
Lecture 2

The Electroweak Standard Model
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The Standard Model
•The SM is a gauge theory. All interactions are described by  

GSM = SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="W0mu/Yp6U72UnouaHMEoqIhhW58="></latexit>

| {z }
<latexit sha1_base64="+8LAr7x1P+gB/rafLXKsJireuC0=">AAACAnicdVDLSgMxFM34tr5GXYmbYBFcDZk+0O5ENy4V7AM6pWQytzWYyYxJRihDceOvuHGhiFu/wp1/Y/oQVPTAvRzOuZfknjAVXBtCPpyZ2bn5hcWl5cLK6tr6hru51dBJphjUWSIS1QqpBsEl1A03AlqpAhqHAprh9enIb96C0jyRl2aQQiemfcl7nFFjpa67E2QyAhUqyiAPbm4yGk36sOsWiVclfq1aw8QrVUmtUrGE+ISUK9j3yBhFNMV5130PooRlMUjDBNW67ZPUdHKqDGcChoUg05BSdk370LZU0hh0Jx+fMMT7VolwL1G2pMFj9ftGTmOtB3FoJ2NqrvRvbyT+5bUz0zvq5FymmQHJJg/1MoFNgkd54IgrYEYMLKFMcftXzK6ojcPY1Ao2hK9L8f+kUfL8sle6qBSPT6ZxLKFdtIcOkI8O0TE6Q+eojhi6Qw/oCT07986j8+K8TkZnnOnONvoB5+0Tr3aYRQ==</latexit>

| {z }
<latexit sha1_base64="wB/P/tDINUkE0HVEu3JmbCnfCw4=">AAACAnicdVDLSgMxFM34tr5GXYmbYBFclUyt2u5ENy4r2Ae0pWQyt21oJjNNMkIZiht/xY0LRdz6Fe78G9OHoKIH7uVwzr0k9/ix4NoQ8uHMzS8sLi2vrGbW1jc2t9ztnaqOEsWgwiIRqbpPNQguoWK4EVCPFdDQF1Dz+5djv3YLSvNI3phhDK2QdiXvcEaNldruXjORAShfUQZpczBIaDDto7abJbn8CSmdFTHJnRCvVMhbQkixdEqwZ8kYWTRDue2+N4OIJSFIwwTVuuGR2LRSqgxnAkaZZqIhpqxPu9CwVNIQdCudnDDCh1YJcCdStqTBE/X7RkpDrYehbydDanr6tzcW//IaiekUWymXcWJAsulDnURgE+FxHjjgCpgRQ0soU9z+FbMetXEYm1rGhvB1Kf6fVPM57ziXvy5kzy9mcaygfXSAjpCHztA5ukJlVEEM3aEH9ISenXvn0XlxXqejc85sZxf9gPP2CcNMmFM=</latexit>

Strong Electroweak

•Built with the input from experimental observations

•Some fermions feel the strong interactions (quarks). I.e. they transform under SU(3)c
<latexit sha1_base64="3NM0PgcAAAzBIufUm5ct1Tu/srw=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZZlNNmhuQS8eI7pJIFnC7GSSDJl9MDMrhCUf4cWDIl79Hm/+jZOHoKIFDUVVN91dQSK40hh/WCura+sbm7mt/PbO7t5+4eCwqeJUUubRWMSyHRDFBI+Yp7kWrJ1IRsJAsFYwvpr5rXsmFY+jOz1JmB+SYcQHnBJtpNatV6qc9WivUMR2FTu1ag1hu1zFNdc1BDsYV1zk2HiOIizR6BXeu/2YpiGLNBVEqY6DE+1nRGpOBZvmu6liCaFjMmQdQyMSMuVn83On6NQofTSIpalIo7n6fSIjoVKTMDCdIdEj9dubiX95nVQPLvyMR0mqWUQXiwapQDpGs99Rn0tGtZgYQqjk5lZER0QSqk1CeRPC16fof9Is207FLt+4xfrlMo4cHMMJlMCBc6jDNTTAAwpjeIAneLYS69F6sV4XrSvWcuYIfsB6+wRacY7v</latexit>

(For more on the strong interactions see Guilia Zanderighi’s lectures)

•All SM fermions transform under the electroweak gauge group SU(2)L ⇥ U(1)Y
<latexit sha1_base64="Po7IfeSGPrcw3qvx1ULDvxqt8kc=">AAAB/XicdVDLTgIxFO3gC/GFj52bRmICm0lnBIEd0Y0LFxgdxMBk0ikFGjqPtB0TJMRfceNCY9z6H+78G8vDRI2e5CYn59ybe+/xY86kQujDSC0sLi2vpFcza+sbm1vZ7Z2GjBJBqEMiHommjyXlLKSOYorTZiwoDnxOr/3B6cS/vqVCsii8UsOYugHuhazLCFZa8rJ7l07eLnjnbcUCKqGTtwrejZfNIdMuoWq5ApFZQla1aGuCUKV6jKClyQQ5MEfdy763OxFJAhoqwrGULQvFyh1hoRjhdJxpJ5LGmAxwj7Y0DbHe5Y6m14/hoVY6sBsJXaGCU/X7xAgHUg4DX3cGWPXlb28i/uW1EtWtuCMWxomiIZkt6iYcqghOooAdJihRfKgJJoLpWyHpY4GJ0oFldAhfn8L/ScM2rSPTvijmaifzONJgHxyAPLBAGdTAGagDBxBwBx7AE3g27o1H48V4nbWmjPnMLvgB4+0TK26TxQ==</latexit>
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Building The Electroweak Standard Model

•Charged Weak Interactions: 
-Experienced only by left handed fermions (Maximal Parity Violation).
- Evidence from µ� ! e�⌫µ⌫̄e

<latexit sha1_base64="TzLqt9OIfRb1eGxlOlonRtQ8l98=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBjWWmCrosunFZwT6gU0smvdOGZjJDHkIpXbrxV9y4UMStn+DOvzHTdqGtB0IO59xLck6Ycqa05307uaXlldW1/HphY3Nre8fd3aurxEgKNZrwRDZDooAzATXNNIdmKoHEIYdGOLjO/MYDSMUScaeHKbRj0hMsYpRoK3XcwyA296c40AmG7BamYxUchERmHDpu0St5E+BF4s9IEc1Q7bhfQTehJgahKSdKtXwv1e0RkZpRDuNCYBSkhA5ID1qWChKDao8mQcb42CpdHCXSHqHxRP29MSKxUsM4tJMx0X0172Xif17L6OiyPWIiNRoEnT4UGY5t7KwV3GUSqOZDSwiVzP4V0z6RhGrbXcGW4M9HXiT1csk/K5Vvz4uVq1kdeXSAjtAJ8tEFqqAbVEU1RNEjekav6M15cl6cd+djOppzZjv76A+czx8naJjN</latexit>

�
<latexit sha1_base64="EpwadKl79nuFFVBzWqBryCC0A38=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHFJI6o</latexit>

decay,  ⇡±
<latexit sha1_base64="pnxJUfXySXNPEF42+Y3E9YPeXKs=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/QXUs2zbahSTYkWaGU/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJppQpsk5anuxNhQziRtWmY57ShNsYg5bcej25nffqLasFQ+2LGikcADyRJGsHVSO1TsMVSiV674VX8OtEqCnFQgR6NX/gr7KckElZZwbEw38JWNJlhbRjidlsLMUIXJCA9o11GJBTXRZH7uFJ05pY+SVLuSFs3V3xMTLIwZi9h1CmyHZtmbif953cwm19GESZVZKsliUZJxZFM0+x31mabE8rEjmGjmbkVkiDUm1iVUciEEyy+vklatGlxUa/eXlfpNHkcRTuAUziGAK6jDHTSgCQRG8Ayv8OYp78V79z4WrQUvnzmGP/A+fwBU1o+Q</latexit>

, decay, …

LFermi =
GFp
2

�
µ̄L�µ⌫L

� �
ēL�

µ⌫e
�

<latexit sha1_base64="i+t5qkUsnS57EeVwHJPYz+QphKQ="></latexit>

Fermi description

suggests 

GFp
2
! g2

8M2
W

<latexit sha1_base64="925dEv1mw0XwLBu9yTX8EAatids=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWpgl0WBXUjVLAPaGKYTCft0MkkzkyEEvITbvwVNy4UcSu482+ctllo64GBwzn3cuccP2ZUKsv6NgoLi0vLK8XV0tr6xuaWub3TklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/PB/77QciJI34rRrFxA1Rn9OAYqS05JlHTiAQTi+9iyx15L1QaTXLoKMiODX6d9UsrcFrr62JZ5atijUBnCd2TsogR8Mzv5xehJOQcIUZkrJrW7FyUyQUxYxkJSeRJEZ4iPqkqylHIZFuOkmVwQOt9GAQCf24ghP190aKQilHoa8nQ6QGctYbi/953UQFNTelPE4U4Xh6KEgY1KHHFcEeFQQrNtIEYUH1XyEeIN2G0kWWdAn2bOR50qpW7ONK9eakXD/L6yiCPbAPDoENTkEdXIEGaAIMHsEzeAVvxpPxYrwbH9PRgpHv7II/MD5/ADuHntQ=</latexit>

with      the coupling  and         the gauge bosons mass  g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

MW
<latexit sha1_base64="5TAioCIa78Dpt9qKWDq1CeRjYoI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrtXqlsltxZyDLxMtJGXLUe6Wvbj9macQVMkmN6Xhugn5GNQom+aTYTQ1PKBvRAe9YqmjEjZ/NTp2QU6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7QheIsvL5NmteKdV6r3F+XadR5HAY7hBM7Ag0uowS3UoQEMBvAMr/DmSOfFeXc+5q0rTj5zBH/gfP4ABRSNnw==</latexit>
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•Neutral weak interactions (1972): first observed in        scattering ⌫N
<latexit sha1_base64="/TFvjJYqzg/wIt6F7ztxKth7xOk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNEMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ3U7MoU3aFeqexX/BnQMglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRS7KaGJpiM8IB2HJVYUBNms2sn6NQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY2vwozJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVR0IQSLLy+TZrUSnFeq9xfl2nUeRwGO4QTOIIBLqMEt1KEBBB7hGV7hzVPei/fufcxbV7x85gj+wPv8AaqBjoc=</latexit>

- Suggests a new neutral massive gauge boson Z0
<latexit sha1_base64="TBH2hhryuGpSK7EpDiVBpM4h3uw=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHASbMzm5mek3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+cS1EZG6x3HM/ZAOlOgLRtFKdw+PbrdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/0U6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5NGpeydlSu356XqVRZHHo7gGE7Bgwuowg3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8A3DKNhA==</latexit>

- Also violates parity. But NOT maximally

• Electromagnetism: QED describes a massless gauge boson (as required by gauge invariance!)

-Photon couples vectorially. I.e. parity is conserved

In Sum:
- We need 4 gauge bosons
- 3 of them are massive in contradiction with gauge invariance 
- The massive gauge bosons violate parity, 2 of them maximally
- Gauge theory must leave the photon massless, QED parity conserving.

“Try" SU(2)L ⇥ U(1)Y
<latexit sha1_base64="2MDlserZLCZSsSx+6svLQIYMtko=">AAAB/XicdVDLTgIxFO3gC/GFj52bRmICGzIdjcCO6MaFC4wOYGAy6ZQONHQeaTsmSIi/4saFxrj1P9z5N3YAEzV6kpucnHNv7r3HizmTyjQ/jMzC4tLySnY1t7a+sbmV395pyigRhNok4pFoe1hSzkJqK6Y4bceC4sDjtOUNz1K/dUuFZFF4rUYxdQLcD5nPCFZacvN7V3bRKrkXXcUCKqFdRCX3xs0XzLJpmgghmBJUOTE1qdWqFqpClFoaBTBHw82/d3sRSQIaKsKxlB1kxsoZY6EY4XSS6yaSxpgMcZ92NA2x3uWMp9dP4KFWetCPhK5Qwan6fWKMAylHgac7A6wG8reXin95nUT5VWfMwjhRNCSzRX7CoYpgGgXsMUGJ4iNNMBFM3wrJAAtMlA4sp0P4+hT+T5pWGR2VrcvjQv10HkcW7IMDUAQIVEAdnIMGsAEBd+ABPIFn4954NF6M11lrxpjP7IIfMN4+AQuzk7A=</latexit>

•Get          from W±
<latexit sha1_base64="rZCHxJFDwWprUTWy9Gv+9Ygirio=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+Z3HfiIG1Zpbd3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5cfO0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2o26d1Fv3F/WmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/tcaOng==</latexit>

SU(2)L
<latexit sha1_base64="KAOarV7pAM2PmLtd+apJ0niBlP8=">AAAB7nicdVBNSwMxEM36WetX1aOXYBHqpSRVbHsrevHgoaLbFtqlZNNsG5rNLklWKEt/hBcPinj193jz35htK6jog4HHezPMzPNjwbVB6MNZWl5ZXVvPbeQ3t7Z3dgt7+y0dJYoyl0YiUh2faCa4ZK7hRrBOrBgJfcHa/vgy89v3TGkeyTsziZkXkqHkAafEWKl965YqJ/3rfqGIygghjDHMCK6eI0vq9VoF1yDOLIsiWKDZL7z3BhFNQiYNFUTrLkax8VKiDKeCTfO9RLOY0DEZsq6lkoRMe+ns3Ck8tsoABpGyJQ2cqd8nUhJqPQl92xkSM9K/vUz8y+smJqh5KZdxYpik80VBIqCJYPY7HHDFqBETSwhV3N4K6YgoQo1NKG9D+PoU/k9alTI+LVduzoqNi0UcOXAIjkAJYFAFDXAFmsAFFIzBA3gCz07sPDovzuu8dclZzByAH3DePgEqKY7Q</latexit>

SU(2)L
<latexit sha1_base64="KAOarV7pAM2PmLtd+apJ0niBlP8=">AAAB7nicdVBNSwMxEM36WetX1aOXYBHqpSRVbHsrevHgoaLbFtqlZNNsG5rNLklWKEt/hBcPinj193jz35htK6jog4HHezPMzPNjwbVB6MNZWl5ZXVvPbeQ3t7Z3dgt7+y0dJYoyl0YiUh2faCa4ZK7hRrBOrBgJfcHa/vgy89v3TGkeyTsziZkXkqHkAafEWKl965YqJ/3rfqGIygghjDHMCK6eI0vq9VoF1yDOLIsiWKDZL7z3BhFNQiYNFUTrLkax8VKiDKeCTfO9RLOY0DEZsq6lkoRMe+ns3Ck8tsoABpGyJQ2cqd8nUhJqPQl92xkSM9K/vUz8y+smJqh5KZdxYpik80VBIqCJYPY7HHDFqBETSwhV3N4K6YgoQo1NKG9D+PoU/k9alTI+LVduzoqNi0UcOXAIjkAJYFAFDXAFmsAFFIzBA3gCz07sPDovzuu8dclZzByAH3DePgEqKY7Q</latexit>

•Mix            with remaining generator of U(1)Y
<latexit sha1_base64="zi/OwZccQQ/ZpfMJaQcigupnGCs=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BItQLyWpYttb0YvHCm5baZeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y7atoKIPBh7vzTAzz48F1wahDye3srq2vpHfLGxt7+zuFfcP2jpKFGUujUSkuj7RTHDJXMONYN1YMRL6gnX8yVXmd+6Z0jySt2YaMy8kI8kDTomxUsct49PBHRwUS6iCEMIYw4zg2gWypNGoV3Ed4syyKIElWoPie38Y0SRk0lBBtO5hFBsvJcpwKtis0E80iwmdkBHrWSpJyLSXzs+dwROrDGEQKVvSwLn6fSIlodbT0LedITFj/dvLxL+8XmKCupdyGSeGSbpYFCQCmghmv8MhV4waMbWEUMXtrZCOiSLU2IQKNoSvT+H/pF2t4LNK9ea81LxcxpEHR+AYlAEGNdAE16AFXEDBBDyAJ/DsxM6j8+K8LlpzznLmEPyA8/YJ7piOqQ==</latexit>

to get photon and Z0
<latexit sha1_base64="TBH2hhryuGpSK7EpDiVBpM4h3uw=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHASbMzm5mek3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+cS1EZG6x3HM/ZAOlOgLRtFKdw+PbrdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/0U6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5NGpeydlSu356XqVRZHHo7gGE7Bgwuowg3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8A3DKNhA==</latexit>

{
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>
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The Electroweak Gauge Theory 
Under the gauge transformations

<latexit sha1_base64="Dlg/6OOv7L34X9QNyAsOecN4Hj8=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK0myFTLW13RTcuXFR02ko7DJk004ZmHiQZoQ7FX3HjQhG3/oc7/8b0IajogQuHc+7l3nu8mDOpEPowFhaXlldWM2vZ9Y3Nre3czm5TRokg1CYRj0Tbw5JyFlJbMcVpOxYUBx6nLW94NvFbt1RIFoXXahRTJ8D9kPmMYKUlN7d/ZRdKRfeiq1hAJbQLVtG9cXN5ZJbKqFYpQWSWkVUrH2uCULVWtqClyQR5MEfDzb13exFJAhoqwrGUHQvFykmxUIxwOs52E0ljTIa4TzuahljvctLp9WN4pJUe9COhK1Rwqn6fSHEg5SjwdGeA1UD+9ibiX14nUX7VSVkYJ4qGZLbITzhUEZxEAXtMUKL4SBNMBNO3QjLAAhOlA8vqEL4+hf+TZsm0kGldnuTrp/M4MuAAHIICsEAF1ME5aAAbEHAHHsATeDbujUfjxXidtS4Y85k98APG2yckKpO9</latexit>

fermions transform as

<latexit sha1_base64="ZidXbHKoBtMc5PEvwcp4eaMNLwA="></latexit>

<latexit sha1_base64="YaZFLu05GMvwqZ5osATjeWG5OD8="></latexit>

<latexit sha1_base64="GrwPdjyEmJuJhVgd1N4Vpb7je7s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtNKJvtpl262Q27E6WU/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoOvcfHpk2XMl7HKcsTMhA8phTglYKgjs+GCLRWj1VetWaV/dmcJeJX5AaFGj2ql9BX9EsYRKpIMZ0fS/FcEI0cirYtBJkhqWEjsiAdS2VJGEmnMxunronVum7sdK2JLoz9ffEhCTGjJPIdiYEh2bRy8X/vG6G8WU44TLNkEk6XxRnwkXl5gG4fa4ZRTG2hFDN7a0uHRJNKNqY8hD8xZeXSfus7nt1//a81rgq4ijDERzDKfhwAQ24gSa0gEIKz/AKb07mvDjvzse8teQUM4fwB87nD8nAkYE=</latexit>

<latexit sha1_base64="WT0vQzX+gD+Duod6iu1cJkhCYZU=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5dV7EM645BJ77ShmQdJRixDf8ONv+LGhSIudeXfmLaDaOuBwMk555Lc4yecSWVZX8bc/MLi0nJhpbi6tr6xaW5tN2ScCgp1GvNYtHwigbMI6oopDq1EAAl9Dk2/fz7ym3cgJIujazVIwA1JN2IBo0RpyTMtJ5HMuyrfHzgqxnCbMccHRfQd33jZxBwOncOfmGeWrIo1Bp4ldk5KKEfNMz+cTkzTECJFOZGybVuJcjMiFKMchkUnlZAQ2iddaGsakRCkm403G+J9rXRwEAt9IoXH6u+JjIRSDkJfJ0OienLaG4n/ee1UBaduxqIkVRDRyUNByrEuYVQT7jABVPGBJoQKpv+KaY8IQpUus6hLsKdXniWNo4ptVezL41L1LK+jgHbRHiojG52gKrpANVRHFD2gJ/SCXo1H49l4M94n0Tkjn9lBf2B8fgMuQp/E</latexit>

<latexit sha1_base64="aljA1b3+zl765EtD5S4JZWECqgI="></latexit>

<latexit sha1_base64="GrwPdjyEmJuJhVgd1N4Vpb7je7s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtNKJvtpl262Q27E6WU/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoOvcfHpk2XMl7HKcsTMhA8phTglYKgjs+GCLRWj1VetWaV/dmcJeJX5AaFGj2ql9BX9EsYRKpIMZ0fS/FcEI0cirYtBJkhqWEjsiAdS2VJGEmnMxunronVum7sdK2JLoz9ffEhCTGjJPIdiYEh2bRy8X/vG6G8WU44TLNkEk6XxRnwkXl5gG4fa4ZRTG2hFDN7a0uHRJNKNqY8hD8xZeXSfus7nt1//a81rgq4ijDERzDKfhwAQ24gSa0gEIKz/AKb07mvDjvzse8teQUM4fwB87nD8nAkYE=</latexit>

Here: 

<latexit sha1_base64="lfGPUHO7ZnGmyQGKdOAzDVi4Lpk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEqlJJUQTdC0Y3LCvYBbSw300k7dDIJMxMhhPorblwo4tYPceffOH0stPXAhcM593LvPX7MmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeybYPinImaEMzzWk7lhRCn9OWP7qZ+K1HKhWLxL1OY+qFMBAsYAS0kXp2oavYIIQHwLgEV265Wj477dlFp+JMgZeJOydFNEe9Z391+xFJQio04aBUx3Vi7WUgNSOcjvPdRNEYyAgGtGOogJAqL5seP8YnRunjIJKmhMZT9fdEBqFSaeibzhD0UC16E/E/r5Po4NLLmIgTTQWZLQoSjnWEJ0ngPpOUaJ4aAkQycysmQ5BAtMkrb0JwF19eJs1qxXUq7t15sXY9jyOHjtAxKiEXXaAaukV11EAEpegZvaI368l6sd6tj1nrijWfKaA/sD5/AH2ykrI=</latexit>

are the Pauli matrices (2 x generators of SU(2)) 

<latexit sha1_base64="GG6edBVA2LLerT+xQ+xmS6MbOyk=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYEXRbduHBRxT6kHYZMJtOGJpkhyQhlmNm78VfcuFDErR/gzr8xbUfQ1gOBwznncnOPHzOqtG1/WQuLS8srq6W18vrG5tZ2ZWe3paJEYtLEEYtkx0eKMCpIU1PNSCeWBHGfkbY/vBj77XsiFY3ErR7FxOWoL2hIMdJG8irVOy/txYp6VxlMe5LDPEciyPMM/hg3mUnZNXsCOE+cglRBgYZX+ewFEU44ERozpFTXsWPtpkhqihnJyr1EkRjhIeqTrqECcaLcdHJMBg+NEsAwkuYJDSfq74kUcaVG3DdJjvRAzXpj8T+vm+jwzE2piBNNBJ4uChMGdQTHzcCASoI1GxmCsKTmrxAPkERYm/7KpgRn9uR50jquOXbNuT6p1s+LOkpgHxyAI+CAU1AHl6ABmgCDB/AEXsCr9Wg9W2/W+zS6YBUze+APrI9vZUSb0w==</latexit>

are the "hypercharges" of the LH and RH fermions under 
<latexit sha1_base64="swUwMsofAPZ+s6hrFaTC8FohF/Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzUHZMcw2rNrbs5yDrxClKDAq1h9WswilkaoTRMUK37npsYP6PKcCZwXhmkGhPKpnSMfUsljVD7WX7unFxYZUTCWNmShuTq74mMRlrPosB2RtRM9Kq3EP/z+qkJb/yMyyQ1KNlyUZgKYmKy+J2MuEJmxMwSyhS3txI2oYoyYxOq2BC81ZfXSeeq7rl17+G61rwt4ijDGZzDJXjQgCbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD9FTjec=</latexit>

<latexit sha1_base64="dG0hSFpxIOlbHq9lo+0hqio4QQQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cKthbaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4ZuY/PKHSPJb3ZpKgH9Gh5CFn1FipMzwlOfrVmlt3c5Bl4hWkBgWa/epXbxCzNEJpmKBadz03MX5GleFM4LTSSzUmlI3pELuWShqh9rP83ik5scqAhLGyJQ3J1d8TGY20nkSB7YyoGelFbyb+53VTE175GZdJalCy+aIwFcTEZPY8GXCFzIiJJZQpbm8lbEQVZcZGVLEheIsvL5P2ed1z697dRa1xXcRRhiM4hjPw4BIacAtNaAEDAc/wCm/Oo/PivDsf89aSU8wcwh84nz8yv44Y</latexit>

, are the              and           gauge couplings    
<latexit sha1_base64="jmc7R2kw6+lS7UPGozwJzHbZvWk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSPRI9OIRExcwsCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vpn57SeqNJPi3kwSGsR4KFjECDZWavlV77z/0C9X3Jo7B1olXk4qkKPZL3/1BpKkMRWGcKx113MTE2RYGUY4nZZ6qaYJJmM8pF1LBY6pDrL5tVN0ZpUBiqSyJQyaq78nMhxrPYlD2xljM9LL3kz8z+umJroKMiaS1FBBFouilCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2/vEpaFzXPrXl39UrjOo+jCCdwClXw4BIacAtN8IHAIzzDK7w50nlx3p2PRWvByWeO4Q+czx9JV45F</latexit>

<latexit sha1_base64="jS4cPAIH+tXKOR0sOt1lZmip66g=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBC2DNhYWEb0kkBxhb7OXLNnbPXb3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBWhPpFcqk6INeVMUN8ww2knURTHIaftcHwz89tPVGkmxaOZJDSI8VCwiBFsrNR+8Kv18/5dv1xxa+4caJV4OalAjma//NUbSJLGVBjCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi0VOKY6yObnTtGZVQYoksqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6CrImEhSQwVZLIpSjoxEs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVa55b8+4vKo3rPI4inMApVMGDS2jALTTBBwJjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDb1o6W</latexit>

<latexit sha1_base64="7ICjvUg0StXCA7xhCKumU7dw5Gk=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxCC6XMVEE3QtWNywr2Ae04ZNJMG5pkhiQjltqFv+LGhSJu/Q13/o1pOwttPXDhcM693HtPEDOqtON8WwuLS8srq5m17PrG5ta2vbNbV1EiManhiEWyGSBFGBWkpqlmpBlLgnjASCPoX439xj2RikbiVg9i4nHUFTSkGGkj+fb+xR3y2zzJPxQgzKNzt1guHhegb+eckjMBnCduSnIgRdW3v9qdCCecCI0ZUqrlOrH2hkhqihkZZduJIjHCfdQlLUMF4kR5w8n9I3hklA4MI2lKaDhRf08MEVdqwAPTyZHuqVlvLP7ntRIdnnlDKuJEE4Gni8KEQR3BcRiwQyXBmg0MQVhScyvEPSQR1iayrAnBnX15ntTLJdcpuTcnucplGkcGHIBDkAcuOAUVcA2qoAYweATP4BW8WU/Wi/VufUxbF6x0Zg/8gfX5A4Igkyo=</latexit>

the 
<latexit sha1_base64="jS4cPAIH+tXKOR0sOt1lZmip66g=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBC2DNhYWEb0kkBxhb7OXLNnbPXb3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBWhPpFcqk6INeVMUN8ww2knURTHIaftcHwz89tPVGkmxaOZJDSI8VCwiBFsrNR+8Kv18/5dv1xxa+4caJV4OalAjma//NUbSJLGVBjCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi0VOKY6yObnTtGZVQYoksqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6CrImEhSQwVZLIpSjoxEs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVa55b8+4vKo3rPI4inMApVMGDS2jALTTBBwJjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDb1o6W</latexit>

and            the            gauge bosons    
<latexit sha1_base64="WBNABJ8S/ELV4felqne+AqiMfvM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquCHos9eKxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyU3mdx6p0iyS92YaU1/gkWQhI9hYqdsY9EVSfToflCtuzZ0DrRIvJxXI0RyUv/rDiCSCSkM41rrnubHxU6wMI5zOSv1E0xiTCR7RnqUSC6r9dH7vDJ1ZZYjCSNmSBs3V3xMpFlpPRWA7BTZjvexl4n9eLzHhtZ8yGSeGSrJYFCYcmQhlz6MhU5QYPrUEE8XsrYiMscLE2IhKNgRv+eVV0r6oeW7Nu7us1Bt5HEU4gVOoggdXUIdbaEILCHB4hld4cx6cF+fd+Vi0Fpx85hj+wPn8AUNZj3I=</latexit>

<latexit sha1_base64="jmc7R2kw6+lS7UPGozwJzHbZvWk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSPRI9OIRExcwsCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vpn57SeqNJPi3kwSGsR4KFjECDZWavlV77z/0C9X3Jo7B1olXk4qkKPZL3/1BpKkMRWGcKx113MTE2RYGUY4nZZ6qaYJJmM8pF1LBY6pDrL5tVN0ZpUBiqSyJQyaq78nMhxrPYlD2xljM9LL3kz8z+umJroKMiaS1FBBFouilCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2/vEpaFzXPrXl39UrjOo+jCCdwClXw4BIacAtN8IHAIzzDK7w50nlx3p2PRWvByWeO4Q+czx9JV45F</latexit>

<latexit sha1_base64="r2FRMtGTCfMfG3lM/hbd+Hjv2go=">AAACC3icbVA9SwNBEN2LXzF+nVraLAlCbMKdCFoGbSwjmA/IxTC32SRL9vaO3T0xHElt41+xsVDE1j9g579xL7lCEx8MPN6bYWaeH3GmtON8W7mV1bX1jfxmYWt7Z3fP3j9oqDCWhNZJyEPZ8kFRzgSta6Y5bUWSQuBz2vRHV6nfvKdSsVDc6nFEOwEMBOszAtpIXbvoAY+GcAflhxOceDLA0ymI3nQ6wZ5PdSp37ZJTcWbAy8TNSAllqHXtL68XkjigQhMOSrVdJ9KdBKRmhNNJwYsVjYCMYEDbhgoIqOoks18m+NgoPdwPpSmh8Uz9PZFAoNQ48E1nAHqoFr1U/M9rx7p/0UmYiGJNBZkv6scc6xCnweAek5RoPjYEiGTmVkyGIIFoE1/BhOAuvrxMGqcV16m4N2el6mUWRx4doSIqIxedoyq6RjVURwQ9omf0it6sJ+vFerc+5q05K5s5RH9gff4ADwWaaA==</latexit>

arbitrary gauge parameters
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Fermion representation in 
<latexit sha1_base64="jS4cPAIH+tXKOR0sOt1lZmip66g=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBC2DNhYWEb0kkBxhb7OXLNnbPXb3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBWhPpFcqk6INeVMUN8ww2knURTHIaftcHwz89tPVGkmxaOZJDSI8VCwiBFsrNR+8Kv18/5dv1xxa+4caJV4OalAjma//NUbSJLGVBjCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi0VOKY6yObnTtGZVQYoksqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6CrImEhSQwVZLIpSjoxEs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVa55b8+4vKo3rPI4inMApVMGDS2jALTTBBwJjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDb1o6W</latexit>

LH fermions are in the fundamental representation of 
<latexit sha1_base64="2hs4Q3Rak9PoKfPNU7iAZvUgbjo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvXisaGqhDWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoajm5n/+IRK80Q+mHGKQUwHkkecUWMl/96v1s975Ypbc+cgq8TLSQVyNHvlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEV8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSate89yad3dRaVzncRThBE6hCh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AIwMjdc=</latexit>

all LH fermions come in doublets<latexit sha1_base64="GrwPdjyEmJuJhVgd1N4Vpb7je7s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtNKJvtpl262Q27E6WU/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoOvcfHpk2XMl7HKcsTMhA8phTglYKgjs+GCLRWj1VetWaV/dmcJeJX5AaFGj2ql9BX9EsYRKpIMZ0fS/FcEI0cirYtBJkhqWEjsiAdS2VJGEmnMxunronVum7sdK2JLoz9ffEhCTGjJPIdiYEh2bRy8X/vG6G8WU44TLNkEk6XxRnwkXl5gG4fa4ZRTG2hFDN7a0uHRJNKNqY8hD8xZeXSfus7nt1//a81rgq4ijDERzDKfhwAQ24gSa0gEIKz/AKb07mvDjvzse8teQUM4fwB87nD8nAkYE=</latexit>

Ex: LH lepton doublet
<latexit sha1_base64="tFQ0f8F/NA+ku/iWFxjP+pPv9EQ="></latexit>

<latexit sha1_base64="ru5XpwRtaadDzzs3Ry5yR5cgRqk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEdlMSEXRZ1IXLCvYBTQiT6aSddmYSZiZiCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954wYVRpx/m2Ciura+sbxc3S1vbO7p69f9BScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxxdT/32A5GKxuJejxPic9QXNKIYaSMF9lHlJvB4Wg0yOpx4iaLBsPJYDeyyU3NmgMvEzUkZ5GgE9pfXi3HKidCYIaW6rpNoP0NSU8zIpOSliiQIj1CfdA0ViBPlZ7PzJ/DUKD0YxdKU0HCm/p7IEFdqzEPTyZEeqEVvKv7ndVMdXfoZFUmqicDzRVHKoI7hNAvYo5JgzcaGICypuRXiAZIIa5NYyYTgLr68TFpnNdepuXfn5fpVHkcRHIMTUAEuuAB1cAsaoAkwyMAzeAVv1pP1Yr1bH/PWgpXPHII/sD5/AFcAlRM=</latexit>

since the              covariant derivative is 2x2 matrix
<latexit sha1_base64="jS4cPAIH+tXKOR0sOt1lZmip66g=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBC2DNhYWEb0kkBxhb7OXLNnbPXb3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBWhPpFcqk6INeVMUN8ww2knURTHIaftcHwz89tPVGkmxaOZJDSI8VCwiBFsrNR+8Kv18/5dv1xxa+4caJV4OalAjma//NUbSJLGVBjCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi0VOKY6yObnTtGZVQYoksqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6CrImEhSQwVZLIpSjoxEs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVa55b8+4vKo3rPI4inMApVMGDS2jALTTBBwJjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDb1o6W</latexit>

<latexit sha1_base64="d7dozp8t3SUU0BQV24JiOw2/bnY=">AAACInicbVBNS8NAEN34bf2qevSyWAS9lEQE9SCIXjz0UMGq0JSw2Uzaxc0m7E6EEvJbvPhXvHhQ1JPgj3Fbc/DrwcDjvZndmRdmUhh03XdnYnJqemZ2br62sLi0vFJfXbs0aa45dHgqU30dMgNSKOigQAnXmQaWhBKuwpvTkX91C9qIVF3gMINewvpKxIIztFJQPzynR9SXEOO2H0JfqIJpzYZlwUuaB0WrpL5Po6Dlg4oqy9eiP8CdoN5wm+4Y9C/xKtIgFdpB/dWPUp4noJBLZkzXczPs2UdRcAllzc8NZIzfsD50LVUsAdMrxieWdMsqEY1TbUshHavfJwqWGDNMQtuZMByY395I/M/r5hgf9AqhshxB8a+P4lxSTOkoLxoJDRzl0BLGtbC7Uj5gmnG0qdZsCN7vk/+Sy92m5za9873G8UkVxxzZIJtkm3hknxyTM9ImHcLJHXkgT+TZuXcenRfn7at1wqlm1skPOB+fcFSkQQ==</latexit>

LH quark doublet

The hypercharges          and           apply to the doublets themselves
<latexit sha1_base64="yrVdGMbLtj/VJ4gaAKRj2MeIgcY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxIcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdP/Yu+2VK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDBWKNnA==</latexit>

<latexit sha1_base64="WZ6bhTcBWPtbjK6cLIDoNHzoO1A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ye0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqx0/9hv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236jUuK7WbPI4inMApnIMHV1CDO6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAM9o2h</latexit>

RH fermions are singlets of 
<latexit sha1_base64="jS4cPAIH+tXKOR0sOt1lZmip66g=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBC2DNhYWEb0kkBxhb7OXLNnbPXb3hHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBWhPpFcqk6INeVMUN8ww2knURTHIaftcHwz89tPVGkmxaOZJDSI8VCwiBFsrNR+8Kv18/5dv1xxa+4caJV4OalAjma//NUbSJLGVBjCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi0VOKY6yObnTtGZVQYoksqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6CrImEhSQwVZLIpSjoxEs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVa55b8+4vKo3rPI4inMApVMGDS2jALTTBBwJjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwDb1o6W</latexit>

Ex:  
<latexit sha1_base64="BAqfYh20z6jsWAoosDYORyw4hmQ=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArgpZBG8sYzEOSuMxObpIhM7vLzKwSlmxn46/YWChi6yfY+TdOHoUmHrhwOOde7r3HjzhT2nG+rczC4tLySnY1t7a+sbllb+9UVRhLChUa8lDWfaKAswAqmmkO9UgCET6Hmt+/HPm1e5CKhcGNHkTQEqQbsA6jRBvJs/fh7tgr46QpBU7TB6Z7aTrEt14CXnmIc9iz807BGQPPE3dK8miKkmd/NdshjQUEmnKiVMN1It1KiNSMchjmmrGCiNA+6ULD0IAIUK1k/MgQHxqljTuhNBVoPFZ/TyREKDUQvukURPfUrDcS//Mase6ctxIWRLGGgE4WdWKOdYhHqeA2k0A1HxhCqGTmVkx7RBKqTXY5E4I7+/I8qZ4UXKfgXp/mixfTOLJoDx2gI+SiM1REV6iEKoiiR/SMXtGb9WS9WO/Wx6Q1Y01ndtEfWJ8/S/6Y2Q==</latexit>

<latexit sha1_base64="6LC/ipxSkaBNZCQJ4RXPUI7zzxk=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQlCgrGChbEg+kBtFDmu01p1nMi+AVVRO7DwKywMIMTKP7DxN7htBmg50tU9Oude2fcEieAaHOfbWlhcWl5ZLawV1zc2t7btnd26jlNFWY3GIlbNgGgmuGQ14CBYM1GMRIFgjaB/OfYb90xpHstbGCTMi0hX8pBTAkby7YPUv8FZW0V4NHrg0DNtiO/8zMhD7Nslp+xMgOeJm5MSylH17a92J6ZpxCRQQbRuuU4CXkYUcCrYsNhONUsI7ZMuaxkqScS0l02uGOIjo3RwGCtTEvBE/b2RkUjrQRSYyYhAT896Y/E/r5VCeO5lXCYpMEmnD4WpwBDjcSS4wxWjIAaGEKq4+SumPaIIBRNc0YTgzp48T+onZdcpu9enpcpFHkcB7aNDdIxcdIYq6ApVUQ1R9Iie0St6s56sF+vd+piOLlj5zh76A+vzBw8ymEY=</latexit>

, etc. , 

6



Gauge Bosons

<latexit sha1_base64="GsOffcIPS6sz43hVQP77qXXFZyw="></latexit>

<latexit sha1_base64="8nj81ZO6AG5npunLNQdnQ2A1sh0="></latexit>

<latexit sha1_base64="V9wY4yl2RJqcbEh+4mATOCxJJYg=">AAACHXicbZDLSsNAFIYn9VbrLerSzWAR3FgSKehGKHXjsoK9QBPCZDpth04mYS5CCX0RN76KGxeKuHAjvo2TNIvaemCGn+9cZs4fJoxK5Tg/VmltfWNzq7xd2dnd2z+wD486MtYCkzaOWSx6IZKEUU7aiipGeokgKAoZ6YaT2yzffSRC0pg/qGlC/AiNOB1SjJRBgV1vBqkXaY/rGbyBXoKEoogFBsFmfl8sQF7AwK46NScPuCrcQlRBEa3A/vIGMdYR4QozJGXfdRLlp9lczMis4mlJEoQnaET6RnIUEemn+XYzeGbIAA5jYQ5XMKeLHSmKpJxGoamMkBrL5VwG/8v1tRpe+ynliVaE4/lDQ82gimFmFRxQQbBiUyMQFtT8FeIxEggrY2jFmOAur7wqOpc116m59/Vqo1nYUQYn4BScAxdcgQa4Ay3QBhg8gRfwBt6tZ+vV+rA+56Ulq+g5Bn/C+v4Fby2hfg==</latexit>

Gauge invariance forbids mass terms for the EW gauge bosons 

<latexit sha1_base64="I+txgH2S6ykG4/oGqW7Y3yrVkVk="></latexit>

E.g.

<latexit sha1_base64="GrwPdjyEmJuJhVgd1N4Vpb7je7s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtNKJvtpl262Q27E6WU/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoOvcfHpk2XMl7HKcsTMhA8phTglYKgjs+GCLRWj1VetWaV/dmcJeJX5AaFGj2ql9BX9EsYRKpIMZ0fS/FcEI0cirYtBJkhqWEjsiAdS2VJGEmnMxunronVum7sdK2JLoz9ffEhCTGjJPIdiYEh2bRy8X/vG6G8WU44TLNkEk6XxRnwkXl5gG4fa4ZRTG2hFDN7a0uHRJNKNqY8hD8xZeXSfus7nt1//a81rgq4ijDERzDKfhwAQ24gSa0gEIKz/AKb07mvDjvzse8teQUM4fwB87nD8nAkYE=</latexit>

<latexit sha1_base64="akAwxjXwTUZBALSCHfA/AM+Bnds=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqpIKCcYCCwtSkehDatPIcd3WquNEtoNURRlY+BUWBhBi5SPY+BvcNgO0HMm+R+fcK/ueIOZMacf5tlZW19Y3Ngtbxe2d3b19++CwqaJEEtogEY9kO8CKciZoQzPNaTuWFIcBp61gfD31Ww9UKhaJez2JqRfioWADRrA2km+XbntVP73s4QyZy++GiakpNjVDvl12Ks4MaJm4OSlDjrpvf3X7EUlCKjThWKmO68TaS7HUjHCaFbuJojEmYzykHUMFDqny0tkSGToxSh8NImmO0Gim/p5IcajUJAxMZ4j1SC16U/E/r5PowYWXMhEnmgoyf2iQcKQjNE0E9ZmkRPOJIZhIZv6KyAhLTLTJrWhCcBdXXibNasV1Ku7dWbl2lcdRgBIcwym4cA41uIE6NIDAIzzDK7xZT9aL9W59zFtXrHzmCP7A+vwBI+WXIA==</latexit>

not gauge invariant <latexit sha1_base64="GrwPdjyEmJuJhVgd1N4Vpb7je7s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtNKJvtpl262Q27E6WU/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoOvcfHpk2XMl7HKcsTMhA8phTglYKgjs+GCLRWj1VetWaV/dmcJeJX5AaFGj2ql9BX9EsYRKpIMZ0fS/FcEI0cirYtBJkhqWEjsiAdS2VJGEmnMxunronVum7sdK2JLoz9ffEhCTGjJPIdiYEh2bRy8X/vG6G8WU44TLNkEk6XxRnwkXl5gG4fa4ZRTG2hFDN7a0uHRJNKNqY8hD8xZeXSfus7nt1//a81rgq4ijDERzDKfhwAQ24gSa0gEIKz/AKb07mvDjvzse8teQUM4fwB87nD8nAkYE=</latexit>

<latexit sha1_base64="8g5vBU1m514Y3UqSkaDF37lBnbE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6sWLEME8MFnD7GSSDJmdXWZ6hbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYCoOu++3klpZXVtfy64WNza3tneLuXt1EiWa8xiIZ6WZADZdC8RoKlLwZa07DQPJGMLye+I0nro2I1D2OYu6HtK9ETzCKVnq47aSXj3RMLtxOseSW3SnIIvEyUoIM1U7xq92NWBJyhUxSY1qeG6OfUo2CST4utBPDY8qGtM9blioacuOn04vH5MgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB37qdCxQlyxWaLeokkGJHJ+6QrNGcoR5ZQpoW9lbAB1ZShDalgQ/DmX14k9ZOy55a9u9NS5SqLIw8HcAjH4MEZVOAGqlADBgqe4RXeHOO8OO/Ox6w152Qz+/AHzucPYyGQDw==</latexit>

Similarly for 
<latexit sha1_base64="CHTJPxsSgEhWRkETuWy8uAUlMOs=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMdSLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQXPQl9mgWvPq3gJ4nfgFqUGB1qD61R8mNJNMWSqIMT3fS22YE205FWxW6WeGpYROyIj1HFVEMhPmi2Nn+MIpQxwn2pWyeKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhjlXaWaZostFcSawTfD8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxO2ld136v7D9e1RrOIowxncA6X4MMNNOAeWhAABQ7P8ApvSKEX9I4+lq0lVMycwh+gzx+daI6L</latexit>

Gauge invariance forbids non zero values of 
<latexit sha1_base64="jl/0ziu9t7/a/MbHD7hoodkhXxE=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6LLoxk2hgn1gG8NkMmmHzkzCzEQoIQU3/oobF4q49SPc+TdOHwttPXDhcM693HtPkDCqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0MryZ++4FIRWNxq0cJ8TjqCxpRjLSRfLtc97P2fS/hOcx6ksPxGIlwPM5h3b/z7YpTdaaAy8SdkwqYo+HbX70wxiknQmOGlOq6TqK9DElNMSN5qZcqkiA8RH3SNVQgTpSXTZ/I4bFRQhjF0pTQcKr+nsgQV2rEA9PJkR6oRW8i/ud1Ux1deBkVSaqJwLNFUcqgjuEkERhSSbBmI0MQltTcCvEASYS1ya1kQnAXX14mrdOq61Tdm7NK7XIeRxGUwRE4AS44BzVwDRqgCTB4BM/gFbxZT9aL9W59zFoL1nzmEPyB9fkDnYaYDw==</latexit>
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Gauge Invariance and Fermion Masses 

•Fermion mass term violates chirality

<latexit sha1_base64="lQ7oDMkacznbIeHO4s2rwClMf/U=">AAACLXicbVDLSgMxFM34rPVVdekmWARBGWZE0I1Q1IULF1XsAzrDkEkzbWiSGZKMUIb+kBt/RQQXFXHrb5hOi9TWA7kczrmXm3vChFGlHWdoLSwuLa+sFtaK6xubW9ulnd26ilOJSQ3HLJbNECnCqCA1TTUjzUQSxENGGmHveuQ3nohUNBaPup8Qn6OOoBHFSBspKN3wIPMSRQfeCfRCJEcc5uUSTlm/XnCX1wd4DDNPcti1sT0ISmXHdnLAeeJOSBlMUA1Kb147xiknQmOGlGq5TqL9DElNMSODopcqkiDcQx3SMlQgTpSf5dcO4KFR2jCKpXlCw1ydnsgQV6rPQ9PJke6qWW8k/ue1Uh1d+BkVSaqJwONFUcqgjuEoOtimkmDN+oYgLKn5K8RdJBHWJuCiCcGdPXme1E9t17Hd+7Ny5WoSRwHsgwNwBFxwDirgFlRBDWDwDF7BEHxYL9a79Wl9jVsXrMnMHvgD6/sH3gSnOw==</latexit>

•But         and         transform differently under 
<latexit sha1_base64="j5pOHRhFe+6BVJHx1b4Ew5bxz4k=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp0IWgZtLCwimA9IjrC32UvW7O0eu3NCCPkPNhaK2Pp/7Pw3bpIrNPHBwOO9GWbmRakUFn3/21tZXVvf2CxsFbd3dvf2SweHDaszw3idaalNK6KWS6F4HQVK3koNp0kkeTMa3kz95hM3Vmj1gKOUhwntKxELRtFJjU5qRfeuWyr7FX8GskyCnJQhR61b+ur0NMsSrpBJam078FMMx9SgYJJPip3M8pSyIe3ztqOKJtyG49m1E3LqlB6JtXGlkMzU3xNjmlg7SiLXmVAc2EVvKv7ntTOMr8KxUGmGXLH5ojiTBDWZvk56wnCGcuQIZUa4WwkbUEMZuoCKLoRg8eVl0jivBH4luL8oV6/zOApwDCdwBgFcQhVuoQZ1YPAIz/AKb572Xrx372PeuuLlM0fwB97nD3T/jwk=</latexit>

<latexit sha1_base64="rGWRKEvhXaAU2+VsHLsWAxLAHgY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGKeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTP3mEzdWaPWAo5SHCe0rEQtG0UmNTmpF975bKvsVfwayTIKclCFHrVv66vQ0yxKukElqbTvwUwzH1KBgkk+KnczylLIh7fO2o4om3Ibj2bUTcuqUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvwrFQaYZcsfmiOJMENZm+TnrCcIZy5AhlRrhbCRtQQxm6gIouhGDx5WXSOK8EfiW4uyhXr/M4CnAMJ3AGAVxCFW6hBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucPfhePDw==</latexit>

<latexit sha1_base64="piZk4vfa25yK5CM8VUM++eM/xzM=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovQbkpSBF0W3bhwUdG0lTaEyXTSDp08mJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu59x4/4Uwqy/o2lpZXVtfWCxvFza3tnV1zb78p41QQ6pCYx6LtY0k5i6ijmOK0nQiKQ5/Tlj+8nPitByoki6M7NUqoG+J+xAJGsNKSZx7eOuVaxbvuKhZSiZyyXfHuPbNkVa0p0CKxc1KCHA3P/Or2YpKGNFKEYyk7tpUoN8NCMcLpuNhNJU0wGeI+7WgaYb3LzabXj9GJVnooiIWuSKGp+nsiw6GUo9DXnSFWAznvTcT/vE6qgnM3Y1GSKhqR2aIg5UjFaBIF6jFBieIjTTARTN+KyAALTJQOrKhDsOdfXiTNWtW2qvbNaal+kcdRgCM4hjLYcAZ1uIIGOEDgEZ7hFd6MJ+PFeDc+Zq1LRj5zAH9gfP4AvWCTdg==</latexit>

<latexit sha1_base64="1OJ835471M9j35aLMpexofg6fvw=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEBGMFCwNDqehDaqLqxnFbq44TbAdURf0AFn6FhQGEWPkANv4GN80ALUeydXTOubLv8WPOlLbtb6uwtLyyulZcL21sbm3vlHf3WipKJKFNEvFIdnxQlDNBm5ppTjuxpBD6nLb90eXUb99TqVgkbvU4pl4IA8H6jIA2Uq9ccRtsMNQgZfSAsXuXQOD6IN1Ysd51djewSdlVOwNeJE5OKihHvVf+coOIJCEVmnBQquvYsfZSkJoRTiclN1E0BjKCAe0aKiCkykuzZSb4yCgB7kfSHKFxpv6eSCFUahz6JhmCHqp5byr+53UT3T/3UibiRFNBZg/1E451hKfN4IBJSjQfGwJEMvNXTIYggWjTX8mU4MyvvEhaJ1XHrjo3p5XaRV5HER2gQ3SMHHSGaugK1VETEfSIntErerOerBfr3fqYRQtWPrOP/sD6/AFsP5sy</latexit>

is not gauge invariant and 
<latexit sha1_base64="dOK4Cr9AhHHKmyw3obdQRuCRIME=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYDukvJptk2NMmGJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMixVnxvr+t1daW9/Y3CpvV3Z29/YPqodHbZNmmtAWSXmquzE2lDNJW5ZZTrtKUyxiTjvx+G7md56oNiyVj3aiaCTwULKEEWydFIp+HirDpujGR/1qza/7c6BVEhSkBgWa/epXOEhJJqi0hGNjeoGvbJRjbRnhdFoJM0MVJmM8pD1HJRbURPn85ik6c8oAJal2JS2aq78nciyMmYjYdQpsR2bZm4n/eb3MJtdRzqTKLJVksSjJOLIpmgWABkxTYvnEEUw0c7ciMsIaE+tiqrgQguWXV0n7oh749eDhsta4LeIowwmcwjkEcAUNuIcmtICAgmd4hTcv8168d+9j0Vryiplj+APv8wcXVJEL</latexit>

Gauge invariance forbids non zero values of fermion masses
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The Mass Problem in the Electroweak SM

• It is possible to have gauge boson and fermion masses still respecting gauge invariance 

•This is achieved  by Spontaneous Symmetry Breaking of the gauge symmetry

•This does not constitute explicit breaking of the 
<latexit sha1_base64="piZk4vfa25yK5CM8VUM++eM/xzM=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovQbkpSBF0W3bhwUdG0lTaEyXTSDp08mJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu59x4/4Uwqy/o2lpZXVtfWCxvFza3tnV1zb78p41QQ6pCYx6LtY0k5i6ijmOK0nQiKQ5/Tlj+8nPitByoki6M7NUqoG+J+xAJGsNKSZx7eOuVaxbvuKhZSiZyyXfHuPbNkVa0p0CKxc1KCHA3P/Or2YpKGNFKEYyk7tpUoN8NCMcLpuNhNJU0wGeI+7WgaYb3LzabXj9GJVnooiIWuSKGp+nsiw6GUo9DXnSFWAznvTcT/vE6qgnM3Y1GSKhqR2aIg5UjFaBIF6jFBieIjTTARTN+KyAALTJQOrKhDsOdfXiTNWtW2qvbNaal+kcdRgCM4hjLYcAZ1uIIGOEDgEZ7hFd6MJ+PFeDc+Zq1LRj5zAH9gfP4AvWCTdg==</latexit>

symmetry

To get to what we need (The Anderson-Brout-Englert-Higgs Mechanism) we first need to understand 

•Goldstone’s Theorem and the Spontaneous Breaking of a global symmetry

•Then study the special case of a gauge symmetry 
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Spontaneous Symmetry Breaking
•SSB refers to the situation when the ground state of the theory DOES NOT have the same symmetries

that the system has in general  (e.g. symmetries in the Lagrangian)

Example: Scalar Theory wit a Global U(1) Symmetry

<latexit sha1_base64="/q4fKTqYMJ4qgWOLJkBrWrSh1KY="></latexit>

Invariant under 
<latexit sha1_base64="ltW1NeGjmlJKqoMS8KP7OgTh3gY=">AAACKnicbVDLTgIxFO3gC/GFunTTSEzQKJkxJrpE3bjERB4JA+ROKdDQedB2jGSCv+PGX3HDQkPc+iGWYUwUPEmT03PPTXuOE3AmlWlOjNTS8srqWno9s7G5tb2T3d2rSD8UhJaJz31Rc0BSzjxaVkxxWgsEBdfhtOr0b6fz6iMVkvnegxoGtOFC12MdRkBpqZW9toMeyz8d28rHtBkxG3jQgxFO5OdTezAIoR3fmydawYnz7MfayubMghkDLxIrITmUoNTKju22T0KXeopwkLJumYFqRCAUI5yOMnYoaQCkD11a19QDl8pGFEcd4SOttHHHF/p4Csfq740IXCmHrqOdLqienJ9Nxf9m9VB1rhoR84JQUY/MHuqEHOu0095wmwlKFB9qAkQw/VdMeiCAKN1uRpdgzUdeJJXzgmUWrPuLXPEmqSONDtAhyiMLXaIiukMlVEYEvaA39I4+jFdjbEyMz5k1ZSQ7++gPjK9vC5mmaA==</latexit>

with      a real constant  
<latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit>

The potential 

<latexit sha1_base64="9c/HbeK5ujBsT4721Tk4aOJQY0Q="></latexit>

has a non trivial minimum at
<latexit sha1_base64="FeiY7AFa9vlBe8l7gda3Y6Ai1hs="></latexit>
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But we need to pick 
<latexit sha1_base64="nWOOxXp3B0fWXQCv1sLJm3iDBJA=">AAACA3icbVA9SwNBEN2LXzF+ndppsxgEq7AngpZBG8sI5gNyR9jbTJIle3vH7p4QLgEb/4qNhSK2/gk7/42b5ApNfDDweG+GmXlhIrg2hHw7hZXVtfWN4mZpa3tnd8/dP2joOFUM6iwWsWqFVIPgEuqGGwGtRAGNQgHNcHgz9ZsPoDSP5b0ZJRBEtC95jzNqrNRxj3xBZV8AJmPsJwOOx8RXc6XjlkmFzICXiZeTMspR67hffjdmaQTSMEG1bnskMUFGleFMwKTkpxoSyoa0D21LJY1AB9nshwk+tUoX92JlSxo8U39PZDTSehSFtjOiZqAXvan4n9dOTe8qyLhMUgOSzRf1UoFNjKeB4C5XwIwYWUKZ4vZWzAZUUWZsbCUbgrf48jJpnFc8UvHuLsrV6zyOIjpGJ+gMeegSVdEtqqE6YugRPaNX9OY8OS/Ou/Mxby04+cwh+gPn8weEIJbI</latexit>

in the complex plane

h�i = v
<latexit sha1_base64="dzExm+abOF9cMr/ShpFmpsmkCjk=">AAACAHicbZC7SgNBFIbPeo3xFrWwsBkMglXYjYI2QtDGMoK5QHYJs5OTZMjs7DIzGwhLGl/FxkIRWx/Dzrdxcik08YeBj/+cw5nzh4ng2rjut7Oyura+sZnbym/v7O7tFw4O6zpOFcMai0WsmiHVKLjEmuFGYDNRSKNQYCMc3E3qjSEqzWP5aEYJBhHtSd7ljBprtQvHvqCyJ5D4SZ/7asY3ZNguFN2SOxVZBm8ORZir2i58+Z2YpRFKwwTVuuW5iQkyqgxnAsd5P9WYUDagPWxZlDRCHWTTA8bkzDod0o2VfdKQqft7IqOR1qMotJ0RNX29WJuY/9VaqeleBxmXSWpQstmibiqIickkDdLhCpkRIwuUKW7/SlifKsqMzSxvQ/AWT16GernkXZTKD5fFyu08jhycwCmcgwdXUIF7qEINGIzhGV7hzXlyXpx352PWuuLMZ47gj5zPH9fplek=</latexit>

h�i = iv
<latexit sha1_base64="lqtjXtSDPgdJgg/X0nbNwlnqXRY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVJqqAboejGZQV7gSaUyfSkHTqZhJlJoYTixldx40IRtz6FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FRxKik0aMxj2Q6IAs4ENDTTHNqJBBIFHFrB8HZab41AKhaLBz1OwI9IX7CQUaKN1bWPPE5EnwP2kgHz5JyvMcOjrl12Ks5MeBncHMooV71rf3m9mKYRCE05UarjOon2MyI1oxwmJS9VkBA6JH3oGBQkAuVnsxMm+NQ4PRzG0jyh8cz9PZGRSKlxFJjOiOiBWqxNzf9qnVSHV37GRJJqEHS+KEw51jGe5oF7TALVfGyAUMnMXzEdEEmoNqmVTAju4snL0KxW3PNK9f6iXLvJ4yiiY3SCzpCLLlEN3aE6aiCKHtEzekVv1pP1Yr1bH/PWgpXPHKI/sj5/AAK5loY=</latexit>

h�i = vp
2
+ i

vp
2

<latexit sha1_base64="yT22CE2f76YsP4ofAPt3qXPyeFA=">AAACKHicbZDLSsNAFIZPvNZ6i7p0M1gEQShJFXQjFt24rGAv0JQymU7aoZNJnJkUSsjjuPFV3Igo0q1P4vSy0LY/DHz85xzOnN+POVPacUbWyura+sZmbiu/vbO7t28fHNZUlEhCqyTikWz4WFHOBK1qpjltxJLi0Oe07vfvx/X6gErFIvGkhzFthbgrWMAI1sZq27cex6LLKfLiHvPklG+QF0hM0kGWeupZ6rSUZegcsSV22y44RWcitAjuDAowU6Vtf3idiCQhFZpwrFTTdWLdSrHUjHCa5b1E0RiTPu7SpkGBQ6pa6eTQDJ0ap4OCSJonNJq4fydSHCo1DH3TGWLdU/O1sbms1kx0cN1KmYgTTQWZLgoSjnSExqmhDpOUaD40gIlk5q+I9LAJQ5ts8yYEd/7kRaiViu5FsfR4WSjfzeLIwTGcwBm4cAVleIAKVIHAC7zBJ3xZr9a79W2Npq0r1mzmCP7J+vkFNPanUw==</latexit>

or or ? Is it 

This choice is SSB. Once made it is not invariant! 

Let us parametrize            as:  �(x)
<latexit sha1_base64="wPmHKXBdK3bLrAVbjY4hLpFzlvc=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJexGQY9BLx4jmAckS5idTJIhs7PrTK8YlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+85FrIyJ1j+OY+yEdKNEXjKKVWp14KEpPZ6RbKLpldwayTLyMFCFDrVv46vQiloRcIZPUmLbnxuinVKNgkk/yncTwmLIRHfC2pYqG3Pjp7N4JObVKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6POkJzRnKsSWUaWFvJWxINWVoI8rbELzFl5dJo1L2zsuVu4ti9TqLIwfHcAIl8OASqnALNagDAwnP8ApvzoPz4rw7H/PWFSebOYI/cD5/ABHRj1Q=</latexit>

Complex scalar field in terms of 2 real scalars:           and              ⇡(x)
<latexit sha1_base64="fQGyHTdWhX05Y80SeqbI5WXL3go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGZrMhyYpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4TRWiLxDxW3QBrypmgLcMMp12pKI4CTjvB5Hbudx6p0iwWD2YqqR/hkWAhI9hYqdOXrPp0jgbliltzM6BV4uWkAjmag/JXfxiTJKLCEI617nmuNH6KlWGE01mpn2gqMZngEe1ZKnBEtZ9m587QmVWGKIyVLWFQpv6eSHGk9TQKbGeEzVgve3PxP6+XmPDaT5mQiaGCLBaFCUcmRvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIFneIU3RzovzrvzsWgtOPnMMfyB8/kDTF6O4g==</latexit>

h(x)
<latexit sha1_base64="NMGu0UtbHaHnW5A2HoK+c8DItg0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLJnokevGIiQsksCHd0oWGtrtpu0ay4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmtx+p0iyWD2aS0EDgoWQRI9hYyR9Vn85Rv1xxa+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slr1mndRq99fVho3eRxFOIFTqIIHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH8dWjgE=</latexit>

h�(x)i = v
<latexit sha1_base64="7DNd5aMs+DiieH74cU1zjJyGV1w=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZmpgm6EohuXFewDOkPJpLdtaCYzJJliGQpu/BU3LhRx60+4829M21lo64ELJ+fcS+49QcyZ0o7zbS0tr6yurec28ptb2zu79t5+XUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaASDm4nfGIJULBL3ehSDH5KeYF1GiTZS2z70OBE9DtiL+6z4cOrJ2fMKD9t2wSk5U+BF4makgDJU2/aX14loEoLQlBOlWq4Taz8lUjPKYZz3EgUxoQPSg5ahgoSg/HR6wxifGKWDu5E0JTSeqr8nUhIqNQoD0xkS3Vfz3kT8z2slunvpp0zEiQZBZx91E451hCeB4A6TQDUfGUKoZGZXTPtEEqpNbHkTgjt/8iKpl0vuWal8d16oXGdx5NAROkZF5KILVEG3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+PTZbQ</latexit>

We choose and  have h0|h(x)|0i = 0 h0|⇡(x)|0i = 0
<latexit sha1_base64="hEpv7rFdygZB2+CKSChxmyzAZ7M=">AAACLHicbVDLTgIxFO3gC/E16tJNIzHBDemgiW5MiGxcYiKPhCGkUwo0dDpD2zGSgQ9y46+YGBcS49bvsAMkCniSNqfnnpvbe7yQM6URmliptfWNza30dmZnd2//wD48qqogkoRWSMADWfewopwJWtFMc1oPJcW+x2nN65eSeu2RSsUC8aCHIW36uCtYhxGsjdSySy7HosspRKNe7ul8hFw5e99A5A4GEW67yQV/bW7IFo2oZWdRHk0BV4kzJ1kwR7llv7ntgEQ+FZpwrFTDQaFuxlhqRjgdZ9xI0RCTPu7ShqEC+1Q14+myY3hmlDbsBNIcoeFU/dsRY1+poe8Zp491Ty3XEvG/WiPSnetmzEQYaSrIbFAn4lAHMEkOtpmkRPOhIZhIZv4KSQ9LTLTJN2NCcJZXXiXVQt65yBfuL7PF23kcaXACTkEOOOAKFMEdKIMKIOAZvIIPMLFerHfr0/qaWVPWvOcYLMD6/gGLMqaN</latexit>

will not appear in the potential  ⇡(x)
<latexit sha1_base64="fQGyHTdWhX05Y80SeqbI5WXL3go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGZrMhyYpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4TRWiLxDxW3QBrypmgLcMMp12pKI4CTjvB5Hbudx6p0iwWD2YqqR/hkWAhI9hYqdOXrPp0jgbliltzM6BV4uWkAjmag/JXfxiTJKLCEI617nmuNH6KlWGE01mpn2gqMZngEe1ZKnBEtZ9m587QmVWGKIyVLWFQpv6eSHGk9TQKbGeEzVgve3PxP6+XmPDaT5mQiaGCLBaFCUcmRvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIFneIU3RzovzrvzsWgtOPnMMfyB8/kDTF6O4g==</latexit>

<latexit sha1_base64="9c/HbeK5ujBsT4721Tk4aOJQY0Q="></latexit>

�(x) ⌘ [v + h(x)] ei⇡(x)/v
<latexit sha1_base64="hZStQJs/CRP0Ey8isdlLPJ1gTNs=">AAACHHicbVDLSgNBEJyN7/iKevQyGARFiLsq6FH04jGCiYHsGmYnvdkhsw9neoNhyYd48Ve8eFDEiwfBv3ESc1BjwUBRVU1Pl59KodG2P63C1PTM7Nz8QnFxaXlltbS2XtdJpjjUeCIT1fCZBiliqKFACY1UAYt8Cdd+93zoX/dAaZHEV9hPwYtYJxaB4AyN1Codumkodu52qQu3mehRV0KAzR7do6FRXSU6IXoUbnLhpsPcfm9AW6WyXbFHoJPEGZMyGaPaKr277YRnEcTIJdO66dgpejlTKLiEQdHNNKSMd1kHmobGLALt5aPjBnTbKG0aJMq8GOlI/TmRs0jrfuSbZMQw1H+9ofif18wwOPFyEacZQsy/FwWZpJjQYVO0LRRwlH1DGFfC/JXykCnG0fRZNCU4f0+eJPWDinNYObg8Kp+ejeuYJ5tki+wQhxyTU3JBqqRGOLknj+SZvFgP1pP1ar19RwvWeGaD/IL18QUpMqAr</latexit>
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Re-writing the Lagrangian in terms of              and                :  h(x)
<latexit sha1_base64="NMGu0UtbHaHnW5A2HoK+c8DItg0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLJnokevGIiQsksCHd0oWGtrtpu0ay4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmtx+p0iyWD2aS0EDgoWQRI9hYyR9Vn85Rv1xxa+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slr1mndRq99fVho3eRxFOIFTqIIHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH8dWjgE=</latexit>

⇡(x)
<latexit sha1_base64="fQGyHTdWhX05Y80SeqbI5WXL3go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGZrMhyYpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4TRWiLxDxW3QBrypmgLcMMp12pKI4CTjvB5Hbudx6p0iwWD2YqqR/hkWAhI9hYqdOXrPp0jgbliltzM6BV4uWkAjmag/JXfxiTJKLCEI617nmuNH6KlWGE01mpn2gqMZngEe1ZKnBEtZ9m587QmVWGKIyVLWFQpv6eSHGk9TQKbGeEzVgve3PxP6+XmPDaT5mQiaGCLBaFCUcmRvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIFneIU3RzovzrvzsWgtOPnMMfyB8/kDTF6O4g==</latexit>

L =
1

2
@µh@

µh+
1

2
@µ⇡@

µ⇡ �m2h2 + interactions
<latexit sha1_base64="HarKpmsu9dbCwujeXFPIVa5rEgM="></latexit>

mh =
p
2m m⇡ = 0

<latexit sha1_base64="ugiHJVKl0U13ea30yQYIWWtoULQ=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRcSEmqoJtC0Y3LCvYBTQiTyaQdOpOkMxOhhH6BG3/FjQtF3Lp25984abPQ1gP3cjjnXmbu8RNGpbKsb2NldW19Y7O0Vd7e2d3bNw8OOzJOBSZtHLNY9HwkCaMRaSuqGOklgiDuM9L1Rze5330gQtI4uleThLgcDSIaUoyUljyzyr1hw5FjobL61Dnj0BmPUxQ4eYPccxIKGxb0zIpVs2aAy8QuSAUUaHnmlxPEOOUkUpghKfu2lSg3Q0JRzMi07KSSJAiP0ID0NY0QJ9LNZudMYVUrAQxjoStScKb+3sgQl3LCfT3JkRrKRS8X//P6qQqv3IxGSapIhOcPhSmDKoZ5NjCggmDFJpogLKj+K8RDJBBWOsGyDsFePHmZdOo1+7xWv7uoNK+LOErgGJyAU2CDS9AEt6AF2gCDR/AMXsGb8WS8GO/Gx3x0xSh2jsAfGJ8/xlybRA==</latexit>

with 

Goldstone’s Theorem : Spontaneous Breaking of a continuous symmetry results in massless states.

Here: 

⇡(x)
<latexit sha1_base64="fQGyHTdWhX05Y80SeqbI5WXL3go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGZrMhyYpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4TRWiLxDxW3QBrypmgLcMMp12pKI4CTjvB5Hbudx6p0iwWD2YqqR/hkWAhI9hYqdOXrPp0jgbliltzM6BV4uWkAjmag/JXfxiTJKLCEI617nmuNH6KlWGE01mpn2gqMZngEe1ZKnBEtZ9m587QmVWGKIyVLWFQpv6eSHGk9TQKbGeEzVgve3PxP6+XmPDaT5mQiaGCLBaFCUcmRvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIFneIU3RzovzrvzsWgtOPnMMfyB8/kDTF6O4g==</latexit>

is a Nambu-Goldstone Boson (NGB)
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Spontaneous Breaking of a Gauge Symmetry

What happens if the symmetry is gauged instead of global ? 

L =
1

2
(Dµ�)

⇤Dµ�� V (�⇤�)� 1

4
Fµ⌫F

µ⌫

<latexit sha1_base64="06HCOBjwyVDca9i1r51mMb2a+9A="></latexit>

We consider 

Dµ� = (@µ + ieAµ)�
<latexit sha1_base64="FHKVMzvEH99TlbcLlVluJ0/Jhoo=">AAACEXicbZBNS8MwGMdTX+d8q3r0EhzCRBjtFPQizJeDxwnuBdZS0izdwtK0JKkwyr6CF7+KFw+KePXmzW9j2vWgmw8Efvz/z5Pk+fsxo1JZ1rexsLi0vLJaWiuvb2xubZs7u20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+KPrzO88ECFpxO/VOCZuiAacBhQjpSXPrN54TphAJx5SeAGrToyEoojl4jEllxkcZa5nVqyalRecB7uACiiq6ZlfTj/CSUi4wgxJ2bOtWLlpdj9mZFJ2EklihEdoQHoaOQqJdNN8owk81EofBpHQhyuYq78nUhRKOQ593RkiNZSzXib+5/USFZy7KeVxogjH04eChEEVwSwe2KeCYMXGGhAWVP8V4iESCCsdYlmHYM+uPA/tes0+qdXvTiuNqyKOEtgHB6AKbHAGGuAWNEELYPAInsEreDOejBfj3fiYti4Yxcwe+FPG5w9sB5wl</latexit>

with 

invariant under the local U(1) transformations

�(x) ! ei↵(x)�(x)
<latexit sha1_base64="GJ6XeovUN13iFduXCoYzvAsjiVI=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1U2aqoMuiG5cV7AM6Y8mkmU5oJhOSjFiG/oAbf8WNC0Xcunfn35i2I2jrgcDhnHu5OScQjCrtOF/WwuLS8spqYa24vrG5tW3v7DZVkkpMGjhhiWwHSBFGOWloqhlpC0lQHDDSCgaXY791R6SiCb/RQ0H8GPU5DSlG2khd+9ATES3fH0NPJxCS24x6iIkIGWkEf7yuXXIqzgRwnrg5KYEc9a796fUSnMaEa8yQUh3XEdrPkNQUMzIqeqkiAuEB6pOOoRzFRPnZJM0IHhmlB8NEmsc1nKi/NzIUKzWMAzMZIx2pWW8s/ud1Uh2e+xnlItWE4+mhMGXQJB9XA3tUEqzZ0BCEJTV/hThCEmFtCiyaEtzZyPOkWa24J5Xq9WmpdpHXUQD74ACUgQvOQA1cgTpoAAwewBN4Aa/Wo/VsvVnv09EFK9/ZA39gfXwDuk6aEQ==</latexit>

Aµ(x) ! Aµ(x)�
1

e
@µ↵(x)

<latexit sha1_base64="gO7oQVDvCBRdd0mdFJ7QWqlIYuo=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoC8tMFeyy6sZlBfuATil30kwbmnmQZMQy9Ffc+CtuXCjSnfgzZtpBtPVA4OSce29yjxtxJpVlfRq5ldW19Y38ZmFre2d3z9w/aMowFoQ2SMhD0XZBUs4C2lBMcdqOBAXf5bTljm5Sv/VAhWRhcK/GEe36MAiYxwgoLfXM6lXP8ePS4yl2VIjxz+3M8QSQxJ4kdOJEIBQDnnoO8GgIuqJnFq2yNQNeJnZGiihDvWdOnX5IYp8GinCQsmNbkeom6WjC6aTgxJJGQEYwoB1NA/Cp7CazDSf4RCt97IVCn0Dhmfq7IwFfyrHv6kof1FAueqn4n9eJlVftJiyIYkUDMn/IiznWYaRx4T4TlCg+1gSIYPqvmAxBR6N0qAUdgr248jJpVsr2eblyd1GsXWdx5NEROkYlZKNLVEO3qI4aiKAn9ILe0LvxbLwaH8Z0Xpozsp5D9AfG1zeto6Ko</latexit>

<latexit sha1_base64="9c/HbeK5ujBsT4721Tk4aOJQY0Q="></latexit>

Same potential with the same minimum at h�(x)i = v
<latexit sha1_base64="7DNd5aMs+DiieH74cU1zjJyGV1w=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZmpgm6EohuXFewDOkPJpLdtaCYzJJliGQpu/BU3LhRx60+4829M21lo64ELJ+fcS+49QcyZ0o7zbS0tr6yurec28ptb2zu79t5+XUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaASDm4nfGIJULBL3ehSDH5KeYF1GiTZS2z70OBE9DtiL+6z4cOrJ2fMKD9t2wSk5U+BF4makgDJU2/aX14loEoLQlBOlWq4Taz8lUjPKYZz3EgUxoQPSg5ahgoSg/HR6wxifGKWDu5E0JTSeqr8nUhIqNQoD0xkS3Vfz3kT8z2slunvpp0zEiQZBZx91E451hCeB4A6TQDUfGUKoZGZXTPtEEqpNbHkTgjt/8iKpl0vuWal8d16oXGdx5NAROkZF5KILVEG3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+PTZbQ</latexit>

Expanding around the ground state with  �! e2 v2AµA
µ = M2

A AµA
µ

<latexit sha1_base64="CR2MjlAu7ODWfsfU882Nr460+CY="></latexit>

�(x) ⌘ [v + h(x)] ei⇡(x)/v
<latexit sha1_base64="hZStQJs/CRP0Ey8isdlLPJ1gTNs=">AAACHHicbVDLSgNBEJyN7/iKevQyGARFiLsq6FH04jGCiYHsGmYnvdkhsw9neoNhyYd48Ve8eFDEiwfBv3ESc1BjwUBRVU1Pl59KodG2P63C1PTM7Nz8QnFxaXlltbS2XtdJpjjUeCIT1fCZBiliqKFACY1UAYt8Cdd+93zoX/dAaZHEV9hPwYtYJxaB4AyN1Codumkodu52qQu3mehRV0KAzR7do6FRXSU6IXoUbnLhpsPcfm9AW6WyXbFHoJPEGZMyGaPaKr277YRnEcTIJdO66dgpejlTKLiEQdHNNKSMd1kHmobGLALt5aPjBnTbKG0aJMq8GOlI/TmRs0jrfuSbZMQw1H+9ofif18wwOPFyEacZQsy/FwWZpJjQYVO0LRRwlH1DGFfC/JXykCnG0fRZNCU4f0+eJPWDinNYObg8Kp+ejeuYJ5tki+wQhxyTU3JBqqRGOLknj+SZvFgP1pP1ar19RwvWeGaD/IL18QUpMqAr</latexit>
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Gauge Boson Mass

L =
1

2
(Dµ�)

⇤Dµ�+ · · · = 1

2
@µh@

µh+
1

2
@µ⇡@

µ⇡ +
1

2
e2v2AµA

µ + e v Aµ@
µ⇡ + . . .

<latexit sha1_base64="RVZE+nCo1ZomxtTGpQU5G2Rl1cc="></latexit>

But what about the term mixing the gauge boson with the NGB ? 

MA = e v
<latexit sha1_base64="wSdfZCa7dBFJrUPjFJeJuPVwMW4=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8SNiNgl6EqBcvQgTzwGQJs5PeZMjs7DIzGwghf+HFgyJe/Rtv/o2Tx0ETCxqKqm66u4JEcG1c99tZWl5ZXVvPbGQ3t7Z3dnN7+1Udp4phhcUiVvWAahRcYsVwI7CeKKRRILAW9G7Hfq2PSvNYPppBgn5EO5KHnFFjpaf71jW5Itg87bdyebfgTkAWiTcjeZih3Mp9NdsxSyOUhgmqdcNzE+MPqTKcCRxlm6nGhLIe7WDDUkkj1P5wcvGIHFulTcJY2ZKGTNTfE0MaaT2IAtsZUdPV895Y/M9rpCa89IdcJqlByaaLwlQQE5Px+6TNFTIjBpZQpri9lbAuVZQZG1LWhuDNv7xIqsWCd1YoPpznSzezODJwCEdwAh5cQAnuoAwVYCDhGV7hzdHOi/PufExbl5zZzAH8gfP5A8jqj68=</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

This mixes the polarization of Aµ(✏
�
µ)

<latexit sha1_base64="nPku8VQL1lo1oGi5TM9xdKe0+zo=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFVSkGAssDAWiT6kJkSO47RWbSeyHaSq6sLCr7AwgBAr/8DG3+C2GaDlSJaOz7n32veEKaNKO863VVhaXlldK66XNja3tnfs3b2WSjKJSRMnLJGdECnCqCBNTTUjnVQSxENG2uHgeuK3H4hUNBF3epgSn6OeoDHFSBspsA8vA49nsOKRVFFmFHO795gZEKGTwC47VWcKuEjcnJRBjkZgf3lRgjNOhMYMKdV1nVT7IyQ1xYyMS16mSIrwAPVI11CBOFH+aLrFGB4bJYJxIs0RGk7V3x0jxJUa8tBUcqT7at6biP953UzHF/6IijTTRODZQ3HGoE7gJBIYUUmwZkNDEJbU/BXiPpIIaxNcyYTgzq+8SFq1qntard2eletXeRxFcACOQAW44BzUwQ1ogCbA4BE8g1fwZj1ZL9a79TErLVh5zz74A+vzB9GCmCQ=</latexit>

with            i.e. the momentum @µ⇡
<latexit sha1_base64="i3n11kLpQpUVZlMnZuGScwwTKR4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzJTBV0W3bisYB/QGUsmzbShyUzIQ6hDv8SNC0Xc+inu/Bsz7Sy09cCFwzn3JveeSDCqtOd9O6W19Y3NrfJ2ZWd3b7/qHhx2VGokJm2cslT2IqQIowlpa6oZ6QlJEI8Y6UaTm9zvPhKpaJrc66kgIUejhMYUI22lgVsNBJKaIvYQcBMIOnBrXt2bA64SvyA1UKA1cL+CYYoNJ4nGDCnV9z2hwyx/FDMyqwRGEYHwBI1I39IEcaLCbL74DJ5aZQjjVNpKNJyrvycyxJWa8sh2cqTHatnLxf+8vtHxVZjRRBhNErz4KDYM6hTmKcAhlQRrNrUEYUntrhCPkURY26wqNgR/+eRV0mnU/fN64+6i1rwu4iiDY3ACzoAPLkET3IIWaAMMDHgGr+DNeXJenHfnY9FacoqZI/AHzucPGUCTXw==</latexit>

pµ
<latexit sha1_base64="l68D5/JaebhHcb+gX5FRLYEqsTQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+cljX6SDas2tuznQKvEKUoMCrUH1qz+MSSqoNIRjrXuem5ggw8owwums0k81TTCZ4BHtWSqxoDrI8mNn6MwqQxTFypY0KFd/T2RYaD0Voe0U2Iz1sjcX//N6qYmug4zJJDVUksWiKOXIxGj+ORoyRYnhU0swUczeisgYK0yMzadiQ/CWX14l7Ubdu6g37i9rzZsijjKcwCmcgwdX0IQ7aIEPBBg8wyu8OdJ5cd6dj0VrySlmjuEPnM8f45+OvA==</latexit>

The polarization that mixes must be longitudinal! The gauge boson is not only transverse anymore! 

Massless gauge boson = 2 transverse polarizations
Massive gauge boson = 2 transverse + 1 longitudinal (provided by the mixing with the NGB! )

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit> {

<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>
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Unitary Gauge:

We can choose a gauge with only gauge bosons and NO NGB! 

Since 

�(x) ⌘ [v + h(x)] ei⇡(x)/v
<latexit sha1_base64="hZStQJs/CRP0Ey8isdlLPJ1gTNs=">AAACHHicbVDLSgNBEJyN7/iKevQyGARFiLsq6FH04jGCiYHsGmYnvdkhsw9neoNhyYd48Ve8eFDEiwfBv3ESc1BjwUBRVU1Pl59KodG2P63C1PTM7Nz8QnFxaXlltbS2XtdJpjjUeCIT1fCZBiliqKFACY1UAYt8Cdd+93zoX/dAaZHEV9hPwYtYJxaB4AyN1Codumkodu52qQu3mehRV0KAzR7do6FRXSU6IXoUbnLhpsPcfm9AW6WyXbFHoJPEGZMyGaPaKr277YRnEcTIJdO66dgpejlTKLiEQdHNNKSMd1kHmobGLALt5aPjBnTbKG0aJMq8GOlI/TmRs0jrfuSbZMQw1H+9ofif18wwOPFyEacZQsy/FwWZpJjQYVO0LRRwlH1DGFfC/JXykCnG0fRZNCU4f0+eJPWDinNYObg8Kp+ejeuYJ5tki+wQhxyTU3JBqqRGOLknj+SZvFgP1pP1ar19RwvWeGaD/IL18QUpMqAr</latexit>

we can get rid of          by ⇡(x)
<latexit sha1_base64="fQGyHTdWhX05Y80SeqbI5WXL3go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNuGZrMhyYpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4TRWiLxDxW3QBrypmgLcMMp12pKI4CTjvB5Hbudx6p0iwWD2YqqR/hkWAhI9hYqdOXrPp0jgbliltzM6BV4uWkAjmag/JXfxiTJKLCEI617nmuNH6KlWGE01mpn2gqMZngEe1ZKnBEtZ9m587QmVWGKIyVLWFQpv6eSHGk9TQKbGeEzVgve3PxP6+XmPDaT5mQiaGCLBaFCUcmRvPf0ZApSgyfWoKJYvZWRMZYYWJsQiUbgrf88ipp12veRa1+f1lp3ORxFOEETqEKHlxBA+6gCS0gMIFneIU3RzovzrvzsWgtOPnMMfyB8/kDTF6O4g==</latexit>

�(x) ! �0(x) = ei↵(x)�(x) = e�i⇡(x)/v�(x)
<latexit sha1_base64="oQKNQIStUyRjz78HRcgmH08lz8c="></latexit>

Rewrite the lagrangian with this field �0(x) = [v + h(x)]
<latexit sha1_base64="CnvalyTVlstcFU42u04GJuryUdA=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFrAglqYJuhKIblxXsBdJQJtNJM3RyYWZSWkpfxY0LRdz6Iu58G6dtFtr6w8DHf87hnPm9hDOpLOvbyK2tb2xu5bcLO7t7+wfmYbEp41QQ2iAxj0Xbw5JyFtGGYorTdiIoDj1OW97gflZvDamQLI6e1Dihboj7EfMZwUpbXbPYSQJ2Vh6d3yJneBFocLtmyapYc6FVsDMoQaZ61/zq9GKShjRShGMpHdtKlDvBQjHC6bTQSSVNMBngPnU0Rjik0p3Mb5+iU+30kB8L/SKF5u7viQkOpRyHnu4MsQrkcm1m/ldzUuXfuBMWJamiEVks8lOOVIxmQaAeE5QoPtaAiWD6VkQCLDBROq6CDsFe/vIqNKsV+7JSfbwq1e6yOPJwDCdQBhuuoQYPUIcGEBjBM7zCmzE1Xox342PRmjOymSP4I+PzB5Jfktc=</latexit>

from the beginning 

Or (Exercise)  use Aµ(x) ! Aµ(x) +
1

ev
@µ⇡(x)

<latexit sha1_base64="D/bjH/YbJUk0uQqQIpZWDVaKZGQ=">AAACIHicbVBdS8MwFE39nPOr6qMvwSFMhNFOYT5OffFxgvuAtZQ0S7ewpC1JOhxlP8UX/4ovPiiib/prTLciunkgcHLOvTe5x48ZlcqyPo2l5ZXVtfXCRnFza3tn19zbb8koEZg0ccQi0fGRJIyGpKmoYqQTC4K4z0jbH15nfntEhKRReKfGMXE56oc0oBgpLXlm7dJzeFK+P4GOiiD8uZ1CJxAIp/YkJaOJEyOhKGKZ68RUF3hmyapYU8BFYuekBHI0PPPD6UU44SRUmCEpu7YVKzfN5mJGJkUnkSRGeIj6pKtpiDiRbjpdcAKPtdKDQST0CRWcqr87UsSlHHNfV3KkBnLey8T/vG6iggs3pWGcKBLi2UNBwqDOIksL9qggWLGxJggLqv8K8QDpYJTOtKhDsOdXXiStasU+q1Rvz0v1qzyOAjgER6AMbFADdXADGqAJMHgAT+AFvBqPxrPxZrzPSpeMvOcA/IHx9Q2E5aIF</latexit>

on the previous L
<latexit sha1_base64="BiDu9/BIAMDr7X/Jwp1nq4e9ZdQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYOHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5YMcJDQUeSBYzgq2Tml2CObrrlcp+xZ8BLZMgJ2XIUe+Vvrp9RVJBpSUcG9MJ/MSGGdaWEU4nxW5qaILJCA9ox1GJBTVhNrt2gk6d0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4KsyYTFJLJZkvilOOrELT11GfaUosHzuCiWbuVkSGWGNiXUBFF0Kw+PIyaVYrwXmlen9Rrl3ncRTgGE7gDAK4hBrcQh0aQOARnuEV3jzlvXjv3se8dcXLZ47gD7zPH+uvjrI=</latexit>

Result: no NGB. Only h(x)
<latexit sha1_base64="utZ2nqJ8KXjRIehRdaik7l+c/Xk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNsNTbJLkhVL6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsugHWlDNJW4YZTruJolgEnHaC8W3mdx6p0iyWD2aSUF/gkWQhI9hkUlR9Oh+UK27NnQOtEi8nFcjRHJS/+sOYpIJKQzjWuue5ifGnWBlGOJ2V+qmmCSZjPKI9SyUWVPvT+a0zdGaVIQpjZUsaNFd/T0yx0HoiAtspsIn0speJ/3m91ITX/pTJJDVUksWiMOXIxCh7HA2ZosTwiSWYKGZvRSTCChNj4ynZELzll1dJu17zLmr1+8tK4yaPowgncApV8OAKGnAHTWgBgQie4RXeHOG8OO/Ox6K14OQzx/AHzucPcLuN1w==</latexit>

Aµ(x)
<latexit sha1_base64="bvxi3pI6IoXQSug7dnXekW560dw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9eKxgv2AdinZNNuGJtk1yYpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Gbqtx6p0iyS92YcU1/ggWQhI9hYqX3V64qk/HTaK5bcijsDWiZeRkqQod4rfnX7EUkElYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHUslFlT76ezeCTqxSh+FkbIlDZqpvydSLLQei8B2CmyGetGbiv95ncSEl37KZJwYKsl8UZhwZCI0fR71maLE8LElmChmb0VkiBUmxkZUsCF4iy8vk2a14p1Vqnfnpdp1FkcejuAYyuDBBdTgFurQAAIcnuEV3pwH58V5dz7mrTknmzmEP3A+fwBDHI91</latexit>

with 3 polarizationsand
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Some Comments:

• This is the Anderson-Brout-Englert-Higgs Mechanism 

•The lagrangian never changes. SSB means that the ground state does not have the same symmetries
as L

<latexit sha1_base64="BiDu9/BIAMDr7X/Jwp1nq4e9ZdQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYOHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5YMcJDQUeSBYzgq2Tml2CObrrlcp+xZ8BLZMgJ2XIUe+Vvrp9RVJBpSUcG9MJ/MSGGdaWEU4nxW5qaILJCA9ox1GJBTVhNrt2gk6d0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4KsyYTFJLJZkvilOOrELT11GfaUosHzuCiWbuVkSGWGNiXUBFF0Kw+PIyaVYrwXmlen9Rrl3ncRTgGE7gDAK4hBrcQh0aQOARnuEV3jzlvXjv3se8dcXLZ47gD7zPH+uvjrI=</latexit>

L
<latexit sha1_base64="BiDu9/BIAMDr7X/Jwp1nq4e9ZdQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYOHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5YMcJDQUeSBYzgq2Tml2CObrrlcp+xZ8BLZMgJ2XIUe+Vvrp9RVJBpSUcG9MJ/MSGGdaWEU4nxW5qaILJCA9ox1GJBTVhNrt2gk6d0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4KsyYTFJLJZkvilOOrELT11GfaUosHzuCiWbuVkSGWGNiXUBFF0Kw+PIyaVYrwXmlen9Rrl3ncRTgGE7gDAK4hBrcQh0aQOARnuEV3jzlvXjv3se8dcXLZ47gD7zPH+uvjrI=</latexit>

•But the symmetries are a property of     , so symmetry IS NOT BROKEN. Just hidden by a change of 
variables. In particular currents are still conserved

@µj
µ = 0

<latexit sha1_base64="5TtWlPvRrSw6KYzUJ00XIVxOGLI=">AAAB/3icbVC7TsMwFHV4lvIKILGwWFRITFVSkGBBqmBhLBJ9SE2IHNdpTW0nsh2kKnTgV1gYQIiV32Djb3DaDNByJFtH59x7fX3ChFGlHefbWlhcWl5ZLa2V1zc2t7btnd2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHwKvfbD0QqGotbPUqIz1Ff0IhipI0U2PtegqSmiAUeT+H9XX5fQCewK07VmQDOE7cgFVCgEdhfXi/GKSdCY4aU6rpOov0sn40ZGZe9VJEE4SHqk66hAnGi/Gyy/xgeGaUHo1iaIzScqL87MsSVGvHQVHKkB2rWy8X/vG6qo3M/oyJJNRF4+lCUMqhjmIcBe1QSrNnIEIQlNbtCPEASYW0iK5sQ3Nkvz5NWreqeVGs3p5X6ZRFHCRyAQ3AMXHAG6uAaNEATYPAInsEreLOerBfr3fqYli5YRc8e+APr8wfBrZVE</latexit>

•This model was first used by P. Anderson to describe superconductivity (1958).
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The ABEH Mechanism in the Electroweak Standard Model 

Back to the EW gauge theory SU(2)L ⇥ U(1)Y
<latexit sha1_base64="Po7IfeSGPrcw3qvx1ULDvxqt8kc=">AAAB/XicdVDLTgIxFO3gC/GFj52bRmICm0lnBIEd0Y0LFxgdxMBk0ikFGjqPtB0TJMRfceNCY9z6H+78G8vDRI2e5CYn59ybe+/xY86kQujDSC0sLi2vpFcza+sbm1vZ7Z2GjBJBqEMiHommjyXlLKSOYorTZiwoDnxOr/3B6cS/vqVCsii8UsOYugHuhazLCFZa8rJ7l07eLnjnbcUCKqGTtwrejZfNIdMuoWq5ApFZQla1aGuCUKV6jKClyQQ5MEfdy763OxFJAhoqwrGULQvFyh1hoRjhdJxpJ5LGmAxwj7Y0DbHe5Y6m14/hoVY6sBsJXaGCU/X7xAgHUg4DX3cGWPXlb28i/uW1EtWtuCMWxomiIZkt6iYcqghOooAdJihRfKgJJoLpWyHpY4GJ0oFldAhfn8L/ScM2rSPTvijmaifzONJgHxyAPLBAGdTAGagDBxBwBx7AE3g27o1H48V4nbWmjPnMLvgB4+0TK26TxQ==</latexit>

To implement the desired spontaneous symmetry breaking we introduce a scalar field.

Since we want SU(2)L ⇥ U(1)Y
<latexit sha1_base64="Po7IfeSGPrcw3qvx1ULDvxqt8kc=">AAAB/XicdVDLTgIxFO3gC/GFj52bRmICm0lnBIEd0Y0LFxgdxMBk0ikFGjqPtB0TJMRfceNCY9z6H+78G8vDRI2e5CYn59ybe+/xY86kQujDSC0sLi2vpFcza+sbm1vZ7Z2GjBJBqEMiHommjyXlLKSOYorTZiwoDnxOr/3B6cS/vqVCsii8UsOYugHuhazLCFZa8rJ7l07eLnjnbcUCKqGTtwrejZfNIdMuoWq5ApFZQla1aGuCUKV6jKClyQQ5MEfdy763OxFJAhoqwrGULQvFyh1hoRjhdJxpJ5LGmAxwj7Y0DbHe5Y6m14/hoVY6sBsJXaGCU/X7xAgHUg4DX3cGWPXlb28i/uW1EtWtuCMWxomiIZkt6iYcqghOooAdJihRfKgJJoLpWyHpY4GJ0oFldAhfn8L/ScM2rSPTvijmaifzONJgHxyAPLBAGdTAGagDBxBwBx7AE3g27o1H48V4nbWmjPnMLvgB4+0TK26TxQ==</latexit>

U(1)EM
<latexit sha1_base64="esXfB08Xof1nHtbBSRbDYaAk2yM=">AAAB9HicdVBNSwMxEM3Wr1q/qh69BItQL2VTxba3oghehApuLbRLyaZpG5pk1yRbKEt/hxcPinj1x3jz35htK6jog4HHezPMzAsizrRx3Q8ns7S8srqWXc9tbG5t7+R395o6jBWhHgl5qFoB1pQzST3DDKetSFEsAk7vgtFF6t+NqdIslLdmElFf4IFkfUawsZLvFdFxN+koAS+vp918wS25rosQgilBlTPXklqtWkZViFLLogAWaHTz751eSGJBpSEca91GbmT8BCvDCKfTXCfWNMJkhAe0banEgmo/mR09hUdW6cF+qGxJA2fq94kEC60nIrCdApuh/u2l4l9eOzb9qp8wGcWGSjJf1I85NCFME4A9pigxfGIJJorZWyEZYoWJsTnlbAhfn8L/SbNcQiel8s1poX6+iCMLDsAhKAIEKqAOrkADeICAe/AAnsCzM3YenRfndd6acRYz++AHnLdPieaRUQ==</latexit>

�!
<latexit sha1_base64="7yFrn0YPyuP5dVIvc7Tl2zcbS/g=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJXdKuix6MVjBfsB7VKyaXYbmk2WJKvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhSln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tMEdokkkvVCbGmnAnaNMxw2kkVxUnIaTsc3cz89gNVmklxb8YpDRIcCxYxgo2V+m65x6WIFYuHBislH/tuxat6c6BV4uekAjkafferN5AkS6gwhGOtu76XmmCClWGE02mpl2maYjLCMe1aKnBCdTCZHz5Fp1YZoEgqW8Kgufp7YoITrcdJaDsTbIZ62ZuJ/3ndzERXwYSJNDNUkMWiKOPISDRLAQ2YosTwsSWYKGZvRWSIFSbGZlWyIfjLL6+SVq3qn1drdxeV+nUeRxGO4QTOwIdLqMMtNKAJBDJ4hld4c56cF+fd+Vi0Fpx85gj+wPn8AXOGk5o=</latexit>

i.e. 3 massive gauge bosons (photon stays massless)

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

We need 3 NGBs to “turn into” longitudinal polarizations

We introduce the               doublet SU(2)L
<latexit sha1_base64="G4B1PsY8J69RtTekUdT17pojiyo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBS2DNhYWET0TSI6wt9lLluzuHbt7QjjyI2wsFLH199j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dx51nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtH11G89UaVZLB/MOKGBwAPJIkawsVLr3q/WT3u3vXLFrbkzoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM3OnaATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCJRuCt/jyMnms17yzWv3uvNK4yuMowhEcQxU8uIAG3EATfCAwgmd4hTcncV6cd+dj3lpw8plD+APn8wfdJI6a</latexit>

� =

✓
�+

�0

◆

<latexit sha1_base64="tez5MrA3k5ipgMHuqisF835mea0=">AAACJnicbVDLSgMxFM34tr6qLt0Ei6AIZaYKuhFENy4rWBWaWjLpnU4wkxmSO0IZ+jVu/BU3LhQRd36KaZ2FrwMhh3Puvck9YaakRd9/9yYmp6ZnZufmKwuLS8sr1dW1S5vmRkBLpCo11yG3oKSGFkpUcJ0Z4Emo4Cq8PR35V3dgrEz1BQ4y6CS8r2UkBUcndatHrBlLekSZggi3WQh9qQtuDB8MCzFkWSxvdhkb3z4D3Ss9ZmQ/xp1utebX/THoXxKUpEZKNLvVZ9ZLRZ6ARqG4te3Az7DjhqIUCoYVllvIuLjlfWg7qnkCtlOM1xzSLaf0aJQadzTSsfq9o+CJtYMkdJUJx9j+9kbif147x+iwU0id5QhafD0U5YpiSkeZ0Z40IFANHOHCSPdXKmJuuECXbMWFEPxe+S+5bNSDvXrjfL92fFLGMUc2yCbZJgE5IMfkjDRJiwhyTx7JM3nxHrwn79V7+yqd8MqedfID3scnZWCmYw==</latexit>

with             hypercharge U(1)Y
<latexit sha1_base64="gYUn1EJBGrr4Slrtz3BFBPS5JJk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KrJnokevGIiQsY2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3Uz91hNVmklxb8YJDWI8ECxiBBsrNf2qd9p76JUrbs2dAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXibNs5p3Xju7u6jUr/M4inAEx1AFDy6hDrfQAB8IPMIzvMKbI50X5935mLcWnHzmEP7A+fwBSqWOSQ==</latexit>

Y� =
1

2
<latexit sha1_base64="WAauvAxyRMvKFhuDz9sXIIvGccY=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6EUoevFYwX5IE8pmu2mXbjZhdyOWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t2weVtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8c3U7zxSqVgs7vUkoX6Eh4KFjGBtpL5deeh7zRG78kKJSebmWT3v21Wn5syAlolbkCoUaPbtL28QkzSiQhOOleq5TqL9DEvNCKd52UsVTTAZ4yHtGSpwRJWfzW7P0YlRBiiMpSmh0Uz9PZHhSKlJFJjOCOuRWvSm4n9eL9XhpZ8xkaSaCjJfFKYc6RhNg0ADJinRfGIIJpKZWxEZYZOCNnGVTQju4svLpF2vuWe1+t15tXFdxFGCIziGU3DhAhpwC01oAYEneIZXeLNy68V6tz7mrStWMXMIf2B9/gCNFZQg</latexit>

Here                             are complex scalar fields�+ and �0
<latexit sha1_base64="q01O7a+edr5MTR8KXkWmylMEpLY=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWpgi6LblxWsA9oYplMJu3QySTMTIQSGnDjr7hxoYhbP8Kdf+M0zUJbD1w4nHMv997jxYxKZVnfRmlldW19o7xZ2dre2d0z9w86MkoEJm0csUj0PCQJo5y0FVWM9GJBUOgx0vXG1zO/+0CEpBG/U5OYuCEachpQjJSWBmbViUf0/hSmjghhliHuZ9kU5qI1MGtW3coBl4ldkBoo0BqYX44f4SQkXGGGpOzbVqzcFAlFMSPTipNIEiM8RkPS15SjkEg3zZ+YwmOt+DCIhC6uYK7+nkhRKOUk9HRniNRILnoz8T+vn6jg0k0pjxNFOJ4vChIGVQRniUCfCoIVm2iCsKD6VohHSCCsdG4VHYK9+PIy6TTq9lm9cXtea14VcZRBFRyBE2CDC9AEN6AF2gCDR/AMXsGb8WS8GO/Gx7y1ZBQzh+APjM8fLsyXzA==</latexit>

contains  4 real degrees of freedom�
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

: 3 NGBs and one massive real scalar (Higgs boson)
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L =
�
Dµ�

�†
Dµ�� V (�†�)� 1

4
F a
µ⌫F

aµ⌫ � 1

4
Bµ⌫B

µ⌫

<latexit sha1_base64="DaFRPidPbkp0a90I/aNan3O6IEk="></latexit>

The Electroweak lagrangian (ignoring fermions for now):

Dµ�(x) =
⇣
@µ � igAa

µ(x)t
a � ig0Bµ(x)Y�

⌘
�(x)

<latexit sha1_base64="Zd7rUh+WLQjHHTSaDsLHog5jyH8="></latexit>

with 

and the potential V (�†�) = �m2
�
�†�

�
+ �

�
�†�

�2
<latexit sha1_base64="LOYLPw9jHeSZ9+W8QG8JWmSP424="></latexit>

has a non trivial minimum

h�†�i = m2

2�
⌘ v2

2
<latexit sha1_base64="J9WMAsirM/2xalGtcd+CPFHIQZs="></latexit>

�(x) =

!
0

v+ h(x )!
2

"

<latexit sha1_base64="gAn/BA+siWGNvUc/Qk47pXhVSnA="></latexit>

In the unitary gauge, we can write the Higgs doublet as
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Gauge Boson Masses 
The mass terms for the gauge bosons can be obtained as

L mass =
!
Dµ ! ! "

"  
D µ ! ! "

<latexit sha1_base64="59IZ3X6WFU1K/qT2YqQ0DR8wsyc="></latexit>

=
1
2

(0 v)
!
gAa

µ ta + g!Y! Bµ
"!

gAbµ tb + g!Y! B µ "
#

0
v

$

<latexit sha1_base64="8/s5WXJT9AMBSp9GDVS5l1lAIHw="></latexit>

L mass =
1
2

v2

4

!
g2A1

µ A1µ + g2A2
µ A2µ + g2A3

µ A3µ + g!2Bµ B µ ! 2gg!A3
µ B µ

"

<latexit sha1_base64="ez8KEd9fnBZIDt70E/oMxjNJAos="></latexit>

A1
µ and A2

µ OK
<latexit sha1_base64="TyxwZm8JQQah+LUV9t3s8C8Ct98=">AAACE3icbZDLSgMxFIYzXmu9VV26CRZBXJSZKuiy1Y3gwgr2Ap22ZDKZNjTJDElGKEPnGdz4Km5cKOLWjTvfxvSyqK0/BH6+cw4n5/ciRpW27R9raXlldW09s5Hd3Nre2c3t7ddUGEtMqjhkoWx4SBFGBalqqhlpRJIg7jFS9/rXo3r9kUhFQ/GgBxFpcdQVNKAYaYM6udNy2+m4PIaJKzlMUyT8NB3Ccrs4S+9uDezk8nbBHgsuGmdq8mCqSif37fohjjkRGjOkVNOxI91KkNQUMzLMurEiEcJ91CVNYwXiRLWS8U1DeGyID4NQmic0HNPZiQRxpQbcM50c6Z6ar43gf7VmrIPLVkJFFGsi8GRREDOoQzgKCPpUEqzZwBiEJTV/hbiHJMLaxJg1ITjzJy+aWrHgnBWK9+f50tU0jgw4BEfgBDjgApTADaiAKsDgCbyAN/BuPVuv1of1OWldsqYzB+CPrK9ff4ed8Q==</latexit>

But A3
µ and Bµ mix

<latexit sha1_base64="3+ufZO3HbJL+i/nENZStd/CgOqg=">AAACEnicbZDLTgIxFIY7eEO8oS7dNBIT3ZAZMNEl4sYlJnJJGCSd0oGGtjNpO0YyYV7Bja/ixoXGuHXlzrexwCwQ/JMmf75zTk7P74WMKm3bP1ZmZXVtfSO7mdva3tndy+8fNFQQSUzqOGCBbHlIEUYFqWuqGWmFkiDuMdL0hteTevOBSEUDcadHIelw1BfUpxhpg7r5s6v7ctflEYxdyWGSINFLkjGszjNOHw3r5gt20Z4KLhsnNQWQqtbNf7u9AEecCI0ZUqrt2KHuxEhqihkZ59xIkRDhIeqTtrECcaI68fSkMTwxpAf9QJonNJzS+YkYcaVG3DOdHOmBWqxN4H+1dqT9y05MRRhpIvBskR8xqAM4yQf2qCRYs5ExCEtq/grxAEmEtUkxZ0JwFk9eNo1S0SkXS7fnhUo1jSMLjsAxOAUOuAAVcANqoA4weAIv4A28W8/Wq/Vhfc5aM1Y6cwj+yPr6BYrzng4=</latexit>

!
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit> {

<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>
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Charged Sector

W ±
µ !

A1
µ " iA 2

µ#
2

<latexit sha1_base64="hQmRmYTHKOn8tVehS+jG2puPiSo=">AAACHXicbZC7TsMwFIYdrqXcCowsFhUSU5WUSjC2sDAWiV6kJo0c12mt2klqO5WqKC/CwquwMIAQAwvibXDaDNDyS5Y+/eccHZ/fixiVyjS/jbX1jc2t7cJOcXdv/+CwdHTclmEsMGnhkIWi6yFJGA1IS1HFSDcSBHGPkY43vs3qnSkRkobBg5pFxOFoGFCfYqS05ZZqnb4dcdfmsU0mMZ1C2xcIJ42+Nfd4BGmjX804TWw5ESqppqlbKpsVcy64ClYOZZCr6ZY+7UGIY04ChRmSsmeZkXISJBTFjKRFO5YkQniMhqSnMUCcSCeZX5fCc+0MoB8K/QIF5+7viQRxKWfc050cqZFcrmXmf7VerPxrJ6FBFCsS4MUiP2ZQhTCLCg6oIFixmQaEBdV/hXiEdDxKB1rUIVjLJ69Cu1qxLivV+1q5fpPHUQCn4AxcAAtcgTq4A03QAhg8gmfwCt6MJ+PFeDc+Fq1rRj5zAv7I+PoBZLuivQ==</latexit>

L W
mass =

g2 v2

4
W +

µ W ! µ ! M W =
gv
2

<latexit sha1_base64="um7GIBAscYd5ssPQY1NkV+SKyKQ="></latexit>

Neutral Sector

L neutral
mass =

1
2

v2

4
(A3

µ Bµ )
!

g2 ! g g!

! g g! g!2

" !
A3µ

B µ

"

<latexit sha1_base64="A6oV9j5o/rgHXiKhCXg/Ar1ha30="></latexit>

M 2
! = 0 M 2

Z = ( g2 + g!2)
v2

4
<latexit sha1_base64="pSMPZoQBeWe2sEHm1Y48/i3wmE8="></latexit>

Diagonalize the 2x2 matrix  
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Neutral Sector (cont.)

Neutral eigenstates

Aµ !
1

!
g2 + g!2

"
g!A3

µ + gBµ
#

(M ! = 0)
<latexit sha1_base64="noasQ9dEdGX3g1VgXZh7YuXY7lc="></latexit>

Zµ !
1

!
g2 + g!2

"
gA3

µ " g!Bµ
#

(M 2
Z =

(g2 + g!2)v2

4
)

<latexit sha1_base64="fraC89r9QTIDx1QRETqMJdGYvEw="></latexit>

It is useful to define 
cos! W !

g
!

g2 + g!2
sin ! W !

g!
!

g2 + g!2
<latexit sha1_base64="um4TIUYmw8xl+548IL4dFOJm7kc="></latexit>

!
Zµ

Aµ

"
=

!
cos! W ! sin ! W

sin ! W cos! W

" !
A3

µ
Bµ

"

<latexit sha1_base64="9mFYNIL9mErGv7MenQV9dmIdfmE="></latexit>

So that



22

Gauge Couplings of Fermions
Dµ ! L =

!
" µ ! igA a

µ ta ! ig!Y! L Bµ
"
! L

<latexit sha1_base64="H3PbA69Em+WNtTbXO+5iF+V3Xnw="></latexit>

Dµ ! R =
!
" µ ! ig!Y! R Bµ

"
! R

<latexit sha1_base64="Nz3p3GhWl23IifoeNfBnSg9y6xk="></latexit>

Come from the covariant derivatives {
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Charged Couplings

! ig
!
A1

µ t1 + A2
µ t2"

= ! i
g

"
2

#
0 W +

µ
W !

µ 0

$

<latexit sha1_base64="nNYslbeHMimi0ZL91M+9N9DvFs4="></latexit>

Ex: Lepton LH doublet L L = øL i/D L
<latexit sha1_base64="lJrK118+Wx0ecXn7FndLt3GiyyQ="></latexit>

L ch.
L = (ø! eL øeL ) " µ g

!
2

!
0 W +

µ
W !

µ 0

" !
! eL

eL

"

<latexit sha1_base64="UkrZTHW9w5mxgmmzjo7LM6ljHSI="></latexit>

=
g

!
2

!
ø! eL " µ eL W +

µ + øeL " µ ! eL W !
µ

"

<latexit sha1_base64="NHvqZp/pn4iEqWeNExPuMIJvrRk="></latexit>
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Neutral Couplings

!
! igt 3A3

µ ! ig!Y! L Bµ
"
! L = ig sin"W

!
t3 + Y! L

"
Aµ ! L ! i

!
g2t3 ! ig!2Y! L

"

#
g2 + g!2

Zµ ! L
<latexit sha1_base64="yff6EagubtuaW1KsB9kggYv3Ex8="></latexit>

! "# $
<latexit sha1_base64="RE4tpHuV2nJ5D0YA3U86JiWloIk=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCqzKpou2u6MZlBfuAtpRM5rYNzWTGJCOUobjxV9y4UMStX+HOvzHTVlDRA/dyOOdeknu8SHBtXPfDySwsLi2vZFdza+sbm1v57Z2GDmPFoM5CEaqWRzUILqFuuBHQihTQwBPQ9EYXqd+8BaV5KK/NOIJuQAeS9zmjxkq9/F4nlj4oT1EGSefmJqb+rE96+YJbdF2XEIJTQs5OXUsqlXKJlDFJLYsCmqPWy793/JDFAUjDBNW6TdzIdBOqDGcCJrlOrCGibEQH0LZU0gB0N5meMMGHVvFxP1S2pMFT9ftGQgOtx4FnJwNqhvq3l4p/ee3Y9MvdhMsoNiDZ7KF+LLAJcZoH9rkCZsTYEsoUt3/FbEhtHMamlrMhfF2K/yeNUpEcF0tXJ4Xq+TyOLNpHB+gIEXSGqugS1VAdMXSHHtATenbunUfnxXmdjWac+c4u+gHn7ROjkZg+</latexit>

e
<latexit sha1_base64="cBY2gs2rdsH/9f8PXrADn6shvHo=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBA8hZkoJrkFvXhMwDwgWcLspDcZM/tgZlYIS77AiwdFvPpJ3vwbZ5MIKlrQUFR1093lxVJoQ8iHs7K6tr6xmdvKb+/s7u0XDg7bOkoUhxaPZKS6HtMgRQgtI4yEbqyABZ6Ejje5zvzOPSgtovDWTGNwAzYKhS84M1ZqwqBQJCVCCKUUZ4RWLokltVq1TKuYZpZFES3RGBTe+8OIJwGEhkumdY+S2LgpU0ZwCbN8P9EQMz5hI+hZGrIAtJvOD53hU6sMsR8pW6HBc/X7RMoCraeBZzsDZsb6t5eJf3m9xPhVNxVhnBgI+WKRn0hsIpx9jYdCATdyagnjSthbMR8zxbix2eRtCF+f4v9Ju1yi56Vy86JYv1rGkUPH6ASdIYoqqI5uUAO1EEeAHtATenbunEfnxXldtK44y5kj9APO2ycXwI0j</latexit> Q! L

<latexit sha1_base64="4SAcCfMKfrhoJOncwxX4/LZyCCw=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6Kbly4aME+sB2GTJppQzOZIckIZehfuHGhiFv/xp1/Y6atoKIHLhzOuZd77/FjwbVB6MPJrayurW/kNwtb2zu7e8X9g46OEkVZm0YiUj2faCa4ZG3DjWC9WDES+oJ1/clV5nfvmdI8krdmGjM3JCPJA06JsdJdy0sHsebezcwrllAZIYQxhhnB1QtkSb1eq+AaxJllUQJLNL3i+2AY0SRk0lBBtO5jFBs3JcpwKtisMEg0iwmdkBHrWypJyLSbzi+ewROrDGEQKVvSwLn6fSIlodbT0LedITFj/dvLxL+8fmKCmptyGSeGSbpYFCQCmghm78MhV4waMbWEUMXtrZCOiSLU2JAKNoSvT+H/pFMp47NypXVealwu48iDI3AMTgEGVdAA16AJ2oACCR7AE3h2tPPovDivi9acs5w5BD/gvH0C5VWREw==</latexit>

! "# $
<latexit sha1_base64="RE4tpHuV2nJ5D0YA3U86JiWloIk=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCqzKpou2u6MZlBfuAtpRM5rYNzWTGJCOUobjxV9y4UMStX+HOvzHTVlDRA/dyOOdeknu8SHBtXPfDySwsLi2vZFdza+sbm1v57Z2GDmPFoM5CEaqWRzUILqFuuBHQihTQwBPQ9EYXqd+8BaV5KK/NOIJuQAeS9zmjxkq9/F4nlj4oT1EGSefmJqb+rE96+YJbdF2XEIJTQs5OXUsqlXKJlDFJLYsCmqPWy793/JDFAUjDBNW6TdzIdBOqDGcCJrlOrCGibEQH0LZU0gB0N5meMMGHVvFxP1S2pMFT9ftGQgOtx4FnJwNqhvq3l4p/ee3Y9MvdhMsoNiDZ7KF+LLAJcZoH9rkCZsTYEsoUt3/FbEhtHMamlrMhfF2K/yeNUpEcF0tXJ4Xq+TyOLNpHB+gIEXSGqugS1VAdMXSHHtATenbunUfnxXmdjWac+c4u+gHn7ROjkZg+</latexit>

e
<latexit sha1_base64="cBY2gs2rdsH/9f8PXrADn6shvHo=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBA8hZkoJrkFvXhMwDwgWcLspDcZM/tgZlYIS77AiwdFvPpJ3vwbZ5MIKlrQUFR1093lxVJoQ8iHs7K6tr6xmdvKb+/s7u0XDg7bOkoUhxaPZKS6HtMgRQgtI4yEbqyABZ6Ejje5zvzOPSgtovDWTGNwAzYKhS84M1ZqwqBQJCVCCKUUZ4RWLokltVq1TKuYZpZFES3RGBTe+8OIJwGEhkumdY+S2LgpU0ZwCbN8P9EQMz5hI+hZGrIAtJvOD53hU6sMsR8pW6HBc/X7RMoCraeBZzsDZsb6t5eJf3m9xPhVNxVhnBgI+WKRn0hsIpx9jYdCATdyagnjSthbMR8zxbix2eRtCF+f4v9Ju1yi56Vy86JYv1rGkUPH6ASdIYoqqI5uUAO1EEeAHtATenbunEfnxXldtK44y5kj9APO2ycXwI0j</latexit>

= g sin ! W
<latexit sha1_base64="ObBWUeq7t7TvsL4pOLM/abtUVDc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCBylJFfQiFL14rGA/oAlhs920SzebsDtRSu1P8eJBEa/+Em/+G7dtDtr6YODx3gwz88JUcA2O820VVlbX1jeKm6Wt7Z3dPbu839JJpihr0kQkqhMSzQSXrAkcBOukipE4FKwdDm+mfvuBKc0TeQ+jlPkx6UsecUrASIFdvsJ979TTXHowYECCdmBXnKozA14mbk4qKEcjsL+8XkKzmEmggmjddZ0U/DFRwKlgk5KXaZYSOiR91jVUkphpfzw7fYKPjdLDUaJMScAz9ffEmMRaj+LQdMYEBnrRm4r/ed0Mokt/zGWaAZN0vijKBIYET3PAPa4YBTEyhFDFza2YDogiFExaJROCu/jyMmnVqu5ZtXZ3Xqlf53EU0SE6QifIRReojm5RAzURRY/oGb2iN+vJerHerY95a8HKZw7QH1ifP2Xck3M=</latexit>

is the QED gauge coupling

Q! L
<latexit sha1_base64="4SAcCfMKfrhoJOncwxX4/LZyCCw=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6Kbly4aME+sB2GTJppQzOZIckIZehfuHGhiFv/xp1/Y6atoKIHLhzOuZd77/FjwbVB6MPJrayurW/kNwtb2zu7e8X9g46OEkVZm0YiUj2faCa4ZG3DjWC9WDES+oJ1/clV5nfvmdI8krdmGjM3JCPJA06JsdJdy0sHsebezcwrllAZIYQxhhnB1QtkSb1eq+AaxJllUQJLNL3i+2AY0SRk0lBBtO5jFBs3JcpwKtisMEg0iwmdkBHrWypJyLSbzi+ewROrDGEQKVvSwLn6fSIlodbT0LedITFj/dvLxL+8fmKCmptyGSeGSbpYFCQCmghm78MhV4waMbWEUMXtrZCOiSLU2JAKNoSvT+H/pFMp47NypXVealwu48iDI3AMTgEGVdAA16AJ2oACCR7AE3h2tPPovDivi9acs5w5BD/gvH0C5VWREw==</latexit>

= t3 + Y! L =
!

1/ 2 + Y! L 0
0 ! 1/ 2 + Y! L

"

<latexit sha1_base64="QvlGzlDmJLds63TE2GHfaeuXcgo="></latexit>

is the charge operator

Ex.: Lepton LH doublet

L =
!

! eL

e!
L

"

<latexit sha1_base64="RT4FsFryKgDW4EzXV7ThQrs2Gu4="></latexit>

Q! eL
= 1 / 2 + YL = 0

<latexit sha1_base64="u4iyxFywe00BA4Wj284J8vckUBs=">AAACBHicbZC7SgNBFIbPeo3xFrVMMxgEQYi7UdBGCNpYpEjAXCQJy+xkNhkyO7vMzAphSWHjq9hYKGLrQ9j5Nk6SLTTxh4GP/5zDmfN7EWdK2/a3tbS8srq2ntnIbm5t7+zm9vYbKowloXUS8lC2PKwoZ4LWNdOctiJJceBx2vSGN5N684FKxUJxp0cR7Qa4L5jPCNbGcnP5mpt0ROwm1K2Mx+gKOaelk3u3Ysh2cwW7aE+FFsFJoQCpqm7uq9MLSRxQoQnHSrUdO9LdBEvNCKfjbCdWNMJkiPu0bVDggKpuMj1ijI6M00N+KM0TGk3d3xMJDpQaBZ7pDLAeqPnaxPyv1o61f9lNmIhiTQWZLfJjjnSIJomgHpOUaD4ygIlk5q+IDLDERJvcsiYEZ/7kRWiUis5ZsVQ7L5Sv0zgykIdDOAYHLqAMt1CFOhB4hGd4hTfryXqx3q2PWeuSlc4cwB9Znz9fY5X2</latexit>

Qe!
L

= ! 1/ 2 + YL = ! 1
<latexit sha1_base64="nvGPVSDRsl+Ts2krpxlOXP/DXws=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiCNKaVEE3QtGNiy5asBdpY5hMJ+3QyYWZiVBCFm58FTcuFHHrQ7jzbZymWWjrDwMf/zmHM+d3QkaFNIxvLbe0vLK6ll8vbGxube/ou3ttEUQckxYOWMC7DhKEUZ+0JJWMdENOkOcw0nHG19N654FwQQP/Vk5CYnlo6FOXYiSVZevFph2T+7Id15MEXsKyeVI9vrPrKdp6yagYqeAimBmUQKaGrX/1BwGOPOJLzJAQPdMIpRUjLilmJCn0I0FChMdoSHoKfeQRYcXpEQk8VM4AugFXz5cwdX9PxMgTYuI5qtNDciTma1Pzv1ovku6FFVM/jCTx8WyRGzEoAzhNBA4oJ1iyiQKEOVV/hXiEOMJS5VZQIZjzJy9Cu1oxTyvV5lmpdpXFkQdFcACOgAnOQQ3cgAZoAQwewTN4BW/ak/aivWsfs9acls3sgz/SPn8APJ+VPg==</latexit>

! YL = "
1
2

<latexit sha1_base64="72WPX77Zi2xRfE6mCojsv66px+E=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpJUQTdC0Y0LF1XsQ5oQJpNJO3Ty6MxEKSF7N/6KGxeKuPUH3Pk3TtsstPXAhcM593LvPW7MqJCG8a0VFhaXlleKq6W19Y3NLX17pyWihGPSxBGLeMdFgjAakqakkpFOzAkKXEba7uBi7LfvCRc0Cm/lKCZ2gHoh9SlGUkmOXrZuaK8vEefRgzUcJsiDd87V2aHlc4RTM0trmaNXjKoxAZwnZk4qIEfD0b8sL8JJQEKJGRKiaxqxtFPEJcWMZCUrESRGeIB6pKtoiAIi7HTySwb3leJBP+KqQgkn6u+JFAVCjAJXdQZI9sWsNxb/87qJ9E/tlIZxIkmIp4v8hEEZwXEw0KOcYMlGiiDMqboV4j5SKUgVX0mFYM6+PE9atap5VK1dH1fq53kcRbAHyuAAmOAE1MElaIAmwOARPINX8KY9aS/au/YxbS1o+cwu+APt8we/GprZ</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

Prediction of couplings of          to        L
<latexit sha1_base64="QE9oDXOSeRcavWmZZHNQHB2S4vk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCk14zU</latexit>

Zµ
<latexit sha1_base64="BUkWfO11j55q9fDchg/SQY17csM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1knNh15XpKhXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7NoJOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1ARVdCMHiy8ukWa0E55Xq3UW5dp3HUYBjOIEzCOASanALdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ABrojtE=</latexit>
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For the RH leptons we have Qe!
R

= Ye!
R

= ! 1
<latexit sha1_base64="FXqxsjpglzkgtaOMFl5vgEikS6g=">AAACA3icbZC7SgNBFIZn4y3G26qdNoNBsEnYjYI2QtDGMhFzkWRdZicnyZDZCzOzQlgCNr6KjYUitr6EnW/jJNkiJv4w8PGfczhzfi/iTCrL+jEyS8srq2vZ9dzG5tb2jrm7V5dhLCjUaMhD0fSIBM4CqCmmODQjAcT3ODS8wfW43ngEIVkY3KlhBI5PegHrMkqUtlzzoOom8FBwb0f4Et/PcMF2zbxVtCbCi2CnkEepKq753e6ENPYhUJQTKVu2FSknIUIxymGUa8cSIkIHpActjQHxQTrJ5IYRPtZOB3dDoV+g8MSdnUiIL+XQ93SnT1RfztfG5n+1Vqy6F07CgihWENDpom7MsQrxOBDcYQKo4kMNhAqm/4ppnwhClY4tp0Ow509ehHqpaJ8WS9WzfPkqjSOLDtEROkE2OkdldIMqqIYoekIv6A29G8/Gq/FhfE5bM0Y6s4/+yPj6Bb7AlaU=</latexit>

Q! R = Y! R = 0
<latexit sha1_base64="Ho9ezmXbMAMF3NlqFDX9ErQYQ3Y=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKuhGKLpx2Yq9SBvCZDpth04mYWYilFDc+CpuXCji1qdw59s4bbOorT8MfPznHM6cP4g5U9pxfqyl5ZXVtfXcRn5za3tn197br6sokYTWSMQj2QywopwJWtNMc9qMJcVhwGkjGNyM641HKhWLxL0extQLcU+wLiNYG8u3D6t+2haJfzdCV+hhhh3fLjhFZyK0CG4GBchU8e3vdiciSUiFJhwr1XKdWHsplpoRTkf5dqJojMkA92jLoMAhVV46OWGETozTQd1Imic0mrizEykOlRqGgekMse6r+drY/K/WSnT30kuZiBNNBZku6iYc6QiN80AdJinRfGgAE8nMXxHpY4mJNqnlTQju/MmLUC8V3bNiqXpeKF9nceTgCI7hFFy4gDLcQgVqQOAJXuAN3q1n69X6sD6nrUtWNnMAf2R9/QJDnZYL</latexit>

and 

Imposing the known photon couplings we fix the hypercharges of fermions

This becomes a prediction for the couplings of the Zµ
<latexit sha1_base64="BUkWfO11j55q9fDchg/SQY17csM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1knNh15XpKhXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7NoJOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1ARVdCMHiy8ukWa0E55Xq3UW5dp3HUYBjOIEzCOASanALdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ABrojtE=</latexit>

! i
!
g cos! W t3 ! g! sin ! W Y!

"
Zµ " = ! i

g
cos! W

!
t3 ! sin2 ! W Q!

"
Zµ "

<latexit sha1_base64="w0Gs4Wwz261hhN5GJXpaqCLX+dc="></latexit>

The        couplings to a fermion (LH or RH) are given byZµ
<latexit sha1_base64="BUkWfO11j55q9fDchg/SQY17csM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1knNh15XpKhXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7NoJOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1ARVdCMHiy8ukWa0E55Xq3UW5dp3HUYBjOIEzCOASanALdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ABrojtE=</latexit>

t 3 = 0
<latexit sha1_base64="LpmMpKSOcoEV7WZaOM8RtfhFy1c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSStoBeh6MVjBdMW2lg22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0gE1+g431ZhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSechRsE6iGIkCwdrB+Hbmt5+Y0jyWDzhJmB+RoeQhpwSN5OFj/drplytO1ZnDXiVuTiqQo9kvf/UGMU0jJpEKonXXdRL0M6KQU8GmpV6qWULomAxZ11BJIqb9bH7s1D4zysAOY2VKoj1Xf09kJNJ6EgWmMyI40sveTPzP66YYXvkZl0mKTNLFojAVNsb27HN7wBWjKCaGEKq4udWmI6IIRZNPyYTgLr+8Slq1qluv1u4vKo2bPI4inMApnIMLl9CAO2iCBxQ4PMMrvFnSerHerY9Fa8HKZ47hD6zPH/m2jiI=</latexit>

Just set                   for RH fermions     
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couplings to leptonsZµ
<latexit sha1_base64="BUkWfO11j55q9fDchg/SQY17csM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1knNh15XpKhXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7NoJOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1ARVdCMHiy8ukWa0E55Xq3UW5dp3HUYBjOIEzCOASanALdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ABrojtE=</latexit>

! eL : ! i
g

cos"W

! 1
2

"

<latexit sha1_base64="13sDTvvLaIfGXzRi0hBA8lQJOUQ="></latexit>

e!
L : ! i

g
cos! W

!
!

1
2

+ sin 2 ! W

"

<latexit sha1_base64="lXqIQggykyK4MuAOJFx4gI5waek="></latexit>

e!
R : ! i

g
cos! W

!
! sin2 ! W

"

<latexit sha1_base64="1ttBn89FldApRbiywK+EoRXQLFw="></latexit>

! eR : 0
<latexit sha1_base64="iDMG0lbAfnRtj1nFYczdTX/JfJA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JUQXFVdOOyin1AE8JkMmmHTibpPIQair/ixoUibv0Pd/6N08dCWw9cOJxzL/feE2aMSuU431ZhaXllda24XtrY3NresXf3mjLVApMGTlkq2iGShFFOGooqRtqZICgJGWmF/eux33ogQtKU36thRvwEdTmNKUbKSIF94HEd5CS4G11CbzDQKIKOF9hlp+JMABeJOyNlMEM9sL+8KMU6IVxhhqTsuE6m/BwJRTEjo5KnJckQ7qMu6RjKUUKkn0+uH8Fjo0QwToUpruBE/T2Ro0TKYRKazgSpnpz3xuJ/Xker+MLPKc+0IhxPF8WaQZXCcRQwooJgxYaGICyouRXiHhIIKxNYyYTgzr+8SJrVintaqd6elWtXsziK4BAcgRPggnNQAzegDhoAg0fwDF7Bm/VkvVjv1se0tWDNZvbBH1ifP40nlKE=</latexit>

couplings to quarksZµ
<latexit sha1_base64="BUkWfO11j55q9fDchg/SQY17csM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1knNh15XpKhXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7NoJOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1ARVdCMHiy8ukWa0E55Xq3UW5dp3HUYBjOIEzCOASanALdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ABrojtE=</latexit>

uL : ! i
g

cos! W

! 1
2

! sin2 ! W
2
3

"

<latexit sha1_base64="NdUU4ttHH36QQB6hIXF1MXHQHg4="></latexit>

dL : ! i
g

cos! W

!
!

1
2

+ sin 2 ! W
1
3

"

<latexit sha1_base64="5YzApICCLpUHfLXVuYDECJv3HVI="></latexit>

uR : ! i
g

cos! W

!
! sin2 ! W

2
3

"

<latexit sha1_base64="RSz9WT5J5k14wE3SikJNGWrOMww="></latexit>

dR : ! i
g

cos! W

!
sin2 ! W

1
3

"

<latexit sha1_base64="Xv6aOLUhRRvTqEEgeiF0FbTXO+o="></latexit>
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Fermion Masses

Although the fermion mass operator ø! L ! R + h .c.
<latexit sha1_base64="5+Z6lZL+Xp7kFfAPDDEK0uNljCk=">AAACBXicbVDLSgMxFM34rPU16lIXwSIIwjBTBV0W3bhwUcU+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GdDoLbT1wL4dz7iW5J0oYVdp1v62FxaXlldXSWnl9Y3Nr297Zbao4lZg0cMxi2Y6QIowK0tBUM9JOJEE8YqQVDa8mfuuBSEVjca9HCQk46gvaoxhpI4X2gR8h6SeKhjd5v4MnmS85HDjYGYd2xXXcHHCeeAWpgAL10P7yuzFOOREaM6RUx3MTHWRIaooZGZf9VJEE4SHqk46hAnGigiy/YgyPjNKFvViaEhrm6u+NDHGlRjwykxzpgZr1JuJ/XifVvYsgoyJJNRF4+lAvZVDHcBIJ7FJJsGYjQxCW1PwV4gGSCGsTXNmE4M2ePE+aVcc7daq3Z5XaZRFHCeyDQ3AMPHAOauAa1EEDYPAInsEreLOerBfr3fqYji5Yxc4e+APr8wdLl5fJ</latexit>

is not invariant  under

! L ! ei ! a (x ) t a
ei " (x )Y! L ! L

<latexit sha1_base64="rOaDyCyTzjAJo+v0J5Jzez1Zhgo="></latexit>

! R ! ei ! (x )Y! R ! R
<latexit sha1_base64="OJxRHOclF3h86FRaLyJxnHTq6Ms=">AAACF3icbVDLSgMxFM3UV62vqks3wSJUkGGmCrosunFZxT6kMw6Z9LYNzTxIMmIZ+hdu/BU3LhRxqzv/xrSdhbYeCBzOOZebe/yYM6ks69vILSwuLa/kVwtr6xubW8XtnYaMEkGhTiMeiZZPJHAWQl0xxaEVCyCBz6HpDy7GfvMehGRReKOGMbgB6YWsyyhRWvKKphNL5l1jR0UY7lLm+KBI+eGwgPGtl07N0cg5ymJesWSZ1gR4ntgZKaEMNa/45XQimgQQKsqJlG3bipWbEqEY5TAqOImEmNAB6UFb05AEIN10ctcIH2ilg7uR0C9UeKL+nkhJIOUw8HUyIKovZ72x+J/XTlT3zE1ZGCcKQjpd1E041iWMS8IdJoAqPtSEUMH0XzHtE0Go0lUWdAn27MnzpFEx7WOzcnVSqp5ndeTRHtpHZWSjU1RFl6iG6oiiR/SMXtGb8WS8GO/GxzSaM7KZXfQHxucP+HSejA==</latexit>

The operator of Yukawa interaction with the Higgs doublet

and is gauge invariant, provided that 

! Y! L + Y! + Y! R = 0
<latexit sha1_base64="0YwmYeQ7kziv7OGsS7tLFrH2ssI=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVBLEkVdCNUHTjwkUVe6MJYTKdtkMnkzAzEUrIC7jxVdy4UMSte3e+jdM0C63+MPDxn3M4c34/YlQqy/oyCnPzC4tLxeXSyura+oa5udWUYSwwaeCQhaLtI0kY5aShqGKkHQmCAp+Rlj+6nNRb90RIGvI7NY6IG6ABp32KkdKWZ+4ddbzEiST1rlN4CDueUx/SDKbubQrPLc8sWxUrE/wLdg5lkKvumZ9OL8RxQLjCDEnZta1IuQkSimJG0pITSxIhPEID0tXIUUCkm2TXpHBfOz3YD4V+XMHM/TmRoEDKceDrzgCpoZytTcz/at1Y9c/chPIoVoTj6aJ+zKAK4SQa2KOCYMXGGhAWVP8V4iESCCsdYEmHYM+e/Bea1Yp9XKnenJRrF3kcRbADdsEBsMEpqIErUAcNgMEDeAIv4NV4NJ6NN+N92low8plt8EvGxzd4z5no</latexit>

ø! L ! ! R
<latexit sha1_base64="Yr/S5JDHPiypTBj5tk/dwHgd9w8=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAbBIoTdKGgZtLGwiGIekF2W2ckkGTL7YGZWCEsKG3/FxkIRWz/Czr9xstlCEw9cOHPOvcy9x485k8qyvo3Cyura+kZxs7S1vbO7Z+4ftGWUCEJbJOKR6PpYUs5C2lJMcdqNBcWBz2nHH1/N/M4DFZJF4b2axNQN8DBkA0aw0pJnlh0fCyeWzLtxqshpjhhyqtn7DnlmxapZGdAysXNSgRxNz/xy+hFJAhoqwrGUPduKlZtioRjhdFpyEkljTMZ4SHuahjig0k2zI6boWCt9NIiErlChTP09keJAykng684Aq5Fc9Gbif14vUYMLN2VhnCgakvlHg4QjFaFZIqjPBCWKTzTBRDC9KyIjLDBROreSDsFePHmZtOs1+7RWvz2rNC7zOIpQhiM4ARvOoQHX0IQWEHiEZ3iFN+PJeDHejY95a8HIZw7hD4zPH83Gluc=</latexit>

transforms as ø! L ! ! R ! ø! L ! ! R ei ( ! Y! L + Y! + Y! R ) ! (x )
<latexit sha1_base64="/C5+XbF8WMB1LCABDY2lzn5FFzA="></latexit>
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Since 

! (x) =

!
0

v+ h(x )!
2

"

<latexit sha1_base64="gAn/BA+siWGNvUc/Qk47pXhVSnA="></latexit>

This operator results in both fermion masses and the interactions of fermions with the Higgs boson h(x)
<latexit sha1_base64="utZ2nqJ8KXjRIehRdaik7l+c/Xk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2AdinZNNsNTbJLkhVL6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsugHWlDNJW4YZTruJolgEnHaC8W3mdx6p0iyWD2aSUF/gkWQhI9hkUlR9Oh+UK27NnQOtEi8nFcjRHJS/+sOYpIJKQzjWuue5ifGnWBlGOJ2V+qmmCSZjPKI9SyUWVPvT+a0zdGaVIQpjZUsaNFd/T0yx0HoiAtspsIn0speJ/3m91ITX/pTJJDVUksWiMOXIxCh7HA2ZosTwiSWYKGZvRSTCChNj4ynZELzll1dJu17zLmr1+8tK4yaPowgncApV8OAKGnAHTWgBgQie4RXeHOG8OO/Ox6K14OQzx/AHzucPcLuN1w==</latexit>

Electron Mass
øL ! eR + h .c.

<latexit sha1_base64="V1X22dkmyen0t+ujoJHJJyuRTlg=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQlJBUQZdFNy5cVLEPaEKYTCfN0MkkzEyEEurWjb/ixoUibv0Cd/6N0zYLrR643MM59zJzT5AyKpVtfxmlufmFxaXycmVldW19w9zcaskkE5g0ccIS0QmQJIxy0lRUMdJJBUFxwEg7GFyM/fYdEZIm/FYNU+LFqM9pSDFSWvLNXTdAAl5B98htRFQ34t/cw0OYuyKGkYWtkW9WbcueAP4lTkGqoEDDNz/dXoKzmHCFGZKy69ip8nIkFMWMjCpuJkmK8AD1SVdTjmIivXxyygjua6UHw0To4gpO1J8bOYqlHMaBnoyRiuSsNxb/87qZCs+8nPI0U4Tj6UNhxqBK4DgX2KOCYMWGmiAsqP4rxBESCCudXkWH4Mye/Je0apZzbNWuT6r18yKOMtgBe+AAOOAU1MElaIAmwOABPIEX8Go8Gs/Gm/E+HS0Zxc42+AXj4xt91Jg8</latexit>

(ø! eL øeL )

!

"
0

v+ h(x )!
2

#

$ eR + h .c.

<latexit sha1_base64="Jkm1orD6nnQjRN8I2S4lSS1iMrc="></latexit>

v
!

2
øeL eR +

1
!

2
h(x) øeL eR + h .c.

<latexit sha1_base64="0RtzlCX3jcsqyyBKx2LKXkGnPZg="></latexit>

=

The electron mass is 
me =

v
!

2
<latexit sha1_base64="2NPqLQYGxZ4+Qf5i/Qoqlrh85AA=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0I1QdOOygn1AE8JkMmmHTibpzKRQQnZu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/IRRqSzr2yitrK6tb5Q3K1vbO7t75v5BW8apwKSFYxaLro8kYZSTlqKKkW4iCIp8Rjr+8Hbqd8ZESBrzBzVJiBuhPqchxUhpyTOPI4/Aa+iMRikKnFAgnI3zzJEjobJ6nntm1apZM8BlYhekCgo0PfPLCWKcRoQrzJCUPdtKlJshoShmJK84qSQJwkPUJz1NOYqIdLPZHzk81UoAw1jo4grO1N8TGYqknES+7oyQGshFbyr+5/VSFV65GeVJqgjH80VhyqCK4TQUGFBBsGITTRAWVN8K8QDpMJSOrqJDsBdfXibtes0+r9XvL6qNmyKOMjgCJ+AM2OASNMAdaIIWwOARPINX8GY8GS/Gu/Exby0Zxcwh+APj8wdrnpmv</latexit>

! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>

! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>

! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>

! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>

! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>

is the electron Yukawa coupling! e
<latexit sha1_base64="+3Olo1mTk/yKvfbtSc7q9vZDocw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpIBGxRLqIwQwhjDjODqBXKkXq9VcA3izHIogSWag+J7P4xpKpmyVBBjehgl1p8SbTkVbFbop4YlhI7JkPUcVUQy40/nC8/giVNCGMXaPWXhXP0+MSXSmIkMXFISOzK/vUz8y+ulNqr5U66S1DJFFx9FqYA2htn1MOSaUSsmjhCqudsV0hHRhFrXUcGV8HUp/J+0K2V8Vq7cnJcal8s68uAIHINTgEEVNMA1aIIWoECCB/AEnj3tPXov3usimvOWM4fgB7y3TwPykI8=</latexit>
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As a consequence fermions couple with the Higgs boson with coupling strength

h(x) ø! L ! R + h .c.
<latexit sha1_base64="B//KEdRRcOxiMpJWXNqZFR67fvY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUJSBV0W3bhwUcU+oAlhMp00QycPZiZiCd278VfcuFDErT/gzr9xmmahrQcu93DOvczc4yWMCmma31ppaXllda28XtnY3Nre0Xf3OiJOOSZtHLOY9zwkCKMRaUsqGeklnKDQY6TrjS6nfveecEHj6E6OE+KEaBhRn2IkleTq1aD+cGR7iNuJoO41zNstPIaZzUMYGNiYuHrNNMwccJFYBamBAi1X/7IHMU5DEknMkBB9y0ykkyEuKWZkUrFTQRKER2hI+opGKCTCyfJbJvBQKQPox1xVJGGu/t7IUCjEOPTUZIhkIOa9qfif10+lf+5kNEpSSSI8e8hPGZQxnAYDB5QTLNlYEYQ5VX+FOEAcYaniq6gQrPmTF0mnYVgnRuPmtNa8KOIogwNQBXVggTPQBFegBdoAg0fwDF7Bm/akvWjv2sdstKQVO/vgD7TPH45GmXY=</latexit>

mf

v
<latexit sha1_base64="Il/kEW9pTw7IVKL275RPcAAhYC4=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJali213RjcsK9gHtUDJppg1NMmOSKZSh3+HGhSJu/Rh3/o2ZtoKKHrhwOOde7r0niAU3FqEPb2V1bX1jM7eV397Z3dsvHBy2TJRoypo0EpHuBMQwwRVrWm4F68SaERkI1g7G15nfnjBteKTu7DRmviRDxUNOiXWS3ws1oansh7N0MusXiqiEEMIYw4zgyiVypFarlnEV4sxyKIIlGv3Ce28Q0UQyZakgxnQxiq2fEm05FWyW7yWGxYSOyZB1HVVEMuOn86Nn8NQpAxhG2pWycK5+n0iJNGYqA9cpiR2Z314m/uV1ExtW/ZSrOLFM0cWiMBHQRjBLAA64ZtSKqSOEau5uhXREXA7W5ZR3IXx9Cv8nrXIJn5fKtxfF+tUyjhw4BifgDGBQAXVwAxqgCSi4Bw/gCTx7E+/Re/FeF60r3nLmCPyA9/YJyI+Sxg==</latexit>

Similarly for down-type quarks

øqL ! dR + h .c.
<latexit sha1_base64="P1w8zukKOroRPsmjlalPsIBDcoQ=">AAACDHicbVDNS8MwHE39nPNr6tFLcAiCUtop6HHoxYOHKe4D1lLSNF3DkrYmqTDKvHvxX/HiQRGv/gHe/G/Mth5080HI4733I/k9P2VUKsv6NubmFxaXlksr5dW19Y3NytZ2SyaZwKSJE5aIjo8kYTQmTUUVI51UEMR9Rtp+/2Lkt++JkDSJb9UgJS5HvZiGFCOlJa9SdXwk4J13BZ0jpxFRfQXezQM8hLkjOIxMbA51yjKtMeAssQtSBQUaXuXLCRKccRIrzJCUXdtKlZsjoShmZFh2MklShPuoR7qaxogT6ebjZYZwXysBDBOhT6zgWP09kSMu5YD7OsmRiuS0NxL/87qZCs/cnMZppkiMJw+FGYMqgaNmYEAFwYoNNEFYUP1XiCMkEFa6v7IuwZ5eeZa0aqZ9bNauT6r186KOEtgFe+AA2OAU1MElaIAmwOARPINX8GY8GS/Gu/Exic4ZxcwO+APj8wccuZkf</latexit>

! d
<latexit sha1_base64="ftc+IPop8EbT2qK0XpKe8kCshOY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpJBOCiWUBkhhDGGGcHVC+RIvV6r4BrEmeVQAks0B8X3fhjTVDJlqSDG9DBKrD8l2nIq2KzQTw1LCB2TIes5qohkxp/OF57BE6eEMIq1e8rCufp9YkqkMRMZuKQkdmR+e5n4l9dLbVTzp1wlqWWKLj6KUgFtDLPrYcg1o1ZMHCFUc7crpCOiCbWuo4Ir4etS+D9pV8r4rFy5OS81Lpd15MEROAanAIMqaIBr0AQtQIEED+AJPHvae/RevNdFNOctZw7BD3hvnwJukI4=</latexit>

is gauge invariant (YqL =
1
6

, YdR = !
1
3

)
<latexit sha1_base64="bxjeYZvW5Tt3VSIeT5AOr3OWJeo=">AAACFnicbZDLSsNAFIYnXmu9RV26GSxCBVuSVtRNoejGhYsq9iJtCJPppB06uTgzEUrIU7jxVdy4UMStuPNtnLZBtPWHgZ/vnMOZ8zsho0Iaxpc2N7+wuLScWcmurq1vbOpb2w0RRByTOg5YwFsOEoRRn9QllYy0Qk6Q5zDSdAbno3rznnBBA/9GDkNieajnU5diJBWy9UL+1o7v7MsEVmDH5QjHZhIfJ4dQ4a59nVQKP7ScHNh6zigaY8FZY6YmB1LVbP2z0w1w5BFfYoaEaJtGKK0YcUkxI0m2EwkSIjxAPdJW1kceEVY8PiuB+4p0oRtw9XwJx/T3RIw8IYaeozo9JPtiujaC/9XakXRPrZj6YSSJjyeL3IhBGcBRRrBLOcGSDZVBmFP1V4j7SMUgVZJZFYI5ffKsaZSKZrlYujrKVc/SODJgF+yBPDDBCaiCC1ADdYDBA3gCL+BVe9SetTftfdI6p6UzO+CPtI9vKMeeIQ==</latexit>

md

v
<latexit sha1_base64="xVJrtzav6tRZCazIJ7GIk/oH9wU=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJali213RjcsK9gHtUDKZTBuayYxJplCG+Q43LhRx68e482/MtBVU9MCFwzn3cu89Xiy4Ngh9OCura+sbm4Wt4vbO7t5+6eCwo6NEUdamkYhUzyOaCS5Z23AjWC9WjISeYF1vcp373SlTmkfyzsxi5oZkJHnAKTFWcgeBIjQNh36WTrNhqYwqCCGMMcwJrl0iSxqNehXXIc4tizJYojUsvQ/8iCYhk4YKonUfo9i4KVGGU8Gy4iDRLCZ0Qkasb6kkIdNuOj86g6dW8WEQKVvSwLn6fSIlodaz0LOdITFj/dvLxb+8fmKCuptyGSeGSbpYFCQCmgjmCUCfK0aNmFlCqOL2VkjHxOZgbE5FG8LXp/B/0qlW8HmlentRbl4t4yiAY3ACzgAGNdAEN6AF2oCCe/AAnsCzM3UenRfnddG64ixnjsAPOG+fxX+SxA==</latexit>

= md
ødL dR + h(x) ødL dR + h .c.

<latexit sha1_base64="bZldtewQTwO+4oMnH4J3asVaqHw=">AAACJ3icbVDLSsNAFJ3UV62vqks3g0WoKCGpgm6UohsXLqrYBzQlTCbTZuhMks5MxBL6N278FTeCiujSP3H6WGjrgQuHc+7l3nu8mFGpLOvLyMzNLywuZZdzK6tr6xv5za2ajBKBSRVHLBIND0nCaEiqiipGGrEgiHuM1L3u5dCv3xMhaRTeqX5MWhx1QtqmGCktufnzM8hd3zl0PCSg717ruoUHOafXS5CWYVB82J92YeoIDgMTmwM3X7BMawQ4S+wJKYAJKm7+1fEjnHASKsyQlE3bilUrRUJRzMgg5ySSxAh3UYc0NQ0RJ7KVjv4cwD2t+LAdCV2hgiP190SKuJR97ulOjlQgp72h+J/XTFT7tJXSME4UCfF4UTthUEVwGBr0qSBYsb4mCAuqb4U4QAJhpaPN6RDs6ZdnSa1k2kdm6ea4UL6YxJEFO2AXFIENTkAZXIEKqAIMHsEzeAPvxpPxYnwYn+PWjDGZ2QZ/YHz/ALaToi0=</latexit>

and 
md =

v
!

2
<latexit sha1_base64="usFKWI2mk7np11r2MI/8l+dtKgs=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0I1QdOOygn1AE8JkMmmHziTpzKRQQnZu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/IRRqSzr2yitrK6tb5Q3K1vbO7t75v5BW8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8Hbqd8ZESBpHD2qSEJejfkRDipHSkmcecy+A19AZjVIUOKFAOBvnmSNHQmX1PPfMqlWzZoDLxC5IFRRoeuaXE8Q45SRSmCEpe7aVKDdDQlHMSF5xUkkShIeoT3qaRogT6WazP3J4qpUAhrHQFSk4U39PZIhLOeG+7uRIDeSiNxX/83qpCq/cjEZJqkiE54vClEEVw2koMKCCYMUmmiAsqL4V4gHSYSgdXUWHYC++vEza9Zp9XqvfX1QbN0UcZXAETsAZsMElaIA70AQtgMEjeAav4M14Ml6Md+Nj3loyiplD8AfG5w9p/5mu</latexit>

! d
<latexit sha1_base64="ftc+IPop8EbT2qK0XpKe8kCshOY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpJBOCiWUBkhhDGGGcHVC+RIvV6r4BrEmeVQAks0B8X3fhjTVDJlqSDG9DBKrD8l2nIq2KzQTw1LCB2TIes5qohkxp/OF57BE6eEMIq1e8rCufp9YkqkMRMZuKQkdmR+e5n4l9dLbVTzp1wlqWWKLj6KUgFtDLPrYcg1o1ZMHCFUc7crpCOiCbWuo4Ir4etS+D9pV8r4rFy5OS81Lpd15MEROAanAIMqaIBr0AQtQIEED+AJPHvae/RevNdFNOctZw7BD3hvnwJukI4=</latexit>
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For the up-type quark we need to define

÷! (x) = i ! 2 ! (x)! =

!

"

v+ h(x )"
2

0

#

$ ,

<latexit sha1_base64="jZ7AAQhBYOX7aqvCF+VK7qMY4uI="></latexit>

with Y÷! = !
1
2

<latexit sha1_base64="tIt0kIVzF9qzbDZQZPlTAR+Y9Mw=">AAACBHicbVBNS8NAEJ34WetX1GMvwSJ4sSRV0ItQ9OKxgv2QJoTNdtMu3WzC7kYoIQcv/hUvHhTx6o/w5r9x2+agrQ8GHu/NMDMvSBiVyra/jaXlldW19dJGeXNre2fX3NtvyzgVmLRwzGLRDZAkjHLSUlQx0k0EQVHASCcYXU/8zgMRksb8To0T4kVowGlIMVJa8s3KvZ+5irI+cZtDml+euKFAOHPyrJ77ZtWu2VNYi8QpSBUKNH3zy+3HOI0IV5ghKXuOnSgvQ0JRzEhedlNJEoRHaEB6mnIUEell0ydy60grfSuMhS6urKn6eyJDkZTjKNCdEVJDOe9NxP+8XqrCCy+jPEkV4Xi2KEyZpWJrkojVp4JgxcaaICyovtXCQ6RTUDq3sg7BmX95kbTrNee0Vr89qzauijhKUIFDOAYHzqEBN9CEFmB4hGd4hTfjyXgx3o2PWeuSUcwcwB8Ynz+WLZgN</latexit>

This is still an                   doubletSU(2)L
<latexit sha1_base64="G4B1PsY8J69RtTekUdT17pojiyo=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBS2DNhYWET0TSI6wt9lLluzuHbt7QjjyI2wsFLH199j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dx51nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtH11G89UaVZLB/MOKGBwAPJIkawsVLr3q/WT3u3vXLFrbkzoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM3OnaATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCJRuCt/jyMnms17yzWv3uvNK4yuMowhEcQxU8uIAG3EATfCAwgmd4hTcncV6cd+dj3lpw8plD+APn8wfdJI6a</latexit>

So the operator 

øqL ÷! uR + h .c.
<latexit sha1_base64="mOA5J6NQOr3inY7lXkft7BdGbMQ=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URlJBUQZdFNy5cVLEPaEKYTCbt0MkkzkyEEvoHbvwVNy4UcevWnX/jtM1CqwcuHM65l3vvCVJGpbLtL6M0N7+wuFRerqysrq1vmJtbLZlkApMmTlgiOgGShFFOmooqRjqpICgOGGkHg4ux374nQtKE36phSrwY9TiNKEZKS765D90ACXjnX0FXURYSt9Gn7lHm38BDmLsihn0LWyPfrNqWPQH8S5yCVEGBhm9+umGCs5hwhRmSsuvYqfJyJBTFjIwqbiZJivAA9UhXU45iIr188s8I7mklhFEidHEFJ+rPiRzFUg7jQHfGSPXlrDcW//O6mYrOvJzyNFOE4+miKGNQJXAcDgypIFixoSYIC6pvhbiPBMJKR1jRITizL/8lrZrlHFu165Nq/byIowx2wC44AA44BXVwCRqgCTB4AE/gBbwaj8az8Wa8T1tLRjGzDX7B+PgG9J2atg==</latexit>

! u
<latexit sha1_base64="Htzu+WotWqvxt96ry1zb+gtVeLI=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpJBOiiWUBkhhDGGGcHVC+RIvV6r4BrEmeVQAks0B8X3fhjTVDJlqSDG9DBKrD8l2nIq2KzQTw1LCB2TIes5qohkxp/OF57BE6eEMIq1e8rCufp9YkqkMRMZuKQkdmR+e5n4l9dLbVTzp1wlqWWKLj6KUgFtDLPrYcg1o1ZMHCFUc7crpCOiCbWuo4Ir4etS+D9pV8r4rFy5OS81Lpd15MEROAanAIMqaIBr0AQtQIEED+AJPHvae/RevNdFNOctZw7BD3hvnxwykJ8=</latexit>

is gauge invariant since Yu R =
2
3

<latexit sha1_base64="H18pzvLUAKm29+bq+0lUOv3RMxI=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4Kkkr6EYounFZxT6kDWEynbRDJw9mJkII8VfcuFDErR/izr9x2mahrQcuHM65l3vv8WLOpLKsb2NldW19Y7O0Vd7e2d3bNw8OOzJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTa6nfveRCsmi8F6lMXUCPAqZzwhWWnLNyoObJe5dfjnwBSZZPc8auWtWrZo1A1omdkGqUKDlml+DYUSSgIaKcCxl37Zi5WRYKEY4zcuDRNIYkwke0b6mIQ6odLLZ8Tk60coQ+ZHQFSo0U39PZDiQMg083RlgNZaL3lT8z+snyr9wMhbGiaIhmS/yE45UhKZJoCETlCieaoKJYPpWRMZYp6B0XmUdgr348jLp1Gt2o1a/Pas2r4o4SnAEx3AKNpxDE26gBW0gkMIzvMKb8WS8GO/Gx7x1xShmKvAHxucPs92UzQ==</latexit>

Then this results in 

mu =
v

!
2

<latexit sha1_base64="iaZKOwSpDuCm8vHjABUD+CRZNGU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0I1QdOOygn1AE8JkMmmHTibpzKRQQnZu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/IRRqSzr2yitrK6tb5Q3K1vbO7t75v5BW8apwKSFYxaLro8kYZSTlqKKkW4iCIp8Rjr+8Hbqd8ZESBrzBzVJiBuhPqchxUhpyTOPIy+F19AZjVIUOKFAOBvnmSNHQmX1PPfMqlWzZoDLxC5IFRRoeuaXE8Q4jQhXmCEpe7aVKDdDQlHMSF5xUkkShIeoT3qachQR6WazP3J4qpUAhrHQxRWcqb8nMhRJOYl83RkhNZCL3lT8z+ulKrxyM8qTVBGO54vClEEVw2koMKCCYMUmmiAsqL4V4gHSYSgdXUWHYC++vEza9Zp9XqvfX1QbN0UcZXAETsAZsMElaIA70AQtgMEjeAav4M14Ml6Md+Nj3loyiplD8AfG5w+Fjpm/</latexit>

! u
<latexit sha1_base64="Htzu+WotWqvxt96ry1zb+gtVeLI=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWsA9ph5LJZNrQJDMkGaGUfoUbF4q49XPc+Tdm2goqeiBwOOdccu8JEsGNRejDy62srq1v5DcLW9s7u3vF/YO2iVNNWYvGItbdgBgmuGIty61g3UQzIgPBOsH4KvM790wbHqtbO0mYL8lQ8YhTYp101xcuGpJBOiiWUBkhhDGGGcHVC+RIvV6r4BrEmeVQAks0B8X3fhjTVDJlqSDG9DBKrD8l2nIq2KzQTw1LCB2TIes5qohkxp/OF57BE6eEMIq1e8rCufp9YkqkMRMZuKQkdmR+e5n4l9dLbVTzp1wlqWWKLj6KUgFtDLPrYcg1o1ZMHCFUc7crpCOiCbWuo4Ir4etS+D9pV8r4rFy5OS81Lpd15MEROAanAIMqaIBr0AQtQIEED+AJPHvae/RevNdFNOctZw7BD3hvnxwykJ8=</latexit>



30

Fermion Mixing

! L HF = ! ij
u øqL,i ÷! uR,j + ! ij

d øqL,i ! dR,j + ! ij
e

ø"L,i ! "R,j
<latexit sha1_base64="0i+In1xw4TkK1qBckRvAf/wdpIE="></latexit>

3 generations of fermions i,j=1,2,3

With the 3x3 Yukawa matrices ! ij
u , ! ij

d and ! ij
e

<latexit sha1_base64="dgK0RrivZI0eqkP2QobVB2iY1mE=">AAACK3icbZDLSsNAFIYn9VbrLerSzWARXJSSqKDLUjcuK9gLNDVMJpN27GQSZiZCCe3zuPFVXOjCC259D6dpBG09MPDznf9w5vxezKhUlvVuFJaWV1bXiuuljc2t7R1zd68lo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW94Oe2374mQNOI3ahSTXoj6nAYUI6WRa9Ydps0+cpPblN6NK06l9EP8jECnkjoihHAyQdyfTKAmuYHMDK5ZtqpWVnBR2Lkog7warvns+BFOQsIVZkjKrm3FqpcioShmZFxyEklihIeoT7pachQS2UuzW8fwSBMfBpHQjyuY0d8TKQqlHIWedoZIDeR8bwr/63UTFVz0UsrjRBGOZ4uChEEVwWlw0KeCYMVGWiAsqP4rxAMkEFY63pIOwZ4/eVG0Tqr2afXk+qxcq+dxFMEBOATHwAbnoAauQAM0AQYP4Am8gjfj0XgxPozPmbVg5DP74E8ZX99Guae0</latexit>

generally complex and non diagonal

Mass matrices in the gauge basis are complex non diagonal ! 

M ij
u = ! ij

u
v

!
2

<latexit sha1_base64="Q52HE37LVii9ta1OjCkRELvEM84=">AAACF3icbVDLSsNAFJ34rPUVdelmsAguJCRV0I1QdONGqGAf0MQwmUzasZOHM5NCCfkLN/6KGxeKuNWdf+O0jaCtBwYO59zDnXu8hFEhTfNLm5tfWFxaLq2UV9fWNzb1re2miFOOSQPHLOZtDwnCaEQakkpG2gknKPQYaXn9i5HfGhAuaBzdyGFCnBB1IxpQjKSSXN24ctPbjN7l8AzaTOV89CPYh3bAEc4GeWaLey6zap67esU0zDHgLLEKUgEF6q7+afsxTkMSScyQEB3LTKSTIS4pZiQv26kgCcJ91CUdRSMUEuFk47tyuK8UHwYxVy+ScKz+TmQoFGIYemoyRLInpr2R+J/XSWVw6mQ0SlJJIjxZFKQMyhiOSoI+5QRLNlQEYU7VXyHuIVWGVFWWVQnW9MmzpFk1rCOjen1cqZ0XdZTALtgDB8ACJ6AGLkEdNAAGD+AJvIBX7VF71t6098nonFZkdsAfaB/fv3KgUg==</latexit>

M ij
d and M ij

!
<latexit sha1_base64="hzigAg/DRtz517B8k0eEgh5b2sY=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXajoGXQxiYQwTwgicvs7CQZMzO7zMwKYcnWNv6KjYUitv6AnX/jJNlCEw9cOJxzL/fe40eMKu0431ZuZXVtfSO/Wdja3tnds/cPmiqMJSYNHLJQtn2kCKOCNDTVjLQjSRD3GWn5o6up33ogUtFQ3OpxRHocDQTtU4y0kTy7WPOCu4TeT2DSlRymKRJBmk5gzesSxmaOZ5ecsjMDXCZuRkogQ92zv7pBiGNOhMYMKdVxnUj3EiQ1xYxMCt1YkQjhERqQjqECcaJ6yeyXCTw2SgD7oTQlNJypvycSxJUac990cqSHatGbiv95nVj3L3oJFVGsicDzRf2YQR3CaTAwoJJgzcaGICypuRXiIZIIaxNfwYTgLr68TJqVsntartyclaqXWRx5cASK4AS44BxUwTWogwbA4BE8g1fwZj1ZL9a79TFvzVnZzCH4A+vzB5jWm2g=</latexit>

same for 

Need to diagonalize mass matrices 

Rotate the fermions (unitary transformations)
to the so called mass basis

M diag .
u =

!

"
mu 0 0
0 mc 0
0 0 mt

#

$ , . . .

<latexit sha1_base64="zVLJGR49cvyXewmX6iWrY/427gY="></latexit>
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Quark Mixing

! L mass = øui
L M ij

u uj
R + ødi

L M ij
d dj

R + h .c.
<latexit sha1_base64="IsPAQxAOPj3ctaOf+x2FWYsCIDY="></latexit>

Define the unitary quark transformations

uL ! Su
L uL uR ! Su

R uR

dL ! Sd
L dL dR ! Sd

R dR
<latexit sha1_base64="zUQ5SYpkXw+cG3G1iNOorFlcIAw="></latexit>

such that
(Su

L )  M u Su
R = M diag .

u
<latexit sha1_base64="5p62GPhVKco7dWNOB5Bo46oAVFk=">AAACGXicbVBJSwMxGM3Urdat6tFLsAgVSpmpgl6EohcPCtXaWugsZNJ0GppZyCKUoX/Di3/FiwdFPOrJf2O6HLT1QeDlve8jec9PGBXSNL+NzMLi0vJKdjW3tr6xuZXf3mmKWHFMGjhmMW/5SBBGI9KQVDLSSjhBoc/Ivd+/GPn3D4QLGkd3cpAQJ0RBRLsUI6klL2/CYt27ctWha3dQEBAO7dK1p+wSrHu3roJnUN/c1OYh7FAUlIdevmCWzTHgPLGmpACmqHn5T7sTYxWSSGKGhGhbZiKdFHFJMSPDnK0ESRDuo4C0NY1QSISTjpMN4YFWOrAbc30iCcfq740UhUIMQl9Phkj2xKw3Ev/z2kp2T52URomSJMKTh7qKQRnDUU06LCdYssEoNeZU/xXiHuIIS11mTpdgzUaeJ81K2ToqV26OC9XzaR1ZsAf2QRFY4ARUwSWogQbA4BE8g1fwZjwZL8a78TEZzRjTnV3wB8bXD8Lank8=</latexit>

(Sd
L )  M d Sd

R = M diag .
d

<latexit sha1_base64="RqRwHCE6OFiD+0Uh4wKMVxAnmUQ="></latexit>

Important consequences: 
•Absence of Flavor Changing Neutral Currents at tree level: from the unitarity of the      matrices   S

<latexit sha1_base64="vFchJGr6Z+gyWiveB04FdIL/myI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK9zjNs=</latexit>

•CKM in charged currents
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Charge Current and Cabibbo-Kobayashi-Maskawa Mixing

L ch. =
g

!
2

øui
L ! µ di

L W +
µ + h .c.

<latexit sha1_base64="6eIKxr6Was3DUo9D5FW9Ki3DOeg="></latexit>

!
g

"
2

((Su
L )  Sd

L )ij øui
L ! µ dj

L W +
µ + h .c.

<latexit sha1_base64="MsGsyu3Kth4+qPV2IHNZ7NU3zKc="></latexit>

VCKM ! (Su
L )  Sd

L
<latexit sha1_base64="p/ztnA97AVkCBwHkusCLza0IyuM=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAiSNiNgh6DuQgqRDSJkE2W2dlOMmT24cxsICz5Bi/+ihcPinj15M2/cTbJQaMFDUVVN91dbsSZVKb5ZczNLywuLWdWsqtr6xubua3tugxjQaFGQx6KO5dI4CyAmmKKw10kgPguh4bbr6R+YwBCsjC4VcMIWj7pBqzDKFFacnIHdSexhY8rF1cjG+5jNsCFG+eyHR+0bY90uyDsQ5wKnpPLm0VzDPyXWFOSR1NUndyn7YU09iFQlBMpm5YZqVZChGKUwyhrxxIiQvukC01NA+KDbCXjl0Z4Xyse7oRCV6DwWP05kRBfyqHv6k6fqJ6c9VLxP68Zq85pK2FBFCsI6GRRJ+ZYhTjNB3tMAFV8qAmhgulbMe0RQajSKWZ1CNbsy39JvVS0joql6+N8+WwaRwbtoj1UQBY6QWV0jqqohih6QE/oBb0aj8az8Wa8T1rnjOnMDvoF4+MbJOacgA==</latexit>

!
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

Quark generations mix in the charged currents

E.g.

Contains one non trivial CP violating phaseVCKM
<latexit sha1_base64="sXIciy+ehVHpqIuTiRjv99RWhco=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY/FXgQRKtgP2C4lm2bb0GyyJLNCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDAR3IDrfjuFtfWNza3idmlnd2//oHx41DYq1ZS1qBJKd0NimOCStYCDYN1EMxKHgnXCcWPmd56YNlzJR5gkLIjJUPKIUwJW8tv9rKdj3Li7n/bLFbfqzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiK6DjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmnXqt5FtfZwWanf5HEU0Qk6RefIQ1eojm5RE7UQRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AJtmkM8=</latexit>

•For more on Flavor and CP Violation see lectures by Matthias Neubert 

•For the case in the lepton sector see lectures by Renata Funchal


