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Mini summary: non-resonant thermal 
leptogenesis can explain BAU using only 

low scale phases at M1~106 GeV
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Leptogenesis

Intermediate Scale 
Leptogenesis

arXiv:1804.05066
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Leptogenesis via low 
energy CPV

 arXiv:1809.08251
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Flavour Effects

T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

T ⇠ 1011GeV
<latexit sha1_base64="2dxBy0qahmPFAjb8dMxU+Ighuw0=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMFPQY9KDHCNkgM4aeTiVp0rPQXSOGYS7+ihcPinj1M7z5N3aWgyY+KHi8V0VVPT+WQqNtf1tLyyura+u5jfzm1vbObmFvv6GjRHGo80hGquUzDVKEUEeBElqxAhb4Epr+8HrsNx9AaRGFNRzF4AWsH4qe4AyN1Ckc1lwtAse+Tx0noy7CI6Y30Mg6haJdsiegi8SZkSKZodopfLndiCcBhMgl07rt2DF6KVMouIQs7yYaYsaHrA9tQ0MWgPbSyQMZPTFKl/YiZSpEOlF/T6Qs0HoU+KYzYDjQ895Y/M9rJ9i79FIRxglCyKeLeomkGNFxGrQrFHCUI0MYV8LcSvmAKcbRZJY3ITjzLy+SRrnknJXKd+fFytUsjhw5IsfklDjkglTILamSOuEkI8/klbxZT9aL9W59TFuXrNnMAfkD6/MHxQyV4g==</latexit>

T ⇠ 109GeV
<latexit sha1_base64="o8Ln+8cEUenO4+oX4DVU1Ljeba0=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5iJgnoLetBjhGyQGUNPp5I06VnorhHDmIO/4sWDIl79DW/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympmLbu+sbm1ndvZrekoURyqPJKRavhMgxQhVFGghEasgAW+hLrfvxr59XtQWkRhBQcxeAHrhqIjOEMjtXL7FVeLwLHv0oshdREeML2G2rCVy9sFeww6T5wpyZMpyq3cl9uOeBJAiFwyrZuOHaOXMoWCSxhm3URDzHifdaFpaMgC0F46vn9Ij4zSpp1ImQqRjtXfEykLtB4EvukMGPb0rDcS//OaCXbOvVSEcYIQ8smiTiIpRnQUBm0LBRzlwBDGlTC3Ut5jinE0kWVNCM7sy/OkViw4J4Xi7Wm+dDmNI0MOyCE5Jg45IyVyQ8qkSjh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MHXGuVrw==</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="uqTPDhK4W1og8aDlTdlkVcyapT8="></latexit>

�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="r2+0zutriUjS9D9tBbpC0YkszAI=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswm4UtJKghSkj5AXZNdydTJIhM7vLzKwQlnyBjb9iY6GIrbWdf+Mk2UITDwwczrmXO+cEMWdKO863tbK6tr6xmdvKb+/s7u3bB4dNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqhULArrehxTX8AgZH1GQBupaxe9WxACuqmnIZlgL5ZRrCM8vC9nUh1f4WrXLjglZwa8TNyMFFCGWtf+8noRSQQNNeGgVMd1Yu2nIDUjnE7yXqJoDGQEA9oxNARBlZ/O4kxw0Sg93I+keaHGM/X3RgpCqbEIzKQAPVSL3lT8z+skun/ppyyME01DMj/UTzg2gafd4B6TlGg+NgSIZOavmAxBAtGmwbwpwV2MvEya5ZJ7VirfnRcq11kdOXSMTtApctEFqqAqqqEGIugRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w9owpus</latexit>

�⌧ / h
2
µT > H

<latexit sha1_base64="pCT2vlC3TDPyaMe5X5GAs1HGK0I=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYTcKWknQwpQR8oLsGu5OJsmQmd1lZlYIS37Axl+xsVDE1t7Ov3GSbKGJBwYO59zLnXOCmDOlHefbWlpeWV1bz23kN7e2d3btvf2GihJJaJ1EPJKtABTlLKR1zTSnrVhSEAGnzWB4M/GbD1QqFoU1PYqpL6Afsh4joI3UsY+9WxACOqmnIRljL5ZRrCM8uC8ZSSTjGr7ClY5dcIrOFHiRuBkpoAzVjv3ldSOSCBpqwkGptuvE2k9BakY4Hee9RNEYyBD6tG1oCIIqP52mGeMTo3RxL5LmhRpP1d8bKQilRiIwkwL0QM17E/E/r53o3qWfsjBONA3J7FAv4djknVSDu0xSovnIECCSmb9iMgAJRJsC86YEdz7yImmUiu5ZsXR3XihfZ3Xk0CE6QqfIRReojCqoiuqIoEf0jF7Rm/VkvVjv1sdsdMnKdg7QH1ifP5fUmzo=</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`2
<latexit sha1_base64="sgIaJCHQ/bxGzmRkqpqkfg+rpLE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/aw27ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83vnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzJ4nA66QGTGxhDLF7a2EjaiizNiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/+04/w</latexit>

`2
<latexit sha1_base64="cw1NkgLU8eC58vmS4xBLT2fmDqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTKdtEMnM2FmIoQQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTBhV2nG+rbX1jc2t7dpOfXdv/+DQPjruK5FKTHpYMCGHIVKEUU56mmpGhokkKA4ZGYSz29IfPBKpqOAPOkuIH6MJpxHFSBspsBueMHaZzj3CWJC3iyKwm07LmQOuErciTVChG9hf3ljgNCZcY4aUGrlOov0cSU0xI0XdSxVJEJ6hCRkZylFMlJ/Pjy/gmVHGMBLSPK7hXP2dyFGsVBaHZjJGeqqWvVL8zxulOrr2c8qTVBOOF4uilEEtYNkEHFNJsGaZIQhLam6FeIokwtr0VTcluMtfXiX9dsu9aLXvL5udm6qOGjgBp+AcuOAKdMAd6IIewCADz+AVvFlP1ov1bn0sRtesKtMAf2B9/gBxNZVH</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`µ
<latexit sha1_base64="hZ6WPmuXrIgOlFa2/YQZoBN9ZyM=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRV0GXRjcsK9gFNCJPppB06jzAzEUoo+CtuXCji1u9w5984abPQ1gMDh3Pu4d45ccqoNp737aysrq1vbFa2qts7u3v77sFhR8tMYdLGkknVi5EmjArSNtQw0ksVQTxmpBuPbwu/+0iUplI8mElKQo6GgiYUI2OlyD0OpLWLdB4QxqI84Nl0Grk1r+7NAJeJX5IaKNGK3K9gIHHGiTCYIa37vpeaMEfKUMzItBpkmqQIj9GQ9C0ViBMd5rPzp/DMKgOYSGWfMHCm/k7kiGs94bGd5MiM9KJXiP95/cwk12FORZoZIvB8UZIxaCQsuoADqgg2bGIJworaWyEeIYWwsY1VbQn+4peXSadR9y/qjfvLWvOmrKMCTsApOAc+uAJNcAdaoA0wyMEzeAVvzpPz4rw7H/PRFafMHIE/cD5/AGJslmc=</latexit>

`e
<latexit sha1_base64="b7n1vgBEX8Y6omX2NeJr2HW8pL0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTK9aYdOHsxMhBDir7hxoYhbP8Sdf+OkzUJbDwwczrmHe+f4CWdSWda3sba+sbm1Xdup7+7tHxyaR8d9GaeCQo/GPBZDn0jgLIKeYorDMBFAQp/DwJ/dlv7gEYRkcfSgsgTckEwiFjBKlJY8s+HE2i7TuQOcezkUhWc2rZY1B14ldkWaqELXM7+ccUzTECJFOZFyZFuJcnMiFKMcirqTSkgInZEJjDSNSAjSzefHF/hMK2McxEK/SOG5+juRk1DKLPT1ZEjUVC57pfifN0pVcO3mLEpSBRFdLApSjlWMyybwmAmgimeaECqYvhXTKRGEKt1XXZdgL395lfTbLfui1b6/bHZuqjpq6ASdonNkoyvUQXeoi3qIogw9o1f0ZjwZL8a78bEYXTOqTAP9gfH5A77nlXo=</latexit>

`e
<latexit sha1_base64="lSxKElUmZJCav+fQMiOdfpOhy+8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/Qyn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m9U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2fNkwBUyIyaWUKa4vZWwEVWUGRtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QNMYZAj</latexit>

`µ
<latexit sha1_base64="Oh0vSQDbq2i82pw0Vs01CtSbuNo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy203bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3n1BpHssHM0kwiOhQ8gFn1Fjp0UchepkfpdNeueJW3TnIKvFyUoEcjV75y+/HLI1QGiao1l3PTUyQUWU4Ezgt+anGhLIxHWLXUkkj1EE2v3hKzqzSJ4NY2ZKGzNXfExmNtJ5Eoe2MqBnpZW8m/ud1UzO4DjIuk9SgZItFg1QQE5PZ+6TPFTIjJpZQpri9lbARVZQZG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmMJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOYekRA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

SM Yukawa couplings

!15

ULYSSES: Universal Leptogenesis Equation Solver

Holger Schulz
Kristian Moffat
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Traditional NSI

Motivation: NSI-NC

I NSI-NC modify the forward -coherent scattering in regions with matter

I The matter potential can be generalized

Vmat =
p
2GFNe(x)

0

@
1 + ✏ee ✏eµ ✏e⌧

✏
⇤
eµ ✏µµ ✏⌧µ

✏
⇤
e⌧ ✏

⇤
µ⌧ ✏⌧⌧

1

A

✏↵�(x) =
X

f=e,u,d

Nf (x)
Ne(x)

(✏f,L↵� + ✏
f,R
↵� )

5 / 38

Results from the global analysis
The results rely on the complementarity and synergies between the di↵erent
data sets.

★
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Combined analysis of oscillation and COHERENT

I Non-diagonal couplings are also reduced.
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Probing new physics
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Mass and flavor

Neutrino masses in the Zee Model

Yukawa coupling matrices:

f =

0

@
0 feµ fe⌧

�feµ 0 fµ⌧

�fe⌧ �fµ⌧ 0

1

A , y =

0

@
yee yeµ ye⌧

yµe yµµ yµ⌧

y⌧e y⌧µ y⌧⌧

1

A

Neutrino masses:
hH

0
1i

H
+
2⌘

+

⌫i lk l
c
k

⌫j

M⌫ =  (fMly
T + yMlf

T)

 =
1

16⇡2 sin 2' log
m

2
h+

m
2
H+

A. Thapa (OSU) NSI 05/2019 14 / 44

Consistency with Neutrino Oscillation Data

y =

0

@
yee 0 ye⌧

0 yµµ yµ⌧

0 0 y⌧⌧

1

A

With the choice of parameters:
feµ

fµ⌧
= 4.55,

fe⌧

fµ⌧
= 1.79,

ye⌧

yee

= �0.049,

yµµ

yee

= 0.99,
yµ⌧

yee

= 0.046
y⌧⌧

yee

= 0.21

Parameters 3� range Benchmark
Points

�m
2
21(10�5) 6.79 - 8.01 6.95

�m
2
23(10�3) 2.412 - 2.611 2.44

sin2 ✓12 0.275 - 0.350 0.323
sin2 ✓23 0.423 - 0.629 0.581
sin2 ✓13 0.02068 - 0.02463 0.0208

A. Thapa (OSU) NSI 05/2019 17 / 44

Zee Model

Gauge symmetry is same as Standard Model

Zee Model has a second Higgs doublet H2 and a charged weak singlet
⌘+ scalars

H1 =

0

@
H

+
1

1
p

2
(v + H

0
1 + iG

0)

1

A , H2 =

0

@
H

+
2

1
p

2
(H0

2 + iA)

1

A

The Yukawa lagrangian reads:

LY = f
ab( i

aL
C j

bL
) ✏ij ⌘

+ +  
L
ỹH1eR +  

L
yH2eR + h.c.

V = µH
i

1H
j

2⌘
� + h.c.+ ....

Mixing between ⌘+ and H
+
2 :

 
M

2
2 �µv/

p

2
�µv/

p

2 M
2
3

!
, sin 2' =

p
2vµ

m
2
h+

� m
2
H+

A. Thapa (OSU) NSI 05/2019 13 / 44NSI in Zee Model

The singly-charged scalars ⌘+ and H
+
2 induce NSI at tree level:

l↵R
⌫�L

⌫�L l⇢R

H
+
2

⌫↵L
l�R

l�R ⌫⇢L

H
+
2

⌘
+

H
+
2

⇠
cos2 '

m
2
H+

y↵�y
⇤
�⇢ ⇠

sin2 '

m
2
h+

y↵�y
⇤
⇢�

⌫�L l↵L

⌫�L l⇢L

⌘
+

⌫↵L
l�L

⌫⇢L l�L

⌘
+

H
+
2

⌘
+

⇠
cos2 '

m
2
H+

f↵� f
⇤
�⇢ ⇠

sin2 '

m
2
h+

f↵� f
⇤
⇢�
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NSI in Zee Model

The singly-charged scalars ⌘+ and H
+
2 induce NSI at tree level:

l↵R
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Constraints on Light Charged Scalar

The lowest charged higgs allowed is 82 GeV with yee = 0.

A. Thapa (OSU) NSI 05/2019 25 / 44

Contd.

"m

⌧⌧ = �
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2
sin2 '

|y⌧e|
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"max
⌧⌧ ⇡ 150%

A. Thapa (OSU) NSI 05/2019 36 / 44

NSI in Zee Model

The singly-charged scalars ⌘+ and H
+
2 induce NSI at tree level:
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⌫�L
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+
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l�R ⌫⇢L

H
+
2

⌘
+

H
+
2

⇠
cos2 '

m
2
H+

y↵�y
⇤
�⇢ ⇠

sin2 '

m
2
h+

y↵�y
⇤
⇢�

⌫�L l↵L

⌫�L l⇢L

⌘
+

⌫↵L
l�L

⌫⇢L l�L

⌘
+

H
+
2

⌘
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2
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Traditional NSI
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Traditional NSI

Degeneracies
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Traditional NSI

Event spectrum at DUNE for different tunes
⌫µ ! ⌫e

Better ability to separate black curve from cyan band

Falling flux kills the large asymmetry at large E
|"eµ| = 0.04, |"e⌧ | = 0.04, "ee = 0.4

28

M. Masud, M. Bishai and P. Mehta, Scientific Reports (2019).

III. Can we separate new physics 
scenarios from the standard ?


Idea - Define a “theoretical metric” and 
“use feasible experimental handles”

26

M. Masud, M. Bishai and P. Mehta, Scientific Reports (2019).

IV. Correlations and degeneracies of NSI 
parameters with high energy beam 
tunes… 


M. Masud, Samiran Roy and P. Mehta, 1812.10290 [hep-ph]

32

Fraction for SI/NSI separation

LE only case - the separability 
between SI and NSI is less!

The combination of LE with ME/HE helps !

30

M. Masud, M. Bishai and P. Mehta, Scientific Reports (2019).
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Traditional NSI

13

Icecube Energy Range Medium Energy, Used for Steriles

JHEP 1701 (2017) 141 JS, O. Mena, S. Palomares-Ruiz, N. Rius

�0.012 �0.006 0.000 0.006 0.012

�µ�

�0.12

�0.06

0.00

0.06

0.12

0.18
��

10-year forecast
Fixed systematics
1-year data Some uncertanties

I fi/K ratio
I Normalization
I Spectral Tilt
I Primordial CR and

Hadronic Models
I DOM e�
I Ice Properties

6

IceCube Discovery

I More that 5‡ evidence.
I Consistent with the other

limits.
I We have 82 neutrinos

from few 100GeV to few
PeV

I Still a lot of questions

First Publication: Evidence for High-Energy Extraterrestrial Neutrinos at the IceCube Detector

Science 342 (2013) 1242856

21

NSI or not NSI

Heavy but still kinematically allowed sterile neutrinos look like
NSI
I Careful with blindly doing the full energy range study!

=∆

Ca
rp

et
NS

I h
in

t

NS
I e

xc
lus

ion

I May be we should look there!

15

IceCube Energy Range: The highest energy

Astropart.Phys. 84 (2016) 15-22 M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, N. Song
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Regions in the flavor triangle
with NSI
I The flavor content may

change for di�erent zenith
angles.

I Very hard to measure, we
need a lot more statistics.

I Generically better to test
Lorentz violation.
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Traditional NSI

  

  

Use coherent ν-N
scattering
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Traditional NSI and more NSI complete operator basis
3 - Flavors basis (µ ⇠ 2 GeV): f = e, µ, u, d, s

Dimension five:
Q

(5)
1 =

e

8⇡2
(⌫̄��

µ⌫PL⌫↵)Fµ⌫ ,

Dimension six:

Q
(6)
1,f = (⌫̄��µPL⌫↵)(f̄�

µf), Q
(6)
2,f = (⌫̄��µPL⌫↵)(f̄�

µ�5f) ,

Dimension seven:

Q
(7)
1 =

↵

12⇡
(⌫̄�PL⌫↵)F

µ⌫Fµ⌫ , Q
(7)
2 =

↵

8⇡
(⌫̄�PL⌫↵)F

µ⌫ eFµ⌫ ,

Q
(7)
3 =

↵s

12⇡
(⌫̄�PL⌫↵)G

aµ⌫Ga
µ⌫ , Q

(7)
4 =

↵s

8⇡
(⌫̄�PL⌫↵)G

aµ⌫ eGa
µ⌫ ,

Q
(7)
5,f = mf (⌫̄�PL⌫↵)(f̄f) , Q

(7)
6,f = mf (⌫̄�PL⌫↵)(f̄ i�5f) ,

Q
(7)
7,f = mf (⌫̄��

µ⌫PL⌫↵)(f̄�µ⌫f) , Q
(7)
8,f = (⌫̄�

$
i@µPL⌫↵)(f̄�

µf) ,

Q
(7)
9,f = (⌫̄�

$
i@µPL⌫↵)(f̄�

µ�5f) , Q
(7)
10,f = @µ(⌫̄��

µ⌫PL⌫↵)(f̄�⌫f) ,

Q
(7)
11,f = @µ(⌫̄��

µ⌫PL⌫↵)(f̄�⌫�5f) .

Michele Tammaro (University of Cincinnati) EFT for NSI May 30, 2019 6 / 22

Results at COHERENT
Assume C

(d)
i = 1 ! put lower limit on ⇤

COHERENT CHARM NaI 2T Borexino
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Bounds on dim 7 operators are weak, ”light” NP is not excluded [Pospelov et al.:
1311.5764, Bertuzzo et al. : 1808.02500]
Michele Tammaro (University of Cincinnati) EFT for NSI May 30, 2019 14 / 22

Q
(7)
6,f = mf (⌫̄�PL⌫↵)(f̄ i�5f) , R⌫ / ~q 4 , Ĉ
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Michele Tammaro (University of Cincinnati) EFT for NSI May 30, 2019 18 / 22
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Traditional NSI and more
André de Gouvêa Northwestern

!
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Moriond 09

CKM
f i t t e r

We need to do this in

the lepton sector!

What we ultimately want to achieve:

May 30, 2019 ⌫ LBL Phys

André de Gouvêa Northwestern

[Berryman et al, arXiv:1507.03986]

May 30, 2019 ⌫ LBL Phys

André de Gouvêa Northwestern

[AdG and Kelly, arXiv:1511.05562]

May 30, 2019 ⌫ LBL Phys

André de Gouvêa Northwestern

[AdG and Kelly, arXiv:1511.05562]

Telling Di↵erent Scenarios Apart:

May 30, 2019 ⌫ LBL Phys

André de Gouvêa Northwestern

[AdG and Kelly, arXiv:1709.06090]
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André de Gouvêa Northwestern

[AdG and Kelly, arXiv:1709.06090]
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Figure 2. Expected differential recoil event rate (left) and the fraction of the NSI contribution
compared to the SM one (right) as a function of the recoil energy ER for the solar and atmospheric
neutrino fluxes. In the upper (lower) panels the detector target is Xe (CaWO4). The full line
corresponds to the prediction for the best fit NC-NSI and oscillation parameters of the analysis of
oscillation+COHERENT data, and the shaded regions bordered by dashed, dot-dashed, and dotted
lines correspond to predictions with NSI and oscillation parameters with ��

2
OSC+COH  1, 4, 9,

respectively.

difference induced by including NC-NSI in the propagation is of order ⇠ 1%. Finally, note
that the peak structure that comes up at ER ⇡ 50 keV for CaWO4 is a form factor feature.
Atmospheric neutrinos are relevant for recoil energies above O(30 keV).

– 9 –

Traditional NSI
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Light mediators
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Light mediators

New form factorsUV complete models

New DM phenomenology
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In general, NSI contains both flavor-changing and flavor-diagonal interactions. 

Flavor-changing - No SM analog

Flavor-diagonal - Interfere with SM background (can display non-trivial differences to DM scenario)

~

St Louis - 05.29.2019Dorival Gonçalves

NSI at colliders

EFT vs simplified models?

St Louis - 05.29.2019Dorival Gonçalves

Simplified Model for NSI

Diogo, Frandsen, Shoemaker ’15; Friedland, Graesser, Shoemaker, Vecchi ’12

Leptophobic Z’ model

St Louis - 05.29.2019Dorival Gonçalves

vs.

Back
Signal

Overwhelming SM background	
Signal: small enhancement in the tail of MET distribution	
Big challenge: requires precise estimation of background 

MET [GeV]

NSI searches

NSI at colliders

Log(N)

Systematic uncertainties are dominant

St Louis - 05.29.2019Dorival Gonçalves

Diogo, Frandsen, Shoemaker ‘15

Notice that the bounds saturate for mV<1TeV. 
Bounds assume syst. unc. of 5% on background

Systematic uncertainties saturate the bounds 
already at the very low luminosity.

Simplified Model for NSI

CMS 8 TeV 19.5 fb-1
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Light mediators

Dark Neutrino and Explanation 
of MiniBooNE Anomaly Under 

Siege
Based on arXiv:1812.08768

Carlos A. Argüelles
 also starring

 Matheus Hostert (Durham) and Yu-Dai Tsai (FNAL)
1

Dark Neutrino and Explanation 
of MiniBooNE Anomaly Under 

Siege
Based on arXiv:1812.08768

Carlos A. Argüelles
 also starring

 Matheus Hostert (Durham) and Yu-Dai Tsai (FNAL)
1
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Light mediators

Strategy

Electron-neutrino-like scattering search 

Neutrino-
electron 
scat.

Background, 
e.g. NCpi0

Recent BSM-MB 
explanations
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*how much leakage onto the large angle depends on 
model parameter and neutrino energy.

33

Finding “BSM-safe” sideband to measure background 

43

Angular distribution of BSM-signalMINERvA: Our Analysis setup

- We do a rate-only 
analysis on the 
single bin with 

dE/dX > 4.5MeV/(1.7cm) 

- We use 3.43e20 POTs,
Assume fiducial mass 
of 6.10 tons.

39

Putting it all together: the money plot

46

Here for CHARM-II we 
also consider 3 times 
larger background 
uncertainty (dashed)
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New signatures

M. Hostert 7

Neutrino	trident	production

Very	crude	approximation	for	the	total	cross	section:

Neutrino	charged	lepton	production	in	the	
Coulomb	field	of	a	nucleus.

Neutrino	trident	production/scattering:
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CCFR	
Lab	E	detector	at	FNAL
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<latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit>

hE⌫i = 25 GeV
<latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit><latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit>

hE⌫i = 160 GeV
<latexit sha1_base64="MMU+0+wSfnbdNxYnlsBAqFBJ/G4=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgFXZTqI0QFNEygnlAdgmzk7vJkNnZZWZWCCG1jb9iY6GIrV9g5984SbbQxAMXzpxzL3PvCRLOlHacbyu3tLyyupZfL2xsbm3v2Lt7DRWnkkKdxjyWrYAo4ExAXTPNoZVIIFHAoRkMriZ+8wGkYrG418ME/Ij0BAsZJdpIHfuw5HEiehzwdccTKfbk7HWB3VOnhG+g0bGLTtmZAi8SNyNFlKHWsb+8bkzTCISmnCjVdp1E+yMiNaMcxgUvVZAQOiA9aBsqSATKH01PGeNjo3RxGEtTQuOp+ntiRCKlhlFgOiOi+2rem4j/ee1Uh+f+iIkk1SDo7KMw5VjHeJIL7jIJVPOhIYRKZnbFtE8kodqkVzAhuPMnL5JGpew6ZfeuUqxeZnHk0QE6QifIRWeoim5RDdURRY/oGb2iN+vJerHerY9Za87KZvbRH1ifP4yimDg=</latexit><latexit sha1_base64="MMU+0+wSfnbdNxYnlsBAqFBJ/G4=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgFXZTqI0QFNEygnlAdgmzk7vJkNnZZWZWCCG1jb9iY6GIrV9g5984SbbQxAMXzpxzL3PvCRLOlHacbyu3tLyyupZfL2xsbm3v2Lt7DRWnkkKdxjyWrYAo4ExAXTPNoZVIIFHAoRkMriZ+8wGkYrG418ME/Ij0BAsZJdpIHfuw5HEiehzwdccTKfbk7HWB3VOnhG+g0bGLTtmZAi8SNyNFlKHWsb+8bkzTCISmnCjVdp1E+yMiNaMcxgUvVZAQOiA9aBsqSATKH01PGeNjo3RxGEtTQuOp+ntiRCKlhlFgOiOi+2rem4j/ee1Uh+f+iIkk1SDo7KMw5VjHeJIL7jIJVPOhIYRKZnbFtE8kodqkVzAhuPMnL5JGpew6ZfeuUqxeZnHk0QE6QifIRWeoim5RDdURRY/oGb2iN+vJerHerY9Za87KZvbRH1ifP4yimDg=</latexit>

Dimuon	tridents	in	muon	neutrino	beam

M. Hostert

Measurements
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CCFR	
Lab	E	detector	at	FNAL

CHARM-II	
WANF	beam	(CERN)

�CHARM�II

�SM

= 1.58±0.57
<latexit sha1_base64="pcrb6bdpzLaOKXbKxtpc5ya6KfY="></latexit>

 Phys. Rev. Lett. 66, 3117 (1991). Phys. Lett. B 245, 271 (1990)

�CCFR
�SM

= 0.82±0.28
<latexit sha1_base64="PATwsyAu8b0vyADZJUsb2KVqppo="></latexit>

Nsig = 55± 16
<latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit><latexit sha1_base64="2YUieUP+b5WFkv3zJBtD2QX3duQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUkKVTdC0Y0rqWAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hritx+IVDQW93qUEJ+jvqARxUgbKbAPy7dB5kmeKdofj+ElrNW8hEP3rBzYJafiTAEXiZuTEsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHRSxVJEB6iPukaKhAnys+mL4zhiVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0kesEclwZqNDEFYUnMrxAMkEdYmtaIJwZ1/eZG0qhXXqbh31VL9Ko+jAI7AMTgFLjgHdXADGqAJMHgEz+AVvFlP1ov1bn3MWpesfOYA/IH1+QO6kZWt</latexit>

Nsig = 37± 12.4
<latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit><latexit sha1_base64="fjLYchP8dn3p5qLXAJP1Aad7jW8=">AAACBHicbVDLSsNAFJ34rPUVddnNYCu4CkkV6kYounElFewDmhAm00k7dCYJMxOhhCzc+CtuXCji1o9w5984bbPQ1gMXDufcy733BAmjUtn2t7Gyura+sVnaKm/v7O7tmweHHRmnApM2jlksegGShNGItBVVjPQSQRAPGOkG4+up330gQtI4uleThHgcDSMaUoyUlnyzUrv1M1fwTNJhnsNLeNZwEw6dunVe882qbdkzwGXiFKQKCrR888sdxDjlJFKYISn7jp0oL0NCUcxIXnZTSRKEx2hI+ppGiBPpZbMncniilQEMY6ErUnCm/p7IEJdywgPdyZEayUVvKv7n9VMVXngZjZJUkQjPF4UpgyqG00TggAqCFZtogrCg+laIR0ggrHRuZR2Cs/jyMunULce2nLt6tXlVxFECFXAMToEDGqAJbkALtAEGj+AZvII348l4Md6Nj3nrilHMHIE/MD5/AKPOlh8=</latexit>

hE⌫i = 25 GeV
<latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit><latexit sha1_base64="ofIuayBgBvdK0wG4C042vvGrGrc=">AAACC3icbVDLSgMxFM3UV62vUZduQlvBVZkpiG6EooguK9gHdIaSSW/b0ExmSDJCGbp346+4caGIW3/AnX9j2s5CWw9cODnnXnLvCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlkkKDRjyS7YAo4ExAQzPNoR1LIGHAoRWMrqZ+6wGkYpG41+MY/JAMBOszSrSRunax7HEiBhzwddcTCfbk/HWBcfUUl/ENNLt2yak4M+Bl4makhDLUu/aX14toEoLQlBOlOq4Taz8lUjPKYVLwEgUxoSMygI6hgoSg/HR2ywQfG6WH+5E0JTSeqb8nUhIqNQ4D0xkSPVSL3lT8z+skun/up0zEiQZB5x/1E451hKfB4B6TQDUfG0KoZGZXTIdEEqpNfAUTgrt48jJpViuuU3HvqqXaZRZHHh2hIjpBLjpDNXSL6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AHTPphS</latexit>

hE⌫i = 160 GeV
<latexit sha1_base64="MMU+0+wSfnbdNxYnlsBAqFBJ/G4=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgFXZTqI0QFNEygnlAdgmzk7vJkNnZZWZWCCG1jb9iY6GIrV9g5984SbbQxAMXzpxzL3PvCRLOlHacbyu3tLyyupZfL2xsbm3v2Lt7DRWnkkKdxjyWrYAo4ExAXTPNoZVIIFHAoRkMriZ+8wGkYrG418ME/Ij0BAsZJdpIHfuw5HEiehzwdccTKfbk7HWB3VOnhG+g0bGLTtmZAi8SNyNFlKHWsb+8bkzTCISmnCjVdp1E+yMiNaMcxgUvVZAQOiA9aBsqSATKH01PGeNjo3RxGEtTQuOp+ntiRCKlhlFgOiOi+2rem4j/ee1Uh+f+iIkk1SDo7KMw5VjHeJIL7jIJVPOhIYRKZnbFtE8kodqkVzAhuPMnL5JGpew6ZfeuUqxeZnHk0QE6QifIRWeoim5RDdURRY/oGb2iN+vJerHerY9Za87KZvbRH1ifP4yimDg=</latexit><latexit sha1_base64="MMU+0+wSfnbdNxYnlsBAqFBJ/G4=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgFXZTqI0QFNEygnlAdgmzk7vJkNnZZWZWCCG1jb9iY6GIrV9g5984SbbQxAMXzpxzL3PvCRLOlHacbyu3tLyyupZfL2xsbm3v2Lt7DRWnkkKdxjyWrYAo4ExAXTPNoZVIIFHAoRkMriZ+8wGkYrG418ME/Ij0BAsZJdpIHfuw5HEiehzwdccTKfbk7HWB3VOnhG+g0bGLTtmZAi8SNyNFlKHWsb+8bkzTCISmnCjVdp1E+yMiNaMcxgUvVZAQOiA9aBsqSATKH01PGeNjo3RxGEtTQuOp+ntiRCKlhlFgOiOi+2rem4j/ee1Uh+f+iIkk1SDo7KMw5VjHeJIL7jIJVPOhIYRKZnbFtE8kodqkVzAhuPMnL5JGpew6ZfeuUqxeZnHk0QE6QifIRWeoim5RDdURRY/oGb2iN+vJerHerY9Za87KZvbRH1ifP4yimDg=</latexit>

Dimuon	tridents	in	muon	neutrino	beam

Not	yet	observed	or	even	searched	for!	

Dilepton	production	in	neutrino	experiments	is	old	physics,		
but	trident	is	unique	(clean	signal	with	no	E	had).

e+e�
<latexit sha1_base64="NeOFuPQrjwsx3t+GMbncnD2i7F8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBT0GvXiMYB6QbMLspDcZMzu7zMwKYck/ePGgiFf/x5t/4+Rx0GhBQ1HVTXdXkAiujet+Obml5ZXVtfx6YWNza3unuLtX13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HwZuI3HlFpHst7M0rQj2hf8pAzaqxUx84Jdk67xZJbdqcgf4k3JyWYo9otfrZ7MUsjlIYJqnXLcxPjZ1QZzgSOC+1UY0LZkPaxZamkEWo/m147JkdW6ZEwVrakIVP150RGI61HUWA7I2oGetGbiP95rdSEV37GZZIalGy2KEwFMTGZvE56XCEzYmQJZYrbWwkbUEWZsQEVbAje4st/Sf2s7J2X3buLUuV6HkceDuAQjsGDS6jALVShBgwe4Ale4NWJnWfnzXmfteac+cw+/ILz8Q3DSo6W</latexit>

µ±e⌥
<latexit sha1_base64="tEjHk2LHZ4sFsvtFx983sYEu2RI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiF48V7Ad0tyWbzrahSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRU8epotCgMY9VOyQaOJPQMMxwaCcKiAg5tMLR3cxvjUFpFstHM0kgEGQgWcQoMVYKfJF2/URg6Poi6ZUrbtWdA68SLycVlKPeK3/5/ZimAqShnGjd8dzEBBlRhlEO05KfakgIHZEBdCyVRIAOsvnRU3xmlT6OYmVLGjxXf09kRGg9EaHtFMQM9bI3E//zOqmJboKMySQ1IOliUZRybGI8SwD3mQJq+MQSQhWzt2I6JIpQY3Mq2RC85ZdXSfOi6l1W3YerSu02j6OITtApOkceukY1dI/qqIEoekLP6BW9OWPnxXl3PhatBSefOUZ/4Hz+AIfSke8=</latexit>

See	G.	Magill	and	R.	Plestid,	arXiv:1612.05642
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�1
<latexit sha1_base64="pCuQTeiB4qHwOuVUBDsi8bTAPRg=">AAACA3icjVDLSgMxFL1TX7W+qi7dBIvgqsxoQZdFNy4r2Ae0Q8mkmTY2jyHJFMrQpXu3+gvuxK0f4h/4GaaPhRYFDwQO59zDvTlRwpmxvv/h5VZW19Y38puFre2d3b3i/kHDqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ2vp35zRLVhSt7ZcUJDgfuSxYxg66RGhwxYN+gWS0HZnwH9TUqwQK1b/Oz0FEkFlZZwbEw78BMbZlhbRjidFDqpoQkmQ9ynbUclFtSE2ezaCTpxSg/FSrsnLZqp3xMZFsaMReQmBbYDs+xNxV89gfVIueTSfhtfhhmTSWqpJPP1ccqRVWhaCOoxTYnlY0cw0cz9AJEB1phYV1vhf9U0zsrBedm/rZSqV4uS8nAEx3AKAVxAFW6gBnUgcA+P8ATP3oP34r16b/PRnLfIHMIPeO9fHgSYVA==</latexit>

Z 0
<latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit>

⌫D
<latexit sha1_base64="vSg5DUVSGnDDZhk9SwL6emQL1VE=">AAACAnicjVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiLlxWcGqhHUomzbSheQxJplCG7ty71V9wJ279Ef/AzzB9LLQoeCBwOOce7s2JU86M9f0Pr7C0vLK6VlwvbWxube+Ud/caRmWa0JAornQzxoZyJmlomeW0mWqKRczpfTy4mvj3Q6oNU/LOjlIaCdyTLGEEWyeFbZl1rjvlSlD1p0B/kwrMUe+UP9tdRTJBpSUcG9MK/NRGOdaWEU7HpXZmaIrJAPdoy1GJBTVRPj12jI6c0kWJ0u5Ji6bq90SOhTEjEbtJgW3fLHoT8VdPYD1ULrmw3yYXUc5kmlkqyWx9knFkFZr0gbpMU2L5yBFMNHM/QKSPNSbWtVb6XzWNk2pwWvVvzyq1y3lJRTiAQziGAM6hBjdQhxAIMHiEJ3j2HrwX79V7m40WvHlmH37Ae/8Ck+mYDA==</latexit>

�2
<latexit sha1_base64="mBIgc1rEXuOfQW2zdF9+PAFNq0o=">AAACA3icjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Q8mkmTY2jyHJFMrQpXu3+gvuxK0f4h/4GaaPhRYFDwQO59zDvTlRwpmxvv/h5VZW19Y38puFre2d3b3i/kHDqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ2vp35zRLVhSt7ZcUJDgfuSxYxg66RGhwxYt9ItloKyPwP6m5RggVq3+NnpKZIKKi3h2Jh24Cc2zLC2jHA6KXRSQxNMhrhP245KLKgJs9m1E3TilB6KlXZPWjRTvycyLIwZi8hNCmwHZtmbir96AuuRcsml/Ta+DDMmk9RSSebr45Qjq9C0ENRjmhLLx45gopn7ASIDrDGxrrbC/6ppVMrBWdm/PS9VrxYl5eEIjuEUAriAKtxADepA4B4e4QmevQfvxXv13uajOW+ROYQf8N6/AB+emFU=</latexit>
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�1
<latexit sha1_base64="pCuQTeiB4qHwOuVUBDsi8bTAPRg=">AAACA3icjVDLSgMxFL1TX7W+qi7dBIvgqsxoQZdFNy4r2Ae0Q8mkmTY2jyHJFMrQpXu3+gvuxK0f4h/4GaaPhRYFDwQO59zDvTlRwpmxvv/h5VZW19Y38puFre2d3b3i/kHDqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ2vp35zRLVhSt7ZcUJDgfuSxYxg66RGhwxYN+gWS0HZnwH9TUqwQK1b/Oz0FEkFlZZwbEw78BMbZlhbRjidFDqpoQkmQ9ynbUclFtSE2ezaCTpxSg/FSrsnLZqp3xMZFsaMReQmBbYDs+xNxV89gfVIueTSfhtfhhmTSWqpJPP1ccqRVWhaCOoxTYnlY0cw0cz9AJEB1phYV1vhf9U0zsrBedm/rZSqV4uS8nAEx3AKAVxAFW6gBnUgcA+P8ATP3oP34r16b/PRnLfIHMIPeO9fHgSYVA==</latexit>

Z 0
<latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit><latexit sha1_base64="wQ47WBZkMChZjcly30OavsFsRn4=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYCJ4Cru56DHoxWME8yDJGmYnvcmQmdllZlYIIX/hxYMiXv0bb/6Nk8dBRcGChqKqm+6uKBXcWN//8FZW19Y3NnNb+e2d3b39wsFhwySZZlhniUh0K6IGBVdYt9wKbKUaqYwENqPR1cxv3qM2PFG3dpxiKOlA8Zgzap3ULrXvuqnmEku9QjEo+3OQv0kRlqj1Cu/dfsIyicoyQY3pBH5qwwnVljOB03w3M5hSNqID7DiqqEQTTuYXT8mpU/okTrQrZclc/ToxodKYsYxcp6R2aH56M/E3r5PZ+CKccJVmFhVbLIozQWxCZu+TPtfIrBg7Qpnm7lbChlRTZl1I+f+F0KiUA78c3FSK1ctlHDk4hhM4gwDOoQrXUIM6MFDwAE/w7Bnv0XvxXhetK95y5gi+wXv7BNNokFg=</latexit>

⌫D
<latexit sha1_base64="vSg5DUVSGnDDZhk9SwL6emQL1VE=">AAACAnicjVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiLlxWcGqhHUomzbSheQxJplCG7ty71V9wJ279Ef/AzzB9LLQoeCBwOOce7s2JU86M9f0Pr7C0vLK6VlwvbWxube+Ud/caRmWa0JAornQzxoZyJmlomeW0mWqKRczpfTy4mvj3Q6oNU/LOjlIaCdyTLGEEWyeFbZl1rjvlSlD1p0B/kwrMUe+UP9tdRTJBpSUcG9MK/NRGOdaWEU7HpXZmaIrJAPdoy1GJBTVRPj12jI6c0kWJ0u5Ji6bq90SOhTEjEbtJgW3fLHoT8VdPYD1ULrmw3yYXUc5kmlkqyWx9knFkFZr0gbpMU2L5yBFMNHM/QKSPNSbWtVb6XzWNk2pwWvVvzyq1y3lJRTiAQziGAM6hBjdQhxAIMHiEJ3j2HrwX79V7m40WvHlmH37Ae/8Ck+mYDA==</latexit>

�2
<latexit sha1_base64="mBIgc1rEXuOfQW2zdF9+PAFNq0o=">AAACA3icjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Q8mkmTY2jyHJFMrQpXu3+gvuxK0f4h/4GaaPhRYFDwQO59zDvTlRwpmxvv/h5VZW19Y38puFre2d3b3i/kHDqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ2vp35zRLVhSt7ZcUJDgfuSxYxg66RGhwxYt9ItloKyPwP6m5RggVq3+NnpKZIKKi3h2Jh24Cc2zLC2jHA6KXRSQxNMhrhP245KLKgJs9m1E3TilB6KlXZPWjRTvycyLIwZi8hNCmwHZtmbir96AuuRcsml/Ta+DDMmk9RSSebr45Qjq9C0ENRjmhLLx45gopn7ASIDrDGxrrbC/6ppVMrBWdm/PS9VrxYl5eEIjuEUAriAKtxADepA4B4e4QmevQfvxXv13uajOW+ROYQf8N6/AB+emFU=</latexit>

M. Hostert

																			at	DUNE

27

P.	Ballett	et	al,	arXiv:1902.08579

No	backgrounds,	but	kin.	cuts	on	signal,	eg.
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✓µµ < 20�
<latexit sha1_base64="AxDt+L4267n9jcLDNe3/s4e2sXI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoAsXRTcuK9gHNDFMptN26GQSZm6EEgpu/BU3LhRx60+482+ctllo6+FeOJxzLzP3hIngGhzn2yosLa+srhXXSxubW9s79u5eU8epoqxBYxGrdkg0E1yyBnAQrJ0oRqJQsFY4vJ74rQemNI/lHYwS5kekL3mPUwJGCuwDDwYMSJB5UWpqjC9x1bn3KFc0sMtOxZkCLxI3J2WUox7YX143pmnEJFBBtO64TgJ+RhRwKti45KWaJYQOSZ91DJUkYtrPpjeM8bFRurgXK9MS8FT9vZGRSOtRFJrJiMBAz3sT8T+vk0Lvws+4TFJgks4e6qUCQ4wngeAuV4yCGBlCqOLmr5gOiCIUTGwlE4I7f/IiaVYr7mnFuT0r167yOIroEB2hE+Sic1RDN6iOGoiiR/SMXtGb9WS9WO/Wx2y0YOU7++gPrM8fJyuXLw==</latexit>

Lµ � L⌧
<latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit><latexit sha1_base64="EACoEmtKIUTzzRzZG1Uqu2V09QA=">AAAB+XicjVC7SgNBFL3rM8bXqqXNYCLYGHbTaBm0sbCIYB6QLMvsZJIMmZld5hEIS/7ExkIRW//Ezr9x8ihUFDxwuYdz7uVeTpJxpk0QfHgrq2vrG5uFreL2zu7evn9w2NSpVYQ2SMpT1U6wppxJ2jDMcNrOFMUi4bSVjK5nfmtMlWapvDeTjEYCDyTrM4KNk2LfL9/GXWHROXLdYFuO/VJYCeZAf5MSLFGP/fduLyVWUGkIx1p3wiAzUY6VYYTTabFrNc0wGeEB7TgqsaA6yuefT9GpU3qonypX0qC5+nUjx0LriUjcpMBmqH96M/E3r2NN/zLKmcysoZIsDvUtRyZFsxhQjylKDJ84goli7ldEhlhhYlxYxf+F0KxWwqAS3lVLtatlHAU4hhM4gxAuoAY3UIcGEBjDAzzBs5d7j96L97oYXfGWO0fwDd7bJ3Sokjs=</latexit>

M. Hostert

A	light	dark	neutrino	sector
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P.	Ballett,	MH,	S.	Pascoli,	1903.07589 
P.	Ballett,	MH,	S.	Pascoli,	PRD99,091701(R)

Dark	neutrinos	(U’(1) charged	heavy	neutrinos)	
—	MiniBooNE	explanations	
—	Neutrino	mass	generation	at	low	scales
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<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>
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<latexit sha1_base64="d/tVzPkl8o8sLO0Zab45QMydTQE="></latexit>

⌫5
<latexit sha1_base64="qvwQRrNTXZMm2v+VUdWR2nkTJjA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxVbwVJKK6LHoxWMF+wFtKJvtpF262YTdjVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZqV3oy7V9V+qWyW3XnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/Nzp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahog3BW355lbRqVe+y6j7UyvXbPI4CnMIZXIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QNFr47b</latexit>
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Explains	“Minimal”	radiative	ISS	texture

Z ,Z 0
<latexit sha1_base64="NtjLd9toLoBT6SCcBoDvc4EqZLE="></latexit>
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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>
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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>

P.S.	Bhupal	Dev	et	al,	arXiv:1209.4051
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New signatures Dark matter

Date Presenter I Presentation Title 30 May 2019 Kevin Kelly | Light DM at the DUNE Near Detector�6

Detection Signature
•Some fraction of the produced DM will travel in the direction of the DUNE Near Detector.

•Via kinetic mixing with the standard model photon, the DM can scatter off nucleons or 
electrons in the detector.

Date Presenter I Presentation Title 30 May 2019 Kevin Kelly | Light DM at the DUNE Near Detector�12

Broader, two parameter search
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Date Presenter I Presentation Title 30 May 2019 Kevin Kelly | Light DM at the DUNE Near Detector�19

Key Characteristics of Monoν

•Wrong-sign lepton generated: neutrino beam 
produces positively-charged lepton.

•     carries away significant energy — 
reconstructing the event as a 2 to 2 scattering 
provides a small neutrino energy.

•     carries away significant transverse 
momentum — reconstructed visible energy has 
large missing momentum.

ϕ

ϕ

Date Presenter I Presentation Title 30 May 2019 Kevin Kelly | Light DM at the DUNE Near Detector�21

Exploiting Wrong-Sign Leptons
Two opportunities for determining muon charge in the DUNE Near Detector:

•Positively-charged muons always decay to a Michel electron (a). Only 25% of 
negatively-charged muons do (b). Our signal then can be events that produce a 
Michel electron (when operating in neutrino mode).

•With the proposed Gas Argon TPC, muons (energies above ~1 GeV) that reach the 
gas (c) may be charge-identified due to the magnetic field.
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Light mediators and more

NSSI $ NSI

“Regular” NSI:

✏
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f = e, u, d

Usually V or A, but can also be S, P, T
D. Sierra, V. Romeri, N. Rojasa 1806.07424

S. Ge, S. Parke 1812.08376

NSSI:

✏↵� /
(g⌫

↵�
)2

m2

⌫ ⌫

�

⌫ ⌫

Any NSI guarantees NSSI

Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 5/24
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Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 10/24

Early Universe Physics

Standard picture with neutrinos compared to no neutrinos:

I Free streaming normally pulls the photon-baryon plasma,

I Pushes power to smaller `, and slightly smaller amplitude

I Increases sound horizon slightly

A new interaction Ge↵ ⇠ 109
GF is compatible with the data.

This delays free streaming from very early to z⌫,dec ⇠ 8300
I. Oldengott, et al. 1706.02123

C. Kreisch, F. Cyr-Racine, O. Doré 1902.00534

Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 11/24

Inflation Models: Natural Inflation

Inflation ends when � ! �e which is ✏(�e) = 1:

cos

✓
�e

f

◆
=

1 � 16⇡(f/mP)2

1 + 16⇡(f/mP)2

f < mP ns independent of N

f > mP ns independent of f

K. Freese, J. Frieman, A. Olinto PRL 65 3233 (1990)

Super-Planckian f naturally leads to observable GWs

Disfavored at > 1 �, will be ruled out if r < few %

Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 15/24

C⌫B Scattering

In the same fashion as the Z-burst at E⌫ ⇠ 1014 GeV. . .
T. Weiler PRL 49 234 (1982)

HE ⌫’s scatter o↵ C⌫B leading to a dip due to NSI
A. Difranzo, D. Hooper 1507.03015

I. Shoemaker, K. Murase 1512.07228

Assuming p⌫ < m⌫

E
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2
�
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2
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⇡
m

2
�
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Hint of a dip at E⌫ ⇠ 500 TeV?

Dip identification requires:
assuming a known astrophysical spectrum!

Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 19/24

H0 Tension

More data! More parameters!

1. Also include BAO and local H0

2. Allow Ne↵ and
P

m⌫ to float
#2 only matters when #1 is included

New results

I Data disfavors Ge↵ = 0

I Ge↵ still bimodal

I Driven by H0

I Ne↵ = 4.02 ± 0.29 (sterile?)

I Ameliorates �8 tension (⇠ 2.6 �)
S. Joudaki, et al. 1707.06627

C. Kreisch, F. Cyr-Racine, O. Doré 1902.00534

Peter B. Denton (BNL) 1903.02036 WashU: May 31, 2019 21/24
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And much more
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And much more

Mailing list:
Help with neutrino generators and 
propagation in liquid argon

mailto:pmachado@fnal.gov


May/2019 Pedro A.N. Machado | NTN NSI Workshop Summary                                                                                      pmachado@fnal.gov27

Few questions and comments

Traditional EFT NSI below weak scale: Are we happy with it?
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Few questions and comments

Traditional EFT NSI below weak scale: Are we happy with it?

UV complete models for NSI: proof of principle or should we focus on them?

Flavor models: Can we ever test the discrete symmetry based one?

Mass and flavor models: Why do we want to push them to lower energies?

Leptogenesis: How to disprove it?

More general EFT-NSIs: How realistic are those in UV models?

Collider and neutrinos: How to clearly show their complementarity? Do we 
need more collaboration between these communities?

Generators: Can they be made more simple so they can be used as a tool for 
theorists? Will they keep up with new strategies/ideas/signatures???

What do we need from EXPs to perform better analysis and propose new 
searches?
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We plan on writing a report about this workshop.

Background: NSI community is changing. Several efforts on more 
coherent framework, new observables, UV complete models, 
complementarity with other experiments, greater precision, …

Goal: Write a report to identify the recent progress we achieved and the 
new directions we are pursuing.

Each of you should write a 3 pages (maximum) summary related to your 
talk (including refs). We will put this all together, edit, and write intro and 
conclusions. You will get a more detailed email soon.

Deadline: June 15th
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