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April 28 Neutrino Physics at Nuclear Reactors 
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• Fundamental particles 
• Very light (massless?) 
• No electric charge 
• Weak interactions

Neutrinos!

electron
e
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Introduction to Neutrinos
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⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

µ�
<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit>

⌧�
<latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄µ
<latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit>

⌫̄⌧
<latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit>

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

⌧+
<latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit>

Interact with matter via the weak nuclear force... and don't interact very much at all.



Solar Neutrinos
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Image: NASA
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Solar Neutrinos

Images: NASA/GSFC/NOAA/USGS

⌫

⌫

⌫

�

�

Neutrinos

Photons

!"

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

Detection on Earth
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p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

+ �
<latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit><latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit><latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

4He
<latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="eivBx1mxSyiOHHz3lx/Id27qF8g=">AAAB63icbZDNSgMxFIXv1L9aq9a1m2ARXJUZN+pOcOOygmML7VAymTttaJIZkowwDH0Btz6BK/GRfADfw/RnYVsPBA7nJNybL84FN9b3v73azu7e/kH9sHHUbByfnLaaLyYrNMOQZSLT/ZgaFFxhaLkV2M81UhkL7MXTh3nfe0VteKaebZljJOlY8ZQzal3UHbXafsdfiGybYGXasNKo9TNMMlZIVJYJaswg8HMbVVRbzgTOGsPCYE7ZlI5x4KyiEk1ULdackUuXJCTNtDvKkkX690VFpTGljN1NSe3EbHbz8L9uUNj0Nqq4yguLii0HpYUgNiPzP5OEa2RWlM5QprnblbAJ1ZRZR2ZtSoqlkvnMYQk2IWyb8Lpz1/GffKjDOVzAFQRwA/fwCF0IgUECb/DuVd6H97mkV/NWGM9gTd7XL71Rkmc=</latexit><latexit sha1_base64="ElhNwSvljADre+dtMgySms7MXww=">AAAB+XicbZDNSsNAFIVv6l+tVatbN8EiuCqJCOpOcNNlBWMLaSyT6U07dGYSZiZCCF37BG71CVyJD+MD+B4mbRe29cDA4ZwZ7p0vTDjTxnG+rcrG5tb2TnW3tlffPzhsHNUfdZwqih6Neax6IdHImUTPMMOxlygkIuTYDSd3Zd99RqVZLB9MlmAgyEiyiFFiish/yi+nfSXyNk4HjabTcmay1427ME1YqDNo/PSHMU0FSkM50dp3ncQEOVGGUY7TWj/VmBA6ISP0CyuJQB3ks5Wn9lmRDO0oVsWRxp6lf1/kRGidibC4KYgZ69WuDP/r/NRE10HOZJIalHQ+KEq5bWK7/L89ZAqp4VlhCFWs2NWmY6IINQWlpSkRZlIkJRd3lcK68S5aNy3n3oEqnMApnIMLV3ALbeiABxRieIU3eLderA/rcw6wYi1IHsOSrK9fEHOYJA==</latexit><latexit sha1_base64="nYcAD8j/LwsT16vjHWlgQHJNJkI=">AAAB+XicdVDLSgNBEOyNr/iOXr0MiuBpmcRHkpvgxaOCq4FkldlJbzJkZnaZmRXCkrNf4FW/wJP4MX6A/+HmIahoQUNR1U13V5RKYR2l715pbn5hcam8vLK6tr6xWdlau7ZJZjgGPJGJaUXMohQaAyecxFZqkKlI4k00OBv7N/dorEj0lRumGCrW0yIWnLlCat/mR6OOUfk5ju4qe9Rv0Bo9qhPq15v1w+bJlNQax6Tq0wn2YIaLu8pHp5vwTKF2XDJr21WaujBnxgkucbTSySymjA9YD9sF1UyhDfPJySOyXyhdEiemKO3IRP0+kTNl7VBFRadirm9/e2PxL6+dubgR5kKnmUPNp4viTBKXkPH/pCsMcieHBWHciOJWwvvMMO6KlH5siXGoVTrO5et58j8Jan7Tp5cUyrADu3AAVajDKZzDBQTAIYFHeIJn78F78V6nAZa8WZLb8APe2yejW5iI</latexit><latexit sha1_base64="mG5YdTHNrEOfvKaJ6chfHo8jotM=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJNclVLxcBpdEROkanKI9KqIpqqI4aiKEAPaIn9Ow8OC/Oq/M2b005i5lDtATn/QtDB5nz</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit><latexit sha1_base64="FzMQUC6UWXGL7yogkBiyWcOT2ZI=">AAACBHicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELxwxESEBJLNDL0yYmd3MzJqQDWe/wKt+gSfj1f/wA/wPl4eJGK2kk0pVd7q7vFBwYwn5cFIrq2vrG+nNzNb2zu5edv/g1gSRZtBggQh0y6MGBFfQsNwKaIUaqPQENL3R1dRv3oM2PFA3dhxCV9KB4j5n1CZS+y4uTjpaxjWY9LI54pZJgRRLmLilSumscjEnhfI5zrtkhhxaoN7Lfnb6AYskKMsENaadJ6HtxlRbzgRMMp3IQEjZiA6gnVBFJZhuPDt5gk8SpY/9QCelLJ6pPydiKo0ZSy/plNQOzW9vKv7ltSPrl7sxV2FkQbH5Ij8S2AZ4+j/ucw3MinFCKNM8uRWzIdWU2SSlpS0+jJUMp7l8P4//J42CW3HJdTFXvVwElEZH6BidojwqoSqqoTpqIIYC9Iie0LPz4Lw4r87bvDXlLGYO0RKc9y9ER5n3</latexit> +

2H
<latexit sha1_base64="qUkKWH9UAyjRXtdkK/U41uoeE/Y=">AAACAXicdVDLTgIxFO3gC/GFunTTSExcTcqIAjuiG5aYiJAAkk7pQEPbmbQdk8mEnV/gVr/AlXHrl/gB/oflYSJGT3KTk3Puzb33+BFn2iD04WRWVtfWN7Kbua3tnd29/P7BrQ5jRWiThDxUbR9rypmkTcMMp+1IUSx8Tlv++Grqt+6p0iyUNyaJaE/goWQBI9hYqX3ndZVI65N+voDcCvJQqQyRW66Wz6oXc+JVzmHRRTMUwAKNfv6zOwhJLKg0hGOtO0UUmV6KlWGE00muG2saYTLGQ9qxVGJBdS+d3TuBJ1YZwCBUtqSBM/XnRIqF1onwbafAZqR/e1PxL68Tm6DSS5mMYkMlmS8KYg5NCKfPwwFTlBieWIKJYvZWSEZYYWJsREtbAppIEU1z+X4e/k+anlt10XWpULtcBJQFR+AYnIIiKIMaqIMGaAICOHgET+DZeXBenFfnbd6acRYzh2AJzvsXnK+Yeg==</latexit><latexit sha1_base64="qUkKWH9UAyjRXtdkK/U41uoeE/Y=">AAACAXicdVDLTgIxFO3gC/GFunTTSExcTcqIAjuiG5aYiJAAkk7pQEPbmbQdk8mEnV/gVr/AlXHrl/gB/oflYSJGT3KTk3Puzb33+BFn2iD04WRWVtfWN7Kbua3tnd29/P7BrQ5jRWiThDxUbR9rypmkTcMMp+1IUSx8Tlv++Grqt+6p0iyUNyaJaE/goWQBI9hYqX3ndZVI65N+voDcCvJQqQyRW66Wz6oXc+JVzmHRRTMUwAKNfv6zOwhJLKg0hGOtO0UUmV6KlWGE00muG2saYTLGQ9qxVGJBdS+d3TuBJ1YZwCBUtqSBM/XnRIqF1onwbafAZqR/e1PxL68Tm6DSS5mMYkMlmS8KYg5NCKfPwwFTlBieWIKJYvZWSEZYYWJsREtbAppIEU1z+X4e/k+anlt10XWpULtcBJQFR+AYnIIiKIMaqIMGaAICOHgET+DZeXBenFfnbd6acRYzh2AJzvsXnK+Yeg==</latexit><latexit sha1_base64="qUkKWH9UAyjRXtdkK/U41uoeE/Y=">AAACAXicdVDLTgIxFO3gC/GFunTTSExcTcqIAjuiG5aYiJAAkk7pQEPbmbQdk8mEnV/gVr/AlXHrl/gB/oflYSJGT3KTk3Puzb33+BFn2iD04WRWVtfWN7Kbua3tnd29/P7BrQ5jRWiThDxUbR9rypmkTcMMp+1IUSx8Tlv++Grqt+6p0iyUNyaJaE/goWQBI9hYqX3ndZVI65N+voDcCvJQqQyRW66Wz6oXc+JVzmHRRTMUwAKNfv6zOwhJLKg0hGOtO0UUmV6KlWGE00muG2saYTLGQ9qxVGJBdS+d3TuBJ1YZwCBUtqSBM/XnRIqF1onwbafAZqR/e1PxL68Tm6DSS5mMYkMlmS8KYg5NCKfPwwFTlBieWIKJYvZWSEZYYWJsREtbAppIEU1z+X4e/k+anlt10XWpULtcBJQFR+AYnIIiKIMaqIMGaAICOHgET+DZeXBenFfnbd6acRYzh2AJzvsXnK+Yeg==</latexit>

7Be
<latexit sha1_base64="WjFVeHgz9Apm6wB6GU8bAl4aoPI=">AAACAnicdVDLSsNAFJ34flt16WawCK7CtD7S7kQ3LisYW2lrmUxvdOjMJMxMhBC69Avc6he4Erf+iB/gf5i0FVT0wIXDOfdy7z1BLLixhLw7U9Mzs3PzC4tLyyura+uljc1LEyWagc8iEelWQA0IrsC33ApoxRqoDAQ0g8Fp4TfvQBseqQubxtCV9EbxkDNqc+nq2utomZ3AsFcqE7dGquTAw8T16t5+/WhMqrVDXHHJCGU0QaNX+uj0I5ZIUJYJaky7QmLbzai2nAkYLnUSAzFlA3oD7ZwqKsF0s9HBQ7ybK30cRjovZfFI/T6RUWlMKoO8U1J7a357hfiX105sWOtmXMWJBcXGi8JEYBvh4nvc5xqYFWlOKNM8vxWzW6ops3lGP7aEkCoZF7l8PY//J37Vrbvk/KB8fDIJaAFtox20hyrIQ8foDDWQjxiS6AE9oifn3nl2XpzXceuUM5nZQj/gvH0CY2SY6A==</latexit><latexit sha1_base64="WjFVeHgz9Apm6wB6GU8bAl4aoPI=">AAACAnicdVDLSsNAFJ34flt16WawCK7CtD7S7kQ3LisYW2lrmUxvdOjMJMxMhBC69Avc6he4Erf+iB/gf5i0FVT0wIXDOfdy7z1BLLixhLw7U9Mzs3PzC4tLyyura+uljc1LEyWagc8iEelWQA0IrsC33ApoxRqoDAQ0g8Fp4TfvQBseqQubxtCV9EbxkDNqc+nq2utomZ3AsFcqE7dGquTAw8T16t5+/WhMqrVDXHHJCGU0QaNX+uj0I5ZIUJYJaky7QmLbzai2nAkYLnUSAzFlA3oD7ZwqKsF0s9HBQ7ybK30cRjovZfFI/T6RUWlMKoO8U1J7a357hfiX105sWOtmXMWJBcXGi8JEYBvh4nvc5xqYFWlOKNM8vxWzW6ops3lGP7aEkCoZF7l8PY//J37Vrbvk/KB8fDIJaAFtox20hyrIQ8foDDWQjxiS6AE9oifn3nl2XpzXceuUM5nZQj/gvH0CY2SY6A==</latexit><latexit sha1_base64="WjFVeHgz9Apm6wB6GU8bAl4aoPI=">AAACAnicdVDLSsNAFJ34flt16WawCK7CtD7S7kQ3LisYW2lrmUxvdOjMJMxMhBC69Avc6he4Erf+iB/gf5i0FVT0wIXDOfdy7z1BLLixhLw7U9Mzs3PzC4tLyyura+uljc1LEyWagc8iEelWQA0IrsC33ApoxRqoDAQ0g8Fp4TfvQBseqQubxtCV9EbxkDNqc+nq2utomZ3AsFcqE7dGquTAw8T16t5+/WhMqrVDXHHJCGU0QaNX+uj0I5ZIUJYJaky7QmLbzai2nAkYLnUSAzFlA3oD7ZwqKsF0s9HBQ7ybK30cRjovZfFI/T6RUWlMKoO8U1J7a357hfiX105sWOtmXMWJBcXGi8JEYBvh4nvc5xqYFWlOKNM8vxWzW6ops3lGP7aEkCoZF7l8PY//J37Vrbvk/KB8fDIJaAFtox20hyrIQ8foDDWQjxiS6AE9oifn3nl2XpzXceuUM5nZQj/gvH0CY2SY6A==</latexit>

�
<latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit><latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit><latexit sha1_base64="qQA6MWX5SflLSGggmWoDuqBfErI=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiG5eYOEAChHRKByptZ9J2TMiEjV/gVr/AlXHrp/gB/oflYSJGT3KTk3Puzb33BDFn2iD04WRWVtfWN7Kbua3tnd29/P5BQ0eJItQnEY9UK8Caciapb5jhtBUrikXAaTMYXU395j1VmkXy1oxj2hV4IFnICDZWanQGWAjcyxeQW0ElVPYgcr2qd1a9mJNS5RwWXTRDASxQ7+U/O/2IJIJKQzjWul1EsemmWBlGOJ3kOommMSYjPKBtSyUWVHfT2bUTeGKVPgwjZUsaOFN/TqRYaD0Wge0U2Az1b28q/uW1ExNWuimTcWKoJPNFYcKhieD0ddhnihLDx5Zgopi9FZIhVpgYG9DSlpCOpYgnNpfv5+H/xC+5VRfdlAu1y0VAWXAEjsEpKAIP1MA1qAMfEHAHHsETeHYenBfn1Xmbt2acxcwhWILz/gU90Ze6</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>
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+

7Li
<latexit sha1_base64="zbDU37f3EG2eAjo5bXdDKgZDkGA=">AAACAnicdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiGxcuMHFEAyPplA40tJ1J2zEhE5Z+gVv9AlfGrT/iB/gfzgAmYvQkNzk5597ce48fcaYNQh9WbmFxaXklv1pYW9/Y3Cpu71zrMFaEuiTkobrxsaacSeoaZji9iRTFwue05Q/PMr91T5Vmobwyo4h6AvclCxjBJpVu75yOEskFG3eLJWTXUAVVHYhsp+4c1U+mpFI7hmUbTVACMzS7xc9OLySxoNIQjrVul1FkvAQrwwin40In1jTCZIj7tJ1SiQXVXjI5eAwPUqUHg1ClJQ2cqD8nEiy0Hgk/7RTYDPRvLxP/8tqxCWpewmQUGyrJdFEQc2hCmH0Pe0xRYvgoJZgolt4KyQArTEya0dyWgI6kiLJcvp+H/xO3YtdtdFktNU5nAeXBHtgHh6AMHNAA56AJXECAAI/gCTxbD9aL9Wq9TVtz1mxmF8zBev8CebCY9g==</latexit><latexit sha1_base64="zbDU37f3EG2eAjo5bXdDKgZDkGA=">AAACAnicdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiGxcuMHFEAyPplA40tJ1J2zEhE5Z+gVv9AlfGrT/iB/gfzgAmYvQkNzk5597ce48fcaYNQh9WbmFxaXklv1pYW9/Y3Cpu71zrMFaEuiTkobrxsaacSeoaZji9iRTFwue05Q/PMr91T5Vmobwyo4h6AvclCxjBJpVu75yOEskFG3eLJWTXUAVVHYhsp+4c1U+mpFI7hmUbTVACMzS7xc9OLySxoNIQjrVul1FkvAQrwwin40In1jTCZIj7tJ1SiQXVXjI5eAwPUqUHg1ClJQ2cqD8nEiy0Hgk/7RTYDPRvLxP/8tqxCWpewmQUGyrJdFEQc2hCmH0Pe0xRYvgoJZgolt4KyQArTEya0dyWgI6kiLJcvp+H/xO3YtdtdFktNU5nAeXBHtgHh6AMHNAA56AJXECAAI/gCTxbD9aL9Wq9TVtz1mxmF8zBev8CebCY9g==</latexit><latexit sha1_base64="zbDU37f3EG2eAjo5bXdDKgZDkGA=">AAACAnicdVDLTgIxFO3gC/GFunTTSExcTQqiAzuiGxcuMHFEAyPplA40tJ1J2zEhE5Z+gVv9AlfGrT/iB/gfzgAmYvQkNzk5597ce48fcaYNQh9WbmFxaXklv1pYW9/Y3Cpu71zrMFaEuiTkobrxsaacSeoaZji9iRTFwue05Q/PMr91T5Vmobwyo4h6AvclCxjBJpVu75yOEskFG3eLJWTXUAVVHYhsp+4c1U+mpFI7hmUbTVACMzS7xc9OLySxoNIQjrVul1FkvAQrwwin40In1jTCZIj7tJ1SiQXVXjI5eAwPUqUHg1ClJQ2cqD8nEiy0Hgk/7RTYDPRvLxP/8tqxCWpewmQUGyrJdFEQc2hCmH0Pe0xRYvgoJZgolt4KyQArTEya0dyWgI6kiLJcvp+H/xO3YtdtdFktNU5nAeXBHtgHh6AMHNAA56AJXECAAI/gCTxbD9aL9Wq9TVtz1mxmF8zBev8CebCY9g==</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

+

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

3He
<latexit sha1_base64="F75GZqr0ULnJieeZIsGeA40vdLk=">AAACCnicdVDLSgMxFM34rO+qSzfBIrga0lptuxPddKngaKEdSya904YmmSHJCGXoJ/gFbvULXIlbf8IP8D+caSuo6IHA4Zx7uScniAU3lpB3Z25+YXFpubCyura+sblV3N65NlGiGXgsEpFuBdSA4Ao8y62AVqyBykDATTA8z/2bO9CGR+rKjmLwJe0rHnJGbSZ1i1u36dG4I6kdaJk2YdwtlohbJxVSrWHi1hq1o8bJlFTqx7jskglKaIaLbvGj04tYIkFZJqgx7TKJrZ9SbTkTMF7tJAZiyoa0D+2MKirB+Okk+BgfZEoPh5HOnrJ4on7fSKk0ZiSDbDKPaH57ufiX105sWPdTruLEgmLTQ2EisI1w3gLucQ3MilFGKNM8y4rZgGrKbNbVjyshjJSM816+Po//J17Fbbjkslo6PZsVVEB7aB8dojKqoVPURBfIQwwl6AE9oifn3nl2XpzX6eicM9vZRT/gvH0CCKWb+Q==</latexit><latexit sha1_base64="F75GZqr0ULnJieeZIsGeA40vdLk=">AAACCnicdVDLSgMxFM34rO+qSzfBIrga0lptuxPddKngaKEdSya904YmmSHJCGXoJ/gFbvULXIlbf8IP8D+caSuo6IHA4Zx7uScniAU3lpB3Z25+YXFpubCyura+sblV3N65NlGiGXgsEpFuBdSA4Ao8y62AVqyBykDATTA8z/2bO9CGR+rKjmLwJe0rHnJGbSZ1i1u36dG4I6kdaJk2YdwtlohbJxVSrWHi1hq1o8bJlFTqx7jskglKaIaLbvGj04tYIkFZJqgx7TKJrZ9SbTkTMF7tJAZiyoa0D+2MKirB+Okk+BgfZEoPh5HOnrJ4on7fSKk0ZiSDbDKPaH57ufiX105sWPdTruLEgmLTQ2EisI1w3gLucQ3MilFGKNM8y4rZgGrKbNbVjyshjJSM816+Po//J17Fbbjkslo6PZsVVEB7aB8dojKqoVPURBfIQwwl6AE9oifn3nl2XpzX6eicM9vZRT/gvH0CCKWb+Q==</latexit><latexit sha1_base64="F75GZqr0ULnJieeZIsGeA40vdLk=">AAACCnicdVDLSgMxFM34rO+qSzfBIrga0lptuxPddKngaKEdSya904YmmSHJCGXoJ/gFbvULXIlbf8IP8D+caSuo6IHA4Zx7uScniAU3lpB3Z25+YXFpubCyura+sblV3N65NlGiGXgsEpFuBdSA4Ao8y62AVqyBykDATTA8z/2bO9CGR+rKjmLwJe0rHnJGbSZ1i1u36dG4I6kdaJk2YdwtlohbJxVSrWHi1hq1o8bJlFTqx7jskglKaIaLbvGj04tYIkFZJqgx7TKJrZ9SbTkTMF7tJAZiyoa0D+2MKirB+Okk+BgfZEoPh5HOnrJ4on7fSKk0ZiSDbDKPaH57ufiX105sWPdTruLEgmLTQ2EisI1w3gLucQ3MilFGKNM8y4rZgGrKbNbVjyshjJSM816+Po//J17Fbbjkslo6PZsVVEB7aB8dojKqoVPURBfIQwwl6AE9oifn3nl2XpzX6eicM9vZRT/gvH0CCKWb+Q==</latexit>

The ppII Chain

⌫ �
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p+ p ! 2H+ e+ + ⌫e p+ e� + p ! 2H+ ⌫e

2H+ p ! 3He + �

3He + 3He ! 4He + 2p

3He + 4He ! 7Be + �

3He + p ! 4He + e+ + ⌫e

7Be + e� ! 7Li + ⌫e 7Be + p ! 8B+ �

7Li + p ! 2 4He 8B ! 8Be⇤ + e+ + ⌫e

8Be⇤ ! 2 4He

(pp) (pep)

(hep)

(7Be)

(8B)

ppI

ppII

ppIII

99.6% 0.4%

85% 2⇥ 10�5%

15%

99.87% 0.13%

⌫ �

Several paths, all doing this: 

Two electron-type neutrinos for each chain reaction

4p ! 4He + 2e+ + 2⌫e + 2� + 26.7 MeV
<latexit sha1_base64="tdavbGFuIw1p+A0Vavf2h+IcyAE="></latexit><latexit sha1_base64="tdavbGFuIw1p+A0Vavf2h+IcyAE="></latexit><latexit sha1_base64="tdavbGFuIw1p+A0Vavf2h+IcyAE="></latexit>
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A Standard Solar Model
What We Know

(approximately)

• Mass (2×1030 kg) 
• Radius (700,000 km) 
• Age (4.6 Gyears) 
• Photon Luminosity 

(3.8×1033 erg/s) 
• Nuclear physics 

• Fusion cross sections 
• Beta decay rates 

• Chemical abundances 
at the photosphere

What We Don't Know
• Temperature/density profile 
• Rates of neutrino-making reactions

Photo: Princeton University Archives

SUPER COMPUTER



p+ p ! 2H+ e+ + ⌫e p+ e� + p ! 2H+ ⌫e

2H+ p ! 3He + �

3He + 3He ! 4He + 2p

3He + 4He ! 7Be + �

3He + p ! 4He + e+ + ⌫e

7Be + e� ! 7Li + ⌫e 7Be + p ! 8B+ �

7Li + p ! 2 4He 8B ! 8Be⇤ + e+ + ⌫e

8Be⇤ ! 2 4He

(pp) (pep)

(hep)

(7Be)

(8B)

ppI

ppII

ppIII

99.6% 0.4%

85% 2⇥ 10�5%

15%

99.87% 0.13%
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A Standard Solar Model3.2 Solar Neutrino Oscillations

Figure 3.2: Solar neutrino spectrum. This figure shows the energy spectrum of neutrinos
predicted by the standard solar model (Bahcall and Pinsonneault 2004). The neutrino fluxes
from continuum sources (like pp and 8B) are given in the units of number per cm2 per second
per MeV at one AU. The line fluxes (pep and 7Be) are given in number per cm2 per second. The
spectra from the pp chain are drawn with solid lines; the neutrino energy spectra from reactions
with carbon, nitrogen, and oxygen (CNO) isotopes are drawn with dotted lines. Figure from
Reference [33].
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i.e., how many neutrinos per unit area, per second
Neutrino Fluxes, on Earth



Homestake Mine 
Lead, South Dakota

11

The Homestake 
Experiment

4850 
feet

Image: ias.edu

Ray Davis, Jr.

11

1969



Image: ias.edu

100,000 gallons
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The Homestake 
Experiment

n p!+ +
⌫e +

37Cl ! 37Ar + e�
<latexit sha1_base64="lIzYOXxsSqar+qM8iddqpYKto2Y="></latexit><latexit sha1_base64="lIzYOXxsSqar+qM8iddqpYKto2Y="></latexit><latexit sha1_base64="lIzYOXxsSqar+qM8iddqpYKto2Y="></latexit>⌫e
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e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

time

Threshold energy: 0.8 MeV

p

⌫e e�

W+

n
<latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="61SQR/9hKra8AoxfaIMC/TkDQ8Q=">AAAB7HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW6lAymTttaJIZkoxQxr6AW9/AlfhGvoDPYfqzsK0HAodzEu7NlxSCGxsE315ta3tnd6++7x80/MOj42bjyeSlZhixXOS6l1CDgiuMLLcCe4VGKhOB3WR8N+u7L6gNz9WjnRQYSzpUPOOMWhd1Bs1W0A7mIpsmXJoWLDVo/jynOSslKssENaYfBoWNK6otZwKn/nNpsKBsTIfYd1ZRiSau5mtOyblLUpLl2h1lyTz9+6Ki0piJTNxNSe3IrHez8L+uX9rsOq64KkqLii0GZaUgNiezP5OUa2RWTJyhTHO3K2EjqimzjszKlAwnShZT33EJ1ylsmuiyfdMOHgKowymcwQWEcAW3cA8diIBBCm/w7r16H97nAl/NW3I8gRV5X79GzZJ2</latexit><latexit sha1_base64="Xfy1U+I9Gw75U6jrh3vvVWgMgeQ="></latexit><latexit sha1_base64="1HxMMX26hW+PTYmu9owI/4VDHCA="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit><latexit sha1_base64="9vtCbfpVAVw7GPkGTjlRTWvmSgo="></latexit>

3.2 Solar Neutrino Oscillations

Figure 3.2: Solar neutrino spectrum. This figure shows the energy spectrum of neutrinos
predicted by the standard solar model (Bahcall and Pinsonneault 2004). The neutrino fluxes
from continuum sources (like pp and 8B) are given in the units of number per cm2 per second
per MeV at one AU. The line fluxes (pep and 7Be) are given in number per cm2 per second. The
spectra from the pp chain are drawn with solid lines; the neutrino energy spectra from reactions
with carbon, nitrogen, and oxygen (CNO) isotopes are drawn with dotted lines. Figure from
Reference [33].
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The Homestake 
Experiment

Theoretical Prediction

Observed Data
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⌫e
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e�
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The Solar Neutrino Problem
More Solar Neutrino Experiments

http://cerncourier.com/cws/article/cern/68795

SAGE 
Baksan, Russia

GALLEX/GNO 
Gran Sasso, Italy

https://lappweb.in2p3.fr/neutrinos/anexp.html

Theoretical Prediction

Observed Data

Also a significant discrepancy 
with the theory!

⌫e +
71Ga ! 71Ge + e�

<latexit sha1_base64="pOZRya/q7+akNuXm1NmzmdsnO1Q="></latexit><latexit sha1_base64="pOZRya/q7+akNuXm1NmzmdsnO1Q="></latexit><latexit sha1_base64="pOZRya/q7+akNuXm1NmzmdsnO1Q="></latexit>

n p!+ +



⌫e
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e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

n
<latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

n
<latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit>

⌫e + n ! p+ e�
<latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit><latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit><latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit>

,
<latexit sha1_base64="NvJIyf/Blf45TyVIU/BCns2TWPo=">AAACC3icdVBLSgNBEO3xG+Mv6tJNYxBcDZ0YTbIT3bhwEcGokITQ06lJGnt6hu4aJYRcwQu41Ru4Ercewgt4DjsfQUUfFDzeq6KqXpAoaZGxd29mdm5+YTGzlF1eWV1bz21sXto4NQLqIlaxuQ64BSU11FGiguvEAI8CBVfBzcnIv7oFY2WsL7CfQCviXS1DKTg6qZ1bb55BiEZ2e8iNie/auTzzK6zISmXK/HK1vF89nJBi5YAWfDZGnkxRa+c+mp1YpBFoFIpb2yiwBFsDblAKBcNsM7WQcHHDu9BwVPMIbGswPnxId53SoWFsXGmkY/X7xIBH1vajwHVGHHv2tzcS//IaKYaV1kDqJEXQYrIoTBXFmI5SoB1pQKDqO8KFke5WKnrccIEuqx9bQujrKBlmXTBf39P/Sb3oV312XsofHU8TypBtskP2SIGUyRE5JTVSJ4Kk5IE8kifv3nv2XrzXSeuMN53ZIj/gvX0Cx+CcJg==</latexit><latexit sha1_base64="NvJIyf/Blf45TyVIU/BCns2TWPo=">AAACC3icdVBLSgNBEO3xG+Mv6tJNYxBcDZ0YTbIT3bhwEcGokITQ06lJGnt6hu4aJYRcwQu41Ru4Ercewgt4DjsfQUUfFDzeq6KqXpAoaZGxd29mdm5+YTGzlF1eWV1bz21sXto4NQLqIlaxuQ64BSU11FGiguvEAI8CBVfBzcnIv7oFY2WsL7CfQCviXS1DKTg6qZ1bb55BiEZ2e8iNie/auTzzK6zISmXK/HK1vF89nJBi5YAWfDZGnkxRa+c+mp1YpBFoFIpb2yiwBFsDblAKBcNsM7WQcHHDu9BwVPMIbGswPnxId53SoWFsXGmkY/X7xIBH1vajwHVGHHv2tzcS//IaKYaV1kDqJEXQYrIoTBXFmI5SoB1pQKDqO8KFke5WKnrccIEuqx9bQujrKBlmXTBf39P/Sb3oV312XsofHU8TypBtskP2SIGUyRE5JTVSJ4Kk5IE8kifv3nv2XrzXSeuMN53ZIj/gvX0Cx+CcJg==</latexit><latexit sha1_base64="NvJIyf/Blf45TyVIU/BCns2TWPo=">AAACC3icdVBLSgNBEO3xG+Mv6tJNYxBcDZ0YTbIT3bhwEcGokITQ06lJGnt6hu4aJYRcwQu41Ru4Ercewgt4DjsfQUUfFDzeq6KqXpAoaZGxd29mdm5+YTGzlF1eWV1bz21sXto4NQLqIlaxuQ64BSU11FGiguvEAI8CBVfBzcnIv7oFY2WsL7CfQCviXS1DKTg6qZ1bb55BiEZ2e8iNie/auTzzK6zISmXK/HK1vF89nJBi5YAWfDZGnkxRa+c+mp1YpBFoFIpb2yiwBFsDblAKBcNsM7WQcHHDu9BwVPMIbGswPnxId53SoWFsXGmkY/X7xIBH1vajwHVGHHv2tzcS//IaKYaV1kDqJEXQYrIoTBXFmI5SoB1pQKDqO8KFke5WKnrccIEuqx9bQujrKBlmXTBf39P/Sb3oV312XsofHU8TypBtskP2SIGUyRE5JTVSJ4Kk5IE8kifv3nv2XrzXSeuMN53ZIj/gvX0Cx+CcJg==</latexit>

But only about 1/3 of them show up!

Eh? Eh?
Eh?

The Solar Neutrino Problem

Neutrino Production Neutrino Detection
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The Solar Neutrino Problem
Some Healthy Skepticism

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

Neutrino Production Neutrino Detection

Nuclear physics uncertainties

Wrong about diffusion 
or composition

New physics in the Sun?

Are these even from 
the Sun?

Detector efficiency

Or is something 
going on here?

WANTED 
An experiment that can measure neutrino direction 

and energy in real time.



17(c) Kamioka Observatory, ICRR , University of Tokyo

Photomultiplier 
Tube 

(×1000)

16 m

Water 
(3000 tons)

KamiokaNDE-II 
Kamioka, Hida, Japan
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit> e�

⌫e

W

e�

⌫e

<latexit sha1_base64="ppj+9Zr/NDfZg8DG8ofoZInMzX0="></latexit><latexit sha1_base64="ppj+9Zr/NDfZg8DG8ofoZInMzX0="></latexit><latexit sha1_base64="ppj+9Zr/NDfZg8DG8ofoZInMzX0="></latexit>

time
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

SPEED 
LIMIT 

c 
186,282 
mi / second

in empty 
space!

In general, v = c / n
velocity 
of light

index of 
refraction

SPEED 
LIMIT 

c/1.33 
140,061 
mi / second

SLOW 
WATER 
ZONE

A. Einstein

Special Relativity Detour
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

SPEED 
LIMIT 

c/1.33 
140,061 
mi / second

Te = E⌫ = 15 MeV
<latexit sha1_base64="uj9vw70bBL9Z1LKsSyICSma1Wa4="></latexit><latexit sha1_base64="uj9vw70bBL9Z1LKsSyICSma1Wa4="></latexit><latexit sha1_base64="uj9vw70bBL9Z1LKsSyICSma1Wa4="></latexit>

ve =
c
p

T (T + 2mec2)

K +mec2
<latexit sha1_base64="BAiVmyHTiXqKUuRXyWxe9TLEeEs="></latexit><latexit sha1_base64="BAiVmyHTiXqKUuRXyWxe9TLEeEs="></latexit><latexit sha1_base64="BAiVmyHTiXqKUuRXyWxe9TLEeEs="></latexit>

ve = 186, 181 mi/second
<latexit sha1_base64="n+/JCbrDNYNXUdfw4M8XglSZ/I4="></latexit><latexit sha1_base64="n+/JCbrDNYNXUdfw4M8XglSZ/I4="></latexit><latexit sha1_base64="n+/JCbrDNYNXUdfw4M8XglSZ/I4="></latexit>

Solar Neutrino Energy

Special Relativity

Electron Velocity

= 0.99946c
<latexit sha1_base64="VrcwUtegrgjiFnBvfiH0euJ2eqw="></latexit><latexit sha1_base64="VrcwUtegrgjiFnBvfiH0euJ2eqw="></latexit><latexit sha1_base64="VrcwUtegrgjiFnBvfiH0euJ2eqw="></latexit>

Now What!?

Special Relativity Detour
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫e
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The electron rapidly decelerates 
and produces the equivalent of sonic 

booms for light: Cherenkov radiation

This produces a cone of photons...
...which is detected as a ring.

Special Relativity Detour
SPEED 
LIMIT 

c/1.33 
140,061 
mi / second

H. Seldon, Wikimedia Commons

Image: Super-Kamiokande Collaboration

FIG. 5: Two simulated events displayed for the Super-Kamiokande detector. Left: a muon event. Notice the

cleaner outer ring of the Cherenkov cone. Right: an electron event. Notice that the ring is much more ragged

due to the many particles of the electromagnetic shower and multiple scattering of the shower particles.[14]

oxygen nuclei or decay. The decay will create a low energy electron signature sometime later after
the muon stops (with lifetimes of 2.2 microseconds). Muons can also undergo inelastic interactions
in the rock surrounding the detector or in the detector. Such events can create neutrons that have
delayed hits in the detector. In addition, muon interactions can create light radioactive nuclei that
will decay (with wide ranging livetimes) mainly by beta-decay. These spallation product beta
decays can cause backgrounds to low energy ( 10 MeV) neutrino events. Depth will reduce the
rate of muons as well as the rate of all events associated with the muons. A complete review is in
[9].

After traversal of a cosmic ray muon the photo-multiplier tubes and the electronic readout chain
will require some time to recover (generally in the range of ⇠100 ns). This will cause of loss of
data for more interesting events such a nucleon decay or neutrinos. The muon, if not properly
reconstructed could also cause background. The quantification of this data loss and backgrounds
will be in section 3.

2.2. Liquid argon TPC

Liquid argon time projection chambers (LArTPCs) record 3 dimensional “photo-like” images of
passing particle tracks along with the energy deposited by those tracks. The few-millimeter-scale
spatial granularity of a LArTPC combined with energy at each step make it a very powerful detec-
tion technique. This technique, pioneered by Carlo Rubbia [10] and the ICARUS collaboration[11]

8



22(c) Kamioka Observatory, ICRR , University of Tokyo

KamiokaNDE-II 
Kamioka, Hida, Japan

VOLUME 63, NUMBER 1 PHYSICAL REVIEW LETTERS 3 JULY 1989

Observation of B Solar Neutrinos in the Kamiokande-II Detector

K. S. Hirata, T. Kajita, K. Kifune, K. Kihara, M. Nakahata, K. Nakamura, S. Ohara, Y. Oyama, N. Sato,
M. Takita, Y. Totsuka, and Y. Yaginuma

Institute for Cosmic Ray Research, University of Tokyo, Tanashi, Tokyo I88, Japan

M. Mori, A. Suzuki, K. Takahashi, T. Tanimori, and M. Yamada '
National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan

M. Koshiba
Tokai University, Shibuya, Tokyo 151, Japan

T. Suda
Department of Physics, Kobe University, Kobe, Hyogo 657, Japan

K. Miyano, H. Miyata, and H. Takei
Niigata University, Niigata, Niigata 950-2l, Japan

K. Kaneyuki, Y. Nagashima, and Y. Suzuki
Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan

E. W. Beier, L. R. Feldscher, E. D. Frank, W. Frati, S. B. Kim, A. K. Mann, F. M. Newcomer,
R. Van Berg, and W. Zhang

Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania I 9I04
(Received 10 April 1989)

Neutrinos from the decay of 8 in the Sun have been observed in the Kamiokande-II detector. Based
on 450 days of data in the time period January 1987 through May 1988, the measured Aux obtained
from data with E, ~ 9.3 MeV is 0.46 ~0.13(stat. ) + 0.08(syst. ) of the value predicted by the standard
solar model. Within experimental errors, the Kamiokande-II value is in agreement with the correspond-
ing value obtained in the 'Cl radiochemical detector in essentially the same time period.

PACS numbers: 96.60.Kx, 95.85.Qx, 96.40.Qr

Our knowledge of the Sun is formulated in a quantita-
tive description known as the standard solar model
(SSM). ' Central to that model is the assumption that
the energy source of the Sun is nuclear fusion. The
series of nuclear reactions in the various fusion chains in-
volve the emission of electron-type neutrinos (v, ) from
several of the nuclear P-decay or electron-capture reac-
tions, the energies of the v, extending up to approxi-
mately 14 MeV. These neutrinos are of particular in-
terest because, unlike the photons emitted by the Sun,
they probe the interior of the Sun, and thereby are a sen-
sitive test of the standard solar model. But, also, of spe-
cial importance to elementary-particle physics, the solar
neutrinos provide a means of studying the intrinsic prop-
erties of the neutrinos themselves because of the chang-
ing density and high magnetic field of the Sun, and the
long Sun-Earth distance.
The observation of solar neutrinos was initiated in

about 1970, in a detector utilizing Cl as the neutrino
target. Cl is especially sensitive to the 0.86-MeV v,
from e + Be Li+ v, . and the 0-14-MeV contin-
uous-spectrum v, from the two processes p+ Be
"B+y and B Be*+e + + v, . The average total

rate of v, interactions in the detector from 1970 to the
end of 1985 was 2.1+0.3 SNU, ' where a solar neutri-
no unit (SNU) is 10 interactions per target atom per
second. The discrepancy between the value of 2. 1 ~0.3
SNU from the Cl experiment and the value of
7.9+'2.6 (3o) SNU predicted by the SSM has persist-
ed for more than a decade, and is often referred to as the
solar neutrino puzzle.
In this Letter we report on the first observation in real

time of the flux of B solar neutrinos using the Kamio-
kande-II detector. Kamiokande-II is an imaging water
Cherenkov detector which detects B solar neutrinos by
neutrino-electron scattering, v, e v,e, and yields
information on the neutrino arrival time, the direction,
and the energy spectrum.
The Kamiokande-II detector has been operating since

the beginning of 1986. It is described in detail else-
where. The detector volume containing 2140 tons of
water is viewed by an array of 20-in. -diam photomulti-
plier tubes (PMT's) on a 1 x 1-m lattice on the surface.
The photocathode coverage amounts to 20% of the total
inner surface. The attenuation length of the water for
Cherenkov light averaged over the data-taking period is
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FIG. 2. Distributions in cosOs„„, the cosine of the angle be-
tween the trajectory of an electron and the direction of the Sun
at a given time. The data are in the 680-ton fiducial region (a)
with E, ~ 9.3 MeV and (b) with E, ~ 10.1 MeV, respectively.
Events identified as spallation products or remaining y rays
have been excluded.

spallation cut is given by curve c in Fig. 1. The spectrum
consists of two components, arising from energetically
"soft" and "hard" events. The soft component is due to
radioactivity in the water, especially ' Bi, a decay prod-
uct of Rn. The hard component is due, to spallation
products and to external y rays which are not completely
eliminated by the present cuts. To reduce the soft com-
ponent we use only the data sample with E, ~ 9.3 MeV
in what follows.
To reduce the remaining y rays in the region of the

hard component of the background, events were also re-
jected which had vertex positions near the edge of the
fiducial volume (outer 1-m layer) and directions inward
(cosine of the angle relative to the normal to the nearest
wall )0.67). This "y-ray" cut further reduced the
event rate by -40%, and introduced an additional dead
time of 13%. The event rate as a function of electron en-
ergy after this cut is also shown, as curve d, in Fig. 1. To
test whether the y-ray cut is biased by the directional
criteria, the analysis was repeated with various smaller
fiducial volumes without the y-ray cut. Within statistics,
the observed solar neutrino signals were the same as the
corresponding result for the larger (680 tons) fiducial re-
gion with the y-ray cut.
The event sample was then tested for a directional

correlation with the Sun. This test provides an addition-
al order-of-magnitude discrimination against the back-
ground rate of curve d in Fig. 1. Figure 2 shows the dis-

where SSM is the central value predicted by a Monte
Carlo calculation based on the standard solar model
and subject to the same event criteria and experimental
resolution as the data. Only the relative result is given in
Eq. (1) because the flux below E, (9.3 MeV is not
determined in this observation. The systematic error of
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FIG. 3. Energy distribution of the solar neutrino signal (see
text). The histogram is the distribution predicted by the SSM.
The highest bin corresponds to E, ~ 14 MeV. The dotted line
shows the best fit to the data (0.46 SSM).

tribution in cosOq„„ for E, & 9.3 MeV and E, & 10.1
MeV, in which cosOs„„=1 corresponds to the expected
direction to the Earth from the Sun. A clear enhance-
ment around cosOq„„=1 with an isotropic background is
evident. The solid histogram in the figure gives the sig-
nal expected from a Monte Carlo simulation based on
the SSM. The analysis was repeated with the detector
location assigned to other, incorrect, latitudes and longi-
tudes. The signal peaks only when the true Kamiokande
coordinates are assigned.
Two independent analyses were performed on the

same data. Each analysis obtained the final sample us-
ing totally independent programs for the event recon-
struction and applied different cuts (see, for example, the
description of two types of spallation cuts above). The
results of the two analyses were carefully compared in
many ways after each cut. The agreement on the mea-
sured signal between the two analyses is within the ex-
perimental errors.
To obtain the energy distribution of the solar neutrino

signal, a fit of the cosOg„„distribution with a flat back-
ground plus an expected angular distribution of the sig-
nal was performed for each energy bin. The resulting E,
spectrum is shown in Fig. 3, where it is compared with
the corresponding spectrum predicted by the standard
solar model.
The measured value of the 8 solar neutrino flux for

E, ~ 9.3 MeV from the Kamiokande-II detector in the
time period January 1987 through May 1988 (450 live
detector days) is given by

Kam -II data =0.46 ~ 0.13(stat. ) + 0.08(syst. ), (1)
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FIG. 2. Distributions in cosOs„„, the cosine of the angle be-
tween the trajectory of an electron and the direction of the Sun
at a given time. The data are in the 680-ton fiducial region (a)
with E, ~ 9.3 MeV and (b) with E, ~ 10.1 MeV, respectively.
Events identified as spallation products or remaining y rays
have been excluded.

spallation cut is given by curve c in Fig. 1. The spectrum
consists of two components, arising from energetically
"soft" and "hard" events. The soft component is due to
radioactivity in the water, especially ' Bi, a decay prod-
uct of Rn. The hard component is due, to spallation
products and to external y rays which are not completely
eliminated by the present cuts. To reduce the soft com-
ponent we use only the data sample with E, ~ 9.3 MeV
in what follows.
To reduce the remaining y rays in the region of the

hard component of the background, events were also re-
jected which had vertex positions near the edge of the
fiducial volume (outer 1-m layer) and directions inward
(cosine of the angle relative to the normal to the nearest
wall )0.67). This "y-ray" cut further reduced the
event rate by -40%, and introduced an additional dead
time of 13%. The event rate as a function of electron en-
ergy after this cut is also shown, as curve d, in Fig. 1. To
test whether the y-ray cut is biased by the directional
criteria, the analysis was repeated with various smaller
fiducial volumes without the y-ray cut. Within statistics,
the observed solar neutrino signals were the same as the
corresponding result for the larger (680 tons) fiducial re-
gion with the y-ray cut.
The event sample was then tested for a directional

correlation with the Sun. This test provides an addition-
al order-of-magnitude discrimination against the back-
ground rate of curve d in Fig. 1. Figure 2 shows the dis-

where SSM is the central value predicted by a Monte
Carlo calculation based on the standard solar model
and subject to the same event criteria and experimental
resolution as the data. Only the relative result is given in
Eq. (1) because the flux below E, (9.3 MeV is not
determined in this observation. The systematic error of
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FIG. 3. Energy distribution of the solar neutrino signal (see
text). The histogram is the distribution predicted by the SSM.
The highest bin corresponds to E, ~ 14 MeV. The dotted line
shows the best fit to the data (0.46 SSM).

tribution in cosOq„„ for E, & 9.3 MeV and E, & 10.1
MeV, in which cosOs„„=1 corresponds to the expected
direction to the Earth from the Sun. A clear enhance-
ment around cosOq„„=1 with an isotropic background is
evident. The solid histogram in the figure gives the sig-
nal expected from a Monte Carlo simulation based on
the SSM. The analysis was repeated with the detector
location assigned to other, incorrect, latitudes and longi-
tudes. The signal peaks only when the true Kamiokande
coordinates are assigned.
Two independent analyses were performed on the

same data. Each analysis obtained the final sample us-
ing totally independent programs for the event recon-
struction and applied different cuts (see, for example, the
description of two types of spallation cuts above). The
results of the two analyses were carefully compared in
many ways after each cut. The agreement on the mea-
sured signal between the two analyses is within the ex-
perimental errors.
To obtain the energy distribution of the solar neutrino

signal, a fit of the cosOg„„distribution with a flat back-
ground plus an expected angular distribution of the sig-
nal was performed for each energy bin. The resulting E,
spectrum is shown in Fig. 3, where it is compared with
the corresponding spectrum predicted by the standard
solar model.
The measured value of the 8 solar neutrino flux for

E, ~ 9.3 MeV from the Kamiokande-II detector in the
time period January 1987 through May 1988 (450 live
detector days) is given by

Kam -II data =0.46 ~ 0.13(stat. ) + 0.08(syst. ), (1)
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The Atmospheric Neutrino Anomaly
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<latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit><latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit><latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit>

⇡+
<latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit><latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit><latexit sha1_base64="BE0y/MhxwCAkJfsMlWiChHxEl8Y=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaCYzJBlhGLrwC9zqF7gSt/6KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzc0vLK6lp+vbCxubW9U9zdu1VRIgl1ScQj2faxopwJ6mqmOW3HkuLQ57Tljy4nfuueSsUicaPTmHohHggWMIK1kdxuzO5OesUSsmuogqoORLZTd07r5zNSqZ3Bso2mKIE5mr3iZ7cfkSSkQhOOleqUUay9DEvNCKfjQjdRNMZkhAe0Y6jAIVVeNj12DI+M0odBJE0JDafqz4kMh0qloW86Q6yH6rc3Ef/yOokOal7GRJxoKshsUZBwqCM4+Rz2maRE89QQTCQzt0IyxBITbfJZ2BLQVITx2OTy/Tz8n7gVu26j62qpcTEPKA8OwCE4BmXggAa4Ak3gAgIYeARP4Nl6sF6sV+tt1pqz5jP7YAHW+xcXjJcP</latexit>

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

⌫
<latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit>

⌫
<latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit><latexit sha1_base64="5+yOgz2zacIAkQi4yc2G8hUx9i0=">AAAB/HicdVDLSgMxFM34rPVVdekmWARXQ1qr0+6KblxWtLbQDiWTZtrQJDMkGWEYil/gVr/Albj1X/wA/8P0IVjRAxcO59zLvfcEMWfaIPThLC2vrK6t5zbym1vbO7uFvf07HSWK0CaJeKTaAdaUM0mbhhlO27GiWASctoLR5cRv3VOlWSRvTRpTX+CBZCEj2FjppiuTXqGI3Coqo4oHkevVvNPa+YyUq2ew5KIpimCORq/w2e1HJBFUGsKx1p0Sio2fYWUY4XSc7yaaxpiM8IB2LJVYUO1n01PH8NgqfRhGypY0cKr+nMiw0DoVge0U2Az1b28i/uV1EhNW/YzJODFUktmiMOHQRHDyN+wzRYnhqSWYKGZvhWSIFSbGprOwJaSpFPHY5vL9PPyfNMtuzUXXlWL9Yh5QDhyCI3ACSsADdXAFGqAJCBiAR/AEnp0H58V5dd5mrUvOfOYALMB5/wIBU5Z8</latexit>

Atmosphere 
Stuff

Primary 
Cosmic Ray

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>
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Fig. 1.3. The double ratio R of muon to electron neutrino events, data divided
by expectations for various underground atmospheric neutrino detectors. From
A. Mann[20]

break-through with SuperK, which may not be obvious. The increase in size
of detector, from near kiloton fiducial volumes for Kamioka and Soudan, and
three kilotons for IMB to the twenty-two kilotons of SuperK is not the whole
story. As will be seen below, the most striking progress comes from the record-
ing of muon events with good statistics in the energy region above 1 GeV .
This is due to detector linear dimensions as well as gross target volume: muon
events with energy more than 1 GeV and thus 5 m range were not likely to
be fully contained in the Kamioka detector (or the IMB detector). SuperK
in contrast has decent muon statistics up to almost 5 GeV , and this is turns
out to be crucial.

The most important data to be discussed below is the “fully contained”
(FC) single-ring event sample, consisting of those events in which both
the neutrino interaction vertex and resulting particle tracks remain entirely
within the fiducial volume. For these events the relativistic charged particle
energy and direction are well determined. We shall use the notation FC for
the single ring events, which are about 2/3 of the total, arising mostly from
quasi-elastic charged-current interactions in which the recoil nucleon is not
seen. The multi-ring events have not yet been much used in analysis due to
the ambiguous interpretation of overlapping rings from track segments in a
Cherenkov detector (except as discussed below in the case of tests distinguish-
ing the muon neutrino’s oscillating partner). Moreover, the multi-pion final
states are not modeled reliably in simulations as yet, and there are further
complications of final state nuclear scattering as well.

There are also “partially contained” (PC) events, in which a muon exits
the fiducial volume from a contained vertex location. Such events are useful
even though the total energy is not known, the energy observed being a
lower limit. Of course this is the case even with FC events, though to a
lessor degree, because the observed particles are not of the same energy (or

😬

Missing neutrinos from cosmic rays, too! 

This turns out to be the same issue as the solar neutrinos, 
and what we learn is thanks to both measurements.
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The Solar Neutrino Problem

http://www.sns.ias.edu/~jnb/SNviewgraphs/snviewgraphs.html

Expectation

Experiments



Solving the Solar 
Neutrino Problem
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Neutrino Oscillations
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Perhaps solar neutrinos start out 
as νe, but en route to Earth some 
them change to other types ...

... evading detection in our 
solar neutrino detectors, which 
can only see νe
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Neutrino Detection
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<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

n
<latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit>

p
<latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit><latexit sha1_base64="BalpSH0UnQy+AiP2UbmNkcLDn8M=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkrNaJAvELdKSqRcwcSt1CoXtasFKVUvcdElcxTQEo1B/rM3DFkcgDRMUK27RRKZfkqV4UzANNeLNUSUTegIupZKGoDup/NDp/jMKkPsh8qWNHiu/pxIaaB1Eni2M6BmrH97M/Evrxsbv9pPuYxiA5ItFvmxwCbEs6/xkCtgRiSWUKa4vRWzMVWUGZvNyhYfEhlEU5vL9/P4f9IquTWXNMuF+vUyoCw6QafoHBVRBdXRLWqgFmII0CN6Qs/O1HlxXp23RWvGWc4coxU4719t15WZ</latexit>

n
<latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit><latexit sha1_base64="pY0/CuvKMeJzhZNWQlB2N0mW3Mc=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LZMYTXILevGYgDGBZAmzk95kyOzsMjMrhCX+gFf9A0/i1Y/xB/wOJw/BiBY0FFXddHf5seDaEPLhrKyurW9sZray2zu7e/u5g8M7HSWKQZNFIlJtn2oQXELTcCOgHSugoS+g5Y+up37rHpTmkbw14xi8kA4kDzijxkoN2cvliVshRVIqY+KWq+Xz6uWcFCsXuOCSGfJogXov99ntRywJQRomqNadAomNl1JlOBMwyXYTDTFlIzqAjqWShqC9dHboBJ9apY+DSNmSBs/UnxMpDbUeh77tDKkZ6t/eVPzL6yQmqHgpl3FiQLL5oiAR2ER4+jXucwXMiLEllClub8VsSBVlxmaztCWAsQzjSdYG8/09/p80i27VJY1Svna1SCiDjtEJOkMFVEY1dIPqqIkYAvSIntCz8+C8OK/O27x1xVnMHKElOO9f9f6Vpw==</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

(2/3 go missing)

⌫e + n ! p+ e�
<latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit><latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit><latexit sha1_base64="xW362g9NqMllaroLZq3FclR/Mm8=">AAACEXicdVBLSgNBEO3xb/yNiis3jUEQxKETP0l2ohuXCo4RMjH0dGpMY0/P0N0jhCG38AJu9QauxK0n8AKew85HMKIPCh7vVVFVL0wF14aQD2dicmp6ZnZuvrCwuLS84q6uXekkUwx8lohEXYdUg+ASfMONgOtUAY1DAfXw7rTv1+9BaZ7IS9NNoRnTW8kjzqixUsvdCGTWAryLJQ5MglPL4Gav5RaJVyVlclDBxKvUKvu1oyEpVw9xySMDFNEI5y33M2gnLItBGiao1o0SSU0zp8pwJqBXCDINKWV39BYalkoag27mg/N7eNsqbRwlypY0eKD+nMhprHU3Dm1nTE1H//b64l9eIzNRtZlzmWYGJBsuijKB7aP9LHCbK2BGdC2hTHF7K2YdqigzNrGxLRF0ZZz2CjaY7+/x/8QvezWPXBwUj09GCc2hTbSFdlAJVdAxOkPnyEcM5egRPaFn58F5cV6dt2HrhDOaWUdjcN6/AK/anFg=</latexit>

The Solar Neutrino Problem

E = mc2
<latexit sha1_base64="Ix3YdrdUcMi66fYblYkI45GlusU=">AAAB/3icdVDLSgMxFM34rPVVdekmWARXQ1qr0y6EogguKzhtoa0lk2ba2CQzJBmhlG78Arf6Ba7ErZ/iB/gfpg/Bih64cDjnXu69J4g50wahD2dhcWl5ZTW1ll7f2NzazuzsVnWUKEJ9EvFI1QOsKWeS+oYZTuuxolgEnNaC/sXYr91TpVkkb8wgpi2Bu5KFjGBjperlmSC3+XYmi9wiyqOCB5Hrlbzj0umU5IsnMOeiCbJghko789nsRCQRVBrCsdaNHIpNa4iVYYTTUbqZaBpj0sdd2rBUYkF1azi5dgQPrdKBYaRsSQMn6s+JIRZaD0RgOwU2Pf3bG4t/eY3EhMXWkMk4MVSS6aIw4dBEcPw67DBFieEDSzBRzN4KSQ8rTIwNaG5LSAdSxCOby/fz8H/i592Si64L2fL5LKAU2AcH4AjkgAfK4ApUgA8IuAOP4Ak8Ow/Oi/PqvE1bF5zZzB6Yg/P+BXZqlz0=</latexit><latexit sha1_base64="Ix3YdrdUcMi66fYblYkI45GlusU=">AAAB/3icdVDLSgMxFM34rPVVdekmWARXQ1qr0y6EogguKzhtoa0lk2ba2CQzJBmhlG78Arf6Ba7ErZ/iB/gfpg/Bih64cDjnXu69J4g50wahD2dhcWl5ZTW1ll7f2NzazuzsVnWUKEJ9EvFI1QOsKWeS+oYZTuuxolgEnNaC/sXYr91TpVkkb8wgpi2Bu5KFjGBjperlmSC3+XYmi9wiyqOCB5Hrlbzj0umU5IsnMOeiCbJghko789nsRCQRVBrCsdaNHIpNa4iVYYTTUbqZaBpj0sdd2rBUYkF1azi5dgQPrdKBYaRsSQMn6s+JIRZaD0RgOwU2Pf3bG4t/eY3EhMXWkMk4MVSS6aIw4dBEcPw67DBFieEDSzBRzN4KSQ8rTIwNaG5LSAdSxCOby/fz8H/i592Si64L2fL5LKAU2AcH4AjkgAfK4ApUgA8IuAOP4Ak8Ow/Oi/PqvE1bF5zZzB6Yg/P+BXZqlz0=</latexit><latexit sha1_base64="Ix3YdrdUcMi66fYblYkI45GlusU=">AAAB/3icdVDLSgMxFM34rPVVdekmWARXQ1qr0y6EogguKzhtoa0lk2ba2CQzJBmhlG78Arf6Ba7ErZ/iB/gfpg/Bih64cDjnXu69J4g50wahD2dhcWl5ZTW1ll7f2NzazuzsVnWUKEJ9EvFI1QOsKWeS+oYZTuuxolgEnNaC/sXYr91TpVkkb8wgpi2Bu5KFjGBjperlmSC3+XYmi9wiyqOCB5Hrlbzj0umU5IsnMOeiCbJghko789nsRCQRVBrCsdaNHIpNa4iVYYTTUbqZaBpj0sdd2rBUYkF1azi5dgQPrdKBYaRsSQMn6s+JIRZaD0RgOwU2Pf3bG4t/eY3EhMXWkMk4MVSS6aIw4dBEcPw67DBFieEDSzBRzN4KSQ8rTIwNaG5LSAdSxCOby/fz8H/i592Si64L2fL5LKAU2AcH4AjkgAfK4ApUgA8IuAOP4Ak8Ow/Oi/PqvE1bF5zZzB6Yg/P+BXZqlz0=</latexit>

E⌫ ⇠ 20 MeV
<latexit sha1_base64="Sbc8rkkaf2+OrfvgcSDSdqCZJB8="></latexit><latexit sha1_base64="Sbc8rkkaf2+OrfvgcSDSdqCZJB8="></latexit><latexit sha1_base64="Sbc8rkkaf2+OrfvgcSDSdqCZJB8="></latexit>

electron
muon
taum⌧ = 1776 MeV/c2

<latexit sha1_base64="oojUMyFfORasIucDcRbNE6gYC/I="></latexit><latexit sha1_base64="oojUMyFfORasIucDcRbNE6gYC/I="></latexit><latexit sha1_base64="oojUMyFfORasIucDcRbNE6gYC/I="></latexit>

mµ = 105 MeV/c2
<latexit sha1_base64="FbkNja4dlIymgpgFgTJHlBNDuWc="></latexit><latexit sha1_base64="FbkNja4dlIymgpgFgTJHlBNDuWc="></latexit><latexit sha1_base64="FbkNja4dlIymgpgFgTJHlBNDuWc="></latexit>

me = 0.511 MeV/c2
<latexit sha1_base64="DKqKw/di/QR3FkCdWCg10Z3klLI="></latexit><latexit sha1_base64="DKqKw/di/QR3FkCdWCg10Z3klLI="></latexit><latexit sha1_base64="DKqKw/di/QR3FkCdWCg10Z3klLI="></latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

µ�
<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit> ?

Neutrino Production
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A Little Bit of Quantum Physics
1. Wave-Particle Duality Sometimes things behave like 

particles, sometimes like waves

E

B

�
<latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit><latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit><latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit>

wavelength Light as a wave

Interference 
patterns, 
like water

CC BY 2.0 Scott Robinson, wikimedia.org 
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A Little Bit of Quantum Physics
1. Wave-Particle Duality Sometimes things behave like 

particles, sometimes like waves

Light as a particle 
(Compton scattering)

� e�
e+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

�

e
�

e
+

<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

�
<latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit><latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit><latexit sha1_base64="PvEmk8n/ORnEtFuwB3SbVmNYHsg=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJZNIOnUzCzEQIoSu/wK1+gStx65/4Af6H04dgRQ9cOJxzLvfhJ5wpjdCHVVhZXVvfKG6WtrZ3dvfK+wd3Kk4loS6JeSy7PlaUM0FdzTSn3URSHPmcdvzx1dTv3FOpWCxudZZQL8JDwUJGsDZSp89NNMCDcgXZDVRDdQci22k6Z82LOak1zmHVRjNUwALtQfmzH8QkjajQhGOlelWUaC/HUjPC6aTUTxVNMBnjIe0ZKnBElZfP1p3AE6MEMIylKaHhTP3ZkeNIqSzyTTLCeqR+e1PxL6+X6rDh5UwkqaaCzAeFKYc6htPbYcAkJZpnhmAimdkVkhGWmGjzoaUpIc1ElEzMX76Ph/8Tt2Y3bXRTr7QuFw8qgiNwDE5BFTigBa5BG7iAgDF4BE/g2XqwXqxX620eLViLnkOwBOv9C/pKmCI=</latexit>

�0
<latexit sha1_base64="1WNp+UygINn2CCjWUxyeujfkYMg=">AAACAXicdVDLSsNAFJ34rPVVdelmsIiuwrRW0+6KblxWMLbQhjKZTNqhk0mYmQghdOcXuNUvcCVu/RI/wP9w+hCs6IELh3PO5T78hDOlEfqwlpZXVtfWCxvFza3tnd3S3v6dilNJqEtiHsuOjxXlTFBXM81pJ5EURz6nbX90NfHb91QqFotbnSXUi/BAsJARrI3U6XETDfBJv1RGdh1VUc2ByHYazlnjYkaq9XNYsdEUZTBHq1/67AUxSSMqNOFYqW4FJdrLsdSMcDou9lJFE0xGeEC7hgocUeXl033H8NgoAQxjaUpoOFV/duQ4UiqLfJOMsB6q395E/MvrpjqsezkTSaqpILNBYcqhjuHkeBgwSYnmmSGYSGZ2hWSIJSbavGhhSkgzESVj85fv4+H/xK3aDRvd1MrNy/mDCuAQHIFTUAEOaIJr0AIuIICDR/AEnq0H68V6td5m0SVr3nMAFmC9fwFf8phT</latexit><latexit sha1_base64="1WNp+UygINn2CCjWUxyeujfkYMg=">AAACAXicdVDLSsNAFJ34rPVVdelmsIiuwrRW0+6KblxWMLbQhjKZTNqhk0mYmQghdOcXuNUvcCVu/RI/wP9w+hCs6IELh3PO5T78hDOlEfqwlpZXVtfWCxvFza3tnd3S3v6dilNJqEtiHsuOjxXlTFBXM81pJ5EURz6nbX90NfHb91QqFotbnSXUi/BAsJARrI3U6XETDfBJv1RGdh1VUc2ByHYazlnjYkaq9XNYsdEUZTBHq1/67AUxSSMqNOFYqW4FJdrLsdSMcDou9lJFE0xGeEC7hgocUeXl033H8NgoAQxjaUpoOFV/duQ4UiqLfJOMsB6q395E/MvrpjqsezkTSaqpILNBYcqhjuHkeBgwSYnmmSGYSGZ2hWSIJSbavGhhSkgzESVj85fv4+H/xK3aDRvd1MrNy/mDCuAQHIFTUAEOaIJr0AIuIICDR/AEnq0H68V6td5m0SVr3nMAFmC9fwFf8phT</latexit><latexit sha1_base64="1WNp+UygINn2CCjWUxyeujfkYMg=">AAACAXicdVDLSsNAFJ34rPVVdelmsIiuwrRW0+6KblxWMLbQhjKZTNqhk0mYmQghdOcXuNUvcCVu/RI/wP9w+hCs6IELh3PO5T78hDOlEfqwlpZXVtfWCxvFza3tnd3S3v6dilNJqEtiHsuOjxXlTFBXM81pJ5EURz6nbX90NfHb91QqFotbnSXUi/BAsJARrI3U6XETDfBJv1RGdh1VUc2ByHYazlnjYkaq9XNYsdEUZTBHq1/67AUxSSMqNOFYqW4FJdrLsdSMcDou9lJFE0xGeEC7hgocUeXl033H8NgoAQxjaUpoOFV/duQ4UiqLfJOMsB6q395E/MvrpjqsezkTSaqpILNBYcqhjuHkeBgwSYnmmSGYSGZ2hWSIJSbavGhhSkgzESVj85fv4+H/xK3aDRvd1MrNy/mDCuAQHIFTUAEOaIJr0AIuIICDR/AEnq0H68V6td5m0SVr3nMAFmC9fwFf8phT</latexit>

✓
<latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit><latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit><latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit>e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>
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<latexit sha1_base64="2WDJy/bdCjSLQqaW4IabhIS4qC4="></latexit><latexit sha1_base64="2WDJy/bdCjSLQqaW4IabhIS4qC4="></latexit><latexit sha1_base64="2WDJy/bdCjSLQqaW4IabhIS4qC4="></latexit>
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Arthur Holly Compton, 1927
(Like the lecture series!)
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<latexit sha1_base64="Slpm9hHQ3N4MHB200vj3iDv3kCw=">AAACD3icdVDLSgMxFM3UV62v+ti5CRbB1ZDWatuFUBTBZQXHFtpSMmmmDc1khiQj1GF+wi9wq1/gStz6CX6A/2GmrWBFDwQO59zDvTluyJnSCH1YmYXFpeWV7GpubX1jcyu/vXOrgkgS6pCAB7LlYkU5E9TRTHPaCiXFvstp0x1dpH7zjkrFAnGjxyHt+nggmMcI1kbq5fcuzzqexCQekiTucBPs46SXLyC7ikqoXIHIrtQqx7XTKSlVT2DRRhMUwAyNXv6z0w9I5FOhCcdKtYso1N0YS80Ip0muEykaYjLCA9o2VGCfqm48uT6Bh0bpQy+Q5gkNJ+rPRIx9pca+ayZ9rIfqt5eKf3ntSHvVbsxEGGkqyHSRF3GoA5hWAftMUqL52BBMJDO3QjLEpgxtCpvb4tGx8MO0l+/Pw/+JU7JrNrouF+rns4KyYB8cgCNQBBVQB1egARxAwD14BE/g2XqwXqxX6206mrFmmV0wB+v9C9ktngo=</latexit><latexit sha1_base64="Slpm9hHQ3N4MHB200vj3iDv3kCw=">AAACD3icdVDLSgMxFM3UV62v+ti5CRbB1ZDWatuFUBTBZQXHFtpSMmmmDc1khiQj1GF+wi9wq1/gStz6CX6A/2GmrWBFDwQO59zDvTluyJnSCH1YmYXFpeWV7GpubX1jcyu/vXOrgkgS6pCAB7LlYkU5E9TRTHPaCiXFvstp0x1dpH7zjkrFAnGjxyHt+nggmMcI1kbq5fcuzzqexCQekiTucBPs46SXLyC7ikqoXIHIrtQqx7XTKSlVT2DRRhMUwAyNXv6z0w9I5FOhCcdKtYso1N0YS80Ip0muEykaYjLCA9o2VGCfqm48uT6Bh0bpQy+Q5gkNJ+rPRIx9pca+ayZ9rIfqt5eKf3ntSHvVbsxEGGkqyHSRF3GoA5hWAftMUqL52BBMJDO3QjLEpgxtCpvb4tGx8MO0l+/Pw/+JU7JrNrouF+rns4KyYB8cgCNQBBVQB1egARxAwD14BE/g2XqwXqxX6206mrFmmV0wB+v9C9ktngo=</latexit><latexit sha1_base64="Slpm9hHQ3N4MHB200vj3iDv3kCw=">AAACD3icdVDLSgMxFM3UV62v+ti5CRbB1ZDWatuFUBTBZQXHFtpSMmmmDc1khiQj1GF+wi9wq1/gStz6CX6A/2GmrWBFDwQO59zDvTluyJnSCH1YmYXFpeWV7GpubX1jcyu/vXOrgkgS6pCAB7LlYkU5E9TRTHPaCiXFvstp0x1dpH7zjkrFAnGjxyHt+nggmMcI1kbq5fcuzzqexCQekiTucBPs46SXLyC7ikqoXIHIrtQqx7XTKSlVT2DRRhMUwAyNXv6z0w9I5FOhCcdKtYso1N0YS80Ip0muEykaYjLCA9o2VGCfqm48uT6Bh0bpQy+Q5gkNJ+rPRIx9pca+ayZ9rIfqt5eKf3ntSHvVbsxEGGkqyHSRF3GoA5hWAftMUqL52BBMJDO3QjLEpgxtCpvb4tGx8MO0l+/Pw/+JU7JrNrouF+rns4KyYB8cgCNQBBVQB1egARxAwD14BE/g2XqwXqxX6206mrFmmV0wB+v9C9ktngo=</latexit>

Scattering changes the wavelength, hence energy
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A Little Bit of Quantum Physics
1. Wave-Particle Duality Sometimes things behave like 

particles, sometimes like waves

Electron as a particle 
(Møller scattering)

✓
<latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit><latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit><latexit sha1_base64="k65s3zZGQltIXsra8MdONhu0u8Q=">AAAB/3icdVDLSgNBEJyNr/iOevQyGARPyyRGk9yCXjwqGA0kQWYnvcmY2dllplcIIRe/wKt+gSfx6qf4Af6Hk4egogUNRVU33V1BoqRFxt69zNz8wuJSdnlldW19YzO3tX1l49QIqItYxaYRcAtKaqijRAWNxACPAgXXQf907F/fgbEy1pc4SKAd8a6WoRQcnXTVwh4gv8nlmV9hRVYqU+aXq+XD6vGUFCtHtOCzCfJkhvOb3EerE4s0Ao1CcWubBZZge8gNSqFgtNJKLSRc9HkXmo5qHoFtDyfXjui+Uzo0jI0rjXSifp8Y8sjaQRS4zohjz/72xuJfXjPFsNIeSp2kCFpMF4WpohjT8eu0Iw0IVANHuDDS3UpFjxsu0AX0Y0sIAx0lI5fL1/P0f1Iv+lWfXZTytZNZQFmyS/bIASmQMqmRM3JO6kSQW/JAHsmTd+89ey/e67Q1481mdsgPeG+fXDOXzQ==</latexit>

e�
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Scattering changes the energy
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A Little Bit of Quantum Physics
1. Wave-Particle Duality Sometimes things behave like 

particles, sometimes like waves

electron cannon

Interference 
patterns, 
like water

CC BY 2.0 Scott Robinson, Wikimedia Commons 

Electron as a wave

Matter acts like 
a wave! � =

h

p
=

h

mv
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Louis de Brogliede Broglie wavelength
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A Little Bit of Quantum Physics
2. Superposition of States A quantum mechanical system can 

be in multiple states simultaneously

| i+ | ip
2
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cat 50% of the time, 
dog 50% of the time

A Quantum Mechanical Pet
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Two Kinds of Pets
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Neutrino Oscillations
First, let's assume the neutrino has a tiny but nonzero mass

Now, let's say the neutrinos produced in weak 
interactions do not have a well-defined mass

p

e� ⌫e

W+

n
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("flavor eigenstates")

But rather are different mixtures of 
neutrinos that do have well-defined masses 
(and hence wavelengths)
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⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

("mass eigenstates")

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>



Neutrino Oscillations
Sound Waves

400 Hz 
441 Hz

400 Hz 
+ 

441 Hz
Interference

36Credit: David Schmitz



Neutrino Oscillations
Neutrino Waves

distance

start out with the mixture 
of ν1 and ν2 we call "νe"

this is the mixture 
of ν1 and ν2 we call "νμ"

back where we started, 
with "pure νe"

here we'll measure either 
νe or νμ, with some probability

νe
νeνe νeνeνe νeνeνe νe

νe

νe

νe

νe
νeνe νeνeνe νeνeνe νe

νe

νe
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νe

νe
νe νeνe

νe

νμνμ
νμ
νμ

νμ

νμ
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νe
νe νe

νeνeνe

νe

νμ
νμνμ

νμ

νμνμ

νμ
νμνμ νμνμνμ νμνμνμ

νμ
νμ

νμνe

neutrino detectors everywhere! measure the amplitude and wavelength!
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ν1
ν2

 (in a two-neutrino world)



Neutrino Oscillations
Two-Neutrino Oscillations, for Enthusiasts

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

|⌫ei = A |⌫1i+B |⌫2i
|⌫µi = C |⌫1i+D |⌫2i

<latexit sha1_base64="t/6f0tfLDJ+Zw79AXXvqmqFsayU="></latexit><latexit sha1_base64="t/6f0tfLDJ+Zw79AXXvqmqFsayU="></latexit><latexit sha1_base64="t/6f0tfLDJ+Zw79AXXvqmqFsayU="></latexit>

numbers between 0 and 1
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P (⌫e ! ⌫e) = 1� sin2 2✓ sin2
✓
1.27

(m2
1 �m2

2) [eV
2] · L [km]

E [GeV]

◆

<latexit sha1_base64="I3VV0udkyLhUTkBV4zsU5c6jhRw=">AAAEqnicrVPdbtMwGM3WAqP8bANxxY3FtKoVapWYQVuhSfsVXHBRBN2G6rRyXKe1FjuR7SCqLDwS78MD8B44Sae2U4cQwlKU4/P9nBN/sRcFTGnb/rm2XirfuXtv437lwcNHjze3tp+cqTCWhPZIGITywsOKBkzQnmY6oBeRpJh7AT33Lo+z+PlXKhULxWc9jajL8VgwnxGsDTXcXv+xiwLq6ysk4iFFko0nGkksxgEF++BwHn </latexit><latexit sha1_base64="I3VV0udkyLhUTkBV4zsU5c6jhRw=">AAAEqnicrVPdbtMwGM3WAqP8bANxxY3FtKoVapWYQVuhSfsVXHBRBN2G6rRyXKe1FjuR7SCqLDwS78MD8B44Sae2U4cQwlKU4/P9nBN/sRcFTGnb/rm2XirfuXtv437lwcNHjze3tp+cqTCWhPZIGITywsOKBkzQnmY6oBeRpJh7AT33Lo+z+PlXKhULxWc9jajL8VgwnxGsDTXcXv+xiwLq6ysk4iFFko0nGkksxgEF++BwHn </latexit><latexit sha1_base64="I3VV0udkyLhUTkBV4zsU5c6jhRw=">AAAEqnicrVPdbtMwGM3WAqP8bANxxY3FtKoVapWYQVuhSfsVXHBRBN2G6rRyXKe1FjuR7SCqLDwS78MD8B44Sae2U4cQwlKU4/P9nBN/sRcFTGnb/rm2XirfuXtv437lwcNHjze3tp+cqTCWhPZIGITywsOKBkzQnmY6oBeRpJh7AT33Lo+z+PlXKhULxWc9jajL8VgwnxGsDTXcXv+xiwLq6ysk4iFFko0nGkksxgEF++BwHn </latexit>

probability that your νe is still a νe 

sets how much νe and νμ mix together
(have to go measure this)

difference in masses of ν1 and ν2

(have to go measure this) distance traveled

neutrino energy



Neutrino Oscillations
One More Complication: Matter Matters!

water

light n = 1.33

The propagation of light 
waves is affected by matter

electrons

neutrinos
e�
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Same for neutrinos!

The presence of electrons in the Sun alters the oscillation patterns
The MSW (Mikheyev-Smirnov-Wolfenstein) or "matter" effect
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Perhaps solar neutrinos start out 
as νe, but en route to Earth some 
them change to other types ...

... evading detection in our 
solar neutrino detectors, which 
can only see νe
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So, wouldn't it be nice to have 
an experiment that could see 
all three types of neutrinos?
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The Sudbury 
Neutrino Observatory 

Sudbury, Ontario, Canada
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2001 — 2006



The Sudbury 
Neutrino Observatory

Photomultiplier 
Tubes (×10000)

18
 m

Heavy Water 
(1000 tons)

43

6800 
feet
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Sudbury Neutrino Observatory
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Sudbury Neutrino Observatory

heavy 
water

O O
2H

2H2O

Plain old 
hydrogen (H)

Proton Electron(+)
(-)

Neutron!
(0)Bonus

Deuterium 
(2H)
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Sudbury Neutrino Observatoryheavy 
water
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Electron type solar neutrino 
 makes 2H into two protons ⌫e + (n+ p) ! p+ p+ e�
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CC
charged current

Any type solar neutrino 
breaks up a 2H ⌫

x

+ (n+ p) ! n+ p
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NC
neutral current

SNO measures electron type and all types at the same time
(expect to see 1/3) (expect to see all 

of them!)
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The Solar Neutrino Problem

http://www.sns.ias.edu/~jnb/SNviewgraphs/snviewgraphs.html

SNO 
νe only

About 1/3

SNO 
all neutrinos

Matches the 
Solar Model
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1. Neutrinos can change flavor (type) 
2. They have a tiny but nonzero mass 
3. Non-electron type neutrinos were 

invisible to early searches
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This is the 
textbook- 
rewriting 
sort of 

big news!"for the discovery of neutrino 
oscillations, which shows that 

neutrinos have mass"

2015 Nobel Prize 
in Physics

Takaaki Kajita 
(Super-K)

Art McDonald 
(SNO)

Photos: A. Mahmoud, nobelprize.org



Today's Solar 
Neutrino Problems
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⌫
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p+ p ! 2H+ e+ + ⌫e p+ e� + p ! 2H+ ⌫e

2H+ p ! 3He + �

3He + 3He ! 4He + 2p

3He + 4He ! 7Be + �

3He + p ! 4He + e+ + ⌫e

7Be + e� ! 7Li + ⌫e 7Be + p ! 8B+ �

7Li + p ! 2 4He 8B ! 8Be⇤ + e+ + ⌫e

8Be⇤ ! 2 4He

(pp) (pep)

(hep)

(7Be)

(8B)

ppI

ppII

ppIII

99.6% 0.4%

85% 2⇥ 10�5%

15%

99.87% 0.13%

Several different neutrino- 
producing reactions in the 

core of the Sun3.2 Solar Neutrino Oscillations

Figure 3.2: Solar neutrino spectrum. This figure shows the energy spectrum of neutrinos
predicted by the standard solar model (Bahcall and Pinsonneault 2004). The neutrino fluxes
from continuum sources (like pp and 8B) are given in the units of number per cm2 per second
per MeV at one AU. The line fluxes (pep and 7Be) are given in number per cm2 per second. The
spectra from the pp chain are drawn with solid lines; the neutrino energy spectra from reactions
with carbon, nitrogen, and oxygen (CNO) isotopes are drawn with dotted lines. Figure from
Reference [33].

25

Astrophys. J. 621(1):L85-L88, 2005.

Measure them all!
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3.2 Solar Neutrino Oscillations

Figure 3.2: Solar neutrino spectrum. This figure shows the energy spectrum of neutrinos
predicted by the standard solar model (Bahcall and Pinsonneault 2004). The neutrino fluxes
from continuum sources (like pp and 8B) are given in the units of number per cm2 per second
per MeV at one AU. The line fluxes (pep and 7Be) are given in number per cm2 per second. The
spectra from the pp chain are drawn with solid lines; the neutrino energy spectra from reactions
with carbon, nitrogen, and oxygen (CNO) isotopes are drawn with dotted lines. Figure from
Reference [33].

25

Astrophys. J. 621(1):L85-L88, 2005.

8B 1998-2001, SNO & Super-K 8B ! 8Be⇤ + e+ + ⌫e
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7Be 2008-2011, Borexino

Borexino, Gran Sasso, Italy 
300 tons of scintillator

7Be + e� ! 7Li + ⌫e
<latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="eivBx1mxSyiOHHz3lx/Id27qF8g=">AAAB63icbZDNSgMxFIXv1L9aq9a1m2ARXJUZN+pOcOOygmML7VAymTttaJIZkowwDH0Btz6BK/GRfADfw/RnYVsPBA7nJNybL84FN9b3v73azu7e/kH9sHHUbByfnLaaLyYrNMOQZSLT/ZgaFFxhaLkV2M81UhkL7MXTh3nfe0VteKaebZljJOlY8ZQzal3UHbXafsdfiGybYGXasNKo9TNMMlZIVJYJaswg8HMbVVRbzgTOGsPCYE7ZlI5x4KyiEk1ULdackUuXJCTNtDvKkkX690VFpTGljN1NSe3EbHbz8L9uUNj0Nqq4yguLii0HpYUgNiPzP5OEa2RWlM5QprnblbAJ1ZRZR2ZtSoqlkvnMYQk2IWyb8Lpz1/GffKjDOVzAFQRwA/fwCF0IgUECb/DuVd6H97mkV/NWGM9gTd7XL71Rkmc=</latexit><latexit sha1_base64="U4hAAAois8jxD/pVwm7kyl5RREo="></latexit><latexit sha1_base64="nl/nxlq5kSgax+cHv0U41Pfx1jE="></latexit><latexit sha1_base64="I7yzwCxxk3QHxJq8jnoYj/QMCA8="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit><latexit sha1_base64="SaRIbMgeepFqbiCMDnvyQHS1XCw="></latexit>

7Be
<latexit sha1_base64="Kd6paNJrJzv/VPkvXTL2qGS60LQ=">AAACBnicdVDLSgMxFM34flt16SZYBFdDqh3b7opuXFawKrSjZNI7GkwyY5IRytAP8Avc6he4Erf+hh/gf5hpK6jogcDhnHu5JydKBTeWkHdvYnJqemZ2bn5hcWl5ZbW0tn5qkkwzaLNEJPo8ogYEV9C23Ao4TzVQGQk4i24OC//sDrThiTqx/RRCSa8Ujzmj1knhRa0rqb3WMj+AwWWpTHyyX6vXA0z8IAj2qlVHGo16QHZxxSdDlNEYrcvSR7eXsEyCskxQYzoVktowp9pyJmCw0M0MpJTd0CvoOKqoBBPmw9ADvO2UHo4T7Z6yeKh+38ipNKYvIzdZRDS/vUL8y+tkNq6HOVdpZkGx0aE4E9gmuGgA97gGZkXfEco0d1kxu6aaMut6+nElhr6SadHL1+fx/6S96zd8clwtNw/GBc2hTbSFdlAF1VATHaEWaiOGbtEDekRP3r337L14r6PRCW+8s4F+wHv7BKGbmrM=</latexit><latexit sha1_base64="Kd6paNJrJzv/VPkvXTL2qGS60LQ=">AAACBnicdVDLSgMxFM34flt16SZYBFdDqh3b7opuXFawKrSjZNI7GkwyY5IRytAP8Avc6he4Erf+hh/gf5hpK6jogcDhnHu5JydKBTeWkHdvYnJqemZ2bn5hcWl5ZbW0tn5qkkwzaLNEJPo8ogYEV9C23Ao4TzVQGQk4i24OC//sDrThiTqx/RRCSa8Ujzmj1knhRa0rqb3WMj+AwWWpTHyyX6vXA0z8IAj2qlVHGo16QHZxxSdDlNEYrcvSR7eXsEyCskxQYzoVktowp9pyJmCw0M0MpJTd0CvoOKqoBBPmw9ADvO2UHo4T7Z6yeKh+38ipNKYvIzdZRDS/vUL8y+tkNq6HOVdpZkGx0aE4E9gmuGgA97gGZkXfEco0d1kxu6aaMut6+nElhr6SadHL1+fx/6S96zd8clwtNw/GBc2hTbSFdlAF1VATHaEWaiOGbtEDekRP3r337L14r6PRCW+8s4F+wHv7BKGbmrM=</latexit><latexit sha1_base64="Kd6paNJrJzv/VPkvXTL2qGS60LQ=">AAACBnicdVDLSgMxFM34flt16SZYBFdDqh3b7opuXFawKrSjZNI7GkwyY5IRytAP8Avc6he4Erf+hh/gf5hpK6jogcDhnHu5JydKBTeWkHdvYnJqemZ2bn5hcWl5ZbW0tn5qkkwzaLNEJPo8ogYEV9C23Ao4TzVQGQk4i24OC//sDrThiTqx/RRCSa8Ujzmj1knhRa0rqb3WMj+AwWWpTHyyX6vXA0z8IAj2qlVHGo16QHZxxSdDlNEYrcvSR7eXsEyCskxQYzoVktowp9pyJmCw0M0MpJTd0CvoOKqoBBPmw9ADvO2UHo4T7Z6yeKh+38ipNKYvIzdZRDS/vUL8y+tkNq6HOVdpZkGx0aE4E9gmuGgA97gGZkXfEco0d1kxu6aaMut6+nElhr6SadHL1+fx/6S96zd8clwtNw/GBc2hTbSFdlAF1VATHaEWaiOGbtEDekRP3r337L14r6PRCW+8s4F+wHv7BKGbmrM=</latexit>

pep 2011, Borexino p+ e� + p ! 2H+ ⌫e
<latexit sha1_base64="FAQ9UeG3D3hqN6DbrwJkhBNi+Yk="></latexit><latexit sha1_base64="FAQ9UeG3D3hqN6DbrwJkhBNi+Yk="></latexit><latexit sha1_base64="FAQ9UeG3D3hqN6DbrwJkhBNi+Yk="></latexit>

p
<latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit><latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit><latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit>

e�
<latexit sha1_base64="+BrAuJ+XOEcEoWU0CCVDAJ1pUD0=">AAAB/HicdVDLSgNBEJyNr/iOevQyGAQvLrN5kOQW9OIxoquBGGV20psMmZ1dZmaFEIJf4FW/wJN49V/8AP/DyUMwogUNRVU33V1BIrg2hHw4mYXFpeWV7Ora+sbm1nZuZ/dKx6li4LNYxKoZUA2CS/ANNwKaiQIaBQKug/7p2L++B6V5LC/NIIF2RLuSh5xRY6ULuD2+y+WJW6uRUrmIiVsmhUqpZgkpFj2vij2XTJBHMzTucp83nZilEUjDBNW65ZHEtIdUGc4EjNZuUg0JZX3ahZalkkag28PJqSN8aJUODmNlSxo8UX9ODGmk9SAKbGdETU//9sbiX14rNWG1PeQySQ1INl0UpgKbGI//xh2ugBkxsIQyxe2tmPWooszYdOa2hDCQUTKyuXw/j/8nfsGtueS8lK+fzALKon10gI6Qhyqojs5QA/mIoS56RE/o2XlwXpxX523amnFmM3toDs77F1v/lhI=</latexit><latexit sha1_base64="+BrAuJ+XOEcEoWU0CCVDAJ1pUD0=">AAAB/HicdVDLSgNBEJyNr/iOevQyGAQvLrN5kOQW9OIxoquBGGV20psMmZ1dZmaFEIJf4FW/wJN49V/8AP/DyUMwogUNRVU33V1BIrg2hHw4mYXFpeWV7Ora+sbm1nZuZ/dKx6li4LNYxKoZUA2CS/ANNwKaiQIaBQKug/7p2L++B6V5LC/NIIF2RLuSh5xRY6ULuD2+y+WJW6uRUrmIiVsmhUqpZgkpFj2vij2XTJBHMzTucp83nZilEUjDBNW65ZHEtIdUGc4EjNZuUg0JZX3ahZalkkag28PJqSN8aJUODmNlSxo8UX9ODGmk9SAKbGdETU//9sbiX14rNWG1PeQySQ1INl0UpgKbGI//xh2ugBkxsIQyxe2tmPWooszYdOa2hDCQUTKyuXw/j/8nfsGtueS8lK+fzALKon10gI6Qhyqojs5QA/mIoS56RE/o2XlwXpxX523amnFmM3toDs77F1v/lhI=</latexit><latexit sha1_base64="+BrAuJ+XOEcEoWU0CCVDAJ1pUD0=">AAAB/HicdVDLSgNBEJyNr/iOevQyGAQvLrN5kOQW9OIxoquBGGV20psMmZ1dZmaFEIJf4FW/wJN49V/8AP/DyUMwogUNRVU33V1BIrg2hHw4mYXFpeWV7Ora+sbm1nZuZ/dKx6li4LNYxKoZUA2CS/ANNwKaiQIaBQKug/7p2L++B6V5LC/NIIF2RLuSh5xRY6ULuD2+y+WJW6uRUrmIiVsmhUqpZgkpFj2vij2XTJBHMzTucp83nZilEUjDBNW65ZHEtIdUGc4EjNZuUg0JZX3ahZalkkag28PJqSN8aJUODmNlSxo8UX9ODGmk9SAKbGdETU//9sbiX14rNWG1PeQySQ1INl0UpgKbGI//xh2ugBkxsIQyxe2tmPWooszYdOa2hDCQUTKyuXw/j/8nfsGtueS8lK+fzALKon10gI6Qhyqojs5QA/mIoS56RE/o2XlwXpxX523amnFmM3toDs77F1v/lhI=</latexit>

p
<latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit><latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit><latexit sha1_base64="mFKfPwVtTG9TCCJmf59T36XQVXI=">AAAB+nicdVDLSgNBEJyNrxhfUY9eBoPgaZnNg2RvQS8eEzAmkIQwO+lNhszOLjOzQgj5Aq/6BZ7Eqz/jB/gfTh6CihY0FFXddHcFieDaEPLuZDY2t7Z3sru5vf2Dw6P88cmdjlPFoMViEatOQDUILqFluBHQSRTQKBDQDibXC799D0rzWN6aaQL9iI4kDzmjxkrNZJAvENf3SblSwsStkGK17FtCSiXPq2HPJUsU0BqNQf6jN4xZGoE0TFCtux5JTH9GleFMwDzXSzUklE3oCLqWShqB7s+Wh87xhVWGOIyVLWnwUv0+MaOR1tMosJ0RNWP921uIf3nd1IS1/ozLJDUg2WpRmApsYrz4Gg+5AmbE1BLKFLe3YjamijJjs/mxJYSpjJK5zeXrefw/aRVd3yXNcqF+tQ4oi87QObpEHqqiOrpBDdRCDAF6QI/oyZk7z86L87pqzTjrmVP0A87bJ0XalX4=</latexit>

pp 2014, Borexino p+ p ! 2H+ e+ + ⌫e
<latexit sha1_base64="QlYkhHwV4iIOxuNnJdxKXO3pjRE="></latexit><latexit sha1_base64="QlYkhHwV4iIOxuNnJdxKXO3pjRE="></latexit><latexit sha1_base64="QlYkhHwV4iIOxuNnJdxKXO3pjRE="></latexit>

p
<latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit><latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit><latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit>

p
<latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit><latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit><latexit sha1_base64="9pSZFfhNH1JG9SsaLVONXDvsFOI=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtJkFVLgRvXiERIQECJkdemHC7OxmZtaEEL7Aq36BJ+PVn/ED/A+HBRMxWkknlarudHf5seDaEPLhZNbWNza3stu5nd29/YP84dG9jhLFoMkiEam2TzUILqFpuBHQjhXQ0BfQ8sc3c7/1AErzSN6ZSQy9kA4lDzijxkqNuJ8vEPeyVCHVEiYu8TzilVNSvCgT7LkkRQEtUe/nP7uDiCUhSMME1brjkdj0plQZzgTMct1EQ0zZmA6hY6mkIejeND10hs+sMsBBpGxJg1P158SUhlpPQt92htSM9G9vLv7ldRITVHpTLuPEgGSLRUEisInw/Gs84AqYERNLKFPc3orZiCrKjM1mZUsAExnGM5vL9/P4f9IsulWXNMqF2vUyoCw6QafoHHnoCtXQLaqjJmII0CN6Qs/OzHlxXp23RWvGWc4coxU4718gB5Vl</latexit>

hep Not yet observed! 3He + p ! 4He + e+ + ⌫e
<latexit sha1_base64="Yf+5Icp4DjNem/0wMFbxX//byk0="></latexit><latexit sha1_base64="Yf+5Icp4DjNem/0wMFbxX//byk0="></latexit><latexit sha1_base64="Yf+5Icp4DjNem/0wMFbxX//byk0="></latexit>

p
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A second fusion chain, 
along with pp

The CNO Cycle

(About 1-2% of our Sun's energy, 
but very important for larger stars)

CC BY-SA 3.0 Borb, Wikimedia Commons 

Important to measuring the composition of 
the solar interior, to resolve the 
"solar metallicity problem"

arxiv:1712.06522, 2017

Solar
Metallicity

CNO Neutrino Flux [cm�2 s�1]
13N [108] 15O [108] 17F [106]

High 2.78 ± 0.42 2.05 ± 0.35 5.92 ± 1.06

Low 2.04 ± 0.29 1.44 ± 0.23 3.26 ± 0.59

TABLE I. Predicted fluxes of each component of the
total neutrino emission from the CNO cycle, used in
this work, for the high and low solar metallicity models
(GS98 and AGSS09met respectively) [6, 7, 10].

for dark matter. However this would likely require
new technologies to achieve the required low en-
ergy threshold [31], for example refs. [32–43].

In this work we determine the accuracy to which
these future experiments can measure the CNO
neutrino flux, and whether this is enough to distin-
guish between the two solar metallicity scenarios.
For experiments looking for electron-recoils from
solar neutrinos (e.g. Borexino, Argo and SNO+),
some individual projections have been carried out
by the experimental collaborations themselves for
their respective experiments [22, 27, 30]. The pur-
pose of this work is not to refute these estimates,
but rather to gather the predictions in the same
place and to compare as closely as possible the
discovery possibilities from a theory perspective.

Our main aim is to obtain a time-scale for when
the CNO flux will be measured. Furthermore, as
we will see, it is di�cult but not impossible for
nuclear recoil experiments to see this flux. By
establishing a time-frame we hope to provide cru-
cial input for experimentalists who plan to run
a low-threshold nuclear-recoil experiment, which
may also be designed to search for light dark mat-
ter.

II. ELECTRON-RECOIL EXPERIMENTS
SEARCHING FOR CNO NEUTRINOS

Experiments searching for electronic recoils in-
duced by interactions with neutrinos will be sensi-
tive to CNO neutrinos, provided their low-energy
threshold is below approximately 1.5 MeV. Here
we consider only elastic scattering i.e. ⌫e + e

� !
⌫e+e

�, and not inelastic scattering as will be seen
for example in the DUNE experiment [44].

For these experiments there exist various back-
grounds whose spectra are similar to that ex-
pected from CNO neutrino-induced electronic re-
coils, and which are often specific to the detector
or target. In some cases, the rates of these back-
grounds can be determined externally, for example
through measurements of the decay rate of daugh-
ter nuclei in a radioactive decay chain. It is vital
that not only should these background rates be
kept as low as possible, to reduce statistical un-
certainties, but also ideally that they are known a

priori to keep systematic uncertainties small.
The aim of our analysis is to quantify the pre-

cision with which the CNO flux can be mea-
sured for up-coming experimental runs, given the
uncertainties on the other solar neutrino fluxes
and backgrounds in the energy region of inter-
est. Of particular importance are the systematic
uncertainties on determining the CNO neutrino
flux, which arise through degeneracies between the
CNO flux and both the other neutrino fluxes and
the detector-specific background rates. Motivated
by this fact, we perform a Markov Chain Monte
Carlo (MCMC) parameter scan over all of the neu-
trino fluxes and background rates, by comparing
the spectra of these sources to simulated data with
a Poisson likelihood. Each relevant background
rate and neutrino flux has one parameter which
determines its total energy-integrated rate, and
the spectra are kept fixed up to this normalisation
i.e. we fit spectra, but vary only the total rates
for backgrounds or fluxes for solar neutrinos.

The MCMC analysis requires that each param-
eter has with it an associated prior distribution,
which reflects the amount of knowledge we have
about this parameter before the analysis is per-
formed. For each solar neutrino flux we assume
that we have no knowledge and therefore assume
a uniform (or flat) prior. In practice all uniform
priors are constant between zero and a value much
greater than the fiducial value used to generate the
simulated data. We will also use a Gaussian prior
for some backgrounds when their rates are known
to a given precision.

After the analysis is complete the MCMC re-
turns sampled values of each of the parameters,
whose histogram is the posterior distribution,
which tells us which values of the various param-
eters fit best to the simulated data. The posterior
has a number of dimensions equal to the number
of free parameters, and so in order to find the pre-
cision with which the CNO flux can be measured
we marginalise the posterior over all other param-
eters.

FIG. 1. Di↵erential electron recoil event rate from
CNO neutrinos (solid black) compared with various
backgrounds for Borexino [21, 22, 45].
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CNO Neutrino Grand Prix: The race to solve the solar metallicity problem
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Several next-generation experiments aim to make the first measurement of the neutrino flux
from the Carbon-Nitrogen-Oxygen (CNO) solar fusion cycle. We calculate how much time these
experiments will need to run for in order to measure this flux with enough precision to tell us
the metal content of the Sun’s core, and thereby help to solve the solar metallicity problem. For
experiments looking at neutrino-electron scattering, we find that SNO+ will measure this CNO
neutrino flux with enough precision after five years in its pure scintillator mode, provided its 210Bi
background is measured to 1% accuracy. By comparison, a 100 ton liquid argon experiment such
as Argo will take ten years in Gran Sasso lab, or five years in SNOLAB or Jinping. Borexino could
obtain this precision in ten years, but this projection is very sensitive to background assumptions.
For experiments looking at neutrino-nucleus scattering, the best prospects are obtained for low-
threshold solid state detectors (employing either germanium or silicon). These would require new
technologies to lower the experimental threshold close to detection of single electron-hole pairs, and
exposures beyond those projected for next-generation dark matter detectors.

I. INTRODUCTION

The Sun is powered by nuclear fusion reactions
occurring in its core [1–5]. This involves hydrogen
predominantly, but also heavier elements such as
helium, lithium, carbon, nitrogen, oxygen, beryl-
lium and boron. Each heavier element is produced
through nuclear fusion from the lighter ones in a
chain-reaction, with each step in the chain releas-
ing neutrinos of a characteristic energy spectrum.
There are two main chains which convert hydro-
gen to helium in stars: the proton-proton chain
and the carbon-nitrogen-oxygen (CNO) cycle [1],
both of which lead to neutrino production. For the
proton-proton chain there are five neutrino com-
ponents (pp, 7Be, 8B, pep and hep) each with a
di↵erent spectrum, while for the CNO cycle there
are three (13N, 15O and 17F), and we refer to the
sum of the latter as the CNO neutrinos.

Theoretical predictions for the fluxes of these
components depend on solar models, which them-
selves depend on various inputs such as the abun-
dance of heavier “metal” elements (12C, 13N and
15O) i.e. the metallicity. Solar models based on
abundances that were inferred from earlier obser-
vations and modelling of the photosphere were
also in excellent agreement with helioseismolog-
ical observations (e.g. GS98 [6, 7]). However,
advances in photosphere and line-formation mod-
elling led to a downward revision of most of the

⇤ d.g.cerdeno@durham.ac.uk
† jonathan.davis@kcl.ac.uk; jonathan.h.m.davis@gmail.com
‡ malcolm.fairbairn@kcl.ac.uk
§ aaron.vincent@queensu.ca

abundances of elements heavier than helium, lead-
ing to the more recent “low-metallicitly” mod-
els [8], now incompatible with helioseismological
data [9, 10]. This disagreement is known as the
solar metallicity, or solar abundance problem [11–
15], and its solution will require additional, inde-
pendent data (it may also be a sign of new physics,
see e.g. ref. [16, 17]). In particular, the CNO neu-
trino flux is particularly sensitive to the metallic-
ity of the solar core, as can be seen in Table I, and
hence a precise measurement of this flux would
help in improving solar models, by providing an-
other metallicity measurement against which they
can be tested [18, 19].

While the components of the proton-proton
chain have all been measured (pp [20], pep [21],
7Be [22], 8B [23–25], hep at 1� [19, 26]), a mea-
surement of the CNO neutrino flux has not yet
been achieved [19]. This is primarily because CNO
neutrinos have neither a high energy, like 8B neu-
trinos, nor a huge flux, like pp neutrinos, but in-
stead form a sub-dominant component of the to-
tal solar neutrino spectrum at energies below ap-
proximately 1.5 MeV. Furthermore their observed
spectrum is expected to resemble strongly that
from pep neutrinos, leading to systematic uncer-
tainties in determining the CNO flux even for a
background-free experiment.

Many current and future experiments will at-
tempt to measure the CNO flux by looking for
neutrinos scattering on electrons, such as Borex-
ino [22], SNO+ [27], the Jinping Neutrino Exper-
iment [28] and liquid argon experiments such as
DarkSide and Argo [29, 30]. It should also be pos-
sible to look for CNO neutrinos through scattering
with nuclei, in a similar manner to direct searches
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probability [formula (89)] does not depend on details of the
Sun density profile and is well approximated by the
following simple form [94]:

P3ν
ee ¼

1

2
cos4θ13ð1þ cos 2θM12 cos 2θ12Þ; ð94Þ

where θM12 is called the mixing angle in matter

cos 2θM12 ¼
cos 2θ12 − βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðcos 2θ12 − βÞ2 þ sin22θ12
p ; ð95Þ

with

β ¼ 2
ffiffiffi
2

p
GFcos2θ13neEν

Δm2
12

; ð96Þ

where GF is the Fermi coupling constant, ne is the electron
density in the Sun calculated at the neutrino production
point, and Eν is the neutrino energy.
Neutrinos fromdifferent reactions are produced in the Sun

at different radii [95] and the electron density in the Sun
decreases with increasing radius. This means that P3ν

ee for a
given neutrino energy is expected to depend on the neutrino
species under consideration. Figure 83 showsP3ν

ee calculated
according to the MSW-LMA. The band refers to the 8B
neutrinos and was obtained averaging the value of P3ν

ee for
each energy calculated for different radii (that is differentne)
in the Sun according to the proper radial distribution of the
production point of the 8B-ν’s. Thewidth of the curve is due
to the uncertainties (1σ) associated with the mixing angles

and Δm2
12. The plot also shows the value of the P3ν

ee
calculated for the monoenergetic 7Be and pep neutrinos,
considering their proper production regions in the Sun.
Similarly, points at mean energies of pp, CNO, and hep
neutrino fluxes (having continuous energy spectra) are also
included. From this figure we see that the dependence of the
survival probability from the neutrino production region in
the Sun is small and it is masked by current uncertainties.
The curve calculated for the 8B neutrinos matches well the
prediction of the MSW-LMA model for P3ν

ee versus energy.
The relative importance of the MSWmatter term and the

kinematic vacuum oscillation is described by the quantity
βðEνÞ, defined in Eq. (96). For β < cos 2θ12 ≃ 0.4, the
survival probability reaches the value corresponding to
vacuum-averaged oscillations (∼0.55), while for β > 1, it
corresponds to matter-dominated oscillations (∼0.30). The
P3ν
ee in the MSW-LMA model exhibits a strong energy

dependence only in the region around 2 MeV, where P3ν
ee is

characterized by a transition between the values corre-
sponding to these two limiting regimes; see Fig. 83. The
measurement of the low-energy solar neutrinos spectrum
with Borexino offers the perfect frame to test this prediction
of the MSW-LMA oscillation model. Different oscillation
models, including the possibility that neutrinos undergo
nonstandard interactions, predict survival probabilities with
a significantly different energy dependence [18].
The value of P3ν

ee for the monoenergetic 7Be neutrinos is
obtained from the Borexino measurement of the interaction
rate Rð7BeÞ using the relation

pp 

13N

7Be

15O

pep

hep
8B

Energy [keV]

P e
e3

FIG. 83 (color online). Electron neutrino survival probability as
a function of neutrino energy according to the MSW-LMA
model; see Eq. (94). The pink band is for 8B solar neutrinos,
considering their production region in the Sun. The other points
represent other solar neutrino fluxes, considering their proper
production regions, and reported for monoenergetic 7Be
(862 keV) and pep (1444 keV) neutrinos and for the mean
energies of fluxes with continuous energy spectrum: pp
(267 keV), 13N (707 keV), 15O (997 keV), and hep (9625 keV).

pp (all solar) 

7Be (BX)

pep (BX)

8B (SNO + SK)

Energy [keV]

P e
e

8B (SNO LETA + BX)

3

FIG. 84 (color online). Electron neutrino survival probability as
a function of neutrino energy according to the MSW-LMA
model. The band is the same as in Fig. 83, calculated for the
production region of 8B solar neutrinos which represents well
also other species of solar neutrinos. The points represent the
solar neutrino experimental data for 7Be and pep monoenergetic
neutrinos (Borexino data), for 8B neutrinos detected above
5000 keV of scattered-electron energy T (SNO and Super-
Kamiokande data) and for T > 3000 keV (SNOLETAþ
Borexino data), and for pp neutrinos considering all solar
neutrino data, including radiochemical experiments.

FINAL RESULTS OF BOREXINO PHASE-I ON LOW … PHYSICAL REVIEW D 89, 112007 (2014)
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Borexino, Phys. Rev. D 89, 112007 (2014)
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Any other funny business in the Sun?
Non-Standard Interactions

Borexino, 
Homestake, SAGE, GALLEX

SNO, Super-Kamiokande, 
Borexino🌵🐫

A Desert!

Need new experiments to probe 
this interesting energy range
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The Future Is Bright

Borexino, Italy SNO+, Canada

Super-K & Hyper-K, Japan DUNE, US

Jinping, China

A few current & 
proposed experiments
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The Solar Neutrino Problem

Homestake Experiment sees 
too few solar neutrinos, 

and others confirm

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫1
<latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit><latexit sha1_base64="Yw3uFFHBGEPEgeHZTZHb3sZbNDc=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1mnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIrqMqqrkQ2W7DPWtczEm1fg4dG81QAQu0+uXP3iAmaUSFJhwr1XVQov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeFW7YaObWqV5uQioCI7AMTgFDnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzKVlyA=</latexit>

⌫2
<latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit><latexit sha1_base64="IcmJJ1CIE8d9JKFhWC5MPUHXaes=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFaaxmnZXdOOygrGFNpTJdNIOnUzCzEQIoQu/wK1+gStx66/4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXUb99TqVgsbnWWUD/CQ8FCRrA2ktcTad/plyvIriMH1VyIbLfhnjUu5sSpn8OqjWaogAVa/fJnbxCTNKJCE46V6lZRov0cS80Ip5NSL1U0wWSMh7RrqMARVX4+O3YCT4wygGEsTQkNZ+rPiRxHSmVRYDojrEfqtzcV//K6qQ7rfs5EkmoqyHxRmHKoYzj9HA6YpETzzBBMJDO3QjLCEhNt8lnaEtJMRMnE5PL9PPyfeI7dsNFNrdK8XARUBEfgGJyCKnBBE1yDFvAAAQw8gifwbD1YL9ar9TZvLViLmUOwBOv9CzQrlyE=</latexit>

⌫3
<latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit><latexit sha1_base64="8fIkwO5E5+pAa+6UO4rf4NYCGkw=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GtKHTrsrunFZwbFCO5RMmmlDk8yQZIShdOEXuNUvcCVu/RU/wP8wfQhW9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH9wq+NUEeqTmMfqLsSaciapb5jh9C5RFIuQ03Y4upz67XuqNIvljckSGgg8kCxiBBsr+V2Z9qq9Ygm5dVRBNQ8i12t41cb5nFTqZ7DsohlKYIFWr/jZ7cckFVQawrHWnTJKTDDGyjDC6aTQTTVNMBnhAe1YKrGgOhjPjp3AE6v0YRQrW9LAmfpzYoyF1pkIbafAZqh/e1PxL6+TmqgejJlMUkMlmS+KUg5NDKefwz5TlBieWYKJYvZWSIZYYWJsPktbIppJkUxsLt/Pw/+JX3EbLrqulZoXi4Dy4Agcg1NQBh5ogivQAj4ggIFH8ASenQfnxXl13uatOWcxcwiW4Lx/ATXBlyI=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

Give neutrinos tiny masses, 
which allows them 
to change type

SNO confirms, the 
solar neutrinos are 

changing type

Neutrinos have mass, and can change type
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Figure 1. Measured and expected
fluxes of natural and reactor neutrinos.

of data taking. Super-Kamiokande, with an even larger data sample, is still in operation.
The atmospheric neutrino results from these detectors have demonstrated that neutrinos
oscillate between their flavour states ⌫µ and ⌫⌧ , additionally to the ⌫e oscillations observed
for solar neutrinos [7].

The first-generation detectors in water and ice have beaten the largest underground
detectors by a factor of about 30 with respect to their sensitivity to high-energy neutrinos.
The second-stage detectors on the cubic-kilometre scale will yield another factor of 30.
Compared to detectors underground we therefore enter a “factor-1000 era”. Arguably, this
factor is not a guarantee for discoveries. On the other hand it rarely happened in astronomy
that improvements of more than an order of magnitude (in sensitivity or in angular or time
resolution) came along without discovering new, unexpected phenomena [12]. “Nothing is
guaranteed, but history is on our side” [13]: In some years we will know whether we indeed
have entered an era of discovery or not.

This review is organised as follows: Section 2 summarises the scientific motivation. Apart
from the main topic, neutrino astrophysics, it includes the indirect search for dark matter,
the study of standard and non-standard neutrino oscillations, the search for exotic particles
like magnetic monopoles, super-symmetric Q-balls or nuclearites and – last but not least –
the investigation of environmental effects, be it in deep natural water or Antarctic ice. The
basics of the detection methods are summarised in Sect. 3. In Sect. 4 the first-generation
neutrino telescopes are described, in Sect. 5 the second-generation projects on the cubic-
kilometre scale. A selection of results obtained with NT200 in Lake Baikal, ANTARES in
the Mediterranean Sea as well as AMANDA and IceCube at the South Pole is presented
in the following Sect. 6. For the highest energies beyond 100PeV, even cubic-kilometre
detectors are far too small to detect the feeble neutrino fluxes expected. This is the realm
of new technologies which aim, with a correspondingly high detection threshold, to monitor
volumes of 100 cubic kilometres and beyond. These methods are described in Sect. 7. The
last section finally gives a summary and tries an outlook to forthcoming developments.

2

Katz & Spiering, arxiv:1111.0507 (2011)

Neutrinos with energies spanning 24 orders of magnitude!



Thank You!
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The Sun as seen in neutrinos, Super-Kamiokande Collaboration

Next week: Neutrinos from Beyond the Solar System!


