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• Basics of accelerator neutrino experiments 

• Short-baseline oscillations? 

• Interpreting recent MicroBooNE results 

• Alternative directions — going beyond oscillations.
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Accelerator neutrino experiments
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Near detector Far detector

π, K → μνμ

Standard oscillations, e.g. νμ → νe,τ



M. Hostert

Accelerator neutrino experiments

4

Near detector Far detector

B-fieldB=0

π, K → μνμ

Neutrino fluxes

Standard oscillations, e.g. νμ → νe,τ
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Neutrino fluxes

Standard oscillations, e.g. νμ → νe,τ
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Accelerator neutrino experiments
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Near detector Far detector

B-fieldB=0

π, K → μνμ

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

n
<latexit sha1_base64="9ndxo1W9hC/SOQ7gbsAef3tHOjo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A17uM9A==</latexit>

�++
<latexit sha1_base64="aIeyr7+YNfQ4zw6toSI/5yuH7y4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIsgFMquCnos6sFjBfsB27Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsrq2vlHcLG1t7+zulfcPWkalmrImVULpTkgME1yyJnAQrJNoRuJQsHY4upn67SemDVfyAcYJC2IykDzilICV/O4tE0Aes2p10itX3Jo7A14mXk4qKEejV/7q9hVNYyaBCmKM77kJBBnRwKlgk1I3NSwhdEQGzLdUkpiZIJudPMEnVunjSGlbEvBM/T2RkdiYcRzazpjA0Cx6U/E/z08hugoyLpMUmKTzRVEqMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCmVbAje4svLpHVW885r7v1FpX6dx1FER+gYnSIPXaI6ukMN1EQUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwBsZWQ3A==</latexit>

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

p+
<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

p+
<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

CCQE RES DIS

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

X
<latexit sha1_base64="I/CYL8yVn02Tw3nXWWW3R4eAfng=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtmOM3g==</latexit>

N 0
<latexit sha1_base64="tLOowUGXtS1oZxR87yjCMuiWn/M=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQV7Ae0sWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh9cRvPqHSPJb3ZpSgH9G+5CFn1FipdfvQSRSPsFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfja9d0yOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMnme9LhCZsTIEsoUt7cSNqCKMmMjKtoQvPmXF0njtOKdVdy783L1Ko+jAIdwBCfgwQVU4QZqUAcGAp7hFd6cR+fFeXc+Zq1LTj5zAH/gfP4AAk6P8Q==</latexit>q

<latexit sha1_base64="nxGPQlJsIVZ7SxHmKwMseyKkWCM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3EeM9w==</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

}
<latexit sha1_base64="Jd3B4pbgSdF7SIopAY9TlbYYmUk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1Uvcuqe1+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB582jWk=</latexit>

}
<latexit sha1_base64="Jd3B4pbgSdF7SIopAY9TlbYYmUk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1Uvcuqe1+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB582jWk=</latexit>

p+
<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

Neutrino fluxes Neutrino cross sections

Standard oscillations, e.g. νμ → νe,τ

MiniBooNE Collaboration, 0806.1449

νμ

νμ

νe

νe

MiniBooNE
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Accelerator neutrino experiments

7

Near detector Far detector

B-fieldB=0

π, K → μνμ

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

n
<latexit sha1_base64="9ndxo1W9hC/SOQ7gbsAef3tHOjo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A17uM9A==</latexit>

�++
<latexit sha1_base64="aIeyr7+YNfQ4zw6toSI/5yuH7y4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIsgFMquCnos6sFjBfsB27Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsrq2vlHcLG1t7+zulfcPWkalmrImVULpTkgME1yyJnAQrJNoRuJQsHY4upn67SemDVfyAcYJC2IykDzilICV/O4tE0Aes2p10itX3Jo7A14mXk4qKEejV/7q9hVNYyaBCmKM77kJBBnRwKlgk1I3NSwhdEQGzLdUkpiZIJudPMEnVunjSGlbEvBM/T2RkdiYcRzazpjA0Cx6U/E/z08hugoyLpMUmKTzRVEqMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCmVbAje4svLpHVW885r7v1FpX6dx1FER+gYnSIPXaI6ukMN1EQUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwBsZWQ3A==</latexit>

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

p+
<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

p+
<latexit sha1_base64="F9b6/4eRyt8ip0KODSf3WbHovXo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il++TxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzzint3Ua5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/1fo2T</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

CCQE RES DIS

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

W+
<latexit sha1_base64="8jNtFnMLMEbpwKS3XH8tDPGc2v8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx033w87ZbKbsWdgiwSLydlyFHrlr46vZilEUrDBNW67bmJ8TOqDGcCx8VOqjGhbEj72LZU0gi1n01PHZNjq/RIGCtb0pCp+nsio5HWoyiwnRE1Az3vTcT/vHZqwis/4zJJDUo2WxSmgpiYTP4mPa6QGTGyhDLF7a2EDaiizNh0ijYEb/7lRdI4q3jnFffuoly9zuMowCEcwQl4cAlVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx/PaI16</latexit>

X
<latexit sha1_base64="I/CYL8yVn02Tw3nXWWW3R4eAfng=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtmOM3g==</latexit>

N 0
<latexit sha1_base64="tLOowUGXtS1oZxR87yjCMuiWn/M=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQV7Ae0sWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh9cRvPqHSPJb3ZpSgH9G+5CFn1FipdfvQSRSPsFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfja9d0yOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMnme9LhCZsTIEsoUt7cSNqCKMmMjKtoQvPmXF0njtOKdVdy783L1Ko+jAIdwBCfgwQVU4QZqUAcGAp7hFd6cR+fFeXc+Zq1LTj5zAH/gfP4AAk6P8Q==</latexit>q

<latexit sha1_base64="nxGPQlJsIVZ7SxHmKwMseyKkWCM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3EeM9w==</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

⌫↵
<latexit sha1_base64="nFbKL/ilV/zEBbQj5ZqVJWKVIOg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3zuvu3UWtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHn62Q4A==</latexit>

`↵
<latexit sha1_base64="Zr1TKLULfvoCWcRL/bBIITknD5E=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6x7D1e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fULSRRA==</latexit>

}
<latexit sha1_base64="Jd3B4pbgSdF7SIopAY9TlbYYmUk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1Uvcuqe1+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB582jWk=</latexit>

}
<latexit sha1_base64="Jd3B4pbgSdF7SIopAY9TlbYYmUk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1Uvcuqe1+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB582jWk=</latexit>

p+
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NuSTEC White Paper 
1706.03621

Neutrino-nucleus scatteringNeutrino fluxes Neutrino cross sections

Standard oscillations, e.g. νμ → νe,τ

νμ

νμ

νe

νe

MiniBooNE Collaboration, 0806.1449

Exclusive final states  (  etc)  
not necessarily from underlying “hard process”

1e 1π, π0p+,
MiniBooNE
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Accelerator neutrino experiments
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Near detector Far detector

π, K → μνμ

Standard oscillations, e.g. νμ → νe,τ

Can develop due to a light mostly-sterile neutrino:   

Short-baseline: search for oscillations that develop 
 before atmospheric and solar frequencies.

L
E

∼ 100m
100MeV

Δm2
41 ∼ $(1)eV2
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Accelerator neutrino experiments

9

Near detector Far detector

π, K → μνμ

Standard oscillations, e.g. νμ → νe,τ

Can develop due to a light mostly-sterile neutrino:   

Short-baseline: search for oscillations that develop 
 before atmospheric and solar frequencies.

L
E

∼ 100m
100MeV

Effectively a 2-neutrino oscillation system:

1 − sin22θμμsin2Δ

1 − sin22θeesin2Δ

sin22θeμsin2Δ

Pνμ→νμ

Pνe→νe

Pνμ→νe

1 − 4 |Uμ4 |2 (1 − |Uμ4 |2 )sin2Δ

1 − 4 |Ue4 |2 (1 − |Ue4 |2 )sin2Δ

4 |Ue4 |2 |Uμ4 |2 sin2Δ

=

=

=

=

=

=

Δ ≡ 1.27 Δm2[eV2]L[m]
E[MeV]

Δm2
41 ∼ $(1)eV2
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The Short-Baseline Puzzle
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LSND & KARMEN
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Inverse-Beta-decay detection

oscillation?

DAR sourceπ
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LSND & KARMEN
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LSND: 1993 - 1998
Phys.Rev.D 64 (2001) 112007

1) 800 MeV proton beam, 1.8e23 POT. 
2) π DAR and DIF:12º nu/p beam angle. 
3)  contamination: 
4) Baseline of 30 m 
5) ~167 tonnes of liquid scintillator 
6) 8.3 m long detector.

π−

Excess:  events 
 significance

87.9 ± 22.4 ± 6
3.8σ

Inverse-Beta-decay detection

DAR sourceπ

Lauren Yates
oscillation?
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LSND & KARMEN
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LSND: 1993 - 1998 KARMEN: 1990 - 2001

1) 800 MeV proton beam, 6e22 POT. 
2)  mostly DAR. Detector 90º from p beam. 
3)  contamination: 
4) Baseline of 17.7 m 
5) ~57 tonnes of liquid scintillator 
6) 3.5 m long detector.

π
π−

No excess observed, 
but could not exclude LSND results.

Phys.Rev.D 64 (2001) 112007 Phys.Rev.D 65 (2002) 112001

1) 800 MeV proton beam, 1.8e23 POT. 
2) π DAR and DIF:12º nu/p beam angle. 
3)  contamination: 
4) Baseline of 30 m 
5) ~167 tonnes of liquid scintillator 
6) 8.3 m long detector.

π−

Excess:  events 
 significance

87.9 ± 22.4 ± 6
3.8σ

More data was needed

Inverse-Beta-decay detection

DAR sourceπ

Lauren Yates
oscillation?
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The MiniBooNE excess
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

M. Ross-Lonergan

Unable to differentiate:
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The MiniBooNE excess
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

M. Ross-Lonergan

Unable to differentiate: Signal

Sideband

MiniBooNE coll., arXiv:2201.01724

MiniBooNE coll., arXiv:2201.01724

νμ
sideband

νe signal

 
 

 significance

638 ± 52(stat.) ± 122.2(sys.)

4.8σ

http://www.apple.com
http://www.apple.com
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The MiniBooNE excess
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Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

M. Ross-Lonergan

Unable to differentiate:

 
 

 significance

638 ± 52(stat.) ± 122.2(sys.)

4.8σ

Signal

Best-fit oscillation: , with 

Bkg only fit:           , with 

χ2/ndf = 21.7/15.5 pval = 12.3 %

χ2/ndf = 50.7/17.3 pval = 0.01 %

Sideband

MiniBooNE coll., arXiv:2201.01724

MiniBooNE coll., arXiv:2201.01724

νμ
sideband

νe signal

sin2 2θeμ = 4 |Ue4 |2 |Uμ4 |2

http://www.apple.com
http://www.apple.com
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1) Significance increases when restricting 
to smaller fiducial volume  

2) Excess overlaps w/ beam time

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020

Data-driven background estimates
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Data-driven background estimates
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1) Significance increases when restricting 
to smaller fiducial volume  

2) Excess overlaps w/ beam time

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020

We find that not even a combination of uncertainties in different channels adding up 
unfavorably (an “Altarelli cocktail”) appears to be sufficient to resolve the MiniBooNE 
anomaly. Varying the radiative branching ratios of the ∆(1232) and N(1440) resonances 
by ±2σ, however, reduces its significance from 4σ to less than 3σ.

arxiv:2109.08157

https://arxiv.org/pdf/2109.08157.pdf
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Is there enough evidence for a sterile neutrino?
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A  appearance oscillation implies 

 and  disappearance.

νμ → νe

νe νμ
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Is there enough evidence for a sterile neutrino?
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P. Machado - Neutrino 2020

 disappearanceνμ
A  appearance oscillation implies 

 and  disappearance.

νμ → νe

νe νμ

No  disappearance is observed,νμ

 disappearanceνe

Reactors and gallium experiments have been  
seeing (different) deficits in neutrino flux.  

 
No single experiment gives conclusive evidence. 

 
Inconclusive.

Latest global-fit by J. M. Berryman et al, arXiv:2111.12530
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No  disappearance is observed,νμ

Is there enough evidence for a sterile neutrino?
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P. Machado - Neutrino 2020

 disappearanceνμ
A  appearance oscillation implies 

 and  disappearance.

νμ → νe

νe νμ

 disappearanceνe

Reactors and gallium experiments have been  
seeing (different) deficits in neutrino flux.  

 
No single experiment gives conclusive evidence. 

 
Inconclusive.

Latest global-fit by J. M. Berryman et al, arXiv:2111.12530

 
(1) 

 
Huge progress.  

 
MiniBooNE and LSND stand  

as the most sensitive appearance 
experiments to date.

PS191 (2) 
 

Still no coherent picture. 

Light sterile neutrinos do not fit the global data well 

They are also a major issue for cosmology… 
 

Clearly, something more complicated may be happening. 

νs
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Latest results from MicroBooNE

MiniBooNE
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MicroBooNE
Disentangling the final states behind the low-energy excess

MicroBooNE is able to differentiate between electrons and photons:

I) vertex-shower separation ii) dE/dx at the beginning of the shower

1γ1p

2γ1p

1e1p

Liquid-Argon Time-Projection-Chamber (TPC) 

3D images of charged particles produced in neutrino interactions
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Single-photon search
(1232) radiative decayΔ

Conclusion: 

 radiative constrained as an 
explanation of MiniBooNE: 

 
 

,     

Other single-photon interpretations still untested: 

• coherent photons 
• new particles decaying to single photons

Δ(1232)

xΔ = ℬeff(Δ → γN)
ℬ(Δ → γN) xΔ < 2.3(90%CL)

1γ1p 1γ0p
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Electron-neutrino searches at MicroBooNE

νe e−

Instead of an oscillation search, MicroBooNE performed a dedicated search for what they call: 
 

the electron low-energy-excess signal model, a.k.a. 

the eLEE template 
 

What does it mean?
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Electron-neutrino searches at MicroBooNE
The eLEE template

MiniBooNE  
(non-  backgrounds subtracted)νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

Energy dependent modification 
to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

MicroBooNE 
selection

Use unfolded eLEE template 
to predict the event rate in a 
given MicroBooNE analysis.Energy dependent modification 

to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
The eLEE template

MICROBOONE-NOTE-1043-PUB

MiniBooNE  
(non-  backgrounds subtracted)νe

Unfold

MiniBooNE  
Unfolded, true spectrum

MicroBooNE 
selection

Use unfolded eLEE template 
to predict the event rate in a 
given MicroBooNE analysis.

…

… analysis 3

… analysis 1

Analysis 2

Energy dependent modification 
to the intrinsic  rate. νe

“Unfold” detector resolution, 
selection cuts, and efficiencies  

into a true  spectrum.νe

eLEE template 
 

Central value of  

(data)  - (background)i i
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Electron-neutrino searches at MicroBooNE
MicroBooNE’s three-prong approach

νe e−
e−

Ar

νe

X
(except )π

e−

Ar X

νe

Different reconstruction algorithms and focus on different event classes

CCQE:  
(Deep-Learning )

1e1p Pion-less:  (except ) 
(Pandora-based)

1e1X π Fully inclusive:  
(Wire-Cell)

1e1X
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Electron-neutrino searches at MicroBooNE
MicroBooNE’s three-prong approach

1e0p0π1eNp0π

νe e−
e−

Ar

νe

X
(except )π

e−

Ar X

νe

CCQE:  
(Deep-Learning )

1e1p Pion-less:  (except ) 
(Pandora-based)

1e1X π Fully inclusive:  
(Wire-Cell)

1e1X

Different reconstruction algorithms and focus on different event classes
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Electron-neutrino searches at MicroBooNE
The technical conclusion

“… MicroBooNE rejects the hypothesis that CC interactions are fully responsible for that excess 
at > 97% CL for both exclusive (1e1p CCQE, 1eNp0π) and inclusive (1eX) event classes.”

νe
No excess observed 

 
+ slight deficit of events.

For instance, in the Inclusive analysis:

From MicroBooNE coll., arXiv:2110.14054
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Electron-neutrino searches at MicroBooNE

Headlines: But several questions remain: 
 
 

1. How about MiniBooNE systematics? 

2. What are the limits on sterile neutrinos? 

3. Are all explanations disfavored? 
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Q1 

 
How about MiniBooNE systematics?
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
New templates

By how much can we deviate from the central 
value of the eLEE? 

eFEE (flat-energy excess)  pval = 10%

eELEE (“even-lower-energy” excess) pval = 10%

What we call “the MiniBooNE excess” is very dependent  
on the background systematic uncertainties 

eLEE (nominal energy excess)
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By how much can we deviate from the central 
value of the eLEE? 

Interpreting the MicroBooNE results in light of MiniBooNE systematics
New templates

Unfold

What we call “the MiniBooNE excess” is very dependent  
on the background systematic uncertainties 

eFEE (flat-energy excess)  pval = 10%

eLEE (nominal energy excess)

eELEE (“even-lower-energy” excess) pval = 10%
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

Our new approach: 
 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2
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Interpreting the MicroBooNE results in light of MiniBooNE systematics
Generalizing the template analysis

1) Vary the normalization of 4 classes of MiniBooNE backgrounds, 
2) Compute the MiniBooNE p-value,  
3) Compute the MicroBooNE prediction with unfolding method, 

4) Compute the  of the new template at MicroBooNEχ2

Our new approach: 
 
Using a toy MCMC we generalize the MicroBooNE 
analysis to include systematic uncertainties:

Δχ2 = 16

Δχ2 = 9

Δχ2 = 4

Δχ2 = 1

Nominal
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Q2 
 

What are the limits on sterile neutrinos? 
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Sterile neutrinos at MicroBooNE
Fixed-background approach

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

Full data 
release 

available

Only spectra 
and 

covariances 
available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

Full data 
release 

available

Only spectra 
and 

covariances 
available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach

Using MicroBooNE data releases: 
 

(Inclusive* and CCQE) 
 

 we perform an oscillation analysis 
to derive the limits on sterile neutrinos.  

νμ → νe

Oscillation search for appearance only:
Oscillation 

Sensitivity vs limit

Inclusive 
Energies   
Backgrounds.  
Statistics  
Intrinsics  

CCQE 
Energies   
Backgrounds  
Statistics  
Intrinsics 

Full data 
release 

available

Only spectra 
and 

covariances 
available*

* efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE
Fixed-background approach

A lot of samples were used to derive  
the final  spectrum. 

 
 

A consistent oscillation model can modify all 
of these samples due to disappearance: 

 

νe

νμ → νs

νe → νs
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Sterile neutrinos at MicroBooNE
Oscillated-background approach

νμ → νe

Fully consistent oscillation search:

Backgrounds are “oscillated”.

νe → νe

νμ → νμ

A sterile neutrino interpretation of the  
MiniBooNE anomaly is still allowed 

by MicroBooNE data at   3σ
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Sterile neutrinos at MicroBooNE
“Joint fit” of MiniBooNE and MicroBooNE MiniBooNE coll., arXiv:2201.01724

A “joint fit” performed by MiniBooNE collaboration,  
using MicroBooNE’s CCQE data (the less sensitive one). 

Suggests that MicroBooNE’s data does not have a big impact  
on the MiniBooNE regions of preference.

No correlations included.  
This is important (same beam, “similar” cross sections).

To properly assess the impact of MicroBooNE on 
steriles, we need a “joint fit” w/ 

MicroBooNE + MiniBooNE data.
MiniBooNE coll., arXiv:2201.01724

http://www.apple.com
http://arxiv.org/abs/2201.01724
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Sterile neutrinos at MicroBooNE
Oscillated-background approach

In our full oscillation analysis, we can check this statement explicitly.

P. Denton, arXiv:2111.05793

Can the deficit of  events at MicroBooNE 
be interpreted as evidence for  disappearance?

νe
νe

P. Denton, arXiv:2111.05793
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Sterile neutrinos at MicroBooNE
Oscillated-background approach

P. Denton, arXiv:2111.05793

Our best-fit point is 

, 
,  

  

with a significance of .

Δm2
41 = 1.38eV2

sin22θee = 0.2
sin22θμμ = 0

0.95σ

Can the deficit of  events at MicroBooNE 
be interpreted as evidence for  disappearance?

νe
νe

Argüelles et al, arXiv:2111.10359

P. Denton, arXiv:2111.05793

In our full oscillation analysis, we can check this statement explicitly.

We conclude that our results are consistent  
with no  disappearance.νe

The discrepancy with P. Denton may arise from: 

i) Including all “side-band” samples and their correlations 
ii) Implementing detector smearing consistently

https://arxiv.org/abs/2111.10359
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Q3 

Are all explanations disfavored? 
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Dark neutrino sectors 
Heavy neutrinos interacting via the dark photon

Neutrinos up-scatter into HNL,  
which promptly decays via

Z 0

Z 0

e+
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e�
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⌫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/

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>

E. Bertuzzo et al., PRL121.241801
P. Ballett et al, PRD 99.071701, and others.

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

https://arxiv.org/abs/2007.11813


M. Hostert

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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Dark neutrino sectors 
Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

N5 → N4e+e−

N4 → ν(Z′ → e+e−)

N4 → νe+e−

Upcoming: dedicated MC generator for new physics  
  in neutrino-nucleus scattering

E. Bertuzzo et al., PRL121.241801
P. Ballett et al, PRD 99.071701, and others.



M. Hostert

MicroBooNE searches for e+e-
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Currently investigating these signatures in LAr together with microBooNE single-photon group.

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>

⌫↵

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>

⌫⌧
<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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The MiniBooNE “electron-like” excess remains unexplained.

Thank you!

While a significant result, MicroBooNE still does not rule out most explanations to the MiniBooNE excess 
(including  oscillations).νμ → νe

Other models still untested, 
including e+e- pairs, single (coherent) photons, and other  models.νe

For the first time, MicroBooNE has shed light on the origin of the excess in a LArTPC.

Conclusions


