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Scenario 2: 
Theoretically Clean SM Background
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(picking up with S2p2)

Scenario 1 Little No SMBackground

Scenart 3 Experimentally Measurable Bkg



Back to our Simple “Dark Photon” U(1)
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…plus one more ingredient
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Impact in Neutrino Facilities?
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Advantages of Light DM in Neutrino Beam
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Problems of Light DM in Neutrino Beam!
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Why is this an existential problem?
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Aside: ES vs.  CCQEνe νe
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Consider the following two processes:
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Real-life Event Distributions (DUNE ND)
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De Romero, KJK, Machado [1903.10505]

https://arxiv.org/abs/1903.10505


DM Signal vs. Neutrino Background
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Breitbach et al [2102.03383]

https://arxiv.org/abs/2102.03383


Why go off-axis?
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On- vs. off-axis
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e° Events

e° Events (∫en ! e°p vetoed)

De Romero, KJK, Machado [1903.10505]

Breitbach et al [2102.03383]

https://arxiv.org/abs/1903.10505
https://arxiv.org/abs/2102.03383
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Breitbach et al [2102.03383]
(can compare against De Romero, KJK, Machado [1903.10505])

LDMX M etc

https://arxiv.org/abs/2102.03383
https://arxiv.org/abs/1903.10505


Scenario 3: 
Challenging (but experimentally 
measurable) SM Background(s)
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(following Coyle et al [2210.03753] for inspiration)

https://arxiv.org/abs/2210.03753


Sometimes, the desired physics “looks like” SM Neutrino Physics
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(sterile neutrinos 101)
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Deviations at Near Detector?
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Near Detector

Far Detector

(not to scale)

<latexit sha1_base64="Awm0SQggi7RJZKADHBW45k0my5M=">AAACAHicdVDLSsNAFJ34tr6qLly4GSxC3YSkrU2X4gNciYrVQlPDZDppB2cmYWYilJCNv+LGhSJu/Qx3/o3TWkFFD1w4nHMv994TJowq7Tjv1sTk1PTM7Nx8YWFxaXmluLp2qeJUYtLEMYtlK0SKMCpIU1PNSCuRBPGQkavw5mDoX90SqWgsLvQgIR2OeoJGFCNtpKC4cR5kPk/z68yXHJ4c5uWjwBfpTlAsOXbFcdx6FTp2fbdR9TxDqvWGV6lB13ZGKIExToPim9+NccqJ0Jghpdquk+hOhqSmmJG84KeKJAjfoB5pGyoQJ6qTjR7I4bZRujCKpSmh4Uj9PpEhrtSAh6aTI91Xv72h+JfXTnXU6GRUJKkmAn8uilIGdQyHacAulQRrNjAEYUnNrRD3kURYm8wKJoSvT+H/5LJiu3W7dlYr7e2P45gDm2ALlIELPLAHjsEpaAIMcnAPHsGTdWc9WM/Wy2frhDWeWQc/YL1+AFovlkY=</latexit>

RND
µ (E⌫)

<latexit sha1_base64="UVrr7XBv+YUIdTkYCqaYPyl+F24="></latexit>

RND
e (E⌫) ⌧

<latexit sha1_base64="Awm0SQggi7RJZKADHBW45k0my5M=">AAACAHicdVDLSsNAFJ34tr6qLly4GSxC3YSkrU2X4gNciYrVQlPDZDppB2cmYWYilJCNv+LGhSJu/Qx3/o3TWkFFD1w4nHMv994TJowq7Tjv1sTk1PTM7Nx8YWFxaXmluLp2qeJUYtLEMYtlK0SKMCpIU1PNSCuRBPGQkavw5mDoX90SqWgsLvQgIR2OeoJGFCNtpKC4cR5kPk/z68yXHJ4c5uWjwBfpTlAsOXbFcdx6FTp2fbdR9TxDqvWGV6lB13ZGKIExToPim9+NccqJ0Jghpdquk+hOhqSmmJG84KeKJAjfoB5pGyoQJ6qTjR7I4bZRujCKpSmh4Uj9PpEhrtSAh6aTI91Xv72h+JfXTnXU6GRUJKkmAn8uilIGdQyHacAulQRrNjAEYUnNrRD3kURYm8wKJoSvT+H/5LJiu3W7dlYr7e2P45gDm2ALlIELPLAHjsEpaAIMcnAPHsGTdWc9WM/Wy2frhDWeWQc/YL1+AFovlkY=</latexit>

RND
µ (E⌫)

<latexit sha1_base64="lc5aDmbwUhqMXPgWj3XikbpBCN0="></latexit>

P (⌫µ ! ⌫µ) ⇡ RFD
µ /RND

µ

<latexit sha1_base64="vmj1jqDGWRaEGnq3URKXuxtRxF0="></latexit>

P (⌫µ ! ⌫e) ⇡ RFD
e

<latexit sha1_base64="fPqIsjzVuxgyF0kNNnfeL4ZIubA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxhLuGqEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftErltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpdl76pcqVdK1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AHqDjLw=</latexit>

/
<latexit sha1_base64="uaAp3tmWS5GgzeXch0UrLN8GnSM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZKavnZFXbiSKvYBTSyT6bQdOpOEmUmhhP6JGxeKuPVP3Pk3Th+Cih64cDjnXu69J4gZlcq2P4zMyura+kZ2M7e1vbO7Z+4fNGWUCEwaOGKRaAdIEkZD0lBUMdKOBUE8YKQVjC5mfmtMhKRReKcmMfE5GoS0TzFSWuqa5m039XgyvU89weH15bRr5m3LKZedogttq2S7lUJZk0K1WD2rQsey58iDJepd893rRTjhJFSYISk7jh0rP0VCUczINOclksQIj9CAdDQNESfST+eXT+GJVnqwHwldoYJz9ftEiriUEx7oTo7UUP72ZuJfXidR/Yqf0jBOFAnxYlE/YVBFcBYD7FFBsGITTRAWVN8K8RAJhJUOK6dD+PoU/k+aBcspWe6Nm6+dL+PIgiNwDE6BA8qgBq5AHTQABmPwAJ7As5Eaj8aL8bpozRjLmUPwA8bbJ93Mk9c=</latexit>

RND
µ

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L



Deviations at Near Detector?
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Near Detector

Far Detector

(not to scale)

<latexit sha1_base64="Awm0SQggi7RJZKADHBW45k0my5M=">AAACAHicdVDLSsNAFJ34tr6qLly4GSxC3YSkrU2X4gNciYrVQlPDZDppB2cmYWYilJCNv+LGhSJu/Qx3/o3TWkFFD1w4nHMv994TJowq7Tjv1sTk1PTM7Nx8YWFxaXmluLp2qeJUYtLEMYtlK0SKMCpIU1PNSCuRBPGQkavw5mDoX90SqWgsLvQgIR2OeoJGFCNtpKC4cR5kPk/z68yXHJ4c5uWjwBfpTlAsOXbFcdx6FTp2fbdR9TxDqvWGV6lB13ZGKIExToPim9+NccqJ0Jghpdquk+hOhqSmmJG84KeKJAjfoB5pGyoQJ6qTjR7I4bZRujCKpSmh4Uj9PpEhrtSAh6aTI91Xv72h+JfXTnXU6GRUJKkmAn8uilIGdQyHacAulQRrNjAEYUnNrRD3kURYm8wKJoSvT+H/5LJiu3W7dlYr7e2P45gDm2ALlIELPLAHjsEpaAIMcnAPHsGTdWc9WM/Wy2frhDWeWQc/YL1+AFovlkY=</latexit>

RND
µ (E⌫)

<latexit sha1_base64="UVrr7XBv+YUIdTkYCqaYPyl+F24="></latexit>

RND
e (E⌫) ⌧

<latexit sha1_base64="Awm0SQggi7RJZKADHBW45k0my5M=">AAACAHicdVDLSsNAFJ34tr6qLly4GSxC3YSkrU2X4gNciYrVQlPDZDppB2cmYWYilJCNv+LGhSJu/Qx3/o3TWkFFD1w4nHMv994TJowq7Tjv1sTk1PTM7Nx8YWFxaXmluLp2qeJUYtLEMYtlK0SKMCpIU1PNSCuRBPGQkavw5mDoX90SqWgsLvQgIR2OeoJGFCNtpKC4cR5kPk/z68yXHJ4c5uWjwBfpTlAsOXbFcdx6FTp2fbdR9TxDqvWGV6lB13ZGKIExToPim9+NccqJ0Jghpdquk+hOhqSmmJG84KeKJAjfoB5pGyoQJ6qTjR7I4bZRujCKpSmh4Uj9PpEhrtSAh6aTI91Xv72h+JfXTnXU6GRUJKkmAn8uilIGdQyHacAulQRrNjAEYUnNrRD3kURYm8wKJoSvT+H/5LJiu3W7dlYr7e2P45gDm2ALlIELPLAHjsEpaAIMcnAPHsGTdWc9WM/Wy2frhDWeWQc/YL1+AFovlkY=</latexit>

RND
µ (E⌫)

<latexit sha1_base64="lc5aDmbwUhqMXPgWj3XikbpBCN0="></latexit>

P (⌫µ ! ⌫µ) ⇡ RFD
µ /RND

µ

<latexit sha1_base64="vmj1jqDGWRaEGnq3URKXuxtRxF0="></latexit>

P (⌫µ ! ⌫e) ⇡ RFD
e

<latexit sha1_base64="fPqIsjzVuxgyF0kNNnfeL4ZIubA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxhLuGqEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftErltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpdl76pcqVdK1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AHqDjLw=</latexit>

/
<latexit sha1_base64="uaAp3tmWS5GgzeXch0UrLN8GnSM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZKavnZFXbiSKvYBTSyT6bQdOpOEmUmhhP6JGxeKuPVP3Pk3Th+Cih64cDjnXu69J4gZlcq2P4zMyura+kZ2M7e1vbO7Z+4fNGWUCEwaOGKRaAdIEkZD0lBUMdKOBUE8YKQVjC5mfmtMhKRReKcmMfE5GoS0TzFSWuqa5m039XgyvU89weH15bRr5m3LKZedogttq2S7lUJZk0K1WD2rQsey58iDJepd893rRTjhJFSYISk7jh0rP0VCUczINOclksQIj9CAdDQNESfST+eXT+GJVnqwHwldoYJz9ftEiriUEx7oTo7UUP72ZuJfXidR/Yqf0jBOFAnxYlE/YVBFcBYD7FFBsGITTRAWVN8K8RAJhJUOK6dD+PoU/k+aBcspWe6Nm6+dL+PIgiNwDE6BA8qgBq5AHTQABmPwAJ7As5Eaj8aL8bpozRjLmUPwA8bbJ93Mk9c=</latexit>

RND
µ

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

LFor instance, if this condition is not met? Could 
this be evidence of BSM physics?



Liquid Scintillator Neutrino Detector (LSND)
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Neutrinos (mostly) from pion/muon decay-at-rest — O(30) MeV, roughly 50 meter baseline length.


Observed excess — 
<latexit sha1_base64="IcxcB8i1x7mXbTT8VD+rMszo7ks="></latexit>

87.9± 22.4± 6.0 �! P (⌫µ ! ⌫e) ⇡ 2.6⇥ 10�3

<latexit sha1_base64="8hzrb/xQ5QJeGtPdkmM2DklC9I0=">AAACDXicdVDLSgMxFM3UV62vUZduglVwNczUPqYri25cVrAP6Awlk6ZtaCYzJBmhlP6AG3/FjQtF3Lp359+YaStY0QOBwzn3cnNOEDMqlW1/GpmV1bX1jexmbmt7Z3fP3D9oyigRmDRwxCLRDpAkjHLSUFQx0o4FQWHASCsYXaV+644ISSN+q8Yx8UM04LRPMVJa6ponXqTtdNvjSdcLE+ipCC6J5KJr5m3LLlcKrgttq1RyqqWCJtWqW3TPoWPZM+TBAvWu+eH1IpyEhCvMkJQdx46VP0FCUczINOclksQIj9CAdDTlKCTSn8zSTOGpVnqwHwn9uIIz9efGBIVSjsNAT4ZIDeVvLxX/8jqJ6rv+hPI4UYTj+aF+wqAOnFYDe1QQrNhYE4QF1X+FeIgEwkoXmNMlfCeF/5NmwXLKVvGmmK9dLurIgiNwDM6AAyqgBq5BHTQABvfgETyDF+PBeDJejbf5aMZY7ByCJRjvX6x6nJw=</latexit>

⌫µ ! ⌫e?



MiniBooNE

17

Designed to test the LSND anomaly — very different L, E, but similar L/E

<latexit sha1_base64="12CnfvALxRC0bFyEccyOq6cbais="></latexit>

⌫µ ! ⌫e AND ⌫µ ! ⌫e?

MiniBooNE Collab., [2006.16883]

https://arxiv.org/abs/2006.16883
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<latexit sha1_base64="/z4OKnzOr8DTfxblCzW+Vg4dgO8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexKUI9BL4KXiOYByRpmJ73JkNnZZWZWCEs+wYsHRbz6Rd78GyePgyYWNBRV3XR3BYng2rjut7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI/9xhMqzWP5YIYJ+hHtSR5yRo2V7m8fTzuFoltyJyCLxJuRIsxQ7RS+2t2YpRFKwwTVuuW5ifEzqgxnAkf5dqoxoWxAe9iyVNIItZ9NTh2RY6t0SRgrW9KQifp7IqOR1sMosJ0RNX09743F/7xWasJLP+MySQ1KNl0UpoKYmIz/Jl2ukBkxtIQyxe2thPWposzYdPI2BG/+5UVSPyt556XyXblYuZrFkYNDOIIT8OACKnADVagBgx48wyu8OcJ5cd6dj2nrkjObOYA/cD5/AL9kjXU=</latexit>

K+

<latexit sha1_base64="hfs9T+M0eWo1UPugNlG1yTo65mo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cKpi20sWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eCwoeNUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0O/WbT6g0j+WDGScYRHQgeZ8zaqzkdxL+eN4tld2KOwNZJl5OypCj3i19dXoxSyOUhgmqddtzExNkVBnOBE6KnVRjQtmIDrBtqaQR6iCbHTshp1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBxmXSWpQsvmifiqIicn0c9LjCpkRY0soU9zeStiQKsqMzadoQ/AWX14mjYuKd1mp3lfLtZs8jgIcwwmcgQdXUIM7qIMPDDg8wyu8OdJ5cd6dj3nripPPHMEfOJ8/cgCOdQ==</latexit>

⇡�
<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘

<latexit sha1_base64="VOXoiY6WMuA4gNey8BVN8JLlzWU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdoyOeA==</latexit>

⇡0

Earth

Decay Volume

Neutrino Detector

<latexit sha1_base64="h8M03Gwxx1d10fcw4Q0k3wWdOgc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqulOqx6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVa9erd3XKo2bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3yrjnw=</latexit>

µ+

<latexit sha1_base64="PtjeDH9CQjHbUm38RJXFqxDqBV8=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6atM10W3bisYB/QGUomTdvQJDMkGaEM/Qg3LhRx6/e4829MH4KKHrhwOOde7r0nTjnTBqEPZ219Y3Nru7BT3N3bPzgsHR23dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2okn13O/c0+VZom8M9OURgKPJBsygo2VOqHM+qHI+qUycisIeX4VIte/rFeDwJKqXw8qNei5aIEyWKHZL72Hg4RkgkpDONa656HURDlWhhFOZ8Uw0zTFZIJHtGepxILqKF+cO4PnVhnAYaJsSQMX6veJHAutpyK2nQKbsf7tzcW/vF5mhvUoZzLNDJVkuWiYcWgSOP8dDpiixPCpJZgoZm+FZIwVJsYmVLQhfH0K/yftiuv5bu22Vm5creIogFNwBi6ABwLQADegCVqAgAl4AE/g2UmdR+fFeV22rjmrmRPwA87bJ98Sj/M=</latexit>⌫µ

<latexit sha1_base64="hRAYcPUClPWvLkicJHbnUy8OlVc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcV77JSva+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG74jnM=</latexit>

⇡+

<latexit sha1_base64="/z4OKnzOr8DTfxblCzW+Vg4dgO8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexKUI9BL4KXiOYByRpmJ73JkNnZZWZWCEs+wYsHRbz6Rd78GyePgyYWNBRV3XR3BYng2rjut7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI/9xhMqzWP5YIYJ+hHtSR5yRo2V7m8fTzuFoltyJyCLxJuRIsxQ7RS+2t2YpRFKwwTVuuW5ifEzqgxnAkf5dqoxoWxAe9iyVNIItZ9NTh2RY6t0SRgrW9KQifp7IqOR1sMosJ0RNX09743F/7xWasJLP+MySQ1KNl0UpoKYmIz/Jl2ukBkxtIQyxe2thPWposzYdPI2BG/+5UVSPyt556XyXblYuZrFkYNDOIIT8OACKnADVagBgx48wyu8OcJ5cd6dj2nrkjObOYA/cD5/AL9kjXU=</latexit>

K+

<latexit sha1_base64="VOXoiY6WMuA4gNey8BVN8JLlzWU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdoyOeA==</latexit>

⇡0

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="GlR+J+mRu5UfMrCSwpYineYLg9w=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZLa1mZXdOOygn1AG8pketMOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJYUWjXksuwFRwJmAlmaaQzeRQKKAQyeYXM/9zj1IxWJxp6cJ+BEZCRYySrSRWn2RDmBQLDm2Vy+X3Qp27LLnXnhVQ2oVr+rUsGs7C5TQCs1B8b0/jGkagdCUE6V6rpNoPyNSM8phVuinChJCJ2QEPUMFiUD52eLYGT4zyhCHsTQlNF6o3ycyEik1jQLTGRE9Vr+9ufiX10t1WPczJpJUg6DLRWHKsY7x/HM8ZBKo5lNDCJXM3IrpmEhCtcmnYEL4+hT/T9pl263ZldtKqXG1iiOPTtApOkcuukQNdIOaqIUoYugBPaFnS1iP1ov1umzNWauZY/QD1tsnUqWPDQ==</latexit>⌫e

                of meters
<latexit sha1_base64="qrz6l/iLi1MeivIY0pQeEseab60=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui27cWcE+oAllMp20Q2cmYWYilJCNv+LGhSJu/Qx3/o2TNgttPXDhcM693HtPEDOqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqCiRmLRxxCLZC5AijArS1lQz0oslQTxgpBtMbnK/+0ikopF40NOY+ByNBA0pRtpIA/vI40iPMWLpXVZzHSf1JIcqOxvYVafuzACXiVuQKijQGthf3jDCCSdCY4aU6rtOrP0USU0xI1nFSxSJEZ6gEekbKhAnyk9nD2Tw1ChDGEbSlNBwpv6eSBFXasoD05mfqxa9XPzP6yc6vPJTKuJEE4Hni8KEQR3BPA04pJJgzaaGICypuRXiMZIIa5NZxYTgLr68TDrndfei3rhvVJvXRRxlcAxOQA244BI0wS1ogTbAIAPP4BW8WU/Wi/VufcxbS1Yxcwj+wPr8AZBPlb8=</latexit>

O(100s)

New neutrino physics: modify /  propagation in this regimeνe νμ <latexit sha1_base64="rVeDns2J+eA/T0Im+KbQ9IZcWjg=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GhIdOrMsunFZwT6gHUomzbShmcyQZIQy9CPcuFDErd/jzr8xfQgqeuDC4Zx7ufeeKBNcG4Q+nNLa+sbmVnm7srO7t39QPTxq6zRXlLVoKlLVjYhmgkvWMtwI1s0UI0kkWCeaXM/9zj1TmqfyzkwzFiZkJHnMKTFW6vRFpAhlg2oNucjzcOBD5F76AcKBJXXfwz6G2EUL1MAKzUH1vT9MaZ4waaggWvcwykxYEGU4FWxW6eeaZYROyIj1LJUkYTosFufO4JlVhjBOlS1p4EL9PlGQROtpEtnOhJix/u3Nxb+8Xm7iICy4zHLDJF0uinMBTQrnv8MhV4waMbWEUMXtrZCOiQ3A2IQqNoSvT+H/pH3h4rrr3Xq1xtUqjjI4AafgHGDggwa4AU3QAhRMwAN4As9O5jw6L87rsrXkrGaOwQ84b5+7Oo/b</latexit>

{
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Ta
rg

etProton Beam

Magnetic Focusing Horns

<latexit sha1_base64="/z4OKnzOr8DTfxblCzW+Vg4dgO8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexKUI9BL4KXiOYByRpmJ73JkNnZZWZWCEs+wYsHRbz6Rd78GyePgyYWNBRV3XR3BYng2rjut7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI/9xhMqzWP5YIYJ+hHtSR5yRo2V7m8fTzuFoltyJyCLxJuRIsxQ7RS+2t2YpRFKwwTVuuW5ifEzqgxnAkf5dqoxoWxAe9iyVNIItZ9NTh2RY6t0SRgrW9KQifp7IqOR1sMosJ0RNX09743F/7xWasJLP+MySQ1KNl0UpoKYmIz/Jl2ukBkxtIQyxe2thPWposzYdPI2BG/+5UVSPyt556XyXblYuZrFkYNDOIIT8OACKnADVagBgx48wyu8OcJ5cd6dj2nrkjObOYA/cD5/AL9kjXU=</latexit>

K+

<latexit sha1_base64="hfs9T+M0eWo1UPugNlG1yTo65mo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cKpi20sWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eCwoeNUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0O/WbT6g0j+WDGScYRHQgeZ8zaqzkdxL+eN4tld2KOwNZJl5OypCj3i19dXoxSyOUhgmqddtzExNkVBnOBE6KnVRjQtmIDrBtqaQR6iCbHTshp1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBxmXSWpQsvmifiqIicn0c9LjCpkRY0soU9zeStiQKsqMzadoQ/AWX14mjYuKd1mp3lfLtZs8jgIcwwmcgQdXUIM7qIMPDDg8wyu8OdJ5cd6dj3nripPPHMEfOJ8/cgCOdQ==</latexit>

⇡�
<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘

<latexit sha1_base64="VOXoiY6WMuA4gNey8BVN8JLlzWU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdoyOeA==</latexit>

⇡0

Earth

Decay Volume

Neutrino Detector

<latexit sha1_base64="h8M03Gwxx1d10fcw4Q0k3wWdOgc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqulOqx6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVa9erd3XKo2bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3yrjnw=</latexit>

µ+

<latexit sha1_base64="PtjeDH9CQjHbUm38RJXFqxDqBV8=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6atM10W3bisYB/QGUomTdvQJDMkGaEM/Qg3LhRx6/e4829MH4KKHrhwOOde7r0nTjnTBqEPZ219Y3Nru7BT3N3bPzgsHR23dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2okn13O/c0+VZom8M9OURgKPJBsygo2VOqHM+qHI+qUycisIeX4VIte/rFeDwJKqXw8qNei5aIEyWKHZL72Hg4RkgkpDONa656HURDlWhhFOZ8Uw0zTFZIJHtGepxILqKF+cO4PnVhnAYaJsSQMX6veJHAutpyK2nQKbsf7tzcW/vF5mhvUoZzLNDJVkuWiYcWgSOP8dDpiixPCpJZgoZm+FZIwVJsYmVLQhfH0K/yftiuv5bu22Vm5creIogFNwBi6ABwLQADegCVqAgAl4AE/g2UmdR+fFeV22rjmrmRPwA87bJ98Sj/M=</latexit>⌫µ

<latexit sha1_base64="hRAYcPUClPWvLkicJHbnUy8OlVc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcV77JSva+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG74jnM=</latexit>

⇡+

<latexit sha1_base64="/z4OKnzOr8DTfxblCzW+Vg4dgO8=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexKUI9BL4KXiOYByRpmJ73JkNnZZWZWCEs+wYsHRbz6Rd78GyePgyYWNBRV3XR3BYng2rjut7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI/9xhMqzWP5YIYJ+hHtSR5yRo2V7m8fTzuFoltyJyCLxJuRIsxQ7RS+2t2YpRFKwwTVuuW5ifEzqgxnAkf5dqoxoWxAe9iyVNIItZ9NTh2RY6t0SRgrW9KQifp7IqOR1sMosJ0RNX09743F/7xWasJLP+MySQ1KNl0UpoKYmIz/Jl2ukBkxtIQyxe2thPWposzYdPI2BG/+5UVSPyt556XyXblYuZrFkYNDOIIT8OACKnADVagBgx48wyu8OcJ5cd6dj2nrkjObOYA/cD5/AL9kjXU=</latexit>

K+

<latexit sha1_base64="VOXoiY6WMuA4gNey8BVN8JLlzWU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdoyOeA==</latexit>

⇡0

<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="GlR+J+mRu5UfMrCSwpYineYLg9w=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZLa1mZXdOOygn1AG8pketMOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJYUWjXksuwFRwJmAlmaaQzeRQKKAQyeYXM/9zj1IxWJxp6cJ+BEZCRYySrSRWn2RDmBQLDm2Vy+X3Qp27LLnXnhVQ2oVr+rUsGs7C5TQCs1B8b0/jGkagdCUE6V6rpNoPyNSM8phVuinChJCJ2QEPUMFiUD52eLYGT4zyhCHsTQlNF6o3ycyEik1jQLTGRE9Vr+9ufiX10t1WPczJpJUg6DLRWHKsY7x/HM8ZBKo5lNDCJXM3IrpmEhCtcmnYEL4+hT/T9pl263ZldtKqXG1iiOPTtApOkcuukQNdIOaqIUoYugBPaFnS1iP1ov1umzNWauZY/QD1tsnUqWPDQ==</latexit>⌫e

                of meters
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{
Pαβ ≈ sin2 (2θαβ) sin2 ( Δm2L

4Eν ) New mass scale Δm2 ≫ Δm2
SM
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Fourth-neutrino interpretation

19

MiniBooNE Collab., [2006.16883]

If coming from oscillations, the results from LSND and 
MiniBooNE require a new mass eigenstate around the eV 
scale.


Combined with the observed invisible width of the Z-boson 
(LEP), any additional light neutrino(s) must be sterile — gauge 
singlets.

Is this 3+1 scenario compatible with global data?

https://arxiv.org/abs/2006.16883


Fourth-neutrino interpretation

19

MiniBooNE Collab., [2006.16883]

If coming from oscillations, the results from LSND and 
MiniBooNE require a new mass eigenstate around the eV 
scale.


Combined with the observed invisible width of the Z-boson 
(LEP), any additional light neutrino(s) must be sterile — gauge 
singlets.

Is this 3+1 scenario compatible with global data?
(in loving memory)

https://arxiv.org/abs/2006.16883
https://inspirehep.net/literature/24148


Consequences of Invoking a light (sterile) Neutrino
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Impact at, e.g., NOvA ND
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What do Experiments do with ND Data?

22

Coyle et al [2210.03753], adapted from NOvA [2006.08727]

https://arxiv.org/abs/2210.03753
https://arxiv.org/abs/2006.08727


What if there is underlying new physics in this data?
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Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


Impact on potential discovery? !
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Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


Impact on potential discovery? v2… "
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Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


A second ND “background-swamped” model

26

New particle scalar neutrinophilic
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Broader motivation?

27



10°3 10°2 10°1 1 10 102 103 104 105

Mediator Mass [MeV]

10°11

10°9

10°7

10°5

10°3

10°1

10

M
ed

ia
to

r°
N

eu
tr

in
o

C
ou

pl
in

g

BBN

Double ° beta decay

m± ! `∫¡

Inv. °Z

Dark Matter Target
CMB

Breaking down regions…

28

kt
at

E

Dm

the Esse

HubbleTension



Neutrinophilic Scalars in Neutrino Facilities
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Signal vs. Background Kinematics
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Re-enter Coyle/Li/Machado…

32

Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


Impact of tuning on these searches
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Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


Impact of tuning on these searches

33

Coyle et al [2210.03753]

https://arxiv.org/abs/2210.03753


Backup

34



Novel BSM Production Mechanisms in 
Thick Targets — 
Electromagnetic Production

35

 https://github.com/kjkellyphys/PETITE

https://github.com/kjkellyphys/PETITE


“Nonstandard” BSM Production?
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etProton Beam

Magnetic Focusing Horns
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Every Hadronic/Electromagnetic interaction in the target is a potential for BSM production!
many interactions = many opportunities for production
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The big challenge: kinematics

37

84



The big challenge: kinematics

37

Detector

We are (often) interested in detectors in the ~forward region that have a small solid angle with respect to the incident beam.


Any small effect in directionality of BSM production can have a profound effect.

We want to

(a)Generate sample SM showers, and

(b)Resample those SM vertices to produce BSM states, tracking kinematics precisely.



SM vs. BSM Bremsstrahlung
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e± e±
γ

Z Z

e± e±

V

Z Z

(mV ≈ 30 MeV)

Comparing the two — big issue is kinematical distributions of outgoing particles



Introducing PETITE
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γ

e±

PETITE allows for rapid simulation of EM cascades in thick targets that 
can be processed for determination of BSM flux predictions 

 
Includes SM effects for energy loss, multiple Coulomb scattering, as well 
as hard scattering processes. Compares extremely well against dedicated 

tools (e.g. GEANT-4) and analytic results (Tsai/Whitis ‘66)
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Blinov, Fox, KJK, Machado, Plestid [2401.06843]

 https://github.com/kjkellyphys/PETITE

https://journals.aps.org/pr/abstract/10.1103/PhysRev.149.1248
https://arxiv.org/abs/2401.06843
https://github.com/kjkellyphys/PETITE


Care with Kinematics
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Trying to turn daughter photons into daughter dark photons is tricky 
because of different kinematics. This has a significant impact, especially for 
very forward detectors.

Blinov, Fox, KJK, Machado, Plestid [2401.06843]

https://arxiv.org/abs/2401.06843


Yields from PETITE
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Blinov et al [2401.06843]

https://arxiv.org/abs/2401.06843


Yields from PETITE
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Blinov et al [2401.06843]

Blinov et al [2401.06843]

https://arxiv.org/abs/2401.06843
https://arxiv.org/abs/2401.06843


More intricate BSM Scenarios/
Signatures — 
“dark neutrinos”

42
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Back to our Detector
<latexit sha1_base64="PtjeDH9CQjHbUm38RJXFqxDqBV8=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6atM10W3bisYB/QGUomTdvQJDMkGaEM/Qg3LhRx6/e4829MH4KKHrhwOOde7r0nTjnTBqEPZ219Y3Nru7BT3N3bPzgsHR23dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2okn13O/c0+VZom8M9OURgKPJBsygo2VOqHM+qHI+qUycisIeX4VIte/rFeDwJKqXw8qNei5aIEyWKHZL72Hg4RkgkpDONa656HURDlWhhFOZ8Uw0zTFZIJHtGepxILqKF+cO4PnVhnAYaJsSQMX6veJHAutpyK2nQKbsf7tzcW/vF5mhvUoZzLNDJVkuWiYcWgSOP8dDpiixPCpJZgoZm+FZIwVJsYmVLQhfH0K/yftiuv5bu22Vm5creIogFNwBi6ABwLQADegCVqAgAl4AE/g2UmdR+fFeV22rjmrmRPwA87bJ98Sj/M=</latexit>⌫µ

<latexit sha1_base64="sG5c0l++XU1JzL8xEhnWxnskL6g=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwY0jamnRZdOOygmmFNpbJdNIOnZmEmYlQQr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFWSSUwCnLBE3kZIEUYFCTTVjNymkiAeMdKJxpczv3NPpKKJuNGTlIQcDQWNKUbaSEGPZ3dn/XLFsauO43o16NjeeaPm+4bUvIZfrUPXduaogCVa/fJ7b5DgjBOhMUNKdV0n1WGOpKaYkWmplymSIjxGQ9I1VCBOVJjPj53CE6MMYJxIU0LDufp9IkdcqQmPTCdHeqR+ezPxL6+b6bgR5lSkmSYCLxbFGYM6gbPP4YBKgjWbGIKwpOZWiEdIIqxNPiUTwten8H/SrtquZ9ev65XmxTKOIjgCx+AUuMAHTXAFWiAAGFDwAJ7AsyWsR+vFel20FqzlzCH4AevtE+/pjsw=</latexit>

µ�
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X
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Back to our Detector

Unexpected neutrino-scattering 
can lead to novel signatures in 
the detector. Are we prepared 
to search for these?

“Dark neutrinos” are a possible solution 
to the MiniBooNE low-energy excess 
(since to MiniBooNE, overlapping 
electron pairs look like a single electron)

Bertuzzo et al [1807.09877] 
Ballett et al [1808.02915]
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e+

https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915


How do we simulate such BSM?
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DarkNews Generator
Abdullahi et al [2207.04137]

DarkNews — purpose-built tool for upscattering-type signatures. 

https://github.com/mhostert/DarkNews-generator
https://arxiv.org/abs/2207.04137


How do we simulate such BSM?

44

DarkNews Generator
Abdullahi et al [2207.04137]

DarkNews — purpose-built tool for upscattering-type signatures. 

Abdullahi et al [2308.02543]

Enables dedicated analyses 
of MiniBooNE and future 
explorations for SBN, etc.

https://github.com/mhostert/DarkNews-generator
https://arxiv.org/abs/2207.04137
https://arxiv.org/abs/2308.02543


Isaacson et al [2205.06378]Another approach?

45

(courtesy Will Jay)

Factorizability + Modularity!

Interfaces well with NuHepMC event record format, Gardiner et al [2310.13211]

https://arxiv.org/abs/2205.06378
https://indico.nevis.columbia.edu/event/6/contributions/9/
https://arxiv.org/abs/2310.13211


Isaacson et al [2205.06378]Another approach?

45

(courtesy Will Jay)

Factorizability + Modularity!

Interfaces well with NuHepMC event record format, Gardiner et al [2310.13211]

Complementary model searches with the LHC — Herwig et al [2310.13042]

https://arxiv.org/abs/2205.06378
https://indico.nevis.columbia.edu/event/6/contributions/9/
https://arxiv.org/abs/2310.13211
https://arxiv.org/abs/2310.13042


MicroBooNE Recast: 
Higgs-Portal Scalar  
Heavy Neutral Lepton

⟶

46

[2106.06548] KJK & P.A.N. Machado

Interactive slides: download scripts/code from https://github.com/kjkellyphys/neutrinou_2023

https://arxiv.org/abs/2106.06548
https://github.com/kjkellyphys/neutrinou_2023


MicroBooNE Search for Higgs-Portal Scalars
• Inspired by Batell et al [1909.11670], MicroBooNE sought a BSM signature in 

a particular dataset in 2021:


• These kaons are produced in the NuMI beam line or absorber, and decay 
within the absorber.


• The absorber is 100 m from MicroBooNE — the  must be moderately long-
lived to reach MicroBooNE and decay inside.

S

47

K+ → π+S, S → e+e−

MicroBooNE [2106.00568]

https://arxiv.org/abs/1909.11670
https://arxiv.org/abs/2106.00568
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K+ → π+S, S → e+e−

MicroBooNE [2106.00568]

https://arxiv.org/abs/1909.11670
https://arxiv.org/abs/2106.00568


MicroBooNE Constraint
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MicroBooNE [2106.00568]

https://arxiv.org/abs/2106.00568


Signal Rate from KDAR BSM
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RX = ΦXAdet.P (X → e+e−) ε(mX)

signal rate 

probability of decay happening in detector
signal efficiency

detector areaflux of new particles

ΦX =
NKDARBr (K+ → X)

4πD2 P ≈ Ldet.
γ

Γ (X → e+e−)



Flux Example
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ΦX =
NKDARBr (K+ → X)

4πD2

Scalar Model

HNL Model



How to recast HPS to HNL?
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• Without digging into the weeds, MicroBooNE recorded data and performed 
an analysis looking for  signal events.


• This included a boosted decision tree (BDT) trained on signal and background 
Monte Carlo.


• After cutting on the BDT score, two* candidate events pass, on a background 
expectation of  events.

S → e+e−

1.9 ± 0.8
Goal: as a function of mass, 
determine the HNL model 

parameters that predict the same 
signal rate that MicroBooNE has 

excluded for the Higgs-portal 
scalar model.



Same Rate?
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RX = ΦXAdet.P (X → e+e−) ε(mX)

RN

RS
≈ Br(K → μN)

Br(K → πS)
mNESΓ(N → νe+e−)
mSENΓ(S → e+e−)

ε(mN)
ε(mS)

Given or Calculable
Calculable given  (and 

proportional to that)
|UμN |2

Pretend it’s equal to  for nowε(mS)



HPSRecast.ipynb

53



54

10°12 £ 10°2 3 £ 10°2 4 £ 10°2 6 £ 10°2 2 £ 10°1

mN [GeV]

10°7

10°6

10°5

10°4

10°3

10°2

|U
µ
4|2

"(mN) = "(mS)

PIENU

Michel
electron

KEK
PS191

E
94

9



OK, what about efficiency?
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RX = ΦXAdet.P (X → e+e−) ε(mX)

RN

RS
≈ Br(K → μN)

Br(K → πS)
mNESΓ(N → νe+e−)
mSENΓ(S → e+e−)

ε(mN)
ε(mS)

What goes into signal efficiency?



Training Information from 
MicroBooNE

56

MicroBooNE [2106.00568]

Ansatz: 
(1) dominates the signal efficiency as a 
function of BSM particle mass

https://arxiv.org/abs/2106.00568
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HPS Efficiency

data from MicroBooNE [2106.00568]

https://arxiv.org/abs/2106.00568


RestFrame.py 
LabFrame.py
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Generate  events in the rest-
frame of the decaying HPS/HNL 
 
(depends on RestFrame.py for HNL three-body 
kinematics and vegas for phase-space sampling)

e+e−

Transforms event to the laboratory frame, 
smears events, and performs different 
reconstruction/analyses on the events.
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Truth information Reconstructed information
σθ = 3∘
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Truth information Reconstructed information
σθ = 3∘
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Scalar S →
e +e −

Fermion N → νe +e −



Updated Efficiency for HNLs
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New Constraint on HNLs
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