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meV
<latexit sha1_base64="NnilFslexUcPRhvct3V4ZB/lxYY=">AAAB8HicdVBNS8NAEN3Ur1q/qh69LBbBU0jT2tZb0YvHCrZV2lA220m7dDcJuxuhhP4KLx4U8erP8ea/cdNWUNEHA4/3ZpiZ58ecKe04H1ZuZXVtfSO/Wdja3tndK+4fdFSUSAptGvFI3vpEAWchtDXTHG5jCUT4HLr+5DLzu/cgFYvCGz2NwRNkFLKAUaKNdJf2pcACOrNBseTY542ae+Zix3aculupZcStV90KLhslQ6mJFmgNiu/9YUQTAaGmnCjVKzux9lIiNaMcZoV+oiAmdEJG0DM0JAKUl84PnuETowxxEElTocZz9ftESoRSU+GbTkH0WP32MvEvr5fooOGlLIwTDSFdLAoSjnWEs+/xkEmgmk8NIVQycyumYyIJ1Sajggnh61P8P+m4drliu9fVUvNiGUceHaFjdIrKqI6a6Aq1UBtRJNADekLPlrQerRfrddGas5Yzh+gHrLdPZ82Q1w==</latexit>

eV
<latexit sha1_base64="FHWZoF+eSb5gmU8RP8GTxO5drRc=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4Cmla23orevFYwX5AG8pmO2mX7iZxdyOU0D/hxYMiXv073vw3btoKKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4CyElmaaQzeWQITPoeNPrjK/cw9SsSi81dMYPEFGIQsYJdpI3bQvBYb2bFAoOvZFveqeu9ixHafmlqsZcWsVt4xLRslQbKAFmoPCe38Y0URAqCknSvVKTqy9lEjNKIdZvp8oiAmdkBH0DA2JAOWl83tn+NQoQxxE0lSo8Vz9PpESodRU+KZTED1Wv71M/MvrJTqoeykL40RDSBeLgoRjHeHseTxkEqjmU0MIlczciumYSEK1iShvQvj6FP9P2q5dKtvuTaXYuFzGkUPH6ASdoRKqoQa6Rk3UQhRx9ICe0LN1Zz1aL9bronXFWs4coR+w3j4BmnuQYA==</latexit>

keV
<latexit sha1_base64="2XdUENf9l2BLSm7lJgPS6mD4gyI=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZb0YvHCrZV2lA22227dDcJuxuhhP4KLx4U8erP8ea/cdNWUNEHA4/3ZpiZF8ScKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWUSEJbJOKRvA2wopyFtKWZ5vQ2lhSLgNNOMLnM/M49lYpF4Y2extQXeBSyISNYG+ku7UmBJrQ96xdLjn1er3pnHnJsx6l55WpGvFrFKyPXKBlKDVig2S++9wYRSQQNNeFYqa7rxNpPsdSMcDor9BJFY0wmeES7hoZYUOWn84Nn6MQoAzSMpKlQo7n6fSLFQqmpCEynwHqsfnuZ+JfXTfSw7qcsjBNNQ7JYNEw40hHKvkcDJinRfGoIJpKZWxEZY4mJNhkVTAhfn6L/Sduz3bLtXVdKjYtlHHk4gmM4BRdq0IAraEILCAh4gCd4tqT1aL1Yr4vWnLWcOYQfsN4+AWS/kNU=</latexit>

MeV
<latexit sha1_base64="Nz5untt4IIKPfOiCDi/E1eHle28=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohs3QgX7kHYomTTThiaZIckIZehXuHGhiFs/x51/Y6atoKIHLhzOuZd77wliRpV2nA8rt7K6tr6R3yxsbe/s7hX3D9oqSiQmLRyxSHYDpAijgrQ01Yx0Y0kQDxjpBJPLzO/cE6loJG71NCY+RyNBQ4qRNtJd2pccXpP2bFAsOfZ5veqdedCxHafmlasZ8WoVrwxdo2QoNcACzUHxvT+McMKJ0JghpXquE2s/RVJTzMis0E8UiRGeoBHpGSoQJ8pP5wfP4IlRhjCMpCmh4Vz9PpEirtSUB6aTIz1Wv71M/MvrJTqs+ykVcaKJwItFYcKgjmD2PRxSSbBmU0MQltTcCvEYSYS1yahgQvj6FP5P2p7tlm3vplJqXCzjyIMjcAxOgQtqoAGuQBO0AAYcPIAn8GxJ69F6sV4XrTlrOXMIfsB6+wQ27ZC3</latexit>

GeV
<latexit sha1_base64="/DVaaaTDEiJPVzpzSKAb0n8oJRo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ogtdVrAPaYeSSTNtaJIZkoxQhn6FGxeKuPVz3Pk3ZtoKKnrgwuGce7n3niBmVGnH+bByK6tr6xv5zcLW9s7uXnH/oK2iRGLSwhGLZDdAijAqSEtTzUg3lgTxgJFOMLnM/M49kYpG4lZPY+JzNBI0pBhpI92lfcnhFWnPBsWSY5/Xq96ZBx3bcWpeuZoRr1bxytA1SoZSAyzQHBTf+8MIJ5wIjRlSquc6sfZTJDXFjMwK/USRGOEJGpGeoQJxovx0fvAMnhhlCMNImhIaztXvEyniSk15YDo50mP128vEv7xeosO6n1IRJ5oIvFgUJgzqCGbfwyGVBGs2NQRhSc2tEI+RRFibjAomhK9P4f+k7dlu2fZuKqXGxTKOPDgCx+AUuKAGGuAaNEELYMDBA3gCz5a0Hq0X63XRmrOWM4fgB6y3Ty3DkLE=</latexit>

TeV
<latexit sha1_base64="cx64oWDNPmvPe++lo3zaOMSQVVg=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFfqSdiiZNNOGJpkhyQhl6Fe4caGIWz/HnX9jpq2gogcuHM65l3vvCWJGlXacDyu3tr6xuZXfLuzs7u0fFA+POipKJCZtHLFI9gKkCKOCtDXVjPRiSRAPGOkG0+vM794TqWgkWnoWE5+jsaAhxUgb6S4dSA5bpDMfFkuOfVmvehcedGzHqXnlaka8WsUrQ9coGUoNsERzWHwfjCKccCI0ZkipvuvE2k+R1BQzMi8MEkVihKdoTPqGCsSJ8tPFwXN4ZpQRDCNpSmi4UL9PpIgrNeOB6eRIT9RvLxP/8vqJDut+SkWcaCLwclGYMKgjmH0PR1QSrNnMEIQlNbdCPEESYW0yKpgQvj6F/5OOZ7tl27utlBpXqzjy4AScgnPgghpogBvQBG2AAQcP4Ak8W9J6tF6s12VrzlrNHIMfsN4+AUGekL4=</latexit>

PeV
<latexit sha1_base64="XLDebrnIIQQIUZLA4UZQ+din7oE=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZb0YvHCrZV2lA22227dDcJuxuhhP4KLx4U8erP8ea/cdNWUNEHA4/3ZpiZF8ScKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWUSEJbJOKRvA2wopyFtKWZ5vQ2lhSLgNNOMLnM/M49lYpF4Y2extQXeBSyISNYG+ku7UmBmrQ96xdLjn1er3pnHnJsx6l55WpGvFrFKyPXKBlKDVig2S++9wYRSQQNNeFYqa7rxNpPsdSMcDor9BJFY0wmeES7hoZYUOWn84Nn6MQoAzSMpKlQo7n6fSLFQqmpCEynwHqsfnuZ+JfXTfSw7qcsjBNNQ7JYNEw40hHKvkcDJinRfGoIJpKZWxEZY4mJNhkVTAhfn6L/Sduz3bLtXVdKjYtlHHk4gmM4BRdq0IAraEILCAh4gCd4tqT1aL1Yr4vWnLWcOYQfsN4+ATuCkLo=</latexit>

10�3
<latexit sha1_base64="7h3O98Ane475u1wJHbN1jEDA7j4=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4cchkalt3BTcuK9hWaMeSSTNtaOZBkhHK0I9w40IRt36PO//GTFtBRQ9cOJxzL/fe4yeCK43Qh1VYWV1b3yhulra2d3b3yvsHHRWnkrI2jUUsb32imOARa2uuBbtNJCOhL1jXn1zmfveeScXj6EZPE+aFZBTxgFOijdR10F125s4G5QqyLxo1fI4hshGqY7eWE1yvYhc6RslRaYIFWoPye38Y0zRkkaaCKNVzUKK9jEjNqWCzUj9VLCF0QkasZ2hEQqa8bH7uDJ4YZQiDWJqKNJyr3ycyEio1DX3TGRI9Vr+9XPzL66U6aHgZj5JUs4guFgWpgDqG+e9wyCWjWkwNIVRycyukYyIJ1Sahkgnh61P4P+lg23FtfF2tNPEyjiI4AsfgFDigDprgCrRAG1AwAQ/gCTxbifVovVivi9aCtZw5BD9gvX0C9NqPTw==</latexit>

100
<latexit sha1_base64="lC4JClBVE8f1AKiSANe1qZhft3I=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQyatbd0V3LisYB/QjiWTpm1sZjIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89QSy4Ngh9OCura+sbm7mt/PbO7t5+4eCwpWWiKGtSKaTqBEQzwSPWNNwI1okVI2EgWDuYXGZ++54pzWV0Y6Yx80MyiviQU2Ks1PLQbYpm/UIRuRe1Cj7HELkIVXGpkhFcLeMS9KySoVgHCzT6hffeQNIkZJGhgmjd9VBs/JQow6lgs3wv0SwmdEJGrGtpREKm/XR+7QyeWmUAh1LZigycq98nUhJqPQ0D2xkSM9a/vUz8y+smZljzUx7FiWERXSwaJgIaCbPX4YArRo2YWkKo4vZWSMdEEWpsQHkbwten8H/Swq5XcvF1uVjHyzhy4BicgDPggSqogyvQAE1AwR14AE/g2ZHOo/PivC5aV5zlzBH4AeftE4WVjxU=</latexit>

103
<latexit sha1_base64="yLDaSk96GGkq7v8mAWXK5f65WkQ=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAiuQjKpbd0V3LisYB/QxjKZTtqxk0mYmQgl9B/cuFDErf/jzr9x0lZQ0QMXDufcy733BAlnSjvOh7Wyura+sVnYKm7v7O7tlw4O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJpe537mnUrFY3OhpQv0IjwQLGcHaSG3Xuc282aBUduyLehWdI+jYjlNDXjUnqFZBHnSNkqPcAAs0B6X3/jAmaUSFJhwr1XOdRPsZlpoRTmfFfqpogskEj2jPUIEjqvxsfu0MnhplCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/YyJJNVUkMWiMOVQxzB/HQ6ZpETzqSGYSGZuhWSMJSbaBFQ0IXx9Cv8nbWS7no2uK+UGWsZRAMfgBJwBF9RAA1yBJmgBAu7AA3gCz1ZsPVov1uuidcVazhyBH7DePgGKJI8Y</latexit>

106
<latexit sha1_base64="Zjj1evzVlQEAdCTrqiR0edAt4ss=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQyatbd0V3LisYB/QjiWTpm1sZjIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89QSy4Ngh9OCura+sbm7mt/PbO7t5+4eCwpWWiKGtSKaTqBEQzwSPWNNwI1okVI2EgWDuYXGZ++54pzWV0Y6Yx80MyiviQU2Ks1PLQbVqZ9QtF5F7UKvgcQ+QiVMWlSkZwtYxL0LNKhmIdLNDoF957A0mTkEWGCqJ110Ox8VOiDKeCzfK9RLOY0AkZsa6lEQmZ9tP5tTN4apUBHEplKzJwrn6fSEmo9TQMbGdIzFj/9jLxL6+bmGHNT3kUJ4ZFdLFomAhoJMxehwOuGDViagmhittbIR0TRaixAeVtCF+fwv9JC7teycXX5WIdL+PIgWNwAs6AB6qgDq5AAzQBBXfgATyBZ0c6j86L87poXXGWM0fgB5y3T46zjxs=</latexit>

109
<latexit sha1_base64="jVnadnx6uRIpNQm5KlO5twT6+cE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLT2seu4MZlBfuAdiyZNNPGZjJDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe48ecKY3Qh5VbW9/Y3MpvF3Z29/YPiodHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3608vM795TqVgkbvQspl6Ix4IFjGBtpI6DbtPGfFgsIbtRr7oXLkQ2QjW3XM2IW6u4ZegYJUOpCZZoDYvvg1FEkpAKTThWqu+gWHsplpoRTueFQaJojMkUj2nfUIFDqrx0ce0cnhllBINImhIaLtTvEykOlZqFvukMsZ6o314m/uX1Ex3UvZSJONFUkOWiIOFQRzB7HY6YpETzmSGYSGZuhWSCJSbaBFQwIXx9Cv8nHdd2yrZ7XSk13VUceXACTsE5cEANNMEVaIE2IOAOPIAn8GxF1qP1Yr0uW3PWauYY/ID19gmTQo8e</latexit>

1012
<latexit sha1_base64="lYpKHzIv0VvVmIehu3geyCRjo3s=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJpbeuu4MZlBfuAdiyZNG1DM5khyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCWLBtUHow8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6VXmd+6Z0jySt2YWMz8kY8lHnBJjpY6H7lIPzwfFEnIv61V8gSFyEarhcjUjuFbBZehZJUOpAZZoDorv/WFEk5BJQwXRuueh2PgpUYZTweaFfqJZTOiUjFnPUklCpv10ce4cnlllCEeRsiUNXKjfJ1ISaj0LA9sZEjPRv71M/MvrJWZU91Mu48QwSZeLRomAJoLZ73DIFaNGzCwhVHF7K6QTogg1NqGCDeHrU/g/aWPXK7v4plJq4FUceXACTsE58EANNMA1aIIWoGAKHsATeHZi59F5cV6XrTlnNXMMfsB5+wT5bY9S</latexit>

1015
<latexit sha1_base64="1zyeuEsN01Jd1BwFU1rlMnWw6fY=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQyZ9uiu4cVnBPqAdSyZN29BMZkgyQhn6EW5cKOLW73Hn35hpK6jogQuHc+7l3nuCWHBtEPpw1tY3Nre2czv53b39g8PC0XFbR4mirEUjEaluQDQTXLKW4UawbqwYCQPBOsH0KvM790xpHslbM4uZH5Kx5CNOibFSx0N3qVeZDwpF5F7Wq7iCIXIRquFSNSO4VsYl6FklQ7EBlmgOCu/9YUSTkElDBdG656HY+ClRhlPB5vl+ollM6JSMWc9SSUKm/XRx7hyeW2UIR5GyJQ1cqN8nUhJqPQsD2xkSM9G/vUz8y+slZlT3Uy7jxDBJl4tGiYAmgtnvcMgVo0bMLCFUcXsrpBOiCDU2obwN4etT+D9pY9crufimXGzgVRw5cArOwAXwQA00wDVoghagYAoewBN4dmLn0XlxXpeta85q5gT8gPP2Cf38j1U=</latexit>

1018
<latexit sha1_base64="CFPs3+7iAGwxRMxb+1CF41NbhhU=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJpbeuu4MZlBfuAdiyZNG1DM5khyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCWLBtUHow8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6VXmd+6Z0jySt2YWMz8kY8lHnBJjpY6H7lKvPh8US8i9rFfxBYbIRaiGy9WM4FoFl6FnlQylBliiOSi+94cRTUImDRVE656HYuOnRBlOBZsX+olmMaFTMmY9SyUJmfbTxblzeGaVIRxFypY0cKF+n0hJqPUsDGxnSMxE//Yy8S+vl5hR3U+5jBPDJF0uGiUCmghmv8MhV4waMbOEUMXtrZBOiCLU2IQKNoSvT+H/pI1dr+zim0qpgVdx5MEJOAXnwAM10ADXoAlagIIpeABP4NmJnUfnxXldtuac1cwx+AHn7RMCmo9Y</latexit>

1021
<latexit sha1_base64="co3EWhw2EIzMZnLN7OY7sc/HYRE=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJpbeuu4MZlBfuAdiyZNG1DM5khyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCWLBtUHow8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6VXmd+6Z0jySt2YWMz8kY8lHnBJjpY6H7lLszQfFEnIv61V8gSFyEarhcjUjuFbBZehZJUOpAZZoDorv/WFEk5BJQwXRuueh2PgpUYZTweaFfqJZTOiUjFnPUklCpv10ce4cnlllCEeRsiUNXKjfJ1ISaj0LA9sZEjPRv71M/MvrJWZU91Mu48QwSZeLRomAJoLZ73DIFaNGzCwhVHF7K6QTogg1NqGCDeHrU/g/aWPXK7v4plJq4FUceXACTsE58EANNMA1aIIWoGAKHsATeHZi59F5cV6XrTlnNXMMfsB5+wT5bo9S</latexit>

1024
<latexit sha1_base64="P/oI2XiZK20i0ZzKZWs2MwKZnGA=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJpbeuu4MZlBfuAdiyZNG1DM5khyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCWLBtUHow8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6VXmd+6Z0jySt2YWMz8kY8lHnBJjpY6H7lJcmQ+KJeRe1qv4AkPkIlTD5WpGcK2Cy9CzSoZSAyzRHBTf+8OIJiGThgqidc9DsfFTogyngs0L/USzmNApGbOepZKETPvp4tw5PLPKEI4iZUsauFC/T6Qk1HoWBrYzJGaif3uZ+JfXS8yo7qdcxolhki4XjRIBTQSz3+GQK0aNmFlCqOL2VkgnRBFqbEIFG8LXp/B/0sauV3bxTaXUwKs48uAEnIJz4IEaaIBr0AQtQMEUPIAn8OzEzqPz4rwuW3POauYY/IDz9gn9/Y9V</latexit>

e
<latexit sha1_base64="UCF2lr4ftCYzCFelk2xzYJzn5NE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadlNNiZ7C3jxmIB5QLKE2UlvMmb2wcysEJZ8gRcPinj1k7z5N04SAypa0FBUddPd5SecSWVZH0ZuY3Nreye/W9jbPzg8Kh6fdGScCgptGvNY9HwigbMI2oopDr1EAAl9Dl1/er3wu/cgJIujWzVLwAvJOGIBo0RpqQXDYskyrarr1MrYMquW7ToVTVy37lxVsW1aS5QaaIXmsPg+GMU0DSFSlBMp+7aVKC8jQjHKYV4YpBISQqdkDH1NIxKC9LLloXN8oZURDmKhK1J4qX6fyEgo5Sz0dWdI1ET+9hbiX14/VUHdy1iUpAoiuloUpByrGC++xiMmgCo+04RQwfStmE6IIFTpbAo6hPWn+H/SKZt2xSy3nFJjHUcenaFzdIlsVEMNdIOaqI0oAvSAntCzcWc8Gi/G66o1Z3zNnKIfMN4+AaL5jYU=</latexit>

µ
<latexit sha1_base64="HPFhHA3MD+kTWQxFm2r97lmicNw=">AAAB6nicdVDLSgMxFM34rPVVdekmWARXQ6ad2nZXcOOyon1AO5RMmmlDk8yQZIQy9BPcuFDErV/kzr8xbS2o6IELh3Pu5d57woQzbRD6cNbWNza3tnM7+d29/YPDwtFxW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcjX3O/dUaRbLOzNNaCDwSLKIEWysdNsX6aBQRC6q1P1qCSK3gry6X7akXq/5lxXouWiBYgMs0RwU3vvDmKSCSkM41rrnocQEGVaGEU5n+X6qaYLJBI9oz1KJBdVBtjh1Bs+tMoRRrGxJAxfq94kMC62nIrSdApux/u3Nxb+8XmqiWpAxmaSGSrJcFKUcmhjO/4ZDpigxfGoJJorZWyEZY4WJsenkbQirT+H/pF1yvbJbuvGLjVUcOXAKzsAF8EAVNMA1aIIWIGAEHsATeHa48+i8OK/L1jXna+YE/IDz9gk26o5y</latexit>

⌧
<latexit sha1_base64="ZKiTJoAcG2RZdMCntlbJyLoG0zs=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFSZtaptdwY3LCvYBbSiT6aQdOpmEmYlQQn/BjQtF3PpD7vwbJ60FFT1w4XDOvdx7T5BwpjRCH1ZhY3Nre6e4W9rbPzg8Kh+fdFWcSkI7JOax7AdYUc4E7WimOe0nkuIo4LQXzK5zv3dPpWKxuNPzhPoRnggWMoJ1Lg01TkflCrJR3XMbVYjsOnI8t2aI5zXdqzp0bLREpQVWaI/K78NxTNKICk04VmrgoET7GZaaEU4XpWGqaILJDE/owFCBI6r8bHnrAl4YZQzDWJoSGi7V7xMZjpSaR4HpjLCeqt9eLv7lDVIdNv2MiSTVVJDVojDlUMcwfxyOmaRE87khmEhmboVkiiUm2sRTMiGsP4X/k27Vdmp29dattNZxFMEZOAeXwAEN0AI3oA06gIApeABP4NmKrEfrxXpdtRasr5lT8APW2yf6qo7k</latexit>

u
<latexit sha1_base64="kjnzZfCL1rzmAH8CSSoaDmiA0Io=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ1KdPnYFNy5bsA9oh5JJ0zY2kxmSjFCGfoEbF4q49ZPc+TdmWgsqeuDC4Zx7ufeeIBZcG4Q+nLX1jc2t7dxOfndv/+CwcHTc1lGiKGvRSESqGxDNBJesZbgRrBsrRsJAsE4wvc78zj1Tmkfy1sxi5odkLPmIU2Ks1EwGhSJyPYRr5QpELkLY88qW1GpVD2OIrZKhWAdLNAaF9/4woknIpKGCaN3DKDZ+SpThVLB5vp9oFhM6JWPWs1SSkGk/XRw6h+dWGcJRpGxJAxfq94mUhFrPwsB2hsRM9G8vE//yeokZVf2UyzgxTNLlolEioIlg9jUccsWoETNLCFXc3grphChCjc0mb0NYfQr/J+2Siy/dUvOqWF/FkQOn4AxcAAwqoA5uQAO0AAUMPIAn8OzcOY/Oi/O6bF1zvmZOwA84b5+qHY2J</latexit>

d
<latexit sha1_base64="3SvoQ55SXsbVKG9leiCzjs6HMT0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuQqaaPnYFNy5bsA9oQ5lMJu3YySTMTIQS+gVuXCji1k9y5984aS2o6IELh3Pu5d57/IQzpR3nw1pb39jc2i7sFHf39g8OS0fHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe350+vc791TqVgsbvUsoV6Ex4KFjGBtpHYwKpUd23VQo1qDju04yHWrhjQadRchiIySo9wES7RGpfdhEJM0okITjpUaICfRXoalZoTTeXGYKppgMsVjOjBU4IgqL1scOofnRglgGEtTQsOF+n0iw5FSs8g3nRHWE/Xby8W/vEGqw7qXMZGkmgqyXBSmHOoY5l/DgElKNJ8Zgolk5lZIJlhiok02RRPC6lP4P+lWbHRpV9pX5eYqjgI4BWfgAiBQA01wA1qgAwig4AE8gWfrznq0XqzXZeua9TVzAn7AevsEkFmNeA==</latexit>

c
<latexit sha1_base64="UWquHws2jf1mXUaebSMSU+muLZE=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ1KdPnYFNy5bsA9oh5JJ0zY2kxmSjFCGfoEbF4q49ZPc+TdmWgsqeuDC4Zx7ufeeIBZcG4Q+nLX1jc2t7dxOfndv/+CwcHTc1lGiKGvRSESqGxDNBJesZbgRrBsrRsJAsE4wvc78zj1Tmkfy1sxi5odkLPmIU2Ks1KSDQhG5HsK1cgUiFyHseWVLarWqhzHEVslQrIMlGoPCe38Y0SRk0lBBtO5hFBs/JcpwKtg83080iwmdkjHrWSpJyLSfLg6dw3OrDOEoUrakgQv1+0RKQq1nYWA7Q2Im+reXiX95vcSMqn7KZZwYJuly0SgR0EQw+xoOuWLUiJklhCpub4V0QhShxmaTtyGsPoX/k3bJxZduqXlVrK/iyIFTcAYuAAYVUAc3oAFagAIGHsATeHbunEfnxXldtq45XzMn4Aect0+O1Y13</latexit>

s
<latexit sha1_base64="kHEP+G5EASo15oTSCHgRQmVC+H0=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ1KdPnYFNy5bsA9oh5JJ0zY2kxmSjFCGfoEbF4q49ZPc+TdmWgsqeuDC4Zx7ufeeIBZcG4Q+nLX1jc2t7dxOfndv/+CwcHTc1lGiKGvRSESqGxDNBJesZbgRrBsrRsJAsE4wvc78zj1Tmkfy1sxi5odkLPmIU2Ks1NSDQhG5HsK1cgUiFyHseWVLarWqhzHEVslQrIMlGoPCe38Y0SRk0lBBtO5hFBs/JcpwKtg83080iwmdkjHrWSpJyLSfLg6dw3OrDOEoUrakgQv1+0RKQq1nYWA7Q2Im+reXiX95vcSMqn7KZZwYJuly0SgR0EQw+xoOuWLUiJklhCpub4V0QhShxmaTtyGsPoX/k3bJxZduqXlVrK/iyIFTcAYuAAYVUAc3oAFagAIGHsATeHbunEfnxXldtq45XzMn4Aect0+nFY2H</latexit>

t
<latexit sha1_base64="/gkQfx8leMW2K0ru3zj3PGqLukg=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ1KdPnYFNy5bsA9oh5JJ0zY2kxmSjFCGfoEbF4q49ZPc+TdmWgsqeuDC4Zx7ufeeIBZcG4Q+nLX1jc2t7dxOfndv/+CwcHTc1lGiKGvRSESqGxDNBJesZbgRrBsrRsJAsE4wvc78zj1Tmkfy1sxi5odkLPmIU2Ks1DSDQhG5HsK1cgUiFyHseWVLarWqhzHEVslQrIMlGoPCe38Y0SRk0lBBtO5hFBs/JcpwKtg83080iwmdkjHrWSpJyLSfLg6dw3OrDOEoUrakgQv1+0RKQq1nYWA7Q2Im+reXiX95vcSMqn7KZZwYJuly0SgR0EQw+xoOuWLUiJklhCpub4V0QhShxmaTtyGsPoX/k3bJxZduqXlVrK/iyIFTcAYuAAYVUAc3oAFagAIGHsATeHbunEfnxXldtq45XzMn4Aect0+omY2I</latexit>

b
<latexit sha1_base64="uHgkGp7049YJW3pRisDtagSIlYI=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ1KdPnYFNy5bsA9oh5JJ0zY2kxmSjFCGfoEbF4q49ZPc+TdmWgsqeuDC4Zx7ufeeIBZcG4Q+nLX1jc2t7dxOfndv/+CwcHTc1lGiKGvRSESqGxDNBJesZbgRrBsrRsJAsE4wvc78zj1Tmkfy1sxi5odkLPmIU2Ks1AwGhSJyPYRr5QpELkLY88qW1GpVD2OIrZKhWAdLNAaF9/4woknIpKGCaN3DKDZ+SpThVLB5vp9oFhM6JWPWs1SSkGk/XRw6h+dWGcJRpGxJAxfq94mUhFrPwsB2hsRM9G8vE//yeokZVf2UyzgxTNLlolEioIlg9jUccsWoETNLCFXc3grphChCjc0mb0NYfQr/J+2Siy/dUvOqWF/FkQOn4AxcAAwqoA5uQAO0AAUMPIAn8OzcOY/Oi/O6bF1zvmZOwA84b5+NUY12</latexit>

W
<latexit sha1_base64="wYwme0bKa4dxooq6ytoBu03QB3k=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSapoe2u4MZlC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ60FFT1w4XDOvdx7T5BwpjRCH1ZhY3Nre6e4W9rbPzg8Kh+fdFWcSkI7JOax7AdYUc4E7WimOe0nkuIo4LQXzK5zv3dPpWKxuNXzhPoRnggWMoK1kdq9UbmCbNdDjZoLke0hp+FVDUGo3vAc6BiSo9IEK7RG5ffhOCZpRIUmHCs1cFCi/QxLzQini9IwVTTBZIYndGCowBFVfrY8dAEvjDKGYSxNCQ2X6veJDEdKzaPAdEZYT9VvLxf/8gapDut+xkSSairIalGYcqhjmH8Nx0xSovncEEwkM7dCMsUSE22yKZkQ1p/C/0nXtZ2q7bavKs11HEVwBs7BJXBADTTBDWiBDiCAggfwBJ6tO+vRerFeV60F62vmFPyA9fYJcrONZA==</latexit>

Z
<latexit sha1_base64="McDyrutoRpNIhfwTFnGB/hZ1J6Y=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSbR0HZXcOOyBfvANpTJdNKOnUzCzEQooV/gxoUibv0kd/6Nk9aCih64cDjnXu69J0g4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNple5372nUrFY3OhZQv0IjwULGcHaSK3bYbmCbNdD9aoLke0hp+5dGIJQre450DEkR6UBlmgOy++DUUzSiApNOFaq76BE+xmWmhFO56VBqmiCyRSPad9QgSOq/Gxx6ByeGWUEw1iaEhou1O8TGY6UmkWB6YywnqjfXi7+5fVTHdb8jIkk1VSQ5aIw5VDHMP8ajpikRPOZIZhIZm6FZIIlJtpkUzIhrD6F/5OOazsXttu6rDRWcRTBCTgF58ABVdAA16AJ2oAACh7AE3i27qxH68V6XbYWrK+ZY/AD1tsndz+NZw==</latexit>

H
<latexit sha1_base64="jmr3VEbdFs6L2KnwZ39a6UVQb0I=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSbR0HZXcNNlC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ60FFT1w4XDOvdx7T5BwpjRCH1ZhY3Nre6e4W9rbPzg8Kh+fdFWcSkI7JOax7AdYUc4E7WimOe0nkuIo4LQXzG5yv3dPpWKxuNXzhPoRnggWMoK1kdrNUbmCbNdD9aoLke0hp+5dGYJQre450DEkR6UBVmiNyu/DcUzSiApNOFZq4KBE+xmWmhFOF6VhqmiCyQxP6MBQgSOq/Gx56AJeGGUMw1iaEhou1e8TGY6UmkeB6YywnqrfXi7+5Q1SHdb8jIkk1VSQ1aIw5VDHMP8ajpmkRPO5IZhIZm6FZIolJtpkUzIhrD+F/5OuaztXttu+rjTWcRTBGTgHl8ABVdAATdACHUAABQ/gCTxbd9aj9WK9rloL1tfMKfgB6+0TW/eNVQ==</latexit>

YeV
<latexit sha1_base64="kSUMFUWH4+P6Xzw3HoHK87H4t7w=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ggguK9gX7VAyaaYNTTJDkhHK0K9w40IRt36OO//GTFtBRQ9cOJxzL/feE8SMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJpleZ37knUtFI3OlZTHyOxoKGFCNtpF46kBz2SHs+LJYc+7Je9S486NiOU/PK1Yx4tYpXhq5RMpQaYInmsPg+GEU44URozJBSfdeJtZ8iqSlmZF4YJIrECE/RmPQNFYgT5aeLg+fwzCgjGEbSlNBwoX6fSBFXasYD08mRnqjfXib+5fUTHdb9lIo40UTg5aIwYVBHMPsejqgkWLOZIQhLam6FeIIkwtpkVDAhfH0K/ydtz3bLtndbKTWuV3HkwQk4BefABTXQADegCVoAAw4ewBN4tqT1aL1Yr8vWnLWaOQY/YL19AkookMY=</latexit>

M
<latexit sha1_base64="WzhqO/2pcGGlKQkw+6CTryGM2e0=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBA8LbubmMRbQAQvQgLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBWVtfWNzZzW/ntnd29/cLBYVtGiaDQohGPRNcjEjgLoaWY4tCNBZDA49DxJpeZ37kHIVkU3qppDG5ARiHzGSVKS82bQaFomRe1inPuYMu0rKpTqmTEqZadEra1kqFYRws0BoX3/jCiSQChopxI2bOtWLkpEYpRDrN8P5EQEzohI+hpGpIApJvOD53hU60MsR8JXaHCc/X7REoCKaeBpzsDosbyt5eJf3m9RPk1N2VhnCgI6WKRn3CsIpx9jYdMAFV8qgmhgulbMR0TQajS2eR1CF+f4v9J2zHtkuk0y8X61TKOHDpGJ+gM2aiK6ugaNVALUQToAT2hZ+POeDRejNdF64qxnDlCP2C8fQJhOo1c</latexit>

MGUT
<latexit sha1_base64="dqZIyiLNW2eg+VwmC/vTQw2yVR8=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjJ90HZXENGNUKFTC9OhZNJMG5rMDElGKEM/w40LRdz6Ne78G9OHoKIHLhzOuZd77wkSzpRG6MPKra1vbG7ltws7u3v7B8XDo66KU0moS2Iey16AFeUsoq5mmtNeIikWAad3weRi7t/dU6lYHHX0NKG+wKOIhYxgbSTvZpD1pYBXbmc2KJaQ3Ww0kVOByK5WavVq05CG49RrCDo2WqDUAku0B8X3/jAmqaCRJhwr5Tko0X6GpWaE01mhnyqaYDLBI+oZGmFBlZ8tTp7BM6MMYRhLU5GGC/X7RIaFUlMRmE6B9Vj99ubiX56X6rDhZyxKUk0jslwUphzqGM7/h0MmKdF8aggmkplbIRljiYk2KRVMCF+fwv9Jt2w7Fbt8Wy21Lldx5MEJOAXnwAF10ALXoA1cQEAMHsATeLa09Wi9WK/L1py1mjkGP2C9fQJ/TZFy</latexit>

MN
<latexit sha1_base64="KIgzyyo28JeUHseemaCeydfkKlQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6YP2u4KIrhRKtiHtEPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb04egogcuHM65l3vvCWLOtEHow1lZXVvf2MxsZbd3dvf2cweHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fnMb99TpVkkb80kpr7AQ8lCRrCx0t1VP+0pAa+n/VweubVqDXlFiNxSsVwp1Sypel6ljKDnojnydbBAo5977w0ikggqDeFY666HYuOnWBlGOJ1me4mmMSZjPKRdSyUWVPvp/OApPLXKAIaRsiUNnKvfJ1IstJ6IwHYKbEb6tzcT//K6iQmrfspknBgqyWJRmHBoIjj7Hg6YosTwiSWYKGZvhWSEFSbGZpS1IXx9Cv8nrYLrFd3CTSlfv1jGkQHH4AScAQ9UQB1cggZoAgIEeABP4NlRzqPz4rwuWlec5cwR+AHn7RM5Q5C8</latexit>

New physics?Standard 
Model

https://www.nytimes.com

⌫
<latexit sha1_base64="OzWmcUDKCIv9dX9icXByf4pgpao=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckmb2vZW8OKxov2ANpTNdtMu3WzC7kYooT/BiwdFvPqLvPlv3LYWVPTBwOO9GWbmBQlnSjvOh7W2vrG5tZ3bye/u7R8cFo6O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJldzv3NPpWKxuNPThPoRHgkWMoK1kW77Ih0Uio7tVOpetYQcu+K4da9sSL1e8y4ryLWdBYoNWKI5KLz3hzFJIyo04Vipnusk2s+w1IxwOsv3U0UTTCZ4RHuGChxR5WeLU2fo3ChDFMbSlNBooX6fyHCk1DQKTGeE9Vj99ubiX14v1WHNz5hIUk0FWS4KU450jOZ/oyGTlGg+NQQTycytiIyxxESbdPImhNWn6H/SLtlu2S7deMXGKo4cnMIZXIALVWjANTShBQRG8ABP8Gxx69F6sV6XrWvW18wJ/ID19gk4b45z</latexit>
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mD MM
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�

<latexit sha1_base64="yv+LPx0jxeT+P7s3kjuvsSsVW80="></latexit>

� ' m2
D

MM
<latexit sha1_base64="RPKgH1ryLRMXkI08mrU1/mvsZaU=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZIq6LKggptCBfuAJobJdNIOnUnizEQoIX/hxl9x40IRt7rzb5w2XWjrgYHDOedy554gYVQq2/42SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaIbIEkYjUhLUcVINxEE8YCRTjC6mPidByIkjaNbNU6Ix9EgoiHFSGnJNy2X6XAfQVdSTu6hGwqEM8jvan7mCg4vc5hnjYI38tw3q7ZlTwEXiTMj1Too0PTNL7cf45STSGGGpOw5dqK8DAlFMSN5xU0lSRAeoQHpaRohTqSXTe/K4ZFW+jCMhX6RglP190SGuJRjHugkR2oo572J+J/XS1V47mU0SlJFIlwsClMGVQwnJcE+FQQrNtYEYUH1XyEeIt2M0lVWdAnO/MmLpF2znBOrdnNarV/N6iiDA3AIjoEDzkAdXIMmaAEMHsEzeAVvxpPxYrwbH0W0ZMxm9sEfGJ8/l5GfnQ==</latexit>

Neutrino mass requires new physics 
possibly approaching the GUT scale 2

10�1 eV ' (106...1011)2eV2

(1013...1023) eV
<latexit sha1_base64="dY1Zxe7P0Qrrh89QZTr4GJg8Tzg="></latexit>



Direct Neutrino Mass Detection

To date best 
limits on neutrino 
mass come from 
the measurement 
of the end point 
of the beta 
spectrum 
produced by 
molecular tritium 
decay

3



Magnetic Adiabatic Cooling and 
Electrostatic (MAC-E) Filter Nature Physics 18, 160-166 (2022)

4



KATRIN Experiment Nature Physics 18, 160-166 (2022)

m⌫ < 0.8
eV

c2
(90%C.L.)

<latexit sha1_base64="rSp/fiTNz8RzcF9L4phN9RAlYMg="></latexit>

5



6



Going beyond KATRIN? 
Project-8

Future experiments will 
need to use atomic tritium 
and find a better way to 
measure the beta spectrum

m⌫ < 155
eV

c2
(90%C.L.)

<latexit sha1_base64="LROzDqW3BhYc5yIPXqb0VIEG1SQ="></latexit>

7
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Neutrino oscillations

8

⌫1
<latexit sha1_base64="smdZBdfiHXp4Sz/zg+6tlKK/DMk=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0nS2tZbQQSPFUxbaEPZbLft0s0m7G6EEvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXhBzprRtf1i5tfWNza38dmFnd2//oHh41FZRIgn1SMQj2Q2wopwJ6mmmOe3GkuIw4LQTTK8yv3NPpWKRuNOzmPohHgs2YgRrI3l9kQycQbFkly8bNffCRXbZtutupZYRt151K8gxSoZSE5ZoDYrv/WFEkpAKTThWqufYsfZTLDUjnM4L/UTRGJMpHtOeoQKHVPnp4tg5OjPKEI0iaUpotFC/T6Q4VGoWBqYzxHqifnuZ+JfXS/So4adMxImmgiwXjRKOdISyz9GQSUo0nxmCiWTmVkQmWGKiTT4FE8LXp+h/0nbLTqXs3lZLzetVHHk4gVM4Bwfq0IQbaIEHBBg8wBM8W8J6tF6s12VrzlrNHMMPWG+fQg6PBg==</latexit>

⌫2
<latexit sha1_base64="RmI82FgA38bNtaJL00sIPLkKth8=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9iktra3gggeK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvCDhTGmEPqzC2vrG5lZxu7Szu7d/UD486qg4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSN5ApEN3WK4gG9VrTdSEyK4hp7EgCNUbbhU6huSotMAS7WH5fTCKSRpRoQnHSvUdlGg/w1Izwum8NEgVTTCZ4jHtGypwRJWfLY6dwzOjjGAYS1NCw4X6fSLDkVKzKDCdEdYT9dvLxb+8fqrDhp8xkaSaCrJcFKYc6hjmn8MRk5RoPjMEE8nMrZBMsMREm3xKJoSvT+H/pOPaTtV2by8qretVHEVwAk7BOXDAJWiBG9AGHiCAgQfwBJ4tYT1aL9brsrVgrWaOwQ9Yb59HnI8K</latexit>

⌫3
<latexit sha1_base64="NJGbP+6D54j/hurLyXHj97TxVvU=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lSqe2tIILHCqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0g4U9q2P6zC2vrG5lZxu7Szu7d/UD486qg4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSN5ApMPasFyxq7ZBvY5y4jRsx5Bms+G6TeQsLNuutGCJ9rD8PhjFJI2o0IRjpfqOnWg/w1Izwum8NEgVTTCZ4jHtGypwRJWfLY6dozOjjFAYS1NCo4X6fSLDkVKzKDCdEdYT9dvLxb+8fqrDhp8xkaSaCrJcFKYc6Rjln6MRk5RoPjMEE8nMrYhMsMREm3xKJoSvT9H/pONWnVrVvb2otK5XcRThBE7hHBy4hBbcQBs8IMDgAZ7g2RLWo/VivS5bC9Zq5hh+wHr7BDlyjwE=</latexit>

⌫�
<latexit sha1_base64="0xE7onZyUIrsld2Lz4cfAKDz65k=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjKjre2u6MZlBfuQzlAyaaYNTTJDkhFK6Ve4caGIWz/HnX9j+hBU9MCFwzn3cu89UcqZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0kmmCG2ShCeqE2FNOZO0aZjhtJMqikXEaTsaXc389j1VmiXy1oxTGgo8kCxmBBsr3QUy6wURNbhXLCHXL6Na1YPIRRa+b0kZebVKBXpzBaFSHSzQ6BXfg35CMkGlIRxr3fVQasIJVoYRTqeFINM0xWSEB7RrqcSC6nAyP3gKT6zSh3GibEkD5+r3iQkWWo9FZDsFNkP925uJf3ndzMTVcMJkmhkqyWJRnHFoEjj7HvaZosTwsSWYKGZvhWSIFSbGZlSwIXx9Cv8nLd/1zlz/5rxUv1zGkQdH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtOac5cwh+AHn7RN+65Dm</latexit>

⌫↵
<latexit sha1_base64="Qq2melG1Ijg94mRqnWpF/BQiq2Y=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSZpiumu6MZlBfvAJpTJdNoOnUzCzEQooX/hxoUibv0bd/6N04egogcuHM65l3vviVLOlEbowyqsrW9sbhW3Szu7e/sH5cOjtkoySWiLJDyR3QgrypmgLc00p91UUhxHnHaiydXc79xTqVgibvU0pWGMR4INGcHaSHeByPoB5ukY98sVZNfryPN8iOwacl2vZgiqur7vQMdGC1QaYIlmv/weDBKSxVRowrFSPQelOsyx1IxwOisFmaIpJhM8oj1DBY6pCvPFxTN4ZpQBHCbSlNBwoX6fyHGs1DSOTGeM9Vj99ubiX14v00M/zJlIM00FWS4aZhzqBM7fhwMmKdF8aggmkplbIRljiYk2IZVMCF+fwv9J27Wdqu3eeJXG5SqOIjgBp+AcOOACNMA1aIIWIECAB/AEni1lPVov1uuytWCtZo7BD1hvn2LakWw=</latexit>
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arXiv:2102.00594

�m2
12 = (7.42± 0.21)⇥ 10�5 eV2 (±2.8%)

<latexit sha1_base64="hE6aABIeeGOck5/FE2MKrevB0oY="></latexit>

�m2
23 = (2.510± 0.027)⇥ 10�3 eV2 (±1.1%)

<latexit sha1_base64="HkWJgNjCsZRvN+zIh+IavOY+iuA="></latexit>

NuFit, arXiv:2111.03086
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CP violation in neutrinos could 
be 1000x larger than in quarks

Quark mixing Neutrino mixing

Cecilia Jarlskog 12
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1-2 Sector 
Solar Neutrinos at Super-Kamiokande and SNO

PRL 87 (2001)



hLi = 180 km
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Nuclear Physics B 
Volume 908, July 2016, Pages 52-61 

1-2 Sector 
KamLAND Experiment

https://www.sciencedirect.com/science/journal/05503213/908/supp/C


1-2 Sector 
Reactor neutrinos with KamLAND 



1-2 Sector 
Solar Neutrinos at Super-Kamiokande and SNO 
Reactor neutrinos with KamLAND 

Suzuki Y. Proc Jpn Acad Ser B Phys Biol Sci. 2020;96(6):204-233. doi: 10.2183/pjab.96.017



…the future: JUNO 20 ton detector at 53 km from sources



…the future: JUNO
Filling of demonstrator 
underway. Could see first data 
end of this year.
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E ' 4 MeV
L
'
1600

m

⌫̄e ! ⌫̄e at atmospheric mass scale

θ13: Daya Bay, RENO, and Double CHOOZ

� =
1.27 · 0.0025 eV2 · 1600 m

4 MeV
' ⇡

2
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PHYSICAL REVIEW LETTERS 130, 161802 (2023)

1-3 Sector 
Daya Bay 

Reactor Experiment

sin2 2✓13 =0.0851± 0.0024

(✓13 =8.36�)
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mass ordering
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NOvA Far Detector
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Neutrino oscillations at long baseline 
Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60 
(2008) 338-402. arXiv:0710.0554 [hep-ph]

P (⇥µ ⇥ ⇥e) ⇤ |
p

Patme
�i(�32+�) +

p
Psol|2

= Patm + Psol + 2
p

PatmPsol (cos�32 cos � � sin�32 sin �)

a = GFNe/
p
2 ' 1

3500 km

aL = 0.08 for L = 295 km

aL = 0.23 for L = 810 km

aL = 0.37 for L = 1300 km

Parameter Channels Question
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http://inspirebeta.net/author/Nunokawa%2C%20Hiroshi?recid=762771&ln=en
http://inspirebeta.net/author/Parke%2C%20Stephen%20J.?recid=762771&ln=en
http://inspirebeta.net/author/Valle%2C%20Jose%20W.F.?recid=762771&ln=en
http://inspirebeta.net/record/762771
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NOvA - T2K Joint Fit 

https://indico.fnal.gov/event/62062/



Mass ordering and CP violation

T2K sees a large difference between 
and

NOvA does not. CPV 
and mass ordering 
remain to be resolved.

P (⌫µ ! ⌫e)
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<latexit sha1_base64="3K3cQSwRA8PM1ORlzgjHmPVLpj8=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1U5Iq6LLoxmUF+4AmhMl00g6dR5iZKCX0F9z4K25cKOLWnTv/xukD1NYDFw7n3Mu998Qpo9p43peztLyyurZe2Chubm3v7Lp7+00tM4VJA0smVTtGmjAqSMNQw0g7VQTxmJFWPLga+607ojSV4tYMUxJy1BM0oRgZK0VuuV4OYqTyQGSjKOAZDBTt9Q1SSt7DH4ecRG7Jq3gTwEXiz0ipBqaoR+5n0JU440QYzJDWHd9LTZgjZShmZFQMMk1ShAeoRzqWCsSJDvPJRyN4bJUuTKSyJQycqL8ncsS1HvLYdnJk+nreG4v/eZ3MJBdhTkWaGSLwdFGSMWgkHMcDu1QRbNjQEoQVtbdC3EcKYWNDLNoQ/PmXF0mzWvFPK9Wbs1LtchZHARyCI1AGPjgHNXAN6qABMHgAT+AFvDqPzrPz5rxPW5ec2cwB+APn4xtFI532</latexit>
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NOvA + T2K



NOvA + T2K Combined fit it world’d best

measurement of Δm232




δCP = 0 allowed in normal ordering

δCP = 0 excluded at 2σ in inverted ordering NOvA + T2K



Joint T2K + Super-K 
atmospheric neutrinos



T2 Hyper-Kamiokande

Kamiokande 
3 kton

Super-Kamiokande 
22.5 kton

Hyper-Kamiokande 
188 kton 34
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True normal ordering (known)
Hyper-K preliminary

Data taking expected to 
begin in 2027 

5σ discovery of CP 
violation in 10 years for 
60% of δCP values 

The search depends 
strongly on resolving 
the mass ordering and 
controlling systematic 
uncertainties 
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DUNE
18

 m

19 m

66 m

Detector Modules x4 LBNF neutrino beam and near halls
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DUNE Prototype at CERN 37



Events in DUNE

A 6 GeV electron 
recorded by DUNE 
prototype at CERN
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Phase 1  
Begins in 2029: 
5σ resolution of mass 
ordering 

Phase 2 
Begins mid 2030’s: 
5σ discovery of CP 
violation 

Combination of high 
energy and long 
baseline gives unique 
sensitivity to physics 
beyond PMNS

39

DUNE will measure
P (⌫µ ! ⌫µ),
P (⌫̄µ ! ⌫̄µ),
P (⌫µ ! ⌫e), and,
P (⌫̄µ ! ⌫̄e),
at very long baseline and
over a wide energy range.

<latexit sha1_base64="5fSA5CPt5BM3ff5Z8Tlodh7vIr4="></latexit>

⌫µ ! ⌫µ
<latexit sha1_base64="tStVTvx7wbhBHK0fd1d3aiLCnks=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKuiy6cVnBPqAJYTKdtENnJmEeSglduPFX3LhQxK0f4c6/cdpmoa0HLhzOuZd774kzRpX2vG9nZXVtfWOztFXe3tnd23cPDtsqNRKTFk5ZKrsxUoRRQVqaaka6mSSIx4x04tH11O/cE6loKu70OCMhRwNBE4qRtlLkVgJhooAbGEg6GGokZfoACy1yq17NmwEuE78g1QaYoxm5X0E/xYYToTFDSvV8L9NhjqSmmJFJOTCKZAiP0ID0LBWIExXmsycm8MQqfZik0pbQcKb+nsgRV2rMY9vJkR6qRW8q/uf1jE4uw5yKzGgi8HxRYhjUKZwmAvtUEqzZ2BKEJbW3QjxEEmFtcyvbEPzFl5dJu17zz2r12/Nq46qIowQq4BicAh9cgAa4AU3QAhg8gmfwCt6cJ+fFeXc+5q0rTjFzBP7A+fwBY6WYmg==</latexit>

⌫µ ! ⌫e
<latexit sha1_base64="J88JeVWscyzMGRWxOWJSupJXnSA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRV0GXRjcsK9gFNCJPppB06jzAzUUoobvwVNy4UcetXuPNvnLRdaOuBC4dz7uXee+KUUW0879tZWl5ZXVsvbZQ3t7Z3dt29/ZaWmcKkiSWTqhMjTRgVpGmoYaSTKoJ4zEg7Hl4XfvueKE2luDOjlIQc9QVNKEbGSpF7GIgsCngGA0X7A4OUkg+w0EjkVryqNwFcJP6MVOpgikbkfgU9iTNOhMEMad31vdSEOVKGYkbG5SDTJEV4iPqka6lAnOgwn7wwhidW6cFEKlvCwIn6eyJHXOsRj20nR2ag571C/M/rZia5DHMq0swQgaeLkoxBI2GRB+xRRbBhI0sQVtTeCvEAKYSNTa1sQ/DnX14krVrVP6vWbs8r9atZHCVwBI7BKfDBBaiDG9AATYDBI3gGr+DNeXJenHfnY9q65MxmDsAfOJ8/vFiXrQ==</latexit>

⌫̄µ ! ⌫̄µ
<latexit sha1_base64="hLZS8Ivetys2nO6HlwbfqLrEh6U=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0G0CrtR0DJoYxnBPCC7LLOT2WTIPJaZWSUs+QQbf8XGQhFbSzv/xsmjMIkHLhzOuZd774lTRrXxvB+nsLK6tr5R3Cxtbe/s7rn7B00tM4VJA0smVTtGmjAqSMNQw0g7VQTxmJFWPLgZ+60HojSV4t4MUxJy1BM0oRgZK0XuaRAjlQciG0UBz2CgaK9vkFLyEc45kVv2Kt4EcJn4M1KugSnqkfsddCXOOBEGM6R1x/dSE+ZIGYoZGZWCTJMU4QHqkY6lAnGiw3zy0AieWKULE6lsCQMn6t+JHHGthzy2nRyZvl70xuJ/XiczyVWYU5Fmhgg8XZRkDBoJx+nALlUEGza0BGFF7a0Q95FC2NgMSzYEf/HlZdKsVvzzSvXuoly7nsVRBEfgGJwBH1yCGrgFddAAGDyBF/AG3p1n59X5cD6nrQVnNnMI5uB8/QJxxZ4k</latexit>

⌫̄µ ! ⌫̄e
<latexit sha1_base64="zEbTmc6gbXF6KgZcVWFH+yzw6vw=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRV0GXRjcsK9gFNCJPppB06MwnzUEroF7jxV9y4UMSta3f+jdMHqK0HLhzOuZd774kzRpX2vC+nsLK6tr5R3Cxtbe/s7rn7By2VGolJE6cslZ0YKcKoIE1NNSOdTBLEY0ba8fBq4rfviFQ0Fbd6lJGQo76gCcVIWylyK0GMZB4IM44CbmAgaX+gkZTpPfxxSOSWvao3BVwm/pyU62CGRuR+Br0UG06Exgwp1fW9TIc5kppiRsalwCiSITxEfdK1VCBOVJhP3xnDilV6MEmlLaHhVP09kSOu1IjHtpMjPVCL3kT8z+sanVyEORWZ0UTg2aLEMKhTOMkG9qgkWLORJQhLam+FeIAkwtomWLIh+IsvL5NWreqfVms3Z+X65TyOIjgCx+AE+OAc1ME1aIAmwOABPIEX8Oo8Os/Om/M+ay0485lD8AfOxzfAJJ03</latexit>



DUNE discovery potential for CP Violation 
and beyond

Start data taking 
with 2 detector 
modules then 4

Fermilab proton power 
1.2 MW then 2.4 MW

Phase one 
near detector 
and Phase 
two near 
detector
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Summary
• Neutrino oscillations are an open window on new physics 

• Big questions remain to be resolved: μ-τ symmetry, Mass 
ordering, CP violation 

• Precision will be key to answering these questions and to 
make searches for new physics 

• The future program is a world-wide endeavor and will 
require a diverse experimental program. In the U.S., the 
program will be anchored by DUNE.
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