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<latexit sha1_base64="M/u3XoL9ltF/Rsn3E9ess3Br2cA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9RLx4jmgcka5idzCZDZmeXmV4hLPkELx4U8eoXefNvnDwOmljQUFR1090VJFIYdN1vZ2l5ZXVtPbeR39za3tkt7O3XTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSDm7HfeOLaiFg94DDhfkR7SoSCUbTS/dXjaadQdEvuBGSReDNShBmqncJXuxuzNOIKmaTGtDw3QT+jGgWTfJRvp4YnlA1oj7csVTTixs8mp47IsVW6JIy1LYVkov6eyGhkzDAKbGdEsW/mvbH4n9dKMbz0M6GSFLli00VhKgnGZPw36QrNGcqhJZRpYW8lrE81ZWjTydsQvPmXF0n9rOSVS+W782LlehZHDg7hCE7AgwuowC1UoQYMevAMr/DmSOfFeXc+pq1LzmzmAP7A+fwBsMyNbQ==</latexit>

A+

<latexit sha1_base64="F/rcnMujl0rDtYowPnwPdPGlXJ4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHZFoseoF48RzQOSNcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEikMuu63s7S8srq2ntvIb25t7+wW9vbrJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LBzdhvPHFtRKwecJhwP6I9JULBKFrp/urxtFMouiV3ArJIvBkpwgzVTuGr3Y1ZGnGFTFJjWp6boJ9RjYJJPsq3U8MTyga0x1uWKhpx42eTU0fk2CpdEsbalkIyUX9PZDQyZhgFtjOi2Dfz3lj8z2ulGF76mVBJilyx6aIwlQRjMv6bdIXmDOXQEsq0sLcS1qeaMrTp5G0I3vzLi6R+VvLKpfLdebFyPYsjB4dwBCfgwQVU4BaqUAMGPXiGV3hzpPPivDsf09YlZzZzAH/gfP4As9SNbw==</latexit>

A�

QED
<latexit sha1_base64="ktgYsf9+VNH8FeTgECPsR8gpEhY="></latexit>
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<latexit sha1_base64="dkx6HnwZ5xz9jkmQkAa2zvTMYyA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BQTxGMA/MrmF2MpsMmZ1d5iGEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090Vppwp7brfTmFldW19o7hZ2tre2d0r7x+0VGIkoU2S8ER2QqwoZ4I2NdOcdlJJcRxy2g5H11O//USlYom41+OUBjEeCBYxgrWVHm4eMz82vjCTXrniVt0Z0DLxclKBHI1e+cvvJ8TEVGjCsVJdz011kGGpGeF0UvKNoikmIzygXUsFjqkKstnFE3RilT6KEmlLaDRTf09kOFZqHIe2M8Z6qBa9qfif1zU6ugwyJlKjqSDzRZHhSCdo+j7qM0mJ5mNLMJHM3orIEEtMtA2pZEPwFl9eJq2zqler1u7OK/WrPI4iHMExnIIHF1CHW2hAEwgIeIZXeHOU8+K8Ox/z1oKTzxzCHzifP8fJkQI=</latexit>

Fµ⌫

<latexit sha1_base64="9N6ZW3NC1pM8yR+exim0Iflgzwo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWMG2hDWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpv7nSeqNIvlo5kmNBB4JFnECDZW8u8GfZEOqjW37s6BVolXkBoUaA2qX/1hTFJBpSEca93z3MQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBNj92hs6sMkRRrGxJg+bq74kMC62nIrSdApuxXvZy8T+vl5roOsiYTFJDJVksilKOTIzyz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K3/PIqaV/UvUa98XBZa94UcZThBE7hHDy4gibcQwt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AKQKjpg=</latexit>

Dµ

<latexit sha1_base64="0DShfSCK2dh0kL4JtBpH1e0Y7o8="></latexit>
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<latexit sha1_base64="6ScPGh0eyFPa1xeFqUvTF+R9X3o=">AAAB9XicbVDLSgMxFM34rPVVdekmWARXZUakuiy60V0F+4B2WjLpbRuaZIYko5Rh/sONC0Xc+i/u/Bsz7Sy09UDgcM693JMTRJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6jBWFBo05KFqB0QDZxIahhkO7UgBEQGHVjC5yfzWIyjNQvlgphH4gowkGzJKjJV60Eu6gpixEsldmvZLZbfizoCXiZeTMspR75e+uoOQxgKkoZxo3fHcyPgJUYZRDmmxG2uICJ2QEXQslUSA9pNZ6hSfWmWAh6GyTxo8U39vJERoPRWBncwi6kUvE//zOrEZXvkJk1FsQNL5oWHMsQlxVgEeMAXU8KklhCpms2I6JopQY4sq2hK8xS8vk+Z5xatWqvcX5dp1XkcBHaMTdIY8dIlq6BbVUQNRpNAzekVvzpPz4rw7H/PRFSffOUJ/4Hz+ACMVkvI=</latexit>

eI
<latexit sha1_base64="LL3OppI1YRNSxFWSrrYXAnt3brk=">AAACKnicbVDLSsNAFJ34rPUVdelmsAi6KYmIuhGqbly4ULEPaEqZTG/awckkzNwIJfR73Pgrblwo4tYPcVqz0OqBgcM59zH3hKkUBj3v3ZmZnZtfWCwtlZdXVtfW3Y3NhkkyzaHOE5noVsgMSKGgjgIltFINLA4lNMP7i7HffABtRKLucJhCJ2Z9JSLBGVqp654FqRH0lAYSItwLQugLlTOt2XCU81F57HavaBDQCbstB6B6hR9o0R/gfteteFVvAvqX+AWpkALXXfcl6CU8i0Ehl8yYtu+l2LFDUXAJdmdmIGX8nvWhbaliMZhOPjl1RHet0qNRou1TSCfqz46cxcYM49BWxgwHZtobi/957Qyjk04uVJohKP69KMokxYSOc6M9oYGjHFrCuBb2r5QPmGYcbbplG4I/ffJf0jio+kfVo5vDSu28iKNEtskO2SM+OSY1ckmuSZ1w8kieySt5c56cF+fd+fgunXGKni3yC87nF5oip2w=</latexit>
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<latexit sha1_base64="M/u3XoL9ltF/Rsn3E9ess3Br2cA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9RLx4jmgcka5idzCZDZmeXmV4hLPkELx4U8eoXefNvnDwOmljQUFR1090VJFIYdN1vZ2l5ZXVtPbeR39za3tkt7O3XTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSDm7HfeOLaiFg94DDhfkR7SoSCUbTS/dXjaadQdEvuBGSReDNShBmqncJXuxuzNOIKmaTGtDw3QT+jGgWTfJRvp4YnlA1oj7csVTTixs8mp47IsVW6JIy1LYVkov6eyGhkzDAKbGdEsW/mvbH4n9dKMbz0M6GSFLli00VhKgnGZPw36QrNGcqhJZRpYW8lrE81ZWjTydsQvPmXF0n9rOSVS+W782LlehZHDg7hCE7AgwuowC1UoQYMevAMr/DmSOfFeXc+pq1LzmzmAP7A+fwBsMyNbQ==</latexit>

A+

<latexit sha1_base64="F/rcnMujl0rDtYowPnwPdPGlXJ4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHZFoseoF48RzQOSNcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEikMuu63s7S8srq2ntvIb25t7+wW9vbrJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LBzdhvPHFtRKwecJhwP6I9JULBKFrp/urxtFMouiV3ArJIvBkpwgzVTuGr3Y1ZGnGFTFJjWp6boJ9RjYJJPsq3U8MTyga0x1uWKhpx42eTU0fk2CpdEsbalkIyUX9PZDQyZhgFtjOi2Dfz3lj8z2ulGF76mVBJilyx6aIwlQRjMv6bdIXmDOXQEsq0sLcS1qeaMrTp5G0I3vzLi6R+VvLKpfLdebFyPYsjB4dwBCfgwQVU4BaqUAMGPXiGV3hzpPPivDsf09YlZzZzAH/gfP4As9SNbw==</latexit>

A�

<latexit sha1_base64="6ScPGh0eyFPa1xeFqUvTF+R9X3o=">AAAB9XicbVDLSgMxFM34rPVVdekmWARXZUakuiy60V0F+4B2WjLpbRuaZIYko5Rh/sONC0Xc+i/u/Bsz7Sy09UDgcM693JMTRJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6jBWFBo05KFqB0QDZxIahhkO7UgBEQGHVjC5yfzWIyjNQvlgphH4gowkGzJKjJV60Eu6gpixEsldmvZLZbfizoCXiZeTMspR75e+uoOQxgKkoZxo3fHcyPgJUYZRDmmxG2uICJ2QEXQslUSA9pNZ6hSfWmWAh6GyTxo8U39vJERoPRWBncwi6kUvE//zOrEZXvkJk1FsQNL5oWHMsQlxVgEeMAXU8KklhCpms2I6JopQY4sq2hK8xS8vk+Z5xatWqvcX5dp1XkcBHaMTdIY8dIlq6BbVUQNRpNAzekVvzpPz4rw7H/PRFSffOUJ/4Hz+ACMVkvI=</latexit>

eI

Constructive QED

<latexit sha1_base64="doDgBL1vxOrjG77eDcwMKKEk/fA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6rLoRncV7AOaECbTSTt0ZhJmJkINwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRNGlXacb2tpeWV1bb2yUd3c2t7Ztff2OypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+vC7z4QqWgs7vUkIT5HQ0EjipE2UmAfeiGSGcmDzONIjyTPbvM8sGtO3ZkCLhK3JDVQohXYX94gxiknQmOGlOq7TqL9DElNMSN51UsVSRAeoyHpGyoQJ8rPpulzeGKUAYxiaZ7QcKr+3sgQV2rCQzNZRFTzXiH+5/VTHV36GRVJqonAs0NRyqCOYVEFHFBJsGYTQxCW1GSFeIQkwtoUVjUluPNfXiSds7rbqDfuzmvNq7KOCjgCx+AUuOACNMENaIE2wOARPINX8GY9WS/Wu/UxG12yyp0D8AfW5w98MpXp</latexit>

ēI

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)
<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)



<latexit sha1_base64="M/u3XoL9ltF/Rsn3E9ess3Br2cA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9RLx4jmgcka5idzCZDZmeXmV4hLPkELx4U8eoXefNvnDwOmljQUFR1090VJFIYdN1vZ2l5ZXVtPbeR39za3tkt7O3XTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSDm7HfeOLaiFg94DDhfkR7SoSCUbTS/dXjaadQdEvuBGSReDNShBmqncJXuxuzNOIKmaTGtDw3QT+jGgWTfJRvp4YnlA1oj7csVTTixs8mp47IsVW6JIy1LYVkov6eyGhkzDAKbGdEsW/mvbH4n9dKMbz0M6GSFLli00VhKgnGZPw36QrNGcqhJZRpYW8lrE81ZWjTydsQvPmXF0n9rOSVS+W782LlehZHDg7hCE7AgwuowC1UoQYMevAMr/DmSOfFeXc+pq1LzmzmAP7A+fwBsMyNbQ==</latexit>

A+

<latexit sha1_base64="F/rcnMujl0rDtYowPnwPdPGlXJ4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHZFoseoF48RzQOSNcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEikMuu63s7S8srq2ntvIb25t7+wW9vbrJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LBzdhvPHFtRKwecJhwP6I9JULBKFrp/urxtFMouiV3ArJIvBkpwgzVTuGr3Y1ZGnGFTFJjWp6boJ9RjYJJPsq3U8MTyga0x1uWKhpx42eTU0fk2CpdEsbalkIyUX9PZDQyZhgFtjOi2Dfz3lj8z2ulGF76mVBJilyx6aIwlQRjMv6bdIXmDOXQEsq0sLcS1qeaMrTp5G0I3vzLi6R+VvLKpfLdebFyPYsjB4dwBCfgwQVU4BaqUAMGPXiGV3hzpPPivDsf09YlZzZzAH/gfP4As9SNbw==</latexit>

A�

<latexit sha1_base64="6ScPGh0eyFPa1xeFqUvTF+R9X3o=">AAAB9XicbVDLSgMxFM34rPVVdekmWARXZUakuiy60V0F+4B2WjLpbRuaZIYko5Rh/sONC0Xc+i/u/Bsz7Sy09UDgcM693JMTRJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6jBWFBo05KFqB0QDZxIahhkO7UgBEQGHVjC5yfzWIyjNQvlgphH4gowkGzJKjJV60Eu6gpixEsldmvZLZbfizoCXiZeTMspR75e+uoOQxgKkoZxo3fHcyPgJUYZRDmmxG2uICJ2QEXQslUSA9pNZ6hSfWmWAh6GyTxo8U39vJERoPRWBncwi6kUvE//zOrEZXvkJk1FsQNL5oWHMsQlxVgEeMAXU8KklhCpms2I6JopQY4sq2hK8xS8vk+Z5xatWqvcX5dp1XkcBHaMTdIY8dIlq6BbVUQNRpNAzekVvzpPz4rw7H/PRFSffOUJ/4Hz+ACMVkvI=</latexit>

eI

Constructive QED

<latexit sha1_base64="doDgBL1vxOrjG77eDcwMKKEk/fA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6rLoRncV7AOaECbTSTt0ZhJmJkINwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRNGlXacb2tpeWV1bb2yUd3c2t7Ztff2OypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+vC7z4QqWgs7vUkIT5HQ0EjipE2UmAfeiGSGcmDzONIjyTPbvM8sGtO3ZkCLhK3JDVQohXYX94gxiknQmOGlOq7TqL9DElNMSN51UsVSRAeoyHpGyoQJ8rPpulzeGKUAYxiaZ7QcKr+3sgQV2rCQzNZRFTzXiH+5/VTHV36GRVJqonAs0NRyqCOYVEFHFBJsGYTQxCW1GSFeIQkwtoUVjUluPNfXiSds7rbqDfuzmvNq7KOCjgCx+AUuOACNMENaIE2wOARPINX8GY9WS/Wu/UxG12yyp0D8AfW5w98MpXp</latexit>

ēI

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>

(p)

<latexit sha1_base64="8uLI7bgSh4/1qUNJgjj/JmGHbtA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jy3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxWvWqneX5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AowiNZA==</latexit>
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fermions is given by
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This action contribution is our first to be chiral. We
can see this because it is not symmetric between angle
and square spinors. As discussed in the introduction to
this section and in App. A 6, the angle spinors trans-
form under the left-chiral part of the Lorentz group, while
the square spinors transform under the right-chiral part.
(The Lorentz transformations are cancelled in the spinor
products between the spinors, but the chirality of the in-
teractions is still a consequence.) At first, naively, this
appears to give the opposite chirality for the interactions.
However, as we show in detail in App. C 2, this does
give the correct chirality for vertices. For example, for
the negative-helicity neutrino, anti-lepton, W̄ boson am-
plitude it gives [32]JIh13iK, where the negative-helicity
neutrino is particle 1 and represented by h1|, which trans-
forms under the left-chiral group and the charged anti-
lepton is represented by |2]I, which transforms under the
right-chiral group. The chirality of the vertex and the
amplitude are determined by the interaction with the
opposite-helicity fields. We also saw this in the case of
the triple-gluon vertex, as discussed in detail in App. C 1.
This is a general property of the constructive action. The
quantum numbers of the fields are the opposite of those
in the vertex and amplitudes. This is necessary to cancel
the symmetry transformations and obtain a symmetry-
invariant action. However, due to the way the vertices
come from the action, they are correct.

The relative sign on the neutrino term is required
to satisfy Hermiticity. Moreover, the massless limit of
the up-quark interaction would produce similarly signed
terms, as can be seen in Ref. [4]. The Hermitian conju-
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where we have interchanged the second and third rows
and the fourth and fifth rows. We next switch 1  ! 2,
I  ! J and K  ! L. After this, we raise and lower
the spin indices. This will result in a minus sign on the
W -lepton terms since there are an odd number of spin
indices, but there won’t be a sign change on the other
terms since there are an even number of spin indices in
those cases. With these changes, the Hermitian conju-
gate comes into agreement with Eq. (49), so this action
is Hermitian.

This action is Lorentz invariant as the helicity of the
neutrino fields cancels with the helicity of the helicity
spinors of the same momentum and all the spin indices
are contracted among objects with the same momentum.
This action is non-local because of the spinor products.
The mass dimension is zero, as usual because the mo-
mentum integrals and delta function contribute +8, the
fields -9, the spinor products +2 and MW -1, for a total
of zero.

The action for the triple-vector-boson interaction is
given by

SZWW =
�ep

2MZsW

Z
d
4
p1d

4
p2d

4
p3

(2⇡)8
�
4(p1 + p2 + p3)

WIJ(p1)W̄KL(p2)ZMN(p3)

"

h12iIKh23iLM[31]NJ + [12]IK[23]LMh31iNJ

MZ

+
h12iIK[23]LMh31iNJ + [12]IKh23iLM[31]NJ

MZ

+
[12]IKh23iLMh31iNJ + h12iIK[23]LM[31]NJ

MW

#
.

(51)

11

fermions is given by

S(W/Z)f =
e

MW sW

Z
d
4
p1d

4
p2d

4
p3

(2⇡)8
�
4(p1 + p2 + p3)

"

⌫̄
+(p1)lI(p2)WKL(p3)[32]

KIh13iL

� l̄I(p1)⌫
�(p2)W̄KL(p3)h13iIL[32]K
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This action contribution is our first to be chiral. We
can see this because it is not symmetric between angle
and square spinors. As discussed in the introduction to
this section and in App. A 6, the angle spinors trans-
form under the left-chiral part of the Lorentz group, while
the square spinors transform under the right-chiral part.
(The Lorentz transformations are cancelled in the spinor
products between the spinors, but the chirality of the in-
teractions is still a consequence.) At first, naively, this
appears to give the opposite chirality for the interactions.
However, as we show in detail in App. C 2, this does
give the correct chirality for vertices. For example, for
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plitude it gives [32]JIh13iK, where the negative-helicity
neutrino is particle 1 and represented by h1|, which trans-
forms under the left-chiral group and the charged anti-
lepton is represented by |2]I, which transforms under the
right-chiral group. The chirality of the vertex and the
amplitude are determined by the interaction with the
opposite-helicity fields. We also saw this in the case of
the triple-gluon vertex, as discussed in detail in App. C 1.
This is a general property of the constructive action. The
quantum numbers of the fields are the opposite of those
in the vertex and amplitudes. This is necessary to cancel
the symmetry transformations and obtain a symmetry-
invariant action. However, due to the way the vertices
come from the action, they are correct.

The relative sign on the neutrino term is required
to satisfy Hermiticity. Moreover, the massless limit of
the up-quark interaction would produce similarly signed
terms, as can be seen in Ref. [4]. The Hermitian conju-
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where we have interchanged the second and third rows
and the fourth and fifth rows. We next switch 1  ! 2,
I  ! J and K  ! L. After this, we raise and lower
the spin indices. This will result in a minus sign on the
W -lepton terms since there are an odd number of spin
indices, but there won’t be a sign change on the other
terms since there are an even number of spin indices in
those cases. With these changes, the Hermitian conju-
gate comes into agreement with Eq. (49), so this action
is Hermitian.

This action is Lorentz invariant as the helicity of the
neutrino fields cancels with the helicity of the helicity
spinors of the same momentum and all the spin indices
are contracted among objects with the same momentum.
This action is non-local because of the spinor products.
The mass dimension is zero, as usual because the mo-
mentum integrals and delta function contribute +8, the
fields -9, the spinor products +2 and MW -1, for a total
of zero.

The action for the triple-vector-boson interaction is
given by

SZWW =
�ep
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contribute �3n. Therefore, in order for the total action
term to be dimensionless, requires that the non-field part
contributes

d = 4� n. (A166)

This is equivalent to the well-known dimensionality of
the n-point amplitude.

Next, we know that we must contract all the spin in-
dices of the fields with spin indices on spin spinors with
the same momentum and we must have a product of he-
licity spinors that cancel the helicity transformations of
all the massless fields. [We cannot contract the spin in-
dices directly between fields or cancel the helicity trans-
formations directly between fields because they have dif-
ferent momenta and the phase angle !i = !(⇤, pi) is
different for each field.] Since each massive field has 2si
symmetrized spin indices, where si is the spin of the i

th

field, we will need
P

i 2si spin spinors. We will also needP
j 2|hj | helicity spinors to cancel the transformations of

the massless fields. We have also seen that each spinor
has mass dimension of 1

2
. All together, therefore, the

naive mass dimension of the spinors required is

d̃ =
X

i

si +
X

j

|hj |. (A167)

This is without any momentum insertions, which make
the dimension of the spinor products higher.

In some cases, this will match the required dimension
of the term in Eq. (A166). However, in cases where
it is not already equal, we must obtain the correct di-
mension in one of two ways. If there is more than one
massless field, then we can divide by spinor products
where both spinors are massless helicity spinors. This
works because the helicity transformation is a number
and division reverses its helicity transformation, namely
1/e±

i
2!i = e

⌥ i
2!i . We will come back to this shortly,

when we consider terms with only massless fields.
On the other hand, we can divide by a mass or scale.

If we do this, d̃ is the naive energy growth, or scaling law,
for this interaction and we find that the total power of
the masses (or scales) should be

d̃M = 4� n�
X

i

si �
X

j

|hj |, (A168)

or to write it in terms of the number of particles of each
spin or helicity up to two, we have

d̃M = 4� n� 1

2
n 1

2
� n1 �

3

2
n 3

2
� 2n2, (A169)

where n 1
2
+ n 3

2
must be even, since we must have an

even number of spinors to make spinor products where
the Lorentz transformations cancel. Therefore, we can
enumerate the naive mass (or scale) power required for
each action term that does not include division by he-
licity spinors and have done this in Table I. If there are
momentum insertions, d̃M will be lower to compensate.

n n0 n 1
2

n1 n 3
2

n2 d̃ d̃M

* 3 3 0 0 0 0 0 1
3 2 0 1 0 0 1 0

† 3 2 0 0 0 1 2 -1
* 3 1 2 0 0 0 1 0

3 1 1 0 1 0 2 -1
3 1 0 0 2 0 3 -2

* 3 1 0 2 0 0 2 -1
3 1 0 1 0 1 3 -2
3 1 0 0 0 2 4 -3

* 3 0 2 1 0 0 2 -1
† 3 0 2 0 0 1 3 -2

3 0 1 1 1 0 3 -2
3 0 1 0 1 1 4 -3

* 3 0 0 3 0 0 3 -2
† 3 0 0 2 0 1 4 -3

3 0 0 1 0 2 5 -4
3 0 0 0 0 3 6 -5

* 4 4 0 0 0 0 0 0
* 4 2 0 2 0 0 2 -2

TABLE I. Power of mass or scale for minimal interaction that
does not involve division by a helicity-spinor product and
does not include any momentum insertions. The first col-
umn marks whether the term is present in the CSM (*) or
the CSM with gravity (†). The second column gives the total
number of fields in the interaction. The next five columns give
the number of fields with spin or helicity equal to 0, 1

2 , 1,
3
2 or

2. The eigth column gives the naive energy-growth power for
the term and the ninth column gives the total power of the
masses or scales in the term. Three gluons and three gravitons
have a lower energy-growth power, d̃ = 1 and 2, respectively,
since they have division by spinor products, and only include
d̃M = 0 and �1, respectively, scale powers. We only include
the 4-point interactions present in the CSM.

Now that we know the general structure of an action
term, let us consider an example and show its Lorentz in-
variance. We will use the action for a W boson, a charged
lepton and a neutrino, which includes a nice mixture of
spin and helicity transformations. We will go through
this case slowly to make clear how the cancellation oc-
curs. We recall from Eq. (49) that half of this action
term is given by

S =
e

MW sW

Z
d
4
p1d

4
p2d

4
p3

(2⇡)8
�
4(p1 + p2 + p3)

⌫̄
+(p1)lI(p2)WKL(p3)[32]

KIh13iL. (A170)

A quantum Lorentz transformation U(⇤) only acts on
fields, therefore it will pass through anything that is not
a field, including our spinor products. So, as our first
step, we find

U(⇤)SU�1(⇤) =

e

MW sW

Z
d
4
p1d

4
p2d

4
p3

(2⇡)8
�
4(p1 + p2 + p3)

U(⇤)⌫̄+(p1)U
�1(⇤)U(⇤)lI(p2)U

�1(⇤)

U(⇤)WKL(p3)U
�1(⇤)[32]KIh13iL. (A171)
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contribute �3n. Therefore, in order for the total action
term to be dimensionless, requires that the non-field part
contributes
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This is equivalent to the well-known dimensionality of
the n-point amplitude.

Next, we know that we must contract all the spin in-
dices of the fields with spin indices on spin spinors with
the same momentum and we must have a product of he-
licity spinors that cancel the helicity transformations of
all the massless fields. [We cannot contract the spin in-
dices directly between fields or cancel the helicity trans-
formations directly between fields because they have dif-
ferent momenta and the phase angle !i = !(⇤, pi) is
different for each field.] Since each massive field has 2si
symmetrized spin indices, where si is the spin of the i
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field, we will need
P

i 2si spin spinors. We will also needP
j 2|hj | helicity spinors to cancel the transformations of

the massless fields. We have also seen that each spinor
has mass dimension of 1
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. All together, therefore, the

naive mass dimension of the spinors required is
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This is without any momentum insertions, which make
the dimension of the spinor products higher.

In some cases, this will match the required dimension
of the term in Eq. (A166). However, in cases where
it is not already equal, we must obtain the correct di-
mension in one of two ways. If there is more than one
massless field, then we can divide by spinor products
where both spinors are massless helicity spinors. This
works because the helicity transformation is a number
and division reverses its helicity transformation, namely
1/e±
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2!i = e
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2!i . We will come back to this shortly,

when we consider terms with only massless fields.
On the other hand, we can divide by a mass or scale.

If we do this, d̃ is the naive energy growth, or scaling law,
for this interaction and we find that the total power of
the masses (or scales) should be
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or to write it in terms of the number of particles of each
spin or helicity up to two, we have
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where n 1
2
+ n 3

2
must be even, since we must have an

even number of spinors to make spinor products where
the Lorentz transformations cancel. Therefore, we can
enumerate the naive mass (or scale) power required for
each action term that does not include division by he-
licity spinors and have done this in Table I. If there are
momentum insertions, d̃M will be lower to compensate.

n n0 n 1
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n1 n 3
2

n2 d̃ d̃M

* 3 3 0 0 0 0 0 1
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† 3 0 0 2 0 1 4 -3

3 0 0 1 0 2 5 -4
3 0 0 0 0 3 6 -5

* 4 4 0 0 0 0 0 0
* 4 2 0 2 0 0 2 -2

TABLE I. Power of mass or scale for minimal interaction that
does not involve division by a helicity-spinor product and
does not include any momentum insertions. The first col-
umn marks whether the term is present in the CSM (*) or
the CSM with gravity (†). The second column gives the total
number of fields in the interaction. The next five columns give
the number of fields with spin or helicity equal to 0, 1

2 , 1,
3
2 or

2. The eigth column gives the naive energy-growth power for
the term and the ninth column gives the total power of the
masses or scales in the term. Three gluons and three gravitons
have a lower energy-growth power, d̃ = 1 and 2, respectively,
since they have division by spinor products, and only include
d̃M = 0 and �1, respectively, scale powers. We only include
the 4-point interactions present in the CSM.

Now that we know the general structure of an action
term, let us consider an example and show its Lorentz in-
variance. We will use the action for a W boson, a charged
lepton and a neutrino, which includes a nice mixture of
spin and helicity transformations. We will go through
this case slowly to make clear how the cancellation oc-
curs. We recall from Eq. (49) that half of this action
term is given by
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A quantum Lorentz transformation U(⇤) only acts on
fields, therefore it will pass through anything that is not
a field, including our spinor products. So, as our first
step, we find
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We have already learned how our fields transform, in
Eqs. (A17) through (A21) and (A23) through (A28). Ap-
plying these transformations, we have

U(⇤)SU�1(⇤) =

e

MW sW

Z
d
4
p1d

4
p2d

4
p3

(2⇡)8
�
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e
i
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+(p̄1)
⇣
e
i~!2· ~J
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e
i~!3· ~J

⌘N

K
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e
i~!3· ~J

⌘O

L

WNO(p̄3)[32]
KIh13iL.

(A172)

In our next step, we can insert cancelling pairs of Lorentz
SL(2,C) transformations into our spinor products, as we
showed at the beginning of this subsection, resulting in

U(⇤)SU�1(⇤) =

e

MW sW

Z
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4
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4
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(2⇡)8
�
4(p1 + p2 + p3)

e
i
!1
2 ⌫̄

+(p̄1)
⇣
e
i~!2· ~J

⌘M

I

lM(p̄2)

⇣
e
i~!3· ~J

⌘N

K

⇣
e
i~!3· ~J

⌘O

L

WNO(p̄3)

[3|↵̇
⇣
⇤⇤

1
2

⌘ ↵̇

�̇

⇣
⇤⇤

1
2

⌘�̇

⌘̇
|2]⌘̇KIh1|↵

⇣
⇤ 1

2

⌘�

↵

⇣
⇤ 1

2

⌘ ⌘

�
|3iL⌘ .

(A173)

We know that the Lorentz transformations of the spinors
give the spinors at the new momentum times little-group
transformations, resulting in

U(⇤)SU�1(⇤) =

e

MW sW
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h1̄3̄iR. (A174)

At this point, all the little-group transformations can-
cel among themselves. The momentum-conserving delta
function can be written in terms of the transformed mo-
menta and the integration variables can be transformed
to the new momenta, to obtain

U(⇤)SU�1(⇤) =

e

MW sW

Z
d
4
p̄1d

4
p̄2d

4
p̄3

(2⇡)8
�
4(p̄1 + p̄2 + p̄3)

⌫̄
+(p̄1)lI(p̄2)WKL(p̄3)[3̄2̄]

KIh1̄3̄iL

= S. (A175)

Just like traditional field theory is manifestly Lorentz
invariant if all the Lorentz indices are contracted (and
covariant derivatives are used), we also have manifestly
Lorentz invariant actions here if all the spin indices are
contracted among objects with the same momentum and
all the helicities (including fields and spinors) add to zero,
for each particle. Of course, the SL(2,C) Lorentz indices
must also be contracted, but that is implicit in the fact
that we only use spinor products between pairs of spinors.

Although we have covered the majority of interactions
with the rules we have thus far introduced, there is a
special case that we need to consider. If one of the fields
is massless and the other two are massive, with the same
mass, as in the case of photons, gluons and gravitons
interacting with massive fields, it turns out that we need
to introduce one more non-field term in order to obtain
non-trivial Lorentz-invariant interactions.

Normally, for each massless field, there are two linearly
independent helicity spinors, |li and |l], which can be
used to construct Lorentz invariant interactions. How-
ever, in the case of interactions with two fields of the
same mass, it turns out that these two helicity spinors
are proportional to each other [3, 17],

xij |li =
(pj � pi)

2m
|l] (A176)

x̃ij |l] =
(pj � pi)

2m
|li, (A177)

where mi = mj = m, ml = 0, pi + pj + pl = 0 and
x̃ = 1/x. We see that x is a proportionality factor.

If we were to rely solely on spinors for constructing the
vertex, we would not be able to distinguish between ver-
tices for positive and negative helicities – they would be
directly related. Since helicity spinors cannot be con-
tracted with themselves (hiii = [ii] = 0), they must
be contracted with the spinors of the other two parti-
cles. For concreteness, let’s consider a vertex involving a
fermion where the third field is massless. In this case, the
minimal vertex for the positive-helicity massless particle
would involve [31][23], while the minimal vertex for the
negative-helicity particle would involve h31ih23i.

However, we find that [31] = 1

2mx̃ h3|(p2 � p1)|1]. Us-
ing momentum conservation, p2 = �p1 � p3, and noting
that h3|p3 = 0, we obtain [31] = � 1

mx̃ h3|p1|1]. Addition-
ally, since p1|1] = �m|1i, we have [31] = xh31i, where
x = 1/x̃. Similarly, we find [23] = xh23i.

Thus, [31][23] = x
2h31ih23i. Since the factors x and x̃

will be present in the interactions regardless, it is prefer-
able to construct a definite vertex. Moreover, the vertex
can be constructed using x and x̃ alone, yielding well-
defined properties.

A representation of it can be obtained by multiply-
ing on the left with an opposite facing reference helicity

Lorentz Invariance
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We have already learned how our fields transform, in
Eqs. (A17) through (A21) and (A23) through (A28). Ap-
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We know that the Lorentz transformations of the spinors
give the spinors at the new momentum times little-group
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At this point, all the little-group transformations can-
cel among themselves. The momentum-conserving delta
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menta and the integration variables can be transformed
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U(⇤)SU�1(⇤) =

e

MW sW

Z
d
4
p̄1d

4
p̄2d

4
p̄3

(2⇡)8
�
4(p̄1 + p̄2 + p̄3)

⌫̄
+(p̄1)lI(p̄2)WKL(p̄3)[3̄2̄]

KIh1̄3̄iL

= S. (A175)

Just like traditional field theory is manifestly Lorentz
invariant if all the Lorentz indices are contracted (and
covariant derivatives are used), we also have manifestly
Lorentz invariant actions here if all the spin indices are
contracted among objects with the same momentum and
all the helicities (including fields and spinors) add to zero,
for each particle. Of course, the SL(2,C) Lorentz indices
must also be contracted, but that is implicit in the fact
that we only use spinor products between pairs of spinors.

Although we have covered the majority of interactions
with the rules we have thus far introduced, there is a
special case that we need to consider. If one of the fields
is massless and the other two are massive, with the same
mass, as in the case of photons, gluons and gravitons
interacting with massive fields, it turns out that we need
to introduce one more non-field term in order to obtain
non-trivial Lorentz-invariant interactions.

Normally, for each massless field, there are two linearly
independent helicity spinors, |li and |l], which can be
used to construct Lorentz invariant interactions. How-
ever, in the case of interactions with two fields of the
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where mi = mj = m, ml = 0, pi + pj + pl = 0 and
x̃ = 1/x. We see that x is a proportionality factor.

If we were to rely solely on spinors for constructing the
vertex, we would not be able to distinguish between ver-
tices for positive and negative helicities – they would be
directly related. Since helicity spinors cannot be con-
tracted with themselves (hiii = [ii] = 0), they must
be contracted with the spinors of the other two parti-
cles. For concreteness, let’s consider a vertex involving a
fermion where the third field is massless. In this case, the
minimal vertex for the positive-helicity massless particle
would involve [31][23], while the minimal vertex for the
negative-helicity particle would involve h31ih23i.

However, we find that [31] = 1
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give the spinors at the new momentum times little-group
transformations, resulting in
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At this point, all the little-group transformations can-
cel among themselves. The momentum-conserving delta
function can be written in terms of the transformed mo-
menta and the integration variables can be transformed
to the new momenta, to obtain

U(⇤)SU�1(⇤) =

e
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Z
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KIh1̄3̄iL

= S. (A175)

Just like traditional field theory is manifestly Lorentz
invariant if all the Lorentz indices are contracted (and
covariant derivatives are used), we also have manifestly
Lorentz invariant actions here if all the spin indices are
contracted among objects with the same momentum and
all the helicities (including fields and spinors) add to zero,
for each particle. Of course, the SL(2,C) Lorentz indices
must also be contracted, but that is implicit in the fact
that we only use spinor products between pairs of spinors.

Although we have covered the majority of interactions
with the rules we have thus far introduced, there is a
special case that we need to consider. If one of the fields
is massless and the other two are massive, with the same
mass, as in the case of photons, gluons and gravitons
interacting with massive fields, it turns out that we need
to introduce one more non-field term in order to obtain
non-trivial Lorentz-invariant interactions.

Normally, for each massless field, there are two linearly
independent helicity spinors, |li and |l], which can be
used to construct Lorentz invariant interactions. How-
ever, in the case of interactions with two fields of the
same mass, it turns out that these two helicity spinors
are proportional to each other [3, 17],

xij |li =
(pj � pi)

2m
|l] (A176)

x̃ij |l] =
(pj � pi)

2m
|li, (A177)

where mi = mj = m, ml = 0, pi + pj + pl = 0 and
x̃ = 1/x. We see that x is a proportionality factor.

If we were to rely solely on spinors for constructing the
vertex, we would not be able to distinguish between ver-
tices for positive and negative helicities – they would be
directly related. Since helicity spinors cannot be con-
tracted with themselves (hiii = [ii] = 0), they must
be contracted with the spinors of the other two parti-
cles. For concreteness, let’s consider a vertex involving a
fermion where the third field is massless. In this case, the
minimal vertex for the positive-helicity massless particle
would involve [31][23], while the minimal vertex for the
negative-helicity particle would involve h31ih23i.

However, we find that [31] = 1

2mx̃ h3|(p2 � p1)|1]. Us-
ing momentum conservation, p2 = �p1 � p3, and noting
that h3|p3 = 0, we obtain [31] = � 1

mx̃ h3|p1|1]. Addition-
ally, since p1|1] = �m|1i, we have [31] = xh31i, where
x = 1/x̃. Similarly, we find [23] = xh23i.

Thus, [31][23] = x
2h31ih23i. Since the factors x and x̃

will be present in the interactions regardless, it is prefer-
able to construct a definite vertex. Moreover, the vertex
can be constructed using x and x̃ alone, yielding well-
defined properties.

A representation of it can be obtained by multiply-
ing on the left with an opposite facing reference helicity

Lorentz Invariance
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We have already learned how our fields transform, in
Eqs. (A17) through (A21) and (A23) through (A28). Ap-
plying these transformations, we have
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In our next step, we can insert cancelling pairs of Lorentz
SL(2,C) transformations into our spinor products, as we
showed at the beginning of this subsection, resulting in
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We know that the Lorentz transformations of the spinors
give the spinors at the new momentum times little-group
transformations, resulting in
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At this point, all the little-group transformations can-
cel among themselves. The momentum-conserving delta
function can be written in terms of the transformed mo-
menta and the integration variables can be transformed
to the new momenta, to obtain
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Just like traditional field theory is manifestly Lorentz
invariant if all the Lorentz indices are contracted (and
covariant derivatives are used), we also have manifestly
Lorentz invariant actions here if all the spin indices are
contracted among objects with the same momentum and
all the helicities (including fields and spinors) add to zero,
for each particle. Of course, the SL(2,C) Lorentz indices
must also be contracted, but that is implicit in the fact
that we only use spinor products between pairs of spinors.

Although we have covered the majority of interactions
with the rules we have thus far introduced, there is a
special case that we need to consider. If one of the fields
is massless and the other two are massive, with the same
mass, as in the case of photons, gluons and gravitons
interacting with massive fields, it turns out that we need
to introduce one more non-field term in order to obtain
non-trivial Lorentz-invariant interactions.

Normally, for each massless field, there are two linearly
independent helicity spinors, |li and |l], which can be
used to construct Lorentz invariant interactions. How-
ever, in the case of interactions with two fields of the
same mass, it turns out that these two helicity spinors
are proportional to each other [3, 17],

xij |li =
(pj � pi)

2m
|l] (A176)

x̃ij |l] =
(pj � pi)

2m
|li, (A177)

where mi = mj = m, ml = 0, pi + pj + pl = 0 and
x̃ = 1/x. We see that x is a proportionality factor.

If we were to rely solely on spinors for constructing the
vertex, we would not be able to distinguish between ver-
tices for positive and negative helicities – they would be
directly related. Since helicity spinors cannot be con-
tracted with themselves (hiii = [ii] = 0), they must
be contracted with the spinors of the other two parti-
cles. For concreteness, let’s consider a vertex involving a
fermion where the third field is massless. In this case, the
minimal vertex for the positive-helicity massless particle
would involve [31][23], while the minimal vertex for the
negative-helicity particle would involve h31ih23i.

However, we find that [31] = 1

2mx̃ h3|(p2 � p1)|1]. Us-
ing momentum conservation, p2 = �p1 � p3, and noting
that h3|p3 = 0, we obtain [31] = � 1

mx̃ h3|p1|1]. Addition-
ally, since p1|1] = �m|1i, we have [31] = xh31i, where
x = 1/x̃. Similarly, we find [23] = xh23i.

Thus, [31][23] = x
2h31ih23i. Since the factors x and x̃

will be present in the interactions regardless, it is prefer-
able to construct a definite vertex. Moreover, the vertex
can be constructed using x and x̃ alone, yielding well-
defined properties.

A representation of it can be obtained by multiply-
ing on the left with an opposite facing reference helicity

Lorentz Invariance



Constructive Field Theory

•Absolutely possible!

•Fields little group reps.

•Manifest Lorentz 
invariance.

•Hermitian.

•Unitary.

•Momentum Conserving.

•Non Local.

•Perturbation Series.

•Causal?

•We believe the CSM is.


•Perturbatively unitary?

•CSM is.


•What other properties 
are required general M?

•Constructive CBSM?

•Lattice?


