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3rd 
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▪︎ SM matter sector: quarks and leptons

▪︎ Exist in three generations, where these 

generations differ only by their masses

▪︎ Successive generations are more massive

▪︎ In the SM, all neutrinos are massless. 
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Standard Model interactions 
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▪︎ Massive particles get their masses via a 

Yukawa interaction with the Higgs, 

which after EWSB gives them a Dirac 

mass

▪︎ SM neutrinos don’t have this interaction
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H

<latexit sha1_base64="I9Zh6wib52BOz1NUGF0TpHpskVc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8BLzkmkBckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mt7Z3dvfx+4eDw6PikeHrW1lGiGLZYJCLVDahGwSW2DDcCu7FCGgYCO8H0YeF3nlBpHsmmmcXoh3Qs+YgzaqzUqA2KJbfsLkE2iZeREmSoD4pf/WHEkhClYYJq3fPc2PgpVYYzgfNCP9EYUzalY+xZKmmI2k+Xh87JlVWGZBQpW9KQpfp7IqWh1rMwsJ0hNRO97i3E/7xeYkb3fsplnBiUbLVolAhiIrL4mgy5QmbEzBLKFLe3EjahijJjsynYELz1lzdJ+6bsVcq3jUqp2sziyMMFXMI1eHAHVahBHVrAAOEZXuHNeXRenHfnY9Wac7KZc/gD5/MHpXuM5g==</latexit>

Lepton Sector

<latexit sha1_base64="qEGVjhz9t+xrajNvxHzm15lICrE=">AAAB/3icbVA9SwNBEJ3z2/gVFWxsFoNgFe5E0c6AjYKFolEhCWFvM9HFvd1jd04MZwr/io2FIrb+C7Hz37hJLPx6MPB4b4aZeXGqpKMw/AiGhkdGx8YnJgtT0zOzc8X5hVNnMiuwKowy9jzmDpXUWCVJCs9TizyJFZ7FV7s9/+warZNGn1AnxUbCL7RsS8HJS83iUp3whpzIDzAlo9kxCjK22yyWwnLYB/tLoi9S2nmDPg6bxfd6y4gsQU1CcedqUZhSI+eWpFDYLdQzhykXV/wCa55qnqBr5P37u2zVKy3WNtaXJtZXv0/kPHGuk8S+M+F06X57PfE/r5ZRe7uRS51mhFoMFrUzxciwXhisJa3/V3U84cJKfysTl9xyQT6ygg8h+v3yX3K6Xo42yptHYamyP0gDJmAZVmANItiCCuzBIVRBwC3cwyM8BXfBQ/AcvAxah4KvmUX4geD1ExDnl5I=</latexit>

Quark Sector

<latexit sha1_base64="KzUFhyy48IN3l8KSq439A4d2iBw=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XUMeNFbgm4SSJYwO5kkQ2Znl5leMSwB8U+8eFBEj/6AP+DNz/APnDwOmljQUFR1090VxIJrcJwvKzM3v7C4lF3OrayurW/Ym1sVHSWKMo9GIlK1gGgmuGQecBCsFitGwkCwatA7H/rVG6Y0j+Q19GPmh6QjeZtTAkZq2jsNYLegaVpOiOrhK0YhUoOmnXcKzgh4lrgTki/mvz/uvbeTUtP+bLQimoRMAhVE67rrxOCnRAGngg1yjUSzmNAe6bC6oZKETPvp6PwB3jdKC7cjZUoCHqm/J1ISat0PA9MZEujqaW8o/ufVE2if+SmXcQJM0vGidiIwRHiYBW5xZf4VfUMIVdzcimmXKELBJJYzIbjTL8+SymHBPSocl00al2iMLNpFe+gAuegUFdEFKiEPUZSiB/SEnq0769F6sV7HrRlrMrON/sB6/wH2FZnh</latexit>

Standard Model interactions: lepton masses 

6

LL ⇠
✓
⌫L
eL

◆
⇠ (1, 2,�1/2)

<latexit sha1_base64="eNHu8WijqFh373YY956eVWT7aco="></latexit>

eR ⇠ (1, 1,�1)

<latexit sha1_base64="TAnkbbjYFXZXyKu9JRGDJ4sfn+g=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIFbTMSEWXRTcuq9gHtMOQSdMamskMSUaoQ/FX3LhQxK3/4c6/MW1noa2He+Fwzr3k5gQxZ0o7zreVW1hcWl7JrxbW1jc2t+ztnYaKEklonUQ8kq0AK8qZoHXNNKetWFIcBpw2g8HV2G8+UKlYJO70MKZeiPuC9RjB2ki+vUf9W4Q6ioWo5B4jUyfukW8XnbIzAZonbkaKkKHm21+dbkSSkApNOFaq7Tqx9lIsNSOcjgqdRNEYkwHu07ahAodUeenk+hE6NEoX9SJpWmg0UX9vpDhUahgGZjLE+l7NemPxP6+d6N6FlzIRJ5oKMn2ol3CkIzSOAnWZpETzoSGYSGZuReQeS0y0CaxgQnBnvzxPGqdlt1I+u6kUq5dZHHnYhwMogQvnUIVrqEEdCDzCM7zCm/VkvVjv1sd0NGdlO7vwB9bnD9fWkj8=</latexit>

L � �yeLLHeR = �ye(⌫LH
+ + eLH

0)eR

<latexit sha1_base64="E6laIoULu6htuRHk1dxf1g2vZsM="></latexit>

EWSB, H0 
gets a VEV

▪︎ Lepton fields in the SM, pre EWSB

▪︎ One lepton mass term in SM:

▪︎ In the SM there’s no RH neutrino to 

generate a Dirac mass term for the neutral 

leptons

7! �MeeLeR

<latexit sha1_base64="qzB/4UxeyhtwLWcCpj9/zBwPLpA=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgxjIjFV0W3bhQqGIf0BmGTHqnDc08SDJCGbpz46+4caGIW3/BnX9jpu1CWw8EDueem+QcP+FMKsv6NgoLi0vLK8XV0tr6xuaWub3TlHEqKDRozGPR9okEziJoKKY4tBMBJPQ5tPzBZT5vPYCQLI7u1TABNyS9iAWMEqUlz9x3QpJIFeNjfOOBE2tvflUG3vUIvDvPLFsVaww8T+wpKaMp6p755XRjmoYQKcqJlB3bSpSbEaEY5TAqOamEhNAB6UFH04iEIN1snGOED7XSxUEs9IkUHqu/NzISSjkMfe0MierL2Vku/jfrpCo4dzMWJamCiE4eClKOde68FNxlAqjiQ00IFUz/FdM+EYQqXV1Jl2DPRp4nzZOKXa2c3lbLtYtpHUW0hw7QEbLRGaqhK1RHDUTRI3pGr+jNeDJejHfjY2ItGNOdXfQHxucPnluZKw==</latexit>
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<latexit sha1_base64="7IH3JDlgPZbcPOlZzD/VD1CXWPc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW+gVtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZUanUG54lbdBcg68XJSgRz1QfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrzzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmRD8FZfXiftq6p3Xb1pXFdqzTyOIpzBOVyCB7dQgweoQwsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AvDeM9Q==</latexit>

e µ ⌧

<latexit sha1_base64="OIo3BKH4OAbVrDKnDKD35PkoA90=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIotBN0Y3LCvYBnaFk0kwbmswMyY1YSn/FjQtF3Poj7vwb03YW2nrgcg/n3EtuTpQJrsHzvp3C2vrG5lZxu7Szu7d/4B6WWzo1irImTUWqOhHRTPCENYGDYJ1MMSIjwdrR6Hbmtx+Z0jxNHmCcsVCSQcJjTglYqeeWWVALajiQZtGBmJ5b8areHHiV+DmpoByNnvsV9FNqJEuACqJ11/cyCCdEAaeCTUuB0SwjdEQGrGtpQiTT4WR++xSfWqWP41TZSgDP1d8bEyK1HsvITkoCQ73szcT/vK6B+Dqc8CQzwBK6eCg2AkOKZ0HgPleMghhbQqji9lZMh0QRCjaukg3BX/7yKmmdV/2L6uX9RaV+k8dRRMfoBJ0hH12hOrpDDdREFD2hZ/SK3pyp8+K8Ox+L0YKT7xyhP3A+fwA/bJNM</latexit>

⌫e ⌫µ ⌫⌧

<latexit sha1_base64="ZOHcjtABa4kgFy06wFOKAl3fU5M=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyWRikI3RTcuK9gLNCFMppN26GQS5iKU0J0bX8WNC0Xc+grufBsnbUBt/WHg4z/ncOb8YcqoVI7zZS0tr6yurZc2yptb2zu79t5+WyZaYNLCCUtEN0SSMMpJS1HFSDcVBMUhI51wdJ3XO/dESJrwOzVOiR+jAacRxUgZK7CPPK4D4tW9OszJi/UPK6QDu+JUnangIrgFVEChZmB/ev0E65hwhRmSsuc6qfIzJBTFjEzKnpYkRXiEBqRnkKOYSD+b3jGBJ8bpwygR5nEFp+7viQzFUo7j0HTGSA3lfC03/6v1tIou/YzyVCvC8WxRpBlUCcxDgX0qCFZsbABhQc1fIR4igbAy0ZVNCO78yYvQPqu6ter5ba3SuCriKIFDcAxOgQsuQAPcgCZoAQwewBN4Aa/Wo/VsvVnvs9Ylq5g5AH9kfXwDwfaYng==</latexit>

u c t

<latexit sha1_base64="oMb9RfNimvJ7G/phBMVifPiZmA8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKopBLwIvHCHlBdgmzk0kyZPbhTG8gLPkOLx4U8erHePNvnGz2oIkF3RRV3UxP+bEUGm372ypsbG5t7xR3S3v7B4dH5eOTto4SxXiLRTJSXZ9qLkXIWyhQ8m6sOA18yTv+5H7hd6ZcaRGFTZzF3AvoKBRDwSgayUvcmlsjLOvYL1fsqp2BrBMnJxXI0eiXv9xBxJKAh8gk1brn2DF6KVUomOTzkptoHlM2oSPeMzSkAddemh09JxdGGZBhpEyFSDL190ZKA61ngW8mA4pjveotxP+8XoLDOy8VYZwgD9nyoWEiCUZkkQAZCMUZypkhlClhbiVsTBVlaHIqmRCc1S+vk/ZV1bmu3jxeV+rNPI4inME5XIIDt1CHB2hACxg8wTO8wps1tV6sd+tjOVqw8p1T+APr8wf3/pD+</latexit>

d s b

<latexit sha1_base64="1APmJrWAqe58SOa4eV3YFC9IflU=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiSiKHRTcOOyQl/QhDKZTNqhk0mcmRRK6He4caGIWz/GnX/jNM1CWw/cy+Gce5k7x084U9q2v63SxubW9k55t7K3f3B4VD0+6ao4lYR2SMxj2fexopwJ2tFMc9pPJMWRz2nPn9wv/N6USsVi0dazhHoRHgkWMoK1kbzAbbgNpPLuD6s1u27nQOvEKUgNCrSG1S83iEkaUaEJx0oNHDvRXoalZoTTecVNFU0wmeARHRgqcESVl+VHz9GFUQIUxtKU0ChXf29kOFJqFvlmMsJ6rFa9hfifN0h1eOdlTCSppoIsHwpTjnSMFgmggElKNJ8Zgolk5lZExlhiok1OFROCs/rlddK9qjvX9ZvH61qzXcRRhjM4h0tw4Baa8AAt6ACBJ3iGV3izptaL9W59LEdLVrFzCn9gff4A2saQ6w==</latexit>

�

<latexit sha1_base64="XTPal0+sywAKjpsJdvVbZNoWNqQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8BLx4j5AXJEmYns8mYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u5n7niWrDlGzaaUJDgUeSxYxg66R2f4SFwINyxa/6C6B1EuSkAjkag/JXf6hIKqi0hGNjeoGf2DDD2jLC6azUTw1NMJngEe05KrGgJswW187QhVOGKFbalbRoof6eyLAwZioi1ymwHZtVby7+5/VSG9+GGZNJaqkky0VxypFVaP46GjJNieVTRzDRzN2KyBhrTKwLqORCCFZfXiftq2pQq14/1Cr1Zh5HEc7gHC4hgBuowz00oAUEHuEZXuHNU96L9+59LFsLXj5zCn/gff4Aju2PLw==</latexit>

Z

<latexit sha1_base64="PQs15AO7rUyrlka3bpg/+8VRIvA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8BLx4TyAuTJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/fbT6g0j2XDTBL0IzqUPOSMGivVH/rFklt2FyDrxMtICTLU+sWv3iBmaYTSMEG17npuYvwpVYYzgbNCL9WYUDamQ+xaKmmE2p8uDp2RC6sMSBgrW9KQhfp7YkojrSdRYDsjakZ61ZuL/3nd1IS3/pTLJDUo2XJRmApiYjL/mgy4QmbExBLKFLe3EjaiijJjsynYELzVl9dJ66rsVcrX9Uqp2sjiyMMZnMMleHADVbiHGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPwMOM+A==</latexit>

g

<latexit sha1_base64="LiESZiq2Ev3AdlRX+d5TIcVAU2k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW+gVtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZUao0G54lbdBcg68XJSgRz1QfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrzzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmRD8FZfXiftq6p3Xb1pXFdqzTyOIpzBOVyCB7dQgweoQwsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A1HeNBQ==</latexit>

H

<latexit sha1_base64="I9Zh6wib52BOz1NUGF0TpHpskVc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8BLzkmkBckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mt7Z3dvfx+4eDw6PikeHrW1lGiGLZYJCLVDahGwSW2DDcCu7FCGgYCO8H0YeF3nlBpHsmmmcXoh3Qs+YgzaqzUqA2KJbfsLkE2iZeREmSoD4pf/WHEkhClYYJq3fPc2PgpVYYzgfNCP9EYUzalY+xZKmmI2k+Xh87JlVWGZBQpW9KQpfp7IqWh1rMwsJ0hNRO97i3E/7xeYkb3fsplnBiUbLVolAhiIrL4mgy5QmbEzBLKFLe3EjahijJjsynYELz1lzdJ+6bsVcq3jUqp2sziyMMFXMI1eHAHVahBHVrAAOEZXuHNeXRenHfnY9Wac7KZc/gD5/MHpXuM5g==</latexit>

Lepton Sector

<latexit sha1_base64="qEGVjhz9t+xrajNvxHzm15lICrE=">AAAB/3icbVA9SwNBEJ3z2/gVFWxsFoNgFe5E0c6AjYKFolEhCWFvM9HFvd1jd04MZwr/io2FIrb+C7Hz37hJLPx6MPB4b4aZeXGqpKMw/AiGhkdGx8YnJgtT0zOzc8X5hVNnMiuwKowy9jzmDpXUWCVJCs9TizyJFZ7FV7s9/+warZNGn1AnxUbCL7RsS8HJS83iUp3whpzIDzAlo9kxCjK22yyWwnLYB/tLoi9S2nmDPg6bxfd6y4gsQU1CcedqUZhSI+eWpFDYLdQzhykXV/wCa55qnqBr5P37u2zVKy3WNtaXJtZXv0/kPHGuk8S+M+F06X57PfE/r5ZRe7uRS51mhFoMFrUzxciwXhisJa3/V3U84cJKfysTl9xyQT6ygg8h+v3yX3K6Xo42yptHYamyP0gDJmAZVmANItiCCuzBIVRBwC3cwyM8BXfBQ/AcvAxah4KvmUX4geD1ExDnl5I=</latexit>

Quark Sector

<latexit sha1_base64="KzUFhyy48IN3l8KSq439A4d2iBw=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XUMeNFbgm4SSJYwO5kkQ2Znl5leMSwB8U+8eFBEj/6AP+DNz/APnDwOmljQUFR1090VxIJrcJwvKzM3v7C4lF3OrayurW/Ym1sVHSWKMo9GIlK1gGgmuGQecBCsFitGwkCwatA7H/rVG6Y0j+Q19GPmh6QjeZtTAkZq2jsNYLegaVpOiOrhK0YhUoOmnXcKzgh4lrgTki/mvz/uvbeTUtP+bLQimoRMAhVE67rrxOCnRAGngg1yjUSzmNAe6bC6oZKETPvp6PwB3jdKC7cjZUoCHqm/J1ISat0PA9MZEujqaW8o/ufVE2if+SmXcQJM0vGidiIwRHiYBW5xZf4VfUMIVdzcimmXKELBJJYzIbjTL8+SymHBPSocl00al2iMLNpFe+gAuegUFdEFKiEPUZSiB/SEnq0769F6sV7HrRlrMrON/sB6/wH2FZnh</latexit>

7

Standard Model interactions: lepton symmetries 
▪︎ If all the SM leptons were massless, the 

accidental global symmetry

▪︎ Lepton masses break this symmetry into  

the subgroup

▪︎ Correspond to a perturbative 

conservation of lepton flavour. Total 

lepton number (L) (sum of flavoured QN) 

also conserved.



Chicago workshop on Dark Matter and Neutrino physics, 8-10 March 2023

W

<latexit sha1_base64="7IH3JDlgPZbcPOlZzD/VD1CXWPc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cW+gVtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZUanUG54lbdBcg68XJSgRz1QfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrzzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmRD8FZfXiftq6p3Xb1pXFdqzTyOIpzBOVyCB7dQgweoQwsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AvDeM9Q==</latexit>

e µ ⌧

<latexit sha1_base64="OIo3BKH4OAbVrDKnDKD35PkoA90=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIotBN0Y3LCvYBnaFk0kwbmswMyY1YSn/FjQtF3Poj7vwb03YW2nrgcg/n3EtuTpQJrsHzvp3C2vrG5lZxu7Szu7d/4B6WWzo1irImTUWqOhHRTPCENYGDYJ1MMSIjwdrR6Hbmtx+Z0jxNHmCcsVCSQcJjTglYqeeWWVALajiQZtGBmJ5b8areHHiV+DmpoByNnvsV9FNqJEuACqJ11/cyCCdEAaeCTUuB0SwjdEQGrGtpQiTT4WR++xSfWqWP41TZSgDP1d8bEyK1HsvITkoCQ73szcT/vK6B+Dqc8CQzwBK6eCg2AkOKZ0HgPleMghhbQqji9lZMh0QRCjaukg3BX/7yKmmdV/2L6uX9RaV+k8dRRMfoBJ0hH12hOrpDDdREFD2hZ/SK3pyp8+K8Ox+L0YKT7xyhP3A+fwA/bJNM</latexit>

⌫e ⌫µ ⌫⌧

<latexit sha1_base64="ZOHcjtABa4kgFy06wFOKAl3fU5M=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyWRikI3RTcuK9gLNCFMppN26GQS5iKU0J0bX8WNC0Xc+grufBsnbUBt/WHg4z/ncOb8YcqoVI7zZS0tr6yurZc2yptb2zu79t5+WyZaYNLCCUtEN0SSMMpJS1HFSDcVBMUhI51wdJ3XO/dESJrwOzVOiR+jAacRxUgZK7CPPK4D4tW9OszJi/UPK6QDu+JUnangIrgFVEChZmB/ev0E65hwhRmSsuc6qfIzJBTFjEzKnpYkRXiEBqRnkKOYSD+b3jGBJ8bpwygR5nEFp+7viQzFUo7j0HTGSA3lfC03/6v1tIou/YzyVCvC8WxRpBlUCcxDgX0qCFZsbABhQc1fIR4igbAy0ZVNCO78yYvQPqu6ter5ba3SuCriKIFDcAxOgQsuQAPcgCZoAQwewBN4Aa/Wo/VsvVnvs9Ylq5g5AH9kfXwDwfaYng==</latexit>

u c t

<latexit sha1_base64="oMb9RfNimvJ7G/phBMVifPiZmA8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKopBLwIvHCHlBdgmzk0kyZPbhTG8gLPkOLx4U8erHePNvnGz2oIkF3RRV3UxP+bEUGm372ypsbG5t7xR3S3v7B4dH5eOTto4SxXiLRTJSXZ9qLkXIWyhQ8m6sOA18yTv+5H7hd6ZcaRGFTZzF3AvoKBRDwSgayUvcmlsjLOvYL1fsqp2BrBMnJxXI0eiXv9xBxJKAh8gk1brn2DF6KVUomOTzkptoHlM2oSPeMzSkAddemh09JxdGGZBhpEyFSDL190ZKA61ngW8mA4pjveotxP+8XoLDOy8VYZwgD9nyoWEiCUZkkQAZCMUZypkhlClhbiVsTBVlaHIqmRCc1S+vk/ZV1bmu3jxeV+rNPI4inME5XIIDt1CHB2hACxg8wTO8wps1tV6sd+tjOVqw8p1T+APr8wf3/pD+</latexit>
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Lepton Sector

<latexit sha1_base64="qEGVjhz9t+xrajNvxHzm15lICrE=">AAAB/3icbVA9SwNBEJ3z2/gVFWxsFoNgFe5E0c6AjYKFolEhCWFvM9HFvd1jd04MZwr/io2FIrb+C7Hz37hJLPx6MPB4b4aZeXGqpKMw/AiGhkdGx8YnJgtT0zOzc8X5hVNnMiuwKowy9jzmDpXUWCVJCs9TizyJFZ7FV7s9/+warZNGn1AnxUbCL7RsS8HJS83iUp3whpzIDzAlo9kxCjK22yyWwnLYB/tLoi9S2nmDPg6bxfd6y4gsQU1CcedqUZhSI+eWpFDYLdQzhykXV/wCa55qnqBr5P37u2zVKy3WNtaXJtZXv0/kPHGuk8S+M+F06X57PfE/r5ZRe7uRS51mhFoMFrUzxciwXhisJa3/V3U84cJKfysTl9xyQT6ygg8h+v3yX3K6Xo42yptHYamyP0gDJmAZVmANItiCCuzBIVRBwC3cwyM8BXfBQ/AcvAxah4KvmUX4geD1ExDnl5I=</latexit>

Quark Sector

<latexit sha1_base64="KzUFhyy48IN3l8KSq439A4d2iBw=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XUMeNFbgm4SSJYwO5kkQ2Znl5leMSwB8U+8eFBEj/6AP+DNz/APnDwOmljQUFR1090VxIJrcJwvKzM3v7C4lF3OrayurW/Ym1sVHSWKMo9GIlK1gGgmuGQecBCsFitGwkCwatA7H/rVG6Y0j+Q19GPmh6QjeZtTAkZq2jsNYLegaVpOiOrhK0YhUoOmnXcKzgh4lrgTki/mvz/uvbeTUtP+bLQimoRMAhVE67rrxOCnRAGngg1yjUSzmNAe6bC6oZKETPvp6PwB3jdKC7cjZUoCHqm/J1ISat0PA9MZEujqaW8o/ufVE2if+SmXcQJM0vGidiIwRHiYBW5xZf4VfUMIVdzcimmXKELBJJYzIbjTL8+SymHBPSocl00al2iMLNpFe+gAuegUFdEFKiEPUZSiB/SEnq0769F6sV7HrRlrMrON/sB6/wH2FZnh</latexit>
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Standard Model interactions: lepton symmetries 
▪︎ Move to a basis where the masses 

generated by EWSB are diagonal —> 

propagating fields correspond to the 

physical fermions

▪︎ Influence of this basis change on the 

gauge interactions? unitary rotations 

yield diagonal and flavour-independent 

couplings of the leptons to the gauge 

bosons

▪︎ This is “lepton flavour universality’’
**NB: these rotations not ‘dropping out’ for the quarks is where the CKM 

comes in in the quark sector.
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Down-type quarks

Charged leptons

E = mc2

<latexit sha1_base64="unAInxWFKCzPzSCHyK5BGAi7stU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFb0IRRE8VrAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYTVZpF8t6MY+oLPJAsZAQbKz3cXCKByGMF9Yolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4YWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6RZKXvV8tldtVS7yuLIwxEcwyl4cA41uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QPP2I8e</latexit>

!eV meV eV keV MeV GeV TeV

1st 
generation

2nd 
generation

3rd 
generation

e

u

d s

c

!

b

t

"

Fermion masses in the SM
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▪︎ SM fermion masses are Dirac masses: corresponding to self-interactions 

between the RH and LH Weyl fermions, e.g. 

▪︎ Size of the mass is controlled by the size of the Yukawa interaction with H

L � �M ij
e eiLe

j
R

<latexit sha1_base64="50sUBzO86WBYfcin9raA4P9M7GI=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4scxIRZdFNy4qVLEP6LRDJr1t02YeJBmhDPMjbvwVNy4UceFG/BszbRfaeiBwOPeeJOe4IWdSmea3kVlaXlldy67nNja3tnfyu3t1GUSCQo0GPBBNl0jgzIeaYopDMxRAPJdDwx1dpfPGAwjJAv9ejUNoe6Tvsx6jRGnJyZdytkfUgBIeVxJsyyiUoPAJvnGgE7NhYgfanV4eg1PpsAScu87QyRfMojkBXiTWjBTQDFUn/2l3Axp54CvKiZQtywxVOyZCMcohydmRhJDQEelDS1OfeCDb8SRdgo+00sW9QOjjKzxRfzti4kk59ly9mUaR87NU/G/WilTvoh0zP4wU+HT6UC/iWAU4rQp3mQCq+FgTQgXTf8V0QAShShea0yVY85EXSf20aJWKZ7elQvlyVkcWHaBDdIwsdI7K6BpVUQ1R9Iie0St6M56MF+Pd+JiuZoyZZx/9gfH1A+GFonM=</latexit>



Chicago workshop on Dark Matter and Neutrino physics, 8-10 March 2023

Up-type quarks

u d
s

c b

t

e !
"

Down-type quarks

Charged leptons

E = mc2
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Fermion masses in the SM
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▪︎ Surprise! we measure (small but nonzero) neutrino masses: need new physics

▪︎ We measure it via neutrino flavour oscillations: new physics violates lepton 

flavour

~ Beta decay endpoint and cosmology
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ν mass = ν physics

12

▪︎ Neutrino masses could be either Dirac or Majorana in nature

▪︎ Dirac mass terms involve adding right-handed neutrinos (new d.o.f.)

▪︎ Majorana masses involve a self-interaction between the neutrino and its charged conjugate:

L � �Mmaj⌫CL ⌫L

<latexit sha1_base64="j2CHHubdWisxR+GB1XATcV9UfEo="></latexit>

▪︎ Majorana masses violates lepton number by two units:

▪︎ If neutrinos have Majorana masses, they are the first (of many?) Majorana particles to be 

discovered!

�L = 2

<latexit sha1_base64="JCQZ+GQjVhi/PM0nEN2H7wVfEyM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiF6EoB48eIhgHpgsYXbSmwyZnV1mZoUQ8hdePCji1b/x5t84eRw0saChqOqmuytIBNfGdb+dzMrq2vpGdjO3tb2zu5ffP6jrOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHA98RtPqDSP5YMZJuhHtCd5yBk1Vnps36AwlNxdljr5glt0pyDLxJuTAsxR7eS/2t2YpRFKwwTVuuW5ifFHVBnOBI5z7VRjQtmA9rBlqaQRan80vXhMTqzSJWGsbElDpurviRGNtB5Gge2MqOnrRW8i/ue1UhNe+CMuk9SgZLNFYSqIicnkfdLlCpkRQ0soU9zeSlifKsqMDSlnQ/AWX14m9VLRKxfP7suFytU8jiwcwTGcggfnUIFbqEINGEh4hld4c7Tz4rw7H7PWjDOfOYQ/cD5/AE0/kAc=</latexit>
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ν mass = ν physics: Majorana neutrinos

13

▪︎ For the remainder of this talk: let’s assume neutrinos are Majorana, and 

we don’t add RH neutrinos. If we are trying to build a model for neutrino 

masses we want to know:

1. Why/how is L violated?

2. Why are neutrino masses so small?
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Origin of  L violation

14

▪︎ Extending beyond the SM, write down effective interactions higher mass dimension 

(non-renormalisable)

▪︎ These effective operators can be “opened-up” by introducing new field content, and 

writing down a complete model that generates that interaction  

m⌫ ⇠ �
v2

⇤

<latexit sha1_base64="bSFBrz7G1xzE2gkmyML8SYdBEd8=">AAACD3icbVC7TsMwFHXKq5RXgZHFogIxVUlVBGMFCwNDkehDakLkOE5r1XYi26lURf0DFn6FhQGEWFnZ+BvcNgO0HMnS0Tn36PqeIGFUadv+tgorq2vrG8XN0tb2zu5eef+greJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wvJ76nRGRisbiXo8T4nHUFzSiGGkj+eVT7rsiha6iHLrM5EIE3UginI0eapPMvZ1JE79csav2DHCZODmpgBxNv/zlhjFOOREaM6RUz7ET7WVIaooZmZTcVJEE4SHqk56hAnGivGx2zwSeGCWEUSzNExrO1N+JDHGlxjwwkxzpgVr0puJ/Xi/V0aWXUZGkmgg8XxSlDOoYTsuBIZUEazY2BGFJzV8hHiDThjYVlkwJzuLJy6Rdqzr16vldvdK4yusogiNwDM6AAy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/z0YKVZw7BH1ifP8rUnIc=</latexit>

Le↵ective �
�

⇤
LLLLHH

<latexit sha1_base64="0iOYojaR/Z4Y61dX5zTW//uanR8="></latexit>

The Weinberg operator (D=5)
λ is a dimensionless coupling 

Λ is a new “mass scale”

v is the Higgs vev
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Origin of  L violation
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Le↵ective �
�

⇤
LLLLHH

<latexit sha1_base64="0iOYojaR/Z4Y61dX5zTW//uanR8="></latexit>

The Weinberg operator (D=5)

R. Volkas, DSU 2022

m⌫ ⇠ �
v2

⇤

<latexit sha1_base64="bSFBrz7G1xzE2gkmyML8SYdBEd8=">AAACD3icbVC7TsMwFHXKq5RXgZHFogIxVUlVBGMFCwNDkehDakLkOE5r1XYi26lURf0DFn6FhQGEWFnZ+BvcNgO0HMnS0Tn36PqeIGFUadv+tgorq2vrG8XN0tb2zu5eef+greJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wvJ76nRGRisbiXo8T4nHUFzSiGGkj+eVT7rsiha6iHLrM5EIE3UginI0eapPMvZ1JE79csav2DHCZODmpgBxNv/zlhjFOOREaM6RUz7ET7WVIaooZmZTcVJEE4SHqk56hAnGivGx2zwSeGCWEUSzNExrO1N+JDHGlxjwwkxzpgVr0puJ/Xi/V0aWXUZGkmgg8XxSlDOoYTsuBIZUEazY2BGFJzV8hHiDThjYVlkwJzuLJy6Rdqzr16vldvdK4yusogiNwDM6AAy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/z0YKVZw7BH1ifP8rUnIc=</latexit>

If we ‘open 

up’ this 

operator at 

tree-level , we 

get the Seesaw 

models 

Here, your new fields have L violating interactions



Chicago workshop on Dark Matter and Neutrino physics, 8-10 March 2023
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<latexit sha1_base64="0iOYojaR/Z4Y61dX5zTW//uanR8="></latexit>

The Weinberg operator (D=5)

m⌫ ⇠ �
v2

⇤

<latexit sha1_base64="bSFBrz7G1xzE2gkmyML8SYdBEd8=">AAACD3icbVC7TsMwFHXKq5RXgZHFogIxVUlVBGMFCwNDkehDakLkOE5r1XYi26lURf0DFn6FhQGEWFnZ+BvcNgO0HMnS0Tn36PqeIGFUadv+tgorq2vrG8XN0tb2zu5eef+greJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wvJ76nRGRisbiXo8T4nHUFzSiGGkj+eVT7rsiha6iHLrM5EIE3UginI0eapPMvZ1JE79csav2DHCZODmpgBxNv/zlhjFOOREaM6RUz7ET7WVIaooZmZTcVJEE4SHqk56hAnGivGx2zwSeGCWEUSzNExrO1N+JDHGlxjwwkxzpgVr0puJ/Xi/V0aWXUZGkmgg8XxSlDOoYTsuBIZUEazY2BGFJzV8hHiDThjYVlkwJzuLJy6Rdqzr16vldvdK4yusogiNwDM6AAy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx/z0YKVZw7BH1ifP8rUnIc=</latexit>

Why are neutrino masses so small?

▪︎ Observable neutrino mass scales are very small

⇤ � v2

<latexit sha1_base64="lkOy5Gdrb/YJF46Z9fWc2r8y8nA=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4Kkmp6LLoxoWLCvYBTSyTySQdOnkwMymW0l9x40IRt/6IO//GSZuFth4YOJxzLvfO8VLOpLKsb2NtfWNza7u0U97d2z84NI8qHZlkgtA2SXgieh6WlLOYthVTnPZSQXHkcdr1Rje53x1TIVkSP6hJSt0IhzELGMFKSwOz4tzpsI8RcsIQjR/rqDwwq1bNmgOtErsgVSjQGphfjp+QLKKxIhxL2betVLlTLBQjnM7KTiZpiskIh7SvaYwjKt3p/PYZOtOKj4JE6BcrNFd/T0xxJOUk8nQywmool71c/M/rZyq4cqcsTjNFY7JYFGQcqQTlRSCfCUoUn2iCiWD6VkSGWGCidF15Cfbyl1dJp16zG7WL+0a1eV3UUYITOIVzsOESmnALLWgDgSd4hld4M2bGi/FufCyia0Yxcwx/YHz+AGqfkr4=</latexit>

? #

16
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<latexit sha1_base64="0iOYojaR/Z4Y61dX5zTW//uanR8="></latexit>

The Weinberg operator (D=5)
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v2

⇤
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Why are neutrino masses so small?

▪︎ Observable neutrino mass scales are very small

⇤ � v2
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e.g. m⌫ ⇠ 0.1 eV, v ⇠ 102 GeV =) ⇤ ⇠ 1014 GeV

<latexit sha1_base64="d4C0vVn++KbtyrFUbsIFuGoNnGY="></latexit>

?

#

This makes these tree-level 

seesaw models generally hard to 

probe experimentally 

There are variations on this which do allow more concrete testability 

(e.g. inverse and linear seesaw models)
17
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Why are neutrino masses so small?

▪︎ If we say tree-level neutrino mass 

requires too high of an energy scale, what 

if we move to loop-level?

▪︎ The neutrino mass is no longer just 

suppressed by the mass scale, but also of 

the higher order of the interaction

▪︎ Can naturally lead to smaller neutrino 

masses!

) m⌫ = �⌃(p = 0)

Correction to the neutrino self-energy

18
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Radiative neutrino mass models

19
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Generating radiative neutrino mass

▪︎ One can systematically study                     effective 

operators from the SMEFT

▪︎ Opening up (a.k.a. UV completing) these operators 

motivates particular SM extensions

�L = 2
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▪︎ Generalised Weinberg operators, e.g.

▪︎ non-Weinberg operators, e.g.

�

⇤1+2n
LLHH(H†

H)n
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See, e.g. Hirsch, Cepedello et al (many papers)

See, e.g. Babu and Leung ’01, de Gouvea and Jenkins ‘08

Cai et al ‘17, Bigaran et al ‘19
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Generating radiative neutrino mass… with DM?

21

Ma 2006 arXiv:hep-ph/0601225

Aside for those of you here for DM :

▪︎ For example, the model aside:

▪︎ Heavy Majorana neutrinos, N 

▪︎ Scalar inert doublet, η

▪︎ Both are Z2  odd DM candidates

▪︎ Scotogenic models (scoto = dark)

▪︎ This is a type of “neutrinophilic” dark matter 
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Generating radiative neutrino mass

�

⇤6
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▪︎ Generalised Weinberg operators, e.g.

▪︎ non-Weinberg operators, e.g.

▪︎ When we look at these effective operators, note that 

we are talking about the SMEFT, at high energy 

▪︎ Recall that the left-handed SM lepton doublet 

includes both the neutrino and charged lepton

▪︎ Models that give neutrino flavour mixing will result 

in charged lepton flavour violation (cLFV).  

▪︎ Not necessarily generated by the same effective 

operator in a UV-complete model

LL ⇠
✓
⌫L
eL

◆
⇠ (1, 2,�1/2)

<latexit sha1_base64="eNHu8WijqFh373YY956eVWT7aco="></latexit>
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▪︎ SM without neutrino masses conserves lepton flavour 

▪︎ Neutrino masses consistent with neutrino flavour 

oscillation experiments necessarily lead to LFV

▪︎ Once this lepton flavour symmetry is abandoned, 

why not also see it in interactions of charged leptons?

Charged-lepton flavour violation (cLFV)
You get this…

But you also get this…

cLFV decays provide some of the 

strongest constraints on radiative 

neutrino mass models

23

BR(⌧ ! µ�) < 4.2⇥ 10�8[6.9⇥ 10�9]

<latexit sha1_base64="/wtocS1Bw5a2LfWorVIpA2A59Ic="></latexit>

BR(µ ! e�) < 4.2⇥ 10�13[6⇥ 10�14]

<latexit sha1_base64="mJcwC8Vt7fsHSPfMhoxefDQfnpA="></latexit>

BR(⌧ ! 3µ) < 2.1⇥ 10�8[3.6⇥ 10�10]

<latexit sha1_base64="tgDVHcill/POxUHLo61v5XMRgLk="></latexit>

BR(µ ! 3 e) < 1.0⇥ 10�12[⇠ ⇥10�16]

<latexit sha1_base64="OlSXEaMGRL7rCKT5y+iMsrM0GYM="></latexit>

Present and  [Future] bounds on some key cLFV processes
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What about charged leptons?

24
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Lepton flavour universality and LFV

▪︎ Connecting cLFV and neutrino masses is not new, of 

course…

▪︎ But we have many good ideas for models that predict 

LFV, which generates apparent LFU violation

e.g. see Casas and Ibarra ’01, Davidson et al. (many papers)

25

‘Flavour anomalies’ in recent years have attracted a lot of attention, 

and many explanations have relied on lepton-flavour-specific 

couplings of new physics

Bigaran et al ’23 (Preliminary)

RD(⇤) =
Br(B ! D(⇤)⌧⌫⌧ )

Br(B ! D(⇤)`⌫`)

E.g. hints of LFU violation in B-meson decays: 
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Lepton flavour universality and LFV
E.g. the anomalous magnetic moments of the muon and the electron

Deviation from SM prediction Significance

�aCs
e = �(0.88± 0.36)⇥ 10�12 2.5�

<latexit sha1_base64="42PTSGR8FMLWFSZVjVbSOoy9dQk="></latexit>

�aRb
e = (4.8± 3.0)⇥ 10�13 1.6�

<latexit sha1_base64="+g9yWdyu3UoeuaqDbJmMl/sNl3k="></latexit>

�aµ = (2.86± 0.76)⇥ 10�9 4.2�

<latexit sha1_base64="Sf0WGowPvISUnOcfmxWrdKuw6fA="></latexit>

Parker et al 1812.04130

Morel et al 2020, INSPIRE: 1837309

N.B. here I have assumed 

the R-ratio method for 

calculating SM prediction 

for  HVP contribution to 

muon g-2

~B
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~µs =
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▪︎ Many of these flavour anomalies have 

faded to statistical insignificance over the 

years…. :(

▪︎ But the work done on trying to explain 

them doesn’t become obsolete — we have 

very good motivation for flavour-specific 

new physics couplings in the lepton sector!
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A case study: a scalar leptoquark model for (g-2)’s 
Based on Bigaran, Volkas 2002.12544 and 2110.03707 
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Scalar leptoquarks as a BSM candidate
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L
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L
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Lepton Sector
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Quark Sector
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LQ
▪︎ Couple SM quarks and leptons directly

e.g. charged lepton interactions 
Leptoquark, ϕ

28

▪︎ Finite set of scalar leptoquarks
Chirality of coupling labelled by chirality of q it couples to

Constraints from direct LHC searches imply at 
leaset TeV scale masses
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The problem

Deviation from SM prediction Significance

�aCs
e = �(0.88± 0.36)⇥ 10�12 2.5�

<latexit sha1_base64="42PTSGR8FMLWFSZVjVbSOoy9dQk="></latexit>

�aRb
e = (4.8± 3.0)⇥ 10�13 1.6�

<latexit sha1_base64="+g9yWdyu3UoeuaqDbJmMl/sNl3k="></latexit>

�aµ = (2.86± 0.76)⇥ 10�9 4.2�

<latexit sha1_base64="Sf0WGowPvISUnOcfmxWrdKuw6fA="></latexit>

Parker et al 1812.04130

Morel et al 2020, INSPIRE: 1837309

N.B. here I have assumed 

the R-ratio method for 

calculating SM prediction 

for  HVP contribution to 

muon g-2

~B
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~µs
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~µs =
g e

2 m
~s
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▪︎ There are deviations from the SM in the 

anomalous magnetic moment of the electron 

and muon

▪︎ The electron presently has two measurements: 

one has a pull away from SM, one has a pull 

towards

▪︎ Electron and muon may  require BSM 

corrections in opposite directions



Same-chiral term Mixed-chiral term

X
X
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e.g. charged lepton interactions 

Leptoquark, ϕ

▪︎ Contributions to the g-2 of a lepton a` =
1

2
(g � 2)
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κ and κ’ are loop functions, dependent LQ and quark mass ratio

30

A solution: scalar leptoquarks

▪︎ If we need to generate opposite sign  and 

enhanced pull from the SM value for different 

leptons, we need couplings of both chiralities

Only mixed-chiral 
scalar LQ generate 
a mass-enhanced 
correction
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Scalar leptoquarks for the muon and electron g-2
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▪︎ But if we have the same intermediate quark, this 

mixed-chiral enhancement for the individual muon 

and electron dipole moments corresponds to an 

enhanced contribution to cLFV decays

µ ! e�
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MuonMuon

ElectronElectron

Need to couple muon and 
electron to different quark 
flavours to avoid this 
constraint!



e
µ

⌧
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Scalar leptoquarks for the muon and electron g-2
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• Contribution to (g-2) of the electron is via a charm-
containing loop

• Contribution to (g-2) of the muon is via a top-containing loop

• Constraints from cLFV in particular avoided by having 
different intermediate SM quarks coupling for each dipole 
vertex

Row-column = lepto-quark, mnemonic

E.g. the S1 scalar leptoquark

Mixed chiral couplings to up-type quarks
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“Okay, so why did you tell me this?”

▪︎ Mixed-chiral scalar leptoquarks can easily generate large 

contributions to cLFV processes at one-loop 

▪︎ To avoid them, we need to play some ‘flavour games’ 

with their couplings (decoupling via intermediate quark couplings, up-

type quark couplings in particular)

▪︎  These scalar LQ appear in other BSM models, including 

those for radiative neutrino masses (see aside)

Cai et al ‘17, Bigaran et al ’19, Bigaran et al ’23 (TBD)

S1 scalar leptoquark
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“Okay, so why did you tell me this?”
▪︎ Other flavour anomaly models particularly found tau decays to be very strongly 

constraining (e.g. S1 for b to c tau nu models that also address the muon g-2)

▪︎ We have learned a lot about how to avoid large contributions to cLFV in flavour 

models by building models that explain anomalies

▪︎ Also…

See e.g. Bigaran, Hagedorn et al 2022
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“Okay, so why did you tell me this?”

Learn a lesson from those who ambulance chase

What was once a constraint may one day 
become a target!

▪︎ Other flavour anomaly models particularly found tau decays to be very strongly 

constraining (e.g. S1 for b to c tau nu models that also address the muon g-2)

▪︎ We have learned a lot about how to avoid large contributions to cLFV in flavour 

models by building models that explain anomalies

▪︎ Also…

See e.g. Bigaran, Hagedorn et al 2022
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Conclusions
▪︎ Neutrino masses means that we need lepton flavour violation

▪︎ Radiative neutrino mass —> explaining the smallness of the 

neutrino masses

▪︎ Strongly constrained by cLFV processes. cLFV processes will 

soon be measured with even more increased precision!

▪︎ Studying the influence of cLFV new physics in other contexts can 

guide our study of (c)LFV in neutrino mass models. 

▪︎ Don’t forget those flavour anomaly model papers could help guide 

your future pheno studies
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Thank you for listening! 


