="></latexit>

m⌫ ' m2
D

⇤2
µ

Active-heavy mixing: 

Light state:

<latexit sha1_base64="qkWeqhMEdptR8eG+kWR3dZ4V7Ss="></latexit>

|U↵4|2 ' m2
D

⇤2Active-heavy mixing: 

Light state:

<latexit sha1_base64="tTtJksXndYEAKBMK4na++B+fXdg="></latexit>

|U↵4|2 ' mDµ0

⇤2
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W. Abdallah et al 2010.06159 

P. Machado - Neutrino 2020

Modified from P. Machado - Neutrino 2020

Minimal eV sterile oscillations.
νµ disappearance + cosmology 

 excludes this model.

Open the floodgates to exotica

New physics  
In scattering

New physics  
In propagation

New “visible” states 
 in the beam

Delayed
 


signal
?

O. Fischer et al 1909.09561 
Long lived HNL O(MeV) mag moment 

Decay:
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Neutrino-electron scattering constraints 

on axis     = events in forward 
bin at MiniBooNE

3 — 10% for CHARM-II

     30% — 100% for MINERvA LE

Vary uncertainty on backgrounds:

     40% — 100% for MINERvA ME

10°1 100

m4 (GeV)

10°5

10°4

10°3

10°2
|U

µ
4
|

MiniBooNE
energy fit

> 98%

on axis

> 87%

on axis

> 70%

on axis

mZ0 = 30 MeV, Æ"2 = 2 £ 10°10, ÆD = 1/4

1æ

3æ

1æ

3æ

peak 
searches

C. Argüelles, MH, Y. Tsai, PRL123, 261801 (2019)
Analysis can be improved with future data: 
• MINERvA ME nubar-e data  
• NOvA nu-e data

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

A

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>
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LSND & KARMEN

LSND: 1993 - 1998 KARMEN: 1990 - 2001

1) 800 MeV proton beam, 6e22 POT! 
2) π decay at rest mostly. Detector 90º from p beam. 
3) π- contamination: 
4) Baseline of 17.7 m 
5) ~57 tonnes of liquid scintillator 
6) 3.5 m long det along nu beam.

NO EXCESS

arXiv:0104049 arXiv:020302

1) 800 MeV proton beam, 1.8e23 POT! 
2) π decay at rest and in flight:12º nu/p beam angle. 
3) π- contamination: 
4) Baseline of 30 m 
5) ~167 tonnes of liquid scintillator 
6) 8.3 m long det along nu beam.

<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫e

General idea:

To this day, the most sensitive SBL              appearance experiments.<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫e

EXCESS: 87.9 ± 22.4 ± 6 EVENTS 
3.8 sigma

https://arxiv.org/pdf/hep-ex/0104049.pdf
https://arxiv.org/pdf/hep-ex/0203021.pdf


(Data - Backgrounds)

MiniBooNE data 
2-D distributions
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New distributions — Radius and Event Timing
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Excess in Invariant Mass, assuming 2 showers


