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Fermion masses in the SM
<latexit sha1_base64="cgIRJob2KnLkuygIXUZ9ccD0r6c=">AAACBnicZVDLSgMxFM3UV62vUZdugkVooZSZWtSNUHGhC4VKnbbSDkMmzbShmQdJRihDwaUf4He4E8GVoj/h35g+BG0PBM49yb0357gRo0IaxreWWlhcWl5Jr2bW1jc2t/TtnboIY46JhUMW8qaLBGE0IJakkpFmxAnyXUYabv98dN+4J1zQMLiVg4jYPuoG1KMYSSU5evHCSWrXQ3gKa1buMO9g2JbUJ2JUlvLO1W9p5cy8cwcdPWsUjTHgPDGnJAumqDr6R7sT4tgngcQMCdEyjUjaCeKSYkaGmXYsSIRwH3VJS9EAqWV2MvY1hAdK6UAv5OoEEo7Vvx0J8oUY+G4BKuIj2StAoZb0SGdmsPRO7IQGUSxJgCdzvZhBGcJRJrBDOcGSDRRBmFP1NYh7iCMsVXIZ5dmcdThP6qWieVQs35SzlbOHifs02AP7IAdMcAwq4BJUgQUweAJv4BN8aY/as/aivU6eprRpYrvgH7T3H9DTlYQ=</latexit>

GSM = SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Electron and other masses are allowed by QED
<latexit sha1_base64="Lq6qJFE7vzd4CbytIhXufNpvX9o=">AAAB6XicZZBLS8NAEMc3Pmt9pXr0slgED6UkUtRjxYsHD1XsA9oQNptJu3STDbsbpYSCX8GbCJ4E/Rx+DL+N28dB24GBH//ZmZ3/BClnSjvOj7Wyura+sVnYKm7v7O7t26WDlhKZpNCkggvZCYgCzhJoaqY5dFIJJA44tIPh9aTefgSpmEge9CgFLyb9hEWMEm0k3y71hClPujH4tybvfbvsVJ1p4GVw51BG82j49ncvFDSLIdGUE6W6rpNqLydSM8phXOxlClJCh6QPXYMJiUF5+XT1MT4xSogjIU0mGk/Vvx05iZUaxUEFG4iJHlSwMp8MIFwYrKNLL2dJmmlI6GxulHGsBZ7YxiGTQDUfGSBUMrMapgMiCdXmOEXj2V10uAyts6p7Xq3d1cr1q+eZ+wI6QsfoFLnoAtXRDWqgJqLoCb2jT/RlDa0X69V6mz1dseYXO0T/wvr4BbCljN4=</latexit>

eLeR

Weak interactions prevent such terms
<latexit sha1_base64="Lq6qJFE7vzd4CbytIhXufNpvX9o=">AAAB6XicZZBLS8NAEMc3Pmt9pXr0slgED6UkUtRjxYsHD1XsA9oQNptJu3STDbsbpYSCX8GbCJ4E/Rx+DL+N28dB24GBH//ZmZ3/BClnSjvOj7Wyura+sVnYKm7v7O7t26WDlhKZpNCkggvZCYgCzhJoaqY5dFIJJA44tIPh9aTefgSpmEge9CgFLyb9hEWMEm0k3y71hClPujH4tybvfbvsVJ1p4GVw51BG82j49ncvFDSLIdGUE6W6rpNqLydSM8phXOxlClJCh6QPXYMJiUF5+XT1MT4xSogjIU0mGk/Vvx05iZUaxUEFG4iJHlSwMp8MIFwYrKNLL2dJmmlI6GxulHGsBZ7YxiGTQDUfGSBUMrMapgMiCdXmOEXj2V10uAyts6p7Xq3d1cr1q+eZ+wI6QsfoFLnoAtXRDWqgJqLoCb2jT/RlDa0X69V6mz1dseYXO0T/wvr4BbCljN4=</latexit>

eLeR

<latexit sha1_base64="zIkmo2dftoEOjXZcLsr3aAP0rLg=">AAAB/nicZZDLSgMxFIYz3q23qks3waJUqGVGRN0IiiAuuqhgtdApQyZzxgaTzJBkhDIUfACfw50IrgTd+Bi+jelloe0PgY8/J+fkP2HKmTau++NMTc/Mzs0vLBaWlldW14rrG7c6yRSFBk14opoh0cCZhIZhhkMzVUBEyOEufLjo3989gtIskTemm0JbkHvJYkaJsVZQ3K0FNXyKywcVvO/tBZeW/ZDJROS+zHq5D5z3bEVQLLlVdyA8Cd4ISmikelD89qOEZgKkoZxo3fLc1LRzogyjHHoFP9OQEvpA7qFlURIBup0P8vTwjnUiHCfKHmnwwP37IidC664IK9iCIKZTwdoO6UA01tjEJ+2cyTQzIOmwb5xxbBLc3wWOmAJqeNcCoYrZr2HaIYpQYzdWsJm98YSTcHtQ9Y6qh9eHpbPzp2H6BbSFtlEZeegYnaErVEcNRNEzekef6Mt5cl6cV+dtWDrljDa2if7J+fgFbYuTUQ==</latexit>

LL = (2,�1)F =
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L

<latexit sha1_base64="pA6JCaYHZ4aJTgM/hMXbw4x/Sjg=">AAAB6nicZZDLSgMxFIYz9VbrbaxLN8EiVKhlphR1I1QEcVnFXqAdhkzmtA3NXEgyYhkKPoM7EVwJ+ho+hm9jello+0Pg409yzvmPF3MmlWX9GJmV1bX1jexmbmt7Z3fP3M83ZZQICg0a8Ui0PSKBsxAaiikO7VgACTwOLW94PblvPYKQLAof1CgGJyD9kPUYJUpbrpnvAufuPb7ERbuETysn7o1rFqyyNRVeBnsOBTRX3TW/u35EkwBCRTmRsmNbsXJSIhSjHMa5biIhJnRI+tDRGJIApJNOZx/jY+34uBcJfUKFp+7fHykJpBwFXglrCIgalLDUTQbgLxRWvQsnZWGcKAjprG4v4VhFeJIb+0wAVXykgVDB9GiYDoggVOnt5HRmezHhMjQrZfusXL2rFmpXz7P0WXSIjlAR2egc1dAtqqMGougJvaNP9GVw48V4Nd5mTzPGfGMH6J+Mj1+N7Ytb</latexit>

`R = (1,�2)F



Fermion masses in the SM
<latexit sha1_base64="cgIRJob2KnLkuygIXUZ9ccD0r6c=">AAACBnicZVDLSgMxFM3UV62vUZdugkVooZSZWtSNUHGhC4VKnbbSDkMmzbShmQdJRihDwaUf4He4E8GVoj/h35g+BG0PBM49yb0357gRo0IaxreWWlhcWl5Jr2bW1jc2t/TtnboIY46JhUMW8qaLBGE0IJakkpFmxAnyXUYabv98dN+4J1zQMLiVg4jYPuoG1KMYSSU5evHCSWrXQ3gKa1buMO9g2JbUJ2JUlvLO1W9p5cy8cwcdPWsUjTHgPDGnJAumqDr6R7sT4tgngcQMCdEyjUjaCeKSYkaGmXYsSIRwH3VJS9EAqWV2MvY1hAdK6UAv5OoEEo7Vvx0J8oUY+G4BKuIj2StAoZb0SGdmsPRO7IQGUSxJgCdzvZhBGcJRJrBDOcGSDRRBmFP1NYh7iCMsVXIZ5dmcdThP6qWieVQs35SzlbOHifs02AP7IAdMcAwq4BJUgQUweAJv4BN8aY/as/aivU6eprRpYrvgH7T3H9DTlYQ=</latexit>

GSM = SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Electron and other masses are allowed by QED
<latexit sha1_base64="Lq6qJFE7vzd4CbytIhXufNpvX9o=">AAAB6XicZZBLS8NAEMc3Pmt9pXr0slgED6UkUtRjxYsHD1XsA9oQNptJu3STDbsbpYSCX8GbCJ4E/Rx+DL+N28dB24GBH//ZmZ3/BClnSjvOj7Wyura+sVnYKm7v7O7t26WDlhKZpNCkggvZCYgCzhJoaqY5dFIJJA44tIPh9aTefgSpmEge9CgFLyb9hEWMEm0k3y71hClPujH4tybvfbvsVJ1p4GVw51BG82j49ncvFDSLIdGUE6W6rpNqLydSM8phXOxlClJCh6QPXYMJiUF5+XT1MT4xSogjIU0mGk/Vvx05iZUaxUEFG4iJHlSwMp8MIFwYrKNLL2dJmmlI6GxulHGsBZ7YxiGTQDUfGSBUMrMapgMiCdXmOEXj2V10uAyts6p7Xq3d1cr1q+eZ+wI6QsfoFLnoAtXRDWqgJqLoCb2jT/RlDa0X69V6mz1dseYXO0T/wvr4BbCljN4=</latexit>

eLeR

Weak interactions prevent such terms
<latexit sha1_base64="Lq6qJFE7vzd4CbytIhXufNpvX9o=">AAAB6XicZZBLS8NAEMc3Pmt9pXr0slgED6UkUtRjxYsHD1XsA9oQNptJu3STDbsbpYSCX8GbCJ4E/Rx+DL+N28dB24GBH//ZmZ3/BClnSjvOj7Wyura+sVnYKm7v7O7t26WDlhKZpNCkggvZCYgCzhJoaqY5dFIJJA44tIPh9aTefgSpmEge9CgFLyb9hEWMEm0k3y71hClPujH4tybvfbvsVJ1p4GVw51BG82j49ncvFDSLIdGUE6W6rpNqLydSM8phXOxlClJCh6QPXYMJiUF5+XT1MT4xSogjIU0mGk/Vvx05iZUaxUEFG4iJHlSwMp8MIFwYrKNLL2dJmmlI6GxulHGsBZ7YxiGTQDUfGSBUMrMapgMiCdXmOEXj2V10uAyts6p7Xq3d1cr1q+eZ+wI6QsfoFLnoAtXRDWqgJqLoCb2jT/RlDa0X69V6mz1dseYXO0T/wvr4BbCljN4=</latexit>

eLeR

<latexit sha1_base64="zIkmo2dftoEOjXZcLsr3aAP0rLg=">AAAB/nicZZDLSgMxFIYz3q23qks3waJUqGVGRN0IiiAuuqhgtdApQyZzxgaTzJBkhDIUfACfw50IrgTd+Bi+jelloe0PgY8/J+fkP2HKmTau++NMTc/Mzs0vLBaWlldW14rrG7c6yRSFBk14opoh0cCZhIZhhkMzVUBEyOEufLjo3989gtIskTemm0JbkHvJYkaJsVZQ3K0FNXyKywcVvO/tBZeW/ZDJROS+zHq5D5z3bEVQLLlVdyA8Cd4ISmikelD89qOEZgKkoZxo3fLc1LRzogyjHHoFP9OQEvpA7qFlURIBup0P8vTwjnUiHCfKHmnwwP37IidC664IK9iCIKZTwdoO6UA01tjEJ+2cyTQzIOmwb5xxbBLc3wWOmAJqeNcCoYrZr2HaIYpQYzdWsJm98YSTcHtQ9Y6qh9eHpbPzp2H6BbSFtlEZeegYnaErVEcNRNEzekef6Mt5cl6cV+dtWDrljDa2if7J+fgFbYuTUQ==</latexit>
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<latexit sha1_base64="pA6JCaYHZ4aJTgM/hMXbw4x/Sjg=">AAAB6nicZZDLSgMxFIYz9VbrbaxLN8EiVKhlphR1I1QEcVnFXqAdhkzmtA3NXEgyYhkKPoM7EVwJ+ho+hm9jello+0Pg409yzvmPF3MmlWX9GJmV1bX1jexmbmt7Z3fP3M83ZZQICg0a8Ui0PSKBsxAaiikO7VgACTwOLW94PblvPYKQLAof1CgGJyD9kPUYJUpbrpnvAufuPb7ERbuETysn7o1rFqyyNRVeBnsOBTRX3TW/u35EkwBCRTmRsmNbsXJSIhSjHMa5biIhJnRI+tDRGJIApJNOZx/jY+34uBcJfUKFp+7fHykJpBwFXglrCIgalLDUTQbgLxRWvQsnZWGcKAjprG4v4VhFeJIb+0wAVXykgVDB9GiYDoggVOnt5HRmezHhMjQrZfusXL2rFmpXz7P0WXSIjlAR2egc1dAtqqMGougJvaNP9GVw48V4Nd5mTzPGfGMH6J+Mj1+N7Ytb</latexit>

`R = (1,�2)F

<latexit sha1_base64="G3qs1x36Yb7XhWmIQf4pat/m5xY="></latexit>
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Solution: couple to Higgs Weinberg ’67

<latexit sha1_base64="PLs5xUTCnIAhv+dw89d3EUfLOKQ="></latexit>

LD = y` LL'`R + h.c.

=
y`p
2
(v + h) eLeR + h.c.

Mass Higgs coupling



Testing the origin of Dirac masses in the SM

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="yAWQOKYoqOZ670S+sms2WQz7zf0=">AAAB83icZZDLSgMxFIYz9VbrbdRlN8EiCC1lRoq6ESpuXFawF+hMSyZz2oZmLiQZoQwFfQ53IrgS9BF8DN/GdNqFtj+E8/EnOcl/vJgzqSzrx8itrW9sbuW3Czu7e/sH5uFRS0aJoNCkEY9ExyMSOAuhqZji0IkFkMDj0PbGt7P99iMIyaLwQU1icAMyDNmAUaK01TeLDnDeK+NrDL1yBTtBkhVFdO2bJatqZcKrYC+ghBZq9M1vx49oEkCoKCdSdm0rVm5KhGKUw7TgJBJiQsdkCF2NIQlAumkWYopPtePjQST0ChXO3L83UhJIOQm8CtYQEDWqYKkfGYG/1FgNrtyUhXGiIKTzvoOEYxXh2QCwzwRQxScaCBVMfw3TERGEKj2mgs5sLydchdZ51b6o1u5rpfrN0zx9HhXRCTpDNrpEdXSHGqiJKHpG7+gTfRmJ8WK8Gm/zozljMbFj9E/Gxy8uiI83</latexit>

`+ = e+, µ+, ⌧+

<latexit sha1_base64="zrMze0CsteEVNBX3ClrxrdhpH2M=">AAAB83icZZDLSgMxFIYz9VbrbdRlN8EiuGjLjBR1I1TcuKxgL9CZlkzmTBuauZBkhFIK+hzuRHAl6CP4GL6N6bQLbX8I5+NPcpL/eAlnUlnWj5FbW9/Y3MpvF3Z29/YPzMOjloxTQaFJYx6LjkckcBZBUzHFoZMIIKHHoe2Nbmf77UcQksXRgxon4IZkELGAUaK01TeLDnDeq+BrDL1KGTthmhVFdO2bJatqZcKrYC+ghBZq9M1vx49pGkKkKCdSdm0rUe6ECMUoh2nBSSUkhI7IALoaIxKCdCdZiCk+1Y6Pg1joFSmcuX9vTEgo5Tj0ylhDSNSwjKV+ZAj+UmMVXLkTFiWpgojO+wYpxyrGswFgnwmgio81ECqY/hqmQyIIVXpMBZ3ZXk64Cq3zqn1Rrd3XSvWbp3n6PCqiE3SGbHSJ6ugONVATUfSM3tEn+jJS48V4Nd7mR3PGYmLH6J+Mj186eI8/</latexit>

`� = e�, µ�, ⌧�

Prediction
<latexit sha1_base64="9/be0OAf8T88qdNNP6Oy0G+Twow="></latexit>

�h!`+`� =
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Testing the origin of Dirac masses in the SM
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<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="yAWQOKYoqOZ670S+sms2WQz7zf0=">AAAB83icZZDLSgMxFIYz9VbrbdRlN8EiCC1lRoq6ESpuXFawF+hMSyZz2oZmLiQZoQwFfQ53IrgS9BF8DN/GdNqFtj+E8/EnOcl/vJgzqSzrx8itrW9sbuW3Czu7e/sH5uFRS0aJoNCkEY9ExyMSOAuhqZji0IkFkMDj0PbGt7P99iMIyaLwQU1icAMyDNmAUaK01TeLDnDeK+NrDL1yBTtBkhVFdO2bJatqZcKrYC+ghBZq9M1vx49oEkCoKCdSdm0rVm5KhGKUw7TgJBJiQsdkCF2NIQlAumkWYopPtePjQST0ChXO3L83UhJIOQm8CtYQEDWqYKkfGYG/1FgNrtyUhXGiIKTzvoOEYxXh2QCwzwRQxScaCBVMfw3TERGEKj2mgs5sLydchdZ51b6o1u5rpfrN0zx9HhXRCTpDNrpEdXSHGqiJKHpG7+gTfRmJ8WK8Gm/zozljMbFj9E/Gxy8uiI83</latexit>

`+ = e+, µ+, ⌧+

<latexit sha1_base64="zrMze0CsteEVNBX3ClrxrdhpH2M=">AAAB83icZZDLSgMxFIYz9VbrbdRlN8EiuGjLjBR1I1TcuKxgL9CZlkzmTBuauZBkhFIK+hzuRHAl6CP4GL6N6bQLbX8I5+NPcpL/eAlnUlnWj5FbW9/Y3MpvF3Z29/YPzMOjloxTQaFJYx6LjkckcBZBUzHFoZMIIKHHoe2Nbmf77UcQksXRgxon4IZkELGAUaK01TeLDnDeq+BrDL1KGTthmhVFdO2bJatqZcKrYC+ghBZq9M1vx49pGkKkKCdSdm0rUe6ECMUoh2nBSSUkhI7IALoaIxKCdCdZiCk+1Y6Pg1joFSmcuX9vTEgo5Tj0ylhDSNSwjKV+ZAj+UmMVXLkTFiWpgojO+wYpxyrGswFgnwmgio81ECqY/hqmQyIIVXpMBZ3ZXk64Cq3zqn1Rrd3XSvWbp3n6PCqiE3SGbHSJ6ugONVATUfSM3tEn+jJS48V4Nd7mR3PGYmLH6J+Mj186eI8/</latexit>
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Neutrino mass in the SM Weinberg ’67

<latexit sha1_base64="zIkmo2dftoEOjXZcLsr3aAP0rLg=">AAAB/nicZZDLSgMxFIYz3q23qks3waJUqGVGRN0IiiAuuqhgtdApQyZzxgaTzJBkhDIUfACfw50IrgTd+Bi+jelloe0PgY8/J+fkP2HKmTau++NMTc/Mzs0vLBaWlldW14rrG7c6yRSFBk14opoh0cCZhIZhhkMzVUBEyOEufLjo3989gtIskTemm0JbkHvJYkaJsVZQ3K0FNXyKywcVvO/tBZeW/ZDJROS+zHq5D5z3bEVQLL lVdyA8Cd4ISmikelD89qOEZgKkoZxo3fLc1LRzogyjHHoFP9OQEvpA7qFlURIBup0P8vTwjnUiHCfKHmnwwP37IidC664IK9iCIKZTwdoO6UA01tjEJ+2cyTQzIOmwb5xxbBLc3wWOmAJqeNcCoYrZr2HaIYpQYzdWsJm98YSTcHtQ9Y6qh9eHpbPzp2H6BbSFtlEZeegYnaErVEcNRNEzekef6Mt5cl6cV+dtWDrljDa2if7J+fgFbYuTUQ==</latexit>

LL = (2,�1)F =
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<latexit sha1_base64="pA6JCaYHZ4aJTgM/hMXbw4x/Sjg=">AAAB6nicZZDLSgMxFIYz9VbrbaxLN8EiVKhlphR1I1QEcVnFXqAdhkzmtA3NXEgyYhkKPoM7EVwJ+ho+hm9jello+0Pg409yzvmPF3MmlWX9GJmV1bX1jexmbmt7Z3fP3M83ZZQICg0a8Ui0PSKBsxAaiikO7VgACTwOLW94PblvPYKQLAof1CgGJyD9kPUYJUpbrpnvAufuPb7ERbuETysn7o1rFqyyNRVeBnsOBTRX3TW/u35EkwBCRTmRsmNbsXJSIhSjHMa5biIhJnRI+tDRGJIApJNOZx/jY+34uBcJfUKFp+7fHykJpBwFXglrCIgalLDUTQbgLxRWvQsnZWGcKAjprG4v4VhFeJIb+0wAVXykgVDB9GiYDoggVOnt5HRmezHhMjQrZfusXL2rFmpXz7P0WXSIjlAR2egc1dAtqqMGougJvaNP9GVw48V4Nd5mTzPGfGMH6J+Mj1+N7Ytb</latexit>

`R = (1,�2)F
<latexit sha1_base64="pbdPXlEIkVEm8P147zKigvLlEKU=">AAAB6HicZZDLSgMxFIbP1Futt1GXboJFqFDKjBR1I1QEcVnFXqAdhkyatrGZzJBkCmUo+AjuRHAl6Hv4GL6N6WWh7Q+Bjz/JOec/QcyZ0o7zY2VWVtfWN7Kbua3tnd09e/+grqJEElojEY9kM8CKciZoTTPNaTOWFIcBp41gcDO5bwypVCwSj3oUUy/EPcG6jGBtLN+22yLxH9AVKrhF5Jz6t76dd0rOVGgZ3DnkYa6qb3+3OxFJQio04VipluvE2kux1IxwOs61E0VjTAa4R1sGBQ6p8tLp5GN0YpwO6kbSHKHR1P37I8WhUqMwKCIDIdb9IlKmSZ92Fgrr7qWXMhEnmgoyq9tNONIRmqRGHSYp0XxkABPJzGiI9LHERJvd5ExmdzHhMtTPSu55qXxfzleun2fps3AEx1AAFy6gAndQhRoQGMI7fMKX9WS9WK/W2+xpxppv7BD+yfr4BXNVir4=</latexit>

⌫R = (1, 0)F

<latexit sha1_base64="2ldLrOwKjgN8G59U5pVVOpCJBtI=">AAAB33icZZDLSgMxFIbPeK31VnXpJlgEF6XMSFE3QsWNywr2Im0pmfRMG5pkhiQjlFJw504EV4I+jI/h25heFtr+EPj4k5xz/hMmghvr+z/eyura+sZmZiu7vbO7t587OKyZONUMqywWsW6E1KDgCquWW4GNRCOVocB6OLid3NefUBseqwc7TLAtaU/xiDNqnfUoOy2Vkmvid3J5v+hPRZYhmEMe5qp0ct+tbsxSicoyQY1pBn5i2yOqLWcCx9lWajChbEB72HSoqETTHk0HHpNT53RJFGt3lCVT9++PEZXGDGVYIA4ktf0CMa5JH7sLhW101R5xlaQWFZvVjVJBbEwmYUmXa2RWDB1QprkbjbA+1ZRZt5KsyxwsJlyG2nkxuCiW7kv58s3zLH0GjuEEziCASyjDHVSgCgwkvMMnfHnUe/FevbfZ0xVvvrEj+Cfv4xfy94jv</latexit>

m⌫ = 0prediction #1 prediction #2
<latexit sha1_base64="fZFZMeV/t6r3FiApFlhY5R1M2lA=">AAAB73icZZDLSgMxFIYz9VbrbdSFCzfBIrgoZUaKuhHqZeHCRQV7gXYomcxpG5rJjElGKEPBt3AngitBH8LH8G1M21lo/eHAx3+Sk/zHjzlT2nG+rdzC4tLySn61sLa+sbllb+80VJRICnUa8Ui2fKKAMwF1zTSHViyBhD6Hpj+8mvSbjyAVi8S9HsXghaQvWI9Roo3Vtfc618A1wZf4HGd4a9Dp2kWn7EyF/4ObQRFlqnXtr04Q0SQEoSknSrVdJ9ZeSqRmlMO40EkUxIQOSR/aBgUJQXnpNMAYHxonwL1ImhIaT93fN1ISKjUK/RI2EBI9KGFlHhlAMDdY9868lIk40SDobG4v4VhHeBIeB0wC1XxkgFDJzNcwHRBJqDYrKpjM7nzC/9A4Lrsn5cpdpVi9eJqlz6N9dICOkItOURXdoBqqI4rG6A19oE/rwXq2XqzX2dGclW1sF/2R9f4DMLyNeA==</latexit>

�B = �L = 0



Neutrino mass in the SM Weinberg ’67

<latexit sha1_base64="zIkmo2dftoEOjXZcLsr3aAP0rLg=">AAAB/nicZZDLSgMxFIYz3q23qks3waJUqGVGRN0IiiAuuqhgtdApQyZzxgaTzJBkhDIUfACfw50IrgTd+Bi+jelloe0PgY8/J+fkP2HKmTau++NMTc/Mzs0vLBaWlldW14rrG7c6yRSFBk14opoh0cCZhIZhhkMzVUBEyOEufLjo3989gtIskTemm0JbkHvJYkaJsVZQ3K0FNXyKywcVvO/tBZeW/ZDJROS+zHq5D5z3bEVQLL lVdyA8Cd4ISmikelD89qOEZgKkoZxo3fLc1LRzogyjHHoFP9OQEvpA7qFlURIBup0P8vTwjnUiHCfKHmnwwP37IidC664IK9iCIKZTwdoO6UA01tjEJ+2cyTQzIOmwb5xxbBLc3wWOmAJqeNcCoYrZr2HaIYpQYzdWsJm98YSTcHtQ9Y6qh9eHpbPzp2H6BbSFtlEZeegYnaErVEcNRNEzekef6Mt5cl6cV+dtWDrljDa2if7J+fgFbYuTUQ==</latexit>

LL = (2,�1)F =

✓
⌫

`

◆

L

<latexit sha1_base64="pA6JCaYHZ4aJTgM/hMXbw4x/Sjg=">AAAB6nicZZDLSgMxFIYz9VbrbaxLN8EiVKhlphR1I1QEcVnFXqAdhkzmtA3NXEgyYhkKPoM7EVwJ+ho+hm9jello+0Pg409yzvmPF3MmlWX9GJmV1bX1jexmbmt7Z3fP3M83ZZQICg0a8Ui0PSKBsxAaiikO7VgACTwOLW94PblvPYKQLAof1CgGJyD9kPUYJUpbrpnvAufuPb7ERbuETysn7o1rFqyyNRVeBnsOBTRX3TW/u35EkwBCRTmRsmNbsXJSIhSjHMa5biIhJnRI+tDRGJIApJNOZx/jY+34uBcJfUKFp+7fHykJpBwFXglrCIgalLDUTQbgLxRWvQsnZWGcKAjprG4v4VhFeJIb+0wAVXykgVDB9GiYDoggVOnt5HRmezHhMjQrZfusXL2rFmpXz7P0WXSIjlAR2egc1dAtqqMGougJvaNP9GVw48V4Nd5mTzPGfGMH6J+Mj1+N7Ytb</latexit>

`R = (1,�2)F
<latexit sha1_base64="pbdPXlEIkVEm8P147zKigvLlEKU=">AAAB6HicZZDLSgMxFIbP1Futt1GXboJFqFDKjBR1I1QEcVnFXqAdhkyatrGZzJBkCmUo+AjuRHAl6Hv4GL6N6WWh7Q+Bjz/JOec/QcyZ0o7zY2VWVtfWN7Kbua3tnd09e/+grqJEElojEY9kM8CKciZoTTPNaTOWFIcBp41gcDO5bwypVCwSj3oUUy/EPcG6jGBtLN+22yLxH9AVKrhF5Jz6t76dd0rOVGgZ3DnkYa6qb3+3OxFJQio04VipluvE2kux1IxwOs61E0VjTAa4R1sGBQ6p8tLp5GN0YpwO6kbSHKHR1P37I8WhUqMwKCIDIdb9IlKmSZ92Fgrr7qWXMhEnmgoyq9tNONIRmqRGHSYp0XxkABPJzGiI9LHERJvd5ExmdzHhMtTPSu55qXxfzleun2fps3AEx1AAFy6gAndQhRoQGMI7fMKX9WS9WK/W2+xpxppv7BD+yfr4BXNVir4=</latexit>

⌫R = (1, 0)F

<latexit sha1_base64="2ldLrOwKjgN8G59U5pVVOpCJBtI=">AAAB33icZZDLSgMxFIbPeK31VnXpJlgEF6XMSFE3QsWNywr2Im0pmfRMG5pkhiQjlFJw504EV4I+jI/h25heFtr+EPj4k5xz/hMmghvr+z/eyura+sZmZiu7vbO7t587OKyZONUMqywWsW6E1KDgCquWW4GNRCOVocB6OLid3NefUBseqwc7TLAtaU/xiDNqnfUoOy2Vkmvid3J5v+hPRZYhmEMe5qp0ct+tbsxSicoyQY1pBn5i2yOqLWcCx9lWajChbEB72HSoqETTHk0HHpNT53RJFGt3lCVT9++PEZXGDGVYIA4ktf0CMa5JH7sLhW101R5xlaQWFZvVjVJBbEwmYUmXa2RWDB1QprkbjbA+1ZRZt5KsyxwsJlyG2nkxuCiW7kv58s3zLH0GjuEEziCASyjDHVSgCgwkvMMnfHnUe/FevbfZ0xVvvrEj+Cfv4xfy94jv</latexit>

m⌫ = 0prediction #1

Effective theory Weinberg ’79

Wilczek ’79

<latexit sha1_base64="7ZY23zj/C8EzU34anCId42RvTIw="></latexit>

Le↵ = LSM +
1X

n=1

X

i

c(n+4)
i

⇤n
O

(n+4)
i

prediction #2
<latexit sha1_base64="fZFZMeV/t6r3FiApFlhY5R1M2lA=">AAAB73icZZDLSgMxFIYz9VbrbdSFCzfBIrgoZUaKuhHqZeHCRQV7gXYomcxpG5rJjElGKEPBt3AngitBH8LH8G1M21lo/eHAx3+Sk/zHjzlT2nG+rdzC4tLySn61sLa+sbllb+80VJRICnUa8Ui2fKKAMwF1zTSHViyBhD6Hpj+8mvSbjyAVi8S9HsXghaQvWI9Roo3Vtfc618A1wZf4HGd4a9Dp2kWn7EyF/4ObQRFlqnXtr04Q0SQEoSknSrVdJ9ZeSqRmlMO40EkUxIQOSR/aBgUJQXnpNMAYHxonwL1ImhIaT93fN1ISKjUK/RI2EBI9KGFlHhlAMDdY9868lIk40SDobG4v4VhHeBIeB0wC1XxkgFDJzNcwHRBJqDYrKpjM7nzC/9A4Lrsn5cpdpVi9eJqlz6N9dICOkItOURXdoBqqI4rG6A19oE/rwXq2XqzX2dGclW1sF/2R9f4DMLyNeA==</latexit>

�B = �L = 0

Leading operator
<latexit sha1_base64="084S7d5Dp/TyZqrO1tO8QiPHfKg="></latexit>

c(5)

⇤
O

(5) =
ỹ

⇤⌫
(L') (L')

Gives neutrinos Majorana mass and breaks lepton number.

particle = anti-particle



Neutrino mass origin
An EFT picture



Weinberg operator Weinberg ’79

<latexit sha1_base64="kJmimDNuaAl+zBoWlFOegNOjUuY=">AAAB6nicZZDLSgMxFIbP1Futt7Eu3QSLIFjKTC3qRqi4cVnBXqAdSiaTaUMzmSHJiGUo+AzuRHAl6Gv4GL6N6WWh9YfAx5/knPMfP+FMacf5tnIrq2vrG/nNwtb2zu6evV9sqTiVhDZJzGPZ8bGinAna1Exz2kkkxZHPadsf3Uzv2w9UKhaLez1OqBfhgWAhI1gbq28Xq6inWUQVqqIrdIZOkdu3S07FmQn9B3cBJVio0be/ekFM0ogKTThWqus6ifYyLDUjnE4KvVTRBJMRHtCuQYFNOy+bzT5Bx8YJUBhLc4RGM/f3jwxHSo0jv4wMRFgPy0iZJkMaLBXW4aWXMZGkmgoyrxumHOkYTXOjgElKNB8bwEQyMxoiQywx0WY7BZPZXU74H1rVinteqd3VSvXrp3n6PBzCEZyACxdQh1toQBMIPMIbfMCnxa1n68V6nT/NWYuNHcAfWe8/TsGLMA==</latexit>

2⇥ 2 = 3 + 1 ~QM spins

i) Type I seesaw
<latexit sha1_base64="JZ2PUV6mdlmQzcjsVZR6Cgw5eM0="></latexit>

O
(5) = (L')(L') = (LT i�2')C('i�2L)

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'
<latexit sha1_base64="7URx75tQera+fug+3u5DfifmT1w=">AAACA3icZZDLSgMxFIYz9VbrbdSlm2ARBEuZKUXdCBU3LivYC3RKyaRn2tBMZkwyhTIU3PgAPoc7EVwJ9jF8G9PLQtsfAl/+5JzkP37MmdKO82Nl1tY3Nrey27md3b39A/vwqK6iRFKo0YhHsukTBZwJqGmmOTRjCST0OTT8wd30vDEEqVgkHvUohnZIeoIFjBJtrI594XEiehywNyQy7jPsyfn+BnuBJDQdjlNPPUmNS+OOnXeKzkx4FdwF5NFC1Y498boRTUIQmnKiVMt1Yt1OidSMchjnvERBTOiA9KBlUJAQVDudhRrjM+N0cRBJs4TGM/dvRUpCpUahX8AGQqL7BazMI33oLjXWwXU7ZSJONAg67xskHOsITweCu0wC1XxkgFDJzNcw7RMTXZux5UxmdznhKtRLRfeyWH4o5yu3z/P0WXSCTtE5ctEVqqB7VEU1RNEr+kTfaGK9WG/Wu/Uxv5qxFhM7Rv9kff0CBcqX2Q==</latexit>

h'i = vp
2

<latexit sha1_base64="i3P+4FiRzs0iH98doKrW7NqrDbg=">AAAB73icZZDLSgMxFIYz9VbrbdSFCzfBIrgoZUaKuqy4cVnBXqAzlEx62gnNZMYkUyhDwbdwJ4IrQR/Cx/BtTKddaPtD4MufnJP8J0g4U9pxfqzC2vrG5lZxu7Szu7d/YB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywupudt8cgFYvFo54k4EdkKNiAUaKN1bNPPE7EkAP2xkQmIcOezPc9u+xUnVx4FdwFlNFCjZ797fVjmkYgNOVEqa7rJNrPiNSMcpiWvFRBQuiIDKFrUJAIlJ/lAab43Dh9PIilWULj3P1bkZFIqUkUVLCBiOiwgpV5JIT+UmM9uPEzJpJUg6DzvoOUYx3jWXjcZxKo5hMDhEpmvoZpSCSh2oyoZDK7ywlXoXVZda+qtYdauX77PE9fRKfoDF0gF12jOrpHDdREFE3RO/pEX9aT9WK9Wm/zqwVrMbFj9E/Wxy+OkI++</latexit>

h'i

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

Minkowski ’77, Mohapatra, Senjanović ’79, Gell-Mann et al ’79, Yanagida ’79

<latexit sha1_base64="8PcBfnKBlDYdK/5GaF4++p97omE=">AAACCnicdVDLSgNBEJyNrxhfUY9eRoPiadmEaOJBCOTiMYJ5QBKW3slsMmRmd5mZFcKSsxd/xYsHRbz6Bd78Gycv0KAFDUVVN91dXsSZ0o7zZaVWVtfWN9Kbma3tnd297P5BQ4WxJLROQh7KlgeKchbQumaa01YkKQiP06Y3rE785j2VioXBnR5FtCugHzCfEdBGcrPHHQF6QIDjKj67xgx3+iAEuIUFcdxszrGLTqHslPEyKeG87UyRQ3PU3OxnpxeSWNBAEw5KtfNOpLsJSM0Ip+NMJ1Y0AjKEPm0bGoCgqptMXxnjU6P0sB9KU4HGU/XnRAJCqZHwTOfkcLXsTcS/vHas/XI3YUEUaxqQ2SI/5liHeJIL7jFJieYjQ4BIZm7FZAASiDbpZUwIi0/x/6RRsPOX9sVtMVe5mseRRkfoBJ2jPCqhCrpBNVRHBD2gJ/SCXq1H69l6s95nrSlrPnOIfsH6+AamN5j6</latexit>

C = i�2�0

realization(s) of



Weinberg operator Weinberg ’79

<latexit sha1_base64="kJmimDNuaAl+zBoWlFOegNOjUuY=">AAAB6nicZZDLSgMxFIbP1Futt7Eu3QSLIFjKTC3qRqi4cVnBXqAdSiaTaUMzmSHJiGUo+AzuRHAl6Gv4GL6N6WWh9YfAx5/knPMfP+FMacf5tnIrq2vrG/nNwtb2zu6evV9sqTiVhDZJzGPZ8bGinAna1Exz2kkkxZHPadsf3Uzv2w9UKhaLez1OqBfhgWAhI1gbq28Xq6inWUQVqqIrdIZOkdu3S07FmQn9B3cBJVio0be/ekFM0ogKTThWqus6ifYyLDUjnE4KvVTRBJMRHtCuQYFNOy+bzT5Bx8YJUBhLc4RGM/f3jwxHSo0jv4wMRFgPy0iZJkMaLBXW4aWXMZGkmgoyrxumHOkYTXOjgElKNB8bwEQyMxoiQywx0WY7BZPZXU74H1rVinteqd3VSvXrp3n6PBzCEZyACxdQh1toQBMIPMIbfMCnxa1n68V6nT/NWYuNHcAfWe8/TsGLMA==</latexit>

2⇥ 2 = 3 + 1 ~QM spins

i) Type I seesaw

Let’s get neutrino masses and break lepton number
<latexit sha1_base64="IrNGgwL8IX1c5jfgMa0gG31ad9E=">AAACF3icZVDLSgMxFM34rPU16tJNsAguSpmRou6sdOOiiyp9QaeWTJrphGaSIckopRT8DT/A7xA3IrgSdOHfmE670PZA4OTk3pt7jh8zqrTj/FhLyyura+uZjezm1vbOrr2331AikZjUsWBCtnykCKOc1DXVjLRiSVDkM9L0B+XJe/OeSEUFr+lhTDoR6nMaUIy0kbr2ZaVbuatBL0I6xIjBMjQC9PLQu6X9UCMpxUN65cl8YSp17ZxTcFLAReLOSA7MUO3ar15P4CQiXGOGlGq7Tqw7IyQ1xYyMs16iSIzwAPVJ21COIqI6o9ToGB4bpQcDIc3hGqbq344RipQaRn4eGjLZNA+V+SQkvbnBOrjojCiPE004ns4NEga1gJOQYI9KgjUbGoKwpGY1iEMkEdYmyqzx7M47XCSN04J7VijeFHOlq8ep+ww4BEfgBLjgHJTANaiCOsDgGXyAL/BtPVkv1pv1Pi1dsmaJHYB/sD5/ARlPnXE=</latexit>

LT
LCLL ) ⌫TLC⌫L

<latexit sha1_base64="qe9htU3yreLBz42cym1R6lIEl8Q=">AAAB83icZZDLSgMxFIYz9VbrbdRlN8EitFDKjBR1I1TcuOiigr1AW0omPdOGZjJDkhHKUNDncCeCK0EfwcfwbUw7XWj94cDHn+Sc/MeLOFPacb6tzNr6xuZWdju3s7u3f2AfHrVUGEsKTRryUHY8ooAzAU3NNIdOJIEEHoe2N7mZn7cfQCoWins9jaAfkJFgPqNEG2tg5+vFeglfYddUvdgDzkspibg0sAtOxVkI/wd3CQW0VGNgf/WGIY0DEJpyolTXdSLdT4jUjHKY5XqxgojQCRlB16AgAah+sggxw6fGGWI/lKaExgv394uEBEpNA6+MDQREj8tYmSFjGK401v5lP2EiijUImvb1Y451iOcLwEMmgWo+NUCoZOZrmI6JJFSbNeVMZnc14X9onVXc80r1rlqoXT+m6bMoj05QEbnoAtXQLWqgJqLoCb2hD/Rpxdaz9WK9plcz1nJjx+iPrPcf8xmNvw==</latexit>

L(L) = 1 = L(`) = L(⌫)

<latexit sha1_base64="ZpHf536/UbS8q8mqtZ2hN1H3Jyc="></latexit>

⌫L,R ! ei↵L⌫L,R

⌫L,R ! e�i↵L⌫L,R

<latexit sha1_base64="8Cwk4DYb/Rw3Ono1CF6W/3Xig/E=">AAACCXicZVDLSgMxFM3UVx1foy7dBIvgopQZKeqy0o0LF1X6gs5YMmnahmaSIckIpRTc+wF+hzsRXIig3+DfmM50oe2FhJNzH7nnhDGjSrvuj5VbWV1b38hv2lvbO7t7zv5BU4lEYtLAggnZDpEijHLS0FQz0o4lQVHISCscVWf51gORigpe1+OYBBEacNqnGGlDdR3PFyY964Y+T7o36X1n+76dPu/r0I+QHmLEYDWr6DoFt+SmAZeBNwcFMI9a1/nwewInEeEaM6RUx3NjHUyQ1BQzMrX9RJEY4REakI6BHEVEBZNU2hSeGKYH+0KawzVM2b8dExQpNY7CIjRgtmkRKvPJkPQWBuv+ZTChPE404Tib208Y1ALObIE9KgnWbGwAwpKa1SAeIomwNubZRrO3qHAZNM9K3nmpfFsuVK4eM/V5cASOwSnwwAWogGtQAw2AwTN4B1/g23qyXqxX6y0rzVlzxw7Bv7A+fwGIkpj9</latexit>

⌫L⌫R

⌫TLC⌫L

Dirac

Majorana

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="EM6BxyqVvt7bOoLfbjEOqAahWMM=">AAAB4nicZZDLSgMxFIbP1Futt6pLN8EiuChlphR1I1R04cJFBXuBzlAymTNtaOZCkhFKKbh2J4IrQV/Fx/BtTC8LrT8EPv4k55z/+KngStv2t5VbWV1b38hvFra2d3b3ivsHLZVkkmGTJSKRHZ8qFDzGpuZaYCeVSCNfYNsfXk/v248oFU/iBz1K0YtoP+YhZ1Qby3VvUGhK7sglqfaKJbtiz0T+g7OAEizU6BW/3CBhWYSxZoIq1XXsVHtjKjVnAicFN1OYUjakfewajGmEyhvPZp6QE+MEJEykObEmM/f3jzGNlBpFfpkYiKgelIkyTQYYLBXW4YU35nGaaYzZvG6YCaITMs1LAi6RaTEyQJnkZjTCBlRSps1WCiazs5zwP7SqFeesUruvlepXT/P0eTiCYzgFB86hDrfQgCYwSOENPuDTCqxn68V6nT/NWYuNHcIfWe8/X1eJtg==</latexit>

�L = 2

<latexit sha1_base64="Eu9SnusOK/HKpSO69BbVD2PT/YE=">AAAB4nicZZDLSgMxFIYz9VbrrerSTbAILkqZkaJuhIouXLioYC/QGUomc9qGZi4kZ4QyFFy7E8GVoK/iY/g2ppeFtj8EPv4k55z/+IkUGm37x8qtrK6tb+Q3C1vbO7t7xf2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPnDm8l96wmUFnH0iKMEvJD1I9ETnKGxXPcWJDJ6T6+o3S2W7Io9FV0GZw4lMle9W/x2g5inIUTIJdO649gJehlTKLiEccFNNSSMD1kfOgYjFoL2sunMY3pinID2YmVOhHTq/v2RsVDrUeiXqYGQ4aBMtWkygGChMPYuvUxESYoQ8VndXiopxnSSlwZCAUc5MsC4EmY0ygdMMY5mKwWT2VlMuAzNs4pzXqk+VEu16+dZ+jw5IsfklDjkgtTIHamTBuEkIe/kk3xZgfVivVpvs6c5a76xQ/JP1scvXHGJtA==</latexit>

�L = 0

<latexit sha1_base64="JZ2PUV6mdlmQzcjsVZR6Cgw5eM0="></latexit>

O
(5) = (L')(L') = (LT i�2')C('i�2L)

realization(s) of



Weinberg operator Weinberg ’79

<latexit sha1_base64="kJmimDNuaAl+zBoWlFOegNOjUuY=">AAAB6nicZZDLSgMxFIbP1Futt7Eu3QSLIFjKTC3qRqi4cVnBXqAdSiaTaUMzmSHJiGUo+AzuRHAl6Gv4GL6N6WWh9YfAx5/knPMfP+FMacf5tnIrq2vrG/nNwtb2zu6evV9sqTiVhDZJzGPZ8bGinAna1Exz2kkkxZHPadsf3Uzv2w9UKhaLez1OqBfhgWAhI1gbq28Xq6inWUQVqqIrdIZOkdu3S07FmQn9B3cBJVio0be/ekFM0ogKTThWqus6ifYyLDUjnE4KvVTRBJMRHtCuQYFNOy+bzT5Bx8YJUBhLc4RGM/f3jwxHSo0jv4wMRFgPy0iZJkMaLBXW4aWXMZGkmgoyrxumHOkYTXOjgElKNB8bwEQyMxoiQywx0WY7BZPZXU74H1rVinteqd3VSvXrp3n6PBzCEZyACxdQh1toQBMIPMIbfMCnxa1n68V6nT/NWYuNHcAfWe8/TsGLMA==</latexit>

2⇥ 2 = 3 + 1 ~QM spins

i) Type I seesaw

Let’s get neutrino masses and break lepton number
<latexit sha1_base64="SKi2S8GFsD7buf9JasQ3rZtD1+o="></latexit>
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⌫TLC⌫L

<latexit sha1_base64="ehEZKrCW+yaLjdMSR7st3ZnLJMo=">AAACAXicZVDdSsMwGE39d/5VvfQmOASFOVoR9UZQvPFCQcFNYZ0lTb9uYWlaklQoZSD4AD6HdyJ4JSg+hm9j9nOh24HA4eTL+XJOkHKmtOP8WBOTU9Mzs3PzpYXFpeUVe3WtrpJMUqjRhCfyLiAKOBNQ00xzuEslkDjgcBt0znr3tw8gFUvEjc5TaMakJVjEKNFG8u2dS98TGT7Gu14kCS08zXgIOMcP93vdwrswTiHpjXR9u+xUnT7wOHGHpIyGuPLtby9MaBaD0JQTpRquk+pmQaRmlEO35GUKUkI7pAUNQwWJQTWLfqQu3jJKiKNEmiM07qt/XxQkViqPgwo2JCa6XcHKLGlDOGKso6NmwUSaaRB04BtlHOsE9+rAIZNANc8NIVQy8zVM28Q0oU1pJZPZHU04Tup7Vfegun+9Xz45fRykn0MbaBNtIxcdohN0jq5QDVH0jN7RJ/qynqwX69V6G4xOWMPG1tE/WB+/wcCWjQ==</latexit>

M⌫ = � ỹv2

⇤⌫

<latexit sha1_base64="JZ2PUV6mdlmQzcjsVZR6Cgw5eM0="></latexit>

O
(5) = (L')(L') = (LT i�2')C('i�2L)

realization(s) of



i) Type I seesaw

quantum numbers of a fermionic singlet

<latexit sha1_base64="GDkw0kyW0SQUiaY3qsDusMx3DbM="></latexit>

O
(5) = (L')(L') = (LT i�2')C('

T i�2L)

<latexit sha1_base64="7oGb06daienvy7TnToPaIScZSGk=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKjBR1WRHEZQX7gM4wZNJMG5rJDMkdoZaiP8WNC0Xc+j/c+W9MHwutHgh8nHNDbk6YCq7Bcb6s3MLi0vJKfrWwtr6xuWVv7zR0kinK6jQRiWqFRDPBJasDB8FaqWIkDgVrhv3Lcd68Y0rzRN7CIGV+TLqSR5wSMFZg73mCRVByj7GDPcW7PTgKrgK76JSdifBfcGdQRDPVAvvT6yQ0i5kEKojWbddJwR8SBZwKNip4mWYpoX3SZW2DksRM+8PJ9iN8aJwOjhJljgQ8cX/eGJJY60EcmsmYQE/PZ2Pzv6ydQXTuD7lMM2CSTh+KMoEhweMqcIcrRkEMDBCquNkV0x5RhIIprGBKcOe//BcaJ2X3tFy5qRSrF4/TOvJoHx2gEnLRGaqia1RDdUTRPXpCL+jVerCerTfrfTqas2YV7qJfsj6+AUrtlD8=</latexit>

(1, 0)F



i) Type I seesaw

quantum numbers of a fermionic singlet

ii) Type II seesaw
<latexit sha1_base64="ucs9/MfoT7budUzreltTfkMouJ0="></latexit>

O
(5) = (L')(L') = (LT

Ci�2�aL)('
T i�2�a')

<latexit sha1_base64="GDkw0kyW0SQUiaY3qsDusMx3DbM="></latexit>

O
(5) = (L')(L') = (LT i�2')C('

T i�2L)

bosonic triplet
<latexit sha1_base64="+ZD3N5FugDAkIsNBFimTEjETZ+s=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKTC3qsurGZQX7gM4wZNJMG5p5kNwR6lD0p7hxoYhb/4c7/43pY6HVA4GPc27IzfETwRVY1peRW1hcWl7JrxbW1jc2t8ztnaaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/uBqnLfumFQ8jm5hmDA3JL2IB5wS0JZn7jmCBVA6OcYV7Eje68ORd+mZRatsTYT/gj2DIpqp7pmfTjemacgioIIo1bGtBNyMSOBUsFHBSRVLCB2QHutojEjIlJtNth/hQ+10cRBLfSLAE/fnjYyESg1DX0+GBPpqPhub/2WdFIJzN+NRkgKL6PShIBUYYjyuAne5ZBTEUAOhkutdMe0TSSjowgq6BHv+y3+hWSnbp+XqTbVYu3ic1pFH++gAlZCNzlANXaM6aiCK7tETekGvxoPxbLwZ79PRnDGrcBf9kvHxDUsblD8=</latexit>

(3, 2)B

<latexit sha1_base64="7oGb06daienvy7TnToPaIScZSGk=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKjBR1WRHEZQX7gM4wZNJMG5rJDMkdoZaiP8WNC0Xc+j/c+W9MHwutHgh8nHNDbk6YCq7Bcb6s3MLi0vJKfrWwtr6xuWVv7zR0kinK6jQRiWqFRDPBJasDB8FaqWIkDgVrhv3Lcd68Y0rzRN7CIGV+TLqSR5wSMFZg73mCRVByj7GDPcW7PTgKrgK76JSdifBfcGdQRDPVAvvT6yQ0i5kEKojWbddJwR8SBZwKNip4mWYpoX3SZW2DksRM+8PJ9iN8aJwOjhJljgQ8cX/eGJJY60EcmsmYQE/PZ2Pzv6ydQXTuD7lMM2CSTh+KMoEhweMqcIcrRkEMDBCquNkV0x5RhIIprGBKcOe//BcaJ2X3tFy5qRSrF4/TOvJoHx2gEnLRGaqia1RDdUTRPXpCL+jVerCerTfrfTqas2YV7qJfsj6+AUrtlD8=</latexit>

(1, 0)F

<latexit sha1_base64="0yxb2b7YTkXJEt5X9s1xZDEuNio=">AAAB73icbVDLSgMxFL2pr1pfVZdugkVwVWa0qMuKG5cV7APaoWTSTBuaZMYkI5Sh4De4caGIW3/HnX9j+lho64ELh3Pu5d57wkRwYz3vG+VWVtfWN/Kbha3tnd294v5Bw8SppqxOYxHrVkgME1yxuuVWsFaiGZGhYM1weDPxm49MGx6reztKWCBJX/GIU2Kd1OoY3peke94tlryyNwVeJv6clGCOWrf41enFNJVMWSqIMW3fS2yQEW05FWxc6KSGJYQOSZ+1HVVEMhNk03vH+MQpPRzF2pWyeKr+nsiINGYkQ9cpiR2YRW8i/ue1UxtdBRlXSWqZorNFUSqwjfHkedzjmlErRo4Qqrm7FdMB0YRaF1HBheAvvrxMGmdl/6JcuauUqtdPszjycATHcAo+XEIVbqEGdaAg4Ble4Q09oBf0jj5mrTk0j/AQ/gB9/gDxbpBR</latexit>�3

<latexit sha1_base64="Fp35y8DxYs7SjDvuUywHaN8G/As=">AAAB9HicbZBLSwMxFIXv1Fetr6pLN8EiuJAyU4q6rLhxWcE+oB1KJs20oUlmTDKFMhT8F25cKOLWH+POf2Om7UJbDwQ+zrkhNyeIOdPGdb+d3Nr6xuZWfruws7u3f1A8PGrqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYxus7w1pkqzSD6YSUx9gQeShYxgYy2/q9lA4F7qXaDKtFcsuWV3JrQK3gJKsFC9V/zq9iOSCCoN4VjrjufGxk+xMoxwOi10E01jTEZ4QDsWJRZU++ls6Sk6s04fhZGyRxo0c3/fSLHQeiICOymwGerlLDP/yzqJCa/9lMk4MVSS+UNhwpGJUNYA6jNFieETC5goZndFZIgVJsb2VLAleMtfXoVmpexdlqv31VLt5mleRx5O4BTOwYMrqMEd1KEBBB7hGV7hzRk7L8678zEfzTmLCo/hj5zPH/BWkfc=</latexit>�1,2

gives zero

charged leptons cancel, neutrinos sum up
<latexit sha1_base64="I8gpcX55J8PdKRMWsxw2Vw2A02g=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUdVnpxoWLCn1BE8NketMOnTyYmQilFLrxV9y4UMStP+HOv3HSdKGtBy4czrmXe+/xE86ksqxvY2V1bX1js7BV3N7Z3ds3Dw5bMk4FhSaNeSw6PpHAWQRNxRSHTiKAhD6Htj+sZX77EYRkcdRQowTckPQjFjBKlJY889gBzr27hwZ2QqIGlHBcw7nmmSWrbM2Al4k9JyU0R90zv5xeTNMQIkU5kbJrW4lyx0QoRjlMik4qISF0SPrQ1TQiIUh3PPthgs+00sNBLHRFCs/U3xNjEko5Cn3dmR0qF71M/M/rpiq4dscsSlIFEc0XBSnHKsZZILjHBFDFR5oQKpi+FdMBEYQqHVtRh2AvvrxMWhdl+7Jcua+UqjfTPI4COkGn6BzZ6ApV0S2qoyaiaIqe0St6M56MF+Pd+MhbV4x5hEfoD4zPH6Qjl0o=</latexit>

`TLC`L
<latexit sha1_base64="5nLqLMx0nsxdl+SA+VdVo2nqxKQ=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEInkoiRT1WevHgoUK/oI1ls920SzebsLsRSqkI/hUvHhTx6r/w5r9xk/agrQ8GHu/NMDPPjzlT2nG+raXlldW19dxGfnNre2fX3ttvqCiRhNZJxCPZ8rGinAla10xz2oolxaHPadMfVlK/eU+lYpGo6VFMvRD3BQsYwdpIXfuwI5LuzV0NdUKsBwRzVEGZ1LULTtHJgBaJOyMFmKHatb86vYgkIRWacKxU23Vi7Y2x1IxwOsl3EkVjTIa4T9uGChxS5Y2zDyboxCg9FETSlNAoU39PjHGo1Cj0TWd6p5r3UvE/r53o4NIbMxEnmgoyXRQkHOkIpXGgHpOUaD4yBBPJzK2IDLDERJvQ8iYEd/7lRdI4K7rnxdJtqVC+epzGkYMjOIZTcOECynANVagDgQd4hld4s56sF+vd+pi2LlmzCA/gD6zPHzezloI=</latexit>

⌫TLC⌫L
<latexit sha1_base64="3SYTusXAgf+ivZxBCaRgSipLgZA=">AAACA3icZVDLSgMxFM34tr5GXboJFkFQy0wp6kZQ3LhQULBWcMaSydxpQzOZIckUyjDgxg/wO9yJ4ErQz/BvTB8LbQ8EDic35+acIOVMacf5saamZ2bn5hcWS0vLK6tr9vrGnUoySaFOE57I+4Ao4ExAXTPN4T6VQOKAQyPonPfvG12QiiXiVvdS8GPSEixilGgjNe29q6YnMnyCD7xIEppXsacZDwH3cPexWuTepfEKSX+oaNplp+IMgCeJOyJlNMJ10/72woRmMQhNOVHqwXVS7edEakY5FCUvU5AS2iEteDBUkBiUnw9CFXjHKCGOEmmO0Hig/n2Rk1ipXhzsY0Niotv7WJklbQjHjHV07OdMpJkGQYe+UcaxTnC/EBwyCVTzniGESma+hmmbmC60qa1kMrvjCSfJXbXiHlZqN7Xy6dnTMP0C2kLbaBe56Aidogt0jeqIohf0gb7Qt/VsvVpv1vtwdMoaNbaJ/sH6/AWVwZbz</latexit>

M⌫ = �2ỹv2

⇤⌫

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZl RqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9 rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="EM6BxyqVvt7bOoLfbjEOqAahWMM=">AAAB4nicZZDLSgMxFIbP1Futt6pLN8EiuChlphR1I1R04cJFBXuBzlAymTNtaOZCkhFKKbh2J4IrQV/Fx/BtTC8LrT8EPv4k55z/+KngStv2t5VbWV1b38hvFra2d3b3ivsHLZVkkmGTJSKRHZ8qFDzGpuZaYCeVSCNfYNsfXk/v248oFU/iBz1K0YtoP+YhZ1Qby3VvUGhK7sglqfaKJbtiz0T+g7OAEizU6BW/3CBhWYSxZoIq1XXsVHtjKjVnAicFN1OYUjakfewajGmEyhvPZp6QE+MEJEykObEmM/f3jzGNlBpFfpkYiKgelIkyTQYYLBXW4YU35nGaaYzZvG6YCaITMs1LAi6RaTEyQJnkZjTCBlRSps1WCiazs5zwP7SqFeesUruvlepXT/P0eTiCYzgFB86hDrfQgCYwSOENPuDTCqxn68V6nT/NWYuNHcIfWe8/X1eJtg==</latexit>

�L = 2

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a



iii) Type III seesaw

quantum numbers of a fermionic triplet

iv) No seesaw?

<latexit sha1_base64="6+ivhLhEjVHhh/oBdYt+yHCYeHY="></latexit>

O
(5) = (L')(L') = (LT i�2�a')C('

T i�2�aL)

<latexit sha1_base64="cZKoTZgMs59BX+7KbJIrAkBt+hc=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKjBZ1WRHEZQX7gM4wZNJMG5p5kNwR6lD0p7hxoYhb/4c7/43pY6GtBwIf59yQm+MngiuwrG8jt7C4tLySXy2srW9sbpnbOw0Vp5KyOo1FLFs+UUzwiNWBg2CtRDIS+oI1/f7VKG/eM6l4HN3BIGFuSLoRDzgloC3P3HMEC6B0eowt7Eje7cGRd+2ZRatsjYXnwZ5CEU1V88wvpxPTNGQRUEGUattWAm5GJHAq2LDgpIolhPZJl7U1RiRkys3G2w/xoXY6OIilPhHgsfv7RkZCpQahrydDAj01m43M/7J2CsGFm/EoSYFFdPJQkAoMMR5VgTtcMgpioIFQyfWumPaIJBR0YQVdgj375XlonJTts3LltlKsXj5N6sijfXSASshG56iKblAN1RFFD+gZvaI349F4Md6Nj8lozphWuIv+yPj8AU4PlEE=</latexit>

(3, 0)F

<latexit sha1_base64="fqbOE5zyAEJ4Zyp5NY96WQgPA34="></latexit>

O
(5) = (L')(L') = (LT

Ci�2L)('
T i�2')

quantum numbers of a bosonic
<latexit sha1_base64="n6yBMQ6TTjds27EYbmHEt4eLRa4=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKTCnqsurGZQX7gM4wZNJMG5p5kNwR6lD0p7hxoYhb/4c7/43pY6GtBwIf59yQm+MngiuwrG8jt7S8srqWXy9sbG5t75i7e00Vp5KyBo1FLNs+UUzwiDWAg2DtRDIS+oK1/MH1OG/dM6l4HN3BMGFuSHoRDzgloC3PPHAEC6Bkn+IKdiTv9eHEu/LMolW2JsKLYM+giGaqe+aX041pGrIIqCBKdWwrATcjEjgVbFRwUsUSQgekxzoaIxIy5WaT7Uf4WDtdHMRSnwjwxP19IyOhUsPQ15Mhgb6az8bmf1knheDCzXiUpMAiOn0oSAWGGI+rwF0uGQUx1ECo5HpXTPtEEgq6sIIuwZ7/8iI0K2X7rFy9rRZrl0/TOvLoEB2hErLROaqhG1RHDUTRA3pGr+jNeDRejHfjYzqaM2YV7qM/Mj5/AEf5lD0=</latexit>

(1, 2)B

<latexit sha1_base64="ehEZKrCW+yaLjdMSR7st3ZnLJMo=">AAACAXicZVDdSsMwGE39d/5VvfQmOASFOVoR9UZQvPFCQcFNYZ0lTb9uYWlaklQoZSD4AD6HdyJ4JSg+hm9j9nOh24HA4eTL+XJOkHKmtOP8WBOTU9Mzs3PzpYXFpeUVe3WtrpJMUqjRhCfyLiAKOBNQ00xzuEslkDjgcBt0znr3tw8gFUvEjc5TaMakJVjEKNFG8u2dS98TGT7Gu14kCS08zXgIOMcP93vdwrswTiHpjXR9u+xUnT7wOHGHpIyGuPLtby9MaBaD0JQTpRquk+pmQaRmlEO35GUKUkI7pAUNQwWJQTWLfqQu3jJKiKNEmiM07qt/XxQkViqPgwo2JCa6XcHKLGlDOGKso6NmwUSaaRB04BtlHOsE9+rAIZNANc8NIVQy8zVM28Q0oU1pJZPZHU04Tup7Vfegun+9Xz45fRykn0MbaBNtIxcdohN0jq5QDVH0jN7RJ/qynqwX69V6G4xOWMPG1tE/WB+/wcCWjQ==</latexit>

M⌫ = � ỹv2

⇤⌫

<latexit sha1_base64="Z3CIulQRTd3BZRHj+/wuYSPzdN4=">AAAB33icZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6ESpu3AgV7EXaoWQymTY0yQxJRihDwZ07EVwJ+jA+hm9jello+0Pg409yzvlPkHCmjev+OLmV1bX1jfxmYWt7Z3evuH/Q1HGqCG2QmMeqHWBNOZO0YZjhtJ0oikXAaSsY3kzuW09UaRbLBzNKqC9wX7KIEWys9XjX68oUXSG3Vyy5FXcqtAzeHEowV71X/O6GMUkFlYZwrHXHcxPjZ1gZRjgdF7qppgkmQ9ynHYsSC6r9bDrwGJ1YJ0RRrOyRBk3dvz8yLLQeiaCMLAhsBmWkbZMBDRcKm+jSz5hMUkMlmdWNUo5MjCZhUcgUJYaPLGCimB0NkQFWmBi7koLN7C0mXIbmWcU7r1Tvq6Xa9fMsfR6O4BhOwYMLqMEt1KEBBAS8wyd8Odh5cV6dt9nTnDPf2CH8k/PxC8OXiM8=</latexit>

M⌫ = 0 at tree level (loops nonzero)

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a
<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'



Summary

Viewing the BSM as an effective theory we have one operator that…

<latexit sha1_base64="i3P+4FiRzs0iH98doKrW7NqrDbg=">AAAB73icZZDLSgMxFIYz9VbrbdSFCzfBIrgoZUaKuqy4cVnBXqAzlEx62gnNZMYkUyhDwbdwJ4IrQR/Cx/BtTKddaPtD4MufnJP8J0g4U9pxfqzC2vrG5lZxu7Szu7d/YB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywupudt8cgFYvFo54k4EdkKNiAUaKN1bNPPE7EkAP2xkQmIcOezPc9u+xUnVx4FdwFlNFCjZ797fVjmkYgNOVEqa7rJNrPiNSMcpiWvFRBQuiIDKFrUJAIlJ/lAab43Dh9PIilWULj3P1bkZFIqUkUVLCBiOiwgpV5JIT+UmM9uPEzJpJUg6DzvoOUYx3jWXjcZxKo5hMDhEpmvoZpSCSh2oyoZDK7ywlXoXVZda+qtYdauX77PE9fRKfoDF0gF12jOrpHDdREFE3RO/pEX9aT9WK9Wm/zqwVrMbFj9E/Wxy+OkI++</latexit>

h'i

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="i3P+4FiRzs0iH98doKrW7NqrDbg=">AAAB73icZZDLSgMxFIYz9VbrbdSFCzfBIrgoZUaKuqy4cVnBXqAzlEx62gnNZMYkUyhDwbdwJ4IrQR/Cx/BtTKddaPtD4MufnJP8J0g4U9pxfqzC2vrG5lZxu7Szu7d/YB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywupudt8cgFYvFo54k4EdkKNiAUaKN1bNPPE7EkAP2xkQmIcOezPc9u+xUnVx4FdwFlNFCjZ797fVjmkYgNOVEqa7rJNrPiNSMcpiWvFRBQuiIDKFrUJAIlJ/lAab43Dh9PIilWULj3P1bkZFIqUkUVLCBiOiwgpV5JIT+UmM9uPEzJpJUg6DzvoOUYx3jWXjcZxKo5hMDhEpmvoZpSCSh2oyoZDK7ywlXoXVZda+qtYdauX77PE9fRKfoDF0gF12jOrpHDdREFE3RO/pEX9aT9WK9Wm/zqwVrMbFj9E/Wxy+OkI++</latexit>

h'i

… gives neutrino mass and breaks lepton number in three ways at tree level. 

<latexit sha1_base64="EM6BxyqVvt7bOoLfbjEOqAahWMM=">AAAB4nicZZDLSgMxFIbP1Futt6pLN8EiuChlphR1I1R04cJFBXuBzlAymTNtaOZCkhFKKbh2J4IrQV/Fx/BtTC8LrT8EPv4k55z/+KngStv2t5VbWV1b38hvFra2d3b3ivsHLZVkkmGTJSKRHZ8qFDzGpuZaYCeVSCNfYNsfXk/v248oFU/iBz1K0YtoP+YhZ1Qby3VvUGhK7sglqfaKJbtiz0T+g7OAEizU6BW/3CBhWYSxZoIq1XXsVHtjKjVnAicFN1OYUjakfewajGmEyhvPZp6QE+MEJEykObEmM/f3jzGNlBpFfpkYiKgelIkyTQYYLBXW4YU35nGaaYzZvG6YCaITMs1LAi6RaTEyQJnkZjTCBlRSps1WCiazs5zwP7SqFeesUruvlepXT/P0eTiCYzgFB86hDrfQgCYwSOENPuDTCqxn68V6nT/NWYuNHcIfWe8/X1eJtg==</latexit>

�L = 2<latexit sha1_base64="9sDRV0NXUYfDaufQ8941Fkh3dso=">AAAB4nicZZDLSgMxFIYz9VbrrerSTbAILkqZkaIuK25cVrAX6AwlkznThiaZMckIZSi4dieCK0FfxcfwbUwvC21/CHz8Sc45/wlTzrRx3R+nsLa+sblV3C7t7O7tH5QPj9o6yRSFFk14oroh0cCZhJZhhkM3VUBEyKETjm6n950nUJol8sGMUwgEGUgWM0qMtXzR92WGfQmP2O2XK27NnQmvgreAClqo2S9/+1FCMwHSUE607nluaoKcKMMoh0nJzzSkhI7IAHoWJRGgg3w28wSfWSfCcaLskQbP3L8/ciK0Houwii0IYoZVrG2TIURLhU18HeRMppkBSed144xjk+BpXhwxBdTwsQVCFbOjYTokilBjt1Kymb3lhKvQvqh5l7X6fb3SuHmepy+iE3SKzpGHrlAD3aEmaiGKUvSOPtGXEzkvzqvzNn9acBYbO0b/5Hz8Am/oinA=</latexit>

m⌫ 6= 0

What if the scale      is not too high and we produce the seesaw particles?
<latexit sha1_base64="M1CfBTLgJ5rltDAcPdvdCBiu2ig=">AAAB4XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx4aKCvUBnKJlMpg3NJEOSEcpQcOtOBFeCPouP4duYXhba/hD4+HNycv4Tppxp47o/TmFtfWNzq7hd2tnd2z8oHx61tcwUoS0iuVTdEGvKmaAtwwyn3VRRnIScdsLR7fS+80SVZlI8mnFKgwQPBIsZwcZaPf/elka474usX664NXcmtAreAiqwULNf/vYjSbKECkM41rrnuakJcqwMI5xOSn6maYrJCA9oz6LACdVBPht5gs6sE6FYKnuEQTP374scJ1qPk7CKLCTYDKtI20+GNFpqbOLrIGcizQwVZN43zjgyEk3joogpSgwfW8BEMTsaIkOsMDF2KSWb2VtOuArti5p3Was/1CuNm+d5+iKcwCmcgwdX0IA7aEILCEh4h0/4cojz4rw6b/PSgrPY2DH8k/PxC3T2ioY=</latexit>

⇤⌫



Neutrino mass origin
UV complete models



Type I seesaw
<latexit sha1_base64="JZ2PUV6mdlmQzcjsVZR6Cgw5eM0="></latexit>

O
(5) = (L')(L') = (LT i�2')C('i�2L)

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

Open up the effective operator and write down a UV complete theory

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="/uQJW4GPYvrGZ5ZpmSfQU64xbKw=">AAAB23icZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcVpC+1QMpnTNjSTGZKMUEpBcCeCK0Efx8fwbUwvC21/CHz8Sc45/wlTwbVx3R8nt7a+sbmV3y7s7O7tHxQPjxo6yRRDnyUiUa2QahRcom+4EdhKFdI4FNgMh7fT++YTKs0T+WhGKQYx7Uve44waa/kdmXUfusWSW3FnIqvgLaAEC9W7xe9OlLAsRmmYoFq3PTc1wZgqw5nASaGTaUwpG9I+ti1KGqMOxrNhJ+TMOhHpJcoeacjM/ftjTGOtR3FYJhZiagZlom2TAUZLhU3vOhhzmWYGJZvX7WWCmIRMg5KIK2RGjCxQprgdjbABVZQZu46CzewtJ1yFxkXFu6xU76ul2s3zPH0eTuAUzsGDK6jBHdTBBwYc3uETvpzAeXFenbf505yz2Ngx/JPz8Qs0fof/</latexit>⌫R

A fermion with no SM quantum numbers = sterile neutrino
<latexit sha1_base64="pbdPXlEIkVEm8P147zKigvLlEKU=">AAAB6HicZZDLSgMxFIbP1Futt1GXboJFqFDKjBR1I1QEcVnFXqAdhkyatrGZzJBkCmUo+AjuRHAl6Hv4GL6N6WWh7Q+Bjz/JOec/QcyZ0o7zY2VWVtfWN7Kbua3tnd09e/+grqJEElojEY9kM8CKciZoTTPNaTOWFIcBp41gcDO5bwypVCwSj3oUUy/EPcG6jGBtLN+22yLxH9AVKrhF5Jz6t76dd0rOVGgZ3DnkYa6qb3+3OxFJQio04VipluvE2kux1IxwOs61E0VjTAa4R1sGBQ6p8tLp5GN0YpwO6kbSHKHR1P37I8WhUqMwKCIDIdb9IlKmSZ92Fgrr7qWXMhEnmgoyq9tNONIRmqRGHSYp0XxkABPJzGiI9LHERJvd5ExmdzHhMtTPSu55qXxfzleun2fps3AEx1AAFy6gAndQhRoQGMI7fMKX9WS9WK/W2+xpxppv7BD+yfr4BXNVir4=</latexit>

⌫R = (1, 0)F
<latexit sha1_base64="VG6zYig/PFSD91u0SOIqtsVOSjY=">AAACCXicZZDLSgMxFIYz9VbrbdSlm2ARBEuZkaJuhIobFwr10gt0hiGTSdvQTGZIMkIZBtz7AD6HOxFciKDP4NuYXsBafwh8/EnOOf/xY0alsqxvIzc3v7C4lF8urKyurW+Ym1sNGSUCkzqOWCRaPpKEUU7qiipGWrEgKPQZafr98+F9854ISSN+pwYxcUPU5bRDMVLa8kzbCZHqYcTgJTz9ZS+9vcrgAZx2HJ54Nxn0zKJVtkaC/8GeQBFMVPPMdyeIcBISrjBDUrZtK1ZuioSimJGs4CSSxAj3UZe0NXIUEummo2gZ3NNOADuR0IcrOHKnf6QolHIQ+iWoYThsCUrdpEeCmcKqc+KmlMeJIhyP63YSBlUEh2uBARUEKzbQgLCgejSIe0ggrPTyCjqzPZvwPzQOy/ZRuXJdKVbPHsbp82AH7IJ9YINjUAUXoAbqAIMn8AY+wZfxaDwbL8br+GnOmGxsG/yR8fEDh+WZBA==</latexit>

L = LSM + L⌫R

New states, new interactions. How to relate to neutrino mass and exp.?

<latexit sha1_base64="T90iqNhFzkVUGiYbyioPFKYRk6Q=">AAAB3nicZZDLSgMxFIbPeK31VnXpJliECqXMSFGXFUFcVrAXaIeayZxpQzMXkoxQhoIrdyK4EvRlfAzfxvSy0PaHwMef5JzzHy8RXGnb/rFWVtfWNzZzW/ntnd29/cLBYVPFqWTYYLGIZdujCgWPsKG5FthOJNLQE9jyhjeT+9YTSsXj6EGPEnRD2o94wBnVxmqXnDKxz3q3vULRrthTkWVw5lCEueq9wnfXj1kaYqSZoEp1HDvRbkal5kzgON9NFSaUDWkfOwYjGqJys+m8Y3JqHJ8EsTQn0mTq/v2R0VCpUeiViYGQ6kGZKNNkgP5CYR1cuRmPklRjxGZ1g1QQHZNJVuJziUyLkQHKJDejETagkjJtNpI3mZ3FhMvQPK84F5XqfbVYu36epc/BMZxACRy4hBrcQR0awEDAO3zCl/VovViv1tvs6Yo139gR/JP18Qs0VofQ</latexit>

(1, 0)F

bottom up approach, simplicity?



Kinetic MajoranaDirac

<latexit sha1_base64="Sx6ju/2J4NP4Yq2g58YBctQ6cNo="></latexit>

L⌫R =
i

2
⌫R /@⌫R � yD⌫R'i�2L� 1

2
m⌫R⌫R⌫R

<latexit sha1_base64="y4zDOi6rTjc/UyVBchbUZcwh0dQ="></latexit>

M⌫ =

✓
0 mD

mD m⌫R

◆
<latexit sha1_base64="BzgOs2Y0tBqvBIPJNw5ZoNABp/g=">AAAB83icZZBNS8MwGMfT+TbnW9XjLsEheBijHUO9CBM9eJzgXmAtJU3TLSxpa5IOShno5/AmgidBP4Ifw29j9nLQ7YGEH//keZL/308YlcqyfozC2vrG5lZxu7Szu7d/YB4edWScCkzaOGax6PlIEkYj0lZUMdJLBEHcZ6Trj26m590xEZLG0YPKEuJyNIhoSDFSWvLMMvdu4RXM9O6EAuF8PMkd+SgUrE88s2LVrFnBVbAXUAGLannmtxPEOOUkUpghKfu2lSg3R0JRzMik5KSSJAiP0ID0NUaIE+nmMxMTeKqVAIax0CtScKb+7cgRlzLjfhVq4EgNq1DqR4YkWBqswks3p1GSKhLh+dwwZVDFcBoADKggWLFMA8KC6q9BPETautIxlbRne9nhKnTqNfu81rhvVJrXT3P3RVAGJ+AM2OACNMEdaIE2wOAZvINP8GWkxovxarzNrxaMRWLH4F8ZH79tPZC7</latexit>

mD = yD
vp
2

<latexit sha1_base64="SMzFAf84wCVBlZ+iBsQQGwyUgQ8=">AAACC3icdVBNSwMxEM36bf2qevQSLIKnsq3F1oMgePEiqFgttGXJptM2NMkuyaxYlt69+Fe8eFDEq3/Am//G9ENQ0QdhHu/NMJkXxlJY9P0Pb2p6ZnZufmExs7S8srqWXd+4slFiOFR5JCNTC5kFKTRUUaCEWmyAqVDCddg7HvrXN2CsiPQl9mNoKtbRoi04QycF2e0Gwi2mLcABPQ0aOqGHVI2qClJXgotBkM35+eJBxd+r0DEplb9IkRby/gg5MsFZkH1vtCKeKNDIJbO2XvBjbKbMoOASBplGYiFmvMc6UHdUMwW2mY5uGdAdp7RoOzLuaaQj9ftEypS1fRW6TsWwa397Q/Evr55gu9JMhY4TBM3Hi9qJpBjRYTC0JQxwlH1HGDfC/ZXyLjOMo4sv40L4upT+T66K+cJ+vnReyh0dTOJYIFtkm+ySAimTI3JCzkiVcHJHHsgTefbuvUfvxXsdt055k5lN8gPe2ycPbZsR</latexit>

detM⌫ = m⌫m⌫R

Seesaw

<latexit sha1_base64="VgkQTIbyt6zPgKWJB3uE+LiGBOc="></latexit>

Lmass = mD⌫R⌫L +
1

2
m⌫R⌫R⌫R + h.c.

<latexit sha1_base64="h5GHvuompbzqw/u7AyhdNqgFxUQ="></latexit>

trM⌫ = m⌫ +mN ' m⌫R

<latexit sha1_base64="Q3H8NnjTmB2JJjT34IPy0Y/yK4E=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2AR3FhmSlE3QkUXLqvYC3TqkEkzbWiSGZKMUIYBV258FTcuFHHrG7jzbUwvC209EPLz/+eQnC+IGVXacb6t3MLi0vJKfrWwtr6xuWVv7zRUlEhM6jhikWwFSBFGBalrqhlpxZIgHjDSDAYXo7x5T6SikbjVw5h0OOoJGlKMtLF8G3LfEwk8g0deKBFOuX95V87MlRrbv8ky3y46JWdccF64U1EE06r59pfXjXDCidCYIaXarhPrToqkppiRrOAlisQID1CPtI0UiBPVScebZPDAOF0YRtIcoeHY/T2RIq7UkAemkyPdV7PZyPwvayc6PO2kVMSJJgJPHgoTBnUER1hgl0qCNRsagbCk5q8Q95Ehog28goHgzq48LxrlkntcqlxXitXzhwmOPNgD++AQuOAEVMEVqIE6wOARPINX8GY9WS/Wu/Uxac1ZU4S74E9Znz8XeJpk</latexit>

m⌫ = � m2
D

m⌫R

Mixing
<latexit sha1_base64="6HHgkOEPHqLeQ7bLbl+9GHQ/Y+I="></latexit>

✓⌫⌫R ' mD

m⌫R

⇠
r

m⌫

m⌫R

Masses



Testing seesaw or neutrino mass origin

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="azW+IXeLzM6ZkDQgob4SDQJX1to=">AAAB3HicZZDLSgMxFIbPeK31VnXpJlgEF7XMSFGXFTcuK9gLtNOSyWTa2MyF5IxQhoILdyK4EvRtfAzfxvSy0PaHwMef5JzzHy+RQqNt/1grq2vrG5u5rfz2zu7efuHgsKHjVDFeZ7GMVcujmksR8ToKlLyVKE5DT/KmN7yd3DefuNIijh5wlHA3pP1IBIJRNFajgzTtnvcKRbtsT0WWwZlDEeaq9QrfHT9macgjZJJq3XbsBN2MKhRM8nG+k2qeUDakfd42GNGQazebTjsmp8bxSRArcyIkU/fvj4yGWo9Cr0QMhBQHJaJNkwH3FwpjcO1mIkpS5BGb1Q1SSTAmk6TEF4ozlCMDlClhRiNsQBVlaPaRN5mdxYTL0LgoO5flyn2lWL15nqXPwTGcwBk4cAVVuIMa1IHBI7zDJ3xZXevFerXeZk9XrPnGjuCfrI9fuZCISg==</latexit>

⌧�

<latexit sha1_base64="5XRbBOwAOyaG8coXJ1ejhMer0M4=">AAAB3HicZZDLSgMxFIYzXmu9VV26CRZBsJQZKeqy4sZlBXuBdloymTNtbOZCckYoQ8GFOxFcCfo2PoZvY3pZaPtD4ONPcs75j5dIodG2f6yV1bX1jc3cVn57Z3dvv3Bw2NBxqjjUeSxj1fKYBikiqKNACa1EAQs9CU1veDu5bz6B0iKOHnCUgBuyfiQCwRkaq9FBlnbPe4WiXbanosvgzKFI5qr1Ct8dP+ZpCBFyybRuO3aCbsYUCi5hnO+kGhLGh6wPbYMRC0G72XTaMT01jk+DWJkTIZ26f39kLNR6FHolaiBkOChRbZoMwF8ojMG1m4koSREiPqsbpJJiTCdJqS8UcJQjA4wrYUajfMAU42j2kTeZncWEy9C4KDuX5cp9pVi9eZ6lz5FjckLOiEOuSJXckRqpE04eyTv5JF9W13qxXq232dMVa76xI/JP1scvtqqISA==</latexit>

⌧+

<latexit sha1_base64="IED8JLEQMLAPGKRf8Fb9piA0B0o="></latexit>

�h!`+`� =
mhg2

32⇡

✓
m⌧

MW

◆2

Dirac fermions only have one source of mass
<latexit sha1_base64="yN8UytdoNuvW6FBJ2mwzn813oz8=">AAAB+XicZZDLSgMxGIUz9VbrbdSlm2gRXJQyU4q6ESpuXFawF+iUkkkzbWgyMyb/FMpQcOdzuBPBlaBrH8O3Me10ofVA4OMk+ZNz/FhwDY7zbeVWVtfWN/Kbha3tnd09e/+gqaNEUdagkYhU2yeaCR6yBnAQrB0rRqQvWMsf3cz2W2OmNI/Ce5jErCvJIOQBpwSM1bOPZc8DkuArPMnACxSh6XiaevpBAa5Me3bRKTtz4f/gLqCIFqr37C+vH9FEshCoIFp3XCeGbkoUcCrYtOAlmsWEjsiAdQyGRDLdTedRpvjUOH0cRMqsEPDc/X0jJVLrifRL2IAkMCxhbR4Zsv7SYAguuykP4wRYSLO5QSIwRHhWA+5zxSiIiQFCFTdfw3RITHQwZRVMZnc54X9oVsruebl6Vy3Wrh+z9Hl0hE7QGXLRBaqhW1RHDUTRE3pDH+jTSq1n68V6zY7mrEVjh+iPrPcfmx2Tuw==</latexit>

m⌧ = y⌧
vp
2

Seesaw
<latexit sha1_base64="RFXez6V36QbD6B2ITwUvJ/uPWRA=">AAACBnicbVDLSgMxFL3js9bXqEsRgkVwY5mRom6Eii7cFKr0BW0dMmnahmYyQ5IRylAQ3Pgrblwo4tZvcOffmD4W2nog4dxzbsi9x484U9pxvq25+YXFpeXUSnp1bX1j097arqgwloSWSchDWfOxopwJWtZMc1qLJMWBz2nV710O/eo9lYqFoqT7EW0GuCNYmxGsjeTZewWvIWJ0jo5Qwbu6K5k7MYJ3OxjWnp1xss4IaJa4E5KBCYqe/dVohSQOqNCEY6XqrhPpZoKlZoTTQboRKxph0sMdWjdU4ICqZjJaY4AOjNJC7VCaIzQaqb9fJDhQqh/4pjPAuqumvaH4n1ePdfusmTARxZoKMv6oHXOkQzTMBLWYpETzviGYSGZmRaSLJSbaJJc2IbjTK8+SynHWPcnmbnKZ/MXDOI4U7MI+HIILp5CHayhCGQg8wjO8wpv1ZL1Y79bHuHXOmkS4A39gff4AJ6GXcA==</latexit>

M⌫ = �MT
DM⌫RMD

<latexit sha1_base64="B4UNM7lHFkN6Rcys3twd+cEnpc4="></latexit>

M⌫ ' �M
T
DM⌫RMD

= �
⇣
m

�1/2
s MD

⌘T ⇣
m

�1/2
s MD

⌘

= �SO
T
OS = �S

2

<latexit sha1_base64="t+s+QxYqgmtdqSCboDOxVzIX65U=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAILsqQsUXbRaHgxl0rvUI7lkyatqGZC0lGKEOXbnwVNy4UcesjuPNtTNsRVPSHwJf/nENyfjfkTCqEPoyl5ZXVtfXURnpza3tn19zbb8ogEoQ2SMAD0XaxpJz5tKGY4rQdCoo9l9OWO76c1Vu3VEgW+HU1Canj4aHPBoxgpa2eeVSCFVjLwm4W1m7qsJRwRXNF3+yemUFWrqhVgMjKI4RslADKQdtCc2VAomrPfO/2AxJ51FeEYyk7NgqVE2OhGOF0mu5GkoaYjPGQdjT62KPSieeLTOGJdvpwEAh9fAXn7veJGHtSTjxXd3pYjeTv2sz8q9aJ1KDgxMwPI0V9snhoEHGoAjhLBfaZoETxiQZMBNN/hWSEBSZKZ5fWIXxtCv+H5plln1v563ymXEziSIFDcAxOgQ0uQBlcgSpoAALuwAN4As/GvfFovBivi9YlI5k5AD9kvH0CVD+VFg==</latexit>

= OS, S
T = S, O

T
O = 1

<latexit sha1_base64="egrScrroMgGRsFFNx9b9GduHsis=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgasjYou1CKLhxI1S0D+iUkknTNjSTGZOMWIb5FTcuFHHrj7jzb0zbEVT0wIXDOfdy7z1+xJnSCH1YuaXlldW1/HphY3Nre8feLbZUGEtCmyTkoez4WFHOBG1qpjntRJLiwOe07U/OZ377jkrFQnGjpxHtBXgk2JARrI3Ut4vX8Awy6KlbqZPLvifitG+XkFOuGVQhcioIIRdlBJWh66A5SiBDo2+/e4OQxAEVmnCsVNdFke4lWGpGOE0LXqxohMkEj2jXUIEDqnrJ/PYUHhplAIehNCU0nKvfJxIcKDUNfNMZYD1Wv72Z+JfXjfWw2kuYiGJNBVksGsYc6hDOgoADJinRfGoIJpKZWyEZY4mJNnEVTAhfn8L/SevYcU+cylWlVK9lceTBPjgAR8AFp6AOLkADNAEB9+ABPIFnK7UerRfrddGas7KZPfAD1tsnUAOT/A==</latexit>

S = i
p

M⌫

<latexit sha1_base64="+FkmS6ajHJq7XlvyYG0pWgcxHN4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRIp6kao6MJNsaJ9QBPCZDpth04mcWYilBBw58ZfceNCEbd+gTv/xmmbhbYeuHDmnHuZe48fMSqVZX0bubn5hcWl/HJhZXVtfcPc3GrIMBaY1HHIQtHykSSMclJXVDHSigRBgc9I0x+cj/zmPRGShvxWDSPiBqjHaZdipLTkmbtV7wKeQgodeSdUEng3KbzKHlXP4XHqmUWrZI0BZ4mdkSLIUPPML6cT4jggXGGGpGzbVqTcBAlFMSNpwYkliRAeoB5pa8pRQKSbjE9J4b5WOrAbCl1cwbH6eyJBgZTDwNedAVJ9Oe2NxP+8dqy6J25CeRQrwvHko27MoArhKBfYoYJgxYaaICyo3hXiPhIIK51eQYdgT588SxqHJfuoVL4uFytnD5M48mAH7IEDYINjUAGXoAbqAINH8AxewZvxZLwY78bHpDVnZBFugz8wPn8AAkCaSA==</latexit>

MD = i
p
mSO

p
M⌫

Seesaw ambiguity



Testing type I seesaw

We can produce heavy sterile neutrinos in 

<latexit sha1_base64="Ja9SUyhoz5mbfhd3fcKJDnPBBrU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeKF48V7Ae0oWy2k3bp7ibsboQSCv4CLx4U8eof8ua/MWl70NYHA4/3ZpiZF8SCG+u6305hbX1jc6u4XdrZ3ds/KB8etUyUaIZNFolIdwJqUHCFTcutwE6skcpAYDsY3+Z++xG14ZF6sJMYfUmHioecUZtLPRSiX664VXcGskq8BanAAo1++as3iFgiUVkmqDFdz42tn1JtORM4LfUSgzFlYzrEbkYVlWj8dHbrlJxlyoCEkc5KWTJTf0+kVBozkUHWKakdmWUvF//zuokNr/2UqzixqNh8UZgIYiOSP04GXCOzYpIRyjTPbiVsRDVlNounlIXgLb+8SloXVe+yWruvVeo3T/M4inACp3AOHlxBHe6gAU1gMIJneIU3RzovzrvzMW8tOIsIj+EPnM8fNgeOww==</latexit>

`

<latexit sha1_base64="Qh2RfOhljZMxcsgeKIK/Go9m8A0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPFi8cqpi20oWy2k3bpZhN2N0IJBf+BFw+KePUHefPfuP04aOuDgcd7M8zMC1PBtXHdb6ewsrq2vlHcLG1t7+zulfcPGjrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHNxO/+YhK80Q+mFGKQUz7kkecUWMlvyOz7n23XHGr7hRkmXhzUoE56t3yV6eXsCxGaZigWrc9NzVBTpXhTOC41Mk0ppQNaR/blkoaow7y6bFjcmKVHokSZUsaMlV/T+Q01noUh7YzpmagF72J+J/Xzkx0FeRcpplByWaLokwQk5DJ56THFTIjRpZQpri9lbABVZQZm0/JhuAtvrxMGmdV76J6fndeqV0/zeIowhEcwyl4cAk1uIU6+MCAwzO8wpsjnRfn3fmYtRaceYSH8AfO5w/gho8k</latexit>⌫R

<latexit sha1_base64="a28nVJNZK3cBdM0Zv/yQkBMxSK4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXExjIB8wHJEfY2c8mavb1jd08IR8DexkIRW3+Snf/GzUehiQ8GHu/NMDMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+W9GSfoR3QgecgZNVaqt3rFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ/NDp2QM6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO97E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbAo2BG/55VXSvCh7l+VKvVKq3jzN48jDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzse8NecsIjyGP3A+fwDc1o1j</latexit>

W
<latexit sha1_base64="wMghd97tzZ7t3FABoZTEzeJaD4o=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJiY5mA+cDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5qPQxAcDj/dmmJkXJIJr47rfTm5ldW19I79Z2Nre2d0r7h80dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8mfjNR1Sax/LOjBL0I9qXPOSMGivV7rvFklt2pyDLxJuTEsxR7Ra/Or2YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2BG/x5WXSOCt7F+Xz2nmpcv00iyMPR3AMp+DBJVTgFqpQBwYIz/AKb86D8+K8Ox+z1pwzj/AQ/sD5/AHhYo1m</latexit>

Z

<latexit sha1_base64="Qh2RfOhljZMxcsgeKIK/Go9m8A0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPFi8cqpi20oWy2k3bpZhN2N0IJBf+BFw+KePUHefPfuP04aOuDgcd7M8zMC1PBtXHdb6ewsrq2vlHcLG1t7+zulfcPGjrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHNxO/+YhK80Q+mFGKQUz7kkecUWMlvyOz7n23XHGr7hRkmXhzUoE56t3yV6eXsCxGaZigWrc9NzVBTpXhTOC41Mk0ppQNaR/blkoaow7y6bFjcmKVHokSZUsaMlV/T+Q01noUh7YzpmagF72J+J/Xzkx0FeRcpplByWaLokwQk5DJ56THFTIjRpZQpri9lbABVZQZm0/JhuAtvrxMGmdV76J6fndeqV0/zeIowhEcwyl4cAk1uIU6+MCAwzO8wpsjnRfn3fmYtRaceYSH8AfO5w/gho8k</latexit>⌫R

<latexit sha1_base64="EVckQ6bMSRicbcp7pnyU3chD4po=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4jXjxGNA9IljA7mU2GzM4uM71CWAL+gBcPinj1i7z5N04eB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBStdN9Vaa9YcsvuDGSVeAtSggXqveJXtx+zNOIKmaTGdDw3QT+jGgWTfFLopoYnlI3ogHcsVTTixs9mp07ImVX6JIy1LYVkpv6eyGhkzDgKbGdEcWiWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVy5W7Sql2/TSPIw8ncArn4MEl1OAW6tAABgN4hld4c6Tz4rw7H/PWnLOI8Bj+wPn8AYeEjl8=</latexit>⌫

<latexit sha1_base64="EVckQ6bMSRicbcp7pnyU3chD4po=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4jXjxGNA9IljA7mU2GzM4uM71CWAL+gBcPinj1i7z5N04eB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBStdN9Vaa9YcsvuDGSVeAtSggXqveJXtx+zNOIKmaTGdDw3QT+jGgWTfFLopoYnlI3ogHcsVTTixs9mp07ImVX6JIy1LYVkpv6eyGhkzDgKbGdEcWiWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVy5W7Sql2/TSPIw8ncArn4MEl1OAW6tAABgN4hld4c6Tz4rw7H/PWnLOI8Bj+wPn8AYeEjl8=</latexit>⌫
<latexit sha1_base64="frWC5zJllWCNI+QTPlCMpWIcDxY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXExjIB8wHJEfY2c8mavb1jd08IR8DexkIRW3+Snf/GzUehiQ8GHu/NMDMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+W9GSfoR3QgecgZNVaqD3vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ/NDp2QM6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO97E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbAo2BG/55VXSvCh7l+VKvVKq3jzN48jDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzse8NecsIjyGP3A+fwD2mo10</latexit>

h

<latexit sha1_base64="Qh2RfOhljZMxcsgeKIK/Go9m8A0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPFi8cqpi20oWy2k3bpZhN2N0IJBf+BFw+KePUHefPfuP04aOuDgcd7M8zMC1PBtXHdb6ewsrq2vlHcLG1t7+zulfcPGjrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHNxO/+YhK80Q+mFGKQUz7kkecUWMlvyOz7n23XHGr7hRkmXhzUoE56t3yV6eXsCxGaZigWrc9NzVBTpXhTOC41Mk0ppQNaR/blkoaow7y6bFjcmKVHokSZUsaMlV/T+Q01noUh7YzpmagF72J+J/Xzkx0FeRcpplByWaLokwQk5DJ56THFTIjRpZQpri9lbABVZQZm0/JhuAtvrxMGmdV76J6fndeqV0/zeIowhEcwyl4cAk1uIU6+MCAwzO8wpsjnRfn3fmYtRaceYSH8AfO5w/gho8k</latexit>⌫R

W decays Z decays

Higgs decays

Nuclear processes


Meson decays


LFV, EWPT

<latexit sha1_base64="1JDXpVSUJcDIrieTQXojE4bawxQ=">AAACJXicbVDLSgMxFM34rPVVdekmWARXZUZ8LUQKblxWsQ/olCGT3mmDSWaaZIQyzM+48VfcuLCI4MpfMX0stHoh3MM553JzT5hwpo3rfjoLi0vLK6uFteL6xubWdmlnt6HjVFGo05jHqhUSDZxJqBtmOLQSBUSEHJrhw/VYbz6C0iyW92aYQEeQnmQRo8RYKihd+omKExPjepD5Mg3usA+c59jXTMDAtoEymR8pQjMRWENu29SY53lQKrsVd1L4L/BmoIxmVQtKI78b01SANJQTrduem5hORpRhlENe9FMNCaEPpAdtCyURoDvZ5MocH1qmi6NY2ScNnrA/JzIitB6K0DoFMX09r43J/7R2aqKLTsZkkhqQdLooSjm2qYwjw12mgBo+tIBQxexfMe0TG4mxwRZtCN78yX9B47jinVVOb0/K1atZHAW0jw7QEfLQOaqiG1RDdUTRE3pBb2jkPDuvzrvzMbUuOLOZPfSrnK9vPbum/g==</latexit>

/ U⌫R` '
r

m⌫

m⌫R



Type II seesaw

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

A bosonic triplet

New states, new interactions. How to relate to neutrino mass and exp.?

<latexit sha1_base64="ucs9/MfoT7budUzreltTfkMouJ0="></latexit>

O
(5) = (L')(L') = (LT

Ci�2�aL)('
T i�2�a')

<latexit sha1_base64="+ZD3N5FugDAkIsNBFimTEjETZ+s=">AAAB/XicbZBLSwMxFIUz9VXra3zs3ASLUEHKTC3qsurGZQX7gM4wZNJMG5p5kNwR6lD0p7hxoYhb/4c7/43pY6HVA4GPc27IzfETwRVY1peRW1hcWl7JrxbW1jc2t8ztnaaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/uBqnLfumFQ8jm5hmDA3JL2IB5wS0JZn7jmCBVA6OcYV7Eje68ORd+mZRatsTYT/gj2DIpqp7pmfTjemacgioIIo1bGtBNyMSOBUsFHBSRVLCB2QHutojEjIlJtNth/hQ+10cRBLfSLAE/fnjYyESg1DX0+GBPpqPhub/2WdFIJzN+NRkgKL6PShIBUYYjyuAne5ZBTEUAOhkutdMe0TSSjowgq6BHv+y3+hWSnbp+XqTbVYu3ic1pFH++gAlZCNzlANXaM6aiCK7tETekGvxoPxbLwZ79PRnDGrcBf9kvHxDUsblD8=</latexit>

(3, 2)B
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a
<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="ZlFYQujMY8uYk5k4k8xXXpDP7aY=">AAACCHicbZA7SwNBFIVnfcb4WrW0cDAIChJ2NaiNEB+FhYWCMYFsWGYnd5PB2Qczd4UQAjY2/hUbC0Vs/Ql2/hsnj8LXgYGPc+4wc0+QSqHRcT6tsfGJyanp3Ex+dm5+YdFeWr7WSaY4VHgiE1ULmAYpYqigQAm1VAGLAgnV4Oakn1dvQWmRxFfYSaERsVYsQsEZGsu317xTkMj8c3pIPQkhbu5u0x3qKdFq45Z/7NsFp+gMRP+CO4ICGenCtz+8ZsKzCGLkkmldd50UG12mUHAJvbyXaUgZv2EtqBuMWQS60R0s0qMbxmnSMFHmxEgH7vcbXRZp3YkCMxkxbOvfWd/8L6tnGB40uiJOM4SYDx8KM0kxof1WaFMo4Cg7BhhXwvyV8jZTjKPpLm9KcH+v/Beud4ruXrF0WSqUj+6GdeTIKlknm8Ql+6RMzsgFqRBO7skjeSYv1oP1ZL1ab8PRMWtU4Qr5Iev9C2+XmBs=</latexit>

�L = (3, 2)B

<latexit sha1_base64="AwWXH+U5wr0HZOx+H/cx7lRsKc0=">AAACDHicZZDLSgMxFIYz9VbrrerSTbAIgqXMSFE3QkUXLipUtBfoDEMmPW1DMxeSjFCGgk/gA/gc7kTQjaBv4NuYXsDa/hD4+JOcc/7jRZxJZZo/RmphcWl5Jb2aWVvf2NzKbu/UZBgLClUa8lA0PCKBswCqiikOjUgA8T0Oda93ObyvP4CQLAzuVT8CxyedgLUZJUpbbrZo+0R1KeG4jM//2E3ubgb4CE879hVwRdzyALvZnFkwR8LzYE0ghyaquNkPuxXS2IdAUU6kbFpmpJyECMUoh0HGjiVEhPZIB5oaA+KDdJJRugE+0E4Lt0OhT6DwyJ3+kRBfyr7v5bGG4bx5LHWTLrRmCqv2mZOwIIoVBHRctx1zrEI83AxuMQFU8b4GQgXTo2HaJYJQpfeX0Zmt2YTzUDsuWCeF4m0xV7p4HKdPoz20jw6RhU5RCV2jCqoiip7RO/pC38aT8WK8Gm/jpyljsrFd9E/G5y+gMJoj</latexit>

L = LSM + L�L

Magg, Wetterich ’80, Schechter, Valle ’80, Cheng, Li ’80, Mohapatra, Senjanović ’81



<latexit sha1_base64="3EvLxChj8qzW2h2JUqzRazjeeAs="></latexit>

L�L = |Dµ�L|2 � Y�

�
LT i�2�aCL

�
�a

L � V (�,')

Kinetic Majorana Potential

<latexit sha1_base64="dl3VvjZFAYCm3MRpx2bpYQyRYsM="></latexit>
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New states = new seesaw particles

<latexit sha1_base64="DjVO1rz0boDQ1kdKp7OHSlhoKVY="></latexit>
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<latexit sha1_base64="hwSI/1jL9YpljSYM33mpgdBoxqU="></latexit>

M⌫ =
p
2Y�v� = V ⇤

Lm⌫V
†
L

Unambiguous relation to neutrino oscillations



Testing type II seesaw

We can produce triplet components via gauge and Higgs 

<latexit sha1_base64="a28nVJNZK3cBdM0Zv/yQkBMxSK4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXExjIB8wHJEfY2c8mavb1jd08IR8DexkIRW3+Snf/GzUehiQ8GHu/NMDMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+W9GSfoR3QgecgZNVaqt3rFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ/NDp2QM6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO97E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbAo2BG/55VXSvCh7l+VKvVKq3jzN48jDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzse8NecsIjyGP3A+fwDc1o1j</latexit>

W
<latexit sha1_base64="wMghd97tzZ7t3FABoZTEzeJaD4o=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJiY5mA+cDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5qPQxAcDj/dmmJkXJIJr47rfTm5ldW19I79Z2Nre2d0r7h80dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8mfjNR1Sax/LOjBL0I9qXPOSMGivV7rvFklt2pyDLxJuTEsxR7Ra/Or2YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2BG/x5WXSOCt7F+Xz2nmpcv00iyMPR3AMp+DBJVTgFqpQBwYIz/AKb86D8+K8Ox+z1pwzj/AQ/sD5/AHhYo1m</latexit>

Z

<latexit sha1_base64="frWC5zJllWCNI+QTPlCMpWIcDxY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXExjIB8wHJEfY2c8mavb1jd08IR8DexkIRW3+Snf/GzUehiQ8GHu/NMDMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+W9GSfoR3QgecgZNVaqD3vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ/NDp2QM6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO97E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbAo2BG/55VXSvCh7l+VKvVKq3jzN48jDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzse8NecsIjyGP3A+fwD2mo10</latexit>

h

W associated production Z pair-production

Higgs pair-production

Meson decays


LFV, rare muon decays


EWPT,
<latexit sha1_base64="4IKa9WC+Xp20HkyUBjpueotjot8=">AAAB9XicZZDdSsMwGIbT+TfnX9VDEYJD8GCMVoZ6OPHEwwnuB9cy0jRdw5K0JKkyykDwOjwTwSNBr8DL8G7Mth7o/CDk4U2+L3nfIGVUacf5tkpLyyura+X1ysbm1vaOvbvXUUkmMWnjhCWyFyBFGBWkralmpJdKgnjASDcYXU3Pu/dEKpqIWz1Oic/RUNCIYqSNNLAPY+jpBHpDxDkqthq8K2hgV526Myv4H9wCqqCo1sD+8sIEZ5wIjRlSqu86qfZzJDXFjEwqXqZIivAIDUnfoECcKD+f2ZjAY6OEMEqkWULDmfq7I0dcqTEPatAARzquQWUeiUm4MFhHF35ORZppIvB8bpQxaHxOI4AhlQRrNjaAsKTmaxDHSCKsTVAV49lddPgfOqd196zeuGlUm5ePc/dlcACOwAlwwTlogmvQAm2AwRN4Ax/g03qwnq0X63V+tWQVie2DP2W9/wA4spEa</latexit>

h ! ��, Z�

<latexit sha1_base64="s1tDVMkh1Z1nsYODBi5pDD5nIO4=">AAAB8HicZZDLSgMxFIYz9VbrbdSN4CZYBKGlzEhRlxVduKxgL9AZSyZzpg3NXEgyQhkqPoY7EVwJ+g4+hm9j2ulC608CX/4kJ/mPl3AmlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryzgVFFo05rHoekQCZxG0FFMcuokAEnocOt7oarrfeQAhWRzdqXECbkgGEQsYJUpbffPAuQauyH1WqUyq2NEjX1f6ZtmqWTPh/2DPoYzmavbNL8ePaRpCpCgnUvZsK1FuRoRilMOk5KQSEkJHZAA9jREJQbrZLMEEH2vHx0Es9IwUnrm/b2QklHIcelWsISRqWMVSPzIEf6GwCi7cjEVJqiCied0g5VjFeJoe+0wAVXysgVDB9NcwHRJBqNI9KunM9mLC/9A+rdlntfptvdy4fMrTF9EhOkInyEbnqIFuUBO1EEWP6A19oE9DGM/Gi/GaHy0Y847toz8y3n8AHUCOsw==</latexit>

�++, �+

<latexit sha1_base64="F6T/mdaQhLBfNsT112NMXckf41Q=">AAAB7XicZZDLSgMxFIYzXmu9jYorN8EiuKhlRoq6rOjCZQV7gc5YMpnTNjQzGZKMUIaCL+FOBFeCPoWP4duYdrrQ9pDAlz8nJ+c/QcKZ0o7zYy0tr6yurRc2iptb2zu79t5+U4lUUmhQwYVsB0QBZzE0NNMc2okEEgUcWsHwZnLfegKpmIgf9CgBPyL9mPUYJdpIXfvQuwWuyeNZGXtm5Qena5ecijMNvAjuDEpoFvWu/e2FgqYRxJpyolTHdRLtZ0RqRjmMi16qICF0SPrQMRiTCJSfTdsf4xOjhLgnpNmxxlP174uMREqNoqCMDURED8pYmU8GEM4V1r0rP2NxkmqIaV63l3KsBZ5YxyGTQDUfGSBUMtMapgMiCdVmQEXj2Z13uAjN84p7UaneV0u16+fcfQEdoWN0ilx0iWroDtVRA1GUoXf0ib4sYb1Yr9ZbnrpkzSZ2gP6F9fEL+aCNeQ==</latexit>

��, �0

<latexit sha1_base64="FsXyyziKNsJrLPlf7cBbMqy6mSQ=">AAAB/XicZVDLSgMxFM3UV62vUZdugqUgtJQZKeqyoguXFewDOmPJZG7b0MyDJCOUoeje73AngitBV36Gf2Pa6aLWQwLnntzc5Bwv5kwqy/oxciura+sb+c3C1vbO7p65f9CSUSIoNGnEI9HxiATOQmgqpjh0YgEk8Di0vdHV9Lz9AEKyKLxT4xjcgAxC1meUKC31zJJzDVyR+7RcnlSwo1dWlxcLq2cWrao1A/5P7DkpojkaPfPb8SOaBBAqyomUXduKlZsSoRjlMCk4iYSY0BEZQFfTkAQg3XRmZ4JLWvFxPxJ6hwrP1MUbKQmkHAdeBWsSEDWsYKkfGYK/NFj1L9yUhXGiIKTZ3H7CsYrwNArsMwFU8bEmhAqmv4bpkAhClQ6soD3byw7/k9Zp1T6r1m5rxfrlU+Y+j47QMTpBNjpHdXSDGqiJKHpG7+gTfRmPxovxarxlrTljntgh+gPj4xfzw5L9</latexit>

�++, �+, �0

<latexit sha1_base64="Vq0D2C1zxRDpMcPDTZ6RgPIwKqc=">AAAB/XicZVDLSgMxFM3UV62vUZdugqXgoi0zUtRlRRcuK9gHdMaSydy2oZkHSUYoQ9G93+FOBFeCrvwM/8a000WthwTOPbm5yTlezJlUlvVj5FZW19Y38puFre2d3T1z/6Alo0RQaNKIR6LjEQmchdBUTHHoxAJI4HFoe6Or6Xn7AYRkUXinxjG4ARmErM8oUVrqmSXnGrgi92mlMiljR6+sriwWVs8sWlVrBvyf2HNSRHM0eua340c0CSBUlBMpu7YVKzclQjHKYVJwEgkxoSMygK6mIQlAuunMzgSXtOLjfiT0DhWeqYs3UhJIOQ68MtYkIGpYxlI/MgR/abDqX7gpC+NEQUizuf2EYxXhaRTYZwKo4mNNCBVMfw3TIRGEKh1YQXu2lx3+J63Tqn1Wrd3WivXLp8x9Hh2hY3SCbHSO6ugGNVATUfSM3tEn+jIejRfj1XjLWnPGPLFD9AfGxy/8/ZMD</latexit>

���, ��, �0



Type III seesaw

A fermionic triplet

Yukawa sector similar to type I; more states and gauge interactions.

<latexit sha1_base64="6+ivhLhEjVHhh/oBdYt+yHCYeHY="></latexit>

O
(5) = (L')(L') = (LT i�2�a')C('

T i�2�aL)

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a
<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="bevFFC9du7OpLjVDxybwIPIOJMw=">AAACAXicbZBLSwMxFIUz9VXra9SN4CZYhApSZrSoG6EiiMsKfUFnKJk004ZmHiR3hDJUBP+KGxeKuPVfuPPfmD4W2nog8HHODck9Xiy4Asv6NjILi0vLK9nV3Nr6xuaWub1TV1EiKavRSESy6RHFBA9ZDTgI1owlI4EnWMPrX4/yxj2TikdhFQYxcwPSDbnPKQFttc29Kr7EjmA+FE6PsYUdybs9OGrftM28VbTGwvNgTyGPpqq0zS+nE9EkYCFQQZRq2VYMbkokcCrYMOckisWE9kmXtTSGJGDKTccbDPGhdjrYj6Q+IeCx+/tGSgKlBoGnJwMCPTWbjcz/slYC/oWb8jBOgIV08pCfCAwRHtWBO1wyCmKggVDJ9V8x7RFJKOjScroEe3bleaifFO2zYumulC9fPU7qyKJ9dIAKyEbnqIxuUQXVEEUP6Bm9ojfjyXgx3o2PyWjGmFa4i/7I+PwBMW6VOg==</latexit>

T = (3, 0)F

<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="1BO8Oa4Cfic31LzEb3FQTZNJINs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8RLx4j5gXJEmYnvcmQ2dllZlYIS8Af8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekSleSzrZpygH9GB5CFn1Fjpod6jvWLJLbszkFXiLUgJFqj1il/dfszSCKVhgmrd8dzE+BlVhjOBk0I31ZhQNqID7FgqaYTaz2anTsiZVfokjJUtachM/T2R0UjrcRTYzoiaoV72puJ/Xic14bWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6BRuCt/zyKmlelL3LcuW+UqrePM3jyMMJnMI5eHAFVbiDGjSAwQCe4RXeHOG8OO/Ox7w15ywiPIY/cD5/AEY5jjQ=</latexit>

Ta

<latexit sha1_base64="dYosMlMWYPDviT11+DuBpM9Xbvs=">AAAB3nicdZDLSgMxGIUzXmu9VV26CRbBRRky0tZ2V3DjsoK9QDvUTCbThiaZIckIZejWnQiuBH0ZH8O3MW1HUMEDgY+T/JeTIOFMG4Q+nbX1jc2t7cJOcXdv/+CwdHTc1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+YXi/uew9UaRbLOzNLqC/wWLKIEWys1R9qNhZ4hEelMnJrTasGRG4dIeTVckA16LloqTLI1R6VPoZhTFJBpSEcaz3wUGL8DCvDCKfz4jDVNMFkisd0YFFiQbWfLfedw3PrhDCKlT3SwKX7syLDQuuZCCrQgsBmUoHaDpnQ8E9jEzX8jMkkNVSSVd8o5dDEcJEVhkxRYvjMAiaK2dUgmWCFibE/UrSZv4PB/6F76Xp1t3pbLbeaefoCOAVn4AJ44Aq0wA1ogw4ggIMX8AbenXvn0XlynldP15y85gT8kvP6BbI0iRo=</latexit>�a

<latexit sha1_base64="hAJtpidgNTRMwqzH3Ca/78MEcBA=">AAACCXicZZDLSgMxFIYz9V5voy7dBIsgWMqMiLoRFDcuFCq2KnRKyaSnbTBzITkjlmHAvQ/gc7gTwYUI+gy+jekF1PaHwMd/kpPzHz+WQqPjfFu5icmp6ZnZufz8wuLSsr2yeqWjRHGo8khG6sZnGqQIoYoCJdzECljgS7j2b0969es7UFpEYQW7MdQD1g5FS3CGxmrYrhcw7HAm6Rk9/OVG6iHcY3p5nmV0m/4pVBp2wSk5fdFxcIdQIEOVG/a714x4EkCIXDKta64TYz1lCgWXkOW9REPM+C1rQ81gyALQ9bQfLaObxmnSVqTMCZH23b8vUhZo3Q38IjXQm7JItfmkA82Rxtg6qKcijBOEkA/6thJJMaK9tdCmUMBRdg0wroQZjfIOU4yjWV7eZHZHE47D1U7J3SvtXuwWjo4fBulnyTrZIFvEJfvkiJySMqkSTp7IG/kkX9aj9Wy9WK+DqzlruLE18k/Wxw8oCplp</latexit>

L = LSM + LT



New states = new seesaw particles

Kinetic MajoranaDirac

<latexit sha1_base64="VY55WcBeqYXANKnN9ktgVsT3F3c=">AAAB9nicZZDNSgMxFIUz/tb6V3UpSLAICqXMSFGXihuXFVoVOm3JZO50QjOZIbkjliK48DncieBK0BfwMXwbY9uF2gOBj5PkJucEmRQGXffLmZmdm19YLCwVl1dW19ZLG5tXJs01hyZPZapvAmZACgVNFCjhJtPAkkDCddA//9m/vgVtRKoaOMignbCeEpHgDK3VLe00qC8U9SVEuN/o+FlSoY2OS30tejEedEtlt+qORKfBm0CZTFTvlj79MOV5Agq5ZMa0PDfD9pBpFFzCfdHPDWSM91kPWhYVS8C0h6Mc93TPOiGNUm2XQjpyf98YssSYQRJUqIWEYVyhxj4SQ/hvMEYn7aFQWY6g+HhulEuKKf3pgIZCA0c5sMC4FvZrlMdMM462qaLN7P1POA1Xh1XvqFq7rJVPzx7G6Qtkm+ySfeKRY3JKLkidNAknj+SVvJMP5855cp6dl/HRGWfS2Bb5I+ftGz7ikQw=</latexit>

T 2
�
T±, T 0

�

<latexit sha1_base64="n2NpIFLEOciZJlrZvRdo/igLXZI="></latexit>

LT = T /DT � yT
�
LT i�2�a'

�
Ta �

mT

2
TT
a CTa

Connection to neutrino masses

<latexit sha1_base64="i3cVXUbUp6C6CkAi49HBBUENPMk=">AAAB83icZZBNS8MwHMbT+TbnW9XjLsEheBijHUO9CBM9eJywN1hLSdN0C0vamqSDUgb6ObyJ4EnQj+DH8NuYvRx0PhD48ST5J8/jJ4xKZVnfRmFtfWNzq7hd2tnd2z8wD4+6Mk4FJh0cs1j0fSQJoxHpKKoY6SeCIO4z0vPHN7P93oQISeOorbKEuBwNIxpSjJS2PLPMvVt4BTOvDZ1QIJxPprkjH4SC9alnVqyaNRf8D/YSKmCplmd+OUGMU04ihRmScmBbiXJzJBTFjExLTipJgvAYDclAY4Q4kW4+DzGFp9oJYBgLvSIF5+7vGzniUmbcr0INHKlRFUr9yIgEK4NVeOnmNEpSRSK8mBumDKoYzgqAARUEK5ZpQFhQ/TWIR0hHV7qmks5sryb8D916zT6vNe4bleb14yJ9EZTBCTgDNrgATXAHWqADMHgCb+ADfBqp8Wy8GK+LowVj2dgx+CPj/QeFjZDL</latexit>

mD = yT
vp
2

Seesaw ambiguity
<latexit sha1_base64="M6ArH12auZp6LwnL80LQ6BQBaxI=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRIp6kao6MJNsUJf0IQwmU7boZNJnJkIJQTcufFX3LhQxK1f4M6/cdpmoa0HLpw5517m3uNHjEplWd9GbmFxaXklv1pYW9/Y3DK3d5oyjAUmDRyyULR9JAmjnDQUVYy0I0FQ4DPS8oeXY791T4SkIa+rUUTcAPU57VGMlJY8c7/qXcFzSKEj74RKAq+ewpvsUfUcHqeeWbRK1gRwntgZKYIMNc/8crohjgPCFWZIyo5tRcpNkFAUM5IWnFiSCOEh6pOOphwFRLrJ5JQUHmqlC3uh0MUVnKi/JxIUSDkKfN0ZIDWQs95Y/M/rxKp35iaUR7EiHE8/6sUMqhCOc4FdKghWbKQJwoLqXSEeIIGw0ukVdAj27MnzpHlcsk9K5dtysXLxMI0jD/bAATgCNjgFFXANaqABMHgEz+AVvBlPxovxbnxMW3NGFuEu+APj8wcD1JpJ</latexit>

MD = i
p
mTO

p
M⌫

This is the same as for type I seesaw, what is new are gauge interactions.

<latexit sha1_base64="X2+uaH4D9rZ2/ytZSKlcl7KH+6s="></latexit>

M⌫ =

✓
0 mD

mD mT

◆



Phenomenology



type I

seesaw



<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="/uQJW4GPYvrGZ5ZpmSfQU64xbKw=">AAAB23icZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcVpC+1QMpnTNjSTGZKMUEpBcCeCK0Efx8fwbUwvC21/CHz8Sc45/wlTwbVx3R8nt7a+sbmV3y7s7O7tHxQPjxo6yRRDnyUiUa2QahRcom+4EdhKFdI4FNgMh7fT++YTKs0T+WhGKQYx7Uve44waa/kdmXUfusWSW3FnIqvgLaAEC9W7xe9OlLAsRmmYoFq3PTc1wZgqw5nASaGTaUwpG9I+ti1KGqMOxrNhJ+TMOhHpJcoeacjM/ftjTGOtR3FYJhZiagZlom2TAUZLhU3vOhhzmWYGJZvX7WWCmIRMg5KIK2RGjCxQprgdjbABVZQZu46CzewtJ1yFxkXFu6xU76ul2s3zPH0eTuAUzsGDK6jBHdTBBwYc3uETvpzAeXFenbf505yz2Ngx/JPz8Qs0fof/</latexit>⌫R

ATLAS 1905.09787

Missing energy

Leptonic final states

Approx. Mass 
reconstruction

Flavor of leptons gives 
info on Dirac couplings

Type I seesaw



<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="/uQJW4GPYvrGZ5ZpmSfQU64xbKw=">AAAB23icZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcVpC+1QMpnTNjSTGZKMUEpBcCeCK0Efx8fwbUwvC21/CHz8Sc45/wlTwbVx3R8nt7a+sbmV3y7s7O7tHxQPjxo6yRRDnyUiUa2QahRcom+4EdhKFdI4FNgMh7fT++YTKs0T+WhGKQYx7Uve44waa/kdmXUfusWSW3FnIqvgLaAEC9W7xe9OlLAsRmmYoFq3PTc1wZgqw5nASaGTaUwpG9I+ti1KGqMOxrNhJ+TMOhHpJcoeacjM/ftjTGOtR3FYJhZiagZlom2TAUZLhU3vOhhzmWYGJZvX7WWCmIRMg5KIK2RGjCxQprgdjbABVZQZu46CzewtJ1yFxkXFu6xU76ul2s3zPH0eTuAUzsGDK6jBHdTBBwYc3uETvpzAeXFenbf505yz2Ngx/JPz8Qs0fof/</latexit>⌫R

ATLAS 2204.11988

Weak mixing also leads to displaced signatures

Backgrounds dibosons, jet fakes, secondary photoproduction

Type I seesaw



<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL
<latexit sha1_base64="q+Aykf6iItJwFxfGYOdMLuqhtXI=">AAAB2XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhx0UVFe4F2KJnMmTY0cyHJCGUo6E4EV4I+j4/h25heFtr+EPj4k5xz/uMlgitt2z9Wbm19Y3Mrv13Y2d3bPygeHrVUnEqGTRaLWHY8qlDwCJuaa4GdRCINPYFtb3Q7vW8/oVQ8jh71OEE3pIOIB5xRbayHer/eL5bsij0TWQVnASVYqNEvfvf8mKUhRpoJqlTXsRPtZlRqzgROCr1UYULZiA6wazCiISo3m406IWfG8UkQS3MiTWbu3x8ZDZUah16ZGAipHpaJMk2G6C8V1sG1m/EoSTVGbF43SAXRMZnGJD6XyLQYG6BMcjMaYUMqKdNmGQWT2VlOuAqti4pzWaneV0u1m+d5+jycwCmcgwNXUIM7aEATGAzgHT7hy+paL9ar9TZ/mrMWGzuGf7I+fgF+yYby</latexit>

LL

<latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>' <latexit sha1_base64="bL/bpI3zhTyss6ZCJa/of36VJGw=">AAAB3XicZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcFeoB1KJnOmE5q5kGQKZSi4cSeCK0GfxsfwbUwvC21/CHz8Sc45//FSwZW27R+rsLG5tb1T3C3t7R8cHpWPT9oqySTDFktEIrseVSh4jC3NtcBuKpFGnsCON7qf3XfGKBVP4ic9SdGN6DDmAWdUG6vTH1OZhnxQrtg1ey6yDs4SKrBUc1D+7vsJyyKMNRNUqZ5jp9rNqdScCZyW+pnClLIRHWLPYEwjVG4+H3dKLozjkyCR5sSazN2/P3IaKTWJvCoxEFEdVokyTUL0Vwrr4NbNeZxmGmO2qBtkguiEzKISn0tkWkwMUCa5GY2wkErKtFlIyWR2VhOuQ/uq5lzX6o/1SuPueZG+CGdwDpfgwA004AGa0AIGI3iHT/iyBtaL9Wq9LZ4WrOXGTuGfrI9f51yJCQ==</latexit>'

<latexit sha1_base64="/uQJW4GPYvrGZ5ZpmSfQU64xbKw=">AAAB23icZZDLSgMxFIbP1Futt6pLN8EiuChlRoq6rLhxWcVpC+1QMpnTNjSTGZKMUEpBcCeCK0Efx8fwbUwvC21/CHz8Sc45/wlTwbVx3R8nt7a+sbmV3y7s7O7tHxQPjxo6yRRDnyUiUa2QahRcom+4EdhKFdI4FNgMh7fT++YTKs0T+WhGKQYx7Uve44waa/kdmXUfusWSW3FnIqvgLaAEC9W7xe9OlLAsRmmYoFq3PTc1wZgqw5nASaGTaUwpG9I+ti1KGqMOxrNhJ+TMOhHpJcoeacjM/ftjTGOtR3FYJhZiagZlom2TAUZLhU3vOhhzmWYGJZvX7WWCmIRMg5KIK2RGjCxQprgdjbABVZQZu46CzewtJ1yFxkXFu6xU76ul2s3zPH0eTuAUzsGDK6jBHdTBBwYc3uETvpzAeXFenbf505yz2Ngx/JPz8Qs0fof/</latexit>⌫R

CMS 2201.05578

Leptonic final states

Type I seesaw



Bolton, Deppisch, Dev 2206.01140A host of other constraintsType I seesaw



type II

seesaw



tests at the LHC LHC searches still incomplete


- mass splittings

- gauge boson final states

simple(st), one representation only

possible remnant of

SO(10)

SU(5)

Left-Right

15H

126H

�L(3, 1, 2)

open issues?

Type II seesaw

Cheng, Li ’80 

Magg, Wetterich ’80

Lazarides, Shafi, Wetterich ’81

Glashow ’79, ...

Mohapatra, Senjanović ’81
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decays to g.b.s

neutrino mass


decays to leptons
mass spectrum
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precise production studiesType II seesaw production Fuks, MN, Ruiz ’19
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Connection to flavorType II seesaw: decays Fuks, MN, Ruiz ’19

Direct probe of neutrino mass hierarchy

Sensitive to mixing angles and CP (Majorana) phases
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LFV

ρ

spectacular two same-sign di-leptons

all flavors - LFV

probes Majorana phases & hierarchy

no     and no LNV/E

� / |M⌫ |2

Chun, Lee, Park ’03 

Garayoa, Schwetz ’07


Kadastik, Raidal, Rebane ’07

Melfo, MN, Nesti, 
Senjanović, Zhang ’11

Type II seesaw: decays

Phase space
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Type II seesaw: decays
~soft jets/leptons

missing energy - large bckg

bounds strengthen/weaken
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soft Ws, bcgk

some sensitivity

Type II seesaw: decays
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Type II seesaw: LHC roadmap
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Han, Ding, Liao 1502.05242, 1506.08996



type III

seesaw



same logic as type I, need two reps

predicted light remnant of

SU(5) 24F

Tests at the LHC LNV @ LHC ~automatic

gauge production


mass splitting & cascades
neutrino mass


need        and      for LNVmT yT

M⌫ = �v2 yTT m�1
T yT

Foot, Lew, Joshi ’89

Type III seesaw

Bajc, Senjanović ’06

Bajc, MN, Senjanović ’07
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gauge pairs

single production suppressed

W,Z ! TT

W,Z ! `T / y2

   and       ~degenerateT± T 0 �mT ⇠ 160 MeV

mT arbitrary, from minimal SU(5) . 103.5 GeV

Type III seesaw: production Franceschini, Hambye, Strumia ’08 

Arhrib, Bajc, Ghosh, Han, Huang, Puljak, Senjanović ’09

Type III seesaw: mass spectrum
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Majorana phases and the 
hierarchy

possibly displaced even in 
minimal I+III
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cascades less important
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tri-leptons & seesaw comparisons
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Type III seesaw: decays

from Arhrib, Bajc et al. ’09

Del Aguila, Aguilar-Saavedra 0808.2468

Bajc, MN, Senjanović ’07 
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large Br, but            and LNV not obvious/E 6= 0
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Type III seesaw: decays



Type III seesaw: trileptons and dileptons+jets ATLAS 2202.02039
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direct flavor relation with neutrino mass

involved phase space, limited experimental searches

ambiguous relation to neutrino mass

simpler searches, bounds more robust

LNV ubiquitous, possibly displacement

Type III seesaw

Type II seesaw



Left-Right



weak force (a)symmetry
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K & B oscillations

MPS & 108 GeV
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mN ⇠ vR
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KL ! eµ
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The minimal Left-Right symmetric model Minkowski ’77
Mohapatra, Senjanović ’80

�L(3, 1, 2), �(2, 2, 0), �R(1, 3, 2)

<latexit sha1_base64="Bid2c06Iyz/qv2x5CXeU9mUNdmM="></latexit>

Parity / Charge

Yukawa sector

Maiezza, MN, Nesti, 
Senjanović ’10

C :

(
 L !  c

R

� ! �T

<latexit sha1_base64="uNQZKg9Tgb3qGexyzv5n+WS+CG4="></latexit>

P :

(
 L !  R

� ! �†

<latexit sha1_base64="VEnDCpFJCMtAgDrbS+1N/1ZoIEc="></latexit>

LY 3  L

⇣
Y �+ Ỹ �̃

⌘
 R + h.c.

<latexit sha1_base64="E7xyFeM9ITk6iOgwp2Q5TrC3zMQ="></latexit>

P : Y = Y † , C : Y = Y T

<latexit sha1_base64="YzZyl6Z7bagjcmnQuTq7BwQpxCE="></latexit>

quarks

h�i =
✓
v1 0
0 ei↵v2

◆

<latexit sha1_base64="8CWK4IIzpG7e1msuYCVMib2Tr8Y="></latexit>

tan� = v2/v1

<latexit sha1_base64="eHsk4h9w3eQaUuxsybWSfFXRCd8="></latexit>

C : VR = KuV
⇤
ckmKd

<latexit sha1_base64="b0QeknH9LrIalrA4g9Z8wYNMphc="></latexit>

Mu = v
⇣
Y c+ Ỹ se�i↵

⌘

Md = v
⇣
Y sei↵ + Ỹ c

⌘

<latexit sha1_base64="Is1YP11+ugNuoOveJpvDRjX5ZOs="></latexit>
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P : VR ' Vckm

<latexit sha1_base64="4P+NL5XZZdVsUi5YbYLXVnrwZeg="></latexit>

tan�

<latexit sha1_base64="pIoOuNpbvfi8EODGUYuQt5OjIvM="></latexit>

see also: Senjanović, Tello ’15, ’16

Maiezza, MN, Nesti, 
Senjanović ’10

P

<latexit sha1_base64="ydEIWTRi+KLkD/hJToHdpyw6EtE=">AAACG3icbVC7TsMwFHV4lvAqMLJYVEgMKEqqqrRbJRbGItGHlESV4zitVech20GqonwGI/AxbIiVgW9hwUkzQMuR7Ht07r3y8fESRoU0zS9tY3Nre2e3tqfvHxweHddPTociTjkmAxyzmI89JAijERlIKhkZJ5yg0GNk5M1vi/7okXBB4+hBLhLihmga0YBiJJVkOyGSM4wY7OuTesM0zBJwnVgVaYAK/Un92/FjnIYkkpghIWzLTKSbIS4pZiTXnVSQBOE5mhJb0QiFRLhZaTmHl0rxYRBzdSIJS/X3RoZCIRahpyYLi2K1V4j/9exUBh03o1GSShLh5UNByqCMYfF/6FNOsGQLRRDmVHmFeIY4wlKlpDs+CVSSpZ2MeXnGp+oyjWazfa3CaFtWUTqtXKVlrWazToZNw2oZ3ftWo9etcquBc3ABroAFbkAP3IE+GAAMYvAEXsCr9qy9ae/ax3J0Q6t2zsAfaJ8/vjCeuA==</latexit>
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Maiezza, MN ’16 Maiezza, Nesti, Bertolini ’19

CP-even K and B 
meson mixing

Maiezza, Nesti, Bertolini ’14
Cirigliano, Dekens, de Vries, Mereghetti  ’16

Flavor limits
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<latexit sha1_base64="oxo0Uhi8dR68UkXXbwBjdY6Dhdw="></latexit>

An, Ji, Xu ’09,
Maiezza, MN ’16,

Haba, Umeeda, Yamada ’17, ’18, ’18
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Di Luzio, Nesti, 
Bertolini ’20



Present Future

C 3 8

P 12 (*16) > 20

P and PQ 6 (*14) > 20

limit in TeVMWR

<latexit sha1_base64="gWPw+fekWURY2Dp9fgN5imi6rAI=">AAACF3icbVDLSsNAFJ34rPVVdelmsAguJCSl1HZXcONGqGKbQhvCZDJph04ezEyEEvIRLtWPcSduXfotbpykWWjrgZl7OPde5sxxY0aFNIwvbW19Y3Nru7JT3d3bPzisHR0PRJRwTPo4YhEfukgQRkPSl1QyMow5QYHLiOXOrvO+9Ui4oFH4IOcxsQM0CalPMZJKsm6d1HLuM6dWN3SjAFwlZknqoETPqX2PvQgnAQklZkiIkWnE0k4RlxQzklXHiSAxwjM0ISNFQxQQYaeF3QyeK8WDfsTVCSUs1N8bKQqEmAeumgyQnIrlXi7+1xsl0m/bKQ3jRJIQLx7yEwZlBPO/Q49ygiWbK4Iwp8orxFPEEZYqoerYI75KsbCTMjdL+URdht5otC5VGC3TzEu7madlLmezSgYN3Wzqnbtmvdspc6uAU3AGLoAJrkAX3IAe6AMMZuAJvIBX7Vl70961j8XomlbunIA/0D5/AGhAnYw=</latexit>

*Di Luzio, Nesti, Bertolini ’20

CP-even K and B 
meson mixing

Flavor limits
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γ", "0

<latexit sha1_base64="oxo0Uhi8dR68UkXXbwBjdY6Dhdw="></latexit>

Maiezza, Nesti, Bertolini ’14
Cirigliano, Dekens, de Vries, Mereghetti  ’16

An, Ji, Xu ’09,
Maiezza, MN ’16,

Haba, Umeeda, Yamada ’17, ’18, ’18



Majorana meets Dirac

LY 3 LL

⇣
Y �+ Ỹ �̃

⌘
LR + YLL

T
LC�LLL + YRL

T
RC�RLR + h.c.

<latexit sha1_base64="PHj2NLhIH7KgbQBFeZ782Obc0SQ="></latexit>

M⌫ = �MT
DM�1

N MD +ML

<latexit sha1_base64="pDSYfZReWYmDMClOy56lz/H1qjs="></latexit>

h�L,Ri =
✓

0 0
vL,R 0

◆

<latexit sha1_base64="gju8izhfHrR2N9TCPXXV8hkG/+U="></latexit>

vL ⌧ vR

<latexit sha1_base64="ep90TWggQL63pvriOFl1iC2fteY="></latexit>

C : MT
D = MD, ML =

vL
vR

MN

<latexit sha1_base64="DqQ8eBkMLRf9hvI1PsP2iznRy/Y="></latexit>

Seesaw

M⌫ = �MDM�1
N MD +

vL
vR

MN

<latexit sha1_base64="sC6WwDWRYqZkV3j42QhC6P54g4Y="></latexit>

MD = MN

r
vL
vR

�M�1
N M⌫

<latexit sha1_base64="L54cSelwhcFeFpDY5yo1g7VhxQ8="></latexit>

MN, Tello, Senjanović ’12

No ambiguity

Dirac mass large with 
extreme fine-tuning Colliders, eEDM,


0nu2b, X-rays,…

Oscillations, 

cosmology, KATRIN,

CnuB, …

Colliders, wDM, 0nu2b

Tello, Senjanović ’16, ’18P :

<latexit sha1_base64="OSkrtky7RTylUU3oUd6GbEVq9nY="></latexit>



Collider probes

p

p

WR

eR

N

eR

WR

j

j

production

fixed by CKM

Main feature: Lepton Number Violation

On-shell Majorana fermion

50-50% same-opposite sign

flavor states measure        (free)

}
<latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit>

narrow mass peaks for mN < MWR
<latexit sha1_base64="KLRxii7Sfa5uTm1Efsh2gOsvPyY=">AAAB9HicbZDLSgMxFIbPeK31VnXpJlgEV2VGBF2IFNy4UarYC7TDkEkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPB9aTeHFKlWSwfzSihvsA9ySJGsLGWL4I7dIlug6wZPIyDUtmtuFOhRfByKEOuWlD66nRjkgoqDeFY67bnJsbPsDKMcDoudlJNE0wGuEfbFiUWVPvZ9OgxOrZOF0Wxsk8aNHV/T2RYaD0Soe0U2PT1fG1i/ldrpya68DMmk9RQSWaLopQjE6NJAqjLFCWGjyxgopi9FZE+VpgYm1PRhuDNf3kRGqcVz/L9Wbl6lcdRgEM4ghPw4ByqcAM1qAOBJ3iGV3hzhs6L8+58zFqXnHzmAP7I+fwBdqKROg==</latexit><latexit sha1_base64="KLRxii7Sfa5uTm1Efsh2gOsvPyY=">AAAB9HicbZDLSgMxFIbPeK31VnXpJlgEV2VGBF2IFNy4UarYC7TDkEkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPB9aTeHFKlWSwfzSihvsA9ySJGsLGWL4I7dIlug6wZPIyDUtmtuFOhRfByKEOuWlD66nRjkgoqDeFY67bnJsbPsDKMcDoudlJNE0wGuEfbFiUWVPvZ9OgxOrZOF0Wxsk8aNHV/T2RYaD0Soe0U2PT1fG1i/ldrpya68DMmk9RQSWaLopQjE6NJAqjLFCWGjyxgopi9FZE+VpgYm1PRhuDNf3kRGqcVz/L9Wbl6lcdRgEM4ghPw4ByqcAM1qAOBJ3iGV3hzhs6L8+58zFqXnHzmAP7I+fwBdqKROg==</latexit><latexit sha1_base64="KLRxii7Sfa5uTm1Efsh2gOsvPyY=">AAAB9HicbZDLSgMxFIbPeK31VnXpJlgEV2VGBF2IFNy4UarYC7TDkEkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPB9aTeHFKlWSwfzSihvsA9ySJGsLGWL4I7dIlug6wZPIyDUtmtuFOhRfByKEOuWlD66nRjkgoqDeFY67bnJsbPsDKMcDoudlJNE0wGuEfbFiUWVPvZ9OgxOrZOF0Wxsk8aNHV/T2RYaD0Soe0U2PT1fG1i/ldrpya68DMmk9RQSWaLopQjE6NJAqjLFCWGjyxgopi9FZE+VpgYm1PRhuDNf3kRGqcVz/L9Wbl6lcdRgEM4ghPw4ByqcAM1qAOBJ3iGV3hzhs6L8+58zFqXnHzmAP7I+fwBdqKROg==</latexit><latexit sha1_base64="KLRxii7Sfa5uTm1Efsh2gOsvPyY=">AAAB9HicbZDLSgMxFIbPeK31VnXpJlgEV2VGBF2IFNy4UarYC7TDkEkzbWiSGZNMoQx9DjcuFHHrw7jzbUzbWWjrD4GP/5zDOfnDhDNtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPB9aTeHFKlWSwfzSihvsA9ySJGsLGWL4I7dIlug6wZPIyDUtmtuFOhRfByKEOuWlD66nRjkgoqDeFY67bnJsbPsDKMcDoudlJNE0wGuEfbFiUWVPvZ9OgxOrZOF0Wxsk8aNHV/T2RYaD0Soe0U2PT1fG1i/ldrpya68DMmk9RQSWaLopQjE6NJAqjLFCWGjyxgopi9FZE+VpgYm1PRhuDNf3kRGqcVz/L9Wbl6lcdRgEM4ghPw4ByqcAM1qAOBJ3iGV3hzhs6L8+58zFqXnHzmAP7I+fwBdqKROg==</latexit>

~no missing energy

more on the Majorana nature

LNV vs. LNC states

Keung, Senjanović ’83

Gluza, Jelinski ’15 ’16, Das, Dev, 
Mohapatra ’17, Godbole et al. ’20

VR

<latexit sha1_base64="OAyIFGWh03P1EGXBfN7DZovcPA0=">AAACEXicbVDLSsNAFJ34rPVVdelmsAguJCSl0nZXcOOyPvqANpTJZJIOnUzCzEQooZ/gStBvcSdu/QI/xZ2TNAttPTCXw7n3cs8cN2ZUKsv6MtbWNza3tks75d29/YPDytFxT0aJwKSLIxaJgYskYZSTrqKKkUEsCApdRvru9Drr9x+JkDTiD2oWEydEAac+xUhp6b43vhtXqpZp5YCrxC5IFRTojCvfIy/CSUi4wgxJObStWDkpEopiRublUSJJjPAUBWSoKUchkU6aW53Dc6140I+EflzBXP29kaJQylno6skQqYlc7mXif71hovymk1IeJ4pwvDjkJwyqCGb/hh4VBCs20wRhQbVXiCdIIKx0OuWRR3ydYG4nZe48FYEulmk3LnUWV1ZWm7W5zspeTmaV9GqmXTdbt/Vqu1WkVgKn4AxcABs0QBvcgA7oAgwC8ARewKvxbLwZ78bHYnTNKHZOwB8Ynz/BYptM</latexit>

MN = V ⇤
RmNV †

R

<latexit sha1_base64="lWrhxBFa0uzbJAkGOViCG2jNJ9Q="></latexit>

N

<latexit sha1_base64="ZZEOCj3vPJYWqfHQj5RsrPV2SN0="></latexit>

N ! `±jj

<latexit sha1_base64="67R07CgEZUy0Cfnz+pf1PltVMCg="></latexit>

m`jj = mN

<latexit sha1_base64="GUlk1frnDPcYk4HjQp3mAA2FeYQ="></latexit>
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Sub-dominant decays, needs 
high luminosity

Polarimetry Han, Luiz, Ruiz, Si ’12

Six flavor channels for

Collider signatures of Dirac masses MN, Senjanović, Tello, ’12

Helo, Li, Neill, Ramsey-Musolf,  Vasquez ’18

MD = MN

r
vL
vR

�M�1
N M⌫

<latexit sha1_base64="L54cSelwhcFeFpDY5yo1g7VhxQ8="></latexit>

MD

<latexit sha1_base64="20SfOuSuDhscYLeec1aRz/KcdKE="></latexit>



Golden channel: pp ! WR ! `RN
<latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit>
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<latexit sha1_base64="vee7Vm9YxFQe82J/z5iWT12i7OU="></latexit><latexit sha1_base64="vee7Vm9YxFQe82J/z5iWT12i7OU="></latexit><latexit sha1_base64="vee7Vm9YxFQe82J/z5iWT12i7OU="></latexit><latexit sha1_base64="vee7Vm9YxFQe82J/z5iWT12i7OU="></latexit>

mostly on-shell, N boosted

off-shell = soft lepton and N

clear peaks

minv disappears

Keung, Senjanović ’83

Ruiz ’17



Sketch of a search : pp ! WR ! `RN
<latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit>
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LNV relation to 
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Reach of 5-6 TeV at 14 TeV

MN, Nesti, Senjanović, Zhang ’11

Mattelaer, Mitra, 
Ruiz ’16

ATLAS: Ferrari et al. ’00
CMS: Gninenko et al. ’07



pp ! WR ! `RN
<latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit>
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Isolation and displacement

2nd lepton isolation depends on the boost of N

Lab decay length very sensitive to mN

�0
N ⇠ ↵2

2m
5
N

64⇡M4
WR

' 1

2.5mm

(mN/10 GeV)5

(MWR/3 TeV)4
<latexit sha1_base64="Sc0ZaZbo41vzbeORkS0oILmV2w0="></latexit><latexit sha1_base64="Sc0ZaZbo41vzbeORkS0oILmV2w0="></latexit><latexit sha1_base64="Sc0ZaZbo41vzbeORkS0oILmV2w0="></latexit><latexit sha1_base64="Sc0ZaZbo41vzbeORkS0oILmV2w0="></latexit>

�N '

8
<

:

MWR
2mN

, WR ! on-shell,

1 TeV
mN

, WR ! o↵-shell
<latexit sha1_base64="RfqjASDu8L89tCbfHxpaB5zhdoM="></latexit><latexit sha1_base64="RfqjASDu8L89tCbfHxpaB5zhdoM="></latexit><latexit sha1_base64="RfqjASDu8L89tCbfHxpaB5zhdoM="></latexit><latexit sha1_base64="RfqjASDu8L89tCbfHxpaB5zhdoM="></latexit>

Simultaneous transition from 
prompt isolated to displaced 
merged - look for displaced 
merged jets (tracks)

MN, Nesti, Popara ’18



Search overview pp ! WR ! `RN
<latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit><latexit sha1_base64="f60d+oJc7C818w+SFgLQQdV0pzk="></latexit>
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standard prompt isolated mode

merged neutrino jet

displaced jet

invisible: prompt `+ Emiss
<latexit sha1_base64="oUlxl7Hv1sn/Gddi/BMlsyg6VmY="></latexit><latexit sha1_base64="oUlxl7Hv1sn/Gddi/BMlsyg6VmY="></latexit><latexit sha1_base64="oUlxl7Hv1sn/Gddi/BMlsyg6VmY="></latexit>

` jN
<latexit sha1_base64="EdB/UwBOj3W/0/sY7+GNY9fuio4="></latexit><latexit sha1_base64="EdB/UwBOj3W/0/sY7+GNY9fuio4="></latexit><latexit sha1_base64="EdB/UwBOj3W/0/sY7+GNY9fuio4="></latexit>

` jdN
<latexit sha1_base64="1V+G4vmJRm0FUdOQO8iKXw1LJG8="></latexit><latexit sha1_base64="1V+G4vmJRm0FUdOQO8iKXw1LJG8="></latexit><latexit sha1_base64="1V+G4vmJRm0FUdOQO8iKXw1LJG8="></latexit>

relevant for any light N 
search (SHIP, FASER, 
MATHUSLA, etc.)

MN, Nesti, Popara ’18

Ng et al. ‘15, Ruiz ’17

Mitra, Ruiz, Spannowsky ’16

Cottin, Helo, Hirsch ’18
Cottin, Helo, Hirsch, Silva ’19
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Resolved leptons and jets: search status in 2023

ATLAS 1809.11105CMS 2112.03949 similar for muons
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probes the off-shell N, too

dijets di-boson WZ modetb

*interplay with 0⌫2�
<latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit>

Mohapatra Senjanović ’79
Tello, MN, Nesti, Senjanović, Vissani ‘10

ATLAS 
1801.07893MWR > 3 TeV

<latexit sha1_base64="RwVuwDZGR3kaFv3VUJcB9i6qwn8="></latexit><latexit sha1_base64="RwVuwDZGR3kaFv3VUJcB9i6qwn8="></latexit><latexit sha1_base64="RwVuwDZGR3kaFv3VUJcB9i6qwn8="></latexit><latexit sha1_base64="RwVuwDZGR3kaFv3VUJcB9i6qwn8="></latexit>

ATLAS 2007.05293
CMS PAS B2G-20-009 

ATLAS 
1910.08447

/ ⇠LR
<latexit sha1_base64="hJrwMM3B+o3vSUghI9yMtMNTpog=">AAACIHicbZBNS8NAEIY3ftb6FfXoJVgED1KSorTeCl48eKhiP6AJYbPZtEs3ybK7KZaQf+JJ0N/iTTzqP/HmJs1BWwd2eHlnhpl9PEaJkKb5qa2srq1vbFa2qts7u3v7+sFhT8QJR7iLYhrzgQcFpiTCXUkkxQPGMQw9ivve5Dqv96eYCxJHD3LGsBPCUUQCgqBUlqvrNuMxk7FhPxI3vb3PXL1m1s0ijGVhlaIGyui4+rftxygJcSQRhUIMLZNJJ4VcEkRxVrUTgRlEEzjCQyUjGGLhpMXlmXGqHN8IYq5eJI3C/T2RwlCIWeipzhDKsVis5eZ/tWEig5aTkoglEkdovihIqKF+mmMwfMIxknSmBEScqFsNNIYcIqlgVW0fBwpocU5KvSzlI5XMutU8VywuzTy3Gjkra5HMsug16pbSdxe19lVJrQKOwQk4AxZogja4AR3QBQhMwRN4Aa/as/amvWsf89YVrZw5An9C+/oBICuhPg==</latexit><latexit sha1_base64="hJrwMM3B+o3vSUghI9yMtMNTpog=">AAACIHicbZBNS8NAEIY3ftb6FfXoJVgED1KSorTeCl48eKhiP6AJYbPZtEs3ybK7KZaQf+JJ0N/iTTzqP/HmJs1BWwd2eHlnhpl9PEaJkKb5qa2srq1vbFa2qts7u3v7+sFhT8QJR7iLYhrzgQcFpiTCXUkkxQPGMQw9ivve5Dqv96eYCxJHD3LGsBPCUUQCgqBUlqvrNuMxk7FhPxI3vb3PXL1m1s0ijGVhlaIGyui4+rftxygJcSQRhUIMLZNJJ4VcEkRxVrUTgRlEEzjCQyUjGGLhpMXlmXGqHN8IYq5eJI3C/T2RwlCIWeipzhDKsVis5eZ/tWEig5aTkoglEkdovihIqKF+mmMwfMIxknSmBEScqFsNNIYcIqlgVW0fBwpocU5KvSzlI5XMutU8VywuzTy3Gjkra5HMsug16pbSdxe19lVJrQKOwQk4AxZogja4AR3QBQhMwRN4Aa/as/amvWsf89YVrZw5An9C+/oBICuhPg==</latexit><latexit sha1_base64="hJrwMM3B+o3vSUghI9yMtMNTpog=">AAACIHicbZBNS8NAEIY3ftb6FfXoJVgED1KSorTeCl48eKhiP6AJYbPZtEs3ybK7KZaQf+JJ0N/iTTzqP/HmJs1BWwd2eHlnhpl9PEaJkKb5qa2srq1vbFa2qts7u3v7+sFhT8QJR7iLYhrzgQcFpiTCXUkkxQPGMQw9ivve5Dqv96eYCxJHD3LGsBPCUUQCgqBUlqvrNuMxk7FhPxI3vb3PXL1m1s0ijGVhlaIGyui4+rftxygJcSQRhUIMLZNJJ4VcEkRxVrUTgRlEEzjCQyUjGGLhpMXlmXGqHN8IYq5eJI3C/T2RwlCIWeipzhDKsVis5eZ/tWEig5aTkoglEkdovihIqKF+mmMwfMIxknSmBEScqFsNNIYcIqlgVW0fBwpocU5KvSzlI5XMutU8VywuzTy3Gjkra5HMsug16pbSdxe19lVJrQKOwQk4AxZogja4AR3QBQhMwRN4Aa/as/amvWsf89YVrZw5An9C+/oBICuhPg==</latexit><latexit sha1_base64="hJrwMM3B+o3vSUghI9yMtMNTpog=">AAACIHicbZBNS8NAEIY3ftb6FfXoJVgED1KSorTeCl48eKhiP6AJYbPZtEs3ybK7KZaQf+JJ0N/iTTzqP/HmJs1BWwd2eHlnhpl9PEaJkKb5qa2srq1vbFa2qts7u3v7+sFhT8QJR7iLYhrzgQcFpiTCXUkkxQPGMQw9ivve5Dqv96eYCxJHD3LGsBPCUUQCgqBUlqvrNuMxk7FhPxI3vb3PXL1m1s0ijGVhlaIGyui4+rftxygJcSQRhUIMLZNJJ4VcEkRxVrUTgRlEEzjCQyUjGGLhpMXlmXGqHN8IYq5eJI3C/T2RwlCIWeipzhDKsVis5eZ/tWEig5aTkoglEkdovihIqKF+mmMwfMIxknSmBEScqFsNNIYcIqlgVW0fBwpocU5KvSzlI5XMutU8VywuzTy3Gjkra5HMsug16pbSdxe19lVJrQKOwQk4AxZogja4AR3QBQhMwRN4Aa/as/amvWsf89YVrZw5An9C+/oBICuhPg==</latexit>

standard prompt isolated mode
ATLAS 

1809.11105

CMS 
2112.03949

tau

*e, mu

3.5 TeV
<latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit>

lepton + missing energy
*e, mu ATLAS 

1906.05609 

tauh
ATLAS 

1801.06992MWR > 3.7 TeV
<latexit sha1_base64="Bd2KLg3YfDQdT8Wzv8yUVcf21jI="></latexit><latexit sha1_base64="Bd2KLg3YfDQdT8Wzv8yUVcf21jI="></latexit><latexit sha1_base64="Bd2KLg3YfDQdT8Wzv8yUVcf21jI="></latexit><latexit sha1_base64="Bd2KLg3YfDQdT8Wzv8yUVcf21jI="></latexit>

MWR & 5.1(6) TeV
<latexit sha1_base64="oLZ1g8sHS6ApKZm7nL2uT3V2km4="></latexit>

Experimental limits review in 2023

MWR > 4 TeV

<latexit sha1_base64="0hwB5Duq1HQLJtOlPWipuTmECLk=">AAACJ3icbZA7SwNBEMf3fBtfUQsLm8UgWEi4k0iSRgI2NoKKeUASjr3NXFzce7A7J4bjPo2VoJ/FTrT0Y9i5F1OocWCHP/+ZYWZ/XiyFRtt+t2Zm5+YXFpeWCyura+sbxc2tlo4SxaHJIxmpjsc0SBFCEwVK6MQKWOBJaHu3p3m9fQdKiyi8xlEM/YANQ+ELztBYbnHn3E3b7lVGT2iF9hDuMaXX0MrcYsku2+Og08KZiBKZxI Vb/OwNIp4EECKXTOuuY8fYT5lCwSVkhV6iIWb8lg2ha2TIAtD9dPyBjO4bZ0D9SJkXIh27PydSFmg9CjzTGTC80X9ruflfrZugX+unIowThJB/L/ITSTGiOQ06EAo4ypERjCthbqX8hinG0TAr9AbgG67jc1LpZakammSXneqhYXFs57l2lLNy/pKZFq2jslMp1y8rpUZ9Qm2J7JI9ckAcUiUNckYuSJNwkpEH8kSerUfrxXq13r5bZ6zJzDb5FdbHF7jQowQ=</latexit>

<latexit sha1_base64="f3OQ/QL18ac+kFn7z2xNENUkRrs=">AAACH3icbZBNS8NAEIY3ftb6VfXoZbEIHiQkUrXeCl48VmhroSlls53Uxc0HuxOxhP4ST4L+Fm/itT/Fm5s2B62+sMPLOzPs8PiJFBodZ2otLa+srq2XNsqbW9s7u5W9/Y6OU8WhzWMZq67PNEgRQRsFSugmCljoS7jzH67z/t0jKC3iqIXjBPohG0UiEJyhiQaV3Zpdpx7CE2a0BZ3JoFJ1bGcm+te4hamSQs1B5csbxjwNIUIumdY910mwnzGFgkuYlL1UQ8L4AxtBz9iIhaD72ezwCT02yZAGsTIvQjpLf25kLNR6HPpmMmR4rxd7efhfr5diUO9nIkpShIjPPwpSSTGmOQU6FAo4yrExjCthbqX8ninG0bAqe0MIDM/ZOZn0J5kameLY7uWpYXHu5LV+lrNyF8n8NZ0z272wa7e1auOqoFYih+SInBCXXJIGuSFN0iacpOSZvJI368V6tz6sz/noklXsHJBfsqbfvECf7Q==</latexit>

4.8 TeV

<latexit sha1_base64="Erf6z8nLnJdnK4M3qON3i3OkJus="></latexit>

⇠ 4.8 TeV



�L(3, 1, 2), �(2, 2, 0), �R(1, 3, 2)
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Kinematics

characteristic mass peaks

displacementangular separation

~soft leptons

 MN, Nesti, 
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Sensitivity

h ! �� ! NNNN

displaced 0.01 mm - >1m

discovery reach beyond direct 
searches

connection to 

Combined h ! NN � ! NN �� ! NNNN

GERDA, Neutrino ’16

KamLAND-Zen ’16
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Summary
Minimal LR model

viable framework for understanding parity restoration and neutrino mass origin

strongly constrained by flavor, CP-even and CP-odd observables

Majorana signatures

breaking of lepton number in nuclear processes and high energy colliders

Higgs sector under-explored, opportunity for displaced searches and future colliders

complete theory of neutrino mass, Dirac predicted from Majorana
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Displaced jet discrimination
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Event generation: custom generator KSEG, small width issues with MG5

Main bckgs

also Feynrules model file and Delphes, 
MadAnalysis displacement hack

background # generator weight # detector
V + 012j 22.46M 0.021 9.93M
V V + 012j 10.55M 0.0028 4.61M
tt̄+ 012j 10.47M 0.024 4.38M
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MN, Nesti, Popara ’18
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Sensitivity estimate

Electron Channel L = 300 fb�1 MWR : 4 TeV 4TeV 4TeV 6TeV 6TeV 6TeV 6TeV
variable range # bins mN : 20GeV 300GeV 2TeV 20GeV 300GeV 2TeV 3TeV
pT (`1) {150, 4500}GeV 35 14.19 13.82 7.19 1.03 1.77 1.22 0.80
dT (j1) {0.001, 300}mm 100 17.57 14.04 7.60 2.02 1.91 1.38 0.97
#(jets) 1, 2, 3, 4 4 17.88 14.20 7.94 2.24 2.04 1.47 1.08
#(leptons) 1, 2 2 17.97 14.90 9.08 2.30 2.23 1.60 1.22
#(same sign) 0, 1 2 18.00 15.71 9.85 2.32 2.61 1.70 1.30
minv

`1j1
{200, 8500}GeV 20 18.82 17.24 10.91 2.81 3.03 1.91 1.47
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rough pre-selection

bin over 6 variables below

Sensitivities

MN, Nesti, Popara ’18

reach to 6-7 TeV



Recasting the W 0 ! `⌫
<latexit sha1_base64="xhFrUBaoKkWTRgkoPaLIDG3tOHc="></latexit><latexit sha1_base64="xhFrUBaoKkWTRgkoPaLIDG3tOHc="></latexit><latexit sha1_base64="xhFrUBaoKkWTRgkoPaLIDG3tOHc="></latexit><latexit sha1_base64="xhFrUBaoKkWTRgkoPaLIDG3tOHc="></latexit>

prompt hard leading lepton and significant missing energy

exponential distributions have tails
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q
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�l0/L±

<latexit sha1_base64="EtqMpjzyABQ0nDKRbtXpcUhXDYo="></latexit><latexit sha1_base64="EtqMpjzyABQ0nDKRbtXpcUhXDYo="></latexit><latexit sha1_base64="EtqMpjzyABQ0nDKRbtXpcUhXDYo="></latexit><latexit sha1_base64="EtqMpjzyABQ0nDKRbtXpcUhXDYo="></latexit>

l0 =
5
m

<latexit sha1_base64="lpcBuXpdJUiMB9R4+mgeKrp/DEo="></latexit><latexit sha1_base64="lpcBuXpdJUiMB9R4+mgeKrp/DEo="></latexit><latexit sha1_base64="lpcBuXpdJUiMB9R4+mgeKrp/DEo="></latexit><latexit sha1_base64="lpcBuXpdJUiMB9R4+mgeKrp/DEo="></latexit>

jN
<latexit sha1_base64="so6+1tTM20fYS8YvLLbuxTNHdwI="></latexit><latexit sha1_base64="so6+1tTM20fYS8YvLLbuxTNHdwI="></latexit><latexit sha1_base64="so6+1tTM20fYS8YvLLbuxTNHdwI="></latexit><latexit sha1_base64="so6+1tTM20fYS8YvLLbuxTNHdwI="></latexit>

N
<latexit sha1_base64="oXKsiUMyhpDIysAw/V/is20Qofg="></latexit><latexit sha1_base64="oXKsiUMyhpDIysAw/V/is20Qofg="></latexit><latexit sha1_base64="oXKsiUMyhpDIysAw/V/is20Qofg="></latexit><latexit sha1_base64="oXKsiUMyhpDIysAw/V/is20Qofg="></latexit>
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MN, Nesti, Popara ’18

motivated by WDM MN, Senjanović, Zhang ’12

MN, Zhang ’22



single

pair & 
associated �̂gg!�S ' c2✓

64⇡(1 + ��S)
ŝ
⇣↵s

4⇡

⌘2 v2hS�

(ŝ�m2
h)

2 + ŝ�2
h

|Fb + Ft|2
p
�ŝ�S

large rate for

not very significant

�gg!�� ' �gg!h Brh!��

m� < mh/2

production�

(accidental cancellation)

Anastasiou et al. ’16N3LO�(gg ! �) = s2✓ �(gg ! h)

�(pp ! V�) = s2✓ �(pp ! V h)

‘Right-handed’ Higgs



fakes
select 806 4 5 26 1241 87 147 16 1.5 2651

313 0.5 0.7 3 400 21 129 7 0.2 782

112 0.2 0.1 0.7 174 8.4 63 4 0.05 284

60 0.1 0.04 0.3 80 4 56 2 0.03 106

35 0.03 0.03 0.2 25 2 36 2 0 80

0 0 0 0 0.7 0.1 0.9 0.05 0.001 2

fakes
select 670 4 6 32 750 133 68 16 2 1676

130 0.5 0.9 3.5 200 32 33 6 0.3 391

57 0.2 0.2 1 95 17 16 3 0.1 152

32 0.1 0.1 0.5 51 9 12 2 0.05 49

17 0.04 0.04 0.2 23 5 8 1 0.01 40

0 0 0 0 1.4 0.4 1 0.15 0.005 3

tt

tt

tth ttZ ttW WZ Wh ZZ Zh WWjj

tth ttZ ttW WZ Wh ZZ Zh WWjj

/ET

pT

mT

minv

/ET

pT

mT

minv

all contain missing energy one prompt, one displaced lepton

Backgrounds

lTe

lTµ

`±`± + njSelection

/ET < 30GeV/ET

pT (`1) < 55 GeV

mT
`/pT

< 30GeV

pT

mT

minv

m`` < 80GeV

m`/pT
< 60GeV

lT ` lT ` > 0.1 mm

Selection criteria



Nuclear vs. collider physics
LNV interplay
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<latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit>

Immediate proposal after Majorana:          via light neutrino exchange0⌫2�
<latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit>

Cosmology,

KATRIN, …

Possible

tension…

Furry ‘39

Vissani ‘02



Nuclear vs. collider physics
LNV interplay
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<latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit><latexit sha1_base64="nYJq4RsxdysvxentrwbjElwm3fg="></latexit>

Immediate proposal after Majorana:          via light neutrino exchange0⌫2�
<latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit><latexit sha1_base64="P85uWArQJzv1pYjfoJ89Ga0/0cY=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkpSBPVW8OKxgv3AJpTNdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOsLCw/vzLAzb5gKro3rfjtr6xubW9ulnfLu3v7BYeXouK2TTDFssUQkqhtSjYJLbBluBHZThTQOBXbC8e2s3nlCpXkiH8wkxSCmQ8kjzqix1qPry6zuh2hov1J1a+5cZBW8AqpQqNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWZQ0Rh3k842n5Nw6AxIlyj5pyNz9PZHTWOtJHNrOmJqRXq7NzP9qvcxE10HOZZoZlGzxUZQJYhIyO58MuEJmxMQCZYrbXQkbUUWZsSGVbQje8smr0K7XPMv3l9XGTRFHCU7hDC7AgytowB00oQUMJDzDK7w52nlx3p2PReuaU8ycwB85nz/9TpBu</latexit>

Cosmology,

KATRIN, …

Possible

tension…

Furry ‘39

Vissani ‘02
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<latexit sha1_base64="xtmvsAqwSIeneaK1JwDKNNMiEL8="></latexit><latexit sha1_base64="xtmvsAqwSIeneaK1JwDKNNMiEL8="></latexit><latexit sha1_base64="xtmvsAqwSIeneaK1JwDKNNMiEL8="></latexit><latexit sha1_base64="xtmvsAqwSIeneaK1JwDKNNMiEL8="></latexit>

‘heavy’ neutrinos

lightest mN in GeV

lightest neutrino mass in eV

normal
inverted

MWR = 3.5 TeV

largest mN = 0.5 TeV
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+
N
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n
eV
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1

no tension in LR

connection to LFV

VR = VPMNS
<latexit sha1_base64="X3wKtLuBikc1KnLdZhmEBXYcErU=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCOpCKLhxo9RL00Ibw2Q6aYdOJmFmopTQ93DjQhG3vos738Zpm4W2/jDw8Z9zOGf+IOFMadv+tgoLi0vLK8XV0tr6xuZWeXvHVXEqCW2QmMeyFWBFORO0oZnmtJVIiqOA02YwuBjXm49UKhaLez1MqBfhnmAhI1gb68H1b9E5cv2sfnV9N/LLFbtqT4TmwcmhArnqfvmr041JGlGhCcdKtR070V6GpWaE01GpkyqaYDLAPdo2KHBElZdNrh6hA+N0URhL84RGE/f3RIYjpYZRYDojrPtqtjY2/6u1Ux2eehkTSaqpINNFYcqRjtE4AtRlkhLNhwYwkczcikgfS0y0CapkQnBmvzwP7lHVMXxzXKmd5XEUYQ/24RAcOIEaXEIdGkBAwjO8wpv1ZL1Y79bHtLVg5TO78EfW5w/hWJFs</latexit><latexit sha1_base64="X3wKtLuBikc1KnLdZhmEBXYcErU=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCOpCKLhxo9RL00Ibw2Q6aYdOJmFmopTQ93DjQhG3vos738Zpm4W2/jDw8Z9zOGf+IOFMadv+tgoLi0vLK8XV0tr6xuZWeXvHVXEqCW2QmMeyFWBFORO0oZnmtJVIiqOA02YwuBjXm49UKhaLez1MqBfhnmAhI1gb68H1b9E5cv2sfnV9N/LLFbtqT4TmwcmhArnqfvmr041JGlGhCcdKtR070V6GpWaE01GpkyqaYDLAPdo2KHBElZdNrh6hA+N0URhL84RGE/f3RIYjpYZRYDojrPtqtjY2/6u1Ux2eehkTSaqpINNFYcqRjtE4AtRlkhLNhwYwkczcikgfS0y0CapkQnBmvzwP7lHVMXxzXKmd5XEUYQ/24RAcOIEaXEIdGkBAwjO8wpv1ZL1Y79bHtLVg5TO78EfW5w/hWJFs</latexit><latexit sha1_base64="X3wKtLuBikc1KnLdZhmEBXYcErU=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCOpCKLhxo9RL00Ibw2Q6aYdOJmFmopTQ93DjQhG3vos738Zpm4W2/jDw8Z9zOGf+IOFMadv+tgoLi0vLK8XV0tr6xuZWeXvHVXEqCW2QmMeyFWBFORO0oZnmtJVIiqOA02YwuBjXm49UKhaLez1MqBfhnmAhI1gb68H1b9E5cv2sfnV9N/LLFbtqT4TmwcmhArnqfvmr041JGlGhCcdKtR070V6GpWaE01GpkyqaYDLAPdo2KHBElZdNrh6hA+N0URhL84RGE/f3RIYjpYZRYDojrPtqtjY2/6u1Ux2eehkTSaqpINNFYcqRjtE4AtRlkhLNhwYwkczcikgfS0y0CapkQnBmvzwP7lHVMXxzXKmd5XEUYQ/24RAcOIEaXEIdGkBAwjO8wpv1ZL1Y79bHtLVg5TO78EfW5w/hWJFs</latexit><latexit sha1_base64="X3wKtLuBikc1KnLdZhmEBXYcErU=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCOpCKLhxo9RL00Ibw2Q6aYdOJmFmopTQ93DjQhG3vos738Zpm4W2/jDw8Z9zOGf+IOFMadv+tgoLi0vLK8XV0tr6xuZWeXvHVXEqCW2QmMeyFWBFORO0oZnmtJVIiqOA02YwuBjXm49UKhaLez1MqBfhnmAhI1gb68H1b9E5cv2sfnV9N/LLFbtqT4TmwcmhArnqfvmr041JGlGhCcdKtR070V6GpWaE01GpkyqaYDLAPdo2KHBElZdNrh6hA+N0URhL84RGE/f3RIYjpYZRYDojrPtqtjY2/6u1Ux2eehkTSaqpINNFYcqRjtE4AtRlkhLNhwYwkczcikgfS0y0CapkQnBmvzwP7lHVMXxzXKmd5XEUYQ/24RAcOIEaXEIdGkBAwjO8wpv1ZL1Y79bHtLVg5TO78EfW5w/hWJFs</latexit>

Mohapatra, Senjanović ‘79

Tello, MN, Nesti, 
Senjanović, Vissani ’11



Fermions and Dirac
Relativistic equation Dirac ’28

What is    ? A representation of the Lorentz group, of course!
<latexit sha1_base64="GsUuHQmsIUmC2xy7Inli0SjPIVY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4rXjxWsB/QLiWbZtvQJBuSrFCWgr/AiwdFvPqHvPlvzLY9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Db3249UG5bIBztRNBR4KFnMCLa51FOG9csVv+rPgFZJsCAVWKDRL3/1BglJBZWWcGxMN/CVDTOsLSOcTku91FCFyRgPaddRiQU1YTa7dYrOnDJAcaJdSYtm6u+JDAtjJiJynQLbkVn2cvE/r5va+DrMmFSppZLMF8UpRzZB+eNowDQllk8cwUQzdysiI6wxsS6ekgshWH55lbQuqsFltXZfq9RvnuZxFOEETuEcAriCOtxBA5pAYATP8ApvnvBevHfvY95a8BYRHsMfeJ8/TOCO0g==</latexit>

 

Four component spinor made of two Weyl spinors       and       .
<latexit sha1_base64="dh37DFtTA/E/g3oRnY1l63xweNo=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuKGxcuKtgHtEPJpJk2NpMMSUYoQ8FPcONCEbf+jzv/xvSx0NYDFw7n3Mu994SJ4MZ63jfKrayurW/kNwtb2zu7e8X9g4ZRqaasTpVQuhUSwwSXrG65FayVaEbiULBmOLye+M1Hpg1X8t6OEhbEpC95xCmxTmp0EsO7t91iySt7U+Bl4s9JCeaodYtfnZ6iacykpYIY0/a9xAYZ0ZZTwcaFTmpYQuiQ9FnbUUliZoJseu0YnzilhyOlXUmLp+rviYzExozi0HXGxA7MojcR//PaqY0ug4zLJLVM0tmiKBXYKjx5Hfe4ZtSKkSOEau5uxXRANKHWBVRwIfiLLy+TxlnZPy9X7iql6tXTLI48HMExnIIPF1CFG6hBHSg8wDO8whtS6AW9o49Zaw7NIzyEP0CfP52gj5E=</latexit>

 L
<latexit sha1_base64="qaXl87Grt6qaKx1qH2uBBgQvxqc=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuKG5dV7APaoWTSTBubSYYkI5Sh4Ce4caGIW//HnX9j+lho64ELh3Pu5d57wkRwYz3vG+VWVtfWN/Kbha3tnd294v5Bw6hUU1anSijdColhgktWt9wK1ko0I3EoWDMcXk/85iPThit5b0cJC2LSlzzilFgnNTqJ4d27brHklb0p8DLx56QEc9S6xa9OT9E0ZtJSQYxp+15ig4xoy6lg40InNSwhdEj6rO2oJDEzQTa9doxPnNLDkdKupMVT9fdERmJjRnHoOmNiB2bRm4j/ee3URpdBxmWSWibpbFGUCmwVnryOe1wzasXIEUI1d7diOiCaUOsCKrgQ/MWXl0njrOyflyu3lVL16mkWRx6O4BhOwYcLqMIN1KAOFB7gGV7hDSn0gt7Rx6w1h+YRHsIfoM8fpriPlw==</latexit>

 R

<latexit sha1_base64="jCsKqhwULHAlP87onLCXwZ38cPA="></latexit>

�µ =

✓
0 �µ

�µ 0

◆ <latexit sha1_base64="OTeBZQgxL8aANK7Pk+DXd+qvOsg=">AAACIHicbVDLSgMxFM34rPU16tJNsFhclRkp1o1QcOOygn1Ap5ZM5rYNzWSGJCOWoZ/ixl9x40IR3enXmLaDaOuBhJNz7iX3Hj/mTGnH+bSWlldW19ZzG/nNre2dXXtvv6GiRFKo04hHsuUTBZwJqGumObRiCST0OTT94eXEb96BVCwSN3oUQyckfcF6jBJtpK5d8RTrh+TWwRfY86HPRBqHREt2P8YuLmIHe565iubhgQh+zK5dcErOFHiRuBkpoAy1rv3hBRFNQhCacqJU23Vi3UmJ1IxyGOe9REFM6JD0oW2oICGoTjpdcIyPjRLgXiTNERpP1d8dKQmVGoW+qTTzDdS8NxH/89qJ7p13UibiRIOgs496Ccc6wpO0cMAkUM1HhhAqmZkV0wGRhGqTad6E4M6vvEgapyX3rFS+Lheq5SyOHDpER+gEuaiCqugK1VAdUfSAntALerUerWfrzXqflS5ZWc8B+gPr6xv1xKD4</latexit>

�0 =

✓
1 0
0 1

◆ <latexit sha1_base64="jasMHRB8y1nW3+1+UCuiYgq1zyw=">AAACIHicbVDLSgMxFM34rPU16tJNsFhclRkp1o1QcOOygn1Ap5ZM5rYNzWSGJCOWoZ/ixl9x40IR3enXmLaDaOuBhJNz7iX3Hj/mTGnH+bSWlldW19ZzG/nNre2dXXtvv6GiRFKo04hHsuUTBZwJqGumObRiCST0OTT94eXEb96BVCwSN3oUQyckfcF6jBJtpK5d8RTrh+TWxRfY86HPRBqHREt2P8YOLmIXe565iubhgQh+zK5dcErOFHiRuBkpoAy1rv3hBRFNQhCacqJU23Vi3UmJ1IxyGOe9REFM6JD0oW2oICGoTjpdcIyPjRLgXiTNERpP1d8dKQmVGoW+qTTzDdS8NxH/89qJ7p13UibiRIOgs496Ccc6wpO0cMAkUM1HhhAqmZkV0wGRhGqTad6E4M6vvEgapyX3rFS+Lheq5SyOHDpER+gEuaiCqugK1VAdUfSAntALerUerWfrzXqflS5ZWc8B+gPr6xv3d6D5</latexit>

�1 =

✓
0 1
1 0

◆

<latexit sha1_base64="m2M2w/waTNX7wJxbOscIX8a6VeM=">AAACInicbZDJSgNBEIZ73I1b1KOXwqB4McyE4HIQBC8eI5hEyMTQ01MTG3t6hu4eMQx5Fi++ihcPinoSfBg7C+JW0PDx/1V01R+kgmvjuu/OxOTU9Mzs3HxhYXFpeaW4utbQSaYY1lkiEnURUI2CS6wbbgRepAppHAhsBtcnA795g0rzRJ6bXortmHYljzijxkqd4qGveTemlxU4Aj/ALpd5GlOj+G0fXNiGXQ7g+8AtuuCjDL/sTrHklt1hwV/wxlAi46p1iq9+mLAsRmmYoFq3PDc17Zwqw5nAfsHPNKaUXdMutixKGqNu58MT+7BllRCiRNknDQzV7xM5jbXuxYHttPtd6d/eQPzPa2UmOmjnXKaZQclGH0WZAJPAIC8IuUJmRM8CZYrbXYFdUUWZsakWbAje75P/QqNS9vbK1bNq6bg6jmOObJBNskM8sk+OySmpkTph5I48kCfy7Nw7j86L8zZqnXDGM+vkRzkfn4heocs=</latexit>

�2 =

✓
0 �i
i 0

◆ <latexit sha1_base64="jjTTlSH/+5XSI1aMqIeZoaoYTHg=">AAACIXicbVDLSgMxFM34rPVVdekmWCxuLDNatBuh4MZlBfuAzlgy6Z02NJMZkoxYhv6KG3/FjQtFuhN/xvSBaOuBhMM593LvPX7MmdK2/WktLa+srq1nNrKbW9s7u7m9/bqKEkmhRiMeyaZPFHAmoKaZ5tCMJZDQ59Dw+9djv/EAUrFI3OlBDF5IuoIFjBJtpHau7CrWDcn9Ob7Crg9dJtI4JFqyxyF2cAHb2HXNV8CnDnZBdH7cdi5vF+0J8CJxZiSPZqi2cyO3E9EkBKEpJ0q1HDvWXkqkZpTDMOsmCmJC+6QLLUMFCUF56eTCIT42SgcHkTRPaDxRf3ekJFRqEPqm0uzXU/PeWPzPayU6KHspE3GiQdDpoCDhWEd4HBfuMAlU84EhhEpmdsW0RySh2oSaNSE48ycvkvpZ0bkolm5L+UppFkcGHaIjdIIcdIkq6AZVUQ1R9IRe0Bt6t56tV+vDGk1Ll6xZzwH6A+vrG3OAoTI=</latexit>

�3 =

✓
1 0
0 �1

◆

Chiral representation

<latexit sha1_base64="wLmBXnDJSoS3Fb1w+5UkPkSBX58="></latexit>

i�µ@µ R = m L

i�µ@µ L = m R

L and R mix

<latexit sha1_base64="Gnm+zLRu0VmyAcC69tvpiPl3KYg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxIUTdCxY0LF1XsAzrDkEnTNjSTDElGKMOA4MZfceNCEbd+gzv/xrTThbYeuNzDOfeS3BPGjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaIFGGUk4ammpF2LAmKQkZa4fBy7LfuiVRU8Ds9iokfoT6nPYqRNlJg73uxovAceiHlIko9PKDBdZb32yywy07FmQDOE3dKymCKemB/eV2Bk4hwjRlSquM6sfZTJDXFjGQlL1EkRniI+qRjKEcRUX46OSODh0bpwp6QpriGE/X3RooipUZRaCYjpAdq1huL/3mdRPfO/JTyONGE4/yhXsKgFnCcCexSSbBmI0MQltT8FeIBkghrk1zJhODOnjxPmscV96RSvamWaxcPeRxFsAcOwBFwwSmogStQBw2AwSN4Bq/gzXqyXqx36yMfLVjTCHfBH1ifPyLbmVc=</latexit>

 =

✓
�L

�R

◆

<latexit sha1_base64="duS+/Vh4Pjfs/afzMlevdbmdt68=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBTcuMFHUjVHThsoK9QKcOZ9JMG5rMDElGKEPBd3Djq7hxoYhbcefbmHa60NYfAl/+c8LJ+f2YM6Vt+9taWFxaXlnNreXXNza3tgs7uw0VJZLQOol4JFs+KMpZSOuaaU5bsaQgfE6b/uByXG/eU6lYFN7qYUw7AnohCxgBbSyvUGLY7YEQcOeKBLsxSM2Ae9lFMVzCwrvK8BzbXqFol+2J8Dw4UyiiqWpe4cvtRiQRNNSEg1Jtx451Jx1PIZyO8m6iaAxkAD3aNhiCoKqTTtYa4UPjdHEQSXNCjSfu7xcpCKWGwjedAnRfzdbG5n+1dqKDs07KwjjRNCTZoCDhWEd4nBHuMkmJ5kMDQCQzf8WkDxKINknmTQjO7Mrz0DguOyflyk2lWL14yOLIoX10gI6Qg05RFV2jGqojgh7RM3pFb9aT9WK9Wx9Z64I1jXAP/ZH1+QO9yp45</latexit>

i�µ@µ �mD = 0



Weyl spinors       and       transform separately, reducibly
<latexit sha1_base64="dh37DFtTA/E/g3oRnY1l63xweNo=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuKGxcuKtgHtEPJpJk2NpMMSUYoQ8FPcONCEbf+jzv/xvSx0NYDFw7n3Mu994SJ4MZ63jfKrayurW/kNwtb2zu7e8X9g4ZRqaasTpVQuhUSwwSXrG65FayVaEbiULBmOLye+M1Hpg1X8t6OEhbEpC95xCmxTmp0EsO7t91iySt7U+Bl4s9JCeaodYtfnZ6iacykpYIY0/a9xAYZ0ZZTwcaFTmpYQuiQ9FnbUUliZoJseu0YnzilhyOlXUmLp+rviYzExozi0HXGxA7MojcR//PaqY0ug4zLJLVM0tmiKBXYKjx5Hfe4ZtSKkSOEau5uxXRANKHWBVRwIfiLLy+TxlnZPy9X7iql6tXTLI48HMExnIIPF1CFG6hBHSg8wDO8whtS6AW9o49Zaw7NIzyEP0CfP52gj5E=</latexit>

 L
<latexit sha1_base64="qaXl87Grt6qaKx1qH2uBBgQvxqc=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuKG5dV7APaoWTSTBubSYYkI5Sh4Ce4caGIW//HnX9j+lho64ELh3Pu5d57wkRwYz3vG+VWVtfWN/Kbha3tnd294v5Bw6hUU1anSijdColhgktWt9wK1ko0I3EoWDMcXk/85iPThit5b0cJC2LSlzzilFgnNTqJ4d27brHklb0p8DLx56QEc9S6xa9OT9E0ZtJSQYxp+15ig4xoy6lg40InNSwhdEj6rO2oJDEzQTa9doxPnNLDkdKupMVT9fdERmJjRnHoOmNiB2bRm4j/ee3URpdBxmWSWibpbFGUCmwVnryOe1wzasXIEUI1d7diOiCaUOsCKrgQ/MWXl0njrOyflyu3lVL16mkWRx6O4BhOwYcLqMIN1KAOFB7gGV7hDSn0gt7Rx6w1h+YRHsIfoM8fpriPlw==</latexit>

 R

<latexit sha1_base64="jvxYKxKqHWsrsqnDhh7ZDu97mgg="></latexit>

�5 = i�0�1�2�3 =

✓
�12⇥2 0

0 12⇥2

◆<latexit sha1_base64="Gnm+zLRu0VmyAcC69tvpiPl3KYg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxIUTdCxY0LF1XsAzrDkEnTNjSTDElGKMOA4MZfceNCEbd+gzv/xrTThbYeuNzDOfeS3BPGjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaIFGGUk4ammpF2LAmKQkZa4fBy7LfuiVRU8Ds9iokfoT6nPYqRNlJg73uxovAceiHlIko9PKDBdZb32yywy07FmQDOE3dKymCKemB/eV2Bk4hwjRlSquM6sfZTJDXFjGQlL1EkRniI+qRjKEcRUX46OSODh0bpwp6QpriGE/X3RooipUZRaCYjpAdq1huL/3mdRPfO/JTyONGE4/yhXsKgFnCcCexSSbBmI0MQltT8FeIBkghrk1zJhODOnjxPmscV96RSvamWaxcPeRxFsAcOwBFwwSmogStQBw2AwSN4Bq/gzXqyXqx36yMfLVjTCHfBH1ifPyLbmVc=</latexit>

 =

✓
�L

�R

◆

Transformations under the Lorentz group

- three rotations

- three boosts

<latexit sha1_base64="Cji6IWL5rOuGSB/wI4JEkN8tLEc=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4CjMi6jHixWMEs0AyhJ5OTdKkZ7G7Rggh4Dd48aCIV3/Hm39jZzlo4oOCx3tVVNULUiUNue63k1tZXVvfyG8WtrZ3dveK+wd1k2RaYE0kKtHNgBtUMsYaSVLYTDXyKFDYCAY3E7/xiNrIJL6nYYp+xHuxDKXgZKVmm/pIvCM7xZJbdqdgy8SbkxLMUe0Uv9rdRGQRxiQUN6bluSn5I65JCoXjQjszmHIx4D1sWRrzCI0/mt47ZidW6bIw0bZiYlP198SIR8YMo8B2Rpz6ZtGbiP95rYzCK38k4zQjjMVsUZgpRgmbPM+6UqMgNbSECy3trUz0ueaCbEQFG4K3+PIyqZ+VvYvy+d15qXL9NIsjD0dwDKfgwSVU4BaqUAMBCp7hFd6cB+fFeXc+Zq05Zx7hIfyB8/kDSveQjA==</latexit>

✓i
<latexit sha1_base64="K5Up62gnzgp51zohPv+zvHXNZ30=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcVNy4r2Ie0Q8mkmTY0yYQkUyhDwX9w40IRt36OO//G9LHQ1gMXDufcy733RIozY33/28utrW9sbuW3Czu7e/sHxcOjhklSTWidJDzRrQgbypmkdcsspy2lKRYRp81oeDv1myOqDUvkgx0rGgrclyxmBFsnPXZGWKsB67JuseSX/RnQKgkWpAQL1LrFr04vIamg0hKOjWkHvrJhhrVlhNNJoZMaqjAZ4j5tOyqxoCbMZgdP0JlTeihOtCtp0Uz9PZFhYcxYRK5TYDswy95U/M9rpza+DjMmVWqpJPNFccqRTdD0e9RjmhLLx45gopm7FZEB1phYl1HBhRAsv7xKGhfl4LJcua+UqjdP8zjycAKncA4BXEEV7qAGdSAg4Ble4c3T3ov37n3MW3PeIsJj+APv8wcjNpEK</latexit>'i

<latexit sha1_base64="Gnm+zLRu0VmyAcC69tvpiPl3KYg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxIUTdCxY0LF1XsAzrDkEnTNjSTDElGKMOA4MZfceNCEbd+gzv/xrTThbYeuNzDOfeS3BPGjCrtON9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaIFGGUk4ammpF2LAmKQkZa4fBy7LfuiVRU8Ds9iokfoT6nPYqRNlJg73uxovAceiHlIko9PKDBdZb32yywy07FmQDOE3dKymCKemB/eV2Bk4hwjRlSquM6sfZTJDXFjGQlL1EkRniI+qRjKEcRUX46OSODh0bpwp6QpriGE/X3RooipUZRaCYjpAdq1huL/3mdRPfO/JTyONGE4/yhXsKgFnCcCexSSbBmI0MQltT8FeIBkghrk1zJhODOnjxPmscV96RSvamWaxcPeRxFsAcOwBFwwSmogStQBw2AwSN4Bq/gzXqyXqx36yMfLVjTCHfBH1ifPyLbmVc=</latexit>

 =

✓
�L

�R

◆ <latexit sha1_base64="CAUggOwU3/f08vjB59Owi1Ub/J0=">AAACCXicbZA9SwMxHMZzvtb6duroEixSp3InRV2EiouDQxX7Ar3jyKW5NjTJHUlOKEfBycWv4uKgiKvfwM1vY9reoK0PBH48zz8k/ydMGFXacb6thcWl5ZXVwlpxfWNza9ve2W2qOJWYNHDMYtkOkSKMCtLQVDPSTiRBPGSkFQ4ux3nrnkhFY3GnhwnxOeoJGlGMtLECG3qJomV4Dr2QiphnHu7TcnA9yuF2FNglp+JMBOfBzaEEctUD+8vrxjjlRGjMkFId10m0nyGpKWZkVPRSRRKEB6hHOgYF4kT52WSTETw0ThdGsTRHaDhxf9/IEFdqyEMzyZHuq9lsbP6XdVIdnfkZFUmqicDTh6KUQR3DcS2wSyXBmg0NICyp+SvEfSQR1qa8oinBnV15HprHFfekUr2plmoXD9M6CmAfHIAj4IJTUANXoA4aAINH8AxewZv1ZL1Y79bHdHTByivcA39kff4AXHiZ6g==</latexit>

 0 =

✓
�0
L

�0
R

◆

<latexit sha1_base64="/W7U8CTs4u7k1+0KrOeqYHqun+w="></latexit>

PL,R =
1

2

�
1⌥ �5

�
projectors

<latexit sha1_base64="uSGH8fyT2HSd6V4PugHmUM/EhQo=">AAACA3icbZBNS8MwHMbT+TbrW9WbXoJD8DBGO4Z6ESZePHio4l5gqyXN0i0sTUuSCqMMdvGrePGgiFe/hDe/jdnLQTcfCDz8nn9I/k+QMCqVbX8buaXlldW1/Lq5sbm1vWPt7tVlnApMajhmsWgGSBJGOakpqhhpJoKgKGCkEfSvxnnjkQhJY36vBgnxItTlNKQYKY1868D1mw9leAEd2C7Coun6N9D17zSwfatgl+yJ4KJxZqYAZnJ966vdiXEaEa4wQ1K2HDtRXoaEopiRodlOJUkQ7qMuaWnLUUSkl012GMJjTTowjIU+XMEJ/X0jQ5GUgyjQkxFSPTmfjeF/WStV4bmXUZ6kinA8fShMGVQxHBcCO1QQrNhAG4QF1X+FuIcEwkrXZuoSnPmVF029XHJOS5XbSqF6OZrWkQeH4AicAAecgSq4Bi6oAQxG4Bm8gjfjyXgx3o2P6WjOmFW4D/7I+PwB6IeUQw==</latexit>

P 2
X = 1 , PLPR = 0

<latexit sha1_base64="x1Z7s0WIEonuK/65H7b2PJBPOp4="></latexit>

PL =

✓
�L

0

◆
PR =

✓
0

�R

◆

Lorentz

transform



<latexit sha1_base64="zwIpXq+8P+2nIIxzTW0tNUdlqiA="></latexit>

�0
L = exp

✓
i
�i

2
(✓i + i'i)

◆
�L

�0
R = exp

✓
i
�i

2
(✓i � i'i)

◆
�R

The Dirac fermion Lagrangian is Lorentz invariant

Lorentz

transform

Opposite boosts!

<latexit sha1_base64="u9/xCl6BmafE406Fkao092Ek070="></latexit>

LD = i�†
L�

µ@µ�L + i�†
R�

µ@µ�R �mD

⇣
�†
L�R + �†

R�L

⌘

<latexit sha1_base64="dmj/s0DhbC32FnQ4wxDJYnRFoI0="></latexit>

�†
L�R ! �†

L exp

✓
�i

�i

2
(✓i � i'i)

◆
exp

✓
i
�i

2
(✓i � i'i)

◆
�R = �†

L�RDirac mass term

Four component 

<latexit sha1_base64="5Xbv+Qy/EK3Trw/dthkvEAKaHic="></latexit>

 =  †�0 =

✓
�†
L

�†
R

◆✓
0 1
1 0

◆
=

✓
�†
R

�†
L

◆

<latexit sha1_base64="c4WtpIVG0G+syHZs0W9lvrB2AY4="></latexit>

mD

⇣
�†
L�R + �†

R�L

⌘
= mD  LI



Adding interactions - coupling to photons
<latexit sha1_base64="fLMWGVBCB4yx7/qGLz3L9ZMJbWo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY8eKxgtsW2qVk02wbmmSXJCuUpeAv8OJBEa/+IW/+G7NtD9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL7N/fYjVZrF8sFMEhoIPJQsYgSbXPKr3nm/XHFr7gxolXgLUoEFmv3yV28Qk1RQaQjHWnc9NzFBhpVhhNNpqZdqmmAyxkPatVRiQXWQzW6dojOrDFAUK1vSoJn6eyLDQuuJCG2nwGakl71c/M/rpia6DjImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/JhuAtv7xKWhc177JWv69XGjdP8ziKcAKnUAUPrqABd9AEHwiM4Ble4c0Rzovz7nzMWwvOIsJj+APn8wcPJo4B</latexit>

U(1)
<latexit sha1_base64="SBIDtKpecwlHyrnAHQ+7s8SoqrM="></latexit>

LD = �1

4
Fµ⌫F

µ⌫ + i /D �mD  

<latexit sha1_base64="8aHhVSKSO4gJMXg80XJ9VFzJm2U=">AAACDnicZZDLSgMxFIYz9VbrbdSlm2ARXNQyI6XqQqgI4rKCvUBnGDKZtA1NMkOSEcrQd/ABfA53IroS9AV8G9PLorYHAj/fyfmT/4QJo0o7zq+VW1ldW9/Ibxa2tnd29+z9g6aKU4lJA8cslu0QKcKoIA1NNSPtRBLEQ0Za4eB23G89EaloLB71MCE+Rz1BuxQjbVBgV++CzOMp9EQ6gtfQS5DUFLFgzG4CQ+HZHBQTaFqBXXTKzqTgsnBnoghmVQ/sDy+KccqJ0JghpTquk2g/GxtjRkYFL1UkQXiAeqRjpECcKD+b5BvBE0Mi2I2lOULDCZ2fyBBXasjDEjSCI90vQWUe6ZNowVh3L/2MiiTVROCpbzdlUMdwvBsYUUmwZkMjEJbUfA3iPpIIa7PBgsnsLiZcFs3zslstVx4qxdrVLH0eHIFjcApccAFq4B7UQQNg8AI+wTf4sZ6tV+vNep9ezVmzmUPwr6yvP2cymrA=</latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="vLQ9yesdGaTrpw4M6Nch9eybA/M="></latexit>

/D = �µ (@µ + ieAµ)

<latexit sha1_base64="JIC/Dg76wCtUV+UaPIrel7daQgk=">AAAB93icZZDLSgMxFIYzXmu9jbp0YbAIFUqZkeJlV3DjsgV7gc5YMpkzbWjmQpIRh6FLn8OdCK4EfQAfw7cxvSy0/SHw8Z+ck/zHSziTyrJ+jJXVtfWNzcJWcXtnd2/fPDhsyzgVFFo05rHoekQCZxG0FFMcuokAEnocOt7odlLvPIKQLI7uVZaAG5JBxAJGidJW3zxxEsmwo2IMDznDTewQngxJ+el8jCelvlmyqtZUeBnsOZTQXI2++e34MU1DiBTlRMqebSXKzYlQjHIYF51UQkLoiAygpzEiIUg3nwYZ4zPt+DiIhT6RwlP3b0dOQimz0KtgDSFRwwqW+pEh+AuDVXDt5ixKUgURnc0NUo51zMkSsM8EUMUzDYQKpr+G6ZAIQpVeVVFnthcTLkP7ompfVmvNWql+M09fQMfoFJWRja5QHd2hBmohip7RO/pEX0ZmvBivxtvs6oox7zlC/2R8/AK+6ZGL</latexit>

 ! eiQ↵(x) 

Four component spinor contains particles and anti-particles Dirac ’31

Anti-matter prediction confirmed immediately Anderson ’32

<latexit sha1_base64="6Br7x/EnhHQGNyiNBDxpoG/KpP0=">AAACCXicZVDNSgMxGMzWv1r/Vj16CRZBpJTdUtSLUOnFY4X+QXdbsmm2DU12lyQrlKXg3QfwObyJ4EEEfQbfxuy2B20HAsPky3yZ8SJGpbKsHyO3tr6xuZXfLuzs7u0fmIdHbRnGApMWDlkouh6ShNGAtBRVjHQjQRD3GOl4k3p633kgQtIwaKppRFyORgH1KUZKSwPTdiJJ+xjewDpMnFCPpk4wVWf9ppYpdEaIc9SvZGL/YmAWrbKVAa4Se0GKYIHGwPxwhiGOOQkUZkjKnm1Fyk2QUBQzMis4sSQRwhM0Ij1NA8SJdJMs2gyeaWUI/VDoEyiYqX9fJIhLOeVeCWrCkRqXoNRLxmS4ZKz8azehQRQrEuC5rx8zqEKY1gKHVBCs2FQThAXVX4N4jATCSpdX0Jnt5YSrpF0p25fl6n21WLt9nKfPgxNwCs6BDa5ADdyBBmgBDJ7BO/gC38aT8WK8Gm/z0ZyxaOwY/IPx+QsXTZi4</latexit>

 c = C 
T
= i�2 ⇤ <latexit sha1_base64="cx4TMyhDZt3cT5lyiTJJlFhqnD0=">AAAB7HicZZDLSgMxFIbP1Futt/GycxMsQgu1zEhRN0LFjcsW7AXasWQyaRuayQxJRqil4EO4E8GVoG/hY/g2ppeFtj8EvvxJTs5//JgzpR3nx0qtrK6tb6Q3M1vbO7t79v5BXUWJJLRGIh7Jpo8V5UzQmmaa02YsKQ59Thv+4HZy3nikUrFI3OthTL0Q9wTrMoK1sTr2UTXXjhV7IHl0jc5mm3zHzjpFZyq0DO4csjBXpWN/t4OIJCEVmnCsVMt1Yu2NsNSMcDrOtBNFY0wGuEdbBgUOqfJG0+7H6NQ4AepG0iyh0dT9+2KEQ6WGoV9ABkKs+wWkzCd9GiwU1t0rb8REnGgqyKxuN+FIR2iSHAVMUqL50AAmkpnWEOljiYk288mYzO5iwmWonxfdi2KpWsqWb55n6dNwDCeQAxcuoQx3UIEaEHiCd/iEL0tYL9ar9Ta7mrLmEzuEf7I+fgHsjIzV</latexit>

Q( c) = �Q( )
<latexit sha1_base64="CpYwN7mBbGWFfqDvHH35yR8MkA4=">AAAB53icZZDLSgMxFIYz9VbrpaMu3QSL0GItM1LUjVBx47KCvUA7lkx6xoZmMkOSEcpQ8A3cieBK0AfxMXwb08tC2x8CH3+Sc85//JgzpR3nx8qsrK6tb2Q3c1vbO7t5e2+/qaJEUmjQiEey7RMFnAloaKY5tGMJJPQ5tPzhzeS+9QRSsUjc61EMXkgeBQsYJdpYPTsfFuHhpISv8AROSz274FScqfAyuHMooLnqPfu7249oEoLQlBOlOq4Tay8lUjPKYZzrJgpiQofkEToGBQlBeel08DE+Nk4fB5E0R2g8df/+SEmo1Cj0y9hASPSgjJVpMoD+QmEdXHopE3GiQdBZ3SDhWEd4Ehr3mQSq+cgAoZKZ0TAdEEmoNqvJmczuYsJlaJ5V3PNK9a5aqF0/z9Jn0SE6QkXkogtUQ7eojhqIogS9o0/0ZTHrxXq13mZPM9Z8Ywfon6yPX/Uxins=</latexit>

m(e+) = m(e�)

Now confirmed for all charged particles
<latexit sha1_base64="R++ij+e7bS8CH63Aw27tD/30V6A=">AAAB9XicZZDLSgMxFIYzXmu9jboUIVgEwVJmpKjLihuXFewF2rFkMpk2NJMZkzNKKQXB53AngitBn8DH8G1Mp11o+0M4H3+Sk/zHTwTX4Dg/1sLi0vLKam4tv76xubVt7+zWdZwqymo0FrFq+kQzwSWrAQfBmoliJPIFa/j9q/F+44EpzWN5C4OEeRHpSh5ySsBYHfsguTsp4naUZgVIVu8NiiAG3bELTsnJhOfBnUIBTVXt2N/tIKZpxCRQQbRuuU4C3pAo4FSwUb6dapYQ2idd1jIoScS0N8xijPCRcQIcxsosCThz/94YkkjrQeQXsYGIQK+ItXmkx4KZxhBeeEMukxSYpJO+YSowxHg8AhxwxSiIgQFCFTdfw7RHFKFgBpU3md3ZhPNQPy25Z6XyTblQuXyapM+hfXSIjpGLzlEFXaMqqiGKntE7+kRf1qP1Yr1ab5OjC9Z0Ynvon6yPX+7FkEI=</latexit>

p+, µ+, ⌧+, q, . . .

<latexit sha1_base64="crt443DRbhOx1vbwgoH4KTR/h40=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVQmqgAWpiIWxSPQhNaFyXKc1tePIdpCqqBI/gIW/wsIAQqysbPwbnLQDtJxk6Xx3fnwXxIwq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaSiQSkwYWTMh2gBRhNCINTTUj7VgSxANGWsHwMvNb90QqKqIbPYqJz1E/oiHFSBupax/e3Xo8gefQEyaW3QK9WFHo9RHnKPeyfdcuOxUnB5wn7pSUwRT1rv3l9QROOIk0ZkipjuvE2k+R1BQzMi55iSIxwkPUJx1DI8SJ8tN8njE8MEoPhkKaFWmYq79PpIgrNeKBSXKkB2rWy8T/vE6iwzM/pVGcaBLhyUNhwqAWMCsH9qgkWLORIQhLav4K8QBJhLWpsGRKcGdHnifN44p7UqleV8u1i4dJHUWwB/bBEXDBKaiBK1AHDYDBI3gGr+DNerJerHfrYxItWNMKd8EfWJ8/SSCcnQ==</latexit>

jµ =  �µ QED current



Fermions and Majorana
Q: Have we found all possible reps and invariants?

Indeed no, says Majorana. Dirac ’37

Hint from rotations
<latexit sha1_base64="ANtlHNw7xUpSQIHOAuNBUHHhISY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8RLx4jmAckS5id9CZjZneWmdlAWAJ+ghcPinj1f7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGlqmimGdSSFVK6AaBY+xbrgR2EoU0igQ2AyGt1O/OUKluYwfzDhBP6L9mIecUWOlRmeEjKhuseSW3RnIKvEWpAQL1LrFr05PsjTC2DBBtW57bmL8jCrDmcBJoZNqTCgb0j62LY1phNrPZtdOyJlVeiSUylZsyEz9PZHRSOtxFNjOiJqBXvam4n9eOzXhtZ/xOEkNxmy+KEwFMZJMXyc9rpAZMbaEMsXtrYQNqKLM2IAKNgRv+eVV0rgoe5flyn2lVL15mseRhxM4hXPw4AqqcAc1qAODR3iGV3hzpPPivDsf89acs4jwGP7A+fwBYiePag==</latexit>

~r <latexit sha1_base64="1GxMFoa+8z6gcampvpewcU2ocPk=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclRkp6rLixmWFvqBTSyaTaUPzGJJMoQwFF278FTcuFHHrL7jzb0wfgrYeuHByzr3k3hMmjGrjeV/O0vLK6tp6biO/ubW9s+vu7de1TBUmNSyZVM0QacKoIDVDDSPNRBHEQ0YaYf967DcGRGkqRdUME9LmqCtoTDEyVuq4R8GAYKhggCNp4M9DUw7VXRWqjlvwit4EcJH4M1IAM1Q67mcQSZxyIgxmSOuW7yWmnSFlKGZklA9STRKE+6hLWpYKxIluZ5M7RvDEKhGMpbIlDJyovycyxLUe8tB2cmR6et4bi/95rdTEl+2MiiQ1RODpR3HKoJFwHAqMqCLYsKElCCtqd4W4hxTCxkaXtyH48ycvkvpZ0T8vlm5LhfLV/TSOHDgEx+AU+OAClMENqIAawOABPIEX8Oo8Os/Om/M+bV1yZhEegD9wPr4BGZyYmA==</latexit>

~r · ~r ⇠ rT r

<latexit sha1_base64="bV2D1gnHGOgns3tR4czFPQQnPaY=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4rXrxZ0W0L7VKyabYNzWaXJCuUpeA/8OJBEa/+IG/+G9OPg7Y+GHi8N8PMvCARXBvH+UYrq2vrG5u5rfz2zu7efuHgsKHjVFHm0VjEqhUQzQSXzDPcCNZKFCNRIFgzGF5P/OYjU5rH8sGMEuZHpC95yCkxVvLub0uVs26h6JSdKfAyceekCHPUu4WvTi+macSkoYJo3XadxPgZUYZTwcb5TqpZQuiQ9FnbUkkipv1seuwYn1qlh8NY2ZIGT9XfExmJtB5Fge2MiBnoRW8i/ue1UxNe+hmXSWqYpLNFYSqwifHkc9zjilEjRpYQqri9FdMBUYQam0/ehuAuvrxMGpWye16u3lWLtaunWRw5OIYTKIELF1CDG6iDBxQ4PMMrvCGJXtA7+pi1rqB5hEfwB+jzB6uDjlk=</latexit>

SO(2)

<latexit sha1_base64="57tyqFKCYh0veaUv5ZcB9IO+Oy0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8RLx4jmAckS5id9CZDZmfXmdlAWAJ+gxcPinj1d7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3k795giV5rF8MOME/Yj2JQ85o8ZKrc4IGVFdr1ssuWV3BrJKvAUpwQK1bvGr04tZGqE0TFCt256bGD+jynAmcFLopBoTyoa0j21LJY1Q+9ns3gk5s0qPhLGyJQ2Zqb8nMhppPY4C2xlRM9DL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNqGBD8JZfXiWNi7J3Wa7cV0rVm6d5HHk4gVM4Bw+uoAp3UIM6MBDwDK/w5jw6L8678zFvzTmLCI/hD5zPH4sLkA4=</latexit>

~r1
<latexit sha1_base64="558KNFT6zg2G21PMLP0HnmeUsqU=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GPEi8cI5gHJEmYnvcmQ2dl1ZjYQloDf4MWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d+c4RK81g+mHGCfkT7koecUWOlVmeEjKhuuVsouiV3BrJKvAUpwgK1buGr04tZGqE0TFCt256bGD+jynAmcJLvpBoTyoa0j21LJY1Q+9ns3gk5t0qPhLGyJQ2Zqb8nMhppPY4C2xlRM9DL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNKG9D8JZfXiWNcsm7LFXuK8XqzdM8jhycwhlcgAdXUIU7qEEdGAh4hld4cx6dF+fd+Zi3rjmLCE/gD5zPH4yPkA8=</latexit>

~r2

<latexit sha1_base64="pMLampck/0ti0RJ8p1GULVh509U=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMlKIuK25cVrAP6AxDJpNpQzPJkGQKZSiIv+LGhSJu/Qx3/o1pOwttPXDh5Jx7yb0nTBlV2nG+rdLa+sbmVnm7srO7t39gHx51lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPR7czvjolUVPAHPUmJn6ABpzHFSBspsE+8McFQBi70cCQ0LJ71wK46NWcOuErcglRBgVZgf3mRwFlCuMYMKdV3nVT7OZKaYkamFS9TJEV4hAakbyhHCVF+Pj9gCs+NEsFYSFNcw7n6eyJHiVKTJDSdCdJDtezNxP+8fqbjaz+nPM004XjxUZwxqAWcpQEjKgnWbGIIwpKaXSEeIomwNplVTAju8smrpFOvuZe1xn2j2rx5XMRRBqfgDFwAF1yBJrgDLdAGGEzBM3gFb9aT9WK9Wx+L1pJVRHgM/sD6/AEUI5XY</latexit>

~r1 · ~r2

Scalar product

The Dirac mass term is analogous
<latexit sha1_base64="Vh5wmZuyd7TKePuPWvpEf+pfIoY=">AAACFnicbVDLSgMxFM34rPU16tJNsAhuLDNS1GXFjcsK9gGdoWQymTY0mQxJplCGgv/gxl9x40IRt+LOvzHTjqCtBxJOzrmXm3uChFGlHefLWlpeWV1bL22UN7e2d3btvf2WEqnEpIkFE7ITIEUYjUlTU81IJ5EE8YCRdjC8zv32iEhFRXynxwnxOerHNKIYaSP17FNPGDvvhl6iaHEpyqE3IhhK6OFQ6J9Hz644VWcKuEjcglRAgUbP/vRCgVNOYo0ZUqrrOon2MyQ1xYxMyl6qSILwEPVJ19AYcaL8bLrWBB4bJYSRkObEGk7V3x0Z4kqNeWAqOdIDNe/l4n9eN9XRpZ/ROEk1ifFsUJQyqAXMM4IhlQRrNjYEYUnNXyEeIImwNkmWTQju/MqLpHVWdc+rtdtapX51P4ujBA7BETgBLrgAdXADGqAJMHgAT+AFvFqP1rP1Zr3PSpesIsID8AfWxzfPa57o</latexit>

  ⇠ ~r · ~r

length is invariant



Hint from

<latexit sha1_base64="ANtlHNw7xUpSQIHOAuNBUHHhISY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8RLx4jmAckS5id9CZjZneWmdlAWAJ+ghcPinj1f7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGlqmimGdSSFVK6AaBY+xbrgR2EoU0igQ2AyGt1O/OUKluYwfzDhBP6L9mIecUWOlRmeEjKhuseSW3RnIKvEWpAQL1LrFr05PsjTC2DBBtW57bmL8jCrDmcBJoZNqTCgb0j62LY1phNrPZtdOyJlVeiSUylZsyEz9PZHRSOtxFNjOiJqBXvam4n9eOzXhtZ/xOEkNxmy+KEwFMZJMXyc9rpAZMbaEMsXtrYQNqKLM2IAKNgRv+eVV0rgoe5flyn2lVL15mseRhxM4hXPw4AqqcAc1qAODR3iGV3hzpPPivDsf89acs4jwGP7A+fwBYiePag==</latexit>

~r

<latexit sha1_base64="bV2D1gnHGOgns3tR4czFPQQnPaY=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4rXrxZ0W0L7VKyabYNzWaXJCuUpeA/8OJBEa/+IG/+G9OPg7Y+GHi8N8PMvCARXBvH+UYrq2vrG5u5rfz2zu7efuHgsKHjVFHm0VjEqhUQzQSXzDPcCNZKFCNRIFgzGF5P/OYjU5rH8sGMEuZHpC95yCkxVvLub0uVs26h6JSdKfAyceekCHPUu4WvTi+macSkoYJo3XadxPgZUYZTwcb5TqpZQuiQ9FnbUkkipv1seuwYn1qlh8NY2ZIGT9XfExmJtB5Fge2MiBnoRW8i/ue1UxNe+hmXSWqYpLNFYSqwifHkc9zjilEjRpYQqri9FdMBUYQam0/ehuAuvrxMGpWye16u3lWLtaunWRw5OIYTKIELF1CDG6iDBxQ4PMMrvCGJXtA7+pi1rqB5hEfwB+jzB6uDjlk=</latexit>

SO(2)

<latexit sha1_base64="57tyqFKCYh0veaUv5ZcB9IO+Oy0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8RLx4jmAckS5id9CZDZmfXmdlAWAJ+gxcPinj1d7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3k795giV5rF8MOME/Yj2JQ85o8ZKrc4IGVFdr1ssuWV3BrJKvAUpwQK1bvGr04tZGqE0TFCt256bGD+jynAmcFLopBoTyoa0j21LJY1Q+9ns3gk5s0qPhLGyJQ2Zqb8nMhppPY4C2xlRM9DL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNqGBD8JZfXiWNi7J3Wa7cV0rVm6d5HHk4gVM4Bw+uoAp3UIM6MBDwDK/w5jw6L8678zFvzTmLCI/hD5zPH4sLkA4=</latexit>

~r1
<latexit sha1_base64="558KNFT6zg2G21PMLP0HnmeUsqU=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GPEi8cI5gHJEmYnvcmQ2dl1ZjYQloDf4MWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6d+c4RK81g+mHGCfkT7koecUWOlVmeEjKhuuVsouiV3BrJKvAUpwgK1buGr04tZGqE0TFCt256bGD+jynAmcJLvpBoTyoa0j21LJY1Q+9ns3gk5t0qPhLGyJQ2Zqb8nMhppPY4C2xlRM9DL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNKG9D8JZfXiWNcsm7LFXuK8XqzdM8jhycwhlcgAdXUIU7qEEdGAh4hld4cx6dF+fd+Zi3rjmLCE/gD5zPH4yPkA8=</latexit>

~r2

Vector product

Majorana mass term from

<latexit sha1_base64="Cg1rTIDVAA6gd53bVuGxCopwLsc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWRoi4rblxWsA9oQplMJ+3QySTMTAo1FP0UNy4Ucet/uPNvnDZdaOuBC2fOucO99wQJZ0o7zrdVWFldW98obpa2tnd29+z9g6aKU0log8Q8lu0AK8qZoA3NNKftRFIcBZy2guHN1G+NqFQsFvd6nFA/wn3BQkawNlLXPvJGlCCJPM0iqlD+6tplp+LMgJaJOydlmKPetb+8XkzSiApNOFaq4zqJ9jMsNSOcTkpeqmiCyRD3acdQgc0sP5ttP0GnRumhMJamhEYz9fePDEdKjaPAdEZYD9SiNxX/8zqpDq/8jIkk1VSQfFCYcqRjNI0C9ZikRPOxIZhIZnZFZIAlJtoEVjIhuIsnL5PmecW9qFTvquXa9VMeRxGO4QTOwIVLqMEt1KEBBB7gGV7hzXq0Xqx36yNvLVjzCA/hD6zPH5F4lRE=</latexit>

~r ⇥ ~r

<latexit sha1_base64="hMQ3JAl9EFyV5PYGtW/8QIAujRs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KUoi4rblxWsA9oQ5hMb9qhk0mYmRRKqAj+ihsXirj1L9z5N07bLLT1wIUz59zh3nuChDOlHefbWlldW9/YLGwVt3d29/btg8OmilNJoUFjHst2QBRwJqChmebQTiSQKODQCoY3U781AqlYLO71OAEvIn3BQkaJNpJvH3dHQLH0XdzVLAKF83fFt0tO2ZkBLxM3JyWUo+7bX91eTNMIhKacKNVxnUR7GZGaUQ6TYjdVkBA6JH3oGCqImeZlswsm+MwoPRzG0pTQeKb+/pGRSKlxFJjOiOiBWvSm4n9eJ9XhlZcxkaQaBJ0PClOOdYynceAek0A1HxtCqGRmV0wHRBKqTWhFE4K7ePIyaVbK7kW5elct1a4f53EU0Ak6RefIRZeohm5RHTUQRQ/oGb2iN+vJerHerY9564qVR3iE/sD6/AH4jJZa</latexit>

~r1 ⇥ ~r2

area is invariant

zero for commuting objects

<latexit sha1_base64="iFFGJGbXlGz7xFqFrAWtWyqWEo0="></latexit>

�0
L = exp

✓
i
�i

2
(✓i + i'i)

◆
�L

<latexit sha1_base64="8p7vmvXzgmu0O+X82rxy/JdhlfU="></latexit>

�T
L(i�2)�L = �a

L"
ab�b

L antisymmetric, too

Lorentz invariant! A new mass term with one component unlike Dirac.
<latexit sha1_base64="ols6h4q53w9Et3CLzofx1q7a+yo="></latexit>

LM = i�†
L�

µ@µ�L � 1

2
mM

⇣
�T
L(i�2)�L + �†

L(i�2)�
⇤
L

⌘



Majorana fermions in four components
<latexit sha1_base64="q5reOSRhAaxARli0a6hdmdwKJvE=">AAACFnicbZDLSgMxGIUz9VbrrerSTbAIIrTMlKJuhIobFwoV7AU645BJ0zY0yQxJRijDgO/gxldx40IRt+LOtzG9LLT1QODwnT8k/wkiRpW27W8rs7C4tLySXc2trW9sbuW3dxoqjCUmdRyyULYCpAijgtQ11Yy0IkkQDxhpBoOLUd68J1LRUNzqYUQ8jnqCdilG2iA/X3QjRf1reAbdgIqQJy7uU/8qTYoUuor2OPLLcMLujlI/X7BL9lhw3jhTUwBT1fz8l9sJccyJ0JghpdqOHWkvQVJTzEiac2NFIoQHqEfaxgrEifKS8VopPDCkA7uhNEdoOKa/bySIKzXkgZnkSPfVbDaC/2XtWHdPvYSKKNZE4MlD3ZhBHcJRR7BDJcGaDY1BWFLzV4j7SCKsTZM5U4Izu/K8aZRLznGpclMpVM8fJnVkwR7YB4fAASegCi5BDdQBBo/gGbyCN+vJerHerY/JaMaaVrgL/sj6/AHd7J75</latexit>

 M =

✓
�L

�i�2�⇤
L

◆

<latexit sha1_base64="e2PsIbXpUteElqpoKQcB5VoD79Y="></latexit>

LM =
1

2

�
i M /@ M �mM M M

�

Easy to derive propagators and Feynman rules

Looks the same, but no           charge                           b.c.
<latexit sha1_base64="3OKO7zlTBWemGlJXLRwt99BM+38=">AAACBXicbZDLSgMxGIUzXmu9jbrURbAIdVNmSlGXFTcuXFToDTrjkEkzbWiSGZKMUIaCuPFV3LhQxK3v4M63Mb0stPVA4PCdPyT/CRNGlXacb2tpeWV1bT23kd/c2t7Ztff2mypOJSYNHLNYtkOkCKOCNDTVjLQTSRAPGWmFg6tx3ronUtFY1PUwIT5HPUEjipE2KLCPPNynwc1dvQgp9BTtcRSUT+GUBnbBKTkTwUXjzkwBzFQL7C+vG+OUE6ExQ0p1XCfRfoakppiRUd5LFUkQHqAe6RgrECfKzyZbjOCJIV0YxdIcoeGE/r6RIa7UkIdmkiPdV/PZGP6XdVIdXfgZFUmqicDTh6KUQR3DcSWwSyXBmg2NQVhS81eI+0girE1xeVOCO7/yommWS+5ZqXJbKVQvH6Z15MAhOAZF4IJzUAXXoAYaAINH8AxewZv1ZL1Y79bHdHTJmlV4AP7I+vwBPUqXiw==</latexit>

�T
L(i�2)�L

<latexit sha1_base64="fLMWGVBCB4yx7/qGLz3L9ZMJbWo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY8eKxgtsW2qVk02wbmmSXJCuUpeAv8OJBEa/+IW/+G7NtD9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL7N/fYjVZrF8sFMEhoIPJQsYgSbXPKr3nm/XHFr7gxolXgLUoEFmv3yV28Qk1RQaQjHWnc9NzFBhpVhhNNpqZdqmmAyxkPatVRiQXWQzW6dojOrDFAUK1vSoJn6eyLDQuuJCG2nwGakl71c/M/rpia6DjImk9RQSeaLopQjE6P8cTRgihLDJ5Zgopi9FZERVpgYG0/JhuAtv7xKWhc177JWv69XGjdP8ziKcAKnUAUPrqABd9AEHwiM4Ble4c0Rzovz7nzMWwvOIsJj+APn8wcPJo4B</latexit>

U(1)
<latexit sha1_base64="5/jUTHb1HoRXZZejHQEahyvEkH0=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0JahmxsbCIYB6QXZe7k0l2yOzsMjOrhCXgD9j4KzYWitha2vk3Th6FJh64cDjnXGbuCRLOlLbtbyu3sLi0vJJfLaytb2xuFbd3GipOJaF1EvNYtgJQlDNB65ppTluJpBAFnDaD/sXIb95RqVgsbvQgoV4EPcG6jIA2kl88dEnI/CvsCsl6oQYp43tMbzOGXeBJCEM8CfjFkl22x8DzxJmSEpqi5he/3E5M0ogKTTgo1XbsRHsZSM0Ip8OCmyqaAOlDj7YNFRBR5WXjg4b4wCgd3I2lGaHxWP29kUGk1CAKTDICHapZbyT+57VT3T3zMiaSVFNBJg91U451jEft4A6TlGg+MASIZOavmIQggWjTYcGU4MyePE8ax2XnpFy5rpSq5w+TOvJoD+2jI+SgU1RFl6iG6oigR/SMXtGb9WS9WO/WxySas6YV7qI/sD5/AHuXnUg=</latexit>

�L 9 ei↵�L

<latexit sha1_base64="PqBjTivwWc+mTcGcEqjstgSSqqI="></latexit>

 c = i�2 ⇤ =

✓
0 i�2

�i�2 0

◆✓
�⇤
L

�⇤
R

◆
=

✓
i�2�⇤

R

�i�2�⇤
L

◆

<latexit sha1_base64="Gp0+X5QWdKyD+BZsFH+ZtD51A3Q="></latexit>

 M = PL + PR 
c =

✓
�L

�i�2�⇤
L

◆

Neutral only!



Majorana fermions in four components
<latexit sha1_base64="e2PsIbXpUteElqpoKQcB5VoD79Y="></latexit>

LM =
1

2

�
i M /@ M �mM M M

�

<latexit sha1_base64="viHIIOdxV3YzU6eHK0bfBJ9ZJuY="></latexit>

 M /@ M =
�
�†
L, �T

L(i�2)
�✓0 1

1 0

◆✓
0 �µ

�µ 0

◆✓
@µ�L

�i�2@µ�⇤
L

◆

= �†
L�

µ@µ�L + �T
L�2�

µ�2@µ�
⇤
L

= �†
L�

µ@µ�L �
⇣
@µ�

T
L�

µ�†
L

⌘T

= 2�†
L�

µ@µ�L

Kinetic

Mass
<latexit sha1_base64="/Zvdz33eMAFTt3VETFKY7IF87MM="></latexit>

 M M =
�
�T
Li�2, �†

L

�✓ �L

�i�2�⇤
L

◆

= �T
Li�2�L � �†

Li�2�
⇤
L = �T

Li�2�L + cc

Mass insertions… …break fermion number flow

<latexit sha1_base64="1oM8h494z221AYjowodPFEYw8pY="></latexit>

 M M =  T
MC M ,

C = i�2�0



Majorana has no anti-particle…

<latexit sha1_base64="q5reOSRhAaxARli0a6hdmdwKJvE=">AAACFnicbZDLSgMxGIUz9VbrrerSTbAIIrTMlKJuhIobFwoV7AU645BJ0zY0yQxJRijDgO/gxldx40IRt+LOtzG9LLT1QODwnT8k/wkiRpW27W8rs7C4tLySXc2trW9sbuW3dxoqjCUmdRyyULYCpAijgtQ11Yy0IkkQDxhpBoOLUd68J1LRUNzqYUQ8jnqCdilG2iA/X3QjRf1reAbdgIqQJy7uU/8qTYoUuor2OPLLcMLujlI/X7BL9lhw3jhTUwBT1fz8l9sJccyJ0JghpdqOHWkvQVJTzEiac2NFIoQHqEfaxgrEifKS8VopPDCkA7uhNEdoOKa/bySIKzXkgZnkSPfVbDaC/2XtWHdPvYSKKNZE4MlD3ZhBHcJRR7BDJcGaDY1BWFLzV4j7SCKsTZM5U4Izu/K8aZRLznGpclMpVM8fJnVkwR7YB4fAASegCi5BDdQBBo/gGbyCN+vJerHerY/JaMaaVrgL/sj6/AHd7J75</latexit>

 M =

✓
�L

�i�2�⇤
L

◆

… and U(1) currents vanish by construction

<latexit sha1_base64="dGceR6TSAPgDie7txORALBWGJIE="></latexit>

 c
M = i�2 ⇤

M =

✓
0 i�2

�i�2�⇤
L

◆✓
�L

�i�2�⇤
L

◆
=  M

<latexit sha1_base64="7h0Z81X+UR3pr3gd7ugk3RFNYfo="></latexit>

 M�
µ M =

�
�T
Li�2, �†

L

�✓ 0 �µ

�µ 0

◆✓
�L

�i�2�⇤
L

◆
= 0

Mass terms necessarily symmetric, unlike Dirac
<latexit sha1_base64="AXxOY5RCbt0CsYFoTtkeIQBR2nc="></latexit>

(MM )ij Mi Mj = MMij

�
�T
Lii�2�Lj + cc

�

= MMij

�
��T

Lji�
T
2 �Li + cc

�

= MMij

�
�T
Lji�2�Li + cc

�

= MMji

�
�T
Lii�2�Lj + cc

�

<latexit sha1_base64="m0HO9YTvILD5yxOOnNC4oqp3qvE=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqBuh4sZNoUJfMB1LJs20oZlkSDJCGQr+hBsXirj1a9z5N6aPhbYeuJfDOTfk3hMmnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzS1TBWhDSK5VO0Qa8qZoA3DDKftRFEch5y2wuHtxG89UqWZFHUzSmgQ475gESPYWMmvdqvoGtn+UO8WS27ZnQItE29OSjBHrVv86vQkSWMqDOFYa99zExNkWBlGOB0XOqmmCSZD3Ke+pQLHVAfZdOUxOrFKD0VS2RIGTdXfLzIcaz2KQzsZYzPQi95E/M/zUxNdBRkTSWqoILOPopQjI9HkftRjihLDR5ZgopjdFZEBVpgYm1LBhuAtnrxMmmdl76J8fn9eqtw8zeLIwxEcwyl4cAkVuIMaNICAhGd4hTfHOC/Ou/MxG8058wgP4Q+czx+XkpCR</latexit>

MM = MT
M

<latexit sha1_base64="ndX0qTW//01qAKjsjaomnXmwJbs=">AAACH3icbZBNS8MwHMbT+Tbr29Sjl+BQPI1WxvQ40YMHB1PWbbDOkmZpF5a+kKTCKAM/iBe/ihcPioi3fRvTbaBu/iHw43n+IXkeN2ZUSMMYa7ml5ZXVtfy6vrG5tb1T2N1riijhmFg4YhFvu0gQRkNiSSoZacecoMBlpOUOLjO/9UC4oFHYkMOYdAPkh9SjGEklOYVKzbmCx7aMoOXc3Ns95PuEw0CJlnOn27Zec2o/fkM5tYycQtEoGZOBi2DOoAhmU3cKX3YvwklAQokZEqJjGrHspohLihkZ6XYiSIzwAPmkozBEARHddJJvBI+U0oNexNUJJZyov2+kKBBiGLhqM0CyL+a9TPzP6yTSO++mNIwTSUI8fchLGFRxs7Jgj3KCJRsqQJhT9VeI+4gjLFWluirBnI+8CM3TklkplW/LxerF47SOPDgAh+AEmOAMVME1qAMLYPAEXsAbeNeetVftQ/ucrua0WYX74M9o429I4p/T</latexit>

MD ! U †
LmDUR

MM ! UT
LmMUL

additional CP phases


